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Abstract

In this study, municipal sewage sludge (MSS) is converted simultaneously into renewable biofuels (bio-oil, syngas) and high
value-added products (biochar) using a fixed bed pyrolyzer. This work examines the combined effect of two factors: final
pyrolysis temperature (°C) and MSS moisture content (%) on pyrogenic product yields and characteristics. A centered composite
experimental design (CCD) is established for pyrolysis process optimization by adopting the response surface methodology
(RSM). The statistical results indicate that the optimal conditions considering all studied factors and responses are 550 °C as final
pyrolysis temperature and 15% as MSS moisture content. In these optimal conditions, biofuels yield is around 48 wt%, whereas
biochar yield is about 52 wt%. The pyrolysis products characterizations reveal that (i) pyrolytic oil has a complex molecular
composition rich with n-alkanes, n-alkenes, carboxylic acids, and aromatic compounds; (ii) bio-oil presents a high-energy content
(high heating value HHV around 30.6 MJ/kg); (iii) syngas mixture has a good calorific value (HHV up to 8 MJ/kg), which could
be used as renewable energy vector or for pyrolysis reactor heating; and (iv) biochar residue has good aliphatic and oxygenated
group contents favoring its application as biofertilizer. These findings suggest that MSS conversion into biofuels and biochar is
an appropriate approach for MSS treatment. MSS-to-energy could be proposed as an element for circular economy concept due to
its effectiveness in producing high value-added and sustainable products and reducing environmental problems linked to MSS
disposal.
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Introduction sustainable biofertilizers (biochar) and, thus, reduce environ-
mental problems related to conventional fuel consumption

As a residual product of urban wastewater treatment, munic-  and chemical fertilizer import.

ipal sewage sludge (MSS) is a heterogeneous biomass with a Tunisia is generating yearly around 2.5 million tons of

relatively high organic matter content. MSS thermochemical =~ MSS (ONAS 2016) and has an energy demand around 3857
conversion, particularly via pyrolysis, could contribute signif-  ktep in 2016 (ONE 2017) and a chemical fertilizer consump-
icantly to produce green energy sources (biofuels) and  tion around 127.376 kg/ha of arable land (FAO 2016).
Fulfilling this high-energy demand and ensuring a sustainable
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It could be the best way to implement circular economy con-
cept in Tunisia.

Actually, there are various options for MSS treatment:
landfilling, anaerobic digestion, agricultural composting, in-
cineration, gasification, pyrolysis, microwave pyrolysis,
torrefaction, supercritical oxidation, and thermal hydrolysis
(Karaca et al. 2018; Gao et al. 2020; Schnell et al. 2020).
Most of these methods were used to enable MSS
hygienization (toxic compounds limitation) and volume re-
duction. However, the rising concerns over waste manage-
ment and the increasing focus on hygiene combined with the
associated legal changes highlight the limitations of such tra-
ditional methods for MSS disposal and the relevance of alter-
native technologies for safe treatment through sustainable
conversion into green products (biofuels and biofertilizers).

Biofuel and bioproduct generation from MSS is an effec-
tive non-traditional method for MSS treatment since
bioenergy and bioagriculture are attracting public and scien-
tific attention, driven by some factors such as the necessity of
increased energy and food security and the concern over the
growing emissions of greenhouse gas from the fossil fuels and
synthetic fertilizer consumption. MSS can be converted into
bio-oil, syngas, and biofertilizer by an environment-friendly,
cost-effective, and safe technology called pyrolysis (Alvarez
etal. 2016; Karaca et al. 2018; Gao et al. 2020). Pyrolysis is an
emerging and a promising technique due to its efficiency in
MSS volume reduction, in pathogen neutralization, and in
recovery of organic compounds in forms of energy (liquid
and gaseous biofuels) and into valuable bioproducts (solid
biochar) (Fonts et al. 2012; Gao et al. 2020).

Pyrolysis is the thermochemical decomposition of organic
materials at temperature range between 300 and 800 °C, in the
absence of oxygen, producing volatile compounds which are
usually recovered as condensable tars and non-condensable
gases and a remaining solid residue (biochar) (Fonts et al.
2012; Ben Hassen-Trabelsi et al. 2014; Gao et al. 2020).
Key operational parameters (end temperature, heating rate,
residence time) and some feedstock properties (namely raw
material moisture content) are key factors that should be con-
sidered due to the sensitivity of the pyrolysis technology. By
adjusting the operating parameters, pyrolysis reactions can
lead to obtain mainly char, liquid, or gas. One of the benefits
of using MSS pyrolysis process is that the produced bio-oil
and syngas could be used as energy vectors (Dominguez et al.
2006; Fonts et al. 2012; Djandja et al. 2020). The most com-
mon applications of bio-oil/biocrude include the utilization as
an alternative fuel for transportation and the valorization as
feedstock for valuable chemical products and especially as a
source of active molecules. Syngas is a combustible gaseous
mixture which can be applied widely to produce electricity,
for industrial processes (drying for example) or for liquid fuels
generation through Fischer-Tropsch reactions or also as a
heating source for pyrolysis reactor. Depending on raw
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feedstock composition, the remaining biochar contains also
high amounts of nutrients and can be applied for agronomic
purposes as bio-organic fertilizer (Fan et al. 2020;
Praspaliauskas et al. 2020).

