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Introduction

Plasticized PVC, widely present in everyday life objects is also found in contemporary heritage collections. These plasticized PVC objects were identified and, the main finding was that they are often in poor condition [START_REF] Lavédrine | Preservation of plastic artefacts in museum collections[END_REF]. The main alterations are heavy soiling due to the plasticizer exudation towards the PVC surface and yellowing due to PVC dehydrochlorination process [START_REF] Starnes | Structural and mechanistic aspects of the thermal degradation of poly (vinyl chloride)[END_REF][START_REF] Tüzüm Demir | Degradation kinetics of PVC plasticized with different plasticizers under isothermal conditions[END_REF][START_REF] Chen | Thermal behavior of epoxidized[END_REF]. These degradations strongly impact the visual appearance of artworks but also their mechanical properties leading to a loss of flexibility and brittleness of objects [START_REF] Audouin | Thermal aging of plasticized PVC. I. Weight loss kinetics in the PVC-didecylphtalate system[END_REF][START_REF] Ekelund | Long-term performance of poly (vinyl chloride) cables, Part 2: Migration of plasticizer[END_REF].

Phthalates are among the most commonly used plasticizers however in recent years, studies focus on the development of more environmental plasticizers in PVC formulation [START_REF] Chen | Synthesis of tung-oil-based triglycidyl ester plasticizer and its effects on poly (vinyl chloride) soft films[END_REF][START_REF] Chen | Synthesis and application of a novel environmental plasticizer based on cardanol for poly (vinyl chloride)[END_REF].

Numerous studies on the understanding of PVC degradation mechanisms have been carried out under artificial thermal aging [START_REF] Jakubowicz | Effects of accelerated and natural ageing on plasticized polyvinyl chloride (PVC)[END_REF], or under indoor climate [START_REF] Shashoua | Effect of indoor climate on the rate and degradation mechanism of plasticized poly (vinyl chloride)[END_REF]. Nevertheless, the influence of packaging materials used for the storage or transport of PVC artworks on their degradation processes has only received little attention [START_REF] Shashoua | Effect of indoor climate on the rate and degradation mechanism of plasticized poly (vinyl chloride)[END_REF].

In the one hand, the conditioning in box provides effective protection against dust, shock, and external degradation factors such as light, and may act as a buffer for humidity. For instance, in a first study, we demonstrated that the confinement of plasticized PVC in a glass container sharply slows down the loss of plasticizer with respect to aging in open environment [START_REF] Royaux | Aging of plasticized polyvinyl chloride in heritage collections: The impact of conditioning and cleaning treatments[END_REF].

However the box material must be chosen adequately. For example, metals should not touch polymers in storage to avoid their chemical degradation [START_REF] Blank | An introduction to plastics and rubbers in collections[END_REF]. In another hand, wrapping materials must be suitable for objects, handling and storage objects. In the case of PVCartworks, polyethylene, polypropylene or polyethylene terephthalate are among the recommended wrapping materials [START_REF] Tétreault | Guidelines for selecting materials for exhibit, storage and transportation[END_REF]. However, the long-term effects of their contact with plasticized PVC are unknown. Therefore, in this study, we focused on the aging of plasticized PVC in contact with either polyethylene terephthalate (PET) or Low Density Polyethylene (LDPE) as wrapping materials widely used by conservators for PVC artworks [START_REF] Shelley | The Care and Handling of Art Objects: Practices in The Metropolitan Museum of Art[END_REF].

