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Modelling the reactions of cellulose, hemicellulose and lignin submitted to hydrothermal treatment

The main compounds of plant biomass, i.e., cellulose, lignin and hemicellulose, were submitted to hydrothermal carbonisation (HTC) in ranges of temperature and time of 140-240ºC and 0.5-24 h, respectively. Those parameters were combined into a single one, the severity factor, and its effect on hydrochar yield on the one hand, and on pH, yield and composition of the liquid fraction on the other hand, was investigated in depth. The production of furanic and phenolic compounds was correlated with both severity and pH. The kinetics of furfural (FU) and 5-hydroxymethylfurfural (5-HMF) production and consumption were also investigated and modelled, and the results were compared to those reported in the literature. The production of nine phenolic compounds from lignin HTC was also considered.

Introduction

Hydrothermal carbonisation (HTC), whose history dates from the early 1900's [START_REF] Bergius | Zeitschriftfur komprimierte und flussige gase[END_REF], is a very simple process by which a bioresource is submitted to mild temperatures (130-250ºC) in a pressurised liquid medium (generally pure water) using a closed reactor, i.e., an autoclave. In the latter, the pressure is self-generated and allows obtaining both solid and liquid products [START_REF] Borrero-López | High added-value products from the hydrothermal carbonisation of olive stones[END_REF].

HTC is cost-effective as it does not require chemicals and avoids costs related to materials drying, and it perfectly allows biomass conversion into high added-value organic compounds through hydrolysis and subsequent dehydration and fragmentation (Braghiroli et al., 2015). Cellulose, hemicellulose and lignin are the main macromolecular compounds of wood and plant biomass in general, and the former two macromolecules are well-known precursors of furfural (FU) and 5-hydroxymethylfurfural

(5-HMF), respectively, when submitted to HTC. HTC of lignin can also provide some valuable compounds like vanillin, used for cosmetics and flavouring, or syringaldehyde, used as ingredient for food and flavour (Onwudili, 2015[START_REF] Zhou | Conversion of kraft lignin under hydrothermal conditions[END_REF], amongst others.

However, a solid carbonaceous residue, called hydrochar, is also obtained in the same process, having many interesting features such as porosity and functional groups like hydroxyls, carbonyls, etc [START_REF] Chen | Hydrochar production from watermelon peel by hydrothermal carbonization[END_REF]. Hydrochars are interesting by-products as they present higher heating values [START_REF] Basso | Hydrothermal carbonization of off-specification compost: A byproduct of the organic municipal solid waste treatment[END_REF] than their corresponding biomass precursors, and have been proposed for soil amendment [START_REF] Steinbeiss | Effect of biochar amendment on soil carbon balance and soil microbial activity[END_REF], for CO 2 capture [START_REF] Jatzwauck | Kinetics of hydrothermal carbonization (HTC) of soft rush[END_REF] or as precursors of carbon materials [START_REF] Borrero-López | High added-value products from the hydrothermal carbonisation of olive stones[END_REF][START_REF] Braghiroli | Nitrogen-doped carbon materials produced from hydrothermally treated tannin[END_REF], 2015b).

Extensive work has been carried out on HTC of many kinds of bioressources, like wheat straw [START_REF] Reza | Hydrothermal carbonization (HTC) of wheat straw: Influence of feedwater pH prepared by acetic acid and potassium hydroxide[END_REF], plant biomass wastes (Fang et al., 2015), loblolly pine (Lynam et al., 2011), soft rush [START_REF] Jatzwauck | Kinetics of hydrothermal carbonization (HTC) of soft rush[END_REF] as well as on each individual major compound of such biomass [START_REF] Lu | Influence of reaction time and temperature on product formation and characteristics associated with the hydrothermal carbonization of cellulose[END_REF], Gao et al., 2012[START_REF] Pińkowska | Hydrothermal decomposition of xylan as a model substance for plant biomass waste -Hydrothermolysis in subcritical water[END_REF][START_REF] Wang | Hydrothermal preparation of highly porous carbon spheres from hemp (Cannabis sativa L.) stem hemicellulose for use in energy-related applications[END_REF]. However, only a few works combined the studies of cellulose, hemicellulose and lignin. For instance, [START_REF] Kang | Characterization of hydrochars produced by hydrothermal carbonization of lignin, cellulose, D-xylose, and wood meal[END_REF] previously focused on HTC of the latter compounds, amongst others, but only a rather narrow temperature range was investigated and no detailed studies of the liquid products was performed. As far as we know, no research related to the liquid and solid fractions obtained from cellulose, hemicellulose and lignin submitted together to HTC has been published.

