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Abstract: Biochar has been presented as a multifunctional material with short- and long-term
agro-environmental benefits, including soil organic matter stabilization, improved nutrient cycling,
and increased primary productivity. However, its turnover time, when applied to soil, varies greatly
depending on feedstock and pyrolysis temperature. For sewage sludge-derived biochars, which have
high N contents, there is still a major uncertainty regarding the influence of pyrolysis temperatures
on soil carbon mineralization and its relationship to soil N availability. Sewage sludge and sewage
sludge-derived biochars produced at 300 ◦C (BC300), 400 ◦C (BC400), and 500 ◦C (BC500) were added
to an Oxisol in a short-term incubation experiment. Carbon mineralization and nitrogen availability
(N-NH4

+ and N-NO3
−) were studied using a first-order model. BC300 and BC400 showed higher

soil C mineralization rates and N-NH4
+ contents, demonstrating their potential to be used for plant

nutrition. Compared to the control, the cumulative C-CO2 emissions increased by 60–64% when
biochars BC300 and BC400 were applied to soil. On the other hand, C-CO2 emissions decreased by 6%
after the addition of BC500, indicating the predominance of recalcitrant compounds, which results in
a lower supply of soil N-NH4

+ (83.4 mg kg−1) in BC500, being 67% lower than BC300 (255.7 mg kg−1).
Soil N availability was strongly influenced by total N, total C, C/N ratio, H, pore volume, and specific
surface area in the biochars.
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1. Introduction

Advanced thermal treatments employing pyrolysis are being more frequently used in an effort to
find safer solutions for the disposal and utilization of wastewater sludge. The pyrolysis of sewage
sludge (SS) results in an SS-derived biochar, which is free of pathogens and of other hazardous
organic compounds [1,2], enabling its use for agricultural purposes. Biochar produced from essentially
domestic SS could present a heavy metal concentration below the maximum limits allowed in several
countries [3]. One of the main drawbacks of biochars could be the presence of polycyclic aromatic
hydrocarbons (PAHs), which have been increasingly studied in several laboratories across the world [4].
Due to the high concentration of several plant nutrients, SS-derived biochars have been increasingly
studied [5], and their benefits include nutrient supply (mainly P, N, and Ca) for short-cycle crops,
such as radish [6], and grain crops, such as maize [2], in highly weathered soils. The application of
15 Mg ha−1 of SS-derived biochar to an Oxisol was able to fully replace mineral fertilization for maize
production [7].
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In addition to the nutritional benefits of SS biochar for crop production, it may also reduce soil
greenhouse gas emissions [8,9]. According to Woolf et al. [10], the use of biochar can potentially
reduce soil annual net emissions by a 1.8 Pg of C-CO2 equivalent per year, which represents 12% of
current anthropogenic C-CO2 equivalent emissions. The carbon (C) sequestration potential of biochar
is related to its recalcitrant pyrogenic-C, which is resistant to degradation [11]. This recalcitrant fraction
of biochar is basically influenced by the feedstock and formation conditions under which biochar is
produced [12,13]. Depending on biochars’ chemical and physical characteristics, their degradation rates
may vary enormously [13,14]. Finding ways to obtain biochars that are both capable of sequestering
C and releasing nutrients in the soil for food security and production is still a challenge for science.
An appropriate combination of feedstock and production temperature is a strategy that could allow for
the development of “designed” biochars for specific environmental and/or agricultural purposes.

The land application of either SS or SS-derived biochar causes changes to soil structure and
to the functioning of agroecosystems, with the soil microbial community being the most sensitive
component [15]. Applying these products to soil may either increase microbial biomass activity due
to increases in soil C and nutrients or inhibit it due to the presence of heavy metals and other toxic
compounds [16]. Therefore, microbial biomass will respond positively or negatively depending on the
quality and quantity of the amendment. For example, the application of biochar with low available
nitrogen (N) to soil may increase the half-life of C in soil due to a decrease in C mineralization rates [17].
Moreover, if the objective of applying biochar to soil is to increase soil fertility, then low pyrolysis
temperature biochar may be more suitable because of its higher rates of C and nutrient mineralization
in soil [17,18].

