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Abstract: The lack of adequate sanitation in Brazil overloads the health system and causes deaths.
The utilization of sewage sludge hinders advancements in water treatment. This study aimed to
assess the feasibility of producing briquettes by blending sewage sludge with Pinus sp. sawdust.
The sewage sludge was sourced from a water treatment facility, while the Pinus sp. sawdust was
obtained from a sawmill. Elemental analysis, proximate analysis, and calorific value were evaluated
for both biomasses. Briquettes were manufactured using a hydraulic press, varying the proportion of
sewage sludge from 0% to 95%, followed by thermogravimetric analysis. Pinus sp. sawdust exhibited
higher carbon, oxygen, and hydrogen content, whereas sewage sludge contained more nitrogen
and sulfur. The sawdust had greater fixed carbon content, volatile matter, and calorific value, while
the sewage sludge had higher ash content. Samples with higher sewage sludge content showed
better thermal resistance, with 100% sewage sludge retaining 63.3% mass after exposure to 950 ◦C.
Briquettes with higher sewage sludge content had increased energy density. Considering the elevated
nitrogen, sulfur, and ash content, sewage sludge should be limited to 5% in briquette production with
Pinus sp. sawdust. This research underscores a significant avenue for sewage sludge utilization and
sustainable bioenergy production.

Keywords: bioenergy; briquettes; renewable energy; recycling; waste management; sustainability

1. Introduction

Water treatment in Brazil continues to fall short of the necessary standards required
to serve the nation’s needs [1,2]. The improper disposal of untreated sewage into the
environment poses a risk of disease transmission and water contamination [3]. The sewage
treatment process involves several stages to eliminate undesirable substances and improve
water quality for safe disposal. Initially, preliminary treatment employs physical methods
to remove large solids. Following this, primary treatment further addresses physical impuri-
ties like oils, greases, and organic matter. Secondary treatment, primarily biological, targets
the removal of nitrogen, phosphorus, and additional organic materials. Tertiary treatment
then complements these stages by focusing on specific substance removal. Throughout
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this process, sewage sludge is produced in significant quantities, prompting the need for
research into its effective utilization. Proper management of sewage sludge is essential not
only for environmental protection but also for exploring potential beneficial applications
such as agricultural use or energy production. Therefore, ongoing studies on sewage sludge
utilization are crucial for optimizing the overall efficiency and sustainability of sewage
treatment processes.

One of the factors limiting the expansion of water treatment is the disposal of sewage
sludge generated in the process [4]. This material is complex, rich in organic matter and
nutrients containing a variety of chemical compounds and pathogens [5], and is found in
solid, semi-solid, or liquid form depending on the moisture content [6,7].

Utilizing sludge from Water Treatment Plants (WTPs) for energy generation presents a
promising option. One potential avenue involves producing briquettes using sludge as a
primary raw material. This approach not only offers an alternative to conventional solid
fuels but also presents additional benefits. By utilizing sludge for briquette production, it
becomes possible to mitigate greenhouse gas emissions (GHGs) and reduce reliance on
traditional solid fuels, thereby curbing deforestation. Moreover, this process contributes
to the circular economy by valorizing wastewater byproducts, transforming what would
otherwise be considered waste into a valuable resource. By adopting such innovative
methods for sludge utilization, WTPs can not only manage their waste more sustainably
but also contribute positively to environmental conservation efforts. This underscores
the importance of exploring diverse avenues for sludge utilization within the context of
wastewater treatment [8].

A feasible and common alternative is to incorporate sawdust into briquette production,
owing to the chemical composition and quality of the sludge. Pinus sp. wood serves as one
of the sources of sawdust. This wood typically contains ash content, volatile matter, and
fixed carbon ranging from 0.83% to 0.92%, 65.8% to 82%, and 17.17% to 33.3%, respectively,
with a higher heating value between 14.64 and 20.1 MJ/g [9,10]. The ash does not combust,
making it undesirable for energy generation, volatile materials lead to rapid combustion,
playing a crucial role in the ignition process [11], and, finally, fixed carbon ensures a slower
and more prolonged burn and is directly related to the heating value [12].

