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1 | INTRODUCTION
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Abstract

Application of water treatment residuals (WTR) and biosolids (BS) might ameliorate
fragile soils. However, studies integrating impacts of waste preparation methods such
as liming and grinding associated with co-application approaches for soil conditioning
are lacking. The present study aimed to evaluate the feasibility of agricultural use of
WTR as well as their co-application with BS to ameliorate a sandy soil through
assessing impacts on selected soil quality indicators and on nutrient and potentially
toxic element concentration in plant tissue in addition to the biomass yield of annual
crops. The following treatments were evaluated: non-amended soil (control); drying
plus grinding and liming WTR; WTR co-application with BS at 3:1 ratio; and a soil
amendment commercially available in Brazil. All treatments were soil incorporated in
the 0.0-0.2 m layer at 30 Mg ha~? dose (dry mass). Selected soil physical, hydraulic,
and chemical parameters were determined. Furthermore, nutrients and potentially
toxic elements concentration in plant tissue as well as the agronomic performance of
maize and ryegrass were measured. The co-application of WTR and BS increased the
soil content of P, Zn, and Cu in the 0.0-0.1 m layer. The concentration of these nutri-
ents also was greater in ryegrass tissue and promoted the biomass yield in 51%. WTR
did not increase contaminants and did not decrease the P content in soil and in plant
tissue, independently of drying plus grinding and liming. Considering the conditions
investigated in our study, WTR/BS co-application was environmentally safe and

effective in ameliorating soil quality.
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alum sludge, nutrient availability, recycling, soil amendments, soil quality

199,600,000 ha of cultivated sandy soils in the world and they are

vulnerable to degradation processes such as disaggregation, erosion,

Water treatment residuals (WTR) and biosolids (BS) (i.e. treated sew-
age sludge) (Mohajerani & Karabatak, 2020) are the main solid wastes
generated during water purification for human consumption and
wastewater treatment, respectively (Kleemann et al., 2020; Mahdy
et al., 2020). The recycling of WTR and BS in fragile cropped soils is
particularly promising (Dassanayake et al, 2015; Mukherjee
et al, 2014b; Zhao et al, 2018). There are approximately

organic matter losses, and groundwater contamination as well as to
drought events which could compromise their productivity and eco-
system services (Huang & Hartemink, 2020).

WTR are mainly composed of finer mineral particles (Petterle
et al., 2018) and, thus, their application in sandy soils may maintain or
increase the cation exchangeable capacity and water holding capacity
(Heil & Barbarick, 1989; lbrahim et al., 2015, 2020; Mahmoud
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et al, 2020). Furthermore, BS can provide significant amounts of
organic matter and nutrients such as phosphorus and nitrogen (Mossa
et al., 2020; Pereira et al., 2020).

Contamination risks for recycling of wastes in agricultural soils
must be assessed. They include accumulation of potentially toxic ele-
ments (PTEs) (Mossa et al., 2020; Wasserman et al., 2018), whereas
WTR is commonly highlighted by presenting high total content of Al,
Fe, and Mn which may generate deleterious effects on plant growth
(Kluczka et al., 2017; Lombi et al., 2010; Silveira et al., 2013). In addi-
tion, loads of pathogenic organisms in BS must be monitored and kept
under safe levels (Pereira et al., 2020).

The adoption of treatment processes can enable the agricultural
use of WTR. Dewatering, drying, and stockpiling these materials form
large and very stable aggregates which probably work as inert mate-
rials and do not interact with soil in the short-term. Consequently,
dewatering plus grinding (Ippolito et al., 2009; Silveira et al., 2013)
WTR have been implemented to adequately distribute and incorpo-
rate them into the soil. Applying WTR still wet (moisture around 50%
wt/wt) to soil may be an alternative to avoid steps like drying and
grinding, but available forms of Al may be highly increased in the soil
once dewatering act as an Al stabilizer in WTR (Agyin-Birikorang &
O'Connor, 2009).

The main agronomic barrier for WTR use in agriculture is the risk
of triggering Al toxicity and P deficiency (Turner et al., 2019; Zhao
et al., 2018). However, it probably can be prevented by keeping the
pH of WTR and soil around 6.5 (Penn & Camberato, 2019). Although
liming is widely used to correct acidity and to improve soil fertility sta-
tus, previous studies have not investigated it for more appropriate
WTR recycling nor have studied the effect of dewatering plus grinding
the WTR before soil incorporation.

