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ARTICLE INFO ABSTRACT
Keywords: Phthalate acid esters (PAE) are used as additives in the formulation of plastics, to increase their
PAE flexibility and transparency. They can migrate from plastic packaging to food, then cause

Non-food plastics endocrine disruption in consumers. This migration depends on the conditions of use defined for

Eiperimental desien each plastic. Non-food plastics are likely to release more PAE than food-grade plastics. In
Milzgration g Cameroon, non-food grade plastics such as old paint buckets are used by people to preserve liquid
Kinetic food. The present work aimed at studying the conditions and mechanism of migration of total PAE

from paint buckets to pap. For this purpose, the effects of seven factors were determined through
Plackett-Burman experimental design. The interactions of the most influential factors were
determined through a full factorial design. The conditions of the migration of total PAE were
obtained via face-centered composite design. Then experimental results of migration kinetics
were modelled according to equations of pseudo-first order, pseudo-second order and intra-
particle diffusion. The results revealed that the most influential factors were pH, temperature
and contact time. The effects of these factors are non-linear, and their interactions have to be
considered. When pap is preserved in paint buckets according to the conditions: temperature of
pap >70 °C, pH of pap <4 or >10 and contact time > 2 h, as is the case in donut shops in
Cameroon, the amount of total PAE released is greater than 50 pug/L. Migration of total PAE from
paint buckets to pap is best described by the pseudo-second order model.

1. Introduction

Plastics containers are either food grade or non-food grade. When they are food grade, they are intended to be in contact with food.
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Therefore, safety controls have to be carried out, the choice of plastic checked and the conditions of use defined. Same level of safety
tests are not carried out with non-food grade containers [1]. However, in Africa, precisely in Cameroon, this distinction of plastic
containers is not commonly applied. All plastics containers are re-used in food storage. For example, old paint buckets are cleaned to
store water in households, or pap in donut-bean shops [2]. The population is therefore exposed to a potential health risk due to usage of
unsafe materials for food services [3].

In fact, the formulation process of plastic materials uses various additives that are essential for the physicochemical and mechanical
properties of the whole. Among these additives are phthalate acid esters (PAEs), chemical molecules derived (salts or esters) from
phthalic acid, which all have a diester structure. The main role of PAEs is to increase the plasticity, flexibility and transparency of
plastics. The most common PAEs are BBP (Benzylbutyl phthalate), DBP (Dibutyl phthalate), DEP (Diethyl phthalate), DEHP (di-2-
ethylhexyl phthalate), DNOP (di-n-Octyl phthalate) and DINP (di-isononyl phthalate) [4]. Although they help to improve the plastic
properties, they have harmful effect on human health as well. They are associated with fertility problems and adverse effects in the
development of newborns. Moreover, PAE are endocrine disruptors and carcinogens [5-7]. Phthalates such as DBP have been asso-
ciated with toxicity to the neural, reproductive and developmental systems [8]. Although several sources of exposure exist, dietary
source through contaminated food and beverages is the main pathway of human exposure to phthalates [9]. In fact, phthalates can
migrate from plastic materials to food in contact. This migration may occur during food processing, packaging, storage and transport
[10].

In the context of strict control of pollutants and safeguarding human health, European and American states have established
regulations on certain phthalates, including DEHP, DBP and BBP. Since 2007, the latter have been banned from use in the formulation
of plastic materials in Europe (Directives 2004/93/EC; 2005/84 EC and 2007/19/EC) [6]. The European Food Safety Authority (EFSA)
has defined the tolerable daily intake (TDI) at 0.01 mg/kg body weight per day for DBP, 0.5 mg/kg body weight per day for BBP, and
0.05 mg/kg body weight per day for DEHP, based on toxicological studies [11,12]. On the other hand, the US Food and Drug
Administration established a specific migration limit (SML) of DBP and BBP at 0.3 mg/kg and 30.0 mg/kg of simulant that is in contact
with food packaging respectively [8]. The legislation is not established for all phthalates, because the health effects of all phthalates
have not been studied. In view of their structural similarity, it is better to quantify total phthalates during dietary exposure studies [13,
14].

Studies showed that migration of phthalates from plastic materials to food depends on several factors such as the nature of food and
to the containers or its treatment [6,15]. The factors that stand out are temperature, amount of electrolyte (NaCl), contact time,
number of washes, polarity or acidity/basicity of the food.

[16,17,18,19]. There is an evidence that the migration of phthalates is high in fatty food than is acid or aqueous food [20,21]. In
this line [10], showed that high fat content promotes migration of PAEs into milk packaged in plastic bottles [18]. observed that the
migration of phthalates in beverages is accelerated in acid medium (pH < 5) by modifying the structure of the plastic polymer. Similar
reports showed that migration of phthalates increases with temperature, contact time, dry matter content and hydrophobic nature of
food [22,23,15,19]. On contrary, studies show that the successive washing of plastic containers contributes to reduce the content of
additives that they release, due to the depolymerisation of the polymer [24,25]. Indeed, a high amount of additives is released during
the first washes, then it decreases as the plastic container is washed [24,26].

Although several studies show that contact time increases the migration of phthalates into food, some authors reported no sig-
nificant effect [27], while others observed a food composition-dependant effect [8]. Thus, the influence of contact time depends on the
nature of food. Hence, rather than studying the effect of each factor separately, it could be interesting to consider interaction between
factors. To study the effects of factors simultaneously, experimental design modeling was found to be an important tool for reducing
the number of experiments and exhibiting interaction between influencing parameters [28].