Briquetting is a method that involves compressing lignocellulosic biomass to create
compact and solid forms from irregular particles [13]. The briquettes’ quality is affected
by factors inherent to the process, such as the pressure and temperature applied during
processing, and factors related to biomass quality, such as moisture, particle size, density,
and chemical composition [14–16]. The process begins with the crushing and grinding of
biomass into particles ranging from 5 to 10 mm in size. These particles are then compacted
under a high pressure and temperatures between 100 and 120 ◦C [17,18]. Briquettes pro-
duced from textile sludge exhibit a higher calorific value of 12 MJ·kg−1, a value lower than
that found for eucalyptus and pine wood: 19.42 and 19.48 MJ·kg−1, respectively [19,20].

The utilization of sludge from Water Treatment Plants (WTPs) for energy generation
presents promising prospects; this idea fits into the context of the circular economy and
sustainable development by proposing a model that utilizes recycled materials as raw
materials. In doing so, this reduces the demand for virgin natural resources and mini-
mizes the amount of waste sent to landfills, thus promoting environmental sustainability.
Nonetheless, the quality of sludge necessitates its incorporation into a blend with another
raw material for the production of briquettes. Hence, the aim of this research endeavor
was to contribute towards offering a sustainable and economically viable solution for the
disposal of sewage sludge by crafting briquettes tailored for energy generation purposes.
The overarching expectation is that the outcomes of this study will bolster the feasibility
of water treatment operations by harnessing the principal byproduct of the process and
fostering an alternative avenue for the fabrication of environmentally friendly solid biofuel.
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2. Materials and Methods
2.1. Biological Material

The sludge utilized in this study originated from the Capim Branco Treatment Plant,
situated in the city of Uberlândia, in the state of Minas Gerais, Brazil. The geographical
coordinates of the treatment plant are approximately 8◦30′ to 19◦30′ S latitude and 47◦50′

to 48◦50′ W longitude. Concurrently, the sawdust utilized was sourced from residues of
Pinus sp. obtained from local sawmills within the same city. This collaboration between the
treatment plant and local sawmills underscores the potential for synergistic partnerships
within the region to address waste management challenges and explore sustainable solu-
tions. By leveraging locally available resources, such as wastewater sludge and sawmill
residues, there is an opportunity to not only manage waste effectively but also to create
value-added products, thereby contributing to the region’s economic and environmental
sustainability goals.

2.2. Biomass Characterization

The material was stored in a climatic chamber, then crushed in a Wiley mill and sieved.
The fraction retained between 40 and 60 mesh sieves was used for proximate analysis and
higher calorific value determination, while the fraction that passed through the 200-mesh
sieve was used for elemental and thermogravimetric analysis.

The proximate analysis (ash content, volatile matter, and fixed carbon) was conducted
following the methodology described in the NBR 8112 standard by ABNT (Brazilian
Association of Technical Standards) in 1986 [21]. The higher heating value was determined
using the same methodology adapted from the NBR 8633 standard by ABNT in 1984 [22].

Elemental analysis (CHNS-O) was conducted employing the CHNS-O Flash EA 1112
Series apparatus, utilizing approximately 2.5 mg (±0.5) of sample, either sawdust or
sewage sludge. This analytical instrumentation facilitated the determination of the carbon,
hydrogen, nitrogen, oxygen, and sulfur levels present within the samples. Furthermore,
calculations were performed to ascertain the ratios between the carbon and hydrogen
(C/H) as well as the carbon and nitrogen (C/N) levels within both the sewage sludge
and sawdust.

The thermogravimetric analysis was conducted using the following sewage sludge
proportions: 0, 5, 15, 25, 35, 65, 75, 85, 95%, and 100%; Pinus sp. sawdust was used to
complement each treatment. The test was carried out using a Thermogravimetric Analyzer,
Discovery TGA55, from the brand TA Instruments, with a heating rate of 10 ◦C min−1,
under a nitrogen atmosphere, in the temperature range of 25 to 950 ◦C.

2.3. Briquette Production

The manufactured briquettes were segregated into ten distinct treatments according
to the varying proportions of sewage sludge and Pinus sp. sawdust utilized, as detailed
in Table 1. Each treatment involved the production of 10 briquettes, resulting in a total of
100 briquettes across all treatments.

