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ARTICLE INFO ABSTRACT

Limited resources and problems caused by fossil fuels consumption, have
Article History: led researchers to pay attention to reproducible resources. In this study
Received: 25 April 2023 thermal and catalytic pyrolysis process were used to produce bio-oil from
Revised: 24 June 2023 sewage sludge. In thermal pyrolysis, the effect of temperature, the heating
Accepted: 27 June 2023 rate and gas flow rate was investigated and optimum conditions for

production of maximum amount of bio-oil with a production yield of 34.7%
were determined equal to temperature 525 °C, heating rate of 20 °C/min and
Article type: Research gas flow of 0.5 L/min. To improve the quality of bio-oil and reduce the
number of oxygenated compounds, four catalysts HZSM-5 (SAR=40),
Co/HZSM-5, Ni/[HZSM-5 and Mo/HZSM-5 with weight ratios of 1:5 and

Keywords: 1:10 were used. Bio-oil produced by Mo/HZSM-5 catalyst with weight ratio
Sewage Sludge, of 1:5 and with factor groups of alkane/alkenes 27.72%, aromatic
Catalytic Pyrolysis, compounds 6.25 %, oxygenated compounds 5.82%, phenolic compounds
Heat Value, 10.75% and high heat value 39.44 MJ/kg. Although the heating value of
Bio-Qil, bio-oil produced from the catalytic pyrolysis of sewage sludge is lower than
Production Yield, gasoline and bio-diesel, it is expected that by improving the quality of bio-
Biomass oil, it will be used instead of fossil fuel in the future.
Introduction

The world's population will reach 9.1 billion by 2040 [1]. This trend exacerbates the
challenges of increasing demand for water, energy, increasing the production of municipal and
industrial waste and wastewater. Since only 0.4% of the available water on this planet is
available as fresh water [2], reducing of available water, increases the need for wastewater
treatment. Sewage sludge is a byproduct of wastewater treatment and its production rate is 0.1-
30.8 kg per person per year, with annual production of 10.13 million tons in Europe and more
than 25 million in China [3].

Municipal wastewater purification is carried out in three stages: primary pretreatment,
primary treatment and secondary treatment. In pretreatment, the raw inlet raw sludge is passed

* Corresponding Author: A. Hallajisani (E-mail address: hallaj@ut.ac.ir)

Journal of Chemical and Petroleum Engineering, 2023, 57(2): 227- 247.
Publisher: University of Tehran, College of Engineering  DOI: 10.22059/jchpe.2023.358010.1432

© Manouchehr Haghighat, Nasrollah Majidian, Ahmad Hallajisani, Mohammad
Ev Samipourgiri


https://orcid.org/0000-0002-0228-273X
https://orcid.org/0000-0003-2819-4997
https://orcid.org/0000-0003-3793-9129

through the bar screens to remove large pieces and in the sand channel the grains, sand, and
rocks are deposited at the bottom of the channel for disposal, and most of the suspended organic
matter remains in the water column. In the primary treatment using microbes in aerobic
bioreactors, the organic matter is stabilized and non-colloidal solids are removed [4, 5] which
water in that reaches 95% [6]. Sludge obtained from secondary treatment by thickening,
stabilization/styling and dewatering leads to moisture content of about 73-84% [7]. Sewage
sludge is a complex heterogeneous mixture of microorganisms, more undigested organic matter
including proteins (24-42%), fats (1-14%), carbohydrates (7-18%) [8-17]. The high heat value
of undigested and digested dried sewage sludge was 23 MJ/kg [18] and 8.5-17 MJ/kg,
respectively.

Methods of converting biomass to energy in thermochemical form include direct
combustion, pyrolysis, gasification and liquefaction hydrothermal. The combustion process is
carried out in an oxygen-rich atmosphere, gasification in an oxygen-diluted atmosphere, and
liquefaction in an oxygen-free atmosphere. The disadvantages of combustion, gasification and
liquefaction hydrothermal processes are low energy production efficiency, improper operating
conditions and environmental pollution [19]. But pyrolysis is the best method due to low cost,
low environmental pollution, easier operating conditions, high efficiency and the possibility of
optimizing the obtained products [20-22].

Pyrolysis is a thermochemical collapse in the absence of oxygen [23-25]. Process products
include bio-char, gas and bio-oil that the characteristics of each product depend on the operating
factors of pyrolysis such as temperature, residence time, heating rate, composition of
components, particle size, solid feed rate and catalyst [26-30]. High heating rates increase the
possibility of biomass degradation into gas compounds and prevent the re-polymerization of
vapors even at low temperatures, which will increase bio-oil production [31]. Due to the
decrease in bio-oil production by increasing secondary reactions, by minimizing these
reactions, the highest amount of bio-oil produced in the shortest residence time is achieved [32-
37]. The most obtained bio-oil product is about 450- 550 °C [8, 29, 32, 35, 36, 38] . The highest
amount of bio-char production is produced at lower temperatures and shorter vapor residence
times, but the highest amount of gas is produced at high temperatures and longer residence
times.