In the recent past, the kinetics of FU production / decomposition competitive reactions (Marcotullio et al., 2009) were thoroughly studied for several biomasses or biomass-derived molecules such as wheat straw [START_REF] Yemiş | Optimization of furfural and 5-hydroxymethylfurfural production from wheat straw by a microwave-assisted process[END_REF] and xylose [START_REF] Liu | Kinetics of furfural production from pre-hydrolysis liquor (PHL) of a kraft-based hardwood dissolving pulp production process[END_REF] submitted to HTC. Most works generally focused either on production or on decomposition reactions separately [START_REF] Liu | Kinetics of furfural production from pre-hydrolysis liquor (PHL) of a kraft-based hardwood dissolving pulp production process[END_REF], Danon et al., 2014[START_REF] Kim | Kinetic study of the dehydration of D-xylose in high temperature water[END_REF]. Simple consecutive reaction models as well as models taking into account side reactions have been developed (Jing andLü, 2007, Liu et al., 2014) and are in agreement with published studies on degradation compounds from sugars [START_REF] Rasmussen | Formation of degradation compounds from lignocellulosic biomass in the biorefinery: Sugar reaction mechanisms[END_REF][START_REF] Yang | Mechanism of Bronsted acid-catalyzed conversion of carbohydrates[END_REF][START_REF] Chen | Improved ethanol yield and reduced minimum ethanol selling price (MESP) by modifying low severity dilute acid pretreatment with deacetylation and mechanical refining: 1) Experimental[END_REF]. An intermediate between xylose and furfural has also been proposed for explaining the kinetics of FU production (Marcotullio, 2011 and[START_REF] Chen | Kinetics of xylose dehydration into furfural in acetic acid[END_REF].

Regarding the kinetics of reaction of 5-HMF, [START_REF] Chen | Kinetics of the 5hydroxymethylfurfural formation reaction in chinese rice wine[END_REF] studied its production whereas [START_REF] Girisuta | A kinetic study on the decomposition of 5-hydroxymethylfurfural into levulinic acid[END_REF] studied its decomposition to levulinic acid, but again there was not too much work related with these two competitive processes in the same study (Jing andLü, 2008, Shen and[START_REF] Shen | Hydrochloric acid-catalyzed levulinic acid formation from cellulose: Data and kinetic model to maximize yields[END_REF]. The case of 5-HMF is more complex than that of FU, because some degradation products are known to decompose afterwards, such as levulinic acid.

The main purpose of the present work was to assess the effect of HTC conditions on lignin, cellulose and hemicellulose in a broad range of temperatures (140-240ºC) and time (0.5-24 hours), by studying the production of FU, 5-HMF and up to nine aromatic compounds as a function of HTC severity, and to apply simple models for describing the observed kinetics. Relationships between the latter and pH, and yields of resultant liquid and solids, were also looked for.

2.

Material and Methods

Raw material

Cellulose was Type 102 VIVAPUR (high-purity) microcrystalline cellulose provided by JRS Pharma (Rosenberg, Germany). Hemicellulose was high-purity xylan extracted from beech wood and supplied from Roth (Karlsruhe, Germany). Lignin used was lignin powder Lignine PROTOBIND 1075 (Asian Lignin Manufacturing India Private Limited), which is soda lignin. All compounds used for identification and quantification of phenolic and furanic compounds by HPLC were analytical grade and purchased from Sigma-Aldrich (Steinheim, Germany).

Hydrothermal carbonisation (HTC)

HTC experiments were performed in 100 mL Teflon®-lined autoclaves. The liquid to solid (L/S) weight ratio was 8 (16 g / 2 g) where L stands for liquid (i.e., pure water)

and S for the considered biomass compound (BC) on dry basis. BC and distilled water were thus weighed and introduced in a glass insert so as to protect the PTFE liner of the autoclave from any contamination. Autoclaves were next hermetically closed and placed in a ventilated oven preheated at the desired temperature (160, 170, 180, 200, 220 or 240ºC) for the required reaction time (from 0.5 to 24 hours). Afterwards, the autoclaves were removed from the oven and let to cool down to room temperature for several hours before opening.

