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Abstract Sewage sludge has been used as a fertilizer in
agriculture, but human exposure to toxins due to crop
exposure has been reported. This study evaluated the
uptake of essential and nonessential elements from soil
(exposed to sewage sludge) to roots, shoots, and grains
of corn, aiming to estimate the daily intake corn con-
sumption to assess the associated health risk. Corn
plants were grown in soil amended with 0, 5, 10, and
20 tons of sewage sludge per hectare (t/ha). Soil, root,
shoot, and grain samples were analyzed by inductively
coupled plasma mass spectrometry. In soil, sludge ap-
plication at 10 and 20 t/ha enhanced the Zn, Cu,Mo, Cd,
Pb, Hg, and Ni concentration compared to control soil.
Normally, corn plants exhibited essential and nonessen-
tial element concentrations significantly higher in roots

than in grains and shoots. Selenium was equally distrib-
uted in roots, shoots, and grains but Mo was preferen-
tially stored in grains. Cadmium, As, and Pb were more
efficiently trapped in roots than other elements.
Considering the estimated daily intake, for Brazilians,
the concentrations were below the toxicological or the
dietary reference values. In conclusion, chemical ele-
ments were efficiently trapped in roots and therefore
applying 5 t/ha proportion of sewage sludge might be
a sustainable and cost-effective strategy, with a very
lower risk of toxicity due to consumption of grains. In
contrast, sewage sludge at 20 t/ha enhanced element
levels in plant parts and in places with higher corn
consumption, estimated daily intakes are expected to
rise.
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1 Introduction

Finite resources of commercial fertilizer components
and the large amounts of sewage sludge (SS) produced
worldwide have made cropland application of this res-
idue an attractive disposal alternative (Vieira et al. 2014;
Water UK 2010). According to a report elaborated by
the European Commission in agreement with other in-
stitutions for the environmental, economic, and social
impacts of the use of SS on land, 37 % of SS (about 3.6
million of tons) have been used in agriculture in the
European Union (European Commission 2010).

Water Air Soil Pollut (2015) 226: 261
DOI 10.1007/s11270-015-2527-y

D. Grotto (*)
Universidade de Sorocaba, CEP 18023-000 Sorocaba, SP,
Brazil
e-mail: denise.grotto@prof.uniso.br

B. L. Batista
Centro de Ciências Naturais e Humanas, Universidade
Federal do ABC, CEP 09090-400 Santo André, SP, Brazil

J. M. O. Souza :M. F. H. Carneiro :D. dos Santos :
F. Barbosa Jr
Faculdade de Ciências Farmacêuticas de Ribeirão Preto,
Universidade de São Paulo, CEP 14040-903 Ribeirão Preto,
SP, Brazil

W. J. Melo
Departamento de Tecnologia, Faculdade de Ciências Agrárias
e Veterinárias, UNESP, Universidade Estadual Paulista, CEP
14884-900 Jaboticabal, SP, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-015-2527-y&domain=pdf


Sewage sludge is rich in organic matter and nutrients,
such as phosphorus (P), nitrogen (N), and several other
micronutrients crucial to plant growth and development
(Selma et al. 2010; Nogueirol et al. 2013).

Regardless of the economic benefits and sustainabil-
ity of using SS as a biofertilizer, potential impacts on
environment and health can occur. Toxic metals, organic
compounds, as well as pathogens are the main causative
agents (Muchuweti et al. 2006; Clarke and Smith 2011;
Frąc et al. 2014; Meng et al. 2014; Nkoa 2014; Zoffoli
et al. 2013; Pathak et al. 2013; Chen et al. 2014). For
instance, crustaceans exhibited an increasing body
length, a shift of the sex ratio in favor of females, and
increased fraction of brooding females and fecundity
indices after increasing estrogen-wastewater sewage
concentrations (Schneider et al. 2015). Moreover,
Grotto et al. (2013) found altered redox state parameters
in rats chronically fed with a diet containing corn pro-
duced in soil treated with urban sewage sludge up to
10 tons/hectare.

