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Introduction

For a number of various uses (storage, mixing, freezing, transportation, formulation, and filling) biopharmaceutical solutions are stored in sterile single-use plastic bags. When using disposable single use plastics in biopharmaceutical applications, the contents are in contact with containers that are likely to interact with it. Material transfers can then occur between containers and contents. These migrations, of different types, depend on the physicochemical characteristics of the material (composition, pH, solubility, viscosity, molecular weight, etc.), the nature of the product (solid, semi-solid and liquid) and the conditions of the material utilization. Transfers of the matter can occur by adsorption, diffusion and release of chemical species (migration of the molecules from the container into the product). Interactions must be identified and evaluated for their potential impact. In the case of singleuse polymers, sterilization of the polymer is often carried out. The interactions could be therefore influenced by the dose and the contact time between the container and the contents.

The classical γ-irradiation dose range used for biopharmaceutical industries is between 25 and 45 kGy (Guide to Irradiation and Sterilization Validation of Single-use Bioprocess Systems, 2008), according to the regulation. The major advantage of radio-sterilization is the penetration power of the γ-radiation reaching thus all parts of the plastic single-use systems. Unfortunately, this process can induce modifications in the materials, as reported in the literature [START_REF] Traboulsi | Investigation of gamma radiation effect on the anion exchange resin Amberlite IRA-400 in hydroxide form by Fourier transformed infrared and 13C nuclear magnetic resonance spectroscopies[END_REF], γ-sterilization of single-use systems initiates chemical reactions [START_REF] Audran | Degradation of girradiated polyethylene-ethylene vinyl alcoholpolyethylene multilayer films: an ESR study[END_REF] and complex modifications inside the plastic material, leading to either an increase or a decrease in the molecular weight of polymers [START_REF] Driffield | Literature Review, Analytical Screening and Chemical Migration Studies on Irradiated Food Packaging[END_REF][START_REF] Suarez | Characterization of degradation on gamma-irradiated recycled polyethylene blends by scanning electron microscopy[END_REF] as well as to modifications of the additives or damage to the polymers themselves [START_REF] Hemmerich | Medical device and diagnostic industry[END_REF][START_REF] Stoffers | Migration and sensory evaluation of irradiated polymers[END_REF][START_REF] Demertzis | The effects of γ-irradiation on compositional changes in plastic packaging films[END_REF]. In this study, γ-irradiation doses investigated are up to 270 kGy in order to emphasize the γ-irradiation effect and to better investigate the modifications of commercial PE(Polyethylene)/EVOH(Ethylene Vinyl Alcohol)/PE-film and commercial EVA(Ethylene Vinyl Acetate)/ EVOH/EVA film from three different batches, respectively. This study is a part of a global investigation on γ-irradiation on multilayer films [START_REF] Audran | Degradation of girradiated polyethylene-ethylene vinyl alcoholpolyethylene multilayer films: an ESR study[END_REF]Gaston et al., 2016a;Gaston et al., 2016b;[START_REF] Gaston | Impact of γ-irradiation, ageing and their interactions on multilayer films followed by AComDim[END_REF]. Non-specific (TOC, pH, conductivity) or specific (e.g. chromatographic, spectroscopic, gravimetric) analytical methods can be used. In literature [START_REF] Madera-Santana | Effect of gamma irradiation on physicochemical properties of commercial poly(lactic acid) clamshell for food packaging[END_REF][START_REF] Salafranca | Influence of oxygen and long term storage on the profile of volatile compounds released from polymeric multilayer food contact materials sterilized by gamma irradiation[END_REF], several approaches were used to study the impact of γ-irradiation on multilayer films, as ion chromatography to detect and quantify the ionic species, and as pH and conductivity measurements to observe the consequences of the chemical modifications. γ-irradiation on multilayer films leads to chemical modifications, which their correlation is achieved using chemometric methods. The chemometric tools used in this study and applied to the set of physico-chemical features is the Principal Component Analysis (PCA). The influential factors are mostly the γ-dose and the natural ageing. These factors are correlated with the pH and conductivity variations. The impact of the γsterilization on plactic films is most of the time directly characterized from a materiel viewpoint while the interaction of films with their environment depending on the γ-irradization dose is weakly investigated. There are few references available on the leaching of carboxylic acid species impacting aqueous solutions used in biopharmaceutical applications in contact with plastic single-use systems [START_REF] Jenke | Leaching of organic acids from irradiated EVA plastics as a function of solution pH and polarity[END_REF][START_REF] Jenke | Factors affecting the release of extractable acetic acid from multi-layered plastic films containing ethylene vinyl acetate (EVA) and polyethylene (PE) layers[END_REF]. Stability studies under accelerated or real-time degradation conditions make it possible to define the shelf life and storage conditions in order to guarantee the quality of the product. The aim of the study is to identify and quantify the acid compounds that can be released from the container under normal conditions of use of the materials: the extractables.