To better understand the behavior of labile and recalcitrant fractions of biochars produced by
different pyrolysis temperatures, soil incubation tests are extremely useful [19,20]. The information
obtained from incubation tests enables the inference of the relationship between the more labile fraction
of biochar, its pyrolysis temperature, and the feedstock used for production [14,21]. In the last two
decades, several studies have found that biochars produced at higher pyrolysis temperatures are
highly resistant to decomposition and have the potential to store C in soil [13,22]. However, because of
their high stability, these same biochars have low capacity to release nutrients in a short-term period.
Moreover, some biochars have the potential to be a source of N, whereas others may immobilize N
due to the mineralization process of the biochar labile fractions [23], which mainly occurs during
the first few years after applying biochar to soil [13]. Therefore, it is important to better understand
the dynamics of SS and derived biochars (produced at different pyrolysis temperatures) on C and N
mineralization. Furthermore, the use of kinetics of C mineralization represents an important tool to
describe the behavior of these materials when applied to the soil [20].

A highly significant relationship between C-CO2 evolution and gross N mineralization has been
shown for a range of organic amendments, such as poultry manure, green waste–based compost, and a
straw-based compost [24]. However, there is still a lack of information on how N availability in soils
occurs from the mineralization of carbonized SS.

In this study, the SS-derived biochars obtained at different temperatures were applied to a
representative weathered tropical soil in an incubation experiment. The objectives of the present
study were (1) to evaluate the kinetics of C mineralization of biochars and (2) investigate the biochars’
contributions to C stability and N availability in the soil.

2. Materials and Methods

2.1. Soil Characteristics

Samples of a clayey Oxisol (Typic Haplustox) [25] or Gibbsic Ferralsol [26] were collected at the
0.00–0.20 m soil layer (15◦ 56′ 45” S, 47◦ 55′ 43” W; 1095 m elevation). The soil chemical and physical
properties were determined according to Teixeira et al. [27], and are shown in Table 1. In summary,
the pH was determined in CaCl2 using a 1:2.5 (w/v) soil:solution ratio suspension; 0.5 mol L−1 KCl was
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used as an extractant for the determination of calcium (Ca+2), magnesium (Mg+2), and exchangeable
aluminum (Al+3) contents. This solution was left for overnight equilibration. Subsequently, Ca+2 and
Mg+2 were determined by atomic absorption spectrometry (Shimadzu AA-6300, Shimadzu Scientific
Instruments, Columbia, USA), and Al+3 by titration with a 0.01 mol L−1 NaOH solution; potassium and
phosphorus contents were determined using the Mehlich-1 (0.05 M HCl + 0.025 M H2SO4) extraction
procedure. Available K was analyzed by flame spectrophotometry, and available P was determined
using a spectrophotometer (UV-5100, Tecnal, São Paulo, Brazil) at an 882 nm wavelength after reaction
with molybdovanadate phosphoric acid. Before starting the incubation experiment, the soil was
air-dried, sieved to 2 mm, and water was added to maintain humidity around 20% water holding
capacity, obtained from the van Genuchten model measured by centrifuge method [28].

Table 1. Soil chemical and physical properties a.

Property Value

pH (CaCl2) 5.1 ± 0.3
OC b (g kg−1) 19.4 ± 1.0
P (mg kg−1) 0.7 ± 0.1

K+ (mg kg−1) 46.1 ± 4.0
Ca+2 (mmolc kg−1) 14 ± 2
Mg+2 (mmolc kg−1) 8 ± 1
SB c (mmolc kg−1) 34 ± 5
Al+3 (mmolc kg−1) 0 ± 0

H+Al (mmolc kg−1) 37 ± 4
CEC d (mmolc kg−1) 71 ± 9

V e (%) 48.0 ± 4.0
Sand (g kg−1) 140.1 ± 5.0
Silt (g kg−1) 270.1 ± 10.0

Clay (g kg−1) 580.8 ± 25.0
a According to the methods described by Teixeira et al. [27], mean values, n = 3; b organic carbon by the Walkley–Black
procedure [28]; c sum of bases; d cation exchange capacity at pH 7; e base saturation.

2.2. Biochar Production

Biochars were produced from SS samples collected at the wastewater treatment plant (WWTP)
belonging to the Environmental Sanitation Company of the Federal District, Brasília, DF, Brazil.
This WWTP utilizes a tertiary treatment system. The SS was air dried (approximately to 20% moisture
content), passed through an 8 mm sieve, and then pyrolyzed at 300 ◦C (BC300), 400 ◦C (BC400),
and 500 ◦C (BC500). Pyrolysis was conducted in a muffle furnace (Linn Elektro Therm, Eschenfelden,
Hirschbach, Germany) at a mean temperature increase rate of 2.5 ◦C min−1 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 and a digital
thermostat for temperature control. Table 2 shows the chemical and physical characteristics of the SS
and biochars used in the present study.

