Guillaume Schmidt 
  
Gwenaelle Trouve 
email: gwenaelle.trouve@uha.fr
  
Gontrand Leyssens 
  
Cornelius Schonnenbeck 
  
Alain Brillard 
  
Mohammad Ebrahim Olya 
  
Dorothée Dewaele 
  
Fabrice Cazier 
  
Gwenaëlle Trouvé 
  
Cornelius Schönnenbeck 
  
Mohammad Ebrahim Oyla 
  
Influence and modelling of wood washing on mineral and organic compositions of three woods (beech, fir and oak)

Keywords: wood washing, conductivity, minerals extraction, kinetic modelling

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Wood has become an important fuel for domestic heat generation, since the cost of fossil fuels is rising. The biomass combustion is nearly CO2 neutral. All households are incited to turn to the use of biomass as energy source for domestic heating. But wood combustion is well-known to be a source of fine particles (PM2.5) and gaseous compounds such as carbon monoxide (CO) or other incomplete combustion gas such as nitrogen oxides (NOx) or Non-Methane Volatile Organic Compounds (NMVOC) [START_REF] Ozgen | Emission factors from small scale appliances burning wood and pellets[END_REF][START_REF] Ineris | Evaluation de l'impact des appareils de chauffage domestique à bois sur la qualité de l'air intérieur et extérieur[END_REF][START_REF] Tissari | A novel field measurement method for determining fine particle and gas emissions from residential wood combustion[END_REF][START_REF] Pettersson | Stove Performance and Emission Characteristics in Residential Wood Log and Pellet Combustion, Part 2: Wood Stove[END_REF][START_REF] Boman | Stove Performance and Emission Characteristics in Residential Wood Log and Pellet Combustion, Part 1: Pellet Stoves[END_REF][START_REF] Schmidl | Particulate and gaseous emissions from manually and automatically fired small scale combustion systems[END_REF].

Nowadays, several techniques are developed to reduce pollutants from wood combustion.

Primary and secondary technologies must be distinguished: on the one hand, primary solutions focus on fuel quality and conception of stoves and boilers, on the other hand, secondary solutions focus on the post-treatment of fumes [START_REF] Ozil | The "zero-CO" domestic fireplace: a catalytic solution to reduce pollutants[END_REF][START_REF] Omara | Performance Evaluation of a Model Electrostatic Precipitator for an Advanced Wood Combustion System[END_REF][START_REF] Ghafghazi | Particulate matter emissions from combustion of wood in district heating applications[END_REF]. Secondary technologies largely dominate using technologies like electrostatic filter, catalytic filter, or cyclones [START_REF]Evaluation de solutions de réduction des émissions polluantes (gazeuses et particulaires) d'appareils de chauffages résidentiels alimentés à la biomasse -Etude bibliographique[END_REF][START_REF]Evaluation de solutions de réduction des émissions polluantes (gazeuses et particulaires) d'appareils de chauffages résidentiels alimentés à la biomasse -Résultats de l'étude des performances de systèmes commercialisés[END_REF]. Secondary technologies aim principally at reducing particle emissions, but some techniques like catalytic filter allow to also reduce gaseous emissions such as carbon monoxide and VOCs [START_REF]Evaluation de solutions de réduction des émissions polluantes (gazeuses et particulaires) d'appareils de chauffages résidentiels alimentés à la biomasse -Résultats de l'étude des performances de systèmes commercialisés[END_REF]. Concerning primary techniques, important efforts from the 2000's were done to complain with different National and European standards [START_REF] Afnor | NF EN 12809/A1 -Residential independent boilers fired by solid fuel -Nominal heat output up to 50 kW -Requirements and test methods[END_REF][START_REF] Afnor | NF EN 13240/A2 -Poêles à combustibles solides -Exigences et méthodes d'essai[END_REF][START_REF] Afnor | NF EN 14785 -Appareils de chauffage domestique à convection à granulés de bois -Exigences et méthodes d'essai -Appareils de chauffage domestique à convection granulés de bois[END_REF][START_REF] Verte | Le label Flamme Verte : un chauffage au bois écologique, performant, économique et contemporain ![END_REF] when conceiving stoves and boilers [START_REF]Etude de la sensibilité des paramètres de fonctionnement des appareils de chauffage domestique au bois sur la composition et l'émission des particules fines -Etude bibliographique[END_REF], choosing wood species and optimizing the air/fuel ratio [START_REF] Ozgen | Analysis of the chemical composition of ultrafine particles from two domestic solid biomass fired room heaters under simulated real-world use[END_REF].

