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The durability of hemp fibers reinforced polypropylene biocomposites was investigated after one year under glass exposure. Volatile organic compounds emissions were assessed using a new passive sampling method. Degradation pathways were examined in order to understand the weathering mechanisms. The polymer matrix was decomposed into oxygenated products due to UV rays and high temperatures. As regards hemp fibers, different degradation steps of the carbohydrates were highlighted according to the nature of the detected furans. At a non-weathered state, dehydrations preceded the ring-opening mechanism, often catalyzed by Maillard reactions. The further cyclization induced the formation of 2- or 5-substituted furans emitted by non-weathered materials. Reactions between identified products after weathering which were not yet found in literature were proposed in this paper. They often implied a keto-enol tautomerism but also dehydrations that induced the formation of 3- and 4-substituted furanones. These differences can be explained by a primary decomposition of carbohydrates favored at a non-weathered state and a secondary one occurring at a weathered state.
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INTRODUCTION

Recently, bio-fillers have emerged as an attractive alternative to inorganic fillers in the reinforcement of thermoplastics in response to growing awareness of environmental issues and increasing global waste problems (Liu and Hu, 2008). The main application areas of vegetal filler reinforced composites are the automotive and building industries (John and Thomas, 2008; Azwa et al., 2013). The natural fibers improve the mechanical properties of the composites (Saba et al., 2016; Kumre et al., 2017). Recently, lignin in a lignin–polyethylene (PE) biocomposite showed some antioxidant properties that protect the PE matrix (Van Schoors et al., 2018). Otherwise, with increasing concerns about indoor air quality, volatile organic compounds (VOCs) emissions behavior in interior materials used as automotive parts has become widely recognized as an important topic for indoor environment air quality (Yu and Crump, 1998; Air quality sciences Inc., 2006; Badji et al., 2018).

During the melt mixing process of biocomposites through extrusion and injection molding, the high manufacturing temperatures exceed the bio-fillers degradation temperature (Dorez et al., 2013; Khazaeian et al., 2015). Also, during their use, climatic conditions weaken their chemical stability because of their high sensitivity (Zou et al., 2008; Ahmad et al., 2011; Badji et al., 2017). Temperature variations induce carbonization and odors emanating from the heated matter. Also, a press molding temperature increase induces biocomposites color turning from brown to close to black (Shibata, 2016). This was thought to be the result of vegetal fibers caramelization. Some solutions for reducing the odors and the amount of VOCs produced by biocomposites have been studied (Kim et al., 2006, 2011). But molecules responsible for the worsening air quality, color changes, and odors must be assessed.

Volatile organic compounds emitted by plastics are generally due to polymer degradation. Studies on thermal and photochemical oxidation of polypropylene (PP) showed that radical processes are responsible for chain scission, leading to low molecular weight products migrating from the polymeric matrix to the atmosphere (François-Heude et al., 2014; Rouillon et al., 2016). It is widely accepted that Norrish type I and II photochemical reactions occur involving C–C cleavage, leading to the formation of oxygenated compounds (Rabek, 1990; Muasher and Sain, 2006). Those generally result from the oxidation of tertiary carbon atoms of the polymer chains, leading to methyl ketones, along with alcohols, aldehydes, and aliphatic hydrocarbons formation.

The pyrolysis of lignocellulosic biomass was widely studied and further identification of the volatile compounds issued from the natural fibers’ thermal degradation was sometimes performed. Some products, originating from pyrolysis of cellulose [molecular formula: (C6H10O5)n], are identified as low molecular weight compounds. They are formed by ring-opening reactions, while pyrans and furans are obtained from dehydration reactions (Sanders et al., 2003; Nowakowski and Jones, 2008). These molecules are generally stable aromatic compounds and hardly decompose into lower molecular weight compounds (Katō and Komorita, 1968). Their decomposition accounts for the major reactions occurring in the secondary reaction stage of cellulose. Hemicelluloses consist of saccharides such as glucose, mannose, xylose, and arabinose (Nowakowski and Jones, 2008; Binder et al., 2010). Once pyrolyzed, the derivatives of these pentose sugars, such as cyclopentanes and cyclopentenones, are detected in large quantities in addition to furan molecules (Peng and Wu, 2011; Carrier et al., 2012). Lignin component, a highly complex aromatic structure, breaks down into phenolic structures (Wittkowski et al., 1992; Brzonova et al., 2014). It mainly consists of three basic building blocks: guaiacyl, syringyl, and p-hydroxyphenyl units. However, non-cellulosic polysaccharides, such as proteins, are also found in lower proportions under amino acid forms (Sari, 2015). Each component proportion present in the vegetal fibers depends on several parameters such as their nature, retting time, and geographic origin.

