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Abstract: The thermochemical transformation of sewage sludge (SS) to biochar (SSB) allows exploring
the advantages of SS and reduces possible environmental risks associated with its use. Recent studies
have shown that SSB is nutrient-rich and may replace mineral fertilizers. However, there are still
some questions to be answered about the residual effect of SSB on soil nutrient availability. In
addition, most of the previous studies were conducted in pots or soil incubations. Therefore, the
residual effect of SSB on soil properties in field conditions remains unclear. This study shows the
results of nutrient availability and uptake as well as maize yield the third cropping of a three-year
consecutive corn cropping system. The following treatments were compared: (1) control: without
mineral fertilizer and biochar; (2) NPK: with mineral fertilizer; (3) SSB300: with biochar produced at
300 ◦ C; (4) SSB300+NPK; (5) SSB500: with biochar produced at 500 ◦ C; and (6) SSB500+NPK. The
results show that SSB has one-year residual effects on soil nutrient availability and nutrient uptake
by maize, especially phosphorus. Available soil P contents in plots that received SSB were around
five times higher than the control and the NPK treatments. Pyrolysis temperature influenced the
SSB residual effect on corn yield. One year after suspending the SSB application, SSB300 increased
corn yield at the same level as the application of NPK. SSB300 stood out and promoted higher grain
yield in the residual period (8524 kg ha−1 ) than SSB500 (6886 kg ha−1 ). Regardless of pyrolysis
temperature, biochar boosted the mineral fertilizer effect resulting in higher grain yield than the
exclusive application of NPK. Additional long-term studies should be focused on SSB as a slowrelease phosphate fertilizer.
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1. Introduction
The sewage sludge (SS) generated from wastewater treatment plants (WWTP) is
enriched with nutrients and organic matter and may be useful material as a soil amendment [1,2]. However, various countries’ environmental regulations across the world limit
the use of SS on agricultural land, mainly as a precautionary measure due to organic and
inorganic pollutants and pathogens [3]. Therefore, studies have been carried out to search
for new strategies that allow the exploration of the advantages of SS, such as the presence of
nutrients for plants, and to reduce possible environmental risks associated with its use [4].
One such strategy would be to transform SS into biochar (SSB), a carbon (C) rich material
without pathogens [5]. Biochar is a charcoal-like material that is obtained through a process
called pyrolysis, where an organic feedstock is heated in an oxygen-limited or oxygen-free
environment at temperatures between 350 and 800 ◦ C [6]. Biochar is getting the attention of
both the political and scientific community due to its potential to improve soil productivity,
remediate contaminated soils and mitigate climate change [7].
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Biochar application improves soil quality by retaining a greater proportion of the soil
nutrients flowing through the soil and limiting nutrient loading into aquatic systems [8].
Because of SSB properties, such as its porous and recalcitrant properties and available
nutrients, mainly phosphorus (P), its use has received increasing attention in recent years.
Applying SSB to soil has been shown to increase soil fertility indicators such as cation
exchange capacity (CEC) and nutrient availability [9], nitrogen use efficiency [10], and
crop yield [11]. For this reason, it is even possible to replace mineral fertilizers with SS
biochar [11–13]. However, increases in soil fertility and crop yield strongly rely on multi
factors such as the soil type, biochar-derived feedstock and properties, biochar application
rate, mineral fertilizers, and the long and short-term evaluation of application [14]. The
yield-stimulating effects of biochar are not universal but may significantly benefit agriculture in low-nutrient, acidic soils in the tropics [15]. For example, applying biochar to
acidic soil significantly increased plant-P availability by a factor of 5.1, while there was
no significant effect in alkaline soils [16]. Furthermore, the pyrolysis temperature range,
which affects the quality and yield of the final product, need to be considered [17].
The combined application of biochar with mineral fertilizers has been a useful strategy
to balance the availability of nutrients to crops [9], mainly when the feedstock used to
produce the biochar is deficient in certain nutrients. The combination of biochar with n
fertilizer increased soil P concentration [8]. Compared to other feedstocks, SSB is considered
a nutrient-rich feedstock, especially in n and P [10,18,19]. Except for potassium (K), SSB
can be used as an essential source of nutrients for both short and long-cycle crops with
the cropping season of one month and five months, respectively [11,12]. However, due
to the variety of the chemical forms of these nutrients in SSB [13,20], there are still some
questions to be answered about the availability of these nutrients for plants and their
residual effect on soil. Despite the increasing number of biochar studies, approximately
two-thirds of 428 data points on biochar use, obtained by meta-analysis, were from studies
lasting for up to one year [21]. Additionally, there is a lack of study on nutrients dynamics
in the soil–plant system with SSB amendment; and most of the research on SSB has been
done in pot experiments rather than at the field scale. Surprisingly, field experiments with
SSB are scarce in tropical areas, where the effects of biochar on crop yield are likely to be
more notorious [15]. Therefore, long-term field studies help clarify the residual effects of
biochar on soil and plant properties [22]. Recently, Figueiredo et al. [23] demonstrated
a distinct impact of SSB on soil P fractions under residual phase compared to the SSB
direct application. Our previous study [11] performed at the same experimental area
demonstrated SSB benefits, applied for two consecutive years, for soil properties and maize
yields. In this previous work, under direct effect, SSB was capable of replacing inorganic
fertilizers for maize production over two growing seasons in a tropical Oxisol. However,
considering the diversity of chemical forms of nutrients and the high recalcitrance of
biochars, it is crucial to understand the residual effect of SSB in a tropical Oxisol under
field conditions. To the best of our knowledge, the present work is the first to explore the
one-year residual effect of SSB on nutrient dynamics in typically tropical soil. The current
study was based on the hypothesis that SSB has a residual effect and can replace mineral
fertilizers (with NPK) for maize grain production in a weathered tropical soil even one
year after cessation of its application.
2. Materials and Methods
2.1. Biochar Production
Biochars were produced from SS samples collected at the Gama wastewater treatment
plant (WWTP), belonging to the Environmental Sanitation Company of the Federal District,
in Brasilia, Distrito Federal, Brazil. This facility uses a tertiary treatment system in which,
after wastewater treatment, nutrients such as P and N remain in the final SS mass.
The SS was air-dried (approximately 20% moisture content), passed through an 8 mm
sieve, and then pyrolyzed at 300 ◦ C and 500 ◦ C. Pyrolysis was performed in a muffle furnace
(model KK-220, Linn Elektro Therm, Eschenfelden, Germany) at a mean temperature
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increase rate of 2.5 ◦ C min−1 , totaling 120 and 200 min to reach the respective temperatures
and residence time of 30 min. The samples were placed in a metal container adapted to the
internal space of the furnace containing a gas and bio-oil exit system, with a mechanism to
prevent oxygen flow, as well as a digital thermostat for temperature control. The samples
were degassed at 300 and 500 ◦ C for SSB300 and SSB500, respectively.
Table 1 presents the chemical and physical characteristics of the SS and SSBs used in the
present study. The SSB surface areas and pore volumes were determined by N2 adsorption
isotherms at −196.2 ◦ C in a surface area analyzer (NOVA 2200, Quantachrome, FL, USA).
Total C and N contents in the SS and SSB were determined using a CHN Elemental
analyzer (model PE 2400, series II CHNS/O, PerkinElmer, Norwalk, CT, USA). The pH was
determined in a CaCl2 0.01 M solution, using a 1:5 (w/v) biochar:solution ratio suspension.
Electrical conductivity (EC) was measured in a 1:10 (w/v; g mL−1 ) ratio using a conductivity
meter. Dried and ground samples were subjected to acid digestion with concentrated
HCl/HNO3 according to the method 3050B of the United States Environmental Protection
Agency (USEPA) [24]. Macro and micronutrient contents were determined after nitricperchloric acid digestion [25]. Nitrate and ammonium were determined by the Kjeldahl
method [26]. Humic substances (HS) were determined by fractionation based on their
solubility in alkali and acid [27]. Humic substances were extracted by NaOH 0.1 M solution,
and the carbon contents were determined according to Yeomans and Bremner [28].
Table 1. Characteristics of the sewage sludge (SS), biochars (SSB300 and SSB500), and soil.
Property a

