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Abstract

The recommended dose of sewage sludge is based on the availability of mineral nitrogen and its mineralizable organic frac-
tion, which varies according to sewage sludge, soil type, and several climatic factors. This study evaluated the mineralization
and recovery of macronutrients from dried and composted sewage sludge in clayey, medium, and sandy soils textures for
120 days. The behavior of organic carbon (OC), mineral and organic nitrogen (ON), and the available P, K, Ca, and Mg in
the soil were investigated. The sewage sludge showed to be an alternative source of P as it presented a mean availability rate
higher than 72%. The most severe sewage sludge degradation occurred in the first weeks of monitoring. The highest OC
mineralization rate (MR) were equal to or greater than 30% and occurred in the first 30 days of evaluation in all treatments.
The MR for OC and ON in the soils that received the residues, at the end of 120 days of monitoring, were greater than 45%,
indicating that in tropical soils the mineralization occurs intensely. Soil texture influenced the N mineralization of sewage
sludge, with higher MR in the soils with higher sand concentration, for both residues. In field condictions, the application
of dried and composted sewage sludge showed ON mineralization rates above 50% for clayey, medium, and sandy soils.

Keywords Biosolid - Decomposition - Mineralization rate - Organic matter - Residue recycling

Introduction

Sewage sludge (SS) is a by-product of the wastewater treat-
ment process and its disposal can generate serious environ-
mental problems if carried out incorrectly. Agricultural,
landscaping, and forestry are the most appropriate alterna-
tives for SS disposal due to its potential use as organic fer-
tilizer and soil amendment due to its high concentration of
organic matter and nutrients such as nitrogen, phosphorus,
and micronutrients (Melo et al. 2018).
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However, SS has some restrictions, such as the risk of
contamination of the soil with trace metals, organic sub-
stances, and pathogens (Murray et al. 2019). Besides, there
is the possibility of N leaching, the occurrence of attraction
of insect vectors, and the release of odors when the residue
is not sufficiently stabilized, compromising directly or indi-
rectly the environment and human health. Sewage sludge
post-treatment or stabilization processes reduce the path-
ogenic load, odor, and attraction of insects, out of which,
composting and anaerobic and aerobic digestion are the most
common. However, these processes can alter the kinetics
of N mineralization and the degradation of organic matter
(Corréa and Silva 2016).

The SS use in Brazil is regulated by the National Coun-
cil for the Environment (Conselho Nacional de Meio
Ambiente—CONAMA) through Resolution no. 498,
which regulates the SS dose based on various criteria, one
of them is the available N concentration (Brazil 2020).
The N criterion considers the estimates of the mineraliza-
tion rate (MR) of sewage sludge organic nitrogen (ON). In
this resolution, the mineralization rate will be provided by
located studies in each state of the country, representing
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the importance of this study, especially in the Cerrado-
Caatinga transition area in Brazil.

The SS dose for soil application is calculated based on
the N concentration and the ON mineralization rate. To
verify the release of mineral N to the soil from the SS,
or other sources of organic matter, the material is usually
incubated with soil under controlled conditions (Zare and
Ronaghi 2019), adjusting to a model that describes the
processed as a function of the time. It is then questionable
whether the MR of the N in the field would be similar,
due to the dynamism of the N. Field incubation ensures
closer to real conditions for the mineralization of N, C,
and nutrients of the residue. Studies on Brazilian soils
with the incubation of SS and their by-products in the
field have been reported for MR of C and N above 65%
(Backes et al. 2013; Paula et al. 2013). Another critical
factor to be elucidated is the contribution and availability
of the other macronutrients P, Ca, Mg, and K found in the
SS, besides the influence of the soil texture on the waste
mineralization process.

