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Sewage sludge gasification deals with the release of nitrogen and sulfur com-pounds, the main sources for pollutants during the final combustion. In order to handle these compounds, a staged gasification process is proposed. During the low-temperature thermal treatment of the first stage, nitrogen and sulfur com-pounds are removed from the solid fuel. The second stage converts the remaining solid into combustible compounds through gasification reactions. The producer gas obtained during this stage is compared to the producer gas of a simple gasifi-cation. The presence of pollutant precursors was considerably diminished during the staged experiments. A successful staged gasification may eliminate the need for downstream cleanup and thus limit the energy consumption. This work proves that staged gasification may be the key to obtain energy from waste fuel, limiting the concerns about pollutants.

Introduction

Given the increasing production of sewage sludge (SS) [START_REF] Ltd | WRc, Report for the European Commission[END_REF][START_REF] Fytili | Renewable Sustainable Energ[END_REF], which is a source of heavy metals, organic pollutants and pathogenic organisms, and the stringent norms concerning SS management [START_REF]Urban Waste Water Treatment Directive (UWWTD, 91/271/ EEC[END_REF][START_REF]Council Directive of 12[END_REF][START_REF]Council Directive of 26[END_REF], thermal conversion seems an attractive way of SS disposal. In fact, from the energetic point of view, SS is a heterogeneous biomass, as are other waste fuels, with a relatively high heating value close to that of brown coal [START_REF] Werther | [END_REF]. The best established thermal technology is incineration [START_REF] Werther | [END_REF], which can recover energy from hot exhaust gases. Nevertheless, incineration requires two major treatment operations: extensive gas cleaning, to match the emission limit values set for air pollutants according to directive 2000/76/EC [START_REF]Council Directive on the incineration of waste (the WI Directive, 2000/76/EC)[END_REF], and safe disposal of the ashes, which contain considerable concentrations of potentially toxic metals [START_REF] Donatello | [END_REF][9][10][11][12].

Lately, several advanced thermal technologies have been introduced as a clear alternative to incineration [START_REF] Fytili | Renewable Sustainable Energ[END_REF]13], such as pyrolysis or gasification. Thermal gasification consists in the conversion of biomass, typically between 700-900 °C, into a producer gas rich in combustible compounds, such as H 2 , CO, and CH 4 , and a solid residue [14]. Unlike pyrolysis, gasification is carried out with a gasifying agent, usually steam and/or air, the equivalence ratio is between 0.2-0.4. As other thermal processes, SS gasification (SSG) enables the removal of organic pollutants and pathogenic organisms; it leads to a remarkable volume reduction of waste of approximately 70 % of the solids' initial dry mass [START_REF] Fytili | Renewable Sustainable Energ[END_REF] and allows for the recovery of the sludge energy content [13]. Moreover, in view of the limited solubility of heavy metals retained in the gasified residues [14], SSG appears as an attractive alternative to landfilling as SS disposal route.

During gasification, two main mechanisms take place [15][16][17][18]: (i) devolatilization, i.e., fast pyrolysis in a reactive atmosphere, e.g., cracking, reforming, and oxidation, and (ii) char gasification. SS devolatilization starts at low temperature, from about 250 °C, and converts the fuel organic matter (OM) into volatiles and light gases [19][20][21]. It is a key conversion stage during gasification and combustion of biomass and waste fuels such as SS, given the high OM content in those fuels compared to fossil fuels [17,22,23]. Char gasification, with char including fixed carbon (C) and mineral matter (MM), converts fixed carbon into light gases by heterogeneous and homogeneous reactions, commonly described between 700-900 °C.

Until now, research on SSG has mainly focused on the gas production yield and gas composition [24][25][26][27][28][29][30], as well as on heavy metal distribution [31][32][33] and tar formation [34][35][36][37].