Unity

SS

SSB300

pH (CaCl2 )
C
H
N
C/N
P
K
Ca
Mg
S
PV
SSA
Volatile material
Ash
Fixed carbon
Yield

−
%
%
%
−
g kg−1
g kg−1
g kg−1
g kg−1
g kg−1
mL g−1
m2 g−1
% (db)
% (db)
% (db)
%

Cd
Co
Cr
Cu
Mn
Ni
Pb
Zn

mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1

Cd
Co
Cr
Cu
Mn
Ni
Pb
Zn

mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1
mg kg−1

4.8 ± 0.4
5.8 ± 0.2
21.0 ± 0.4
23.4 ± 0.4
4.2 ± 0.1
3.6 ± 0.1
3.0 ± 0.1
3.3 ± 0.1
7.0 ± 0.1
7.0 ± 0.1
35.7 ± 2.8
41.1 ± 3.2
0.8 ± 0.1
1.1 ± 0.1
6.6 ± 0.2
6.7 ± 0.2
0.8 ± 0.1
1.8 ± 0.1
6.7 ± 0.2
15.1 ± 1.0
0.022 ± 0.001
0.027 ± 0.001
18.2 ± 1.2
20.2 ± 1.8
55.3 ± 3.4
36.8 ± 4.4
41.0 ± 3.7
56.6 ± 2.6
3.6 ± 1.3
6.5 ± 1.8
86 ± 8
Total Heavy Metal Content
21 ± 8
24 ± 1
14 ± 1
16 ± 1
86 ± 2
79 ± 3
110 ± 2
152 ± 2
82 ± 2
102 ± 1
59 ± 5
50 ± 4
142 ± 19
198 ± 2
391 ± 2
446 ± 8
Available Heavy Metal Content
4.1 ± 0.1
0.9 ± 0.2
0.7 ± 0.1
0.2 ± 0.1
0.4 ± 0.1
0.1 ± 0.1
9.1 ± 0.2
3.9 ± 0.2
17.9 ± 1.3
3.6 ± 0.7
2.0 ± 0.1
0.6 ± 0.1
3.0 ± 0.1
1.3 ± 0.4
61.1 ± 1.5
15.1 ± 0.3

SSB500

Soil

6.5 ± 0.3
19.0 ± 0.2
1.7 ± 0.1
2.3 ± 0.1
8.3 ± 0.1
61.3 ± 5.6
1.3 ± 0.1
8.2 ± 0.3
1.7 ± 0.1
7.4 ± 0.4
0.053 ± 0.002
52.5 ± 4.3
17.8 ± 0.6
77.6 ± 0.6
4.7 ± 0.1
65 ± 4

4.9
1.98 b
nd
nd
nd
0.0023 c
0.061
1.908
0.418
nd
nd
nd
nd
nd
nd
-

32 ± 1
19 ± 2
121 ± 4
138 ± 3
128 ± 4
76 ± 2
193 ± 14
537 ± 2

19 ± 1
22 ± 1
116 ± 3
6±1
70 ± 4
23 ± 2
0.6 ± 1.4
24 ± 1

1.6 ± 0.2
0.4 ± 0.1
0.2 ± 0.1
0.6 ± 0.2
3.8 ± 0.6
0.6 ± 0.1
1.9 ± 0.8
16.1 ± 2.3

0.02 ± 0.03
0.01 ± 0.01
0.09 ± 0.04
0.39 ± 0.01
1.72 ± 0.09
0.16 ± 0.01
0.53 ± 0.04
0.34 ± 0.17

