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Preface to ”Environmental Restoration of

Metal-Contaminated Soils”

This Special Issue entitled “Environmental Restoration of Metal-Contaminated Soils” focuses

on the issues linked to soils contaminated with heavy metals and metalloids, dealing with current

research activities around the world at the laboratory and field scale. These activities are the pillars

for the application of strategies on a real-world scale, to remediate industrial soils affected by the

problem. When an industrial soil contains pollutants, the main problem is the removal of these

compounds. However, other features are present, linked to the health of the population living in

its proximity. This Special Issue reports experimental run findings with the aim of removing heavy

metals and/or metalloids from soil, making use of challenging techniques, and also demonstrating

approaches for the assessment of the risks to human health.

Fulvia Chiampo, Massimo Zacchini

Editors
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The growing industrialization of the last two centuries has improved life to a great ex-
tent in the countries where it occurred. However, several drawbacks were derived. Among
them, many industrial activities gave and have given origin to dramatic environmental
impacts on air, soil, and water.

Concerning soil, the most frequent contamination factor is represented by heavy
metals. These pollutants derive from the metal industry, but also agriculture, mining,
and waste disposal. Unlike other contaminants, they can persist in the environment for a
long time, and this increases the probability to be distributed through the soil layers and
transferred to groundwater, with the consistent risk to enter the food chain by water, crops,
vegetables, meat, and fish.

Each metallic element has a level of toxicity responsible for health impacts over short,
medium, and long times. When the metal concentration is known, the toxicological risk
can be assessed by literature correlations, usually based on experimental data. When the
risk is considered not acceptable for human health, the request for the reclamation of the
polluted sites becomes extremely urgent. The management of a polluted site reclamation
is considered one of the most challenging environmental issues to address, as it involves
multiple inter-related factors. Several techniques have been developed to remove metals
from soil. Traditional soil remediation methods, relying on physical and chemical tech-
niques, have been recently supplemented by those based on biological processes, also
called Nature-Based Solutions (NBS).

The multifaceted problems linked to soil heavy metal contamination require an inte-
grated approach involving different expertise and proficiency. In this regard, the current
Special Issue aims to focus and highlight the features of this multidisciplinary topic, thanks
to the contribution of researchers with different backgrounds to combine knowledge from
many disciplines.

A review [1] summarizes these features, showing the relevance of each. This manuscript
also describes the main techniques that can be applied for the remediation of metal-
contaminated soils. The study highlights the need for tighter cooperation between research
and companies involved in remediation, to publish and disseminate the results from
experience on a larger scale than the experimental/pilot one.

The first research manuscript presented in the Special Issue checks two methods to
consider and assess the risk on human health due to soil ingestion, with a particular focus
on bioaccessibility [2]. In this study, Zingaretti and Baciocchi studied the bioaccessible con-
centration of some metals achieved by two extraction methods, namely, the Unified BARGE
Method (UBM) and the Simple Bioaccessibility Extraction Test (SBET). Notwithstanding
the lower complexity of the second method, the results were similar, demonstrating that
the SBET could be used for screening scopes, while the UBM can be adopted to obtain
more accurate data. Then, they used these data to calculate the bioaccessible concentration
and the cleanup goal and evidenced the need to include the bioaccessibility into the human
health risk assessment (HHRA).

Appl. Sci. 2021, 11, 10805. https://doi.org/10.3390/app112210805 https://www.mdpi.com/journal/applsci
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The manuscript by Cameselle et al. [3] presents the results achieved by the elec-
trokinetic removal of heavy metals targeting the remediation of contaminated soils. The
experimental runs compared the effect of pH on solubilization and transport of the metallic
elements to enhance their removal. EDTA and citric acid were used to change pH. For four
metals (Cd, Co, Cu, Zn), the long treatment time (65 days) and high citric acid concentra-
tion (0.5 M) resulted in their 70–80% removal, whereas for Cr and Pb, the right operative
conditions must be found. As a whole, the results are encouraging for future studies.

Among the techniques tested and successfully applied to restore and clean up soils,
sorption constitutes a good and cheap solution. In particular, the use of natural sorbents is
emphasized, both for their low cost and the removal efficiency demonstrated in several
studies. In the manuscript of Yurak et al. [4], peat, diatomite, vermiculite, and their
mixtures were applied to remove one metalloid and five metals (As, Cd, Cr(III), Cr(VI), Cu,
Pb). The best result for the removal efficiency was achieved with granular peat–diatomite,
followed by large-fraction vermiculite, medium-fraction vermiculite, non-granular peat–
diatomite, and diatomite. Unfortunately, one drawback was evidenced: the removal
efficiency decreased with time.

Amirahmadi et al. [5] studied the metal adsorption by biochar in mining areas to
remediate these heavily polluted soils. They investigated the Cd concentration and bioavail-
ability in pots with loamy soil, monitoring the growth of oak seedlings in the presence of
rice husk biochar. The results demonstrated that at the highest tested biochar addition (5%
by weight), the bioavailability was always lower than in pots without biochar and also
when the Cd concentration reached 50 mg kg−1.

The uptake of one metalloid and some heavy metals (As, Cd, Ce, Co, Cr, Cu, Fe, La,
Mn, Ni, Pb, V, Zn) by edible plants in urban soils is the main topic of the manuscript
presented by Gaggero et al. [6]. They studied metal uptake in two common vegetables,
namely, Lactuca sativa and Brassica oleracea, grown in contaminated soils, with and without
soil amendment deriving from biodegradable wastes. Specifically, the authors analyzed the
aerial parts and roots of these vegetables. Then, the results were compared with the ones
observed in uncontaminated soil. It was shown that the plants grown in contaminated
soils absorbed the toxic elements. When soil amendment was used, the toxic element
accumulation was found mainly in the roots, with a limited amount of pollutants reaching
the aerial parts (i.e., the edible parts).

As the last manuscript, but of no minor relevance, Han et al. [7] present the study
carried out on the flow polluted with copper through a permeable membrane in the filters
for contaminant removal, as occurs in Korean landfills. The experimental runs were
performed in hydrophobic-coated capillary tubes to simulate the landfill in which similar
flow conditions can be present. The results showed that in the center of the tube, the flow
rate was always higher than near the surface, where the hydrophobic condition slowed
down the hydrophilic contaminant. This also occurred when the pH was changed, namely
when it increased from 4 to 10. The experimental data were modeled by computational
fluid dynamics (CFD). From the applicative point of view, this means an effect by the pH
condition, in terms of slowing down the flow rate by the hydrophobic surface, giving the
opportunity of selective remediation.

Altogether, the Special Issue collected data and results coming from different fea-
tures of the same environmental issue, namely the remediation of soils polluted with
heavy metals.

All the studies evidenced the need to further investigate such features. Moreover, all
the manuscripts highlighted the crucial point to transfer the current data to a larger scale,
to obtain robust data and information for a real-scale application. In other terms, tighter
cooperation between research and the industrial world is required.

Author Contributions: The Authors have given the same contribution to all the steps during the
preparation of this manuscript. They have read and agreed to its published version. All authors have
read and agreed to the published version of the manuscript.
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Abstract: The contamination of soil by heavy metals and metalloids is a worldwide problem due to
the accumulation of these compounds in the environment, endangering human health, plants, and
animals. Heavy metals and metalloids are normally present in nature, but the rise of industrialization
has led to concentrations higher than the admissible ones. They are non-biodegradable and toxic,
even at very low concentrations. Residues accumulate in living beings and become dangerous
every time they are assimilated and stored faster than they are metabolized. Thus, the potentially
harmful effects are due to persistence in the environment, bioaccumulation in the organisms, and
toxicity. The severity of the effect depends on the type of heavy metal or metalloid. Indeed, some
heavy metals (e.g., Mn, Fe, Co, Ni) at very low concentrations are essential for living organisms,
while others (e.g., Cd, Pb, and Hg) are nonessential and are toxic even in trace amounts. It is
important to monitor the concentration of heavy metals and metalloids in the environment and adopt
methods to remove them. For this purpose, various techniques have been developed over the years:
physical remediation (e.g., washing, thermal desorption, solidification), chemical remediation (e.g.,
adsorption, catalysis, precipitation/solubilization, electrokinetic methods), biological remediation
(e.g., biodegradation, phytoremediation, bioventing), and combined remediation (e.g., electrokinetic–
microbial remediation; washing–microbial degradation). Some of these are well known and used on
a large scale, while others are still at the research level. The main evaluation factors for the choice are
contaminated site geology, contamination characteristics, cost, feasibility, and sustainability of the
applied process, as well as the technology readiness level. This review aims to give a picture of the
main techniques of heavy metal removal, also giving elements to assess their potential hazardousness
due to their concentrations.

Keywords: heavy metals and metalloids; removal techniques; contaminated soil

1. Introduction

Soil contamination by heavy metals and metalloids is a problem that all countries in the
world are facing. In recent years, the attention to heavy metal pollution has increased since
they are non-biodegradable; they accumulate in soil causing damage to the environment,
animals, and humans for a long time [1]. Multiple health effects are associated with
exposure to heavy metals and metalloids: kidney and bone problems, neurobehavioral and
developmental disorders, blood pressure problems, and tumor formation.

The problem becomes relevant when the concentration of heavy metals in the soil is
high. Around the world, it is estimated that the number of sites with soil contaminated by
heavy metals and metalloids is around five million [2], and anthropological activities are
usually the origin of this pollution. Most of these heavy-metal-contaminated sites are in
developed countries, such as the United States of America, Australia, the European Union
State Members, and China. For example, in the USA, around 6000 km2 have been contami-
nated by heavy metals/metalloids; 250,000 sites are polluted in the European Union; and

Appl. Sci. 2021, 11, 4134. https://doi.org/10.3390/app11094134 https://www.mdpi.com/journal/applsci
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810,000 km2 of farmland in China have been contaminated by heavy metals/metalloids [3].
The study of Cheng et al. [4] reports that more than 30,000 tons of chromium and 800,000
tons of lead have been released into the environment globally in the past half-century.
Different studies have focused on determining the concentrations of heavy metals and
metalloids in the European Union [5], China [6–8], and Brazil [9,10]. The amounts of these
pollutants in soils are different and worldwide average concentrations depend on the type
of soil, environmental conditions, and the distance from the contamination source.

In this review, the aim is to give information about the elements (metals and metal-
loids) that contribute to environmental pollution, due to their toxicity, persistence in the
environment, and bioaccumulation in nature, and depict the main techniques that have
demonstrated efficacy to remove these elements so far.

This review is focused on the removal of heavy metals, analyzing: (1) the toxicity
effects of these pollutants on living organisms; (2) the legislation in force in some developed
countries; and (3) the main remediation processes for contaminated soils.

Over the years, many authors have studied this topic, due to its great importance at the
global level. Among the existing reviews, one was published by Dhaliwal et al. in 2020 [11].
However, it was mainly focused on biological remediation techniques at the laboratory level,
and did not give detailed information on the other issues, which are important matters. To
overcome this limitation, these issues have been developed in the current review. In addition
to this, the last section of this review provides some case studies, and this constitutes a
novelty compared to previous reviews, which have usually been limited to experimental
studies and data, with limited (or without) links to their application.

These techniques are based on physical, chemical, and biological processes [12], and
they can be classified as:

• physical methods (landfilling and leaching, excavation, soil washing, calcination)
that permit high removal efficiency and the treatment of large quantities of soil, but
are expensive;

• chemical methods (soil washing, electrochemical remediation, adsorption) that are
very effective, but can be a source of new chemical contaminants introduced into soils,
for example, in soil washing;

• physical–chemical processes (ion-exchange, precipitation, reverse osmosis, evaporation,
and chemical reduction) which are simple and easy to apply, but have a high-cost burden;

• bioremediation processes (bioventing, biosparging, bioaugmentation, biostimulation)
which are environmentally friendly and cost-effective, but the degradation time is
slower than in other treatments.

2. Origin, Characteristics, and Properties of Heavy Metals and Metalloids

The term “heavy metals” is used to refer to metals and metalloids present in the
environment and having a density higher than 5000 kg·m−3 and an atomic mass higher
than 20. Based on this definition, 51 elements of the periodic table are considered heavy
metals/metalloids [13].

Their mobility and bioavailability in soil are due to their chemical characteristics and
those of soil. The pH, surface properties of the adsorbents, presence of cations, and anions
affect the interactions between soil components and metals/metalloids [14].

The most common heavy metals and metalloids in the environment are chromium,
manganese, nickel, copper, zinc, cadmium, lead, and arsenic. Chromium, copper, zinc,
cadmium, lead, mercury, and arsenic are the most toxic [15].

Usually, they found in the weathering of underlying bedrock, and they are present as
ores (sulfides of Pb, Co, Fe, As, Pb, Zn, Ag and Ni, and oxides of Se, Al, Mn, and Sb). In
soils, normally, sulfides of arsenic, mercury, lead, cadmium naturally occur together with
sulfides of copper (chalcopyrite, CuFeS2) and iron (pyrite, FeS2) [3].

The environmental problem is mainly due to the anthropological activities that cause an
increase in heavy metal and metalloid concentrations, especially in the refining and mining
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of ores, pesticide applications, fertilizer industries, and solid wastes [16]. The anthropogenic
sources of metals and metalloids can be dived into five groups, as shown in Figure 1.

Figure 1. Anthropogenic sources of polluting metals and metalloids.

Heavy metals and metalloids are used in different sectors, increasing market demand
and world production. Copper, selenium, zinc, iron, vanadium, and manganese, in trace
amounts, are essential for various biological processes, such as in respiration systems,
biosynthesis of complex compounds, nervous system, regulation, and functioning of
enzymes. Iron, zinc, tin, lead, copper, and tungsten have an important role in electronic
devices, especially in the realization of semiconductors [17]. In Table 1, the characteristics
of the most toxic heavy metals and metalloids are summarized [18,19].

Table 1. Heavy metals and metalloids characteristics.

Element Chemical and Physical Properties Application World Production (ton·y−1)

Chromium (Cr)
Density: 7190 kg·m−3

Atomic mass: 51.99
Heat of fusion: 21.00 kJ·mol−1

Industrial application, alloys,
tanning agents, paint pigments,

catalysts, photography.

15,000,000
(year: 2017)

Copper (Cu)
Density: 8960 kg·m−3

Atomic mass: 63.55
Heat of fusion: 13.26 kJ·mol−1

Electrical and electronics,
transport equipment,

construction, industrial
machinery, pesticides.

20,000,000
(year: 2017)

Zinc (Zn)
Density: 7140 kg·m−3

Atomic mass: 65.38
Heat of fusion: 7.32 kJ·mol−1

Paints, rubber, cosmetics,
pharmaceuticals, plastics, inks,
soaps, batteries, textiles, and

electrical equipment

13,500,000
(year: 2019)

Cadmium (Cd)
Density: 8650 kg·m−3

Atomic mass: 112.41
Heat of fusion: 6.21 kJ·mol−1

Electroplating, paint pigments,
plastics, silver–cadmium batteries,

coating operations, machinery
and baking enamels, photography,

television phosphors.

24,670
(year: 2019)

Lead (Pb)
Density: 11,340 kg·m−3

Atomic mass: 207.2
Heat of fusion: 4.77 kJ·mol−1

Electrical accumulators and
batteries, building construction,

cable coatings ammunition.

11,600,000
(year: 2018)

Mercury (Hg)
Density: 13,530 kg·m−3

Atomic mass: 200.59
Heat of fusion: 2.29 kJ·mol−1

Dental preparations,
thermometers, fluorescent and

ultraviolet lamps,
pharmaceuticals, fungicides,

industrial process waters, seed
dressings.

4000
(year: 2019)

Arsenic (As)
Density: 5730 kg·m−3

Atomic mass: 74.92
Heat of fusion: 24.44 kJ·mol−1

Pesticides, pharmaceuticals,
alloys, semiconductors.

33,000
(year: 2019)
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It is evident that these elements are used in all fields and that annual production
around the world is very high, especially chromium, copper, zinc, and lead. The major
producing countries are China, Peru, Australia, the United States of America, Russia,
and Mexico.

3. Toxicology

The heavy metals and metalloids accumulate in the environment where anthropogenic
sources increase the background quantity, and this effect becomes risky when the natural
concentrations are such that they cause damage to living organisms. Their toxicity is
relevant at low concentrations, as demonstrated by the limit concentrations imposed by
legislative acts (Table 2).