Most of these key gasification aspects are, to some extent, common to other biomasses and waste fuels. For instance, tar formation, which takes place during devolatilization, reduces the efficiency of the conversion process, and limits the applications of the producer gas, may be considerably overcome with an accurate gasification technology, involving tar conversion to producer gas inside the gasifier [START_REF] Han | Renewable Sustainable Energ[END_REF]39]. The tar problem is common to coal, biomass, and waste fuels. However, a major drawback distinctive of SSG is the considerable amount of nitrogen present in SS (N-SS) as compared to other biomasses, which may be as high as 8 % [START_REF] Werther | [END_REF]. The presence of N compounds in the producer gas may lead to air pollutants such as NO x during the final combustion [40][41][42][43][44]. In addition, SS may also contain some sulfur (S-SS) giving rise to S pollutants; the S contents in SS can be comparable to those of coals [START_REF] Werther | [END_REF]. Although there is not much information on the S behavior during SSG or SS pyrolysis, studies on coal pyrolysis and coal gasification have shown the production of H 2 S, COS, SO 2 , and CS 2 [45][46][47][48][49].

Recently, part of the research efforts have focused on the conversion of N-SS to N compounds during SSG [50,51], showing that NH 3 , HCN, N volatiles, and molecular nitrogen are the main N compounds formed, while a smaller part of the N-SS (about 5 % of the initial N-SS) is retained in the solid residue. These studies, in comparison with SS pyrolysis studies [52][53][54], show the formation of similar N compounds; however, less than 20 % of the initial N content is still present in the char obtained after pyrolysis at 700 °C [52]. In view of these facts, devolatilization during SSG seems to be responsible for most the N-SS conversion.

In this study, the behaviors of N-SS and S-SS during SSG were investigated considering two steps: a low-temperature SS devolatilization step followed by a char-SS gasification step. The aim was the thermal separation of pollutant precursors and combustible compounds by the staged process conceptualized in Fig. 1, operating at two different temperatures. The first stage, here called the cleanup stage, involves low-temperature devolatilization. This stage, in theory, produces N-and S-rich gases as well as N-and S-poor char. This char would be gasified in the second stage, here called the gasification stage, to produce combustible compounds. Devolatilization gases may contain some permanent gases, mainly CO, CH 4 , H 2 , and CO 2 . In order to take advantage of their combustible value, these gases, after removal of pollutant precursors by lowtemperature treatment, could be reintroduced into the gasification stage or directly burned. Then again, any pollutants obtained could be retreated by the wastewater treatment plant. The final producer gas of this staged gasification could be directly burned with limited concerns regarding pollutants. Therefore, this advanced process would be a clear alternative to incineration or simple gasification. The latter technologies produce high-temperature gases containing pollutants or pollutant precursors. These gases have to be treated for pollutant removal by expensive hot treatment gas or by cooling them down, with considerable loss in energetic value.

The feasibility of staged gasification systems has already been proven [55][56][57][58] and their potential to eliminate the tar content has been reported [39]: The tar content of the producer gas of staged gasification may be about 40 times lower than that obtained with a single-stage reactor under similar operating conditions [55]. This is due to the separation of the pyrolysis/devolatilization zone, usually at about 600 °C, from the gasification zone, where temperatures range from 800-1200 °C. Tars formed during the first stage, the pyrolysis/devolatilization step, are decomposed in the second stage, the gasification zone. In addition to the cleaner gas, staged gasification leads to higher char conversion, when compared to single-staged units of the simple gasification, leading to higher process efficiency [59].

In view of these facts, staged gasification seems to be the better technology to implement SSG; however, the behaviors of N and S pollutant precursors in the different stages remain unknown. Experiments with wood board [60] have shown that a low-temperature pyrolysis stage, about 250 °C, before the pyrolysis/gasification step decreases the NH 3 formation by a factor of 6-8 and prevents HCN production. However, the N functionalities in SS, derived from microbial organisms, ammonium salt, and NH 3 adsorbed in the wastewater treatment plant [54,61,[START_REF]Biological Wastewater Treatment. Principles, Modelling and Design[END_REF], differ considerably from those in other biomasses, and so the N compounds formed during SS gasification may behave differently. Hence, in order to deal with pollutant formation, a larger knowledge on the N and S behavior during SSG is needed. This study aims to investigate the removal of N and S pollutant precursors during staged gasification (Fig. 1). Hence, lowtemperature experiments, reproducing the cleanup stage, and staged experiments, reproducing the cleanup and gasification stages, were performed considering different cleanup stage temperatures. These experiments allowed to (i) determine the main N and S compounds formed during SS devolatilization at different temperatures below 600 °C, (ii) study the lumped kinetic parameters of the cleanup stage, and (iii) analyze the influence of the cleanup stage on the overall process.