The nutrient content in WTR is usually low, hence mixing it with
organic and nutrient-enriched materials like BS increases their poten-
tial for improving the quality of sandy soils (Bittencourt et al., 2012;
Ibrahim et al., 2020). This co-application approach is also important
since WTR and BS can increase the adsorptive capacity of chemical
elements and the mitigation of nutrient leaching. Furthermore, the
associated utilization of these wastes characterizes a waste-to-
product strategy and can provide an integrated solution for managing
both materials while a value-added product (i.e., soil conditioner) is
developed (Banet et al., 2020; Pereira et al., 2020). While BS use in
agriculture has been extensively reported, few studies have investi-
gated the co-application of WTR and BS in field-scale conditions
(Ippolito et al., 2009; Mahdy et al., 2020).

Considering the aforementioned benefits and uncertainties
regarding WTR and BS use to improve sandy soils, we hypothesized:
(i) liming WTR and soil avoids Al phytotoxicity and P deficiency, as
well as dewatering and grinding can enhance the conditioning charac-
teristics of WTR, benefitting soil quality indicators and crop growth;
and (i) the co-application of WTR and BS is environmentally safe and
suitable as a soil conditioner, ameliorating soil fertility, and preventing
nutrient losses by leaching and runoff.

This study aimed to evaluate the feasibility of agricultural use of

WTR and their co-application with BS through assessing impacts on

selected soil quality indicators and on nutrient and potentially toxic
element concentration in plant tissue in addition to the biomass yield

of annual crops.

2 | MATERIALS AND METHODS
21 | Waste origination, characterization, and
preparation

Sludges from drinking water treatment plants, known as WTR, were
obtained from surface water sources and collected from three drink-
ing water treatment plants of the “Companhia Riograndense de
Saneamento (CORSAN)”, responsible for two-thirds of the water sup-
ply of the State of Rio Grande do Sul (RS) population, around 7 million
people, Southern Brazil. The water treatment facilities were located at
the municipalities of Santa Maria, Gravatai, and Rio Grande. While the
first station treats water withdrawn from an artificial dam, the others
do so from the Gravatai and Sao Goncalo Rivers, respectively. These
locations were chosen because each one supplies treated water for
more than 200,000 habitants and belongs to distinct geographic
regions. Therefore, they can be considered representative of three
important regions of the Rio Grande do Sul State.

The WTR were originated from the periodical backwash of sand
filters after the sludge discharge from tank decants. Raw sludges with
1%-2% total solids were centrifuged to reduce humidity and to obtain
WTR with 30% total solids. Representative samples (batches of about
5 m*3) of the WTR were collected, transported, and stored in the
Lowland Experimental Station of EMBRAPA Clima Temperado, geo-
graphic coordinates 31°49'9.70”S and 52°26'23.50"W until our
experiment began.

The sewage sludge utilized to produce BS was also provided by
CORSAN and it was collected from the Miranda Sewage Treatment
Station of Rio Grande, Rio Grande do Sul, Brazil, after aerobic diges-
tion with prolonged aeration. The maximum treatment capacity of this
facility is 66.51 Ls™! and it serves approximately 22,000 habitants.
The sludge was of urban domestic origin with irrelevant contribution
of soil sediments and with no industrial contribution.

The following treatments were set up as a field experiment: con-
trol: non-amended soil; WTRc: drying plus grinding and liming WTR;
WTRnc: drying plus grinding without liming; WTRw: wet, non-ground
and limed WTR; WTR/BS: WTRc co-application with BS at 3:1 ratio
and COM: soil amendment commercially available in Brazil. Tables 1
and 2 show the treatments description and their characterization,
respectively.

The WTRc and WTRnc were disposed in layers of 0.1 m and dried
in an agricultural greenhouse covered by translucent plastic of
200 pm thickness until the moisture content was below 20% and only
WTRc was limed. On the other hand, WTRw was stored in the water
treatment plant for approximately 3 months, then liming was per-
formed before soil application. Liming of the WTRc and WTRw was
carried out by applying 0.83% (mass/mass) of hydrated lime (neutraliz-
ing power of 86% and granulometry lower than 0.3 mm) to achieve a



TABLE 1 General description of the experimental treatments composed by water treatment residuals and biosolids
Treatments 2Dose (Mgha %) Moisture  PGrinding plus sieving  Liming  Description
Control - - - - Non-amended soil
WTRc 30 <20% Yes Yes Equitable mix of dried WTR from three origins—Rio Grande,
Gravatai and Santa Maria, Rio Grande do Sul (RS) State,
Brazil
WTRNc 30 <20% Yes No Equitable mix of dried WTR from three origins—Rio Grande,
Gravatai and Santa Maria, RS State, Brazil
WTRw 30 50% No Yes Centrifuged WTR from Rio Grande, RS State, Brazil
WTR/BS 30 <20% Yes - Mix of WTRc and BS at 3:1 ratio (dry mass)
Com 30 50% - - Soil amendment, composed by bio-stabilized pine bark,
registered and commercially available product in Brazil
2Dry mass

bGround plus sieved to obtain clods smaller than 2.0 mm

‘WTR limed by adding 0.83% (mass/mass) of hydrated lime (neutralizing power of 86% and particles smaller than 0.3 mm) to achieve a final pH of 6.5

final pH of 6.5. The lime rate had been previously determined through
incubation trials. In addition, solarization was performed on the sew-
age sludge, following the procedures indicated by Pereira et al.
(2020), to convert it into BS and to prevent any contamination risk by

pathogens.

