E coatings MBPI|

Article

Migration of TiO; from PET/TiO; Composite Films Used for
Polymer-Laminated Steel Cans in Acidic Solution

Jingying Cui '*, Jinyang Chen *(, Jie Gu 2, Xiaomin Hong !, Menghan Hong !, Zheying Wu 2 and Yu Hu 2

1 Chemical Engineering and Technology, Shanghai University, Shanghai 200444, China

2 Shanghai Bao Steel Packaging Co., Ltd., Shanghai 200949, China
*  Correspondence: qtaacui@shu.edu.cn (J.C.); chenjy@shu.edu.cn (J.C.); Tel.: +86-21-6613-7729 (Jinyang Chen)

Abstract: Nano-TiO, is widely used as a commercial food contact material (FCM), which poses
potential risks to food. Therefore, the migration of TiO; is crucial for the safety of FCM. Since
PET/TiO, composite films are food contact layers used for producing polymer-laminated steel cans
and the majority of beverages contained in cans are acidic, it is necessary to study the migration of
TiO, from PET/TiO, composite films in acidic solutions. The migration of TiO, in 4% (v/v) acetic acid
was studied through the ICP-OES method. The corrosion process that occurred during the migration
process was studied using electrochemical impedance spectroscopy (EIS). The morphology of Ti
nanoparticles and films was measured by SEM, TEM, and dynamic light scattering (DLS) techniques.
The results indicate that, at a temperature of 60 °C, the maximum migration concentration of TiO;
is 0.32 mg/kg. The TiO, particles released during the migration process are unstable and tend
to aggregate in the simulated material, with most of the Ti being present in the form of particles.
Therefore, the migration of TiO, does not follow the Fick law of diffusion but rather conforms to the
Weibull model based on the non-Fick law of diffusion.
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Composite Films Used for

Polymer-laminated steel cans are composed of a metal substrate coated with a polymer
film and utilized as a form of food contact material (FCM); the polymer film effectively
reduces the risk of the occurrence of metal element migration from a metal substrate to the
Acidic Solution. Coatings 2023, 13, food. In order to improve the barrier properties and antibacterial activity of the product
887. https:/ /doi.org/10.3390/ and prolong the shelf life of the package, the polymer film is usually incorporated with
coatings13050857 nanomaterials, such as nano-titanium dioxide (nano-TiO,), nano-zinc oxide (nano-ZnO),
and nano-alumina (nano-Al,O3) [1].

These nanomaterials are stably inlaid in polymer matrices without chemical interac-
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Received: 28 March 2023 tions and can improve the properties of films [2]. In the research, it has been observed
Revised: 30 April 2023 that ascorbic acid, total phenolic, and nutritional concentrations are better retained in
Accepted: 5 May 2023 strawberries by using nano-TiO; low-density polyethylene packaging [3]. TiO; nanopar-
Published: 8 May 2023 ticles incorporated with ethylene vinyl alcohol copolymers displayed an unprecedented

performance in killing Gram-positive and Gram-negative bacteria [4]. The nano-TiO,-PLA
and nano-Ag-PLA composite films showed that they could maintain good cheese quality

- and prolong its shelf life to 25 days [5].

Copyright: © 2023 by the authors. However, these nanomaterials used in packaging can cause potential risks to con-

Licensee MDPL, Basel, Switzerland.  gymers. Both in vivo and in vitro studies determined that nanomaterials presented toxic

effects on human cells, including the generation of oxidative stress, the induction of em-
physema and proinflammatory status, and damage to DNA [6-8]. Numerous studies have
also revealed the potential migration of nanomaterials from polymer nanocomposites into
food simulants and real foods [9-12]. In general, the risk of nanomaterials, produced by
FCMs, transferring to consumers mainly occurs through oral exposure [13]. The exposure
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level present in organs of human beings depends on the concentration of nanomaterials
that migrate from FCMs into the food that is consumed [14]. Therefore, it is necessary to
evaluate the migration behavior of nanomaterials to food.

The migration activity of nanomaterials is, indeed, complicated. In a previous study,
Noonan summarized the occurrence of 4D release phenomena during the life cycle of any
nanocomposite material, including the desorption, diffusion, dissolution, and degradation
of the relevant matrix [15]. Furthermore, the different migration processes may have
occurred simultaneously and were affected by the nanomaterials, foods, and polymer
matrices. PET/TiO, composite films are widely used to produce polymer-laminated steel
cans to package acid beverages. Therefore, we found it necessary to study the migration of
TiO, from PET/TiO;, composite films in an acidic solution.

Electrochemical impedance spectroscopy (EIS) is a method used in the research to
perform rapid coating detection. By applying a low-amplitude sinusoidal interference
signal to the system, the electrochemical parameters related to the coating performance can
be obtained after collecting the data and conducting a simulation analysis. Therefore, it is
convenient to use physical models for quantitatively analyze the corrosion damage process
of a composite film during the titanium migration process.