Table 2. Limit concentrations of heavy metals and metalloids in the soil.

Country/
Organization

Type of Soil Hg Cd Pb Cr(VI) Ni Unit Ref.

WHO Agricultural soil 0.08 0.003 0.1 0.1 0.05 ppm [20]

China Agricultural soil 0.3–1.0 0.3–0.6 80 150–300 40–60 ppm [20]

US Agricultural soil 1.0 0.43 200 11 72 ppm [21]

Italy Residential soil 1 2 100 2 120 mg·kg−1
[22]

Industrial soil 5 15 1000 15 500 mg·kg−1

Finland
Threshold value 0.5 1 60 100 50 mg·kg−1

[23]Lower guideline value 2 10 200 200 100 mg·kg−1

Higher guideline value 5 20 750 300 150 mg·kg−1

Canada Agricultural soil 0.8 3 200 250 100 mg·kg−1 [24]

Germany Agricultural soil 5 5 1000 500 200 mg·kg−1 [2]

Spain Soil pH < 7 1 1 50 100 30 mg·kg−1 [25]
Soil pH > 7 1.5 3 300 150 112 mg·kg−1

The concentration limits vary from country to country as there is no international
regulation. For example, in the European Union, this topic is not ruled by a directive,
enforcing different threshold limits in the 27 countries. Furthermore, the limit value
depends on the element type and the land use of the soil. The mobility of these elements in
soil makes them available to plants and consequently, they enter the food chain [26]. For
this reason, it is important to evaluate the diffusion of toxic elements in soil.

3.1. Presence and Distribution into the Environment

Several studies report on the distribution of heavy metals and metalloids in soil [9,10,27,28].
Some soil properties facilitate the accumulation of these pollutants and increase their con-
centrations. pH controls the adsorption and solubilization; if the soil pH is acidic, the
solubility and the bioavailability of heavy metals/metalloids increase [29]. Organic matter
content (OMC) is another factor that influences their presence since organic substances with
a high molecular mass have a high affinity with heavy metals and form water-insoluble
metal complexes [30]. In general, the distribution of heavy metals and metalloids is high in
topsoil and decreases as the depth increases [31].

Some studies evaluated their concentrations in soils close to industrial activities, and
some examples are reported in Table 3.
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Table 3. Concentration of heavy metals/metalloids in polluted sites.

Country
Proximity to Activity

Sources
Soil Element

Concentration
(mg·kg−1)

Ref.

China
(Feng County)

Pb/Zn
smelter

A = County Seat
(pH 8.5)

B = River basin
(pH 8.0–8.5)

C = Smelter area
(pH 8.6)

Cd
A: 6.7

B: 0.8–2.7
C: 57.6

[31]

Cu
A: 25.0

B: 21.9–30.2
C: 36.9

Ni
A: 46.0

B: 39.4–46.3
C: 49.3

Pb
A: 50.0

B: 30.0–70.0
C: 148.0

Zn
A: 900.0

B: 300.0–400.0
C: 2079

China
(Shuozhou)

Pingshuo open pit mine

Cd 0.117

[8]
Hg 0.03
As 9.629
Pb 21.328
Cr 55.609

China Pb smelter

Distance from smelter
D = 1 km
E = 3 km
F = 6 km

Cd
D: 4.5
E: 2.0
F: 1.0

[6]
Cu

D: 45.0
E: 35.0
F: 32.0

Pb
D: 350.0
E: 180.0
F: 175.0

Zn
D: 128.0
E: 82.0
F: 80.0

China
(Changshu City,

Jiangsu Province)

Primary, secondary, and
tertiary industries

Gleyic clayey paddy soil

Mg 0.22

[32]

K 1.64
V 82.77
Se 0.12

Mn 347.77
Fe 1.16
Co 12.76
Sb 4.14
Pb 31.41
Cu 31.60
Zn 61.13
As 7.46
Cr 86.38
Cd 0.11
Ni 34.93
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Table 3. Cont.

Country
Proximity to Activity

Sources
Soil Element

Concentration
(mg·kg−1)

Ref.

Pakistan
(Swabi)

G = Depth (cm)
0–15

Organic matter (%)
0.35–2.30

pH 7.21–9.21
EC (dS·m−1)

0.13–0.56
CaCO3 (%)
5.89–16.65

H = Depth (cm) 15–30
OMC (%) 0.21–1.52

pH 7.32–8.88
EC (dS·m−1)

0.18–0.86
CaCO3 (%)
6.56–17.81

Cu G: 2.33–19.15
H: 1.32–14.11

[33]

Fe G: 8.23–36.89
H:8.22–30.95

Zn G: 8.26–26.55
H: 7.77–24.20

Cd G: 0.01–0.16
H:0.01–0.08

Co G: 0.8–6.99
H: 0.33–5.46

Ni G: 0.46–22.21
H:0.42–21.9

Cr G: 0.23–8.02
H:0.54–5.11

Pb G: 0.4–2.23
H:0.08–1.99

Colombia
(Sinú River Basin)

Agricultural soil

Cu 1149

[29]

Ni 661
Pb 0.071
Cd 0.040
Hg 0.159
Zn 1365

Greece
(Argolida) Agricultural soil

Cu 28.64

[34]

Pb 13.96
Zn 45.26
Ni 253.7
Co 25.05
Mn 665
As 5.89
Cd 0.26
Cr 138.4
Fe 2.90
P 0.039
K 0.239

Very often, in industrial areas, the concentrations of heavy metals and metalloids are
higher than the threshold limits allowed by national legislation. Some authors compared
the concentration values of the same soil, before and after the presence of anthropological
sources. They demonstrated that an increase of concentration was precisely due to these
activities [8]. In agricultural soils, high concentrations are due to the use of fertilizers and
pesticides [29].

Regarding the European Union, an interesting study was done by Tòth et al. [5];
where they monitored As, Cd, Cr, Cu, Hg, Pb, Zn, Sb, Co, and Ni concentrations. Results
showed that, in most soil samples taken from various regions, concentrations were above
the threshold limits, both on their entire land area and on agricultural lands. In Western
Europe and Mediterranean regions, the concentrations were higher than those in North-
Eastern Europe and Eastern-Central Europe. The measured values of arsenic exceeded
threshold values by 10% to 90%, and the most polluted regions were France, Italy, and
Spain. For cadmium, the values were 10% to 70% above threshold values, and the highest
concentrations were found in Ireland and Greece. A few European regions were found
with cobalt values higher than the threshold values, among them, France and Greece. Zinc,
mercury, and copper values were not higher than 10% of guideline values and most regions
had concentrations below 2% of the threshold limits. Nickel and antimony contaminations
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were significant, especially in Italy and Greece since the concentrations exceeded 90% of
the admissible values.

3.2. Health Impacts Over Short, Medium, and Long Term

The high amounts of these elements in soil lead to the deterioration of agricultural land,
eutrophication, and the absorption of toxic substances. Direct effects of contamination are a
reduction in the quality of agricultural soils, including phytotoxicity at high concentrations,
the preservation of soil microbial processes, and the transfer of zootoxic elements to the
human diet [35].

The health of living organisms is damaged, especially in the long term. The principal
effects on health can be reduced growth and development, cancer, organ damage, nervous
system damage, and, in extreme cases, death [36]. Toxicity depends on the type and form
of the element, dose, route of exposure, age, genetics, and nutritional status of the exposed
individuals [37].

The United States Environmental Protection Agency (EPA) establishes limits for some
heavy metals and metalloids; surpassing these values has toxic effects on human health [38].

It is possible to summarize the principal effects of the most toxic metals/metalloids
when the admissible concentration is exceeded:

• Chromium (Cr): it is found in the environment in different oxidation states (−2 to
+6), but the most stable forms are trivalent (III) and hexavalent (VI). Chromium(VI) is
more absorbed than chromium(III) by the human body through inhalation, ingestion,
and dermal contact, due to its high solubility and mobility. Chromium(VI) enters into
the cell via a nonspecific anion channel via facilitated diffusion, while chromium(III)
enters by passive diffusion or phagocytosis. The main organs that are influenced
are the liver, kidney, spleen, and bone. The hexavalent form can easily penetrate red
blood cells [39]. The main toxic effects of chromium for humans are ulcers, dermatitis,
perforation of the nasal septum, and respiratory cancer. In soil, chromium alters the
structure of microbial communities and reduces their growth [40].

• Copper (Cu): this element is essential in many biological processes (oxidation, pho-
tosynthesis, and carbohydrate, protein, and cell wall metabolism) [41]. Excessive
concentration of copper leads to the formation of free radical species that damage
the cell and inactivate some enzymes, threatening the environment, microbes, and
human health [42]. In particular, the accidental ingestion of copper may cause nausea,
vomiting, and abdominal pain, whereas a prolonged exposure leads to chronic effects,
involving the liver and kidneys [36]. In the plants, copper accumulates in the roots,
reducing their growth and the ability to absorb other trace elements useful for plant
development [43].

• Zinc (Zn): is a trace element essential for all organisms, important in nucleic acid and
protein metabolism, in cell growth, division, and function [44]. Excessive concentration
in food or potable water may cause vomiting, muscle cramps, and renal damage [45].
In plants, a high concentration of zinc leads to a decrease in growth (both roots and
shoots) and development of the plant, chlorosis, alteration in metabolism processes,
and induction of oxidative damage [46].

• Cadmium (Cd): has eight stable isotopes, the most common are 112Cd and 114Cd.
Cadmium forms various complexes with amines, sulfur, chlorine, and chelates. De-
pending on the form, it has different clinical manifestations and toxic effects. Cadmium
interferes with cell proliferation, differentiation, apoptosis, and DNA repair mech-
anism. The common clinical effects are skeletal demineralization, kidney, and liver
problems [47]. Excess accumulation in plants can influence both photosynthesis and
respiration, transport, and assimilation of mineral nutrients, affecting plant growth
and development [48].

• Lead (Pb): lead poisoning occurs mainly by the ingestion of food and water. It is
quickly absorbed into the bloodstream, damaging various systems [49]. Different
studies have reported the dangerous effects of lead on the neurologic system, such
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as irritability, agitation, headaches, confusion, ataxia, drowsiness, convulsions, and
coma, and has an effect on renal functions, the body development, and the lymphatic
system [50].

• Mercury (Hg): in the environment, mercury can be present in the form of both organic
and inorganic (Hg, Hg2

2+, Hg2+) compounds. Mercury tends to deposit in many
parts of the human body, damaging the brain, thyroid, breast, myocardium, muscles,
liver, kidneys, skin, and pancreas. Among them, the nervous system is the most
affected [51]. Inorganic mercury can inhibit the activity of enzymes in the body and
destroy the normal metabolism of cells. The organic form has a great negative effect
on brain function and can enter through the food chain [52].

• Arsenic (As): it is present in the environment in organic and inorganic forms, the most
common and toxic forms are arsenate and arsenite. Arsenate can cause damage to the
plant since it affects phosphate metabolism, while arsenite binds to sulfhydryl groups
of proteins, interfering with their structures and functions [53,54]. Chronic exposure
to this metalloid causes cutaneous lesions, such as melanosis (hyperpigmentation),
keratosis, and leukomelanosis (hypopigmentation); lung, bladder, liver, and kidney
cancers; ischemic heart diseases, impaired cognitive abilities, motor functions, and
hormonal regulations [55].

If the heavy metal and metalloid concentrations in soil are known, some methods
to assess the associated risks are available in the scientific literature. For example, the
Hakanson method permits to calculate the potential ecological risk index (RI) [56–58]:

RI = Tr·Cf = Tr· C
Cn

(1)

where:
Tr is the toxic response factor of the element, which reflects the toxicity level and

sensitivity of organisms to it [59]. This factor is calculated with an empirical formula,
considering the effects that the element can cause in microorganisms. For Cr, Ni, Cu, As,
Cd, and Pb, Tr is equal to 2, 6, 5, 10, 30, and 5, respectively;

Cf is the pollution index of the element, the ratio between the measured concentration
of an element in the tested area, C, and the background (to say, natural) concentration of an
element in the tested area, Cn.

The RI value reflects the state of the soil under examination, according to these
assessments:

• RI < 150: the ecological risk is low;
• 150 ≤ RI ≤ 300: the ecological risk is moderate;
• 300 ≤ RI ≤ 600: the ecological risk is considerable;
• RI ≥ 600: the ecological risk is very high.

Another method that defines the hazard quotient (HQ) [58] is expressed as:

HQ =
C
Cb

(2)

where:
C is the measured concentration of an element in a study area;
Cb is the benchmark concentration of the element (the limit value concentration given

by current legislation).
If the hazard quotient for the test is lower than 1 (HQ < 1), negative effects and

ecological risks are highly unlikely. Vice versa, if HQ > 1, the soil must be remediated.

4. Removal Techniques

The removal techniques developed over the years can be divided into three categories:
physical, chemical, and biological processes [60,61]. Their aim is the complete removal of
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contaminants or the transformation of contaminants into less dangerous forms [62]. They
differ by in terms of the mechanism applied to remove/degrade the pollutants from soil.

The techniques can be also characterized by the location where they are applied, namely:

• in situ: the treatment is carried out directly on the site where the pollution is present,
and there is no need to move/excavate the soil;

• on site: the soil is removed and processed on site surrounding the polluted area. The
technique can be carefully monitored and kept under control;

• ex situ: the remediation occurs at a site far from the polluted area, and this entails
soil excavation, its transport to a processing plant, and often transport back to the
original site.

For some techniques, the operation can be carried out at all kinds of locations, whereas
for others it can occur only in situ. Each location involves different features and impacts
that are typical of the considered polluted site. Therefore, a detailed discussion with an
assessment of pros and cons is impossible.

Table 4 reports a summary of the techniques and their main characteristics.

Table 4. Removal techniques for heavy metals/metalloids.

Technique Studies
Maximum
Removal

Advantages Disadvantages Location

Physical processes

Removal through
physical operations

Physical separation [63–66]
Thermal treatment [67,68]

Vitrification [69]
95%

High efficiency
Simplicity
Rapidity

Cost
A, B, C
A, B, C

A

Chemical processes

Removal through
chemical operations

Stabilization [70,71]
Treatment with nanoparticles [72–81]

Stabilization/solidification [82]
Chemical soil washing [83–85]

Electrochemical remediation [86–90]

90%
High efficiency

Simplicity
Rapidity

Cost
Changes in the

physicochemical soil
properties

A, B, C
B, C

A
B, C

A

Biological processes
Removal of

pollutants by the
microbial activity of
microorganisms, or

plants, or their
combination

Biosorption [91–99]
Bioleaching [100,101]

Phytoremediation [102–117]
96%

Cheapness
Ecofriendly
Simplicity

Slow
High efficiency only
with low pollutant

concentration

A, B, C
B, C

A

A: in situ treatment; B: on site treatment; C: ex situ treatment.

4.1. Physical Processes

Physical technologies permit removal through physical mechanisms such as physical
separation, soil replacement, thermal treatment, or vitrification (Figure 2). These methods
allow us to have a high removal efficiency, but they are rather expensive.

Figure 2. Physical processes to remove heavy metals and metalloids.
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4.1.1. Physical Separation

Physical separation permits the removal of heavy metal/metalloid particles from
contaminated soils at a large scale [64]. This technique exploits the differences in certain
physical characteristics between metal particles and soil, such as size, density, magnetism,
and hydrophobic surface properties [118]. Physical separation does not alter the chemical
properties of soil, such as pH, elemental composition, and OMC [63].

Depending on the particle properties, physical separation can be done by [118]:

• Screening: the particle separation occurs on the basis of particle size, by passing (or
not) through screen holes.

• Hydrodynamic separation: this operation exploits the different settling velocities of
particles in a water flow; as an alternative, the different effects of centrifugal force can
be applied.

• Froth flotation: the method exploits the differences in hydrophobic properties to
separate metal-bearing particles from the soil matrix through air bubbles injected in a
soil slurry.

• Magnetic separation: separates particles based on their different magnetic properties.
• Soil washing: the contaminates are desorbed and extracted from soil with an extrac-

tant solution.

Boente et al. [63] applied physical techniques to separate arsenic, copper, mercury, lead,
and antimony from a brownfield affected by pyrite ash disposal. The used methods were
high-intensity magnetic separation and hydrodynamic centrifugal separation. Magnetic
separation was tested both under wet conditions, this is to say that the soil was mixed
with water to form a slurry, and under dry conditions, with dried soil. The tests were
carried out by changing the soil granulometry. They found that dry magnetic separation
was more appropriate for large particle sizes (>250 μm), while the wet process was suitable
for all particle sizes, except for clay soils (particle size lower than 63 μm). Hydrodynamic
centrifugal separation was efficient for a wide fraction of sand (63–500 μm).