Sewage sludge may replace or supplement the use of min-
eral fertilizers. However, the knowledge of the longevity of
SS benefits on soil fertility is still limited (Melo et al. 2018).
As a result, further studies are necessary to understand the
mineralization process and the availability of macronutrients
in the soil in regions of tropical climate, specifically in the
Cerrado-Caatinga transition area in Brazil, in order to apply
correct SS dose to avoid the excess of nutrients in the soil,
beyond the nutritional supply of the plant, minimizing the
risks of environmental contamination. Thus, the objective of
this study was to evaluate the mineralization rate of C and
N and the recovery of macronutrients in soils with different
textures treated with sewage sludge in two maturation stages.

Material and methods
Site description

The study was carried out at the Instituto de Ciéncias
Agrarias at Universidade Federal de Minas Gerais-ICA/
UFMGQ, in the municipality of Montes Claros, located in
the north of the State of Minas Gerais (MG), latitude 16° 40’
57.70" south, longitude 43° 50" 19.62" west, 650 m above
sea level. According to Koppen, the climate in the region is
classified as Aw Savannah tropical.

Metereological data over the study period (August to
December 2017) were obtained from Instituto Nacional de
Meteorologia (INMET), with rainfall of 13.6 mm in Octo-
ber and 244 mm in December. The average maximum and
minimum temperatures observed in the period were 32.8 and
18.2 °C, respectively INMET 2017).
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Soil collection for texture construction and sewage
sludge acquirement

Soil was collected from a horizont B layer of a clayey
Nitisol (IUSS 2015), with the purpose of reducing the
interference of native organic matter of the soil. Then,
the soil was mixed with fine sand (<2 mm) in order to
obtain proportions of approximately 25 and 35% of clay,
thus composing different textural classes. This was done
to guarantee results referring only to the soil granulometry
on the mineralization of C and N of the SS and availabil-
ity of the macronutrients, avoiding the interference of the
mineralogical variation of different soils. The soil-sand
mixture was homogenized in batches and maintained for
an incubation period of 10 cycles of subsequent wetting
and drying, followed by stirring the soil at each cycle and
moistening to 70% field capacity (Maluf et al. 2015).

The granulometric analysis was performed according
to Moniz et al. (2009). The texture of the Nitisol was clas-
sified as clayey with 13% of sand, 31% of silt, and 56% of
clay. From this soil, a medium-texture soil was obtained,
with 42, 21, and 37% of sand, silt, and clay, respectively.
And, a sandy soil with 61, 14, and 25% of sand, silt and
clay, respectively. Soil chemical attributes were character-
ized according to Embrapa (1997) (Table 1).

The dried sewage sludge (DS) used was collected from
the Copasa Wastewater Treatment Plant in the city of
Montes Claros, Minas Gerais, Brazil, where it is treated
at 350 °C for 30 min, presenting final humidity around 8%.
The composted sewage sludge (CS) was obtained from
the DS. Sewage sludge stabilization took place in a fur-
row, after constant wetting and stirring over the sixty-day
composting period. The chemical characterization of the
DS and CS was performed according to Alcarde (2009)
(Table 1).

Experiment installation

The study was carried out in the field using a complete
randomized block design, with four replications, in a fac-
torial scheme with split-plot in time. The plots consisted
of 3 x 3 factorial, the subplots were the seven collection
times (0, 5, 15, 35, 50, 80, and 120 days after SS applica-
tion). The factors consisted of three types of soil texture
(sandy, medium, and clayey) amendend with dried sewage
sludge (DS), composted sewage sludge (CS), and without
residue (WR).

