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Abstract: Organic and inorganic contaminants in sewage sludge may cause their presence 

also in the by-products formed during gasification processes. Thus, this paper presents 

multidirectional chemical instrumental activation analyses of dried sewage sludge as well 

as both solid (ash, char coal) and liquid (tar) by-products formed during sewage gasification 

in a fixed bed reactor which was carried out to assess the extent of that phenomenon. 

Significant differences were observed in the type of contaminants present in the solid and 

liquid by-products from the dried sewage sludge gasification. Except for heavy metals, 

the characteristics of the contaminants in the by-products, irrespective of their form 

(solid and liquid), were different from those initially determined in the sewage sludge. It has 

been found that gasification promotes the migration of certain valuable inorganic 

compounds from sewage sludge into solid by-products which might be recovered. On the 

other hand, the liquid by-products resulting from sewage sludge gasification require a 

separate process for their treatment or disposal due to their considerable loading with toxic 

and hazardous organic compounds (phenols and their derivatives). 
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1. Introduction 

Gasification is regarded as a prospective and promising method for rendering sewage sludge  

(an example of unconventional biomass) harmless [1–4]. Unfortunately, apart from the valuable 

gas fuel produced, the process results in solid and liquid waste by-products [5–7]. The solidification of 

mineral substances during gasification produces solid products, mostly ash, but also char coal in 

some cases [5,6]. The formation of the latter depends on the composition of nonflammable inorganic 

substances in the sludge which considerably decreases the Debye characteristic temperatures of the ash [6]. 

Liquid products, i.e., tar, as a result of the condensation of the contaminants present in gas [7]. 

Sewage sludge, apart from energetically desirable compounds, is the source of toxic and hazardous 

organic and inorganic contaminants. Organic compounds identified in it include [8–11]: dioxins and furans, 

polychlorinated biphenyls (PCBs), organochlorine pesticides, adsorbed and extracted chloro derivatives, 

polycyclic aromatic hydrocarbons (PAHs), phenols and their derivatives, phthalates, sex hormones 

and others. The group of hazardous inorganic compounds assayed in sewage sludge contain primarily 

various heavy metals at a wide range of concentrations (mg/kg dry basis for raw sewage) [12–18]: 

arsenic 3–230, cadmium 1–3410, chromium 10–990,000, copper 80–2300, nickel 2–179, lead 13–465, 

and zinc 101–49,000. 

As mentioned before, dried sewage sludge gasification produces waste by-products. This phenomenon 

accompanies all thermal treatment processes of both traditional and unconventional biomass 

(incineration, co-incineration and others) [1,3]. Thermal techniques usually transfer and accumulate 

contaminants in liquid and solid phases, which do not eliminate environmental hazards. It may be 

especially harmful while thermally processing sewage waste which is originally a source of various 

toxic and hazardous compounds. The preliminary research [19] found that the toxic effect of products 

produced during sewage sludge gasification depends on both the type of a sample tested (ash, char  

coal and tar) and sewage sludge used. That research was carried out using a Microtox® test with a  

Vibrio fischeri bacterial strain (luminescence method). Higher toxicity was found in the samples of ash 

that formed during gasification of sewage sludge, which appeared to be toxic, than for sludge of lower 

toxicity. As for tar samples, they were all toxic, regardless of the sludge gasified. Thus, from a 

cognitive perspective, the characteristics of such samples in terms of different contaminants which 

might be responsible for their toxicity are significant. 

Taking into account the abovementioned aspects, this research covered multidirectional chemical 

instrumental activation analyses of dried sewage sludge and waste by-products formed during its 

gasification (ash, char coal and tar) in a fixed bed reactor. The tests were aimed at assessing transport 

and transformations of organic and inorganic contaminants during sewage sludge gasification in the 

sludge-gasification-solid and liquid waste by-products system. 