PET is a semi-crystalline and transparent thermoplastic polymer, obtained by polycondensation of terephthalic acid and ethylene glycol, and generally free of additives. Its surface is smooth, non-abrasive and is a barrier to water vapor. Despite its small thickness, it is rigid enough to prevent its bending, which avoids damaging the housed object. However, like most plastics, it can turn yellow and become brittle under the action of light [START_REF] Funabashi | Highly accelerated aging method for poly (ethylene terephthalate) film using xenon lamp with heating system[END_REF], but, under museum conditions, its degradation is severely limited. LDPE is a flexible, transparent and stretchable polymer. It is resistant to the cold, has a good shock resistance, good chemical inertia and is a barrier to water vapor. To our knowledge, only one study has been reported on the influence of LDPE as wrapping material for PVC [START_REF] Shashoua | Effect of indoor climate on the rate and degradation mechanism of plasticized poly (vinyl chloride)[END_REF]. Indeed Y. R. Shashoua has shown that the mass loss of a PVC plasticized with 33,3% di-ethylhexyl phthalate aged for 65 days at 70°C without relative humidity in a LDPE bag was twice that measured in an open environment. This mass loss was attributed to plasticizer migration [START_REF] Shashoua | Effect of indoor climate on the rate and degradation mechanism of plasticized poly (vinyl chloride)[END_REF].

Research aims

In this paper, effects of LDPE and PET as wrapping materials on plasticized PVC during aging in closed box were investigated and silk paper was chosen as reference for comparison [START_REF] Royaux | Long-term effect of silk paper used for wrapping of plasticized PVC objects: Comparison between ancient and model PVC[END_REF]. PVC films naturally aged for about 30 years in museum conditions were used.

According to the same protocol as in our previous study [START_REF] Royaux | Long-term effect of silk paper used for wrapping of plasticized PVC objects: Comparison between ancient and model PVC[END_REF], the state of degradation of the films was investigated over time by monitoring bulk and surface physico-chemical modifications.

Experimental Section

Materials

Di-isononylphtalate (DINP) (Palatinol N ® , BASF), acetone (Sigma-Aldrich, ≥99%), phthalic acid (Alfa Aesar; ≥99%,), polyethylene terephthalate (PET) (Melinex TM ) and Low Density Polyethylene (LDPE) were used as received. Silk paper without alkaline buffer and with neutral pH was used in comparison to LDPE and PET.

The studied plasticized PVC films were used as protective covers of furniture for about 30 years in a historical house (Versailles Palace) [START_REF] Royaux | Aging of plasticized polyvinyl chloride in heritage collections: The impact of conditioning and cleaning treatments[END_REF]. They were thus naturally aged away from direct sunlight. They contain 16.1 wt% di-iso-octylphthalte (DOP) and 7.7 wt% di-ethyl hexyl azelate (DEHZ) and a zein additive was also identified in a previous study [START_REF] Royaux | Aging of plasticized polyvinyl chloride in heritage collections: The impact of conditioning and cleaning treatments[END_REF]. The dimensions of the studied protective cover were 45 X 45 cm 2 and its thickness 250 µm. Prior to artificial thermal aging, the surface was cleaned mechanically using a commercial cloth (EverClean, Braüner) to remove exudates formed during natural aging.

Artificial aging test

PVC samples were placed in closed glass Petri dishes either on their own, referred to the reference, or between two sheets of PET or LDPE or silk paper. Petri dishes were then put in a Vötsch, VC0020 climatic chamber with forced convection. Accelerated aging was performed with a temperature cycle consisted in 2 days at 80°C then 1 day at 25°C under a relative humidity of 65 ± 3%. In order to check the reproducibility of the results, two 3 X 1.5 cm 2 samples were definitely removed from the climatic chamber each month and analyzed.

Characterizations

PVC films were removed from the climatic chamber and conditioned for 1 h at room temperature prior to weighing with an analytical balance (LP2200, Sartorius AG).

Thermal analysis

Thermogravimetric analyses (TGA) were performed on a TGAQ50 model (TA Instruments) under synthetic air (60 mL.min -1 ) from room temperature to 650°C at 15°C.min -1 heating rate. Plasticizer content was determined from the weight loss at 400 °C by comparison with that obtained for unplasticized PVC [START_REF] Gumargalieva | Problems of ageing and stabilization of poly (vinyl chloride)[END_REF].