Liao et al. [64] found that the concentrations of heavy metals such as Pb, Cd, and Zn
in soil increase with decreasing particle size and when soil has a high content of organic
matter or clays. The use of mechanical mixing in soil washing promotes physical contact
between contaminated soil particles and the washing liquid. To increase the efficiency of
heavy metals removal, ultrasonic mechanical soil washing was also studied [65].

The advantages of physical methods are their high efficiency, simplicity, and rapidity
of application, but they have a high cost, and they can change some soil properties; for
example, soil texture or particle size, causing a deterioration in soil fertility [66].

4.1.2. Soil Replacement

This technique is indicated for treatment in small-scale applications. The method
involves the total or partial replacement of contaminated soil with an uncontaminated
one [119]. The replaced soil is treated as waste. It is also possible to decrease heavy
metals/metalloid concentration with soil spading or new soil imports. With soil spading,
contaminated soil is dug deeply, spaded, and then substituted with clean soil. With
importing new soil, clean soil is added and mixed with polluted soil to reduce the heavy
metal and metalloid concentrations [120]. Before replacement, the polluted soil area must
be isolated from its surroundings through physical barriers to prevent the contamination
of the neighboring areas and groundwater. Soil replacement is onerous and expensive but
suitable for small areas that are severely contaminated.

4.1.3. Thermal Treatment

Thermal desorption, such as calcination, is the process of heating a medium under
controlled temperature to eliminate a volatile substance. The main techniques for heating
soil are conductive heating, electrical resistive heating, steam-based heating, and radio-
frequency heating [60]. Volatile pollutants are desorbed from soil and are collected using
vacuum-negative pressure or a carrier gas. The process can occur at high-temperature
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desorption (320–560 ◦C) or low-temperature desorption (90–320 ◦C), depending on the
pollutant boiling point [11]. For example, this technique is widely used to treat contami-
nated soils with mercury. This metal boils at 357 ◦C, therefore thermal desorption is a good
option to remove this metal from soil [68].

Wang et al. [67] studied thermal stabilization to reduce the mobility and availability
of zinc and copper in contaminated soils. The metals are fixed in the treated soil. They
found that the residual concentrations in tested soils decreased as the temperature increase
to 700 ◦C.

The advantages of using this method are safety, little secondary pollution production,
and less energy consumption compared with other processes [68]. However, it requires
high capital costs and gas emission control, but it is only really effective high pollutant
concentrations and it can damage soil structure.

4.1.4. Vitrification

Vitrification is a thermal technique at high temperatures (>1500 ◦C) to reduce the
mobility of heavy metals and metalloids by fixing them into vitreous material. During
the process, contaminated soil is heated with high-voltage electricity, an external heat
source, or via electrical discharge-induced gas plasma. The soil is melted into molten lava,
which, after cooling, is transformed into a vitrified structure. The heavy metals/metalloids
are encapsulated in this glassy matrix, while the other contaminants are destroyed [69].
Vitrification is an efficient technique, but it is destructive for soil, expensive, and very
complex. Moreover, it is not applicable to soil with high organic matter content, high
moisture content, and soil contaminated by volatile or flammable organics.

4.2. Chemical Processes

Chemical techniques exploit chemical phenomena such as ion exchange and chemical
reactions to stabilize and fix heavy metals and metalloids into less toxic forms. For these
processes, chemical reagents are required. The main chemical processes are shown in
Figure 3.

Figure 3. Chemical processes to remove heavy metals and metalloids.

4.2.1. Chemical Stabilization

Chemical stabilization reduces the mobility, bioavailability, and bioaccessibility of
heavy metals and metalloids in soil. It consists of adding specific immobilizing agents. These
agents promote precipitation, complexation, or adsorption to immobilize the pollutants.

In general, chelating agents with functional groups able to donate nitrogen, oxygen,
sulfur, or phosphorus atoms can more likely react with heavy metal ions [82].

As a low-cost alternative, phosphates and carbonates have been demonstrated to be
efficient [121].

Several materials including organic ones containing sulfur (hair or cysteine), man-
ganese compounds, zeolite, or iron oxide [70] can also be applied. Nowadays, one of the
aims is to use waste-derived resources, that are cost-effective and environmentally-friendly,
such as biochar [122,123]. Biochar is a carbonaceous material produced by pyrolysis, that is
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able to stabilize heavy metals and metalloids [124]. Islam et al. [71] used waste (eggshells
and cockle shells) to immobilize Cd, Pb, and Zn in mine tailing soil.

These stabilizers can be sprayed in aqueous solutions over a site if they are water-
soluble; alternatively, the chemical agents can be mixed with contaminated soil.

This process aims to immobilize heavy metals [82], but the used chemicals will remain
in the soil, and their concentrations will have to be monitored after the remediation.

4.2.2. Nanoparticles

In the last few years, nanotechnologies have been widely applied in many fields,
including soil remediation. The synthesis of nanoparticles (D < 100 nm) for heavy metal
removal has demonstrated feasibility for cleaning soils. In general, nanoparticles can
remove pollutants through different mechanisms: adsorption [125], redox reactions [126],
precipitation [127], and co-precipitation [128], all enhanced by a large specific surface area.

Studies making use of different nanomaterials are available. The results evidenced
that an excellent removal can be achieved with zero-valent iron nanoparticles (nZVI), where
the iron support can have different origins: for example, bentonite [72,73], zeolite [74,75],
biochar [76,77], vinegar residues [78], rhamnolipid [79], carboxymethylcellulose [80], and
starch [81]. In general, this kind of nanoparticle has shown very good results for the
removal of all heavy metals and metalloids.

Recently, attention has been paid to the use of nanoparticles based on a metal–organic
framework. This kind of nanoparticle has found wide use in wastewater treatment [129].
However, preliminary tests have also demonstrated positive results for its application to
polluted soil remediation [130]. Further studies are needed.

However, nanoparticle techniques are the most controversial, since, at present, the
effects on soil properties are not well known, especially in a real long-term scale. Consider-
ing the high reactivity of nanoparticles, the main problems to be solved are the potential
toxicity of the nanomaterials, the interaction of soil–nanoparticles, the impacts on biodiver-
sity and different ecosystems present in the soil, and the actions to regenerate nanoparticles.
This requires a deeper knowledge of the question, given the transfer of this technique to a
larger scale.

4.2.3. Stabilization/Solidification

Solidification is a chemical technique where a binding agent, commonly cement,
asphalt, fly ash, or clay, is added to a contaminated zone to form a solid block that prevents
heavy metals/metalloids from leaching.

The two chemical techniques (stabilization and solidification) can be used together to
achieve and maintain the desired physical properties of the soil and chemically stabilize the
contaminants in a solid phase. Stabilization/solidification is less harmful to the environ-
ment and biota since the chemical reagents remain only in the treated area. The first step is
stabilization to reduce the mobility of contaminants with the chemical agents, and then the
solidifying agents are added to avoid pollutant diffusion to the surroundings in the future.
For the stabilization of heavy metals, traditional additives include cement and silica fume.
Liu et al. [82] used a resin (water-soluble thiourea-formaldehyde (WTF)) to adsorb and fix
cadmium and chromium. The results showed that this resin is suitable for stabilization, is
easier to use than other agents, and is not toxic to indigenous microorganisms.

4.2.4. Chemical Soil Washing

Chemical soil washing permits the elimination of heavy metals/metalloids from con-
taminated soils by extraction of the pollutants followed by a reaction to produce insoluble
compounds. Leaching needs an extractant solution, which can be water, chelators, inorganic
and organic acids, or surfactants, also containing the reactant that will permit the produc-
tion of metal hydroxides, sulfides, carbonates, and phosphates. The derived solid particles
can be separated via sedimentation or filtration at the end of the process. The description
of the chemical soil washing method is reported, for example, by Zhang et al. [131], who
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underlined how this technique permits to reduce the most mobile metals. The drawback is
the chance to destabilize some strongly bound fractions, compromising the effectiveness of
the process itself.

Several agents have been studied. The most-used chelator is ethylenediaminete-
traacetic acid (EDTA), which is excellent for the process since it has a strong extraction
capacity, but it may cause secondary pollution [83]. EDTA is poorly biodegradable and
persistent in soil, and is damaging to soil functions. For this reason, more environmentally
friendly agents have been tested.

Feng et al. [83] used ethylenediamine tetra (methylene phosphonic acid) (EDTMP)
and polyacrylic acid (PAA) for soil washing, and tried to optimize operative conditions
and reduce ecological risks and toxicity. The same was done by Wang et al. [84] who
studied four types of acids that are less toxic and more biodegradable than EDTA, namely
iminodisuccinic acid (ISA), glutamate–N,N–diacetic acid (GLDA), glucomonocarbonic
acid (GCA) and polyaspartic acid (PASP). They demonstrated that these acids are more
biodegradable but less effective than EDTA. Zhai et al. [85] coupled soil washing with soil
stabilization to improve results. They tested the addition of some reactants (lime, biochar,
and carbon black) to reduce the bioavailability of residual metals, and these agents caused
less damage to soil microbial communities.

Chemical soil washing is an efficient, rather fast, and widely used method. The main
drawbacks are damage to soil properties and the creation of secondary pollution due to the
presence of chemical agents.

4.2.5. Electrochemical Remediation

Electrochemical remediation promotes the migration of heavy metals and metalloids to
oppositely charged electrodes under a direct-current electric field. Electrokinetic technology
involves the transport of charged chemical species in fluid (electromigration), the motion
of a fluid (electro-osmosis), the movement of charged particles (electrophoresis), and the
chemical reactions associated with an electric current (electrolysis) [132]. Electrochemical
remediation technologies have already been described by several authors, such as Reddy
and Cameselle [133]. Sun et al. [134] estimated a model to simulate and describe heavy
metal transport in soil under an electrical field.

Electrodes are generally immersed into wells containing an electrolytic solution and
they are inserted into the area to be treated (Figure 4). An electric field gradient is gen-
erated so that metal ions migrate towards the oppositely charged electrodes. Then, the
contaminants that accumulate at the electrodes are treated and eliminated with various
physical–chemical approaches (electroplating, precipitation, pump-and-treat the water
near the electrodes, or sorption with ion-exchange resins).

The electrokinetic method is used since it is efficacious, even in low permeability
soils, and does not excessively change soil properties [86]. The combination of extraction
with low-molecular-weight organic acids and electrochemical adsorption promotes the
decrease of pollutant concentrations in soil [87–89]. Different acids can be used to extract
heavy metals from the soil: sulfuric, ethylene diamine tetraacetic (EDTA), acetic, and citric
acid. Cameselle and Pena [86] demonstrated that the use of citric acid efficiently removes
cadmium, cobalt, chromium, copper, lead, and zinc, since it favors the acidification of soil,
solubilization of metals, their transportation by electro-osmosis, and their electromigra-
tion towards the cathode. The efficiency of citric acid is also relevant in the removal of
arsenic [90].

Soil acidification is not environmentally acceptable, and this must be assessed before
the choice of technique that will be adopted is made. A low pH has two severe drawbacks:

• In these conditions, usually, the metals are in an ionic form; this is to say they can be
mobilized from soil.

• The vegetal regeneration of soil could be limited and made more difficult.

Electrochemical remediation is rather efficient, especially in saturated clay soils, but it
is rather complex to carry out.
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Figure 4. Electrochemical remediation scheme.

4.3. Biological Processes

Biological processes permit the removal of heavy metals and metalloids by exploiting
microorganisms and plants. Biological agents respond to contamination through their
defense mechanisms, such as enzyme secretion and cellular morphological changes. Typical
biological techniques are bioaccumulation, bioleaching, biosorption, phytostabilization,
and phytoextraction (as showed in Figure 5). Heavy metals and metalloids are not degraded
by microorganisms or plants, but they are accumulated, stabilized, or bonded in less toxic
volatile compounds. Specific microbial strains can encourage the degradation of pollutants
and also improve soil characteristics, such as fertility [93].

Figure 5. Biological processes to remove heavy metals and metalloids.

4.3.1. Microbial Bioremediation

The removal of heavy metals and metalloids can be actuated by fostering the growth
and development of specific microorganisms in contaminated soil, namely through bioaug-
mentation and/or biostimulation processes. Heavy metals/metalloids can be oxidized,
reduced, immobilized, and metabolized by microorganisms. Different from organic pollu-
tants, heavy metals/metalloids are not degraded by microorganisms, but simply accumu-
late and are adsorbed at the binding sites present in the cellular structure, for example into
microbial tissue.

The main microbial processes are biosorption and bioleaching, and are described in
the study by Zabochnicka-Świątek and Krzywonos [135].
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Biosorption

In the biosorption process, the heavy metals are immobilized onto the cellular structure
of microorganisms. This is possible through the extracellular binding created between the
cell surface (anions) and metal ions (cations). Extracellular materials have active functional
groups that promote the binding mechanisms. The biosorption mechanism is complex
and may include physical adsorption, ion exchange, complex formation, reduction, and
precipitation. The efficiency of biosorption is influenced by several factors: metal ion
properties, process conditions, density of sorption centers, and types of immobilization
agents, as shown in the study by Velkova et al. [136].

Typical bioadsorbents are bacteria [91–94], fungi [95–98], and algae [99]:

• Bacteria: heavy metal ions can be bound and accumulated on polysaccharide slime
layers of bacteria through functional groups, such as carboxyl, amino, phosphate, or
sulfate groups.

• Fungi: are used to adsorb the heavy metals and metalloids through ion exchange
and coordination in the chitin–chitosan complex, glucuronic acid, phosphate, and
polysaccharides present in their cells.

• Algae: the absorption of heavy metals/metalloids occurs since algae form peptides
as a defense mechanism. The functional groups (carboxyl, amino, sulfhydryl, and
sulfonate) are among the constituents of the algal cell wall, and ion exchange promotes
the adsorption of metal ions.

Bioleaching

The bioleaching process reduces mobility and stabilizes pollutants using the capacity
of microorganisms to produces secretions, such as low molecular weight organic acids,
that can dissolve heavy metals and soil particles containing heavy metal ores. In this way,
heavy metals are directly solubilized by the metabolism of microorganisms or indirectly by
their metabolites [101]. The agents that promote the leaching are biosurfactants, namely
polysaccharides, lipids, and lipopeptides, produced by microorganisms, with a high sur-
face activity that permits the formation of chelating metals and binding of metal ions [100].
This method has been extensively studied since it is an environmentally-friendly and inex-
pensive technique. For example, Yang et al. [100] showed the capability of a biosurfactant
produced by a microbial strain isolated from cafeteria sewer sludge.

In general, all microbial biodegradation is low cost and eco-friendly. However, there
are some limits:

• several microorganisms cannot bind toxic metals into harmless metabolites;
• the process is slower than others;
• it is efficient if the environmental conditions are suitable for microbial metabolism.

4.3.2. Phytoremediation

Phytoremediation is a bioremediation technique that exploits the capacity of plants to
intercept, take up, accumulate, adsorb, or stabilize contaminants. The phytoremediation
process aims to sequester contaminants via the roots of plants to lesser toxic elements
or absorb them to the roots or shoots [102]. Some plants, called hyperaccumulators, can
tolerate and accumulate more than 1000 mg·kg−1 of dry matter of copper, cadmium,
chromium, lead, nickel, cobalt, or up to 10,000 mg·kg−1 of dry matter; this is to say, 1% by
weight on a dry basis, of zinc or manganese [137].

The process is slow, and, for this reason, if a plant has large roots and/or shoots, large
quantities of pollutants can be accumulated.

Several trees, as well as agricultural and herbaceous crops, are used, such as willow
(Salix spp.) [103–105], poplar (Populus spp.) [102–104], wheat (Triticumaestivum L.) [106],
sweet and grain sorghum (Sorghum bicolor) [107,108], and smilo grass (Piptatherum mili-
aceum) [109]. The phytoremediation process can be assisted by natural chelators, which
promote the bioavailability and adsorption of heavy metals, such as copper [138].
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Depending on the type of pollutants, plants, and removal mechanism, the phytoreme-
diation techniques can be divided into phytostabilization, phytoevaporation, and phytoex-
traction.