2. Materials and Methods 

2.1. Materials 

Two different sewage sludges taken from wastewater treatment plants (WWTP) located in the West 

and North of Poland were selected for the research. Sewage Sludge 1 came from a WWTP operating in 

a mechanical and biological system while Sewage Sludge 2 was collected in a mechanical, 
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biological and chemical WWTP with simultaneous phosphorus precipitation. The sludge produced at 

the plants was subject to fermentation and then, after dewatering, dried in a cylindrical drier on shelves 

heated up to 260 °C (Sewage Sludge 1) and using hot air at a temperature of 150 °C in a belt drier 

(Sewage Sludge 2). As a result, Sludge 1 took the form of granules while Sludge 2 was in the shape of 

irregular thin “pasta” (Figure 1). 

Figure 1. Sewage sludge analyzed: (a) Sewage Sludge 1—from mechanical and biological 

wastewater treatment plants (WWTP); (b) Sewage Sludge 2—mechanical, biological and 

chemical WWTP with simultaneous phosphorus precipitation. 

 
(a) (b) 

The sludge was gasified in a fixed bed reactor using air as a gasifying agent fed to the reactor at a 

temperature of 25 °C and the amount of the agent corresponded to the ratio of excess air (λ) 0.18. 

The effect of the gasification parameters on producer gas yield, its composition and calorific value 

in particular, are discussed in detail in [6,20,21]. As far as the by-products are concerned, the gasification 

of Sewage Sludge 1 produced both ash (taken from the ash-pan) and char coal (taken from the inside 

of the reactor), while Sewage Sludge 2 produced ash only. The char coal formation in the case of the 

Sewage Sludge 1 was caused by a noncombustible inorganic compound. Those contaminants cause a 

significant reduction of the ash fusion temperatures. This influence is especially visible in the value of 

the temperature of the initial deformation [7]. 

2.2. Analysis of Selected Quality Indicators of Sewage Sludge and Gasification By-Products 

The chemical qualitative analysis of the dried sewage sludge and waste by-products produced 

during gasification covered the concentrations of major elements (carbon, hydrogen, nitrogen, 

chlorine, fluorine, sulphur and oxygen), mineral elements (magnesium, calcium), phosphorus, 

alkaline metals (sodium and potassium), and selected heavy metals (zinc, selenium, lead, nickel, 

mercury, copper, chromium, cadmium and arsenic). The concentrations of the major elements were 

assayed, using automatic measurements with an infrared (IR) analyzer. Both the mineral elements and 

heavy metals were determined by plasma or absorption spectrometry. The assays carried out in the 

liquid products covered: total organic carbon (TOC) using an automatic analyzer, conductivity 

(conductometric analysis) and ammonia nitrogen concentration (spectrophotometry). 

The authors of earlier works in this field [6,20,21] assayed moisture, volatile fractions, ash, heat of 

combustion and their calorific value as well. As for the ash, indicators characteristic of its tendency 

towards slagging and fouling of heated surfaces as well as agglomerate formation were determined [22]. 
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The assays of moisture, volatile fractions and ash were conducted with the gravimetric methods  

given in the following standards PN-EN 14774-3:2010 [23], PN-EN 15402:2011 [24] and PN-EN 

15403:2011 [25], respectively. The heat of combustion was determined by the calorimetric method 

while the calorific value was calculated, using the mass fractions of the major elements in a sample. 

The characteristics of two sewage sludges are given in Table 1. 

Table 1. Sewage sludge properties. 

Element/Parameter Sewage Sludge 1 Sewage Sludge 2 

Proximate analysis *, 
% (as received) 

Moisture 5.30 5.30 

Volatile matter 51.00 49.00 

Ash 36.50 44.20 

Ultimate analysis,  
% (dry basis) 

C 31.79 27.72 

H 4.36 3.81 

N 4.88 3.59 

O (by difference) 20.57 18.84 

S 1.67 1.81 

F 0.013 0.003 

Cl 0.22 0.03 

Calorific value * 
Higher heating value (HHV), MJ/kg dry basis 14.05 11.71 

Lower heating value (LHV), MJ/kg dry basis 12.96 10.75 

*: Based on the works [6,20,21]. 

