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1 |  INTRODUCTION

Keeping heavy metals under control is an important ob-
jective when evaluating the risk of contamination (Vicente 
et  al.,  2014). Metal pollution of the soils raises concern 
about the possible risk for public health, and the presence 
of trace elements of natural (Arikibe & Prasad, 2020; Galán 
et al., 2008; Tume et al., 2008) or human origin (Arikibe & 
Prasad, 2020; Bech et al., 2008) in soils is recognized as a 
potential source of human exposure (Davis et  al.,  2009; 
Şehribanoğlu et al., 2020). Because of determining health 
and environmental factors, the processes of water treatment 
and purification have spread the world, especially in those 
countries where the growing shortage of water resources 

has made purification an obligatory process (Jordán et al., 
2017). A type of mud sludge called ‘biosolids’ is generated 
in water treatment processes. These are heterogeneous solid 
materials whose composition is determined by the origin of 
the effluent to be treated and by the technology used (Jordán 
et al., 2009). Spain, with a census of 47 million inhabitants, 
produces about four million tonnes year−1 of sewage sludge. 
Between 65% and 75% of the sludge can be used for agricul-
tural purposes (Jordán et al., 2009) after being composted. 
There are three main groups of destinations for this type of 
waste: being sent to a dump or poured in the sea, being used 
for amended soil purposes or incinerated following the EU 
regulations (Jordán et al., 2009). The composition of the sew-
age sludge depends on the origin of the wastewater and on 
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the physical and chemical treatments carried out. The treated 
effluent will condition the presence of hazardous compo-
nents or toxic agents. Sludge from ceramic areas usually has 
higher contents of Cr, Cd and Ni (Jordán et al., 2009). The 
use of biosolids in agriculture has important benefits: firstly, 
costs are quite low soils cultivated close to the water treat-
ment plant. And secondly, N, P, K and organic matter can 
be recycled, by improving the properties of the soil and re-
ducing the fertilizer costs (Eid et al., 2019). Jing et al. (2019) 
conclude that maize plants performed better on soil receiving 
biosolids compared with soil receiving a similar quantity of 
N, P and K in mineral fertilizers. A better appraisal of the 
availability for plants of P provided by biosolids is crucial to 
alleviate the environmental impact from the current excessive 
incorporation of P in soils that have to withstand high live-
stock densities (Jing et al., 2019). In fact, in Mediterranean 
soils rich in CaCO3 with low quantities of Fe, biosolids may 
supply Fe, Cu and Zn while reducing the use of chemical 
fertilizers (Hue, 1995; Jordán et al., 2009; Kim et al., 2007; 
McGrath et al., 2000). Biosolids applied to agricultural land 
can behave very differently to inorganic fertilizers in terms 
of their effects on soil P and N sorption dynamics and soil P 
availability (reducing the risk of eutrophication) because of 
the extensive stabilization at wastewater treatment plants to 
make them safe to use (Withers et al., 2016). However, the 
use of biosolids as fertilizer could cause issues because of the 
soil becoming contaminated with heavy metals, and waters 
with nitrates and phosphates passing through soil horizons 
and deep geological strata until reaching aquifers (Almendro-
Candel et al., 2002; Jordán et al., 2017). In recent years, the 
role of metals and their importance in biological systems 
have become quite evident (Arikibe & Prasad, 2020). Metals 
play dual roles, as essential micronutrients at low concen-
trations and then switching to toxic agents as concentrations 
increase (Şehribanoğlu et al., 2020). Biosolids used caused a 
progressive decrease of the pH of the soil without increasing 
metal movement down the profile (Masindi & Muedi, 2018). 
Thus, a decrease in pH can affect the bioavailability of heavy 
metals (Lundy et al., 2017). As the concentrations and bio-
availability of heavy metals increase, they can cause environ-
mental degradation and pose serious risks to the ecosystems 
(Arikibe & Prasad, 2020) and health. The dietary intake of 
foods containing high levels of heavy metals could lead to 
health risks, especially for children (Luo et al., 2017).