Chemical element uptake by plants depends on sev-
eral factors such as mode of cultivation, the quality of
water used for irrigation, soil composition, and plant’s
capability to trap the pollutants in roots (Batista et al.
2014). A measure of plant’s potential to relocate a
specific compound from soil to roots, shoots, and grains
is the transfer factor (TF) (Carbonell et al. 1998). The
transfer factor is undoubtedly of significant importance
since it is associated with the problem of soil pollution
and plant toxicity due to sludge reuse and further con-
sequences such as those related to food safety (Natzala
et al. 2013). Nevertheless, experimental evidence on TF
values is insufficient. Therefore, the aim of this study
was to determine the concentration of essential and
nonessential elements (Zn, Se, Cu, Mo, As, Cd, Pb,
Hg, and Ni) in soil, roots, shoots, and grains of corn
(Zea mays L.) cultivated without and with crescent
levels of SS. The TF of each of these chemical elements
was calculated. In addition, associated health risk based
on estimated daily intake of corn (grown and not grown
with SS) was estimated.

2 Materials and Methods

2.1 Experimental Design

This study is part of a larger and long-term investigation
in progress in the city of Jaboticabal, in the state São

Paulo, Brazil. In 2013, our team published a manuscript
about the systemic oxidative stress effects in rats, after
consuming a diet containing corn cultivated with SS
(Grotto et al. 2013). This study is an extension of this
previous work in order to assess the transport of com-
pounds of interest into the plant tissues (TF) after sew-
age sludge application to soil and associated health risk
based on estimated daily intake of corn.

Amounts of SS (expressed in dry basis) have been
applied in the soil for 15 consecutive years provided
from a sewage treatment plant from Companhia de
Saneamento Básico do Estado de São Paulo (Sabesp)
in the city of Franca (state of São Paulo, Brazil).

Corn seeds from the cultivar 2B710HX (Dow Agro
Science®) were sown in 0.90-m spacing between rows
and five to seven seeds per meter, in four adjacent bands
containing different types of soil: (1) soil under mineral
fertilization—N, P2O5, K2O (control soil, CS); (2) soil
amended with 5 tons of SS per hectare (t/ha); (3) soil
amended with 10 t/ha; and (4) soil amended with 20 t/
ha. The selection of SS proportion was based on the
percentage of N contained in it required by corn crop—
5 t/ha means 50 % of the required N by the corn, 10 t/ha
means 100 % of the required N, and 20 t/ha means
200 % of the required N.

All experiments were conducted in typical eutroferric
red latosol. Characteristics included the following: pH,
5.7; organic matter, 34 g/dm3; P concentration, 67 mg/
dm3; K, Ca, and Mg concentrations, 4.9, 41.8, and
18.6 mmol/dm3, respectively; H+Al, 22 mmol/dm3;
and cation exchange capacity, 87.3 mmol/dm3. Both
mineral fertilizer and SS were added to soil before corn
transplanting. The culture system was minimal cultiva-
tion: herbicide application to kill the plants that grew in
the off season, harrowing to incorporate plant debris
remaining, and harrowing depth of 10 cm to incorporate
sewage sludge. Thus, the main difference between this
experiment and the usual agricultural practices is receiv-
ing SS sludge doses for 14 consecutive years. Corn was
chosen since it is the cereal with the highest production
worldwide and Brazil is one of the largest producers. In
addition, the cultivation is simple and corn plant can be
harvested entirely both for human and animal
consumption.

In order to evaluate the chemical element concentra-
tions in soil, roots, shoots, and grains, ten samples of
individual corn plants were randomly collected per
group of soil treatment. Soil samples were collected at
a depth of 20 cm, during the flowering stage of corn

261 Page 2 of 10 Water Air Soil Pollut (2015) 226: 261



plants (when the demand for water and nutrients from
soil is increased), while plant tissues (roots, shoots, and
grains) were collected at the harvesting stage.
Accordingly, the corn was grown for about 110 days.