2.3. Physicochemical Characterization of Biochars

The sewage sludge biochar (SSB) specific surface areas and pore volumes were determined by N2

adsorption isotherms at −196.2 ◦C in a surface area analyzer, NOVA 2200. The sample was degassed
under vacuum at 300 ◦C for three hours before the measurement. Total C, N, and H contents in SS and
SSB were determined using a CHN Elemental analyzer (model PE 2400, series II CHNS/O, PerkinElmer,
Norwalk, CT, USA). Organic carbon (OC) was determined following Mebius [29]. According to this
method, the digestion mixture of potassium dichromate with sulfuric acid was submitted to external
heating on an electric plate at 100 ◦C for 30 min under reflux. OC was also determined according to
Walkley–Black procedure with no external heating. The pH was determined in a 0.01 M CaCl2 solution,
using a 1:5 (w/v) biochar:solution ratio suspension. Electrical conductivity (EC) was measured in a 1:10
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(g mL−1) ratio using a conductivity meter. After drying, grounding, and sieving through a 0.50 mm
mesh sieve, samples were subjected to acid digestion with concentrated HCl/HNO3 according to USEPA
3050B [30], and the elements were quantified according to the following procedures: phosphorus
was determined by the molybdovanadate phosphoric acid method, potassium by flame photometry.
Calcium, magnesium, sulfur, and heavy metals were analyzed by ICP-OES (ICPE-9000, Shimadzu,
Kyoto, Japan). Nitrate and ammonium were determined by the Kjeldhal method [31]. Moisture was
determined by calculating the weight loss after heating samples at 105 ◦C in porcelain crucibles until
constant weight. Ash was determined as the residual remaining after heating to 600 ◦C and held at
this temperature until the sample weight stabilized. The yield was calculated by the ratio between the
mass of biochar and the feedstock.

Table 2. Chemical, physical, and microbiological characteristics of the sewage sludge and biochars.

Properties 1 Units SS BC300 BC400 BC500

C % 21.0 ± 0.4 23.4 ± 0.4 21.6 ± 0.3 19.0 ± 0.2
OC a

Mebius % 20.1 ± 0.5 20.0 ± 0.4 19.0 ± 0.4 17.6 ± 0.3
OC b

W&B % 14.0 ± 0.4 14.5 ± 0.5 13.9 ± 0.4 13.3 ± 0.4
N % 3.0 ± 0.1 3.3 ± 0.1 2.9 ± 0.1 2.3 ± 0.1
H % 4.2 ± 0.1 3.6 ± 0.1 2.7 ± 0.2 1.7 ± 0.1

C/N 7.0 ± 0.1 7.0 ± 0.1 7.4 ± 0.3 8.3 ± 0.1
H/C 2.4 ± 0.1 1.8 ± 0.1 1.5 ± 0.2 1.1 ± 0.1
pH 4.8 ± 0.4 5.8 ± 0.2 6.5 ± 0.4 6.5 ± 0.3
P g kg−1 35.7 ± 2.8 41.1 ± 3.2 53.7 ± 5.0 61.3 ± 5.6
K g kg−1 0.8 ± 0.1 1.6 ± 0.1 1.08 ± 0.1 1.25 ± 0.1

N-NO3
− mg kg−1 23.3 ± 3.4 17.5 ± 2.8 5.84 ± 1.0 5.8 ± 0.9

N-NH4
+ mg kg−1 461.2 ± 36.0 431.9 ± 31.0 198.5 ± 8.0 169.3 ± 19.8

Ca g kg−1 6.6 ± 0.1 6.7 ± 0.2 7.1 ± 0.4 8.2 ± 0.3
Mg g kg−1 0.8 ± 0.1 1.8 ± 0.1 1.7 ± 0.2 1.7 ± 0.1
S g kg−1 6.7 ± 0.2 15.1 ± 1.0 9.6 ± 0.8 7.4 ± 0.4

