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Abstract: This work presents the production of sewage sludge oil by pyrolysis, shows the
physicochemical properties and compares it with commercial diesel. The sewage sludge was
dried and mixed to discarded cooking oil to increase the fuel conversion rate due to the pyrolysis
process at an initial temperature of 25 ◦C and a final of 650 ◦C. The oil was distilled and analyzed in a
Proton nuclear magnetic resonance (1H-NMR), Gas Chromatogram and Mass spectrometry (GC-MS),
thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR) to perform a
structural characterization on the molecular distribution, groups of functions and the product thermal
stability. The authors measured fundamental physicochemical properties like viscosity, density
and flashpoint and compared the results with the corresponding commercial S-10 diesel properties
observing good agreement.
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1. Introduction

Sewage Sludge is the residual product from the treatment of sewage of industrial and municipal
wastewater. Sewage sludge is an environmental question in terms of human health [1–3]. The amount
of sludge is increasing in the last years, which can cause a risk to the environment and health [1,2,4,5].
Pathogens remain in sewage sludge without treatment. However, it is safe when appropriately
treated [3,6,7]. Some reversible treatments can overcome problems in sewage sludge [8,9]. Pyrolysis
is one alternative to convert several residues and biomasses to extract important chemical and
bio-oil [8–12].

Organic solid wastes materials are renewable energy sources [13,14], which are processed, applying
several different methods to produce energy [15–17]. Since the thermochemical processes, pyrolysis
has mainly been used due to optimize the process conditions to increase oil production. The product
obtained from wastes by pyrolysis is a raw fuel, perhaps it can be post-processed to generate refined
fuel [18–20].

The focus of several works was on the production of liquids by the pyrolysis of organic wastes.
The specific case of sewage sludge is to be employed as a fertilizer of soil for crops growing among
many purposes of the pyrolysis [21–24].
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The sewage sludge production depends on the wastewater treated concentration, which also
depends on the class of process of treatment of the wastewater, which can be measured in kg for dry
solids per wastewater treated cubic meter [25–28]. Sludge was spread to land as an amendment for
soil and for growing crops fertilizer directly due to contains nitrogen-containing compounds [29–33].

The main concern of the treated sludge is the content of the metals (cadmium, copper, arsenic,
as is, which are micronutrients for plants) because these metals are regulated. Leaching methods are
suitably applied to reduce the content and satisfy the limits on the level of metals, chemicals and others
observed in sewage sludge samples [34–40].

This work used a reactor to provide the recovery oil in sewage sludge and the sewage sludge joint
with discarded cooking oil, from 25 to 650 ◦C and residence time from 45 to 65 min. thermogravimetric
analysis (TGA) and Gas Chromatogram and Mass spectrometry (GC-MS) were employed to determine
the molecular distribution, thermal stability and structure of sewage sludge pyrolysis oil.

2. Experimental

2.1. Materials

The experimental work consisted of drying sewage sludge collected from drainage using an
electric oven for 12 h. A restaurant provided discarded oil from cooking. The diesel oil used in this
work was the S-10 type commercialized in Brazil.

2.2. Production

The SSP was generated without the use of catalysts. The sample weight was kept 300 g of the
sewage sludge sample during the pyrolysis. A reactor of stainless steel was used for the pyrolysis
system, shown in Figure 1. The reactor temperature began at 25 ◦C and was increased to 650 ◦C
through a temperature controller. The sample of sewage sludge was converted into oil and captured
by condensers. These fractions were taken and characterized.
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2.3. GC-MS

The compositions determination of SSP was performed using an Agilent GC model 6890, with a
mass controller Agilent, model 5973, capillary polar wax column, polyethylene glycol (PEG)-coated (of
30 m length, 0.25 mm internal diameter and 0.25 µm film thickness). Conditions of chromatographic
were—Injection volume of 0.2 µL, oven at 40 ◦C (1 min) 6 ◦C min−1 up to 300 ◦C (10 min−1) split mode
at 100:1 ratio and 280 ◦C of the temperature of injection. Time-released of 55 min and Helium was used
as a carrier gas in 2.9 mL min−1 of flow rate.