Bio-oil produced from thermal pyrolysis has high viscosity, high water and oxygen content,
low HHV and high acidity [39, 40] which is not suitable as fuel and requires quality
improvement, which is usually done by adding catalysts [39]. Zeolite-based catalysts are
common catalysts, because they reduce the number of oxygenated compounds and increase
aromatic hydrocarbons [41]. The pitted building of zeolite catalysts, after acidification, affects
the aromatic process including dewatering, decarbonylation, decarboxylation and
olygomeration. Optimization of ZSM-5 zeolites with ions that the noble transition metals
supported alumina such as Pt [42], Ni [43], Ce [44], NiCe [45, 46], MgCe [44, 46] and CoMo
[43] and the creation of acidic strong points, polycyclic aromatic hydrocarbons are converted
into monocyclic aromatics, increasing the quality of bio-oil by catalytic deoxyxification and
improve the quality of bio-oil.

Optimization of oxygen and nitrogen-rich bio-oils, such as those derived from sewage
sludge, was not performed. In particular, no studies were found on the optimization of a bio-oil
product derived from sewage sludge and the degree of deoxygenation and denitrogenation of
bio-oil when Ni/HZSM-5 was used to catalytic optimization [25, 47-49] observed that in
pretreatment of sludge by sonication, it is possible to process fats available to L.starkeyi (a
yeast) containing approximately 70% dry matter. In addition, the best results were obtained by
ultrasonic pretreatment compared to alkaline/acidic pyrolysis or thermal purification. One
research shown that carbonyl compounds can be activated even at room temperature simply on
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a 1% of Pd/C catalyst is hydrogenated with sufficient time (16 hours) [50, 51]. Rover MR et al.
(2015) proposed model with platinum and nickel catalysts for hydrogenation of phenol in the
middle aqueous liquid has just been released [20]. The research conducted by Arazo et al.
(2017) with the aim of determining the effect of temperature, ethanol to sewage sludge ratio,
reduction of reaction time on bio-oil product, degree of deoxygenation and denitrogenation in
optimization of pyrolysis-produced oil with Ni-HZSM-5 catalyst showed that with increasing
temperature, the removal rate of nitrogen and oxygen increases, but the amount of product
production decreases. The optimum process conditions at 258.5 OC, ethanol to biomass ratio
of 2.5, reaction time 2.23 h, yield of the obtained product 67.2%, the degree of denitrogenation
and deoxygenation were 20.4% and 33.6%, respectively. Zeban Sha et al. (2020) with the aim
of improving the quality of bio-oil, used dried sewage sludge with edible oil wastes in the range
of 25-650 °C as feedstock in the pyrolysis process and reported the chemical properties of its
products is good in comparison with commercial diesel S-10. Vincent et al. (2020) results of
temperature effect in the range of 300-700 °C and zeolite-Y catalyst on the yield and
composition of bio-oil produced from catalytic pyrolysis with yield of 20.9%, and non-catalytic
18.2 wt% reported the presence of 20-50 wt% nitrogenous compounds, 18-28 wt% mono-
aromatic compounds, respectively.

In previous researches, the process of bio-oil production from sewage sludge with pyrolysis,
generally temperature variable as the most important factor has been investigated. However, in
this study, aspects of bio-oil production from sewage sludge using pyrolysis process including
determination of quantitative and qualitative characteristics of feed and product obtained,
economic and environmental aspects of produced bio-oil, conditions and uses of it, have been
investigated and analyzed. In this study, simultaneously producing and optimizing bio-oil from
municipal sewage sludge using thermal and catalytic pyrolysis has been done in series and its
terms of use have been expressed.

Materials and Methods

Materials

Process input feed is secondary sludge of Shahryar (a city in Tehran province in central Iran)
municipal sewage sludge treatment plant by sequence batch reactors (SBR). Approximate
analysis and HHV of sewage sludge are given in Table 1. Nitrogen as carrier gas and
dichloromethane (CH.Cl,) (Merck Company with 98% purity) were used as solvent for
washing. Catalysts used include zeolite (HZSM-5), zeolite-based nickel (Ni/HZSM-5), zeolite-
based cobalt (Co/HZSM-5) and zeolite-based molybdenum (Mo/HZSM-5) with ratio
specification of SiO2/Al ,03 equals 40, with a specific surface area of 370 m?/g, average pore
size was 5.5 °A and crystallite was 98%. The loading level of metals is 5%. Catalyst
characteristics tests were performed in Bim Gostar Taban laboratory. These catalysts were
constructed using raw materials including nickel nitrate salts, cobalt nitrate, ammonium
heptamolybdate and zeolite HZSM-5 by wet inoculation method to add these salts to HZSM-5
zeolite base in the catalyst laboratory of Arak University [52]. To achieve uniform distribution
of metal on the base, the solutions were continuously and uniformly stirred at 400 rpm at 25 "C
for 4 hours. Then, samples at 80 “C for 18 hours in an oven dried and in a furnace with 3°C/min
heating rate for 3 hours calcinated. The resulting powder was with used a hydraulic press
equipment under 60 bar pressure, the crushed particles were separated in the range of 40-60
meshes (250-420 um).
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Table 1. Elemental Analysis and high heat values of sewage sludge and Bio-Oil Thermal Pyrolysis

Component  Sewage sludge (wt%)  Bio-oil (wt%o)

C 28.8 62.6

H 4.4 8.4

N 45 55

o2 33.6 22.7

S 15 0.7
Moisture 6.3 -
Volatile 66.3 -
Ash 27.2 -
Fixed carbon® 0.2 -
HHV (MJ/KQ) 10.22 -