Maillard reactions are mainly responsible for the formation of flavor compounds like the 2-furanones with similar structures, unlike those of volatile substances issued from biofillers degradation. Besides the flavoring of food, the interest in Maillard mechanism has grown in fields concerned with the physico-chemical properties of proteins and polysaccharides (Mitsuo, 1988; He et al., 2014). This reaction implies the interaction between the amino group from an amino acid, a protein, or an amine and the carbonyl functional group from the carbohydrate part (glucose, fructose) under heating conditions (Zhang et al., 2008). It produces an unstable N-substituted glycosylamino compound. This first step is reversible but the generated glycosylamine is immediately converted into an Amadori compound (Newton et al., 2012). Amadori intermediate compounds belonging to the 1-amino-1-deoxy-2-ketoses family are important precursors in the formation of flavor compounds from Maillard reactions (Hodge et al., 1972; Zhang et al., 2008). Caramelized sugar aromas furanones, such as furfural and 5-methylfurfural, or pyranones such as maltol, evolving from holocellulose, are generated through sugar-amine condensation. Then, the formed Amadori compound can react along multiple pathways to form Maillard reaction products at lower temperatures than those found in pyrolysis studies of natural fibers, since the presence of nitrogen containing compounds catalyzes the reaction (Newton et al., 2012). For instance, maltol, a well-known carbohydrate derivative, and 4-hydroxy-2,5-dimethyl-3(2H)-furanone, derives from a common intermediate arising by sugar-amine condensation and Amadori rearrangement. 2,3-enolization of the 1-amino-1-deoxy-2-ketose and elimination of the 1-amino group occur at the final step (Hodge et al., 1972). Then, dehydrations and cyclization lead to furans generation (Wang et al., 2012) and ene-diol scissions and retroaldolization to short products (Belitz et al., 2004).

However, formations of the substances found in literature dealing with biomass and their controlled decomposition (pyrolysis)were not explained to be due to this mechanism. Indeed, the reactions involved require the presence of artificial catalysts (chromium, copper) facilitating the conversion (Binder et al., 2010; Perez and Fraga, 2014). Otherwise, when decomposition products are obtained from the pyrolysis process, this includes energetic conditions favorable enough (temperature reaching 800°C) that ring-opening, dehydrogenation, and cracking can occur (Sanders et al., 2003; Peng and Wu, 2011). Moreover, formation of other methylfurans that could issue from thermal decomposition and reactions between volatile chemicals emitted by natural fibers were not reported.

A one-year natural under-glass weathering of hemp fibers reinforced PP biocomposites was investigated to simulate a car interior environment. Volatile organic compounds emissions were assessed throughout the process. The objective was to use the identification of emitted VOCs to understand the components’ method of degradation by firstly studying the neat polymer ageing and secondly the aging of the hemp fibers load in the polymer matrix. The well-known Maillard mechanism for the holocellulose part decomposition has been examined thanks to VOCs identification. Reactions between identified VOCs and their concentration evolution were proposed. Finally, the lignin degradation was also investigated.



MATERIALS AND METHODS


Materials

Polypropylene grade H733-07 with a melt flow rate of 7.5 g/10 min (230°C, 2.16 kg) (Braskem, Brazil) was used as a polymer matrix. Hemp fibers were provided by AgroChanvre (France). Two hemp fibers loading, 10 wt% (PP10) and 30 wt% (PP30), were tested. Maleic anhydride grafted polypropylene (MA-g-PP), under the trademark Orevac CA100 (Arkema, France), was added at 3.1 wt% of PP as a coupling agent.



