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Abstract 

The potential of the fluidized bed gasification as a sustainable waste-to-fuel 

technology to handle the growing amount of sewage sludge (SS) generate from 

wastewater treatment plants located in the Campania region has been assessed in the 

present work. To this aim, the properties of SS relevant to its thermochemical 

conversion have been extensively investigated and the obtained results are briefly 

described in the present paper. Preliminary results from the gasification of SS in 

small-scale fluidized bed reactor are also presented and discussed, with a special 

focus on the composition of residual bottom ashes. 

 

Introduction 

Recently, the use of thermochemical processes, including pyrolysis, gasification, and 

combustion has attracted increasing attention as a sustainable strategy for the 

management of sewage sludge (SS), which not only provides effective volume 

reduction and pathogens destruction, but also enable the transformation of its carbon-

rich organic fraction into valuable energy and fuels [1-3]. Thermochemical 

conversion of SS is obviously different and more challenging compared to that of 

biomass and coal, due to the distinctive properties of sludge, which is characterized 

by the presence of toxic inorganics such as Pb, Hg, Cd, Ni, As, Cr along with a 

significantly high content in ash, moisture, nitrogen (N) and sulphur (S) [3, 4]. Due 

to the advantages it offers over combustion and pyrolysis, gasification has the 

potential to become the leading sludge-to-energy technology in the near future. In 

particular, gasification can process fuel with a moisture content up to 30 % 

(downdraft gasifier) without a significant impact on the overall energy recovery [3], 

while at the same time the water trapped in the feedstock acts as a free source of 

steam that promote the conversion of the produced char and tar to syngas. In addition, 
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some inorganic elements (i.e., nickel, iron, alkali and alkaline earth metals) in sludge 

have catalytic properties that enhances gasification reaction and, hence, the 

production of syngas. On the other hand, the high amount of ash and the presence of 

heavy metals (HMs) poses some technical challenge to SS gasification. The fate and 

the distribution of HMs during SS gasification is a key aspect to address since it 

affects both the generation of secondary pollutants and the environmentally 

acceptability of solid residues for reuse and reclamation. In this context, the purpose 

of this research is to investigate the feasibility of the fluidized bed gasification as a 

more sustainable waste-to-fuel technology to handle the growing amount of sewage 

sludge generate from a WWTP located in the Campania region. To this aim, the 

properties of SS relevant to its thermochemical conversion have been extensively 

investigate and the obtained results are briefly described in the present paper. 

Preliminary results from the gasification of SS in small-scale fluidized bed reactor 

are also presented and discussed, with a special focus on the retention of HMs in 

bottom ashes. 

 

Experimental 

Figure 1 shows the schematic representation of the bench-scale experimental 

apparatus used for the gasification of dried sewage sludge particles. 

 

      

Figure 1. Experimental apparatus and main operating parameters 

 

The gasification reactor consists of a stainless steel (AISI 310) fluidization column 

having an inner diameter (ID) of 41 mm and a height of 1000 mm. A distributor plate 

consisting of a series of stainless steel grids separates the gas inlet chamber or 

windbox (41 mm ID and 600 mm height), which also acts as a preheater, from the 

fluidization column. A ceramic filter located downstream of the reactor allows for 

Main operating parameters 

Ffuel, g/h 68 

dp,fuel, mm <1 

Tbed, °C 850 

Ug(@ bed T), m/s 0.018 

Nitrogen flow rate, Nl/h 300 

Air flow rate, Nl/h 50 

Aspect ratio H/D 3 

Fluidization velocity (@ bed 

T), m/s 

0.30 

Equivalence ratio air/fuel 0.21 
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the collection of the elutriated char. The reactor is equipped with an under-bed 

biomass feeding system, which uses a combination of mechanical and pneumatic 

conveying. A nitrogen stream (300 Nl/h flow rate) is used as conveying gas through 

the feeding system whereas the gasification agent (air) enters the reactor through the 

windbox with a flow rate of 50 Nl/h. The gas stream leaving the reactor is split in 

three substreams. The first one is sent to a set of on-line ABB gas analysers to 

continuously monitor the concentration of O2, CO, CO2, CH4 e H2, whereas the 

second one passes through a chilled impinger train to collect the evolved TAR; the 

remaining part is sent to vent. Non-condensable gases leaving the condensation step 

are sent to a micro-GC (Agilent 3000 A) to measure the concentration of light 

hydrocarbons (C1-C5), in addition to that of CO, CO2, CH4, H2. Silica sand in the 

size range 0.2-0.3 mm is used as bed material with an initial bed inventory of about 

