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Abstract

:

Gasification under steam excess of the residual from mechanical treatment of municipal solid waste (RMT-MSW, refuse derived fuel (RDF)-type) was investigated in a laboratory batch reactor, equipped with a section for high-temperature gas equilibration. Experiments were performed with recirculation of the condensate and residual tars/oils, for closing of the process loop. Gas emissions were registered at 300–500 °C (pyrolysis; maximum at 390 °C) and 650–800 °C (gasification; maximum at 740 °C). Peak areas, equivalent to the gas volume, were in a general proportion of 55:45. Mass of tars and oils collected together with condensing steam was only equal to 0.15% of the average weight loss of the RMT-MSW. Ninety-seven percent of organic compounds, mainly naphthalene, phenanthrene and derivatives, was separable by a simple filtration. Concentration of metals in aqueous condensate was equal to 135 mg/dm3, 98.5% by mass was potassium and sodium ions. Concentration of NH4+ was equal to 2.49 g/dm3 (mostly carbonate). According to the thermodynamic evaluation, volume of the process gas was equal to 2.11 m3 (dry, 25 °C, 1 bar) per 1 kg of the dry waste. Standard enthalpy of the gas combustion was 24.6 MJ/kg of the dry waste; approximately 16% of this energy was due to endothermicity of the process.
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1. Introduction


Considering gasification, a variety of processes may be applied for municipal solid waste (MSW) treatment; they are usually classified in view of the gasifying agent, reactor design, heat supply, pressure, temperature and form of solid residue [1]. However, majority of gasification-based plants, e.g., listed in [2], use air, not steam, as a gasifying agent, presumably due to negative energy balance of the process and specific technical problems of the such units. On the other hand, there were reported pilot, demonstration or industrial pyrolysis plants using indirect heating, some of them combining pyrolysis, gasification and melting operations [3]. Combination of two processes, i.e., thermolysis (pyrolysis) and steam gasification, was suggested in 1998 as a method of upgrading of the waste-derived solid fuel [4]. Based on laboratory experiments, authors of the paper demonstrated that the process enables trapping of some heavy metals by admixture of the kaolinite to gasified material and recovery of the gas composed mainly of H2 (more than 50 vol.%) and carbon oxides CO/CO2. At the same time, there was a paper published presenting in detail the possible development of RDF (refuse derived fuel) gasification with the O2/steam mixture in the circulating bed gasifier, developed up to the industrial scale [5]. However, some years later, in 2004, T. Malkow wrote in an extensive paper [6] that “pyrolysis and gasification stand-alone applications … are in Europe still in a premature stage and expected not to play a major role in the near future” (T. Malkow presented in the same paper a large diversity of these technologies—investigated, tested or in use). A classical approach to the steam gasification of MSW has been presented in a set of papers of Chinese authors that were started in 2009. The series was opened with discussion of results of gasifying experiments performed in the laboratory-scale in the two-stage fixed bed reactor with samples of original MSW and natural dolomite as catalyst for cracking of tars [7,8]. Similar experiments were also performed in modified reactors for the evaluation of the catalyst, temperature, steam-to-MSW ratio and space velocity effect on the produced gas volume and composition [9,10,11,12,13]. Moreover, there are also papers comparing gasification of MSW with gasification of tires, poplar, RDF [14] or rubber, plastic and wood waste [15]. It seems that interest in steam gasification of MSW gradually increases now, and there are new papers being presented with a more general insight into the process, e.g., into a route for energy recovery [16], analysis of the process performance [17] or exergy [18]. This last one was based on the results of experiments in a semi-industrial fluidized bed gasifier, or conversion of MSW to SNG (Synthetic Natural Gas) [19]. Generally, researchers’ attention was paid especially (but not only) to the gas quality, e.g., the syngas for methanol synthesis [2] or concentration of hydrogen [9,10,12,20,21,22]. It should be noted that thermodynamic modeling and simulation plays an important role in the analysis and technological assessments of gasification processing of waste, as was presented in papers on the syngas production from MSW in a bubbling fluidized bed [23], on the mathematical modeling of the MSW gasifier [24], in the CFD model (Computational Fluid Dynamics) of syngas production in a semi-industrial MSW gasification facility [25] and related CFD modeling of hydrogen production from MSW in comparison to biomass [26]. Usefulness of different forms of gasification for agro-waste should also be mentioned [27,28,29,30].



The Aim of the Investigation—Replacement of Incineration by Steam Gasification


Incineration, including MSW incineration, is a widely used process used for transformation, with energy recovery, of waste into mineralized material (ash). The process is performed in a reactor of a relatively small volume (on grates, in fluidized beds); however, it is followed by a complex sequence of physical and chemical treatments before emission of the flue gas to the atmosphere. Incineration requires the use of a large volume of air, which is transformed into an equivalent stream of flue gases. Chemical energy of the waste is converted to heat, but the gaseous stream is a “trade-mark” of incineration and determines the facility layout. The use of steam in excess definitely changes the process. Now the steam is the oxidation reagent for hydrocarbons from the pyrolytic step of the waste transformation, as well as for the carbonaceous residue from the pyrolysis itself. The gaseous stream at high temperature is a mixture of non-reacted steam and other reaction gases (mainly of hydrogen and carbon oxide). Condensation of steam during cooling is an efficient way of gas cleaning, from both inorganic contaminants as well as non-converted tars and oils. The condensate with contaminants should be returned to the reactor, closing the loop of reagents. As a consequence, allothermal steam gasification of the wastes enables elimination of the direct use of atmospheric oxygen (air) in the incineration/mineralization processes. We have demonstrated it in our earlier papers on the processing of electronic wastes [31,32,33].