Most of the previous works dealing with sewage sludge
pyrolysis (Trabelsi et al. 2017; Karaca et al. 2018; Fan et al.
2020) were conducted to explore the sludge-to-energy poten-
tial and to investigate the pyrolytic products properties. A part
of these works focused on the potential of converting sewage
sludge into solid biochar valuable as soil enricher or as adsor-
bent via pyrolysis (Agrafioti et al. 2013; Fan et al. 2020;
Praspaliauskas et al. 2020). The other parts studied the con-
version of MSS into useful forms of energy (liquid and gas-
eous biofuels) (Fonts et al. 2012; Trabelsi et al. 2017; Gao
et al. 2020). Ben Hassen Trabelsi et al. (2017) conducted
pyrolysis experiments on Tunisian MSS and highlighted the
great potential of these waste to produce hydrogen-rich syngas
with a high calorific value, whereas Sobek and Werle (2020)
investigated the gaseous biofuels production from the sewage
sludge and highlighted the good “sludge-to-energy” potential
and its importance as an element of the circular economy
concept. Most of these studies, although useful, were conduct-
ed as pointed research work, focusing on some key process
operating parameters and leading to the production of one or
more energy vectors without paying attention to the economic
efficiency of pyrolysis process. Moreover, many works fo-
cused on the investigation of pyrolysis reactions using ther-
mogravimetric scale for sewage sludge (Shao et al. 2008;
Languer et al. 2020; Sobek and Werle 2020) and few studies
prove the pyrolysis process feasibility to produce, simulta-
neously and experimentally, useful biofuels and sustainable
bioproducts.

The objective of this study is to investigate the feasibility of
MSS valorization via pyrolysis towards biochar and energy
production. The novelty of this work is in the experimental
identification using an RSM methodology, of the combined
effect of two key parameters (final pyrolysis temperature and
feedstock moisture content) on pyrolysis products distribution
and qualities, with a focus on converting MSS totally into
renewable biofuels and value-added bioproducts with eco-
nomic interest. This study was basically performed to evaluate
experimentally the applicability of moderate pyrolysis (500—
600 °C) to MSS at laboratory scale (TRL3/TLR4), in order to
advance technical proofs about its economical efficiency as an
environment-friendly route to up-cycle MSS into energy and
biochar.

Therefore, the specific objective of this study is the exper-
imental investigation at TRL3/TL4, through the collection of
experimental proofs of MSS pyrolysis in a laboratory fixed-
bed reactor. The ultimate objective of this work is to demon-
strate that MSS energy/material recovery is a sustainable val-
orization system as an element of the circular economy con-
cept and as an innovative eco-social business model.
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Materials and methods
Raw feedstock characterization

The MSS samples used were collected from an urban waste-
water treatment Plant in Rades (Northern Tunisia). A pre-
treatment process by dewatering and then open air-drying
was applied to reduce MSS moisture content. Pre-dried MSS
was characterized for its ultimate and proximate properties.
Ultimate analysis was performed using PerkinElmer 2400
CHN elemental analyzer. The sulfur (S) content was measured
via Horiba Jobin Yvon elemental sulfur analyzer (ASTM
method D3176-74, 1997). The oxygen amount was obtained
by difference as the following:

O(%) = 100—(C + H + N + S + ash) (1)

The raw MSS high heating value (HHV) and low heating
value (LHV) calculation were obtained based on CHN-O ele-
mental composition using Eq. 2 for HHV established by
Sheng and Azevedo (2005) and Eq. 3 for LHV reported by
Oyebanji et al. (2018):

HHV = -0.3675 +0.3137 C 4- 0.7009 H

+0.0318 O (MJ/kg) (2)
LHV = HHV—(2.442 x 8.936 (H/100)) (3)

Proximate properties were determined using standard
methods for moisture content (AFNOR XP CEN/TS 14774-
3), for ash content (AFNOR XP CEN/TS 14775), and for
volatile matter content (ASTM method D-1762-84, 1990).
Fixed carbon percentage was obtained by difference (Eq. 4):

FC = DM — (VM + Ash) (4)

The raw MSS crystalline nature was studied using XRD
technique with a PANalytical X Pert Pro X-ray diffractometer
equipped with a Cu Ko radiation (A = 1.540562 A) in the 20
range from 3 to 100°. FTIR spectroscopy analysis of pre-dried
MSS was conducted using KBr pellets at a ratio of 5:100
(sample/KBr), in these conditions: (i) Equipment:
PerkinElmer Spectrum BX® Model spectrophotometer, (ii)
spectral range from 400 to 4000/cm, (iii) number of accumu-
lations: 15 scans. The compounds identification was accom-
plished based on previous data reported in the literature (Ben
Hassen-Trabelsi et al. 2014).

Thermogravimetric analysis TGA of pre-dried MSS was
performed using a Setaram thermogravimetric analyzer type
Labsys® thermobalance. The measurements of mass loss
were achieved in these conditions: (i) inert atmosphere: N,
nitrogen gas flow; (ii) temperature range: from 25 to 900 °C;
(iii) heating rate: 10 °C/min. The data were taken and recorded
every 0.4 s (Zaafouri et al. 2016).

MSS pyrolysis optimization
Pyrolysis facility and product recovery

The pyrolysis experiments were conducted in a poor O, atmo-
sphere (constant flow rate of nitrogen N, as a carrier gas),
under atmospheric pressure, using a laboratory-scale reactor
in the Research and Technology Centre of Energy (CRTEn-
Tunisia) (Kraiem et al. 2017). Briefly, the pyrolysis plant con-
sists of a stainless steel batch-type cylindrical reactor (L 125
mm; @ 80 mm), heated by an electric furnace. The pyrolysis
reactor is equipped with (i) a thermocouple K-type which
records the axial temperature inside the reactor, (ii) a temper-
ature PID controller, (iii) a series of condensers with a recov-
ery unit, and (iv) a cryostat for cold water (glycolated water)
circulation. The pyrolysis experimental conditions are as fol-
lows: 10 °C/min of heating rate and 30 min of residence time.
During experiments, the reactor was continuously flushed
with N, in order to guarantee an inert medium for thermo-
chemical degradation and thus releasing vapors produced dur-
ing cracking reactions.