Table 1. Proportion of sewage sludge and sawdust for briquette production and the amount of mass
for each raw material for conducting the experiment.

Treatment Sludge/Wood Ratio Treatment Sludge/Wood Ratio

1 0/100 6 65/35
2 5/95 7 75/25
3 15/85 8 85/15
4 25/75 9 95/5
5 35/65 10 100/0

The raw material for briquette production was conditioned in a climate chamber at
25 ◦C and 50% relative humidity until the mass stabilized. The process of briquetting
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was executed utilizing a hydraulic press (model Marconi MA-098/CP0), produced by the
company Marconi, located in the city of Piracicaba, Brazil, wherein a force of five tons
was exerted onto a cylinder with an area of 5 cm2, yielding a pressure of 1020 kgf cm−2.
This pressure was sustained for a duration of 30 s. Subsequently, the briquettes underwent
conditioning within a climatic chamber (model MA835/988ABCP) set to 50% relative
humidity and were maintained at a temperature of 25 ◦C for a period spanning ten days.

The briquettes’ moisture on a dry basis was determined using the following equation:
Mc = (Wm − Dm)/Dm, where Mc = moisture content of the briquette on a dry basis;
Wm = wet mass of the briquette; and Dm = dry mass of the briquette after drying in
an oven.

The bulk density of the briquettes was evaluated as the quotient of the briquettes’
mass post-conditioning and their volume. Mass measurements were executed employing a
precision balance with a sensitivity of 0.01 g, while dimensions were assessed utilizing a
caliper with a sensitivity of 0.01 mm under the assumption of a cylindrical shape for all
samples. Energy density was determined by multiplying the higher heating value (HHV)
by the bulk density of the briquette (BD). This meticulous procedure ensured accurate
characterization of the briquettes’ physical properties, providing essential insights into their
compactness and potential energy output. Such comprehensive analysis aids in optimizing
the formulation and production process, thereby facilitating the development of efficient
and sustainable solid biofuels for energy generation purposes.

2.4. Statistical Analysis

The analyses of sawdust and sewage sludge were compared using a completely
randomized design (CRD). The means were subjected to a homogeneity of variance analysis
using the Cochran test and then the treatments were subjected to the t-Student test with a
confidence level of 95%.

3. Results
3.1. Characterization of Sewage Sludge and Pinus sp. Sawdust

The elemental chemical composition of sewage sludge and pine sawdust differed;
elements targeted for energy generation, such as carbon and hydrogen, are present in
higher proportions in wood, while undesirable components for energy generation, such as
sulfur and nitrogen, were found in higher proportions in sewage sludge (Table 2).

Table 2. Elemental composition of sewage sludge and Pinus sp. sawdust in relation to dry mass.

Material
Elemental Composition (%)

C (%) H (%) N (%) S (%)

Sewage sludge 9.922.4 a 3.511.8 a 0.7272.2 a 0.3782.3 a
Pinus sp. sawdust 50.42.1 b 5.892.3 b 0.1181.3 b 0.0382.2 b

O (%) C/H C/N

Sewage sludge 21.922.7 a 2.802.5 a 13.73.1 a
Pinus sp. sawdust 43.552.8 b 8.573.4 b 427.12.2 b

Media followed by the same letter vertically do not differ according to the t-Student test with a confidence level of
95%. The values in superscript correspond to the coefficient of variation.

Pinus sp. sawdust exhibited higher fixed carbon content and volatile matter and
superior calorific value, while sewage sludge showed higher ash content (Table 3).
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Table 3. Proximate analysis (fixed carbon, volatile matter, and ash) and higher calorific value (HCV)
of sewage sludge and pine sawdust.

Material
Proximate Analysis (%)

HCV MJ/Kg
Fixed Carbon (%) Volatile Matter (%) Ash (%)

Sewage sludge 8.13.5 a 48.44.6 a 55.514.5 a 14.642.5 a
Pinus sp. sawdust 15.85.5 b 83.75.1 b 0.5315.6 b 20.352.6 b

Vertical means followed by the same letter do not differ from each other according to the t-test at a 5% significance
level. The values in superscript correspond to the coefficient of variation.

