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1. Introduction

The discharge of urban sewage directly to rivers and lakes is among the principal causes of
surface water contamination. Contaminated water resources threaten the water supply of cities
and the ecological equilibrium of aquatic ecosystems. To minimize or avoid these negative
impacts, the sewage needs to be treated.

Sewage treatment is increasing to the extent that is necessary to maintain the water quality.
However, despite purifying municipal wastewater, making it suitable for discharge in
receiving water bodies such as rivers and lakes, the sewage treatment process generates a large
volume of sludge that needs to be destined appropriately and quickly to avoid its accumulation
and consequently its transformation into environmental liabilities in wastewater treatment
plants (WTPs).

The options for disposal of sewage sludge are varied. In general, they include: (i) land
application, (ii) industrial reuse, (iii) disposal in landfills, (iv) incineration and (v) discharge
to oceans [1]. Land application and disposal in landfills are the most widely adopted disposal
methods in various parts of the world [2, 3]. The application to land is considered the most
attractive option, because the sewage sludge can improve soil conditions for agricultural
production, since it is rich in organic matter and plant nutrients [4, 5]. However, there are
undesirable constituents in its composition.

Heavy metals, such as cadmium (Cd), lead (Pb), among others, are the most concern undesir-
able constituents [5-7], since they may be toxic to microorganisms, plants, animals and humans
in not very high concentrations [8-10]. Therefore, soils amended with sewage sludge should
be evaluated for heavy metal contamination in order to prevent its excessive entry into the
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food chain, thus reducing the risk of toxicity in living organisms posed by the method of
disposal of sludge on land.

The evaluation of heavy metals in soil can be made in several ways. The basic and most
common is to quantify the total concentration [11]. The great advantage of this measure is its
robustness, that is, it does not easily change with environmental conditions, but it may be
altered by the addition of metals from external sources, such as sludge, which allows its use
as an indicator of soil contamination by heavy metals. However, the total concentration not
satisfactorily represents the amount of metal that would be available for uptake by plants, that
is, the fraction of contaminant which could cause phytotoxicity and enter the food chain,
affecting animals and humans. Due to its direct relationship with potential toxic effects, the
available concentration should be determined in addition to total concentration.

The availability of heavy metals to plants has been characterized using chemical extractants,
some of them already employed in routine soil analysis, as Mehlich 1, Mehlich 3 and DTPA.
In general, extractants are (i) acid, (ii) chelating agents, (iii) acid-chelating or (iv) saline
solutions [11]. The chemical nature of the extracting solution interferes with the ability of
extracting metals and, ultimately, the efficiency of the extractant to represent the available
fraction. Therefore, the extractants should be systematically tested before being used in
monitoring heavy metals in soils amended with sewage sludge.

Fractionation is also interesting technique to evaluate heavy metals in soils. Its principle is
to separate the metals in soil fractions in which they have variable solubility [12]. With this
procedure, it is possible to determine the contribution of each fraction in the availability of
metals to plants [13, 14]. It also allows selecting the best chemical extractant, based on its
relationship with the fractions that most contribute to uptake of metals by plants. More-
over, the redistribution of metals among fractions in response to changes in soil condi-
tions can be studied [15]. Thus, the fractionation can indicate whether the metals added to
the soil by the sludge are to be redistributed in fractions in which they are either more or
less available, that is, whether they have either greater or lesser potential to cause toxici-
ty problems respectively [7, 16].

The study of speciation is another interesting strategy to evaluate heavy metals in soils, since
it enables to distinguish different chemical species in the soil solution. Each species has a
particular chemical behavior in terms of availability and mobility in soil. Free ions are more
relevant to the availability of metals, because they are the preferred forms of plant uptake [11].
In contrast, organo-metal complexes are more related to the mobility of metals and, conse-
quently, to their leaching [17]. Thus, the speciation can indicate if the risk of phytotoxicity and
contamination of the food chain is higher or lower than the risk of groundwater contamination,
based on the proportion of the chemical species formed in response to application of sewage
sludge.

Besides the contamination of soil, it is also necessary to evaluate whether the sewage sludge
applied to land can contaminate crops with heavy metals. The assessment of crop contamina-
tion must include studies of differential capacity of uptake, translocation, accumulation and
allocation of metals in different plant species. In the case of allocation, it is essential to evaluate
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the metals of interest in the harvested parts, especially those that are edible [18]. As a result of
these investigations, plants can be separated by their susceptibility to contamination with
heavy metals and thus the indication of using less susceptible plants in areas that receive
sewage sludge can be made.

In Brazil, the sewage treatment has grown considerably in recent years. In 2001, 25.6 % of the
sewage generated were treated [19]. Ten years later, in 2011, this index had risen to 37.5 % [20].
Growth should remain strong, since there is a significant amount of resources to be invested
in sanitation in the country [21]. The expansion in sewage treatment causes inevitable increase
in the generation of sewage sludge.

The Brazilian production of sewage sludge is estimated at 150-220 thousand tons per year (dry
basis) [22] with a perspective to increase. As in other parts of the world, land application has
been one of the preferred forms of sludge disposal [1]. As seen above, this option requires a
careful evaluation of heavy metals in soils amended. In recent decades, many experiments
have been conducted in Brazil to evaluate the effects of sewage sludge on heavy metals in soils
and crops. The results of these works can help technicians to manage more safely sludge
application to land.

Thus, our objective was to review the scientific literature on the impacts of sewage sludge on
heavy metals in soils and plants in conditions of Brazil, attempting to evaluate the risks of
contamination of the soil-plant system. We focused on studies involving field experiments
because they represent better real situations of management of the sludge.

2. Heavy metals: An overview

Heavy metals comprise a class of not very well defined chemical elements. They have been
commonly characterized as metals and metalloids (semimetals) with density higher than 5 g
cm™ associated with problems of environmental contamination and toxicity, although some
of them are required in low concentrations for some organisms such as higher plants, animals
and humans [23, 24]. However, this definition (attempt) has been criticized for its chemical
and toxicological inadequacy and it has had no institutional support of IUPAC (International
Union of Pure and Applied Chemistry) [25]. Despite the criticism, there is no more appropriate
term to refer collectively to the elements known as heavy metals. Therefore, we use this
terminology in this text and support its use in the definition introduced by Hawkes [26],
according to which heavy metals comprise a block in the Periodic Table with all metals and
metalloids in Groups 3 to 16 that are in periods 4 and greater. As some authors consider
selenium (Se) it as a metalloid and therefore heavy metal [10, 27], we also consider it as
metalloid in this chapter, even though it is a non-metal. Thus, we expand the definition of
Hawkes [26] to include Se as a heavy metal, keeping in mind which this redefinition is simply
operating, just to join in the same class specific chemical elements commonly associated to
problems of environmental contamination and toxicity.

Heavy metals can be divided according to their need for different organisms. There are those
which are doubtless essential and those which are not recognized as essential (Table 1). Copper
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(Cu), iron (Fe), manganese (Mn), molybdenum (Mo) and zinc (Zn) are essential to plants,

animals and humans. Cobalt (Co) and Se are essential only to animals and humans, while

chromium (Cr) and nickel (Ni) are essential to humans and plants, respectively. In contrast,

arsenic (As), Cd, Pb and mercury (Hg) are not essential to any of these organisms. However,

essential or not essential metals may be toxic. For example, manganese (Mn) is an essential

element (i.e., micronutrient) to plants, but its excessive uptake can cause toxicity in crops [28,
29]. On the other hand, As, Cd, Pb and mercury (Hg) are not essential to humans but in excess

can also cause toxicity. People exposed to Pb or Hg develop neurological disorders, while

exposure to Cd is associated with kidney damage and fragile bones, and various forms of

cancer can occur due to the ingestion of food or water contaminated with As [30]. A summary

of the toxicity of heavy metals commonly associated with environmental contamination is

given in Table 1.

