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The increasing food waste production calls for developing efficient technologies for its treatment. Anaerobic processes provide an effective waste valorization. The influence of the initial substrate load on the performance of batch dry anaerobic co-digestion reactors treating food waste and cardboard was investigated. The load was varied by modifying the substrate to inoculum ratio (S/X), the total solids content and the co-digestion proportions. The results showed that the S/X was a crucial parameter. Within the tested values (0.25, 1 and 4 gVS• gVS -1 ), only the reactors working at 0.25 produced methane. Methanosarcina was the main archaea, indicating its importance for efficient methanogenesis. Acidogenic fermentation was predominant at higher S/X, producing hydrogen and other metabolites.

Higher substrate conversions (≤48 %) and hydrogen yields (≤62 mL•gVS -1 ) were achieved at low loads. This study suggests that different value-added compounds can be produced in dry conditions, with the initial substrate load as easy-to-control operational parameter.

Introduction

The production of food waste (FW), which can be defined as the mass of food lost or wasted during the part of the food supply chains leading to edible products for human consumption, is a global problem [START_REF] Gustavsson | Global food losses and food waste: Extent, causes and prevention[END_REF]. Currently, about 1.3 billion tons of food (one third of the production for human consumption) is wasted every year (FAO, 2012). Moreover, this number is expected to increase in the coming years due to economic and population growth, particularly in developing countries. On a global scale, the production of urban FW is expected to increase by 44 % from 2005 to 2025 [START_REF] Melikoglu | Analysing global food waste problem: pinpointing the facts and estimating the energy content[END_REF]. In Europe, this raise is expected to be from 89 million tons in 2006 to 126 million tons in 2020 [START_REF] Monier | Preparatory study on food waste across EU 27[END_REF].

Nowadays, most of the FW is disposed in landfills or incinerated, practices associated with different issues, such as rising costs of waste disposal, lack of space, leaching, public environmental concern and emission of toxic and greenhouse effect gases [START_REF] Curry | Biogas prediction and design of a food waste to energy system for the urban environment[END_REF]; Uçkun Kiran and Liu, 2015). Therefore, it is necessary to develop and optimize technologies that allow a proper treatment of this biowaste. Anaerobic processes stand as a well-established technology that permits an effective and environmental-friendly treatment of waste and its valorization in the form of several products, such as biomethane, biohydrogen, alcohols or volatile fatty acids (VFAs) [START_REF] Banks | Trace element requirements for stable food waste digestion at elevated ammonia concentrations[END_REF][START_REF] Kim | Effect of acid-pretreatment on hydrogen fermentation of food waste: Microbial community analysis by next generation sequencing[END_REF]Wang et al., 2015). Particularly, anaerobic digestion (AD) in dry conditions (> 20 % total solids; TS) is a promising alternative, due to several advantages when compared to wet digestion, e.g. lower water requirement and/or smaller reactor volume [START_REF] Karthikeyan | Bio-energy recovery from high-solid organic substrates by dry anaerobic bio-conversion processes: a review[END_REF]. However, AD of FW is a complex process, associated in many cases with the accumulation of ammonia and VFAs, leading to inefficient performances and even to process failure Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource simultaneous treatment of two or more substrates, has been proved to be an economically feasible option to overcome these complications [START_REF] Dai | Simultaneous enhancement of methane production and methane content in biogas from waste activated sludge and perennial ryegrass anaerobic co-digestion: The effects of pH and C/N ratio[END_REF][START_REF] Lin | Effects of mixture ratio on anaerobic co-digestion with fruit and vegetable waste and food waste of China[END_REF]. Codigestion may favor the methanogenic/acidogenic processes by balancing the nutrient and carbon contents, diluting inhibitory compounds, adjusting the moisture content or increasing the buffering capacity of the system (Mata-Alvarez et al., 2011). Particularly for FW dry AD, a suitable co-substrate should have a high C/N ratio, a high TS content and provide enough buffering capacity to avoid sudden pH drops. Paper/cardboard waste (CB) fulfills all these requirements, with negligible N contents, having high buffering capacities and TS contents and being slowly biodegradable. In addition, CB is a particularly convenient co-substrate for centralized co-digestion with commercial FW in urban areas, where FW and CB are usually the main organic solid waste streams [START_REF] Kim | Continuous high-solids anaerobic co-digestion of organic solid wastes under mesophilic conditions[END_REF]; Y. Zhang et al., 2012). To give an idea of the importance of CB waste streams, in a study dealing with the composition of municipal solid waste in different countries in the 90s, paper and cardboard waste represented up to 36.8 % of the total municipal waste [START_REF] Hogg | Economic analysis of options for managing biodegradable municipal waste, Final Report to the European Commission[END_REF].