PET/TiO; films are a type of food contact material widely used to produce polymer-
laminated steel cans. However, there have been few reports on the process of migration
occurring in food cans. Therefore, studying the migration of composite films will establish
a standard for the safety evaluation of polymer-laminated steel cans.

In this study, the migration of TiO, in 4% (v/v) acetic acid is studied using ICP-OES.
Moreover, the corrosion process of food cans during the migration process is studied
using electrochemical impedance spectroscopy (EIS). The morphological changes in TiO,
and the performance changes in the films are studied by scanning electron microscope
(SEM), transmission electron microscope (TEM), dynamic light scattering (DLS), infrared
attenuated total reflection (IR-ATR), and differential scanning calorimetry (DSC) tests. The
migration mechanism of PET/TiO; thin films in an acidic solution is also explored.

2. Materials and Methods
2.1. Samples and Reagents

The samples of PET/TiO; films used in polymer-laminated steel cans were supplied
by Shanghai Si Jiang New Material Technology Co., Ltd. (Shanghai, China). Polymer-
laminated steel cans were obtained from Shanghai Bao Steel Packaging Co., Ltd. (Shanghai,
China). Nitric acid (guaranteed reagent, 65% HNO3), hydrogen peroxide aqueous solution
(analytical reagent, 30 wt. % H;O,), and acetic acid (guaranteed reagent) were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). A standard solution of Ti
(100 pg/mL) was provided by Tanmo Quality Inspection Co., Ltd. (Beijing, China).

2.2. Initial TiO, Content in the Composite Film

We washed the composite film with distilled water and cut it into slices following a
natural-drying stage. We then weighed 0.1 g of the sample and placed it in a polytetrafluo-
roethylene tube (PTFE). We added 10 mL of nitric acid and 2 mL of hydrogen peroxide to
the sample. We placed it into a high-pressure microwave reactor for the digestion phase and
kept the microwave and voltage heating rates consistent, heated the solution up to 200 °C
from room temperature, and maintain the solution at 200 °C for an additional 10 min.
Following the digestion phase, we transferred the digested sample to a digital constant-
temperature heating plate, evaporated it to 1-2 mL, collected the remaining solution in
a 100 mL volumetric flask, and diluted it to the scale line with 2% nitric acid. The TiO,
content is calculated using the following formula [16]:

M = (G —Co)V x 1073/ m x 1073 1)
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where M is the content of TiO, present in the composite membrane (mg/kg); C; and Cy are
the concentrations (mg/L) of the experimental and blank samples, respectively; m is the
mass of the sample prior to digestion (g); and V is the constant volume of the sample (mL).

2.3. Migration of TiO; in 4% (v/v) Acetic Acid

Based on EU No. 10/2011 [17] and GB 31604.1-2015 [18], the PET/TiO, composite
films were completely immersed in 50 mL of simulants (the surface-to-volume ratio was
30 cm? of film /50 mL of simulant). 4% (v/v) acetic acid was used as the acid simulant. The
migration temperature levels was 40, 50, and 60 °C, and the migration times were 0.5, 1, 2,
4, 6,8, and 10 days.

The migration solution was sampled at different time points during the process,
evaporated on a hot plate until dry, dissolved with 2% nitric acid aqueous solution, and
then filtered prior to testing.

The migration of TiO; is calculated using Equation (2):

M;=M; /M, )

where M; is the concentration of TiO, (mg/kg), M is the quantity of TiO, in the simulants
(mg), and M, is the quantity of the food simulant (kg).

2.4. Soaking Process of Polymer-Laminated Steel Cans

We poured 4% (v/v) acetic acid into the polymer-laminated steel cans, and then sealed
and placed them into 60 °C drying ovens for a period of 10 days. During the soaking
stage, we periodically removed the food cans from the ovens to perform an electrochemical
impedance spectroscopy test.

2.5. Stripping Process of the Polymer-Laminated Steel Cans

The polymer-laminated steel cans, unsoaked and soaked in 4% (v/v) acetic acid
solution at 60 °C for 240 h, were cut into 2 cm X 2 cm sizes at the same height and placed
into beakers; the same volume of 30 (v/v) % HyO; solutions was then added to the samples.
Then, the beakers were sealed and placed in an oven heated to 50 °C for 6 h to strip away
the composite film. The stripped composite films were washed and dried in an oven at
60 °C for 1 h. The composite films we obtained following this process were then used for
the subsequent tests to analyze the changes that occurred in the composite films.

