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Introduction

Coals are currently widely used for heat and electricity generation in industrial boilers and power plants due to their low cost and also because they are available in pulverized form. To decrease the world global warning, biomass and their by-products are nowadays considered as combustible in pulverized-fuel firing burners (PFFB). But whatever the solid fuels which are used as combustible for heat and electricity productions, their combustion are among the principal sources of fine particles having diameter less than 2.5 µm (PM2.5) and of gaseous compounds such as carbon monoxide or other incomplete combustion gas like nitrogen oxides or volatile organic compounds [START_REF] Nussbaumer | Overview on Technologies for Biomass Combustion and Emission Levels of Particulate Matter, Swiss Federal Office for the Environment (FOEN) as a contribution to the Expert Group on Techno-Economic Issues (EGTEI) under the Convention on Long-Range Transboundary Air Pollution[END_REF][START_REF] Herich | A 2.5 year's source apportionment study of black carbon from wood burning and fossil fuel combustion at urban and rural sites in Switzerland[END_REF].

Hydrolysis lignin is a by-product of technological cycles concerning the production of fuels and chemicals, through either a percolation (Scholler process) or a low-temperature (Bergius process) hydrolysis of wood, [START_REF] Rabinovich | Carbon adsorbents from industrial hydrolysis lignin: The USSR/Eastern European experience and its importance for modern biorefineries[END_REF]. Wood hydrolysis plants were mainly built in the former USSR, Bulgaria, China and Korea. All these plants produced substantial amounts of hydrolysis lignin, at most 1.5 million tons each year. As a consequence, the available feedstock is very large, especially in Eastern Europe. As mentioned in [START_REF] Mahmood | Hydrolytic depolymerization of hydrolysis lignin: Effects of catalysts and solvents[END_REF], hydrolysis lignin was mainly stored because no valuable valorization was possible, despite an extensive research on this available material. Compared to coal and woody biomass, hydrolysis lignin is a brittle solid and easily transformable as pulverized fuel. The present study aims at determining if hydrolysis lignin is suitable as combustible in PFFB, especially when considering the associated gaseous and particulate pollutants emitted during its combustion, which have to be as low as that occurring in the combustion of other woody biomass.

In the present study, combustion experiments were realized in a drop tube furnace which simulates the conditions prevailing in a PFFB that is pulverized fuel submitted to flash heating rate with a residence time around 1 s in the combustion chamber. An isothermal temperature ranging from 800 to 1200 °C was imposed in the isothermal zone of the reactor, which was reached under a high temperature rate (1000 to 4000 K s -1 ). The drop distance in the drop tube furnace was set between 7 and 55 cm, with a special focus at 40 cm. The drop duration ranged from 485 ms (at 800 °C) to 457 ms (at 1200 °C).

Gaseous and particulate pollutants obtained as by-products of an incomplete combustion were analyzed and ash were collected at the bottom of the drop tube furnace. The fly particles were collected using an electrical low-pressure impactor (ELPI). Methanic and non-methanic volatile organic compounds were analyzed with a flame ionization detector.

If the combustion of hydrolysis lignin was mainly considered under these conditions, that of two other biomass, spruce bark and spruce trunk, were also considered in the same experimental conditions, and also that of a South-African bituminous coal, as performed in [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF], for comparison.

The influence of different parameters on the gaseous and particulate emissions was analyzed, also using the complementary results returned by different devices disposed in connection with the drop tube furnace. For an isothermal temperature of 1000 °C, the volatile yields of hydrolysis lignin proved that the devolatilization process is almost complete in these conditions. Concerning the particulate emissions, two mechanisms are proposed to explain the PM formation: the soot and tar production at low temperatures and the decomposition of the mineral fraction of the fuel at high temperatures. These hypotheses are supported by observations deduced from the mineral fractions of the fuels and on the collected ash.