2.2 | Study site and experimental design

The field experiment was carried out in an arenic Albaqualf (Soil Sur-
vey Staff, 2014) with 8%, 18%, and 74% of clay, silt, and sand content,
respectively, in the 0.0-0.2 m layer. The experimental area had been
previously managed as a grazed native field covered by spontaneous
vegetation, then prepared by plowing and harrowing 1 month before
the experiment installation. The six treatments were set on a random-
ized block design, with four replications, with the area of each plot
equal to 25 m2 The incorporation of all treatments was made at a
constant application rate of 30 Mg ha™?! (dry basis) in the 0.0-0.2 m
soil layer with a disk harrow moved by tractor in January 2019. The
rate of 30 Mg ha~! and the 3:1 ratio in WTR/BS treatment were cho-
sen according to previous pot trials conducted in greenhouse under
controlled conditions.

2.3 | Soil sampling for physical analysis

Soil samples with undisturbed structure (6 treatments x 4 experimen-
tal replications x 3 sampling repetitions x 2 soil layers = 144 sam-
ples) were collected after the first cropping cycle, 3 months after the
experiment installation in the layers 0.0-0.1 and 0.1-0.2 m with metal
cylinders of 0.05 m height and 0.05 m diameter to determine the bulk
density (Bd), total porosity (Tp), macroporosity (Ma), and microporos-
ity (Mi) according to Teixeira et al. (2017); as well as resistance to pen-
etration (Rp), volumetric water content at field capacity (9c), and at

permanent wilting point (@pwp), and available water content (AW).

In the laboratory, these samples were saturated by capillarity and
equilibrated at the tension of 10 kPa in a Richards pressure chamber
(Klute, 1986) for Rp determination with an electronic penetrometer
(MA 933) (Tormena et al., 2007). The water content retained in sam-
ples equilibrated at the tension of 6 kPa was adopted to distinguish
Ma from Mi.

The soil water retention curves (SWRC) were obtained by subjec-
ting saturated samples to the tensions of 1 and 6 kPa on a tension
table and to the tensions of 10 and 100 kPa in Richards pressure
chambers with porous plates (Klute, 1986). Water contents retained
in higher tensions than 300 kPa were estimated in samples with
unpreserved structure by using a psychrometer (WP4c Decagon
Devices).

The van Genuchten's model (van Genuchten, 1980) was used for
adjusting the SWRC raw data using the MATHCAD software
(Mathsoft, 1998). Then, after obtaining the empirical parameters and
adjusted data, Orc and Opwp were considered as the estimated volu-
metric water contents retained in the soil at the tensions of 10 and
1500 kPa, respectively, while AW was calculated by subtracting Gpwp

from Ogc.

24 | Soil sampling for chemical analysis

Soil samples with disturbed structure (6 treatments x 4 experimental
replications x 3 soil layers = 72 samples) were collected 3 months
after experiment implantation in the layers 0.0-0.1; 0.1-0.2 and 0.2-
0.4 m. Then, they were air-dried in the laboratory and passed through
a 2 mm sieve for the following measurements: pHy 20, organic matter,
effective cation exchangeable capacity (ECEC), base saturation per-
centage (V%), aluminum saturation percentage (m%), content of avail-
able phosphorus—Mehlich-1 (P), available potassium—Mehlich-1 (K),
exchangeable calcium—KCI 1 mol L~ Y(Ca), magnesium—KCI 1 mol Lt
(Mg), available sulfur—S-SO, (S), available manganese (Mn) and avail-
able zinc (Zn) (Teixeira et al., 2017).
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TABLE 2 Physicochemical characteristics of the evaluated treatments and raw materials
Treatments/raw materials