Materials and methods

Samples

The single-use plastic bags used in this study are manufactured with two different multilayer films (Fig. 1). PE-film is composed of polyethylene (PE) and ethylene vinyl alcohol (EVOH), with a thickness of about 400 μm. EVA-film is composed of ethylene vinyl acetate (EVA) and EVOH, with a thickness of approximatively 360 μm. To evaluate if there is a lot effect, three lots of each multilayer film are used to manufacture the bags.

γ-Irradiation

Sheets of PE-film and EVA-film are packed and wrapped in packaging without applying a vacuum and irradiated at room temperature in a 60 Co γ-source. The 60 Co γ-source provided a dose rate of 8-13 kGy/h as given by Synergy Health society (Marseille, France) affording doses at 30 ( ± 1), 50 ( ± 1), 115 ( ± 2) and 270 ( ± 5) kGy. Desired dose is obtained by several sterilization cycles, including a non-controlled waiting time in non-controlled storage conditions between each cycle. A sterilization cycle corresponds approximately to 25 kGy. During irradiation, there is an increase of the temperature in the cardboxes of ~5 °C.

Filling of single-use plastic bags and storage conditions

The single-use plastic bags are filled in with a volume of water for injection (WFI) to have a ratio 6/1 surface/volume. 118 mL of WFI are introduced in PE-plastic bags and 322 mL in EVA-plastic bags. To observe the impact of the ageing time, after the filling, non-irradiated and irradiated bags are stored for 1, 7, 21 and 120 days at 40 °C. Ion chromatography (IC) has been performed with ICS5000, Thermo Scientific apparatus. Each acid listed in Table 1 has been monitored. An AS15 capillary column has been used to track ethanoic acid, 2-hydroxypropanoic acid, maleic acid, hexanoic acid, and all other acids listed has been tracked with an AS19 4 mm column. A gradient of potassium hydroxide, KOH, with an elution rate of 1 mL/ PE-film: S. Dorey et al. European Journal of Pharmaceutical Sciences 117 (2018) 216-226 min on AS19 and 0.012 mL/min on AS15 has been used. The detection was achieved by a conductivity detector. The limit of quantification was 10 μg/L in water. The measured minimum, the average and the maximum quantities of each acid are also indicated in Table 1. TOC measurements are carried out according to BPA 0317-003 at the TOC-V CSH Shimadzu. Different calibration curves are used in order to fit to the TOC measured. If the content of TOC is too high a dilution step (usually 1:10) was automatically carried out by the system using deionized water.

Principal component analysis

Principal component analysis (PCA) is used as exploratory data analysis. PCA (Gaston et al., 2016a;Gaston et al., 2016b;[START_REF] Martens | Multivariative Calibration[END_REF][START_REF] Kumar | Chemometrics tools used in analytical chemistry: an overview[END_REF][START_REF] Esbensen | Multivariate data analysis[END_REF] is a variable reduction technique used to reduce a larger set of variables into a smaller set of variables called "principal component". The principal components represent the most variance in the original variables. All computations were performed using SIMCA 14.1.

Results and discussion

Bags either not sterilized (i.e. 0 kGy) or irradiated at 30, 50, 115 and 270 kGy, were filled with pure water (WFI, water for injection) and stored at 40 °C for 1, 7, 21 and 120 days. Ion chromatography (IC) has been performed in order to understand influence of γ-rays and ageing time on ionic species potentially generated. Conductivity, pH, Total Organic Carbon (TOC) measurements are complementary to the IC results. Given the large number of parameters and thereof the very large amount of data, it is quantitatively difficult to define the correlation between factors. Thus, a PCA is performed on pH, conductivity, total carboxylic acid concentration as detected by ion chromatography (abbreviation used: ICtot WFI), TOC data on EVA-film which all report the modifications caused by the γ-irradiation and the storage time (Fig. 2). This method affords quantitative information about the variability associated to each factor and shows the inter-dependence of the different parameters.