Taking into consideration the heterogeneous nature of the
raw MSS, pyrolysis experiments were carried out in duplicate.
At the end of the experiment, the collected liquid fraction (bio-
oil) and solid biochar were weighed separately, and their
yields were calculated using Egs. 5 and 6. Syngas yield was
calculated by difference following Eq. 7.

Bio-oil mass

Bio-oil (Wt%) = ( ) x 100 (5)

MSS initial mass

Biochar mass

MSS initial mass) x 100 (6)

Biochar(wt%) = (

Syngas (wt%)
= 100%—(bio-oil (Wt%) + biochar(wt%)) (7)

ccb

A centered composite experimental design (CCD) has been
used to optimize the MSS pyrolysis to produce both bioenergy
(biofuels) and biomaterial (biochar). The CCD is composed of
three parts: two-level complete or fractional factorial plane,
central points of the study interval that can be repeated several
times, and the star plane; the points of this plane are located at
the same distance from the center of the study interval. These
star tests are additional in the case that the objective is to
establish a model of second degree. In this work, a study of
the effect of the two factors, X; (final pyrolysis temperature)
and the X, factor (MSS moisture content), on the MSS pyrol-
ysis was performed in order to optimize the pyrolytic product
generation in terms of quantity and quality. For the purpose, a
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CCD has been established by neglecting the points in stars,
which makes it possible to study the interactions between the
various factors, thus checking the central points with repeti-
tions. Each studied factor has three levels: low (-) and high
(+). The levels of each factor and the theoretical matrix are
shown in Tables 1 and 2, whereas the experimental matrix is
given in Table 3. Besides, the mathematical models and the
statistical analysis of the responses were determined using
Minitab® software version 17.

The bio-oil yield (wt%), the biochar yield (wt%), the syn-
gas yield (wt%), the CH,4 content (vol%), the H, content
(vol%), the C,H,, content (vol%), the CO content (vol%),
and the CO, content (vol%) are the studied responses in this
experimental design. The CCD usually follows a second-
degree mathematical model that links the factors to the re-
sponses studied. For all the responses, the mathematical
model is written as follows:

Y=by+b1x1+bax2+b1ix12+b2x22+b12x1x2 (8)

bo The intercept coefficient
by, by
Linear coefficients of the two factors X;, X5
b1, bay
quadric coefficients of the two factors Xj, X,
b1z
interaction coefficient of the two factors X7, X,
X2 X2 quadric terms of the two factors X;, X5
Xi final pyrolysis temperature (°C)
X>
MSS moisture content (%).

Statistical analysis and mathematic models

The statistical analysis of the output variables obtained after
running the experimental design and the calculation of the
coefficients was done with Minitab® software version 17.
The obtained maps studying the interaction between the stud-
ied factors on the final responses of the CCD experimental
design were drawn using the Nemrod-W® software version
9901.

Table 1 The coded levels of the studied factors
Factor Symbol Level
Low  Center High
-1 0 + 1
Final pyrolysis temperature (°C) X, 500 550 600
MSS moisture content (%) X5 10 15 20
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Table2  Theoretical matrix of the CCD for the optimization of the MSS
pyrolysis

Runs  Final pyrolysis temperature (°C) ~ MSS moisture content (%)
1 500 10
2 600 10
3 500 20
4 600 20
5 500 15
6 600 15
7 550 10
8 550 20
9 550 15

Pyrolysis product analyses
Pyrolytic oil

Produced bio-oil obtained at experimental conditions leading
to a maximum of liquid products (600 °C as final pyrolysis
temperature and 20% as MSS moisture content) was charac-
terized by measuring basic fuel properties including density at
15 °C (AFNOR standard method NFT 60-101/ISO 3675),
kinematic viscosity at 40 °C (AFNOR standard method NFT
60-148), calorific value HHV (AFNOR standard method NF
M 07-030 ), moisture content (AFNOR standard method NF T
60—113), acidity index (NF ISO 6618 standard method), flash
point (NF M07- 182 019 standard method), ash content (NF T
183 60—111 standard method), and color (NF ISO 2909 stan-
dard method). The GC-MS bio-oil analyses were performed
using a HP 6890 gas chromatography system with a mass
selective detector HP 5973. The GC-MS conditions are as
follows: (i) a HP-5MS capillary column (L 30 m, internal
diameter 0.25 mm, 0.25 pum film thickness); (ii) He carrier
gas with a flow rate of 0.7 ml/min; (iii) an injector temperature
0f 320 °C; (vi) an oven temperature program as follows: 42 °C
for 4 min followed by a temperature increase up to 300 °C
with 3 °C/min as heating rate and 30 min as hold time at final
temperature.

The pyrolytic oil FTIR spectroscopic analyses were per-
formed in the same conditions used for raw feedstock FTIR
characterization.