Materials and Methods

Dewatered SS was sampled from a municipal wastewater plant, servicing about 200 000 population equivalents (p.e.). In order to avoid variations in SS composition, a large amount of well-mixed sludge was sampled at once and subsequently frozen in separate portions. Elementary and proximate analyses (Tab. 1) show that the SS sampled has a composition similar to that typically found in the literature [START_REF] Fytili | Renewable Sustainable Energ[END_REF]. Prior to the experiments, portions of the SS (about 30 g and 5 mm thick) were placed on a ceramic support and dried in a ventilated oven at 80 °C for 24 h (leading to a moisture content of about 18 wt %).

The ceramic support containing the dried SS (DSS) sample was introduced into an electrically heated (2.34 kW) vertical bench-scale tubular reactor (Fig. 2), in which only the central zone is heated (300 mm of heated length and 114 mm in inner diameter).

The cleanup stage experiments were carried out with steam produced by a laboratory water heater and pushed by inert gas (about 45 mL min -1 argon, i.e., 0.4 g AR /g H 2 O ), at low and fast heating rates. During the low heating rate experiment, the reactor, with the DSS sample placed in the central zone, was heated from 105 to 430 °C, at 2 °C min -1 . During the fast heating rate experiments, the sample was hung at the top part of the reactor (the nonheated zone) until the target temperature (230-530 °C) was reached in the central zone (the heated zone). Then, the sample was slipped down to the central zone. The variation in the ambient temperature surrounding the sample was above 100 °C s -1 . Gas production was continuously monitored so that the experiments were finished at the end of this gas production. These isothermal experiments revealed the suitable temperatures to carry out the cleanup stage and allowed studying the lumped kinetic parameters of this stage. Finally, the influence of the cleanup stage on the global process, i.e., the combustible compounds and pollutant precursors in the producer gas, was investigated. These experimental series started by fast heating rate cleanup experiments, followed by heating up of the reactor to 900 °C at about 15 °C min -1 . The reactor was purged with argon at the end of the first stage. During the second stage, the char sample remained in the central zone and steam (pushed by argon) was supplied. It should be highlighted that the staged experiments were performed in situ, i.e., the solid was not cooled between the two stages, which is more representative of staged gasification conditions. The thermal history of the char influences its reactivity [15]. A single-stage SSG experiment was also performed to compare the producer gas with and without cleanup stage. During this single-stage SSG experiment, the reactor was heated up from 105 to 900 °C with steam (argon pushed), and so only the gasification stage was performed, without being preceded by a first cleanup stage.

The gas produced in each experiment passed through a heated line, thus avoiding condensation, before being analyzed online by gas chromatography (GC; Varian 3800) and Fourier transform infrared spectroscopy (FTIR; Spectrum 600, Perkin Elmer). The gas chromatograph was calibrated to measure the H 2 and CO 2 contents in gas (volumetric concentration, vol %), and the analyses were performed at 80 °C, every 12-15 min. The FTIR cell (pathway 1.2 m) was heated at 155 °C to avoid condensation inside. In the FTIR analyses, the volumetric concentrations of CO, CH 4 , and NH 3 in the produced gas were measured every 2 min (4 counts per measurement). Other compounds, such as COS, CH 3 -OH, CH 3 -COOH, C 2 H 6 , and H 2 O, were detected by FTIR, and their evolution was followed during the experiments.

Given the complexity of spectral data, due to several compounds present with different behavior, the mixture spectra matrix was treated with the SIMPLISMA algorithm (SIMPLeto-use Interactive Self-modeling Mixture Analysis [START_REF] Windig | [END_REF]). This specific approach was previously used to follow the gas evolution during the thermal treatment of SS by FTIR coupled with thermogravimetry [64].