Previous studies already analyzed the influence of experimental conditions on the gaseous and particulate emissions during coal and biomass combustion. Several parameters were indeed investigated, including solid fuel type (Zhang and Ninomiya, 2006;[START_REF] Wen | Emission of inorganic PM10 from included mineral matter during the combustion of pulverized coals of various ranks[END_REF][START_REF] Al-Naiema | Impacts of co-firing biomass on emissions of particulate matter to the atmosphere[END_REF][START_REF] Jiménez | Particulate matter formation and emission in the combustion of different pulverized biomass fuels[END_REF], residence time [START_REF] Tissari | A novel field measurement method for determining fine particle and gas emission from residential wood combustion[END_REF][START_REF] Zhuo | The progressive formation of submicron particulate matter in a quasi one-dimensional pulverized coal combustor[END_REF], reaction temperature (Zhang et al., 2006) and coal combustion environment (Li et al., 2013). Some authors [START_REF] Ninomiya | Transformation of mineral and emission of particulate matters during co-combustion of coal with sewage sludge[END_REF][START_REF] Jiménez | Effect of co-firing on the properties of submicron aerosols from biomass combustion[END_REF][START_REF] Zhang | Influence of woody biomass (cedar chip) addition on the emissions of PM10 from pulverised coal combustion[END_REF][START_REF] Wang | Emission behavior of particulate matter during co-combustion of coal and biomass in a drop tube furnace[END_REF] analyzed the effect of co-firing coal and biomass on PM emissions.

In their experiments, Jia and Lighty (2012) analyzed the impacts of furnace temperature, coal type and gas phase conditions on the emissions. Considering the biomass combustion, the PM formation may be classified into two distinct pathways (Zhang and Ninomiya, 2006;[START_REF] Gao | Significant contribution of organicallybound Mg, Ca, and Fe to inorganic PM10 emission during the combustion of pulverized Victorian brown coal[END_REF]. [START_REF] Obernberger | Chemical properties of solid biofuels -significance and impact[END_REF] gave a clear and detailed schematic description of the formation of ash and fly-ash during combustion. Both aerosols (0.01-0.1 µm) and coarse flyash particles (1-200 µm) are produced. On the one hand, non-volatile inorganic elements (Si, Ca, Mg, etc.) are directly transformed in coarse ash particles. On another hand, the transformations of inorganic vapors (KOH, KCl, ZnO, K2CO3, etc.) through nucleation, condensation, coagulation and agglomeration [START_REF] Sippula | Comparison of particle emissions from small heavy fuel oil and wood-fired boilers[END_REF] led to fine ash particles formation. Moreover, the incomplete biomass combustion was proved to lead to the formation of soot, tars and volatile organic compounds.

The combustion of hydrolysis lignin seems to have not yet been analyzed in the abovedescribed conditions, the available literature mainly focusing on the combustion of coals, of mixtures of coals and woody biomass or even of other woody biomass.

Material and methods

Materials

The hydrolysis lignin samples were kindly provided by the "Bionet" company which produces hydrolysis lignin pellets from the Onega lignin dump, located in the Arkhangelsk region, northwest region of the Russian Federation. The spruce (bark and trunk) samples were collected mainly from harvested forests in the Arkhangelsk region. The combustion of these samples will be compared to that of a South African bituminous coal, in the same experimental conditions. The samples were preliminary dried at ambient temperature during one week, then ground in a ball mill Retzsch PM 200 and sieved on a Retzsch AS 200 Control analyzer to a particle size distribution 200-280 micrometers.

Ash were prepared in a muffle furnace according the EN NF 14775 (2010) standards for biofuels.

The proximate analyses of the samples were performed according to EN NF 14774-2 (2010), NF M03-004 (1974) standards for coal samples and ISO 1171 (2010) and EN NF 14775 (2010) standards for biomass samples. The results are gathered in Table 1.

Table 1.

Spruce bark and trunk present a proximate analysis close to that found in [START_REF] Nussbaumer | Overview on Technologies for Biomass Combustion and Emission Levels of Particulate Matter, Swiss Federal Office for the Environment (FOEN) as a contribution to the Expert Group on Techno-Economic Issues (EGTEI) under the Convention on Long-Range Transboundary Air Pollution[END_REF].

Because the bark represents the outside part of the wood, its relative humidity is higher than that of trunk. The ash content of the bark is also higher than that of the trunk, related to the presence of minerals as alumina and silica oxides. The proximate analysis of the South-African coal was analyzed in [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF] and similar results were reported in [START_REF] Li | Fine particulate formation and ash deposition during pulverized coal combustion of high-sodium lignite in a down-fired furnace[END_REF]. The fixed carbon content and ash content in hydrolysis lignin are higher than that of spruce samples.