The experimental units were made up of cylindrical pits
open in the soil, with 0.50 m diameter and 0.20 m depth,
filled with approximately 40 L the so0il-SS mixture, accord-
ing to each treatment. The SS doses corresponded to the
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Table 1 Soil and sewage sludge

characterization used in the Soil PH P rem’* P K Ca’ Mg®*  CEC H+Al CO
study 1:225H,0 mg L' mgdm™ cmol, dm™ gkg!
Clayey 55 12.48 1.60 218 3.15 139  7.55 245 17.80
Medium 6.5 22.84 2.61 147 2.53 075 491 1.25 11.20
Sandy 6.7 29.03 2.71 117 2.54 033 458 141 9.00
Sludge N-total N-NH,* N-NO,~ ON oC Ca Mg P K
gkg™!
Dried at 350 °C 36.50 1.82 0.03 34.64 338.80 9.81 202  17.09 3.74

Composted

32.70 0.03

0.43 3224 26990 13.89 1.66 10.00 2.80

Methods according to Embrapa (1997)

#Remaining phosphorus

SExtracted with Mehlich-1 solution

addition of 1000 kg ha~! of N, needed for the cultivation of
irrigated pineapple with high technological level (Cardoso
et al. 2013). According to it, it was applied 1.22 and 1.27L
of DS and CS in 40 L of soil, respectively. So, the amount
of organic nitrogen (ON) and organic carbon (OC) applied
per kilogram of soil was: 0.51 and 4.28 g for the CS and
0.53 and 5.16 g for the DS, respectively. The experimental
plots were irrigated in order to maintain the soil humidity
up to 60% of field capacity.

Performed analyses

Soil samples were taken using a PVC probe delimited in
0.20 m at the corresponding period of colection. Soil samples
were taken to the laboratory for immediate analysis of mineral
nitrogen: ammonium (N-NH,*) and nitrate/nitrite (N-NO, ")
using the distiller Kjeldahl (Tedesco et al. 1995). Then, soil
samples were air dried, macerated in a porcelain mortar, sieved
through a 0.2-mm mesh, and stored until the analyses of the
attributes: total organic carbon (OC) (Mendonga and Matos
2005), total nitrogen (TN) (Tedesco et al. 1995), soil pH (1:2.5
H,0), and available P, K*, Ca®*, and Mg?*. The extractions of
P and K* were carried out using Mehlich 1 solution and the
extraction of Ca®" and Mg** were used 1 mol L™ KClI solution
(EMBRAPA 1997).

The concentrations of NT, N —NH4+, and N-NO, ~ obtained
during the incubation period of the organic residues were used
to determine the concentrations of mineral N (Nm) and organic
N (ON), according to the Egs. 1 and 2.

Nm = (N—NHI)+(N—N0;) 1)

ON = NT — Nm ()

Kinetics of sewage sludge organic carbon
and nitrogen mineralization in the soil

Concentrations of mineralized N and C of the SS was veri-
fied by the difference in soil concentrations between the
SS treatments and the control (without the residues). The
mathematical model was adjusted by using mineralized and
accumulated OC and ON concentratios in time. The kinetics
of OC and ON mineralization and availability of inorganic N
in the soils were evaluated according to Paula et al. (2013).
The data were adjusted by the simple exponential model of
first-order chemical kinetics proposed by Stanford and Smith
(1972), which was adopted to describe the mineralization
process, according to the Eqgs. 3 and 4.

OC(min.) = OC(O) * (1 — e(—kC*z)) -

ON (yiny = ON gy * (1 — (kN0 "

where OC i, )» ON(pip y: SS mineralized and accumulated
OC (g kg™!) and ON (mg kg™") per soil mass unit in a spe-
cific period; OC,, ON,: SS potentially mineralizable
OC and ON per soil mass unit in a specific time (g kg™');
kC, kN: OC and ON mineralization rate constant in the SS
(day™!); t: time referring to the SS incubation period in the
soil (days).

Mineralization rate of sewage sludge organic
carbon and nitrogen in the soil

The mineralization rates (MR) of the OC and ON of the resi-
dues were obtained through the adjustment of the first-order
chemical kinetics model, according to Paula et al. (2013).
The method uses the adjusted parameters, in the first order
exponential equations, which are the values of OC, and
ON((, and the mineralization coefficients to obtain the values
of OC i and ON ;. In this way, Eqs. 3 and 4 are used
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to obtain the MR values of OC and ON, obtained by Eqgs. 5
and 6.