Primary solutions to reduce pollutant emissions from biomass combustion may be drying, bark-removal and demineralization by washing of the wood. Indeed, through a washing process, some compounds like minerals or extractives are removed from wood. Deng et al. [START_REF] Deng | Effect of water washing on fuel properties, pyrolysis and combustion characteristics, and ash fusibility of biomass[END_REF] studied the demineralization of few biomass after a washing process with deionized water and their results showed that minerals like potassium and calcium can be extracted.

For example, from rice straw, the extraction efficiency reaches respectively 87 and 19% at 30

°C for these elements. Jiang et al. [START_REF] Jiang | Influence of different demineralization treatments on physicochemical structure and thermal degradation of biomass[END_REF] also studied rice straw demineralization by deionized water and solutions of chloride acid or phosphoric acid for example. They showed that, depending on the solution, the demineralization efficiency varies: calcium can be removed by 17% using deionized water versus 98% using chloride acid. Some extractives like phenols or carboxylic acids are also removed by wood washing [START_REF] Jiang | Influence of different demineralization treatments on physicochemical structure and thermal degradation of biomass[END_REF][START_REF] Eom | Characterization of primary thermal degradation features of lignocellulosic biomass after removal of inorganic metals by diverse solvents[END_REF][START_REF] Mourant | Mallee wood fast pyrolysis: Effects of alkali and alkaline earth metallic species on the yield and composition of bio-oil[END_REF][START_REF] Pettersen | The Chemical Composition of Wood[END_REF].

Previous studies show the role of demineralization process on combustion kinetics and emissions [START_REF] Ravichandran | Comparison of gaseous and particle emissions produced from leached and un-leached agricultural biomass briquettes[END_REF][START_REF] Eom | Effect of essential inorganic metals on primary thermal degradation of lignocellulosic biomass[END_REF]. Investigations concerning the influence of wood preparation, particularly its washing process, on gaseous and particulate pollutants emitted in the exhaust are scarce at real domestic scale [START_REF] Eom | Characterization of primary thermal degradation features of lignocellulosic biomass after removal of inorganic metals by diverse solvents[END_REF]. Reducing the mineral content from wood, the mineral part and more generally the particle emission factors of biomass combustion decrease. As shown in our previous work on the influence of the washing process on pellets combustion emissions [START_REF] Schmidt | Wood washing: Influence on gaseous and particulate emissions during wood combustion in a domestic pellet stove[END_REF], some compounds and particularly particulate emissions are affected. Indeed, Total Suspended Particle (TSP) can be reduced by 50 % after wood demineralization.

Moreover, carbon monoxide and organic compounds as Polycyclic Aromatic Compounds (PAH) emissions decreased up to 65%.

This work was a part of a French project supported by the National Agency of Energy and Environment (ADEME) to study the impacts of wood pre-treatments on emissions during the heat production at a domestic scale. The results of this project were previously described in [START_REF] Schmidt | Wood washing: Influence on gaseous and particulate emissions during wood combustion in a domestic pellet stove[END_REF], which describe the impact of the washing on gaseous and particulate emissions. Kinetic data on demineralization are currently not available in the literature. To fully understand the kinetics of demineralization exchanges and to get free of the variability observed at domestic scale (nature, humidity and size of the fuel, bark content, etc.), it was decided to study the influence of the washing process applied to sawdust at a laboratory scale. The present study aims at really understanding and clearly explaining the role of minerals and the exchange mechanisms between wood and water before combustion tests. Already known kinetic models are applied to simulate these exchanges between the solid (biomass) and the liquid (water). During wood washing, water conductivity and inorganic compounds have been measured to follow the wood demineralization. The total organic compounds extracted have also been measured during the washing protocol. Thermogravimetric analyses have been performed on the raw and washed samples under oxidative conditions (temperature ramp of 5 °C. min -1 from room temperature to 900 °C with an air flow rate of 6 NL. h -1 ). The differences between the TG and DTG of the washed samples and that of the raw one are small, whatever the wood specie. Therefore, the optimal values of the kinetic parameters (pre-exponential factors and activation energies) determined using the EIPR model do not present important variations. Their values are available in [START_REF] Schmidt | Etude de l'impact de la nature et de la préparation du combustible utilisé par des appareils domestiques de chauffage au bois sur la pollution atmosphérique particulaire[END_REF].

Experiments

Washing protocols

The experimental protocol developed to study the demineralization of biomass is represented in Figure 1. Three wood species were studied: beech, fir and oak. These species are locally produced. Domestic heat production must be in agreement with the European DIN EN CERTCO 13240 regulation [START_REF]Certification scheme for room heaters for solid fuels with lowpollution combustion[END_REF]. This certification scheme is applicable to room heaters (solid fuel stove) with low-pollution combustion and which also fulfill the test criteria associated to the quality label "DIN plus". This certification scheme lays down the requirements for the room heater itself as well as for the testing and monitoring. It imposes requirements in terms of materials, design, construction, safety and performance of the stoves but also of the wood species to be burnt. If hardwoods are recommended by this certification, softwoods and wood waste as pellets continue to be used for domestic heat production. To represent this kind of solid fuel, the French agency ADEME asked us to perform combustion tests with pellets made of fir.