Pyrochar

Remaining pyrochar obtained in the optimal conditions (550
°C as final pyrolysis temperature and 15% as MSS moisture
content) was characterized using proximate analyses and
FTIR in the same conditions as for raw feedstock
characterization.
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Table 3  Experimental data
Bio-oil yield (wt%)  Biochar yield (wt%)  Syngas yield (Wt%) CH4 (vol%) H, (vol%) C,H,, (vol%) CO (vol%) CO, (vol%)
1 140 58.0 28.0 3.24 1.78 0.84 1.08 4.44
2 168 54.0 29.2 1.26 2.63 0.62 0.59 0.00
3230 54.0 23.0 1.26 0.00 0.23 0.52 551
4 280 52.5 19.5 21.43 8.88 9.00 9.59 41.1
5 180 56.0 26.0 0.94 0.00 0.44 0.52 3.37
6 278 50.2 22.0 323 1.54 1.76 1.74 9.40
7 174 57.8 24.8 10.06 1.32 7.35 7.53 63.91
8 255 52.0 22.5 7.01 1.67 2.92 3.42 24.6
9 220 52.0 26.0 4.72 0.99 1.93 1.78 5.93

Synthetic gas

Syngas chemical composition was determined for all pyroly-
sis experiments using an online gas analyzer (GEIT 3160
model) equipped with (i) an IRD for CO, CO,, CHy, light
hydrocarbons C,H,, analyses, (ii) a TCD to quantify H,, and
(iii) an electrochemical cell for O, measurement. Before anal-
yses, non-condensable gases were first, cleaned using a series
of gas filters, a water bubbler for tars elimination, and an
activated carbon column for dusts and particulates removing.

Results and discussion
Main characteristics of the MSS

The main MSS properties given in Table 4 indicate that this
waste presents a high VM content (54.5%) giving it a great
potential to be used as a renewable energy source through py-
rolysis. The as-received MSS moisture content is very high
(around 86.6%). It is usually considered as a constraint for
thermochemical processes. For these reasons, we performed
air drying to reduce moisture content (up to 10, 15, and 20%)
before pyrolysis experiments. The selection of these 3 levels
(10, 15, 20%) of MSS moisture content is based on previous
studies on MSS pyrolysis (Fonts et al. 2009; Trabelsi et al.

Table 4  Proximate and ultimate analyses of studied MSS

Proximate analysis (%, dried) Ultimate analysis (wt%, dried)

Moisture 86.6 0.3 C 4821 +1
Volatile 545+3 H 8.17+03
Fixed carbon 6.5 (0] 10.15
Ash 30.8+2 N 1.71 £0.1
HHV 4 (MI/kg) 20.80 S 0.96 +0.1
LHVugee MJ/kg) 19.02 H/C 2.37

o/C 0.18

2017; Agar et al. 2018) which showed that biosolids can be
effectively pyrolyzed at moisture content around 10%.
Moreover, Eke et al. (2020) highlighted that thermochemical
technologies require feedstock with less than 15 wt% moisture.
In this context, 10% was chosen as low level moisture content
and the two higher levels (15% and 20%) were selected in order
to exanimate the effect of MSS moisture content on thermal
degradation and on pyrolysis products properties and to opti-
mize the MSS pre-treatment step (by reducing the drying
duration).

The MSS ash content is around 30.8 % indicating the high
inorganics content whereas fixed carbon content is around
6.5%. The MSS ash is formed mostly of minerals such as
quartz, calcite, or microline, which comprise Fe, Ca, K, and
Mg elements. These inorganic species can enhance some py-
rolytic reactions due to their catalytic effect (Fonts et al. 2012;
Djandja et al. 2020).

The atomic ratios H/C (2.37), O/C (0.18), and energy con-
tents (HHV around 20.80 and LHV around 19.02 MJ/kg) of
studied MSS are also given in Table 4. Due to the great het-
erogeneity of MSS, heating values are very variable from one
study to another (for example: LHV between 22 and 28 MJ/
kg, Inguanzo et al. 2002, and HHV around between 3.4 and
12.2 MJ/kg; Thipkhunthod et al. 2007). Nevertheless, the
MSS energy content is relatively high compared with other
biomasses, confirming its use as feedstock for biofuels pro-
duction via thermochemical processes.

The pre-dried MSS FTIR spectroscopy pattern is given in
Fig. 1. The FTIR obtained results reflect the high oxygenated
groups content (large band at 3393/cm attributed to hydroxyl
groups (OH) contained in alcohols, phenols and organic acids)
and the aromatic character (a large band at 1640/cm corre-
sponding to aromatic groups of C=C) of these raw materials.
The results of TGA/DTA of pre-dried MSS, given in Fig. 2,
indicate that the MSS thermal decomposition occurs in two
major stages: the first one occurring between 50 and 100 °C is
related to a drying phase (with mass loss around 4.64 %) and
the second step of mass loss (estimated to 46.43%) took place
between 200 and 600 °C related to the decomposition of major
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organic components contained in MSS. After 600 °C, the
weight loss, estimated to 3.16% of the MSS original mass, is
attributed to the decomposition of inorganic materials. The
XRD spectrum of the studied MSS sample given in Fig. 3
highlighted the occurrence of key minerals such as quartz
(Si0y), calcite (Ca CO3), dolomite (CaMg(CO3),), and
sugilite (KNa,Fe**5(Li3Si;»)O030).