2.6. Analysis Method

Microwave digestion was conducted using a microwave high-pressure reactor (W6-
GSH, China). The Ti concentration was analyzed by ICP-OES (Avio 200, PerkinElmer,
Waltham, MA, USA). The surface morphology of the film was observed by SEM (Quanta
FEG 250, FEI, Hillsboro, OR, USA), a Depth of Field 3D Microscope System (VHX-2000,
Keyence Corporation, Shanghai, China), and AFM (Bruker Multi Mode 8, MA, USA). The
performance changes in the film were analyzed using IR-ATR (i410, ThermoFisher Scientific
Corporation, Waltham, Massachusetts, USA), DSC (Netsch 200F3, Selb, Germany), and
X-ray diffraction (D8 Advance, Bruker Corporation, Karlsruhe, Germany). A TEM (Zoom-1
HD-1, Hitachi, Tokyo, Japan) operated at 100 kV was used to characterize the particle
sizes. The hydration particle diameters and distribution of TiO; particles were measured
by DLS (Dyna Pro Nano Star DLS, Wyatt Technology Corporation, Goleta, CA, USA). The
zeta potential (¢) value of dispersion was estimated by DLS (particle size test, Malvern
DSL, Malvern, UK). To track the size distribution of the TiO, particles released during the
experiment and the C of the simulant, the simulant collected following the migration stage
was shaken and measured immediately after it reached the specified time (1 day, 10 days).
The “placed 10 days” sample was the “10 days” sample measured again after being kept
for 10 days.

The open-circuit potential (OCP) measurement and electrochemical impedance spec-
troscopy (EIS) test of polymer-laminated steel cans following their immersion process
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were performed by the CHI604E electrochemical workstation (CH Instruments, Shanghai,
China). An EIS measurement was conducted to obtain the stable open-circuit potential, the
scanning frequency range was 10-2—10* Hz, and the amplitude of the sinusoidal voltage
signal was 20 mV. A traditional three-electrode cell was used at room temperature, where
a saturated calomel electrode was the reference electrode, a platinum electrode was the
auxiliary electrode, and the polymer-laminated steel was the working electrode.

The ICP-OES operating conditions were as follows: RF power: 1300 W; plasma
gas flow rate: 10.0 L/min; auxiliary gas flow rate: 0.2 L/min; nebulizer gas flow rate:
0.7 L/min; pump flow rate: 1.0 mL/min; replicates: 3.0 times; delay time: 20.0 s; sample
flow rate: 1.0 mL/min; and Ti wavelength: 334.94 nm.

3. Results and Discussion
3.1. Method Validation

In order to determine the amount of titanium dioxide present in the migration solution
by ICP-OES, it was first necessary to generate a standard curve using 1, 5, 10, 50, 100,
200, 500 and 1000 pg/L titanium standard solutions. The responses were linear over the
concentration ranges tested with a correlation coefficient of 0.9999. The linear equation was
y = 7533.56x + 1087.38. The standard curve was shown in Figure S1. The limit of detection
(LOD) and limit of quantitation (LOQ) values were 0.6 and 1.8 ug/L, respectively. The
20, 100, and 500 pg/L titanium standard solutions were added to a known concentration
solution. Prior to ICP-OES analysis, the mixed solutions were evaporated, dissolved and
filtered. Six sets of parallel experiments were carried out, and the results are shown in
Table 1. As shown in Table 1, the recovery ranges from 98% to 105% and the relative
standard deviations (RSDs) range from 1.7 to 3.5%.

Table 1. Determination of recovery and RSD values by ICP-OES (1 = 6) in 4% (v/v) acetic acid.

Spiked Concentration of TiO, 20 ug/L 100 pg/L 500 ug/L
Recovery 103 98 105
RSD (%) 17 35 2.2

3.2. The Migration in 4% (v/v) Acetic Acid

The initial concentration of TiO, was 370.42 mg/kg in the film determined using the
high-pressure microwave digestion method. Figure 1 presents the migration information of
the TiO, submerged in 4% (v/v) acetic acid at 40, 50, and 60 °C. The highest migration value
of TiO, was approximately 0.32 mg/kg and it was less than the standard limits (1 mg/kg)
according to (EU) No. 10/2011 [17], which is within the safe range.

Figure 1 shows that the migration value increases with the extension of time and the
increase in temperature, indicating that the influence of temperature and time on migration
is relatively clear. The main reason for why time affects the migration activity of TiO; is that,
as the soaking time increases, the acidic environment of the composite membrane during
the soaking process may damage the PET structure [19], causing the composite membrane
to degrade in quality, thereby causing the embedded TiO; to detach into the solution.
Temperature level mainly affects the migration behavior of TiO; in three ways. Firstly, it is
related to the properties of acetic acid, which is a weak acid and can undergo ionization.
The increase in temperature leads to an increase in the degree of ionization of acetic acid, a
stronger conductivity of the solution, and an increase in the solubility of TiO; [20]. Secondly,
the increase in temperature increases the flexibility and flowability characteristics of PET
molecular chains, resulting in an increase in the free volume and pore size between the PET
interior and TiO,. These increased pore sizes provide favorable channels for the process
of TiO; migration [21,22]. Finally, higher temperatures are conducive to the migration
of organic additives in the composite membrane. The diffusion and permeation of the
additives loosen the polymer chain and also promote the migration of TiO, [22-26].