Soil samples were air dried at room temperature (30±
3 °C). Roots, shoots, and grains were washed in ultra-
pure water, dried slightly on absorbent paper, weighed,
frozen to −80 °C, and freeze-dried. After, samples were
weighed again and percent of water lost was calculated.
All samples were then milled and sieved (406 μm pore
size).

2.2 Assessment of Chemical Elements

Chemical element levels (Zn, Se, Cu, Mo, As, Cd, Pb,
Hg, and Ni) in the SS were analyzed using atomic
absorption spectrometry, according to the US
Environmental Protection Agency methodology
(USEPA 1986). Zn, Se, Cu, Mo, As, Cd, Pb, Hg, and
Ni concentrations were 705, 0.03, 204, 2.12, 0.12, 1.72,
39.1, 0.002, and 35.4 mg/kg dry weight, as previously
published in Grotto et al. (2013). All chemical element
concentrations were below the Brazilian upper accept-
able limit (CONAMA Resolution number 375, 2006).

For the determination of Zn, Se, Cu, Mo, As, Cd, Pb,
Hg, and Ni concentrations in soil, root, shoot, and grain
samples, an inductively coupled plasma mass spectrom-
eter equipped with a reaction cell (DRC-ICP-MS ELAN
DRCII, PerkinElmer, SCIEX, Norwalk, CT, USA) op-
erating with high-purity argon (99.999 %, Praxair,
Brazil) was used. Soil, root, shoot, and grain samples
were digested with nitric acid (HNO3) and hydrogen
peroxide (H2O2) in an open system according to the
method developed by Batista et al . (2014).
Approximately 100 mg of each sample was weighted
in a 50-mL plastic tube, and 2 mL of HNO3 was added.
Samples remained 24 h at room temperature in a fume
cupboard. After, 4 mL of H2O2 was added and the
samples were heated at 60 °C for 4 h. Then, the volume
was made up to 50 mL with ultrapure water and internal
standard rhodium (Rh) at 10 μg/L was used.

In order to check the accuracy of the data-certified
referencematerials, clay soil (QualityControlMaterial
LGCQC3004), marine sediment reference material
(HISS-1), rice flour (Standard Reference Material
1568A), and Virginia tobacco leaves (CTA-VTL-2)
were prepared and analyzed as experimental samples.
Values found were in agreement with the certified
values (Table 1).

2.3 Chemical Element Translocation in the Plant

Transfer factors were calculated according to Raab et al.
(2005). The TFs were calculated by dividing the con-
centration of the element obtained in the plant part
(roots, shoots, or grains) by the level of it in soil. For
instance, a higher value of TF soil/roots means that a
higher amount of that element was translocated to the
roots from soil. The following TFs were calculated:
soil/roots, soil/shoots, and soil/grains.

2.4 Estimation of Daily Intake

The estimated daily intake was calculated based on
estimates of the amount of corn consumed in Brazil
(ABIMILHO 2012)—about 18 kg/capita/year—and on
the concentration of elements in corn grains. The aver-
age percent of water in mass lost in freeze-drying was
73.9±2.4 %. The estimated daily intake was calculated
using the following formula:

EDI ¼ Ec � M

in which EDI is the estimated daily intake of an element
(mg/day/person or μg/day/person); Ec is the element
concentration in raw corn grains; and M is the mass of
corn consumed daily in Brazil.

Regarding nonessential elements, concentrations ob-
tained were compared to the toxicological reference
value, such as the benchmark dose lower confidence
limit of 1 % extra risk (BMDL0.1) for As (EFSA 2009),
the provisional tolerable monthly intake for Cd (FAO/
WHO 2010), the benchmark dose lower confidence
limit based on cardiovascular effects for Pb (EFSA
2010), and the tolerable daily intake for Ni
(Environment Agency 2009). For essential elements,
results were compared to the dietary reference intakes
(DRI) from the Food and Nutrition Board of the Institute
of Medicine, 1997–2001 (IOM 2002) since Brazil does
not have its own dietary reference intake.