Phytostabilization

In phytostabilization, plants prevent the mobility and the bioaccumulation of heavy
metals and metalloids. The mechanism entails the complexation of metal ions with the roots,
or with the cell walls, binding with molecules present in the roots, such as phytochelatins
and metallothioneins, and finally sequestering them to root vacuoles [139]. Saran et al. [111]
studied Helianthus petiolaris to treat soil contaminated with cadmium and lead, and showed
that this plant does not interact with the activity of microorganisms already present in the
root zone, and is efficient if the soil Cd concentration is lower than 50 mg·kg−1 and the Pb
concentration is lower than 1000 mg·kg−1.

Phytoevaporation

In phytoevaporation, heavy metals and metalloids are bound to volatile organic
compounds which are then released into the atmosphere through the transpiration process
of the plants. Sakakibara et al. [117] studied the phytovolatilization of arsenic from soil
using Pteris vittata plant. This plant is capable of metabolizing arsenic into volatile forms
(arsenite and arsenate), reducing the arsenic concentration in soil. In nature, few plants are
able to carry out phytoevaporation. For this reason, genetically modified plants are used,
such as transgenic tobacco plants, that are able to remove mercury from contaminated
soils [116]. This technique is not exempt from drawbacks. The main problem is that
the volatile substances emitted into the atmosphere can be still toxic, and their emission
constitutes secondary pollution around the plants themselves.

Phytoextraction

Phytoextraction is an absorption process of heavy metals and metalloids from soil
through the plant roots. Then, the pollutants are transported and accumulated in the
aboveground biomass, such as shoots. Bioaccumulation in shoots is advantageous for
harvest. Mahmood-ul-Hassan et al. [112] studied different non-eatable floriculture plants,
i.e., antirrhinum, pansy, calendula, and marigold, in soil contaminated by cadmium,
chromium, nickel, and lead. They added a bacterial inoculum and EDTA, finding that both
promoted the growth of biomass and the accumulation of contaminants in the roots, and
this limited the transfer of contaminants to the shoots.

Phytoremediation allows to have a cheap and ecologically sustainable approach, but it
is slow and depends on plant growth, seasonality, and environmental conditions. For these
reasons, phytoremediation is often combined with other removal techniques. Combination
is useful for improving removal efficiency, for example, using:

• phytoremediation + bioaugmentation;
• phytoremediation + EDTA amended soil [112];
• electrokinetic remediation + phytoremediation [113].

Agnello et al. [114] compared biological processes such as natural attenuation, bioaug-
mentation, and phytoremediation. They found that bioaugmentation-assisted phytoreme-
diation optimizes the synergy effect of plants and microorganisms, improving the removal
of heavy metals and metalloids [115].

5. Case Studies and Estimation Costs

At a large scale, the choice of technique for the removal of heavy metals and metalloids
must consider several factors: removal efficiency, cost, treatment duration, pollutant
concentration, and soil properties. In the literature, there are few case studies and field
applications of various techniques for heavy metal remediation. Some examples are
summarized in Table 5.
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Table 5. Case studies for heavy metals/metalloids.

Technique Metals/Metalloids Size Location Year Ref.

Soil replacement Hg, Cd, Ni, Cu, Cr, Pb, Zn, As,
Sb, Ba, Be, Mo, Se - Serbia 2014 [140]

Electrokinetic remediation As, Cu, Pb 26.25 m3 Janghang, South Korea 2013 [141]
Electrokinetic remediation - 57 m2 Paducah, Kentucky 1997 [142]

Chemical stabilization Cd, Pb, Zn 10 m2 Biscay, Spain 2012 [143]
Soil washing and
phytoremediation Cd, Zn, Pb, Cu 64 m2

(8 plots of 8 m2)
Shaoguan,

China 2011 [144]

Phytoremediation Cr, Zn, As, Cd, Pb 1600 m2 Taranto, Italy 2013 [102]
Phytoremediation As, Zn, Pb, Cd 1000 m2 Porto Marghera, Italy 2008 [145]

Several companies are specialized in the stabilization/solidification technique at an
industrial scale, but they do not usually publish financial information.

It is difficult to estimate actual costs due to a lack of recent and large-scale data. For
example, by referencing 2010, the cost for an electrokinetic method that implements a
1 V·cm−1 voltage slope to eliminate copper is about 13–40 USD·m−3 of soil [89].

Chen and Li [146] had estimated the costs for soil washing and phytoextraction
(year 2000):

• for soil washing, the cost is in the range of 200 USD·m−3 (small sites) to 70 USD·m−3

(large sites);
• for phytoextraction, the cost can go from 35 USD·m−3 (small sites) to 10 USD·m−3

(large sites).

6. Conclusions

Around the world, many polluted sites have been and are currently being cleaned
up by adopting one of the above-described techniques. However, as noted, little data
on large-scale operations can be found in the literature. A desirable outcome is that the
shortage of data on remediation at a real-scale is filled, and is supported with tighter
cooperation between research and industry. This will be of help to drive future soil clean-
up, which is sometimes urgent and cannot wait for experimental findings to be achieved
using new techniques.
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Abstract: Ingestion of soil represents one of the critical exposure pathways in the human health risk
assessment (HHRA) framework at sites contaminated by inorganic species, especially for residential
scenarios. HHRA is typically carried out through starting from the so-called “total concentration”,
which is estimated from the fraction of inorganic species extracted from the soil using standardized
approaches, i.e., microwave acid extraction. Due to the milder conditions, a smaller portion of
the inorganics present in the soil is actually dissolved in the gastro-intestinal tract (bioaccessible
fraction), and afterward reaches the bloodstream, exerting an effect on human health (bioavailable
fraction). Including bioaccessibility in HHRA could then allow for the achievement of a more realistic
assessment than using the total concentration. In this paper, the bioaccessible concentration of
different inorganics in soil samples collected from a firing range was estimated by applying two
in vitro tests, i.e., the Unified Barge Method (UBM) and the Simple Bioaccessibility Extraction Test
(SBET). Moreover, different options for incorporating bioaccessibility in HHRA for the estimation
of the cleanup goals were also applied and discussed. Despite the notable differences in terms of
reagents and procedure between the two methods, the obtained results were quite close, with the
SBET method providing slightly higher values. The role of the soil particle size distribution on the
calculation of the cleanup goals accounting for bioaccessibility is also discussed.

Keywords: bioaccessibility; bioavailability; metals; contaminated sites; risk assessment

1. Introduction

Incidental ingestion of contaminated soils represents one of the main exposure path-
ways when assessing human health risks associated with metals or metalloids such as Pb,
As, and Cd [1]. This is particularly true at sites characterized by residential or recreational
use, due to the presence of children (e.g., [2]). In fact, for their typical hand-to-mouth
behavior, the fine fraction of soil could adhere to children’s hand and then be ingested [3,4].
Once ingested, the contaminants present in the soil can be mobilized by the gastrointestinal
juices (bioaccessibile fraction) and then adsorbed, i.e., pass the intestinal wall reaching the
blood circulation (bioavailable fraction) [5,6].

According to the ASTM-RBCA (American Society for Testing and Materials -Risk-
Based Corrective Action) approach [7,8], human health risk assessment (HHRA) for the
soil ingestion pathway is typically carried out starting from the total soil concentration of
the contaminants, which is estimated from the fraction of inorganic species extracted from
the soil using standardized approaches, i.e., microwave acid extraction. Combining it with
the relevant exposure factors, i.e., the ingestion rate (IR), the exposure duration (ED), and
the body weight (BW), allows for the estimation of the exposure (E) for a given receptor.

There is evidence in the literature that this assumption can lead to overestimating the
actual risks for human health [9]. Indeed, only a fraction of the inorganic content of a soil
has been shown to reach the blood circulation system once ingested [3]. Furthermore, it is
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worth noting that the bioavailable fraction of a contaminant is strictly correlated to the soil
properties and contaminant characteristics, which change from site to site [10–12].

Different methods, either in vivo or in vitro, have been successfully developed and
tested for assessing the bioavailability of metals and metalloids in soils. The in vivo
procedures use swine and mouse as models for evaluating the inorganic accumulation
in animal tissues or blood after exposure to contaminated soils and have been proven to
be quite robust (e.g., [13,14]). However, the adoption of these methodologies within any
HHRA procedure is impractical due to the high costs and times required and to ethical
considerations [2]. Several simple, cheap, and reproducible in vitro tests have also been
developed, which allow for the estimation of the bioaccessible fraction of a contaminant,
and consequently provide a conservative estimate of the bioavailable fraction [4]. The
bioavailable fraction will then be at most equal to the bioaccessible one. The different
in-vitro tests rely on various reagents for mimicking at laboratory scale the digestive
juices and conditions of the gastrointestinal tract of the human body so as to investigate
the mobilization of the contaminants from the soil [15]. The methods investigated in
the literature include the Physiologically Based Extraction Test (PBET) [10], the Simple
Bioaccessibility Extraction Test (SBET) [16,17], the In Vitro Gastrointestinal (IVG) test [18],
the methods developed by the Deutsches Institut für Normung e.V. [19] and by the Dutch
Institute of Public Health (RIVM) [20], and finally the Unified Barge Method (UBM) [6].
Many differences can be found in comparing the operating conditions adopted by these
methods. For instance, several methods (e.g., RIVM and DIN) are carried out without
mixing, whereas others (e.g., UBM and SBET) are carried out using dynamic conditions.
Furthermore, some methods (e.g., SBET) mimic only the gastric phase, which is assumed
to be the most relevant one for the inorganic mobilization, whereas other procedures (e.g.,
UBM) try to simulate the mouth, the stomach, and the intestinal tract. All the above-
mentioned tests have shown good in vivo–in vitro correlations (IVIVC) for the tested
inorganics (e.g., [18,21,22]). However, the results obtained applying each method to the
same soil can be significantly different in terms of the estimated bioaccessible fractions due
to the diverse experimental conditions adopted by each procedure [5].

Two of the most used methods are the UBM and SBET, which present huge differences
in terms of extraction juices, time, and complexity. The UBM method was developed by the
Bioaccessibility Research Group of Europe (BARGE), which was looking for a joint decision
on a harmonized bioaccessibility method. Hence, it was chosen to adopt the procedure
previously elaborated by RIVM. The UBM procedure was tested in an inter-laboratory
trial [23]) and was validated in vivo for arsenic, cadmium, and lead. The UBM procedure
is physiologically based and is aimed at mimicking mouth, stomach, and small intestinal
cavities. Therefore, this method includes the preparation of four digestive fluids (i.e., saliva,
gastric, duodenal, and simulated bile solutions) using both chemical reagents and enzymes
that are sequentially put in contact at 37 ◦C with a soil sample in two extraction phases.
Although this procedure effectively simulates at the laboratory scale the process that the
soil undergoes once ingested, the preparation of the digestive solution is complex and the
procedure can be labor intensive.

The SBET represents a simplified form of the PBET procedure developed in response
to some requests from USEPA (United States Environmental Protection Agency) regional
offices [15]. Unlike the UBM method, the SBET is not physiologically based and has no
digestive enzyme in the gastric fluid. Namely, the procedure consists in a single extraction
step with a 0.4 M glycine (pH = 1.5) solution at 37 ◦C for 1 h simulating the stomach
acidic environment. This method was initially validated against swine in vivo assay for
lead [24,25]. However, afterwards the SBET procedure was also applied for measuring
the bioaccessibile fraction of cadmium and arsenic [5] and more recently was also applied
to other metals or metalloids (e.g., [26,27]). Currently it is adopted by the USEPA as a
standard procedure for evaluating the bioaccessibility of lead and arsenic [17].

The availability of standard in vitro procedures allowed for the incorporation of
oral bioaccessibility into forward HHRA on soils [28] and toxic waste [29] for estimating
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risks for exposed receptors and into backward HHRA for the definition of soil cleanup
goals [30]. However, the final outcome of the HHRA procedure depends on the bioacces-
sibility method used but also on how bioaccessibility is incorporated into HHRA. First,
one aspect to consider is that despite the characterization of soil contamination usually
being carried out on the particle size fraction below 2 mm, the different in vitro procedures
are typically performed on finer size fractions, i.e., the <250 μm fraction for the UBM and
the <150 μm for the SBET. Hence, it is crucial to decide to which total metal content to
refer the bioaccessible concentration. According to Guney et al. [28], considering the total
inorganic content of the fine fraction would provide a more appropriate and conservative
estimate of the concentration in ingested soil since the fine fraction tends to have higher
inorganic concentrations in general and is more likely to be ingested by children. More
recently, Mehta et al. [29] also performed both the bioaccessibility and the risk calculations
on the fine fraction, for consistency, as they carried out the bioaccessibility tests on this
fraction using the UBM. Bioaccessibility was found to depend on the soil particle size con-
sidered [31], but Li et al. [32] concluded that although a general trend of higher potentially
toxic element (PTE) bioaccessibility in finer fraction is found, this does not mean that the
highest PTE bioaccessibility is always found in the finest size fraction. How to incorporate
the bioaccessible fraction estimated by the standard in vitro procedure into forward and
backward HHRA is still a matter of debate, especially with reference to how to account
for the distribution of the contaminants and for the trend of bioaccessibility among the
different soil particle size fractions.

Shooting ranges have long been recognized as a potential source for environmental
contamination due to the large accumulation of lead (Pb) in soil (e.g., [33–38]) as a result
of firing activities with bullets that are mainly composed of lead [39]. There are many
thousands of shooting ranges operating around the world for recreational activity and
military training, which are also characterized by the presence of co-contaminants, such as
antimony, zinc, copper, and nickel, [40]. Since soil ingestion represents a critical exposure
route, especially for adults and children using the site for recreation, bioaccessibility may
allow for the more correct estimation of the cleanup goals, also considering that lead is
one of the elements on which the in vitro bioaccessibility methods discussed above have
been validated.

In this work, we investigated the bioaccessibility of metals and metalloids in soil
samples collected at a firing range through applying the two procedures discussed above,
i.e., the UBM and the SBET. Lead but also other metals and metalloids present in the
site were considered as target contaminants. The estimated bioaccessibilities were then
incorporated into a HHRA procedure carried out in backward mode, thus allowing us to
estimate the cleanup goals. The results obtained using different methods for estimating
and incorporating bioaccessibility into HHRA allowed us to assess how different choices
may affect the outcome of the overall risk assessment.

2. Materials and Methods

2.1. Soil Characterization

The soil samples used in this work were collected at a military firing range in central
Italy, which is still in operation for about 4 months in a year. The definition of the cleanup
goals and of the cleanup approach is underway. Currently, a part of the site is open to
the general public for leisure activity during the weekends and holidays. Four samples
of topsoil, named A1, A2, S1, and S2, were collected at a depth of 0–0.3 m within an
investigation campaign performed at the site. These samples presented high concentrations
of some metals, mainly lead, which, as is well known, is related to the firing activity
performed at this type of site (e.g., [33–36]). The soil samples were dried (40 ◦C) for at least
4 days and weighted. Afterwards, the samples were sieved with stainless steel sieves to
2 mm, 250 μm, and 150 μm so as to obtain the soil fractions suitable for characterization
analysis and bioaccessibility tests. All 3 fractions were analyzed for the total inorganic
content, according to USEPA 3051A method [41]. Namely, the soil samples underwent a
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microwave-assisted acid digestion with nitric acid (HNO3) and hydrochloric acid (HCl),
and the obtained solutions were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES; Varian 710-ES) for measuring As, Be, Cd, Cr, Ni, Pb, V, and
Zn concentrations. The fractions with particle size below 250 and 150 μm were used
for measuring the bioaccessible concentration using the UBM and SBET, respectively, as
described in Section 2.2. All analysis were performed in triplicate.

2.2. Bioaccessible Concentration

The procedure adopted for carrying out the UBM tests was the one reported in the
International Standard ISO 17924 [6]. The soil fraction used in the UBM method was the
one with a diameter lower than 250 μm, since this portion of soil is believed to adhere to
human hands and become ingested during a hand-to-mouth activity [3].

