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Abstract: Sewage sludge management is a key concern in today’s world. Improper disposal can
lead to various environmental issues including air, water and soil pollution. Among the available
technologies, thermal treatments, particularly pyrolysis, are gaining interest for their ability to reduce
sewage sludge volume and to recover materials and energy from it. This study explored the influence
of some relevant parameters in the thermal pyrolysis process. The design of experiment, named
central composite design, was accounted to optimize temperature, heating rate and residence time in
order to maximize the biochar yield and its CO2 adsorption capacity. A two-factor interaction model
provided a satisfactory interpretation of the results. Within the studied ranges, maximum values of
47.8 wt% and 0.514 mol CO2/kg were obtained for the yield and CO2 adsorption capacity, respectively.
Two significant experiments were repeated in a different pyrolysis system highlighting how other
factors (e.g., reactor geometry, granulometry, etc.) can influence the quantity and the quality of
produced biochar. The biochar obtained under the best pyrolysis conditions was characterized by a
surface area of 124 m2/g and an ash content of 61 wt%. Lastly, the theoretical energy balance showed
that the drying process is the main energy-intensive step in the pyrolysis of sewage sludge.

Keywords: sewage sludge; pyrolysis; biochar; design of experiment; carbon dioxide adsorption; yield

1. Introduction

The management of sewage sludge continues to pose significant challenges, due to
the large volumes produced, environmental impacts and associated costs [1]. Recognizing
the value of sludge rich in organic substances and nutrients, the regulatory framework
for sludge management encourages a shift towards sustainable and circular practices.
National policy frameworks are evolving in response to several initiatives, including
the Circular Economy Action Plan [2], the Bioeconomy Strategy [3], the new Fertilizing
Products Regulation [4], the Farm to Fork Strategy [5], the EU Biodiversity Strategy [6], the
EU Soil Strategy [7] and the EU Climate Action [8].

Currently, Italy is the third largest producer of municipal sludge in Europe after
Germany and Spain, with 3.2 million tons per year, approximately 10 wt% of European
production [9]. At the national level, 52 wt% of sewage sludge is disposed of through
landfill or incineration, while 46 wt% is recovered, primarily for agricultural use or soil
restoration [10]. The recovery of inorganic substances is minimal, and energy recovery
in sludge treatment hubs, through methods like anaerobic digestion, pyrolysis, or co-
incineration is very low, only 1 wt%. Considering that the resolution of the infringement
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procedures is expected to result in an additional 800,000 tons of sewage sludge [11] and
that regulations on agricultural recovery are becoming more restrictive, current sewage
sludge management practices in Italy are likely to encounter substantial challenges.

Sewage sludge management should include a diversified territorial approach that
considers the specificity of the sludge and the territory, the principles of the waste hierarchy
and the circular economy, enhancing the system’s flexibility. It is beneficial to focus on the
overall system and to develop sewage sludge treatment hubs that apply different criteria
and technologies as appropriate, including innovative solutions. Thermal treatments are
gaining importance because of their ability to reduce the volume of sludge to be managed
and to recover materials and energy. Among these treatments, pyrolysis stands out as
an effective solution for sewage sludge processing, producing valuable products such as
biochar, bio-oil and gas that can be utilized as fuels or feedstocks [12].

Simultaneously, numerous studies are underway to reduce CO2 emissions into the
atmosphere, exploring alternatives to lower CO2 levels and considering methods to con-
trol the release of this greenhouse gas from industrial activities. The three primary gas
capture and sequestration methods involve the use of liquid absorbents, solid adsorbents
and membranes [13]. Among them, adsorption technologies have garnered significant
attention due to their low deployment cost, high selectivity and recovery for CO2 and
environmental friendliness [14]. Recent innovations have led to the investigation of vari-
ous sorbents including activated carbons, graphene-based materials, amine salt polymer
composites/amine polymers, silicas and silica-amine composites, zeolites and metal oxide-
based sorbents and metal–organic frameworks [15]. Recent progress has proposed the
biochar from pyrolysis of sewage sludge as low-cost sorbents for carbon capture and
sequestration through adsorption [16].

The porous nature of biochar produced by pyrolysis from different biomasses creates
a high surface area (up to 500 m2/g) [17] that together with its surface functional groups
and carbon-rich composition contributes to its effectiveness in carbon capture, through
both physical and chemical sorption [16,18–20]. However, the potential applications of
a sewage sludge biochar as an effective adsorbent highly depends on its morphological
structure and physicochemical properties, which in turn depend on the characteristics of the
feedstock and the conditions of the pyrolysis process [19,21,22]. Nevertheless, conducting
experiments across the entire domain of pyrolysis process parameters and examining
the impact of simultaneous changes in multiple factors would require numerous trials,
which are both expensive and time-consuming. Thus, the importance of the statistical
method called design of experiments (DoE) has been widely recognized in optimizing
synthesis processes, due to its systematic approach to experimentation, improving product
quality, increasing efficiency and reducing costs by enabling precise control and analysis
of multiple variables simultaneously. Recently, DoE was applied to study the synthesis of
CO2 adsorbent materials and pyrolysis processes [23,24].

This study explored the potential of using the biochar produced by the pyrolysis of
sewage sludge as a valuable material for the adsorption of CO2. More in detail, this work
adopts a DoE approach to develop an understanding of the effects of pyrolysis design
factors, namely, pyrolysis temperature, heating rate and residence time on biochar yield and
CO2 adsorption capacity. Furthermore, two sets of representative experiments from DoE
were repeated in a different and more realistic pyrolysis system and the produced biochars
underwent a chemical-physical characterization. Lastly, a theoretical energy balance was
calculated for the drying and pyrolysis phases of a centrifuged sewage sludge outgoing a
wastewater treatment plant. Figure 1 shows the scheme of the phases of this study.
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2. Materials and Methods
2.1. Sample Characterization

The municipal sewage sludge was supplied by a civil wastewater treatment plant
located in Central Italy. The sample (5 kg) was an anaerobically digested sewage sludge,
centrifuged to a final water content of 75.6 wt%.

The sewage sludge was dried in an oven at 105 ◦C for 24 h to remove the moisture and
to stop further biodegradation processes. Subsequently, 500 g of dried sewage sludge was
ground up to particles smaller than 0.5 mm using a Retsch SM 2000 cutting mill, equipped
with a 0.5 mm sieve, and homogenized. This sample underwent chemical and thermal
characterization, as well as was used in the DoE pyrolysis tests.

Proximate analysis was performed to determine moisture, ashes, volatile matter and
fixed carbon content by using a thermogravimetric analyzer (Mettler Toledo TG/DSC1,
Columbus, OH, USA) and adopting the temperature program reported in Table S1. Dried
sewage sludge samples of 30–40 mg were weighed to the nearest 0.001 mg in a 150 µL
alumina pan for proximate analysis.

