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Full Length Article 

Biosolids-based catalyst for oxidative desulphurization of drop-in fuels 
derived from waste fats 

Mattia Bartoli, Chengyong Zhu, Justice Asomaning, Michael Chae, David C. Bressler * 

Department of Agricultural, Food and Nutritional Science, University of Alberta, 410 Ag/For Building, Edmonton, AB T6G 2P5, Canada   

A R T I C L E  I N F O   
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A B S T R A C T   

In this work, the catalytic performance of a biosolids-based catalyst was tested in the oxidative desulphurization 
process of a model fuel solution containing benzothiophene ([S] of 500 ppm), as well as sulphur-rich products 
from a two-step thermal conversion process of brown grease to renewable hydrocarbons using biosolids as a 
water replacement during the hydrolysis step. The catalytic results of the biosolids-based material were 
compared with a classical Fenton-like reagent and a non-catalytic system. Biosolids-based catalyst outperformed 
the other systems at low temperature with a full desulphurization of benzothiophene solution achieved at 60 ◦C 
after 3 h and a good recyclability after four catalytic runs at 80 ◦C for 3 h. The desulphurization was less effective 
for hydrolysed fatty acids and crude pyrolysis oil derived from the conversion of brown grease to renewable 
hydrocarbons, which was due to the composition of the sulphur containing compounds, but still reached 87.7 ±
3.0 % and 74.7 ± 9.5 %, respectively.   

1. Introduction 

The overall demand of water for human activities and the amount of 
wastewater produced are continuously increasing worldwide year by 
year[1]. Wastewater management has become one of the major prior-
ities for every urban conglomerate, involving several biological and 
chemical treatments [2] to facilitate reuse in civilian and industrial 
applications. Wastewater treatments lead to the formation of a semisolid 
residue called sewage sludge [3] that can be used only after several 
additional treatments. According to the USEPA’s definition [4], bio-
solids are the final residue from properly treated sewage sludge. Bio-
solids are composed mostly of water (90–95 wt%), with a small 
percentage of solids (up to 5 wt%) [5]. The organic fraction represents 
the 40–60 wt% of the solid residue and it is composed of sugars (up to 20 
wt%), lipids (10–15 wt%), proteinaceous derivatives (30–60 wt%) [6] 
and small organic molecules such as polyphenols and pharmaceutical 
residues [7,8]. The inorganic fraction contains sand and heavy metals (i. 
e. Fe, Cr, Mo, Zn, Al, Cu, Sn, Ag, Ti and traces of others [9,10]). 

The global annual biosolids production is estimated at around the 3 
trillion tonnes [11] and despite their applications in agriculture [12] and 
landscaping [13], 30–40 wt% of total biosolids is currently disposed of 
through artificial lagoons [14]. To avoid the use of such high environ-
mental impact disposal routes, biosolids have been used as feedstocks 

for several conversions processes, both biological [15] and thermo-
chemical [16,17]. Recently, biosolids were incorporated as a water 
replacement into a two-step thermal conversion process capable of 
generating renewable hydrocarbons from wasted fats and oils [18]. This 
conversion route allows to remove oxygenated compounds formed from 
the cracking of glycerol contained into waster fatty. 

As reported by Omidghane et al. [18], fuel produced from a two-step 
lipid pyrolysis process incorporating biosolids contained sulphur at 
levels higher than allowable for their direct use in common engines. This 
was attributed to the presence of sulpholipids, proteinaceous residues, 
and organic sulphur contained in biosolids. As shown by Bartoli et al. 
[19], a non-catalytic integrated approach could be used to decrease 
sulphur levels of this fuel stream derived from brown grease and bio-
solids to 15 ± 4 ppm. However, this non-catalytic approach required 
several steps due to the composition of the sulphur compounds present 
in the mixture treated. In order to meet the sulphur limits for trans-
portation fuels [20], several authors have proposed a general catalytic 
oxidative procedure that could be used to convert any organic sulphur 
species into hydrosoluble sulfone species, which could then be extracted 
in polar solvents [21]. Catalytic oxidative desulphurization can be per-
formed using several transition metal-based catalysts (i.e. Co [22], W 
[23], Mn [24], Fe [25] or polyoxometalates [26]), molecular oxygen 
[27,28] or peroxides as oxidizing agents [29–31], and different solvents 
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[32–34]. Among all available catalysts, iron-based catalysts are very 
attractive because of their low cost and the possibility to perform a 
Fenton or a Fenton-like reaction [35], enhancing the oxidative power of 
H2O2 [36]. 

Biosolids can contain a high concentration of iron species caused by 
the addition of iron salts as coagulants during the treatment of sewage 
sludge [37]. As observed by Xia et al.[38], a thermal hydrolytic treat-
ment induced a rapid sedimentation of biosolids with the formation of a 
metals-rich material. The solid residue recovered from hydrolysed bio-
solids has been shown to be an active catalyst for several applications 
[39,40]. 