The 4 extraction fluids, i.e., saliva, gastric, duodenal, and bile solutions were prepared
the day before performing the tests according to the specific composition and indications
reported in the above-mentioned standard. Each one of these fluids was prepared by mixing
a 500 mL solution with inorganics to a 500 mL solution with organic and solid constituents,
with a composition reported in detail in the ISO 17924 Standard [6]. Briefly, the UBM
includes 2 sequential extraction steps, corresponding to the gastric and gastrointestinal
phases. In the first step, the gastric and gastrointestinal samples were prepared by adding
0.6 g of soil to 9 mL of saliva and 13.5 mL of gastric fluid; then, after checking that the
pH of the solution was within the range 1.2 ± 0.05, the samples were incubated in an
end-over-end shaker at 37 ◦C for 1 h. At the end of this stage, we verified that the pH of
each suspension (both gastric and gastrointestinal samples) was lower than 1.5. Afterwards,
the gastric samples were centrifuged at 4500× g for 15 min, and the supernatants were
collected for analysis by ICP-OES. The gastrointestinal samples were mixed with 27 mL
of simulated duodenal fluid and 9 mL of simulated bile fluid, and after checking the pH
to be in the range 6.3 ± 0.5, we incubated them in an end-over-end rotator at 37 ◦C for
4 h. At the end of this phase, after controlling the pH value (that should be 6.3 ± 0.5), we
centrifuged the suspensions at 4500× g for 15 min and analyzed the solutions by ICP-OES.

The bioaccessibility tests performed adopting the SBET were carried out in agreement
with the USEPA standard operating procedure [17]. It is worth noting that, differently from
the UBM method, following the recommendation for the assessment of incidental ingestion
of soil developed by USEPA [42], the soil used in the SBET method was the fraction with
diameter lower than 150 μm, which, on the basis of studies published in the last years,
represent the dominant fraction for dermally adhered soil (e.g., [43]). The extraction fluid
was represented by a 0.4 M glycine solution whose pH was adjusted to 1.5 by adding HCl.
Then, 1 g of the soil sample was put in contact with 100 mL of the extraction fluid and
rotated end-over-end at 37 ◦C at 30 rpm for 1 h. At the end of the experiment, we checked
that the final pH of the solution was in the range 1.5 ± 0.5. Afterwards, the soil–liquid
solution was allowed to settle the solid particles, and then the liquid was filtered through a
0.45 μm cellulose acetate disk before analysis by ICP-OES.

All reagents used for performing characterization analysis and bioaccessibility tests
were of analytical grade and were purchased by Sigma-Aldrich (St. Louis, MO, USA).

2.3. Quality Control

In order to assure the correct application of the complex procedure envisioned in the
UBM, prior to performing the tests on the soil samples collected in the firing range, we
applied the in vitro procedure on a certified reference material, i.e., the BGS102 provided by
the British Geological Survey (BGS). This reference material is ferritic brown earth collected
from North Lincolnshire that was ball-milled to a particle size lower than 40 μm. The main
chemical and physical properties of this reference material, retrieved from the Certificate
of Analysis provided by BGS, are reported in Table S1 in the Supplementary Information.
For comparison purposes, the SBET was also performed on the same material.
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For quality control, the UBM or SBET extractions on the soil samples A1, A2, S1,
and S2 collected in the firing range were carried out in triplicate, and for each batch of
extractions, 3 procedural blanks were also tested. The detection limits of the ICP-OES
analysis were 0.033 mg/L for As and 0.005 mg/L for the other analyzed elements. Hence,
the limits of quantification for the total content determination were equal to 1.58 mg/kg for
As and 0.24 mg/kg for the other elements. As far as the bioaccessibility tests are concerned,
considering the amount of soil and liquid used in each procedure, the limit of quantification
was estimated to be equal to 1.24 mg/kg for As, 0.19 mg/kg for the other elements in the
gastric phase of the UBM, and 3.3 mg/kg for As and 0.5 mg/kg for the other elements in
the gastrointestinal phase of the UBM and in the SBET.

2.4. Risk Assessment

Incorporating bioaccessibility requires the modification of the approach usually un-
dertaken to carry out HHRA at contaminated sites. In this discussion, we make reference
to the approach followed in Italy [44], which essentially relies on the RBCA-ASTM ap-
proach [7,8]. Namely, in forward mode, Risk or Hazard Index is estimated from the total
soil concentration (C), which is calculated by normalizing the concentration measured
on the soil particle size fraction below 2 mm (CTOT 2mm) to the soil fraction with particle
diameter between 2 mm and 2 cm (F2mm):

C = CTOT2mm · F2mm (1)

This means to assume that all contaminants are present in the particle size fraction
below 2 mm, whereas the fraction between 2 mm and 2 cm is assumed to be clean.

For the soil ingestion pathway, risk (R) and hazard index (HI) are given by

R = EM · SF · C (2)

HI =
EM · C
R f D

(3)

where SF (mg/kg/d)−1 and RfD (mg/kg/d) are the carcinogenic slope factor and reference
dose of a given chemical, respectively.

EM, which includes the exposure parameters, is given by

EM =
ED · EF · IR

BW · AT
(4)

where ED is the exposure duration (y), EF the exposure frequency (d/y), IR the soil
ingestion rate (mg/d), BW the body weight (kg), and AT the averaging time (y).

The backward HHRA allows for the estimation of the cleanup goal for a given chemi-
cal, here named CSR by the Italian legislation [45], by simply reversing the risk equations
shown above, thus leading to

CSRcanc =
TR

EM · SF
(5)

CSRnon canc =
THI · R f D

EM
(6)

where TR and THI are the target carcinogenic risk (10−6 for the Italian legislation) and the
target hazard index (1 for the Italian legislation), respectively. When incorporating the
bioaccessibility (BA) in the estimate of the cleanup goals for the soil ingestion pathway, we
obtained the following equations:

CSRcanc =
TR

EM · SF · BA
(7)

CSRnon canc =
THI · R f D
EM · BA

(8)
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The question now becomes how to estimate the bioaccessible fraction of hazardous
compounds to be considered in the above-mentioned equations.

One option proposed in the literature (e.g., [28,29]) relies on estimating the bioaccessi-
bility with reference to the total concentration measured in the same particle size fraction
used for measuring the bioaccessible concentration, as shown in the following equation.

BA1 =
CBA

CTOT FINE
· 100 (9)

where CBA (mg kg−1) is the bioaccessible concentration of each inorganic measured adopt-
ing for instance the UBM or SBET methods, and CTOT FINE is the total inorganic con-
tent (mg kg−1) measured on the same soil fraction used for the bioaccessibility test (i.e.,
d < 250 μm for the UBM or d < 150 μm for the SBET).

Another option could be to calculate the bioaccessibility (BA) with reference to the
total soil concentration (C), i.e., the concentration in the soil fraction < 2 mm normalized to
the to the soil fraction with particle diameter between 2 mm and 2 cm, which is usually
considered in the HHRA procedure. However, for consistency, in this case, the particle size
distribution also had to be taken into account, normalizing the bioaccessible concentration
to the soil fraction used in the in vitro methods, thus leading to the following equation:

BA2 =
CBA · FBA

C
· 100 (10)

where CBA (mg kg−1) is again the bioaccessible concentration of each element measured
adopting either the UBM or the SBET method, FBA is the soil fraction used in the in vitro
methods (i.e., d < 250 μm for the UBM or d < 150 μm for the SBET), and C is the total soil
concentration (Equation (1)).

3. Results and Discussion

3.1. Soil Characterization

Table 1 shows the particle size distribution of the different soil samples, with reference
to the 2 mm, 250 μm, and 150 μm sieves.

Table 1. Particle size fractions of the soil samples collected in the firing range.

A1 A2 S1 S2

(%) (%) (%) (%)

d > 2 mm 87.8 31.2 57.7 60.7
d < 2 mm 12.2 68.6 42.3 39.3

d < 250 μm 2.4 11 4.2 3.8
d < 150 μm n.d. 4.3 2.2 2.1

Sample A1 is mostly made of coarse particles, above 2 mm, which correspond to
88% weight of the overall sample, whereas the fraction below 250 μm represents only
2.4% weight. In this case, the particle size fraction below 150 μm was so low that it was
not possible to collect an amount sufficient for carrying out the characterization and the
bioaccessibility tests. Sample A2 is slightly finer, with 69% weight of the particles below
2 mm, whereas the particle size fractions below 250 μm and 150 μm were slightly higher
than in A1, i.e., 11% and 4.3%, respectively. Samples S1 and S2, instead, had similar particle
size distribution, with around 60% of the particles above 2 mm and the finer fractions
representing around 4% (d < 250 μm) and 2% (d < 150 μm).

Figure 1 reports for each soil sample collected in the firing range (i.e., A1, A2, S1, and
S2) the metal and metalloid contents determined applying USEPA Method 3051A on the
fractions with particle diameters lower than 2 mm, 250 μm, and 150 μm. The contents
shown in Figure 1 are the mean values obtained from each triplicate. As mentioned above,
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for sample A1, the amount of the soil fraction d < 150 μm was insufficient for performing
the analysis.

Figure 1. Total inorganic content of fraction d < 2 mm, d < 250 μm, and d < 150 μm for samples A1, A2, S1, and S2 (striped
bars represent values below the limit of quantification).

There were no substantial differences found between the concentrations measured
in the three different soil fractions. Lead was the only inorganic that regularly presented
a higher concentration in the finest fractions d < 250 μm and d < 150 μm than in fraction
d < 2 mm. Indeed, the finer soil particles usually present a greater specific surface than the
coarser fraction, and hence may sorb a higher amount of inorganic per unit weight [46].
Since this effect was observed on lead only, the enrichment of Pb observed in the finer
fraction of the soil samples was linked to the firing activity carried out in the shooting
range and to the bullet residues that can end up in soils after use [35]. This result is in
agreement with what has also been observed in previous studies that analyzed the Pb
contamination in firing ranges (e.g., [36]).

3.2. Quality Control

Figure 2 reports the bioaccessible concentration obtained adopting UBM and SBET
procedures to the reference material BGS102. Furthermore, for quality control purposes,
in the same figure, the maximum and minimum bioaccessible concentration of As and Pb
reported in the Certificate of Analysis of this material adopting UBM are also reported.
It is possible to observe that the values obtained in this work adopting the UBM on the
d < 250 μm fraction fall within the range reported for As and Pb in the BGS certificate
of analysis. This result confirms that all the different steps of the UBM procedure were
correctly carried out.
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Figure 2. Bioaccessibile concentrations obtained applying the Unified Barge Method (UBM) (UBM-G:
gastric phase; UBM-GI: gastro-intestinal phase) and Simple Bioaccessibility Extraction Test (SBET) to
BGS102. The striped bars represent values below the limit of quantification. A 10-fold dilution of the
extract for the SBET was applied.

3.3. Bioaccessible Concentration

Figure 3 reports the results of the UBM and SBET methods for the four samples
collected at the firing range in terms of bioaccessible concentrations. Namely, for each
sample, the concentrations measured in the gastric and gastrointestinal phases of the
UBM (named UBM-G and UBM-GI, respectively) were compared with the values obtained
by the SBET. For sample BGS102, the values of the bioaccessible concentration of As
and Pb reported in the certificate of analysis provided by the supplier are also shown
for comparison.

Figure 3. Comparison of the bioaccessibile concentrations obtained applying UBM (UBM-G: gastric
phase; UBM-GI: gastro-intestinal phase) and SBET to samples A1, A2, S1, and S2. The striped bars
represent values below the limit of quantification.

Regarding the UBM results, it is possible to observe that for all the tested samples,
the bioaccessible concentration measured for the different inorganics in the gastric phase
was higher than that obtained for the gastro-intestinal phase. This result is in agreement
with what has already been observed in previously published papers (e.g., [2,15,46]) that
attributed this behavior to the strong influence of the pH of the solution. The pH of the gas-
tric phase in fact was significantly lower (pH = 1.2) compared to that of the gastrointestinal
phase (pH = 6.3), leading to a higher mobilization of the inorganics from the soil to the
solution. As also stated by Medlin et al. [16], the change in pH from low to neutral values
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passing from gastric to gastrointestinal conditions is likely to determine a precipitation of
inorganics and hence a lower bioaccessibility.

Comparing the bioaccessible concentrations obtained for the two methods, one can
observe that, except for A2, which was probably affected by heterogeneity, the SBET proved
to be more conservative, with values slightly higher than those of the UBM. Furthermore
Figure 3 shows that for all the analyzed inorganics, the bioaccessible concentrations de-
termined by the SBET were quite close to the values obtained for the gastric phase of the
UBM (i.e., UBM-G). These results could have been expected considering that, although the
two methods are characterized by very different procedures and reagents, the pH of the
solution in the SBET and in the gastric phase of UBM were similar (1.2 compared to 1.5).
This observation underlines once more that pH is a key parameter to consider for assessing
bioaccessibility of inorganics.

3.4. Implication for the Contaminated Site Management

As described in Section 2.4, the bioaccessibility was estimated for each soil sample
starting from the bioaccessible concentrations measured with the two in vitro methods (i.e.,
UBM and SBET) and using the two different equations, (9) and (10). Figure 4 reports the
comparison of the values of the bioaccessible fraction (BA1-UBM, BA1-SBET, BA2-UBM,
and BA2-SBET) obtained for each soil sample. In the UBM case, the bioaccessible fraction
was estimated by using the higher concentration among those measured in the gastric and
the gastrointestinal phases, thus adopting a conservative approach.

Figure 4. Bioaccessibility of metals and metalloids contained in samples A1, A2, S1, and S2 estimated adopting
Equations (9) and (10). Striped bars represent values obtained from bioaccessible concentration lower than the limit
of quantification.

It has to be noticed that for the tested soil samples, the use of either the UBM or the
SBET bioaccessible concentration did not notably affect the bioaccessibility when the results
obtained with the same equation were compared. This means that, at least for the samples
investigated in this work, despite the two methods following different procedures and
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reagents and being carried out on different size fractions, the estimated bioaccessibility is
basically the same.

On the other hand, significantly different results were obtained using the two equa-
tions. Namely, the values obtained with Equation (10) (BA2), regardless of the in vitro
method used, were at least one order of magnitude lower than those calculated with
Equation (9) (BA1). This difference stems from the different assumptions behind the two
equations. BA1 did not account for the particle size distribution and was simply the ratio
between the bioaccessible and total concentration measured on the same particle size
fraction. In BA2, the bioavailable concentration was normalized to the particle size fraction
above 250 μm or 150 μm, for UBM and SBET, respectively, whereas the total concentration
was also normalized to the soil fraction above 2 mm. As an example, we can look at the
values obtained for lead in the different samples using the UBM. For sample A1, BA1 was
close to 1 and BA2 around 0.5. This resulted from two counteracting effects (see Equation
(10)). On the one hand, the particle size fraction below 250 μm (2.4%) was lower than
the one below 2 mm (12.2%), i.e., a ratio around 0.2; on the other hand, the total lead
concentration in the <250 μm fraction was higher than the one in the <2 mm fraction
(836 mg kg−1 vs. 351 mg kg−1 respectively), i.e., a ratio of around 2.4. For sample A2, BA1
was around 0.5, whereas BA2 was around 0.1. In this case, the particle size fraction below
250 μm (11%) was lower than the one below 2 mm (68.6%), i.e., around 0.16 ratio, whereas
the total lead concentration in the <250 μm fraction was slightly higher than the one in the
<2 mm fraction (263 mg kg−1 vs. 206 mg kg−1, respectively), i.e., a ratio of around 1.3. The
behavior observed for samples S1 and S2 was somehow in between those observed for A1
and A2.

The bioaccessibility of lead in shooting ranges was investigated by numerous studies
adopting different methods (see Table 2). Walraven et al. [35] investigated the Pb bioacces-
sibility in different sites characterized by various lead sources (Pb bullets and pellets, car
battery Pb, gasoline Pb, diffuse Pb, made ground and city waste), observing that the shoot-
ing ranges showed the highest bioaccessibility. Generally, the bioaccessibility measured in
shooting ranges falls within the range 45–100% [35–38]. The results obtained in the present
study, particularly those estimated with Equation (9), fit well with data available in the
literature. However, the values determined considering also the particle size distribution
(hence using Equation (10)) were found to be generally lower than the values of previously
published works. This difference can be explained through considering the fact that in
these studies, the bioaccessibile fraction was estimated by referring to the total content of
the soil.

Table 2. Studies on the bioaccessibility of Pb in shooting ranges.