Ultimate analysis was carried out to determine the elemental composition of the
sample adopting a Macro VARIO Cube elemental analyzer (Langenselbold, Germany).
Carbon (C), Hydrogen (H), Nitrogen (N) and Sulphur (S) were directly measured, while
Oxygen (O) was calculated as the difference in all determined elements and the ash content
to 100 wt%. The samples for the ultimate analysis were prepared in tin boats weighing
20–30 mg to the nearest 0.01 mg of dried sewage sludge with the same amount of the
oxidizing agent, tungsten trioxide.

Thermal analysis was carried out using the Mettler Toledo TG/DSC1 and a differential
scanning calorimeter (DSC), model 250 from TA Instruments (Milford, MA, USA). For TG
analysis (TGA), a 10.0 ± 0.1 mg sample was weighed in a 70 µL alumina pan and heated
from 25 ◦C to 900 ◦C at 10 ◦C/min in a nitrogen flow (60 mL/min). A preliminary ‘blank
experiment’ was performed to correct the TG baseline accounting for the gas buoyancy
effect over the whole investigated temperature range. For DSC analysis, approximately
10.0 ± 0.1 mg of sample were loaded into Tzero aluminum pans and heated up from 50 to
600 ◦C at a rate of 10 ◦C/min under a nitrogen atmosphere (50 mL/min). The results of the
thermal analysis were used to set the pyrolysis experiments and to calculate the theoretical
energy balance.

The high heating value (HHV) was measured using a Mahler bomb calorimeter IKA
C5000 (Staufen, Germany). The sample (0.5 g weighed to the nearest 0.001 g) was weighed
in a polyethylene bag with a known HHV and placed into the bomb. A buffer solution of
10 mL NaHCO3/Na2CO3 was added to the bomb to capture the acid gasses evolved during
the combustion of the sewage sludge. This solution was quantitatively recovered, diluted
with milli-Q water in a 100 mL volumetric flask and analyzed by ionic chromatography
(883 Basic IC plus Metrohm Ion Chromatography, Herisau, Switzerland) for the content of
Cl and Br.

Finally, the low heating value (LHV) was calculated with the following equation:

LHV = HHV − 2.5 (9 (HyC) + (HuC)) (1)

where HyC is the hydrogen content, and HuC is the moisture content of the sample
expressed as fractions.

Each measurement was replicated three to five times.

2.2. Pyrolysis and CO2 Adsorption Experiments through TGA

In this study, the optimum operating conditions for biochar production were studied
in terms of yield and adsorption capacity using DoE software (Design Expert ver. 13, Stat-
Ease, Minneapolis, MN, USA). The effect of three variables (pyrolysis temperature, heating
rate and residence time) on biochar yield (expressed as wt% with respect to the initial mass
of the sewage sludge) and its CO2 adsorption capacity (expressed as moles of adsorbed CO2
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per kilogram of biochar) was examined. These three parameters are recognized as essential
in the pyrolysis studies [25]. Considering that the operating parameters studied could also
interact with each other and that these factors have already been identified as influencing
the process, a “response surface design” was used, more precisely a Central Composite
Design (CCD). This type of DoE requires performing a number (N) of experiments (runs)
equal to

N = 2f +2f + 1 (2)

where f is the number of parameters studied. These experiments were carried out by
varying the parameters within a symmetric domain, consisting of a cubic space, (Figure 2)
where the vertices of the domain (factorial points) are represented by coordinates +1 and
−1, the axial points (sometimes called “star” points) are represented by the coordinates 0,
α, α and the central point by coordinates 0, 0, 0.

Environments 2024, 11, x FOR PEER REVIEW 5 of 23 
 

 

initial mass of the sewage sludge) and its CO2 adsorption capacity (expressed as moles of 
adsorbed CO2 per kilogram of biochar) was examined. These three parameters are 
recognized as essential in the pyrolysis studies [25]. Considering that the operating 
parameters studied could also interact with each other and that these factors have already 
been identified as influencing the process, a “response surface design” was used, more 
precisely a Central Composite Design (CCD). This type of DoE requires performing a 
number (N) of experiments (runs) equal to 

N = 2f +2f + 1  (2)

where f is the number of parameters studied. These experiments were carried out by 
varying the parameters within a symmetric domain, consisting of a cubic space, (Figure 
2) where the vertices of the domain (factorial points) are represented by coordinates +1 
and −1, the axial points (sometimes called “star” points) are represented by the 
coordinates 0, α, α and the central point by coordinates 0, 0, 0. 

 
Figure 2. Representation of the central composite full factorial DOE with the fifteen experiments. 

The experiment corresponding to the central point of the domain (0, 0, 0) was 
repeated six times to evaluate the experimental error. Then, N was twenty. From the 
literature [25–27] and from the thermal behavior of the sample, the operating ranges of 
the pyrolysis were set and the values corresponding to the CCD factors are reported in 
Table 1. The use of medium/high temperatures is also recommended to exploit gas and 
bio-oil produced during the pyrolysis of sewage sludge. Table 2 reports the details of all 
runs. 

Table 1. Experimental parameters (temperature, heating rate and residence time) of the set of 
pyrolysis for the production of biochar and relative coded variables of the DoE CCD. 

Factor Parameter 
Unit of 

Measure * −α +α −1 +1 0 

A Temperature °C 450.00 650.00 490.54 609.46 550.00 
B Heating rate °C/min 5.00 50.00 14.12 40.88 27.50 
C Residence time min 30.00 180.00 60.41 149.60 105.00 

* For the TGA the experimental parameters were rounded to the nearest 0.5 unit. 

  

Figure 2. Representation of the central composite full factorial DOE with the fifteen experiments.

The experiment corresponding to the central point of the domain (0, 0, 0) was re-
peated six times to evaluate the experimental error. Then, N was twenty. From the
literature [25–27] and from the thermal behavior of the sample, the operating ranges of the
pyrolysis were set and the values corresponding to the CCD factors are reported in Table 1.
The use of medium/high temperatures is also recommended to exploit gas and bio-oil
produced during the pyrolysis of sewage sludge. Table 2 reports the details of all runs.

Table 1. Experimental parameters (temperature, heating rate and residence time) of the set of
pyrolysis for the production of biochar and relative coded variables of the DoE CCD.

Factor Parameter Unit of
Measure * −α +α −1 +1 0

A Temperature ◦C 450.00 650.00 490.54 609.46 550.00
B Heating rate ◦C/min 5.00 50.00 14.12 40.88 27.50
C Residence time min 30.00 180.00 60.41 149.60 105.00

* For the TGA the experimental parameters were rounded to the nearest 0.5 unit.
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Table 2. Experimental parameters (Factor A: Temperature/◦C. Factor B: Heating rate/◦C/min. Factor
C: Residence time/min) of the biochar production following the DoE CCD.