2.5 Statistical Analyses

Essential and nonessential element levels were reported
as mean±standard deviation (SD), and the results were
found to be nonparametric. Thus, comparisons among
the concentrations of the elements in soil, roots, shoots,
and grains were made using one-way nonparametric
ANOVA, followed by Tukey’s multiple range test.
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P values <0.05 were considered significant. Data were
analyzed in Statistica software (Statistica®, version 8.0).

3 Results and Discussion

The mean concentrations of essential and nonessential
elements in samples of soil, roots, shoots, and grains
cultivated in control soil and in soils spiked with differ-
ent concentrations of SS are presented in Table 2. In soil
samples, SS at both 10 and 20 t/ha augmented statisti-
cally Zn, Cu, Mo, Cd, Pb, Hg, and Ni concentrations in
comparison to control soil. Moreover, SS at 20 t/ha
produced a significant higher level of As. Considering
specifically the 20-t/ha SS-amended soil, Zn was the
m o s t a b u n d a n t e l e m e n t f o l l o w e d b y
[Cu]>[Ni]>[Pb]>[As]>[Mo]>[Se]>[Cd]>[Hg]. This
pattern is somewhat similar to that published by
Mantoviet al. (2005) regarding Zn, Cu, Pb, and Cd
levels after biosolid disposal in soil for 12 years.
Moreover, other similarities considering magnitude of
concentration in soil were reported by Bose and
Bhattacharyya (2008) in two different soils amended

with industrial sludge including [Zn]>[Pb] and [Cd]
<[Zn], [Pb], and [Ni]. On the other hand, there are
differences such as [Pb]>[Ni] and [Cd]>[Cu]. These
variations are expected and can occur by different envi-
ronmental conditions, such as soil pH and organic car-
bon content variations (Bhogal et al. 1993) as well as the
singular sludge origin.

In general, considering the element distribution in
plant parts, both essential and nonessential element con-
centrations were significantly higher in roots than in
shoots and grains. This is explained by the compartmen-
talization and translocation processes in the vascular
system of plants (Kim et al. 2003). The exception was
Mo that presented the highest concentration in grains,
followed by roots and shoots (Table 2). Considering the
influence of the soil treatment in roots, both SS at 10 and
20 t/ha significantly increased Zn, Cu, Mo, Cd, Pb, Hg,
and Ni concentrations in comparison to control soil
whereas SS at 20 t/ha also enhanced As and Se concen-
trations. The soil treatment seemed to not interfere with
the bioaccumulation of the elements in shoots. For
instance, only using SS at 20 t/ha, a significant accumu-
lation of Cu, Cd, and Pb in shoots was observed in

Table 1 Analytical performance for the determination of chemical elements in certified reference material concentrations found are
represented as mean±SD

Soila Sedimentb Ricec Tobacco leavesd

Target
concentration

Found
concentration

Target
concentration

Found
concentration

Target
concentration

Found
concentration

Target
concentration

Found
concentration

Zn (mg/kg) 82 74±9 4.94±0.79 3.28±0.92 19.4±0.5 19.8±0.3 43.3±2.1 42.1±1.2

Se (μg/kg) <3000 1100±400 50±7 39±12 380±40 480±70 188 138±27

Cu (mg/kg) 300 358±67 2.29±0.37 2.75±0.21 2.4±0.3 3.1±0.5 18.2±0.9 16.1±1.8

Mo (mg/kg) 2 1.5±0.4 0.13 0.11±0.03 1.46±0.08 1.49±0.05 2.01±0.15 2.43±0.29

As (μg/kg) 83000 65000±15000 801±99 734±56 290±30 280±40 969±72 823±102

Cd (μg/kg) <1000 400±100 24±9 22±3 22±2 25±3 1520±170 1310±90

Pb (mg/kg) 50 45±7 3.13±0.40 2.52±0.39 <0.010 <LOD 22.1±1.2 23.4±2.6

Hge (mg/kg
and μg/kg)