MROC ;) = 100 % (OC 11/ OC uitdear) 5)

MRON(min.) =100 = (ON(min.)/ON(added)) (6)

The MR obtained through Eqs. 5 and 6 were calculated
with the adjusted parameters, using the amount of OC and
ON added per kilogram of soil via SS.

Macronutrient availability rate

The macronutrient concentrations obtained by the routine
extractors were used to obtain the availability rate of the P,
K*, Ca**, and Mg?* in the soils during the period of incu-
bation of the residues. The availability rate of nutrients was
calculated using the Eq. 7.

AR(%) = 100 % (1AR — tWR) * tAR™ (7)

where AR is the availability rate of a specific nutrient; tAR is
the concentration of the nutrient in the soil after SS addition

Fig. 1 Organic carbon a
16

concentration and mineral-

ized and accumulated organic
carbon concentration in clayey,
medium, and sandy soils
ammended with dried (a, ¢) and
composted (b, d) sewage sludge
over the 120-day incubation
period

Concentration of Soil OC (g kg™)

(CS or DS); tWR is the concentration of nutrient available
in the control soil (without the residues).

The positive (+) values obtained from AR indicate
nutrient availability or mineralization in the soil after
SS application; the negative values (—) indicate the non-
availability or immobilization of the nutrient; when it is
equal to zero (0), it indicates that there was no change in
soil nutrient availability.

Statistical analysis

The data obtained in the study were submitted to analysis
of variance (p £0.05), using a multiple comparison test
for the qualitative parameters, texture and residue types,
using the Tukey test (p <0.05). For the quantitative data,
evaluation times, the regression analysis was performed.
The analysis was performed using software R (The R
Development Core Team 2016). The figures were made in
the software SigmaPlot 12.0 (Systat Software, San Jorge,
CA, USA).
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Results
Carbon and nitrogen mineralization

A reduction in the soils OC concentration was found over
the evaluation period after DS and CS application (Fig. 1).
It was also observed that in the first 20 days, the reduc-
tion in soil OC concentration was more intense, with no
significant variations after that period (Fig. la, b). The
lowest OC concentrations were observed in the sandy soil
for both SS (Fig. 1c and d). In the sandy and clayey soils,
the highest accumulated OC was observed when amended
with DS while in the medium soil when it was amended
with CS.

The smallest mineralization rate was observed in soils
incubated with CS than with DS from the sixtieth day of
the study (Table 2). After 30 days of monitoring, MR was
already greater than 40% in all treatments, except in sandy
soil amended with DS, with almost 30%. At 120 days of
monitoring, the highest MR of OC was observed in clayey
and medium soils than the sandy soil after DS application,
with MR greater than 80%. The same result was observed

with the CS application; however, the MR were 59 and
69% to the clayey and medium soils, respectively.

The highest ammonium (NH,*) concentrations were
observed at the first 5 days of DS and CS (Fig. 2a, b) appli-
cation. The NH,* and NO,~ concentrations were higher in
all soils that received DS (Fig. 2a, c¢) compared to soils that
were amended with CS (Fig. 2b, d). Nitrate forms increased
substantially in soils between 45 and 80 days of evaluation,
with depletion at 120 days (Fig. 2c, d). Higher mineralized
ON levels were observed in both residues in sandy soils after
120 days (Fig. 2e, f). There were no diferences between the
sewage sludges, except for the sandy soil, that had higher
MR with the application of the CS than the DS (Table 2).
It was also noticed that the increment of sand increased the
ON mineralization rate, regardless the SS, ranging from 50
to 85%.