In this study, the solid residue remaining after thermal hydrolysis of 
biosolids was used as catalyst for oxidative desulphurization procedures. 
The activity of this catalyst was compared with a classical Fenton-like 
catalyst (FeCl3) and with a non-catalytic system for the desulphuriza-
tion of a model fuel solution containing benzothiophene using H2O2. The 
catalytic performance of the metals-rich residue recovered after the 
hydrolysis of biosolids were also investigated using the lipid phase 
recovered after hydrolysis of brown grease using biosolids as a water 
replacement, as well as crude pyrolysis oil obtained using this lipid 
phase as feedstock for pyrolysis. 

2. Materials and methods 

2.1. Materials 

1 kg of biosolids (supplied by a Wastewater treatment facility in 
Edmonton, Canada.) were used to hydrolyze 1 kg of brown grease using 
a pressurized 5.5 L reactor (Model 4580, Parr Instrument Company, 
Moline, IL, USA) at 280 ◦C for 60 min according to the procedure re-
ported by Xia et al. [38]. The solid residue formed during the hydrolysis 
was collected and dried to a constant weight in an oven at 105 ◦C and 
then manually ground using a mortar and pestle. Crude pyrolysis oil was 
produced using a 1 L batch mechanical stir reactor (Parr Instrument Co., 
Moline 1L) at 410 ◦C for 1 h using a procedure previously reported by 
Asomaning et al. [41]. 

A model fuel solution containing 500 ppm of sulphur was prepared 
dissolving 370 mg of benzothiophene in 250 mL of heptane. Pentane 
(HPLC grade, >99.9%), heptane (HPLC grade, >99.9%) and methyl 
nonadecanoate (used as internal standard for gas chromatography of the 
liquid products) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Diazomethane for derivatization of fatty acids was prepared using 
a Diazald kit (Sigma-Aldrich, St. Louis, MO, USA) according to the 
procedures supplied by the manufacturer. Diazald (N-Methyl-N-nitroso- 
p-toluenesulfonamide) used for the preparation of diazomethane was 
purchased from TLC PharmaChem Inc (Concord, ON, Canada). H2O2 
(30%), benzothiophene, FeCl3⋅(H2O)6, and acetic acid (98%) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Gases (Air, N2, H2, 
He) were purchased from Praxair (Praxair Inc., Edmonton, AB). 

2.2. Methods 

2.2.1. Catalytic oxidative desulphurization procedures 
2 mL of sulphur containing model fuel was prepared by Model fuel 

(500 ppm of sulphur concentration), 2 g of hydrolysed fatty acids or 2 
mL of crude pyrolysis oil were put in a plastic tube with H2O2 (H2O2/ 
sulphur = 10/1 mol), 3.7 mL of H2O, 0.3 mL and acetic acid (98%) and 
FeCl3(H2O)6 (Fe/sulphur = 0.05 mol/mol) and then sealed. The same 
procedure was employed using the solid recovered after hydrolysis of 
biosolids (Fe/ sulphur = 0.05 mol/mol) or without any catalyst addi-
tion. Solutions were stirred and heated at different temperatures (50 ◦C, 
60 ◦C, 70 ◦C, 80 ◦C) for different times (15 min, 3 0 min, 60 min, 120 
min, 180 min) in an oil bath. Afterwards, the solutions were allowed to 
cool to room temperature in air and 5 mL of water were added. The 
upper organic phases were recovered and analyzed. The biosolids-based 
catalyst was recovered after catalysis through centrifugation (7155 × g 

for 1 0 min), dried overnight at 105 ◦C and then analyzed. Each test was 
replicated three times. 

2.2.2. Samples analysis 
Before and after any oxidative catalytic desulphurization treatments, 

the hydrolysed fatty acids mixture and crude pyrolysis oil were analyzed 
through gas chromatography to determine their compositions. In each 
case, 100 mg of each sample were diluted in 0.5 mL of pentane, with the 
addition of 25 mg of methyl decanoate as the internal standard. After 
this, 100 μL of the solution were diluted with 0.5 mL of diazomethane 
solution in order to produce fatty acids methyl esters. The final solutions 
were analyzed using a gas chromatograph (6890 N, Agilent Technolo-
gies, Fort Worth, TX) equipped with an autosampler (Agilent 7683 se-
ries; Agilent Technologies, Fort Worth, TX), an FID and mass 
spectrometer (Agilent 5975B inert XL EI/CI MSD; Agilent Technologies, 
Fort Worth, TX). Analysis were carried out via injection of 1 μL of the 
samples onto a DB-5 column (100 m × 250 µm × 0.25 µm; Agilent 
Technologies, Fort Worth, TX) according to a procedure previously 
described [18]. 