Coatings 2023, 13, 887 50f 18

035 4 [®—40°C 4% (v/v) acetic acid
—o— 50°C 4% (v/v) acetic acid
030 —a— 60°C 4% (v/v) acetic acid
% .
£ 025 -
QN
= 0.20 4
[
5]
8 0151
=
=]
(@]
é 0.10
0.05 4
0.00 T T T T T
0 50 100 150 200 250

Time (h)
Figure 1. The migration of TiO, in 4% (v/v) acetic acid at 40, 50, and 60 °C.

3.3. Migration Model
3.3.1. The Fick Law of Diffusion

The crank theory shows that the migration behavior of chemical substances in packag-
ing materials is linear with the square root of the migration time; therefore, the migration
behavior is in agreement with the Fick law of diffusion [27]. Based on the diffusion process,
the migration data fitting of TiO, in 4% (v/v) acetic acid is presented in Figure 2. The R?
value of migration kinetics occurring at 40 °C was 0.90571 and R? values at 50 and 60 °C
were less than 0.9, indicating that the migration of TiO, was not suitable to the Fick law
of diffusion.
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Figure 2. Results of the migration kinetics of TiO, in 4% (v/v) acetic acid at different temperatures.

3.3.2. The Weibull Diffusion

The Weibull diffusion is fitted through the custom mode of MATLAB 8.5 (R2015a)
software. The fitting results of each parameter are presented in Table 2 and the fitting curve
is shown in Figure 3. From Table 2, we can observe that the Weibull diffusion fits are all
greater than 0.9; therefore, the fitting effect is better than that achieved with the Fick law
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of diffusion model. This shows that the migration of TiO, in the composite film follows
the non-Fick law of diffusion effect. In addition, the predicted value produced by the
Weibull model was slightly higher than the experimental data, indicating that the Weibull
model can be considered as a method for predicting the migration behavior of TiO; in the
composite film submerged in an acidic solution.

Table 2. Fitting parameters of the Weibull model.

Temperature . B Coo Experimental R2
Q) (mg/kg) Value (mg/kg)
40 204.3 0.67 0.27 0.18 0.9571
50 136.1 0.59 0.28 0.21 0.9069
60 323.2 0.53 0.54 0.32 0.9303
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Figure 3. Fitting curves of the Weibull model at different temperatures.

3.4. The Migration Mechanism of TiO,

In a previous study, Noonan [15] determined that there were possibly four processes
contributing to the migration of nanomaterials from composite membranes: (1) diffusion,
where due to the concentration gradient, they migrate from the inside of the polymer with
a higher-concentration gradient to the food simulant with a lower-concentration gradient;
(2) the surface was desorbed and released from the polymer surface due to the reduced
binding force of the polymer; (3) ions ere dissolved and migrated to the food simulant; and
(4) the degradation of the matrix, where the migration of the degraded polymer matrix,
along with the shedding of the polymer, occurred.

The results of the Fick law of diffusion show that the migration of TiO, does not follow
the diffusion; therefore, there may be other types of Ti. AFM images present the three-
dimensional topography change in the film. As shown in Figure 4, the bright protruding
parts are TiO, particles present in the composite [23]. Prior to the migration (Figure 4a),
TiO, particles are uniformly distributed in the film. Following the migration (Figure 4b),
the bright parts reduce and distribute unevenly. TiO, particles evidently reduce in number
at the vertical height. This suggests that TiO, migration does not only occur on the surface
of the film, but also migrates from inside the polymer matrix. At the same time, a reduction
in the dark parts also illustrates the evidence of matrix degradation.
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(a) (b)

Figure 4. AFM images of the film (a) prior to migration; (b) following migration in 4% (v/v) acetic
acid (60 °C for 10 days).

Surface morphology changes occurring in the film prior to and following migration
were characterized by SEM to explore the degradation-controlled migration of TiO; in
the film. As shown in Figure 5a, the surface of the film is smooth and a small number of
nano-TiO, particles are present on the surface. By observing the appearance of the film
following migration (Figure 5d), it is obvious that the surface is rough and many TiO,
particles are exposed on the surface. The result shows that the surface matrix degrades
during the migration process.

(c)

Figure 5. The SEM images of the PET-TiO, composite film varies with the migration time: (a) 0,
(b) 0.5, (c) 4, and (d) 10 d at 60 °C.
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At the same time, the presence of the degradation products (PET fragments containing
TiO, particles) was also observed in the TEM images we obtained (Figure 6a,b). The results
further confirm that the degradation of the matrix occurred during the migration stage and
the embedded TiO; particles could migrate with the PET fragment (Figure 6b). Some of the
particles aggregated into a cluster 250 nm in size or larger (Figure 6¢,d).

Figure 6. The TEM images of (a) a polymer fragment and TiO, particles; (b) nano-TiO, particles
embedded in the fragment; (c,d) aggregation of TiO, particles.