Parameters Unit WTRc WTRnc WTRw  WTR/BS BS Com Mss? MSA®

Density Mg m?® 1.04 1.03 1.09 0.97 0.72 0.55

pHuH20 7.2 6.30 5.70 6.90 6.25 5.30

TOC % 10.8 9.22 4.27 15.70 31.25 7.32

CEC mmol kg ~* 478 517 366 538 585 989

Total nitrogen gkg?! 0.61 1.42 0.49 1.81 57.5 2.18

Total phosphorus gkg? 1.20 1.69 0.54 5.26 25.25 0.37

Total potassium gkg?! 2.07 2.05 9.02 3.61 3.37 3.81

Total calcium gkg?! 3.38 2.44 3.13 17.20 20 23.49

Total magnesium gkg™? 3.53 2.96 11.92 7.44 6.6 9.85

Total sulfur gkg? 10.72 7.18 8.41 13.07 9.8 3.56

Total aluminum gkg? 101.25 107.87 227.96 61.08 10.62 9.62

Total iron gkg? 25.17 27.07 98.02 13.62 27 14.23

Total manganese gkg?! 1.34 1.28 0.43 0.94 0.41 0.43

Total boron mg kg~ ? <5.81 <5.72 <5.66 <6.57 55.25 <12.93

Total sodium mg kg~ * 251 240 416 375 939 640

Inorganic contaminants
Total mercury mg kg~* <0.01 <0.01 <0.01 <0.118 17 1
Chromium®* mg kgt 1.35 1.39 0.33 <0.172 2
Total selenium mg kg~* <0.27 <0.28 <0.28 <0.2 100 80
Total cadmium mg kg~* <0.16 <0.11 <0.17 0.85 39 3
Total arsenic mg kg~ * 5.26 12.65 8.10 1.1 41 20
Total nickel mg kg~ * 13.75 4.48 7.02 11.41 420 70
Total lead mg kg™? 17.89 19.87 16.33 16.25 300 150
Total barium mg kg~ * 16.50 97.62 49.93 151.15 1300
Total zinc mg kg~ * 64 78.80 130.20 456.40 1003 79.20 2800
Total copper mg kg™? 38.81 39.96 45.03 134.40 106.99 26.02 1500
Total molybdenum mg kgt 3.20 <0.28 <0.28 4.37 50

Pathogenic contaminants
Thermotolerant coliforms MPN/g of dry matter <18 <18 <18 1.0 <1000 <1000
Viable eggs of helminths eggs/g of dry matter <0.25 <0.25 <0.25 <0.25 <0.25 <0.25
Salmonella MPN/10 g of dry matter ~ Absent Absent Absent Absent Absent  Absent
Enteric virus PFU/4 g of dry matter Absent Absent Absent Absent <1.0 Absent

Abbreviations: CEC, cation exchangeable capacity; MPN, most probable number; PFU, plaque-forming unit; TOC, total organic carbon

Maximum value allowed in BS (BRAZIL, 2006)
PMaximum value allowed in soil amendments (BRAZIL, 2016)

2.5 | Plant sampling, tissue analysis, and agronomic
performance

~1in January

Maize was sown with the target of 60,000 plants ha
2019. Fertilization followed the regional technical recommendations
for the crop (Committee on Soil Chemistry and Fertility
[CSCF], 2016). Chlorophyll index and shoot dry mass were quantified
60 days after sowing on the crop vegetative stage. Fifteen plants
within each plot were randomly chosen to be evaluated. Chlorophyll

index was determined in two completely expanded leaves per plant

with a portable chlorophyll meter (ClorofiLOG—Falker Automacao
Agricola Ltda., Porto Alegre, Brazil). After sampling and measuring,
maize plants were harvested and removed from the experimental area
as if they were used for silage.

Ryegrass (cultivar Embrapa BRS-Ponteio®) was utilized in the sec-
ond cropping cycle. It was sown on April 2019 by throwing with a
seeding density of 35 kg ha™L. There was no basic fertilization and
57 kgha! of N was applied 30 days after sowing (CSCF, 2016).
Shoot dry mass was measured 90 days after sowing. Four sub samples

with 0.25 m? were collected in each plot, totalizing 1 m?.
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After the evaluations described for maize and ryegrass, plant
shoot samples were dried in an oven at 65°C until constant mass, gro-
und in a sample mill and homogenized for analyzing the concentration
of nutrients and PTEs. Tissue samples were subjected to nitric-
perchloric acid digestion (3:1 ratio) in digester block (MA-4025, Mar-
coni, Brazil) under increasing temperature until reaching 200°C then
maintained for about 6 hr, as described in Silva (2009), followed by

quantification in a microwave-induced plasma optical emission

4200

Australia). The instrumentation is detailed in Kleemann et al. (2020).

spectrometer, model (Agilent Technologies, Melbourne,

2.6 | Statistical data analysis

The response variable results were subjected to the normality analysis

of the frequency distribution and verification for the presence of

mmmm Control == WTR¢ == WTRnc =msm WTRw =mms WTR/BS =ssm Com

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
0.0
30

Bd (Mg ha™)

e DIl

25
20
15

Ma (%)

10

8000
7000
6000
5000
4000
3000
2000
1000

ns

Rp (kPa)

ns

il

0.0 to 0.1
Soil layers (m)

0.34
0.32
0.30
0.28
0.26
0.24
0.22
0.20

0.00

ab

ink

0.1t00.2

ab

Opc (m3 m'3)

FIGURE 1

AW (m’ m?)