Optimization of MSS pyrolysis

Analysis of the coefficients of the centered composite
experimental design

The linear and quadratic coefficients corresponding to the
mathematical models that describe the responses are given in
Table 5. The obtained mathematical models for the bio-oil
yield (wt%), the biochar yield (wt%), the syngas yield
(Wt%), the CH,4 content (vol%), the H, content (vol%), the
C,H,, content (vol%), the CO content (vol%), and the CO,
content (vol%) can be written as follows:

Bio-oil yield (wt%) = 22.69 +2.97 T

+ 4.87 H-0.03 T*-2.03H>+0.55 TxH (9)
Biochar yield (wt%)

= 52.77-1.92 T-2.03 H-0.15 T*+2.20 H*+0.63 TxH (10)
Syngas yield (wt%) = 24.54—1.05 T-2.83 H
+0.18 72-0.17 H*-1.17 TxH (11)

CH, content (vol%) = 4.321 +3.413 T

+ 2.523 H-2.037 T? —4.413 H*+5.537 TxH

(12)
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Fig. 2 TGA/DTA thermogram of studied MSS

H, content (vol%) = 0.08 + 1.878 T + 0.803 H
(13)

4 1.145 T>+1.87 H*+2.008 TxH

C.H,, content (vol%) = 2.656 + 1.645 T

—+ 0.557 H-1.918 724-2.117 H*+2.248 TxH
(14)
CO content (vol%) =2.616 + 1.633 T
+ 0.722 H-1.903 T?+2.442 H*+2.39 TxH
(15)
CO; content (vol%) = 16.84 + 11.13 T
+ 5.41 H-15.91 T2+21.96 H*+17.408 TxH
(16)
with H: MSS moisture content (%) and 7: final pyrolysis
temperature (°C).

Fig. 1 FTIR spectrum of studied
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Fig. 3 XRD pattern of studied
MSS
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Analysis of the contour plots

An analysis of the eight responses studied in the experimental
design was conducted, and the contour plots of each response
are presented in Figs. 4, 5, and 6.

Pyrolysis product yields For bio-oil production (Fig. 4a), the
statistical results reveal that the maximum bio-oil yield
(around 29 wt%) is obtained in a temperature range between
580 and 600 °C and a moisture content between 18 and 20%.
This result is consistent with experimental data where the
pyrolytic oil yield is around 28 wt% under these operating
conditions: 600 °C as a final pyrolysis temperature and 20%
for moisture content (Table 3).

For biochar production (Fig. 4b), the statistical results in-
dicate that the maximum biochar yield (around 59.4 wt%) is
obtained in a temperature range between 500 and 530 °C and a
moisture content about 10%. This result is also consistent with
experimental data where the char yield is around 58 wt% un-
der these operating conditions: 500 °C as a final temperature
and 10% for moisture content (Table 3).

Table 5 Determination of the coefficients of the experimental design
bo b by b by b

Bio-oil (Wt%) 22.69 2.97 487 -0.03 -2.03 0.55
Biochar (wt%) 52.77 —-192 -2.03 -0.15 2.20 0.63
Syngas (wt%) 24.54 —1.05 -2.83 0.18 -0.17 -1.17
CHy4 (vol%) 4321 3413 2523 —2.037 4413 5537
H, (vol%) 0.080 1.878 0.803 1.145 1.870  2.008
C,Hy, (vol%) 2.656 1.645 0557 —1918 2.117 2.248
CO (vol%) 2616 1.633 0722 —1903 2442 2390
CO, (vol%) 16.840 11.130 5410 —15910 21.960 17.408

30 40 50 60 70 80 90
Position [*2Theta]

For syngas production (Fig. 4c), the statistical results
indicate that the maximum syngas yield (around 29 wt%)
is obtained in a temperature range between 500 and 600
°C and a moisture content about 10%. This result is con-
sistent with experimental data where the syngas yield is
around 29.2 wt% under these operating conditions: 600
°C as a final temperature and 10% for moisture content
(Table 3).

Syngas composition For CH,4 content (Fig. 5a), the statistical
results indicate that the maximum CH, content (around 19%)
is obtained at 600 °C and a moisture content about 15%. This
result is consistent with experimental data where the yield of
CHy, is around 21% under these operating conditions: 600 °C
as a final temperature and 20% for moisture content
(Table 3).

For H, and C H,, contents (Fig. 5b, c), the statistical
results indicate that the maximum H, and C,H,, contents,
around 6% and 9% respectively, are obtained at 600 °C
and a moisture content about 20%. These results are con-
sistent with experimental data where the H, and C,H,,
yields are around 9% under these operating conditions
600 °C as a final temperature and 20% for moisture con-
tent (Table 3).

For CO and CO, contents (Fig. 6a, b), the statistical results
indicate that the maximum CO and CO, contents, around 9%
and 70%, respectively, are obtained at 600 °C and for a mois-
ture content about 20%. These results are consistent with ex-
perimental data for CO yield with 9.59% under these operat-
ing conditions: 600 °C as a final temperature and 20% for
moisture content (Table 3).

Considering all studied responses and factors, the opti-
mal conditions given by Minitabl7 are as follows: maxi-
mum pyrolysis temperature 550 °C and MSS moisture
content 15%.
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Pyrolysis product characterization
Bio-oil properties
The GC-MS total ion chromatogram (TIC) of bio-oil fraction

obtained at experimental conditions leading to maximum of
liquid products (600 °C as final pyrolysis temperature and

@ Springer

20% as MSS moisture content) is given in Fig. 7 and the
various identified compounds are given in Table 6. The chem-
ical compound identification highlights the richness of studied
bio-oil with hydrocarbons with atom number ranging from
C12 to C29. Among the identified compounds, the most abun-
dant are the following: (i) linear saturated hydrocarbons in-
cluding heptadecane, octadecane; (ii) linear unsaturated
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hydrocarbons including pentadecene, hexadecene; (iii) car-
boxylic acids including heptadecenoic acid, linoleic acid,
1,2-benzendicarboxylic acid, hexadecanoic acid,
octadecadienoic acid; (iv) cyclic hydrocarbons including cy-
clopropane, cyclotetracosane; (v) alcohols such as
bicyclo[2,2,1]heptan-2-o0l and dehydrocholesterol; (vi) ke-
tones such as methylcyclopentanone; (vii) aldehydes such as

tetradecanal. These results highlight the high complexity of
the composition of bio-oils obtained from MSS pyrolysis due
to the heterogeneous character of studied raw materials and to
the occurrence of several chemical reactions (condensation,
polycondensation or polymerization of the hydrocarbon frag-
ments) with temperature increase. Regarding the high com-
plexity of the chemical composition, the direct use of obtained
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Fig. 6 The interaction effect
between final pyrolysis %MS
temperature and MSS moisture
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distribution a for CO content and
b for CO, content
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pyrolytic oil in petroleum-based plants is still difficult.
Therefore, we can suggest their application as source of active
molecule or for the extraction of chemicals through appropri-
ate refining methods.