a Average values ± standard deviation (n = 3); PV: pore volume; SSA: specific surface area; b : organic carbon (Walkley–Black); c : available P
(Mehlich-1); nd: not determined; db: on dry-basis. Modified from Chagas et al. [29].
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2.2. Field Trial Area and Experimental Design
The study was conducted at the experimental farm at the University of Brasilia, Brazil
(15◦ 560 45” S, 47◦ 550 43” W; 1095 m). The region’s climate is classified as type Aw (tropical
seasonal savanna), with a rainy season between October and March and a dry season
defined from April to September. The average annual rainfall between 2001 and 2017
is 1500 mm, and air temperature ranges between 17 and 22 ◦ C. The climate data were
obtained according to the Climatological Standard Normals [30]. The soil in the area is
classified as a clayey Oxisol (Typic Haplustox) [31], Gibbsic Ferralsol [32], or Latossolo
Vermelho according to the Brazilian Soil Classification [33]. The soil chemical and physical
properties (0–0.20 m) before the establishment of the experiment are shown in Table 1. The
experiment was set up in an area used for more than 20 years with a low-productivity
pasture. Before starting the experiment, the soil was not used for annual crop production.
Therefore, as a typical Oxisol of the Central region of Brazil, the soil presented low levels
of available nutrients (Table 1). The direct effect of biochar over successive corn cropping
(two seasons; 2014/2015 and 2015/2016) was conducted in this experiment beginning in
November 2014 as described in our previous study [11]. To study the one-year residual
effect, the application of SSB was stopped in the 2016/2017 growing season. Therefore, the
present study shows results from the residual growing season (2016/2017).
Sewage sludge biochar is a multielement material. However, it is unbalanced in
nutrients for plants. According to Faria et al. [11], potassium is a missing component in this
type of biochar. Thus, combining biochar with mineral sources is an essential strategy to
fully provide different macro- and micronutrients. In general, the co-application between
fertilizer and biochar has previously been recommended by other works [11,34,35]. Thus,
in the present study, six treatments were set up in a randomized block design with four
repetitions. The following treatments were assessed: (1) Control: without mineral fertilizer
and biochar; (2) NPK: with mineral fertilizer; (3) SSB300: with biochar produced at 300 ◦ C;
(4) SSB300+NPK; (5) SSB500: with biochar produced at 500 ◦ C; and (6) SSB500+NPK. Each
plot measured 20 m2 (5 × 4 m).
2.3. Mineral Fertilizer Application
Before starting the study, the experimental area received the “corrective fertilization”
as is commonly suggested for the Cerrado region [11]. Details on corrective fertilization
and lime application are shown in Supplementary Materials Table S1. As a maintenance
fertilizer application, the mineral fertilizer was applied in all years, including the 2016/2017
cropping season. At planting, 714 kg ha-1 of mineral fertilizer (formula 4–14–8, corresponding to the percentage of N, P2 O5 , and K2 O, respectively) were applied, which corresponded
to the application of 45 kg ha-1 of P, 48 kg ha-1 of K and 30 kg ha-1 of N. A side-dressing
fertilizer application of 150 kg N ha-1 was split into two applications of 75 kg N ha-1 .
The first application occurred when the corn had 4 to 6 leaves (V4 stage) and the second
application of 75 kg N ha-1 when the corn had 8 to 10 leaves (V6 stage).
2.4. Biochar Application
Biochars were applied in the first two growing seasons at a dose of 15 t ha−1 (dry
weight) per season and were incorporated into the 0–0.20 m layer of the entire soil area
before sowing. The SSB dose was based on the previous study, which indicated that higher
yields were obtained with the application of 10–20 t ha−1 of SSB [12].
2.5. Planting and Maize Harvest
As in the previous growing seasons, in December 2016, the maize hybrid cultivar LG
6030 was planted with rows spaced 0.90 m with a plant density of 60,000 plants ha−1 and
harvested in May 2017. Supplementary Table S1 shows the main agricultural practices
conducted in the experiment from November 2014 to May 2017.
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2.6. Plant Collection and Analysis
In March 2017, at maize R2 stage (at full bloom), eight leaves (first leaf bellow and
opposite to the corn ear) from eight plants per plot were randomly selected and placed
in paper bags for nutrient analysis as described by Malavolta et al. [36]. According to
Coelho et al. [37], a leaf is the most frequently chosen control organ to represent the whole
plant mainly because of its sensitivity to variation of nutrient supply in the soil. P was
analyzed by the metavanadate colorimetric method, total nitrogen by the semi-micro
Kjeldahl method, K with atomic absorption spectrometry, whereas, Ca, Mg Cu, and Zn was
determined by atomic absorption spectrophotometry. Corn nutrient uptake was obtained
based on the dry matter yield (DMY, kg ha−1 ) and the leaf nutrient content (in kg ha−1 ).
Corn grain yield was determined at harvesting in May of 2017, considering 15 plants plot−1 .
2.7. Soil Sampling and Analysis
In May 2017, after the corn harvesting, soil samples were collected randomly in the
plots, at the 0–0.20 m soil layer, using a Dutch auger. The collected samples were air-dried
and passed through a 2 mm sieve to determine P, K, Ca, Mg, pH, CEC, and the sum of bases
(SB) according to procedures by Teixeira et al. [38]. Soil pH was analyzed in CaCl2 using a
1:2.5 (v:v) soil:solution ratio suspension. Soil P and K contents were determined with the
Mehlich-1 extractor, whereas, Ca and Mg were extracted with a 1 mol L−1 KCl solution.
2.8. Statistical Analyses
Data followed a normal distribution according to the Lilliefors test and had homogeneity of variance by Bartlett’s test. In addition, the residues showed homoscedasticity
by the Cochran test. Data were analyzed using a one-way ANOVA, followed by Tukey’s
HSD test (p < 0.05) as a post hoc to detect statistically significant differences among all
treatments. All statistical analyses were performed using the XLSTAT 2013 software [39].
3. Results and Discussion
3.1. Physicochemical Properties of Feedstock, Biochar, and Soil
The physicochemical properties of the products after the pyrolysis are shown in
Table 1. The proportions of the fixed carbon, ash and volatile materials, yield of the SSB300
and SSB500 are aligned with other works [17,40]. Overall, fixed carbon, ash, pore-volume,
specific surface area and yield increased with pyrolysis temperature. On the other hand,
volatile materials decreased with increasing biochar temperature. This may reduce the
soluble nutrient fractions, especially P, due to increasing the pyrolysis temperature [19].
In general, the pyrolysis of the SS enriched the macronutrients in the biochar. SSB300
showed a higher yield than SSB500, corroborating a previous study [41]. After the biochar
amendment, phosphorus was the nutrient most affected. After two years of biochar application, the increase in total P was around four times greater than the total P accumulation
provided by a no-till system conducted in the same soil type for 17 years [42]. The application of SSB either exclusive (SSB300 and SSB500) or combined with NPK (SSB300+NPK
and SSB500+NPK) to the soil increased P contents considerably compared to NPK and the
control (Figure 1; p < 0.05). The initial SS was rich in P [43] and, during pyrolysis, there are
losses of some gaseous elements, containing C, H, O and N atoms [44,45], increasing, even
more, the P concentration in the final SSB. In general, P in SS is mainly found as aluminum
phosphate [46], a form that is resistant to volatilization below 700 ◦ C [47]. For those reasons,
treating SS by thermochemical conversion has great potential to produce a rich source of P
for agriculture, mainly to be applied in highly weathered soils that are naturally deficient in
P and need large inputs of P fertilizers [48]. Furthermore, the application of SSB to the soil
may improve the quantity and availability of P for plants by reducing the mechanisms of
specific desorption with Al and Fe oxides [49]. These mechanisms are common in Brazilian
Oxisols and represent the main process responsible for reducing phosphate fertilization
efficiency in the Central region of Brazil [48]. Furthermore, highly soluble sources are able
to rapidly release P to plants after dissolution in soil solution but may have the adverse
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effect of prompting exposure of P to adsorption sites [42]. Therefore, our results highlight
the importance of using biochar in tropical soils, as reported by Jeffrey et al. [15].

Figure 1. Soil available P under the one-year residual effect of biochars and mineral fertilizer,
where: Control—without mineral fertilizer and biochar; NPK—with mineral fertilizer; SSB300—with
biochar produced at 300 ◦ C; SSB300+NPK—with biochar produced at 300 ◦ C and mineral fertilizer;
SSB500—with biochar produced at 500 ◦ C; and SSB500+NPK—with biochar produced at 500 ◦ C and
mineral fertilizer. Different letters indicate that the fertilizations differed significantly by Tukey’s test
(p < 0.05). Error bars represent the standard deviation (n = 4).