The mass ratios of water and biomass are taken according to the standard leaching protocol EN 12457/2 of May 2002, [START_REF] Afnor | NF EN 12457-2 -Caractérisation des déchets -Essai de conformité pour lixiviation des déchets fragmentés et des boues -Partie 2 : essai en bâchée unique avec un rapport liquide-solide de 10L/kg et une granulométrie inférieure à 4mm (sans ou avec réduction de la granularité[END_REF]. Thus, a quantity of 50g on dry basis of wood was mixed with a volume of 500 mL of demineralized water. The mixture was placed under agitation during 24 hours, which corresponds to one washing cycle, on a leaching table Stuart model SSL1 at 145 rpm. Each 24 hours washing cycle, the mixture was filtered and 500 mL of demineralized water were added for the next washing cycle. This operation was repeated during 96 hours to realize a total of 4 washing cycles. Several tests were carried out to analyze the influence of granulometry, through the washing of chips or sawdust (D50<4 mm), as well as the influence of the drying of the biomass before washing (Figure 2). Moreover, the influence of the temperature of the washing water was tested on raw biomass ground at 4 mm. The biomass washing was only performed at room temperature. However, as the ultimate goal of this work is to study the influence of natural leaching by rainwater, the temperature under which the previously described experiments have been performed has been changed.

The influence of the washing temperature was indeed carried out choosing three temperatures (5, 20 and 30 °C), to simulate cold and warm weather conditions of autumn/winter and spring/summer, respectively. The washing contain was immersed in a water circulation vessel connected to a thermostatic bath LabWorks Model 2000 series. The water was then regulated at 5, 20 and 30 °C.

Characterization of wood and water samples

To measure the exchanges of minerals, the conductivity was continuously monitored, as soluble minerals under ionic forms contribute to its signal. This continuous measurement of the conductivity of the washing water was carried out using a conductivity meter PCE model PHD1 to obtain a measure point each 5 seconds. This conductivity meter has a temperature compensation of 2%. °C-1 as default entry.

Each washing water was analyzed by ICP/OES (Thermo Scientific model ICAP 6300 DUO) and ionic chromatography with conductivity detector (Thermo Scientific model ICS-5000+), for the quantification and speciation of minerals. Raw and washed (after 4 washing cycles)

woods were both mineralized and analyzed by ICP/OES. The Total Organic Carbon (TOC) of residual washed solutions was determined by catalytic oxidation of the organic carbon into dioxide carbon using a SHIMADZU TOC-VCSN device to quantify the extracted organic part.

The physical and chemical properties of the raw and washed wood species are commented in the paper by Schmidt et al. [START_REF] Schmidt | Wood washing: Influence on gaseous and particulate emissions during wood combustion in a domestic pellet stove[END_REF]. Globally, the washing process decreases ash contents and modifies the elemental composition with the extraction of minerals and organic compounds, as discussed later on.

Modelling the ionic exchange between wood and water

To simulate the ionic exchange between solid and liquid, a pseudo first-order model and a pseudo second-order model are available. These two kinetic models need the values of the conductivity of the washing water versus time and the value of the equilibrium conductivity.

They return the value of the kinetic constant from which it is possible to compute a halfreaction time. To correlate the mineral analysis of the washing water with the measured equilibrium conductivity, a theoretical conductivity has been calculated using Kohlrausch's law expressed as:

= 10 | | ( 1 
)
where σ is the total conductivity of the washing water, zi the value of charge of the element i, Ci the concentration of the element i and the limit ionic molar conductivity of the element i.

A pseudo first-order kinetic of mineral desorption is given by the Largergren equation expressed as:

= ( -) (2) 
where σt and σe are the conductivity of the solution, respectively at time t and at equilibrium, and is the reaction constant of the pseudo first-order model.

The resolution of the differential equation (2) between to=0 and t leads to:

( -) = ( -) - (3) 
and the simulated conductivity can expressed as:

= -( -) exp(-) (4) 
From the expression (3), when t increases to large values, increases to , which means that the equilibrium conductivity is the limit conductivity when t increases to large values.

In the present study, an equilibrium is generally never reached, whatever the wood under consideration, as the conductivity goes on increasing, see Figures 2 a),b) or c). An approximate value of the equilibrium conductivity has been computed, as the mean value of the experimental conductivities after their rapid increase. The value of is then deduced from [START_REF] Tissari | A novel field measurement method for determining fine particle and gas emissions from residential wood combustion[END_REF].