2.4. (1H-NMR)

The spectra of Proton nuclear magnetic resonance, 1H-NMR, were captured using a spectrometer
Varian, model VRMN-300 MHz. Also, the analysis of nuclear magnetic resonance was operated using
chloroform (deuterated).

2.5. Thermogravimetric Analysis

The SSP analysis, in terms of thermogravimetric, was made to measure the sample thermal
properties. In this case, a pure nitrogen gas, in a flow rate of 100 mL min−1, was purged to fluid
displace in the pyrolysis region to avoid sample oxidation. Also, an alumina crucible was employed in
a TA Instruments model SDT Q600.

2.6. Fourier Transform Infrared

The Fourier transform infrared detected different organic chemical functional groups present in
sewage sludge pyrolysis oil. The infrared spectrums were achieved in a wafer film form on potassium
bromide (KBr), applying the FTIR spectrophotometer (Varian 2000 FTIR) in 4000–400 cm−1 of the
frequency range.

2.7. Enthalpy of Combustion

The calorimeter, VEB Vereinigte Babelsberger App-Nr., Model 081036, was employed to calculate
the calorific value, that is, the c calorific value measuring the variation of the temperature achieved from
produced heat transferred due to the combustion. Thus, the SSP analysis was made in a calorimeter at
adiabatic conditions.

2.8. Flashpoint

The simple open cup method was applied to determine the flashpoints of SSP, using a thermometer,
a heater and a gas flame.

2.9. Density, Viscosity and pH

A 250 mm Cannon-Fenske viscometer was applied to measure the SSP viscosity and also to S-10
Diesel at six different temperatures, from −10 to 50 ◦C and a simple g.mL−1 method to verify the
density under the same temperatures. The pH of the sample was measured by proof of Eutechwater
(pH Spear 510).

3. Results and Discussions

3.1. Influence of Temperature on Pyrolysis Yield

Several pyrolysis measurements were performed to determine the temperature, which maximizes
the fuel oil yielding from sewage sludge. This oil produced, water, gases and biochar of 30 mm
diameter and temperature between 450 to 650 ◦C at 20 ◦C min−1, as shown in Table 1.

Note that the liquid phase product presented a clear increase in rising temperatures from 450 ◦C
to 650 ◦C. Similar behaviors were also observed in the literature [23,36]. The gas non-condensable
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was observed as increased from 9% to 13% at a higher temperature. Table 1 shows that the oil yield
increased proportionally to temperature and at 650 ◦C, the maximum yield was achieved, that is, 13%.
Thus, it was observed that the pyrolysis oil quantity yielded depends on the temperature in the reactor
and biomass class [9].

Table 1. Changes in the pyrolysis yields at different pyrolysis temperatures.

No. Sample
(In Grams) T (◦C) Liquid-Oil

(% Weight)
Uncondensablegas

(% Weight)
Residues

(%Weight)
Water Fraction

(% Weight)

1 300 450 7 9 72 10
2 300 550 8 13 69 10
3 300 650 13 13 66 10

3.2. GC-MS

Mainly 34 organic compounds were found in SSP, as shown in Table 2 and these compounds
can be classified in higher classes as oxygenates, hydrocarbons, alcohols, phenols and nitrogenizes as
shown in the literature [6,15,17,33]. The oil sample was analyzed using GC-MS (Figure 2) and 15% of
hydrocarbons were identified.

Table 2. Compounds identified in SSP.