Despite the higher P content in the SSB produced at 500 ◦ C, there was no significant
difference between SSB300 and SSB500 in soil P residual contents (p > 0.05). In general,
lower temperatures are recommended to obtain richer biochars in readily available forms
of nutrients, with a better prospect to be used as fertilizers [50]. When 20 t ha−1 of woodderived biochar, produced at 300 ◦ C and 350 ◦ C, was applied to the soil, available P
increased, especially when added in combination with NPK fertilizers [51]. In the present
study, the concentration of soil available P after suspending the SSB application was higher
than in the NPK treatment, where P is annually applied. Available soil P contents in plots
that received SSB were around five times higher than the control and the NPK treatments,
respectively. These results reinforce conclusions by Yuan et al. [13], who indicated that SSB
might be used as a slow-release phosphate fertilizer that would increase soil fertility over
the years. In the present study, the soil available P contents in both biochar treatments under
residual effect were similar to those found in the first two years of the same experiment
when SSB has been applied annually [11].
SSB500 alone or combined with NPK (SSB500+NPK) promoted similar content of soil
available P content, despite the higher amount of P, applied via the combination of SSB500
with NPK. The higher corn productivity justifies the lack of differences within the treatment
receiving the combination (SSB500+NPK) compared to SSB500 (Figure 3), reflecting the
higher P uptake by the plant and consequently decreasing the residual P content available
in the soil. Likewise, the absence of difference in available P content between the control
and NPK treatments was also justified by the higher productivity and higher P uptake by
corn in the NPK treatment, as shown later (Figure 3).
The present study demonstrated that SSB has great potential in providing available
P to the soil even one year after suspending its application. However, biochar’s residual
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effect on soil P availability was dependent on the pyrolysis temperature and NPK use.
Soil amended with SSB300+NPK had 11.79 mg P kg−1 and 20 mg P kg−1, significantly
higher than with SSB300 and SSB500+NPK, respectively. Despite its higher total P content,
SSB500+NPK presents lower soil P than SSB300+NPK. A small portion of SSB500 may
have moved to depths below the sampled soil layer. Furthermore, the predominance
of recalcitrant forms of P in biochars made at higher temperatures [52] may explain the
lower content of the soil available P in the SSB500+NPK. Unlike our results, when other
feedstock-derived biochars (e.g., peanut hull and pine chip) were used, no residual effects
of soil P were noticed [53]. Biochars from plant residues did not maintain the increase in P
availability over the years due to the low content of this nutrient in the feedstocks [54,55].
Under the one-year residual effect, biochars did not affect soil pH (Table 2). Similarly,
in our previous study [11], under the direct influence, SSB did not alter soil pH. Nevertheless, it is well-known the liming effect of biochar in acidic soils [56,57], mostly when
the biochar is obtained under higher pyrolysis temperature [5,43,57]. This liming effect is
commonly associated with increases in alkaline elements–Ca and Mg [43] due to gaseous
losses of other elements such as C, H, O and N during the pyrolysis process. However,
in the present study, this was not observed due to the previous application of lime in the
whole experimental area in November 2014 (Supplementary Table S1).
Table 2. Soil chemical properties (average ± standard deviation; n = 4) at the 0.00–0.20 m layer under
the one-year residual effects of biochar and mineral fertilizer.
pH

Treatment
Control
NPK
SSB300
SSB300+NPK
SSB500
SSB500+NPK

CaCl2
5.01
5.21
4.76
4.87
5.18
4.77

±0.34a
±0.32a
±0.54a
±0.21a
±0.23a
±0.15a

K
mg
48.90
77.40
48.83
77.06
49.37
66.11

Ca

kg−1

±3.90b
±16.05a
±7.62b
±26.35a
±7.97b
±14.29ab

Mg
cmolc

2.36
2.88
2.32
2.68
2.87
2.23

±0.53a
±0.59a
±1.28a
±0.59a
±1.04a
±0.60a

kg−1
0.57
0.65
0.53
0.46
0.68
0.46

±0.18a
±0.24a
±0.36a
±0.10a
±0.31a
±0.17a

Different letters indicate that the fertilizations differed significantly by Tukey’s test (p < 0.05). Soil K content was
determined with the Mehlich-1 extractor, Ca and Mg with the KCl (1 mol L−1 ) extractor solution.

Applying SSB (either SSB300 or SSB500) alone did not affect the residual soil K contents
compared to the control (Table 2). Even under direct effect, SSB alone was incapable of
increasing the soil K content, confirming the low levels of this nutrient in SSB, as reported
in our previous study [11]. This result shows the need to reapply potassium fertilizers
with SSB in every cropping season. SS contains low levels of K because this element
is water-soluble, and it is not maintained in the final dried-solid SS during the sewage
treatment [58]. In a previous study that evaluated the use of SSB for growing radish, the
amount of K was only satisfactory when higher doses (>5% w/w) of SSB were applied to
soil [12]. The same was observed for sawdust-derived biochar when applied to soil–low
soil K contents [51]. However, other feedstocks-derived biochars, such as those made from
hardwood, peanut hull, and pine chips, increased soil K contents [50,52,58,59].
Soil Ca and Mg residual contents were not affected by the application of SSB or NPK
(Table 2). Similar to the soil pH values, which were also not affected by SSB application,
Ca and Mg contents may have been influenced by the previous application of lime (Ca
and Mg-rich) in November 2014. Therefore, further studies should evaluate the residual
alkaline effect of SSB in tropical soils, but without applying lime in long-term field trials.
SSB300 showed a one-year residual effect on the soil CEC, which was higher than
the other treatments, except for SSB300+NPK (Figure 2). SSB500 either applied alone or
in combination with NPK, showed similar CEC values compared to the control and NPK
(p < 0.05). Biochars produced at lower pyrolysis temperatures are more negatively charged
and easily oxidized, resulting in higher soil CEC [50]. Such differences between lower and
higher pyrolysis biochars (e.g., 300 ◦ C and 500 ◦ C) may be explained by forming functional
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groups on the surface of SSB300 during pyrolysis. Biochars produced at pyrolysis temperatures lower than 400 ◦ C result in higher CEC due to carboxylic groups capable of adsorbing
nutrients and improving soil fertility. In contrast, at higher pyrolysis temperatures, the
CEC decreases [60]. Jien and Wang [61] verified increases in soil CEC when biochars made
at lower temperatures were used. Therefore, this study confirms the residual effect of
SSB300 to increase soil CEC at least one year after its application.

Figure 2. Cation exchange capacity (CEC) in soil amended with biochar and mineral fertilizer.
Control—without mineral fertilizer and biochar; NPK—with mineral fertilizer; SSB300—with biochar
produced at 300 ◦ C; SSB300+NPK—with biochar produced at 300 ◦ C and mineral fertilizer; SSB500—
with biochar produced at 500 ◦ C; and SSB500+NPK—with biochar produced at 500 ◦ C and mineral
fertilizer. Different letters indicate that the fertilizations differed significantly by Tukey’s test (p < 0.05).
Error bars represent the standard deviation (n = 4).