The yields of the gases passing through the GC and FTIR systems were measured by a volumetric flow meter. This allowed the determination of the instantaneous production (in mL min -1 ) and the total production (in mL) of each quantified compound. Finally, given the considerable volume of the FTIR cell (760 mL; the gas flow observed was commonly below 100 mL min -1 ) the residence time distribution (RTD) was used to calculate the real production signal at the cell inlet, considered similar to the reactor outlet signal. This allowed for correct determination of the kinetic parameters. More practical details on the protocol used can be found in [65].

At the end of each experiment, the solid residues obtained were weighed and analyzed by elemental analyses (CHNS). Element losses were calculated as follows:

DE % d:m: 100 À E residue % d:m: E SS % d:m: × 100 À Dm sample À Á
where E is the content of the considered element (E = C, H, N, or S) on a dry basis (d.m.) and Dm refers to the sample weight loss.

Results and Discussion

Gas Evolution during the Devolatilization Experiment at Low Heating Rate

Carbon dioxide (CO 2 ), carbon monoxide (CO), and ammonia (NH 3 ) (Fig. 3 a), together with steam (H 2 O), were the main compounds detected in the gas analyzed during the experiment performed at low heating rate (2 °C min -1 ). Other compounds such as acetic acid (CH 3 -COOH), methanol (CH 3 -OH), ethane (C 2 H 6 ), and carbonyl sulfide (COS) (Fig. 3 b) were also detected, but not quantified. Finally, methane (CH 4 ) was detected, but the intensity of the corresponding peaks was too weak compared to the baseline. It can be observed (Fig. 3) that the production of most of the compounds increased with temperature until a maximum value was reached, and then decreased. These maximum values correspond to temperatures below 430 °C (target temperature of this experiment), meaning that the devolatilization mechanism was already complete before this temperature was achieved. CO 2 production (Fig. 3 a) started at low temperature (150-200 °C), and it increased sharply when the reactor temperature reached 250 °C. CO 2 production at low temperature was also observed in the literature [61,66,67], and it was supposed to originate from the hydrolysis of amino acids or the decomposition of bicarbonate present in the SS [61]. CO production started at 315 °C and reached the highest values at about 340 °C. The total production of CO and CO 2 at the end of this experiment represented about 21 % of the initial carbon content (18.4 % CO 2 and 2.8 % CO).

NH 3 production started at 100 °C, increasing slowly until 350 °C (Fig. 3 a), when the total NH 3 produced represented about 8.6 % of the N-SS. NH 3 measured in the initial SS, as a consequence of the wastewater treatment [53,54,61,[START_REF]Biological Wastewater Treatment. Principles, Modelling and Design[END_REF], was at about 0.56 wt % d.m., representing 8.54 % of the total N-SS. Therefore, it is believed that the observed NH 3 at temperatures below 350 °C resulted from the NH 3 -SS evaporation. Between 350 and 380 °C, NH 3 production increased sharply, which is related to the thermal decomposition of proteins [51][52][53][54]. This thermal phenomenon may also produce N volatiles [53]. The total NH 3 production at the end of the experiment represents 33.6 % of the initial N-SS. Peaks of hydrogen cyanide (HCN) and fulminic acid (HCNO) were also sometimes present among the spectral data, but the peak intensities compared to the baseline were too weak to correctly follow their evolution. NH 3 was therefore the most important NO x precursor detected. This has also been reported in the literature [43]. Hence, for this study, NH 3 was considered as a model N compound and used to survey the N removal during the cleanup stage.

COS production started at about 250 °C and reached its maximum values at about 340 °C. COS production during SSG is not usually mentioned in the literature; however, this compound is known to be formed during coal gasification [45][46][47][48][49]. It is known to decompose [68,69] at temperatures below 635 °C to give CO 2 and CS 2 or, at higher temperatures, to give CO and S. Also, COS hydrolysis, according to COS + H 2 O > H 2 S + CO 2 [70], is known to start at about 400 °C and to be favored by iron-based catalysts. The iron contents of the DSS samples are at about 3.8 wt % d.m. However, during these experiments, neither H 2 S nor CS 2 was detected by FTIR, probably due to the detection limits, since the S content in the DSS samples is lower than 0.1 wt % d.m. (Tab. 1). Therefore, COS production, as the only S compound detected, was used during the study of the cleanup stage to follow the removal of S.