Opywp (m’ m™)

Tp (%)

Mi (%)

50

45
ab 4

II “l Ghidil
Il
/ mEpmEE EEEEE.

0.30
0.28
0.26
0.24
0.22
0.20
0.18
0.16
0.14
0.00
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00

40

35

30

40
38
36
34
32
30
28
26
24
22
20

ﬁiii ﬁiﬁﬁii

ns ns

_MRANNE mopman

0.0t0 0.1 0.1t00.2
Soil layers (m)

Mean values of bulk density (Bd), total porosity (Tp), macroporosity (Ma), microporosity (Mi), soil resistance to penetration (Rp),

available water content (AW), volumetric water content at field capacity (0rc) and volumetric water content at permanent wilting point (Opwp) in
the layers of 0.0-0.1 and 0.1-0.2 m of an albaqualf under different treatments. Vertical bars represent mean standard deviation. Means followed
by the same letter within the same layer are not significantly different according to the Tukey test p < 0.05. ns, non-significant [Color figure can

be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

s | WILEY

RIBEIRO ET AL.

outliers, then to the one-way analysis of variance (F test). The
response variables which presented significant treatment effects were
submitted to the Tukey test (p < 0.05) using the WINSTAT software
(Machado & Conceicao, 2003).

3 | RESULTS
3.1 | Physicochemical characteristics of the
treatments and raw materials

The WTR presented high total aluminum and low nutrient content
(Table 2) while the BS showed significant contents of TOC, total nitro-
gen, total phosphorus, and total zinc. The treatments and raw mate-
rials did not present any inorganic and pathogenic contaminants
above the limits indicated by Brazilian legislation for BS and soil
amendments (Table 2). This fact is also true when considering the reg-
ulations adopted by the United States for land application of BS
(USEPA, 1993). In addition, significant concentrations were not
detected when taking into consideration the monitoring of organic

contaminants listed as potentially toxic to the environment (Table S1).

3.2 | Soil physical-hydric attributes under different
preparations and co-application strategies of WTRs
and BS

Except for Com, all treatments resulted in statistically equal Bd and Tp
(Figure 1). Com provided the lowest Bd and the highest Tp average
values in the 0.0-0.1 m layer. Ma was not influenced by the treat-
ments in both layers. All treatments provided Ma greater or very close
to 10% in the 0.0-0.1 m layer, while in the 0.1-0.2 m layer, lower
values than 10% were found. Mi was not altered in the 0.0-0.1 m
layer. However, Com resulted in greater Mi values in 0.1-0.2 m layer.

WTR/BS and Com showed Rp values lower than 2000 kPa which
is considered a critical limit for crop growth and development (Li
et al., 2020). However, all the treatments were statistically equal in
both evaluated layers. In addition, the Rp values in the 0.1-0.2 m layer
were more than 100% higher than the critical limit. AW, 0rc, and Gpwp
were not impacted by the tested treatments in the 0.0-0.1 m layer.
Furthermore, 0gc increased with Com application in the 0.1-0.2 m
layer that corroborates the higher Mi shown in this layer. The SWRC
confirmed Com as the only treatment that altered the soil Mi and

water retention (Figure S1).

3.3 | Chemical attributes related to soil fertility

All the treatments showed pH,0, organic matter, ECEC; V% and
m% statistically equal to the control in the three evaluated layers,
except for Com which increased organic matter in the 0.0-0.1 m
layer, changing its classification from low to medium level
(Figure 2).

WTR/BS increased available soil P content by 137% in compari-
son to the control, also changing the nutrient classification from
medium to very high in the 0.0-0.1 m layer (Figure 3).

WTR/BS increased the content of Zn by 506% and 301% in the
0.0-0.1 m and 0.1-0.2 m layers, respectively. They also generated
33% higher Cu content in the 0.0-0.1 m layer (Figure 4).

None of the treatments composed by WTR was inferior to the
control, which shows that there was no significant reduction of soil
nutrients availability due to the addition of these materials to soil nor
substantial increase in the available levels of Al saturation (m, %), Fe
and Mn (Figures 2-4). In addition, the 0.2-0.4 m layer was not
influenced by the treatments after superficial incorporation, which
indicates that there was no significant vertical mobility of the evalu-

ated chemical elements in soil profile.