No. Compound’s Names Formulas Retention Time Percent Area

1 Phenol C6H6O 09.01 2.77
2 Phenol, 2-methyl- C7H8O 10.02 1.34
3 Phenol, 3-methyl- C7 H8O 11.04 1.10
4 Phenol, 2,5-dimethyl- C8H10O 12.02 1.69
5 Azulene C10 H8 14.00 1.30
6 Naphthalene, 2-methyl C11H10 15.02 1.40
7 Naphthalene, 1-methyl- C11H10 16.10 1.29
8 3-Heptadecene C17H34 18.11 1.60
9 1-Pentadecene C15H30 20.01 1.50
10 Hexadecane C18H38 21.10 1.31
11 1-Heptadecene C17H34 23.11 1.36
12 Tricosane C23 H48 24.00 0.95
13 Hexadecanenitrile C16H31N 25.21 2.20
14 Methylhexadecanoate C17 H34 O2 27.20 4.50
15 Hexadecanoicacid C16H32O2 29.22 5.10
16 Hexadecanoic acid, ethyl ester C18 H36 O2 30.10 3.75
17 Triolein C57H104O6 31.00 4.50
18 Ethylpentadecanoate C17 H34 O2 33.22 2.90
19 Ethanone C8 H12 O 34.23 4.90
20 Cyclohexene,3-(2-propenyl)- C9H14 35.01 1.20
21 Benzene, 1,3,5-trimethyl- C9H12 36.38 0.75
22 Decane C10H22 37.22 1.15
23 Cyclohexene,3-(2-propenyl)- C9H14 38.34 1.19
24 Toluene C7H7 39.12 2.31
25 Pyridine C5H5N 40.33 2.55
26 Octadecenamide C18H35NO 42.11 2.35
27 1H-pyrrole C4H5N 43.33 2.45
28 p-Cresol C7H8O 44.01 3.44
29 Benzofuran C8H6O 45.33 2.98
30 Chrysene C18H12 46.11 2.34
31 Furfuryl C5H6O2 47.11 3.30
32 Isoquinoline C9H7N 47.54 2.55
33 Octadecenoicacid, methylester C19 H36 O2 48.01 3.09
34 Ethyl Oleate C20H38O2 48.50 3.78
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In Table 3, the SSP composition was grouped in chemical classes—alcohol, oxygen-containing
compounds, hydrocarbon, phenols and nitrogen compounds (Figure 3). Hydrocarbons (15%) and
oxygen compounds (54%) gave the sample class predominance.

Table 3. Different groups of compounds identified in SSP.

No. Compound’s Names Percent Area No. Compound’s Names Percent Area

1 Oxygen containing
compounds 54.12 4 N-compounds 13.10
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The SSP was composed mainly of ketones and hydrocarbons, with a low quantity of alcohols, phenols
and ethers. The main compounds in the oil are acid (Tetradecanoic acid, Hexadecanoic acid, Octadecenoic
acid, etc.). These acids combined have a relative composition of 36%. Moreover, the Hexadecanoic acids
were used as cosmetics agents and as coatings oil [19,37].

The hydrocarbons verified in the SSP were classified by groups—n-alkanes and 1-alkenes with
several carbons, ranging from C11 to C31; monoaromatic hydrocarbons including toluene, benzene,
styrene, 1H-indene and the alkyl derivatives; aromatic compounds, containing nitrogen and oxygen as
pyridine, alkyl pyridines, isoquinoline, 1H-pyrrole, methylquinolines, 1H-indole, 9H-carbazole and
benzofurane; aromatic nitriles and aliphatic; carboxylic acids, in which R represents long aliphatic chains
of 13, 14, 15 and 17 carbons; long-chain aliphatic amides and steroids as cholestene, formyl cholestene
or cholestadiene [10,14,25].

3.3. 1H NMR

Figure 4 presents aromatic hydrogens, verified by signals in the region of 5 to 7 ppm, as hydrogens
bound to oxygenated carbons (CH−O) from 2.0 to 3.0 ppm and of hydrogens near of carbonyl in the
region between 1.0 and 2.0 ppm. The intense peaks appear at 0.7 and 1.5 as typical of aliphatic hydrogens.Inventions 2020, 5, x FOR PEER REVIEW 7 of 12 
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The hydrogen percentage distribution was measured based on chemical shift values from the
1H-NMR spectra. The aromatic proton observed in the chemical shift region between 6.0–8.0 ppm and
the amount of maximum proton attached to β-CH3, CH2 and CHγ to an aromatic ring accounted for
in the chemical shift region of 1.5–1.0 ppm, although olefinic proton was found in the region between
5–5.7 ppm [38,39]. The proton attached to CH3CH2 and CH to an aromatic ring lay in the chemical
shift range of 2.0–3.0 ppm.

3.4. TGA

Figure 5 shows the sample’s thermogram, in which the majority of the mass (98.49%) was
decomposed at 200 ◦C. Thermogram also shows a material that was not undergoing decomposition
from 300 to 450 ◦C, which is due to high molecular weight organic substances [9,14,19], which generates
wastes of 1.50%, due after pyrolysis [35]. That is the reason of this 1.50% of waste.
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Figure 5 also shows the lowest quantity of residue contents, which contributes to the fraction of
fuel mixture with diesel. The waste produced after the process shows a lower value due to the absence
of highly reactive organic compounds [40].