RE (%) 185.71

4050=100-C-H-N-S
bFixed carbon=100-volatiles-moisture-ash

Devices & Equipment

The Laboratory Unit (Fig. 1) consists of three parts including, pyrolysis reactor, reformer
and an electric heater. A condenser is used to cool and condense of gas products produced by
pyrolysis process.
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Fig.1. Process design of laboratory unit of bio-oil production research

Experiments
Thermal pyrolysis

First of all, the 20 g of sewage sludge was put in the reactor and its lid was closed. Then, by
nitrogen gas with a flow of 100 ml/min for half an hour, the oxygen inside the reactor was
discharged. According to Table 2, which is based on the design of the experiment with Design
Expert 13 software, the temperature of the reactor, in accordance with the corresponding
heating rate, increases constantly to reach the desired temperature. The gas obtained from the
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pyrolysis of sewage sludge passes through a condenser. Vapors turn into liquid (bio-oil) and
incompressible gases are released. At this stage, the temperature of the reactor is kept constant
for 30 min, until the thermal decomposition of the sample is completed. Then, the device is
turned off and given enough time for the reactor to reach ambient temperature, after opening
the door of the device, the remaining solid is removed from the reactor and weighed. The

Table 2. Selected points performing tests
Run T(Oc) Q (L/min) H(OC/min) Bio-Oil (wt%) Bio-Char (wt%) Gas (wt%o)

1 400 0.2 10 27.87 54.21 17.92
2 600 0.2 10 31.36 50.6 18.04
3 400 0.8 10 28.65 53.74 17.61
4 600 0.8 10 32.17 50.06 17.77
5 400 0.2 20 29.27 52.97 17.76
6 600 0.2 20 32.53 49.66 17.81
7 400 0.8 20 30.05 52.07 17.88
8 600 0.8 20 33.18 49.06 17.76
9 400 0.5 15 28.94 53.77 17.29
10 600 0.5 15 3241 50.18 17.41
11 500 0.2 15 33.97 48.58 17.45
12 500 0.8 15 34.76 48.00 17.24
13 500 0.5 10 33.32 49.56 17.12
14 500 0.5 20 34.09 49.39 16.52
15 500 0.5 15 34.45 49.46 16.09
16 500 0.5 15 34.51 48.05 17.44
17 500 0.5 15 34.39 48.80 16.81
18 500 0.5 15 34.46 48.88 16.66
19 500 0.5 15 34.42 48.25 17.33
20 500 0.5 15 34.46 48.80 16.74

resulting bio-oil are collected and weighed, then the yield of bio-oil, bio-char and gas
produced using the Egs. 1, 2 and 3 are calculated [53].
mass of bio — oil (g)

Bio — oil yield(wt%) = mass of feed (g) X 100 @

a bio — ch
Bio — char yield(wt%) = n rsnsa(;]sc ojlfofeecd Z;)(g) x 100 (2)

gas(wt%) = 100% — [bio — oil yield(wt%) + (bio — char yield(wt%)] )

Catalytic Pyrolysis

The catalytic pyrolysis testing process includes equipment, raw materials, and test methods
such as thermal pyrolysis testing. The experiments were performed at a temperature 525 °C,
heating rate of 20 "C/min and gas flow of 0.5 L/min. Except one of the four catalysts prepared
in the quartz tube is placed as a thin layer on the refractory cotton and is cylindrically inserted
into the net and then the chamber is placed in the reformer. According to the diameter of the
quartz tube, the thickness of the catalyst layer and the volumetric flow rate of nitrogen gas, the
residence time of volatile substances in the catalyst layer is less than a second. Eight
experiments are carried out with 4 types of catalysts with the same operating conditions. For
each catalyst, 2 tests with catalyst-to-feed weight ratios of 1:10 and 1:5 would be done. In
calculating the gas yield, the mass of carbon deposited on the catalyst is ignored. In order to
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increase the accuracy and reliability of results, some experiments were repeated three times and
the mean of close results was recorded.

Analysis

Approximate analysis was performed to determine the properties of sewage sludge as feed
(Table 1). Elemental analysis was carried out with the TruSpec equipment LECO company
made in USA. High heat value is calculated by using the equation Dulang (Eq. 4) [54] and the
energy recovery with the Eq. 5 [55]:

0 (wt%)

5 1% 100% (4)

M
HAHV ( f/kg) = 0.3383 x C(Wt%) + 1.442 x [H(Wt%) —

HHVyi _oit X Mpio—oi
Energy recovery(ER) = blozoll © "blozoll 100 (5)
HHVbio—mass X Mpio—mass

Thermal gravimetric analysis (TGA) was carried out with the Q600 device of TA company
made in USA (Fig. 2). Mass GC-MS test was performed by GC7890-MS5975 device, Agilent
Company of USA, HP-5 column type to determine the percentage of constituents, identify the
type and amount of organic bio-oil composition obtained [56]. Helium was used as the carrier
gas. First, the temperature was kept at 40° C for 1 minute, then was raised to 300 °C and kept
for 5 minutes. Dichloromethane was also used as a solvent. SEM test by using sweeping
electronic microscope (SEM) (MIRA 11 Model, FESEM detector SAMX, TESCAN Company,
France), XRD test in order to determine crystalline structure by model PW1730 Philips
company, Netherlands, FTIR test for identification. The functional groups in organic molecules
have been performed on catalysts by AVATAR model device of THERMO Company and BET
testing (BELSORP MINI 11, BEL company, Japan).