Run Factor A (◦C) * Factor B (◦C/min) * Factor C (min) *

1 550.00 27.50 105.00
2 490.54 14.12 149.60
3 490.54 40.88 60.41
4 450.00 27.50 105.00
5 550.00 50.00 105.00
6 550.00 27.50 30.00
7 550.00 27.50 180.00
8 490.54 14.12 60.41
9 550.00 27.50 105.00
10 490.54 40.88 149.60
11 550.00 5.00 105.00
12 650.00 27.50 105.00
13 550.00 27.50 105.00
14 609.46 14.12 60.41
15 550.00 27.50 105.00
16 609.46 14.12 149.60
17 609.46 40.88 149.60
18 550.00 27.50 105.00
19 550.00 27.50 105.00
20 609.46 40.88 60.41

* For the TGA the experimental parameters were rounded to the nearest 0.5 unit.

Pyrolysis experiments and CO2 adsorption capacity measurements were carried out in
two consecutive steps using the Mettler Toledo TG/DSC1. TGA was chosen as a pyrolysis
reactor for its high precision and accuracy in temperature and heating rate control, the
use of small amounts of sample, ease in the experiment preparation and the possibility of
carrying out the pyrolysis and the adsorption experiments in sequence. For the TGA the
experimental parameters were rounded to the nearest 0.5 unit. A sample of 80 ± 1 mg of
dried sewage sludge was placed into a 150 µL alumina pan and underwent pyrolysis at
the operating conditions set by DoE software. Nitrogen flow rate (100 mL/min) and size
particles of sewage sludge (<0.5 mm) were kept constant among the different experiments.

The yield of biochar was calculated as the residual mass with respect to the initial
mass of the sample. Once the pyrolysis was completed, the biochar was cooled to 25 ◦C
with a cooling rate of 10 ◦C/min and N2 at 100 mL/min. After the pyrolysis step, the
biochar CO2 adsorption capacity was measured in isothermal conditions: the sample was
kept at 25 ◦C for 5 min under N2 (flow, 20 mL/min); the CO2 adsorption started opening
the valve and flowing CO2 with 155 mL/min flow rate for 45 min. The CO2 adsorption
capacity was calculated according to the positive mass change in the sample during the
isothermal adsorption. Table 3 summarizes the steps of the experiments.

Table 3. TGA thermal program for each run i of DoE experiments.

Step Sample Atmosphere
Temperature Program

Ti (◦C) Tf (◦C) β = dT/dt
(◦C·min−1)

∆t Isotherm
(min)

Pyrolysis Dried sewage
sludge

N2 at 100 mL/min
25 Trun i βrun i -

Trun i - ∆trun i
Trun i 25 10 -

CO2 ads Biochar
N2 at 20 mL/min 25 - 5

CO2 at 155 mL/min 25 - 45

Ti and Tf, initial and final temperature, respectively. β, heating rate. ∆t, residence time. Run i, i-th run of the DoE
CCD. Hyphen indicates that the variable is not applicable.
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Finally, the results of all experiments were processed by Design Expert ver. 13 software
for statistical analysis and the final equations of the biochar yield and its adsorption capacity
as a function of the three independent variables, temperature, heating rate and residence
time were extracted. The significance level was set at 0.05.

2.3. Pyrolysis through a Bench Scale Semi-Batch Reactor

In order to verify the results of DoE in a different pyrolysis system as well as to produce
an amount of biochar sufficient for its characterization, two significant experiments were
repeated in a larger pyrolysis reactor. The “best experiment” corresponds to the DoE run
(in terms of temperature, heating rate and residence time) that produced a combination
of the highest yield and CO2 adsorption capacity biochar, while the “worst experiment”
corresponds to the DoE run that produced the lowest yield and CO2 adsorption capacity
biochar. A bench scale semi-batch reactor was used for the pyrolysis process: the dried
sample was loaded before the experiment, whereas the vapors/gasses that evolved during
the sewage sludge degradation, were progressively removed as they were formed, thanks to
the action of the carrier gas. The reactor is a steel tube of 70 mm internal diameter with a boat
for the sample, placed in its middle zone. The reactor was inserted in an electrical furnace
(model LTF 12/75/610 Lenton, equipped with a control system specifically designed and
made by Innomec S.r.l., Roma, Italy). Temperature control was performed inside the reactor
using a temperature probe. Samples of 20 g of dried sewage sludge, as it was (Figure
S1), were loaded in the boat of the reactor. The whole set-up was washed for 5 min with
25 L/min of N2 for the atmosphere inertization. N2 generator (Mistral Evolution LCMS,
VICI DBS, Houston, TX, USA) was used to produce N2 with a purity of 98 v/v%.

The temperature program to replicate the “best experiment” of the DoE CCD consisted
of the following steps: heating from 25 to 491 ◦C at 20 ◦C/min, maintaining 491 ◦C for
150 min and cooling to 25 ◦C. Instead, for the “worst experiment” resulting from the DoE
CCD the temperature program was heating from 25 to 610 ◦C at 20 ◦C/min, maintaining
610 ◦C for 150 min and cooling to 25 ◦C. It is important to note that the heating rate of the
electrical furnace is about 20 ◦C/min and it cannot be modified. Thus, “best” and “worst”
experiments were chosen among the four runs that had the closest heating rate to that of
the furnace, i.e., 14.1 ◦C/min. All the steps of both programs were carried out in a nitrogen
atmosphere at a flow rate of 1.2 L/min. This value of N2 flow rate was chosen to keep
the velocity of the gas in the reactor and in the TG equal to about 0.53 m/s. The biochar
produced was collected and weighed to calculate the yield of the pyrolysis process. It was
then labeled as “best” or “worst” biochar depending on the experiment used. The vapor
and gas fractions were not collected nor analyzed.

The two biochars were <0.5 mm milled and subjected to CO2 adsorption experiments
in the TG/DSC1. A sample of 20.0 ± 0.1 mg of biochar was placed in a 150 µL alumina
pan and underwent the following temperature program: heating from 25 ◦C to the biochar
synthesis temperature minus 10 ◦C with a heating rate of 20 ◦C/min under N2 (flow
20 mL/min), cooling to 25 ◦C at 10 ◦C/min under N2 (flow 20 mL/min), maintaining 25 ◦C
for 5 min under N2 (flow 20 mL/min), maintaining 25 ◦C for 45 min under CO2 (flow
155 mL/min). The first two steps were necessary to strongly clean the biochar without
causing further thermal degradation of the material. The second two steps regarding CO2
adsorption were carried out in the same conditions as the DoE CCD experiments.