The ultimate analyses of the different samples were determined on an analyzer EuroVector EA-300 and according to ISO 29541 (2010), ISO 19579 (2006) and ASTM 3176-09 (2009) standards. The results are gathered in Table 2. Oxygen was calculated by difference.

Table 2.

The percentage of carbon is naturally higher in coal than in the woody biomass samples. The percentages of the different constituents lie quite in the same range for the three woody biomass and are close to that of the literature [START_REF] Eom | Characterization of primary thermal degradation features of lignocellulosic biomass after removal of inorganic metals by diverse solvents[END_REF]. The percentage of sulfur is higher in coal than in the woody biomass samples. It is well known that sulfur may damage the equipment during the combustion process [START_REF] Leightner | Weather-induced changes in the trade-o¤ between SO2 and NOx at large power plants[END_REF].

The Higher Heating Values (HHV) of the four samples (which are not indicated in Table 2) have been determined according to the BS EN ISO 18125 (2017). The LHV values have then been computed from the HHV ones and the ultimate analyses of the samples. The LHV values of the three woody biomass lie in the same range but are much lower than that of coal. These LHV values are in the same order of magnitude than those found in literature for lignocellulosic fuels and coal, respectively [START_REF] Popova | Thermal degradation and combustion of wood fuels, coals and hydrolysis lignin from the Russian Federation: experiments and modeling[END_REF].

The lignocellulosic composition of hydrolysis lignin was determined according to Van Soest's protocol [START_REF] Van Soest | Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition[END_REF] which leads to 2.3% of hemicellulose, 15.6% of cellulose, 66.9% of lignin and 15.2% of extractives, respectively. Aromatic polymers as lignin are largely predominant in this by-product.

Combustion experiments in an equipped drop tube furnace

The samples were burnt in a drop tube furnace, which mainly consists in a reactor and a fuel feeding system and which is equipped with mass flow controllers and an Electrical Low Pressure Impactor (ELPI) device, see Fig. 1. The silica-alumina reactor is 1.7 m high and has a diameter equal to 7 cm. Different isothermal temperatures of the reaction zone were tested in the present study: 800, 900, 1000, 1100 and 1200 °C.

Figure 1.

and under a primary synthetic air (80% N2, 20% O2) flow of 40 NL/h. The pulverized material was then entrained in the drop tube furnace through a secondary synthetic air flow of 800 NL/h. The time length of an injection (corresponding to approximately 2.5 g of material) in the drop tube furnace was around 1 h. To obtain a permanent regime, only the 20 minutes in the middle of the injection time length were observed. Except for the analyses of the impact of the drop height on the production of particulate matter and of volatiles, the drop height was taken equal to 40 cm.

The ash collection stage is an impaction chamber with a 150 mm diameter inlet orifice and three outlet vent tubes. This design results in very low turbulence and allows collection of several grams of coarse particles (>10 μm) without overloading the collecting device.

An ELPI manufactured by Dekati Ltd. (Tampere, Finland) was used to collect the emitted particles from 29 to 10 μm into twelve size fractions. Within the ELPI, the particles are first electrically charged on a corona charger, according to their Stokes diameter and then impacted on twelve different plates according to their inertia related to their aerodynamic diameter. The number of particles and the mass concentrations were calculated taking into account this particularity that is using 1 g cm -3 as density value [START_REF] Marjamäki | Performance evaluation of the electrical low-pressure impactor (ELPI)[END_REF].

According to [START_REF] Gauchet | Modelling of the aerosol collection efficiency by drops influence of the distance between the drops[END_REF], the condensation of the water vapor leads to an increase of the aerosols on the higher plates of the impactor in the range 3-10 μm. For these reasons, if particulate matter was collected on the twelve plates of the ELPI (from 29 nm to 10 μm), the numbers of particles, their mass concentrations and their distributions were only calculated for PM2.5. The number and mass of the particles from 3 to 10 μm were not taken into account in the present study. Methanic and Non Methanic Volatile Organic Compounds (MVOC and NMVOC) were analyzed during the combustion in the drop tube furnace with a Flame Ionization Detector Cosmos Graphite 55 (0-10,000 ppmv). Total VOC were expressed in equivalent CH4. Carbon oxides (CO and CO2) were analyzed with a Rosemount NGA 2000 analyzer for carbon oxides and O2, respectively (carbon monoxide CO: 0-10%, carbon dioxide CO2: 0-100% and dioxygen O2: 0-100%).