Bioaccessibility Method References

(%)

Walraven et al., 2015 61–79 RIVM [35]
Sanderson et al., 2012 46–70 SBET [36]

Smith et al., 2011 50–100 SBRC [37]
Moseley et al., 2008 75–85 PBET [38]

The cleanup goals (CSR) for each soil sample were calculated using Equations (7) and (8),
accounting for the bioaccessibility estimated using the two proposed approaches, i.e., either
by Equation (9) (BA1) or Equation (10) (BA2). The obtained values are reported in Figure 5
for each soil sample and compared with the cleanup goal of each contaminant assuming
100% bioaccessibility. The latter value was obviously the same for all samples, since it
depended only on the target risk (THI = 1 or TR = 10−6), on the exposure parameters, and
on the toxicity of the contaminant. For all contaminants and for any BA considered, the
CSR were calculated for both the carcinogenic and non-carcinogenic effects, and the lower
value was taken as representative CSR for each sample.
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Figure 5. Comparison of the cleanup goals (CSR) calculated for each soil sample (A1, A2, S1, and S2) using the different
bioaccessibility BA1 and BA2 or considering a 100% bioaccessibility. The striped bars indicate that the normalized cleanup
goals were at least higher than the reported value, whereas the bars with horizontal strips indicate that the cleanup goal
was higher than 106.

Clearly, the cleanup goals had an opposite behavior with respect to the one reported
for bioaccessibility, meaning that a lower bioaccessibility corresponded to a higher cleanup
goal. Let us consider the case of arsenic for sample A2—looking at Figure 5, we can observe
that the CSR was higher when the estimated bioaccessibility, shown in Figure 5, was lower.
In this case, BA was calculated by starting from a bioaccessible concentration equal to the
quantification limit, and therefore represents a maximum estimate, i.e., the effective BA
could be lower. Hence, the corresponding CSR represents a minimum estimate, and the
effective CSR could be higher.

Similarly to what was observed for the bioaccessibility values, the cleanup goals
proved to be significantly influenced by the approach adopted for evaluating the bioacces-
sible fraction. The bioaccessibility method did not notably affect the results, although the
cleanup goals estimated adopting the SBET proved to be in most cases higher than those
estimated on the basis of the UBM. Clearly, as expected, accounting for bioaccessibility led
to a remarkable increase of the cleanup goals, up to 100-fold using BA1 and up to 1000-fold
using BA2.

4. Conclusions

In this paper, the results obtained by adopting two different methods for estimating
the bioaccessible concentration of inorganics were compared and discussed. Namely, four
soil samples collected in a firing range were used to carry out tests adopting the UBM
and SBET. The obtained results showed that among the extraction parameters, pH is one
of the most important factors. Despite the huge differences in reagents, time, costs, and
complexity of the two procedures adopted, the bioaccessibility using the SBET was only
slightly higher than the one obtained with the gastric phase extraction of the UBM, which
is characterized by similar pH values of the SBET. Hence, the latter method could be
adopted at an early stage in order to obtain an easier and faster estimate of the bioaccessible
concentration and the UBM could be applied in a second stage only on few samples that
would benefit from a more accurate bioaccessibility estimate.
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The bioaccessible concentrations estimated in the in vitro methods were then used for
calculating the bioaccessible fractions and the cleanup goals, adopting two approaches,
neglecting or considering the normalization on the basis of the particle size distribution,
respectively. The first approach is surely more conservative but has the drawback that the
cleanup goals related to the soil ingestion pathway would not depend on the soil particle
size distribution; in principle, two soils with the same bioaccessible concentration but with
different PSD (e.g., with 99% and 1% fine particles below 250 um, respectively) would have
the same cleanup goal. The second approach allows us to overcome this drawback, but on
the other hand could lead to excessively permissive cleanup goals.

How bioaccessibility should be incorporated into the HHRA framework needs further
investigation on the source-to-hand and hand-to-mouth transport pathways, so as to avoid
the use of either over- or under-protective risk assessment approaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11073005/s1, Table S1: Guidance values and confidence intervals reported in the certificate
of Analysis of BGS102.
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Abstract: The electrokinetic remediation of an agricultural soil contaminated with heavy metals was
studied using organic acids as facilitating agents. The unenhanced electrokinetic treatment using
deionized water as processing fluid did not show any significant mobilization and removal of heavy
metals due to the low solubilization of metals and precipitation at high pH conditions close to the
cathode. EDTA and citric acid 0.1 M were used as facilitating agents to favor the dissolution and
transportation of metals. The organic acids were added to the catholyte and penetrated into the
soil specimen by electromigration. EDTA formed negatively charged complexes. Citric acid formed
neutral metal complexes in the soil pH conditions (pH = 2–4). Citric acid was much more effective in
the dissolution and transportation out of the soil specimen of complexed metals. In order to enhance
the removal of metals, the concentration of citric acid was increased up to 0.5 M, resulting in the
removal of 78.7% of Cd, 78.6% of Co, 72.5% of Cu, 73.3% of Zn, 11.8% of Cr and 9.8% of Pb.

Keywords: contaminated soil; metal; citric acid; EDTA; electrokinetic remediation

1. Introduction

Soil is affected by various anthropogenic activities, including mining, waste dump,
deforestation, urbanization, intensive agriculture practices and change in land use [1].
As a result, soils have been contaminated with a variety of organic and inorganic con-
taminants [2]. The metal-contamination in the soil is of special concern because metals
show special toxicity for living organisms affecting the development of microorganisms
and plants, enter the food change and extend the toxicity to animals and humans [3].
Contaminating metals cannot be degraded, and their removal from the soil is usually
difficult, time-consuming and costly [4]. Many studies published in literature dealt with
the removal of heavy metals from soil. However, the efforts in developing and testing
various innovative technologies did not still result in a reliable and feasible technology
to be generally applied in the remediation of metal-contaminated soils [5,6]. Recently,
research has focused on the development of high-sensitivity sensors, usually based on
electrochemical technology [7,8]. These sensors can be used for the detection of heavy
metal ions in various media, allowing a new way to monitoring metal-contamination in
hard-to-reach locations and remote environments.

Electrokinetic remediation has been proposed as an effective technology for the reme-
diation of metal-contaminated soils [9]. Electrokinetic technology uses a low-intensity DC
electric field to mobilize and transport the metals out of the soil. The benefits of electroki-
netics rely on its capacity to be applied in situ with minimum disturbing of the surface,
the possibility of treating low permeability soils and the low-cost in energy. However,
electrokinetics is affected by the geochemical soil conditions that may limit the solubi-
lization of metals. In order to increase the solubility of the metal in the soil interstitial
fluid, various methods have been proposed [10]. The acidification of soil with the acid
front electrogenerated in the anode is the most common option [11]. This option is usually
combined with the depolarization of the electro-reduction of water on the cathode to
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suppress the alkaline front [12]. The controlled addition of mineral acid in the cathode
allows for the neutralization of the basic front and favors the acidification of the soil with
the subsequent solubilization of metals (for example, Co2+, Ni2+, Cd2+, . . . ). Alternatively,
alkaline metals (for example, chromate) can be extracted from the soil matrix favoring the
development of the basic front on the cathode and suppressing the acid front on the anode
by the addition of alkali (e.g., NaOH). The modification of the soil pH with the acid or
alkali front from cathode or anode is an effective method for the solubilization of metals in
many cases, but it is important to consider the geochemistry of soils and contaminating
metals. As an example, Ottosen et al. [13] used the controlled addition of ammonia to
solubilize copper and arsenic. Ammonia forms a stable complex with copper [Cu(NH3)4]2-

in alkaline conditions that can be transported towards the cathode by electromigration.
Conversely, various authors [12,14] used sulfuric acid to neutralize the basic environment
of the cathode to mobilize the metals due to the acidification of the acid front from the
anode. This method was very effective for metals, such as Cd2+, Co2+ and Zn2+, but Pb
was not removed because it forms an insoluble salt with sulfate [14]. These results proved
that the chemistry of facilitating agents with the metal–soil system is of crucial importance
for a successful remediation. Furthermore, the acidification or alkalinization of soil may
induce unacceptable changes in soil properties. The soil will require additional treatment
to restore the natural properties of soil at the end of the remediation process [9].

The use of organic acids as facilitating agents in electrokinetics shows various benefits
for the remediation of metal-contaminated soils. Organic acids are recognized as effective
complexing and chelating agents that can keep metals in solution in a wide range of pH,
even in an alkaline environment [15]. Moreover, the mild conditions of organic acids do not
induce dramatic changes in the soil properties. Organic acids are usually biodegradable
and can be removed by natural biodegradation at the end of the remediation process.
Furthermore, the residual organic acids in the soil may help to enhance the activity of the
natural soil microflora.

This paper studies the remediation of six metals (Cd, Cr, Co, Cu, Pb, and Zn) from
agricultural soil with aged contamination. The different chemical nature of the metal
species and the presence of these metals in high concentrations make the remediation of
soil more difficult. The removal of metals was studied using organic acids (EDTA and
citric acid) as facilitating agents with the objective to develop a feasible technology to be
applied at a large scale. The aim of the study is to identify the facilitating agent and the
experimental conditions to achieve the mobilization and removal of the six metallic species
from the soil.

2. Materials and Methods

2.1. Soil Characteristics and Contamination Procedure

The characteristics of soil used in this study are listed in Table 1. The soil was sampled
on a farm close to the campus of the University of Vigo in the NW of Spain. The soil was
sampled from the upper layer of soil (0–20 cm depth) after removing the vegetative cover.
The soil was extended in a thin layer (2–5 cm) in the lab to let it dry for 72 h to a moisture
content of 5% (wet basis). Then, it was sieved through a 2 cm mesh to remove small stones,
sticks, roots, and other non-soil components. The soil specimen was thoroughly mixed
to obtain a uniform sample that was contaminated with 6 heavy metals: Cd, Cr, Co, Cu,
Pb and Zn, using the necessary amounts of the corresponding salts to achieve the spiking
concentration in Table 2. After the spiking process, the soil was stored in a plastic box
in the darkness for 2 years to ensure the aging of the contaminants. The objective of this
process was to ensure the behavior of the contaminated soil similar to the behavior of real
contaminated soil.
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Table 1. Characteristics of soil used in the experiments.

Parameter Value Testing Method

pH 4.4 ASTM D1293 [16]
Electrical conductivity (mS/cm) 3.15 ASTM D1293 [16]
Specific gravity (dry basis, g/cm3) 2.7 ASTM D 854 [17]
Water holding capacity 48.5% ASTM D 2980 [18]
Moisture content (wet basis) 22.4% ASTM D2216 [19]
Soil organic content (dry basis) 4.5% ASTM D 2974 [20]

Particle size analysis ASTM D 422 [21]
Clay (<0.002 mm) 44.3%
Silt (0.002–0.05 mm) 43.2%
Sand (0.05–2 mm) 12.5%

Table 2. Metal concentration in the contaminated soil.

Metal Species Metal Salt
Spiking Concentration

(mg/kg)

Cd2+ Cd(NO3)2 4H2O 141
Cr(VI) K2Cr2O7 1000
Co2+ CoCl2 6H2O 185
Cu2+ CuSO4 5H2O 1023
Pb2+ PbCl2 1000
Zn2+ ZnSO4 7H2O 1001

2.2. Extraction Tests

The capacity of 9 extracting agents and water to dissolve the metals from soil was
tested. The extraction tests used 2 g of soil (dry) and 100 mL of the extracting solution. Four
mineral acids (hydrochloric, nitric, phosphoric and sulfuric acid), five organic acids (acetic,
citric, EDTA, oxalic and tartaric acid) and deionized water were used as extracting solutions.
The concentration of all the acid solutions was 0.1 M. The mixtures were shaken for 24 h at
180 rpm and 20 ◦C (±0.5 ◦C) in an orbital shaker. The metals were determined by ICP-OES
(Inductively coupled plasma–optical emission spectrometry) in the supernatant solution.

2.3. Electrokinetic Setup and Testing

Figure 1 shows the electrokinetic cell used in this study. The cell was composed of
a central tube (20 cm long and 4 cm diameter) that holds the soil specimen. 320 g of
contaminated soil was used in each test. The soil specimen was introduced manually in the
central tube, and it was compacted with a plastic piston. The central tube was connected
to two electrode chambers filled with the processing fluid selected in each test (deionized
water, citric acid, EDTA or NaOH), as shown in Table 3. The volume of the electrode
chambers was 300 mL, and the total volume of the processing fluid, including the electrode
chamber and the expansion vessel, was 500 mL. The soil specimen was separated into the
processing fluid by a porous stone and filter paper. The electrodes were installed in the
electrode chambers immersed in the processing fluid and connected to a DC power supply.
All the tests were conducted at constant DC electric potential (20 V) for 30 days, except
test 4 with citric acid 0.5 M in anolyte and catholyte that was run for 65 days. The anode
was made of titanium, and the cathode was made of stainless steel.

At the end of the tests, the electrode chambers were emptied, and the processing fluid
was collected in plastic bottles and stored in the fridge at 4 ◦C until analysis. The soil was
extracted from the central tube and divided into 6 equal sections. Solid and liquid samples
were digested with nitric acid and hydrochloric acid as per the USEPA method 3010A (acid
digestion of aqueous samples and extracts for total metals for analysis by FLAA or ICP
spectroscopy) [22] or method 3050B (acid digestion of sediments, sludges, and soils) [23].
Metal concentrations were determined by ICP-OES in the supernatant solution of the acid
digestions. Soil pH was determined by the ASTM D1293 [16] method using 1 g of soil and
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2.5 mL of 1 M KCl solution. The mixture was shaken for 1 h, and the pH was measured in
the supernatant fluid.

 
Figure 1. Experimental setup. (1) Soil specimen, soil sections are represented as S1–S6, (2) filter paper and porous stone,
(3) electrodes (anode and cathode), (4) electrode chambers, (5) processing fluid vessel (anolyte and catholyte), (6) gas release
valves, (7) recirculating pumps, (8) DC power supply.

Table 3. Experimental conditions of the electrokinetic tests.

Test Anolyte Soil Catholyte Potential Drop Time

Test 1 Deionized water 320 g DI water 20 V 30 days
Test 2 Deionized water 320 g 0.1 M citric acid 20 V 30 days
Test 3 0.1 M NaOH 320 g 0.1 M EDTA 20 V 30 days
Test 4 0.5 M Citric acid 320 g 0.5 M citric acid 20 V 65 days

3. Results

3.1. Extraction of Metals from the Soil

Figure 2 shows the metal extraction fraction when 2 g of soil was in contact for 24 h
with 100 mL of 0.1 M solution of the corresponding extracting agent. In general, Cd, Co,
Cu and Zn were easier dissolved than Pb and Cr, with both mineral acid and organic acids.
The mineral acid solutions tended to show slightly better extraction ratios than organic
acids. This is due to the lower pH solution of the mineral acids that extracted the metals
from the surface of the soil particles by the direct attack of the H+ ions, stabilizing the metal
in solution at pH below 1. Conversely, the organic acids showed a solubilization ratio based
on their capacity to form soluble complexes and chelates in solution [24]. A closer analysis
of the extraction results in Figure 2 revealed that the metal solubilization ratio depended
on the chemistry of each pair of metal–acid. Hydrochloric acid and nitric acid showed
70–80% extraction for all the metals, but Cr, because this metal was present in the soil as
Cr(VI) and the acidification was not able to desorb the anionic Cr species. Phosphoric
and sulfuric acid also showed a high extraction ratio for Cd, Co, Cu and Zn, but very
low extraction for lead because of the formation of insoluble salts between Pb and sulfate
(PbSO4, Ksp = 1.6 × 10−8) or phosphate (Pb3(PO4)2, Ksp = 9.9 × 10−55). The organic acids
showed a 60–70% extraction ratio for Cd, Co, Cu and Zn. The lead was extracted with
EDTA, oxalic acid and tartaric acid, whereas acetic and citric acids showed negligible
removal due to the tendency of lead to adsorb to the soil particles and organic matter [25].
Cr was extracted with oxalic acid due to the low acidity of the solution (pH = 1.40) and
the reducing capacity of oxalic that transformed Cr(VI) into Cr(III) and formed stable
complexes in solution [26].
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Figure 2. Fraction of extracted metals from the soil with mineral acids, organic acids and water (All
the compounds were tested at 0.1 M).