Besides the great potential of this option, few studies have been carried out to assess the 4 with a co-digestion ratio FW:paper of 7:1 g TS•g TS -1 . To our knowledge, no other study has been performed dealing with FW and CB co-digestion at high TS contents. In addition, no study has been performed to optimize critical variables for dry co-digestion of FW and CB, such as the substrate load, the co-digestion ratio or the TS contents. Moreover, taking into account the huge variability of the FW characteristics worldwide, producing comparable experiments (always supplying extensive characterizations of the substrates and the inoculum) is much more important than when using more simple/homogeneous substrates.

Accordingly, the aim of this study was to evaluate the feasibility of FW valorization by dry anaerobic co-digestion with CB using batch systems, which allowed testing different conditions simultaneously. More precisely, the influence of the initial FW load (varied by modifying the substrate to inoculum ratio (S/X), the TS content and the FW:CB proportions)

on the performance of a dry batch anaerobic co-digestion system using CB as sole stabilization agent, was investigated for the first time. In addition, the physicochemical characteristics of the substrates and the microbial communities in the reactors were studied extensively.

Materials and methods

Substrate and microbial inoculum

A model FW was prepared according to the VALORGAS report (VALORGAS, 2010) and used as substrate (Table 1). The FW mixture was finely milled and blended to ensure its homogeneity. Compact cardboard (branded ''Cartonnages Michel'') with a density of 1.42 kg•m -3 was shredded to less than 1 mm and used as co-substrate.

The microbial inoculum consisted on a mixture of (i) a centrifuged granular sludge issued from a mesophilic industrial UASB reactor treating sugar factory effluents and (ii) a dried digestate originated from a thermophilic industrial plant treating the organic fraction of resulted in a very particular inoculum, this was the only possible way to achieve the desired TS contents in the reactors. This allowed elucidating clearly the influence of this parameter on the AD process. In addition, the dried digestate added was the source of solids closest to those that can be found in a regular high-solid digestate.

Dry batch anaerobic co-digestion

The batch assays were carried out in flasks with a total volume of 600 mL. The initial FW concentrations in the reactors were adjusted by modifying the initial TS content (20, 27.5 and 35 %), the S/X (0.25, 1 and 4 g VS•g VS -1 ) and the FW:CB co-digestion ratio (80:20, 65:35 and 50:50 g TS•g TS -1 ). Thirteen different combinations of these independent variables were defined following an optimal statistical design and varying the initial FW load from 26.4 to 252 g VS•L -1 (Table 2). After addition of all the components needed (i.e., FW, CB, inoculum and tap water), the flasks were sealed and the volume of the headspace was accurately determined by measuring the pressure in the vessel before and after adding a known volume of gas. The reactors were then flushed with nitrogen to ensure anaerobic conditions and incubated at 35 °C for a maximum of 98 days. Such a long incubation period was necessary to account for the long lag phases in the methane production observed in some reactors. To correct the endogenous contribution to the biogas from the inoculum, three blanks (one per TS content) were carried out. Each condition was performed in triplicate. 

Analytical methods

Physicochemical characterization of the substrates

Gas quantification and analysis

The amount and composition of the biogas produced were determined as previously described by [START_REF] Cazier | Biomass hydrolysis inhibition at high hydrogen partial pressure in solid-state anaerobic digestion[END_REF]. The volumes were normalized (at 0 °C and 1013 hPa) and the endogenous respiration was considered by subtracting the gas generated in the blanks.

Analysis of metabolites and final products of the digestion

The concentrations of VFAs, ionic species and other metabolic products (i.e. lactic acid or 

Microbial community analysis

Samples of the initial inoculum and from the batch reactors at the end of the experiments were analyzed to determine the structure of the microbial communities. Polymerase Chain Reaction (PCR), quantitative PCR (qPCR) and DNA sequencing techniques were used. A precise description of the methodology employed can be found elsewhere [START_REF] Moscoviz | Consistent 1,3-propanediol production from glycerol in mixed culture fermentation over a wide range of pH[END_REF].