1 mL of model fuel solution containing benzothiophene in heptane 
that was recovered after each catalytic test was also analyzed through 
addition of 5 mg of methyl nonadecanoate as the internal standard and 
using the same chromatographic procedure described above. The con-
centration of benzothiophene after catalysis was evaluated using a five- 
point calibration curve (m = 1.029 ± 0.006, R2 = 0.999) obtained using 
methyl nonadecanoate as the internal standard. It is worth noting that 
oxidized species as well as other sulphur containing compounds were 
not observed when the oxidized model fuel was analyzed on GC. As such, 
the conversion of benzothiophene was equated to desulphurization. 

Sulphur concentrations in the hydrolysed fatty acids and crude py-
rolysis oil prior to and after the catalytic desulphurization process were 
evaluated through ICP-OES, which was performed by the Natural Re-
sources Analytical Laboratory (Department of Chemistry, University of 
Alberta) using a ThermoiCAP6000 series inductively coupled plasma- 
optical emission spectrometer (Fisher Thermoscientific, Cambridge, 
United Kingdom) according to a procedure previously described [19]. 

The composition of the inorganic residues within the solid material 
recovered after hydrolysis of biosolids at 280 for 1 h was evaluated after 
incineration of 5 g of the sample at 450 ◦C for 6 h using a 48,000 Furnace 
(Barnstead Thermolyne, Dubuque, Iowa, USA) according to methodol-
ogy reported by Benitez et al. [42]. FT-IR ATR analyses were carried out 
at the Nanofabrication and characterization facility, University of 
Alberta, using a Nicolet Is-50 (Thermoscientific, Madison, WI, USA) in 
the range of 4000–600 cm− 1 with a band of resolution of 2 cm− 1. 

2.2.3. Statistical analysis 
ANOVA tests with a significance level of 0.05 (p < 0.05) were per-

formed using Excel™ software (Microsoft Corp.) and the “Data analysis” 
plug-in. 

3. Results 

3.1. Preliminary considerations about the solid recovered after hydrolysis 
of biosolids at 280 ◦C for 1 h 

Selective metals recovery from biosolids is a challenging process 
because of the extremely high water content and the organic materials 
(i.e. phenols, sugars, proteinaceous materials) remaining after sewage 
sludge treatments. Hydrolysis at high temperature (280 ◦C) for 1 h) has 
proven to be a very efficient way to induce a very rapid sedimentation of 
biosolids [38], promoting the accumulation of metals in the solid res-
idue as shown in Table 1. The solid residue recovered after the hydro-
lysis of biosolids contained high amount of iron (26.5 ± 1.3 mg/g) and 
aluminum (26.85 ± 1.34 mg/g), but zinc (1.06 ± 0.05 mg/g) and tita-
nium (3.21 ± 0.16 mg/g) were also detected in appreciable 
concentrations. 
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The metals detected were dispersed into a complex matrix composed 
of both organic and inorganic components. The inorganic fraction rep-
resented 30.3 ± 0.6 wt% and, according to the XRPD analysis reported 
in Fig. 1, silica (sodalite Si12O24) is the most abundant species, though 
several other metal species were detected: Fe3O4, FeOOH, Fe2(SO4)3, 
FePO4, Al2O3, TiO4, and CuS. 

The metals reported in Table 1 are able to promote the activation of 
H2O2 under several conditions as soluble species or supported materials 
[43]. Heterogeneous catalysts based on iron [44] and aluminium [45] 
have been largely studied and a clear relationship between acid sites on 
the support surface and the enhancement of catalytic exploits has 
emerged. The large amount of silica-like materials likely result from the 
accumulation of sandstone residues during the sedimentation of 
biosolids. 

Despite this, the organic matter (around the 70 wt%) displayed 
limited acidic functionalities as evident from the low intensity bands of 
carboxylic functionalities (νO-H 3380 cm− 1, νC=O 1780–1680 cm− 1) 
shown in the FT-IR analysis (Fig. 2). The main bands detected were νO-H 
(3380 cm− 1), νC-H (3237, 2923–2825 cm− 1) of unsaturated and satu-
rated hydrocarbons, νC=C (1640 cm− 1), δC-H in plane (1420 cm− 1) of un-
saturated hydrocarbons, δC-O (1051–995 cm− 1), δC-H out of plane 
(797–696 cm− 1) of unsaturated hydrocarbons. It is possible to argue a 
considerable presence of aromatic compounds from their characteristic 
bands (i.e. νC=C, δC-H in plane). Also, the strong signals of C-H out of plane 
suggest that the aromatics are variously substituted. From these data, it 
is reasonable to suppose that the organic matrix of the solid recovered 
after the hydrolysis of biosolids is composed for the most by polycyclic 
aromatic compounds. Those compounds could be formed through 
radical rearrangement during hydrolytic treatment of biosolids from the 
polycyclic aromatics detected by several authors [46,47]. Hydrosoluble 
species (hydrolysed proteinaceous materials, sugars, and small fatty 

acids) were reasonably retained in the aqueous phase. Thus, the lack of 
acidic sites could be balanced by the presence of extended aromatic 
systems that could promote radical stabilization as in the case of carbon 
nanotube-based catalysts [48]. 