Process Conditions

Hemp fibers and MA-g-PP were dried for 15 h at 60°C. Then, granules of PP and MA-g-PP were mixed with hemp fibers in a BC21 Clextral twin-screw extruder (L/D = 36 with D = 25 mm) (Clextral, France) with the temperature profile 190-190-190-180-175-175-175°C and a screw speed of 220 rpm. Once dried for 3 days at 60°C, extruded pellets were injection molded into specimens in a Krauss Maffei machine (Krauss Maffei, Germany) at 210°C with an injection speed of 30 cm3⋅s–1. Square samples of 100 mm × 100 mm × 2 mm were obtained.



Weathering Conditions

Samples were exposed from September 2015 to September 2016 in the south west of France under windshield glass to simulate a car interior environment according to ISO 877-2:2011 (Figure 1). The exposition panels were oriented toward the south at 45° with the ground. The interior environment was naturally ventilated thanks to holes located on stainless steel boxes 2 h per day. Temperature T(°C) and relative humidity RH(%) were monitored and PP, PP10, and PP30 materials were sampled after 1, 2, 3, 6, 9, and 12 months. Temperatures ranged from −5°C in February to 91°C in August and relative humidity fluctuated between 3% in September and 95% in November.
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FIGURE 1. Under windshield glass exposure racks.




Sampling and Analytical Methodology

At each weathering step, three samples of each material were brought from the racks to the laboratory where VOCs emission analysis was carried out through a passive sampling method developed at the laboratory (Bourdin et al., 2014; Badji et al., 2018). It consists of two steps: firstly, a glass cell is placed on the material in order to isolate a part of its surface, and the VOCs are left to diffuse from the material to the air enclosed in the cell. When the VOCs concentration stabilizes, i.e., when material/air equilibrium is reached (Bourdin et al., 2014), a solid phase microextraction (SPME) fiber is introduced in the glass cell through a septum to sample emitted VOCs. Then, the SPME fiber is desorbed in the injector of a gas chromatograph (GC) coupled with mass spectrometer (MS) and flame ionization detector (FID; Varian, France) for identification and quantification of VOCs. The analytical procedure is detailed elsewhere (Bourdin and Desauziers, 2014). Both VOCs screening and specific analysis of formaldehyde and acetaldehyde, which are classified as carcinogen mutagenic and reprotoxic (CMR) substances, were performed (Chemical Risk Prevention Unit [CNRS], 2015). A polydimethylsiloxane–divinylbenzene–Carboxen fiber (PDMS/DVB/CAR, 50/30 μm) was selected for VOCs screening whereas a polydimethylsiloxane–divinylbenzene (PDMS/DVB, 65 μm) fiber impregnated with O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) (Fluka, Switzerland) was used for formaldehyde and acetaldehyde (Koziel et al., 2001; Bourdin and Desauziers, 2014). The SPME fibers were purchased from Supelco (United States). A sampling temperature of 80°C was tested to simulate extreme car interior conditions. The extraction time was fixed at 5 min.



Quantitative Analysis

The methodology described above allows for determining the concentration (in μg⋅m–3) of VOCs at the material/air interface. That concentration is related to the emission rate of the considered substance by the first Fick law of diffusion under steady state conditions (Wittkowski et al., 1992). For the screening analysis using a PDMS–DVB–CAR fiber, VOCs were quantified as toluene equivalent using an FID response since it is proportional to the effective carbon atoms number in the molecule (Fedoruk and Kerger, 2003). Furfural and 2-furanmethanol, compounds specific to hemp fibers and listed as CMR substances (Chemical Risk Prevention Unit [CNRS], 2015), as well as formaldehyde and acetaldehyde, were specifically quantified as described in a previous paper (Badji et al., 2018). Standard gases of formaldehyde and acetaldehyde were generated by a permeation device (Badji et al., 2018). For the other standard VOCs (toluene, furfural, and 2-furanmethanol), a continuous syringe injection method was used, as described elsewhere (Nicolle et al., 2008; Desauziers, 2004). The detection limit and quantification limit are around 8 and 23 μg⋅m–3, respectively for all compounds and the repeatability (relative standard deviation) is about 3% for three replicates.