Data analysis

To evaluate the existence of significant statistical differences between comparable experiments, one-way ANOVA tests were computed. When the differences were found to be significant (α = 0.05), Tukey's Post Hoc tests were performed to compare means.

Non-linear regression analyses were performed to adjust some of the obtained data to theoretical models and linear correlations between variables were investigated. The least squares method was used in both cases. 

NH ଷ = NH ସ ା • ೌ ቀଵ షಹ •ቂ ಼ ೌ భబ షಹ ାଵቃି ೌ ቁ
Eq. 1

where K a has a value of 1.097•10 -9 (35 °C) and the concentrations are expressed in mg•L -1 .

In order to investigate the relationships between the initial working parameters (TS content, S/X and FW:CB ratio) and the fermentation products, a Principal Component Analysis (PCA) was carried out. The mixOmics R software package was used to perform the PCA.

All the analyses were computed using the statistical software R 3.2.2 (The R Foundation for Statistical Computing, Vienna, Austria). A significance level value of 5 % (α = 0.05) and N = 3 were used when needed.

Results and discussion

Characterization of substrates

Table 3 shows the characteristics and the composition of both substrates. The synthetic FW was mainly composed of carbohydrates (697 g•kg TS -1 ), with a TS content of 21. 

Performance of the dry anaerobic digestion reactors

The performances of the reactors varied widely according to their initial conditions (i.e. S/X, TS content and FW:CB ratio). Figure 1 presents a summary of the main results obtained, including the final distribution of metabolic end-products, the final pH values and the final substrate conversion according to the initial load of FW. In this graphic, the vertical axis on the left represents the distribution of products (i.e., gas and soluble metabolites) at the end of the experiments (in COD %) and the vertical axis on the right stands for the substrate conversion. This conversion variable is the result of the sum of the metabolites obtained at the end of the experiment (in COD units) divided by the biodegradable COD of the added substrates (COD bio ), estimated from the BMP tests of both substrates. In Figure 1, these two variables are plotted together with the initial food waste concentration in the reactors (g VS•L - 1 ). In addition, to underline the importance of the S/X, the reactors were grouped according to this operating parameter (grey rectangular lines).

As it can be appreciated, the substrate conversion was greatly affected by the initial load of FW, observing generally a decreasing trend in the conversion when increasing the FW concentration. These lower conversions at higher FW concentrations occurred likely due to acidification of the reactors, which decreased the final pH of the system (top of Figure 1) and led to modifications in the metabolic pathways. These differences are evident when paying attention to the composition of the final products (Figure 1). In the reactors with an S/X of 0.25 g VS•g VS -1 , the final pH was always above 8.0 and methane and carbon dioxide were the only products obtained. These conditions showed the highest substrate degradations, ), the final pH was always below 5.5 and no methane was produced. In those conditions, dark fermentation (AD stopped after generation of acids; DF) took place, accumulating hydrogen and different metabolites instead of methane. Basically, at S/X higher than 0.25 g VS•g VS -1 the alkalinity of the medium was not sufficient to avoid a pH drop when VFAs started to accumulate at the beginning of the AD process, which led to inhibition of the archaea. Thus, the main operating parameter affecting the pH in the reactors, and therefore the metabolic pathways, was found to be the S/X.

Methane production at low S/X (0.25 g VS•g VS -1 )

The obtained results showed that in the reactors with S/X of 0.25 g VS•g VS -1 , efficient methanogenesis occurred. In those systems, the methane yields were always over 67 % of the BMP (estimated by addition of the BMPs for FW and CB). For reactors 2, 3 and 4, these values were around 100 %, indicating a maximal conversion of the substrate. However, as shown in Figure 1, the substrate conversions and the methane yields were not equal for all the methanogenic reactors. The evolution of the methane yields during the experiments, shown in A change in the structure of the microbial community could also explain the lower methane yields, as a greater amount of substrate would be used for microbial growth and adaptation. However, although they may contribute, the obtained differences in the microbial growths only cannot explain the significantly lower methane yields obtained (considering the COD consumed). In addition, also the synthesis of other compounds such as soluble microbial products or extrapolymeric substances may have reduced the methane yields. Interestingly, other authors have also reported lower methane yields after initial acidification (with the consequent lag phases) using FW as substrate for wet AD. Liu et al. ( 2009) obtained lower biogas yields (from 716 to 358 mL CH 4 •g VS -1 ) at higher S/X (from 1.6 to 3.1 g VS•g VSS -1 )

for co-digestion of FW and green waste due to more pronounce acidifications at high loads.