Heavy metal . L .
Organismt Essentiality+ Toxicity$§ Reference
(Symbol)
Increased oxidative stress and reduced plant
Plants No [31-33]
growth.
Arsenic (As) - - - -
Animals No Blindness and reduced weight gain. [9]
Humans No Increased cancer risk. [30]
Increased oxidative stress and reduced plant
Plants No [34, 35]
) growth.
Cadmium (Cd) - - -
Animals No Reduced weight gain. [36]
Humans No Kidney damage and fragile bones. [30]
Increased oxidative stress and reduced plant
Plants No ] ] [9,37]
growth. Cr(VI) is more toxic than Cr(lll).
Chromium (Cr) Animals No ? [38]
Allergy and increased cancer risk. Cr(VI) is more toxic
Humans Yes [39-41]
than Cr(Ill) or Cr(V).
Chlorosis in younger leaves (restricted Fe
Plants No _ [42, 43]
translocation) and reduced plant growth.
Cobalt (Co) - - - —
Animals Yes Body weight loss and muscular incoordination. [9, 44]
Humans Yes Cardiomyopathy and Increased cancer risk. [45]
Intervenial chlorosis in younger leaves, reduced
Plants Yes branching, thickening, darkening of rootlets and [9, 43, 46]
reduced plant growth.
Copper (Cu) - —
Animals Yes Gastroenterits, liver damage and death. [9,47]
Wilson's disease, hemolysis, hepatic necrosis and
Humans Yes ) [9, 48]
kidney damage.
Leaf bronzing, roots with black coating and reduced
Plants Yes [9, 49]
plant growth. Common in flooded rice.
Iron (Fe) — -
) Anorexia, diarrhea, metabolic acidosis, reduced
Animals Yes [9, 44]

body growth rate and death.
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Heavy metal . o o
Organismt Essentiality: Toxicity§ Reference
(Symbol)
Vomiting, diarrhea, metabolic acidosis and
Humans Yes increased risk of atherosclerosis and Alzheimer's [9, 50]
disease.
Chlorosis, root system darkening, stunted plant
Plants No ] o [51]
growth and increased oxidative stress.
i Appetite loss, diarrhea, anemia and body weight
Lead (Pb) Animals No [9]
loss.
Neurological problems (from headache to
Humans No ) ) [9,30]
psychosis) and kidney damage.
General chlorosis, necrotic leaf spots and stunted
Plants Yes [9]
plant growth.
) Anemia, gastrointestinal lesions and growth
Manganese (Mn) Animals Yes ) 9]
retardation.
Psychiatric disturbance and neurodegenerative
Humans Yes ) ) ] ) ] [9,52]
disorder, including Parkinson’s disease.
Hypertrophic root, retarded plant growth and
Plants No _ P P o prant [53, 54]
increased oxidative stress.
) Vomiting, bloody diarrhea and necrosis of the
Mercury (Hg) Animals No _ [9]
alimentary mucosa.
Neurological disturbances, kidney damage and
Humans No - [30]
decreased fertility.
Yellow or orange-yellow chlorosis, seedling injury,
Plants Yes ) [9, 55]
delayed maturity and reduced plant growth.
Molybdenum (Mo) Diarrhea, anorexia, depigmentation of hair and
Animals Yes ] i [9]
wool and neurological disturbance.
Humans Yes Possibly acting joints, hyperuricosuria and gout. [9, 56]
Increased oxidative stress, retarded germination,
Plants Yes stunted root growth, chlorosis, inhibited plant [9, 57]
growth and reduced yield.
Nickel (Ni) Animals No ? [37]
Skin allergies, lung fibrosis, kidney and
Humans No cardiovascular system damage and stimulation of [58]
neoplastic transformation.
Chlorosis, wilted and dried leaves, reduced plant
Plants No [59]
growth and plant premature death.
Selenium (Se) ) Impaired vision, anemia, loss of hair, ataxia, stiffness
Animals Yes o ] [9, 60]
of joints, paralysis, atrophy of heart and death.
Humans Yes Hypochromic anemia, damaged nails and hair loss. [9,61]
) Chlorosis (Fe-deficiency-induced), stunted plant
Zinc (Zn) Plants Yes [9,62]

growth and reduced yield.
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Heavy metal

Organismt Essentiality: Toxicity§ Reference
(Symbol)

) Diarrhea, anorexia, jaundice, kidney and abomasum
Animals Yes N _ [9,63]
damage, arthritis and weight loss.

Diarrhea, nausea, vomiting, epigastric pain, lethargy,
Humans Yes anemia, neutropenia, impaired immune function [9, 64]

and decreased HDL cholesterol.

tIn case of animals, they are livestock animals.
tYes: essentiality recognized. No: essentiality unrecognized.

§Most common manifestations, symptoms and consequences of heavy metal toxic effects.

Table 1. Essentiality and toxicity of heavy metals for different organisms.

The relative importance of heavy metals toxicity was addressed by McLaughlin et al. [10] in
terms of food chain contamination. According to these authors, Cd is the metal with greatest
potential to contaminate plants and subsequently to be transferred to animals and humans
that eat these contaminated plants or part of them. This statement is based on the fact that (i)
Cd poses animal and human health risks in plant tissue concentrations that are not generally
phytotoxic and (ii) Cd concentrations in agricultural soils are increasing in many parts of world
due to Cd inadvertent additions through the use of fertilizers, sewage sludge and soil amend-
ments. Due to the high risk of contaminating the food chain, the risk of Cd to cause toxicity is
considered to be high as well. Despite increased concern with Cd, the toxicity risk of other
heavy metals should not be neglected.

The toxicity of heavy metals in living organisms is a phenomenon somewhat complex. Toxic
effects of a metal depend on a number of factors that often include (i) rate, (ii) exposure time,
(iii) tolerance of the organism and (iv) environmental conditions. In recent years, the effect of
the interaction between heavy metals on the expression of toxicity has been considered very
intensely. As a result of the interaction, a given metal may increase or decrease the negative
effects of other metal in the organism [65].

Despite the complexity, the toxicity of heavy metals in plants and in animals and humans that
eat contaminated plants is primarily associated with previous environmental contamination.
Soils may be contaminated with such hazardous elements by the use of sewage sludge. High
concentrations of metals in the sludge increase the risks of contamination and therefore
toxicity. Thus, it is important to know the chemical composition of sewage sludge.

3. Sewage sludge

Sewage sludge is generally defined as a semi-solid or liquid organic residue generated during
the treatment of domestic sewage. He has also been called biosolids, but this term is more
appropriate for the sludge that was conveniently selected and treated to allow its application
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to land (i.e., agricultural recycling) [6, 66]. Although the use of the term biosolids is becoming
common, sewage sludge was used in this text because it encompasses sludges with different
types and degrees of treatment and is the term adopted by the Brazilian legislation [67].

The chemical composition of sewage sludge is highly variable, particularly in terms of heavy
metals. Such variability can be seen in Table 2 for sludge generated at WIPs in Brazil. The
coefficients of variation (CVs) of heavy metal concentrations are somewhat high. Cd, Co,
Cr and Ni concentrations had the highest CVs, above 80 %, and Zn the lowest, 43 %.
Intermediate variability was observed for Cu, Fe, Mn, Mo and Pb. It was not possible to
calculate CV for As, Hg and Se because of the paucity of data. The high variability is
explained primarily by the origin of the sludges, since they were obtained in WTP from
different cities, each with particular characteristics of generation and wastewater treat-
ment as well as treatment of generated sludge. However, there was also considerable
variation for a same city, which indicates the occurrence of temporal variability (e.g.,
seasonal, annual etc.) for concentration.

Despite the high variability, the concentrations of heavy metals in sewage sludge for land
application may not exceed limits established by environmental institutions. In Table 2 two
limits for each metal are shown, one from the Environmental Agency of the State of Sao Paulo
(CETESB) and other from the Brazilian National Environment Council (CONAMA). There is
agreement for the limits between the institutions only for the Se. For all elements, CONAMA
limits are lower. As CONAMA rule is federal and more restrictive, it must prevail over the
rule of CETESB, which is state and less restrictive.

Considering Resolution # 375/2006 of CONAMA, some sewage sludges presented in Table 2
had heavy metal concentrations above the established limits. Seven, six, four and three sludges
were with concentrations of Zn, Ni, Cr and Pb, respectively, higher than the maximum
allowable concentrations. Generally, more than one metal was in excess, but not necessarily.
Improper sludges were generated in the cities of Barueri, Franca and Sao Paulo, however,
Franca produced sludges less contaminated with heavy metals, which probably reflects its
lower level of industrialization in relation to the other two cities.

The concentrations of Cd and Cu in sewage sludges were below the limits of CONAMA (Table
2). Similarly, the concentrations of As, Hg, Mo and Se were also below, but there were few
values determined, making this finding unrepresentative. However, the high number of cases
in which these elements were below the limit of detection (LOD) of the analytical method
suggests low concentrations, probably far from reaching the maximum allowable concentra-
tions. Although they are not legally restrictive, Co, Fe and Mn were in relatively high concen-
trations in the sludges analyzed.