2.3. Determination of Low-Molecular Organic Compounds with Gas Chromatography-Mass 

Spectrometry (GC-MS) Technique 

The sewage sludge samples, as well as solid and liquid gasification waste by-products, were 

qualitatively and quantitatively analyzed using GC-MS to assess their contamination with low-molecular 

organic compounds. The assays were targeted at four main groups of contaminants commonly 

identified in sewage sludge [9,11], i.e., PAHs, pesticides, PCBs, phenols and their derivatives. The analysis 

employed the following Sigma-Aldrich (Poznan, Poland) standard solutions: 

• PAHs solution which contained 16 compounds [acenaphthene, acenaphthylene, anthracene, 

benzo(a)anthracene, benzo(a)pyrene, benzo(a)fluoranthene, benzo(b)fluoranthene, 

benzo(g,h,i)perylene, benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, phenanthrene, 

fluorene, indeno(1,2,3-cd)pyrene), naphthalene, pyrene] in a concentration of 100 ng/μL in toluene; 

• A solution of sixteen pesticides (aldrin, α-BHC, β-BHC, σ-BHC, dieldrin, α-endosulfan,  

β-endosulfan, endosulfan sulfate, endrin, endrin aldehyde, γ-BHC, heptachlor, heptachlor epoxide, 

4,4ʹ-DDE, 4,4ʹ-DDE, 4,4ʹDDT) in a concentration of 200 ng/μL in n-hexane; 

• A solution of PCBs which contained six different derivatives [No. 28 (2,4,4ʹ-PCB), 52 (2,2ʹ,5,5′-

PCB), No. 101 (2,2ʹ,4,5,5′-PCB), No. 138 (2,2′,3,4,4′,5-PCB), No. 153 (2,2′,4,4′,5,5′-PCB), No. 

180 (2,2′,3,4,4′,5,5′-PCB)] in a concentration of 10 ng/μL of the particular compounds prepared 

in isooctane; 

• A solution of ten phenols and their derivatives (pentachlorophenol, 2-methyl-4,6-dinitrophenol, 

2-chlorophenol, 2-nitrophenol, 2,4-dichlorophenol, 2,4-dimethylphenol, 2,4-dinitrophenyl, 
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2,4,6-trichlorophenol, 4-chloro-3-methylphenol, 4-nitrophenol) in a concentration from 100 ng/μL 

to 250 ng/μL in methanol. 

As a preliminary step in the chromatography assays, the solid samples were extracted with an 

organic solvent supported by ultrasounds. The analytical samples of sludge, ash or char coal (from 100 mg 

to 200 mg) were mixed with methylene chloride (1 mL) and placed in an ultrasonic bath (30 min). 

The extract produced was thickened and analyzed by GC-MS. The tar samples were thinned down to 10% 

in n-hexane and then analyzed chromatographically. 

The chromatography analyses were performed using: a gas chromatograph coupled with a mass 

spectrometer (Saturn 2100 T GC-MS Varian, Warsaw, Poland) and equipped with a Supelco SLB™-5 ms 

column (30 m × 0.25 mm internal diameter, 0.25 μm film thickness), a split injector which maintained 

a constant temperature of 240 °C, helium (5 N) as a carrier gas with a flow rate of 1.1 mL/min. 

The temperature settings of the chromatography oven were as follows: 50 °C (4 min) → 8 °C /min 

→ 260 °C → 4 °C/min → 300 °C (5 min). The temperature of the ion trap and ion source was 200 °C. 

The ions were within the m/z range of 40 to 400. 

3. Results and Discussions 

3.1. General Characteristics of Gasified Sewage Sludge 

A comparison of the sewage sludge analyzed pointed to the conclusion that Sewage Sludge 1 

exhibited a higher calorific value than Sewage Sludge 2 (Table 1). This was also confirmed by the 

analysis of gas composition and its calorific value shown in our papers [6,20,21]. However, the calorific 

value of the sewage sludge is lower than that of traditional biomass (wheat straw, rape straw, the sawdust 

of common osier, pine and oak) [6]. Our other paper [22] also compared the chemical composition 

of ash, sewage sludge and traditional biomass. It has been found that the sewage sludge exhibited 

much higher concentration of iron, titanium, phosphorus compounds and lower concentrations of 

potassium compounds. The above characteristics affect the typical indicators of ash depicting its 

tendency to slag and foul heated surfaces as well as form agglomerates. Compared with traditional 

biomass, sewage sludge tends to foul surfaces used for thermal treatment much less, but unfortunately, 

tends to slag and form agglomerates much more. 