In the last 40 years, many papers addressing the partition 
of metals through the profile of biosolid-amended soils have 
shown that there is a relatively small downward movement 
of metals in the short term (Al-Solaimi,  1987; Camobreco 
et  al.,  1996; Campos et al., 2019; Gebhardt et  al.,  1988; 
McGrath, 1987; McLaren et al., 2004; Richards et al., 1998; 
Tóth et al., 2016). Williams et al. (1987) found that Fe, Ni, 
Zn and Cd tend to remain in the sewage sludge incorporation 
zone for a period of nine years. After applying biosolids to 

the grassland surface, Davis et al. (1988) discovered that Zn, 
Cr, Cu, Pb, Ni and Cd were moving towards the top 10 cm 
of the profile. Fiskell et al. (1984) found that most of the 
heavy metals were limited to the first 7 cm of the surface in 
forest soils. However, there are some authors such as Juste 
and Solda (1977) or Legret et al. (1988), who found a higher 
movement of heavy metals. In these studies, on soils that had 
been repeatedly amended with sewage sludge, Ni moved from 
the topsoil to depths of 40–60 cm, Cd to depths of 60–80 cm 
and Pb to depths of 20–40 cm. However, the Cr remained on 
the surface. Campos et al. (2019) found a similar behaviour 
for Ni and Cr. Tóth et al. (2016) carried out a detailed analysis 
of the heavy content in agricultural topsoils of the European 
Union (EU). The analysis covers the main potentially toxic 
elements (As, Cd, Cr, Cu, Hg, Pb, Zn, Sb, Co and Ni). These 
authors estimated that 6.24% or 137,000 km2 of agricultural 
lands in the EU need local assessment and eventual reme-
diation action (Marmo, 2003) and suggested the establish-
ment of harmonized screening values for soil contamination 
in the EU.

The contamination of soils by heavy metals is related to 
their retention capacity, mainly regarding specific parameters 
(texture, mineralogy, organic matter content), which affects 
the chemical properties of the metal and soil particle surfaces 
(Moral et  al.,  2005). Heavy metals may be precipitated or 
coprecipitated as oxides, hydroxides, sulphides or carbon-
ates, or be retained by soil components (Adamo et al., 1996; 
Masindi & Muedi, 2018).

Several authors focus their studies on trace metal con-
tent in agricultural or natural soils (Chang et al., 1992; Tóth 
et al., 2016). Soil properties are also a determining factor for 
the bioavailability of heavy metals for plants. The adsorp-
tion-desorption mechanisms, the precipitation reactions and 
the availability of heavy metals in the soil solution play an 
important role (Arikibe & Prasad, 2020; Fotovat et al., 1997).

The partition of metals among soil components can 
be determined by a sequential extraction protocol (Singh 
et  al.,  1998; Tessier et  al.,  1979). Research on how pollut-
ants are distributed among various chemical forms allows 
for better knowledge of the processes of retention and re-
lease involved in soil remediation mechanisms (Cabral & 
Lefebvre, 1998).

In Castellon Province, the expansion of agriculture across 
hillsides with sharp slopes increases grazing, deforestation 
and wildfires (Jordán et al., 1998). Furthermore, soils can 
be polluted and adversely impacted by anthropogenic ac-
tivities: heavy metals (mainly from the ceramic industry), 
fats, lubricants (mainly from agriculture devices), ceramic 
raw material extraction treatments, etc. (Jordán et al., 1998; 
Jordán et al., 2009). In addition to all these sources of pol-
lution, PM10 and PM2.5 particles are also emitted, mainly 
because of ceramic activities, and are deposited on soils 
(Vicente et al., 2014). For example, the mean atmospheric 
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deposition rate for Cd is around 2  g  ha  year−1 (Alloway, 
1999). Soil Cd pollution is attributable to many sources, 
among which the ceramic industry is an important contrib-
utor. Their relationship has been explored in this and other 
studies. Nicholson et al.  (1999) calculated the air deposi-
tion of other metals such as Ni on soils. High contents of 
hazardous elements in water, soils and plants are of great 
concern because of the possible impact on the food chain 
(Tume et al., 2008). For example, while essential trace met-
als are necessary for human nutrition, trace elements like 
Pb and Cd, may reach the food chain and pose health risks 
(Micó et al., 2006).

High levels of metals in soils increase their uptake by 
plants. This fact depends not only on metal content in soils, 
but also on physical, chemical and mineralogical param-
eters such as soil pH or clay mineral and organic matter 
content (Navarro Pedreño et al., 1997; Navarro-Pedreño 
et al., 2018).

The present study is a concise review of the distribution 
of selected heavy metals in biosolid-amended soils from the 
ceramic cluster of Castellon and also aims to link the metal 
distribution patterns to the components of the soil. The main 
goals of this paper were (a) to assert the total content and 
chemical partitioning of four heavy metals in agricultural 
soils repeatedly amended with biosolids, (b) to determine the 
mineralogical composition of the soils and clay fraction and 
(c) to compare the results obtained over a period of 10 years 
(2008–2019).