As for the diffusion-controlled migration behavior, Bott suggested that only particles
up to the size of approximately 3.5 nm in diameter may result in measurable migration [28].
Since many nano-TiO; particles were added to the solution, they were prone to aggregate
in the film. Larger particles were immobilized in the polymer matrix and did not have
the potential to diffuse [29]. However, in cases where nano- or larger particles are not
completely embedded but protrude from the polymer’s surface and release into the food
under conditions of use is not impossible [29]. Thus, it is difficult to confirm whether the
diffusion-controlled migration of nano-TiO; particles definitely exists in the film. However,
more TiO, particles become exposed on the surface following migration, which may provide
the possibility of desorption-controlled migration through a weak binding force.

In order to explore whether TiO; present in the composite membrane migrated in the
form of ion dissolution, the migration liquid, heated at a temperature of 60 °C for 10 days,
was separated from the Ti ions and particles by an ultrafiltration process; the result is
presented in Table 3. It is evident from the results that Ti ions and Ti-containing particles
coexist in the 4% (v/v) acetic acid solution. The proportion of the Ti-containing particles
to the total Ti concentration was greater than that of the Ti ions, which is consistent with
the study conducted by Viviana [30]. This result differs from the other nanomaterials, such
as nano-Zn [31] or -Ag [13], which mostly exist in the form of ions. This may be due to
that fact that Zn and Ag are more active than Ti. The Ag’/Ag* and Zn’/Zn?* systems are
very sensitive to the redox reaction and are easily affected by other active substances [13].
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The presence of Ti ions demonstrates that part of the Ti is released into the simulant by the
dissolution of the ions.

Table 3. Concentrations of Ti ions and Ti-containing particles in simulants following migration for
10 days (1 = 3).

Temperature . Ti-Containing Total Ti
©0) Parallel Ti Ions (mg/kg) Particles (mg/kg) (mg/kg)

1 0.11 0.21 0.32

60 2 0.07 0.20 0.27

3 0.07 0.18 0.25

Therefore, the release of TiO, in the film follows two mechanisms: (1) the dissolution
from the film into the simulants in ions and (2) the migration into simulants in the form of
polymer matrix degradation.

To accurately measure the stability of the TiO, particles released into the simulant, the
size distribution was characterized by DLS. The size distribution for the TiO, that migrated
into the simulants after 1, 10 days (60 °C) and 10 days storage is presented in Figure 7.
The particle size distribution was approximately 5.0-533.0 and 18.6-834.0 nm after 1 and
10 days (60 °C), respectively. According to the results of our previous study, TiO, was
aggregated with a size of 100-200 nm in the initial film [16]. The size distributions at 1
and 10 days were much more extensive than that in the initial film. Thus, TiO, may be
released into the solution as nanoparticles or agglomerations during the migration stage,
or agglomerate following this stage. If the released TiO, particles aggregate following the
migration stage, they would be presented as unstable when present in the solution.

12

Intensity

£ LA

L=

200 400 600 800 1000 1200 1400 1600

Radium (nm)
—8— lday —©—10days —A— placed for 10 days

Figure 7. Size distributions of the TiO, that migrated from films into 4% (v/v) acetic acid at 60 °C.

To demonstrate the stability of TiO, particles in 4% (v/v) acetic acid following mi-
gration, the simulant migrated for 10 days was used for 10 days and then measured. In
comparison to the 10-day solution, the size distribution (9.5-1157 nm) became much more
extensive and the proportion of nano-TiO, (<100 nm) particles decreased. New aggregates
appeared in the simulant. This shows that the TiO, aggregate migrated into the simulant.

The stability of the dispersion also can be explained by the zeta potential. The zeta
potential is one of the tests necessary to verify nanofluid stability through the study of
nanofluid electrophoresis behavior [32]. When the electrostatic repulsion of nanoparticles
increases in the dispersion, a high ( can be generated. According to a study conducted
by Lee [33], the dispersion was stable when the { was greater than 30 mV. The dispersion
was unstable and easy to aggregate when the { was less than 15 mV. Additionally, the
dispersion was considered to have little or no stability when ¢ was approximately 0 mV.

As shown in Table 4, from 1 to 10 days, the C increases at a certain level. This may
be due to the fact that the increased amount of TiO, particles enhanced the dispersity of
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particles present in simulants. However, the measured ¢ were less than 15 mV, illustrating
that TiO; is unstable and easy to aggregate in a 4% (v/v) acetic acid solution. These
aggregates may be pure TiO, aggregates or aggregates composed of PET fragments and
TiO, particles.

Table 4. The zeta potential (absolute value (mV)) for simulants (1 = 3).

Zeta Potential (Absolute Value (mV))

Temperature
0O 1 Day 10 Days Placed for 10 Days
60 5.8 5.5 9.0 12.5 10.1 9.5 5.3 8.0 7.5

Therefore, the migration of Ti into the simulant is mainly presents in the form of
particles, while a small amount of Ti is present in ions. The released TiO, is unstable and
prone to agglomeration, and thus the migration of TiO, does not follow the traditional Fick
law of diffusion, and is more in line with the Weibull model based on the non-Fick law
of diffusion.