3.2. Nutrient Uptake by Maize
In general, the higher soil nutrient availability under the one-year residual effect of
biochar reflected positively in nutrient uptake. Biochar also contributed to expanding the
mineral fertilizer use efficiency since SSB with NPK increased the nutrient uptake by plants
compared to the sole application of NPK (Table 3). Overall, in the present study, under the
one-year residual effect, biochar promoted nutrient uptake values similar to the first two
years of the experiment, under direct application of biochar [11]. The exception was the
SSB500 alone that did not differ from the control in the present study under residual effect.
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Table 3. Macronutrients uptake by corn (average ± standard deviation; n = 4) after the first year
under the one-year residual effects of sewage sludge biochar and mineral fertilizer.
N

Treatments
Control
NPK
SSB300
SSB300+NPK
SSB500
SSB500+NPK

kg

±8.73c
±27.69ab
±39.37ab
±50.78a
±33.20c
±26.52a

52.44
170.70
141.09
186.93
110.92
194.14

±0.23c
±3.74abc
±4.09ab
±9.48a
±0.87bc
±5.05a

±3.23b
±1.11ab
±6.39a
±7.89a
±3.37ab
±11.07a

12.95
18.22
26.95
12.00
20.98
17.12

±5.32c
±18.80ab
±30.32bc
±52.96ab
±7.042bc
±43.72a

62.11
138.73
119.27
137.45
93.44
157.04

Mg
kg

15.94
29.54
36.88
33.11
26.75
35.08

K

ha−1

7.03
12.29
17.19
21.87
10.50
21.65

Ca

Treatments
Control
NPK
SSB300
SSB300+NPK
SSB500
SSB500+NPK

P

S

ha−1

±2.57b
±1.25ab
±8.80a
±6.45b
±3.81ab
±3.53ab

5.27
12.20
11.51
13.42
8.95
16.33

±0.79c
±3.73ab
±2.58ab
±6.39ab
±0.55bc
±3.15a

Different letters indicate that the fertilizations differed significantly by Tukey’s test (p < 0.05).

Application of sole SSB300 increased plant N uptake compared to the control. Moreover, it was found to be similar to the application of NPK. In general, SSB500 was less
efficient than SSB300 to increase N assimilation by the plant. Higher NO3 − and NH4 + contents in SSB300 (Table 1) reflected in increases in the N uptake by the plants in comparison
to SSB500 (p < 0.05). Compared to SSB500, SSB300 has more N compounds resistant to
volatilization in temperatures up to 300 ◦ C [43]. Furthermore, N contents in biochars commonly decreased with higher pyrolysis temperatures [11,37,39]. In fact, SSBs produced at
lower temperatures (around 300 ◦ C) usually result in higher available N and, consequently,
increase the N use efficiency by plants [10].
P uptake by maize was also higher under SSB300 application than the control (p < 0.05)
and was similar to NPK. As a result, SSB300, even under one-year residual effect, was
able to replace the soluble P fertilizers needed for corn production in the Cerrado soils.
On the other hand, SSB500 showed no residual effect for P uptake, presenting the need
to be supplemented with NPK. Although P contents in biochars increased with increasing temperatures (Table 1), no residual accumulation of soil P was observed. Probably,
the presence of low solubility phosphate forms found in biochars produced at higher
temperatures [62,63] explains the differences verified in the present study.
Nevertheless, Xu et al. [64], studying the effect of wheat straw-derived biochar on P
transformations in a Haplic Luvisol in China, observed that the incorporation of biochar
produced at 300 ◦ C increased soil CEC compared to the 500 ◦ C. As previously highlighted
in the present study, the soil CEC was also higher for SSB300 than SSB500. The higher
CEC may have induced more negatively charged surfaces in soil [65], increasing anion
repulsion and decreasing P adsorption by the soil [66]. Despite the growing number of
research that aims to understand the SSB-derived P availability and uptake by plants, it is
still necessary to comprehend how forms of this element are found and released over the
years. According to DeLuca et al. [67], thermochemically treated feedstocks may contain
various forms of P with different levels of availability. Generally, SSB is a more nutrient-rich
material (especially for P) than biochars made from multiple other feedstocks [9].
As expected, SSB applied alone (SSB300 and SSB500) showed a little one-year residual
effect on K uptake by the plants and was similar to the control treatment (p < 0.05). As
mentioned above, SSB has a minimal amount of K (Table 1), which reinforces the need to
blend or mix SSB with potassium fertilizers.
SSB300 applied one year earlier (SSB300 and SSB300+NPK) increased Ca uptake by
the plants compared to the control (p < 0.05). Therefore, such results may be related to
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the use of SSB300 that favored higher corn biomass yield and consequently increased Ca
uptake. SSB500 only increased Ca uptake, compared to the control, when the NPK was
applied together (SSB500+NPK). Regarding magnesium (Mg), the one-year residual SSB300
again increased its uptake by the plants compared to the control. Major et al. [68] reported
Ca and Mg increases when wood-derived biochar was applied to soil four years earlier.
These authors associated such increases with less Ca and Mg leaching, due to biochar’s
adsorption characteristics, after lime application.
All treatments, except SSB500, increased sulfur (S) uptake compared to the control
(p < 0.05). As a result, the SSB500 did not show any residual effect on S uptake after one
year of its suspension. SSB500 has approximately half the S content as the SSB300 (Table 1).
3.3. Maize Grain Yield
All the soil amendments (with SSB, NPK, and combinations) promoted higher corn
grain yield than the control (p < 0.05; Figure 3). These increases are related to higher
nutrient uptakes by using these inputs. In general, our results differ from those obtained in
soils of temperate latitudes where biochar had no effect or potentially negative effects on
yields [15].

Figure 3. Maize grain yield response to the one-year residual effect of biochar and mineral fertilizer.
Control—without mineral fertilizer and without biochar; NPK—with mineral fertilizer; SSB300—with
biochar produced at 300 ◦ C; SSB300+NPK—with biochar produced at 300 ◦ C and mineral fertilizer;
SSB500—with biochar produced at 500 ◦ C; and SSB500+NPK—with biochar produced at 500 ◦ C and
mineral fertilizer. Different letters indicate that the fertilizations differed significantly by Tukey’s test
(p < 0.05). Error bars represent the standard deviation (n = 4).