3.2. Characteristics of Sewage Sludge and Its Gasification Waste By-Products in Terms of Low-Molecular 

Organic Compounds 

The chromatographic analyses of the dried sewage sludge extracts conducted herein confirmed their 

contamination with low-molecular organic compounds, PAHs in particular (Figure 2). Table 2 shows 

the concentrations of compounds assayed in the sewage sludge. 

As mentioned above, the groups of organic contaminants assayed in the sewage sludge contained 

primarily PAHs. Sewage Sludge 1 revealed nine [phenanthrene, anthracene, benzo(a)fluoranthene, pyrene, 

chrysene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene], 

while Sewage Sludge 2 revealed eight [acenaphthene, benzo(a)fluoranthene, pyrene, benzo(a)anthracene, 

chrysene, benzo(b)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene] compounds from that group of 

contaminants [naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 
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benzo(a)fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, 

benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene]. However, the total 

concentration of PAHs (Table 2) was four times higher in Sewage Sludge 1 than in Sewage Sludge 2. The 

papers [8,9] also found that PAHs constitute the basic group of contaminants in sewage sludge. 

Figure 2. Chromatograms plotted after the analysis of dried sewage sludge extracts:  

(a) Sewage Sludge 1; (b) Sewage Sludge 2; and (c) 16 PAHs standard solution:  

(1) naphthalene; (2) acenaphthylene; (3) acenaphthene; (4) fluorene; (5) phenanthrene; 

(6) anthracene; (7) benzo(a)fluoranthene; (8) pyrene; (9) benzo(a)anthracene; (10) chrysene; 

(11) benzo(b)fluoranthene; (12) benzo(k)fluoranthene; (13) benzo(a)pyrene;  

(14) dibenzo(a,h)anthracene; (15) benzo(g,h,i)perylene; and (16) indeno(1,2,3-cd)pyrene. 

 

The group of organic contaminants identified in the sewage sludge also contained pesticides 

and PCBs. It is worth mentioning that Sewage Sludge 1 revealed the presence of three pesticides 

(heptachlor, aldrin and endrin) from the group of those commonly found in the natural environment in 

Poland (heptachlor, hexachlorocyclohexane, heptachlor epoxide, aldrin, endrin) [26]. Like the group 

of PAHs, the total concentrations of pesticides and PCBs were higher in Sewage Sludge 1 than  

in Sewage Sludge 2. The sewage sludge samples did not reveal any low-molecular phenols or  

their derivatives. 
  

(a) 

(b) 

(c) 
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Table 2. Concentration of organic compounds in sewage sludge. PAHs: polycyclic aromatic 

hydrocarbons; PCBs: polychlorinated biphenyls. 

Compound Retention time 
Concentration, μg/kg dry basis 

Sewage Sludge 1 Sewage Sludge 2 

PAHs 

acenaphthene 18.45 n.d. 80.84 

phenanthrene 22.89 511.12 n.d. 

anthracene 23.03 200.03 n.d. 

benzo(a)fluoranthene 26.46 44.78 126.48 

pyrene 27.08 187.22 123.86 

benzo(a)anthracene 27.13 n.d. 35.15 

chrysene 30.76 108.14 23.79 

benzo(b)fluoranthene 30.90 700.51 53.62 

benzo(a)pyrene 37.05 n.d. 46.11 

dibenzo(a,h)anthracene 46.13 101.54 n.d. 

benzo(g,h,i)perylene 46.61 209.44 n.d. 

indeno(1,2,3-cd)pyrene 48.39 370.62 131.48 

Sum - 2,433.40 621.33 

Pesticides 

heptachlor 24.16 4.14 n.d. 

aldrin 25.04 3.13 1.28 

endrin 28.09 11.58 n.d. 

Sum - 18.85 1.28 

PCBs 

2,2′,5,5′-PCB 24.79 9.75 7.90 

2,2′,4,5,5′-PCB 28.82 33.33 n.d. 

2,2′,4,4′,5,5′-PCB 29.47 23.78 4.57 

Sum - 66.86 12.47 

n.d.: Not detected. 