Results and Discussions

Results of Experiments on Biomass

Three steps and their corresponding peaks can be seen in the TGA diagram (Fig. 2). The first
step occurs in the temperature range of 40-75 °C, which indicates the evaporation of moisture.
The second peak at the temperature of 304.64 °C is related to cellulose compounds. The third
peak at 500 °C represents the evaporation of lignin compounds in sewage sludge.

Results of Experiments on Catalysts

The results of experiments performed on HZSM-5 (SAR=40), Co/HZSM-5, Ni/HZSM-5
and Mo/HZSM-5 catalyst pyrolysis tests are as follows:

XRD Test Results

The study of crystalline structure of catalysts shows that metal based on zeolite HZSM-5
shows that by showing the metals on the zeolite base, the regular crystal structure in zeolite is
preserved without changing (Fig. 3). The main peak for zeolite-based nickel, cobalt and
molybdenum metal catalysts is also located in the same region. There is a slight difference in
some small peaks, which indicates a slight change in the crystal structure of the catalysts due
to the integration of the metal compound with the zeolite base. Research conducted by Ge et
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al. (2019) for five catalysts HZSM-5, Cu (5%)/HZSM-5, Cu (10%)/HZSM-5, Co (5%)/HZSM-
5 and Co (10%)/HZSM-5 also have the same slender peak for all five-power catalytic [57].
Therefore, it can be concluded that the distribution of metal catalysts on zeolite base is
completely uniform and the catalysts are very suitable and also, the angle of the peaks in terms
of width and sharpness of the edge represents the same size of the catalysts in all four samples.

120 03

51.67% Weght Change
(2.380mg)

Weight (%)

Deriv. Weight (%/°C)

147.16°C

0.0

0+ T T T T -0.1
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Fig. 2. Thermal gravimetry and differential gravimetry analysis of sewage sludge
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Fig. 3. X-ray diffraction pattern for catalysts, a) HZSM-5 <b) Ni (5%)/HZSM-5 c¢) Mo (5%)/HZSM-5, and d) Co
(5%)/HZSM-5

SEM Test Results

The Fig. 4a of the HZSM-5 catalyst shows smooth, multi-dimensional particles with
dimensions less than Sum. The Figs. 4b, 3C and 3d that were harvested from Co/HZSM-5,
Ni/HZSM-5 and Mo/HZSM-5 catalysts, respectively, show small particles of metal catalysts
that are barely distinguishable between large zeolite particles. But the dispersion and uniform
distribution of metal catalyst particles among zeolite particles is quite evident. The morphology
of metal catalysts particles of nickel, cobalt, molybdenum on the zeolite base is almost identical
and cannot be distinguished. Similar research results conducted by Vichaphund et al. (2013) on
the catalysts of HZSM-5, Ni/HZSM-5 and Co/HZSM-5 also show exactly the same results [58].
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Fig. 4. Images of catalysts
FTIR Test Results

The results of FTIR zeolite catalyst were shown in the Fig. 5. The first and second peaks at
454 and 548 cm! related to SiO4 molecular oscillation energy and the next three peaks at 796,
1089 and 1223 cm, respectively, show the tensile energy of Si-O-Al bond structure,
respectively that all of them represent complete and appropriate synthesis of produced zeolite.
The sixth peak at 1630 cm™ is related to the dual carbon bond (C=C) and the seventh peak at
3426 cmrelated to the tensile energy of the O-H bond related to the absorbed water [59]. There
is not much change in its structure and the initial structure of zeolite has remained almost
constant. Experiments performed on these catalysts by Ali et al (2003) in peaks of 450, 542,
791, 1080, 1219, 1636 and 3170 cm™ were also show similar results [60].
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Fig. 5. Curves of FT-IR experiments on catalysts
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BET Test Results

Measurement of specific surface of (Sger), mean volume of pores per unit mass (Vp) and
mean of diameter of pores of catalysts used in this study in BET experiment presented in Table
3, shows that some metal catalyst particles placed on pores on zeolite base and penetration of
some of them have led ™ the filling of these pores, reducing the specific level and volume of
the base pores. Instead, due to the larger average diameter of metal catalyst pores, the mean
diameter of Co/HZSM-5, Ni/HZSM-5 and Mo/HZSM-5 catalysts increased compared to the
HZSM-5 base. The results of the study conducted by He D et al. (2017) on HZSM-5,
Co/HZSM-5 catalysts confirm this phenomenon [61].

Table 3. Results of BET Catalysts Tests
Catalysts  APD (nm)  Sp (m?/g) Vp (cm®/g)

HZSM-5 3.9659 51.197 0.050761
Co/HZSM-5 13.114 7.601 0.02492
Ni/HZSM-5 23.494 9.0276 0.053024
Mo/HZSM-5 6.5197 36.244 0.059076

Thermal Pyrolysis

According to Table 2, which is based on the design of the experiment with Design Expert
13 software, the temperature of the reactor, in accordance with the corresponding heating rate,
increases constantly to reach the desired temperature. Result of researches show that sewage
sludge samples with lower the ash content and more than volatile materials, better than for
liquid pyrolysis products [18]. Based on the results of GC-MS analysis, the values of important
functional groups obtained from bio-oil from thermal pyrolysis have been sorted in Table 4
which include alkanes/alkenes, aromatic compounds, oxygenated, nitrogenous compounds and
phenolic compounds.

