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HIGHLIGHTS
¢ Biochar from sewage sludge (SS) was produced and characterized.
e Pyrolysis increased organic and total carbon.
e Pyrolysis increased micro and macronutrients concentration with exception of K.
e Biochar preserved the mineralogical characteristics of the raw material.

o Pyrolysis is an excellent alternative to transform SS into organic fertilizer.

Abstract: The sewage sludge (SS) use in agriculture has been limited by the Brazilian legislation to a few
situations, mainly as a precautionary measure due to inorganic pollutants and pathogens. Thus, a large
amount of SS has been accumulated in landfills, with no prospect of use, generating great concern for
governments and society. Thermal treatment via pyrolysis has stood out as an option for SS recycling,
transforming it into a carbon-rich product known as SS biochar (SSB). Biochar from SS showed good
potential to be used for agricultural and environmental purposes. The present study aimed to evaluate the
influence of pyrolysis at 300°C on the physical, chemical, morphological and mineralogical characteristics of
SSB. In general, pyrolysis increased total carbon, total nitrogen, macro and micronutrient contents, except
potassium. Pyrolysis also increased heavy metals (HMs) concentration in SSB. However, HMs values
remained below the maximum limits allowed according to the legislation on SS agricultural use. X-ray analysis
showed that both SS and SSB present silica (SiO2) as the main mineral. Pyrolysis also increased the SS
surface area (SA) and porosity. In general, results of the present study prove showed that pyrolysis is a
technological alternative to enable SS use as a sustainable input in agriculture.
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INTRODUCTION

Compared to other biomasses, sewage sludge (SS) is considered a residue rich in nutrients and organic
matter (OM) [1]. Sewage sludge can be used in agriculture as a soil amendment, among other functions [2].
Despite this potential, according to the Brazilian regulation, CONAMA Resolution 498 [3], SS should be
applied in a few situations, mainly as a precautionary measure due to the presence of inorganic pollutants
and pathogens. The most common sources of heavy metals (HM) in SS are domestic and industrial
wastewaters and corrosion of sewerage systems, as well as surface runoff from urbanized areas or roads.
Other sources of HMs are pharmaceuticals, body care and cleaning products [4].

Consequently, a large amount of SS is accumulated in landfills, with no prospect of use, generating great
concern for governments and society. Therefore, technological alternatives must be sought so that the
agricultural use of SS is not neglected. Pyrolysis is the thermochemical conversion of biomass in the absence
or under limited oxygen. The solid product of pyrolysis, rich in carbon, is called biochar and can be used as
a soil amendment. Pyrolysis has stood out as an option for SS recycling, transforming it into a material free
of pathogenic organisms, rich in nutrients such as nitrogen (N), phosphorus (P), calcium (Ca) and zinc (Zn)
[1], called SS biochar (SSB).

In general, the nutrient concentration in biochars varies according to the raw material and pyrolysis
conditions [5, 6]. Among feedstocks used for producing biochar, SS is considered a nutrient-rich material. In
addition, recent research has shown that as a soil amendment SSB can provide nutrients and increase the
use efficiency of several plant nutrients, resulting in high crop yields [5, 7, 8].

Depending on pyrolysis conditions, SSB can have up to 6% P in its final composition [9]. Faced with an
uncertain future of world reserves of phosphate fertilizers, P recovered from various residues, such as SS, is
a partial solution to this problem [10]. In a study by Yuan and coauthors [5] with SSB produced at different
pyrolysis temperatures, the authors demonstrate that between 92% to 98% of SS P remains in the SSB.

As demonstrated earlier, SSB can be used for agricultural and environmental purposes. However, due
to the great variety of characteristics among sludges obtained from different origins and types of treatments,
there is still a lack of studies involving SSB characterization via a wide range of analytical techniques. It was
hypothesized that pyrolysis alters the chemical, physical, morphological and mineralogical characteristics of
SS. Therefore, the objective of this study was to evaluate the effect of pyrolysis on the transformations of SS,
predominantly domestic, through chemical, physical, morphological and mineralogical characteristics.