These findings are comparable with those reported by
Languer et al. (2020) who demonstrated that GC-MS results
of bio-oil obtained from MSS pyrolysis indicate high concen-
trations of monoaromatics and aliphatic hydrocarbon
compounds, confirming the potential of these liquid
products as biofuels and valuable chemicals. Adhikari et al.
(2018) compared the GC-MS molecular composition of some
bio-oils samples produced from solid waste and concluded
that several chemical organic groups including acids, esters,
alcohols, ketones, phenols, aldehydes, alkenes, alkanes, fu-
rans, and sugars are usually present in pyrolysis oils and their
amounts depend on biomass type and pyrolysis conditions.
Besides, in their investigation of GC-MS composition of
bio-oil produced from sewage sludge using microwave pyrol-
ysis, Dominguez et al. (2006) identified eight main classes of
monoaromatics, aliphatics, acids, esters, amides, nitriles,
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steroids, and polycyclic aromatic compounds, with a domi-
nance of aromatic compounds (22%) and of carboxylic acids
(14%).

Table 7 shows basic fuel properties of obtained bio-oil at
experimental conditions leading to maximum of liquid prod-
ucts (600 °C as final pyrolysis temperature and 20% as MSS
moisture content), with comparison with those of Tunisian
and European Diesel oils (Ben Hassen-Trabelsi et al. 2014)
and heavy fuel oil (Weerachanchai et al. 2007). From these
results, it can be seen that:

+  Bio-oil density at 15 °C is around 982 kg/m> which is in
the range of conventional crude oils density (around 1000
kg/m®) but lower than the density value of soybean oil
cake pyrolysis bio-oil (density at 15 °C around 1107 kg/
m’) (Sensoz and Kaynar 2006) and that of bio-oil pro-
duced from date seeds (density about 1020 kg/m®)
(Bharath et al. 2020). Fonts et al. (2009) reported compa-
rable density values (between 972 and 975 kg/m?) for bio-
oils produced from three sewage sludge samples. The bio-
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Table 6  Organic compounds obtained by GC-MS analysis of bio-oil
obtained from MSS pyrolysis (600 °C and 20%)

No. Retention time Area (%) Name of the compound
1 24.49 0.51 Dodecene

2 26.41 0.85 Methylcyclopentanone
3 29.13 1.06 Tridecene

4 30.92 0.81 Methylcyclopentanone
5 31.13 0.59 Methylcyclopentanone
6 33.51 1.04 Cyclopropane

7 33.84 0.43 Tetradecane

8 37.64 1.17 Pentadecene

9 37.95 0.73 Pentadecane

10 41.56 0.85 Hexadecene

11 41.84 0.54 Hexadecane

12 45.28 0.81 Heptadecene

13 45.54 0.54 Heptadecane

14 48.82 0.71 Octadecene

15 49.05 0.47 Octadecane

16 52.19 0.51 Nonadecene

17 53.31 0.66 Hexadecanoic acid

18 55.00 5.61 Linoleic acid

19 55.16 0.14 Octadecadienoic acid
20 55.18 0.58 Octadecadienoic acid
21 62.20 0.81 Tetradecanal

22 64.42 0.48 Tricosane

23 71.00 0.62 1,2-Benzendicarboxylic acid
24 76.58 2.38 Cholest-3-ene

25 77.22 1.65 Cholest-7-ene

26 77.68 1.14 Cholest-4-ene

27 77.83 5.30 Cyclopent([3,4]

28 77.93 6.97 Cholestone

29 78.04 1.67 Cholest-3-ene

30 79.26 0.86 Eicosane

31 78.47 1.46 bicyclo[2,2,1 Jheptan-2-ol
32 82.32 2.83 Stigmastane

33 82.99 1.01 Dehydrocholesterol

oil API degree is around 12.6 which qualify it as a “heavy
crude” (< 20° API = heavy crude and > 30° API = light
crude).

Bio-oil viscosity at 40 °C is about 1.43 cSt and is in the
range of viscosity values of petroleum oils (1.5-1.8 ¢St for
crude oils), but it is lower than the heavy fuel oil viscosity
(around 180 cSt; Weerachanchai et al. 2007). Similar vis-
cosity values measured at 25 °C were reported by Bharath
et al. (2020) for bio-oils obtained from date tree mixture
(1.36 cSt) and for date seeds (1.41 cSt), but very high
viscosity values (around 81 cSt) were reported by Wang
and Yu (2012) for pyrolytic oil produced from Castor seed
and also for bio-oils produced from sewage sludge (be-
tween 7.92 and 16.91; Fonts et al. (2009).