In this pseudo first-order case, the half-reaction time t1/2, defined by σt = 0.5σe is finally calculated and expressed as:

/ = ln (2) (5) 
A pseudo second-order model of mineral desorption is expressed as:
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where k2 is the reaction constant of the pseudo second-order model.

The resolution of this differential equation ( 4) between to=0 and t leads to:

1 - = 1 - $ (7) 
from which the conductivity can be expressed as:

= - 1 1 - $ = - - 1 $ ( -) (8) 
Again, when t increases to large values, this simulated conductivity tends to , which means that the equilibrium conductivity is again the limit of the simulated conductivity when t increases to large values. Assuming = 0, the expression (8) leads to:

= - 1 $ = 1 $ -1 1 $ = 1 $ (9) 
which implies:

= 1 $ ( ) = 1 ( ) $ (10) 
Plotting / .with respect to time allows to derive, through a linear regression, an approximate value of 1/ hence of and of 1/ ( ) hence of .

In this pseudo second-order case, the half-reaction time t1/2, defined by σt = 0.5σe is calculated and expressed as:

/ = 1 (11) 
.

Results and discussion

Influence of the wood granulometry and drying

In each exchange process, the contact surface plays an important role. In the present case, this observation suggests that the more finely the wood is divided, the faster and/or more important the demineralization will be. The influence of the particle size of the fuel was studied by washing wood with demineralized water on biomass ground at 4 mm and on standardized P40 wood chips, as received. Because of the large amounts of biomass to wash, this process could only be performed on the biomass in the form of wood chips. Therefore, the possible gap due to the two wood granulometries has to be analyzed.

First, the washing protocol was only tested on the raw biomass ground at 4 mm. The continuous measurement of the conductivity of each species during the four washing cycles is available in Figure 2 for beech, fir and oak, respectively. During the first two washing cycles (24h and 48h), the conductivity increases following a logarithmic shape without reaching an equilibrium. This increase is also observed, with a more moderate intensity, on the last two washing cycles (72h and 96h). There is a real interest in renewing the washing water, to allow the maximization of exchanges between the wood and demineralized water. For each water renewal, the maximal conductivity reached for the new washing cycle is lower than the previous one, which confirms the gradual minerals depletion of the biomass. At the end of the four washing cycles, whatever the biomass, a factor 7 occurs between the conductivities of the initial (24 h) and the final (96h) washing water. The conductivity of the last washing solution is systematically close to 20 μS. cm -1 and even if the number of washing cycles is greater than 4, i.e. 96 hours of wood immersion. The removal of ionic soluble components from woods is totally achieved and new exchanges cannot further occur. In addition, for each water change, the initial conductivity of the solution is never equal to zero because deionized water also contributes to a part of the conductivity, even if it is small.

The conductivity tests being conclusive on raw biomass ground at 4 mm by considering the ionic exchanges, these tests were then carried out on P40 wood chips (Figure 1). For the washing of wood chips or sawdust, the tests were carried out on raw and dry basis always maintaining the same ratio of mass of dry wood (mdw) to the volume (v) of water mdw/v. As these conductivity curves also exhibit a logarithmic shape, only the maximal conductivities of each test and washing cycle are presented in Table 1.

Except for oak, dry wood allows a better extraction of minerals leading to higher water conductivity values than raw woods. Because raw woods contain a part of water as relative humidity, this could contribute to a slight dilution of ionic species and allow a diminution of the conductivity values. Other parameters are also to be taken into account. For example, the limit ionic molar conductivity of the elements differs from one ion to another one and this could modify the conductivity of the solution. The solubility of metallic elements indeed depends on the chemical speciation under chlorides, nitrates, nitrites, sulphates, carbonates, etc. and can differ from one wood specie to another one. If the speciation of elements varies with the woods, consequently the conductivity changes. Woods contain a part of organic extractives molecules ranging from 8 to 20% of the dry mass that are soluble [START_REF] Schmidt | Wood washing: Influence on gaseous and particulate emissions during wood combustion in a domestic pellet stove[END_REF]. Some molecules as phenols and carboxylic acids exist under ionic form and consequently contribute to the conductivity of the solution. This conductivity difference between raw and dried woods is only significant for the first two washing cycles. Indeed, from the third cycle, the conductivities of raw and dried wood converge to the same values. Wood ground at 4 mm, presenting the higher exchange surface, is expected to present a higher conductivity than that of wood chips, the wood being dried or not.

The results presented in Figure 2 and Table 2 prove the transfer of ionic species from biomass to water. This conductivity approach acts that the wood drying process does not alter the mineral extraction, but on the contrary, improves the extraction rate.