2 |  MATERIAL AND METHODS

2.1 | Study area

The area under study is located by the coast (NE, Spain). 
This zone is based on Quaternary lithologies formed by 
sediments of rivers and estuaries from the inland massifs 
(Maestrazgo Range and Sierra de Espadán Range). The 
Mijares River is the main source of sediments (Jordán 
et al., 2009; Vicente et al., 2014). The main lithological ma-
terials are limestone, sand, gravel, conglomerates, marl and 
clay. Castellon is located in the Quaternary and the main 
lithologies are silts, clays and sands (Vicente et al., 2014). 
The materials around Alcora are, mainly, limestone, marl, 
sand, clay and gravel. Onda is surrounded by Quaternary 
and Triassic lithology. The main materials around Onda are 
red clays in the Quaternary, and conglomerates, limestone, 
dolomites, marl and limestone in the Triassic (Vicente 
et al., 2014).

The climate is characterized by mild summers and high 
average temperatures in the winter. Rainfall does not usu-
ally surpass 550 mm year−1. In dry farming, the predomi-
nant crops are cereals, vines, almond trees and olives. The 

orchard crop that has enormous potential in the area is the 
orange.

2.2 | Selected soils and biosolid composition

Two sampling campaigns were carried out, one in spring 
2008 (third week of March) and the other in spring 2019 
(first week of April). Five surface soils (0–15 cm) that were 
polluted as a result of agricultural activities were used in 
this experiment (Jordán et al., 2009). The diversity of phys-
icochemical properties, specially carbonate content and 
pH, was the selection criteria of amended soils (Table 1). 
The soils were classified as calcareous (Soil 2–5) and non-
calcareous (Soil 1). Figure 1 shows the location of the sam-
pling sites. Soil 1 is a biosolid-amended soil sampled in 
the Alcora area. Almond trees are the predominant cultiva-
tions. Soils 2–4 are soils modified with sewage sludge that 
have been irrigated with polluted water in an experimen-
tal plot. The cultivation in this experimental plot is orange 
trees. Soil 5 comes from a disposal site in the Onda area. 
The selected soil classification (FAO/UNESCO, 1998) is 
as follows:

Fluvisols (Soils 1–4): Typical Mediterranean soils, widely 
represented in the studied area, found in valley bottoms 
and flood plains. These occupy the terraces of the river 
courses from the inland areas to the coast and the coastal 
plains. These soils are well drained and have a significant 
depth of horizons and variable texture (Antolín, 1998).
Calcisol (Soil 5): These types of soils are characterized by 
horizons with enrichment of calcium carbonate, favoured 
by semi-arid conditions. In these soils, percolation and 
carbonate accumulation are linked to geomorphic pro-
cesses (Antolín, 1998).

All soils were sampled and crushed, sieved (2 mm), mixed 
and stored. The physical and chemical properties of the soils 
were analysed following standard methods (Haltar et al., 
2010). The pH was measured in soil suspended in deionized 
water, at a proportion of 1:2.5 (m/V). EC was measured using 
1:5 soil:water extract. The CaCO3 equivalent was determined 
with a Bernard calcimeter. Rhoades method was used for de-
termining the CEC. The determination of soil organic carbon 
was based on the Walkley–Black chromic acid wet oxidation 
method. The determination of the content of different metals 
was carried out following microwave digestion using HNO3. 
Metals were analysed by ICP-MS (Krishnamurti et al., 1994; 
Pérez, 2001).

The addition of biosolids to soil is not devoid of en-
vironmental risks or drawbacks resulting from the pos-
sible presence of organic compounds that are hard to 
degrade, hazardous metals, microorganisms, an excess of 
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nutrients and the mobility of ions or potentially contam-
inating substances (Almendro-Candel et al., 2002; Bech 
et al., 2008; Jordán et al., 2017). In 2018, the average com-
position of biosolids from 10 wastewater treatment plants 
located around the ceramic hub were analysed showing 
different composition in nutrients and heavy metals: or-
ganic C (25%–30%), N (3%–6.8%), P (0.26%–0.78%), K 
(0.05%–0.1%), Ca (0.05%–0.15%), Mg (0.09%–0.18%), Fe 
(6,165–59,855 mg kg−1), Cu (110–512 mg kg−1), Cd (10–
2,010 mg kg−1), Ni (9–52 mg kg−1), Pb (23–303 mg kg−1), 
Zn (355–2,100 mg kg−1), Hg (1–3.5 mg kg−1) and Cr (20–
1,039 mg kg−1). It was not possible to obtain proven infor-
mation about the origin, doses and application periods of 
these biosolids from the local farmers.