Bio-oil moisture content is relatively high (18%) com-
pared with conventional fuels but this value complies with
standards (ASTM D7544 for pyrolysis bio-oil require-
ments) which suggests that bio-oil moisture content must
be less than 30% on a weight basis. The moisture content
of produced bio-oil (18%) is directly linked to raw MSS
moisture content (20% in these conditions). Several bio-
oils produced from lignocellulosic waste such us oil palm
empty fruit bunches, rice husk exhibit moisture contents
from 18 to 28.3% (Azri Sukiran et al. 2009; Huang et al.
2020), whereas bio-oils obtained from sewage sludge
present moisture contents between 27 and 47% (Fonts
etal. 2009). Bio-oil moisture content is associated to mois-
ture content in raw MSS but is usually enhanced by dehy-
dration reactions during thermal cracking (Adhikari et al.
2018). High moisture content in pyrolytic oil is an incon-
venience for its direct use as fuel (low calorific value,
damage in burners, blockage of filters), but it could be
an advantage since few amounts of water could upgrade
the fluidity (giving lower viscosity) of the bio-oil.
Bio-oil acidity index is around 2.82 mg KOH/g of sample
and is in the same range of those obtained for petroleum
Diesel (between 0.5 and 5 mg KOH/g of sample). The
acidity index of bio-oils obtained from date stones pyrol-
ysis is about 85 mg KOH/g of sample (Fadhil et al. 2017)
while acidity index values between 124 and 138 mg KOH/
g of sample were reported by Ben Hassen-Trabelsi et al.
(2014) for bio-oils produced from fatty animal waste. The
bio-oil acidity is associated to the occurrence of acidic
functions contained in acids, phenols, sugars, and extrac-
tives, and it is usually associated to its oxygen content
(Adhikari et al. 2018).

Bio-oil energy content: the studied bio-oil HHV is 30.6
MJ/kg. This energy content is slightly lower than those of
conventional petroleum fuels (between 46 and 62 MJ/kg;
Table 7), but it is higher than the minimum heating value
(HHV of 15 MJ/kg) required by the pyrolytic oil specifi-
cations (ASTM D7544). The HHV of bio-oil obtained
from MSS pyrolysis is in the range of those of bio-oils
produced from various biomasses: 33.6 MJ/kg for bio-oil
produced from soybean oil cake pyrolysis (Sensdz and
Kaynar 2006), 37.38 MJ/kg for pyrolytic oil obtained
from date stones (Fadhil et al. 2017), 21.41 MJ/kg for
bio-oil obtained from oil palm empty fruit bunches (Azri
Sukiran et al. 2009), and 24.35 and 29.06 MJ/kg for bio-
oil produced from date tree mixture and date seeds, re-
spectively (Bharath et al. 2020). Fonts et al. (2009) report-
ed HHV values between 30 and 32 MJ/kg for pyrolytic
oils obtained from various sewage sludge pyrolysis.
Bio-oil flash point is around 43 °C, which still under the
minimum flash point value (45 °C) required by pyrolysis
bio-oil requirements (ASTM D7544) and also lower than
the petroleum diesel, which is between 55 and 156 °C.
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Fig. 7 GC-MS TIC of the bio-oil
obtained from MSS pyrolysis
(600 °C and 20%)
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Bio-oils from agricultural residues exhibit high flash point
value: 63 °C for bio-oil produced from soybean oil cake
pyrolysis (Senséz and Kaynar 2006) and 87 °C for pyro-
lytic oil produced from castor seeds (Fadhil et al. 2017).
The flash point determination is essential to establish the
maximum temperature of storage or handling to avoid a
fire hazard (Adhikari et al. 2018).

As compared with conventional fuels, the restrictive prop-
erties of bio-oil produced from MSS are high moisture con-
tent, low calorific value, and instability under storage and
heating conditions, hindering its direct use as biofuel.
Further treat and refinement processes of the crude pyrolytic
oil are required to enhance its quality and stability.

FTIR pattern of bio-oil obtained from MSS pyrolysis in the
optimum conditions (600 °C and 20% of moisture content) is
given in Fig. 8. The FTIR results reveal the abundance of
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Fig. 8 FTIR spectrum of bio-oil obtained from MSS pyrolysis (600 °C
and 20% of MSS moisture content)
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oxygenated compounds revealed mainly by the intense peak
at 3416/cm attributable to O—H and N—H stretching vibrations
(Alvarez et al. 2016). The O—H groups are related to the pres-
ence of moisture and hydroxyl functionalities contained in
alcohols or carboxylic acids, whereas the N-H function is
associated to amines and amides from the degradation of pro-
teins contained in MSS (Pokorna et al. 2009; Alvarez et al.
2016). The band at 1710/cm which corresponds to the
stretching bands of the C=0 confirms the richness of bio-oil
with carboxylic acids. The aliphatic character of crude pyro-
lytic oil is revealed by the band around 1402/cm (vibrations of
CH, and CHj; groups). The small peaks between 1600 and
1500/cm confirms the presence of amides in the studied bio-
oil (Dominguez et al. 2006; Pokorna et al. 2009). These results
are consistent with those reported in the literature, i.e., com-
parable FTIR patterns have been reported by Dominguez et al.
(2006), Pokorna et al. (2009), and Alvarez et al. (2016) for
bio-oils obtained from sewage sludge using conventional and
other pyrolysis technologies such as microwave and flash py-
rolysis. Due to the abundance of oxygenated groups contained
in phenols, carboxylic acids, esters, aldehydes, ketones,
sugars, and bio-oil chemical composition give rise to hetero-
geneous fuel unstable over time, hindering its widespread
applications.