Several studies have focused on modeling the migration of phthalates from plastic material into food using mathematical models
and food simulant such as water, ethanol, acetic acid, hexane or isooctane [19,29,30]. [30] showed that using food simulant in
evaluation of migration kinetics of additives leads to an overestimation of migration data by multiplying the real levels of migrated
compound by 50 times. The same trend was observed when using Fick’s equations in modeling of migration of phthalates [16].
Interestingly, Liu, Li, Zhao et al. (2020) showed that migration kinetic was best described by the pseudo-first order model. Similar
studies focused on these kinetic models by using plastics made of thin materials such as PVC films or drinking bottles [22,19,31].
However, plastic food packaging is not only made of thin materials. This is the case of paint buckets used for food preservation in
Cameroon. Hence, the selection of a kinetics model to study migration of phthalate from plastic containers into food system should be
made carefully. To the best of our knowledge, this was the first study focus on the migration of PAE from non-food plastic containers
used in food preservation in developing countries [2]. Moreover, it was a first approach that identified the interactions between the
main factors that influence the migration of PAE from plastic to food.

The present work aimed to study the conditions and mechanism of migration of phthalates from paint buckets to pap, by deter-
mining the effects of the most influential factors and their interactions, as well as the best kinetic model.

2. Materials and methods
2.1. Reagents and standards
Six phthalates were chosen to produce a mixed solution: di-ethylhexylphthalate (DEHP) (>98%), di-isononylphthalate (DINP)

(>98%), di-isobutylphthalate (DBP) (>98%), di-isooctylphthalate (DNOP) (>98%), benzylbutylphthalate (BBP) (>98%) and di-
isodecylphtalate (DIDP) (>98%). The stock solution containing total phthalates at 1 mg/mL was prepared in methanol and stored
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in 2 mL amber vials at 4 °C. The working solutions were obtained by appropriate dilution of the stock solution. Di-ethylhexylphtalate-
d4 (DEHP-d4) (99.1% D; 98% purity) was the internal standard. All phthalates were purchased from Supelco-Sigma Aldrich (Diegem,
Belgium).

Triethylamine (TEA) (>99%) and (3-bromopropyl)trimethylammonium bromide (BPTAB) (97%) used for phthalate derivatization
were purchased from Merck (Darmstadt, Germany). Sodium hydroxide pellets (99%), hydrochloric acid (37%) and formic acid (98%)
were purchased from Merck (Darmstadt, Germany). All these reagents were of analytical grade. The organic solvents used were of
HPLC or LC grade (Ethyl acetate, methanol, and acetonitrile) and were purchased from Merck (Darmstadt, Germany). The ultrapure
water was produced by the Milli-Q purifier from Merck Millipore (Bedford, MA, USA). The 2 N NaOH solution was prepared by
dissolving 8 g of pellet in 100 mL of ultrapure water. The 2 N HCI solution was obtained by diluting 37% HCI six times. Corn starch
(CAS: 9005-25-8) and sucrose (>99.5%; CAS: 57-50-1) were purchased from Sigma Aldrich (Milan, Italy). Sodium chloride (NaCl)
(>99.5%; CAS: 7647-14-5) was purchased from Merck (Darmstadt, Germany).

2.2. Equipment

The ME 235-P balance (Sartorius, Germany) was used to weigh test sample. The Seven easy pH-meter (Mettler Toledo, France) was
used to pH determination. The IT vortex (Star LAB, France) was used to homogeneize samples or extracts contained in tubes or vials.
The magnetic heating stirrer IKA RCT basic (IKA-Werke GmbH & Co.KG, Germany) equipped with a temperature probe was used for
the preparation of pap.The Corio C water bath (Julabo, Germany) was used for constant temperature heating. The Universal 320 R
Centrifuge (Hettich, Germany) allowed the centrifugation of extract in vials. An ACQUITY ultra high performance liquid chroma-
tography system coupled to a Waters XevoTQ triple quadrupole tandem mass spectrometer (Waters Co., USA) was used for the analysis
of derivatized compound.

2.3. Samples

Samples of this study are old plastic paint buckets most used in households and donut shops in Cameroon for preservation of
drinking water and pap. The pap at 5 or 10 g of starch/L was prepared for phthalate migration studies. To obtain the pap, ultrapure
water contained in a 1 L beaker was placed on a heating plate until it boiled. In parallel, the desired amount of starch was weighed into
beaker then a little ultrapure water was added and stirred using a glass rod. Then the mixture was poured into boiling ultrapure water,
stirring to cook the starch. Depending on the desired temperature, the pap was either used hot or cooled in an ice bath.

For the migration studies, the buckets were cut into 2.5 cm x 5.0 cm pieces to allow them to fit into the 150 mL glass bottles
containing pap or water. In each bottle, 8 pieces (1 dm? of internal surface) of buckets were introduced. Each piece has 2 mm of
thickness and an average weight of 2.08 & 0.15 g. In case of the study called “real situation”, the pap is directly introduced in the paint
buckets, and given volumes are taken at inters of time to carry out the analysis. This study was carried out in particular for the kinetic

Plastic paint buckets + pap

1 4
Plackett-Burman | pegermination of the :gemperature Migration kinetics of
experimental | | effects of seven factors on | | -% Nacl total PAEs from buckets
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Fig. 1. Methodology for studying the migration of total PAEs from paint bucket to Pap.
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study of migration.

2.4. Study of the phthalate migration from paint buckets to pap

The methodology for studying the migration of total PAEs from paint buckets to Pap is shown in Fig. 1. The main steps of the study
were: Screening of factors, interaction study of the most influential factors, determination of optimum phthalate migration conditions,
and kinetic study.