3.2. Comparative catalytic studies using a model fuel solution of 
benzothiophene in heptane 

After the treatment of biosolids (i.e. addition of Fe(III) as flocculating 
agents, aerobic digestion, thermal hydrolysis), iron species are present 
in the solid residue mostly as high oxidation state Fe(III), based on the 
species detected using XRPD technique (see Fig. 1). Thus, the solid 
recovered after hydrolysis of biosolids was tested as catalyst for oxida-
tive desulfurization and compared with FeCl3, a classical Fenton-like 
reagent in a biphasic system with desulphurization routes as those 
shown in Fig. 3. 

Fenton and Fenton-type reactions are based on the simultaneous use 
of iron salts and H2O2 to produce highly reactive oxygen radical species 
according to Pignatello et al. [49]. The catalysts for Fenton reactions are 
Fe(II) species but the mechanism reported by Barb et al. [50] involves 
the production of Fe(III) and several equilibria between Fe(II)/Fe(III). 
Fenton-type reactions are similar but instead of Fe(II) the starting iron 
specie is Fe(III) [51] and the initial step of activation of water involves 
the formation of a different intermediate ([FeIIIOOH]2+) [52]. As re-
ported by Ruipérez et al. [53], the presence of aluminum species could 
enhance the activity of iron species through the mechanism reported in 
Fig. 4. Furthermore, the presence of other metals such as copper and 
titanium together with abundant silica could further boost the catalytic 
activity of iron centers [54]. 

Among all Fe(III) salts, FeCl3 was chosen because Fe(III) halides are 
less reactive than others species and do not degrade the aromatic moi-
eties [55], preventing the loss of aromatics during the treatment of fuels. 
Despite this, iron halides require an acidic environment to prevent the 
formation of insoluble species during the process [49,56]. Acetic acid 
was added to set the pH of the aqueous phase below 4, ensuring the 
solubility of iron species and enhancing the oxidative power of the 
system with the in-situ formation of peracetic acid [57]. 

Comparisons between the biosolid-based catalyst and FeCl3 was not 
a simple task because of the presence of other metals in the solid 
recovered after the hydrolysis of biosolid that can also promote the 
activation of H2O2. Thus, the total amount of iron in the biosolid-based 
catalyst was chosen as the referenced parameter, using a Fe/sulphur 
ratio of 0.05 mol/mol in each catalytic run as reported in Table 2. 

According to two-way Anova tests, both temperature and time 
affected the conversion of all systems (p < 0.05). Considering the non- 
catalytic system, temperature played the most relevant role (F =
3543.8, Fcrit = 2.8) compared with time (F = 1680.1, Fcrit = 2.6); a 
similar trend was observed using the solid recovered after hydrolysis of 
biosolids as catalyst (time outputs: F = 1991.7, Fcrit = 2.8; temperature 
outputs: F = 1640.1, Fcrit = 2.6). In contrast, FeCl3 activity was affected 
more by the temperature increments (F = 5765.2, Fcrit = 2.8) than from 
increasing time (F = 532.4, Fcrit = 2.6). 

Using the solid recovered after hydrolysis of biosolids, a nearly 
complete conversion was observed after 3 h at 60 ◦C; under the same 

Table 1 
Main metals detected in the solid recovered after hydrolysis of biosolids (a) before catalysis and b) after the third desulphurization cycle of a benzothiophene solution 
at 80 ◦C for 3 h. The standard deviations of triplicate experiments are reported.   

Concentration [mg/g] 

Cr Fe Mn Sn Al Cu Zn Pb Ti Sia 

As reported by Bartoli et al. 
[39] 

0.39 ±
0.02 

26.5 ±
1.33 

0.58 ±
0.03 

0.37 ±
0.02 

26.9 ±
1.34 

0.71 ±
0.04 

1.06 ±
0.05 

0.10 ±
0.01 

3.21 ±
0.16 

112 ±
14 

After 3 
catalytic runs 

0.40 ±
0.02 

28.7 ±
1.69 

0.36 ±
0.02 

0.39 ±
0.02 

25.2 ±
1.60 

0.22 ±
0.01 

0.72 ±
0.04 

0.16 ±
0.01 

0.13 ±
0.01 

137 ±
13 

a) Calculated by difference on inorganic fraction of biosolid based catalyst. 