According to our results, the increase in grain yields was due to the higher nutrient availability promoted by biochar application, mainly P. Even one year after applying
SSB300 in the plots, the biochar supplied the necessary nutrients to reach the same maize
yield as the one observed for NPK treatment. SSB300 promoted grain yields 44% greater
than the control. These values were much higher than the 25% average increase in crop
yields in biochar amended soils found for tropical regions [15]. In most long-term studies,
biochars only expressed their potential for increasing productivity one year after appli-
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cation [54,60,69–71]. As demonstrated in our previous work under the direct effect of
biochar [11], using the SSB300 dispenses mineral fertilizer for at least one more cropping
season after its application in Cerrado tropical soils. Further research will be needed to
evaluate how long SSB300 will keep up with the same productivity of the NPK fertilizer.
Nevertheless, 20 t ha−1 of wood-derived biochar applied into tropical acidic soil was
enough to maintain crop yields for at least four consecutive years after its application [60].
Similarly, for cultivating Cassava roots, the application of garden cuttings-derived biochar
was able to increase productivity up to three successive years [69]. Corn yield response to
SSB500 was only positive when it was blended with NPK, where SSB500+NPK was the
best arrangement to increase corn grain yield (p < 0.05). Furthermore, biochars produced
at higher pyrolysis temperatures (500 ◦ C) when combined with mineral fertilizers can
increase corn productivity by approximately 2 t ha−1 compared to the application of NPK
alone. This increase of 2 t ha−1 in maize yield highlights the possibility of using SSB as
a corrective fertilizer, followed by annual applications of soluble mineral fertilizers. In
the Central region of Brazil, a common practice in agriculture is the use of “corrective
fertilization practice” that includes the addition of fertilizers such as P and K before planting, depending on soil analysis. However, further studies need to assess the economic
feasibility of applying SSB as a corrective fertilizer. The economic feasibility of using SSB
should consider C price scenarios. The cost–benefit analysis showed that the optimal
biochar application dose was 15 t ha−1 for all C price scenarios, increasing gross margin
by 21% and 53%, respectively, for 0 and US$ 42 per ton CO2 price scenarios [72]. Studies
have also shown positive synergistic effects of biochars (corn straw, wood, and chicken
litter-derived biochars) and NPK fertilizers in the soil for cotton, soybean, and sunflower
productivities [14,51].
4. Conclusions
The results of the present study express the one-year residual effect of sewage sludge
biochars on soil properties and maize yield. We concluded that there is a need to continue
studying the residual effect of biochar for a longer period of time. It is possible to conclude
that sewage sludge biochars showed one-year residual effects on soil properties, such as
increasing soil P availability and cation exchange capacity. The one-year residual SSB
contributed to increasing the macronutrient uptake by corn. Considering the exclusive
application, SSB300 stood out and promoted higher grain yield in the one-year residual
period (8524 kg ha−1 ) than SSB500 (6886 kg ha−1 ). Consequently, the biochar produced
at 300 ◦ C showed the potential to substitute mineral fertilizers over one year after its
suspension. Both SSB made at 300 ◦ C, and 500 ◦ C combined with mineral fertilizer (NPK)
are agronomically efficient to improve soil fertility, nutrient uptake, and increase maize
yield. Additional studies should be focused on the long-term residual effects of SSB on the
soil fertility status and grain yield. Furthermore, heavy metals dynamics in the soil–plant
system need to be better understood in future research with SSB.
Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/4/2226/s1, Table S1: Description of the seasonal agricultural practices and fertilizer inputs
during the experimental period.
Author Contributions: Conceptualization, C.C.d.F.; formal analysis, J.F., T.R.C. and A.S.d.A.; investigation, A.S.d.A.; methodology, A.T.d.V.; supervision, C.C.d.F.; writing—original draft, J.F. and T.R.C.;
writing—review and editing, K.J. and C.C.d.F. All authors have read and agreed to the published
version of the manuscript.
Funding: This research was funded by Fundação de Pesquisa do Distrito Federal grant number
00193.00002099/2018-65.

Sustainability 2021, 13, 2226

12 of 14

Acknowledgments: Keiji Jindo wishes to acknowledge financial support (3710473400-1) and Cícero
Célio de Figueiredo is grateful to CNPq/Brazil for the fellowship provided for scientific productivity.
Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publication of this paper.

References
1.
2.

3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.

Jindo, K.; Hernández, T.; García, C.; Sánchez-Monedero, M.A. Influence of stability and origin of organic amendments on