The finding that the Cd did not exceed the limit established by CONAMA is the most positive
result of this survey of sewage sludge used in experiments conducted in Brazil. This result
indicates that the sludge has low potential for soil contamination with this heavy metal. Soil
contaminated with Cd is a constant concern throughout the world, because this metal can
easily enter the food chain and impose risks to human health [10]. On the other hand, the sludge
seems to be a considerable source of other heavy metals such as Cr and Pb. Considering that
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State City As Ccd Co Cr Cu Fe Hg Mn Mo Ni Pb Se Zn Reference
mg kg™’
SP Barueri 28.4 385.0 784.3 238.6 152.8 1568.5 [68]
SP Barueri 16.0 386.0 534.0 286.0 171.0 1649.0 [68]
SP Barueri 664.0 228.0 268.0 152.0 1800.0 [69]
SP Barueri 551.0 294.0 595.0 371.0 3810.0 [69]
SP Barueri 660.0 257.0 360.0 180.0 2328.0 [69]
SP Barueri 719.0 263.0 354.0 171.0 1745.0 [69]
SP Barueri 627.0 287.0 350.0 155.0 2354.0 [69]
SP Barueri <1.0 12.8 12.2 823.8 1058.0 54181 429.0 <0.01 5184 3644 2821.0 [70]
SP Barueri <1.0 9.5 5.0 1071.0 1046.0 32500 335.0 <0.10 483.0 233.0 3335.0 [70]
SP Barueri <1.0 9.4 9.3 1297.2 953.0 37990 418.9 <0.01 605.8 348.9 3372.0 [70]
SP Barueri 11.0 808.0 722.0 222.0 231.0 186.0 2159.0 [71]
SP Barueri 10.0 736.0 690.0 194.0 297.0 173.0 2930.0 [71]
SP Barueri 8.0 798.0 998.0 206.0 299.0 169.0 2474.0 [71]
SP Barueri 8.0 798.0 998.0 206.0 299.0 169.0 2474.0 [71]
SP Barueri 20.3 477.7 754.1 355.3 155.8 1926.9 [72]
SP Franca <1.0 3.3 5.0 633.8 239.8 33793 349.3 <0.01 54.7 199.6 1230.0 [71]
SP Franca <1.0 2.0 4.9 1325.0 259.0 31700 267.0 <0.10 74.0 118.0 1590.0 [71]
SP Franca <1.0 2.1 4.8 1230.0 240.9 24176 2325 <0.01 72.4 140.5 1198.0 [71]
SP Franca 3.3 29.0 284.5 572.6 184 730.0 2.8 56.6 773 1028.3 [73]
SP Franca 2.0 102.0 204.0 18883 243.0 69.0 100.0 1279.0 [74]
SP Franca 1.5 41.3 34.8 43.8 [75]
SP Franca 1.5 41.3 34.8 43.8 [75]
SP Franca 1.5 41.0 343 42.4 [75]
SP Franca 1.6 417 35.2 453 [75]
SP Franca 98.0 42224 242.0 9.8 127.0 1868.0 [76]
SP Jundial <0.10 5.8 149.3 284.1 <0.10 676.8 <0.10 41.8 283.1 <0.10 1364.8 [77]
SP Jundiai <0.01 6.6 188.5 864.8 <0.01 693.3 <0.01 35.4 206.6 <0.01 1738.1 [77]
SP Jundiai 4.2 14.0 277.7 304.1 1.1 9.8 65.6 201.6 1.8 1869.9 [78]
SP Piracicaba <0.02 207.2 192.9 30295 173.0 <0.01 107.6 943.4 [79]
RJ Rio de Janeiro 0.8 47.0 60.0 82.0 217.0 [80]
SP S&o Paulo 791.0 38000 315.0 322.0 1888.0 [81]
SP S&o Paulo 975.0 44000 423.0 401.0 2904.0 [81]
SP Sdo Paulo 1148.0 41000 479.0 459.0 3326.0 [81]
SP S&o Paulo 989.0 84000 223.0 1240.0 4035.0 [81]
Statistics

n 1 23 7 23 30 14 1 26 3 31 30 1 30

Minimum (mg kg™') 4.2 0.8 4.8 41.0 47.0 184 1.1 60.0 2.8 34.3 42.4 1.8 217.0
Maximum (mg kg™") 4.2 28.4 29.0 1325.0 1148.0 84000 1.1 730.0 9.8 1240.0 371.0 1.8 4035.0
Coefficient of variation (%) 91 79 81 51 51 51 54 92 53 43

Limits (mg kg™')

By CETESBT 75 85 4300 57 75 430 840 100 7500 [82]
By CONAMA% 41 39 1000 1500 17 50 420 300 100 2800 [67]

tTechnical Norm # P4.230/1999 of CETESB (Environmental Agency of the State of Sdo Paulo).
$Resolution # 375/2006 of CONAMA (Brazilian National Environment Council).

088

UOI1RUILIRIUOD) [10G JO 1UBWISSISSY 3SIY |eIUSWUOIIAUT



Risks of Heavy Metals Contamination of Soil-Pant System by Land Application of... 881
http://dx.doi.org/10.5772/58384

the sludge can introduce these metals in excess, soils amended with sewage sludge should be
carefully evaluated for accumulation and availability of Cu, Cr, Mn, Pb and Zn. Additionally,
the Cd should also be monitored because it is highly dangerous.

4. Heavy metals in soils amended with sewage sludge

4.1. Total concentration

The determination of the total concentration of heavy metals in soils has been performed
with previous extraction of metals from samples using different mixtures of acids. In Brazil,
the methods of extraction most widely used are presented in Table 3. Because of the
difference in the chemical composition, some of them may produce quite contrasting results.
Comparison between the methods HNO,;-H,0,~HCI and HCIO,~HF shows this contrast. It
is observed in Table 4 that concentrations of Cr, Pb and Zn extracted with HNO,-H,O,—-
HCl1 were 72 %, 31 % and 62 % lower than concentrations of these metals extracted with
HCIO,—HF. For Cd, however, the results were not different between the two methods,
suggesting that the difference in values between them may depend on the type of metal in
question. The contrasting results between these methods are due to extraction differential
capacity of the reagent mixtures employed in each of them. The HNO;-H,O,-HCI mix-
ture does not normally extract metals bound to silicates. On the other hand, hydrofluoric
acid contained in the HCIO,—~HF mixture is able to dissolve silicates and extract metals
eventually present in this mineral class. Therefore, concentrations of metals extracted with
HNO,-H,0,-HClI tend to be smaller in relation to extraction with HCIO,—~HF. Thus, it is
necessary to standardize the method of extraction of heavy metals to assess the contamina-
tion of soil amended with sewage sludge.

Extraction method Common name External heating Denomination by USEPAt Reference

HNO5—H,0,—HCl Method 30508 [83]
HNO,-HCl 1+3 Agua regia Microwave oven Method 3051A [84]
HNO5-HCIO, 5+1 Nitric-perchloric [85]
HClO,~HF [86]

tUnited States Environmental Protection Agency. The composition of the extraction methods 3050B and 3051A may
vary slightly but it always has HNO,.

Table 3. Methods commonly used in Brazil for extraction of heavy metals from soils.

Brazilian official institutions of environment, as CETESB [82] and CONAMA [67], recommend
the use of the methods 3050B and 3051A of United States Environmental Protection Agency
(USEPA) [83, 84] for extraction of heavy metals in soils amended with sewage sludge. Such
methods are not designed to extract fully the metals from the soil, since they normally do not
dissolve elements bound to silicates, which are not generally available in the environment,
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Heavy metalt

Extraction method cd Cr Pb Zn
mg kg’

HNO3-H>0,-HCl 193 a 28.72Db 15.72b 64.82 b

HClIO4+—HF 1.99a 104.17 a 23.05a 17197 a

tMeans within a column followed by the same letter are not significantly different according to Tukey test (p < 0.05).
Values are means of four sewage sludge rates.

Source: Adapted from Nogueira et al. [71].

Table 4. Cd, Cr, Pb and Zn extracted by two different methods from a Brazilian Oxisol amended with sewage sludge.

thus without implications for environmental contamination. They extract only elements which
could become environmentally available, consequently harmful to living organisms. As the
extraction is not fully, the terms pseudototal concentration and total recoverable concentration
have recently been employed to designate the concentrations of metals extracted by these
official methods, although the use of the term total concentration is still very common. In recent
years, many field experiments with sewage sludge were performed in Brazil, particularly in
Sao Paulo state, therefore there are several data on total concentrations of heavy metals in soil
which allow studying the risks of contamination pose by agricultural use of the waste. A
summary of these experiments is presented below.

Oliveira and Mattiazzo [68] conducted an experiment with sugarcane to test varying rates of
sewage sludge applied to an Oxisol for two consecutive years, in which heavy metals were
added in different amounts, including rates above the annual maximum rates allowed in Sao
Paulo state by CETESB. The data in Tables 5 and 6 show that there was at least one rate above
the annual rate allowed for Cd, Cu, Ni, Pb and Zn, but there was no rate higher than the
maximum cumulative rate. In soil, the total concentrations of Cu and Zn (extraction with HCl-
HNO, 3+1 in microwave) in layer 0-0.20 m depth increased with increasing sewage sludge rate
in two years especially for the higher rates in the second year, indicating a cumulative effect.
Cd and Pb were below the LOD of the analytical method (Atomic Absorption Spectrometry—
AAS). Ni was detected only in the second year and at the two highest rates of sludge. The
addition of metals above the allowed maximum rates increased total concentrations of Cu, Ni
and Zn in the second year above the natural concentrations established for Sao Paulo state
(Tables 3 and 7), suggesting that soils receiving high loads of heavy metals by the application
of excessive rates of sewage sludge could be contaminated in a short time.