Results and discussion

Particulate emissions

When observing the material collected on the twelve plates of the ELPI at different temperatures, two main features appear:

• Tars and soot are mainly formed at the lowest temperature of 800 °C and collected on a large range of diameters as observable on plates 2 to 12 (brown zones) while incompletely burnt particles as soot are collected on some other plates (dark zones).

• At the highest temperature of 1200 °C, particles are mainly minerals as ash. Grey spots can indeed be seen on plates 6 to 11, which correspond to the flight of fine ash particles during experiments. On plates 1 to 5, which collect particles with diameters lower than 0.4 µm, soot is always present. The presence of ash on plates corresponds to a more complete combustion of the material at high temperatures.

The mean values of the amounts of PM2.5 collected through repeatability experiments are gathered in Fig. 2 for hydrolysis lignin, spruce bark and spruce trunk. Figure 2 shows that the amounts of collected PM2.5 decrease from 800 to 900, or 1000 °C, then increase for the two last temperatures of 1000 and 1200 °C, except for spruce bark at 950 °C, see also below.

The ratios between the standard deviations and the mean values lie between 0.02 and 0.06 for hydrolysis lignin, between 0.00 and 0.16 for spruce bark and between 0.00 and 0.15 for spruce trunk, which allows to consider only mean values of these amounts.

The particle number concentrations lie in the same range than that obtained in other studies for both coal and biomass samples [START_REF] Moisio | Fine particle size distributions of seven different combustion power plants[END_REF][START_REF] Johansson | Particle emissions from biomass combustion in small combustors[END_REF][START_REF] Yi | Fine particle and trace element emissions from an anthracite coal-fired power plant equipped with a bag-house in China[END_REF][START_REF] Lind | Electrostatic Precipitator Collection Efficiency and Trace Element Emissions from Co-Combustion of Biomass and Recovered Fuel in Fluidized-Bed Combustion[END_REF]. For comparison, the numbers of particles emitted from the combustion of the South-African coal in the same conditions and under the temperature of 1300 °C were in p.cm -3 : 22.5×10 6 (PM2.5), 22.0×10 6 (PM0.1), .0.5×10 6 (PM0.1-1) and 1.0×10 3 (PM1-2.5), respectively, see [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF]. This may be the consequence of the mineral matter present in coal, which is different from that in biomass. Consequently, it is not surprising that the particulate matters formed from coal and biomass differ (Rizvi et As exhibited in Fig. 2, the number of particles PM2.5 starts decreasing and then increases with the isothermal temperature. The minimum of such particles is reached at 900 °C for hydrolysis lignin and for spruce bark and at 1000 °C for spruce trunk. When using woody biomass as solid fuel in the current experimental conditions and considering the emissions of particulate matter, these temperatures represent the optimal ones. Increasing the temperature during biomass combustion leads to higher vaporization of ash elements such as alkali and sulfur compounds [START_REF] Dayton | Direct observation of alkali vapor release during biomass combustion and gasification. 1. Application of molecular beam/mass spectrometry to switchgrass combustion[END_REF].

Whatever the sample, the number of large particles PM1-2.5 is much smaller (100 times) than that of ultrafine particles. Nanoparticles as PM0.1 dominate in number, whatever the temperature. They represent more than 90% of the total number of particles emitted in the exhaust. The increase of the temperature largely influences the number size distribution of particles with a proportion of PM0.1 close to 99% for spruce bark and spruce trunk in the temperature range 1000-1200 °C. The part of PM0.1 also increases for hydrolysis lignin in the same temperature range but with values close to 95%. High temperature favors the biomass gasification and leads to the formation of nanoparticles mainly emitted in the gas. The effect of temperature has already been reported in [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF] for a woody biomass (harvested Alsatian wood chips) but the PM2.5 was here always increasing in the temperature range 700-1300 °C.