3.2. Thermogravimetric Analysis

The thermal decomposition of sewage sludge is marked by low mass loss with increas-
ing temperature and a high amount of residue at the end of the test (Figure 1).

Figure 1. TGA/DTG curves for the sample with 100% sewage sludge.

The thermogravimetric curve of the sample with 100% Pinus sp. sawdust showed the
maximum degradation rate at 352.6 ◦C, with a residue of less than 20% (Figure 2).

Figure 2. TGA/DTG curves for the sample with 100% Pinus sp. sawdust.
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The thermogravimetric analyses of the briquettes produced from the mixture of the
two components in different compositions, namely 5, 15, 25, 35, 65, 75, 85, and 95% w/w
sludge/sawdust, showed differences in the behavior of sewage sludge and sawdust at high
temperatures and a synergistic effect when both samples were analyzed together (Figure 3).

Figure 3. Curves of (A) TGA and (B) DTG for the briquette samples produced in the proportions of 5,
15, 25, 35, 65, 75, 85, and 95% w/w sludge/sawdust.

The main thermal degradation information of the sludge, sawdust, and samples with
different proportions of these materials can be summarized based on the data in Table 4.

Table 4. Thermogravimetric data obtained from TGA/DTG curves for sludge/sawdust samples in
different tested compositions.

Sample % H2O Tmáx H2O Tonset %mass
Loss

T
máx

T
máx2

Tendset %Residue
(at 950 ◦C)

100%
sawdust 2.4 49.4 275.9 71.1 352.6 -- 367.9 15.0

95 3.4 45.4 263.8 66.6 351.9 -- 364.8 4.1
85 3.4 51.3 278.2 56.1 351.4 423.2 363.9 12.2
75 4.3 53.6 270.9 50.3 352.2 408.6 365.4 23.3
65 5.4 60.6 272.5 44.2 351.1 -- 363.7 26.2
35 6.9 75.8 275.3 27.3 354.3 420.9 367.7 50.5
25 4.2 84.5 267.9 24.5 353.5 425.7 365.8 51.3
15 6.8 76.2 -- -- 351.9 433.5 367.4 57.9
5 5.7 79.6 274.9 -- 352.2 433.1 -- 60.0

100%
sludge 3.7 77.0 -- -- 434.3 -- 62.3

3.3. Briquette Evaluation

The addition of sewage sludge increased the apparent density and energy density of
the briquettes and no synergistic effect was observed when the two were mixed (Figure 4).
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Figure 4. Bulk density and energy density of briquettes produced with sewage sludge and Pinus sp.
sawdust.

4. Discussion
4.1. Characterization of Sewage Sludge and Pinus sp. Sawdust

The carbon and hydrogen content is directly related to the calorific value of biomass [23,24]
(Table 2). Pine sawdust demonstrates superior quality in this regard, likely due to its
favorable composition in these elements. While both carbon and hydrogen contribute
positively to energy generation, hydrogen exhibits greater energy potential. Therefore,
maintaining a lower C/H ratio is advantageous for maximizing the calorific value of
biofuels [25]. Conversely, the higher oxygen content found in pine sawdust poses a
drawback for energy generation purposes, as it diminishes the material’s calorific value [26].

Table 2 reveals that the sulfur content exhibited a higher concentration in sewage
sludge compared to other materials. During combustion, sulfur undergoes a reaction with
atmospheric oxygen, resulting in the production of sulfur oxides (SOx). These oxides pose
significant environmental hazards due to their toxic nature. Additionally, they possess a
relatively low condensation point, approximately 150 ◦C, facilitating the formation of acidic
compounds upon cooling. Consequently, these acids can instigate corrosion of the equip-
ment utilized for combustion processes. Recognizing the elevated sulfur levels in sewage
sludge underscores the importances of implementing appropriate mitigation strategies to
minimize the release of SOx into the environment and mitigate potential adverse effects on
both human health and infrastructure integrity. Therefore, comprehensive measures, such
as the production of briquettes by mixing sewage sludge with wood, a material with a low
content of this element, should be adopted to reduce sulfur emissions, ensuring sustainable
and environmentally responsible practices in energy generation processes [27].