Devolatilization Experiments at Fast

Heating Rate

Weight and Element Losses

Fig. 4 shows the weight losses of samples and the element (CHNS) losses during the experiments as a function of the target temperature, as well as the nitrogen and sulfur loss as a function of the fixed carbon loss. As can be observed, the weight losses of the samples (Fig. 4 a) treated at around 530 °C and lower temperatures correspond to the organic matter (OM) devolatilization. However, the low heating rate experiment (Fig. 3) with the target temperature of 430 °C showed that devolatilization was completely achieved when the reactor reached about 380 °C. Moreover, the weight loss plot (Fig. 4 a) shows a stabilization between 330 and 480 °C. These observations can be explained by the different OM fractions contained in SS volatilizing at different temperatures: biodegradable materials, organic polymers, and non-degradable materials such as cellulosic compounds [19][20][21]. Finally, the simple gasification experiment at 900 °C was also included in this plot, showing an increase in weight loss, mainly due to char gasification reactions.

Substantial differences may be detected in the behavior of different elements with changing temperature (Fig. 4 b), meaning a different composition of devolatilization gases at each temperature. Tab. 2 summarizes the empirical formulas of molecules representing the global composition of volatiles for each temperature range, as well as the corresponding weight losses, i.e., the mass fraction assigned to each molecular formula.

As can be observed in Fig. 4 c, the nitrogen loss evolved similarly to the fixed carbon loss, whereas the hydrogen loss increased faster and the sulfur loss took place mainly between 330 and 530 °C, i.e., 30 and 60 % of C conversion; Fig. 4 d. The solid obtained at 530 °C contains about 26 wt % d.m. of C, 3 wt % d.m. of N, and 0.2 wt % d.m. of S. This means that 39 % of the initial C remained in the char, available to produce combustible gases at higher temperatures during the gasification stage, while 70 and 86 % of the initial N and S, respectively, were removed. Hence, a cleanup stage at about 530 °C produces a char relatively poor in N and S, limiting the final pollutant formation.

Influence of the Temperature on the Gas Produced During the Cleanup Stage

The carbon loss in the samples can be mainly explained by gas and tar formation during the experiments. Among the gas compounds, CO 2 and CO were the main C compounds. In order to optimize the staged process, combustible compounds produced during the low-temperature stage, such as CO, should be recovered and introduced in the second stage. Therefore, this compound was followed during the low temperature experiments. The production of NH 3 and COS was followed to study the N and S removal during the cleanup stage. Fig. 5 shows the cumulated amounts of CO, NH 3 (in mg g DSS -1 ) and COS (in arbitrary units, a.u.) produced during these experiments. Repetitions at 230, 430 and 530 °C proved the reproducibility of the experiments. As illustration, Fig. 6 shows the close reproducibility of the NH 3 release for these repetitions, especially at the initial moment.

In agreement with the low heating rate experiment (Fig. 3 a), CO production during the fast heating rate experiments (Fig. 5 a) was not detected at temperatures below 330 °C. CO production increased with increasing temperature, especially between 480 and 530 °C. The total CO produced at these temperatures represented about 34 mg g DSS -1

(430 °C) and 50 mg g DSS -1 (530 °C). NH 3 was detected from experiments at the lowest temperature. In fact, it was detected during prior experiments [64], performed at 120 °C with air, reproducing the thermal conditions during SS sample drying. NH 3 production during SS drying has also been reported in [61]. This production was poor compared to the production detected during the devolatilization experiments at 230 °C. Only organic oxygen is considered in these formulas. As a reference, the empirical formula representing the SS samples is CH 1.9 N 0.1 S 0.01 O 0.7 (Tab. 1). d.m.: Dry matter obtained during fast-pyrolysis experiments [54] (Fig. 7). This suggests that steam does not play a significant role in the NH 3 release at temperatures below 530 °C. However, more experiments would be needed in order to determine how the steam supplied to the solid during its devolatilization influences the char reactivity during high-temperature reactions. COS was not detected at temperatures below 230 °C, which agrees with the low-heating rate experiment. The sulfur contents in the SS samples are relatively low (Tab. 1) and so detection of S compounds implies a considerable S conversion. COS production increased with temperature (Fig 5 c), especially between 430 and 530 °C; it was tripled between these experiments.