As conductivity does not specify individual ionic elements, samples were analyzed by ICP/OES and ionic chromatography to verify this hypothesis. Minerals contained in raw and final washed (after 96 hours of washing) biomass and in each washing water were quantified. Table 2 shows the total masses of minerals extracted by the washing process after the fourth cycle (96 h). The values gathered in Table 2 are obtained by summing the concentrations of the elements of the four filtrates obtained after each washing test. The values of minerals are expressed in mg of element per kg of dry wood for both solid (initial wood sample) and washing solutions. Comparisons of their amounts from initial wood to waters show that most of the elements are removed from the biomass. Values being in the same order of magnitude between the initial wood and waters prove the high removal occurring during the washing process. As an example, the removal of potassium from raw sawdust of beech is close to 100% (1223 mg. kg -1 dw in the solid raw material compared to 1212 mg. kg -1 dw in the water). In some cases, the values obtained in water are higher than that obtained in initial woods. This is due to the heterogeneity of the wood sampling from the fuel big bag. Whatever the wood specie, potassium is the most soluble metal extracted during the washing process, followed by sodium, magnesium, phosphorus and sulfur.

Aluminum, calcium, iron and silica are less extracted, probably due to less soluble speciation in the woods. These values are very consistent with the extraction ratios presented in the literature for different biomass and agricultural residues [START_REF] Deng | Effect of water washing on fuel properties, pyrolysis and combustion characteristics, and ash fusibility of biomass[END_REF][START_REF] Jiang | Influence of different demineralization treatments on physicochemical structure and thermal degradation of biomass[END_REF][START_REF] Yu | Influence of leaching pretreatment on fuel properties of biomass[END_REF][START_REF] Dayton | Release of Inorganic Constituents from Leached Biomass during Thermal Conversion[END_REF][START_REF] Deng | Transformation and release of potassium during fixed-bed pyrolysis of biomass[END_REF].

Considering the total masses of extracted minerals, the differences between a raw and a dry wood (chips or sawdust) are not significant in the case of oak and fir. For beech, the extraction ratio is higher for a dried biomass with a 10% higher extraction (Table 2).

Considering element by element (Table 2) drying the wood allows a larger extraction for some ionic species, such as phosphates or sulphates for the three species (higher extraction close to 50%). These observations are coherent with the results obtained by ICP (Table 2).

An effect of wood granulometry also occurs during washing. Indeed, because of a high exchange surface for wood ground at 4 mm compared to chips, it is possible to extract up to twice minerals in mass in comparison with wood chips washing.

The biomass washing also promotes the extraction of some organic compounds from wood, including light molecular weight molecules such as extractives. The loss of carbonaceous molecules decreases the calorific value of the biomass as explained in our previous work [START_REF] Schmidt | Wood washing: Influence on gaseous and particulate emissions during wood combustion in a domestic pellet stove[END_REF]. To estimate these losses, the washing waters were firstly analyzed to determine the Total Organic Carbon (TOC) content extracted. Experiments were carried out on the four washing cycles only in the case of raw biomass ground at 4 mm at three temperatures (5, 20 et 30°C). These data are summarized in Table 3. As the biomass batches may differ from one experiment to another one, the values may vary accordingly. For the four washing cycles, the results show that it is possible to extract between 1 and 2% in mass of organic carbon. The maximal values of TOC were obtained for oak for 20 and 30 °C compared to fir and beech, because oak contains more extractives, mostly tannins [START_REF] Deng | Transformation and release of potassium during fixed-bed pyrolysis of biomass[END_REF][START_REF] Müller | Diversity of culturable phyllosphere bacteria on beech and oak: the effects of lepidopterous larvae[END_REF][START_REF] Shure | Rainfall Effects on Plant-Herbivore Processes in an Upland Oak Forest[END_REF]. Oak and beech present low TOC values at the low temperature of 5 °C. The demineralization of hardwoods is not favored at low temperatures compared to softwoods. As the extraction was only carried out at room temperature, i.e. 20 °C, these values are in agreement with that of the literature, the extractives of wood ranging between 2 and 8% [START_REF] Ademe | Etat de l'art sur la production de molécules chimiques issues du bois en France -Rapport final[END_REF][START_REF] Fpinnovations-Paprican | Guide de développement -Le bioraffinage forestier : Possibilité pour les entreprises québécoises de pâtes et papiers[END_REF].

Influence of wood washing temperature

A continuous measurement of the conductivity of each washing water was carried out on raw biomass ground at 4 mm to characterize the influence of the washing temperature.