We believe that the replacement of incineration by steam gasification transforms this traditional method of waste elimination in the “atmospheric open” flow reactor into a more advanced process of chemical refining of the waste to mineral/metal solid residue and producer gas (syngas). In the course of the experiments presented below, we gasified the residual from mechanical treatment of the municipal solid waste (RMT-MSW), which is an equivalent of the RDF-type material. We present the temperature dependence of the gas evolution intensity, quality of the recirculated condensate and thermodynamic assessment of the process enthalpy. However, in order to gain a more comprehensive picture of the waste transformation, it is necessary to take into account the properties of ashes (the solid residue) from gasification. We tried to present them in a separate paper [34] by giving details of acidic leachability of metals and comparing it with leachability from the ash prepared by incineration with oxygen. Furthermore, we recently discussed thermochemical cycles for some wastes, demonstrating equivalency of the initial and final states of both incineration and steam gasification [35].





2. Materials and Methods


2.1. Residual from Mechanical Treatment of Municipal Solid Waste (RMT-MSW)


Investigated material of the RDF-type (RMT-MSW) was supplied by the local company owned by the group of small municipalities (Lower Silesia, Poland) operating the landfill and waste treatment facility. Mixed MSW as well as the waste collected selectively, delivered to the company by communities, are processed by sieving with rotary drum, separation of ferrous and nonferrous metals, optical/pneumatic separation and manual sorting. Recovered recyclables (metals, glass, plastics, multilayer packaging, carton and paper as well as RDF) are sold accordingly to demand. Processing of the mixed waste generates up to 30 wt.% of so-called ballast fraction 60–340 mm, classified by a code 19 12 12 (other wastes (including mixtures of materials) from mechanical treatment of wastes other than those mentioned in 19 12 11 in the EC Waste Catalogue [36]. The company determined composition of this waste (by manual sorting and weighting) and found the following content: carton + paper—24 wt.%, food + garden—12%, plastics—15%, textiles—7%, multilayer—7%, inert—4%, wood—2%, metals—1%, other (not classified)—6% and below 20 mm (not classified)—22%. The lower heating value (LHV) was found equal to 5.2 MJ/kg (Polish Standard: PN-EN 15400:2011), at the moisture content of 41.2% (Polish Standard: PN-EN 15934:2013-02).



For the purpose of our laboratory experiments, the company cleaned the “ballast fraction” from large pieces of bricks, concrete and stones, and shredded to below 3 cm. Portions of the supplied batch were immediately dried in the laboratory at 105 °C for 24 h to stop the biodegradation process. Typical weight losses during drying were between 39–44 wt.%. Thermal processing of the fraction may be an alternative utilization way, for example as typical RDF [37,38], in view of the waste hierarchy implemented by the EU Directive on waste [39]. Taking into account discussion on MSW characteristics in [40,41], investigated fraction is defined here as the residual from mechanical municipal waste treatment (RMT-MSW).




2.2. Reactor


Experiments of gasification were performed in the reactor presented in Figure 1. The reactor was a simple quartz tube of 125 cm length with an inner diameter of 31 mm and wall thickness of 2 mm. The reactor was placed in a set of four autonomous tube furnaces, establishing four sections for: (a) equilibration of gases, (b + b) gasifying and (c) generation of steam. Each experiment had been started by placing a sample of approximately 50 g of RMT-MSW in sections (b + b) and ceramic granules in section (a). Ceramic granules for enhancing gas equilibration were prepared from local clay doped by magnesium oxide [27] in experiments 3–5, or non-doped local clay in experiment 1 and dolomite granulated to 5–8 mm in the experiment 2. The dependence of the catalytic properties of granules on their composition were not investigated in the experiments, because the whole condensate as well as not-converted tars and oils were recirculated to the reactor (however, we are aware that it should be performed in the independent research). Only the condensate from the final experiment (not recirculated) was investigated for the content of organic compounds in order to illustrate the efficiency of the gas equilibration.



The loaded reactor was placed in furnaces and sealed with temperature-resistant siloxane layers (SOUDAL Ltd., Cząstków Mazowiecki, Poland) on both sides. During sealing, inserted in the siloxane layers were the quartz capillary for water/condensate supply (on the right side in Figure 1) and the quartz tube with a joint to the Liebig condenser, as the gases outlet (on the left side in Figure 1). Furnaces were powered by electronic controllers RE31 or RE15 with SSR (solid-state relay) units (LUMEL S.A., Zielona Góra, Poland), and were equipped with K-type thermocouples. The thermocouples were placed as presented in Figure 1: position 1—for the first experiment, and 2—for the other experiments. Temperatures were registered by recorder AR 206/8 (Apar, Raszyn, Poland). Water/condensate for the steam generation was fed by a peristaltic pump (201.SMA.150.050, Williamson Manufacturing Company Ltd., Southwick, West Sussex, UK) at the rate of 1.8 g/min. The gas leaving the reactor was immediately cooled down in the Liebig condenser. Excess of steam and non-converted tars and oils were condensed and collected in the glass receiver. The gas was washed by bubbling in 50 cm3 of 0.1 M NaOH, then moved through the glass pressure buffer of 1 dm3, flowmeter TSI 41211A (TSI Inc., Shoreview, MN, USA), and finally was combusted in a micro-flare. Data from the flowmeter were also registered by the AR 206/8 recorder.




2.3. Gasification Procedure


Experiments of gasification were performed according to the following procedure: (1) gasified material and granules of catalyst were placed in the quartz reactor; (2) reactor was placed in furnaces and sealed, then other elements of the experimental arrangement were completed; (3) reactor was heated overnight at temperature of 60–80 °C, then (4) the section with catalyst and the section for steam generation were heated up to 850 °C at the rate of 20 °C/min; (5) as soon as temperature of the section with catalyst exceeded 700 °C, heating of the sections containing gasified material was started and proceeding up to 850 °C at the heating rate of 3 °C/min; (6) peristaltic pump was turned on when the temperature of edges of gasified material (heated also by radiation from adjacent sections) exceeded 120 °C; (7) once the temperature of all furnaces reached 850 °C, heating of the reactor was continued for two hours, then (8) the furnaces were cooled, initially at a rate of 20 °C/min then according to thermal inertia, to slightly below 100 °C; (9) steam generation was stopped once the temperature of furnaces dropped to 700–750 °C; finally, (10) a slightly hot reactor was removed from furnaces, opened and carefully emptied.