RESULTS AND DISCUSSION


Polypropylene Oxidation

Some emitted VOCs were issued from the polymer degradation: long-chain aliphatic hydrocarbons and oxygenated products (linear ketones, aldehydes, and carboxylic acids). Acetic acid, acetone, and 2,4-pentanedione were the main compounds emitted by weathered PP. Some pathways are proposed in the literature to explain the formation of molecules containing a carbonyl functional group. Their mechanistic formation is found in literature (François-Heude et al., 2013; François-Heude et al., 2015). Mainly radical reactions lead to intermediate tertiary alkoxy radicals and their β-scission induces the previously identified carbonyl products (Figure 2). 2,4-pentanedione can result from the oxidation of methylketone issued from polymer chain reaction with unstable hydroperoxide. Moreover, 4-hydroxy-4-methyl-2-pentanone was also detected as high-level ketone (65 ± 13 and 82 ± 25 μg⋅m–3 for non-weathered and for one-year weathered PP, respectively (Badji et al., 2018). It has been proposed that it originates from the same methyl ketone precursor. Indeed, the hydroxyl formation resulting from the alkoxy radical reaction with hydrogen followed by scission could form 4-hydroxy-4-methyl-2-pentanone.
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FIGURE 2. PP degradation global scheme [Badji, 2017; from Bernstein et al. (2008)].


Formaldehyde and acetaldehyde were also released by the polymer and biocomposites. Their levels increased with the time of exposure. A polymer degradation way, similar to previous oxygenated chemicals pathway, could explain acetaldehyde generation with secondary alkoxy radical initiator responsible for this low molecular compound formation. Moreover, formaldehyde generation is reported according to the mechanism of Hoff and Jacobsson, which consists of the oxidation of primary alkyl radicals (Hoff and Jacobsson, 1982).

Alcohols, resulting from polymer degradation, could arise from intermediate alkoxy radicals. However, abstracts of a hydrogen from another molecule yields an hydroxyl group in tertiary carbon rather than a carbonyl group (Bernstein et al., 2008).



Cellulose and Hemicelluloses Degradation


Primary Decomposition

Two specifically quantified furan derivatives, furfural and 2-furanmethanol, were emitted at 1611 ± 20 and 2319 ± 176 μg⋅m–3, respectively by non-weathered PP30. Also, 5-methylfurfural (660 ± 30 μg⋅m–3), 5-methyl-2(3H)-furanone (40 ± 14 μg⋅m–3), furfuryl formate (38 ± 4 μg⋅m–3), and furfuryl acetate (43 ± 4 μg⋅m–3) evolved from biocomposites at the initial state. Apart from the last two compounds, these low molecular weight products were evidenced to be generated by holocellulose sequential degradation (Shen and Gu, 2009; Binder et al., 2010; Mäki-Arvela et al., 2012; Al-Shaal et al., 2015). Figure 3 shows the formation pathways of degradation products identified in this study and issued from the carbohydrate part of hemp fibers. The nominated products were those identified as VOCs issued from biocomposites. The carbohydrates’ degradation under high temperature involves the depolymerization of polysaccharides by the glycosidic bonds cleavage between D-glucose units (Wang et al., 2012). This process is followed by dehydrations, leading to D-glucopyranose and D-xylofuranose formation. The formation of 2- or 5-substituted furans is generally explained to occur via glucopyranose ring-opening pathway with acyclic forms such as hexoses and pentoses intermediates (Sanders et al., 2003; Binder et al., 2010). The further cyclization of these oses leads to the furans formation. Primary subsequent dehydration steps produced specifically followed furfural and 2-furanmethanol emitted at high concentrations by non-weathered biocomposites. In this mechanistic scheme, other cyclic molecules were derived from hydroxymethylfurfural, which was not detected in the conditions of this study. Otherwise, the generation of levoglucosenone (97 ± 4 μg⋅m–3) derivative does not need the sugar ring-opening.
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FIGURE 3. Primary holocellulose decomposition products and their dehydrated derivatives through funneling pathways (Shen and Gu, 2009; Binder et al., 2010; Mäki-Arvela et al., 2012; Al-Shaal et al., 2015; Badji, 2017).