Fig. 1. XRPD analysis of the solids recovered after hydrolysis of biosolids at 
280 ◦C (before catalysis) in the range of 15–80 2θ. 
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conditions, FeCl3 and the non-catalytic system showed lower perfor-
mance (68.4 ± 0.9% and 62.4 ± 0.9%, respectively). These differences 
were magnified when comparing the conversions after 15 min at 50 ◦C 
when biosolids-based catalyst promoted a conversion of 52.1 ± 0.7% 
while FeCl3 and the non-catalytic system reached conversion values of 
38.8 ± 0.5% and 29.8 ± 0.5%, respectively. At 50 ◦C, increasing 

reaction time from 15 to 180 min magnified the differences between the 
conversions obtained using the biosolids-based catalyst (86.6 ± 0.6%) 
and the reference systems (54.6 ± 1.1% for FeCl3 and 42.4 ± 1.1 for the 
non-catalytic system). As the temperature was increased, the differences 
between the catalytic systems decreased and at 80 ◦C they were signif-
icantly different only after 180 min (p < 0.05). The non-catalytic system 
showed lower performance compared with the other two systems at any 
combination of time and temperature studied (p < 0.05). 

Since the biosolids-based catalyst outperformed the other tested 
systems at low time/temperature, the relationship between the catalyst 
loading and conversion values after 15 min at 50 ◦C was also investi-
gated (Fig. 5). The biosolids-based catalyst showed a slightly higher 
conversion as the Fe/sulphur ratio was increased from 0.050 mol/mol 
(52.1 ± 0.7%) to 0.100 mol/mol (57.8 ± 0.9%) with no further increase 
observed when the Fe/sulphur ratio increased to 0.150 mol /mol (59.6 
± 1.0%). Upon decreasing the Fe/sulphur ratio to 0.025 mol/mol, the 
conversion achieved was 42.9 ± 1.1%, which was still significantly 
higher than what was achieved by FeCl3 under the same conditions (see 
Table 2). A further decrement of the Fe/sulphur ratio to 0.013 mol/mol 
led to a drop in conversion value to 31.8 ± 0.8%. 

The biosolids-based catalyst was recovered after the first catalytic 
run at 80 ◦C for 3 h and subjected to additional reactions to assess its 
recyclability. The conversion values during the second and the third 
catalytic run were unchanged, but after the fourth run, a small decrease 
in activity was observed (96.7 ± 0.8%). According to FT-IR analysis of 

Fig. 2. FT-IR ATR analysis of solid recovered after hydrolysis of biosolids (A) before catalysis and (B) after the third desulphurization cycle of benzothiophene 
solution at 80 ◦C for 3 h in the range of 4000–400 cm− 1. 

Fig. 3. Chemical routes of catalytic oxidative desulphurization of sulphur rich-organic fractions in an organic/water biphasic system.  

Fig. 4. Co-catalytic effect of aluminium on quasi-Fenton reactivity.  
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the recycled catalyst (Fig. 2B), the organic fraction did not undergo any 
appreciable alterations after the fourth catalytic cycle, but the concen-
trations of Ti, Zn, Cu, and Mn were drastically decreased (Table 1). Thus, 
in the fourth catalytic cycle, the performance of the biosolids-based 
catalyst could be ascribed mostly to the combined activity of iron and 
aluminum whose concentrations remained stable after the third cata-
lytic run. 

3.3. Comparative catalytic studies using hydrolysed fatty acids and crude 
pyrolysis oil recovered from a two-step thermal conversion process using 
brown grease and biosolids 

As demonstrated by our group in the past, biosolids could be incor-
porated as a water replacement for the two-step thermal conversion of 
waste fats to renewable hydrocarbons [18,38]. However, this substitu-
tion resulted in an increased concentration of sulphur, both within the 
hydrolysed fatty acids isolated from hydrolysis (step one) and in the 
crude oil produced through pyrolysis (step two). Bartoli et al.[19] re-
ported a comprehensive study about the behaviour of sulphur during the 
pyrolysis of hydrolyzed brown grease and applied several non-catalytic 
desulphurization methodologies to decrease the sulphur levels in the 
products of both steps. In this section, the catalytic oxidative desul-
phurization of the hydrolysed fatty acids and crude pyrolysis oil 
recovered from a two-step thermal conversion process using brown 
grease and biosolids will be assessed to evaluate the effectiveness of the 
biosolid-based catalyst and the results are shown in Table 3. 