humification in semiarid soils. Soil Sci. Soc. Am. J. 2011, 75, 2178–2187. [CrossRef]
Wang, Q.; Shaheen, S.M.; Jiang, Y.; Li, R.; Slaný, M.; Abdelrahman, H.; Kwon, E.; Bolan, N.; Rinklebe, J.; Zhang, Z. Fe/Mn- and
P-modified drinking water treatment residuals reduced Cu and Pb phytoavailability and uptake in a mining soil. J. Hazard. Mater.
2021, 403. [CrossRef]
Paz-Ferreiro, J.; Nieto, A.; Méndez, A.; Askeland, M.; Gascó, G. Biochar from biosolids pyrolysis: A review. Int. J. Environ. Res.
Public Health 2018, 15, 956. [CrossRef]
Paneque, M.; De La Rosa, J.M.; Kern, J.; Reza, M.T.; Knicker, H. Hydrothermal carbonization and pyrolysis of sewage sludges:
What happen to carbon and nitrogen? J. Anal. Appl. Pyrolysis 2017, 128, 314–323. [CrossRef]
Song, X.D.; Xue, X.Y.; Chen, D.Z.; He, P.J.; Dai, X.H. Application of biochar from sewage sludge to plant cultivation: Influence
of pyrolysis temperature and biochar-to-soil ratio on yield and heavy metal accumulation. Chemosphere 2014, 109, 213–220.
[CrossRef]
Krueger, B.C.; Fowler, G.D.; Templeton, M.R.; Moya, B. Resource recovery and biochar characteristics from full-scale faecal sludge
treatment and co-treatment with agricultural waste. Water Res. 2020, 169. [CrossRef]
Agrafioti, E.; Bouras, G.; Kalderis, D.; Diamadopoulos, E. Biochar production by sewage sludge pyrolysis. J. Anal. Appl. Pyrol.
2013, 101, 72–78. [CrossRef]
Mclennon, E.; Solomon, J.K.Q.; Neupane, D.; Davison, J. Biochar and nitrogen application rates effect on phosphorus removal
from a mixed grass sward irrigated with reclaimed wastewater. Sci. Total Environ. 2020, 715. [CrossRef] [PubMed]
Sarfraz, R.; Shakoor, A.; Abdullah, M.; Arooj, A.; Hussain, A.; Xing, S. Impact of integrated application of biochar and nitrogen
fertilizers on maize growth and nitrogen recovery in alkaline calcareous soil. Soil Sci. Plant Nutr. 2017, 63, 488–498. [CrossRef]
Figueiredo, C.C.; Wickert, E.G.; Vieira Neves, H.C.; Coser, T.R.; Paz-Ferreiro, J. Sewage sludge biochar increases nitrogen fertilizer
recovery: Evidence from a 15N tracer field study. Soil Use Manag. 2020. [CrossRef]
Faria, W.M.; Figueiredo, C.C.; Coser, T.R.; Vale, A.T.; Schneider, B.G. Is sewage sludge biochar capable of replacing inorganic
fertilizers for corn production? Evidence from a two-year field experiment. Arch. Agron. Soil Sci. 2018, 64, 505–519. [CrossRef]
Sousa, A.A.T.C.; Figueiredo, C.C. Sewage sludge biochar: Effects on soil fertility and growth of radish. Biol. Agric. Hortic. 2016,
32, 127–138. [CrossRef]
Yuan, H.; Lu, T.; Wang, Y.; Chen, Y.; Lei, T. Sewage sludge biochar: Nutrient composition and its effect on the leaching of soil
nutrients. Geoderma 2016, 267, 17–23. [CrossRef]
Tian, X.; LI, C.; Zhang, M.; Wan, Y.; Xie, Z.; Chen, B.; Li, W. Biochar derived from corn straw affected availability and distribution
of soil nutrients and cotton yield. PLoS ONE 2018, 13, 1–19. [CrossRef]
Jeffery, S.; Abalos, D.; Prodana, M.; Bastos, A.C.; Van Groenigen, J.W.; Hungate, B.A.; Verheijen, F. Biochar boosts tropical but not
temperate crop yields. Environ. Res. Lett. 2017, 12. [CrossRef]
Glaser, B.; Lehr, V.-I. Biochar effects on phosphorus availability in agricultural soils: A meta-analysis. Sci. Rep. 2019, 9. [CrossRef]
[PubMed]
Yuan, H.; Lu, T.; Huang, H.; Zhao, D.; Kobayashi, N.; Chen, Y. Influence of pyrolysis temperature on physical and chemical
properties of biochar made from sewage sludge. J. Anal. Appl. Pyrolysis 2015, 112, 284–289. [CrossRef]
Li, F.; Liang, X.; Niyungeko, C.; Sun, T.; Liu, F.; Arai, Y. Effects of biochar amendments on soil phosphorus transformation in
agricultural soils. Adv. Agron. 2019. [CrossRef]
Frišták, V.; Pipíška, M.; Soja, G. Pyrolysis treatment of sewage sludge: A promising way to produce phosphorus fertilizer. J. Clean
Prod. 2018, 172, 1772–1778. [CrossRef]
Zielińska, A.; Oleszczuk, P.; Charmas, B.; Skubiszewska-Zi˛eba, J.; Pasieczna-Patkowska, S. Effect of sewage sludge properties on
the biochar characteristic. J. Anal. Appl. Pyrolysis 2015, 112, 201–213. [CrossRef]
Bach, M.; Wilske, B.; Breuer, L. Current economic obstacles to biochar use in agriculture and climate change mitigation. Carbon
Manag. 2016, 7, 183–190. [CrossRef]
Nielsen, S.; Joseph, S.; Ye, J.; Chia, C.; Munroe, P.; Van Zwieten, L.; Thomas, T. Crop-season and residual effects of sequentially
applied mineral enhanced biochar and N fertilizer on crop yield, soil chemistry and microbial communities. Agric. Ecosyst.
Environ. 2018, 255, 52–61. [CrossRef]
Figueiredo, C.C.; Pinheiro, T.D.; Zacanaro de Oliveira, L.E.; Araujo, A.S.; Coser, T.R.; Paz-Ferreiro, J. Direct and residual effect of
biochar derived from biosolids on soil phosphorus pools: A four-year field assessment. Sci. Total Environ. 2020, 739. [CrossRef]
USEPA. Method 3050B Acid Digestion of Sediments, Sludges, and Soils. 1996. Available online: https://www.epa.gov/hw-sw8
46/sw-846-test-method-3050b-aciddigestion-sediments-sludges-and-soils (accessed on 21 January 2018).
Da Silva, F.C. Manual de Análises Químicas de Solos, Plantas e Fertilizantes, 2nd ed.Embrapa Informação Tecnológica: Brasília,
Brazil, 2009; 627p. (In Portuguese)