3.5. EIS Analysis

Since the amount of migrated titanium dioxide increased with the increase in tempera-
ture and time, the performance of the composite film also changed. Therefore, combined
with the migration results, electrochemical impedance spectroscopy technology was used
to observe the failure process of the anti-corrosion performance of the composite film
immersed in a 4% (v/v) acetic acid solution treated at 60 °C for 240 h.

Figure 8 presents the impedance spectrum of food cans immersed in a 4% (v/v) acetic
acid solution for 240 h. Within 12 h of the initial soaking period of the food cans, the
Nyquist spectra presented a circular arc with a large curvature, the Bode spectra presented
a straight line with a slope of —1, and the low-frequency impedance modulus | Zg.o1 p1 |
was 1.64 x 10'°. With the prolongation of the immersion time, the corrosive medium
penetrated the composite film layer through microporous defects present on the surface,
resulting in a continuous decrease in the radius of the capacitive arc, a gradual decrease in
the low-frequency impedance value, and a plateau in the low-frequency region of the Bode
spectra. After soaking in the 4% (v/v) acetic acid solution for 96 h, the Nyquist spectra
presented a second capacitive arc. During this stage, the acetic acid and water molecules
passed through the film and entered the metal substrate [34], and surface electrochemical
reactions occurred.
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I I v 48h v 48h
5X10° |7 4 96h ¢ 96h
144h 144h
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Figure 8. EIS plots of the polymer-laminated steel cans: (a) Nyquist plot; (b) Bode plot.
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When the food cans were soaked for 240 h, the low-frequency impedance modulus
| Zo.01 iz | decreased to 1.44 x 10%, indicating that the composite film lost its protective
effect, which made it easier for the titanium to migrate into the acetic acid solution, con-
firming that the level of migration of coated iron increased with time.

As shown in Figure 8, within 48 h of immersion, the Nyquist spectrum exhibited
a single capacitive arc. The EIS spectrum of the food cans can be analyzed by the elec-
trochemical equivalent circuit presented in Figure 9a. As the immersion time increases,
the impedance spectrum exhibits two time-constant characteristics: the high-frequency
capacitive impedance arc exhibits the properties of the composite film; the low-frequency
capacitive impedance arc represents the iron corrosion reaction of the base metal [35],
indicating that, after following the of the food can sample submerged in the 4% (v/v) acetic
acid solution for 96 h, the corrosion medium reached the surface of the metal substrate
through the coating defects. The EIS spectrum can be analyzed by the electrochemical
equivalent circuit shown in Figure 9b [36].

]l
11
<

(a)

Figure 9. Equivalent electrical circuits for the coatings at different stages of immersion: (a) Stage one;
(b) Stage two.

(b)

According to the EIS spectrum and electrochemical equivalent circuit of the food cans
soaked in the 4% (v/v) acetic acid solution, the variation in electrochemical parameters with
immersion time could be accurately simulated in the experiment, such as coating resistance
R, charge transfer resistance R, interfacial capacitance Q. of the film, and double-layer
capacitance Qq;, as shown in Figure 10. The electrochemical parameters for different
soaking times are presented in Table 5. As the immersion time increases, the electrolytes
and water molecules continue to enter the micropores located on the surface of the food cans,
resulting in a gradual increase in the porosity of the coating, resulting in the deterioration
of the protective performance of the coating. The resistance R of the composite film
continued to decline, while the interfacial capacitance Q. of the film continued to increase.
The charge transfer resistance R presents a trend of increasing first and then decreasing.
The increase during the early stage of the test was related to the formation of corrosion
product films. The surface accumulation of corrosion products blocked the channel of the
corrosion media to the substrate, while the decrease that occurred during the later stage
of the experiment was due to the reaction between the corrosion solution and substrate
following the infiltration stage, resulting in the rupture of the corrosion product’s film that
exposed the substrate to the electrolyte solution and resulted in the further intensification
of the corrosion effect. The electrical double-layer capacitance Qyq; first decreased and then
increased with the prolongation of the immersion time, indicating that the state of the
corrosion products at this time was unstable.

Table 5. Summary of the electrochemical parameters for different immersion times.

Time (h) 12 24 48 9 144 192 240
R. (Q-cm?) 5.074 x 10° 3.225 x 10° 6.17 x 108 2.472 x 108 2.5078 x 106 8.1361 x 10° 1.1056 x 10*
Q. (UF-cm?) 7.832 x 10710 7.598 x 10~10 7.642 x 10710 7.696 x 10710 1.022 x 10~° 9.29 x 1010 1.586 x 10~°
Ret (Q-cm?) - - - 1.2682 x 107 1.3957 x 107 2.9846 x 10° 4096
Qg (uF-cm?) - - - 3.0855 x 107 1.4903 x 10~8 3.0588 x 107 7.7898 x 10>
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Figure 10. Variations in the fitting impedance parameters with immersion time: (a) coating resistance
Rg; (b) interfacial capacitance Q; (c) charge transfer resistance Rc; and (d) double-layer capacitance Qg;.