2.4.1. Screening of factors that influence the phthalate migration

The screening of the factors by Plackett-Burman experimental design helps to classify them according to their effects. Factors that
influence the migration of phthalate from packaging to food as pap were selected according to literature. These factors are starch
content, salt content, sucrose content, pH, temperature, time and number of washes. The levels of different pap composition factors
(salt content and sucrose content) were determined according to personal observation and literature [32]. The pH was defined by
considering that people prepare pap either with lemon (acidic) or with alkaline rock salt called “kanwa” (basic). High temperature
(90 °C) was defined considering that hot pap is stored in old paint buckets in some donut shops of Cameroon. Low temperature reflects
the situation where drinking water with ice are stored (4 °C) in old paint buckets in some Cameroun households. The starch content
was revised downwards compared to real pap, in order to reduce the complex extraction step. It is therefore a light pap or ultrapure
water, to look for the effect of the matter amount. The contact time was set at 1 h (low level) and 72 h (high level), in order to comply
with the real storage conditions in households. The number of washes was chosen to highlight the use of these buckets over a long
period.

In the experimental design, the real values of the factors are encoded. Code value 1 or +1 indicates the highest level. Value —1
indicates the lowest level, and value O is the center of the experimental domain. Central points improve the statistical analysis and
ensure a homogeneous distribution of the experimental error over all the tests. Table 1 shows the Plackett-Burman design for
screening.

2.4.2. Interaction study

After the screening, the four most influential factors were retained to look for possible interactions. The interaction study was
carried out using full factorial design. The levels of each factor were the same as presented in the screening study. Four runs at the
center of the domain were also performed for repeatability testing.

2.4.3. Determination of optimum phthalate migration conditions
The three most influential factors taken from the full factorial design are then used in the face-centered composite design, in order
to obtain the optimum conditions for phthalates migration from paint buckets to food. A quadratic model was estimated and validated.

Table 1
Coded matrix and test matrix of the Plackett-Burman design.

A B C D E F G
N° pH T°C Starch (g/L) NaCl (%) Sucrose (%) Time (h) Washes Response
Coded matrix
1 1 1 1 -1 1 -1 -1
2 -1 1 1 1 -1 1 -1
3 -1 -1 1 1 1 -1 1
4 1 -1 -1 1 1 1 -1
5 -1 1 -1 -1 1 1 1
6 1 -1 1 -1 -1 1 1
7 1 1 -1 1 -1 -1 1
8 -1 -1 -1 -1 -1 -1 -1
9 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
Test matrix
1 10 90 10 0 10 1 1 46
2 4 90 10 2.5 0 72 1 9.6
3 4 4 10 2.5 10 1 50 6.9
4 10 4 0 2.5 10 72 1 8.4
5 4 90 0 0 10 72 50 10.4
6 10 4 10 0 0 72 50 9.5
7 10 90 0 2.5 0 1 50 24.5
8 4 4 0 0 0 1 1 3.4
9 7 47 5 1.25 5 36.5 25 12.3
10 7 47 5 1.25 5 36.5 25 12.2
11 7 47 5 1.25 5 36.5 25 12.6
12 7 47 5 1.25 5 36.5 25 12.4
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2.4.4. Migration kinetics of phthalates from paint buckets

The study of the migration kinetics of phthalates from paint buckets to pap was carried out according to two procedures, in order to
understand the transfer mechanism. In the first procedure, a 150 mL glass bottles containing 100 mL of pap were placed in water bath
at the set temperature (50, 70 and 90 °C). When the temperature of the pap reached that of the set, eight pieces of buckets (see Section
2.3) were introduced, the bottles were closed with the lids, then the stopwatch was started. In the second procedure called “in real
situation” (RS), the pap was prepared in a large aluminum pot using 1 g of corn starch and 10 L of ultrapure water. The resulting pap at
95 + 2 °C was poured into paint buckets. The latter were closed, and after the set time, pap was sampled and used for phthalates
analysis.

The kinetic study was carried out for 180 min (3 h). The set times were 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165
and 180 min. Time ¢t = 0 min was set when the pap is still in aluminum pot. The temperature of pap was recorded at each set time in RS.
The trials were performed in duplicate. The concentrations of total phthalates obtained after UPLC-MS/MS were used to calculate the
parameters of the pseudo-first order, pseudo-second order and intraparticle diffusion models. The two first models were described in
Egs. (1) and (2) respectively by Langengren (1898) cited by Ref. [33]. The intraparticle diffusion model was described in Equation (3)
[34].

< Pseudo-first order model

k
In(g. —q,) =In(q.) —ﬁz @D

< Pseudo-second order model

t 1 1
o, @)
g kg qe

< Intraparticle diffusion model

g =kdi** +C @

where: g; and g, are the amounts of phthalate in pap at time t and at equilibrium respectively. k; (min~%), k2 (L pg min~1) and k (L pg
min~!) are the rate constants of the pseudo-first order, pseudo-second order and intraparticle diffusion models. C is a constant.

2.4.5. Validation of models

Validation of models is done through the calculation of absolute average deviation (AAD), adjusted coefficient of determination
(jo), bias factor (Bf) and exactitude factor (Af;) according to Egs. (4)—(7) respectively [28].

. |yexp - y('al|
S5/ ©

RR== (5)

AAD =

" Y
Bf =10°Y  log -~ 6)
| O Year
Af, =100 ; log Vo )

where Yeyp is the experimental value; Y,q is the calculated value; n is the number of experiments. These parameters have to fulfill the
following conditions [28]:

< AAD has to be as close to zero as possible
% R? aj has to be greater than 0.85
% Bf and Af; have to be between 0.75 and 1.2.
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2.5. Analysis of phthalates

Before analysis, the glassware was cleared of contamination. It was rinsed with methanol-water (50/50) and shook in an ultrasonic
tank for 30 min. Then it was rinsed with ultrapure water. Finally, the glassware was heated for 2 h at 400 °C.