In addition to the possibility of rapidly contaminating the soil with heavy metals, high rates
of sewage sludge cause prolonged effect on contamination. Martins et al. [81] observed linear
increases in total concentrations of Cu and Zn (extraction with HNO,-HCIO 5+1) in a clayey
Oxisol in the year of application of sewage sludge single rates which reached maximum of 80
Mg ha™, being in this rate added quantities of these metals that exceeded the maximum annual
limits established for Sao Paulo state. Four years later, increases were still linear and the
concentrations were similar to the first year, indicating that these elements persist in the soil
for a long time. In fact, high persistence is a characteristic of heavy metals added to soils [87].
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On the other hand, low rates of sewage sludge applied to land do not increase excessively the
total concentrations of heavy metals in soils. Oliveira et al. [69] found that the total concentra-
tions of Cu, Ni, Pb and Zn (extraction with HNO;-H,0,~HCl) in 0-0.20 m layer of an Oxisol
cultivated with maize increased after five annual applications of sewage sludge rates up to 10
Mg ha™' year™, but the increases did not exceed the limits of these heavy metals allowed in Sao
Paulo state. In the study conducted by Silva et al. [88], the total concentrations of Cu, Ni and
Zn (extraction with HCI-HNO, 3+1) in 0-0.20 m layer of a clayey Oxisol cultivated with maize
increased in response to rates of sewage sludge from the Barueri and Franca municipalities,
but they increased less with Franca sewage sludge, which had lower concentrations of these
metals and it was applied at lower rates. Thus, application of low rates of sludge with low
concentrations of heavy metals in their composition seems to be a strategy to minimize the
excessive accumulation of heavy metals in soils.

However, this strategy may be insufficient for Cd. Nogueira et al. [78] observed that application
of 10.8 Mg ha™ of sewage sludge, rate defined to supply 100 % of N required by sugarcane,
increased total concentrations of As, Cd, Cu, Ni, Pb and Zn (extraction by Method 3051 A — see
Table 3) in 0-0.20 m layer of an Ultisol in assessments performed 360 and 720 days after
application of the sludge. While the concentrations of As, Cu, Ni, Pb and Zn were well below
the limits established by CETESB and CONAMA, the concentration of Cd (0.2 mg kg™') was
relatively close to the limit of CETESB (< 0.5 mg kg™, Table 7). Although the concentration of
Cd has more than double to reach this limit, the fact that the limit is too low cause concern in
relation to any increase in Cd concentration due to new applications of sewage sludge. In the
work of these authors has been reported for the first time in Brazil the effect of sewage sludge
on the accumulation of Se in soil. Se concentration increased from 0.068 to 0.092 mg kg™ with
application of 10.8 Mg ha™ of sludge, but this increase was below the limit of CETESB (0.25
mg kg™) and far below the limit of CONAMA (5 mg kg™).

The concentrations of heavy metals presented above refer only to the topsoil (0-0.20 m depth).
However, deeper and stratified sampling can give an idea of how these metals are distributed
among soil layers. Merlino et al. [73] evaluated the concentrations of Cd, Cr and Pb (extraction
with HNO;-H,0,-HCl) in the layers 0-0.10, 0.10-0.20 and 0.20-0.40 m of an Oxisol cultivated
with maize after 11 years of annual application of sewage sludge rates up to 20 Mg ha™. The
concentrations of Cr and Pb increased only in the 0-0.10 m layer, suggesting accumulation in
the superficial layer. There was no effect on the concentration of Cd. In another study, there
was also no effect on total concentrations of Cd, Cr, Ni and Pb (extraction with HNO;-H,O,—
HCI) in the layers 0-0.10, 0.10-0.20, 0.20-0.30, 0.30-0.40 e 0.40-0.50 m depth of a clayey Oxisol
after four annual applications up to 15 Mg ha™' year™ to supply nitrogen (N) for sugarcane [75].
In contrast, Oliveira and Mattiazzo [89] observed significant increases in total concentrations
of Zn (extraction with HCI-HNO; 3+1 in microwave) until the layer of 0.40-0.60 m of an Oxisol
amended with relatively high rates of sewage sludge (> 30 Mg ha™ year™) for two consecutive
years and cultivated with sugarcane, suggesting that Zn was leached to layers below the
incorporation layer of sludge (0-0.20 m depth). For Cu and Cr, there was no evidence of
leaching. It was not possible to assess the mobility of Cd, Ni and Pb in soil, because their
concentrations were below the LOD of the analytical method (AAS).
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Sewage sludge rate cd Cr Cu Ni Pb Zn
1996/97 1997/98 1996/97 1997/98 1996/97 1997/98 1996/97 1997/98 1996/97 1997/98 1996/97 1997/98 1996/97 1997/98
Mg ha™' Rate applied to soil (kg ha™')
0 0 0 0 0 0 0 0 0 0 0 0 0 0
33 37 0.9 0.6 13 14 26 20 8 11 5 6 52 61
66 74 1.9 1.2 25 29 52 40 16 21 10 13 104 122
99 110 2.8 1.8 38 42 78 59 24 31 15 19 155 181
Total concentration in soilt (mg kg™')
0 0 nd# nd 16.57 15.55 17.86 16.87 nd nd nd nd 21.14 20.19
33 37 nd nd 21.56 18.14 19.47 26.17 nd nd nd nd 39.22 50.03
66 74 nd nd 25.30 25.21 27.90 36.39 nd 10.65 nd nd 40.41 77.11
99 110 nd nd 25.59 27.19 30.97 42.85 nd 14.63 nd nd 41.27 97.21

tIn the 0-0.20 m soil layer. Digestion of soil samples was performed with HCl + HNOs (3:1) in a microwave oven.

$Not detected. Concentration of the metal was below the limit of detection of the analytical method (AAS).
Source: Adapted from Oliveira and Mattiazzo [68].
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Norm of Abrangency As Cd Cr Cu Hg Mo Ni Pb Se Zn
Annual loading rate (kg ha-' 365 days™')
CETESBT Sdo Paulo State 2.0 1.9 75 0.85 21 15 5.0 140
Cumulative loading rate (kg ha™)
CETESBTt S&do Paulo State 41 39 1500 17 420 300 100 2800
CONAMA% Brazil 30 4 154 137 1.2 13 74 41 13 445

tTechnical Norm # P4.230/1999 of CETESB (Environmental Agency of the State of Sao Paulo) [82].
FResolution # 375/2006 of CONAMA (Brazilian National Environment Council) [67].
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Norm of Abrangency As Ccd Co Cr Cu Hg Mo Ni Pb Se Zn
Limits (mg kg™')

CETESBT Sdo Paulo State 3.5 <0.5 13 40 35 0.05 <4 13 17 0.25 60

CONAMAZ Brazil 15.0 13 25 75 60 0.50 30 30 72 5 300

TCETESB [90].

FResolution # 420/2009 of CONAMA [91].
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Besides increasing or not be changed, the concentrations of heavy metals can also decrease in
response to the application of sewage sludge, as shown in the work of Macedo et al. [92].
Concentrations of Cd, Cr and Pb (extraction with HNO,-H,0O,~HCl) were evaluated in the
layers 0-0.10, 0.10-0.20 and 0.20-0.40 m of a clayey Oxisol cultivated with maize after 11 years
of application of sludge sewage rates up to 20 Mg ha™ year™. In general, the application of
sewage sludge reduced the concentrations of heavy metals in the surface layers, with decreas-
ing quite evident for Cd in layer of 0-0.10 m depth. This reduction was not expected since
metals were added to the soil. Probably, the heavy metals added and part of those natives may
have combined with components of sewage sludge forming highly stable compounds resistant
to the attack of the extractant used.

4.2. Availability

Availability refers to the amount of a chemical (e.g. heavy metal) in the soil that would be
available to be absorbed by plants or other biological receptors (e.g. microorganisms). The
availability to plants is called phytoavailability, which is a specific term for this class of
organisms. In recent years, the availability has also been called bioavailability. Although
bioavailability not yet has a clear and accepted definition [93], it has been used to characterize
the availability of heavy metals in the environment [94]. However, the uncertainty about the
meaning of bioavailability restricts the expansion of its use and thus contributes to the
maintenance of the term availability.

The availability of a heavy metal is given by its available concentration. Quantification of the
available concentration is performed by extracting the fraction of the metal that is sufficiently
soluble to be absorbed by plants. The extraction of this fraction is performed using chemical
extractants that try to simulate the potential for uptake of an element of the soil by the roots
of plants. There are several extractants which can be used to extract heavy metals from the soil.
The extractants used to assess the availability of heavy metals added to Brazilian soils by the
application of sewage sludge to land are usually the same ones used in the evaluation of
cationic micronutrients, especially Mehlich 1 and DTPA as the most common. Other extrac-
tants, as 0.1 mol L™ HCl and Mehlich 3, have also been used in this assessing. The concentration
of a metal in the soil can only be considered available if it is closely and positively correlated
with the concentration of the metal in plant tissues. In terms of assessing the contamination,
the available concentration can be correlated to the concentration of the metal in raw or
processed agricultural product. When there is no correlation or the correlation is poor, it is
more appropriate to use the term extractable concentration.