Since both time (t) and temperature (T) produce changes in the results of the HTC process, their effect was investigated through the severity factor (logR 0 ) which was introduced to combine these two parameters into a single one [START_REF] Overend | Fractionation of lignocellulosics by steam-aqueous pretreatments[END_REF]. Indeed, logR 0 takes into account the different significances of these two parameters through an exponential factor for the temperature, and through a proportional factor for time. It reads:

(

) 1 
where t is the residence time (min), T the working temperature (°C) and  is an HTC parameter. The initial value for lignocellulosic materials that was suggested for  was 14.75, since it corresponds to the activation energy of a first-order hydrolytic process [START_REF] Xu | Delignification of switchgrass cultivars for bioethanol production[END_REF]. As it remains an empirical parameter,  was sometimes changed when using other bioresources and different temperature ranges, as did [START_REF] Ko | Effect of liquid hot water pretreatment severity on properties of hardwood lignin and enzymatic hydrolysis of cellulose[END_REF] for glucose by using the value 4.6.

Liquid/solid separation and analysis

After HTC, liquid and solid products obtained together in the autoclave were separated by vacuum filtration. The amount of liquid was weighed immediately after filtration, whereas solids were placed in a vacuum oven for 6 hours at 60ºC for complete drying and subsequent weighing.

Qualitative identification of the main volatile compounds in the liquid phase was carried out by gas chromatography coupled with mass spectrometry (Clarus 500 GC/MS). Regarding quantitative analyses, furanic and phenolic compounds were determined using an Ultimate 3000 high-performance liquid chromatograph equipped with auto-sampler, diode array and fluorescence detectors, and columns described below.

A Hypersyl Green PAH column was used for FU, 5-HMF and 5-MF quantification.

Four UV absorption wavelengths were used, i.e., 220, 276, 284 and 291 nm. Doing so, fluorescence and emission occurring at wavelengths of 360 nm and 443 nm, respectively, could be avoided. Water and acetonitrile were used as mobile phases and the acetonitrile/water ratio was changed from 5/95 to 100/0 during the 35 min of the total analysis time as follows: in the first 1.5 min, the 5/95 ratio was maintained; from 1.5 to 15min, acetonitrile increased linearly up to a 50/50 ratio; from 15 to 20 min, the acetonitrile again increased up to 100/0 and this ratio was maintained for 5 min more.

From 25 to 30 min, acetonitrile decreased until the initial ratio, i.e., 5/95, and it was maintained 5 min until the end of the analysis.

Phenolic compounds were quantified with a Pinnacle DB BiPh 5μm column, and UV absorption wavelengths of 195, 201, 231 and 300 nm were used. Mobile phases were water and acetonitrile too. The program started with an acetonitrile/water ratio of 10/90 during the first 3 min. Later, the acetonitrile content increased up to 15/85 at min 5, and remained constant until min 13. From 13 to 15 min, acetonitrile increased up to the ratio 20/80 and was kept constant 13 min more. From 28 to 33 min, the acetonitrile concentration increased up to the ratio 100/0, which was kept for 5 min more. From 38 to 43 min, acetonitrile concentration decreased to 90/10 ratio, and remained constant for 7 min more, until the end of the experiment at 50 min. Again, all the aforementioned changes of the acetonitrile/water ratio were linear.

The yield of each considered organic molecule X, Y X , was calculated according to the following equation:

(2)

where [X] is the concentration (g mL -1 ) of each soluble organic compound within the volume V of liquid (mL) obtained after HTC, and W BC is the mass (g) of the biomass component studied on dry basis.

The hydrochar yield, Y HC , was determined from Eq. ( 3):

(3)

where W HC is the mass of dry hydrochar after HTC.

The liquid yield from HTC, LY HC , was calculated as follows:

(4)

where LW HC is the amount of liquid weighed after filtration, and LW 0 is the initial amount of liquid added in the autoclave.

Kinetics

The fits to experimental kinetic data was carried out with OriginPro 8.5.1 software by minimising  2 through the Levenberg-Marquart algorithm. Simple models considering successive decomposition reactions either without or with side reactions, herein called A and B models, respectively [START_REF] Perez | Hemicellulose-derived chemicals: One-step production of furfuryl alcohol from xylose[END_REF]Fraga 2014, Marcotullio, 2011) were applied to the data, and allowed deriving kinetic parameters for each temperature and for each raw material. The as-obtained kinetic parameters were investigated as a function of temperature using Arrhenius equation, Eq. ( 5). Both activation energy (E a )

and pre-exponential factor (k 0 ) were obtained from the slope and intercept of the corresponding fitting, respectively.