To be able to compare the conductivity results at the different temperatures, a compensation factor has been applied, because the conductivity meter compensates by The compensation coefficients are taken equal to 1, 2 and 0 2%. °C-1 for beech, fir and oak, respectively. It is interesting to note that that experiments show that it is necessary to apply a zero compensation factor in the case of oak. Mean conductivities measured for oak at both 5 °C and 30 °C were close to 658 and 660 µS. cm -1 , respectively. This could be due to the fact that, depending on the temperature, the ionic elements in the oak filtrate form salts, thus reducing the conductivity value. In parallel with the increase of the ionic molar conductivities, which depends on the temperature, it is therefore possible that different effects compensate, thus leading to a conductivity compensation factor equal to 0 (see

Figures A1 to A3 in the Appendix).
The maximal values of compensated conductivity, corrected according to the corresponding factor, for each biomass, each washing cycle and each temperature are summarized in Table 3. Whatever the temperature, the behavior remains the same, the more the number of washing cycles increase, lower the conductivity is. Considering the standard deviations, the temperature favors the mineral extraction for the first cycle. During the three last cycles, as shown in Figure 3 in the case of oak, the second cycle poorly extracts some ions but the extraction process is mainly stopped after 48 h. In the case of hardwoods, the increase of the washing temperature from 5 to 30 °C leads to an extraction efficiency approximately equal to two, in the case of oak, considering the conductivity values during the first two washing cycles. The conductivity then converges to similar values for the last two washing cycles. If some exchanges occur during the last two cycles, their contribution to the total conductivity is low as shown in Table 3, because the conductivity values are very close to limits of the sensibility of the conductivity meter. It is well known that the temperature favors the leaching of ionic species in water. Only in the case of oak, as shown in Figure 3, the conductivity is proportional to the temperature for a given washing cycle. The two other woods do not allow to build a mathematical model.

The organic fraction extracted was carried out on the three raw biomass ground at 4 mm.

The influence of the temperature on TOC extraction was also studied. The results of the TOC analyses are summarized in Table 4. Whatever the temperature, the more the number of washing cycles increases, the more the TOC extracted decreases. This behavior is similar to that of minerals extraction as previously observed. Further, softwoods and hardwoods exhibit opposite behaviors. In the case of fir, the temperature does not seem to increase the organic extraction, but it slowdowns this organic extraction from the second cycle. In the case of hardwoods, increasing the washing temperature from 5 to 30 °C allows to extract up to 2 times more in the case of oak, considering the TOC values during the first two washing cycles. The TOC values then converge to similar values for the last two washing cycles with values close to the limit of sensibility. The extraction of both mineral and organic compounds could be increased with an increase of the temperature but mainly during the two first cycles. Temperature favors ionic exchanges between water and solid woods because it increases the solubility of ionic species.

Modelling

Firstly, thanks to the inorganic analyses of the washing waters (Al, Ca, Fe, K, Mg, Na, P, Zn, Cl - , SO4 2-et PO4 3-) of raw and ground wood at 4 mm, and according to Kohlrausch's law, the theoretical conductivities of the filtrates were calculated which are reported in Table 5. In general, the measured and calculated conductivity values for each wood species are very close and in the same order of magnitude. Differences between measured and calculated conductivity values on the total are equal to 15, 18 and 17% for beech, fir and oak, respectively. These differences are mainly observed for the two first cycles, which suggests that the inorganic elements analyzed are those that predominate. The measured conductivity values are systematically higher than the calculated ones, because other inorganic elements and some organic compounds (light molecular weight ones containing oxygen as carboxylic acids, phenols, methoxyphenols…) are contained in the washing waters which also contribute to the total conductivity [START_REF] Jiang | Influence of different demineralization treatments on physicochemical structure and thermal degradation of biomass[END_REF][START_REF] Pettersen | The Chemical Composition of Wood[END_REF]. It was impossible to take into account the conductivities of organics because their speciations were not performed in water solution by ionic chromatography. This minimizes the calculated conductivity values.

Secondly, a washing test was carried out on only beech wood for 256h, representing 10

washing cycles, to model the kinetics of the biomass after a time longer than 96h. According to the measured conductivity, the majority of minerals are extracted during the first four washing cycles. After these four first washing cycles, the extraction process is strongly less efficient.

To determine a trend of these data, the conductivity is plotted on a log-decimal scale versus the washing time (Figure 4a). The position of few points and the standard deviations equal to r² = 0.80 show that first-order kinetics lead to poor simulations. However, this kinetics is applicable on the first five washing cycles, and more particularly on the first four cycles.

Figure 4b shows the conductivity versus washing time with both axes in logarithmic scale.