2.3 | Mineralogical analysis

Soils were treated with a HOAc-NaOAc buffer (pH 5.0) 
to remove carbonates and with H2O2 to remove organic 
matter. Furthermore, the clay fraction was separated by 
sedimentation (Gee & Bauder,  1986). The mineralogical 
analysis of whole samples of soil and clay fractions was 
carried out by X-ray diffraction (XRD) of oriented aggre-
gate (normal, treated with ethylene glycol for 24  hr and 
heated to 550°C for 2 hr) following the protocols described 
in Kahle and Jahn (2002), using a Siemens D5000 with 

Bragg-Bretano geometry with CuKα radiation (40  kV, 
30 mA). Samples were analysed using the Siemens auto-
matic software DIFFRACT-AT.

2.4 | Sequential extraction procedure

The analytical methodology was adapted from procedures 
developed by Shuman (1982); Shuman (1985); Beckett 
(1989) and Ahnstrom and Parker (1999). The entire analyti-
cal protocol is described in Moral et al. (2005); Jordán et al. 
(2009). Triplicate portions of 4  g were weighed in 100-ml 
polycarbonate centrifuge tubes and extracted sequentially as 
follows: 

F1: Soluble-exchangeable phase: Each sample was re-
acted with 30 ml of 0.1 M SrCl2 in a shaker (3,600 rph) 
for 2 hr at 20°C.
F2: Sorbed-carbonate bound: the residue was treated with 
60  ml of 1.0  m NaOAc pH 5.0 and shaken for 5  hr at 
20°C. This extraction was performed several times until 
ΔpH < 0.1 in the supernatant.
F3: Oxidizable phase: the residue was mixed with 10 ml 
of 5% NaOCl at pH 8.5 and reacted in a bath of water 
(90°C) for 30  min. This procedure was repeated four 
times in order to maximize oxidation of the organic 
matter.

T A B L E  1  Chemical and physical properties of the selected biosolid-mended soils (2008/2019)

Properties

Non-calcareous soil Calcareous soils

F-ANOVASoil 1 Soil 2 Soil 3 Soil 4 Soil 5

pH (1/2.5) 6.51/6.71 8.05/8.10 8.15/8.41 7.95/8.10 7.80/8.00 *

EC (1:5)/dS m−1 0.40/0.65 0.75/0.87 0.60/0.79 1.00/1.20 1.47/1.87 *

Sand/% 60.0/62.0 18.0/18.5 17.5/17.0 18.0/18.0 33.5/35 n.s.

Silt/% 23.0/22.0 68.5/69.0 70.0/70.5 73.0/72.5 62.5/60 n.s.

Clay/% 17.0/16.0 13.5/12.5 12.5/12.5 9.0/9.5 4.0/5.0 n.s.

Total CaCO3/% 3.4/3.3 52.0/53.0 50.5/51.5 48.9/49.9 36.8/40.0 *

Active CaCO3/% 1.8/2.0 17.5/17.9 15.7/16.2 15.8/16.4 13.5/14.7 *

Organic C/% 0.50/0.70 2.08/2.15 1.99/2.1 2.54/2.9 1.10/1.50 **

CEC/molc kg−1 0.15/0.20 0.30/0.6 0.32/0.55 0.33/0.58 0.26/0.32 ***

Total Fe/mg kg−1 11 103/12 103 14 103/15 103 11 103/12 103 13 103/14 103 10 103/11 103 ***