Particulate matter formation from incomplete combustion

The large amount of particles observed at 800 °C may be explained by the incomplete combustion of the biomass. Soot, elemental carbon and tars are visually observed on the collections stage of the ELPI. The combustion of softwoods (as spruce) is well-known and numerous literature data are available to explain that they largely contribute to give tars and soot, contrary to hardwoods. The formation of products as CO and Polycyclic Aromatic Hydrocarbons (PAH) during an incomplete combustion is favored. PAH mainly constitute tars and are defined as soot precursors [START_REF] Eberle | A sectional PAH model with reversible PAH chemistry for CFD soot simulations[END_REF]. The high number of PM2.5 for hydrolysis lignin at 800 °C may be attributed to the incomplete combustion of this biofuel, mainly composed of aromatic polymers as lignin, as deduced from the lignocellulosic composition of this material. High temperatures above 800 °C and longer residence times of at least 2s are required to achieve the combustion of these aromatic molecules, as described in [START_REF] Parker | Toward the Oxidation of the Phenyl Radical and Prevention of PAH Formation in Combustion Systems[END_REF]. Moreover, inorganic and organic vapors may condense on soot particles.

To check the above-indicated hypothesis of an incomplete combustion of the biomass leading to a larger amount of particles observed at 800 °C, the gaseous emissions during the incomplete combustion in the drop tube furnace were analyzed and the results are given in Table 3.

Table 3.

For the three samples, the gaseous emissions rapidly decrease to 0 with the temperature.

The gaseous emissions for hydrolysis lignin are lower than that for spruce trunk and slightly higher than that for spruce bark.

TVOC proportions in the flue gas are very low but are in the same range than that found in the literature for lignocellulosic biomass. The increase of the temperature drastically decreases the formation of incomplete organic compounds in the flue gas, because the oxidation of these VOC becomes complete. During domestic combustion processes of biomass for heat production, methane is the lighter VOC emitted in the exhaust with proportion in the gas phase close to 60-80% (Shauer et al., 2001; [START_REF] Tissari | A novel field measurement method for determining fine particle and gas emission from residential wood combustion[END_REF]. The conversion of methane to carbon dioxide proceeds with slow rate and its total oxidation can be achieved at very high temperatures [START_REF] Yao | Evidence of two temperature regime in the slow oxidation of methane[END_REF][START_REF] Tabayashi | The early stages of pyrolysis and oxidation of Methane[END_REF]. The proportion of methane in the TVOC largely dominates when the temperature increases. For the three samples, only methane is detected at 1000 °C.

In complement to the gas measures indicated in Table 3, the CO2 and CO emissions were monitored, but they were in any case lower than the precision of the analyzer (less than 0.4%).

The gaseous emissions from the co-pyrolysis of saw dust and Shenfu coal in a drop tube furnace were measured in (Li et al., 2013) with lower amounts for saw dust than for coal.

As already discussed, PM and TVOC emissions depend on the temperature imposed in the isothermal zone of the drop tube furnace. As already discussed, soot were collected at 800 °C on ELPI collection stages for biomass combustion but not at 1200 °C. Such behaviors should be linked to the volatiles emitted from biomass during its drop and to the first step of the thermal degradation of the sample, i.e. the pyrolysis stage. The thermal degradation of hydrolysis lignin and spruce bark was then investigated through experiments carried out under pure N2 to analyze its pyrolysis in the drop tube furnace. Drop distances ranging from 7 to 55 cm were considered including the distance of 40 cm considered for the investigation of the combustion. Two temperatures were considered 800 °C and 1000 °C. Here both primary and secondary flows were pure nitrogen. The pulverized material was injected at 11.5 g h -1 , to produce more ash and volatiles. The char was collected in the ash collection step (see Fig. 1) after being quenched by a water-cooled sample probe. The reaction zone was defined by the position of the outlet of the injection probe and the inlet of the sample probe.

The collected char was analyzed using the ash tracer method, see [START_REF] Zellagui | Pyrolysis of coal and woody biomass under N2 and CO2 atmospheres using a drop tube furnace -experimental study and kinetic modeling[END_REF], to extract the fraction of volatiles emitted from the thermal degradations of hydrolysis lignin or spruce bark. The results are gathered in Fig. 3.