670 656±29 10 17±4 5.8±0.5 4±1 48±9 60±8

Ni (mg/kg) 61 59±5 2.16±0.29 2.80±0.51 NA <LOD 1.98±0.21 2.41±0.28

NA not available; LOD limit of detection
a Clay soil—Quality Control Material LGCQC3004
bMarine sediment reference material—HISS-1
c Rice flour—Standard Reference Material 1568A
dVirginia tobacco leaves (CTA-VTL-2)
e Hg concentration in soil is expressed in milligrams per kilogram, and Hg concentration in sediment, rice, and tobacco leaves is expressed in
micrograms per kilogram
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comparison to controls. In fact, shoots can be proposed
as the plant tissue in which the smallest amounts of
chemical elements are retained. Moreover, in grains,

except for Cu, treatment with either 10 or 20 t/ha caused
significant higher amounts of all nonessential elements
in corn grains, i.e., toxic metals such as Cd, Pb, and Ni.

Table 2 Mean levels±standard
deviation of chemical elements in
soil, root, shoot, and grain
samples grown in control soil
(CS) and in soils spiked with
different concentrations of
sewage sludge (5, 10, and 20 t/ha)

Data are reported in micrograms
per gram or nanograms per gram
(dry weight)

LOD limit of detection

*p<0.05 (statistically different
from the control group; one-way
nonparametric ANOVA followed
by Tukey’s multiple range test)