Sulphur compounds in the hydrolyzed fatty acid and crude pyrolysis 
oil were present mainly as low oxidation state compounds (i.e. thiols, 
thioethers) [19] whose removal through their conversion to sulfone 
species is more difficult than benzothiophenes [21]. The treatment of 
both hydrolysed fatty acids and crude pyrolysis oils at 80 ◦C for 3 h, but 
without any catalyst addition, led to poor desulphurization of 39.6 ± 0.4 
% and 10.7 ± 1.8 %, respectively. Thus, the desulphurization promoted 
by the biosolids-based catalyst was generally lower as compared to those 
achieved using the benzothiophene solution (Table 2). At 70 ◦C, desul-
phurization of hydrolyzed fatty acids achieved a conversion of 87.7 ±
3.0 % with a final sulphur concentration of 61 ± 3 ppm. A further in-
crease of temperature to 80 ◦C did not significantly affect the conversion 
(57 ± 2 ppm at 80 ◦C after 3 h). Hydrolyzed fats recovered after the 
catalytic oxidative desulphurization were analyzed through gas chro-
matographic analysis but no alterations due to side reactions were 
detected. Taking into account the decrease of sulphur promoted by the 
pyrolytic treatment, oxidative desulphurization may be used as 

Table 2 
Comparison of the performance of solid recovered after the hydrolysis of biosolids at 280 ◦C for 1 h, FeCl3 and H2O2 without any addition of catalyst in the desul-
phurization of a bezothiophene solution in heptane. The data represent mean ± standard deviation with n = 3. Values marked with different upper (Conversion) or 
lower (Sulphur concentration) cases are significantly different at a 95% confidence level.  

T 
[◦C] 

t 
[min] 

Conversion 
[%]a 

Residual sulphur concentration into heptane solution of benzothiophene 
[ppm]b 

Biosolids-based catalyst c,d FeCl3 
c,d Non-catalytic system d Biosolids-based catalyst c,d FeCl3 

c,d Non-catalytic system d 

80 180 >99 (A) 95.4 ± 0.7 (B) 85.5 ± 0.6 (D) <2(a) 11.5 ± 0.1(c) 36.4 ± 0.3(i) 

120 96.0 ± 0.7 (B) 94.7 ± 0.8 (BC) 80.5 ± 0.8 (EF) 10.0 ± 0.1(b) 13.3 ± 0.1(cd) 48.9 ± 0.5 
60 91.6 ± 0.7 (C) 92.5 ± 0.6(C) 77.3 ± 0.8 (F) 21.1 ± 0.2(f) 18.8 ± 0.1(e) 57.0 ± 0.6(m) 

30 85.4 ± 1.1 (D) 85.0 ± 1.3 (D) 55.4 ± 1.0 (M) 36.6 ± 0.5(i) 37.7 ± 0.6(i) 111.9 ± 2.0(x) 

15 78.1 ± 0.9 (F) 76.6 ± 0.9 (F) 49.1 ± 0.9 (O) 55.0 ± 0.6(m) 58.7 ± 0.7(n) 127.8 ± 2.3(y) 

70 180 >99 (A) 92.4 ± 0.9 (C) 83.5 ± 0.8 (DE) <2(a) 19.1 ± 0.2(e) 41.4 ± 0.4(j) 

120 96.1 ± 1.1 (B) 87.0 ± 1.4 (D) 78.5 ± 1.3 (F) 9.8 ± 0.11(b) 32.6 ± 0.5(g) 54.0 ± 0.9(m) 

60 86.5 ± 1.2 (D) 83.5 ± 1.2 (DE) 61.1 ± 1.4 (L) 33.9 ± 0.5(h) 41.4 ± 0.6(j) 97.6 ± 2.2(v) 

30 82.9 ± 0.8 (DE) 80.9 ± 0.6 (E) 55.4 ± 0.5 (M) 42.9 ± 0.4(k) 47.9 ± 0.4(l) 111.9 ± 1.0(x) 

15 76.7 ± 0.4 (FG) 73.3 ± 1.2 (GH) 48.3 ± 1.2 (O) 58.5 ± 0.3(n) 67.0 ± 1.1(p) 129.8 ± 3.2(w) 

60 180 >99 (A) 68.4 ± 0.9 (J) 62.4 ± 0.9 (L) <2(a) 79.3 ± 1.0(r) 94.4 ± 1.4(u) 

120 80.6 ± 1.2 (E) 67.9 ± 0.7 (J) 60.4 ± 0.7 (L) 48.7 ± 0.7(l) 80.6 ± 0.8(s) 99.4 ± 1.2(v) 

60 75.4 ± 0.6 (G) 65.9 ± 1.3 (K) 53.7 ± 1.5 (MN) 61.7 ± 0.5(o) 85.6 ± 1.7(t) 116.2 ± 3.2(x) 

30 63.9 ± 1.1 (K) 61.8 ± 0.9 (KL) 44.7 ± 0.6 (P) 90.6 ± 1.6 95.9 ± 1.4(u) 138.8 ± 1.9(z) 