The information in Figure 2 can be used for the selection of facilitating agents for the
electrokinetic remediation of the contaminated soil. Mineral acids were very effective in
the mobilization of the metals, but their activity was always associated with a very acidic
pH, below 1. In the remediation of soils, such low pH will affect the physicochemical
and biological properties of soil to an unacceptable level, and further treatment would
be necessary to restore the natural properties of soil. The organic acids seem to be more
appropriate for soil remediation projects because they were able to extract the contaminated
metals in less harsh conditions than mineral acids. Moreover, the organic acids tested in
Figure 2 are biodegradable and can be removed from the soil for natural biotic degradation
while enhancing the microbial activity of the soil [27]. Considering the results in Figure 2
and the available information in the literature, EDTA and citric acid were selected as
appropriate facilitating agents for the electrokinetic remediation of soil [14,28]. EDTA is a
complexing agent for all the contaminating metals in the soil specimen [24]. EDTA can be
degraded by the soil microflora at the end of the electrokinetic treatment [29]. Citric acid
is recognized as a non-toxic compound since it is present in all the eukaryotic cells in the
Krebs cycle (the cycle of the tricarboxylic acids). Moreover, citric acid showed a special
activity in the electrokinetic remediation of soils contaminated with metals [14].

3.2. Electrokinetic Treatment

The removal of heavy metals from the soil specimen was analyzed in a set of electroki-
netic tests using EDTA and citric acid as facilitating agents to enhance the solubilization of
the metals and their removal in the processing fluid in the electrode chambers. The results
of the tests with EDTA and citric acid were compared with an unenhanced electrokinetic
test using deionized water as processing fluid in anode and cathode (test 1). Test 2 used
0.1 M citric acid as catholyte and deionized water as anolyte. Test 3 used 0.1 M EDTA as
catholyte and 0.1 M NaOH as anolyte. Finally, an additional electrokinetic test (test 4) was
run with 0.5 M citric acid as processing fluid in anode and cathode with the objective to
enhance the solubilization and removal of metals from soil (Table 3).

Figure 3 shows the pH in the electrode chambers and the pH profile in the soil for
tests 1, 2, 3 and 4. The unenhanced electrokinetic test with deionized water as processing
fluid (test 1) showed the typical pH profile induced by the electrolysis of water upon the
electrodes [9]. The pH decreases in the anode to pH 2 and increases in the cathode to
pH higher than 12. The pH of the soil in test 1 (the blue line in Figure 3) decreases in the
fraction of soil close to the anode and increases in the fraction of soil close to the cathode.
The profile of soil pH has an enormous influence on the speciation and mobilization of
the contaminating metals in soil (Figure 4). Cd, Cu and Zn were mobilized in sections 1–3,
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where the soil pH was lower than pH = 4 (the initial pH of soil). These metals were
accumulated in sections 4–6, where the pH conditions induced the precipitation of metals
in the soil forming the corresponding metallic hydroxide, especially in sections 5 and 6.
Cobalt was mobilized in section 1–4 and mainly accumulated in section 6 because the
immobilization of cobalt as Co(OH)2 takes place at pH > 7. Chromium and lead were not
mobilized or removed in the unenhanced electrokinetic test. Chromium is an anionic metal,
and it was not expected to be mobilized in very acid conditions. In fact, a slight mobilization
of Cr was observed in section 6, where the pH was alkaline. Lead is a metal that can be
retained in the soil attached to the organic matter, and it is difficult to mobilize [25]. The
alkaline environment in section 6 may have favored the dissolution of organic matter and a
slight mobilization of Pb (Figure 4). Overall, the unenhanced electrokinetic test was not
effective in the removal of metals from soil. Four metal species were redistributed in the
soil (Cd, Co, Cu and Zn), and two species (Cr and Pb) showed no significant mobilization.
No significant metal removal was observed, as presented in Table 4. Test 2 and 3 were
designed to evaluate the efficiency of citric acid and EDTA to mobilize and remove the
metals from soil.

Figure 3. pH in soil and processing fluid in the electrode chambers for the electrokinetic tests with
deionized water (test 1), 0.1 M citric acid (test 2), 0.1 M EDTA (test 3) and 0.5 M citric acid (test 4).

Figure 4. Unenhanced electrokinetic test of soil contaminated with metals using deionized water as
processing fluid in anode and cathode chambers. C is the metal concentration in soil at the end of the
test, and Co is the initial metal concentration in soil.

48



Appl. Sci. 2021, 11, 1799

Table 4. Mass balance of the metals in the soil at the end of the electrokinetic tests.

Test—Catholyte Fractions Cd Cr Co Cu Pb Zn

Test 1—Deionized water

Soil (%) 98.1% 97.4% 99.9% 97.4% 96.8% 98.5%
Anode (%) 0.0% 0.5% 0.1% 0.0% 0.0% 0.0%

Cathode (%) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Error (%) 1.9% 2.1% 0.1% 2.6% 3.2% 1.5%

Test 2—0.1 M citric acid

Soil (%) 96.1% 95.4% 92.7% 93.5% 97.8% 86.7%
Anode (%) 0.1% 0.1% 0.1% 0.0% 0.0% 0.1%

Cathode (%) 0.2% 0.0% 4.5% 2.1% 0.0% 9.3%
Error (%) 3.7% 4.5% 2.7% 4.3% 2.1% 3.9%

Test 3—0.1 M EDTA

Soil (%) 99.7% 99.8% 98.3% 94.1% 99.4% 99.2%
Anode (%) 0.0% 0.0% 0.1% 0.0% 0.0% 0.1%

Cathode (%) 0.6% 0.1% 0.9% 0.2% 0.3% 0.9%
Error (%) −0.3% 0.1% 0.7% 5.6% 0.3% −0.1%

Test 4—0.5 M citric acid

Soil (%) 21.3% 88.2% 21.4% 27.5% 90.2% 26.7%
Anode (%) 1.2% 2.3% 0.3% 0.0% 0.0% 0.1%

Cathode (%) 78.3% 6.3% 76.9% 71.4% 8.2% 73.9%
Error (%) −0.8% 3.2% 1.4% 1.1% 1.6% −0.7%

Test 2 used citric acid as a facilitating agent in the cathode. The citrate ion penetrated
the soil specimen by electromigration, mobilizing the metals that could be stabilized in
solution forming complexes or chelates with citrate. The presence of citric acid in the
cathode avoided the formation of an alkaline environment. The pH in the cathode at the
end of the test was pH = 5 that was the result of the partial neutralization of the 0.1 M citric
acid solution (the natural pH of the citric acid solution was 2) with the electrochemical
consumption of H+ on the cathode. The anolyte was deionized water. The electrolysis
of water in the anode produced H+ ions that formed an acid front that acidified the soil
specimen. As a result, the soil pH decreased in sections 1–4 and remained at the initial
soil pH in sections 5 and 6 (Figure 3). The pH profile in the soil with the combination of
the citrate as a complexing agent in the interstitial fluid showed a decisive influence in the
speciation of metals and their transport along the soil specimen. As presented in Figure 5,
Zn was mobilized in sections 1–3 and accumulated in sections 4 and 5. The concentration
of Zn in the last section 6 remained unchanged. This behavior can be explained with a
closer analysis of the pH in the soil and the chemical speciation of the system Zn2+-citrate
(Figure 6). Zn2+ is the predominant species in the solution at a very acid pH < 1.5. In
the presence of citrate, Zn2+ forms six different complexes (negative, neutral and positive
complexes). The relative predominance of the complexes depends on the medium pH. At
pH = 2–3 the dominant species is the positive complex [ZnH2L]+. L represents the ligand
citrate. At pH = 3–4.5 the dominant species is the neutral complex [ZnHL]. At pH > 5, the
dominant species is the negative complex [ZnL]-. The pH in the soil sections 1–4 was below
pH = 4, so Zn was mobilized by the combined effect of the H+ attack and the stabilization
in the solution of Zn2+ with citrate forming positive or neutral complexes. These complexes
were transported towards the cathode by electromigration and/or electroosmosis. In soil
sections 5 and 6, the pH is about 5, and the predominant species was the negative complex
[ZnL]-. The negative complex will be transported towards the anode by electromigration.
This explains why Zn is accumulated in section 5 of the soil specimen. Similar behavior
was found for Cd, Cu, Co. These three metals form various neutral, positive and negative
complexes with citrate [24], similar to the case explained for Zn. As a result, Cd was
mobilized in sections 1–3 and 6 and accumulated in sections 4 and 5. Cu was removed
from both ends of the soil specimen due to the formation of positive complexes on the
anode side and negative complexes on the cathode side. Cu was accumulated in the center
of the soil specimen (sections 3 and 4). In a similar way, cobalt was accumulated in sections
5 and 6. It is noteworthy the small but significant mobilization of Pb in the anode and
cathode side and a slight accumulation in the center of the soil specimen. These results
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confirm that Pb can be dissolved with citric acid, whereas it was not mobilized in test 1 with
deionized water. Finally, chromium was mobilized on the cathode side by the combined
effect of the pH and the presence of citrate. Cr was accumulated in soil sections 2–4. As a
conclusion, citrate appeared to be an active compound for the mobilization of all the metals,
including Cr and Pb, that showed major resistance to the mobilization in the unenhanced
electrokinetic test 1. However, there was minor net removal of metals from soil in the
electrode solutions. Only 9% of Zn, 4.5% of Co and 2% of Cu were found in the cathode
chamber (Table 4). These results suggested that the treatment time and test conditions (pH,
concentration of citric acid, etc.) were not enough for the effective removal of metals from
contaminated soil.

Figure 5. Electrokinetic test of soil contaminated with metals using 0.1 M citric acid as catholyte and
deionized water as anolyte. C is the metal concentration in soil at the end of the test, and Co is the
initial metal concentration in soil.

Figure 6. Speciation of zinc and zinc complexes formation in an aqueous system with 0.1 M citrate
and 0.1 M Zn2+. (L represents the ligand citrate).

Test 3 was run with EDTA 0.1 M as catholyte. The electrokinetic phenomena would
transport EDTA into the soil specimen by electromigration. EDTA forms complexes and
chelates with all the metals [24] in the soil specimen. The analysis of the Zn2+ speciation
with EDTA in an aqueous system is shown in Figure 7. EDTA formed three different
complexes with EDTA formed three complexes with EDTA: [ZnL]2−, [ZnHL]−, [ZnOHL]3−.
The relative abundance of each complex depends on the pH. EDTA is very effective in
complexing Zn in the studied pH range. The relative abundance of the cationic species
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Zn2+ was always below 0.1% (<10−3 in Figure 7) at any pH. That is the reason the cationic
Zn2+ does not appear in Figure 7. The speciation analysis informs that EDTA formed a
very stable negative complex [ZnL]2− with zinc in all the pH intervals (pH = 3.5–10). The
study did not include pH below 3.5 because EDTA is not stable in solution in acidic pH. In
conclusion, the use of EDTA requires neutral or slightly alkaline pH to favor the solubility
of EDTA and the stability of the metal complexes. Hence, in test 3, the anolyte solution
was 0.1 M NaOH to neutralize the acid environment generated by the electrolysis of water
in the anode. Figure 3 shows the pH of test 3. The electrode solutions were alkaline as
expected due to the electrolysis of water in the cathode and the use of NaOH in the anode.
The penetration in the soil of the alkaline front from the cathode slightly increased the soil
pH to 5. In these conditions, EDTA may form stable negative complexes with all the metals
that would be transported towards the anode by electromigration. Figure 8 shows the
residual metal in the soil at the end of test 3. EDTA was very effective in mobilizing Cd, Co,
Cu, Pb and Zn, forming stable negative complexes that electromigrated towards the anode.
However, in the time span of test 3, only the metal concentration decreased in section 6.
The mobilized metals migrated towards the anode, confirming the formation of negative
complexes, and accumulated in section 5. No significant changes in metal concentration
were detected in sections 1–4. Cr did not show any mobilization because the anionic nature
of this metal did not undergo any mobilization with EDTA at pH = 5. There was no net
metal removal from the soil, as is shown in Table 4.

Figure 7. Speciation of zinc complexes in an aqueous system with 0.1 M EDTA and 0.1 M Zn2+.
(L represents the ligand EDTA).

Citric acid showed better mobilization of the metals than test 1 (with deionized
water) and test 3 (with EDTA). Test 2 with citric acid showed a good mobilization of
Cd, Co, Cu and Zn, but the metals were redistributed in the soil specimen with minor
removal or accumulation in the electrode chambers (Table 4). It was hypothesized that
the electrokinetic treatment with higher citric acid concentration and/or longer treatment
time would increase the removal of metals from soil. Test 4 was designed to evaluate the
capacity of citric acid to achieve an effective removal of the metals for the contaminated
soil. Test 4 was operated with citric acid 0.5 M on both electrode chambers. Citric acid
can be introduced into the soil specimen by electromigration from the cathode and by
electroosmosis from the anode. It was expected that the most effective transportation of
citric acid would correspond to the electromigration from the cathode, but the presence of
citric acid on the anode would assure the presence of citrate in the fraction of soil close to the
anode, favoring the solubilization of metals. This test was operated on for 65 days. Figure 9
shows the residual metal concentration in the soil after the electrokinetic test. The metal
concentration profile for Cd, Co, Cu and Zn shows transportation towards the cathode.
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The soil pH at the end of the test was below 3.5 (Figure 3). The pH conditions assure the
mobilization of the metals by the combined effect of citrate and H+ ions, and the subsequent
stabilization in solution was forming neutral or positive complexes (Figure 6). The metal
complexes were transported towards the cathode by electromigration and electroosmosis.
The global removal ratio at the end of the test was 78.7% of Cd, 78.6% of Co, 72.5% of
Cu, and 73.3% of Zn. The lead was difficult to mobilize due to the strong adsorption of
this metal to the organic matter and soil particles [25]. Only a small fraction of Pb (9.8%)
was removed at the end of test 4. However, the profile of the residual Pb concentrations
in soil suggests a mobilization of lead in sections 1–3 and its transportation towards the
cathode. Chromium was removed by 11.8%. The profile of the residual concentrations in
soil suggests that Cr was mobilized and transported towards the cathode. Considering
that the contaminant Cr species was chromate, the transportation towards the cathode
suggests a reduction of Chromate in the acid environment of the soil during the test by
reaction with citrate or organic matter in the soil. Cr(III) was the resultant product of
the chemical reduction of chromate. Cr(III) was complexed with citrate forming neutral
or positive complexes that were transported towards the cathode [30]. The global mass
balances for the six metals in this study (Table 4) confirmed the removal and transportation
of the metals towards the cathode due to the complexing activity of citrate.

Figure 8. Electrokinetic test of soil contaminated with metals using 0.1 M EDTA as catholyte and 0.1
M NaOH as anolyte. C is the metal concentration in soil at the end of the test, and Co is the initial
metal concentration in soil.

Figure 9. Electrokinetic test of soil contaminated with metals using 0.5 M citric acid as catholyte
and anolyte. C is the metal concentration in soil at the end of the test, and Co is the initial metal
concentration in soil.
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4. Conclusions

Metal-contaminated soil is a serious problem, and electrokinetic remediation is a
practical technology that can be used for their remediation. The success of electrokinetic
remediation in removing metals depends on the experimental conditions and the selection
of facilitating agents. This study proved that:

• Organic acids are a good alternative as facilitating agents because of the mild operating
conditions and their capacity to dissolve and stabilize the metals in solution, forming
stable complexes and chelates;

• EDTA 0.1 M was effective in the dissolution and complexing of aged contamination of
Cd, Co, Cu, Pb and Zn. However, the removal rate was too slow to be considered for
a large-scale application;

• Cr was not mobilized or removed in the electrokinetic treatment with EDTA;
• The use of citric acid 0.1 M as processing fluid in electrokinetics is proposed due to

its capacity to mobilize Cd, Co, Cu and Zn. Low mobilization was observed for Cr
and Pb;

• The increase of the treatment time and the concentration of citric acid up to 0.5 M
resulted in the effective removal of Cd, Co, Cu and Zn from aged contaminated soil.
The removal ratios of Cd, Co, Cu and Zn were over 70–80%. It is expected to achieve
complete remediation of these metals, increasing the treatment time;

• The remediation of soil contaminated with Cr and Pb requires further research to
identify the appropriate experimental conditions that lead to significant mobilization
and removal;

• The metal soil extraction tests suggest that oxalic acid could be an effective extractant
for Cr and acetic acid for Pb. These two organic acids could be tested in combination
with citrate for the simultaneous removal of the six metals. Alternatively, sequential
electrokinetic treatment with citric acid, oxalic acid and acetic acid may result in the
removal of the six metals.
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Abstract: Nowadays, the sorption-oriented approach is on the agenda in the remediation practices
of lands contaminated with heavy metals. The current growing quantity of research accounts for
different sorbents. However, there is still a lack of studies utilizing the economic criteria. Therefore,
to ensure a wide application of opportunities, one of the necessary requirements is their economic
efficiency in use. By utilizing these criteria, this manuscript researches the generally accepted natural
sorbents for the assessment of heavy metal ions’ adsorption, such as peat, diatomite, vermiculite
and their mixtures in different proportions and physical shapes. The methodological base of the
study consists of the volumetric (titrimetric) method, X-ray fluorescence spectrometry and atomic
absorption spectrometry. Experimental tests show a certain decline in the efficiency of heavy metal
ions’ adsorption from aqueous salt solutes as follows: granular peat–diatomite > large-fraction
vermiculite > medium-fraction vermiculite > non-granular peat–diatomite > diatomite.