Knowledge of available concentrations is essential for assessing the environmental impact of
sewage sludge application to land, since such concentrations represent the amount of heavy
metals that could be leached to reach groundwater or could be absorbed by plants and
transmitted to the food chain levels until reaching the man. Assessment of the availability of
heavy metals in soils amended with sewage sludge was carried out in some field experiments
conducted in Brazil. The main results are summarized below.

Oliveira and Mattiazzo [68] found different effects of sewage sludge rates (Table 5) on the
availability of some heavy metals evaluated. The sludge was applied for two consecutive years
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to an Oxisol cultivated with sugarcane, and concentrations of available Cd, Cr, Cu, Ni, Pb and
Zn by extractants 0.1 mol L™ HCI, Mehlich 3 and DTPA were determined in soil samples
collected in 0-0.20 m depth one year after each application of the waste. Increase in rates of
sewage sludge consistently increased concentrations of Cu and Zn extracted with the three
extractants in both evaluations. There was increase in concentration of available Ni only at the
second assessment and for sewage sludge treatments. The concentrations of Cd, Cr and Pb
were below the LOD of the analytical method (AAS). Variations in concentrations of DTPA-
Cu and DTPA-Zn between the control (without application of sewage sludge) and the
maximum rate of the waste (110 Mg ha™) were from 0.70 to 10.70 mg kg™ and 0.62 to 19.12 mg
kg™, respectively. The higher values of Cu and Zn are considered high and very high, respec-
tively, for soils of Sao Paulo state (Table 8), assuming a similarity between the values expressed
in mg kg™ and mg dm™. However, the authors did not report any negative consequence of
these high concentrations to the crop. Positive correlations between the availability of Cu and
Zn in soil assessed with three extractants and the concentrations of these metals in different
plant components (leaf+1, stalk and juice) were significant when included data from treatments
with sewage sludge (three rates), treatment with mineral fertilization and control. However,
when included only the sludge treatments, there were few significant correlations, indicating
generally low efficiency of extractants to assess the availability of Cu and Zn in soil amended
with sewage sludge. The exceptions were significant correlations between 0.1 mol L™ HCI-Zn
and juice-Zn in the two years of evaluation and between Zn extracted by the three extractants
and stalk-Zn and juice-Zn only in the second year.

Limits
Interpretation
Cu Fe Mn Zn

mg dm-3
Low 0.0-0.2 0-4 0.0-1.2 0.0-0.5
Medium 0.3-0.8 5-12 1.3-5.0 0.6-1.2
High 0.9-1.5 13-24 5.1-9.0 1.3-2.3
Very high 1.6-15 25-60 10-50 2.4-15
Toxicity >130

Source: Adapted from Abreu et al. [93].

Table 8. Interpretation limits for concentrations of cationic micronutrients extracted by DTPA pH 7.3 in soils from Sao
Paulo State, Brazil

In another study with sugarcane, Nogueira et al. [78] applied sewage sludge rates up to 10.8
Mg ha™ to an Ultisol to supply 100 % of N required by the crop, and after 360 and 720 days
they assessed the availability of heavy metals in the layer of 0-0.20 m depth using DTPA. The
concentrations of Cd, Cu, Ni, Pb and Zn available increased with increasing sludge rates in
the two evaluation periods, reaching maximum values of 0.112, 2.64, 0.47, 2.09 and 7.61,
respectively. Concentrations of Cu and Zn are considered very high (Table 8), while the
concentrations of Cd, Ni and Pb are above the normal range for soils of Sao Paulo state (Table
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9), indicating contamination. Nevertheless, there was no toxicity in the plant. The extractant
used was efficient only for Cd and Zn, since their available concentrations in the soil were
highly correlated with the concentrations in leaf with top visible dewlap, stalk and juice. For
concentrations of As, Cr and Se, there was no effect of sewage sludge application. All metals
intentionally evaluated in this study were detected, probably by the use of inductively coupled
plasma mass spectrometry (ICP-MS), which had LODs very low.

Limits
Abragency
cd Cr Ni Pb
mg dm=3
Sdo Paulo state 0.020 0.030 0.180 0.85
Other states 0.019 0.007 0.147 0.76

tValues above the limits are indicative of contamination.

Source: Adapted from Abreu et al. [93].

Table 9. Limits for heavy metals extracted by DTPA pH 7.3 in soils from S&o Paulo State and other states in Brazilt.

The availability of heavy metals in soils amended with sewage sludge has also been evaluated
for maize crop. Martins et al. [81] found that sewage sludge rates up to 80 Mg ha™ increased
the concentrations of extractable Cu, Ni and Zn by DTPA and Mehlich 3 in a clayey Oxisol
with or without lime after a maize cultivation. However, the effect of liming on extractability
of these metals was different between the two extractants. Liming reduced the concentrations
of extractable Ni and Zn by DTPA, but did not change concentrations of Cu. In the case of
Mehlich 3, concentrations of extractable Cu and Zn increased with liming, which was unex-
pected, because it is well known the fact that the increase in soil pH due to liming generally
decreases the availability of cationic micronutrients. Positive correlations between soil Cu or
Zn extracted by DTPA and Mehlich 3 and concentrations of Cu and Zn in leaf+4 and shoots of
maize were observed, suggesting that extractants were effective in assessing the availability
of these micronutrients. In the case of Ni, it has not been possible to establish these relationships
because its concentration in plant tissues was below LOD of the analytical method (AAS).

Silva et al. [88] applied sewage sludges from Franca and Barueri municipalities (Sao Paulo
state) in three consecutive crops of maize to a clayey Oxisol. For both sludges, rates were to
supply up to eight times the amount of N required by the crop, reaching maximum values of
30 and 64 Mg ha™ for sludges of Franca and Barueri, respectively. Soil samples were taken
from the layer 0-0.20 m depth after each waste application and before each maize sowing for
assessing availability of Cu, Mn, Ni, Pb and Zn by DTPA and Mehlich 1. The concentrations
of Cu, Ni and Zn extracted by both extractants increased in response to the application of the
two sludges in the three maize crops. For Mn, the extractability varied with sludge, crop and
extractant. In extraction with Mehlich 1, the concentration of Mn increased in the three crops
for Franca sewage sludge and only in the first crop for Barueri sludge. The concentration of
Mn extracted by DTPA increased for both sludges, but only in first and second crops. There
were no significant changes in the extractability of Pb measured by Mehlich 1 for both sludges

889



890

Environmental Risk Assessment of Soil Contamination

in all crops. In contrast, the concentration of Pb extracted by DTPA increased in all crops for
Barueri sludge and in the second crop for Franca sludge. In all cases in which concentrations
of extractable metals increased, increases were higher for Barueri sludge, probably because it
had the highest concentrations of metals and was applied in higher rates. Regardless of sewage
sludge, increases in concentrations of extractable metals by both extractants were lower in the
third than in the second crop, suggesting that successive applications of sewage sludge
reduced the solubility of such elements. The significance of the correlations between the
concentrations of Cu, Mn, Ni, Pb and Zn in soil and leaf below the ear and grains varied with
sewage sludge and crop for both extractants, indicating that they were not consistently
effective in assessing the availability of these metals to maize. The element that had more cases
of significance was Zn.

In long term experiments conducted by Oliveira et al. [69], sewage sludge rates up to 10 Mg
ha™ year™ were applied to two Oxisols (Typic Haplorthox and Typic Eutrorthox) for five years
and in each year the soils were cultivated with maize. The concentrations of Cu, Ni and Zn
extractable by Mehlich 1 in layer of 0-0.20 m depth increased in both soils after the fifth year
of sludge application. The concentration of extractable Pb in this layer increased only in Typic
Haplorthox. In layer of 0.20-0.40 m depth, there was an increase in extractability of Ni in both
soils, whereas concentrations of extractable Cu, Pb and Zn were increased only in Typic
Haplorthox. There was no change in concentration of extractable Mn in any of the layers of
both soils. Although the concentrations of extractable Cu, Ni, Pb and Zn increased with sludge
application, these increases were not adequately correlated with the accumulation of these
metals in the shoot and grains of maize plant, indicating that the Mehlich 1 was ineffective in
assessing the availability of such heavy metals in both soils. Although the extractant has been
inefficient to evaluate the availability, increased extractability in layer of 0.20-0.40 m depth of
Typic Haplorthox suggests that Cu, Ni, Pb and Zn were leached due application of sewage
sludge.