The “best” and “worst” biochar underwent proximate and ultimate analysis and LHV
determination, as described in Section 2.1. The biochar sample’s surface areas were also
determined using the N2 adsorption technique. N2 adsorption–desorption isotherms were
collected using volumetric equipment (Micromeritics 3Flex analyzer, Norcross, GA, USA)
at temperatures of −196 ◦C, over a relative pressure (p/p0) range from 0.01 to 0.99. Before
the analysis, the samples were outgassed at 250 ◦C under N2 flow for 24 h. The specific
surface area (SSA), pore volume and average pore diameter were determined using the
BET and BJH equations, respectively. The T-plot’ statistical thickness method was used to
calculate micropore volume and micropore surface area.
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3. Results and Discussion
3.1. Sewage Sludge Characterization

The results of the proximate analysis are shown in Table 3. The sample still had a
moisture content due to incomplete dehydration or to adsorption of moisture from the air,
as it had not been stored in a dry environment. The sample presented an interesting content
of volatile matter, and a lower amount of fixed carbon compared to other materials that
can be used for char production, such as lignocellulosic biomass or some plastics [28,29].
Then, char production cannot be separated from the valorization of the gaseous and liquid
products in a pyrolysis process of sewage sludge. It is important to note that the sample
was characterized by a high ash content (around 30 wt%), which means a high content of
inorganic elements accumulates in the produced biochar. Iron, calcium, potassium and
magnesium are usually the main inorganic elements, but the presence of heavy metals
cannot be excluded a priori [30]. The values of proximate analysis were in the wide range
reported in the literature [28].

Table 4 also shows the elemental composition of the sample. C and H accounted for
about 41 wt% while the heteroatoms (N, S, O, Cl) accounted for almost 30 wt%. Elemen-
tal analysis also agreed with values found by other researchers [28]. Sewage sludge in
comparison to lignocellulosic biomass had higher N and S concentrations (S content is
comparable to that of coal). Dead microorganisms are the main source of N and S in sewage
sludge. High concentrations of heteroatoms decrease the quality of pyrolysis products
that, in the case of bio-oil, will have to undergo an upgrading process before being used
as fuel [31]. The presence of O reduces the LHV, while high N and S contents would
lead to the formation of NOx and SOx during combustion with consequent environmental
problems [32]. On the contrary, the halogen concentration can be considered not relevant.

Table 4. Proximate, ultimate and LHV analysis of the dried sewage sludge.

Moisture
(wt%)

Volatile
Matter
(wt%)

Fixed
Carbon
(wt%)

Ashes
(wt%)

C
(wt%)

H
(wt%)

N
(wt%)

S
(wt%)

O *
(wt%)

Cl
(wt%)

Br
(wt%)

HHV
(MJ/kg)

Sewage
sludge 2.4 ± 0.6 57.8 ±

0.3
10.7 ±
0.1

29.2 ±
0.3 36 ± 1 5.3 ±

0.2
5.8 ±
0.2

1.1 ±
0.1 22.2 0.050 ±

0.002 n.d. 15.0 ±
0.3

* Oxygen is calculated by difference. n.d.: not detected.

Figure 3a shows the thermal behavior of the sample through TG and derivative TG
(DTG) curves, highlighting the temperatures and mass variations during the thermal
degradation under an inert atmosphere. Except for the first mass loss (below 170 ◦C)
due to water evaporation, the pyrolysis of the sample occurred in four steps. The first
three, in the range 170–590 ◦C with a mass variation of about 40 wt%, correspond to the
main decomposition phase in sewage sludge, involving the emission of organic volatile
substances [33]. The DTG curve in this temperature range shows two overlapping peaks
with maxima around 280 ◦C and 320 ◦C, along with a shoulder near 420 ◦C, attributed to the
decomposition of carbohydrates and proteins and aliphatic compounds, respectively. The
fourth isolated step occurring at around 700 ◦C with a slight mass loss of 3 wt%, is mainly
attributed to the decomposition of inorganic materials, such as calcium carbonate [33].
At the end of the analysis, the TGA curve was characterized by weight loss with an
approximately constant rate, not reaching a plateau. The final residue (39 wt%) appeared
as ash covered by a layer of coke.

As shown in Figure 3b, the DSC curve exhibits four main transformations. The ex-
tremely large endothermic peak before 200 ◦C was attributed to the latent heat of water
vaporization resulting from the moisture content and the decomposition of the bonded
hydrated compounds in the sample. The subsequent endothermic peaks, occurring be-
tween approximately 200 and 380 ◦C, corresponded to the major peaks in the DTG curve,
indicating that these reactions were accompanied by intensive mass loss.
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Figure 3. TG (green) /DTG (purple) (a) and DSC (red) (b) curves of the sewage sludge at 10 ◦C/min
under an inert atmosphere.

As the temperature increased further, an exothermic reaction occurred between
460 and 560 ◦C due to the charring process, which involved the interaction between organic
matter and the volatile compounds released during the earlier stages of decomposition,
and the transformation of inorganic materials into carbonates [34,35].

The total energy required for the endothermic reactions was 129 J/g, while the exother-
mic one amounted to 78 J/g.

To conclude the sample characterization, an HHV of 15.0 MJ/Kg was determined by
bomb calorimetry, in line with other values found in the literature for sewage sludge from
wastewater treatment [36]. Low HHV values of dried sewage sludge lie in the fact that
the sample has a high content of non-combustible elements, such as inorganic ones and O.
Taking into account the measured values of H and moisture, the LHV was calculated using
Equation (1) and resulted in 13.75 MJ/kg.
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3.2. Optimization of Design Parameters for Biochar Production

Table 5 reports the results obtained from pyrolysis runs in terms of biochar yields and
its CO2 adsorption capacity.

Table 5. Yield and CO2 adsorption capacity of the biochars produced by different pyrolysis conditions.

Run Yield
(wt%)

Adsorption Capacity
(mol CO2 ads/kg)

1 44.76 0.468
2 46.23 0.491
3 46.00 0.484
4 47.80 0.454
5 43.10 0.428
6 46.00 0.445
7 43.85 0.397
8 46.10 0.458
9 44.00 0.417
10 46.15 0.390
11 46.20 0.461
12 40.90 0.397
13 44.60 0.450
14 44.70 0.433
15 44.50 0.459
16 42.60 0.514
17 38.20 0.316
18 44.00 0.441
19 44.40 0.421
20 43.14 0.457

The runs carried out gave results in terms of CO2 adsorption in the range of
0.316–0.514 mol CO2/kg, where run 16 (609.5 ◦C, 14.1 ◦C/min and 149.6 min) recorded
the best result. Literature reports that biochar obtained from pyrolysis of sewage sludges
shows values of adsorption capacity around 0.4–0.6 mol CO2/kg [37,38], in line with the
values obtained by this study. Biochar produced from different types of biomasses and
with different procedures has adsorption capacities between 0.4 and 2.8 mol CO2/kg [38].
The reported ranges are broad, and it should be taken into consideration that it is difficult
to compare the adsorption capacities of biochar obtained from similar feedstock as well as
from similar pyrolysis conditions because the different experimental parameters, such as
adsorption temperature, CO2 pressure, granulometry or the apparatus used to carry out
the analysis, greatly influence the result. Other solid materials such as zeolites produced
from waste materials reach values between 0.1 and 5.1 mol CO2/kg [23].