Pine sawdust exhibited nitrogen content that was six times lower and a C/N ratio
that was thirty times higher (Table 2). Nitrogen is undesirable for energy generation as
it has no correlation with calorific value and releases nitrogen oxides during combustion,
which cause wear on burning equipment and are highly toxic to the environment. A low
C/N ratio reduces the amount of nitrogen released into the atmosphere during combustion.
Additionally, low values for this ratio result in the rapid release of CO2 into the atmosphere
during combustion, exacerbating the negative effects of the greenhouse effect [28]. In this
context, the nitrogen content of sewage sludge may be a limiting factor for its use in energy
generation, suggesting its use in smaller proportions when mixed with pine sawdust.
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Table 3 illustrates that the fixed carbon content in Pinus sp. wood is twofold higher
than that found in sewage sludge. This metric signifies the proportion of material that
combusts in a solid state, rendering it well suited for energy production by facilitating
sustained and consistent combustion [29]. Furthermore, Pinus sp. sawdust exhibits a
superior volatile matter content compared to sewage sludge. Volatile matter combusts
in a gaseous state, playing a crucial role in ignition during combustion processes. These
findings underscore the advantageous properties of Pinus sp. wood, particularly in terms
of its composition which is conducive to efficient energy generation. The elevated fixed
carbon content ensures prolonged combustion, while the heightened volatile matter content
enhances ignition efficiency, collectively contributing to the suitability of Pinus sp. wood as
a viable feedstock for sustainable energy production endeavors [11].

The high ash content of sewage sludge compromises its use in briquette production
(Table 3); this material is composed of minerals and does not combust, requiring removal
after burning. This diminishes the boiler operation time and causes equipment wear.
Therefore, to make its use feasible, lower proportions of sewage sludge need to be used
in briquettes [30]. Standards require that the ash content in briquettes does not exceed
5%. Thus, the low ash content in pine sawdust allows briquettes to have approximately
8% sewage sludge in their composition. A high ash content was also reported for sewage
sludge in China, between 33 and 62% [12].

The higher heating values were recorded at 20.35 and 14.64 MJ/kg for Pinus sp.
sawdust and sewage sludge, respectively (Table 3). This metric reflects a direct correlation
with elemental carbon and fixed carbon content, while exhibiting an inverse relationship
with ash content. Consequently, Pinus sp. sawdust demonstrates a higher value in this
regard, attributed to its favorable elemental carbon and fixed carbon compositions. Notably,
the higher heating value observed in sewage sludge aligns with the previously reported
literature, falling within the range of 8 to 21 MJ/kg [31]. This consistency underscores the
reliability and relevance of the obtained results, consolidating the understanding of energy
potential inherent in both Pinus sp. sawdust and sewage sludge. Such insights are pivotal
for informed decision-making in energy generation strategies, emphasizing the importance
of leveraging diverse biomass sources for sustainable and efficient fuel production [31].

4.2. Thermogravimetric Analysis

The TGA curve of the sample with 100% sewage sludge did not show pronounced
thermal mass loss events and exhibited high thermal stability, losing only 36.7% of its
mass at 950 ◦C (Figure 1). However, the DTG curve indicates the presence of complex
reactive processes evidenced by multiple peaks with different T_max values (temperature
at which the maximum decomposition rate occurs). The first peak, at a temperature of
77 ◦C with a mass loss of about 3.7%, can be attributed to the desorption of water and
other volatile components present in the sludge [32]. The peaks at 236.2 and 434.3 ◦C are
primarily associated with the decomposition of organic components and the decomposition
of formed organic residues, respectively [32,33].

Finally, the large amount of remaining mass at the end of the test is attributed to the
substantial ash content in the material (Figure 1). Due to being composed of minerals, these
ashes do not undergo decomposition at the temperatures used in the tests [34]. Hameed
et al. [35] also attribute the 130 to 430 ◦C range of the TGA curve to the reactions involving
the decomposition of organic matter.