As they did not find signs of residual VFAs present at the end of the digestion, they hypothesized that either the acidogenesis or the hydrolysis steps were jeopardized at high S/X. and slowing down the kinetics of the methanogenesis. An optimum combination of the TS content of the system and the FW:CB proportions of the substrate remains to be found.

At this point, it must be mentioned that the physicochemical characteristics of the inoculum are also of critical importance. The results presented in this study were obtained using an inoculum with relatively high TS and VS contents, meaning that the initial substrate concentrations for a defined S/X were also relatively high. This led to a system easier to acidify when compared to other processes using an inoculum with lower contents of solids and higher alkalinities. A previously adapted inoculum with a higher proportion of Methanosarcina and lower initial TS content should be tested at different S/X. This would allow the optimization of the AD process as well as the comparison of experiments using different inoculums. In addition, optimal combinations of the FW:CB ratio and the TS content at different S/X should be found to assess the impact of these operating parameters at different loads.

Production of hydrogen and metabolites at high S/X (1 and 4 g VS•g VS -1 )

In the reactors with an S/X higher than 0.25 g VS•g VS -1 (i.e. 1 and 4 g VS•g VS -1 ), no methane was produced and a much lower substrate conversion was achieved (Figure 1).

Moreover, the substrate conversion was found to be negatively correlated to the initial FW concentration. As shown in Figure 4A, the final substrate conversion showed a decreasing trend when increasing the FW charge.

In these reactors, the hydrogen yields ranged from 22.1 to 61. In fact, lactate accumulation was found to be the reason for the decreasing hydrogen yields in the reactors with an S/X of 4 g VS•g VS -1 [START_REF] Motte | Total solids content: a key parameter of metabolic pathways in dry anaerobic digestion[END_REF]. A directly proportional correlation was found between the lactate concentrations and the initial FW concentration (R 2 of 0.944). This means that less substrate was available for hydrogen production and, moreover, as lactic acid has a relatively low pKa (3.08), the accumulation of this compound affected greatly the pH, favoring the acidification of the medium. In the reactors with an S/X of 1 g VS•g VS -1 , the production of lactic acid was observed only in the 2 most heavily charged reactors (number 10 and 11), showing also the lowest hydrogen yields. Moreover, it was also observed that the ratio butyric/acetic acid increased linearly with the FW charge in those conditions (R 2 of 0.914). As butyric acid production yields less hydrogen than that of acetic acid (Eqs. 4 and 5) [START_REF] Ghimire | A review on dark fermentative biohydrogen production from organic biomass: Process parameters and use of by-products[END_REF], an increase of this ratio represents a detriment on the hydrogen yields when homoacetogenesis (Eq. 6; Batstone et al., 2002) does not take place. Thus, the metabolic shift towards butyric acid production instead of acetic acid was responsible for the decreasing hydrogen yields in the reactors with an S/X of 1 g VS However, special attention must be paid when considering the butyric/acetic acid ratio.

Although this ratio has been reported to be a good indicator of the biohydrogen yields associated with the metabolic pathways followed [START_REF] Khanal | Biological hydrogen production: effects of pH and intermediate products[END_REF], controversy exists when applying this approach [START_REF] Ghimire | A review on dark fermentative biohydrogen production from organic biomass: Process parameters and use of by-products[END_REF]. The reason for that is that, if homoacetogenesis takes place, hydrogen is also consumed for production of acetic acid.

Therefore, some authors have found direct correlations between the hydrogen yields and the yields of butyric acid, and not those of acetic [START_REF] Guo | Predictive and explicative models of fermentative hydrogen production from solid organic waste: Role of butyrate and lactate pathways[END_REF]. Thus, our results suggest that, in these experiments, homoacetogenesis did not occur in a great extent.

Finally, another possible explanation for the lower substrate conversion at higher FW loads is inhibition of hydrolysis due to local accumulation of hydrogen (Abbassi-Guendouz et al., 2012; [START_REF] Cazier | Biomass hydrolysis inhibition at high hydrogen partial pressure in solid-state anaerobic digestion[END_REF], an issue that has been previously reported at high TS contents.