0.18 kg corresponding to a bed aspect ratio H/D of 3. The SS sample used in this 

research was collected at a wastewater treatment plant located in Campania Region, 

Italy. During the experimental run, the biomass was fed to the reactor with a mass 

flow of 0.68 kg/h, a moisture content of about 1.7%wt (by air drying) and a particle 

size smaller than 1 mm. The total flow rate fed to the reactor during test is 350 Nl/h, 

(85.7% N2 and 14.3% air) consisting of 3%vol. O2 in nitrogen. An equivalence ratio 

(ER) of about 0.2 is therefore established during the gasification test. The main 

operation conditions set for SS gasification are summarized in Fig. 1. The qualitative 

chemical composition of collected TARs is analysed by means of an Agilent 7890A 

GC equipped with a mass spectrometer 5975C-VLMSD. The elemental and 

proximate compositions of SS sample and bottom ashes are determined using a 

LECO CHN 628 and LECO CS144, whereas the proximate analysis is performed by 

means of a LECO TG701. The determination of energy content (HHV) is carried out 

using a PARR 6200 Isoperibol Oxygen Bomb Calorimeter. The determination of the 

chlorine content in SS is performed using a 883 Basic IC plus ion chromatograph by 

Metrohm. The metals content of SS and bottom ash is analyzed by ICP-MS using an 

Agilent 7500 CE instrument following a microwave-assisted acid digestion. SEM-

EDX analysis is carried out using a microscope SEM Nova NanoSEM 450-FEI 

equipped with In-lens SE detector, BSE detector, Everhardt-Thornley SED, Low 

vacuum SED and Bruker EDS XFlash 6-10 for microanalysis. The particle size 

distribution of bottom ashes is determined by means of a laser light scattering particle 

size analyzer, Malvern Instruments Mastersizer 2000. 

 

Results and Discussion 

Table 1 shows the main properties (as mean value of triplicate analyses) of the SS 

sample used in the present work as a feedstock for gasification tests.  In line with the 

composition of other sewage sludges adopted in the literature [3], data highlight that 

the investigated sample has a much lower FC content (5.7 %, db) and a much higher 

ash content (34.0 %, db) than most of biomass and coal [3]. In terms of elemental 

composition, it also results that SS has a slightly higher N content compared to 

biomass and lignite [3] along with a not negligible amount of S and Cl. The main 
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source of N-containing compounds in SS are protein and peptides, but N also comes 

from fatty acids and sugars. The most abundant elements in the SS are: Ca, Al, P and 

Fe. While the presence of Al, Fe and Ca is mostly associated with the SS stabilization 

processes during wastewater treatment, P essentially comes from phosphorus in 

detergents. Finally, the presence in trace (< 0.1%, db) of the following heavy metals 

has also been identified: Mn, Pb, Cr, Ni, Zn. 

The SEM image of SS reported in Fig. 2a, shows its microscopic heterogeneity as 

suggested by the coexistence of both agglomerates and elongated particles (fibres). 

 

Table 1. Main properties of the sludge particles 

Proximate analysis, %wt, ar Metals composition, mg/kgar 

Moisture 10.0 Ca 34300 Pb 57.49 

Volatile matter 54.3 Al 10010 Cr 25.71 

Fixed carbon 5.1 P 9745 V 23.49 

Ash 30.6 Fe 8164 Zr 10.91 

Heating value, MJ/kgfuel, ar Si 6226 Ni 10.77 

HHV (measured) 10.56 K 4731 Li 8.030 

Ultimate analysis, %wt, ar Mg 3621 Mo 6.120 

C 29.2 Zn 504.1 Sb 2.590 

H 5.0 Ti 391.2 Li 7.950 

N 3.6 Ba 174.9 Co 2.050 

S 0.7 Cu 171.7 Sn 0.140 

Cl 0.06 Mn 106.6   

O (by diff.) 20.84 Sr 69.24   

 

The Energy Dispersive X-ray (EDX) analysis relative to the SEM micrograph not 

reported for brevity, confirms that the more abundant species in SS are Ca, Al, P and 

Fe in addition to Si and O (not detectable by ICP analysis), in agreement with data 

obtained by ultimate and ICP-MS analysis (Table 1). 