The TGA/DTG curve of the sample with 100% Pinus sp. sawdust showed a mass
loss of about 2.4% with a peak at 49.4 ◦C (according to DTG), attributed to the removal of
water adsorbed by the biomass (Figure 2). Subsequently, there is a pronounced thermal
event with a mass loss of about 71.1% and Tonset (onset temperature extrapolated) and
Tendset (end temperature extrapolated) equal to 275.9 and 367.9 ◦C, respectively. This is
related to the thermal decomposition of the organic matter that the sawdust is composed of
(decomposition of cellulose, hemicellulose, and lignins) [36]. This range corresponds to the
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decomposition of hemicellulose and cellulose, which are major components of wood. At
950 ◦C, 15.0% residue remained, mainly consisting of ashes [37].

The thermal profile of pure sludge (100% w/w) changed with the addition of sawdust,
with its presence becoming more evident from the addition of 25% sawdust onwards
(Figure 3). The addition of 5% and 15% sawdust did not result in significant differences
in the thermal stability of the materials, resulting in a profile similar to that of the sludge.
Briquettes with 25% and 35% sawdust exhibit intermediate characteristics between profiles
with 100% sludge and 100% sawdust. From 65% sawdust onwards, the samples show a
thermal behavior that is more similar to pure sawdust, with emphasis on the samples with
85% and 95% sawdust, presenting a residue percentage at the end of the tests that is lower
than that of pure sawdust. This indicates a more efficient decomposition of sawdust in the
presence of smaller amounts of sludge (15% and 5%, respectively).

The data described in Table 4 allow us to add to the discussion that the % H2O (and
other more volatile components) increases as the sludge is added. This is expected since
the sludge itself also contains these substances. Furthermore, it is observed that TmáxH2O,
corresponding to the temperature at which the release of these components occurs, shifts
towards values closer to those of pure sludge as the latter is added.

As for the Tonset of the main thermal decomposition event of the sawdust, although it
varies slightly, its values are close to those obtained for pure sawdust. This fact is supported
by the close values of Tmax for this event. However, the mass loss percentage of this event
progressively decreases, following the reduction in the addition of the organic component
of sawdust. It is also noteworthy that Tmax2 (corresponding to the decomposition of the
organic component of the sludge and the release of water from its clayey components)
emerges for almost all briquettes with less than 95% sawdust, confirming the mixture
with sludge.

4.3. Briquette Evaluation

The addition of sewage sludge increased the energy density of the briquettes, with
the treatment using 100% sewage sludge showing an energy density exceeding 20 MJ/m3,
while the use of 100% pine sawdust generated an energy density close to 10 MJ/m3

(Figure 4). Energy density is given by the product of the material density and its higher
heating value [38]. Although the higher heating value of wood is 20.3 MJ/m3 and that of
sewage sludge is 14.6 MJ/m3, sewage sludge has a higher density, allowing for a greater
mass in briquette formation and, consequently, a higher energy density of the material.
Increasing briquette density is desired in the production process due to the associated rise
in energy density and mechanical strength, reduced transportation costs, and minimized
generation of fines [39–41].

5. Conclusions

The sewage sludge showed higher nitrogen and sulfur content, while pine sawdust
presented higher carbon, hydrogen, oxygen, and C/H and C/N ratios. In the proximate
analysis, the sludge exhibited a lower volatile matter content (35.51%) and fixed carbon
content (3.75%) and higher ash content (60.74%), resulting in a calorific value of 14.8 MJ/g,
which is lower than for Pinus wood 20.3 MJ/g. Sewage sludge demonstrated high resistance
to thermal degradation, with no pronounced mass loss events. Meanwhile, pine sawdust
exhibited a greater mass loss between 275.9 and 367.9 ◦C. The addition of sawdust between
5 and 15% altered the thermal stability of the material, and the addition of 25 to 35%
sawdust resulted in behavior that was intermediate between samples with 100% sludge
and 100% sawdust. From 65% sawdust onwards, the samples showed thermal behavior
closer to the 100% sawdust sample. Finally, the addition of 85 to 95% sawdust, with
a residue percentage at the end of the tests that was lower than that of pure sawdust,
indicated a more efficient decomposition of sawdust in the presence of smaller amounts
of sludge. Regarding the energy density of the briquettes, it was observed that with the
gradual addition of sawdust, there was a proportional decrease in the energy density of
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the briquettes. The use of sewage sludge for briquette production is feasible; however,
due to its high nitrogen, sulfur, and ash content, its use should be limited to 5% of the
briquette composition.
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