Table 4. Percentage of bio-oil compounds in GC-MS analysis

No Formula Component Wt. (%)
Acids
1 Ci6H320, n-Hexadecanoic acid 2.8
2 C18H3602 Octadecanoic acid 0.4
Alcohols
3 Ci12H260 1-Dodecanol 15
4 Ci6H340 1-Hexadecanol 14
5 C14H300 2-Hexyl-1-octanol 0.8
Aldehydes
6 C16H300 E-14-Hexadecanal 1.9
Alkanes
7 CisHas Tridecane 411
8 CisHzo Tetradecane 1.9
9 CiaH3o Teridecane, 2-methyle- 0.7
10 CisHs2 Pentadecane 45
11 CioHao Tridecane, 7-hexyle 0.92
12 Ci6H3a Hexadecane 2.64
13 CigH3s Octadecane 0.75
14 CigHao Nonadecane 0.57
Alkenes
15 CsHs Indene 1.98
16 CoHs 1-Dodecene 0.52
17 C12H24 1-Decene 1.32
18 CioH20 1-Tridecene 1.15
19 CisHas Cis-2-Methyl- 2.07

20 CigH3s 7-Octadecene 3.15




236

@

21 CieHa2 3-Hexadecene, Z 1.74
22 CiaHzg 7-Tetradecene, Z 0.98
23 CigH3s 3-Octadecene, E 0.92
24 CaoHao 2-Methyl-7-nonadecene 2.21
25 CaoHao 9-Eicosene, E 1.35
Aromatics
26 C7Hs Toluene 1.31
27 CsHio Ethylbenzene 0.52
28 CoH12 Benzene, 1-ethenyl-2-methyl- 0.95
Ester
29 Ca4H3504 di-n-octyl phthalate 0.96
Ketones
30 CsH100 3-penten-2-one 4-methyl- 1.12
31 C11HsOs 1-methyl 1-5-piperidin-1-y1- 51
imidazolidin-1 4-dione
32 CoH17NO 4-piperidone 2 2 6 6- 2.3
tetramethyl-
Nitrogenated
33 C4HsN Pyrrole 4,52
34 CoHgN 1H-indole 3.58
35 CegH-N 3-methyl- 3.12
36 CoHgN enzylnitrile 2.15
37 CisHaN Benzenepropanenitrile 1.45
38 Ci7HsN Hexadecanenitrile 0.96
39 CsHoN Heptadecanenitrile 1.05
40 CsH/NO> 1H-Pyrrole, 2,4-dimethyle 0.85
41 CsHsO 3-Acetamidofuran 1.25
Phenols

42 CeHeO Phenol 4.45
43 C7HsO Phenol, 2-methyl- 1.56
44 C7HsO Phenol, 4-methyl- 7.58
45 CgH100 Phenol, 4-ethyl- 3.25

The percentage of alkane/alkenes in fuel has the direct relation [62] and oxygenated
compounds have the opposite ratio to its heat value [63]. High percentage of aromatic,
nitrogenous and phenolic compounds cause more fuel pollution. If the content of aromatic
compounds is less than 25%, it increases convention to some extent. However, if their amount
is more than 25%, it will increase the pollution. Presence of phenolic compounds increases the
oxidative stability of the fuel, but the existence of these three compounds is carcinogenic, in
particular, nitrogenous compounds cause NOx gases. So, although the bio-oil from thermal
pyrolysis with the weight percentage of components of the functional groups of alkanes/alkenes
33.48%, aromatic compounds 2.78%, oxygenated compounds 18.93%, nitrogenous compounds
18.93% and phenolic compounds 16.84%, in terms of good heat value and low emissions, is a
relatively suitable fuel. However, it needs optimization.

Modeling
Variance Test
Analysis of data integrity and the type of effect of the tested variable on the target variable

(yield of oil-biomass) is used. Analysis of variance of yield of bio-oil has been performed using
Design Expert 13 software and its results are shown in Table 5.
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Table 5. Coefficients provided by the software

Term Factor P-value
Constant -56.97604 <0.0001
T(C) 0.386312  <0.0001

Q(L/min)  0.001446  <0.0001
H(C/min)  0.386076  <0.0001

T*Q -4.16667E-07 0.7880
T*H -000155  0.1176
Q*H -000013  0.6679
T -000367  <0.0001
o} 2.32323E-07  0.7920
H’ 005564  0.1017

The study shows that the software based on the data of the Table 5 has proposed a model
based on quadratic, including line expressions, two interaction expressions. Two main criteria
in the results provided by the software are P-value and correlation coefficient (R?), which
represent the accuracy, precision and efficiency of the models, respectively. The acceptable
amount of P-value defined as pre assumption in software is P < 0.05, so presented model
according to P-value < 0.05 and R?= 0.9891 is perfectly suitable.

Since the P-value of each term, represents the degree of importance of that term, terms with
p-value of <0.0001 are more important than others. Therefore, TQ, TH, QH, Q? and H?
sentences are more important, but the importance of T and H terms is more. The absolute value
of the numbers located in the coefficient column in the Table 5 indicates the effect of the
corresponding term on the model, and the positive sign of the coefficient represents the
increasing effect and the negative sign represents the decreasing effect of the corresponding
term on the target variable, therefore, temperature and heating rate variables have the greatest
impact on the yield of bio-oil produced production.