To evaluate the general influence of each initial working parameter (TS content, S/X and FW:CB ratio) on the synthesis of the different products, a PCA analysis was carried out: the products were expressed as g COD•g COD bio -1 , the TS content in %, the S/X in g VS•g VS -1 , the FW:CB ratio in g TS•g TS -1 and the initial FW concentration in g VS•L -1 . Figure 5 shows the corresponding correlation circles. As it can be observed, both the TS content and the FW:CB ratio of the substrate (as well as the initial FW concentration) were negatively correlated to the hydrogen yield and positively correlated to the yields of lactate and nondegraded sugars (glucose, fructose, xylose and lactose) left in the media. In agreement with equations 4 and 5, the hydrogen yield was correlated to the production of acetic acid.

Surprisingly, it was also positively related to the ethanol and the caproic acid yields, meaning that probably equation 7 [START_REF] Ghimire | A review on dark fermentative biohydrogen production from organic biomass: Process parameters and use of by-products[END_REF] was a mayor pathway for the production of ethanol.

Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. However, the yields of these two products in the reactors (and therefore their final concentrations) were of minor importance when compared to others, such as acetic or butyric acids.

In accordance to equations 8 and 9 [START_REF] Motte | Total solids content: a key parameter of metabolic pathways in dry anaerobic digestion[END_REF], the yields of valeric and caproic acids were strongly correlated to the yields of ethanol (for both) and those of propionic and butyric acids, respectively.

CH 3 CH 2 OH + CH 3 CH 2 COOH → CH 3 CH 2 CH 2 CH 2 COOH + H 2 O Eq. 8 CH 3 CH 2 OH + CH 3 CH 2 CH 2 COOH → CH 3 CH 2 CH 2 CH 2 CH 2 COOH + H 2 O Eq. 9
These results were in agreement with the previous statements, showing that the increasing FW concentrations led to greater degrees of acidification, decreasing the pH, raising the lactate yields and jeopardizing the hydrogen production. The yields for the different metabolites were also in accordance with the literature (Wang et al., 2015). Maximum yields of 0.127, 0.231, 0.121, 0.0612 and 0.0295 g COD•g COD bio -1 for acetic acid, butyric acid, lactic acid, caproic acid and ethanol respectively, suggest that FW could be used for production of these valueadded products at a large scale. Due to the aforementioned acidification effect, greater yields of all the organic acids other than lactate were observed at S/X of 1 g VS•g VS -1 when compared to the S/X of 4 g VS• g VS -1 . In the reactors with an S/X of 1 g VS•g VS -1 , increasing the FW load decreased the acetic acid yields, increasing at the same time those of butyric, valeric and caproic acids and ethanol.

The results shown above suggest that a two-stage system coupling DF and AD, with an intermediate extraction process for recovery of value-added metabolites (therefore not entering the AD system) is an interesting option that should be tested using FW and CB as substrates. In the first stage, as hydrogen and organic acids are to be produced, high S/X should be applied, aiming at the optimal conditions (i.e. FW:CB ratios and TS %) to obtain

Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 18 the highest yields of the desired products. After recovery of the useful products, the remaining COD leaving the DF process (between 50 to 85 % of the input COD bio ) could enter the AD stage (at much lower loads) for final waste treatment and stabilization, producing methane at the same time. This is a very interesting option in urban areas, where FW and CB are the main components of solid waste. In addition, these wastes are generally taken to the same treatment facilities, which facilitates their centralized co-digestion.

Finally, the microbial communities in the reactors where DF took place (S/X of 1 and 4 g VS•g VS -1 ) were also analyzed. The concentrations of microbial OTUs at the end of the experiments were lower than those found in the reactors where AD occurred. While in the methanogenic reactors the average concentration of bacterial 16S OTUs was 4.25•10 10

OTUs• gr -1 , this value was 5.80•10 9 OTUs•gr -1 for the DF reactors. This might be explained by the much lower substrate conversion obtained by DF when compared to AD, which was translated into a lower microbial growth. Moreover, as methanogenesis did not occur in those systems, negligible amounts of archaeal OTUs were detected. Regarding the composition of the bacterial communities in these reactors, the relative abundance of OTUs is shown in Figure 6. The predominant order in all the reactors at the end of the DF was Clostridiales, with proportions ranging from 61 % to 93 %. The abundance of Clostridiales was much lower in the inoculum (13 %), indicating a clear microbial selection towards the growth of these microorganisms. Moreover, the microbial diversity was also much lower after the fermentation (see "Others" in Figure 6) and barely no Anaerolineales (important in the inoculum and after AD, see Figure 3) were detected. The relevance of Clostridiales for DF has been previously presented in the literature [START_REF] Ghimire | A review on dark fermentative biohydrogen production from organic biomass: Process parameters and use of by-products[END_REF], which confirms that these bacteria were the main responsible for the production of hydrogen and other metabolites. 34
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Highlights