Total Cu mg kg−1 115 ± 1 148 ± 1 147 ± 2 145 ± 1
Total Pb mg kg−1 207 ± 1 256 ± 3 260 ± 8 265 ± 1
Total Zn mg kg−1 306 ± 1 321 ± 1 368 ± 4 411 ± 5
Total Cr mg kg−1 100 ± 1 106 ± 2 122 ± 5 136 ± 1
Total Co mg kg−1 20 ± 1 22 ± 1 24 ± 2 25 ± 1
Total Mn mg kg−1 56 ± 1 58 ± 1 68 ± 4 80 ± 2

Moisture c g g−1 0.17 ± 0.01 0.004 ± 0.001 0.003 ± 0.001 0.003 ± 0.001
SSA d m2 g−1 18.2 ± 1.2 20.2 ± 1.8 29.85 ± 2.1 52.5 ± 4.3
PV e mL g−1 0.022 ± 0.001 0.027 ± 0.001 0.046 ± 0.003 0.053 ± 0.002
Ash g g−1 0.54 ± 0.03 0.59 ± 0.02 0.68 ± 0.2 0.79 ± 0.04
Yield % - 86 ± 8 75 ± 5 65 ± 4

1 Average values± standard deviation (n = 3); a organic carbon−Mebius procedure; b organic carbon – Walkley–Black
procedure; c moisture content (65 ◦C); d specific surface area; e pore volume; SS: sewage sludge; BC300: biochar
produced at pyrolysis temperature of 300 ◦C; BC400: biochar produced at pyrolysis temperature of 400 ◦C; BC500:
biochar produced at pyrolysis temperature of 500 ◦C.

2.4. Incubation Experiment

The incubation experiment was implemented in a completely randomized design with four
replicates. The treatments were the following: (1) control soil without amendments (S); (2) soil with SS
(S + SS); (3) soil with biochar produced at pyrolysis temperature of 300 ◦C (S + BC300); (4) soil with
biochar produced at pyrolysis temperature of 400 ◦C (S + BC400); (5) soil with biochar produced at
pyrolysis temperature of 500 ◦C (S + BC500). Five grams of each material (biochars and SS) were added
and mixed with 50 g of soil, corresponding to 10% of biochar per soil weight (w/w). The mixture was
then placed in 1.0 L glass pots and sealed. The C-CO2 released from the mixture was captured with a
solution of 1.0 mol L−1 NaOH, which was changed periodically. C-CO2 was measured by removing the
alkaline trap, adding BaCl2 (20%) and titrated with 0.1 mol L−1 HCl [32]. The incubation experiment
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lasted for 127 days in the dark at 23 ± 2 ◦C, and the alkaline trap was collected, titrated, and renewed
fifteen times. Deionized water was used to bring all soils to 75% water holding capacity, and this was
adjusted weekly. In the first 10 days, the trap was collected every two days, whereas, after that period,
the trap was exchanged every seven days. The C mineralization rate (CMR) was determined during
the sample incubation period.

2.5. Chemical Analyses of Available Nitrogen

At the end of the incubation trial (127 days after implementation), soil samples were collected
from the pots and analyzed for nitrate (N-NO3

−) and ammonium (N-NH4
+) contents. These were

determined using the semi-micro Kjeldahl method. N-NO3
− and N-HH4

+ were extracted with a 1.0 mol
L−1 KCl solution overnight. A total of 10 mL of the extracted solution was distilled with Devarda alloy
(for N-NO3

−) and MgO (for N-NH4
+). Nitrogen from these mineral forms was quantified using an

H2SO4 (0.0025 mol L−1) solution.

2.6. Carbon Mineralization Kinetics Model

A model [33] was used to describe C-CO2 evolution in the treatments. This equation uses a
generalization of the first order model containing an additional parameter (C1), which is the intercept
of the function and represents a separate pool of labile carbon, leading to a mineralization flush during
the initial incubation period (Equation (1)):

Ct = C0 (1 − e−kt) + C1 (1)

where Ct represents the amount of C-CO2 evolved/mineralized after time (t); C0 represents the amount
of total C that can evolve (potentially) (mg kg−1), C1 is the most easily mineralizable C; k is the rate
constant, representing the velocity of decomposition (day−1), and t is the incubation period (days).

2.7. Statistical Analyses

A non-linear regression analysis was performed for cumulative data and C mineralization decay.
The models were tested for statistical significance and for the adjusted coefficients (R2), considering
the levels of convergence (status) for each model. Differences in available N and the rate of C
mineralization between treatments were checked using a one-way ANOVA, followed by Tukey test
(P < 0.05). The analyses were performed using SAS software [34].