Figure 3.

Volatiles content ranges from 10.9 to 89.2%, depending on the drop distance and the temperature. The three components (hemicellulose, cellulose and lignin) of the lignocellulosic biomass undergo a transformation, liquefy between 200 and 400 °C and produce volatiles, gas and oil [START_REF] Nzihou | The catalytic effect of inherent and adsorbed metals on the fast/flash pyrolysis of biomass: A review[END_REF]. The maximal value for the volatile yield in the drop tube furnace (90.0% for hydrolysis lignin and 89.2% for spruce bark) is higher than that returned by the proximate analysis (69% for hydrolysis lignin and 73.0% for spruce bark). This trend was already observed in [START_REF] Zellagui | Pyrolysis of coal and woody biomass under N2 and CO2 atmospheres using a drop tube furnace -experimental study and kinetic modeling[END_REF] for woody biomass and coal. In [START_REF] Nzihou | The catalytic effect of inherent and adsorbed metals on the fast/flash pyrolysis of biomass: A review[END_REF], the authors reported that the yield of char produced by pyrolysis ranged from 5 to 31%, depending on the biomass components and heating rate. The solid fuel conversion increases in a significant way under fast pyrolysis conditions. The percentage of volatiles emitted increases with the drop height in an almost quadratic and concave way with respect to the temperature in the isothermal zone, see Fig. 3.

At temperatures of 800 °C and 1000 °C, the volatile yield reaches a maximum of 90% for hydrolysis lignin. Consequently the devolatilization process is almost complete at a distance drop equal to 40 cm. Such a behavior is not observed for the spruce bark as for the isothermal temperature equal to 800 °C and a drop distance of 40 cm, the volatile yield obtained being equal to 69.4% and much lower than that obtained at 1000 °C (89.2%). Consequently, the devolatilization process for spruce bark is not complete at 800 °C. Hence it is not surprising that unburnt hydrocarbons and soot are still produced and monitored as already observed in Fig. 3. The PM yield at 800 °C should be linked to the oil produced during the pyrolysis stage of the biomass. Oil is indeed quenched in the cooled collecting sample before being oxidized.

These complete or uncomplete devolatilization processes are also well correlated with the smaller amount of particulate matter emitted at 800 °C in the case of hydrolysis lignin (6.1×10 6 p.cm -3 ) than that of spruce bark (19.0×10 6 p.cm -3 ).

Particulate matter formation from vaporization and condensation of mineral elements

For temperatures higher than 900 °C, the mechanism of particulate matter formation is mainly due to the vaporization and the condensation of mineral elements. The mineral elements contained in the four samples and in some of their ash have been determined through a Roentgen fluorescence spectroscopy (XRF-1800). The results are gathered in Table 4.

Table 4.

The percentage of minerals is generally much higher in hydrolysis lignin than in the woody biomass (see Table 4), as a consequence of the above-described process leading to the production of hydrolysis lignin. The percentage of minerals is much higher in spruce bark than in spruce trunk, as minerals are mainly contained in barks [START_REF] Miranda | Chemical characterization of barks from Picea abies and Pinus sylvestris after fractioning into different particle sizes[END_REF]. Ash from spruce trunk contains less percentage of silica than that found in the literature because bark has been removed. For example, Rivzi et al. (2015) found 45% of silica in pine ash. The observed variations of the mineral composition of the samples could also be attributed to the different mineral composition of the soil where the tree grown.