MATERIAL AND METHODS

Preparation of sewage sludge biochar

The SSB was produced from SS samples collected at the Melchior wastewater treatment plant (WWTP),
belonging to the Environmental Sanitation Company of the Federal District, Brasilia, DF, Brazil. This WWTP
utilizes the tertiary treatment system, in which the sewage decompaosition is carried out in an anaerobic up-
flow reactor (RAFA). In this system, nutrients such as P and N are removed from the liquid effluent by a
coagulation process using aluminum salts. Therefore, these nutrients remain in the final SS biomass. For
biochar preparation, SS samples were air-dried (to approximately 10% moisture content), passed through a
4 mm sieve and then submitted to pyrolysis at 300°C. This temperature was chosen based on our previous
study [9] in which, considering all variables together, the biochar produced at 300 °C showed the greatest
nutrients availability. Pyrolysis was performed in a muffle furnace (Linn Elektro Therm, Eschenfelden,
Germany) at a mean temperature increase rate of 2.5°C min* and residence time of 05h00. The furnace was
equipped with a mechanism to prevent oxygen flow (via forced draft fan, helping gas and oil vapors exit the
furnace). Depending on the purpose, a shorter residence time can be adopted in future works.

Physical-chemical characterization of sewage sludge and biochar

Proximate analysis

Both SS and SSB samples were powdered and passed through a 0.250-mm mesh sieve and submitted
to proximate analysis in order to determine moisture, volatile matter (VM), ash and fixed C (FC). Moisture,
VM and ash contents were determined by heating the samples in a muffle furnace (Linn-Elektro Therm, model
KK 260 SO 4060). Finally, FC was obtained by the difference between 100 and the sum of moisture, VM and
ash in %.
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Elemental analysis

Carbon, N and H were determined using an elemental analyzer (Euro EA3000 Elemental Analyser,
Milano, Italy) equipped with a thermal conductivity detector. Samples (approximately 1.0 mg) were placed in
auto-injector for sample run.

pH, nutrients and heavy metals (HMs)

Determinations of pH, nutrient and MPs contents were carried out according to the official analytical
methods for fertilizers and correctives [11]. After drying, grinding and sieving through a 0.50 mm mesh sieve,
samples were subjected to determination of pH, macronutrients and heavy metals contents. The pH was
determined in a 0.01 M CaCl; solution, using a 1:5 (w/v) material:solution ratio suspension. Samples of SS
and SSB were subjected to acid digestion with concentrated HCI/HNO3. Macronutrient (Ca, Mg and S),
micronutrients and HVs contents, were analyzed by ICP-OES (ICPE-9000, Shimadzu, Japan). After
nitroperchloric extraction, the concentration of P was determined using the colorimetric method of
molybdovanadophosphoric acid. The P concentration was estimated in a spectrophotometer at 400 nm
(Automatic Digital Spectrophotometer SP 22, China).

Organic carbon (OC) and humic substances (HS)

The organic carbon (OC) content was determined by the volumetric method of potassium dichromate
[12]. The determination of humic substances (HS) was performed according to the differential solubility
technique [13]. Carbon levels of fulvic acid (FA), humic acid (HA) and humin (HU) were estimated by
dichromatometry.

Adsorption/desorption isotherms, superficial area and pore volume

Surface area and pore volumes were determined by N, adsorption isotherms at -196.2°C using a surface
area analyzer, NOVA 2200 (Quantachrome Corp., Boynton Beach, FL, USA). Values were estimated
automatically by the software Quantachrome NovaWin®, using the BET (Brunauer, Emmett and Teller)
equation. The standard BET procedure requires the measurement of at least five points in the appropriate
pressure range on the Nz adsorption isotherm at the normal boiling point of liquid N (-196.2°C).

Scanning electron microscope images (SEM)

In order to obtain scanning electron microscope images, samples were attached to stubs with carbon
adhesive tape and then metalized with an electrically conductive thin film of gold by the sputtering method.
The analyses were performed using a microscope Jeol KAL-70001F (Waltham, Massachusetts, USA).

X-ray diffraction (XRD) and energy dispersive X-ray spectrometry (EDX) analysis

The X-ray diffraction (XRD) analysis was carried out on a diffractometer (D8 Focus, Bruker, Germany).
Powder XRD patterns were obtained using monochromatic Cu Ka radiation at 40 kV, 30 mA, with 26 between
10 and 70°. Samples were also submitted to energy dispersive X-ray spectrometry (EDX) analysis. EDX
patterns were obtained using an EDX 720HS (Shimadzu) spectrometer. For both analysis (XRD and EDX)
whole samples were used.