Total Mn/mg kg−1 466/502 345/398 340/359 471/510 372/401 **

Total Cu/mg kg−1 15.5/16.2 66.0/62.7 35.1/36.9 50.1/52.7 20.2/26.3 *

Total Zn/mg kg−1 26.0/27.1 260/272 95.0/99.2 140/153 105/112 *

Total Cd/mg kg−1 6.0/7.8 79/82 102/134 205/234 4.5/6.0 ***

Total Ni/mg kg−1 7.5/9.0 36.5/46.4 38.2/42.6 52.2/55.3 30.5/35.6 **

Total Cr/mg kg−1 17.9/20.8 29.7/32.0 32.1/42.2 35.8/45.6 24.8/30.3 ***

Total Pb/mg kg−1 28.0/27.8 229/224 32.0/30.0 35.0/29.6 27.0/33.0 **

Note: Legend: 2008/2019 (bold); *, **, *** indicate significance at levels of p=0.05, 0.01 and 0.001 respectively; ns: not significant).
Bold values correspond to results from soils sampled in 2009.
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F4: Reducible phase: the residue was mixed with 40 ml 
of 0.2 m oxalic acid + 0.2 m ammonium oxalate + 0.1 m 
ascorbic acid adjusted to pH 3 with NH4OH in a bath of 
water (90°C) for 30 min. This procedure was repeated four 
times.
F5: Residual phase: the residue was oven-dried, pulver-
ized and mixed. Duplicate 0.400 g subsamples were di-
gested by microwave digestion with 20 ml HNO3.

Extracts and solutions were acidified using HNO3 
(1%). ICP-MS determinations were carried out with ma-
trix-matched standards. The recovery values of the elements 
were quantified, and the relative standard deviations were 
calculated. The solvents and the reagents used in the analysis 
were considered in determining the detection limits of Cd, 
Ni, Cr and Pb. The equation proposed by Skoog and Leary 
(1991) was used (Xc = x̄blank + 3Sblank).

The ANOVA test was used to assess the statistical sig-
nificance of the results obtained for the two sampling pe-
riods (indicating significance at levels of p = .05, .01 and 
.001, respectively; ns: not significant). Correlation coeffi-
cients between the extractable contents of Cr, Cd, Pb and 
Ni and some chemical and physical properties of the stud-
ied biosolid-amended soils were calculated. All correla-
tions have been carried out using Spearman’s coefficient 
(Dodge, 2010).

3 |  RESULTS

Table 1 shows the main physicochemical properties of stud-
ied soils. A wide range of properties of these soils are dis-
cussed below. The organic C content ranged from 0.50% to 
2.54% in the 2008 sampling and 0.70%–2.90% in the 2019 
sampling which represents a significant increase (p  =  .01) 
in a short period of time. Electrical conductivity ranged 
from 0.40 to 1.47 dS m−1 in the 2008 sampling and 0.65–
1.87 d Sm−1 in 2019, which is a slight increase (p = .05). The 
pH values, which experienced a slight increase (p = .05), are 
linked to the presence or absence of CaCO3. Total Cd content 
ranged from 6 to 205  mg  kg−1 in the 2008 samplings and 
7.8 to 234 mg kg−1 in 2019 which is a significant increase 
(p = .001). Total Ni content is between 7.5 and 52.2 mg kg−1 
in the 2008 sampling and 9.0–55.3 in 2019 which is a signifi-
cant increase (p = .01). Total Cr content ranged from 17.9 to 
35.8 mg kg−1 in the 2008 sampling and 20.8–45.6 in 2019 
which is a significant increase (p = .001). Total Pd content 
ranged from 28 to 229 mg kg−1 in the 2008 samplings and 
27.9 to 224 mg kg−1 in 2019 indicating a significant decrease 
(p = .01).

Table 2 summarizes the mineral constituents of each soil. 
Quartz was the major component for Soil 1. Quartz and cal-
cite were the major components for calcareous soils (2–5). 
At a semi-quantitative level, the mineralogical composition 

F I G U R E  1  Location of the sampling 
sites (Jordán et al., 2009) [Colour figure can 
be viewed at wileyonlinelibrary.com]

Spain
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4 2
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of calcareous soils (Soils 2–5) was similar, with the presence 
of quartz, calcite, dolomite, illite and traces of chlorite and 
kaolinite. The mineralogy of Soil 1 was different (Table 2). 
A high content of quartz was found in these soils. The main 
difference was the presence of goethite and haematite along 
with a mixture of several clay mineral phases (illite-musco-
vite, kaolinite and chlorite). In the mineralogical composition 
of the clay fraction of the soils, the association of kaolinite, 
illite and chlorite, and small quantities of other minerals 
(calcite, quartz, feldspar, dolomite and haematite) was found 
(McLaren et al., 1998).

The sequential extraction procedure describes the affinity 
of the selected metals with soil matrix constituents (McBride 
et al., 2003). Table 3 shows a comparison between recovery 
and the total concentrations obtained with a microwave di-
gestion. Figures 2–5 summarized the results for the sequen-
tial extraction of analysed heavy metals, as contents and 
percentages of the total metal in each fraction.