The results presented in Galdos et al. [77] also suggest the occurrence of leaching, but not for
all metals evaluated. The authors applied sewage sludge to a clayey Oxisol to supply up to
double of N requirement of maize by two successive crops. The maximum rates were 21.6 Mg
ha™ in first crop and 20.5 Mg ha™ in second crop. The sludge was incorporated into soil layer
of 0-0.10 m depth. The concentrations of extractable Cu, Ni and Zn by DTPA in soil layers of
0-0.05, 0.05-0.10 e 0.10-0.20 m depth were evaluated 267 days after first application and 179
days after second application. The applications of sewage sludge increased the concentrations
of Cu and Ni in the layers 0-0.05, 0.05-0.10 m only in the second evaluation, but did not change
concentrations in 0.10-0.20 m layer in any of the evaluations, indicating no leaching, probably
because the concentrations of these metals in sludge were low (284.1 and 864.8 mg kg™ Cu and
41.8 and 35.5 mg kg Ni). In contrast, Zn concentrations increased in all layers, including the
layer of 0.10-0.20 m in both evaluations, suggesting that Zn was leached to the layer below the
incorporation layer of sewage sludge. The leaching may have occurred because of high
concentrations of Zn in sludge (11,364.8 and 1,738.1 mg kg™). Increased mobility of heavy
metals in soils amended with sewage sludge is very concerning because the metals leached
can reach groundwater, contaminating it.
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4.3. Chemical fractions

In Brazil, field studies about fractionation of heavy metals in soils amended with sewage sludge
are scarce. Among the few studies that exist, one of Nogueira et al. [94] can be considered
comprehensive because they evaluated Cd, Pb and Zn in different soil fractions [exchangeable
(Exch), organic matter (OM), amorphous Fe oxide (AFeO), crystalline Fe oxide (CFeO ), and
residual (Res)] and in soil organic matter (SOM) chemical fractions [fulvic acid (FA), humic
acid (HA) and humin (Hum)] after nine annual applications of sewage sludge rates up to 20
Mg ha™ to a clayey Oxisol cultivated with maize. The Cd concentration in the fraction Res was
not altered by application of sewage sludge, and concentrations in other fractions were below
the LOD of the analytical method (AAS). Similarly, there was no effect of sludge on concen-
tration of Pb in fractions AFeO, CFeO and Res, and the concentrations in other fractions were
below the LOD. In contrast, the sludge application increased the concentration of Zn in all
fractions, mainly in AFeO and CFeO fractions, indicating that a considerable part of the added
Zn was adsorbed on these oxides. In the fractions of SOM, Cd and Pb concentrations were not
changed in response to sewage sludge application. While the concentration of Zn in Hum
fraction was not changed, the concentrations in FA and HA fractions increased by sludge
application, indicating that, in SOM, the added Zn is bound to fractions less stable and thus
can become more easily available in the environment.

In another study, the redistribution of Ni among humic fractions of a medium-textured Oxisol
cultivated with maize and amended with sewage sludge rates up to 20 Mg ha™ year™ for six
years was assessed by Melo et al. [95]. The authors observed that the application of sewage
sludge increased more the proportion of Ni in the humin fraction (Figure 1). This means that
the sewage sludge redistributed added Ni preferably to more stable fraction of SOM. As the
humin fraction is insoluble in acid and alkaline medium, Ni associated with it can be consid-
ered unavailable to plants and not directly subject to leaching, which favors its accumulation
in soil layer where sewage sludge is incorporated.

4.4. Speciation

In this work, speciation refers to the separation of heavy metals in different chemical forms
and possible oxidation states (e.g., chemical species) in the soil solution. Such metals can be
separated basically into free ions, complexes and ion pairs [11, 96]. The participation of each
form in the total concentration of a metal in the soil solution can be estimated by using the
following general procedures: (i) extraction of soil solution, (ii) determining total concentration
of cations, anions and organic compounds in solution and (iii) calculation of the activity of the
metals of interest, based on determined concentrations, using specific software for this
purpose. Speciation is the basis of the free ion activity model (FIAM) and also other models,
which relate the responses of plants to different chemical species of metals present in the soil
solution [96].

Plants uptake heavy metals preferably as free ions. Thus, if these ions are increased in the soil
solution, so they can be absorbed in excess, and excessive uptake of these metals can cause
phytotoxicity and also contamination of the food chain. Indeed, uptake and toxicity of metals
in plants generally correlate better with the activity of free ions [11, 96]. On the other hand,
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Figure 1. Nickel associated to soil organic matter chemical fractions in medium-textured Oxisol amended with sewage
sludge applied annually during six years and cultivated with maize. Means within each fraction followed by the same
letter are not significantly different according to Tukey test (p < 0.05). 2.5 Mg ha™"in 1st, 2nd, and 3rd years and 20
Mg ha™'in 4th, 5th and 6th years.

other chemical species that are not immediately relevant to the uptake of plants can also cause
environmental impact. Heavy metals bound to dissolved organic matter, forming organo-
metal complexes in the soil solution, may have increased their mobility in the soil profile, as
demonstrated in experiments with undisturbed soil columns [17], favoring the leaching of
these potentially toxic metals, which increases the risk of groundwater contamination

Addition of organic materials to the soil is able to change the availability and mobility of heavy
metals in the soil solution, which can minimize some environmental impacts and maximize
others. Organic materials added to the soil can decrease the activity of free ions [97] and,
consequently, reduce the availability of metals to plants, minimizing the risk of phytotoxicity
and contamination of the food chain. In contrast, the addition of organic materials can increase
the activity of organo-metal complexes [97] and thus increasing mobility of heavy metals,
which become more readily leachable, maximizing the risk of groundwater contamination.
Sewage sludge, as an organic material, can also generate these contrasting environmental
effects.

As occurs for fractionation, field studies about speciation of heavy metals in soils amended
with sewage sludge are also rare in Brazil. The only study found with these characteristics was
the Silva’s MS thesis [98]. In this work, sewage sludge rates up to 20 Mg ha™ year™ were applied
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for seven years to a clayey Oxisol cultivated with maize. The author evaluated chemical species
of heavy metals in the soil solution from the layer 0-0.20 m depth at 22, 26, 37 and 43 months
after the seventh application of sludge. Considering all evaluation times, Cd, Cr, Mo, Ni and
Pb concentrations in the soil solution were generally below the LOD of the analytical method
used (Inductively Coupled Plasma-Optical Emission Spectroscopy-ICP-OES). On the other
hand, Cu and Zn were consistently detected. The data of speciation for Cu and Zn show that
application of sewage sludge generally decreased the proportion of these metals as free ions
(Cu?* and Zn*) and increased their proportion as organo-metal complexes [dissolved organic
carbon-Cu (DOC-Cu) and DOC-Zn]. The observed decrease in the proportion of Cu and Zn
free ions in the soil solution indicates that sewage sludge can restrict the availability and
consequently uptake of theses metals by plants, reducing the risk of phytotoxicity and
contamination of the food chain. In contrast, increased proportions of COD-Cu and COD-Zn
in the soil solution indicate that the sludge can intensify the leaching of Cu and Zn, increasing
the risk of groundwater contamination. These results suggest that the risk of environmental
contamination by application of sewage sludge on land should be better assessed considering
the intensity these two contrasting effects.

4.5. Risks of contamination

Sewage sludge is an organic material containing heavy metals. Therefore, its application to
land generates risks of soil contamination by heavy metals. Although it is difficult to quantify
this risk, due to the complex interaction among the factors that determine it, it is possible to
mention some steps that can minimize it. Knowledge of these measures is relevant, since they

allow the adoption of a more appropriate management for the disposal of sewage sludge on
land.

As noted above, research about the impact of sewage sludge agricultural use on soil contam-
ination by heavy metals has advanced considerably in recent years in Brazil. Field experiments
using the total concentration as an indicator of heavy metal contamination have shown
interesting results. Sludge rates above 65 Mg ha™ year™ can quickly contaminate (approxi-
mately two years) the soil by Cu, Ni and Zn. Once contaminated with Cu and Zn, soil may
remain in this condition for several years, even without additional application of sewage
sludge. Zn may be leached in soils amended with relatively high rates of sludge (> 30 Mg ha-
!year™). In contrast, rates as low as 10 Mg ha™ year™, applied for five years, have low potential
for soil contamination by Cu, Ni, Pb and Zn. Single application of sludge rate of this magnitude
is unlikely to contaminate soil for As and may be insufficient to cause contamination by Cd.
But as the limits for Cd in soils are very low (Table 7), any increase in its total concentration is
concerning. Therefore, maximum rates for annual increase of Cd total concentration in soil
could be adopted as an optional security criterion to restrict application of sewage sludge on
land even though there is no legal restriction to its application.