Among best-performing methodologies, absorption in aqueous solutions (e.g., aque-
ous solutions of alkanolamines) is one of the most industrially used, even if expensive
management of the saturated solutions is required [39]. To be competitive with current
carbon capture methodologies, a new solid material should capture 3–4 mol CO2/kg [39].
In the case of sorbents from waste, the circular approach with the use of low-cost materials
instead of virgin raw resources and the saving on waste disposal should also be taken into
account. Furthermore, biochar is only one of the products of the pyrolysis of sewage sludge
and an overall feasibility study of the process will also have to take into consideration the
exploitation of bio-oil and gas. Biochar could also undergo an activation process through a
chemical or physical agent to improve its adsorption capacity.

Regarding the biochar yield, values vary between 38.2 and 47.8 wt%, where test 4
(450 ◦C, 27.5 ◦C/min and 105 min) obtained the best result. The yields align with those
reported in the literature, where authors observed values in the range of 25–64 wt% [40,41].
Also, in this case, the high variability depends on the different feedstocks and operating
conditions. Because of the high ash content (29.2 wt%) in the sewage sludge and ash
accumulating into the pyrolysis solid residue, the yields of the real carbonaceous substance
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drop to 9–18.6 wt%. Thus, biochar is mainly composed of ashes with values between 76
and 61 wt%. Table 6 shows the statistical data necessary for evaluating the goodness of the
models for the adsorption capacity and yield.

Table 6. Statistical parameters for the evaluation of the two models.

Optimized Results Model p-Value Lack of Fit p-Value Adj-R2 Pred-R2

CO2 adsorption capacity 2FI <0.0001 0.4268 0.7396 0.5892

Yield 2FI <0.0001 0.1147 0.9506 0.8369
2FI: two-factor interaction model. p-value: significance value, probability of observing a value of the ratio
between the variance of the experimental data and the variance of the residuals greater than that calculated on the
experimental data, assuming that the null hypothesis is true. lack of fit p-value: comparison of the value of the
residuals obtained from the model with the experimental error obtained from the replica of the test at the central
point of the domain. Residuals significantly greater than the experimental error highlight a model that is not
suitable for “fitting” the experimental data. Adj-R2: proportion of the variation in the dependent variable that is
predictable from the independent variable(s). It is a modified version of R2 that has been adjusted for the number
of predictors in the model. Pred-R2: indication of how well the model predicts responses for new observations.
The difference between Pred-R2 and Adj-R2 should be <0.2.

Regarding the CO2 adsorption capacity of biochar, Design Expert selected a two-factor
interaction model (2FI). The model was significant since the p-value was less than 0.05. The
lack of fit is not significant (>0.05): a non-significant lack of fit indicates a good ability of
the model to “fit” the obtained data. The values of Adj-R2 and Pred-R2 are in satisfactory
agreement (their difference is less than 0.2), even if their values are only medium-high.
This means that the model is able to interpret the variance of the obtained data, but higher
values would have guaranteed greater reliability.

The following equations describe the correlation between the adsorption capacity and
the studied parameters in terms of coded and actual factors.

CO2 ads = 0.439 − 0.0146 × A−0.0224 × B − 0.0148 × C − 0.0436 × BC (3)

CO2 ads (mol/kg) = 0.443292 − 0.000245 × A + 0.006006 × B + 0.00168 × C −
0.000073 × BC

(4)

where A, B and C are the DoE CCD factors, corresponding to temperature, heating rate and
residence time, respectively.

The coded Equation (3) “weights” each factor and their interactions for the CO2 ad-
sorption, while the actual Equation (4) can be used to make predictions about the response
of the biochar in different synthesis conditions. From Equation (3) it can be observed that
all the analyzed factors individually influence the adsorption of CO2, although the heating
rate (B) is the parameter that weighs the most. However, the two-factor interaction term
between the heating rate and the residence time (BC) has the highest “weight” (coefficient
0.0436). On the contrary, the other two-factor interactions (AC and AB) for the CO2 ad-
sorption capacity of biochar are not significant with the model obtained from these results.
Equation (4) revealed that the model predicts the experimental values of CO2 adsorption
capacity quite well. The mean relative error between the experimental and calculated
values was 4%, corresponding to an absolute error of ±0.02 mol/kg on the values of CO2
adsorption capacity. Figure S2 summarizes this issue, plotting actual versus predicted
values. Figure S3 shows the statistical distribution of the residuals of the different runs,
defined as the difference between values predicted by the model and the actual ones. The
points followed the red line, highlighting a good normal distribution. Figure S4 represents
how the predicted values by the model influenced the residuals: no trends were observed
in the plot and the so-called “megaphone effect” (high and low residuals correspond to
high and low predicted values respectively, taking the shape of a megaphone) was absent.
Figure S5 shows the trend in the residuals as a function of the runs: the distribution of
the residuals is random as it should be, corresponding to a lack of trends or the presence
of variables not considered within the process. The two red lines above and below in the
last two figures identify the outliers (the values beyond red lines) among the different
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runs, i.e., anomalous and aberrant values that are clearly far from the others in a set of
results. As can be observed from Figures S3 and S4, there are no outliers among the values
of adsorption capacity.

Figure 4 shows the trend of CO2 adsorption capacity as a function of the biochar
synthesis parameters: heating rate and residence time at two different temperatures (490.5
and 609.5 ◦C). Comparing Figure 3a,b, it can be noted that the shape of the two 3D curves is
very similar, they are quite simply translated and, consequently, heating rate and residence
time did not change their way to influence the CO2 adsorption capacity as the temperature
changed. Generally speaking, in the investigated temperature range, the CO2 adsorption
capacity increased (from 450 to 500 ◦C) and then decreased (from 500 to 650 ◦C) with
increasing temperature, although the best result was found at 609.5 ◦C (14.12 ◦C/min and
49.6 min, run 16). Lu and collaborators [42] found that the surface area of biochar increased
with temperature, but it was reduced for biochars obtained at 550–650 ◦C, possibly owing
to the pore enlargement phenomenon because of a loss of volatiles in the intermediate
thermoplastic phase. The formation of a macro-porous structure decreases the specific
surface area, and consequently, the CO2 adsorption capacity. These effects can be explained
considering that higher temperatures favored the volatilization of solid matter with the
consequent lower formation of biochar per unit mass of solid residue. Furthermore, higher
CO2 adsorption capacity was obtained for slow heating rates at long residence times and
for short residence times at high heating rates. Also, the influence of heating rate and
residence time on the CO2 adsorption capacity was related to the release of volatile matter
during pyrolysis. As an example, a slow heating rate and long residence time gave the
time for the development of a porous structure during the thermal degradation of sewage
sludge. On the contrary, long residence time with a fast heating rate caused an excessive
production of volatile matter with the consequent formation of a macro-porous structure.