Statistical analysis

For the macronutrients and micronutrients, elemental composition, proximate analysis properties,
surface area and pore volume, comparisons between the SSB and the SS were performed considering the
relative enrichment factor (RE), where Chpiochar iS the content of property in biochar and Creeq is the content of
property in the SS, according to the Equation 1 used by Yuan and coauthors [14]:

RE = Cbiochar (1)
Cfeed
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RESULTS AND DISCUSSION

Physical and chemical characteristics

The results obtained by physical-chemical analysis indicate a clear influence of pyrolysis on the
properties of SSB. The pyrolysis process reduced moisture (RE = 0.81) and volatile matter (RE = 0.85), and
increased ash (RE = 1.18) and FC (RE = 4.2) levels in samples (Table 1). The increase in ash content is
expected, since up to 600°C most of the mineral material is preserved and volatile compounds are lost,
resulting in a higher ash concentration [15]. The pH value was not altered by pyrolysis and it was close to
neutrality (6.5), similar to results previously reported for biochars obtained at low temperatures (300°C) [7,
8]. Typically, increases in pH are observed at higher pyrolysis temperatures (> 400°C). SSB had a FC content
4.2 times higher than SS, and a smaller increment was verified for TC, ranging from 25.1% in SS to 27.1%
after pyrolysis. These results demonstrate that pyrolysis promotes a greater accumulation of more recalcitrant
forms of C, due to the reorganization of aliphatic chains into condensed C forms [16].

Table 1. Physical and chemical characteristics and relative enrichment factor (RE) from sewage sludge (SS) and biochar

(SSB).

Property? SS SSB REP
pH (CaCl) 6.4+0.05 6.5+0.02 1.02
Moisture (%) 10.4+0.11 8.4+0.03 0.81
Volatile matter (%) 55.74£0.32 47.2+0.49 0.85
Ash (%) 32.4+0.17 38.1+0.18 1.18
FC (%) 1.5+0.19 6.3+0.64 4.20
OC (%) 18.3+0.11 18.3+1.06 1.08
H (%) 4.1+0.17 2.7+0.04 0.65
TC (%) 25.1+0.17 27.1+0.08 1.10
TN (%) 3.9+0.17 4.3+0.13 1.17
C/N 6.4+0.11 6.3+0.17 0.80
Total P2Os (%) 4.7+0.07 5.5+0.08 1.15
Total K20 (%) 0.05+0.01 0.04+0.01 1.10
Ca (g kg ) 6.0+0.03 6.9+0.04 1.25
Mg (g kg %) 1.40+0.2 1.54+0.01 1.14
S (gkg ) 1.30+0.4 1.62+0.01 1.18
Fe (g kg ) 17.5+1.06 20.0+2.1 1.13
B (mg kg 1) 26.4+3.0 31.2+1.1 1.18
Mn (mg kg ) 88.6+4.2 100.0+11.3 1.14
Zn (mg kg 1) 414.2419.1 453.9+2.1 1.23
Cu (mg kg ) 88.1+5.5 100.04+2.3 1.25
Co (mgkg %) 9.7£0.6 11.9+1.9 1.22
Mo (mg kg 1) 33.9+0.1 42.442.5 1.25
Cd (mg kg 1) 18.1+0.7 19.3+3.5 1.07
Cr (mg kg 1) 47.342.7 53.0+0.1 1.12
Ni (mg kg 1) 14.4+1.3 28.4+0.6 1.96
Pb (mg kg ) 414.2+19.1 148.5+0.7 0.36
FA (g kg?) 35.0+0.85 33.7+0.82 1.00
HA (g kg?) 14.9+0.55 9.3£1.60 0.62
HU (g kgl 179.1+0.58 229.4+8.08 1.28
SA (m2/g) 21.9 27.8 1.02
PV (cm?/g?) 0.096 0.102 1.10

a; average values + standard deviation (n = 3); b: relative enrichment factor; FC = fixed carbon; OC = organic carbon;
TC = total carbon; TN = total nitrogen. FA: fulvic acid; HA: humic acid; HU: humin; SA: specific surface area; PV: pore
volume.