2.5.1. Hydrolysis and extraction

The method was based to alkaline hydrolysis of phthalates and liquid extraction with ethylacetate [13]. Briefly, 10 mL of liquid
sample and about 2 pg of internal standard (250 pL of 20 pM DEHP-d4 in methanol) were put in 50 mL test tube. Then few drops to 1
mL of 2 N NaOH was added in the mixture to reach pH 12. The tubes were heated in a water bath at 90 °C for 30 min. Then, they were
removed and left to stand for 15 min at room temperature, before adding 2 N HCl (a few drops to 2 mL) so that the pH became close to
2. This acidification was the end of the transformation of PAEs into phthalic acid. The resulting phthalic acid was extracted though
liquid-liquid extraction with ethyl acetate. In the previous 50 mL test tube, 2 mL of ethyl acetate was added and the mixture was
subjected to 10 s of vortex for homogenization. Then the polar phase was collected using 1000 pL micropipette, and transferred to 25
mL test tube. Extraction with ethyl acetate was repeated a second time and the polar phase was added to the same 25 mL tube. The
collected extract was then ready for derivatization. The extraction recovery was determined for pap by spiking with the mix of PAEs at
concentration of 1, 10 and 100 pg/L. The tests were repeated five times at each level of concentration. The amount of total PAEs in pap
before and after spiking was recorded. The recovery corresponds to the ratio (%) of the difference between the two amounts and the
amount of total PAEs in spiking standard solution.

2.5.2. Derivatization

The obtained phthalic acid was derivatized with (3-bromopropyl) trimethylammonium bromide (BPTAB) as described by Ref. [35].
After derivatization, 1.5 mL of the water/acetonitrile/formic acid mixture (89.9/10/0.1) was added in a vial tube before UPLC-MS/MS
analysis. The mix phthalate solutions at different concentrations followed the same steps as samples to get the calibration curve. Each
solution and each sample, contained an internal standard (DEHP-d4). The ratios between the area of derivatized phthates (PA-BPTAB)
and that of internal standard (PA-BPTAB-d4) versus concentration of total phthalates allowed to draw the calibration curve. Pap was
spiked with a mixed solution of phthalates at three concentration levels to determine the extraction recovery. Before analysis, the
glassware was rinsed with methanol-water (50/50), then with ultrapure water. Finally, the glassware was heated at 400 °C for 2 h.

2.5.3. UPLC-MS/MS analysis

The UPLC-MS/MS method for quantification of total phthalates via PA-BPTAB took place in two steps, chromatographic separation
and detection through tandem mass spectrometry (MS/MS). Chromatographic separation was carried out using a Waters Acquity™
UPLC™ separation module associated with a Waters isolator column (P/N: 186003975). The column was a Waters Acquity UPLC BEH
C18 column (2.1 mm x 50 mm; particle size, 1.7 pm). The mobile phase was (A) water and methanol (B) [35]. The flow rate was 0.3
mL min~! under isocratic conditions. The injection volume was 2 pL and the column oven was maintained at 25 °C. The column was
equilibrated for 2 min before the next injection. MS/MS detection and quantification were carried out using a Waters Xevo™ TQD
triple-quadrupole mass spectrometer with an Electrospray ionization interface operating in positive ion mode (ESI+). A
multiple-reaction monitoring (MRM) was used. The cone gas and desolvation gas was Nitrogen (purity, 99.9%) at a flow rate of 50 L/h
and 1200 L/h, respectively. The capillary voltage was 1.5 kV. The electrospray source block and desolvation temperatures were set at
150 °C and 600 °C, respectively. Ultra-high-purity argon was used as the collision gas. Ion energies 1 and 2 were set at —0.5 and 0.2
respectively. The cone voltage and collision energy were optimized for maximum signal intensity, and two transitions were selected
from ionization of PA-BPTAB.

Reagent blank was systematically made to ensure that samples were not contaminated by the medium and materials. After injection
of ten samples, a reagent blank and a standard were systematically injected in UPLC-MS/MS. The limits of detection (LOD) and
quantification (LOQ) were obtained by determining the mean (Yo) and the standard deviation (SDo) of ten blank tests. The LOD was
Yo+3*SDo, and the LOQ was Yo+10*SDo.

2.6. Data processing

The acquisition and processing of chromatographic analysis data were carried out with Masslynx software version 4.1, then
exported to Excel 2016. The processing of kinetic data was performed with Excel 2016. The R 4.0.1 and Design Expert 13.0 software
were used for statistical analysis (analysis of variance and whisker plot) and design modeling respectively.

3. Results and discussion
3.1. Extraction recovery of phthalates in pap

The recovery of total phthalates in pap ranges from 78 to 95%. These values are comparable to those commonly presented by other
authors (75-110%) [36,37]. At low doping level (1 pg/L), the recovery is lower with a greater standard deviation, due to experimental
error.

The limits of detection (LOD) and quantification (LOQ) of total phthalates analysis were 0.4 pug/L and 0.9 pg/L respectively. The
LOD was comparable to that of some authors who studied phthalates migration from different plastics material to food [22,38,8]
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(Table 6). The method has higher LOD than that of [39] (0.4 > 0.002-0.03 pg/L) (Table 6). However, observation of the phthalate
content commonly found in samples or released during migration studies, shows that the LOD of the method is sufficient for this
analysis [15,40,41]. Methods with a limit of detection lower or higher than the PAE contents encountered in the samples could imply
high dilution or concentration of these, which could increase the uncertainties of the results.