Based on these results, temperatures between 430 and 530 °C seem appropriate to separate most of the N and S compounds from the combustible compounds. The experiments at 480 °C, compared to the experiments at 430 °C, showed a similar performance regarding the weight and element losses (Figs. 4 and5, Tab. 2). This is explained by the presence, in SS, of different OM fractions with different behavior and devolatilization temperatures [19][20][21].

Kinetics of the Cleanup Stage

Since data on NH 3 production from SS is scarce, it is difficult to complete a theoretical study explaining its production in the cleanup reactor. The isothermal experiments presented here allowed for the calculation of lumped kinetic parameters in the studied temperature range, representing the production of the compounds quantified. These kinetic expressions introduced into a gasification reaction model will allow an understanding of the pollutants formed during SSG and prevention of their presence in the producer gas. The CO kinetic para- meters were also determined in order to compare them with literature data and to validate the executed calculations. Therefore, for each temperature, the initial slope of the cumulative production of CO and NH 3 (Fig. 5 a andb) was determined (r, rate of production). The chemical regime is ensured by limiting the data to the initial moment, thus avoiding mass transfer effects. First-order reactions were considered for both compounds. The Arrhenius plot (Fig. 8), i.e., least squares fitting between the logarithm of the rate r and the inverse of temperature, for CO and NH 3 gives the respective pre-exponential factors and the activation energies (Tab. 3). The activation energies were around 49 and 44 kJ mol -1 , respectively. Data concerning the kinetics of CO production during SS devolatilization were not found in the available literature. However, the SS devo-latilization and pyrolysis kinetic data, determined by thermogravimetric methods at a fast heating rate [71,72], are in good agreement with the results obtained here.

Influence of the Cleanup Stage on Pollutant Removal and Combustible Compound Production

As it was previously discussed, the removal of pollutants increased considerably between 430 and 530 °C. However, the high CO production at 530 °C may not be interesting for the global process, as carbon conversion should be maximized in the second stage. In order to investigate the influence of the cleanup stage on the global process, the producer gases evolved from the simple and staged experiments were compared. During these experiments, samples of DSS (single-stage experiments) and char obtained after the cleanup stages at 430, 480 and 530 °C (staged experiments) were gasified at 900 °C with steam (pushed by argon). Fig. 9 shows the evolution of producer gas during staged gasification at 430 °C (right side) and 530 °C (left side). It can be observed that H 2 and CO, the combustible compounds, were mainly produced in the second stage while NH 3 and COS, the pollutant precursors, were produced in both stages, but mainly in the first one. This means that thermal separation of the pollutant precursors and the combustible compounds was, to some extent, well achieved during the staged experiments. Fig. 10 shows the evolution of producer gas during a simple gasification experiment. The total values of production of H 2 , CO, NH 3 , and COS during the cleanup experiments, staged experiments, and simple gasification experiment are reported in Tab. 4. As can be observed, the production in staged gasification (cleanup plus gasification stage) is lower than the production in simple gasification. This should be partially due to the cleanup stage, which may influence the product distribution, reducing the total gas production and favoring the solid product.

Simple gasification at 900 °C produced about 25 mL NH 3 g DSS -1 , while the second stage of the staged gasification at 430 °C produced only 3.3 mL NH 3 g DSS -1 , which is a reduction of about 87 %. Staged gasification at 530 °C reduced the NH 3 production during the second stage to 0.45 mL NH 3 g DSS -1 , an NH 3 reduction of about 98 %. Besides, it should be remarked that HCN and HCNO peaks were detected during the simple gasification experiment, but not during the second stage of staged gasification.