Because condensation of the steam excess efficiently cleaned the gas from non-volatile components (collected together with aqueous condensate), the water was used for steam generation only in the first experiment. Starting from the second experiment, organic sediments were separated from the aqueous condensate by filtration, and the cellulose filter with the small amount of organic residue was placed in the reactor with the next portion of RMT-MSW. The filtrate was used for steam generation in the same experiment. Due to such recirculation, only RMT-MSW was in the input, whereas two products, the gas and the ash, were received at the output.




2.4. Analytical Methods


2.4.1. Gas Chromatography—Mass Spectrometry (GC-MS)


GC-MS analysis was performed for: (a) filtered condensate from the final experiment, (b) sediments from filtration of condensate, (c) sediments removed mechanically with small pieces of cotton wool from the Liebig condenser and (d) solution from the alkaline scrubber. Aqueous solutions as well as sediments were extracted with diethyl ether. A HP6890 gas chromatograph (Hewlett Packard, USA) with HP5973 mass detector was used for analysis. Chromatography parameters were the following: capillary column DB1701 (30 m × 0.25 mm × 0.25 μm), sample volume 1 μL, initial temperature 40 °C (4 min), heating rate 10 °C/min., final temperature 260 °C (16 min), carrier gas—helium (99.999%) at 0.7 mL/min, ionization energy 70 eV and mass range m/z 15–350. Identification of compounds was performed with the NIST electronic library. External calibrations with solutions of the commercial PAHs standards (grade: analytical standards, supplied by Sigma-Aldrich): Acenaphthene, Acenaphthylene, Anthracene, Benz[a]anthracene, Benzo[a]pyrene, Benzo[k]fluoranthene, Chrysene, Fluoranthene, Fluorene, Naphthalene, Phenanthrene, Pyrene (0–40 mg of compound/100 mL of solvent) were performed in triplicate (average values were used for the calibration curve determination).




2.4.2. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)


ICP-OES analysis was performed for filtered condensate from the final experiment, after extraction with the diethyl ether. It was also performed for deposits removed from the inner wall of the reactor, close to the high-temperature section on the gas outlet side. The deposit was digested in aqua regia with the DigiPREP Jr digestion block (SCP SCIENCE, Quebec, QC, Canada), at a solid-to-liquid ratio of 1:30 (g:cm3), at 120 °C, for 6 h, to near-dryness state. After cooling, the suspension was diluted with distilled water and filtered. An Agilent (Santa Clara, CA, USA) benchtop optical emission spectrometer with an axially viewed Ar-ICP (model 720) was used to determine concentrations of elements. A Merck Certipur multi-elemental stock (1000 μg mL−1) ICP standard solution IV was used to prepare solutions for calibration of the ICP-OES instrument. In the case of As, Hg, Sb, Se, Mo, Ti, V and Sn, standard solution was prepared from the respective, single element solution (Merck Certipur).




2.4.3. Analysis of Cl− and NH4+


The Mohr method was used for the determination of Cl− content in filtered condensate from the final experiment, after extraction with the diethyl ether, as well as in alkaline solution from the scrubber. Before titration, samples were neutralized with 2M NaOH or 2M HNO3, and 0.2 cm3 of 10 wt.% K2CrO4 was added as an indicator. Each sample was titrated twice with a standard solution of AgNO3 (0.01282 M). To determine ammonium concentration in the condensate, the Kjeldahl method was used, without mineralization of the sample (due to very low concentration of organic compounds). Determination was performed with the automatic steam distilling unit UDK 130 A (Velp Scientifica, Inc., Bohemia, NY, USA), absorption in 0.1 M HCl and titration with 0.1 M NaOH, using the methyl red as an indicator.






3. Results and Discussion


3.1. Intensity of the Gas Emission


The waste, supplied by the local company, although prepared for laboratory use, was not homogenized enough to ensure good repeatability of experiments. Therefore, a series of five experiments of gasification (G1–G5) with similar masses of the waste were carried out in order to compensate, to some extent, the differences between the waste batches. Two-peaks curves of the gas emission, with a very characteristic dependence on temperature, were typical for all experiments—they are presented in Figure 2. Open circles in Figure 2 represent immediate data of the gas flow, registered every 30 s. Because the flowmeter was not calibrated on the process gas and there was a baseline drift during experiments, the voltage signal of the flowmeter was normalized to the expected baseline and expressed in arbitrary units (expected volume of the gas may be evaluated separately and is given below). The data for the G1 part of the figure was collected during experiment with thermocouples placed in position 1, while the data for G2–G5 graphs were registered with thermocouples placed in position 2 (cf. Figure 1). The later configuration enabled more uniform compacting of the waste in the reactor tube and was accepted as a better arrangement for gasification experiments.



After each experiment started, the section with ceramic granules and the section for steam generation were heated much faster than the ones with gasified RMT-MSW material, so the temperature gradient in the bed of the gasified waste was created along the reactor tube. This gradient may be observed by comparison of Ts (temperature of the “steam” side of the RMT-MSW bed), Tc (temperature of the “catalytic” side of the RMT-MSW bed) and Tm (temperature of the middle of the RMT-MSW bed) in Figure 2/G1. However, with the temperature increase, this gradient systematically decreased and became negligible from approximately 500 °C. Very characteristic was oscillation of the Ts curve; this was a result of a nonuniform generation of steam in the c section of the reactor (fluctuations of the pressure in the reactor and scrubber).