The cumulative C-CO2 efflux, available N (NO3
− and NH4

+), and physical-chemical properties
of SS and SS-derived biochars were subjected to Principal Component Analysis (PCA), based on
linear combinations of the original variables on independent orthogonal axes, and was performed by
XLSTAT [35].

3. Results and Discussion

3.1. General Properties of the Soil, Sewage Sludge, and Biochars

The soil chemical and physical properties are presented in Table 1. In general, the clayey soil
(580.8 g clay kg−1) showed low nutrient contents (Ca+2, Mg+2, P, and K+) and low cation exchange
capacity (CEC). This is a representative tropical acidic Oxisol (pH value of 5.1) from the Central Region
of Brazil.

The chemical, physical, and microbiological characteristics of the sewage sludge (SS) and the
biochars are shown in Table 2. The biochar produced at pyrolysis temperature of 300 ◦C (BC300)
showed higher C (total and organic) and N contents compared to biochar produced at pyrolysis
temperature of 500 ◦C (BC500) and SS. A decrease in the C and N contents was observed from BC 300 to
BC 500. Increasing the pyrolysis temperature gradually reduced the percentage of H and the H/C ratio,
and increased the C/N ratio. The pyrolysis of SS increased pH values, shifting from an acidic condition
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(pH = 4.8 in SS) to near neutrality (pH = 6.5 in BC500). Higher pH values in BC500 may be related to
increased concentrations of alkali elements, such as Ca and Mg oxides, and their alkaline reactions.

In general, except for the nitrate and ammonium concentrations, the pyrolysis of sewage
sludge enriched the macro- and micronutrients in the biochars. Phosphorus and potassium were
higher in the biochars compared to SS, and this enrichment increased with pyrolysis temperature.
In addition, the surface area and the pore volume increased with increasing pyrolysis temperature.
Increasing the pyrolysis temperature gradually increased the total heavy metal contents. Nevertheless,
recently, Figueiredo et al. [3] concluded that heavy metals availability decreases with increasing
pyrolysis temperature.

3.2. The Dynamics of C Mineralization

The C mineralization rate (CMR) was higher at the beginning of the incubation period and
gradually decreased. CMR bottomed after day 60 (Figure 1). The higher CMR at the beginning of the
incubation period is due to the decomposition of the labile C compounds present in the biochars [19],
which can be found in water soluble fractions [36]. When the more labile fraction is degraded,
the fractions that are more resistant to microbial attack start to slowly decompose and mineralize at a
lower and more constant rate [37].Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 15 
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Figure 1. Carbon mineralization rate (CMR) of soil and sewage sludge (S + SS), soil and SS-derived
biochars obtained at 300 ◦C (S + BC300), 400 ◦C (S + BC400), and 500 ◦C (S + BC500) pyrolysis
temperature and soil (S) as the control treatment. * and ns: significative and non-significative using the
Tukey test (P < 0.05), respectively.

Among the samples studied, two distinct groups were observed: one composed of SS, S + BC300,
and S + BC400 and another one represented by the S + BC500 and the S (control). The first group
showed higher CMR, from 3 to 37 days after the beginning of the incubation period than the
second group. From this period on, all samples showed no differences in CMR values (P > 0.05).
These results demonstrate that SS biochars produced under pyrolysis temperatures above 400 ◦C have
a reduced amount of easily oxidizable compounds [2], higher C/N ratio, and higher H/C ratio (Table 1).
The H/C ratio is suggested as a stability indicator, which decreases linearly with increasing pyrolysis
temperatures, and thus, reflects increased C stability in soil [10]. As the readily oxidizable compounds
are depleted, the remaining recalcitrant organic materials are decomposed by a specialized population
of fungi and bacteria, which synthesize the enzymes necessary for such decomposition [38]. At this
stage, the CMR is slow and more constant. Therefore, the lower CMR found for S + BC500 (due to
higher pyrolysis temperature) indicates that this material represents an excellent option for soil C
sequestration and to decrease C-CO2 emissions to the atmosphere.
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Similarly to our results, in a previous study by Abdulrazzaq et al. [39], the pyrolysis temperatures
had a great influence on the biochar’s stability, which was indicated by the nature of the C structures.
The low CMR was attributed to increasing aromatic C (benzene-like rings), which have extra stability
in the soil, to an effective structural change that favors the appearance of turbostratic-C crystallites
molecules [40], and to the higher silica content (Si-O stretching instead of organic C-OH stretching
of carbohydrates) [18] with increasing pyrolysis temperature. Zimmerman [14], studying a range of
biochars produced from different feedstocks and at several temperatures, noted that C-CO2 release
from abiotic incubations was 50–90% of that of inoculated (biotic) incubations, and both generally
decreased with increasing pyrolysis temperatures. Such findings were similar to our results. Therefore,
the less condensed pyrogenic-C, and, thus, the more available oxidizable-C found in the biochars
produced at lower pyrolysis temperatures (BC300 and BC400), stimulate soil microbial activity and
induce a positive priming effect [40].