CS 5 t/ha 10 t/ha 20 t/ha

Soil sample

Zn (μg/g) 63.8±3.6 74.4±11.4 102.3±17.3* 124.9±26.9*

Se (ng/g) 576±136 473±156 575±269 634±152

Cu (μg/g) 76.2±3.8 78.0±8.7 88.7±7.2* 98.9±7.4*

Mo (ng/g) 940±69 1025±109 1174±102* 1270±191*

As (μg/g) 1.86±0.16 2.03±0.16 2.10±0.12 2.19±0.20*

Cd (ng/g) 394±66 429±36 550±114* 614±200*

Pb (μg/g) 10.3±1.6 11.4±1.6 13.4±1.8* 14.6±1.3*

Hg (ng/g) 6.2±0.7 11.5±3.0 18.2±3.6* 44.6±7.5*

Ni (μg/g) 14.0±0.4 15.4±1.2 18.2±1.4* 19.6±3.0*

Root sample

Zn (μg/g) 28.3±5.9 42.4±20.4 70.9±23.0* 66.4±13.2*

Se (ng/g) 165±68 154±21 172±57 250±67*

Cu (μg/g) 21.4±7.4 28.6±12.9 43.5±9.6* 58.1±20.2*

Mo (ng/g) 129±49 181±59 205±41* 295±77*

As (ng/g) 356±139 390±137 432±74 619±127*

Cd (ng/g) 62±22 49±20 249±52* 304±70*

Pb (ng/g) 726±207 985±376 1299±280* 1734±410*

Hg (ng/g) 2.3±1.3 5.0±2.5 13.6±3.1* 14.6±4.8*

Ni (μg/g) 1.5±0.6 2.6±1.3 6.5±2.7* 5.8±1.5*

Shoot sample

Zn (μg/g) 3.3±0.84 3.5±1.30 3.4±0.97 3.6±1.22

Se (ng/g) 85.2±22.3 95.6±31.8 88.2±12.7 90.1±24.9

Cu (ng/g) 651±117 667±80 642±51 762±44*

Mo (ng/g) 5.2±1.5 5.4±1.4 4.9±1.1 5.2±1.3

As (ng/g) 28.9±4.8 28.9±1.3 25.6±2.2 28.3±2.9

Cd (ng/g) 3.1±1.0 3.0±0.9 4.0±1.4 4.9±1.3*

Pb (ng/g) 26.3±5.9 24.1±3.6 24.2±6.1 42.6±8.9*

Hg (ng/g) <LOD <LOD <LOD <LOD

Ni (ng/g) <LOD <LOD <LOD <LOD

Grain sample

Zn (μg/g) 18.1±0.2 20.9±0.6* 21.9±0.9* 27.6±2.1*

Se (ng/g) 103±16 122±23 138±27* 154±31*

Cu (μg/g) 2.7±0.3 2.4±0.1 2.4±0.1 2.7±0.2

Mo (ng/g) 255±5 248±6 280±20* 426±13*

As (ng/g) 4.2±1.7 4.4±0.6 8.9±1.4* 10.5±0.7*

Cd (ng/g) 0.52±0.02 0.83±0.28 1.01±0.49 1.76±0.75*

Pb (ng/g) 4.7±3.1 2.8±1.8 33.1±6.6* 195.6±14.3*

Hg (ng/g) <LOD <LOD <LOD <LOD

Ni (ng/g) 201±5 219±6 218±6 577±31*
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This result corroborates the study of Bose and
Bhattacharyya (2008) who report Pb concentration in
wheat grains is much higher in the plants grown in
sewage-amended soils. Further, there was no difference
considering Cu and Hg levels in corn grains due to soil
treatment. This may be related to mechanisms of root to
trap metals such as the presence of low molecular
weight proteins that act like metal chelators leading to
lower metal levels in leaves, fruits, and seeds (Clemens
2006).

The different TFs of both essential and nonessen-
tial elements in corn plants are showed in Figs. 1

and 2 (respectively). TFs are able to indicate (i) how
much the elements are immobil ized in soi l
(availability); (ii) the site of primordial accumulation
in the plant; and (iii) the nutritional/toxicological
importance involving crops used for nutrition
(Jarausch-Wehrheim et al. 1999).

Essential elements (Zn, Se, Cu, and Mo) had dif-
ferent translocation intensities and target tissues in
corn plants (Fig. 1). Zinc seems to be well trapped
in roots in corn plants, with little being translocated to
shoots and grains. This is explained by the increased
TF soil/roots and shoots and grains with no

* Sta�s�cally different from control soil (p<0.05).

C

A

B

Fig. 1 Transfer factor of essential elements Zn, Se, Cu, and Mo
among soil and plant parts exposed to sewage sludge in different
concentrations (C = control soil; 5 = soil with sewage sludge at 5 t/
ha; 10 = soil with sewage sludge at 10 t/ha; 20 = soil with sewage
sludge at 20 t/ha). Results presented as mean±standard deviation.
a Transfer factor from soil to roots. b Transfer factor from soil to
shoots. c Transfer factor from soil to grain. *Statistically different
from control soil (p<0.05)

* Sta�s�cally different from control soil (p<0.05).

A

B

C

Fig. 2 Transfer factor of nonessential elements As, Cd, and Pb
among soil and plant parts exposed to sewage sludge in different
concentrations (C = control soil; 5 = soil with sewage sludge at 5 t/
ha; 10 = soil with sewage sludge at 10 t/ha; 20 = soil with sewage
sludge at 20 t/ha). Results presented as mean±standard deviation.
a Transfer factor from soil to roots. b Transfer factor from soil to
shoots. c Transfer factor from soil to grain. *Statistically different
from control soil (p<0.05)
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difference/decreased values of TF, respectively, when
SS was used (Fig. 1a–c). Corroborating our findings,
Jarausch-Wehrheim et al. (1999) found only 50 μg/g
of Zn in corn grains cultivated in soil containing Zn at
high levels (400 μg/g). Therefore, the TF soil/grains
revealed that an increase in soil Zn concentration is
not accompanied by an increase of it in the grains,
since Zn is preferentially accumulated in the roots. At
the same time, Cu had increasing concentrations in
roots but only a small proportion being translocated
to the aerial parts, even when SS (5, 10, or 20 t/ha)
was added to soil (Fig. 1a–c). Several parameters
influence the chemical element uptake such as soil
pH, cell transporters, and rhizosphere. For instance,
Liu et al. (2000) observed that arbuscular mycorrhizal
fungi have an important role on Zn, Cu, Mn, and Fe
uptake in Z. mays L. since higher concentrations of
Cu and Zn were found in shoots of plants containing
these fungi.