Considering the ash chemical properties given in Table 4, the different biomass contain relatively large amounts of alkali metals. The condensation of these vapors in the cooling gas -in the collecting probe of the drop tube furnace -leads to the formation of fly ash. As already mentioned in [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF], the presence of alkali metals in a woody biomass explains the high emissions of the finer particles PM0.1. This is consistent with the results obtained in the present study. The mass fractions of alkali metals (Na, Rb, K) are higher for spruce bark than for hydrolysis lignin and spruce trunk, leading to a higher level for PM1 emissions. Sulfur compounds (SO3) are higher for spruce bark and hydrolysis lignin than for spruce trunk and this is also consistent with the levels of emitted PM1. Vaporization of ash elements such as alkali vapor and sulfur compounds increases with temperature during combustion as shown in [START_REF] Dayton | Direct observation of alkali vapor release during biomass combustion and gasification. 1. Application of molecular beam/mass spectrometry to switchgrass combustion[END_REF]. The condensation of these vapors leads to the formation of fine particles when the gas is cooled down in the collecting sample probe. The number of particles emitted by spruce bark is much higher than that emitted by spruce trunk, except for 900 °C, and by hydrolysis lignin. This is well correlated with the amounts of minerals contained in the samples, as described in Table 4.

As already discussed in the previous section, the difference of the residence times of the particle in the drop tube furnace (0.5 s) and in an industrial boiler (2 s) has to be considered.

For particulate matter produced from minerals at high temperatures, [START_REF] Zellagui | Parametric study on the particulate matter emissions during solid fuel combustion in a drop tube furnace[END_REF] observed that no significant change occurred when the drop duration was increased from 0.5 s to 0.9 s with a woody biomass. Consequently, an increase of the residence time of hydrolysis lignin and spruce samples should not affect strongly the level of particulate emissions produced by minerals. But such an increase of the residence time should lower the particulate emissions at low temperatures due to incomplete combustion, as discussed in section 2.2.

Additionally, the mineral composition of ash is a point of interest during the combustion process and particularly during the cooling of the fume for heat recovery. To predict the biomass ash fusion behavior at the surface of heat exchangers of thermal facilities, some indexes based on ratios between elemental oxides and related to the chemical properties of ash were calculated. Fouling of heat exchanges have major consequences that mainly reduce the plant capacity up to 45%, favors the excess of fuel consumption, reduces service life and adds energy costs [START_REF] Kalivodová | Avifauna dubových porastov v povodí Stoličného potoka (Trnavská pahorkatina) mimohniezdnom období[END_REF]. According to [START_REF] Pronobis | Evaluation of the influence of biomass co-combustion on boiler furnace slagging by means of fusibility correlations[END_REF]Rivzi et al., 2015), Base to Acid Ratio (B/A), Slag viscosity index (Sr), Fouling index (Fu), Slagging index (Rs) and Alkali Index (AI) were calculated and given in the Table 5. The corresponding slagging or fouling tendencies have been marked as severe (S), medium (M), high (H) and low (L) when possible according to data available in the literature [START_REF] Pronobis | Evaluation of the influence of biomass co-combustion on boiler furnace slagging by means of fusibility correlations[END_REF].

Although the value of AI is quite low for hydrolysis lignin ash related to lower alkali content (K and Na), B/A, Rs, Sr and Fu tend to lean towards the high slagging and fouling tendencies compared to coal. It is interesting to note that although the predicted slagging and fouling potential depicted by these indexes are mostly based on values obtained from coals, they seem to be in good agreement with that of the biomass considered in the present study.

Finally, the level of gaseous and particulate pollutants which are emitted along the combustion of hydrolysis lignin are smaller than that obtained for spruce and for coal in similar experimental conditions.

Conclusion

The gaseous and particulate pollutants emitted during the combustion of hydrolysis lignin in a drop tube furnace were analyzed and compared to that emitted by spruce trunk and spruce bark. The volatile yields occurring during the pyrolysis of hydrolysis lignin was almost complete at 1000 °C and for a short drop distances. The number of emitted PM2.5 presented a V profile with respect to the temperature with a minimum reached at 900 °C. Considering the gaseous and PM emissions from the thermal degradation of hydrolysis lignin, one can conclude that the combustion of this by-product is cleaner than that of the two other conventional biomass. 
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1 TABLES Table 1 .

 TABLES1 Proximate analyses of the four samples.

		Volatile matter	Fixed carbon	Moisture	Ash
		wt%, daf	wt%, daf	wt%, ar	%, db
	Hydrolysis lignin	69.0	31.0	5.5	4.5
	Spruce bark	73.0	27.0	7.2	3.5
	Spruce trunk	81.0	18.9	5.3	0.4
	South-African coal	29.4	70.6	2.1	13.9
	daf = dry ash-free basis, ar = as received, db = dry basis		

Table 2 .