Dynamic mechanical thermal analysis (DMA) measurements were carried out with a Q800 apparatus (TA Instruments) operating in tension mode. Experiments were performed at 1 Hz frequency and 3 °C.min -1 heating rate from -80 to 100°C. Typical dimensions of the samples were 10 mm x 5 mm x 0.25 mm. The setup provides the storage and loss modulus (E' and E'') and the damping parameter or loss factor defined as tan δ = E"/E'. The mechanical αrelaxation temperature is measured at the maximum of tan δ as a function of temperature.

Chromatographic analysis

Phthalic acid was extracted from 20 mg PVC samples by placing them in 10 mL acetone for one week at room temperature. Phthalic acid content was determined by GC-MS analysis using a calibration carried out with commercial phthalic acid in a concentration range between 0 and 10 mg.L -1 . GC-MS analyses were performed with a GC-MS 7200 (Agilent ® Technologies) mass spectrometer (positive ion mode, electron energy 70 eV) interfaced with a Trace GC Ultra (Thermofinnigan) with a transfer line temperature held at 250°C. Helium was used as the carrier gas (constant flow, 1 mL.min -1 ). The ion source temperature was fixed at 230°C. Chromatographic separations were performed with Machacherey-Nagel OPTIMA ® 5MS column (30 m, 0.25 mm i.d., film thickness 0.25 µm). The oven temperature was programmed from 70 to 240°C at a rate of 20°C.min -1 . The temperature program was performed in a splitless mode and the injector temperature was 230°C.

Spectroscopic analysis

CIELAB parameters, L*, a* and b* and yellowing index were determined with a CM-3600d Konica Minolta ® colorimeter equipped with standard illuminant C.

The Attenuated Total Reflection Infrared spectra (ATR-FTIR) were recorded with a Brüker spectrometer (Tensor 27 with ATR PIKE Miracle) in the range 600 -4000 cm -1 by averaging of 16 consecutive scans with a resolution of 2 cm -1 . The transmission spectra were recorded with a Brüker spectrometer (Equinox 55) in the range 600-4000 cm -1 by averaging of 16 consecutive scans with a resolution of 4 cm -1 .

Optical microscopy and scanning electron microscopy

Photographs of samples were taken under a white Lightune Dome130.

Optical microscopy was performed using a BX60M microscope from Olympus. SEM observations were performed using a ZEISS Gemini SEM 300 with a backscattered electron detector (BSD) with a voltage of 1keV.

Results

PVC films aged in a closed environment and in contact with LDPE, PET or silk paper were analyzed every month during artificial aging in order to evaluate the possible physical and chemical modifications of the surface and bulk. The results were systematically compared to those obtained for the same PVC films aged in absence of any contact material, as reference system.

Changes in the PVC physical appearance: photographs, microscopy and color

The first observations show that LDPE and PET stick slightly to PVC films from the first month of aging, and air bubbles are then trapped unlike what is observed with silk paper. Thus, differences in the plasticized PVC behavior were clearly detected during aging according to the packaging material used (Fig. 1).

First, films aged in absence of any contact material or in the presence of silk paper display a progressive yellowing over time leading to a pronounced browning at 17 months aging. In the presence of LDPE or PET, the evolution is different as the sample color appears inhomogeneous beyond 2 to 3 months aging. On the one hand, in contact with LDPE, brown spots appear from 3 months aging on the PVC that is then glued to LDPE. The spot surface grows over time and the remaining "yellow" areas correspond to places where air bubbles remained entrapped. On the other hand, PET causes a significant browning of PVC films from the second month aging. After 3 months, this browning becomes spectacular. Moreover, beyond 8 months, PET is attached to the PVC sample and cannot be removed without damaging the PVC surface.

These visual color changes were quantified and correlated with color measurements using the parameters a * for browning and b * for yellowing (L*a*b* CIE 1976). Fig. 2 presents the evolution of these parameters during aging in the presence of the contact materials as well as for the reference. Due to the inhomogeneity of the PVC films aged in the presence of LDPE and PET, the "yellow" and "brown" areas are distinguished.