The Overall Impact of Variables

The overall effect of variables on the yield of bio-oil production is shown in the Fig. 6. The
lines represent the high and low confidence intervals of 95%. The nonlinear form is increased
and decreases after reaching its maximum value from 466 ‘C to 625 °C. However, the yield of
bio-oil in the test range is linearly enhanced by increasing the volumetric flow rate of the carrier
gas and almost linearly by increasing the heating rate.
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Statistical Model
The equation of predicting the results of the bio-oil yield produced by the model presented
by the software includes the Eq. 6 respectively.
BIO — OIL(Predict)
= —56.97604 + 0.386312(T) + 1.446E — 03(Q) (6)
+0.386076(H) — 3.67E — 4(T"2)

where T is accordance with ‘C, Q with L/min and H with "C/min.

In order to evaluate accuracy of efficiency of the proposed model, the comparison diagram
of the predicted results by the model with the actual results corresponding to the Fig. 7 is
presented. The results of the points in the form represent the appropriate matching of the
predicted results with the actual data and the reliability of the results is acceptable.

Bio-oil Predicted vs. Actual

Color points by value of
Bio-oil

41.27 [ 4509

Predicted

Actual

Fig. 7. Comparison of model prediction results with experimental bio-oil- produced results
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Response Surface Diagrams

The Fig. 8 shows the highlighted level chart and the three-level Fig. 9, the regions with the
red color represent the higher response level. In the 3D diagram of response surface can be
observed that the increase in temperature increases the yield of bio-oil production first, and after
reaching a maximum point, decreases with increasing temperature, and changes in the
volumetric flow rate of the carrier gas and heating rate have little effect on this trend.
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Fig. 8. Two-dimensional bio-oil response level diagram produced in terms of effective variables

Factor Coding: Actual
3D Surface

Bio-oil (%)

Design Points:

@ Above Surface

© Below Surface

41.87 [ 4902

X1=A
X2=8

\\.

Nk

\\\\\\\\‘
\{\\\\\\

N
N

h

N
NN
NN

R

Actual Factor
Cc=15

NN

\\1\\‘
N
N

N

Bio-oil (%)
N
NN

7
.

AT (9C)

Fig. 9. 3D bio-oil response surface diagram produced in terms of effective variables

Optimization

By using of mathematical model and two and three-dimensional response surfaces, the
effective variables affecting the production and yield of the produced bio-oil were investigated
by examining the effective variables in the production and yield of the produced bio-oil from
the sewage sludge of urban 525 °C, the flow rate of the gas carrying 0.5 L/min and the heating
rate of 20 "C/min with yield of bio-oil production 32.84 wt%, which is the mathematical model.
34.77 wt% with a slight error of 5.87% predicts the precision, accuracy and efficiency of the
model.



Catalytic Pyrolysis

The results of bio-oil yield are shown in Table 6. The highest bio-oil yield produced using
zeolite catalyst with a ratio of 1:10 is 18.51%, which is the best yield among these catalysts.

Table 6. Production yield of catalytic pyrolysis products of sewage sludge
Catalyst to Feed Bio-oil Bio-char  Gas

Catalyst ratio (C/B)  (Wi%)  (Wt%)  (Wt%)
HZSM5 110 1851 5538 261
HZSM-5 15 1694 5541  27.65
ColHZSM-5 110 1624 5565 2811
ColHZSM-5 15 1573 5573 2854
Ni/HZSM-5 110 161 5573 2817
Ni/HZSM-5 1:5 13.96 54.92 31.12
Mo/HZSM-5 1:10 16.48 54.07 29.45
Mo/HZSM-5 15 1585 5531  28.84

Table 7 the results of elemental analysis and Table 8 show HHV and energy recovery of bio-
oil samples produced from catalytic pyrolysis by Dulang equation.

Table 7. Results of elemental analysis of bio-oil samples produced from the catalytic pyrolysis of sewage

sludge

Ctalyst C:B C H N Or S

HZSM-5 1:10 67 9.6 6.1 16.5 0.8

HZSM-5 1:5 68.9 9.8 6.3 14.2 0.8
Co/HZSM-5 1:10 69.5 10.3 6.25 13.1 0.85
Co/HZSM-5 1:5 70.65 10.4 6.5 11.6 0.85
Ni/HZSM-5 1:10 70.08 11.05 6.22 11.8 0.85
Ni/HZSM-5 1.5 71.35 11.3 6.63 9.8 0.92
Mo/HZSM-5 1:10 70.96 11.2 6.52 10.4 0.92
Mo/HZSM-5 1.5 72.27 115 6.71 8.6 0.92

Table 8. High heat value and energies recovery of pyrolysis oil with different catalysts