• The initial substrate to inoculum ratio is a critical parameter in dry anaerobic co-digestion

• Methanogenesis was favored at low substrate to inoculum ratios (0.25 g VS•g VS -1 )

• Methanosarcina as main archaea after digestion

• Efficient acidogenic fermentation occurred at higher substrate to inoculum ratios

• Lower hydrogen yields at higher food waste loads

  feasibility of FW and CB dry co-digestion. Zhang et al. (2012) co-digested FW and CB in wet AD at a ratio 53:47 g VS•g VS -1 , achieving effective methane production at a load of 3 g VS•L -1 •d -1 and proving that CB addition led to less accumulation of ammonia and VFAs. In a recent study, Asato et al. (2016) co-digested FW and CB (wet AD) at different COD loads and co-digestion proportions. They concluded that concentrations of FW ≥ 18.75 g COD•L -1 caused inhibition, while mixtures with ≥ 75 % of CB avoided failure of methanogenesis. In dry conditions, Kim and Oh (2011) achieved a stable methane production (up to 260 ml CH 4 • g COD -1 •d -1 ) without significant VFA accumulation at OLRs up to 10 g TS•L -

  ethanol) were measured according to Cazier et al. (2015) and Motte et al. (2013).

8 Equation 1 ,

 81 The experimental data corresponding to the methane production were fit to the Gompertz equation(Zwietering et al., 1990) to estimate the kinetic parameters of the process. Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 derived from Chen et al. (2014), was used to calculate the concentration of free ammonia nitrogen (FAN) as a function of the pH, the temperature (T) and the total ammonia concentration (TAN) in the media.

Figure 2 ,

 2 Figure2, may help to understand this behavior. The reactors with loads of 26 g VS•L -1 (26A) and 47 g VS•L -1 (rectors 1 and 5) showed significantly lower final yields after 98 days of operation (varying from 409.3 mL CH 4 •g VS -1 in reactor 3 to 306.9 mL CH 4 •g VS -1 in reactor

11 Figure 3

 113 Figure3presents the results of the microbial analysis for the reactors producing methane (with an S/X of 0.25 g VS•g VS-1 ). As shown in Figure3A, representing the relative

  Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 13 In addition, Kawai et al. (2014) studied the mono-digestion of FW at different loads, concluding also that the S/X was inversely proportional to the methane yield due to reversible initial VFA accumulation. Furthermore, they achieved yields over 400 mL CH 4 •g VS -1 only at S/X lower than 1.0 g VS•g VS -1 . They attributed the lower yields to the initial pH drop caused by the initial accumulation of VFAs. In this study, no residual VFAs were detected after AD. The fate of the COD not becoming VFAs nor methane in FW AD after long lag phases (and initial VFA accumulations) must be elucidated and further research should be performed on this topic. Hypotheses that can be drawn to explain the lower methane yields after VFA accumulation are lower degrees of hydrolysis or more intense synthesis of soluble microbial under stressful AD conditions, such us high VFA concentrations or relatively low pH values.The long lag phases in the methane production occurring in reactors 1 and 5 might have been caused by a more intense initial acid accumulation, due to: (i) the high proportion of FW in the substrate in reactor 1 (only reactor producing methane with 80 % of FW in the experimental design) and (ii) the high FW load and TS content in reactor 5 (47 g VS FW•L -1 and 35 % TS). These characteristics may have caused a rapid increase in the VFAs concentrations during the first days in both reactors. In reactor 1, the FW concentration was low due to dilution with water, which did not supply any extra alkalinity to the medium. In addition, this reactor had the lowest proportion of CB, which might have also led to a lower alkalinity when compared to the other reactors and might have also favored a faster VFA accumulation at the beginning of the AD process. In addition, as demonstrated by Abbassi-Guendouz et al. (2012), increasing the TS contents may cause the first-order hydrolysis rates to decrease in batch experiments. Thus, in the case of reactor 1, its low TS content (20 %) may also have prolonged the acidification effect due to faster hydrolysis kinetics. However, as the high TS content (and associated FW concentration) in reactor 5 might have been responsible for the lag phase, it can be hypothesized that both the TS content and the substrate Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 14 composition might have led to excessive VFAs concentrations, decreasing the methane yields
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 123456 Figure 1. Distribution of metabolic end-products and substrate conversion according to the initial concentration of FW. The initial S/X and the final pH values are also presented Figure 2. Methane yields in the reactors with an S/X ratio of 0.25 g VS•g VS -1 (1 to 5). The legend represents the initial food waste concentrations (g VS•L -1 ) applied Figure 3. Relative abundance of Archaeal OTUs (A), concentrations of archaeal 16S OTUs (B) and concentrations of bacterial 16S OTUs (C) in the inoculum and in reactors 1 to 5 (S/X of 0.25 g VS•g VS -1 ) at the end of the batch experiments. NA stands for "not applicable" Figure 4. Influence of the initial FW concentration on the substrate conversion (A) and the hydrogen yields (B) in the reactors 6 to 13 (S/X of 1 and 4 g VS•g VS -1 ) Figure 5. Correlation circle of the initial working parameters and the final yields of metabolites. It is based on the projection in plans formed by the two first principal components, accounting for 72.5 % of the variance Figure 6. Relative abundance of Bacterial OTUs in the inoculum and in reactors with S/X of 1 and 4 g VS•g VS -1 at the end of the batch experiments
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  Agyeman and Tao, 2014; Dai et al., 2013; El-Mashad and Zhang, 2010; Owamah and Izinyon, 2015; Wan et al., 2013; Wang et al., 2014; L. Zhang et al., 2012). Co-digestion, i.e.

Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 3 (

  used only to increase the TS content. This latter digestate was dried at 105 °C for at least 24 h and the resulting material was finely milled and sieved at 1 cm. Both fractions were mixed in a proportion 1:2 (wet weight basis), to obtain a final TS content of 74.19 % (59.06 % VS/TS; VS standing for volatile solids). This high TS proportion of the inoculum allowed starting the reactors with TS contents up to 35 %. Although this process
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  This occurred due to a greater accumulation of organic acids and alcohols in the reactors at higher charges of substrate, which led to changes in the pH of the system, modifying the microbial pathways followed. At low pH values (∼5.0), non-hydrogen producing pathways, such as those related to ethanol and lactate production (Eqs. 2 and 3;

	Batstone et al., 2002) were favored.	
	C 6 H 12 O 6 → 2CH 3 CH 2 OH + 2CO 2	Eq. 2
	C 6 H 12 O 6 → 2CH 3 CHOHCOOH	Eq. 3
	2 mL•g VS -1 . The highest values
	obtained were in agreement with results presented in the literature (Ghimire et al., 2015),

confirming an efficient FW conversion by DF. As for the substrate conversion, a generally decreasing trend was found when plotting the obtained hydrogen yields against the FW Comment citer ce document : Capson-Tojo, G., Trably, E., Rouez, M., Crest, M., Steyer, J.-P., Delgenès, J.-P., Escudié, R. (Auteur de correspondance) (2017). Dry anaerobic digestion of food waste and cardboard at different substrate loads, solid contents and co-digestion proportions. Bioresource Technology, 233, 166-175. DOI : 10.1016/j.biortech.2017.02.126 15 concentration.