3.4 | Absorption of nutrients and potentially toxic
elements by maize and ryegrass plants

Nutrient concentration in maize tissue was not impacted by the treat-
ments (Figure 5). On the other hand, WTR/BS increased the content
of P, Cu, and Zn by 34%, 63%, and 44%, respectively, when compared
to the control in ryegrass tissue (Figures 4 and 5).

The treatments with only WTR in their composition did not differ
from the control for any of the analyzed variables, which shows that
these materials did not decrease the concentration of P and did not
increase the levels of Fe, Mn, and Al in the ryegrass tissue. The differ-
ent WTR preparation methods (WTRc, WTRnc, and WTRw) also did
not impact the nutrient concentration in maize and ryegrass tissue.

PTEs in ryegrass tissue were not modified by the treatments (Table 3).

3.5 | Agronomic performance of maize and
ryegrass crops

WTR/BS increased chlorophyll index in maize (Figure 6). The second
crop (ryegrass) confirms WTR/BS favored plant biomass production
by increasing dry mass by 51% in comparison to the control. Com and
treatments composed only by WTR showed chlorophyll index and dry

mass mean values equal to the control.

4 | DISCUSSION

Com was the only treatment that significantly affected the evaluated
indicators of soil physical quality, slightly improving some of them
(Figure 1). The organic nature of Com® (bio stabilized pine bark)
resulted in a density equal to 0.55 Mg m~2 of this soil amendment
(Table 2). Despite the contrasting particle size distribution of the stud-
ied sandy soil and WTR, the treatments composed by WTR demon-
strated no short-term effects on the selected indicators of soil
physical quality. Thus, probably cumulative applications or higher rates

would be necessary to generate any significant improvement on them.
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FIGURE 2 Mean values of pHy20,
organic matter, effective cation exchange
capacity (ECEC), base saturation
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Maria et al. (2010) reported BS decreased Bd and Mi while Ma was
increased by long-term BS reapplication in a degraded Oxisol under
field conditions. However, only one application at doses up to
21.6 Mg ha~! was not enough to change the studied soil physical
attributes in short-term (one crop season), corroborating our results.
Mukherjee et al. (2014a, 2014b) also demonstrated WTR did not
modify soil physical quality indicators such as Bd, Rp, and AW under
short-term and low application rates (7.5 Mg ha™%).

Liming the experimental area concomitantly to the incorporation
of treatments was sufficient to keep the pHy20 higher than 5.5 and to

0.1t00.2
Soil layers (m)

0.2t0 0.4

avoid the presence of exchangeable Al on soil ECEC and available Mn
in the 0.0-0.1 layer (Figures 2 and 3), which are considered toxic ele-
ments for most crops. The significant correlation between pHy»0 and
V% (r = 0.74, p < 0.01), m% (r = —0.42, p < 0.05) and Mn (r = —0.48,
p < 0.05) in the 0.0-0.1 m layer confirmed this assumption. This lime
application probably contributed to the absence of significant differ-
ences between control and limed (WTRc) or non-limed (WTRnc and
WTRw) treatments for soil fertility parameters. Therefore, managing
pH by liming the soil and/or the amendment directly enabled the suc-
cessful use of WTR because it kept the Al in precipitated forms. Thus,
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FIGURE 3 Mean values of available
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high contents of elements like Al, Fe, and Mn in WTR are not sup-
posed to prevent their use in sandy soils intended for agricultural pur-
poses if practices such as liming are adopted.

While WTR did not provide significant nutrient loads to the sail,
their co-application with BS was efficient to improve soil fertility as
well as increase available forms of soil P, Zn, and Cu, and their concen-
trations in ryegrass tissue (Figures 3-5). WTR plays an important role
when co-applied with BS seeing that they may increase soil cation
exchangeable capacity and present significant amounts of aluminum,

iron, and manganese oxides which can adsorb excessive amounts of

calcium—KCI 1 mol L~ (Ca), magnesium—
KCl 1 mol L= (Mg) and available sulfur—
S-S0, (S) in layers of 0.0-0.1; 0.1-0.2 and
0.2-0.4 m of an albaqualf under different
High treatments. Vertical bars represent mean

standard deviation. Means followed by
Medium the same letter within the same layer are
Low not significantly different according to the
Very low Tukey test p < 0.05. ns, non-significant.
CSCF (2004 and 2016) [Color figure can
be viewed at wileyonlinelibrary.com]
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available phosphates and metals like Zn and Cu, preventing subsoil
and water contamination due to runoff and leaching. Therefore, WTR
and BS co-application is a useful strategy for cropping and fertilizing
fragile soils (Barron & Torrent, 2013; Mahdy et al., 2009; Mahdy
et al,, 2020). Nevertheless, further research is still demanded to define
how efficient the WTR are in preventing nutrient losses and mobility
of other relevant chemical elements by leaching mainly into sandy
soils.