3.3. Kinetics of C-CO2 Efflux

The results from C-CO2 efflux from the different biochars, SS, and the control (S) are presented in
Figure 2. The E-first order model presented high R2 values indicating adequate adjustment (model fit)
to describe the dynamics of C mineralization from the biochars. Additionally, the kinetics of C-CO2

evolution from soil amended with BC300 was well fit to this model with a determination coefficient of
0.74 (Figure 2).
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Figure 2. Kinetics of the E-first order model describing C-CO2 efflux (C mineralization) from soil and
sewage sludge (S + SS), soil and sewage sludge-derived biochars produced under different pyrolysis
temperatures of 300 ◦C (S + BC300), 400 ◦C (S + BC400), and 500 ◦C (S + BC500) and soil (S) as
the control.

Microbial activity was higher in the first 20 to 25 days after the beginning of the incubation period
and decreased over time. The higher mineralization at the beginning may be attributed to the available
readily oxidizable organic C, found in the biochars produced at temperatures lower than 500 ◦C [20];
C-CO2 effluxes are positively correlated to SS labile fractions [41]. Once this fraction is depleted, C-CO2

effluxes are maintained constant. In general, C-CO2 effluxes were higher when the soil was mixed
with biochars produced at lower temperatures (BC300 and BC400) and with SS, where there was a
stimulus to C mineralization, particularly during the initial incubation phase. Differently, the biochar
produced at a higher temperature (BC500) produced a similar C-CO2 efflux from the control, showing
the low capacity of degradation of this biochar.
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In a study by Zavalloni et al. [42], the C-CO2 effluxes were also similar between the control (S)
and the soil mixed with the biochar (hardwood-derived) produced at a higher temperature (500 ◦C).
Therefore, our results show that the SS biochar (produced at 500 ◦C) application to soil and agricultural
systems is a strategy to mitigate C-CO2 emissions from soil, in contrast with the direct application of
SS or low-temperature-derived biochars. Although BC500 did not alter the microbial activity, changes
in the microbial composition may occur, as suggested by Thies and Rillig [43]. Microorganisms that
colonize fresh biochars, which contain more volatile post-pyrolysis compounds on their surfaces,
differ from those microorganisms that colonize it afterward when these compounds have been
metabolized [43]. Therefore, future studies should focus on evaluating these different microorganisms
involved in the degradation of biochar with time. Such studies are important to achieve a better
understanding of the effects of adding different feedstock-biochars to various soil types and their
interactions with plant growth.

The kinetic model shows two types of behavior: one containing a labile phase and the other a more
stable phase. The chemical character of the two sets are the following: (1) an aliphatic portion found
mainly in the outer surfaces of particles and that occurs in higher amounts in biochars produced under
lower pyrolysis temperatures, and (2) another portion composed of highly condensed or condensed
aromatic structures within protective inner pores, which are more abundant in the biochars produced at
higher temperatures [14,39]. These results suggest that, in the long term, the interaction of biochar-soil
increases soil C storage through the sorption processes of organic matter and biochar, in addition to
physical protection.

The C-CO2 effluxes measured in this study are very similar to those found in previous studies,
although they differ in several aspects, such as the type of feedstocks and temperatures used to produce
the biochars, the incubation time, and the measurement (technique) used to determine the C-CO2

evolution. Although the C-CO2 soil evolution is usually measured in a time scale of a few months or
years, estimates of the long-term stability of biochar are necessary to determine the ability of biochars
to sequester C and mitigate global warming [23].

The cumulative C-CO2 effluxes (CCE) are shown in Table 3. Compared to the control (S),
the cumulative C-CO2 emissions increased by 60–64% when biochars BC300 and BC400 were applied
to the soil and decreased by 6% after the addition of BC500. Among all biochars, total N concentration
decreased with increasing pyrolysis temperature (Table 2). This shows that the degradation of these
biochars in soil or their priming effect may be N-dependent [44]. It is well known that the pyrolysis
process promotes gaseous losses of certain elements such as nitrogen [2].