The PCA performed on physico-chemical data shows that the first two components explain 97% of the data variation (Fig. 2a). The samples are grouped according to the TOC, ICtot, the conductivity and pH. The first principal component represents 92% of the total variance. The first component (92%) is associated to the modification caused by γ-irradiation dose. The samples are displayed according to the sequence of γ-doses: from 0 to 270 kGy in the Fig. 2a, that is, modifications increase with γ-irradiation. Fig. 2a shows a clear distinction of samples irradiated at 30 kGy and at 50 kGy. Fig. 2a shows as well there is dispersion inside each series of data corresponding to each γ-irradiation dose. It can lead us to presume that a small variation of the γ-irradiation can provoke clearly observable physicochemical modifications of the EVA-film.

The second principal component represents 5% of the total variance of the physico-chemical modification and is associated to the storage List of targeted carboxylic acids. The minimum, the average and the maximum quantities of each acid, and for each film, are picked up in the data set represented by all film lots, all storage times and all gamma-irradiation doses.

Carbon atoms

Common name IUPAC name pKa (1) [START_REF] Zeng | Estimation of pKa values for carboxylic acids, alcohols, phenols and amines using changes in the relative Gibbs free energy[END_REF][START_REF] Namazian | Calculations of pKa values of carboxylic acids in aqueous solution using density functional theory[END_REF][START_REF] Gluck | Determination of acidity constants of monoprotic and diprotic acids by capillary electrophoresis[END_REF][START_REF] Kahlert | Acid-base Diagrams[END_REF] time. The influence of this parameter is weak and secondary compared to the influence of the γ-irradiation dose. With high storage time pH, TOC and carboxylic acid content are weakly concerned and conductivity increases. Indeed experiments are split into two families: one with impact of the γ-dose for 1 day (full line circle, Fig. 2a) and one for impact of the γ-dose for > 7 days (dotted line, Fig. 2a). Conductivity has been calculated at different storage time in order to compare the quantity of extracted ions for a specific ageing. It was calculated that > 80% of the ionic species are extracted during the first 7 days.

Storage should be also related to diffusion of the inorganic species from the film to the extraction solution. As the higher the coefficient diffusion of a species, the higher its diffusion from the film to the solution, it is assumed that most of the extractables have a high diffusion factor meaning that most part of extractables is obtained in 7 days. Fig. 2b presents the correlation between the different physico-chemical measurements. The TOC, ICtot, and conductivity are almost correlated, while pH is anti-correlated with these physico-chemical parameters, as expected.

The growing influence of the γ-irradiation dose can be easily distinguished on the conductivity, pH, the total acid concentration as detected per ion chromatography (ICtot) and TOC. It can be drawn that carboxylic acids detected by ion chromatography explain the pH shift in solutions. It is well known that the γ-irradiation may cause polymer oxidation [START_REF] Ishigaki | Radiation effects on polymer materials in radiation sterilization of medical supplies[END_REF][START_REF] Silva Aquino | Sterilization by Gamma Irradiation[END_REF]. The increase of the carboxylic acids concentration generated during the γirradiation process has been observed by infrared spectroscopy in a former paper (Gaston et al., 2016a) The influence of the γ-irradiation dose on pH shift is therefore observed as expected (cf. Fig. 3): the higher the γ-irradiation dose, the lower the pH. The pH decreases with carboxylic acids concentration generated during the γ-irradiation process. In parallel, the conductivity increases (Fig. 4).

Acids with the highest concentration are ethanoic acid (10 -3 M) and methanoic acid (10 -4 M). Concentration in other acids vary between 10 -5 and 10 -8 M. Acids with the lowest pKa are maleic (pKa = 1.83), methanoic (pKa = 3.74) and lactic acid (pKa = 3.86). Other acids' pKa are between 4 and 5 (Table 1). A ranking based on concentration and on pKa points out that the predominant acids detected by ion chromatography and influencing the pH are the ethanoic and methanoic acids. Other acids listed in Table 1 do not make the pH changing significantly as their concentrations are too low.

The direct proportionality can be observed for storage times ≤1 day during which solvation of acids on film surface is considered to be the main phenomenon (Fig. 2a). For longer storage time, i.e. ≥7 days, a diffusion phenomenon from the film core takes place in addition of the direct solvation of acids on the film surface.