The interesting effect of staged SSG was also proved by the COS reduction during the second stage of the staged experiments. It was not possible to follow the COS production during the simple gasification experiment, due to the high amount of compounds formed in a short period of time. However, during the first stage COS production was between 22-57.5 a.u. while during the second stage it was always below 10 a.u. More information about the COS behavior, and the possible decomposition or reaction, would be necessary to quantify the S reduction in the SSG producer gas. However, these experiments prove the partial removal of S during the cleanup stage. Despite the effectiveness of the cleanup stage in pollutant removal, a considerable reduction in the production of combustible compounds was also observed. The CO production during the gasification stages, the second stages of the staged experiments, represented between 81 and 118.8 mL CO g DSS -1 , while the CO in the producer gas of the simple gasification represented about 156 mL CO g DSS -1 . This means that the efficiency in C conversion to CO for the staged gasification is between 15 and 20 %, instead of 26 % for the simple gasification. H 2 production was also affected by the cleanup stage. It was of about 492 mL H 2 g DSS -1

for the simple gasification and below 293 mL H 2 g DSS -1 for the second stages of the staged gasification. At this point, it should be kept in mind that the aim of the staged SSG is to limit the pollutant contents in the producer gas, avoiding post-treatment energy consumption. Nevertheless, it is believed that the loss in producer gas energetic value could be avoided or almost avoided by better controlling the cleanup stage operative conditions, e.g., temperature, gasifying agent, residence time, etc. Therefore, this work provides guidelines to carry out a larger study of the proposed process in a continuously fed installation in order to determine the optimal temperature for maximizing the removal of N and S compounds and for limiting the detrimental effects on the producer gas. However, in view of the results discussed here, staged SSG is a suitable alternative to restrict the presence of pollutant precursors in the producer gas, avoiding the formation of pollutants during the final combustion.

Conclusions

This study proposes a staged gasification process dealing with waste fuel conversion into a producer gas with limited content of pollutants. Two stages were considered: (i) a low-temperature cleanup stage aiming to remove the pollutant precursors from the fuel and (ii) a gasification stage aiming to produce combustible compounds. This approach was applied to SS in order to handle N and S pollutant precursors.

Firstly, the gas produced by SS devolatilization with steam atmosphere, at temperatures below 530 °C, in a batch laboratory-scale reactor was analyzed by FTIR and GC, completing really scarce data. Comparison between elemental analyses before and after the experiments showed the global composition of the devolatilization gas, in each temperature range. Pollutant precursors were identified and surveyed, by FTIR coupled with an original chemometric tool (SIMPLISMA) and RTD calculations. Also, the Arrhenius law was applied to determine kinetic parameters of CO and NH 3 production. From this initial study, a number of conclusions can be drawn: -The main gas compounds released during SS devolatilization with steam (< 530 °C) are CO Secondly, the producer gases of staged gasification (after a cleanup stage at 430, 480, and 530 °C) were compared with the producer gas of simple gasification. The cleanup stage implies a reduction on the combustible value of the producer gas, which may be overcome by further optimization of this innovative process. Finally, the cleanup stage, carried out between 430-530 °C, considerably prevents the formation of pollutants; ammonia removal was between 87-98 %. 
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 1 Figure 1. Schematic representation of the staged gasification process.
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 2 Figure 2. Experimental setup.

Figure 3 .

 3 Figure 3. Product yields, in mL min -1 under standard conditions, during the lowheating rate experiment (2 °C min -1 ) to 430 °C. (a) CO 2 , CO, and NH 3 in mL min -1 , (b) CH 3 -COOH, CH 3 -OH, C 2 H 6 , and COS (in a.u.).

Fig. 5 b

 5 shows that the temperature enhances NH 3 production during devolatilization. The total NH 3 produced at 230 °C was amounted to about 2.5 mg NH 3 g DSS-1 , and it increased to almost 9 mg NH 3 g DSS -1 at 430 °C and more than 11 mg NH 3 g DSS -1 at 530 °C. These first results concerning NH 3 production during SS devolatilization with steam atmosphere (Fig.5 b) are in agreement with those

Figure 4 .

 4 Figure 4. Influence of temperature (a) on sample weight loss and (b) on fixed carbon, hydrogen, nitrogen, and sulfur loss during the experiments. OM and FC weights corresponding to the organic matter and the fixed carbon contained in DSS, respectively. (c) nitrogen and (d) sulfur loss as a function of fixed carbon loss.