Studies reviewed in this work also show the usefulness of available concentration to assess
soils contaminated by heavy metals. Sewage sludge rates relatively low (~ 10 Mg ha™ year™)
can contaminate soil by Cd and Zn due to the excessive increase in available concentrations of
these metals by DTPA. Similarly, soil contamination by Cu and Zn, indicated by increase in
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available concentrations by DTPA and Mehlich 3, may occur by applying high sludge rates.
Liming reduces the availability of Zn and hence the potential for contamination of the soil, but
only DTPA is able of detecting this reduction. Mehlich 1 extractant, which is widely used in
routine soil analysis (soil testing) in Brazil, seems to be inefficient to assess whether a soil is
contaminated by heavy metals. Likewise, Mehlich 3 and DTPA are not always efficient. The
alternative extractant 0.1 mol L™ HCI has also shown poor performance. As the factors
associated to inefficiency of the extractants are variables (e.g., type of heavy metal, soil class,
type of crop, cropping sequence and origin of sewage sludge) and they may act in combination,
the available concentration can not yet be considered a consistent and relatively safe indicator
for assessing the risk of heavy metals contamination in soils amended with sewage sludge.

Nevertheless, extractable concentrations by DTPA and Mehlich 1 may be useful to monitor the
leaching of heavy metals in soils amended with sewage sludge. Relatively low sludge rates (~
10 Mg ha™ year™) applied for a long time (5 years) stimulate the leaching of Cu, Ni and Pb, as
indicated by increase in extractable concentrations by Mehlich 1 in depth. High sludge rates
(~ 20 Mg ha™ year™) with high concentration of Zn in its composition (> 1,300 mg kg™) have
the potential to leach Zn from the superficial layers of the soil in a short time (2 years), as
suggested by the increase in extractable concentrations by DTPA in depth. Thus, the extractable
concentration, used in the monitoring of leaching, can help in assessing the risk of groundwater
contamination by these heavy metals added to the soil by sewage sludge application to land.

The results of fractionation of heavy metals, albeit very limited, have shown opposite trends
for Zn and Ni. Zn added to the soil by the sludge is preferably bound to Fe and Al oxides. In
this form, its solubility is limited and thus the risk of being excessively absorbed by plants or
leached is reduced. On the other hand, added Zn which binds to SOM is most often associated
with fulvic and humic acids. As these humic substances are poorly stable, its transformation
tends to release Zn retained in soil organic matrix, thereby increasing the risk of contamination.
In contrast, added Ni which binds to SOM is mainly in humin fraction. Since this fraction is
very stable, it restricts the solubility of Ni, minimizing the risk of contamination of crops and
groundwater.

Speciation of heavy metals in soils amended with sewage sludge is still incipient. We found
only one work on this topic, which is a MS thesis. The results of this thesis, however, have
shown significant trends. Applications of sewage sludge rates as low as 20 Mg ha™ year! for
seven years declined forms of Cu and Zn (Cu*" and Zn?*') that are preferentially absorbed by
plants, but increased forms of these metals (Cu-DOC and DOC -Zn) that are easily leached.
This means that the sewage sludge, when applied in low rates over a long period, decreases
the risk of phytotoxicity and contamination of the food chain, but increases the risk of
groundwater contamination.

Simultaneous use of different measures to evaluate heavy metals in soils can increase security
in the risk assessment of environmental contamination due to the application of sewage sludge
to land. From this perspective, total concentration, available concentration, chemical fractions
and chemical species of metals should be assessed together to better characterize the dynamics
of possible contamination. These different measures represent a gradient of solubility with
immediate and potential impact on plant uptake and leaching of heavy metals in soils. Thus,
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the environmental risk posed by the application of sewage sludge could be predicted for short
and long term. In addition, these integrated measures could also be useful for the development
of mathematical models to predict the availability of heavy metals as free ions using easily
measurable input variables (e.g., total metal concentration, pH and SOM) [96]. Such models
would be particularly advantageous in predicting the activity of free ions in response to
changes in soil properties by the application of sewage sludge [96]. We did not find studies in
Brazil using this integrated approach. The studies summarized in this work enable only
superficial considerations, because the data are from independent experiments, and only for
Zn, since it was the only metal with results for all measures. Total concentration is shown to
be a good measure of soil contamination by Zn, but only at high rates of sewage sludge. Under
these conditions, the leaching of metal can be found by the total concentration. For relatively
low rates of sludge, however, this measure suggests only low potential for contamination. In
both cases, it is not possible to establish a close and reliable relationship between total
concentration and toxic effects. Nevertheless, availability and chemical fractions indicate
environmental contamination even with application of relatively low rates of sludge. Specia-
tion, in turn, suggests that the leaching of Zn may be more relevant than its excessive uptake
by plants, which increases the risk of groundwater contamination to the detriment of phyto-
toxicity and contamination of the food chain.

5. Heavy metals in crops grown on soils amended with sewage sludge

5.1. Concentration in plants

Land application of sewage sludge can successively increase heavy metals availability in soil,
uptake by plants and accumulation in plant tissues. Thus, concentration in plant tissue can be
used as an indicator of heavy metals transfer from soils amended with sludge to plants and of
the entry of hazardous elements in the food chain. It can also be used to evaluate the phyto-
toxicity and contamination of harvested products by heavy metals added to the soil by sewage
sludge application, thus presenting important role in determining crop performance and
quality of food originated in field. The concentrations of heavy metals in plants vary depending
on several factors, including rate of sewage sludge, type of heavy metal, type of plant and
analyzed plant part. These factors were studied in field experiments conducted in Brazil,
particularly in Sao Paulo state. Their main results are summarized below.

Galdos et al. [77] evaluated the concentrations of Cu, Ni and Zn in the middle third of the leaf
below the ear of maize grown for two years on a clayey Oxisol amended with sewage sludge
to supply up to twice the N requirement of the crop. The maximum rates were 21.6 Mg ha™ in
the first year and 20.5 Mg ha™ in the second year. Cu concentration in the leaf was changed
only in the first year, increasing with application of the maximum rate of sludge. The waste
had no effect on the concentration of Ni, which was measured only in the second year. For Zn,
the concentration in the leaf increased progressively with sewage sludge rates in the two years.
The concentrations of Cu and Zn were within the range of concentrations suitable for the crop
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[99], indicating no phytotoxicity, which is consistent with the absence of adverse effects of the
waste on productivity of grains.

Oliveira et al. [69] applied sewage sludge rates up to 10 Mg ha™ year™ to two Oxisols (Typic
Haplorthox and Typic Eutrorthox) for five years and measured the concentrations of Cu, Mn,
Ni, Pb and Zn in shoot and grains of maize in the 5th year. There was no effect of the sludge
on concentration of Cu in any case. The Mn concentration varied only in the shoot, decreasing
in Typic Haplorthox and not having clear effect on Typic Eutrorthox. The sludge did not
change the concentration of Ni in shoot and grains, except for concentration in grains in the
Typic Eutrorthox which was below the LOD of the analytical method (AAS). The Pb concen-
tration was not changed in the shoot and it was below the LOD in grains. The concentration
of Zn increased in shoot and grains, with the exception of the concentration in the grains in
Typic Eutrorthox, which has not changed. Increased concentrations of Zn were below the
tolerance limit in foods as corn (50 mg kg™) established by Brazilian Health Surveillance
Agency [100].

Silva et al. [88] applied sewage sludge from Franca and Barueri municipalities to a clayey
Oxisol in three successive annual crops of maize and measured the concentrations of Cu, Mn,
Ni, Pb and Zn in middle third of leaf opposite and below the ear and in its grains. Sludge rates
were defined to supply until eight times the amount of N required by the crop, reaching
maximum values of 30 and 64 Mg ha™ for sludges from Franca and Barueri, respectively. The
concentration of Cu in leaf increased only in the first crop with Barueri sludge application and
in third crop with Franca sludge application. Despite the increase, the values are below the
toxic level (> 50 mg kg™) for maize leaf presented in Barbosa Filho et al. [99]. The concentration
of Mn in the leaf increased with increasing sludge rates, except for the first crop when was
used Franca sewage sludge. Suitable concentrations of Mn in maize leaf can be as high as 214
mg kg [99]. No concentration exceeded this value suggesting that there was no toxicity of
Mn. The concentration of Ni increased only in second crop by Franca sludge application. On
the other hand, the Zn concentration increased with increasing rates of both sludges and in all
crops. The only situation in which the concentration of Zn in leaf was slightly above the
appropriate range of concentrations (15-100 mg kg™) presented in Barbosa Filho et al. [99] was
in third crop with application of higher Barueri sludge rate. However, this excess Zn in leaf
must not have been toxic to the plant, since no symptoms of toxicity were reported. In grains,
there was much less cases of elevated concentrations of heavy metals when compared with
the leaf, suggesting some limitation in the redistribution of these metals to the harvested plant
part. Consistent increases were observed for Mn in second crop with sludge application, Ni
also in second crop, but with Barueri sludge application, and Zn in the second and third crops
with application of the sludges. In the first crop, metals concentrations were below the LOD
of the analytical method used (ICP-OES). The concentrations of Cu, Ni, Pb and Zn in grains
were below the maximum limits for cereals in general (30, 5.0, 8.0 and 50 mg kg™, respectively)
by Brazilian Food Industry Association [101] and Mn concentrations were below the critical
range presented in Kabata-Pendias and Pendias [102] for grains of plants grown in contami-
nated soils with Mn.
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Oliveira et al. [71] evaluated the concentrations of Cd, Cr, Pb and Zn in stem, leaves, straw,
ear husk, cobs and grains of maize grown on a clayey Oxisol after nine years of annual
applications of sewage sludge rates (Table 10). The Cd concentrations were below the LOD of
the analytical method (AAS) (0.06 mg kg™ in grains and 0.2 mg kg™ in other plant tissues). Cr
concentration increased in stem and leaves in response to sludge application and was below
the LOD in ear husk, cob and grains. Pb concentration increased in stem, leaves and ear husk,
did not change in cob and was below the LOD in grains. Except for grains, all plant parts had
increases in Zn concentration. These results show that stem and leaves were the most sensible
plant tissues for expressing the effect of sewage sludge rates on Cr, Pb and Zn concentrations
in maize.