Reconciliation between pH, TOC and IC

As carboxylic acids are organic compounds, Total Organic Carbon (TOC) results can be then compared to ICtot (total carboxylic acids amount) to know to what extent carboxylic acids are quantitated compared to other organic extractables. Fig. 5a shows clearly there is a correlation between pH, total carboxylic acids amount and TOC. Fig. 5a shows as well that the TOC, the pH and hence the quantity of carboxylic acids are linked to the γ-irradiation dose: when the γ-doses increase, the hydronium ion concentration and the TOC increase in solution through the generation and the release of the carboxylic acids. Fig. 5b shows there is a direct proportionality between the quantity of released carboxylic acids and the TOC.

Fig. 6 compares measured and calculated TOC values. The calculated TOC data have been calculated from the total carbon mass available in carboxylic acids detected by ion chromatography analysis 1 .

General tendency would show that > 90% of the carbon amount measured by TOC measurements is equal to carbon amount calculated from ion chromatography data. It means that most of the extractables are therefore carboxylic acids, especially at t0 depicted by data points which fit to the hypothetical curve x = y (x = measured TOC, y = calculated TOC). For longer storage times, there is a deviation between the fitting curve and the hypothetical curve x = y. The deviation is also emphasized with increasing γ-doses. It means the carbon amount calculated from carboxylic acids represents a lower percentage of the total organic carbon amount measured at high γ-dose. It can be assumed there is more carbon, at long ageing extraction and at high γdoses, which belongs to other species not identified as carboxylic acids. Irradiation dose could impact the quantity of generated non-acid organic extractables, which could diffuse slower than carboxylic acids into the film, and consequently be extracted at a longer time than them. Hence, all non-carboxylic acid extractables could be neglected at moderate ageing (≤21 days), but not at higher ageing (> 21 days), even if carboxylic acids still are in great majority. This tendency is also depicted in Fig. 2b. , where i identifies each carboxylic acid, MC i = mass of carbon in i, mc = molar mass of carbon, nC i = number of carbon atoms in i, C = concentration of the carboxylic acid i, MW i = molar mass of i

Calculation of pH and conductivity from IC data

The acid concentration is between 10 -3 and 10 -7 M. pH-changing are mainly due to the release of ethanoic and methanoic acids. (~5.10 -3 and ~5.10 -4 M) compared to other acids of ion chromatography analysis (Table 1). Hexanoic, pentanoic, butanoic, and propanoic acids are present in the same order of concentration (10 -5 M) and therefore contribute to the pH shift to the same extent. The other detected acids (maleic, lactic, acrylic…) have a very low concentration (between 10 -6 and 10 -7 M) and their effect on the pH-changing is disregarded. Maleic, methanoic and lactic acids have the highest pKa (i.e. between 1.5 and 4) and other acids' pKa are between 4 and 5. Blank samples of WFI have a pH of 5.5-6 and the pH drops from 5.5 to 3.2 when in contact with the EVA-film.

The theoretical pH can be calculated from carboxylic acid concentration measured by IC (ion chromatography) with Eq. ( 1) or (2). Range of application of the approximate formulae in acid-base equilibria is available in references [START_REF] Kahlert | Acid-base Diagrams[END_REF][START_REF] Cardinali | Old and new approximate formulae for elementary pH calculations, and their limits of applicability[END_REF][START_REF] Narasaki | The range of application of the approximation formulae in acid-base equilibria[END_REF][START_REF] Claeys | A new method for the pH calculation of solutions and mixtures of acids, bases and salts[END_REF].
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In Eq. ( 2), the acid concentration C a can be replaced by its activity (a a = C a -α) (Eq. ( 3)). α being the dissociation coefficient is calculated from Eq. ( 4). Calculations made from Eq. ( 1) affords pH values differing up to 0.5 pH unit from the measured ones and this approach is disregarded. The theoretical pHs calculated from Eqs. ( 2) and ( 3) are compared with experimented data (Fig. 7).

The pH evolution model obtained with Eq. ( 2) agrees at 95% with experimental data with a typical difference of 0.2 pH unit. The pH evolution model obtained with Eq. (3) fits to the measured pH evolution with a typical difference of 0.01-0.1 pH unit. The calculations confirm that the pH shift is a direct consequence of the carboxylic acid release in solutions from the EVA-film.

Theoretical conductivity can be likewise calculated with the general equation (Eq. 5) as the sum of the conductivity induced by ionic species in aqueous solution. It then takes into account the acid concentration a) measured by IC and the hydronium ion concentration either measured by IC or through the pH [START_REF] Khudyakova | The theory of conductimetric acid-base titrations in non-aqueous solutions[END_REF].