The profile of the organic contaminant concentrations obtained for the sewage sludge was typical of 

the sludge produced during treatment of domestic wastewater with an addition of industrial 

wastewater [11]. Obviously, considering the concentrations of particular contaminant groups, the 

contribution of industrial wastewater was higher for Sewage Sludge 1 than for Sewage Sludge 2. 

This is also supported by the heavy metal concentrations, which will be discussed in the following. 

Figure 3 gives chromatograms prepared after analyzing the extracts of solid waste by-products, 

i.e., ash, char coal and gasified dried sewage sludge 1. The plots revealed that the waste by-products 

were not contaminated with organic contaminants initially identified in the sewage sludge. The 

chromatograms of ash and char coal showed just a couple of peaks deriving from unidentified 

organic compounds. However, it was possible to notice that there were more peaks in the chromatograms 

for ash than char coal. This resulted from the fact that the ash also contained an organic fraction which 

is difficult to decompose thermally [27]. A similar correlation was found while performing a 

comparative analysis of an extract from Sewage Sludge 2 and ash produced during its gasification. 

The ash extract did not reveal any compounds present in the sewage sludge before the gasification. 

The tests of the liquid products (tar) formed during sewage sludge gasification determined TOC 

which directly measures the amount of different organic substances in the sample. The indicator 

was very high for both the tar produced during gasification of Sewage Sludges 1 and 2, being 
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20,950 mg TOC/L and 22,390 mg TOC/L, respectively. A chromatographic analysis of the tar samples 

showed their contamination mainly by phenols and their derivatives (Table 3). 

Figure 3. Chromatograms plotted after the analysis of (a) ash; (b) char coal; and (c) dried 

gasified Sewage Sludge 1 extracts. 

 

Table 3. Concentrations of phenols and their derivatives in the tar produced during the 

gasification of the sewage sludge. 

Compound Retention time 
Concentration, μg/L 

Sewage Sludge 1 Sewage Sludge 2 

2-Chlorophenol 9.28 211.84 57.20 
2-Nitrophenol 12.55 89.52 n.d. 

2,4-Dichlorophenol 12.95 361.56 n.d. 
4-Chloro-3-Methylphenol 15.35 9.27 1.98 

2,4,6-Trichlorophenol 16.33 62.32 46.33 
Pentachlorophenol 22.50 57.97 53.90 

Sum - 792.48 100.23 

n.d.: Not detected. 

The formation of those contaminants during the gasification of coal, biomass and waste is a 

common phenomenon, although they are usually accompanied by other aromatic and polyaromatic 

compounds [10]. It was also observed that the total concentration of phenols and their derivatives was 

almost eight times higher in the tar produced during the gasification of Sewage Sludge 1 than the tar 

from Sewage Sludge 2. Since Sewage Sludge 1 initially contained more organic contaminants (Table 2), 

a correlation between the properties of the tar and gasified sewage sludge might be found. 

The drying temperature may also affect on the observed dependences. The drying temperature was 

much higher in the case of the Sewage Sludge 1 in comparison to Sewage Sludge 2. The higher drying 

temperature may affect on the tendency of the organic fraction from sewage sludge into the volatile 

(a) 

(b) 

(c) 
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organic compounds. As a result of the high drying temperature used sewage sludge has the properties 

similar to coal: firstly, hydrophobic properties by which storage of sludge is safer and without risk of 

the biological degradation and secondly, significantly improved regrind properties. 

Phenols and their derivatives (Figure 4) are also identified in liquid waste by-products produced 

during biomass and waste gasification with water vapor [28–30]. It should also be mentioned that 

those components might act as a precursor of PAHs formation [31,32]. 

Figure 4. Chromatograms plotted after the analysis of the tar produced during sewage 

sludge gasification: (a) Sewage Sludge 1; (b) Sewage Sludge 2; and (c) the standard solution 

phenols and their derivatives: (1) 2-chlorophenol; (2) 2-nitrophenol; (3) 2,4-dimethylphenol; 

(4) 2,4-dichlorophenol; (5) 4-chloro-3-methylphenol; (6) 2,4,6-trichlorophenyl;  

(7) 2,4-dinitrophenol; (8) 4-nitrophenol; (9) 2-methyl-4,6-dinitrophenol; and  

(10) pentachlorophenol. 