15 56.7 ± 0.7 (M) 55.1 ± 0.8 (M) 40.6 ± 0.8 (Q) 108.7 ± 1.3(x) 112.7 ± 1.6(x) 149.1 ± 2.9(aa) 

50 180 86.6 ± 0.6 (D) 54.6 ± 1.1 (M) 42.4 ± 1.1 (Q) 33.6 ± 0.2(h) 114.0 ± 2.3(x) 144.6 ± 3.8(aa) 

120 71.0 ± 1.2 (H) 51.1 ± 1.3 (N) 40.5 ± 0.8 (Q) 72.8 ± 1.2(q) 122.7 ± 3.1(y) 149.3 ± 3.0(aa) 

60 63.4 ± 0.9 (KL) 44.1 ± 0.8 (P) 39.3 ± 1.2 (Q) 91.9 ± 1.3(u) 140.3 ± 2.5(z) 152.4 ± 4.7(aa) 

30 54.2 ± 0.8 (M) 41.6 ± 1.2 (Q) 30.2 ± 0.9 (T) 115.0 ± 1.7(x) 146.6 ± 4.2(aa) 175.2 ± 5.2(bb) 

15 52.1 ± 0.7 (N) 38.8 ± 0.5 (R) 29.8 ± 0.5 (T) 120.2 ± 1.6(y) 153.6 ± 2.0(aa) 176.2 ± 3.0(bb)  

a Calculated as follow: 100*(1-((mass of benzothiophene in heptane solution before catalysis- mass of benzothiophene into heptane solution after catalysis)/(mass of 
benzothiophene into heptane solution before catalysis))). 

b Calculated as follow: mass of sulphur into heptane solution before catalysis – (mass of sulphur into heptane solution before catalysis *Conversion). Mass of sulphur 
was calculated accordingly with the elemental analysis of benzothiophene (C = 71.60%; H = 4.51%; S = 23.89%). 

c Fe/Sulphur = 0.05 mol/mol. 
d H2O2/Sulphur = 10 mol/mol. 

Fig. 5. Influence of catalyst loading (reported as ratio between the moles of 
iron in the biosolids- based material and moles of sulphur) on conversion of 
benzothiophene solution in heptane at 50 ◦C for 15 min. The error bars 
represent the standard deviation calculated according to the values of three 
catalytic runs. Data annotated with different letters are significantly different at 
a 95%confidence level of. Conversion was calculated as follow: 100*[(mass of 
benzothiophene into heptane solution before catalysis- mass of benzothiophene 
into heptane solution after catalysis)/(mass of benzothiophene into heptane 
solution before catalysis)]. 
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pretreatment prior the pyrolytic conversion of the hydrolysed fats. 
Desulphurization of crude pyrolysis oil was less effective (74.7 ±

9.5%) with a final concentration achieved of 64 ± 4 ppm at 80 ◦C, which 
exceeded the maximum limit allowed for engine fuels [20]. According to 
Bartoli et al. [19], during pyrolysis, sulphur compounds undergo radical 
rearrangements forming benzothiophenes, which should theoretically 
improve the oxidative desulphurization. One explanation for the low 
effectiveness of the oxidative desulphurization treatment may be that an 
enhancement in the solubility of oxidized benzothiophenes and high 
boiling point of sulphur-containing compounds in the crude pyrolysis oil 
led to the prevalence of aromatics and unsaturated compounds. The 
aromatic content of crude pyrolysis oil was significantly decreased by 
the catalytic desulphurization process as shown in Table 4. We observed 
a relevant decrement of aromatics from 9.5 ± 0.6 wt% to 5.3 ± 0.7 wt% 
by increasing the reaction temperature to 80 ◦C. This could be due to the 
partial oxidation of small aromatics molecules to hydrosoluble com-
pounds [49]. The results also show a significant decrease in the non- 
aromatic hydrocarbons content after catalysis. There was a concurrent 
increase in the fatty acids content of the crude pyrolysis oil after catal-
ysis. This increase could be due to concentration effect with the loss of 
aromatic compounds and non aromatic hydrocarbons by partial oxida-
tion of these species with a subsequent extraction together with the 
oxidized sulphur species. 

4. Conclusions 

In this work, we showed that the solid residue recovered after the 
hydrolysis of biosolids can be used for catalytic oxidative desulphuri-
zation due to its high content of metals, predominantly iron and 
aluminum. Tests conducted using a model fuel solution containing 
benzothiophene (500 ppm of sulphur) showed a remarkable conversion, 
with near complete removal of benzothiophene after 3 h at 60 ◦C. 
Moreover, the comparison between the biosolids-based catalyst, FeCl3 
and a non-catalytic system demonstrated the superior performance of 
the former at low reaction time and temperature. The catalytic systems 
showed a levelling off of activity as the temperature increased and at 
80 ◦C they were not significantly different from each other. The 
improved performance observed using the biosolids-based catalysts 
could likely be ascribed to the synergistic effects of aluminium species. 