3.2. Effects of factors

Table 1 shows the test matrices of the screening design. The validation criteria reported in Table 2 conform to the reference values.
The estimated equation of the model is:

PA-BPTAB = 14.0 + 7.26A + 7.79B + 3.16C-2.49D + 3.09E- 5.36F-2 G (€)]

Where A is the pH, B the temperature, C the amount of starch, D he amount of salt, E the amount of sucrose, F the contact time, and G
the number of washes. These are the coded factors.

Eq. (8) shows that temperature and pH are the most important factors (and equal values) and increase the migration of total
phthalates. These factors are followed in importance by the contact time, but the latter has a negative contribution. The contribution of
sucrose is half of the first two factors. The number of washes and the salt content seem to be the least important factors. Several authors
show that temperature and contact time increase the migration of phthalates to food [39,15,31]. In fact, when the temperature in-
creases, the free energy of the high-energy molecular segment in polypropylene is sufficient to enhance the mobility of PAEs which are
low molecular weight substances [21]. Other studies showed that the storage time was not affect the concentration levels of PAEs in
food [27].

The effect of pH is contradictory from one author to another [42]. showed that the extent of PAEs’ migration was greater under
acidic conditions and occurred faster. For their part [43], noticed that the lowest levels of phthalates were found in the least acidic
juice [44]. showed that some phthalates are usually degraded more than 20% by hydrolysis under acidic and high temperature
conditions.

The starch and sucrose contents are part of the influence on the nature of the food [22]. observed that foods with low polarity are
more likely to cause additional swelling, permeation and diffusion in the polyethylene film upon contact with each other and affected
the migration of PAEs [16]. revealed that fatty food simulants had no impact on the migration rate at 60 °C. But at 20 and 40 °C, more
the food simulant are non polar, more the migration rate is higher [17]. showed that under the same conditions, with increasing time,
PAEs were prone to migrate into foods rich in fat. Thus, the effect of the nature of food depends on temperature or contact time.

Eq. (8) shows that high NaCl content decreases the amount of migrated PAEs. On the contrary [45], revealed that the migration of
PAEs increased with NaCl content. Concerning the number of washes, Eq. (8) shows that it is one of the least influential factors, and
when it increases the amount of total migrated PAEs decreases. However, other authors showed that the successive washing of plastic
containers contributes to decrease the content of released additives [24,25]. Indeed, during the first washes, a high amount of additives
is released, then it decreases as the plastic container is washed, due to the depolymerisation of the polymer [26].

The contributions of the factors to the direction of the evolution of migration as presented in Eq. (8) are not definitive. Indeed, the
differences between the factors are not very important, and there may be interactions. The probable presence of the interactions may
explain the contradictory conclusion found in the literature.

3.3. Interactions between the most influential factors

Table 3 presents the test matrices of full factorial design. The validation coefficients in Table 2 show that the data obtained are
valid. Eq. (9) corresponds to the model with order 2 interactions obtained from the full factorial design.

PA —BPTAB = 30.12 - 8.22A + 7.32B + 7.04C + 2.15D — 2.80AB - 8.80AC - 3.16AD
—0.82BC + 1.17BD - 4.85CD )

where A is the pH, B the temperature, C the contact time and D the starch content. These are the coded factors.

There are interactions between pH, temperature, contact time and nature of the food (Table 4). The effects of the factors taken two
by two are globally significant (p < 0.05). Therefore, the migration of phthalates from paint buckets to food cannot be explained by
studying only the main effects of each of these factors. This results is similar to those of [17] who remarked that temperature and time
influenced the migration simultaneously and it was difficult to separate these two variables in the daily life situation.

Otherwise, Table 4 shows that for pH and contact time, the side effect related to their interaction is higher than that of each of them

Table 2
Validation of models.
Plackett-Burman design Full factoriel design Face-centered composite design Validation criteria
Ajusted R? 0.963 0.981 0.989 >0.850
AAD 0.012 0.006 0.072 ~0.0
Bias (Bf) 0.973 0.993 0.982 0.75-1.2
Exactitude (Af) 1.119 1.028 1.058 0.75-1.2
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Table 3
Test matrices of the full factorial design and the face-centered composite design.

Factor 1 Factor 2 Factor 3 Factor 4 Responses

Test matrix of the full factorial design

N° A:pH B:Temperature (°C) C: Contact time (h) D:Starch (g/L) PA-BPTAB (ug/L)
1 10 4 72 0 22.0
2 10 4 1 0 17.2
3 10 90 72 0 28.7
4 4 4 72 0 46.3
5 10 90 72 10 21.4
6 4 4 72 10 45.9
7 4 90 1 10 49.2
8 4 4 1 10 18.9
9 10 90 1 10 31.8
10 10 4 1 10 21.9
11 4 90 72 10 62.1
12 10 90 1 0 25.2
13 4 4 1 0 3.3
14 10 4 72 10 9.9
15 4 90 72 0 63.9
16 4 90 1 0 20.1
17 7 47 36.5 5 28.5
18 7 47 36.5 5 28.9
19 7 47 36.5 5 29.0
20 7 47 36.5 5 28.2
Test matrix of the face-centered composite design

N° A: pH B:Temperature (°C) C: Contact time (h) PA-BPTAB (pg/L)
1 7 47 36.5 9.3
2 7 47 72 29.6
3 7 90 36.5 25.2
4 4 4 72 14.5
5 4 90 1 31.7
6 10 4 72 23.9
7 4 90 72 60,8
8 4 47 36.5 15.0
9 7 4 36.5 1.3
10 7 47 36.5 9.3
11 10 47 36.5 15.5
12 7 47 1 85
13 10 90 72 60.5
14 10 90 1 20.4
15 4 4 1 10.4
16 7 47 36.5 9.1
17 10 4 1 8.4

taken individually. Thus, the effect of pH cannot be interpreted without taking into account the contact time and vice versa [39]. The
effects of third-order interactions (ABC and ABD) are not significant (p > 0.05). When modeling the migration phenomenon, they may
not be considered. High values of second-order interactions show how fundamental it is to add them to the model.