Experimental data presented in Figure 2 were approximated by the Lorenz curves, and optimized with the Levenberg-Marquardt optimization algorithm [42]. This enabled separation of experimental points into two peaks, presented in figures G1–G5 by dotted lines. Solid red lines above these peaks are the sum of these emissions. The additional solid line, marked by C, represents a cumulative emission. The peaks in Figure 2 may be characterized by the temperature of the peak maximum and the peak area. Temperature of the peak’s maximum is a convenient parameter for characterizing dependence of the gas emission intensity on temperature. The second parameter, peak’s area, should be related to the amount of gasified waste fraction and its composition. Specificity of experiments, i.e., temperature gradient and positioning of thermocouples (positions 1 and 2, Figure 1), caused respective variations of measured temperatures, formally collected in Table 1. The most meaningful are temperatures Tm registered during experiment G1 (with thermocouples in position 1). It may be noticed that the average temperature of peak 1 (the “low temperature” peak) for experiments G2–G5 is only 246 ± 12 °C in comparison with 391 °C from experiment G1. Contrary to this, the average temperature of peak 2 (the “high temperature” peak) for experiments G2–G5 is 736 ± 23 °C and is very close to 741 °C from experiment G1. Therefore, analyzing the intensity of gas emission, temperatures of 390 °C for the first peak and 740 °C for the second peak should be considered as the representative ones.



During the experiments, only instantaneous relative intensity of the process gas emission (after condensation of the steam excess) had been measured/calculated. However, theoretical total gas volume may be evaluated assuming thermodynamic equilibrium, as discussed later in Section 3.2. According to these calculations, normalized volume of 2.11 dm3 of the dry gas (p = 1 bar, T = 25 °C) was generated per 1 g of the waste. This enables calculation of the expected gas volume per arbitrary unit (AR) for each experiment—the respective values are given in the last row of Table 2. Taking this into account, it would be possible to use defined units (e.g., cm3/s and dm3) for emission rate and cumulated volume in Figure 2. However, it is equivalent to assume that all the samples had exactly the same composition. We would like to avoid such simplification.



It may be noticed from Figure 2 that experiments G1–G5, even if generally similar, differed in some details. First, there was relatively low emission in experiment G1 at lower temperatures (peak 1), which represented 8% of the sum of the both peaks (1 + 2) area (Table 2). In the case of other experiments (G2–G5), the average area was equal to 55% for the first peak, with standard deviation of 6%. Second, analyzing calculated standard gas volume per arbitrary unit, this volume was clearly higher for experiment G5 (61.8 dm3/AR), whereas the average for other experiments (G1–G4) was equal to 46.0 dm3/AR (with a standard deviation of 3.6 dm3/AR). Both of these differences seem to be a result of lower content of substances that underwent pyrolysis with high emission of gas in experiment G1 (e.g., the lack of plastics) and somewhat higher content of inert inorganic matter in experiment G5 (e.g., fine grit or scrap).



The results discussed above, i.e., intensity of the gas emission and temperatures of peaks, may be compared with results of thermogravimetric analysis (TG) of decomposition of some MSW components under the steam [43]. According to TG curves, decomposition of the lignin, printing paper, cotton and cabbage proceeds in two stages (this is not observed for rubber and PVC). For obvious reasons, authors described the first stage as pyrolysis and the second as gasification. They found that temperatures of the weight loss maxima for the pyrolysis stage were between 261 °C (PVC) and 356 °C (rubber), whereas the respective temperatures for the gasification stage were between 721 °C (lignin) and 795 °C (cabbage). Results of a similar investigation, gasification of MSW under CO2 (or a mixture of CO2 with N2), were presented in another paper [44]. For experiments performed at different heating rates, very similar curves were registered, with 45% of the weight loss between 300 and 400 °C for the first peak (maximum at 350 °C) and 10% of the weight loss between 800 and 900 °C for the second one (maximum at approximately 890 °C). An interesting comparison of DTG curves of pyrolysis and gasification of poplar wood under CO2 was presented in the paper [45]. In general, there were two peaks in both types of thermograms—the first one with maximum at exactly the same temperature of 345 °C for pyrolysis and gasification, and the second with maximum at 701 °C for pyrolysis and 830 °C for gasification. Moreover, the second peak for gasification was evidently stronger than for pyrolysis. There is also more data on pyrolysis and gasification under CO2 of different components of municipal solid wastes [46,47,48], which reveal that, below 600 °C, CO2 behaves as an inert gas, while above this temperature, it becomes a reagent. Considering these remarks, the results in Figure 2 may be summarized as follows. (1) In the range of 300–500 °C, organic substances (e.g., plastics, bio-waste) undergo thermal degradation to carbonaceous residue, with emission of pyrolytic gas. The solid residue of this process is therefore a mixture of carbonaceous phase plus mineral and metallic particles. This process is not dependent on the reactor atmosphere, and may be described as a pyrolytic stage. (2) Volatile products from pyrolysis are mixed with steam and equilibrated in the section a of the reactor. (3) In the range of 650–800 °C, the carbonaceous residue reacts with steam and volatilizes, giving the second peak of the gas emission. This is a gasification stage. Pyrolytic and gasification stages are separated by a 200–300 °C gap.




3.2. Thermodynamic Assessment


Weight losses during experiments may be in the first place ascribed to elimination of organic substances from the waste. Due to a relatively small quantity of tars/oils in the condensate, almost complete equilibration of the process gas in the a section of the reactor may be assumed. This enables calculation of the gas composition and the gas volume at thermodynamic equilibrium. Calculations were performed with HSC software (Outotec, Pori, Finland) [49], assuming that elemental composition of the waste was identical with the waste stream given by [50], which, in our opinion is representative for the RMT-MSW. This assumption allows us to calculate the stoichiometry of the organic fraction as C468H748O161N16S (dry basis, ash free). It was also assumed that the following species formed the gaseous phase: H2, CO, CO2, CH4, C2H4, C2H6 (similarly to assumption of [8]), and N2, NH3, S2, H2S, SO2, O2, H2O. The elemental carbon (graphite) was in the solid phase. Calculations were performed for the temperature of 850 °C (temperature of the section a as well as final temperature of the gasified waste) and molar proportions of steam to carbon (S/C) increasing up to 20 (the ratio of the total steam used in the process to total organic carbon in the waste). Results of modeling are presented in Figure 3 (solid lines). According to the calculations, elemental carbon should vanish at the S/C ratio equal to 0.69.