For Soil 1, the majority of the Cd was recovered in the re-
ducible (4.7–5.9 mg kg-1) and oxidizable (0.9–1.5 mg kg−1) 
fractions (Figure  2). Cadmium was recovered mainly in 
the sorbed-carbonate (52.7, 83.2, 172 and 0.8 mg kg−1 in 
the 2008 sampling and 53.7, 99.2, 219 and 1.4 mg kg−1 in 
the 2019 sampling) and residual fractions (9.2, 9.7, 20 and 
3 mg kg−1 in the 2008 sampling and 10.4, 18.7, 10.1 and 

4.1  mg  kg−1 in the 2019 sampling) for Soils 2, 3, 4 and 
5. The percentages of Cd sorbed-carbonate fraction repre-
sent approximately 80% of the total Cd. For Soil 5, sewage 
sludge was the origin of sorbed-carbonate Cd (>19%). The 
main percentage of Cd in Soil 5 was found in the residual 
fraction (>68%).

Nickel was recovered mainly in the residual (3.4, 15.5, 
15.3, 18.7 and 13 mg kg−1 in the 2008 sapling and 4.4, 20.5, 
20.3, 19.7 and 16 mg kg−1 in the 2019 sampling) and reduc-
ible fractions (0.8, 10.2, 17.2, 10 and 10.3  mg  kg−1 in the 
2008 sampling and 0.8, 12.5, 21.2, 11 and 12.3 mg kg−1 in 
the 2019 sampling) of the soils. Calcareous soils show a dif-
ferent behaviour.

The residual fraction was the main Cr fraction in the cal-
careous soils (23.5, 25.7, 26.9 and 19.1 mg kg−1 in the 2008 
sampling and 25.4, 36.7, 38.9 and 22.3 mg kg−1 in the 2019 
sampling) and in Soil 1 (9 and 10 mg kg−1 for 2008 and 2009 
samplings, respectively). In Soil 1, around 50% of Cd was 
present in the residual fraction. However, in calcareous soils 
this percentage was higher than 75%.

In the calcareous soils studied, the main fraction for 
Pb (62%–90%) was the residual phase (185.5, 21.9, 20.7, 
21.2 mg kg−1 for the 2008 sampling and 189, 20.9, 16.6 and 
26.8 mg kg−1 for the 2019 sampling). The distribution of Pb 
in calcareous soils followed this sequence: F5 > F2 > F3. In 

High Moderate Little Traces

Soil 1 Qtz – Il-M, K, Goe, H – Ch –

Soil 2 Cc Qtz Il-M F, Do Ch Ka

Soil 3 Cc Qtz Il-M Do Ch Ka

Soil 4 Cc Qtz Il-M F, Do Ch Ka

Soil 5 Qtz, Cc – Do, Il-M F Ch Ka

Abbreviations: Cc, calcite; Ch, chlorite; Do, dolomite; F, feldspar; Goe, goethite; H, haematite; Il-M: illite-
muscovite; Ka, kaolinite; Qtz: quartz.

T A B L E  2  Mineralogy of the soils

Metal

Soil number

1 2 3 4 5
DL 
µg ml−1

Sampling 2008

Cd 93 ± 1 89 ± 3 96 ± 3 99 ± 3 94 ± 8 0.17

Ni 101 ± 5 94 ± 4 105 ± 7 96 ± 3 95 ± 5 0.35

Cr 90 ± 6 99 ± 3 108 ± 3 110 ± 5 99 ± 3 0.20

Pb 91 ± 7 90 ± 2 98 ± 3 91 ± 3 98 ± 3 0.14

Sampling 2019

Cd 95 ± 3 88 ± 3 97 ± 3 99 ± 3 97 ± 8 0.14

Ni 102 ± 5 95 ± 4 109 ± 7 96 ± 3 95 ± 5 0.29

Cr 92 ± 6 99 ± 3 107 ± 3 112 ± 5 98 ± 3 0.18

Pb 93 ± 7 90 ± 2 97 ± 3 92 ± 3 98 ± 3 0.17

T A B L E  3  Extraction efficiency of 
metals. Recovery and detection limits (DL)
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Soil 1, the amount of Pb in the residual and reducible phases 
(8–9 mg kg−1, 35%–40%) was similar.