The products issued from the carbohydrate primary decomposition were mainly emitted by biocomposites at a non-weathered state. It has been supposed that generation could also be favored by Maillard reactions for which non-elevated temperatures (almost 100°C) are required (Newton et al., 2012) (chosen sampling temperature and those found in exposure racks do not exceed 91°C), contrary to the pyrolysis method. Indeed, until now, Maillard reactions have not supported the degradation pathways of vegetal fibers. However, either 1,2- or 2,3-enolization of the Amadori compound, previously mentioned in the introductory part, rising from aldoses such as glucose could effectively lead to furfural and hydroxymethylfurfural. Indeed, these compounds were already explained to originate from sugar-containing food, such as lactose, through Maillard reactions (Newton et al., 2012). But the same mechanism could justify the formation of the products detected here. Also, further intermediate dicarbonyls (reductones) formed after intra-rearrangement (enolization) are responsible for the autocatalytic character of the Maillard reaction (Figure 4). Moreover, as mentioned in the introductory part, proteins present in fibers could allow the glycosylamine precursor formation required for obtaining advanced Maillard reaction products. Otherwise, their presence is demonstrated by the detection of pyrazines emitted by biocomposites (methylpyrazine and N-acetyl-4(H)-pyridine at 25 ± 2 and 38 ± 4 μg⋅m–3, respectively for PP30). These secondary products of Strecker degradation are due to aminoketones condensation.
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FIGURE 4. Glucose and amino acid interaction (R,amino acid side group) [Badji, 2017; from Fennema (1996)].


Contrary to other compounds, the formation of furfuryl formate and furfuryl acetate (total concentration of 81 ± 8 μg⋅m–3) aroused from non-weathered PP30 composite has not been reported in the literature. Here, it is suggested that they result from the interaction between the hydroxy functional groups of 2-furanmethanol and formaldehyde and acetaldehyde, respectively (Figure 3). Formaldehyde and acetaldehyde could also evolve from the Strecker degradation (Hodge et al., 1972; Newton et al., 2012) by β-scission. Indeed, for biocomposites, lots of aliphatic ketones and aldehydes such as 1-hydroxy-2-propanone, 1-acetyloxy-2-propanone, and nonanal are emitted at the highest levels of their chemical family: 420 ± 81, 366 ± 11, and 160 ± 28 μg⋅m–3, respectively, for unaged PP30. They were identified as hemp fibers by-products at a non-weathered state. These by-products could be linked to the reaction between amino acids and two-carbonyl compounds.



Secondary Decomposition

After weathering, mainly methyl substituted furanones deriving from carbohydrates were formed. They represented 13% of the level of ketones released by PP30 after one year of weathering, whereas they only accounted for 8% of ketones by-products emitted by non-weathered PP30. Moreover, contrary to a non-weathered state, only furans compounds containing at least one substitution in 3 and 4 positions were identified after weathering. In addition, contrary to 2- and 5-substituted furanones presented in Figure 3, the explanation of 3- or 4-substituted furanones issued from vegetal fibers decomposition has not yet been reported in the literature. The proposed reactions featured in Figure 5 involve the interaction between functional groups of identified volatile products. Substances that are designed by their names in Figure 5 correspond to substances detected in this work. The first reaction (1) implies a radical attack in α position of two identical propionic acid by-products, whose levels increased from 39 ± 4 to 839 ± 75 μg⋅m–3 and 56 ± 16 to 1403 ± 3 μg⋅m–3 for PP10 and PP30, respectively, via a photo-chemical method caused by ultraviolet (UV) rays. It is followed by the dehydration of the generated intermediate symmetrical molecule leading to an intramolecular cyclization giving 3,4-dimethyl-2,5-furanedione (118 ± 32 μg⋅m–3 for weathered PP30).
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FIGURE 5. Proposed reaction pathways of furan derivatives.