The results of calculations given in Figure 3 represent a “static” variant of equilibrium model, i.e., equilibrium of the total batch of the waste with the increasing volume of steam. In the course of each experiment, the equilibrium was rather “dynamic,” i.e., alternating stream of gases from pyrolysis then from the gasification stage was mixed with steam of a relatively stable flow. As a result, the unified gas composition (in the total volume from the whole process) may be somewhat different from calculated by this “static” variant. A similar experiment of the municipal waste gasification under steam in a fixed-bed reactor with additional equilibration of gases in a separate unit was described in the literature [8]. The differences between this experiment and that presented here are that (1) the waste was fed into the reactor at high temperature in the experiment of [8], contrary to gradual heating to the final temperature in our experiments, (2) conversion of char was relatively low in the experiment of [8], equal to 70.5% at 850 °C, contrary to the complete elimination of char and vanishing of the gas emission in our experiments. These differences, especially incomplete conversion of char, seem to be responsible for somewhat lower concentration of H2 in the experiment of [8] in comparison to calculated now, as well as inversion of CO and CO2 concentrations (i.e., calculated now and found by [8]).



Obviously, concentration of H2, CO and CO2 in the gas depends on S/C, steam-to-carbon ratio—Figure 3 (assuming chemical equilibrium). It may be noticed that at the point of carbon vanishing, there is a minimum hydrogen concentration (at S/C = 0.69). The respective concentrations of gases are following: 57.9 vol.% of H2, 39.4% of CO, 1.0% of CH4, 0.9% of CO, 0.7% of N2, 0.09% of H2S and traces of other species. The standardized (at 25 °C and 1 bar) volume of the dry gas is equal to 2.11 m3/kg of the dry waste. The water demand necessary for this equilibrium equals 0.44 kg/kg of the dry waste (95% of steam is reacted, the rest is in equilibrium at 850 °C). It is worth noticing that this amount represents only 61% of the water content in the original RMT-MSW (before drying).



Taking into account the final equilibrium state of the process products, incineration and steam gasification are equivalent processes from the point of view of thermodynamics. This equivalency may be presented in the simplest way by the thermodynamic cycle (Figure 4), assuming stoichiometry of the waste (ash free) as CaHbOcNdS. Reaction of oxidation by oxygen (incineration) is written as (1) in Figure 4, with the respective enthalpy ΔHr,1. The same result may be achieved by two successive steps: (2) gasification with enthalpy ΔHr,2 and (3) combustion of the gas with enthalpy ΔHr,3. The difference between route (1) and route (2) + (3) in Figure 4 consists in (a–c) moles of H2O consumed during gasification, which are released during combustion of the gas. Additional energy recovered during combustion of the gas must be therefore supplied during gasification, and ΔHr,2 = ΔHr,1 − ΔHr,3.



Considering the balance of elements during gasification, H2O is transformed into carbon monoxide and hydrogen, according to reaction H2O + C = H2 + CO. Enthalpy of this reaction at standard temperature of 25 °C equals to 175.29 kJ/mole (calculations performed with [49]). Because the steam demand is equal to (a-c) = (468 − 161) = 307 moles, the enthalpy is equal to 53.8 MJ per 1 mole of C468H748O161N16S or 5.84 MJ per 1 kg of C468H748O161N16S. Taking into account the ash content of 30.7 wt.% (Section 3.4.), this energy is equal to 4.05 MJ/kg of the dry waste. On the other hand, the standard enthalpy of combustion of the gas produced from 1 kg of the dry waste equals to 24.6 MJ (also calculated with [49]). Thus, enthalpy of the waste incineration, ΔHr,1, may be calculated as equal to 24.6 − 4.0 = 20.6 MJ/kg dry waste. There are countless literature data dealing with the calorific value of MSW and the waste fractions. Numerous papers give correlations between calorific value of the waste and their elemental composition; e.g., [51] with 18.8 MJ/kg, [52] with 17.6 MJ/kg or [53] with 19.3 MJ/kg of the waste. The difference of approximately 10% between literature data and calculated above incineration enthalpy of RMT-MSW seems acceptable, taking into account the very simplified and formal character of this evaluation.




3.3. Non-Gaseous Substances from Cooling Line


Lowering of the gas temperature inside the reactor (out of furnaces) led to the formation of a small amount of solid deposit on the quartz tube wall. Subsequent gas cooling in the Liebig condenser led to condensation of steam and some amounts of tars and oils, not converted in the process. The condensates were recirculated to the reactor and supplemented by approximately 6% of the distilled water. The final cleaning of the gas proceeded in the scrubber with alkaline solution. The results of the analysis, presented below, refers to the final condensate, after the 5th experiment.



3.3.1. Organic Compounds in Condensate


Organic compounds in sediments removed from the Liebig cooler, in sediments separated by filtration from condensate, in ether extracts from aqueous solution (filtrate) after experiment G5 as well as from alkaline solution from the scrubber, were analyzed by GC-MS method. The results are presented in Table 3. The total amount of 50.4 mg of organic compounds were distributed as follows: 80.8% (by mass) was in SF sediments (separated by filtration), 16.2% in SL sediments (removed from the Liebig cooler), 2.8% in AF (aqueous filtrate) and 0.24% in AS solution (from scrubber). The results may be summarized as follows. (1) Almost 97% of organic compounds was collected as sediments and less than 3% was found as dissolved in aqueous filtrate, both forms were returned to gasification. (2) Mass of the sum of organic compounds detected by GC-MS was only 0.15% of the average weight loss of the processed waste. (3) Sediments that were deposited in the Liebig condenser were systematically washed down by condensing steam. Presumably due to this rinsing, compositions of SL and SF sediments were similar: naphthalene was a major component (35% and 21%, respectively), the next was phenanthrene (15% and 20%) and ethenyl (11%) plus phenyl (13%) derivatives of naphthalene. Also, naphthalene appeared to be the major component (48%) in the case of aqueous filtrate, accompanied by 1H-indene (17%) and ethenylbenzene (12%). Only five compounds were detected at a very low level in the scrubber solution.