Soil fertility and macronutrient recovery

The soil pH was influenced by the SS incubation over time
(Table 3). An increase by 0.74 pH units was observed at
93 days of monitoring, with a value of 6.43. The pH of the
clayey soil remained lower than those of the medium and

Table 2 Coefﬁci.ents (?f tl_le Residue Texture  Coefficients R? Y(0)§ MR*
first-order chemical kinetics
equation and mineralization af 30" 60 90 120 30 60 90 120
rate obtained from the organic
carbon and organic nitrogen of Organic carbon
clayey, medium, and sandy soils DS Clayey  4.51 %% (.026 * 093 248 360 4.10 432 485 69.7 794 838
fertilized with dried (DS) and Medium 442 %% 0025% 095 230 341 393 418 446 660 763 812
composted sewage sludge (CS) Sandy  533%  00llns 093 154 264 342 397 299 511 662 769
CS Clayey  2.53 *#** (.094 * 091 238 253 253 253 557 59.0 592 3592
Medium 5.01 *#* 0.034 *** 096 3.32 436 477 492 450 61.0 67.0 69.0
Sandy 2,03 #* 0.129ns  0.75 2.01 2.05 2.04 204 469 478 479 479
Organic nitrogen
DS Clayey 319**  0.015*% 094 117 191 238 268 22.1 36.0 450 50.5
Medium 491 * 0.010 * 093 122 213 282 334 23.0 403 533 630
Sandy 447 #0019 *#+ 098 193 302 365 400 364 57.1 69.0 75.6
CS Clayey 316 * 0.016 * 0.86 119 194 240 269 234 38.0 470 52.7
Medium 452 ns 0.010ns 0.78 120 209 273 321 23.6 409 53.6 629
Sandy 455+ 0.026ns 094 244 357 409 434 478 70.0 80.3 85.1

"*Not significant until 0.05 probability level
*Significant at the 0.05 probability level
**Significant at the 0.01 probability level
**%Significant at the 0.001 probability level

"Mineralized organic carbon content (OCin.y; & kg™!), mineralized organic nitrogen (ON(pyiny; Mg kg™,

and accumulated

#Mineralization constant rate of OC and ON in the sludge (day ™)

$Organic carbon content, in g kg™, and organic nitrogen, in mg kg™!, potentially mineralizable sludge per
soil mass unit over a specific period

#OC and ON mineralization rate, in %

T Evaluation days

@ Springer
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Fig.2 NH," and NO,~ conce-
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sandy soils. In the soils amended with DS, lower values of
pH were observed, compared to those with CS and control.

"Values with the same lower-case letters within the tex-
ture and residue are not significantly different at p <0.05.

At 120 days of monitoring, potential acidity (H+ Al)
was reduced as soil granulometry increased (Table 4).
However, it was higher in the soil with DS application.
Both residues increased soil CEC and the soils with higher
clay concentration showed higher CEC.
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Sewage sludge application increased soil P level in com-
parison to the treatment without residue and clayey soil
had lower P level than the others (Table 4). Soils amended
with CS had higher P level than the those amended with
DS. The P availability rates (AR) were raised regardless
of soil texture (Table 5). The application of CS and DS
provided high phosphorus AR extracted by Mehlich-1,
with AR above 50%. In addition, the residues consistently
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Table 3 Effects of dried and composted sludge after the 120-day
incubation period at the pH of the soil solution

Parameters pH Tukey"
Texture Clayey 5.61 c
Medium 6.18 b
Sandy 6.38 a
Residue Sewage sludge 5.90 b
Composted sludge 6.10 a
Without residue 6.20 a
Time incubation Equation R?

$=5.69+0.016%*x-0.000086*x* 0.94

*Significant at the 0.05 probability level
**Significant at the 0.01 probability level

provided P throughout the incubation period, and the high-
est AR was observed in soils with CS addition.

The soil K concentrations were reduced as the soil gran-
ulometry was increased and the residues did not contribute
to its concentration (Table 4). A low availability rate of K*
was found in the soil after the application of the residues,
with negative values after the first evaluation. The high-
est ARs were observed in clayey soils ammended with DS
(Table 5).

Sewage sludge application increased Ca®* and Mg** lev-
els in the soil, compared to the control treatment (Table 4).
The availability rate of Ca®* and Mg?* in soil was steady
over the incubation period (Table 5). However, at 120 days
after SS application, negative Ca>* availability rates were
obtained in the sandy soil.