The reaction (2) occurs through the establishment of a keto-enolization equilibrium thermodynamically driven between the keto and enol forms of 4-hydroxy-4-methyl-2-pentanone (Figure 5). Moreover, this ketone was detected at an extremely high concentration after weathering (until almost 3000 μg⋅m–3 for PP30 after 12 months), especially for biocomposites. Then, the attack of the enone form via C=C hydroformylation by carbon monoxide leads to an instable compound formation. Its further hydrolysis induces a cyclopropane ring-opening. Thus, these two previous steps lead to the functionalization of a formic acid group. Then, two successive dehydrations firstly induce a cyclization into 2-furanone structure. After, the dehydroxylation in the 3-position induces a double bond formation to generate 2,4,4-trimethylbut-2-enolide. This volatile compound was emitted at the highest concentration of the 2-furanones group after one year of weathering. Indeed, since the group of 2-furanones products was emitted at 3285 ± 666 μg⋅m–3 by PP30 weathered for one year, 2,4,4-trimethylbut-2-enolide accounted for almost 40% (1314 ± 30 μg⋅m–3) for PP30 weathered for one year. This can be explained by the extremely high concentration of the 4-hydroxy-4-methyl-2-pentanone reactant previously mentioned, giving way to the formation of 2,4,4-trimethylbut-2-enolide.

1-(2,4-dimethyl-furan-3-yl)-ethanone, whose generation (1063 ± 243 μg⋅m–3 for PP30 and 1807 ± 149 μg⋅m–3 for PP10) is explained in pathway (3) of Figure 5, implies the reaction between propionic acid and 2,4-pentanedione, two volatile compounds emitted in high quantities. Indeed, propionic acid was emitted at almost 800 and 1400 μg⋅m–3 for PP10 and PP30, respectively, and a concentration of almost 7300 μg⋅m–3 of the 2,4-pentanedione was recorded for the two biocomposites after one year. The highly reactive C = C formed through keto-enolization tautomerism of propionic acid is opened by C3 of the diketone. Then, a further keto-enolization of the intermediate compound hydroxydiketone derivative is established and precedes dehydrations occurring in the final stage.

As regards reaction (4.1) shown in Figure 5, the esterification of crotonic acid favored by the condensation of ethanol hydrate hydroxyl group, a molecule easily generated from acetaldehyde hydration on crotonic acid, is followed by the removal of a water molecule. The C–C double bond initially present is opened after cyclization. This produces a 4-hydroxy-4,5-dimethyl-2-furanone. However, as it is difficult for the possible further dehydrogenation process to occur, the reaction (4.2) is an alternative to (4.1) that requires more energy than (4.2). This generates the previously explained structure (4-hydroxy-4,5-dimethyl-2-furanone) at the final stage. A similar esterification way of the diketone intermediate product, followed by a cyclization and dehydration, could explain its formation.

The same precursors as found in reaction (2) may be responsible for the 5-hydroxy-3,3,5-trimethyl-2-furanone formation [pathway (5) of Figure 5]. Indeed, the dehydration and hydroformylation of the methylpentanone due to its reactions with CO and O2 lead to methyl substituted levulinic acid generation, a well-known biomass derivative (Al-Shaal et al., 2015), that finally cyclizes after its keto-enolization.

Some of these reactions may require high energy conditions to occur. However, the biomass inorganic part contains metals which could catalyze these reactions (Nowakowski and Jones, 2008).



Lignin Degradation


Primary Decomposition

Two methoxy-substituted phenols, vanillin and 4-vinylguaiacol, were emitted by non-weathered biocomposites. These two compounds are thought to originate from a primary decomposition of lignin favored in the heating conditions of ferulic acid, a well-known by-product evolving from lignin degradation, but not identified in this study (Coghe et al., 2004; Peleg et al., 1992).