3.3.2. Metals, Chlorides and Ammonium in the Aqueous Filtrate (AF)


The content of selected elements (metals) was analyzed in the aqueous filtrate (AF), after the final (5th) experiment. Results are presented in Table 4. Total concentration of these elements was found as relatively low and equal to only 135 mg/dm3. Two alkali metals, i.e., potassium and sodium, dominated this set, with contributions of 75.0% and 23.8%, respectively. Contribution of the next two elements, Ca and Mg, were only 0.93% and 0.16%, respectively, whereas other analyzed metals constituted 0.29%.



On the other hand, there was 291 mg of Cl− ions in the filtrate, but only 28.5% of them were necessary to balance with metals. The excess was ascribed to NH4+ ions with concentration of 2.49 g/dm3. However, most of the NH4+ ions were present in the carbonate form, and the release of CO2 gas could be noticed during acidification of the filtrate. Chloride ions were also detected in the alkaline solution from the scrubber (AS), in the total mass of 10.2 mg. Metals were not detected in the AS solution.




3.3.3. Metals in the Solid Deposit in the Reactor Outlet


A thin ring of the solid yellow-brownish deposit was formed on the wall of the reactor quartz tube during gasification experiments. The mass of substance that accumulated this way was approximately 0.7 g, after the final experiment (G5). The deposit was not recycled to the process (with the waste) because the reactor tube was used during experiments without cleaning. The deposit was analyzed for selected elements (metals), similarly to aqueous filtrate (AF). Results are presented in Table 5. Detected metals may be classified into three groups: K, Ca, Pb, Mg, Al and Na with concentration higher 1000 ppm; Cd, Zn, Bi, Cu, Fe with concentration higher 100 ppm; and other ones with concentration generally below 10 ppm. Formation of the high temperature deposit and its properties need to be investigated separately, due to specificity of the steam gasification. However, it may be noticed that the general trend of the content proportions of elements listed in Table 4 with concentration higher 10 ppm is very similar to that given in literature for typical MSWI (Municipal Solid Waste Incineration) fly ashes, e.g., [54].





3.4. Ashes


All experiments of gasification had been carried out until the vanishing of the gas emission. Ashes from all experiments (i.e., the solid residue from the reactor) were mixed together and the mixture was ground for 3 min in a laboratory roller-ring mill, then sieved with a stack of four sieves into five fractions. The photograph of mixed ashes before grinding is shown in Figure 5. The classified fractions were sequentially leached with H2O, 2M HCl, 2M HNO3 and finally with aqua regia. Detailed description of these investigations and discussion of results are presented in a separate paper [34], together with comparative leaching of ashes prepared by incineration experiments. The most important differences between ashes from incineration and steam gasification are (1) higher leachability of metals by diluted inorganic acids (HCl, HNO3) from the ash prepared by gasification and (2) maintenance of the metallic form of copper during gasification process. Fractioning of ground ashes from gasification enabled accumulation of 63% of leachable Al, 84% of Cu and 80% of Zn in the ash grains with diameter ø > 0.16 mm; these grains represented 14.8% of the total mass of the ash. Moreover, the prevailing part of Cu was accumulated in the fraction 0.16 < ø < 0.50 mm (Cu constituted 8.5% of the fraction mass) and was leached primarily by HNO3.





4. Summary


A series of five allothermal steam gasification experiments of the residual from mechanical treatment of municipal solid waste (RMT-MSW) was performed in a laboratory quartz reactor. It was found that emission of the gas peaked in the two temperature ranges, 300–500 °C and 650–800 °C, which were ascribed to pyrolytic and gasifying mechanisms, respectively. While the temperature ranges of the gas emission were generally reproducible, the intensity of emission varied according to the random composition of the waste. Despite this, areas of peaks (which corresponded to the gas volume) were in a general proportion of 55:45 for pyrolysis and gasification stages, respectively. Passing the gas through the equilibration zone filled with MgO/aluminosilicate granules efficiently minimized the content of tars and oils, gathered later together with condensing steam. These organic condensates consisted only 0.15% of the average weight loss during the waste processing. Organic sediments, as well as aqueous condensates were systematically returned to the reactor. In the final condensate (after the 5th experiment), 97% of all organic compounds, mainly in a form of naphthalene, as well as derivatives of naphthalene and phenanthrene, were found in sediments, which were separated by filtration. Concentration of metals in the final aqueous condensate was equal to 135 mg/dm3 in total, with 98.5% by mass of potassium and sodium ions content. Moreover, a relatively high concentration of NH4+ ions, equal to 2.49 g/dm3, mostly as carbonate, was also found. Additionally, equivalency of the steam gasification and incineration processes from the point of view of thermodynamics was shortly discussed. It was estimated that emission of the gas (at thermodynamic equilibrium) is equal to 2.11 m3 of the dry gas (at 25 °C and 1 bar) per 1 kg of the dry waste, standard enthalpy of the gas combustion is equal to 24.6 MJ/kg of the dry waste, and approximately 16% of this energy is due to endothermicity of the steam gasification process.
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Figure 1. The quartz reactor used in gasification experiments: a—section for catalytic granules, b—two sections for gasified RMT-MSW, c—section of the steam generation. Position of thermocouples: 1—the 1st experiment and 2—other experiments. Above the drawing—the photograph of the completed reactor and enlarged fragment with RMT-MSW. 
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Figure 2. Temperatures in the quartz reactor during gasification experiments and respective gas emission profiles. Left scale: Ta—temperature of the equilibration section; Tm, Tc, Ts—temperatures of the middle as well as “catalytic” and “steam” sides of the gasified RMT-MSW (residual from mechanical treatment of municipal solid waste) bed, respectively. Unmarked (relative, details in the Section 3.1) right scale: C—cumulated volume of the gas; dashed and solid red lines—intensity of the gas emission; circles—immediate intensity. G1—experiment with thermocouples placed in position 1 (Figure 1), other experiments—thermocouples in position 2. The scale of figures G2—G5 is identical with figure G1 (however Ta, Tc and Ts are not presented). 
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Figure 3. Composition of the process gas according to thermodynamic equilibrium at 850 °C. S/C—the ratio of moles of steam to moles of carbon. Solid lines—calculated concentration of the main components (H2, CO2, CO). Circles—literature data [8] for the same components plus CH4. 
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Figure 4. Formalized routes of the direct waste oxidation—reaction (1) and via steam gasification followed by the gas combustion—reactions (2) + (3). 
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Figure 5. Mixed ashes from experiments G1–G5 of steam gasification of RMT-MSW. 
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Table 1. Temperatures of maxima of gas emission peaks during steam gasification of RMT-MSW. Ts, Tm, Tc—as in Figure 2.
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Experiment