Catalyst C:B HHV (MJ/kg) ER (%)
HZSM-5 1:10 33.52 40.18
HZSM-5 1:5 34.86 41.78

Co/HZSM-5 1:10 35.98 43.13

Co/HZSM-5 15 36.78 44.09

Ni/HZSM-5 1:10 37.48 44.92

Ni/HZSM-5 15 38.63 40.30

Mo/HZSM-5 1:10 38.25 45.85

Mo/HZSM-5 15 39.44 47.27

Analysis of qualitative characteristics of bio-oil samples produced from catalytic pyrolysis
using the results of GC-MS analysis presented in Table 9 shows that the components of
functional groups in bio-oil produced by catalytic pyrolysis include alkane/alkenes, aromatic
compounds, oxygenated, nitrogenous compounds and phenolic compounds that the percentage
of their components in Table 10 is presented.
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Table 9. Results of GC-Mass analysis of bio-oil samples obtained from catalytic pyrolysis of sewage

sludge
Raw Compound Formula With  From Co/Zz Co/Z Ni/Z Ni/z Mon/Z Mon/Z
P 1:5 1:10 1:5 1:10 1:5 1:10 1:5 1:10
1 Phenol CeHsO 215 1.95 2.85 2.7 275 245 238 2.6
2 4-ethyl-phenol CsH100 1.75 1.85 2.1 1.75 1.7 1.6 1.7 1.6
3 2-methyl-phenol C7HsO 0.9 0.8 1.2 1.1 115 11 1.35 1.25
4 4-methyl-phenol C7HsO 3.2 3.0 3.7 3.53 355 335 36 3.4
5 Toluene C7Hs 2.8 2.6 2.7 2.5 3.1 2.6 29 2.4
6 Ethylbenzene CsHuo 11 0.9 1.05 0.85 1.24 0.9 1.1 0.8
Benzene, 1-
7 ethenyl-2-methyl- CoHy2 2.1 1.9 2.2 2.05 2.3 205 225 1.95
8 Pyrrole CsHsN 2.55 2.25 2.7 2.5 2.9 2.7 24 2.2
9 1H-indole 3-methyl CyHyN 6.9 6.8 7.36 6.85 8.17 731 6.68 6.15
10 Benzyl nitrile CsH/N 4.4 4.25 4.6 4.47 471 45 4.35 4.22
11 ﬁfenze”epmpa“e“'t CoHN 41 39 43 417 441 42 405  3.92
12 Hexadecane Ci6Ha4 2.7 2.6 2.85 2.8 295 29 2.8 2.75
13 Tridecane Ci3Hzs 4.2 4.05 4.35 4.3 455 45 4.45 4.35
14 Pentadecane C 1sH32 4.6 4.45 4.8 4.7 4.9 4.8 4.7 4.65
15 Tetradecane Ci4Hso 2.0 1.9 2.1 2.1 2.3 215 21 2.05
16 5;3;'00”""'1’3'5' CsHs 20 18 23 22 25 23 22 2.4
17 1-Dodecene CioHaa 15 1.4 1.8 1.7 2.2 205 1.7 1.65
18 1-Decene CioH20 1.8 1.7 2.1 2.05 24 225 20 1.9
19 1-Tridecene Ci3H2s 2.1 1.9 2.5 2.35 3.0 2.8 24 2.3
Cis-2-Methyl- 7-
20 Octadecene CigH3s 3.2 3.15 3.3 3.26 34 3.33 327 3.24
g1 2-Methyl-7- CoHwo 225 245 205 20 175 18 21 215
nonadecene
22 gé'i'éexadeceno'c ;16H32Th 22 215 23 226 24 233 2271 224
23 1-Dodecanol CioHO 1.1 1.3 0.95 0.98 0.8 086 1.0 1.04
24 1-Hexadecanol CigHasO 1.1 1.3 1.0 1.05 0.8 0.9 0.95 1.05
25 E-14-Hexadecanal  CigHz300 1.5 1.6 1.6 1.55 175 17 1.6 1.55
Table 10. Composition of functional groups in bio-oil available produced by catalytic pyrolysis
. Ni/Z Ni/Z Mo/Z Mo/Z
0 - - - -
Functional Group (wt%b) Z1:5 Z1:10 C0/Zz1:5 Co/z1l:10 15 1:10 15 110
Alkanes/Alkenes 26.35 25.4 26.46 26.46 29.95  28.88 27.72 27.44
Aromatic compounds 6.0 5.4 5.95 54 6.64 5.55 6.25 5.15
Oxygenated compounds 5.9 6.35 5.85 5.84 5.75 5.79 5.82 5.88
Nitrogenated compounds 1795 17.45 18.96 17.99 2019 1871 17.48 16.49
Phenolic compounds 8.0 6.9 10.95 9.83 10.19  9.39 10.75 9.85

The highest percentage of alkane/alkene compounds with 29.95% was related to bio-oil
produced with zeolite-based nickel catalyst (Ni/HZSM-5) with a ratio of 1:5. At the same time,
the highest amount of pollutant compounds (aromatic, nitrogenous and phenolic compounds)
with 37.02% was related to it. The content of oxygenated compounds with 5.75% had the lowest
amount of pollutant compounds related to bio-oil produced zeolite catalyst with a ratio of 1:5.
Therefore, the bio-oil obtained from biomass catalytic pyrolysis using zeolite-based nickel
catalyst (Ni/HZSM-5) with a ratio of 1:5 has the highest heat value and pollution and bio-oil
obtained with zeolite catalyst has the lowest heat value and pollution in comparison with 1:10.