During aging in contact with LDPE an a* parameter increase is observed at the brown zones from approximately 15 months (Fig. 2a), but the speed of yellowing of the films remains unchanged in comparison with the reference (Fig. 2b). ,. Finally, during aging in contact with PET, a* and b* of PVC samples increase much faster in the "brown" spots from 2 months of aging (Fig. 2c andd). In comparison, as observed previously, the speed of yellowing and browning are similar for the aging in contact with silk paper than without contact material.

In order to investigate this color modification at a smaller scale, scanning electron microscopy (SEM) was then performed during aging. Fig. 3 shows images recorded on the 6-months and 17-months aged PVC in contact with LDPE. For the 17-months sample, two images are presented corresponding to "yellow" and "brown" areas while only one image is shown for the homogeneously colored 6-months sample. Dendritic structures are observed on the whole surface after 6-months aging and only visible on the "yellow" areas after 17-months aging. In the "brown" areas of 17-months aged PVC, the dendrites are covered by a granular structure film. Indeed, the presence of the dendrites below this film is confirmed by the ATR-FTIR analyses which show the characteristic band of zein located at 3303 cm -1 on the whole sample. Dendritic structures are also evidenced on PVC aged in absence of any contact material or in the presence of silk paper from the first weeks of artificial aging. These structures were attributed to the migration of zein, a protein additive [START_REF] Royaux | Aging of plasticized polyvinyl chloride in heritage collections: The impact of conditioning and cleaning treatments[END_REF].

As previously mentioned, PET wrapping adheres to the PVC sample from the first months of aging. Scanning electron microscopy was thus carried out on less altered zones (Fig. 4).

Dendrites are detected on the "yellow" areas and appear gradually beyond 3-months aging.

After 6 months, however a masking film starts to cover dendrites. This film covers the "brown" areas of PVC aged between 3 and 6 months although dendrites are still slightly distinguishable. That could be related to plasticizer migration and thus an exudation phenomenon as observed on some PVC artworks in heritage collections. In addition, the growth of other large structures can be noticed on these brown areas after 4-months aging.

PET sticks to PVC from 8-months ageing, it was not possible to perform SEM observations at longer aging times.

Plasticizer and additive migration

The migration of DOP and DEHZ plasticizers was studied by monitoring the mass loss at 400°C measured by TGA. The deduced plasticizer content is reported in Fig. 5 for the PVC aged in the presence of LDPE, PET and silk paper by comparison with the reference PVC aged in absence of any contact material. First, it was checked that the plasticizer loss evaluated by TGA is completely correlated to the evolution of the total PVC mass during aging (Fig. SI 1). Fig. 5a shows that the evolution of the amount of plasticizer in the PVC aged in contact with the LDPE is very similar to that obtained for the reference, decreasing from 25 to about 18% in 17 months. In addition, these samples in contact with the LDPE behave in the same way as those aged in contact with silk paper.

Simultaneously, the mechanical α-relaxation temperature determined by DMA analysis increases from 30 to 64°C after 17 months aging, reaching a value similar to that of the reference (61°C after 17-months aging [START_REF] Royaux | Long-term effect of silk paper used for wrapping of plasticized PVC objects: Comparison between ancient and model PVC[END_REF]). The plasticizer loss can also be deduced by FTIR analysis in transmission by monitoring of the 3437cm -1 band (Fig. 6a, grey solid line) associated with the first harmonic of the C=O stretching vibration of the ester function of the plasticizers at 1722 cm -1 .The evolution of the intensity of this 3437cm -1 band as a function of the aging time is presented in Fig. 6b and indicates also a similar loss of plasticizer between the reference and the PVC in contact with LDPE. In a second time, the surface of the PVC artificially aged during 17 months was mechanically cleaned with a synthetic cloth and a spectrum was then performed (Fig. 6a, grey dotted line). The band intensity is not modified meaning that the amount of plasticizer present at the PVC surface as exudate is negligible with respect to the total amount in the sample. In addition, ATR-FTIR spectra have also been monitored as a function of the aging time (see Fig. SI 2) and no difference was evidenced between the spectra obtained on the brown and yellow areas.