3.6. Properties Analysis of the Composite Film
3.6.1. Surface Changes in the Composite Film

When analyzing the surface of the composite film prior to and after soaking it, we
observed that its surface texture was uniform before soaking (Figure 11a), indicating the
composite film has excellent corrosion resistance. When the food cans were soaked for
a period of 240 h, the surface of the composite film bubbled and bulged, and the surface
roughness significantly increased (Figure 11b), resulting in changes in the surface properties
of the composite film. Through the SEM observation, we observed (Figure 11c) that a high
number of voids and obvious corrosion holes appeared on the surface of the composite film.

In order to further analyze the performance changes in the composite film, the com-
posite film that was soaked for 240 h was peeled off the substrate and analyzed by the
XRD method. The obtained spectrum is present in Figure 12. It can be observed that the
composite film contains various metal oxides, indicating that corrosion occurred under the
film and the corrosion products migrated to the composite film. The corrosion that occurred
under the membrane of the composite film explains the reason for the protrusion of the
polyester layer and its separation from the substrate following its immersion in the acetic
acid solution. This process is related to the acidic corrosion mechanism of metals. On the
one hand, after acetic acid enters the metal substrate, the electrochemical corrosion of hy-
drogen evolution occurs, and the generation of hydrogen gas supports the composite film,
thereby weakening the bonding strength between the substrate and composite film [37].
On the other hand, the generation of corrosion products continuously occupies the gap
between the polymer film and substrate, thereby exacerbating the separation between the
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composite film and substrate. The blackening of the composite film may be related to the
formation of black corrosion products CuS;, MnO,, and Fe;SOj.

Figure 11. Surface morphology of the composite film prior to (a) and after soaking (b) for 10 days;

(c) SEM images of (b).
vV s & Al(OH),
v 0% s Cu v Al,O;
« CuS, + Mn(OH),
® FeOOH + MnO,
3 o FeSO,5H,0
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¢ &
] T o o*
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Figure 12. XRD analysis diagram of the PET-TiO, composite film after soaking for 240 h.

3.6.2. Cross-Sectional Structure of Polymer-Laminated Steel Cans

Through the SEM analysis of the cross-section structure of the food cans prior to
and following the migration process, we observed that the total thickness of the cross-
section prior to migration was approximately 200 um. The FCM'’s layer thickness was
approximately 20 um (FCM is the food contact layer inside the can) and the TFS’s layer
thickness was approximately 160 um. The outer film’s thickness was approximately 15 pm.
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The cross-section was smooth and the connection between the layers was strong (Figure 13a).
Following the migration of the 4% (v/v) acetic acid solution, the presence of corroded
products caused the separation of the FCM and TFS layers, and the cross-section became
rough (Figure 13b). This result shows that acidic environments reduce the barrier’s ability to
composite membranes, because acetic acid and water molecules pass through the composite
film and enter the passivation layer (CrpOs layer). Under acidic conditions, the passivation
layer gradually dissolves and generates Hy, causing the composite film to bulge [38]. When
the passivation layer is dissolved and perforated, both H,O and H* chemically react with
the substrate metal, accelerating the separation process of the composite film from the
substrate, leading to the failure of the barrier’s performance in the composite film (as
presented by the following formula):

CH3COOH — CH3COO™ +HT, 3)
Cr,03 +HT — Cr** + H,0, (4)
Fe + HY — Fe?T + Hy, @)
Fe’™ + H,0 — Fe(OH), + HT, (6)

100 pm

(a) (b)

Figure 13. Cross-section morphologies of polymer-laminated steel can prior to and after soaking:
(a) prior to soaking and (b) after soaking for 10 days.

3.6.3. IR-ATR Results for the Composite Film

The structural changes occurring in the composite membrane prior to and after mi-
gration in the 4% acetic acid solution for polymer-laminated steel cans were studied by
IR-ATR. The characteristic bands of chemical groups in the composite membrane can be
clearly observed in Figure 14. The value of 2960 cm ™! is an asymmetric -CHj stretching
vibration peak, and 1712 cm~! has a conjugated effect of the benzene ring, which is a C=O
(C=0-0H) stretching vibration peak [39]. The C=C stretching vibration absorption peaks in
the benzene ring are located at 1578, 1505, and 1449 cm L. The C-O asymmetric stretching
vibration absorption peak is located at 1239 cm ! [40]. The C-H in-plane bending vibration
absorption peak of the benzene ring is located at 1016 cm~!, the C-H in-plane bending
vibration absorption peak of the benzene ring is located at 871 and 722 cm ™!, and the
bending vibration band of the Ti O-C bond is located in the 1242-1016 cem! region [41].
The characteristic bands of the TiO, rutile group appeared to be approximately 640, 530,
400, and 340 cm L. Since the ATR test wavelength started from a value of 520 cm 1, it could
not be observed at a length shorter than 400 cm~ L however, the characteristic absorption
peak of rutile TiO; can be observed at 632 and 538 cm ™! of the composite membrane.
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Figure 14. The IR-ATR spectra of the PET-TiO, composite film prior to and after the soaking stage.