	
G1

	
G2

	
G3

	
G4

	
G5






	
Peak

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2




	
Time, h:min

	
2:18

	
3:56

	
2:00

	
4:25

	
2:14

	
4:29

	
2:32

	
4:30

	
2:19

	
4:27




	
Ts, °C

	
472

	
713

	
454

	
798

	
649

	
851

	
532

	
804

	
631

	
814




	
Tm, °C

	
391#)

	
741#)

	
247

	
754

	
254

	
708

	
255

	
757

	
230

	
727




	
Tc, °C

	
463

	
750

	
441

	
789

	
455

	
772

	
467

	
779

	
508

	
784








#) measured inside reactor.
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Table 2. Percentage of the process gas emission correlated with peaks in Figure 2, and the gas volume per unit of the peak area (on the basis of expected volume of the gas emission—Section 3.2).
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Experiment

	
G1

	
G2

	
G3

	
G4

	
G5






	
peak

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2




	
Area (AR), arbitrary unit

	
0.171

	
1.85

	
1.33

	
0.976

	
1.07

	
1.29

	
1.25

	
0.960

	
1.20

	
0.725




	
% of emission (area)

	
8

	
92

	
58

	
42

	
45

	
55

	
56

	
44

	
62

	
38




	
expected gas volume, standard dm3/AR

	
48.8

	
46.9

	
40.1

	
47.2

	
61.8
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Table 3. The content of organic compounds, determined by GC-MS, in sediments removed from the Liebig condenser (SL), in sediments separated by filtration (SF) from condensate after experiment G5, in aqueous filtrate (AF) and in alkaline solution from scrubber (AS). RT—retention time. RSDs (relative standard deviations) were in the range of 0.48%–1.21%.
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RT

	
Name

	
CAS

	
SL

	
SF

	
AF

	
AS




	
mg






	
4.44

	
Ethenylbenzene

	
000100-42-5

	

	
0.06

	
0.17

	




	
5.17

	
Prop-1-en-2-ylbenzene

	
000098-83-9

	

	
0.02

	

	




	
5.32

	
[(E)-prop-1-enyl]benzene

	
000637-50-3

	

	
0.03

	

	




	
5.83

	
1H-indene

	
000095-13-6

	

	
0.06

	
0.24

	




	
6.30

	
1,2-bis(ethenyl)benzene

	
001321-74-0

	

	
0.04

	

	




	
6.39

	
1,3-bis(ethenyl)benzene

	
000108-57-6

	

	
0.02

	
0.02

	




	
6.96

	
Naphthalene

	
000091-20-3

	
2.87

	
8.44

	
0.68

	




	
7.05

	
1-benzothiophene

	
000095-15-8

	
0.06

	
0.33

	
0.04

	




	
7.59

	
2-Methylnaphthalene

	
000091-57-6

	
0.15

	
0.87

	
0.01

	




	
7.71

	
1-Methylnaphthalene

	
000090-12-0

	
0.13

	
0.58

	
0.01

	




	
8.06

	
2-Ethenylnaphthalene

	
000827-54-3

	
0.93

	
5.31

	
0.06

	




	
8.19

	
2,6-dimethylnaphthalene

	
000581-42-0

	
0.01

	
0.06

	

	




	
8.28

	
1,8-Dimethylnaphthalene

	
000569-41-5

	
0.04

	
0.22

	
0.04

	




	
8.40

	
1-ethylnaphthalene

	
001127-76-0

	
0.08

	
0.52

	

	




	
8.51

	
2,6-ditert-butyl-4-methylphenol

	
000128-37-0

	
0.03

	
0.06

	
0.06

	
0.04




	
8.58

	
2,6-dimethylnaphthalene

	
000644-08-6

	
0.04

	
0.18

	

	




	
8.63

	
Acenaphthylene

	
000208-96-8

	
0.25

	
1.57

	
0.02

	




	
8.70

	
1,2-dihydroacenaphthylene

	
000083-32-9

	

	
0.05

	
0.01

	




	
8.81

	
1-cyclopenta-2,4-dien-1-ylideneethylbenzene

	
002320-32-3

	

	
0.04

	

	




	
8.90

	
Dibenzofuran

	
000132-64-9

	
0.06

	
0.42

	

	




	
9.04

	
1-methyl-3-phenylbenzene

	
000643-93-6

	

	
0.04

	

	




	
9.13

	
Naphthalene-2-carbonitrile

	
000613-46-7

	

	
0.04

	

	




	
9.18

	
1H-phenalene

	
000203-80-5

	
0.01

	
0.06

	

	




	
9.23

	
Fluorene

	
000086-73-7

	
0.04

	
0.21

	

	
0.01




	
9.46

	
4-methyldibenzofuran

	
007320-53-8

	

	
0.06

	

	




	
9.73

	
1,2-dihydrophenanthrene

	
056179-83-0

	

	
0.05

	

	




	
9.80

	
1,2-Diphenylethylene

	
000588-59-0

	
0.02

	
0.16

	