In other long term experiment, Cd, Cr and Pb concentrations were evaluated in leaf apposite
and below the ear, whole plant and grains of maize after 11 annual applications of sewage
sludge rates up to 20 Mg ha™ to an Oxisol [73]. There was no effect of sludge on Cd and Pb
concentrations in leaf. For Cr in this plant part, its concentrations were below the LOD (< 0.19
mg kg™) of the analytical method (AAS). Similarly, concentrations of these heavy metals were
below the LOD in grains (0.03, 0.15 and 0.19 mg kg™ for Cd, Cr and Zn, respectively). When
considered the whole plant, Cd, Cr and Pb concentrations were not significantly changed by
sewage sludge applications.

There are also results for sugarcane. Camilotti et al. evaluated the concentrations of Cd, Cr, Ni
and Pb in stem and leaves of sugarcane cultivated in a clayey Oxisol after three [103] and four
[75] annual applications of sewage sludge rates, which reached a maximum of 15 Mg ha™, with
the goal of supplying 100 % and 200 % of N required by the crop. There was no effect of three
applications of sewage sludge in concentrations of Cr in stalk and leaves, Ni in leaves and Pb
in stalk and leaves, as well as Cd concentrations in all plant parts analyzed. Cr in leaves and
Ni in stalk were below the LOD of the analytical method used (AAS). Similarly, the fourth
sludge application did not affect the concentrations of Pb in leaves, but all other cases the
concentrations of evaluated heavy metals were below the LOD.

In an experiment conducted on Ultisol, Nogueira et al. [78] applied sewage sludge rates up to
10.8 Mg ha™ at sugarcane planting for supplying N required by the crop and evaluated As,
Cd, Cr, Cu, Ni, Pb, Se and Zn concentrations in leaf (with top visible dewlap), stalk and juice
at the harvest time of plant cane (first year) and ratoon cane (second year). In these two
evaluations, As concentration increased in leaf and was not affected in stalk and juice by sludge
application. Cd concentration increased in leaf, stalk and juice in both crops. On the other hand,
Pb concentration decreased in stalk and juice of plant cane and was not affected in other
situations. Cu concentration decreased in stalk of plant cane and leaf of ratoon cane and was
not affected in other cases. Ni concentration also was not generally affected, but it increased
in stalk of plant cane and decreased in stalk of ratoon cane. For Pb concentration, there was no
effect of sludge rates. Se concentration was affected only in leaf of plant cane, increasing with
sludge application. Zn concentration increased in all situations. There were no cases of
concentration below the LOD probably because the authors used ICP-MS.
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Sewage sludge rate

Heavy metal in plant tissue

Annual Cumulative Cr Pb Zn
Mg ha™ mg kg™’
Stem
0 0 0.13 ct 0.68b 15.76 ¢
5 45 0.33b 061b 19.11¢
10 90 0.45a 0.83a 26.62b
2.5+ 20% 127.5 0.19c¢ 0.47c 4435 a
Leaves
0 0 0.74 b 1.10¢ 29.35b
5 45 1.20 a 1.43b 2854 b
10 90 1.48a 1.72a 3934 ab
2.5+ 20% 127.5 0.67 b 1.64 ab 50.77 a
Ear husk
0 0 <03 4.28 ab 13.03b
5 45 <03 3.95b 1291b
10 90 <0.3 486 a 17.71 ab
2.5+ 20% 127.5 <0.3 4.70 ab 20.52 a
Cob
0 0 <03 0.88a 13.49b
5 45 <03 098 a 1593 b
10 90 <03 1.04a 2747 a
2.5+ 20% 127.5 <0.3 098 a 3235a
Grains
0 0 <0.09 <04 32.36a
5 45 <0.09 <04 29.32a
10 90 <0.09 <04 3577 a
2.5+ 20% 127.5 <0.09 <04 36.70 a

tMeans within a column in each plant tissue followed by the same letter are not significantly different according to

Tukey test (p < 0.05).

$2.5 Mg ha'in 1st, 2nd, and 3rd years and 20 Mg ha™" in 4th, 5th, 6th, 7th, 8th and 9th years.

Source: Nogueira et al. [71].

Table 10. Cr, Pb and Zn concentrations in stem, leaves, ear husk, cob and grains of maize after nine annual

applications of sewage sludge to a clayey Oxisol from Sao Paulo State, Brazil.
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5.2. Risks of contamination

The results reviewed above have shown contrasting effects of sewage sludge on the concen-
trations of heavy metals in maize and sugarcane. Sludge effects on Cu, Pb and Ni concentra-
tions ranged greatly. On the other hand, its effects were more consistent for Zn. Sludge
application generally increased Zn concentrations in plants, but not in phytotoxic levels.
Increases occurred even in edible parts of crops, such as grains of corn, but concentrations did
not exceed the limit established by Brazilian legislation. For sugarcane, in addition to Zn
accumulation, Cd concentrations may also increase with sludge application. However, even
increasing, Cd concentrations remained very low.

These findings support the view that the sewage sludge applied to land has low potential to
contaminate maize and sugarcane with heavy metals. However, this does not mean that risks
of contamination of other crops are also low. Vegetable crops, for example, can easily be
contaminated by heavy metals since they have contact with sewage sludge applied to soil or
bed. Because of this high risk of contamination, Brazilian law prohibits the agricultural use of
sewage sludge for production of vegetable crops and also other crops [67].

6. Summary and conclusions

The expected increase in the generation of sewage sludge in Brazil should intensify its disposal
on land. Although the sludge is rich in organic matter and plant nutrients, it has heavy metals
inits composition. Due to the presence of potentially toxic metals, application of sludge to land
requires a risk assessment of soil-plant system contamination. Knowledge of the sludge
composition in terms of heavy metals is the first step in assessing risks of contamination.

We have shown in this work that concentrations of heavy metals in the sludge generated in
Brazilian WTPs can vary widely depending on the metal. Cd concentration is extremely
variable, while Zn concentration varies relatively little. High variability of Cd concentration
may hamper the planning sludge application by the need for additional adjustment in order
to avoid excessive application of Cd in soil. Zn concentrations found in the sludges analyzed
were very high. Thus, the risk of contamination by Zn can be considered high as well.

Soil contamination by Cu, Ni and Zn, as determined by the total concentration, can be rapid,
since high rates of sludge are applied to land. In contrast, low rates of sludge have shown low
potential to contaminate soil with Cu, Ni, Pb and Zn. However, available concentrations can
indicate contamination by Cu and Zn even with application of low rates of sludge. Further-
more, they can detect changes in the solubility of metals due to liming.

Nevertheless, the available concentrations depend on the efficiency of the extractant. DTPA,
0.1 mol L' HCI, Mehlich 1 and Mehlich 3 have not been as efficient as needed. DTPA has shown
best performance among these extractants. DTPA and Mehlich 1 extractants can also be used
to monitor the leaching of heavy metals such as Cu, Ni, Pb and Zn in soils amended with
sewage sludge, whose importance is to assess the soil contamination at depth and the potential
for contamination of groundwater. The fractionation and speciation data have confirmed that
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Zn has a potential to be leached in soil amended with sludge, which increases the risk of
groundwater contamination. Regard to contamination of the plant, the results have shown that
the application of sewage sludge has low potential to contaminate maize and sugarcane with
Cu, Ni, Pb and Zn.

Despite the apparent low risk of contamination of the soil-plant system by heavy metals due
to the application of sewage sludge to land, this review has shown that (i) the results from the
tield experiments are limited to a restricted number of potentially toxic metals, (ii) the chemical
extractantsaregenerally inefficient to estimate the available concentrations for these metals in
a range of situations and (iii) the studies on fractionation and speciation of these hazardous
elements in soils are still incipient. Furthermore, studies have not used an integrated approach
involving total concentration, available concentration, chemical fractions and chemical species
of heavy metals to assess more reliably the risk of phytotoxicity and contamination of the food
chain and groundwater. Thus, this scenario suggests that the application of sewage sludge to
land should be as restrictive as possible in Brazil.
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