Treatment of crude pyrolysis oil using the biosolids-based catalyst 
led to a desulfurization of 74.7 ± 9.5 % after 3 h at 80 ◦C, which cor-
responded with a final sulphur concentration of 64 ± 4 ppm, a level 
higher than the maximum tolerated amount of 15 ppm for diesel type 
fuels. However, desulphurization of hydrolyzed fatty acids recovered 
from the hydrolytic step of the two-stage thermal conversion of brown 
grease and biosolids displayed a significantly better conversion (87.7 ±
3.0%). The presence of multiple metal centers such as aluminum, 

copper, and titanium together with silica-like materials reasonably 
improved the activity of the complex biosolids-based catalyst in the 
treatment of recalcitrant sulphur-rich fraction with appreciable, but 
limited, loss of aromatic molecules. Furthermore, the organic fraction 
could facilitate the phase transfer of sulphone derivatives from the 
organic phase to aqueous phase. 

Thus, when biosolids are used as a water replacement for the hy-
drolysis of brown grease, desulphurization of the resulting fatty acids 
using a biosolids-based catalyst could enable production of a fuel stream 
that meets the sulphur standards for diesel fuels. 
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Table 3 
Catalytic performance of the solid recovered after hydrolysis of biosolids in the oxidative desulphurization of hydrolysed fatty acids and crude pyrolysis oil recovered 
from a two-step thermal conversion process using brown grease and biosolids (180 min, Fe/sulphur ratio of 0.05 mol/mol, H2O2/sulphur ratio of 10/1 mol/mol). The 
errors represent the standard deviations calculated according to the values of three catalytic runs. Values marked with different upper (Sulphur concentration)/lower 
case (conversion) are significantly different from each other (confidence level of 95%).  

Feedstock  Sulphur concentration 
Before catalysis 
[ppm] 

H2O2 Biosolid based catalyst 
Sulphur concentration 
[ppm] 

Conversiona 

[%]  
Sulphur concentration 
[ppm] 

Conversiona 

[%]  

Hydrolysed fatty acids 80 465 ± 6 (A) 281 ± 11(D) 39.6 ± 0.4(g) 57 ± 2 (J) 87.7 ± 0.4(a) 

70 308 ± 2(C) 33.8 ± 0.1(g) 61 ± 3 (IJ) 86.9 ± 0.6 (a) 

60 432 ± 11(B) 7.1 ± 0.2(j) 84 ± 3 (H) 81.9 ± 0.6 (b) 

50 440 ± 12(B) 5.4 ± 0.2(k) 134 ± 9 (F) 71.2 ± 1.9 (d) 

Crude pyrolysis oil 80 253 ± 16 (E) 226 ± 13(E) 10.7 ± 1.8(h) 64 ± 4 (I) 74.7 ± 1.1 (c) 

70 224 ± 15(E) 9.7 ± 0.9(j) 96 ± 6 (G) 62.1 ± 1.7 (e) 

60 234 ± 12(E) 5.1 ± 0.8(jk) 106 ± 5 (G) 58.1 ± 1.4 (e) 

50 240 ± 9(E) 3.8 ± 0.4(k) 137 ± 7 (F) 45.8 ± 2.0 (f)  

a Calculated as follow: 100*((concentration of sulphur before catalysis- concentration of sulphur after catalysis n after catalysis)/(concentration of sulphur before 
catalysis before catalysis))). 

Table 4 
The main organic components in the crude pyrolysis oil after catalytic oxidative 
desulfurization at 80 ◦C for 3 h using the biosolids-based catalyst. The errors 
represent the standard deviations calculated from the values of three replicates. 
Values marked with different capital letters are significantly different from each 
other (confidence level of 95%).  

Composition of 
crude pyrolysis oil 

Total Aromatic 
compounds 
[wt%] 

Unreacted 
fatty acids 
[wt%] 

Total non aromatic 
hydrocarbons 
[wt%] 

Before catalysis 9.5 ± 0.6 (A) 23.2 ± 0.8 (F) 55.3 ± 0.9 (G) 

After catalysis at 
50 ◦C 

6.5 ± 0.8 (B) 27.5 ± 0.7 (E) 52.4 ± 1.2 (H) 

After catalysis at 
60 ◦C 

6.6 ± 0.9 (B) 28.0 ± 0.9 (E) 51.5 ± 1. (H) 

After catalysis at 
70 ◦C 

6.0 ± 0.5 (B) 28.4 ± 1.1 (E) 50.7 ± 0.6 (H) 

After catalysis at 
80 ◦C 

5.3 ± 0.7 (C) 32.5 ± 0.7 (D) 51.3 ± 0.7 (H)  
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