Roots do not recognize low concentrations of
chemical elements as a potential hazard. On the other
hand, once there are elements in higher concentra-
tions, such as in micrograms per gram, metal chela-
tors are endogenously produced leading to higher
rates of element trapping in roots (Clemens 2006).
Selenium and Mo were found in magnitude of nano-
grams per gram in roots, shoots, and grains which
probably contributed to intense uptake of Se and Mo.
Considering Se, it was similarly distributed in roots,
shoots, and grains, independently of soil treatment
(Fig. 1a–c). On the other hand, Mo was preferentially
stored in grains (Fig. 1c). In the group of plants that
were exposed to SS at 20 t/ha, Mo was significantly
more accumulated in grains.

It was not possible to calculate TFs for Hg and Ni
since their concentrations were lower than the limit of
detection in some parts of corn plant. For this reason,
TFs for Hg and Ni are not presented in Fig. 2. In roots,
Cd was the nonessential element mostly accumulated
followed by As and Pb (Fig. 2a). Higher amounts of
both Cd and Pb in SS promoted higher values of TF
soil/roots, i.e., higher accumulation of the elements in
roots. Less than 0.5 % of soil As and Cd were
translocated to the grain (TF<0.005, Fig. 2c). The
TF soil/grains for Pb was about 2 times higher than
that regarding shoots (Fig. 2c). Although concentra-
tions of both As and Pb in SS were in micrograms per
gram, Pb showed more accumulation in grains than
As (Pb TF>0.010, Fig. 2c). Results corroborate Baig

et al. who in 2010 defined the order of magnitude
considering As accumulation in corn tissues as
roots>shoots>grains (Baig et al. 2010). Moreover,
the uptake of As occurs according to the chemical
form. For example, Abbas and Meharg (2008) stated
that inorganic As (arsenite and arsenate) has higher
influx to the roots than dimethyl arsenic (organic
form).

Roots and grains were the main sites of element
accumulation. It is possible that roots were able to
reduce the availability of some chemical element ions
b y p r o d u c i n g s p e c i f i c p r o t e i n s s u c h a s
phytosiderophore and phytochelatins which are effec-
tive chelators of Cd and As. Cd-phytosiderophore
complexes are apparently not taken up into root cells
(Shenker et al. 2001), while As-phytochelatins trap As
into root vacuoles (Batista et al. 2014). In both cases,
the metal concentration in leaves, fruits, and seeds is
usually lower (Wagner 1993). Our findings are in
agreement since grains presented less Cd and As than
did shoot and roots.

Mean consumption of corn is about 18 kg/capita/year
in Brazil (ABIMILHO 2012). The rate is much lower
than in Mexico (98 kg/capita/year) (Ranum et al. 2014).
In Africa, the consumption is much higher reaching
174 kg/capita/year in Lesotho, according to the
International Institute of Tropical Agriculture (IITA
2014). This food crop has been noticed as a staple food
for many populations, mainly in Africa (Ranum et al.
2014).