3.5. FTIR Analysis

Figure 6 shows the FTIR spectrum, which provides several functional groups present in the
SSP. The spectrum shows the absorption bands at 2955, 2855, 1713, 1522, 1377, 1026 and 756 cm−1,
which are characteristic to different functional groups identified in SSP. The absorption bands at around
3000 cm−1 are due to the symmetric and asymmetric vibration of saturated C-H bonds [7,19], while the
absorption band at 1457 cm−1 is associated with the asymmetric deformation of the CH methyl and
methoxyl groups. The broadened band at 2963.98 cm−1 is the stretching vibration of the OH bond
characteristic [10,14,35]. The band at 1713.42 cm−1 is related to the C=O stretching vibration.
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3.6. Calorific Value

A calorimeter was applied to measure the enthalpy of combustion for SSP and diesel. Table 4
shows the value of SSP, 39.16 MJ kg−1 and 43.40 MJ kg−1 for diesel.

Table 4. Calorific value, flash point, density and viscosity SSP and S-10 Diesel.

Fractions SSP S-10 Diesel

Calorific Value (MJ kg−1) 39.16 43.40
Flash point (◦C) 70.00 63.00

Density (g mL−1) at 25 ◦C 0.8231 0.8354
Viscosity (mm2 s−1) at 25 ◦C 1.6274 1.8484

3.7. Density and Viscosity

Tables 5 and 6 present the changes at several temperatures in SSP density and viscosity and
S-10 diesel. The SSP density and viscosity were observed as similar to S-10. It was noticed that the
SSP viscosity was 1.7% higher than S-10 and a difference of 2% between the SSP densities and diesel
were observed.

Table 5. Density of SSP at different temperatures.

T (K) T (◦C) Volume (mL) Mass (g) % (g mL−1)
S-10 Diesel

% (g mL−1)
SSP

283 10 11.955 10 0.8398 0.8364
293 20 11.999 10 0.8367 0.8334
303 30 12.141 10 0.8311 0.8236
313 40 12.211 10 0.8256 0.8189
323 50 12.294 10 0.8223 0.8134

Table 6. Viscosity of SSP at different temperatures.

T(◦C) Flow Time (s) T (K) η (mm2/s)
S-10 Diesel

η (mm2/s)
SSP

10 210 283 1.7625 1.6531
20 180 293 1.2131 0.9673
30 172 303 0.8827 0.8523
40 150 313 0.8343 0.8273
50 142 323 0.7434 0.7223

3.8. Flash Points and pH

The SSP flashpoint was obtained at 70 ◦C and S-10 Diesel at 63 ◦C. The SSP’s pH was measured
as 5.1, as seen in other bio-oils, which are usually acidic and contain distinct quantities of organic
acids [20].

3.9. Chemical Composition

The SSP appearance was observed as a dark brown liquid. The compounds detected were
classified into hydrocarbons, alcohols, phenol, oxygen and nitrogen compounds. Also, wide peaks of
GC-MS show in majority oxygen-containing compounds and hydrocarbons. The main part of SSP
contained oxygen-containing compounds, while alcohols, phenols and nitrogenated compounds can
be seen in SSP as presented in Figure 3 and Table 2.
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4. Conclusions

Sewage sludge oil was produced from a collected drainage line in which some treatments to
convert into pyrolysis oil were performed. In this product, only 3% was found as fuel. Thus, discarded
cooking oil was added to increase the yielding of the product. In this way, it was observed that the fuel
yield increases by up to 13%.

The oil from the pyrolysis of sewage sludge was found as a complex liquid and the compounds
verified in sludge oil were oxygen-containing and a few concentration of hydrocarbons and alcohols.

The physic-chemical properties of sewage sludge oil were compared with S-10 diesel and the
results were found as similar.

The waste of sewage sludge after pyrolysis is useful for several purposes as crop fertilizers.
These products, like the fertilizers or the processing costs, are high. However, it may be attractive as
environment protection.
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