4 |  DISCUSSION

4.1 | Total metal contents

After a 10-year period between the two samples taken, there 
has been a significant in crease in the total content of Cd, Ni 
and Cr (.001, .01 and .001 p values, respectively). However, 
the Pb contents have hardly changed and there has even 
been a slight decrease (p =  .01). This behaviour of Pb can 
be explained by the limitation of the use of this metal in the 
ceramic frit and enamel industry (BOE, 2006), mainly in ce-
ramic bodies for food or in contact with food. We also found 
an increase in electrical conductivity values (p = .05) as well 

as the content of organic carbon (p = .01) and micronutrients 
(Fe, Mn, Cu and Zn), mainly Fe (p  =  .001). The repeated 
application of biosolids in the last 10 years has improved the 
organic C content in all soils, but unfortunately, it has also 
produced an increase in the total content of Cd, Ni and Cr, 
and an increase in EC.

The mean metal concentrations (mg  kg−1) determined in 
agricultural soils from Castellon Province (NE Spain) were 
0.33 for Cd, 19.3 for Ni, 33.3 for Cr and 55.8 for Pb (Peris 
et al., 2008). This paper is relevant in the studied area and it 
focuses on finding the baseline of soil metal concentration. In 
the case of Cd, the values found in Soils 1–5 exceed that value, 
even surpassing the reference values for contaminated soils in 
Spanish regulation (RD1310/90) set at 3.0 mg kg−1 of Cd-T. 
In the case of Ni, only Soil 1 is below the average reference 
value in the region, whereas all other analysed soils exceeded 
this value. The maximum allowed value for Ni-T in Spanish 

F I G U R E  2  Distribution of total recovered Cd (%) in a set of five sewage sludge-amended soils
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F I G U R E  3  Distribution of total recovered Ni (%) in a set of five sewage sludge-amended soils
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legislation is 112 mg kg−1. The five analysed soils have val-
ues that are well below this limit. As for Cr, Soils 3 and 4 ex-
ceed the average concentration value in the region. All soils 
have values well below the limit set for contaminated soils in 
Spanish regulation (150  mg  kg−1). Total Pb values are also 
below the average of the Province of Castellon and far from the 
limit value of reference in Spanish regulation (300 mg kg−1). 
Therefore, from the point of view of compliance with regula-
tions, we found concerning levels of Cd in the analysed soils. 
In addition, these values, far from diminishing, have increased 
over a period of 10 years. After 10 years, no significant changes 
in the mineralogical composition of the analysed soils are sig-
nificant. Illite-muscovite is the main clay mineral in all soils.

4.2 | Metal partition

Mahler (1988) discovered that the Cd derived from sewage 
sludge was present mostly in the carbonate fraction. Soils 
2–4 had a similar Cd distribution sequence. The differences 
in Cd adsorption were associated to the soil pH (Moral 
et al., 2005). Biosolid application reduces the soil pH and Cd 
adsorption, with lower values of soil pH (Lundy et al., 2017). 
Moral et al.  (2005) and Masindi and Muedi (2018) explain 
this behaviour. Soils treated with sewage sludge reduce the 
amount of complexed Cd and increased the amount of ex-
changeable Cd. In Soil 1, most of the Cd is sheltered in the 
reducible phase (>79%) and then, in the oxidizable fraction 

F I G U R E  4  Distribution of total recovered Cr (%) in a set of five sewage sludge-amended soils
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F I G U R E  5  Distribution of total recovered Pb (%) in a set of five sewage sludge-amended soils
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(>20%), most likely because of the presence of exogenous 
Cd pollution (biosolid application) along with the presence 
of goethite and haematite (Jordán et al., 2009). Exchangeable 
Cd pool rises with increasing organic matter in the soil. This 
fact was observed by other authors such as He and Singh 
(1993), Lamy et al. (1993), Ahumada et al. (2004) or Lundy 
et al.  (2017). The increase in organic carbon (%), 10 years 
after the first sampling, can be associated with the increase in 
total Cd. This trend has also been observed in other more re-
cent studies (Campos et al., 2019; Eid et al., 2019). However, 
the partition of Cd in the fractions has not changed. This is 
mainly because of the fact that the increase in the content 
of organic matter after the application of biosolids has not 
significantly affected the pH values. In fact, a slight increase 
is observed. This behaviour (buffer effect) is characteristic 
of Mediterranean calcareous soils (Peris et al., 2008). In the 
studied calcareous soils (2–5) amended with sewage sludge, 
a low percentage of Cd was found in the soluble-exchangea-
ble (<10%). Chelation can increase the solubility of the metal 
at high pH values (Moral et al., 2005, Jordán et al., 2009 and 
Tóth et al., 2016). For biosolids rich in both Fe and Ca, and 
where Fe-rich biosolids were applied to calcareous soils, the 
negative influence of Fe on P lability appeared to be neutral-
ized, possibly aided by the formation of hydroxides at high 
pH (Withers et al., 2016).