The position of the points and the standard deviation r² = 0.94 indicate that a model written as a power law: = ) *+ , where a and b are two constants, can be applied to the ten washing cycles. Applying this model only to the first four washing cycles, it is possible to predict the conductivity value of the further cycles. Indeed, the two simulated curves (red and blue) perfectly superimpose (Figure 4b).

In conclusion, a model written as a power law: = ) *+ , can be applied on all the points, or only on the first four washing cycles, thus allowing to predict the conductivity values. In addition, for the first four washing cycles, the pseudo-first-order model can be applied and allows determining the constants (k1) and half-reaction times (t1/2) for each specie. Table 6 summarizes these values determined from the experimental and calculated data of Table 5.

Concerning the expression of the half-reaction times, the modelling concerning the four washing cycles, it would be more rigorous to express this value in equivalent number of washing cycles (eq. cycle) and not in hours. The two units are thus shown in Table 6.

In general, the orders of magnitude of the kinetic constants (k1) and half-reaction times t1/2 are similar, whatever the wood species for both sawdust and wood chips. It is possible to observe, considering the values of these parameters, that the extraction of minerals is faster in the case of oak in comparison with fir and beech, beech (in the sawdust form) presenting the slowest behavior. The same experiments carried out at the wood chips scale (Table 6) lead to half-reaction times higher than sawdust, because of the granulometry and more specifically of the smallest exchange area.

In addition to the influence of the granulometry, the washing temperature also plays an important role in mineral extractions. From the maximal conductivities recorded during the experiments, and as previously seen, it was possible to apply a pseudo-first-order model, to determine the reaction constants and half-reaction times of each washing test, these values being gathered in Table 7. At 20 °C, in the case of sawdust and from the experimental values of the conductivity, small differences between the values of these parameters from Table 6 and Table 7 appear, because the sampling of each biomass batch could differ leading to heterogeneity. Whatever the temperature, the trend is the same: the orders of magnitude of the kinetic constants k1 and of the half-reaction times t1/2 are similar, whatever the wood species. The kinetics of extraction accelerate when the temperature increases, especially in the case of fir, for which the half-reaction time decreases by 30% when increasing the washing temperature to 25 °C. In the case of beech, experimental uncertainties explain the variations of the values versus the washing temperature.

Focusing on the kinetics of extraction of each inorganic element, in the case of beech, for example (Figure 5), each mineral except sodium is extracted following a similar trend. In general, for each new washing cycle, 50% of each chosen element is extracted from the previous cycle. This is also confirmed for oak and fir (Figures A.4 and A.5 in the Appendix).

This trend is identical to that followed by the total conductivity of each washing cycle. From the inorganic element concentrations of each washing cycle, pseudo-first order kinetics can then be applied to each element of each biomass. The values of the kinetic constants being quite similar for each element, they were averaged for each wood, thus giving for beech, fir and oak, average half-reaction times respectively equal to 29.3, 22.2 and 33.6 hours (1.2, 0.9 and 1.4 equivalent washing cycles). These values are similar to those described in Table 6 for the conductivity showing that the ten chosen inorganic elements are largely predominant in the evolution of the conductivity.

After focusing on the four washing cycles, modeling will now focus on the behavior of the conductivity of one long washing cycle. For each biomass, a single washing cycle during 168 hours (7 days) was carried out to study the final evolution of the conductivity and to be able to determine the value of the equilibrium conductivity σe by the pseudo first-and pseudo second-order models. These experiments were performed on sawdust. On the last days of washing, noise appears on conductivity measurements. The analyses were therefore limited to the first 30-40 hours. Experimental and simulated curves in the case of beech, fir and oak are presented in Figures 6a),b) and c), respectively. The profile of the curves is the same, whatever the wood. Equilibria are achieved for all species very quickly, in less than one day.

A pseudo second-order model fits better with the experimental curves than a first-order one, even if there is a loss of information on the first minutes. Observe that the pseudo firstorder model accelerates the reaction.

The two models applied to the three species lead to the values of the kinetic constants gathered in Table 7. Even if the pseudo first-order model does not correctly fit, the values of the half-reaction times are similar to that obtained applying the second-order model. The kinetics of mineral extraction are identical for beech and fir, oak showing a slower kinetics.

The values of the half-reaction times obtained with the pseudo second-order model are indeed equal to 23.4, 24.0 and 40.8 minutes for beech, fir and oak, respectively, washed during one week.

Conclusions

Leaching of woods is well known to extract some organic compounds (tannins, phenols, etc.) and minerals. But kinetics of ionic exchanges between the solid (biomass) and the liquid (water) are currently not available in the literature. The records of the conductivity of water washing solutions versus time were helpful to simulate these exchanges.