By comparing the two spectra produced prior to and after the migration process, it
can be observed that the C-H out-of-plane bending vibration absorption peak intensity of
the benzene ring at 871 cm ! of the migrated composite film was significantly reduced, the
C=C stretching vibration absorption peak in the 1578 cm~! benzene ring was reduced, and
the asymmetric -CHj stretching vibration peak intensity at 2960 cm ™! was also reduced.
This may have occurred due to the partial degradation of the PET structure caused by
acetic acid immersion. The Ti-O-C bond bending vibration region at 1041~! and the TiO,
absorption peak intensities at 632 and 538 cm~! decreased. This result was obtained
because the chemical bond strength exhibited between TiO, and PET weakened due to
TiO, migration. The decrease in the absorption peak intensity values of the composite
membrane indicated that the 4% acetic acid solution will cause damage to the structure of
the composite membrane, causing it to age and degrade.

3.6.4. Thermal Properties of the PET/TiO, Composite Film

Figure 15 presents the DSC heat-flow diagram of the composite film prior to and
after the process of migration occurring in food cans, and the related thermodynamic
parametric statistics are presented in Table 6. From the test results, it can be observed that,
following the migration, the glass transition temperature (Tg) and crystallinity (Xc) of the
composite film both decrease, while the melting temperature (Tm) increases. Xc is the
crystallinity of the composite film, determined by the equation Xc = AHm/AHmM®. AHm®
is the melting enthalpy of the complete crystallization of PET, with a value of 140 J/g.
This is mainly related to the performance changes occurring in the composite membrane
in the acetic acid solution. Researchers have determined that NMs serve as additional
nucleation sites for the heterogeneous nucleation of composite membranes. As the amount
of nanomaterials added to the solution increases, there is no evidence of a significant change
in the Tg of the composite membrane [42,43]; however, Xc increases correspondingly [44,45].
According to the migration results obtained for the coated iron cans submerged in the
acetic acid solution, the migration of TiO, leads to a decrease in the number of additional
nucleation sites and an increase in the porosity of the composite membrane, resulting
in a decrease in Xc [46]. However, prolonged solvation gradually softens and ages the
composite membrane, enhancing the movement of molecules between PET chains, resulting
in a decrease in Tg [47,48]. Therefore, the decrease in the Xc of the composite membrane is
related to the migration of TiO,, while the decrease in Tg is related to the aging degradation
process of the composite membrane. The phenomenon of increasing Tm is only related to
the introduction of polar groups or intermolecular hydrogen bonds located on the main
side chains of the polymers. From Figure 14, it can be observed that there is no significant
enhancement of polar-group absorption peaks on the graph; therefore, this possibility can
be eliminated. According to the XRD analysis, it can be determined that oxidation products
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migrate into the interior section of the composite membrane; therefore, the increase in Tm
may be related to the residual metal oxides present in the composite membrane. Thus, as
the crystallinity of the composite membrane decreases, the performance of the composite
membrane changes, the structure becomes loose, and the migration activity of TiO; into
food simulants increases.

not soaked
soaked for 240h
o
>
m
3
=
[
=
D
jus
" 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300

Temperature (°C)
Figure 15. DSC heating curve of the PET-TiO, composite film prior to and after the soaking stage.

Table 6. Thermodynamic parameters of the composite film prior to and after migration.

Composite Film Tg (°C) Tm (°C) AHm (J/g) Xc (%)
Prior to migration 76.4 236.2 26.27 18.76
After migration 74.9 240.1 9.062 6.47

4. Conclusions

The migration of TiO, from the PET/TiO, composite film into a 4% (v/v) acetic acid
solution shows that the migration process is affected dramatically by the factors of time
and temperature. Ion dissolution and matrix degradation are the mechanisms that promote
the release of TiO; from composite films. Diffusion and surface desorption may also occur.
Following the migration process, Ti ions and Ti-containing particles coexist in the 4% (v/v)
acetic acid solution. The majority of the Ti is present in the form of particles, while a small
amount of Ti is present in the form of ions, owing to the agglomeration of the released TiO;.
The migration of TiO, does not follow the traditional Fick law of diffusion, but is more in
line with the Weibull model based on the non-Fick law of diffusion.

During the immersion process of polymer-laminated steel cans submerged in 4% acetic
acid solution and used to pack food, acetic acid and water molecules enter the passivation
layer (CryOj3 layer) through the surface defects in the composite film and dissolve to
produce Hj, causing the composite film to bulge and weakening its barrier performance.
The formation of corrosion products causes a separation between the FCM and TFS layers
in the food cans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13050887/s1, Figure S1: The standard curve of Ti measured
by ICP-OES.
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