Biochar properties

Biochar produced from MSS in optimal conditions (550 °C as
final pyrolysis temperature and 15% as MSS moisture con-
tent) presents low moisture content (1.66%), high volatile
matter content (38%), and relatively high ash content (55%)
due to the high inorganic matter content in raw MSS.
Compared with other biochars produced from agricultural bio-
mass such as wheat straw, sweet potato vine, corn stalk, and
peanut shell, which exhibit ash contents between 8 and 24%
(Sun et al. 2017), the high ash content of studied biochar gives
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Table 7

Fuel properties of the obtained bio-oil from MSS pyrolysis obtained in optimal conditions (600 °C and 20% of moisture content)

Studied
bio-oil

Tunisian diesel

European diesel Heavy fuel oil

(Ben Hassen-Trabelsi et al. 2014) (Ben Hassen-Trabelsi et al. 2014) (Weerachanchai et al. 2007)

Density at 15 °C (kg/m’) 982.0+1.55 890.0

API 12.6 27.48
Kinematic viscosity at 40 °C (¢St)  1.43+0.03 2.50
Moisture content (%) 18.0£0.01 Traces
Acidity index (mg KOH/g sample) 2.82+0.02 5.0
High Heating Value (HHV) MJ/kg) 30.6 +£2.34 46-62
Flash point (°C) 43.00+0.12 55-120
Color 2DIL -

900.0 940.0
3.50-5.00 180
0.5 0.1
0.5 -

- 40
101-156 -

it unattractive properties to be used as solid biofuel. However,
due to its high organic matter content and to its carbon seques-
tration potential, produced biochar from MSS can serve as a
soil additive where it acts for stimulating several biological
processes and soil moisture retention and thus promoting plant
growth and dynamics of soil microorganisms.

The FTIR spectrum of the obtained biochar in optimal con-
ditions (550 °C as final pyrolysis temperature and 10% of
moisture content) is given in Fig. 9. The IR pattern reveals
the richness of biochar with organic compounds and namely
with aliphatic and oxygenated functional groups (1420 and
3424 and 1112/cm, respectively). The IRTF pattern of biochar
obtained from MSS pyrolysis reveals also the presence of
typical patterns of alumina-silicates (stretching vibration at
3500-3300/cm, 1650-1600/cm, 1100-1000/cm, and 550—
450/cm) and shows also the specific absorption bands around
1420 for carbonates (Pokorna et al. 2009). Many small over-
lapped peaks between 875 and at 700/cm are usually assigned
to CaCOj3 (Pokorna et al. 2009). The characterization of bio-
char obtained from MSS reveal substantial promise for using
it for soil restoration, as a fertilizer in replacement of raw MSS
which is highly concentrated with pathogens and toxic
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Fig. 9 FTIR spectrum of the obtained biochar from MSS pyrolysis (550
°C and 15% of MSS moisture content)

compounds. Since biochar properties are associated to feed-
stock and production conditions, and considering the specific-
ity of raw feedstock (MSS), further characterization for pro-
duced biochar produced from MSS as specific amendment
and deep investigations of soil application and in improving
soil quality and stability may be necessary to achieve positive
outcomes.

Syngas chemical composition

Figure 10 gives the non condensable gases composition vari-
ation with pyrolysis increasing temperature. At the maximum
cracking temperature (550 °C), the syngas is formed by
around 9.04 vol% of CO, 45.81 vol% of CO,, 15.43 vol%
of CHy, 4.2 vol% of H,, and 6.980 of CH,,,, with an energetic
value around 8 MJ/m>. The high CH,4 and CO, content and the
relatively low H, and CO contents of the gas at 550 °C could
be attributed to the fact that exothermic reactions (Eqs. 8 and
7) were mainly favored by the carbon dioxide and hydrogen
(Dominguez et al. 2006):

CO + H,O0-~CO;, + Hy (17)
CO + 3H,—CH4 + H,O (18)

These reactions are at the origin of the observed change in
gas composition as a function pyrolysis time. Similar gas
composition has been observed during the MSS pyrolysis
using microwave technology (Dominguez et al. 2006). In
their study, while comparing syngas composition using con-
ventional and microwave pyrolysis, they reported that syn-
gas (H, + CO mixture) yield is much higher in microwave
than in conventional pyrolysis. The high content of methane
and light hydrocarbons gave to the produced gaseous mix-
ture a good calorific value. Regarding its good heating value,
the obtained gas mixture could be used for MSS drying pro-
cess or as a renewable source of heating for the pyrolysis
reactor.
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Fig. 10 Syngas chemical
composition and LHV evolution
during MSS pyrolysis process
(550 °C and 15 °C/min)
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Conclusions

MSS effective management, renewable bioenergy resource ex-
ploitation, and sustainable biofertilizer use are among key chal-
lenge in many developing countries like Tunisia. This study
demonstrates that pyrolysis technology could be presented as
an alternative method to replace the conventional MSS treat-
ment in Tunisia (mechanical dehydration and landfilling), in
terms of MSS volume reduction and of energy recovery with
the valorization of all obtained products (bio-oil as liquid bio-
fuel, syngas for pyrolysis reactor heating, and biochar as
biofertilizer). Under optimum conditions of 550 °C and 15%
of MSS moisture content, moderate pyrolysis (15 °C/min for
heating rate) proved to be an innovative process which leads to
an energy recuperation of 48% as biofuels (bio-oil and syngas).
The remaining 52% is composed of solid pyrochar which could
be applied for agronomic purposes as amendment. Further in-
vestigations of the biochar application as soil amendment and
the evaluation of soil properties change need to be performed,
but initial results have been promising towards the generation
of biofuels and bio-products from MSS in Tunisia. This paper
provides a useful reference to help future decisions for the im-
plementation of large scale pyrolysis plants within MSS-to-
energy industry, as an element of circular economy approach,
which will guarantee the generation of economic and environ-
mental benefits such as MSS management problems, pollution,
and fossil fuel and chemical fertilizer consumption.
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