(5)

Results

Changes of pH

HTC of cellulose, lignin and hemicellulose produced some changes in the pH of the water in which the process was carried out. Different behaviours were observed, depending on the raw material and on the conditions of the experiments.

Thus, for hemicellulose, the pH first decreased with time (Fig. 1a) likely due to the production of significant amounts of small acidic molecules. Then, the pH either remained low or increased afterwards at higher reaction time, depending on the temperature. Such behaviour is more clearly seen when the pH is plotted versus severity (Fig. 1b), i.e., once time and temperature have been combined into one single parameter. The pH thus increased above a severity of 5, probably because more severe conditions produced secondary reactions which led to the decomposition of low molecular-weight acids as already observed elsewhere [START_REF] Shen | Hydrochloric acid-catalyzed levulinic acid formation from cellulose: Data and kinetic model to maximize yields[END_REF]. It might be a priori thought that FU and 5-HMF account for the decrease of pH of the solutions recovered after HTC of hemicellulose and cellulose, respectively, since they are generally found at the highest concentrations when the pH decreased the most.

However, as furfural is not acidic and 5-HMF possess a pK a of 12.82, the conditions of their formation at highest concentration may be responsible of the production of other species such as acetic acid, furoic acid, formic acid, lactic acid, propionic acid, butyric acid and others [START_REF] Zeitsch | The chemistry and technology of furfural and its many by-products[END_REF][START_REF] Reza | Hydrothermal carbonization (HTC): Near infrared spectroscopy and partial least-squares regression for determination of selective components in HTC solid and liquid products derived from maize silage[END_REF], which really account for the low pH observed.

Roughly similar trends were found when cellulose was submitted to HTC (Fig. 1c),

i.e., the pH was the highest at the beginning of the process then decreased and stabilised or slightly increased after 6 -12h, depending on the temperature. The pH dropped more at higher temperature, but also increased more after the minimum. This trend can be again explained in terms of increased degradation of soluble products when the severity increased (Fig. 1d), and the apparently constant pH at lower HTC temperature is likely due to reaction times that were too low for causing any significant change of pH.

As for lignin submitted to HTC, the pH of the liquid phase increased with severity (Fig. 1f). This is due to the fact that lignin degradation mainly produces phenolic (i.e., basic) compounds, and not acids. The red solid lines in Fig. 1b, 1d and 1f are fits of a second-order polynomial, Eq. ( 6), to the experimental data, where p 1 , p 2 and p 3 are adjustable parameters. The values of the latter are given in Table 1. 

Yield to hydrochar

The hydrochar yield from hemicellulose (Y HC,H ) at high severity was lower than that of cellulose and lignin (compare Fig. 2a, 2c and 2e), and the corresponding weight loss also occurred at much lower severity. The yield was indeed around 35% above a severity of 4.5 -5, and roughly stabilised for higher severity values (Fig. 2a). It is also possible that the curve goes through a minimum at a severity close to 5, as suggested by At low severity, cellulose produced the highest amount of HC since the yield was as high as 88%, on average. The weight loss stabilised around 46% at a severity around 6.5, i.e., higher than for hemicellulose. Moreover, the weight loss really started at a severity above 5.5, whereas hemicellulose lost weight from the mildest conditions. This finding is explained by the higher stability of cellulose that remained almost intact until 220ºC, above which degradation began (Fig. 2c).

Lignin was also quite stable since the HC yield was around 81% at low severity, on average, and remained constant up to temperature and time as high as 220ºC and 12h, respectively, corresponding to a severity close to 6.5 (Fig. 2e). Such a yield is a bit lower than that of cellulose in the same conditions because part of the lignin is soluble in water [START_REF] Overend | Fractionation of lignocellulosics by steam-aqueous pretreatments[END_REF]. Anyway, a lower weight loss than for the previous BCs was observed beyond a severity of 6.5 and quickly seemed to stabilise to around 69%, which was the highest value of the 3 BCs in the most severe conditions.