Table 3. Cumulative C-CO2 efflux (CCE) from soil amended with sewage sludge and biochar.

Materials CCE (mg of C-CO2 kg−1 of Soil)

S 63.2 b
S + SS 103.8 a

S + BC300 101.6 a
S + BC400 101.1 a
S + BC500 59.4 b

S: soil (control); SS: sewage sludge; BC300: SS-derived biochar at 300 ◦C; BC400: SS-derived biochar at 400 ◦C;
SS-derived biochar at 500 ◦C. Means followed by the same letters in the column are not significantly different by the
Tukey test (P < 0.05).

3.4. Nitrogen Availability

The highest nitrate (N-NO3
−) levels were observed in S + SS, whereas the other treatments did

not increase N-NO3
− in comparison to the control (Figure 3). N-NO3

− concentration decreased in
the biochars with increasing pyrolysis temperature (Table 2), as a consequence of the volatilization
process [2]. Although the application of biochars did not increase N-NO3

− levels (available N
form), total nitrogen may have not been fully available for plant absorption due to organic binding
in recalcitrant compounds [45]. It is believed that biochars have the potential to render nitrates
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unavailable and decrease its leaching, whereas N fertilizer application to biochars and co-composting
of biochars increases N-NO3

− availability to plants and microbial activity [46]. Furthermore, Haider
et al. [47] suggest that current N-NO3

− extraction methods underestimate N-NO3
− availability to

microbial activity and/or immobilization.
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The amount of N-NH4
+ in soil was found to be higher than N-NO3

− contents, for all treatments.
Total N-NH4

+ contents were higher for the low temperature biochars, following the decreasing order:
S + BC300 > S + BC400 > S + SS > S + BC500 > S (Figure 4). Total N-NH4

+ increased approximately
450%, 311%, and 150% when BC300, SS, and BC500 were applied to soil compared to the control (S),
respectively (Figure 4). These results indicate that, unlike N-NO3

−, biochar is able to supply N-NH4
+ to

the soil over the short term. Biochar produced at a lower temperature (BC300) had the highest capacity
to supply N-NH4

+ to soil compared to BC500. N is removed in the forms of N-NH4
+ and N-NO3

−

and through volatile matter containing N during the pyrolysis process [48]. However, with increasing
pyrolysis temperatures, N forms are gradually transformed into a pyridine-like structure or converted
to more stable compounds, like pyrrole-type N [49]. Similarly to our study, Hossain et al. [50] found
that increasing pyrolysis temperatures from 300 ◦C to 700 ◦C decreases total N content by 55% due
to the volatilization of N during the pyrolysis process. Our results also indicate that the relatively
high proportion of N is conserved at lower pyrolysis temperatures; increasing pyrolysis temperature
from 300 ◦C to 500 ◦C decreased N-NH4

+ and N-NO3
− contents by approximately 64% and 91% when

applied to soil, respectively.
Contrasting results regarding the effects of biochar N mineralization may be related to the different

feedstocks used to produce the biochars and their impacts on soil microbial biomass C and N. Biochars
with low amounts of N and with high C/N ratio may limit N use by microorganisms [13], leading to
N-NH4

+ microbial immobilization and a decrease of available N-NH4
+ in soil [51]. On the other hand,

N-rich biochars with a low C/N ratio (e.g., maize and manure-wood-derived biochars) limit C use by
microorganisms, leading to soil N mineralization and an increase of available N-NH4

+ [52,53].
Biochars produced at lower temperatures may contain significant amounts of labile C, which can

be promptly used by soil microorganisms [54]. However, these biochars, when added to soil, may,
in a short-term period, result in soil available-N microbial immobilization. As such, Bruun et al. [23]
showed that wheat straw-derived biochar produced under rapid pyrolysis (low residence time) results
in biochar containing more labile hydrogenated C fractions, leading to N immobilization by soil
microorganisms in an incubation experiment of 65 days. The opposite behavior is observed when the
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biochar is produced under slower pyrolysis conditions, leading to N mineralization. Therefore, further
studies on N mineralization from biochars should consider other relevant pyrolysis variables, such as
heating rate and residence time.
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Therefore, biochars may release N to soil depending on their derived feedstock, N-containing
compounds and recalcitrance, C/N ratio, and on edaphoclimatic conditions. This could be better
elucidated by investigating the dynamics of N from biochars and/or N fertilizers using the labeled
15N techniques and observing if higher N mineralization rates occur in the long or short-term.
Such understanding would be important to couple the N mineralization rate from biochars and/or
SOM and N-fertilizer application.