Figure 5 .

 5 Figure 5. Cumulative yield of (a) CO, (b) NH 3 , and (c) COS production during the cleanup experiments as a function of temperature (230-530 °C), in mg g DSS -1 (DSS: dried SS introduced into the reactor; a.u.: arbitrary units).

Figure 6 .

 6 Figure 6. Reproducibility of the NH 3 production cumulative yield during the cleanup experiments at 230, 430, and 530 °C, in mg g DSS -1 (DSS: dried SS introduced into the reactor).

Figure 7 .

 7 Figure 7. Total nitrogen loss in the samples (᭜) and nitrogen converted to NH 3 (%N-SS) (X | ) during the SSG experiments. Nitrogen conversion into NH 3 during fast SS pyrolysis (᭺), as reported by Tian et al. 2002 [54].
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 8 Figure 8. Determination of the (a) CO and (b) NH 3 kinetic parameters with regard to the Arrhenius law.

Figure 9 .

 9 Figure 9. H 2 , CO 2 , CO, CH 4 , NH 3 , and COS production, in mL min -1 under standard conditions, during the staged SSG experiments with a cleanup stage at 430 °C (right) and 530 °C (left).

Figure 10 .

 10 Figure 10. H 2 , CO 2 , CO, CH 4 , and NH 3 , in mL min -1 under standard conditions, during the simple SSG experiment.

  2 , H 2 O, CO, NH 3 , HCN, HCNO, CH 4 , CH 3 -COOH, CH 3 -OH, C 2 H 6 , and COS. -Among these compounds, NH 3 and COS are the main N and S pollutant precursors. Their presence in the gasification producer gas should be avoided in order to prevent NO x and SO x formation during the final combustion. -NH 3 and COS removal during the cleanup stage is favored at higher temperature, especially at temperatures around 530 °C. Between 430 and 530 °C, the devolatilization mecha-nisms change (higher-temperature mechanism), and NH 3 and COS production increases sharply between those temperatures. -The lumped activation energies of CO and NH 3 production during the cleanup stage (230-530 °C) are 41 and 44 kJ mol -1 , respectively.

Table 1 .

 1 SS proximate and elemental analysis.

	Proximate analysis (12 repetitions), average (standard deviation)	
	Moisture	Volatile content	Fixed carbon	Ash content
	[wt %]	[wt % d.m.]	[wt % d.m.]	[wt % d.m.]
	81 (1)	63 (3)	10 (3)		31 (2)
	Elemental analysis [wt % d.m.] (3 repetitions), average (standard deviation)	
	C	H	N	S	O a)
	32.54 (0.13)	5.04 (0.32)	5.10 (0.07)	0.85 (0.22)	27.5 (1.3)

a) Organic oxygen measured by elemental analysis. d.m.: Dry matter.

Table 2 .

 2 Empirical formulas representing the composition of the devolatilization gases for each temperature range.

	Temperature range	Empirical formula	Mass fraction
	[°C]		[wt % d.m.]
	150-180	CH 10 N 0.1 O	8.25
	180-230	CH 5 N 0.1 O	18.1
	230-280	CH 4 N 0.3 O 0.5	7.9
	280-330	CH 3 N 0.1 S 0.01 O 0.6	10.8
	330-380	CH 2 N 0.2 S 0.06 O 0.3	2.3
	380-430	CH 2 N 0.1 S 0.03	~0
	430-530	CH 1.5 N 0.1 S 0.02	1.8

Table 3 .

 3 Kinetic parameters corresponding to CO and NH 3 production during the experiments.

	Compound	E a [kJ mol -1 ]	A 0 [min -1 ]
	CO	49.05	93.16
	NH 3	43.76	9.40

Table 4 .

 4 Total H 2 , CO, NH 3 and COS produced during the staged and simple SSG experiments.

	Combustibles	Pollutant precursors
	CO [mg g C-SS -1 ]	H 2 [mg g C-SS -1 ] NH 3 [mg g N-SS -1 ] COS [a.u.]

n.d.: Not detected; C-SS: carbon contained in the SS sample; N-SS: nitrogen contained in the SS sample.
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