Firstly, decarboxylation of ferulic acid may cause the formation of vinylguaiacol through (1.1) pathway (Figure 6; Coghe et al., 2004). Indeed, it is reported that temperatures ranging from 100 to 250°C (including the process temperature) cause severe damage to natural fibers’ chemical structure through depolymerization, dehydration, or decarboxylation (Gassan and Bledzki, 2001). Vanillin is known to originate from the oxidation of 4-vinylguaiacol issued from lignin (1.2). The literature also proposed vanillin arises through the hydrolysis of the ferulic acid by-product (2.1) (Peleg et al., 1992). A further deacetylation could induce the formation of vanillin (2.2). This pathway could occur more easily than the vinylguaiacol or eugenol oxidation. Indeed, even if the decarboxylation consists in a naturally occurring step, the oxidation of carbon-carbon double bond must be catalyzed. Moreover, it has been shown that (2) pathways preferentially occur for obtaining vanillin than (1) ones (Peleg et al., 1992). Otherwise, the presence of metalloproteins containing iron, copper, and manganese might catalyze the by-products formation (Pollegioni et al., 2015).
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FIGURE 6. Lignin primary by-products decomposition.




Secondary Decomposition

3,5-dimethylphenol (3,5-xylenol) was continuously emitted by biocomposites during the weathering. It rose from 94 ± 30 μg⋅m–3 after 1 month to 471 ± 75 μg⋅m–3 (PP30) after 12 months of exposition for PP30. At high temperatures, these alkylated phenols are formed by C–O radical cleavage of the methoxy group and further coupling of phenolic radical with the methyl radical group (Wittkowski et al., 1992). However, alkylphenols can appear easily only under pyrolysis conditions of lignin allowing alkylation. In our study, the temperature conditions are not favorable enough to trigger methylation. Nevertheless, as discussed previously, several factors could still contribute to alkylphenols sourcing. Indeed, brown and white-root fungi are recognized to be able to demethoxylize lignin (Lopretti et al., 1998). Moreover, UV radiation leading to demethoxylation (Hon and Chang, 1984; Srinivas and Pandey, 2012) may explain the formation of xylenol emitted only once biocomposites were exposed to climatic conditions. In this work, it has been assumed that this abstraction can give way to combinations between methyl radicals issued from the demethylation of lignin allowed by O-demethylase enzymes active before the hemp fibers process (Peng et al., 2002) and phenol radical. Moreover, enzymes present in lignin and included in proteins could play the role of natural biocatalysts of these reactions before the process of biocomposites (Pollegioni et al., 2015). In addition, the retting process could favor micro-organisms formation, thereby accelerating by-products generation.



CONCLUSION

Since biocomposites are becoming more and more integrated in vehicles, knowledge about their aging and related mechanisms is needed. Therefore, the aim of this work was to rely on the structure of VOCs issued from non-weathered and under-glass-weathered PP and hemp fibers reinforced biocomposites to understand their degradation pathways. Reaction schemes were proposed according to volatile products that were identified in this study accordingly to an original and non-destructive sampling method.

Firstly, it was assumed that the primary decomposition of holocellulose and lignin in hemp fibers occurred at a non-weathered state whereas secondary decomposition was favored at a weathered state. Mainly 2- and 5-substituted furans were emitted by non-weathered biocomposites. Since the same precursors and the same nitrogen-containing chemicals evolved from non-weathered vegetal fibers decomposition as food thermal degradation, Maillard mechanism could be extrapolated to this study. 3-, 4-, and 5-substituted furanones were preferentially emitted after weathering. Some reactions between volatile products were proposed: they mainly involved keto-enolization, dehydration, and cyclization mechanisms. As regards lignin decomposition, methoxyphenols, detected at a non-weathered state, were explained by hydration and oxidation whereas dimethylphenol, evolved from weathered biocomposites, could originate from radical reactions.

However, the reactions implying dehydrogenation that produce 4,5-dimethyl-5-hydroxy-2-furanone (cellulose) and oxidation of vinyl specie to give vanillin (lignin) need highly favorable conditions to occur. Thus, activation energy calculation of the proposed reactions could be further modeled to check their occurrence feasibility. Also, the precise role of proteins and enzymes in carbohydrates and lignin degradation must be more deeply investigated. Additives such as light stabilizers or antioxidants incorporated in the materials can be used to limit dehydrations inducing sugar ring-opening and the impact of exposition to UV rays and high temperatures.
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