Sustainability 2021, 13, 2226

26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

13 of 14

Bremner, J.M.; Keeney, D.R. Steam distillation methods for determination of ammonium, nitrate and nitrite. Anal. Chim. Acta
1965, 32, 485–495. [CrossRef]
Swift, R.S. Organic Matter Characterization. In Methods of Soil Analysis Part 3—Chemical Methods. Soil Science Society of America;
Sparks, D.L., Page, A.L., Helmke, P.A., Loeppert, R.H., Eds.; American Society of Agronomy: Madison, WI, USA, 1996; pp.
1011–1069. [CrossRef]
Yeomans, J.C.; Bremner, J.M. A rapid and precise method for routine determination of organic carbon in soil. Commun. Soil Sci.
Plant Anal. 1988, 19, 1467–1476. [CrossRef]
Chagas, J.K.M.; Figueiredo, C.C.; Silva, J.; Shah, K.; Paz-Ferreiro, J. Long term effects of sewage sludge derived biochar on the
accumulation and availability of trace elements in a tropical soil. J. Environ. Qual. 2020. [CrossRef]
Davidson, K.; Guttman, N.; Ropelewski, C.; Canfield, N.C.; Spackman, E.; Gullett, D. Calculation of Monthly and Annual 30-Year
Standard Normals; World Meteorological Organization: Washington, DC, USA, 1989; pp. 1–11.
Soil Survey Staff. Keys to Soil Taxonomy, 12th ed.; USDA-Natural Resources Conservation Service: Washington, DC, USA, 2014.
World Reference Base for Soil Resources; Report 103; IUSS: Rome, Italy, 2006. [CrossRef]
Dos Santos, H.G.; Jacomine, P.T.; Dos Anjos, L.H.; De Oliveira, V.Á.; Lumbreras, J.F.; Coelho, M.R.; De Almeida, J.A.; de Araujo
Filho, J.C.; De Oliveira, J.B.; Cunha, T.J. Brazilian Soil Classification System; Embrapa: Rio de Janeiro, Brazil, 2013; 353p.
Matsumoto, K.; Sato, S.; Fujita, T.; Sánchez-Monedero, M.A.; Kindo, K. Effect of charcoal-blended compost on plant growth of
Brassica rapa var. peruviridis for reduction of nitrogen fertilizer use. Acta Hortic. 2016. [CrossRef]
Singh, R.; Singh, P.; Singh, H.; Raghubanshi, A.S. Impact of sole and combined application of biochar, organic and chemical
fertilizers on wheat crop yield and water productivity in a dry tropical agro-ecosystem. Biochar 2019, 1, 229–235. [CrossRef]
Malavolta, E.; Vitti, G.C.; Oliveira, A.S. Avaliação do Estado Nutricional das Plantas: Princípios e Aplicações; Associação Brasileira
para Pesquisa da Potassa e do Fosfato: Piracicaba, Brazil, 1989.
Coelho, A.M.; França, G.E.; Pitta, G.V.E.; Alves, V.M.C. Cultivo do Milho—Diagnose Foliar do Estado Nutricional da Planta; Comunicado Técnico 45; EMBRAPA: Sete Lagoas, Brazil, 2002.
Teixeira, P.C.; Dobagemma, G.K.; Fontana, A.; Teixeira, W.G. Manual de Métodos de Análise do Solo. Manual de Métodos de Análise do
Solo, 3rd ed.; Teixeira, P.C., Dobagemma, G.K., Fontana, A., Teixeira, W.G., Eds.; Embrapa: Brasília, Brazil, 2017.
Addinsoft. Xlstat 2013: Statistical Software to MS Excel; Addinsoft: New York, NY, USA, 2013.
Tarelho, L.A.C.; Hauschild, T.; Vilas-Boas, A.C.M.; Silva, D.F.R.; Matos, M.A.A. Biochar from pyrolysis of biological sludge from
wastewater treatment. Energy Rep. 2020, 6, 757–763. [CrossRef]
Jindo, K.; Mizumoto, H.; Sawada, Y.; Sanchez-Menderero, M.A.; Sonoki, T. Physical and chemical characterization of biochars
derived from different agricultural residues. Biogeosciences 2014, 11, 6613–6621. [CrossRef]
Zancanaro de Oliveira, L.E.; Nunes, R.S.; Sousa, D.M.G.; Figueiredo, C.C. Dynamics of residual phosphorus forms under different
tillage systems in a Brazilian Oxisol. Geoderma 2020, 367. [CrossRef]
Figueiredo, C.; Lopes, H.; Coser, T.; Vale, A.; Busato, J.; Aguiar, N.; Novotny, E.; Canellas, L. Influence of pyrolysis temperature on
chemical and physical properties of biochar from sewage sludge. Arch. Agron. Soil Sci. 2018, 64, 881–889. [CrossRef]
Chen, T.; Zhang, Y.; Wang, H.; Lu, W.; Zhou, Z.; Zhang, Y.; Ren, L. Influence of pyrolysis temperature on characteristics and heavy
metal adsorptive performance of biochar derived from municipal sewage sludge. Bioresour. Technol. 2014, 164, 47–54. [CrossRef]
Zhang, J.; Lü, F.; Zhang, H.; Shao, L.; Chen, D.; He, P. Multiscale visualization of the structural and characteristic changes of
sewage sludge biochar oriented towards potential agronomic and environmental implication. Sci. Rep. 2015, 5, 1–8. [CrossRef]
Collivignarelli, M.C.; Canato, M.; Abba, A.; Miino, M.C. Biosolids: What are the different types of reuse? J. Clean. Prod. 2019, 238.
[CrossRef]
Hossain, M.K.; Strezov, V.V.; Chan, K.Y.; Ziolkowski, A.; Nelson, P.F. Influence of pyrolysis temperature on production and
nutrient properties of wastewater sludge biochar. J. Environ. Manag. 2011, 92, 223–228. [CrossRef] [PubMed]
Rodrigues, M.; Pavinato, P.S.; Withers, P.J.A.; Teles, A.P.B.; Herrera, W.F.B. Legacy phosphorus and no tillage agriculture in
tropical oxisols of the Brazilian savanna. Sci. Total Environ. 2016, 542, 1050–1061. [CrossRef]
Xu, G.; Sun, J.N.; Shao, H.B.; Chang, S.X. Biochar had effects on phosphorus sorption and desorption in three soils with differing
acidity. Ecol. Eng. 2014, 62, 54–60. [CrossRef]
Novak, J.M.; Busscher, W.J.; Laird, D.L.; Ahmedna, M.; Watts, D.W.; Niandou, M.A.S. Impact of biochar amendment on fertility of
a southeastern coastal plain soil. Soil Sci. 2009, 174, 105–112. [CrossRef]
Mete, F.Z.; Mia, S.; Dijkstra, F.A.; Abuyusuf, M.; Hossain, A.S.M.I. Synergistic effects of biochar and NPK fertilizer on soybean
yield in an alkaline soil. Pedosphere 2015, 25, 713–719. [CrossRef]
Adhikari, A.; Gascó, G.; Méndez, A.; Surapaneni, A.; Jegatheesan, V.; Shah, K.; Paz-Ferreiro, J. Influence of pyrolysis parameters
on phosphorus fractions of biosolids derived biochar. Sci. Total Environ. 2019, 695. [CrossRef]
Gaskin, J.W.; Speir, R.A.; Harris, K.; Das, K.C.; Lee, R.D.; Morris, L.A.; Fisher, D.S. Effect of peanut hull and pine chip biochar on
soil nutrients, corn nutrient status, and yield. Agron. J. 2010, 102, 623–633. [CrossRef]
Griffin, D.E.; Wang, D.; Parikh, S.J.; Scow, K.M. Short-lived effects of walnut shell biochar on soils and crop yields in a long-term
field experiment. Agric. Ecosyst. Environ. 2017, 236, 21–29. [CrossRef]
Jin, Z.; Chen, C.; Chen, X.; Jiang, F.; Hopkins, I.; Zhang, X.; Han, Z.; Billy, G.; Benavides, J. Soil acidity, available phosphorus
content, and optimal biochar and nitrogen fertilizer application rates: A five-year field trial in upland red soil, China. Field Crops
Res. 2019, 232, 77–87. [CrossRef]

Sustainability 2021, 13, 2226

56.
57.
58.
59.
60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

14 of 14

Luo, Y.; Durenkamp, M.; De Nobili, M.; Lin, Q.; Brookes, P.C. Short term soil priming effects and the mineralization of biochar
following its incorporation to soils of different pH. Soil Biol. Biochem. 2011, 43, 2304–2314. [CrossRef]
Yuan, J.-H.; Xu, R.-K.; Qian, W.; Wang, R.-H. Comparison of the ameliorating effects on an acidic ultisol between four crop straws
and their biochars. J. Soils Sediments 2011, 11, 741–750. [CrossRef]
Kirchmann, H.; Börjesson, G.; Kätterer, T.; Cohen, Y. From agricultural use of sewage sludge to nutrient extraction: A soil science
outlook. Ambio 2017, 46, 143–154. [CrossRef] [PubMed]
Ajayi, A.E.; Holthusen, D.; Horn, R. Changes in microstructural behavior and hydraulic functions of biochar amended soils. Soil
Till. Res. 2016, 155, 166–175. [CrossRef]
Zornoza, R.; Moreno-Barriga, F.; Acosta, J.A.; Muñoz, M.A.; Faz, A. Stability, nutrient availability and hydrophobicity of biochars
derived from manure, crop residues, and municipal solid waste for their use as soil amendments. Chemosphere 2016, 144, 122–130.
[CrossRef]
Jien, S.H.; Wang, C.S. Effects of biochar on soil properties and erosion potential in a highly weathered soil. Catena 2013, 110,
225–233. [CrossRef]
Huang, R.; Tang, Y. Speciation dynamics of phosphorus during (Hydro)thermal treatments of sewage sludge. Environ. Sci. Technol.
2015, 49, 14466–14474. [CrossRef] [PubMed]
Mackay, J.E.; Cavagnaro, T.R.; Jakobsen, I.; Macdonald, L.M.; Grønlund, M.; Thomsen, T.P.; Müller-Stöver, D.S. Evaluation of
phosphorus in thermally converted sewage sludge: P pools and availability to wheat. Plant Soil 2017, 418, 307–317. [CrossRef]
Xu, G.; Shao, H.; Zhang, Y.; Junna, S. Non-additive effects of biochar amendments on soil phosphorus fractions in two contrasting
soils. Land Degrad. Dev. 2018, 29, 2720–2727. [CrossRef]
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