Discussion
Carbon and nitrogen mineralization

Reduction in OC concentration was associated with increase
in soil microbial activity. Sewage sludge incorporated to
the soil causes the increase of microorganism population of
both bacteria and fungi (Bai et al. 2019; Hamdi et al. 2019),
which contributes to the intense degradation of organic mat-
ter in the soil due to the evolution of CO, by microbial res-
piration (Soleimani et al. 2019; Xu et al. 2019). Besides, in
the process of microbial degradation of the carbohydrates
and proteins of SS, other products, such as ammonium and
nitrate (Zare and Ronaghi 2019) are also originated. Sandy
soils had lower levels of accumulated OC due to the less
physical protection by clay (Six and Paustian 2014). On the
other hand, the medium and clay soils amended with DS had
higher MR of OC, at the end of 120 days (Table 2). These
soils have a higher concentration of native OM, and when
less recalcitrant organic compounds are added, microorgan-
isms are stimulated, increasing their activity and degrading
OM from the soil (Wei et al. 2014).

The lower MR in CS is likely to have occurred due to the
higher degree of OM stabilization after the composting pro-
cess. In the SS composting process, the formation of humic
substances occurs by the reduction in the amount of aliphatic
compounds and the increase in aromatic compounds, which
are less satisfactory as a source of energy for the microor-
ganisms (Cerne et al. 2019; Poggere et al. 2019; Yu et al.
2019). Studies on SS mineralization carried out under field
conditions in Brazil showed that in tropical climate soils

Table 4 Chemical attributes in

) . Treatment Clayey Medium Sandy Clayey Medium Sandy

clayey, medium, and sandy soils

ammended with dried (DS) and P (mg dm™3)* K* (mg dm™)

composted (CS) sewage sludge - g 7.19 Bb 9.24 Ab 1022 Ab 184 Aa 160Bab 122 Ca

after 120-day incubation period
CS 10.15Ba 13.93 Aa 14.51 Aa 177 Aab 156 Bb 125 Ca
WR 1.89 Ac 2.49 Ac 2.56 Ac 177 Ab 166 Ba 128 Ca
Ca?* (cmol, dm™3) Mg?* (cmol, dm™)
DS 3.94 Aa 3.96 Aa 3.40 Ba 1.80 Aa 1.67 Aa 1.22 Ba
CS 3.88 Aa 4.05 Aa 3.54 Ba 1.66 Aa 1.53 Aa 1.22 Ba
WR 3.12 Ab 3.33 Ab 2.94 Bb 1.29 Ab 1.31 Ab 0.98 Bb
CEC (cmol, dm™3) H+ Al (cmol, dm~?)
DS 8.32 Aa 7.77 Ba 6.68 Ca 2.10 Aa 1.73 Ba 1.73 Ba
CS 8.15 Aa 7.75 Ba 6.63 Ca 2.15 Aa 1.77 Ba 1.55 Cb
WR 6.75 Ab 6.62 Ab 5.64 Bb 1.89 Ab 1.50 Bb 1.40 Bb

Values with the same lowercase letter in the columns and uppercase letter in the rows, within the soil attrib-
ute, are not significantly different by the Tukey’s test (p> 0.05)

#P extracted with Mehlich-1 solution

CS composted sewage sludge, DS dried sewage sludge, WR without residue, CEC cation exchange capacity,

H+ Al potential acidity
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Table 5 Availability rate (%) of
the macronutrients (P, K, Ca,
and Mg) in clayey, medium,
and sandy soils ammended with

Soil Texture Incubation Time

Nutrient availability rate (%)

DS CS DS CS DS CS DS CS

dried (DS) and composted (CS) P! K* Ca™* Mg**

iszﬁiiﬁig;i%er 120-day Clayey 774 823 49 36 200 227 261 283
5 781 855 73 14 259 248 246 309