∑ = C zλ.[ Χ] i i i (5)
with z i = ion charge; λ i = molar ionic conductivity coefficient; [X i ] = ion concentration. Theoretical conductivity is given by Eq. ( 5) assuming either the measured hydronium ion concentration is deducted from the pH (Eq. ( 6)) or the calculated hydronium ion concentration is similar to the carboxylate ion concentration (Eq. ( 7)). For both assumptions the carboxylate ion concentration is given by Eq. ( 3), with Ca corresponding to the concentration of each carboxylic acid detected by ion chromatography, and where α is the dissociation coefficient calculated from Eq. (4).

∑ ∑ ∑

= + = + + - - + z λ . [Χ ] z λ [H O ] z λ [RCOO ] 10 z λ [H O ] i i i i i 3 measured i i i pH i i 3 i measured (6) 
where

= + -+ + - [H O ] 3 i K K 4 K ( C α ) 2 a a 2 a a
with Ca = concentration of each carboxylic acid detected by ion chromatography, and where α being the dissociation coefficient is calculated from Eq. ( 4).
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with Ca = concentration of each carboxylic acid detected by ion chromatography, and where α being the dissociation coefficient is calculated from Eq. ( 4).

Calculations of conductivity from acid concentration measured by IC and from hydronium ion concentration (pH measurements) are compared to experimental data (Fig. 8). Calculated conductivity data are higher by 10-20% compared to measured data in line with the fact that calculated pH data are lower than the measured ones, especially with the Eq. (2).

Formation mechanisms of carboxylic acids

Results reported above show clearly the generation of formic and acetic acids upon irradiation. To account for these results, mechanisms are tentatively proposed based on basic reactions for the formation of radicals. It is of course worth mentioning that the formation of acetic acid may also be due to the spontaneous hydrolysis of vinyl acetate moiety in the presence of traces of water. Taking into account the structure of films and the conditions of sterilization, the generation of formic and acetic acids can mainly occur through radical pathways. To take into account this statement, and for the sake of the simplicity, only the most thermodynamically probable reactions have been envisioned: formation of cation radical on oxygen atoms by γ-irradiation, 1,6-hydrogen transfer (accounting for 1,4-and 1,5-hydrogen transfer would only lead to new pathway, which would generate common intermediates of the cyan and black pathways, e.g., blue pathway), β-scission reaction affording either the most stabilized radicals or the stable diamagnetic molecules, and H-abstraction providing stabilized radicals. Less likely reactions might be envisioned and are not displayed in Scheme 1. Hence, γ-irradiation of A generates both radical cations B (cyan route) and R (blue route). Through 1,6-H transfer and loss of proton, intermediates B and R lead to intermediate acyloxyalkyl radical D which cleaves in E and G. Intermediate E is prone to several reactions: depolymerization, formation of aldehyde Q (green route) via the generation of cations M and N with the release of acetic acid and loss of an electron, and the formation of aldehyde H, formaldehyde L, acetic and formic acid involving the very conventional tetroxide intermediate J (red route). The oxidation of alkyl radical by oxygen into acid via tetroxide is well documented by [START_REF] Lee | Why are sec-alkylperoxyl bimolecular self-reactions orders of magnitude faster than the analogous reactions of tertalkylperoxyls? The unanticipated role of CH hydrogen bond donation[END_REF]. Aldehydes H, L, Q and T can be further oxidized in acetic and formic acids, and in heavier acids through processes described in Scheme 1 involving very similar intermediates.

Scheme 1 shows different routes to generate acetic and formic acids, which is in agreement with the main species identified by IC. The different routes manly lead to the creation of carboxylic acids and other compounds such as aldehyde and ketone are generated in weak proportion. This is in accordance with our previous FTIR spectroscopic measurement (Gaston et al., 2016a). The generation of propanoic and butanoic acids as well as heavier acids, ketones and alcohols are issued from the degradation of the polyethylene blocks of EVA. Details are given in Scheme 2 vide infra.