As the characterization of the treatments and raw materials indi-
cated (Table 2), the investigated WTR and BS did not present
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FIGURE 4 Mean values of available
iron (Fe), manganese (Mn), copper (Cu),
zinc (Zn) and boron (B) in the layers of
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Vertical bars represent mean standard
deviation. Means followed by the same
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significantly different according to the
Tukey test p < 0.05. ns, non-significant.
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significant loads of potentially toxic elements. Nevertheless, this fact
cannot be generalized once the waste characteristics vary due to the
local particularities from where the water and wastewater treatment
facilities are located, demanding regional and periodic waste charac-
terizations. In addition, it is important to use previously tested and val-
idated ratios of WTR and BS to avoid over-immobilization of nutrients
and harmful effects on crop growth.

Corroborating our results, Mahdy et al. (2017) demonstrated that
WTR have high capacity of adsorbing P on BS amended soil. How-
ever, when using appropriate application ratios and rates such as the

Soil layers (m)

suggested on this study, soil P can be increased and the crops can
benefit from it. Ippolito et al. (2009) reported an increase in plant
uptake of Cu and Zn in short-term as a response to WTR and BS
repeated co-application. Mahdy et al. (2009) found an increase in P
content in maize tissue when combining WTR and BS in the propor-
tion 1:1 up to the dose of 3% (wt/wt).

Even though Zn and Cu soil content were considered high in the
0.0-0.1 layer according to the CSCF (2016) (Figure 4), the mean
values were far below the average quality reference values, fixed in

the 90th percentile, by soil groups for the natural metal contents in
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TABLE 3 Mean values of total concentrations of barium (Ba),
cadmium (Ca), cobalt (Co), chromium (Cr), nickel (Ni) and lead (Pb) in
the tissues of ryegrass plants cultivated in an albaqualf under different
treatments

Ba Cd Co Cr Ni Pb

Treatments E(g’l_ -

Control 29.8 <2.85 <9.5 <2.85 <38.5 <28.5
WTRc 24.1 <2.85 <9.5 <2.85 <38.5 <28.5
WTRNc 26.5 <2.85 <9.5 <2.85 <38.5 <28.5
WTRw 23.3 <2.85 <9.5 <2.85 <38.5 <28.5
WTR/BS 23.5 <2.85 <9.5 <2.85 <38.5 <28.5
Com 22.5 <2.85 <9.5 <2.85 <38.5 <28.5

Abbreviations: BS, biosolids; WTR, water treatment residuals

soils of Rio Grande do Sul, Brazil (31 and 17 mg dm~2 for Zn and Cu,
respectively) (Althaus et al., 2018). Thus, this increase did not repre-
sent contamination risks. Pereira et al. (2020) indicated BS can be a
source of Zn and Cu for lettuce when soil incorporated compounds
and both micronutrients were positively correlated with chlorophyll
index, likely stimulating the photosynthetic rate.

WTR/BS increased chlorophyll index on maize probably due to
the higher availability of N, P, Zn, and Cu (Figure 6). Chlorophyll index

is directly associated with nitrogen uptake by maize, which stimulates
enzyme content, enzyme activity, and chlorophyll content in the
leaves (Nasar et al., 2020), so the BS, which was introduced in the mix
WTR/BS, probably represented the main additional input of N to the
standard fertilization (Table 2). Bittencourt et al. (2012) reported that
WTR doses up to 37 Mg ha~! associated with BS favored soil N avail-
ability to plants. Roman-Perez et al. (2021) and Roman-Perez &
Hernandez-Ramirez (2021) showed that BS can promote N availability
and, if associated with urea, they represent an efficient N source to
barley, enabling the reduction of N rates.

The higher nutrient soil availability and concentration in plant tis-
sue promoted by WTR/BS occasioned superior biomass production in
ryegrass. Soil available P was positively correlated with both dry mass
of maize (r = 0.57, p < 0.01) and ryegrass (r = 0.43, p < 0.05). In addi-
tion, ryegrass dry mass was positively correlated to soil available Zn
and Cu and Zn tissue concentration (Table S3), while maize dry mass
was strongly regulated by soil physical parameters like Tp and Ma, in
which higher values were beneficial, and Bd and Rp, in which higher
values were deleterious (Table S2). Therefore, maize biomass produc-
tivity was more affected by physical parameters than ryegrass, proba-
bly due to abiotic factors like drought stress which led to less
prominent effects of the applied treatments on tissue concentration

and agronomic parameters. At the same time, ryegrass clearly
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evidenced the conversion of the higher soil nutrient availability
(Figures 3 and 4) in higher nutrient concentration in plant tissue and
biomass production (Figures 5 and 6).