15 673 789 105 41 125 109 463 416

35 814 874 100 25 210 226 414 330

60 617 761 067 21 261 183 341 289

80 865 882 3.0 13 238 180 274 261

120 533 630 38 03 196 174 377 217

Average 722 802 45 02 213 192 329 196

Medium 0 768 821 22 37 239 214 284 211
5 779 865 3.4 42 137 201 254 218

15 728 816 19 91 97 176 438 298

35 750 832 94 70 196 209 475 199

60 60.6 803 35 60 57 127 279 161

80 813 882 47 32 227 112 290 268

120 603 696 -100 26 181 213 259 104

Average 721 816 29 41 162 179 258 105

Sandy 0 688 827 67 64 212 259 317 259
5 777 840 1.1 50 163 242 365 338

15 775 863 -0 27 178 99 402 520

35 822 855 30 50 196 151 419 279
60 709 787 79 10 158 208 130 278

80 833 89 78 01 141 214 302 67

120 574 637 -176 62 76 09 403 275

Average 740 811 42 19 139 166 184 154

T P extracted with Mehlich-1 solution. DS—Dried sewage sludge; CS—Composted sewage sludge

with high temperatures and satisfactory soil moisture, the
degradation of the organic matter of the SS occurs rapidly,
and likely to obtain MR up to 100% for OC (Paula et al.
2013; Diniz et al. 2016). Such high MR may be related to
the priming effect, which results from the intensification of
the activity of the microorganisms that consume the read-
ily biodegradable compounds of the OM of the residues. In
addition, after their consumption, they induce the degrada-
tion of the readily oxidizable OC present in the soil (Paula
et al. 2013; Silva et al. 2019).

The degradation of SS was more intense in the first days
after its incorporation (Fig. 1) by the decomposition of
readily degradable compounds. Another important point to
highlight is the composition and characteristics of the SS
itself. In its constitution, dried sewage sludge has 42.2% of
proteins, 13.2% of lipids, 12.6% of hemicellulose, 9.3% of
cellulose, and 21.3% of lignin (Carvalho et al. 2015). Thus,
most of the sewage sludge is readily degraded by microor-
ganisms. It is reported that in tropical soils, the degradation
of the organic matter of the SS occurs rapidly, which hinders
the increase of the soil organic matter.

@ Springer

Concerning the ON mineralization, after the first weeks
of the SS incubation, N predominated as nitrate (Carneiro
et al. 2013). However, both NH,* and NO,~ levels were
higher in the soils treated with DS (Fig. 2). This is because,
at the beginning of the study, 95% of the total N in the DS
was in the organic form and 5% in the inorganic form. In
the CS, only 1.4% of the total N was in the inorganic form
(Table 1). Also, it can be inferred that during the compost-
ing process of the dried sewage sludge, inorganic N was
lost. Hence, the different stabilization processes guarantee
different N concentration. In addition, the higher degree of
stabilization of the CS decreased the mineral N release to the
soil, in relation to the DS, which gave rise to it (Corréa et al.
2012), due to the higher humification degree of the residue
submitted to composting process (Kulikowska 2016).

The sandy soils showed lower N-mineral concentra-
tion after 120 days of incubation, for both residues, which
was justified by the lower concentration of clay, original
organic matter in the soil itself, and lower CEC (Carneiro
et al. 2013). Moreover, the precipitation that occurred at the
end of the experimental period is another factor that may
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have influenced the lower levels of N-mineral in sandy soils
(Fig. 1). This is because nitrate is mobile in the soil, and
it can be easily lost by leaching after intense precipitation
(Paula et al. 2013).

The lowest C/N ratio in CS (8:1), when compared to the
DS (9:1), may have contributed to the higher CS mineraliza-
tion. High-quality organic matter is the one with the lowest
C/N ratio and with enough N to support microbial growth
(Masunga et al. 2016), but MR was not significantly different
between the residues. The mineralization rates in the sewage
sludge submitted to stabilization processes are low because
they are constituted of stable organic structures that slow
down the mineralization (Corréa et al. 2012).