A kinetic model able to account for the aforementioned trends was applied to the data of Fig. 2a, 2c, and 2e. This model, known as Cross model (Cross, 1965) and described by Eq. ( 7), has been extensively applied to rheological studies but, to the best of our knowledge, it is the first time that it is applied to hydrothermal carbonisation. It reads:

(

) 7 
where Y HC,BC is the hydrochar yield at a given severity, Y 0 and Y  are the initial and final hydrochar yields, and m and k are parameters accounting for both the slope of the yield drop and the severity value at which the drop starts, respectively. The red lines in Fig. 2a, 2c and 2e show the fits of Eq. ( 7) to the experimental data. The corresponding adjustable parameters are given in Table 2 for hemicellulose, cellulose and lignin. This table also includes the coefficient of determination for the three raw materials, demonstrating the good fitting despite the data scattering.

Table 2. Values of the parameters of Eq. ( 7) after fitting the data of Fig. 2a 

Yield to liquid phase

As observed in Fig. 2, the yields of solid and liquid phases are not strictly correlated with each other. On the one hand, the amount of liquid produced should increase because of the loss of water from biomass but, on the other hand, volatile compounds are likely to be released in the gas phase.

Concerning hemicellulose, the decrease of HC yield was related to the increase of liquid yield until a severity around 5, and the latter remained constant or decreased very slightly at higher severity (Fig. 2b), suggesting that no or negligible amount of gas was produced. When cellulose was submitted to HTC, the liquid fraction was initially roughly constant until a severity of 5.5, above which it decreased very significantly (Fig. 2d). Since the hydrochar yield also decreased, it can be deduced that more and more gas was produced when the conditions turned more severe. As for lignin, the liquid fraction decreased rather linearly with severity over the whole investigated range (Fig. 2f), suggesting that lignin degradation produced volatile compounds from the very beginning, and all the more so at higher severity, as expected.

FU and 5-HMF production

The production of FU and 5-HMF as a function of HTC time followed the same behaviour, whatever the biomass compound investigated. Thus, at the lowest temperature, FU and 5-HMF production increased monotonously with time. When the HTC temperature increased, a peak of production clearly appeared and was shifted to lower reaction times. Therefore, at the highest investigated temperature, the highest concentration of FU and 5-HMF was obtained in less than 1 h. All these features are shown in Fig. 3. Those trends were more complex than the ones observed above for the changes of pH and yields of hydrochar and liquid fraction, hence the production of FU and 5-HMF as a function of severity were much more scattered than in Fig. 1 and2.

However, a peak of production was still visible in the range of severity 3.5 -4.5. Fig. 4 shows the example of FU production from cellulose, hemicellulose and lignin.

According to Fig. 3 and4, the highest concentration peak of FU was obtained from hemicellulose, followed by cellulose and, far behind, lignin. On the contrary, the peak of 5-HMF concentration was the highest for cellulose, followed by hemicellulose and finally lignin (see again Fig. 3). These results are logical since the precursors of FU and 5-HMF are xylans and glucoses, respectively, as they are the main structural units of hemicellulose and cellulose, respectively. FU and 5-HMF production from lignin was thus not expected, and might be due to remaining polysaccharides present as impurities. 

Reaction kinetics

During HTC, FU and 5-HMF were produced but disappeared due to various decomposition reactions. Two different models taking into account consecutive reactions were considered in order to fit the kinetics of both production and decomposition reactions.

The first one, referred to as model A in the following, considers FU and 5-HMF as intermediates between simple sugars derived from BCs and final products, whether those BCs are hemicellulose, cellulose or lignin. All reactions were assumed to be firstorder and are presented in Fig. 5 for FU and 5-HMF, respectively. The second model, called model B, considers, in addition to the same aforementioned successive reactions, the existence of side reactions leading to the production of other species. In this case, all reactions were assumed first-order too. Side reactions were suggested by [START_REF] Liu | Kinetics of furfural production from pre-hydrolysis liquor (PHL) of a kraft-based hardwood dissolving pulp production process[END_REF], who showed that better fits to the kinetics data were obtained compared to the case of the simple model of consecutive reactions (model A). In other studies, an intermediate compound for each process has been postulated, but could never be isolated or identified (Marcotullio, 2011). Model B, taking into account side reactions, is also sketched in Fig. 5.