Tests were performed at a laboratory scale with different wood sawdust and chips. The impact of various parameters (granulometry, drying process or temperature washing) were tested. The results show that the nature of the biomass plays an important role. It clearly appears that washing the biomass extracts large amounts of the minerals contained in the wood. Most soluble elements were found to be potassium, sodium, magnesium, phosphorus and sulfur. Demineralization can reach an efficiency close to 100% for some ionic elements as potassium for example, which is one of the main minerals contained in wood. The washing protocol allows to decrease by 2% the rate of extractive wood compounds as TOC.

For both organic and mineral parts, the influence of the wood granulometry shows that the more the wood is finely ground, the more the extraction yields increase. Similarly, increasing the washing temperature from 5°C to 30°C in order to simulate cold and warm climate conditions improves the extraction yields and favors the extraction of soluble compounds.

During a short time of 24h, in the case of the oak specie, the conductivity could be multiplied by a factor 2 with an increase of 25 °C of the temperature.

Biomass drying highly influences mineral extractions. Indeed, wood drying before washing shows an increase in the mineral extraction yields, especially on the first washing cycle. This can probably be explained by the affinity of minerals with water. When minerals are still again in contact with water, in the case of dried wood, they migrate more easily to the solution, unlike raw wood where minerals are already in an aqueous phase because of the residual moisture.

Modelling the wood washing process highlights that the ionic exchanges between the biomass and the aqueous middle are governed by kinetic laws. Diffusional limitations appear during the exchanges and thus show the importance of the renewal of the washing water to increase the extraction yields. Considering the second-order model which gives the better simulations, when compared to the first-order one, the kinetic constant k2 evaluated after one week washing is almost the same for beech and fir (0.017 and 0.019 h -1 ) and is lower for oak (0.005 h -1 ). The half-reaction time t1/2 is almost the same for beech and fir (0.39 and 0.40 h) and is higher for oak (0.68 h). 

  default the conductivity up to 2%. °C-1 , with a reference temperature of 25 °C[START_REF] Manns | Guide de la mesure de conductivité[END_REF]. This compensation factor aims at correcting the conductivity values because ionic molar conductivities depend on the temperature. However, this compensation factor is only an approximation and to really determine the compensation factor for the different biomass at the different temperatures, this compensation factor was determined through calculations from experiments. The conductivity of the filtrates was measured at different temperatures and the compensation factor determined to obtain the same conductivity regardless of the temperature. The default value of this compensation factor is equal to 2%. °C-1 imposed by the conductivity meter model PHD1 from PCE. For each wood specie and each temperature, it was decided to evaluate by the experience the value of the compensation factor. These determinations of the compensation factors are given in the Appendix (FiguresA1 to A3).
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Table 3 :

 3 Comparison of calculated and measured conductivities at room temperature (20 °C) for sawdust washing

		Beech		Fir		Oak	
				SAWDUST		
		Measured	Calculated	Measured	Calculated	Measured	Calculated
	k1 (h -1 )	0.020	0.022	0.025	0.029	0.033	0.033
	t1/2 (h)	35.4	31.5	28.1	24.2	21.2	21.0
	t1/2 (eq. cycle)	1.5	1.3	1.2	1.0	0.9	0.9
				CHIPS			
		Measured	Measured	Measured
	k1 (h -1 )	0.019		0.018		0.018	
	t1/2 (h)	36.8		38.2		39.0	
	t1/2 (eq. cycle)	1.5		1.6		1.6	

Table 4 :

 4 Pseudo first-order kinetic constants for each biomass washed at room temperature

			Beech			Fir			Oak	
				Pseudo first-order kinetic constants for each biomass and temperature		
		k1 (h -1 )	t1/2 (h)	t1/2 (eq. cycle)	k1 (h -1 )	t1/2 (h)	t1/2 (eq. cycle)	k1 (h -1 )	t1/2 (h)	t1/2 (eq. cycle)
	5 °C	0.015	47	2.0	0.015	45.9	1.9	0.024	28.7	1.2
	°C	0.018	37.5	1.6	0.019	36.2	1.5	0.029	23.8	1
	°C	0.017	40.4	1.7	0.022	32.1	1.3	0.030	23.4	1
				Pseudo first-order kinetic constants for one week washing cycle		
		k1 (h -1 )		t1/2 (h)	k1 (h -1 )		t1/2 (h)	k1 (h -1 )		t1/2 (h)
		2.1		0.33	5.4		0.13	1.2		0.60
				Pseudo second-order kinetic constants for one week washing cycle		
		k2 (h -1 )		t1/2 (h)	k2 (h -1 )		t1/2 (h)	k2 (h -1 )		t1/2 (h)
		0.014		0.39	0.019		0.40	0.005		0.68

Table 5 :

 5 Kinetic constants for temperature influence and one week cycle for sawdust washing
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