Soil attributes and nutrient recovery

The CS has a greater stabilization than the DS (Corréa
et al. 2012). Thus, when DS was incorporated to the soil, an
intense process of organic matter decomposition occurred.
The degradation of the organic matter of the SS favors the
acidification of the soil solution because H™ is released in
this process as result of the formation of organic acids and
through the oxidation process of nitrate to nitrite (Borba
et al. 2018). The highest values of pH found in sandy and
medium soils are due to the use of water with high concen-
trations of calcium carbonate, about 222 mg L~!, used in the
construction of the textures of these soils. The higher pH
value in the sandy soil, in relation to the others, is related
to its lower buffering power (Table 4), due to the lower clay
concentration.

The high availability rates of P show that SS can be used
as a secondary source for plant nutrition (Gorazda et al.
2016; Houben et al. 2019). The use of SS would contribute
to the reduction in the consumption of natural phosphate
deposits since the source of phosphate fertilizers currently
mostly processed from phosphate rocks, a practice con-
sidered unsustainable because it is a non-renewable natu-
ral resource (Gorazda et al. 2016; Wollmann et al. 2018).
Hence, the importance of organic sources of P, as an alterna-
tive to mineral sources (Blocher et al. 2012; Gorazda et al.
2016), is highlighted, especially in tropical soils with a high
degree of weathering, poor in organic matter and high phos-
phate specific adsorption capacity. For P, there is no natural
recovery process in tropical soils, as occurs with the N cycle,
that is, when it is applied, it cannot be recycled naturally in
the short term (Gorazda et al. 2016).

The highest P availability rates (AR) in this study
occurred with the application of CS (Table 5), justified
by the higher P concentration in the CS than in the DS
(Table 1). This occurs due to the decomposition of organic
matter by the action of microorganisms in the composting
process, which releases carbon in the form of CO,, promot-
ing the mineralization of nutrients such as P. The AR of P

was raised regardless of the texture (Table 5). This result was
attributed to the high levels of P in the residues. Adequate
pH conditions of the soil and SS mixture (pH within the
range of 5.5 to 6.5) also contributed to the greater avail-
ability of P in comparison to other nutrients (Raymond et al.
2018; Shi and Xu 2019). Cherubin et al. (2016) report that
although organic matter does not prevent phosphate adsorp-
tion process, it does play a fundamental role in the Cerrado
soils as it slows down the process, therefore, contributing to
the P availability.

Sewage sludge contributes substantially to the increase
of Ca** and Mg?* in the soil and its CEC by the addition of
organic matter to the soil (Table 4), with higher charge den-
sity, compared to mineral constituents of weathered tropic
soils, such as kaolinite and oxides, favoring nutrient reten-
tion such as Ca®* and Mg?*.

The low levels and AR of K* in the soils are justifiable,
since SS has low K* concentration (Table 1). This is because
K* does not take part in any stable organic compound (Anto-
niadis et al. 2015) and is carried with the water at the end of
the sewage treatment. In the soil with higher clay concentra-
tion, K* availability rates were higher due to its higher CEC
(Table 4), providing a lower K* loss potential caused by
leaching (Werle et al. 2008).

Conclusions

The contribution of sewage sludge to the availability of
macronutrients is important, and the availability of P dur-
ing the entire monitoring period is highlighted, and sewage
sludge should be considered as a potential alternative source
of nutrients, especially P. The mineralization of C in the
sewage sludge dried at 350 °C is intense and greater than
that with composted sewage sludge. Meantime, both sewage
sludges, in the study under field conditions in a Cerrado-
Caatinga transition area in Brazil, showed organic N miner-
alization rate higher than 50, 60, and 75% in clayey, medium,
and sandy soils, respectively. Thereby, soil granulometry had
a significant influence on the dynamics of N mineralization
of the residues.
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