Table 4

Effects and interactions of the most influential factors.
Factors Effects of the factors Estimated coefficients Standard error P-value
A-pH —16.44 —8.22 0.4186 <0.0001
B-Temperature 14.62 7.32 0.4186 <0.0001
C-time 14.08 7.04 0.4186 <0.0001
D-Starch 4.30 2.15 0.4186 0.0068
AB —5.60 —2.80 0.4186 0.0026
AC —-17.60 —8.80 0.4186 <0,0001
AD —6.32 -3.16 0.4186 0.0016
BC —-1.62 —0.81 0.4186 0.1242
BD 2.34 1.17 0.4186 0.0485
CD -9.70 —4.85 0.4186 0.0003
ABC 1.70 0.85 0.4186 0.1121
ABD —0.68 —0.34 0.4186 0.4653
ACD 2.02 1.01 0.4186 0.0729
BCD -1.50 —-0.75 0.4186 0.1477
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Fig. 2. Isoresponse curves of temperature versus pH at times (A) 35.5 h and (B) 72 h; isoresponse curves of time versus pH at temperatures (C) 4 °C
and (D) 90 °C; isoresponse curves of time versus temperature at pHs (E) 4 and (F) 7.
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3.4. Conditions for the migration of phthalates from paint bucket to food

Table 3 shows the test matrices of the face-centered composite design. The validation criteria are standard, therefore the model can
be considered as valid (Table 2). The estimated quadratic model is:

PA —BPTAB = 9.27 - 0.37A + 14.01B + 11.0C - 2.36AB + 2.81AC + 6.19BC + 5.90A(2) + 3.92B(2) + 9.72C(2) (10)

where A is the pH, B the temperature and C the contact time. These are the coded factors.

Eq. (10) shows the dependence on the quadratic effect of pH. The effect of pH is therefore non linear. On the other hand, the main
effects of contact time and temperature are very high. The interaction coefficients are high, it is the same for the quadratic effects. The
variation of the response as a function of temperature or contact time is therefore not always linear. This is in agreement with the
results of the full factorial design. The variation of the response as a function of the different factors can be represented on the response
surface curves (data not shown). The response surface curves are often difficult to interpret, that is why isoresponse curves are
preferred. In the latter case, a factor is set and the variation of the response is drawn as a function of two other factors.

Fig. 2 (A to F) shows the isoresponse curves of the variation of total phthalate content as a function of pH, temperature and time.
Fig. 2 (A and B) shows that the effect of temperature on the migration of phthalates from paint buckets is greater at extreme pH (pH < 4
and pH > 10). Similar results were obtained by Ref. [46]. They reported that the rates of phthalates degradation were higher at both
limits of pH range, i.e. >10 and < 3. Phthatales are therefore more easily removed from the structure of containers at these two pH
values. In fact, at extreme pH, temperature increases molecular agitation by weakening the polypropylene structure. This allows acidic
food to come in contact with plastic formulation additives such as fillers (kaolin, talc or carbonate calcium etc) and destroys them [4].
Basic food may affect UV stabilizers or antioxidants. Amines and phenols are the most used chemical compounds as UV stabilizers [47].
At temperatures below 4 °C, the migration of phthalates is very low.

Otherwise, Fig. 2 (C and D) shows the isoresponse curves of the effect of contact time on the migration of phthalates from paint
buckets to food at different values of pH. Like temperature, contact time increases the migration of phthalates from buckets to food at
extreme pH [39]. observed that storage time increased the migration of phthates from bottles to acidic fruit juices (vinegars, orange
juice, etc). They showed that migration of PAEs increases with juice’s acidity [42]. also revealed that the extent of PAEs’ migration was
greater under acidic conditions and occurred faster. This finding points out the stimulating effect of an acidic medium on PAEs’
migration from plastic containers.

At neutral pH (pH = 7), the effect of temperature remains high, but less than what is observed at extreme pH, that is due to the
interactions between these two factors (Fig. 2A and B). Fig. 2 (E and F) shows that when pH is neutral, migration is lower in the first
moments (<1 h) of contact between food and paint bucket. Whatever the contact time (<72 h), the level of phthalates released from
the buckets is higher than 50 pg/L if temperature exceeds 70 °C [22]. showed that the migration of phthalates from lunch boxes stored
for 10 days is significantly greater at 60 °C than at 40 °C. The acidic foods promote the hydrolysis of the esters, and the higher the
temperature, the faster the rate of hydrolysis [21]. Thus, temperature increase the effect of pH.

Fig. 2 (E and F) shows that at low temperature (<10 °C), the migration of phthalates is low (<10 pg/L). The minimum condition for
phthalate migration is obtained for neutral pH (pH ~ 7), low temperature (<4 °C) and a contact time of 1 h. These conditions are not in
agreement with the use of paint buckets in the shops of donut/bean/pap in Cameroon [2]. Therefore, it is recommended to no longer
use plastic paint buckets for preservation of hot pap. Water at neutral pH can be stored in these buckets for a period not exceeding 51 h
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Fig. 3. Migration kinetic of total phthalates from plastic paint buckets to pap at different temperatures (50, 70 and 90 °C) and different study
conditions (Pieces of bucket and whole bucket (RS)).
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(Fig. 2 (E and F)).