Finally, the migration of the zein additive evidenced on the surface by microscopy techniques is also detected on the FTIR spectra through the appearance and increase of bands at 3303, 1636 and 1565 cm -1 as a function of the aging time (Fig. 6a and SI 2). Their evolution across the time is similar whether the areas investigated meaning that there are present everywhere on the PVC surface but possibly covered by plasticizers on the brown areas.

Regarding PVC aging in the presence of PET as contact material, the loss of plasticizers is similar whether the PVC is aged in contact with PET or not. The evolution of the mechanical α-relaxation temperature is in agreement with this plasticizer loss as the value reaches also 63°C after 17 months aging. However, it was not possible to monitor the intensity of the 3437cm -1 band associated with the first harmonic of the plasticizers C=O stretching vibration, because, as shown in Fig. 7a on the ATR-FTIR spectra obtained at different aging times, strong modifications are evidenced in this wavelength range. Otherwise it can be observed that the intensity of the 1722 cm -1 band associated to the C=O stretching vibration only very slightly decreases during aging.

As early as 8 months aging, the appearance of new absorption bands is detected, mainly at 2522, 2650 and 3078 cm -1 . Several hypotheses can be made such as the formation of degradation products of PET, PVC matrix or plasticizers. Previous characterizations show that these bands are not characteristic of PVC degradation [START_REF] Royaux | Aging of plasticized polyvinyl chloride in heritage collections: The impact of conditioning and cleaning treatments[END_REF]. The degradation has therefore been focused on that of plasticizers and PET. Terephthalic acid is one of the major degradation products of PET and it displays absorption bands at 2534 and 2660 cm -1 , as well as two thinner ones at 3064 and 3104 cm -1 which are associated with the hydroxyl and valence vibrations of the aromatic group, respectively [START_REF] Masuda | Degradation of waste poly (ethylene terephthalate) in a steam atmosphere to recover terephthalic acid and to minimize carbonaceous residue[END_REF] (Fig. SI 3). The absence of these latter two thin bands on the ATR-FTIR spectrum of PVC aged in contact with PET eliminates the possibility of a PET degradation. The aged PVC spectrum was then compared to that of phthalic acid, a degradation product of phthalate plasticizers [START_REF] González-Sánchez | Infra-red spectra of the benzene carboxylic acids[END_REF]. Both spectra show similar absorption bands detected at 2518, 2649 and 3075 cm -1 (Fig. 7b). In addition,the C=O stretching vibration corresponding to the plasticizers and detected initially at 1722 cm -1 is shifted towards lower wavenumbers when aging time increases (Fig. 7a), in agreement with the corresponding phthalic acid band at 1667 cm -1 . These observations are thus in favor with a degradation of the DOP plasticizer into phthalic acid.

To check whether phthalic acid is present on the PVC surface after aging, the surface was subsequently cleaned and the ATR-FTIR spectrum measured again (Fig. 7c). The characteristic bands of phthalic acid are observed after cleaning meaning that the majority of the acid is in the PVC bulk. This result was confirmed by FTIR analysis in transmission even though the spectra were too saturated between 2000 and 3600cm -1 .

As the TGA used to measure the overall amount of plasticizers does not allow the distinction between DOP and phthalic acid due to their close degradation temperatures, the phthalic acid amount contained in PVC samples aged in contact with PET was quantified by GC-MS. For this, 20mg samples were placed under stirring in 10 mL acetone for one week. The characteristic fragments of phthalic acid identified at m/z 76, m/z 104 and m/z 149, and observed at a retention time of 10.21 min are detected in the extraction solutions of PVC aged for 8, 11 and 15 months (Fig. SI 4). The presence of phthalic acid is thus identified in low concentration (less than 1% of the total sample mass) whatever the aging time beyond 8 months. However, it cannot be excluded that not all the phthalic acid formed has been extracted from the PVC. In addition, the phthalic acid is not detected in the PVC aged for 4 months, confirming the ATR-FTIR analysis, indicating its appearance from about 8 months.