Regarding biochar yield, a 2FI model was used for the analysis of the results. We found
out (Table 6) that the model is significant (p-value < 0.05), while the lack of adaptation is
not significant (lack of fit > 0.05). Furthermore, the Adj-R2 and Pred-R2 are high and close
together. These statistical parameters identified an accurate model for the prediction of
biochar yields of a pyrolysis process. Equations (5) and (6) express the correlation between
the biochar yield and the three investigated factors in terms of coded and actual factors,
respectively:

Yield = 44.36 − 2.01 × A − 0.8313 × B − 0.7598 × C − 0.7225 × AB − 0.9150 × AC
− 0.3525 × BC

(5)
Yield (wt%) = 31.0766 + 0.027412 × A + 0.499428 × B + 0.188999 × C − 0.000908

× AB − 0.000345 × AC − 0.000591 × BC
(6)

where A, B and C are the DoE CCD factors, corresponding to temperature, heating rate and
residence time, respectively.

Unlike CO2 adsorption capacity, all factors and all their binary interactions were found
to be significant for the biochar yield. Temperature is the factor with the highest weight
(coefficient equal to 2.01), as was foreseeable for the product yields of a pyrolysis process
since it controls the cracking reactions of the organic matter [43].

In Figures S6 and S7, the points are quite well distributed along the lines, showing a
good normal distribution of the results. The mean relative error between the experimental
and calculated values was around 0.7%, corresponding to an absolute error of ±0.3 wt%
on biochar yields. From Figures S8 and S9, it is evident that there was not a “megaphone
effect” and the distribution of the residuals had no trend. However, run 2 was recognized
as a possible outlier, lying on the low red borders of the two Figures.

Figure 5 shows the trends in biochar yield as a function of the heating rate (B) and
residence time (C) at 490.5 and 609.5 ◦C, as an example. Biochar yield achieves its optimum
between 300 and 500 ◦C and, once the temperature of complete carbonization is reached,
biochar yield is reported to constantly decrease with temperature [40,44].
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609.5 ◦C (b). Red and pink dots indicate the domain limits.

In the studied temperature range, higher temperatures favored a greater decomposi-
tion and subsequent higher volatilization of the sewage sludge. As a result, the residual
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solid matter decreased. Many authors reported that the increase in pyrolysis temperature
resulted in a significant decrease in biochar yield [26,45]: higher temperatures correspond
to a greater primary decomposition of the initial feedstock or to secondary reactions of the
solid residue. As already seen, run 4, which is the run carried out at the lowest temperature,
obtained the highest biochar yield. Figure 5a shows how at 490.5 ◦C, biochar yield is
weakly dependent on heating rate and residence time: in particular, biochar yield slightly
decreased with heating rate and slightly increased with residence time. The shape of the
3D curve obtained at 609.5 ◦C (Figure 5b) is completely different from that at 490.5 ◦C:
temperature heavily affected how heating rate and residence time influenced the variable
studied since in Equations (5) and (6) the two-factor interaction terms involving tempera-
ture, AB and AC, appear. At 609.5 ◦C, a fast heating rate and long residence time cause a
more complete degradation of the sewage sludge solid matrix towards the liquid bio-oil
and gas fractions [23,46].

Therefore, to increase the biochar yield, it may be interesting to study a lower temper-
ature range, probably to the detriment of the CO2 adsorption capacity of produced biochar.
The CO2 adsorption capacity could be improved by physical or chemical activation of
biochar in a subsequent step [20]. The observation that yields and CO2 adsorption capacity
do not exhibit the same trend, with respect to the studied parameters implies that CO2
adsorption capacity is not solely contingent upon the quantity of biochar produced (since
we are considering the ash content of biochar). Rather, it is influenced by the distinct
morphology and chemical physical structure of biochar generated by different runs.

In light of the results regarding both biochar yield and CO2 adsorption capacity, the
DoE software provided the optimal parameters to produce biochar from sewage sludge by
pyrolysis, prioritizing the CO2 adsorption capacity. These parameters correspond to those
set for run 2.

3.3. Biochar Produced by a Semi-Batch Bench Scale Reactor

The results obtained in terms of yield and CO2 adsorption capacity for biochar pro-
duced by the “best experiment” and “worst experiment” (chosen among the run with a
heating rate of 14.12 ◦C/min, run 2 and run 14 of the DoE CCD, respectively) in a semi-
batch bench scale reactor are shown in Table 7. The CO2 adsorption was preceded by a
purge phase (from 25 ◦C to the biochar synthesis temperature minus 10 ◦C) where the
samples lost weight (6–7 wt%) prior to reaching a constant value and starting the CO2
adsorption. This weight loss was due to the release of gasses/vapors (mainly, humidity
and the CO2 of the air) adsorbed by the carbonaceous structure of the sample during its
storage. This purge was not carried out during the TGA runs of DoE CCD, since pyrolysis
was immediately followed by CO2 adsorption tests without any contact between biochar
and ambient air.

Table 7. Biochar yield and CO2 adsorption capacity obtained in a semi-batch bench scale reactor
adopting the “best” and “worst” experimental parameters resulting from DoE.

Test Temperature
(◦C)

Heating
Rate

(◦C/min)

Residence
Time
(min)

Experimental
Yield
(wt%)

Experimental
Adsorption

Capacity
(mol CO2 ads/kg)

Theoretical
Yield
(wt%)

Theoretical
Adsorption

Capacity
(mol CO2 ads/kg)

“Best” biochar 491 20 150 43.9 0.735 46.8 0.476
“Worst”
biochar 610 20 60 42.7 0.625 44.7 0.427

As can be observed, the predictions of DoE were correct: the “best” operating param-
eters really led to a higher biochar yield and this biochar was characterized by a higher
CO2 adsorption capacity in comparison to those obtained with the “worst” operating
parameters. As expected, in the studied ranges, lower temperature and higher residence
time (the heating rate could not be modified in this pyrolysis system) both enhanced the
quality of the produced biochar, while their effect was in contrast in terms of yield. On
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the other hand, experimental and theoretical values (those calculated by Equations (4) and
(6) of DoE for the set parameters) were different: the experimental yield was lower than
the theoretical one, while the experimental adsorption capacity was significantly higher.
The average relative errors between the experimental and calculated values were 6 and
33% for biochar yield and CO2 adsorption capacity, respectively. Especially in the case of
CO2 adsorption capacity, these errors are higher in comparison to those determined for
TGA experiments (0.2% and 3%, respectively). These discrepancies were caused by the
different experimental set-ups. Indeed, the Lenton system was characterized by a worse
control of process parameters (i.e., temperature, heating rate, time, N2 flow rate) compared
to the TGA, and the nitrogen produced by the generator was not as pure as that used for
TGA. Furthermore, the two pieces of equipment had different lengths and geometries of
the reaction chamber with different fluid dynamics, although the velocity of the gas in the
reactor was kept constant, and different contact surfaces between the sample and the gas
carrier. It is well known that even the flow of the inert gas is an important parameter in
the pyrolysis process, influencing the yield and the quality of the products [47]. Lastly, the
sample had the following different characteristics: quantity (from milligram to gram for
TGA and Lenton, respectively) and granulometry (from uniform < 0.5 mm to non-uniform
< 20 mm for TGA and Lenton, respectively). All these differences caused an improvement
in CO2 adsorption capacity with a slightly lower biochar yield. This result showed how,
although the parameters related to temperature and time are extremely important in a
pyrolysis process, different reaction systems lead to different results regarding CO2 adsorp-
tion capacity and biochar yield in absolute terms, despite the general trend being respected.
CO2 adsorption capacity seems to be more sensitive to these modifications in comparison
to the biochar yield.