3.5. Migration kinetics of phthalates from paint buckets to food

Fig. 3 shows the migration kinetics of phthalates from plastic paint buckets to pap (starch 10 g/L). The phthalate content increases
rapidly in hot pap for the first 40 min, then increases very slightly. This high migration during the first minutes is related to phthalates
from the surface of the bucket, that diffuse rapidly in contact with food [40]. The low migration speed after 1 h could be related to the
structure of the plastic polymer (formulation additives) [31]. observed that the migration of phthalate from PET bottles increases
slightly for the first 50 days, then exponentially increases to 365 days. In the present work, the maximum of contact time is 72 h, to get
into the conditions of use of the paint buckets in Cameroon households.

The results of kinetic study were fitted to the pseudo-first order, pseudo-second order and intra-particle diffusion models. Table 5
summarizes the results obtained for this modeling and the validation criteria. Based on the coefficient of determination R? and the
adjusted R2, the best model is the pseudo-second order, followed by the pseudo-first order. The results of these models are comparable,
but the pseudo-second order model gives the best values of the equilibrium concentration. These values at temperature of 50, 70 and
90 °C were 24.8 pg/L, 30.5 pg/L and 36.4 pg/L respectively. The latter are very close to the experimental values, (23 pg/L, 28 pg/L and
33 pg/L respectively), with a maximum bias of 10%, while with the pseudo-first order model, it reaches 24.9%. However the rate
constant of the pseudo-second order model decreases with temperature. Therefore, the rate (Va ky [phthalate]?) is more swayed by the
initial phthalate concentration in the bucket, than by the rate constant (k). High temperatures decrease the rate constant, whereas the
equilibrium concentration of phthalates increases. It can be deduced that at higher temperature, there is a destruction of the polymer
structure. The kinetic study in real situation (pap poured in the bucket), allows to get similar results. The values obtained are close to
those of the kinetics at 70 °C (Table 5). The results in real situation therefore confirm those of the kinetic study at different
temperatures.

Table 6 presents the status of work carried out on the migration of phthalates from plastic materials to food. The most influential
factors of phthalate’s migration from plastics to food are temperature, contact time, pH, nature of food (type of food simulant), and
microwave conditions [23,38,21]. The microwave conditions were not used in this study because plastic paint buckets are not heated
in the microwave [2]. In this work, the influence of starch content, %NaCl and % sucrose were studies based to the real composition of
food studied (pap) [32]. Likewise, the influence of the number of washes was studied based on real use of plastic paint bucket in
households and donut shops [2]. All these added factors allowed to emerge the most influential parameters of the migration of
phthalates from plastic containers to food. Before the present work, no study was focused on the interaction between the main factors
that affect the migration of PAEs.

Otherwise, Table 6 shows that the number of PAEs studied in the literature ranged from 1 to 18 [38,17]. In the present work, a
LC-MS/MS method was developed to study total phthalates after derivatization. The study of individual migration of phthalates is
fastidious since there is more than 50 phthalates. The study of total phthalates is based to the fact that all phthalates have similar
chemical structure, so they are all potentially dangerous.

Table 5

Characteristics of kinetic models.
Parameters 50 °C 70 °C 90 °C RS Validation criteria
Ce (exp) (18/L) 23.0 28.0 33.0 30.0
Pseudo-first order model
k; (min ") x 10? 3.800 3.938 4.352 3.685
Ce (caleulated) (HE/L) 17.27 21.74 26.19 19.87 ~ Ce (exp)
Ajusted R? 0.920 0.960 0.976 0.913 >0.85
AAD —0.029 0.002 0.004 —0.040 ~0.0
BF 1.016 0.996 0.995 1.003 0.75-1.2
Af 1.102 1.041 1.038 1.068 0.75-1.2
Pseudo-second order model
ko (L pg~! min~!) x10° 1.586 1.264 1.077 1.689
Ce (calcutated) (Hg/L) 24.81 30.49 36.36 31.25 ~ Ce (exp)
Ajusted R? 0.938 0.977 0.988 0.926 >0.85
AAD 0.011 0.016 0.013 0.023 ~0.0
BF 0.985 0.979 0.980 0.972 0.75-1.2
Af 1.067 1.071 1.076 1.081 0.75-1.2
Intra-particle diffusion model
King (g L™ min~%-%) 1.333 1.668 2.012 1.501
C 4.916 5.57 6.61 9.323
Ajusted R? 0.928 0.390 0.923 0.946 >0.85
AAD —0.023 0.006 0.005 —0.002 ~0.0
BF 1.004 0.989 0.990 0.993 0.75-1.2
Af 1.122 1.063 1.066 1.073 0.75-1.2

Ce (exp): equilibrium concentration obtained during experiment; Ce (Calculated): equilibrium concentration calculated by the model; RS: Real
situation.
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Table 6
Status of work on the migration of phthalates from plastics to food.
Type of Type of Matrice Number Method  LOD (pg/ Factors Range/ Study of Kinetic Reference
material polymer of PAEs of L) Value factor Modeling
studied analysis interactions
?
Plastic paint PP Pap Total UPLC- 0.4 Temperature  4-90 °C Yes Second order  This work
bucket MS/MS Contact time  1-72h kinetic
pH 4-10 model
%Sucrose 0-10%
%NaCl 0-5%