Herein, it is considered that pentosan directly gives furfural and that hexan gives 5-HMF with kinetic constants k 1F and k 1H , respectively. FU and 5-HMF decompose to final products with kinetic constants k 3F and k 3H , respectively. Pentosan and hexan also react by side reactions with constants k 2F and k 2H , respectively. After resolution of the corresponding differential kinetics equations, FU and 5-HMF concentrations can be expressed by Eq. ( 8) and ( 9) for model A, respectively, and by Eq. ( 10) and ( 11) for model B, respectively. In those equations, C FU , C 5-HMF and C BC are the initial concentrations of FU, 5-HMF and BC (cellulose, hemicellulose or lignin). Having in mind that xylans and glucoses are the main structural units of hemicellulose and cellulose, respectively. We assumed that BCs decomposed following exclusively model A or model B. This assumption could be less logic for lignin but it is necessary to take into account that here, the fraction of lignin considered is that giving FU and 5-HMF and corresponding to polysaccharides present in lignin as impurities. As it was seen in Fig. 2e, lignin produced more hydrochar, in the whole range of severities tested, than C and H because L is an aromatic molecule prone to condensate as it happens with other polyphenolic compounds as tannins [START_REF] Braghiroli | Kinetics of the hydrothermal treatment of tannin for producing carbonaceous microspheres[END_REF], 2017[START_REF] Selmi | Tetracycline removal with activated carbons produced by hydrothermal carbonisation of Agave americana fibres and mimosa tannin[END_REF].

By application of these two models, the different constants were obtained, and activation energy (E a ) and pre-exponential factor (k 0 ) were also determined by application of Arrhenius' Eq. ( 5) to each kinetic constant. Examples of those Arrhenius fits can be seen in Fig. 6. Table 3. Activation energy (E a , kJ•mol -1 ) and pre-exponential factor (k 0 , s -1 ) for each FU and 5-HMF reaction constant in models A and B. In Fig. 7, representative examples of FU and 5-HMF concentrations measured when H, C or L were submitted to hydrothermal treatment at various experimental conditions.

In general, model B fitted the experimental data better than model A, thus supporting the existence of side reactions. The corresponding values of E a and k 0 for each model and each BC are presented in Table 3. values than those obtained here (Danon et al., 2014[START_REF] Liu | Kinetics of furfural production from pre-hydrolysis liquor (PHL) of a kraft-based hardwood dissolving pulp production process[END_REF][START_REF] Jing | Kinetics of non-catalyzed decomposition of D-xylose in high temperature liquid water[END_REF], which suggests that the effect of temperature observed herein is not as high as that reported in other studies. However, results regarding the same temperature range as in the present work led to lower E a , thus in agreement with our findings [START_REF] Kim | Kinetic study of the dehydration of D-xylose in high temperature water[END_REF].

Concerning the pre-exponential factors, there is no obvious agreement between the various available results. The reason might be related to the too different ranges of time, temperature or initial concentrations used in this study with respect to those reported in other published works.

Table 4. Activation energies (E a , kJ mol -1 ) and pre-exponential factors (k 0 , s -1 ) for xylose conversion into FU (k 1 ), side products (k 2 ) and degradation products (k 3 ) reported herein and in the literature. *Unit of L•(mol•s) -1 instead of s -1 because proton concentration was not taken into account.

Ref Catalyst T (ºC) k 1F (s -1 ) k 2F (s -1 ) k 3F (s -1 ) k 0 , 1F (s -1 ) E a,1F (kJ•mol -1 ) k 0 , 2F (s -1 ) E a,2F (kJ•mol -1 ) k 0 , 3F (s -1 ) E a,3F (kJ•mol -1 )
(s -1 ) k 2H (s -1 ) k 3H (s -1 ) k 0 , 1H (s -1 ) E a,1H (kJ•mol -1 ) k 0 , 2H (s -1 ) E a,2H (kJ•mol -1 ) k 0 , 3H (s -1 ) E a,3H (kJ•mol -1 )

This study

Phenolic compounds production

Fig. 8 shows the production of nine phenolic compounds obtained by HTC of lignin as a function of severity: 4-hydroxy-3-methoxy benzaldehyde (vanillin), 4-hydroxy-3methoxy phenylacetone (guaiacyl acetone), 4-hydroxy-3,5-dimethoxy benzaldehyde (syringaldehyde), 2,6-dimethoxyphenol (syringol), 4'-hydroxy-3',5'-dimethoxy acetophenone (acetosyringone), 2-methoxyphenol (guaiacol), phenol, 4-hydroxy-3methoxyacetophenone (acetovanillone), and 2-methoxy-4-methylphenol (creosol).