3.3.Analysis of the contact materials

The LDPE and PET contact materials were also analyzed during artificial aging and compared with silk paper. The increase of their mass is presented in Fig. 8 by comparison with the mass loss of the PVC films. Concerning the LDPE, an increase in LDPE mass of approximately 2% is observed during the first month of artificial aging, which corresponds to the PVC mass loss in this time interval (Fig. 8a). Beyond one month of aging, the LDPE mass remains constant.

In comparison the mass of the silk paper remains constant throughout the aging, showing that no migration of plasticizer takes place toward the silk paper (Fig. 8c). Indeed silk paper does not stick to the PVC allowing plasticizer evaporation.

In order to understand the increase in LDPE mass at the beginning of the artificial aging, both sides of the LDPE were analyzed by ATR-FTIR, the one in contact with PVC during aging (Fig. 9a andb) and the outer side (Fig. 9c andd). On the LDPE side in contact with PVC, new absorption bands appear at 1722, 1267, 1119 and 1070 cm -1 from the beginning of the aging and their intensity then remains nearly constant (Fig. 10b). These bands are characteristic of the carbonyl function of the plasticizers (1722 cm -1 ) and of their ester functions (1267, 1119, 1070 cm -1 ). Characteristic bands of zein at 3303 cm -1 (elongation of the NH bond), 1636 cm -1 (deformation of the NH bond) and 1565 cm -1 (carbonyl function of the amide) are also detected on this LDPE side (Fig. 10a). The presence of these absorption bands confirms the simultaneous migration of plasticizers and zein additive from the PVC toward LDPE. The ATR-FTIR analysis of the LDPE outer side (without any contact with the PVC) also reveals the characteristic absorption bands of the plasticizers, but not those associated with the zein (Fig. 10c andd). This demonstrates that the plasticizers migrate throughout the LDPE from the very beginning of the artificial aging. In contrast, the more bulky zein remains on the surface in contact with the PVC.

No evolution of PET mass is evidenced during the first 6 months of aging (Fig. 8b). Beyond, no conclusion is possible since it is necessary to scrape the PET in order to peel the PVC off.

In addition, the ATR-FTIR spectra measured at different aging times do not reveal any presence of plasticizers nor zein, even for the PET side aged in contact with the PVC film (see Fig. SI 5).

For both contact materials, the ATR-FTIR analysis is thus in agreement with their mass evolution.

Discussion

Regarding PVC aging in contact with LDPE, PET or silk paper, similarity and differences can be highlighted and also with respect to the reference PVC aged in absence of any contact material. Significant color changes are observed in the presence of PET with the appearance of brown spots starting from three months of artificial aging. These changes are less spectacular for PVC in contact with LDPE but more pronounced than for PVC packaged with silk paper and the reference whose color evolution is homogeneous and progressive. The "brown" spots observed were attributed to areas where the contact material sticks to PVC.

Concerning the PVC additive migration, the plasticizer loss measured by TGA follows the same evolution in all studied cases. However, significant differences are revealed by ATR-FTIR analysis of both PVC and contact materials. Indeed, the plasticizers cross LDPE from the outset beginning of the aging while the zein additive is only evidenced on the LDPE side in contact with the PVC. For the PVC packaged with PET, a degradation of DOP into phthalic acid is evidenced but none of the additives or their degradation products are detected on the PET. On the other hand this degradation of DOP was not observed for the PVC in contact with LDPE. Exudates consisting of zein and probably plasticizers are thus detected by SEM at the surface of the PVC aged in presence of both LDPE and PET however they were not evidenced on the PET surface.