PE-film

PCA on pH, conductivity and IC data

A principal component analysis is performed as well on pH, conductivity, total carboxylic acid concentration as detected per ion chromatography (abbreviation used: ICtot WFI), TOC data on PE-film which all reflect the modifications caused by the γ-irradiation and the storage time. The PCA performed on physico-chemical data shows that the two first components explain 91% of the data variation (cf. Fig. 10). The samples are grouped according to the TOC-ICtot, conductivity. The first principal component describes 81% of the total variance and is associated to the storage time. The γ-irradiation dose is not to be the predominant phenomenon influencing the acid generation. Fig. 10 also shows ethanoic acid is described as the principal acid extracted from the film influencing the pH, conductivity, and TOC. Other acids such as the pentanoic, butanoic, propanoic acids are the second contributors to the pH and conductivity shift in the case of the PE-film. Their generation seems to be tickly linked with the generation of the ethanoic acid in weaker proportion.

The second component (10%) could be hence associated to the nature of the carboxylic acids influencing the pH when in contact with the PE-film: the pentanoic and the hexanoic acid (Fig. 10). Fig. 10 shows that the generation and the release of the ethanoic acid is antinomic to the one of the hexanoic acid: either the ethanoic acid is predominant or vice versa.

Conductivity and pH variations are direct consequences of presence of carboxylic acids extracted and generated according to the γ-irradiation dose. Fig. 12 shows the proportionality between the quantity of the carboxylic acids extracted and the hydronium ion concentration expressing the pH shift. 7)) or from pH measurements with carboxylate species (Eq. ( 6)). The solid line highlights the expected trend (y = x).

storage time (Fig. 11) can be distinguished from all other storage time extractions. Inside the second group of storage time above 7 days, the Fig. 11 shows as well there is dispersion inside each series of data corresponding to each γ-irradiation dose. Green spots which correspond to higher conductivity at 120 days seem to represent a maximum. The accumulation of carboxylic acids in solution in contact with the PE-film is rather dictated by the migration from the material core to the solution, than by the direct solvation of acids present on the film surface after the γ-irradiation stage (Fig. 11 vs Fig. 12).

Reconciliation between pH, TOC and IC

As for the EVA-film, correlation between TOC and total carboxylic acids amount has been investigated; the correlation is shown in Fig. 13a. Fig. 13b shows the correlation between the TOC, the pH, the quantity of carboxylic acids and the γ-irradiation doses. It is worth noting when the γ-irradiation doses increase, that the hydronium ion concentration and the TOC increase in solution through the generation and the release of the carboxylic acids. The migration of the ionic species is also linked to the storage time.

Fig. 14 compares measured TOC values with calculated TOC. 1 The carbon mass quantity in carboxylic acids detected during ion chromatography analysis was the starting point to calculate the TOC. The highest measured TOC value from the PE-film is ~11 μg/mL, against ~144 μg/mL for the EVA-film. In the same conditions, the PE-film releases < 8%wt of the organic extractables released by the EVA-film.

A linear trend between calculated TOC and measured TOC is observed and lower from theoretical one (Fig. 14). It means that carbon amount found by TOC measurement is not equal to carbon amount deduced from ion chromatography analysis, unlike the results for EVAfilm. It would mean carboxylic acids only provide approximately ~70% of detected carbon, varying with the storage time extraction. Thus, carboxylic acids and other organic compounds would migrate in parallel from the material core to the aqueous solution. This phenomenon seems not to be accentuated by the γ-irradiation dose the film may have received. It would indicate as well that the chain entanglement is not loosening in a way to promote the migration of organic compounds and that the generation of ionic oxygenated species is reduced in this PE matrix. The main driver of the migration is then the storage time. 
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Calculation of pH and conductivity from IC (ion chromatography) data

In aqueous solution in contact with the PE-film, the acid concentration is between 10 -5 and 10 -8 M. Ethanoic acid is the most concentrated acid. Hexanoic, pentanoic, butanoic, propanoic and methanoic acids are present in the same order of concentration (10 -6 M) and therefore contribute to the pH shift to the same extent. The other detected acids (Maleic, lactic, acrylic…) are at too low concentration in the solution (between 10 -7 and 10 -8 M) and their effect on the pH shift is neglected. Identified acids are the same ones than those detected for the EVA-film. Acids with the highest pKa remain unchanged: maleic, methanoic and lactic acid. Other acids' pKa are between 4 and 5.

The WFI blanks have a pH of 5.5-6.5 and in contact with the PEfilm, the pH decreases to 4.5. In comparison, it drops from 5.5 to 3.2 when in contact with the EVA-film. Ethanoic acid is ten times less concentrated in aqueous solutions from PE-film (~3.10 -5 M) than from the EVA-film (~4.10 -3 M).