 

3.3. Assessment of Selected Inorganic Compounds Concentrations in Sewage Sludge and Gasification 

Waste By-Products 

Thereafter, the paper assesses the concentrations of selected inorganic compounds in sewage sludge 

and gasification by-products. 

As for the original contamination of the sewage sludge, it was different in terms of mass 

contribution of particular elements, including heavy metals (Figures 5 and 6). On the other hand, the total 

concentration of, e.g., heavy metals were similar in both sewage sludges, being 1841 mg/kg dry wt. for 

Sewage Sludge 1 and 1848 mg/kg dry wt. for Sewage Sludge 2. 

It has been found that the mass contribution of phosphorus and calcium in the solid products was 

higher than that assayed in the sewage sludge prior to thermal treatment, the highest accumulation 

being observed for Sewage Sludge 2 and the ash produced during its gasification (Figure 5b). 

Similar effects are given in paper [33] which points out that phosphorus concentration in the ash 

(a) 

(b) 

(c) 
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formed after sewage sludge gasification increased from 14.1 mg/kg dry basis to 20.6 mg/kg dry basis 

(an increase by 68%). 

Figure 5. Mass fractions of selected mineral elements in the sludge: (a) Sludge 1; (b) Sludge 2 

and in the solid products of gasification. 

(a) (b) 

Similarly, the concentrations of heavy metals were higher in ash and char coal than sewage sludge 

(Figure 6). This applied to seven (zinc, lead, nickel, copper, chromium, cadmium, arsenic) out of nine 

heavy metals investigated (zinc, lead, nickel, copper, chromium, selenium, mercury, cadmium and arsenic), 

irrespective of the type of sewage sludge. Similar conclusions were drawn by the authors of the paper [13] 

who found an increase in the concentrations of cadmium (from 0.93 to 1.67 mg/kg dry basis), 

chromium (from 80.82 to 247.95 mg/kg dry basis), copper (from 580.36 to 922.14 mg/kg dry basis), 

lead (from 78.27 to 125.09 mg/kg dry basis) and zinc (from 402.09 to 637.50 mg/kg dry basis) in 

sewage sludge and ash samples after gasification. However, some differences in the accumulation of 

the solid waste by-products of particular heavy metals were spotted. For instance, zinc concentration in 

an ash sample produced during Sewage Sludge 2 gasification increased twofold, and even three-fold 

for Sewage Sludge 1. 

The heavy metals presence in solid by-products generated during sewage sludge gasification has an 

impact on their potential treatment or utilization. As it is well known, one of the main obstacles to 

agricultural usage of the sewage sludge is the high content of heavy metals, which can penetrate from 

the sewage sludge to the soil causing their contamination [16]. From the results of this study, it can be 

concluded that concentration of the heavy metals in solid by products from sewage sludge gasification 

process is higher in comparison to sewage sludge. It should be noted that there is an ecological risk 

from those type of waste. This was confirmed by the toxicity analysis presented in the introduction part 

of this work. Additionally, some possibilities of the solid gasification by products treatment are 

indicated in the Subsection 3.4. 
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Figure 6. Concentrations of selected heavy metals in the sludge: (a) Sludge 1; (b) Sludge 2 

and in the solid products of gasification. 

(a) 

(b) 

The liquid by-products (tar) produced during sewage sludge gasification demonstrated high 

conductivity, which proves their high contamination with various inorganic substances. The conductivity 

of the tar from Sewage Sludge 1 was 9800 μS/cm and 8170 μS/cm for Sewage Sludge 2. The hazardous 

inorganic contaminants occurring in the tar also included ammonia whose concentrations were 1090 mg 

NH4
+/L (tar from Sewage Sludge 1) and 950 mg NH4

+/L (tar from Sewage Sludge 2). Table 4 compares 

the physical and chemical characteristics of the tar produced during sewage sludge gasification with 

current Polish permissible standards for contaminants in the sewage resulting from the thermal 

treatment of waste in terms of, e.g., heavy metals [34]. As an effect of the condensation process in the 

end part of the gas pipe in the reactor, heavy metals from the gasification gas are transformed into tar. 
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Table 4. Comparison of the physical and chemical characteristics of the tar produced during 

sewage sludge gasification with current Polish permissible standards for contaminants in 

the sewage resulting from the thermal treatment of waste. 