The question that remains is the main factors underlying the formation of phthalic acid within PVC films during aging in contact with PET. Indeed, this is the only case where plasticizer degradation has been evidenced. Several hypotheses were thus considered such as a degradation of the plasticizer accelerated by the presence of PET or the PET degradation in the chosen aging conditions. Indeed, at temperatures above its glass transition temperature (≈75°C), hydrolysis or oxidation of PET can cause chain splits [START_REF] Pirzadeh | Hydrolytic and thermal degradation of PET fibers and PET granule: The effects of crystallization, temperature, and humidity[END_REF]. These will generate terephthalic acid, whose absence has been demonstrated previously. However, PET may itself have a small amount of phthalic acid units, as observed by Holland et al. [START_REF] Holland | Analysis of comonomer content and cyclic oligomers of poly (ethylene terephthalate)[END_REF]. It is therefore possible that phthalic acid comes directly from PET. It could then migrate within PVC during artificial aging. To support any of these hypotheses, several points have been checked.

As a first step, the surface of PET in contact with PVC film was analyzed by ATR-FTIR and transmission FTIR during aging. No degradation and no phthalic acid were detected on and within the PET during aging. In parallel, a PET film was subjected to artificial aging under the same conditions and then analyzed after 10-months aging. No chemical modification of PET film over time was detected in ATR-FTIR spectrum. The appearance of phthalic acid does not seem to be related to the PET degradation.

At this stage of the study, the hypothesis of plasticizer degradation, especially DOP, within the PVC matrix is preferred. Thus, a PET film was subjected to the same accelerated aging in contact with an equivalent commercial phthalate, the di-isononylphtalate (DINP). After 10 months, the appearance of crystals was observed, mainly at the edges of the material (inset of Fig. 10) and were analyzed by ATR-FTIR. In addition to the characteristic bands of DINP (carbonyl function at 1722 cm -1 -phthalate ester function at 1267, 1119 and 1070 cm -1 ) characteristic absorption bands at 2518, 2649 and 3075 cm -1 appear and confirm the phthalic acid formation (Fig. 10). On the other hand, the ATR-FTIR spectra of PET and DINP aged in contact with each other remain unchanged.

The formation of phthalic acid during aging of PVC films in contact with PET is therefore probably due to an interaction between PVC plasticizers (DEHZ and DOP) and PET. But to date this interaction is not explained.

Conclusion

In this paper, effects of LDPE and PET as wrapping materials during aging of plasticized PVC were investigated and silk paper was chosen as reference for comparison. The state of PVC degradation was investigated over time by monitoring bulk and surface physicochemical modifications. Significant and fast color changes are observed in the presence of both contact materials, by comparison with the silk paper, although the evolution is slower and less pronounced for the LDPE. The plasticizers cross LDPE from the outset beginning of the aging while the zein additive is only evidenced on the LDPE side in contact with the PVC.

In the presence of PET, a degradation of DOP into phthalic acid is evidenced but none of the 
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 12345 Fig. 1. Photographs of PVC after different aging times (in months) with different packaging materials
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 6 Fig. 6. (a) FTIR spectra in transmission mode of PVC aged in contact with LDPE for 17 months (grey solid line) and subsequently cleaned with a synthetic cloth (grey dotted line), compared with the reference (black line) (The spectra are shifted in transmittance for clarity). (b) The evolution of the area of the 3437 cm -1 band as a function of the aging time for the PVC aged in contact with LDPE ( ) compared with the reference ().
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 78 Fig. 7. ATR-FTIR spectra of PVC artificially aged in contact with PET (a) at different aging times (in months). (b) Comparison between the spectra obtained for phthalic acid (dotted grey line) and the PVC aged 8 months in presence of PET (solid black line). (c) during 17 months (solid line) and subsequently cleaned with a synthetic cloth (dotted line) (All spectra are shifted in transmittance for clarity)
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 9 Fig. 9. ATR-FTIR spectra of LDPE in contact with PVC during aging at different aging times (in months). (a, b) Side in contact with the PVC film, (c, d) outer side (All spectra are shifted in transmittance for clarity).
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 10 Fig. 10. ATR-FTIR spectra of crystals appeared after 10 months of aging of the PET in contact with DINP (solid line), unaged DINP (dotted line) and commercial phthalic acid.
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