In Soils 2, 3 and 5, the Ni distribution sequence was 
F5 > F2 > F3. Only for Soil 4, F4 was higher than F5. This 
behaviour was tested in both 2008 and 2019 sampling pe-
riods. A significant percentage of Ni is present in the form 
of sorbed-carbonate (Jordán et al., 2009). A similar percent-
age of soluble-exchangeable Ni was observed for all soils 
(1–5). Narwal et al.  (1999) found an interesting correlation 
between reducible and residual forms of Ni and the levels 
of Mn and Fe oxides in soils. Luo et  al.  (2017) concluded 
that sandy soils, rich in organic matter with a large Ni con-
tent, are unsuitable for the production of rice and legumes in 
Fujian Province, SE China. Many researchers observed that 
only the strong acids are able to fully extract Cr from soils 
(Ahumada et al., 2004; Karathanasis & Johnson, 2006). This 
fact confirms that Cr is tightly bound in the matrix (Jordán 
et al., 2009). The sequence of partition of Cr in calcareous 
soils (2–5) was F5 > F4 > F3. The chrome partition is dif-
ferent compared with the behaviour of Ni. The percentage of 
Cr sorbed on carbonate fraction was less than the soluble-ex-
changeable fraction (Jordán et al., 2009; Moral et al., 2005).

Lead is predominantly found in the residual fraction 
(Ahumada et al., 2004). Soils polluted with high contents of 
Pb showed an accumulation in the sorbed-carbonate fraction 
(Cabral & Lefebvre, 1998). However, in this study, the total 
content of Pb in soils is relatively low and a large proportion 
of Pb was found in the oxidizable phase (>10%). Even though 
the total content of Pb was higher in soils analysed in 2008, 
the Pb partition is quite similar in both sampling periods.

4.3 | Metal recovery and correlations

In the extraction procedure, a good recovery percentage 
has been found for all the metals studied (Table  3). Soil 
pH changed with the incorporation of biosolids. The pH re-
duction is more pronounced where the amount of Fe in the 
biosolid is high (Withers et al., 2016). However, weak and 
negative correlations have been obtained between pH and 
the heavy metals studied (Table 4). At pH > 7, the metals 
were adsorbed and not available to plants. The results ob-
tained differ from other published works. For example, Luo 
et al. (2017) found that Ni tended to rise with increasing clay 
and silt contents and, as a result, so did the CEC, with no 
strong correlations with other soil properties. This different 
behaviour is because Ca is the dominant cation in the ex-
change complex. The negative correlation coefficients ob-
tained between heavy metals, the CEC and the percentage of 
clay fraction (Table 4) corroborate the dominance of the Ca 
cation in the exchange position.

Results showed different trends of metal partition among 
the different pools in biosolid-amended soils. This variability 
demonstrates that the values of total concentration of heavy 
metals in soils may not be appropriate as a useful indicator 
for toxicity or environmental risk in future studies at this ce-
ramic hub.

5 |  CONCLUSIONS

After a 10-year period between the two samples, there has 
been a significant increase in the total content of Cd, Ni 
and Cr. However, the Pb content has hardly changed and 
there has even been a slight decrease. The heavy metals in 
the studied set of soils were linked to carbonate, residual 
or reducible fractions and depended on the nature, miner-
alogy, pH and other soil properties. Cd is associated with 

T A B L E  4  Correlation coefficients between the extractable 
contents of Cr, Cd, Pb and Ni and some chemical and physical 
properties of the studied biosolid-amended soils

Cr Cd Pb Ni

pH −.261 −.165 −.325 −.056

EC .354 −.234 −.314 −.027

CaCO3 −.245 .091 .409 −.213

CEC −.794 −.576 −.323 −.696

Organic C .495 .723 .567 .231

Clay −.536 −.303 .015 −.197

Silt −.433 −.137 .089 −.467

Sand .526 .187 −.065 .309

Note: Significant correlation at the .05 level.
Bold values correspond to results from soils sampled in 2009.
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carbonate fractions. However, Ni, Cr and Pb are mainly 
associated with the residual phase. The variation of pH and 
a possible decrease of this property through the incorpora-
tion of biosolids can favour the mobilization of pollutants 
in Mediterranean calcareous soils. Thus, most importantly, 
the presence of hazardous metals in soils must be deter-
mined before adding biosolids. The authors recommend ex-
tending this study to other countries of the Mediterranean 
region of Europe.
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