Corroborating our results, Mahdy et al. (2009) found greater pro-
duction of maize biomass grown in a greenhouse when combining
WTR with BS at 1:1 ratio with a dose of 3% (wt/wt), attributing this
effect mostly to the greater availability of P. Ippolito et al. (1999)
found that increasing WTR application even in high rates
(750 Mg ha~1) combined with a BS dose (15 Mg ha~1) in a sandy loam
soil increased the dry mass production of blue grama (Bouteloua
gracilis). Mahdy et al. (2020) reported higher maize biomass produc-
tion due to the application of mixed WTR nanoparticles and
BS. Roman-Perez et al. (2021) indicated BS associated with urea can
be as efficient as only urea fertilization for barley.

The treatments containing only WTR showed statistically equal
results to the control for plant growth parameters and for all other
studied variables, independently of drying plus grinding and liming. No
significant differences between liming and non-liming WTR were
observed in short-term (two cropping seasons) probably due to the
application of lime in the experimental area, which was done concomi-
tantly to the application of the treatments. Agreeing with our results,
increasing WTR doses up to 70 Mg ha™! did not affect forage dry
mass yield of Bahiagrass (Paspalum notatum) (Silveira et al., 2013),
pearl millet (Pennisetum americanum) (Bittencourt et al., 2012) and rye-
grass (Oladeji et al., 2009). Mukherjee et al. (2014b) and (Mukherjee
et al., 2014a) also did not find effects of applying WTR on soybean
and maize growth, respectively. Therefore, despite not offering signifi-
cant benefits for crops in general, WTR can be applied without nega-
tive effects or environmental risks when some practices, as liming and
using it at previously tested doses, are adopted.

Keeping the soil pH around 6 is fundamental for the successful
utilization of these residues in agricultural soils. More studies about
the effect of liming the WTR directly are recommended, focusing on
long-term effects and on nutrients and PTE availability regarding the
soil natural reacidification. In relation to the decision of drying plus
grinding WTR, logistic issues such as viability and costs associated

with the proximity to receiver farms and storage capacity in the water

treatment facilities should be considered. In this sense, drying plus
grinding are encouraged because the transport and storage efficiency
is increased by including these steps while managing water treatment
wastes.

Following the conditions used in our study, the co-application of
WTR and BS was environmentally safe and promoted nutrient avail-
ability and crop yield, representing an excellent material for develop-
ing a value-added product (soil conditioner), promoting the recycling
of two important wastes worldwide and promoting agroecosystem
services of sandy soils. These soils have poor cation exchangeable
capacity and organic matter, low nutrient and water holding capaci-
ties, being usually considered fragile and limited for agricultural use,
particularly under tropical and sub-tropical environments. Thus,
WTR/BS should be designated to these soils seeing that it has,
exactly, the main potential of benefiting these soil properties. The
suggested rate of 30 Mgha™?! at 3:1 ratio of WTR and BS demon-
strated to be suitable for agricultural use and is in accordance with
the proportion of both wastes generated by sanitation companies in
small to medium-size cities. Further studies are still necessary to fully
understand the long-term effects and to validate other ratios and/or
wastes from different origins.

5 | CONCLUSIONS

This work evaluated different preparations of WTR and the co-
application of WTR with BS, aiming to validate this strategy as a solu-
tion to ameliorate sandy soils and for safe, efficient, and sustainable
disposal of solid wastes from water and wastewater treatment plants
in agricultural soils.

When singly applied, WTR are environmentally and agronomically
safe for agricultural use at doses up to 30 Mg ha~?, causing no nega-
tive or positive effects in soil and plants. Drying plus grinding and lim-
ing the WTR did not change the achieved results, while liming the
receiver soil prevented the occurrence of Al phytotoxicity (m, %) and
P deficiency. However, dewatering and grinding the WTR did not
enhance the conditioning potential in the short-term. Nevertheless, as
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drying plus grinding facilitate the storage and transport of these
wastes from water treatment plants to farmlands, and liming may
avoid Al release from acid WTR and mitigate P and micronutrients
immobilization, these practices are highly encouraged to be taken as
preventive against side-effects of WTR application.

Co-application of WTR and BS is suitable as a soil conditioner
and it is environmentally safe, promoting soil fertility and crop yield.
In addition, the characterization of WTR and BS must be regionally
and periodically executed before planning soil application to ensure
the absence of contaminations risks which may occur as a conse-
quence of local variability aspects related to wastes origin, generation
and treatment.
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