Comparison of Thermal and Catalytic Pyrolysis Results

In order to determine the optimal conditions, first, the experiments are carried out with
thermal pyrolysis and without the presence of catalysts in the progress stages of the production
process, the exact role and weight of the effect of the effective variables are determined, thus,



the variables and their effects are determined and by performing several tests, the optimum
values of these variables including temperature 525 ‘C, flow rate of gas carrying 0.5 L/min and
heating rate 20 °C /min, by producing the highest amount of bio-oil produced at 34.77 wt% and
HHV of 29.2 MJ/kg were obtained. Then, catalytic pyrolysis experiments with the above
conditions were carried out using catalysts prepared with different ratios, which produced in
the highest amount of bio-oil production under these conditions with zeolite catalyst (HZSM-
5) with 1:10 ratio at 18.51% and the highest heating value of produced bio-oil (HHV) Zeolite-
based molybdenum catalyst (Mo/HZSM-5) was obtained at a ratio of 1:5, 39.44 MJ/kg. This
result shows that although zeolite catalyst has the highest bio-oil production yield in catalytic
pyrolysis, the highest heat value and energy recovery are molybdenum catalysts based on
zeolite, because this can be achieved by carbon and oxygen percentages obtained from
elemental analysis. The highest carbon content and the lowest amount of oxygen in bio-oil
samples obtained from catalytic pyrolysis belong to zeolite-based molybdenum catalyst, and as
mentioned earlier, increasing the percentage of carbon and decreasing the percentage of oxygen
will increase the HHV.

The use of catalyst in optimization of bio-oil production resulted in 47.27% recovery energy
and HHYV increase of 285.91%. These results show the positive impact of catalyst clearly (Table
11).

Table 11. Initial comparison of bio-oil produced from thermal pyrolysis and catalytic pyrolysis produced
from sewage sludge

Sample (HHV) (MJ/kg)  (RE) (%) Yield (%)
Sewage sludge 10.22 - -

Thermal pyrolysis bio-oil 29.2 185.71 32.84
Catalytic pyrolysis bio-oil ~ 39.44 35.07 48.69

As can be seen in Fig.10, catalyst usage increased alkane/alkane compounds by 5.76% and
aromatic compounds by 3.47%, but decreased oxygenated compounds by 12.46%, 1.45%
nitrogenous compounds and 6.09% phenolic compounds. Therefore, increasing the percentage
of alkane/alkene compounds and decreasing the percentage of oxygenated compounds increase
the HHV.
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Fig.10. Comparison of the functional groups in bio-oil produced by thermal and catalytic pyrolysis
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Conclusion

Since urban sewage sludge is a stable and suitable source of organic matter, extensive
research has been done in recent years for the economic and cost-effective production of bio-
oil from it. Pyrolysis experiments were performed in two stages without and with catalyst. In
the condition without catalyst, the highest yield of bio-oil production was obtained as 32.84
wt% at 525 °C, heating rate 20 °C/min and gas flow rate 0.5 L/min. Catalytic pyrolysis
experiments in optimal conditions of non-catalytic pyrolysis with four zeolite catalysts (HZSM-
5), zeolite-based nickel (Ni/HZSM-5), zeolite-based cobalt (Co/HZSM-5) and zeolite-based
molybdenum (Mo/HZSM-5) was done with catalyst to zeolite ratios of 1.5 and 1:10, and the
highest yield of bio-oil produced using zeolite catalyst with a ratio of 1:10 is 18.51%. Also,
among the catalysts, the highest bio-oil production yield belongs to molybdenum metal based
on zeolite with a ratio of 1:10 and a value of 16.48%. The highest heat value of biofuel produced
with 39.44 MJ/kg with a production yield of 47.27% was obtained with molybdenum catalyst
based on zeolite (Mo/HZSM-5). The highest cetane number related to bio-petroleum produced
with Mo/HZSM-5 catalyst is 68.4, which is 43.12% more than the standard minimum of diesel
fuels. The lowest iodine number is 119.2, which corresponds to the Mo/HZSM-5 catalyst. Its
density and kinematic viscosity are also within the standard range. Therefore, bio-petroleum
obtained from catalytic pyrolysis of sewage sludge is a very suitable fuel for use in diesel
engines.

The results of the studies clearly show that the bio-oil produced in this research can compete
with other similar fuels in all aspects and a suitable alternative for them in the near future, of
course, it is also necessary to mention that the production of bio-oil from municipal sewage
sludge using pyrolysis on an industrial and commercial scale still requires more research. It
seems that the zeolite catalyst is not very suitable for the removal of nitrogenous compounds
and the nitrogen removal efficiency is negligible. It is suggested to use processes such as
ultrasonic pretreatment, acid washing and hydrothermal liquefaction before the pyrolysis
process to reduce the amount of nitrogen. Removing compounds containing nitrogen, oxygen
and sulfur from bio-oil, as well as adjusting its viscosity in a practical and economical way, is
one of the most important research efforts in the future.

Nomenclature

APD (nm) Average particle diameter

BET Brunauer Emmett Teller

DTG Drivative thermogravimetry

ER (%) Energy recovery

FT-IR Fourier Transform Infrared Spectroscopy
GC-MS Gas Chromatoghraphy Mass Spectrometry
H (°C/min) Heating rate

HHV (MJ/kg)  High heat value

Q (mL/min) Gas flow rate

SAR Silicon to Aluminium ratio

SBR Sequence batch reactor

SEM Scanning electron microscopy

Sp (m?/g) Specific particle area

T (°C) Temperature

TGA Thermogravimetry

Vp (m?g) Volume of particle

XRD X-ray diffraction

°A Angstrom
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