Different behaviours can be observed in the investigated range of experimental conditions: vanillin, syringaldehyde and acetosyringone showed a maximum of concentration, followed by a decrease. Despite the natural scattering of the data, it can be seen that the maximum of vanillin and syringaldehyde production both appeared at a similar severity around 5, whereas the maximum of acetosyringone was reached at a severity close to 6.2. Above such optimal severity values, vanillin and syringaldehyde concentrations dropped significantly whereas that of acetosyringone only decreased moderately. Meanwhile, guaiacyl acetone and acetovanillone presented a linear increase of concentration. Guaiacol, syringol and phenol concentrations also increased, but in a somewhat exponential way. Finally, creosol was only produced at the highest severity, at which its concentration also increased quite fast. Regarding the exhibited behaviours, various fitting trends were found whose polynomial, linear or exponential character is accounted for by Eq. ( 12), ( 13) and ( 14),

respectively. The values of the corresponding parameters for each compound are given in Table 6, and may be use for predicting the production of phenolic compounds from lignin submitted to hydrothermal treatment at a given severity logR 0 .

(12) (13) (14) Table 6. Parameters from the fits of Eq. ( 12), ( 13) or ( 14) to the data of Fig. 8. 

Conclusion

The reactions of cellulose, lignin and hemicellulose submitted to HTC were investigated in a broad range of times and temperatures. The main kinetic parameters were determined, and final pH and hydrochar yield were plotted versus the severity of the process. Hemicellulose and cellulose submitted to HTC produced more acidic solutions containing higher amounts of FU and 5-HMF, respectively, but the latter compounds did not account for the low pH, which was instead due to low molecularweight acids obtained at the same time.

The hydrochar yields increased in the order hemicellulose < cellulose < lignin. The hydrochar yields of cellulose and hemicellulose decreased, around 40%, when the severity increased, and lignin was the most stable compound in the most severe conditions. The amount of liquid fraction recovered after HTC of hemicellulose did not change much with severity, whereas that of cellulose was first stable and then dramatically dropped down to 20%. That of lignin slightly decreased when the severity increased.

The kinetics of FU and 5-HMF production were described, using two different models involving consecutive reactions with or without additional side reactions. The pre-exponential factors and activation energies were determined and were comprised within the range of those reported in the open literature. Observed differences were attributed to the broader range of severities used in the present study. Finally, nine phenolic compounds produced by HTC of lignin were also studied, and different behaviours were observed in the range of severities used herein: either a maximum concentration at some optimal severity (vanillin, syringaldehyde and acetosyringone), a continuous linear increase of concentration (guaiacyl acetone and acetovanillone), or a somewhat exponential increase (guaiacol, phenol, syringol and creosol).

The present results are expected to be useful for further modelling the behaviour of complex biomass submitted to HTC at various severities. These studies are presently in progress.
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Table 1 .

 1 Values of the parameters of Eq. (6) after fitting the data of Fig.1b, 1d and 1f.

	Biomass component (BC)	p 1	p 2	p 3
	Cellulose	15.20	-4.04	0.32
	Lignin	2.19	0.28	-
	Hemicellulose	10.90	-2.94	0.29

  , 2c and 2e.

	Raw material	Y 0 (%)	Y  (%)	k	m	R 2
	Hemicellulose	77	35	0.25	21.33	0.89
	Cellulose	88	46	0.17	26.42	0.77
	Lignin	81	69	0.16	46.46	0.79

Table 4

 4 shows the kinetic parameters reported in the open literature for xylose conversion. These results are compared to those obtained in the present study for hemicellulose, to which model B was applied. Most published works reported higher E a

Table 5

 5 shows the kinetic parameters obtained here for cellulose decomposition using model B, compared to those available in the open literature for 5-HMF conversion. E a values were similar to those previously reported, but k 0 values were lower than those of previous works, probably due, again, to the wider range of temperatures studied in this present work.

Table 5 .

 5 Activation energies (E a , kJ mol -1 ) and pre-exponential factors (k 0 , s -1 ) for hexose conversion into 5-HMF (k 1 ), side products (k 2 ) and degradation products (k 3 ) reported herein and in the literature.

	Ref	Raw material	Catalyst	T (ºC)	k 1H
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