 

  

Figure 2. SEM micrographs of sewage sludge (a) and of bottom ashes (b). 

 

Table 2 shows the composition of the product gas arising from the fluidized bed 

gasification of SS under the operation conditions summarized in Figure 1. Results 

a

. 
b
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show that the produced syngas mostly consists of CO, CO2, H2, CH4, C2H4 and C2H6. 

The ratios between the desired products, H2/CO=0.87 and CH4/H2=0.38, are in 

accordance with the values reported for industrial processes, whereas the water 

content results to be as low as 0.08%. The concentration of tar in the syngas, which 

was evaluated gravimetrically, is equal to 29.4 g/m3. The obtained results are 

consistent with those obtained by Abdelrahim et al. (2019) [5] using a pilot scale 

fluidized bed gasifier (20.69 % CO, 27.7 % H2, 11.15 % CH4, 6.47 % C2H4, 0.86 % 

C2H6, 33.65% CO2 and 18.75 g/m3 TAR at 780 °C and ER = 0.15). 

 

Table 2. Flue gas composition (on dry and N2-free basis) 

%vol 

CO H2 CH4 C2H4 C2H6 CO2 

30.99 26.92 10.15 2.77 0.19 28.97 

 
The GC-MS analysis of the tar shows the presence of many hydrocarbons having a 

number of carbon atoms between 6 and 16. Heteroatom compounds containing 

nitrogen and oxygen are also present in agreement with the high content of nitrogen 

and oxygen in SS (Table 1). 

 

Table 3. Main properties of bottom ash 

Proximate analysis, %wt, ar Metals composition, mg/kgar 

Moisture 0.42 Ca 54100 Sr 138.2 

Volatile matter 4.48 Al 17160 Cr 126.1 

Fixed carbon - Fe 16640 Ni 56.83 

Ash 95.1 P 13010 V 49.39 

Heating value, MJ/kgfuel, ar Mg 6303 Pb 47.83 

HHV (measured) 13.88 Cu 5396 Zr 38.04 

Ultimate analysis, %wt, ar K 5195 Mo 15.01 

C 3.2 Si 3559 Sn 12.24 

H 0.2 Na 3337 Li 7.950 

N 0 Ti 945.5 Co 4.838 

S 1.1 Zn 375.9 Sb 2.337 

Cl - Ba 247.7   

O (by diff.) 0.1 Mn 238.4   

 

In the present work, particular attention has also been devoted to the characterization 

of the fly and bottom ashes. On the basis of the amount of fines collected into the 

ceramic filter, the elutriation rate of fly ashes was estimated to be equal to about 

3.57 g/h, with a carbon content of 5%wt. A carbon content of 3.2%wt has been 

detected in the bottom ashes, as shown in Table 3. This suggests that the complete 

gasification of the fixed carbon in SS is achieved under the adopted operating 

conditions (Fig.1). In general, bottom ash shows the same speciation of metals as the 
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row material and consequently, a not considerable volatilization was observed during 

the gasification of the investigated SS, i.e. P, Ca, Al and Fe were mostly retained in 

the residual bottom ashes. The SEM micrograph of the bottom ashes shown in Fig.2b 

indicates the presence of the rounded and glassy particles (known as spherules) 

typically arising from partial melting and re-solidification of inorganics in SS, which 

is strictly associated with the temperature history that the fuel particles undergo in 

the gasifier.The particle size distribution shows that ash particles diameter varies in 

the range 0.5-320 μm, with a mode of about 30 μm and a median of 22 μm. 

 

Conclusions 

Gasification of dried sewage sludge (SS) was experimentally investigated using a 

bench scale fluidized bed reactor. In more details, SS gasification was performed at 

850 °C, using a mixture of air and nitrogen as a gasification agent and by ensuring 

an ER equal to 0.2. Results show that the data obtained on a lab scale are consistent 

with those obtained on a pilot scale. The characterization of bottom ashes points out 

that ashes produced under the selected conditions do not contain unconverted carbon 

residues (biochar). Further studies on the retention and leaching characteristic of SS 

ashes are required to assess their safe disposal or potential use as a soil amendment. 
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