The NT content increased from 3.9% to 4.3% after pyrolysis (RE = 1.17). This increase indicates the
presence of compounds in SSB with structures that are not easily decomposed up to 300 °C [9]. Thus, the
higher NT concentration in SSB can be explained by the volatilization losses of other elements and water.
As expected, SS showed low K concentration, being little altered by pyrolysis. Consequently, SSB was poor
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in K, as reported previously [17]. This is the main limitation when using SSB as a fertilizer. In this case, further
studies should search alternatives to provide K sources together with SSB. Enriching SSB with K and co-
pyrolysis of SS with K-rich raw materials [6] or produce of K-enriched organomineral fertilizer from SSB [18]
are some promising technologies.

Except for K, SS pyrolysis enriched macro and micronutrients levels. The total P.Os concentration in
SSB was 5.5%. This value was14% higher than in SS. This increase usually occurs up to 700 °C, at which P
losses start due to volatilization [14]. Compared with biochar from multiple feedstocks [19] and with other
types of soil amendments [20], SSB has higher P levels, with great potential for use as a P fertilizer. Increases
of Ca, Mg, S and micronutrients levels have also been reported in previous studies with SSB at 300°C [8, 17,
21].

Pyrolysis also increased HMs levels (Table 1). Similar results also indicated higher HM content in SSB
than in SS [21]. During the SS pyrolysis process, there may be an increase in the concentration of non-
volatile elements in the temperature range used, leading to higher HM contents [22]. Therefore, because
HMs have a higher boiling point than the pyrolysis temperature employed, they are concentrated in the final
biochar [21]. Pyrolysis also increases the thermostability of HMs, where examples may include the various
forms in which HMs can exist in SS, salts and hydroxides are generally converted to oxides or sulphides,
which are more stable at elevated temperatures [22]. Despite this, the HMs concentration was below the
maximum limits acceptable by Brazilian legislation [3] and the European Union [23] for SS and the maximum
limits allowed by the International Biochar Initiative for biochar [24]. The origin of the SS produced in Brasilia,
Brazil, is predominately domestic with low HM concentration. Therefore, biochar produced from SS generated
in this city has a low risk of soil contamination, as demonstrated in our previous works, including short-term
[25] and long-term assessments [21].

The pyrolysis process reduced the TC and FA and HA contents and increased HU concentration. Lower
levels of FA and HA may result from thermal degradation of organic compounds during the pyrolysis process
[26], thus increasing the C content in HU, which is the most recalcitrant fraction of OM. In addition, biochars
contain highly aromatic polycondensed compounds very similar to the HU fraction [9], which may increase
this fraction compared to SS.

X-ray Spectra by energy dispersive spectrometry

In the X-ray spectra it is possible to confirm the low presence of K in both SS (Figure 1A) and SSB
(Figure 1B). Contrarily, the spectra of both materials confirmed the presence of P and other nutrients such
as S, Ca, manganese (Mn), iron (Fe) and aluminum (Al). Small increases in intensity were observed after
pyrolysis, 0.028 cps/uA and 0.1656 cps/uA for K and P, respectively. These results demonstrate that pyrolysis
at 300°C promoted little change in the composition of these elements. Previous studies reported that the
most significant changes in these SSB elements, compared to SS, were only found in biochars obtained at
higher temperatures [9, 22].
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Figure 1. Energy dispersive X-ray spectrometry (EDX) spectra of sewage sludge (SS) and biochar (SSB).