Table 8 shows the specific surface area, volume and average pore size of dried sewage
sludge, “best” and “worst” biochar, determined by BET/BJH analysis. Figures S10 and
S11 depict their adsorption/desorption and pore distribution curves, respectively. The
analyzed samples exhibit a type IV isotherm with a hysteresis loop (Figure S10) attributed
to capillary condensation within mesopores (20 < d < 500 Å) at the relative pressure range
of 0.45–0.99 p/p0. The lower adsorption at p/p0 < 0.4 and the higher adsorption at p/p0

> 0.9 suggest that the biochars had a number of micropores (d < 20 Å) and macropores
(d > 500 Å), respectively. According to the IUPAC classification, the hysteresis loops are
categorized as type H3, with a minor presence of type H4. This indicates that slit-shaped or
wedge-shaped pores are predominant in the samples [48].

Table 8. Surface area and pore characteristics of dried sewage sludge, “best” and “worst” biochar.

Sample Surface Area
(m2/g)

Micropore Area
(m2/g)

Pore Volume
(cm3/g)

Micropore Volume
(cm3/g)

Pore Average Diameter
(Å)

Sewage Sludge 0.46 0.23 0.004 0.000081 205.37
“Best” biochar 123.85 97.03 0.063 0.038 88.69

“Worst” biochar 102.91 86.85 0.051 0.034 104.08

While dried sewage sludge had a negligible surface area of 0.46 m2/g, the “best” and
“worst” biochar were characterized by a surface area of 123.85 and 102.91 m2/g, respectively.
Pyrolysis of different biomass feedstocks produced biochars with a wide range of surface
area (0.1–570 m2/g) [49].

In the adsorption isotherm of the dried sewage sludge, the quantity of N2 adsorbed
at low relative pressures increases slowly compared to that of biochars, indicating poorly
developed micropores. Indeed, according to the t-plot method, the micropore area in the
dried sewage sludge accounts for only 50% of the total specific surface area, compared to
almost 78% and 84% for the “best” and “worst” biochar, respectively (Table 8).

As shown in Figure S11A, the pore size distribution of the sewage sludge sample is
narrower and multimodal, with predominant pores in the diameter range of 136.1–98.5 Å.
The differential pore volume (Figure S11B) shows a shift of the peak corresponding to small
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pores from 63.2 to 52.7 Å to 40.6–36.2 Å in the biochar samples. Additionally, the volume of
mesopores in the samples increases notably compared to the sewage sludge, with a greater
amount observed in the “best” biochar. Moreover, a shift in the micropore region is evident
in Figure S11B, indicating a pronounced increase in the presence of smaller pores in the
“best” biochar sample.

In general, the BET-specific surface area, pore size and pore volume all have a positive
impact on the CO2 adsorption capacity of biochar. High temperature or subsequent physical
or chemical activation led to biochar with a higher surface area.

This is due to the release of volatile organic compounds from the raw material structure,
which creates porous networks and increases the total specific surface area. As a result,
more active sites become available for interactions between CO2 and biochar. However,
studies have demonstrated that CO2 adsorption capacity correlates more strongly with
micropore surface area than with BET surface area [50]. Additionally, the volume and
surface area of micropores in biochar typically increase with higher pyrolysis temperatures.
Nevertheless, temperatures above 500 ◦C may lead to an opposite trend, as neighboring
pores can coalesce, potentially enlarging the pores (creating mesopores and macropores)
and reducing their overall volume [22].

According to Zhang et al. [51], the role of biochar pores in capturing CO2 can be
summarized as follows: macropores facilitate diffusion CO2 diffusion throughout the
bulk of biochar, while mesopores serve as transport channels that allow CO2 to move
unrestrictedly and reach the micropores. These latter serve as the main sites for CO2
adsorption and retention, allowing CO2 to be fixed within the biochar material.

The adsorption properties of biochar are closely related to its carbon content, which
may vary based on the conditions under which the feedstock undergoes pyrolysis. How-
ever, drastic thermal/physical/chemical conditions could cause high volatilization and
produce a solid residue mainly composed of ash. Pelagalli et al. [20], in their review on
pyrolysis of municipal sewage sludge, reported biochar obtained by several studies with a
narrower range of surface area (0.1–70 m2/g) and with a high ash content (52–92 wt%).

Table 9 reports some other features of the two biochars. As far as the organic fraction
is concerned, carbon was the main element, and the “best biochar” still had 21 wt% of
volatile matter, while the fixed carbon is equal to about 13 wt%. The weight loss at 105 ◦C
corresponds to the moisture content with a value similar to that obtained during the
purge of biochar before the CO2 adsorption test. “Best biochar” was mainly composed
of ash that, being the inorganic fraction, was unaltered by pyrolysis and accumulated
into the solid phase. The “worst biochar” had similar characteristics with a slightly lower
moisture content and higher ash content. Because of the high ash content, LHV was around
6–7 MJ/kg. The high ash content also limited the CO2 adsorption capacity. Indeed, the CO2
adsorption capacity of ashes obtained after combustion at 550 ◦C for 1 h of a “best biochar”
sample resulted as null under these experimental conditions. Therefore, calculating the
CO2 adsorption capacity of the biochar net of the ash content, it was found to significantly
increase from 0.735 to 1.87 mol CO2/kg, in the case of “best biochar”. In the future, it
might be interesting to study how the CO2 adsorption capacity may vary for different
pyrolysis parameters net of biochar ash content. Even if the organic and the inorganic
components of biochar cannot be separated in real terms, it would be interesting to correlate
the CO2 adsorption capacity only to the morphology and chemical physical characteristics
of its carbonaceous structure. This approach could even improve the reliability of the CO2
adsorption capacity model obtained by DoE.
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Table 9. Proximate, ultimate and LHV analysis of “best” and “worst” biochar.