3.5. Relationship between C Mineralization and Available N in Soil Amended with Biochar

A principal component analysis (PCA) was conducted to determine the relationships between the
SS physicochemical properties and the SS-derived biochar’s CCE and N-NO3

−, N-NH4
+ contents after

applying it to soil. The following properties were used for PCA: total C (C) and total N (N), H, C/N ratio,
H/C ratio, pH, N-NO3

−, N-NH4
+, specific surface area (SSA), pore volume (PV), and CCE (Figure 5).

In general, along the first PC axis (PC1), a clear separation between two groups was observed: SS
and BC300 (group 1) and BC400 and BC500 (group 2), as indicated in Figure 5. By means of PCA,
it was possible to demonstrate that the higher values of CCE presented by the SS and the SS-derived
biochar produced at 300 ◦C (BC300) were related to their following properties: N, C, H, and H/C ratio.
Therefore, these materials increased soil N-NO3

− and N-NH4
+ availability compared to BC400 and

BC500. On the other hand, increasing pyrolysis temperatures were associated with losses of organic
matter and N, a decrease of H/C, and higher pH, C/N, PV, and SSA. Thus, BC400 and BC500, after 127
days of incubation, showed low soil N (NO3

−, NH4
+) availability. In general, the greatest contrast

(highest PC1 score variations) was observed among SS and BC300 compared to BC500.
Overall, multivariate analysis (PCA) enabled a combined evaluation of all the studied variables,

thus showing the properties of SS-derived biochars that were mostly influenced at different pyrolysis
temperatures. Among such properties, five variables presented a correlation coefficient higher than 0.9
with PC1 (Table 4). Total N, C/N, H, PV, and SSA were the variables that were mostly affected by the
increase in pyrolysis temperature. Therefore, these properties were the ones underpinning the changes
in CCE and N availability observed when different materials were added to the soil. Our work can
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provide guidance to select the most appropriate pyrolysis temperature and to future studies on SS
biochar production for agro-environmental purposes.
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Figure 5. Principal Component Analysis (PCA) ordination diagrams from the scores of soils with
sewage sludge (SS) and with SS-derived biochars produced under different pyrolysis temperatures of
300 ◦C (BC300), 400 ◦C (BC400), and 500 ◦C (BC500). CCE: Cumulative C-CO2 efflux.

Table 4. Correlation coefficients between the soil with sewage sludge and with biochar sewage
sludge-derived biochars variables and the principal components (PC1 and PC2).

Variables PC1 PC2

pH 0.726 −0.662
C −0.788 −0.609
H −0.966 0.248
N −0.933 −0.348

C/N 0.986 −0.023
H/C −0.897 0.436
O/C 0.868 0.491
CCE −0.826 −0.188

NO3
−

−0.534 0.818
NH4

+
−0.626 −0.677

PV 0.938 −0.254
SSA 0.987 0.000

4. Conclusions

In general, two distinct behaviors were observed in relation to the dynamics of C mineralization:
(1) soil mixed with BC300, BC400, and SS increased mineralization rates, and (2) soil mixed with BC500
resembled the same C mineralization dynamics as the soil alone (control), with low CMR. The first
order model was adequate to represent the dynamics of C mineralization in sewage sludge-derived
biochar obtained at different pyrolysis temperatures. Pyrolysis temperature strongly influenced soil N
availability. The SS and SS-derived biochars properties that mostly influenced soil C mineralization
and N availability were N, C/N ratio, H, PV, and SSA. After the incubation period (127 days), BC300
and SS showed very similar behaviors; both increased soil N availability, especially in the N-NH4

+

form. Lower pyrolysis temperatures (up to 300 ◦C) yield biochars that are more capable of releasing soil
nutrients to plants in a short-term period. In addition, our results highlight the environmental benefits
of using higher pyrolysis-temperature biochars to achieve lower C-CO2 emission from soils. Overall,
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pyrolysis can increase both carbon sequestration and nutrient availability in soils, depending on the
temperature adopted. Our results reinforce the idea that tradeoffs between a number of environmental
benefits of biochar exist for different temperatures of pyrolysis.
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