The theoretical pH is calculated from the carboxylic acid quantity measured by ion chromatography with Eqs. (2) and (3). Differences from 0.1 to 0.2 a.u. separate the measured pH values to the calculated ones (Fig. 15) when aqueous solutions are in contact with the PE-film. Eq. ( 2) values closer to the measured data than the Eq. (3) does, especially at pH ~5. The calculations for the blanks did not give satisfaction even several alternatives were taken in Eq. ( 4) in changing the coefficient 10 -7 by 10 -6 to take into account pH of the blanks were not 7. It confirms that no formula is applicable in that range of concentration [START_REF] Kahlert | Acid-base Diagrams[END_REF][START_REF] Narasaki | The range of application of the approximation formulae in acid-base equilibria[END_REF]. The pH evolution model obtained with Eq. ( 2) prints a 90% match with measured pH evolution, thus confirming the pH shift as a consequence of the carboxylic acids presence as well with the PE-film (Fig. 15). Fig. 16 compares the calculations of conductivity with Eq. ( 7) or with Eq. ( 6) with measured conductivity in solution. Conductivity calculations have been carried out either from acid concentrations measured by IC or from hydronium ion concentration measured thought the pH. It comes out that the calculations do not match with conductivity values measured in solutions for short contact times (group 1 Fig. 16) while it fits to those on longer contact times (group 2). Although pH and ion chromatography data give similar outputs, the conductivity seem to be disconnected even though it was not the case with the EVAfilm.

Formation mechanisms of carboxylic acids

Our results show clearly the generation of formic, acetic, propanoic, and butanoic acids as well as heavier acids, ketones and alcohols. Consequently, radical reactions on PE must be envisioned to take into account these experimental results. Only radical reactions affording the most stabilized radicals or the most stable compounds are considered, that is to say: generation of alkyl radicals by γ-irradiation on branching, 1,5-H transfer, oxidation by oxygen and formation of tetroxide, and fragmentation reactions. Some of the mechanisms are tentatively proposed in Scheme 2 where the PE is as an example a copolymer of ethylene and 1-octene. Scheme 2 is also extended to other types of PE copolymers with hexene, isooctene, etc. Carboxylic acids are generated through a manifold based on alkylperoxyl radicals. The alkyl radicals 2 of the tertiary carbon are obtained after γ-irradiation of PE 1, which are scavenged by the molecular oxygen to afford an alkylperoxyl radical 3. The latter reacts by intermolecular coupling to afford a tetra-oxide which collapses by OeO bond cleavage releasing O 2 in the alkoxyl radical 4 [START_REF] Tidjani | Gamma-oxidation of linear low density polyethylenes: the dose-rate effect of irradiation on chemical and physical modifications[END_REF]. The βfragmentation of 4 (BDE(CH 3 CH 2 -CH(CH 3 )O%)~18 kJ•mol -1 ) in the main PE chain (route A1) can release the ketone 5 and another alkyl radical 6 leading to the formation of heavy acids not detectable by ion chromatography.

The β-fragmentation of 4 in the chain (route A2) can release the ketone 7 and the hexyl radical 8, which is scavenged by the molecular oxygen to afford the hexyl peroxyl radical 9. The latter reacts by self-coupling to afford a tetra-oxide which collapses either in hexanal 10 or in hexanol 11. The aldehyde 10 could be further oxidized into hexanoic acid 12. 1,5-H-atom transfer in the oxyl radical 4 (BDE(C 2 H 5 CH(O%)CH 3 ) ~49 kJ•mol -1 ) may occur (route A3) to afford the alkyl radical 13. The latter can scavenge an oxygen molecule to form the alkylperoxyl radical 14. A tetroxide can be then formed by self-coupling of 14, which collapses either by OeO bond cleavage releasing O 2 in the alkoxyl radical 15, or in heavy ketone and heavy alcohol. The alkoxyl radical 15 can fragment in the β-position in the shortest chain to lead on the first hand to the propanyl radical 16 (route A4), which further react into propanoic acid. In the other hand, the alkoxyl radical 15 can fragment in the β-position (route A5) to lead to the alkoxyl radical 17 and to butanal 18. The butanal can be further oxidized in butanoic acid.

Scheme 2 presents different routes to generate short acids such as acetic and formic acids and medium acids such as pentanoic and hexanoic acids, which is in agreement with the main species identified by IC.