X-ray diffraction (XRD) spectra

The X-ray diffraction spectra (XRD) (Figure 2) demonstrated that quartz (SiO,) was the main
mineralogical component of SS (Figure 2A) and SSB (Figure 2B), with peaks close to 21°, 26°, 31°, 36°, 41°,
55°, 60°, 64° and 68° for SS and 21°, 26°, 45° and 68° for SSB. Usually, quartz is the most abundant mineral
in SS and SSB samples, mainly due to clay and sand that remain in the sludge after the sewage treatment
[27, 28]. Less intense peaks were also observed, in SS and SSB, at 18°, 22°, 25°, 27° and 29°, which show,
respectively, the presence of gibbsite [Al(OH)3], variscite (AIPO,), dolomite [CaMg(COs),], calcite (CaCOs)
and albite (NaAlSizOs) [28]. In SSB, the increase in peaks during the range of 26 = 20 to 30° indicates a C-
rich structure with graphite-like amorphous structures stacked in layers [29]. In general, after the pyrolysis,
SSB maintained the mineralogical characteristics of SS, probably due to the low temperature used. The only
difference found was the presence of more intense peaks of quartz in SSB compared to SS. The XRD spectra
reinforce the results obtained in chemical analyzes (Table 1) and the EDX spectra (Figure 1B) that
demonstrated the presence of silicon (Si), Fe, Al, P, Ca and Mg in SSB.
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Figure 2. X-ray diffraction (XRD) spectra of SS (A) and SSB (B).

Scanning electron microscope images

SEM images of the SS and SSB samples are shown in Figure 3. The SSB sample has a darker color
with a typical charcoal appearance (Figure 3D) compared to the SS images (Figure 3A). Figures 3B and 3E
show the irregular shape of the SS and SSB samples, in addition to showing a greater presence of impurities
on the SS surface and the presence of very small aggregates and stabilized particles on the SSB surface.
The greater presence of pores in SSB (Figure 3F) than in SS (Figure 3C) can also be observed, contributing

to a greater SA in biochars [30].

Figure 3. Scanning elecron microscopy images of the S and B surfces. A: crushed ; B: SS urfe with a 30x
magnification; C: SS surface with 2000x magnification. D: SSB; E: SSB with a 30x magnification. F: SS surface with
2000x magnification.
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The presence of microbial cells in abundance in the SS sample should also be noted (Figure 3C),
possibly composed of pathogenic microorganisms that persist even after the SS has dried. Pyrolysis
temperatures 2300°C can inactivate helminths and thermotolerant coliforms, as demonstrated in our previous
study [25].

Surface area and pore volume

Nitrogen adsorption and desorption isotherm models described by Brunauer—Enmett—Teller (BET) Model
for the SS and SSB are shown in Figure 4. BET-analysis is widely used for SA and porosity measurements.

80 1

—8— SS

=)
(=
1

i
=]
1

20

Adsorbed Volume (cm3 g'l)

0.0 0.2 04 0.6 0.8 1.0
Relative pressure (P/Po)

Figure 4. Nitrogen adsorption/desorption isotherms of SS and SSB.

In the present study, the isotherms of both materials were Type IV(a) with Type H3 loop, according to
the IUPAC classification. This indicates that SS and SSB predominantly present mesopores and macropores
[31, 32, 33]. Larger total pore volume (PV) and SA are desirable characteristics since they promote greater
contact between the biochar and soil colloids and water, favoring the release of plant nutrients [34]. In
addition, larger pores can serve as an adequate shelter for microorganisms, increasing their survival and
spread, in addition to improving water retention and soil aeration [35].

As shown in Table 1, the pyrolysis increased SA and PV. The increase was 27 and 6.25% for SA and
PV respectively. The increase in PV is due to the increase in SA after a pyrolysis [25]. In the present study,
SSB, produced at 300 °C, had SA (27.8 m?/g) and PV (0.102 cm?®/g) similar to or higher than values presented
by other studies with SSB [9,17, 22, 36]. In addition, the SA value is generally related to the porosity of the
material, mainly with the micropore volume [29]. In the present work, this relationship became clear because
the material with the highest PV was also that with the highest SA (SSB).

CONCLUSION

Sewage sludge pyrolysis increased the TC, TN and macro and micronutrient contents in SSB. The
biochar showed a higher concentration of heavy metals. Despite this, the MP contents were below the
maximum limits allowed for SS agricultural use. Also, SS pyrolysis at 300°C was insufficient to increase the
concentration of K in SSB, due to the low presence of this element in the raw material. Biochar preserved the
mineralogical characteristics of the raw material, whose main mineral was quartz. The pyrolysis process also
increased the SA and PV, which are desirable characteristics for a sustainable-based fertilizer. It is possible
to conclude that pyrolysis is an excellent alternative to transform SS into organic fertilizer and thus contribute
to the recycling of SS in agriculture.
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