 2 Ultimate analyses and Lower Heating Values (LHV) of the different samples.

	C	H	N	S		O	LHV
	(percentages on dry ash free components)			MJ. kg -1
	Hydrolysis lignin	59.5	6.6	0.2	0.0	33.7	18.6
	Spruce bark	57.1	8.4	1.0	0.0	33.5	16.4
	Spruce trunk	52.0	7.6	0.3	0.0	40.1	15.7
	South-African coal	83.2	4.7	2.1	0.7	9.3	26.4

Table 3 .

 3 Gaseous emissions from the three woody samples at different temperatures in the isothermal zone (NMVOC= Non Methanic Volatile Organic Compounds, TVOC=Total Volatile Organic Compounds).

		Temperature (°C)	NMVOC	CH4 (ppm)	TVOC (ppm)
			(ppm)		
	Hydrolysis lignin	800	9.0	4.9	14.0
		900	0.5	0.9	1.5
		1000	0.0	0.7	0.7
	Spruce bark	800	21.8	6.6	28.4
		900	1.2	0.9	2.1
		1000	0.0	0.5	0.5
	Spruce trunk	800	18.3	6.2	24.5
		900	0.9	0.9	1.8
		1000	0.0	0.6	0.6

Table 4 .

 4 Mineral elements present in the raw materials (percentages on dry components) and in some ash and calculated indices.

	Mineral elements	Hydrolysis lignin	Hydrolysis lignin ash	Spruce trunk	Spruce bark	Spruce Trunk ash	Coal ash
	iron (Fe2O3)	0.191	5.842 0.048	0.032	2.233	4.78
	silicon (SiO2)	1.498	43.089 0.082	0.552	4.589	47.3
	calcium (CaO)	0.82	22.282 0.422	6.343	49.674	5.67
	potassium (K2O)	0.078	2.227 0.161	0.651	11.194	0.75
	copper (CuO)	0.024	0.315 0.137	0.01	0.045	ND
	sulfur (SO3)	0.748	11.289 0.295	0.642	5.743	2.95
	phosphorus (P2O5)	0.043	1.799	0.02	0.221	1.207	2.32
	aluminum (Al2O3)	0.339	7.535 0.017	0.104	0.959	31.6
	chlorine (Cl)	0.001	0.004	ND	0.026	0.419	ND
	lead (PbO)	ND	0.004	ND	ND	0.106	0.02
	nickel (NiO)	0.011	0.019 0.233	0.008	0.01	ND
	sodium (Na2O)	0.897	1.094 0.802	1.184	0.909	0.27
	barium (BaO)	ND	0.272	ND	ND	0.521	0.25
	zirconium (ZrO2)	ND	0.03	ND	ND	0.039	0.07
	strontium (SrO)	0.004	0.06 0.001	0.019	0.231	0.24
	rubidium (Rb2O)	ND	0.008	ND	ND	0.033	ND
	zinc (ZnO)	0.002	0.03 0.007	0.055	0.901	ND
	cobalt (Co2O3)	ND	ND	ND	ND	ND	ND
	manganese (MnO)	0.004	0.097 0.035	0.208	4.633	0.16
	chrome (Cr2O3)	0.009	0.582 0.004	0.007	0.037	0.09
	titan (TiO2)	0.02	0.988	ND	0.001	0.224	1.87
	magnesium (MgO)	0.084	2.419 0.052	0.369	5.836	1.64
	tin (SnO2)	0.02	ND 0.004	0.01	ND	ND
	The ND abbreviation denotes quantities below the detection threshold.		

Table 5 .

 5 Calculated indices.

	Indices	Hydrolysis lignin ash	Spruce Trunk ash	Coal ash
	Base to Acid Ratio (B/A)	0.65 (H)	10	0.16 (L)
	Slag viscosity index (Sr)	58 (H)	7	80 (L)
	Fouling index (Fu)	2.2 (H)	146	0.16 (L)
	Slagging index (Rs)	2.9 (S)	23	0.19 (L)
	Alkali Index (AI)	0.18 (L)	0.77	0.04 (L)
	S=severe, M=medium, H=high and L=low		
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