Scheme 2 only focuses on the generation of acids and does not show other degradation pathways leading to the formation of vinyl moieties 7)) or from pH measurements with carboxylate species (Eq. ( 6)). The dotted line represents the hypothetical curve x = y. The dashed line represents the fitting curve especially for short contact time data with the equation y = 2.5x. and chain scissions. Moreover it is worth mentioning that the quantity of acid released from the PE film is ten times less than in the EVA-film. This is in correspondence with previous XPS measurement showing that the content of oxidation on the PE-film is weak [START_REF] Dorey | XPS analysis of PE and EVA samples irradiated at different γ-doses[END_REF].

Conclusion

The same general tendencies were observed for EVA-film and PEfilm. Correlation between hydronium ion, pH and total carboxylic acids amount evolution has been highlighted, and then confirmed by pH calculation. Hydronium ion, pH and conductivity respectively are unique and partial consequences of extracted total carboxylic acids amount. Storage time effect was observed on ions extraction. At least 70% of ions are extracted within 7 days. It was found a higher γ-dose generates higher carboxylic acids amount. Carbon from carboxylic acids only partly explains the measured TOC values in the case of the PE-film, which also involve carbon from alkanes generated during the irradiation, damaging the LLDPE in the PE-film. In the case of the EVAfilm, carbon from carboxylic acids explains the measured TOC values. The correlation between carboxylic acids and TOC was investigated and confirmed by PCA. However, all the tendencies are less pronounced with the PE-film because of the low concentrations of extractables. For example, the highest measured TOC from PE-film represents < 8% of the highest measured TOC from EVA-film.

  2.4. pHmetryconductimetryion chromatography (IC)total organic carbon (TOC) pH has been measured with Metrohm master station with 867 pH module and with an Aquatrode electrode. Conductivity has been measured with Metrohm master station with 856 Conductivity module and with a Metrohm electrode.

Fig. 1 .

 1 Fig. 1. Structure of PE-film (top) and EVA-film (bottom). Thick line for tie layer (few μm).

  1. PCA on pH, conductivity, TOC and IC data

Fig. 2 .

 2 Fig. 2. PCA performed on pH, conductivity and TOC measurements obtained for 3 batches at all γ-doses and at all ageing time. a) Score plots with γ-doses labels in kGy. The group surrounded by a solid line corresponds to the ageing = 1 day and the group surrounded by a dashed line corresponds to the ageing ≥ 21 days. b) Correlation loading (ellipses represent respectively 50%, 75%, 100% of the correlation).

Fig. 4 .

 4 Fig. 3. Total carboxylic acid content vs [H 3 O + ] (pH is indicated as well for information) for different γ-doses. The total carboxylic acid content is the sum of each acid concentration detected by ion chromatography. pH scale is indicated as well for information. The dashed line shows the trend.
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 567 Fig. 5. For the EVA-film, a) TOC vs [H 3 O + ] (pH is indicated as well for information) for different γ-doses, b) TOC vs the total concentration of carboxylic acids detected by ion chromatography (sum of each carboxylic acid concentration). Data set from all lots, all γirradiation doses, and all storage times. The dashed lines represent the trends.

Fig. 8 .

 8 Fig.8. Calculated conductivity vs measured conductivity. Theoretical conductivity is either calculated from acid concentration measured by IC only (Eq. (7)) or from pH measurements with carboxylate species (Eq. (6)). The solid line highlights the expected trend (y = x).
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 9 Fig. 9. Intermediate and final products generated during radical based EVA degradation through in Scheme 1.

  Scheme 2. Formation of oxygenated species from polyethylene co-polymers.

Fig. 10 .

 10 Fig. 10. PCA of physico-chemical data on PE-film: Loading plot of PC1 vs PC2 (ellipses represent respectively 50%, 75%, 100% of the correlation).
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 1112 Fig. 11. Conductivity vs [H 3 O + ] at different storage time. The dashed circle line outlines outliers and the crossed squares are for pure water (blank experiment).

Fig. 14 .

 14 Fig. 14. Measured TOC vs calculated TOC for the PE-film. The dotted line is for the trend (y = x).

Fig. 15 .Fig. 16 .

 1516 Fig. 15. Calculated pH vs measured pH. Theoretical pH is calculated from the contribution of each carboxylic acid concentration measured by ion chromatography with Eqs. (2) and (3). The dotted line represents the hypothetical curve x = y (x = measured pH, y = calculated pH).
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