Starch (g/L)  0-10
Number of 1-50

washes
Wrap film PP Food 16 GC-MS 0.1 Temperature —18-40°C  No First order [22]
simulants Contact time  1-10 days kinetic
Microwave 100-720 w model
conditions Distillated
Type of water
simulant 3% acetic
acid
10%
ethanol
Isooctane
n-hexane
Lunch boxes PP Food 16 GC-MS 2 Temperature  4-60 °C No First order [21]
simulants Contact time 1-50 h kinetic
Type of 1-3 days model
simulant Distillated
water
3% acetic
acid
10%
ethanol
Isooctane
n-hexane
Bottles PET 3% acetic 01 GC-MS Not Temperature  25-40 °C No Fick’s second [23]
acid mentioned Contact time  1-120 days law
Films PVC Fatty food 05 GC-FID Not Temperature  20-60 °C No Fick’s second [16]
simulants mentioned Contact time  1-10 days law
Type of n-nexane
simulant Isooctane
95%
ethanol
Plastic PET Pickled 06 GC-MS 120-190 Temperature / No Exponential [42]
containers vegetables Storage time  1-365 days fit
pH 4-6
Sun light /
exposure
Barreled water  PC and Water 06 GC-MS 0.2 Temperature  25-60 °C No Exponential (C [38].
and bottled PET Storage time  1-40 days fit
water 1-7 days
Plastic PET Acidic juice 06 GC-MS 0.0011 to Temperature / No Exponential [39]
containers 0.0023 Storage time ~ 1-365 days fit
pH 2-4
Sun light /
exposure
Plastic PVDC Food 01 GC-MS Not Temperature  25-80 °C No Artificial [48]
packaging simulants mentioned Contact time 2-10h neural
Type of Heptane network
simulant Ethanol
Distillated
water
Plastic PP Water 02 GC-MS 0.08-0.31 Time of use New -Old No / [8]
containers Microwave 210-700 w
conditions
Plastic Not Convenience 18 GC-MS Not Temperature  —4.3-25.1 No / [17]1
packaging  mentioned foods mentioned Contact time  1-150 days
Bags, films, PP Food 4 GC-MS Not Temperature  5-80 °C No / [20]
Bottles and simulants mentioned Contact time 0.5-4h
containers Type of Distillated
simulant water
Olive oil
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PC: Polycarbonate; PP: Polypropylene; PET: Polyethyle terephthalate; PVDC: Poly(vinylidene chloride); PVC: Polyvinyl chloride. GC-MS: Gas
chromatography- Mass spectrometry; GC-FID: Gas chromatography with flame ionization detector; UPLC-MS/MS: Ultra high performance liquid
chromatography - tandem mass spectrometry.

Four types of phthalate migration modeling are recorded in the literature (Table 6). Some authors showed that the best model was
exponential fit [38,39,42]. This modeling is used when the storage time is long (40-365 days) such as canned food or bottled food.
When pap or water is stored in re-used plastic paint buckets, the storage time does not exceed 3 h or 7 day respectively [2]. Otherwise,
other authors used Fick’s second law equation or the artificial neural network model to describe the migration of PAEs from plastic to
food [23,16,38]. However, this equation may not described the migration that occur in more than one step. This is the case when the
material is thick, the migration implies a diffusion of the migrating compound into the material, before its contact and diffusion
through food. Moreover, the exponential fit model, the Fick’s equation and the artificial neural network model could predict the
amount of migrated PAEs, but may not describe the mechanism of transfer of PAEs like reaction order models.

In the same trend, the results obtained in this work are different from those of other authors who observed that the migration
kinetic of phthalates is best described by pseudo-first order model [22,21]. The difference is related to the nature of plastic material.
The paint buckets have a greater thickness than the lunch boxes or wrap film (Table 6). In fact, the pseudo-first order model is
commonly observed when migration occurs mainly through diffusion from the interface; While the pseudo-second order model is
based on the assumption that the rate limiting step is reaction is chemical desorption of the migrant, that may occurs if the plastic
materials is thick [49].

4. Study limitation

This work studied the migration of phthalates from plastic paint buckets to food. The polypropylene that constitutes the polymer of
these buckets was not characterized, in order to correlate the increase in the content of PAEs into the pap with the content of PAEs that
would leave the material (polymer of the paint plastic buckets).

5. Conclusion

The research work described in the present paper is the first attempt to study the mechanism and the conditions of the migration of
phthalates from non-food containers to food. For this purpose, the migration of total phthalates from plastic paint buckets to pap was
investigated though experimental design modeling and kinetic study. The screening of factors via Plackett-burman design showed that
the three most influential factors of the migration are pH, temperature and contact time. The full factorial design revealed that the
effects of these factors are not linear, and therefore, it is necessary to take into account their interactions to understand the migration of
phthalates from plastic paint buckets to liquid food. The minimum conditions for phthalates migration from these buckets to food ware
defined at neutral pH, a contact time < 1 h, and a temperature <4 °C. These conditions are different from the actual use of plastic paint
buckets for hot pap preservation in donut shops of Cameroon. The study shows that above 70 °C, at pH < 4 or pH < 10, for a contact
time of more than 2 h, the amount of phthalates released becomes greater than 50 pg/L. Therefore, it is recommended to avoid the
preservation of hot food and acidic or alkaline food in these containers. The kinetic study revealed that the migration of total
phthalates from plastic paint buckets to pap is best described by a pseudo-second order model. The future works should focus on
determining the composition and structure of non-food containers during phthalate migration in order to better understand their
transfer mechanism.
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