Sample Moisture
(wt%)

Volatile
Matter
(wt%)

Fixed
Carbon
(wt%)

Ashes
(wt%)

C
(wt%)

H
(wt%)

N
(wt%)

S
(wt%)

O *
(wt%)

LHV
(MJ/kg)

“Best”
biochar 5.6 ± 0.1 21.1 ± 0.4 12.7 ± 0.3 60.6 ± 0.1 23.1 ± 0.4 0.40 ± 0.04 3.2 ± 0.1 0.40 ± 0.01 12.3 6.78 ± 0.09

“Worst”
biochar 4.8 ± 0.2 17.5 ± 0.5 14.1 ± 0.8 63.7 ± 0.9 22.8 ± 1.7 0.2 ± 0.1 2.5 ± 0.2 0.5 ± 0.1 10.4 5.95 ± 0.07

* Oxygen is calculated by difference.

3.4. Theoretical Energy Balance

The energy consumption associated with the pyrolysis process of digested and cen-
trifuged sewage sludge can be divided into two phases: drying and pyrolysis, the latter
divided into heating and thermal degradation. In this theoretical energy balance the energy
is simply supplied through the complete combustion of the dried sewage sludge (i.e., by its
LHV), without considering the heat recovered from the hot fumes.

For the drying phase, the energy balance is

Mdss·LHV = cpSS·MTQ·∆T + MW·λ (7)

where MdSS is the mass (kg) of dried sewage sludge to burn in order to dry 1 t of centrifuged
sewage sludge;

LHV is the low heating value (MJ/kg) of dried sewage sludge;
cpSS is the specific heat (J/(kg ◦C)) of sewage sludge;
MTQ is the mass (kg) of centrifuged sewage sludge;
∆T is the temperature difference (◦C) between drying temperature (105 ◦C) and

ambient temperature (25 ◦C);
MW is the mass (kg) of water in the centrifuged sewage sludge;
λ is the water latent heat of evaporation (2257 kJ/kg).
The cpSS was calculated with the following equations [52]:

cpSS = cpW
X

1 + X
+ cpDM

1
1 + X

(8)

cpDM = 1434 + 3.29·T (9)

where cpW is the specific heat (4187 J/(kg ◦C)) of water;
cpDM is the specific heat (J/(kg ◦C)) of dried sewage sludge;
X is the weight fraction of water in dried sewage sludge;
T is the temperature of dried sewage sludge.
If MTQ is 1000 kg with a water content of 75.6 wt%, MW is 756 kg and X is 3.1.

The cpDM was calculated at 25 ◦C, assuming that the variations of cpDM are insignifi-
cant for the energy balance in the considered temperature range. Consequently, it re-
sults in cpDM =1516.25 J/(kg ◦C) and cpSS =3535.34 J/(kg ◦C). Then, from Equation (7)
we obtained

Mdss =
cpSS·MTQ·∆T + MW·λ

LHV
= 144.7 kg (10)

Therefore, the energy needs for the drying process of 1 ton of centrifuged sewage
sludge with a moisture content of 75.6 wt% require burning more than half (59 wt%) of the
dry matter present in the sewage sludge.

The second phase concerns the heating of the dried sewage sludge up to the degra-
dation temperature and the heat needed for thermal degradation (from the endothermic
peaks of the DSC curve). Then, the overall energy needed for the thermal pyrolysis of the
dried sewage sludge was calculated according to Equation (11):

Mdss·LHV = cps· (M dss)p·∆T + QD ·(M dss)p (11)
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where Mdss is the mass (kg) of dried sewage sludge to burn in order to pyrolyze 1 t of dried
sewage sludge;

(M dss)p is the mass (kg) of dried sewage sludge to pyrolyze;
LHV is the low heating value (MJ/kg) of dried sewage sludge;
cps is the specific heat of the sample (1008 J/(kg ◦C), experimentally derived from the

DSC curve;
∆T is the temperature difference (◦C) between an intermediate degradation tempera-

ture (319 ◦C) and the drying temperature (105 ◦C);
QD is the degradation heat (MJ/kg) associated with the three endothermic peaks of

the DSC curve connected to the pyrolysis process (109,000, 14,000 and 6000 J/kg).
Writing Equation (11) as carried out for Equation (10), we obtained

Mdss =
(Mdss)p(cpDM·∆T + QD)

LHV
= 25.1 kg (12)

The energy needs for the pyrolysis process of 1 ton of dried sewage sludge require
burning about 10 wt% of the dry matter present in the sewage sludge. More commonly, the
required energy can be supplied by the combustion of a fraction of the pyrolysis products
and exploiting the relative heat recovery.

Comparing the results of Equations (10) and (12), the extremely high energy needs of
the drying phase are evident. Innovative dewatering processes for sewage sludge such as
filter press technology [53], dewatering electrodehydration [54], geotexil tube [55] together
with innovative drying processes such as solar drying [56] could lower the energy needs
due to the water content of the sewage sludge entering the pyrolysis plant and increase its
energy efficiency.

4. Conclusions

This paper reports and analyzes the results of the optimization by DoE software of
three parameters (temperature, heating rate and residence time) for the pyrolysis process
aimed at the production of biochar from municipal sewage sludge. Biochar production was
evaluated in terms of yield and CO2 adsorption capacity.

A two-factor interaction model provided satisfactory results for both yield and CO2
adsorption capacity. The yield model proved to be more accurate, while the CO2 adsorption
capacity model could have been affected by the yield results (i.e., the presence of inert ash in
the biochar). Pyrolysis temperature was the most critical factor affecting the yield of biochar
produced, while heating rate and residence time, expressed as a two-factor interaction
term, had the highest “weight” for its CO2 adsorption capacity. The yield decreased
with increasing temperatures, heating degrees and residence time, which favored the
decomposition of volatile matter. Instead, the CO2 adsorption capacity first increased and
then decreased with increasing temperature. Higher CO2 adsorption capacity was also
obtained for slow heating rates at long residence times and for short residence times at high
heating rates. Furthermore, the results showed that yield and CO2 adsorption capacity
are not directly correlated: considering the presence of inert ash, more biochar does not
necessarily correspond to more CO2 adsorbed. Temperature, heating rate and residence
time influence the chemical and physical features of the produced biochar.

The transition to a larger-scale reactor confirmed the trend predicted by DoE, but the
values of yield and CO2 adsorption capacity were quite different from those forecasted by
the model.

In conclusion, this study highlighted how the selection of proper operating conditions
is a crucial step in the design of an industrial process for the production of biochar from
sewage sludge since it can have a strong impact on its economic and technological sustain-
ability. The percentage differences between the minimum and maximum values obtained by
the different tests can reach 20 and 39% for yield and CO2 adsorption capacity, respectively.

The theoretical energy balance showed that the pyrolysis of centrifuged sewage sludge
is energy-intensive, with the drying phase being the most costly stage. New solutions
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are necessary to reduce the water content of the feedstock and optimize the utilization of
energy from the pyrolysis products. Future research should focus on developing more
efficient drying techniques and exploring ways to integrate heat recovery systems into
the process.
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yield; Figure S10: N2 adsorption–desorption isotherms of dried sewage sludge. “best” and “worst”
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(B) “best” and “worst” biochar.
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