Results on estimated daily intake of essential and
nonessential elements from corn cultivated in the
different soils are presented in Table 3. In general,
the EDI of all elements was higher when corn grown
in soils with SS at 20 t/ha was used for calculation.
The concentrations of nonessential elements were
considerably below the toxicological reference
values. In the case of SS at 20 t/ha, Ni EDI was more
than half (7.4 μg/day) the value of toxicological ref-
erence (12 μg/day) based on the developmental ef-
fects (animals) and skin hypersensitivity reactions
(humans) after oral exposure (Environment Agency
2009; EPA 2000; ATSDR 2005). Although the EDI
value for Pb (SS at 20 t/ha, 2.5 μg/day) is significant-
ly lower than the toxicological reference value
(105 μg/day, based on cardiovascular effects by
EFSA 2010), this EDI is 40 times higher than those
obtained when corn was cultivated in CS or 5 t/ha.
Therefore, eating other foods that contain Ni can lead
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to toxicity. For As and Cd, even when SS at 20 t/ha
was used, no significant risk of toxicity exists.
Essential element levels in corn grains provided
values below the dietary reference intake—consider-
ing all soil treatments. For Mo and Zn, soil supple-
mentation with SS at 20 t/ha produced a slight rise in
EDI, however still lower than the dietary reference
value. For instance, consumption of corn grown with
SS at 20 t/ha corresponded to 12 % of Mo daily
requirement. Overall results corroborate the study of
Kidd et al. (2007) in which corn has been faced as the
crop with the lowest metal concentrations after soil
amendment with sewage.

4 Conclusions

This work adds new evidence on essential and non-
essential element uptake from soil to different plant
parts of corn in Brazil. The authors concluded that
sewage sludge at 10 and 20 t/ha enhanced metal
levels in plant parts, but not in a dose-dependent
way. Transfer factor indicated that in general the

elements were efficiently trapped in roots; however,
both roots and grains were the main sites of element
accumulation. Using a 5-t/ha proportion of SS to crop
corn, a very lower risk of toxicity due to consumption
of grains is predictable. Ni and Pb were efficiently
transported to grains, and their EDIs due to consump-
tion of corn cultivated with SS at 20 t/ha were con-
siderably higher in comparison to those of corn pro-
duced in control soil. Moreover, several regions
around the world have higher corn consumption,
and in this way, EDIs are expected to rise, ap-
proaching the toxicological reference values.

Applying low quantities of SS per hectare might be a
sustainable and cost-effective strategy considering corn
crops. Despite the gains, the routine disposal of SS in
agriculture demands more research to ensure food safe-
ty. Frequent surveillance is required since SS composi-
tion (as well as the rate of corn consumption) can vary
worldwide.
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Table 3 Estimated daily intake of essential and nonessential elements according to consumption of corn grown in control soil (CS) and in
soils spiked with increasing concentrations of sewage sludge (5, 10, and 20 t/ha) regarding Brazilian citizens

Analyte Estimated daily intake

CS 5 t/ha 10 t/ha 20 t/ha

Nonessential element Toxicological reference value

As (μg/day) 0.05 0.06 0.11 0.13 21–560a

Cd (μg/day) 0.01 0.01 0.01 0.02 58.3b

Pb (μg/day) 0.06 0.04 0.4 2.5 105c

Ni (μg/day) 2.6 2.8 2.8 7.4 12d

Essential element Dietary reference intakee

Zn (μg/day) 230 260 280 350 8000 (W)/11000 (M)

Se (μg/day) 1.3 1.6 1.8 2.0 55

Cu (μg/day) 34 31 31 35 700

Mo (μg/day) 3.2 3.2 3.6 5.4 45

W woman, M man
a Range of concentrations for the 95 % lower confidence limit of the benchmark dose of 1 % extra risk (BMDL0.1) (EFSA 2009)
b Provisional tolerable monthly intake/30 (FAO/WHO 2010)
c Benchmark dose lower confidence limit (BMDL), based on cardiovascular effects (EFSA 2010)
d Tolerable daily intake (TDI oral exposure): in micrograms per kilogram body weight per day based on the developmental effects seen in
animals and the skin hypersensitivity reactions in humans (Environment Agency 2009)
e Dietary reference intakes (DRI) for essential elements are the most recent set of dietary recommendations established by the Food and
Nutrition Board of the Institute of Medicine (IOM 2002)
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