	




	
10.16

	
Dibenzothiophene

	
000132-65-0

	
0.11

	
1.04

	

	




	
10.26

	
Fluoren-9-one

	
000486-25-9

	
0.01

	

	

	




	
10.32

	
Phenanthrene

	
000085-01-8

	
1.21

	
8.21

	
0.05

	
0.03




	
10.36

	
Anthracene

	
000120-12-7

	
0.28

	
1.20

	

	




	
10.45

	
9-ethenylanthracene

	
002444-68-0

	
0.07

	
0.56

	

	




	
10.59

	
1-phenyl-1H-indene

	
001961-96-2

	

	
0.07

	

	




	
10.67

	
Benzo[f]quinoline

	
000085-02-9

	

	
0.06

	

	




	
10.83

	
2-Methylanthracene

	
000613-12-7

	
0.02

	
0.12

	

	




	
10.86

	
2-methylphenanthrene

	
002531-84-2

	
0.03

	
0.16

	

	




	
10.91

	
3-methylphenanthrene

	
000832-71-3

	

	
0.08

	

	




	
10.97

	
1-methylanthracene

	
000610-48-0

	
0.03

	
0.15

	

	




	
11.00

	
1-methylphenanthrene

	
000832-69-9

	
0.03

	
0.12

	

	
0.02




	
11.17

	
2-Phenylnaphthalene

	
000612-94-2

	
0.42

	
2.92

	

	
0.02




	
11.54

	
Anthracene-9,10-dione

	
000084-65-1

	

	
0.11

	

	




	
11.71

	
2-phenylnaphthalene

	
035465-71-5

	
0.03

	
0.14

	

	




	
11.82

	
1-benzylnaphthalene

	
000611-45-0

	

	
0.07

	

	




	
12.00

	
Fluoranthene

	
000206-44-0

	
0.30

	
1.79

	

	




	
12.08

	
1,3-diphenylbenzene

	
000092-06-8

	
0.08

	
0.34

	

	




	
12.41

	
Pyrene

	
000129-00-0

	
0.27

	
1.19

	

	




	
12.56

	
Naphtho[2,3-b][1]benzofuran

	
000243-42-5

	

	
0.06

	

	




	
12.73

	
2-benzyl-4-chlorophenol

	
000120-32-1

	

	
0.09

	

	




	
12.84

	
1-methylpyrene

	
002381-21-7

	

	
0.04

	

	




	
13.07

	
11H-benzo[b]fluorene

	
000243-17-4

	

	
1.53

	

	




	
13.33

	
Chrysene

	
000218-01-9

	

	
0.10

	

	




	
14.99

	
Naphtho[1,2-b][1]benzothiole

	
000239-35-0

	
0.07

	
0.17

	

	




	
15.08

	
1,3,5-triphenylbenzene

	
000612-71-5

	
0.08

	
0.05

	

	




	
15.32

	
Benzo[ghi]fluoranthene

	
000203-12-3

	
0.04

	
0.10

	

	




	
15.75

	
Naphtho[2,3-b][1]benzothiole

	
000243-46-9

	

	
0.06

	

	




	
16.12

	
Benzo[a]anthracene

	
000056-55-3

	
0.15

	
0.27

	

	




	
16.28

	
Triphenylene

	
000217-59-4

	
0.22

	
0.40

	

	




	

	

	
sum:

	
8.17

	
40.72

	
1.40

	
0.12
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Table 4. Masses of selected elements in the aqueous filtrate, AF (mean value ± standard deviation, n = 3), after the final (5th) experiment. The volume of the filtrate was 577 dm3. Concentration of Ag, As, Bi, Cd, Co, Ga, Hg, In, Mo, Ni, Pb, Sb, Se, Sn, Tl, V, Zn was below the limit of detection.
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mg

	
K

	
Na

	
Ca

	
Mg

	
B

	
Ba

	
Ti




	
58.3 ± 0.8

	
18.5 ± 0.2

	
0.59 ± 0.01

	
0.13 ± 0.01

	
(9.5 ± 0.1)·10−2

	
(3.9 ± 0.1)·10−2

	
(3.0 ± 0.1)·10−2




	
Cu

	
Li

	
Fe

	
Al

	
Sr

	
Cr

	
Mn




	
(1.8 ± 0.1)·10−2

	
(1.6 ± 0.1)·10−2

	
(1.2 ± 0.1)·10−2

	
(9.0 ± 0.1)·10−3

	
(3.9 ± 0.1)·10−3

	
(3.6 ± 0.1)·10−3

	
(2.2 ± 0.1)·10−3
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Table 5. Concentration of selected metals in the deposit removed from the quartz reactor outlet (mean value ± standard deviation, n = 3). Concentration of As, Co, Ga, Mo and Ni was below the limit of detection.
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wt.%






	
K

	
Ca

	
Pb

	
Mg

	
Al

	
Na




	
1.14 ± 0.01

	
0.542 ± 0.002

	
0.463 ± 0.006

	
0.310 ± 0.002

	
0.181 ± 0.001

	
0.155 ± 0.001




	
ppm




	
Cd

	
Zn

	
Bi

	
Cu

	
Fe

	
Mn

	
Sn

	
Ag

	
Sr

	
B




	
388 ± 4

	
325 ± 2

	
323 ± 2

	
203 ± 2

	
184 ± 2

	
17.5 ± 0.1

	
9.33 ± 0.09

	
9.16 ± 0.08

	
5.51 ± 0.02

	
4.41 ± 0.03




	
Ti

	
In

	
Ba

	
Sb

	
Tl

	
Se

	
Li

	
Cr

	
Hg

	
V




	
4.38 ± 0.04

	
3.51 ± 0.03

	
3.15 ± 0.01

	
2.62 ± 0.11

	
2.16 ± 0.02

	
1.53 ± 0.05

	
0.82 ± 0.01

	
0.52 ± 0.00

	
0.34 ± 0.01

	
0.27 ± 0.01
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