  H 12 O 6 + 2H 2 O → CH 3 COOH + CH 3 CH 2 OH + 2CO 2 + 2H 2 Eq. 7
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	4. Conclusions
	By varying the selected operational parameters, different metabolic pathways occurred. The
	S/X was a critical parameter, affecting the pH due to lack of alkalinity and thus affecting the
	19 final products. Efficient methane production was achieved at low S/X (0.25 gVS•gVS -1 ), with Methanosarcina as essential archaea for AD. At higher S/X, hydrogen and metabolites were produced, obtaining lower substrate degradations. For DF, higher TS contents, FW:CB or S/X resulted into lower degradations and greater lactate proportions, decreasing the hydrogen yields. This study shows that different value-added compounds can be produced in dry conditions by anaerobic co-digestion of FW and CB. 835. 40. Wan, S., Sun, L., Douieb, Y., Sun, J., Luo, W., 2013. Anaerobic digestion of municipal solid waste composed of food waste, wastepaper, and plastic in a single-stage system: Performance and microbial community structure characterization. Bioresour. Technol., 146, 619-627. 41. Wang, M., Sun, X., Li, P., Yin, L., Liu, D., Zhang, Y., Li, W., Zheng, G., 2014. A novel alternate feeding mode for semi-continuous anaerobic co-digestion of food waste with chicken manure. Bioresour. Technol., 164, 309-314. 42. Wang, Q., Jiang, J., Zhang, Y., Li, K., 2015. Effect of initial total solids concentration on volatile fatty acid production from food waste during anaerobic acidification. Environ. Technol., 36, 1884-1891. Comment Chem. 46, 829-43. Zhang, L.,
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Table 1 .

 1 Components of the model food waste

	Component	Ingredient	Proportion (% in wet basis)
		Apples	25.9
	Fruits and vegetables	Lettuce	25.9
		Potato	25.9
	Pasta/rice/flour/cereals	Couscous	4.80
	Bread and bakery	Bread	6.20
	Meat and fish	Chicken Beef	4.10 4.10
	Dairy products	Cheese	1.90
	Confectionery/snacks	Biscuits	1.50
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Table 2 .

 2 Experimental design used

	Reactor	TS content	Co-digestion ratio	S/X	Initial FW concentration
	number	(%)	(g TS• g TS -1 )	(g VS• g VS -1 )	(g VS•L -1 )
	1	20	80:20	0.25	26.4
	2	27.5	50:50	0.25	26.5
	3	27.5	65:35	0.25	33.4
	4	35	50:50	0.25	37.7
	5	35	65:35	0.25	47.0
	6	20	50:50	1	48.6
	7	20	65:35	1	62.0
	8	20	50:50	4	87.6
	9	20	65:35	4	113
	10	27.5	80:20	1	128
	11	35	80:20	1	161
	12	27.5	80:20	4	210
	13	35	80:20	4	252
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Table 3 .

 3 Characteristics and composition of the substrates

	Parameter/Element	Unit	Model Food Waste	Cardboard
	TS	% (w. b.)	21.6±0.7	92.7±3.7
	VS	% TS	96.2±0.1	77.5±0.2
	pH	Unit pH	5.60	7.10
	COD	g COD• g TS -1	1.37±0.05	1.19±0.05
	BMP	mL CH4• g VS -1	498±42	250±3
	NH4	g•kg TS -1	0.051	0.002
	TKN	g•kg TS -1	27.08±1.64	2.00±0.02
	TC	g•kg TS -1	442±7	366±6
	C:N	g•g -1	16.3	183
	Carbohydrates	g•kg TS -1	687±15	958±5
	Proteins	g•kg TS -1	169±10	0
	Lipids	g•kg TS -1	72.3±1.5	0
	Water soluble fraction *	%	66.6±0.3	8.5±0.9
	Soluble fraction *	%	11.5±0.9	11.8±1.3
	Hemicellulose fraction *	%	18.2±0.5	9.5±0.6
	Cellulose fraction *	%	2.0±0.2	52.1±0.3
	Lignin fraction *	%	0.7±0.1	10.7±0.1
	Ash fraction *	%	1.0±0.0	7.4±0.3
	Total P2O5	g•kg TS -1	7.02	0.45
	Total CaO	g•kg TS -1	3.80	68.2
	Total MgO	g•kg TS -1	1.21	1.88
	Total K2O	g•kg TS -1	14.6	< 0.53
	Total Na	g•kg TS -1	3.27	0.56
	B	mg•kg TS -1	7.49	14.4
	Co	mg•kg TS -1	< 9.07	< 8.55
	Cu	mg•kg TS -1	23.5	43.5
	Fe	mg•kg TS -1	421	866
	Mn	mg•kg TS -1	16.4	34.4
	Mo	mg•kg TS -1	0.408	0.976
	Zn	mg•kg TS -1	38.7	35.0
	Cd	mg•kg TS -1	< 0.186	< 0.175
	Cr	mg•kg TS -1	8.19	7.87
	Hg	mg•kg TS -1	0.012	0.013
	Ni	mg•kg TS -1	2.32	4.18
	Pb	mg•kg TS -1	< 4.59	14.8
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