Indicator/heavy 
metal 

Unit 
Tar from sewage 

sludge gasification 
The maximum concentration indicator for sewage 

sludge from the waste thermal treatment process [34] 
1 2 

pH - 4.39 4.24 6.5–8.5 
As mg/L 0.29 0.16 0.15 
Cd mg/L 0.13 0.06 0.05 
Cr mg/L 0.02 0.01 0.50 
Cu mg/L 0.02 <0.01 0.50 
Hg mg/L <0.01 <0.01 0.03 
Ni mg/L 0.01 <0.01 0.50 
Pb mg/L 0.38 0.17 0.20 
Zn mg/L 5.60 5.73 1.50 

It has been found that, out of eight heavy metals included in the government regulations 

(arsenic, cadmium, chromium, copper, mercury, nickel, lead and zinc), the concentrations of four 

metals (arsenic, cadmium, lead, zinc) in the tar from Sewage Sludge 1 and three metals (arsenic, 

cadmium and zinc) in the tar from Sewage Sludge 2 exceeded the standards. The same applies to the 

pH of the tar which fell outside the permissible range too (6.5–8.5). 

Analyzing the sewage sludge and by-products after their gasification in terms of the heavy metals 

presence it is expected that gasification gas will be much less contaminated by these substances 

because the most of the inorganic substances originally present in the gasified sewage sludge 

undergoing accumulates in the solid by-products generated during the process. Such behaviors of 

heavy metals have been confirmed by other authors [13]. The organic compounds are transformed in 

the route of the complex thermochemical reactions accompanied by the completed decomposition of 

the compounds originally present in the sludge. 

3.4. Suggestions for Further Research 

The authors suggest that further research should concentrate on the recovery of phosphorus from 

solid products (ash and char coal) formed during the gasification of sewage sludge, e.g., through leaching 

phosphorus from ash or sinter with mineral acids. The application of ash resulting from gasification to 

the sorption of toxic and hazardous compounds (e.g., heavy metals) from different sewage is also 

worth considering. Similar research has already been carried out, using dried sewage sludge [35,36]. 

As for the tar produced during sewage sludge gasification, it requires an individual treatment system 

since it is contaminated by phenols, their derivatives and heavy metals (causing considerable toxicity 

of the samples, which was described in the preliminary research in paper [19]). 

4. Conclusions 

The waste by-products (solid and liquid) produced during sewage sludge gasification differ in the 

type of contaminants present in them. The concentrations of the contaminants depended on the 

characteristics of the sewage sludge treated thermally. The organic compounds present in the initial 
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sewage sludge were not identified in the solid products (ash and char coal). They were contaminated 

mainly with inorganic compounds, including heavy metals. The liquid gasification products (tar) 

contained both toxic and hazardous organic (phenols and their derivatives) and inorganic (heavy 

metals) compounds. Higher concentrations of contaminants were found in the by-products formed after 

the thermal treatment of sewage sludge which was initially considerably contaminated with different 

groups of organic (PAHs, pesticides and PCBs) and inorganic (heavy metals among others) 

compounds, although paradoxically, the sludge displayed a higher calorific value. 

Gasification promotes the migration of certain inorganic compounds, e.g., phosphorus or zinc from 

the sewage sludge to the solid phase formed after the sludge was treated thermally. This depended on 

both the type of the solid by-product (ash and char coal) and the sewage sludge used. Taking all 

that into account, the valorization of solid gasification products to recover valuable compounds or use 

them in the sorption of toxic and hazardous sewage might be worth considering in the future. 

The high accumulation of heavy metals, including chromium, in the solid by-products (ash and 

char coal) and, e.g., phenols and their derivatives in the liquid products (tar) points to the 

ecological hazard they create. In the case of the gasification tar, it is necessary to develop a separate 

treatment system. 
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