Keywords: natural sorbents; ameliorants; disturbed lands; heavy metals; adsorption; recultivation;
environmental remediation; revitalization; renaturation; restoration; rehabilitation; reclamation

1. Introduction

Modern intensive industrial production is accompanied by the formation of various
man-made wastes. These wastes need to be neutralized and disposed. Wastes contain-
ing compounds of toxic chemical elements—heavy metals—are particularly dangerous.
Heavy metals are pollutants which can be accumulated in the environment for a long time.
Heavy metals are stable to biological and chemical degradation [1–5].

Nowadays, high research interest in the detection and sorption of heavy metal ions has
been observed, including the development of novel sensors [6,7] because at relatively low
concentrations, heavy metals are dangerous for soil, plants, living organisms and human
health [8,9]. That is why technologies aimed at limiting the mobility of heavy metals are
increasingly used [10]. Special functional substances—natural and synthetic sorbents—
reduce the mobility of toxic elements by immobilizing heavy metal ions. Sorbents fix the
mobile forms of heavy metals and significantly reduce their invasion into the biomass of
plants, animals, fish and the human body.

Currently, the sorption-oriented approach is widely used. It acts as a tool for restoring
disturbed land after any anthropogenic activity. This is due to the fact that natural soil
remediation from heavy metals is very slow. For instance, the half-lives of lead, copper
and cadmium are equal to 740–5900, 310–1500 and 13–110 years, respectively [11].

However, some of the traditional methods for the deactivation of heavy metals are
extremely expensive. In this regard, they are used to isolate certain small contaminated
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areas [12]. Therefore, researchers from different countries are currently studying the ef-
fectiveness of different sorbents. The core aim is the decontamination of heavy metals in
mining and other industries. Natural sorbents are interesting due to their low cost, efficiency
and availability of large reserves. They have the functional ability to act not only as sorbents,
but also as ameliorants [13–15].

Organic raw materials of plant origin, such as peat, coal, sapropels, diatomite, vermi-
culite, industrial wood residue and agricultural waste present the greatest practical interest
for the development of sorbent-ameliorants. The issue of bioremediation, using microor-
ganisms in situ to decompose pollutants, is also relevant. In recent years, this technology
has attracted significant attention from scientists and biotechnologists focused on practical
research [16,17].

As a natural sorbent, diatomite modified with polyhydroxyl-aluminum was researched,
particularly its increasing adsorption capacity to Pb2+ and Cd2+. The results showed that
diatomite modified with polyhydroxyl-aluminum significantly improved the adsorption
of Pb2+ and Cd2+ by 23.79% and 27.36%, respectively [18].

There was research about peat’s (from the Vale do Ribeira in Brazil) adsorption capacity
of lead (Pb) and cadmium (Cd). The obtained results demonstrated that peat could improve
the characteristics of soil contaminated with heavy metals. The researchers concluded that
soil–peat mixtures were capable of minimizing the potentially toxic metal contamination.
In addition, these are affordable and cheap materials [19].

Numerous studies confirm that adsorbents such as clay, coal, peat moss, zeolite and
chitosan are affordable and effective for the remediation of land contaminated with heavy
metals. However, despite the significant adsorption characteristics and low cost, there is
a lack of a comprehensive studies of the sorption abilities of natural adsorbents [20,21],
except for a few studies conducted a long time ago [22–25]. This article is an attempt to
compare the sorption abilities of common natural substances, including peat, diatomite,
vermiculite and their mixtures, in different proportions and physical shapes.

2. Materials and Methods

2.1. Materials

The cost of sorbents is one of the necessary requirements for sorbents to ensure the
possibility of wide application. In this regard, it is rational to use primarily inexpensive ma-
terials as sorbents [26]. Based on these economic criteria, this paper researches the generally
accepted natural sorbents for the assessment of heavy metal ions’ adsorption, such as peat,
diatomite, vermiculite and their mixtures in different proportions and physical shapes.

The following materials have been employed in the study (Table 1).

Table 1. Characteristics of the natural sorbents discussed in the study.

Sorbent Name
Ratio
(%)

pH
Moisture

(%)
Ash Content

(%)
Apparent

Density (kg/m3)
Specific Surface Area

of Grains (m2/kg)
Temperature

(K)

1. Granular peat-diatomite 50% 6.5–7.5 15 Less than 5 215 1.94 295
2. Non-granular peat-diatomite 50% 6.5–7.5 25 Less than 5 272 0.05 295
3. Diatomite 100% 8.5–9.5 2 Less than 1 465 0.15 295
4. Large-fraction vermiculite 100% 5.5–6.0 8 Less than 1 134 3.24 295
5. Medium-fraction vermiculite 100% 5.5–6.0 8 Less than 1 145 2.17 295

The first material was neutralized high-moor fractionated peat (fraction 0–10), with a
peat moisture content from 50% to 60%, pH in the range of 5.5–6.0 and ash content of less
than 5%. The main inorganic peat compounds were nitrogen (up to 1.5%), phosphorus,
potassium and calcium (in total) up to 0.6%. The content of humic substances was 7.4–7.9%.

Peat was mixed with diatomite in the mass ratio of 2/1. Diatomite is a soft, lightweight,
thin-pored massive material consisting of the mass of the smallest (0.01–0.04 mm) opal
shells of bacillariophytes. Their density is usually nearly 0.5–0.7 g/cm3, and its porosity
reaches 70–75% [27].
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The apparent density of the peat and diatomite mixture was 272 kg/m3. Parts of this
mixture were formed in granules in the screw pelletizer with further drying in the drum-
type drier at a temperature of 80 ◦C. The heat treatment of the pellets was completed when
the humidity reached 25%. The apparent density of the absorbent grains was 242 kg/m3,
taking into account that the specific surface area of the grains was 1.94 m2/kg.

The second material was medium-fraction vermiculite (fraction 1–4 mm) with an
apparent density of 145 kg/m3, as well as large-fraction vermiculite (fraction 5–10 mm)
with an apparent density of 134 kg/m3 and a specific surface area of 3.24 m2/kg.

Vermiculite is a mineral from the hydromicas group which turns into a flowing laminal
material during heat treatment [28]. Vermiculite improves the soil structure, absorbs the
excess moisture, loosens the soil and increases the soil breathability.

The third material was model toxicants, which are the individual solutions of salts of
heavy metals and arsenic related to them, including CuSO4*5H2O, Pb(NO3)2, Cd(NO3)2*4H2O,
Cr2(SO4)3*6H2O, K2Cr2O7 and NaAsO2. To prepare the solution, a sample of salt was dissolved
in a measuring container. Solutions with lower concentrations were prepared from the resulting
initial solution by dilution. As a result, solutions of salts with the following titers (content) of
heavy metals were procured: T(Cr+3) = 1.0 mg/L, T(Cr+6) = 0.5 mg/L, T(Pb+2) = 1400 mg/L,
T(Cu+2) = 635 mg/L, T(Cd2+) = 10000 mg/L and T(As3+) = 5.0 mg/L. The ionic strengths of
the prepared solutions were as follows: μ(CuSO4) = 0.04 mol/L, μ(Pb(NO3)2) = 0.02 mol/L,
μ(Cd(NO3)2) = 0.267 mol/L, μ(Cr2(SO4)3) = 0.0001 mol/L and μ(NaAsO2) = 0.0001 mol/L.
The calculated value of the ionic strength of the prepared sodium bichromate solution was
close to zero. Standard (calibration) salt solutions as measuring instruments were prepared
from the initial solutions by dilution. During the tests of the sorption properties of the materials,
the mixing of different salts did not occur. Therefore, the formation of any precipitation was
not observed during sorption in the heavy metal solutions.

2.2. Methods

The sorption properties of the sorbents were studied in static conditions at room tem-
perature (T = 295 K). The sorbent subsamples were placed in glass flasks. The subsamples
were taken with a weighing accuracy of ±0.01 g. A fixed volume of a heavy metal salt
solute with the initial concentration was added to the flasks at pH = 4.5. The solutions’
system of a sorbent and heavy metal salt solute obtained from flasks was filtered through a
medium-density paper filter after a certain contact time of the components. To determine
the concentrations of heavy metal ions in the solutions before and after adsorption, chemi-
cal methods and instrumental methods of quantitative analysis, such as the volumetric and
titrimetric methods, X-ray fluorescence spectrometry and atomic absorption spectrometry,
were used.

2.3. Volumetric and Titrimetric Methods of Quantitative Analysis

This method in the variant of complexometric titration was used to determine the
quantitative content of Cd2+ ions with the indicator—eriochrome black T—in an ammonia
buffer solution before the transition of the initial red color to blue. Trilon B was used as the
standard solution. A blank (control) experiment was performed to determine the correc-
tion during titration. The blank experiment consisted of repeating the chemical analysis
procedure under similar conditions, but with the previous addition of distilled water to the
analyzed sorbent instead of the heavy metal salt solute. A relative determination error of
the quantitative content of heavy metal ions by this titrimetric method was 0.3%.

2.4. X-ray Fluorescence Spectrometry

The X-ray spectrometry method was used to determine the quantitative content of
Pb2+, As3+, Cr3+ and Cr6+ ions. The analysis was performed by using an X-ray fluorescence
crystal diffraction scanning spectrometer called a SPECTROSCAN MAX G. Standard so-
lutions of the corresponding salts were used as calibration samples during the analysis.
Standard solutions were prepared according to the exact subsamples of the starting sub-
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stance (±0.0001 g). The error of the X-ray fluorescence analysis, according to the passport
of the device, varied in the range of 0.2–3%.

2.5. Atomic Absorption Spectrometry

This method of analysis was used to determine the quantitative content of Pb2+

and Cu2+ ions. The analysis was performed by using a Spectr AA-240 FS spectrometer
(Varian Optical Spectroscopy Instruments, Varian Inc., Australia; it has been sourced from
Hoogeveen, The Netherlands). Standard samples with a known content of heavy metal
ions were used as calibration samples.

The method of atomic absorption spectrometry was characterized by the relative
determination error of at least ±2%.

3. The Results of the Experimental Studies and Discussion

The results of testing the efficiency of the sorbents in relation to the heavy metal ions’
adsorption are shown in Figure 1. The information in Figure 1 allowed for the evaluation
of the efficiency of the studied sorbents in relation to the heavy metal ions’ adsorption,
which was shown during 70 h of the experiment. The maximum and close to the maximum
possible heavy metal ion extraction from the solutions by sorbents of peat-diatomite and
vermiculite of various fractions (medium and large) were noted. The granular sorbent
peat–diatomite showed the greatest efficiency with respect to the ion binding of Pb2+ and
Cu2+. In this case, the degree and quantity of extraction of these ions from aqueous solutes
of salts were 100.0 and 98.0%. The granular sorbent peat–diatomite was less effective in
relation to Cr6+ ions (in the composition of Cr2O7

2− ions), As3+ ions (AsO2−) and Cd2+

ions. The degree of extraction of the listed ions by this sorbent was in a range from 60% to
80%. A fairly lower sorption efficiency of the granular sorbent peat–diatomite occurred
with respect to the Cr3+ ions.

The non-granular sorbent peat–diatomite demonstrated nearly the same sorption effi-
ciency as the granular sorbent peat–diatomite for the Pb2+, Cu2+ and As3+ ions. This sorbent
exhibited approximately half the capacity in relation to the chromium ions in a oxidation
state +3, +6. For this sorbent, an anomalous decrease in the sorption capacity was observed
in relation to the cadmium ions. The decrease occurred to a value which was comparable
to the determination error of the quantitative content of the metal ions in the solution.

The high efficiency of adsorption in relation to the heavy metal ions in the experi-
ments were noted for large- and medium-fraction vermiculite. Regardless of the fractional
composition, vermiculite almost completely bound the ions of Cd2+, Cu2+ and Pb2+. At the
same time, there was a five-fold difference in the sorption of As3+ ions. Large-fraction
vermiculite sorbed almost all of the arsenic in the solution (medium-fraction vermiculite
= only 18.5%). The probable reason for this discrepancy may be the use in the study of
vermiculite from different manufacturers. They use various technological processing for
natural source raw materials. Meanwhile, vermiculite of both fractions practically did not
show the sorption properties in relation to the Cr6+ ions. The relevant experimental value
of the adsorption was close to the value of the determination error.

A relatively lower efficiency in the binding of heavy metal ions in the research was
identified for diatomite. This material, when used as a sorbent, adsorbed 88.9% of Tb2+

ions and 64.0% of Cu2+ ions from the solution. These were the best results for this sorbent.
Diatomite virtually did not bind cadmium. However, diatomite was 2.5 times higher than
the medium-fraction vermiculite in terms of As3+ ion adsorption.
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Figure 1. Efficiency of the sorbents (A) in relation to the grade of heavy metal ion extraction from the
model solutions.

Figure 2 shows a general diagram for the studied sorbents and heavy metal salt
solutions. Figure 2 demonstrates the total value of the adsorption of heavy metal ions.
The granular sorbent peat–diatomite had the highest total efficiency in the sorption of the
studied heavy metal ions. This was established based on the results of the sorbents’ testing.
Large-fraction vermiculite was almost as good as the granular sorbent peat–diatomite
in terms of the indicator under consideration. The lowest efficiency was shown by the
sorbent consisting of diatomite, which did not contain peat additives. Medium-fraction
vermiculite and non-granular sorbent peat–diatomite took the intermediate position in
terms of sorption efficiency.

The difference in the sorption efficiency of the studied sorbents was linked to their
chemical compositions and the structure of the adsorbing surface. To fix the structure of
the sorbents, an Altami MET 1 digital microscope and an SNE4500M scanning electron
microscope were used. The sorption properties of peat were due to the highly developed
surface (Figure 3) and the presence in its composition of various functional groups, such as
amine, amide, alcohol, aldehyde, carboxyl, ketone, phenolic, kinone and peptide groups.
The adsorptive properties of peat were due to the presence of lignin, humic and fulvic
acids [29,30].
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Figure 2. The total value of the degree of extraction of heavy metal ions (A) by various sorbents.

Figure 3. The surface of the peat–diatomite granular sorbent (Altami MET 1 optical microscope
(Altami Ltd, Russia; it has been sourced from St. Petersburg, Russia); magnification ×40).

It should be noted that peat takes up a special place among the effective natural
sorbents of heavy metals. Peat-based sorbents are good stabilizers of heavy metal ions.
These sorbents have a higher sorption capacity than other single-component sorbents [31].
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On the one hand, diatomite does not contain a larger number of different functional
groups than peat. On the other hand, diatomite has a high porosity (Figure 4) and corre-
sponding adsorption properties.

Figure 4. The surface of diatomite (SNE 4500M microscope).

Vermiculite is a mineral from the hydromica group. During heat treatment, vermiculite
swells and multiplies in space, which also increases the area of the adsorbing surface
(Figure 5). Exfoliated vermiculite has a variety of applications, including being a sorbent
for gaseous and liquid industrial waste.

The study of the vermiculite’s efficiency of heavy metal adsorption in comparison
with other sorbents was also shown in [32], with the exception of peat–diatomite. In this
research [32], Koptsik G.N. and Zakharenko A.I. used several types of ameliorants: vermi-
culite, zeolite, apatite superphosphate and lime. The residual copper content in the soils
after the use of vermiculite on average did not exceed 9% of the initial concentration [32].
Their results are comparable to our study.

The use of peat and diatomite separately from each other was researched in [33,34].
In [34], filter modules were used to study the processes of sorption and desorption of emis-
sion components by materials of a vermiculite–sungulite composition, obtained through
the enrichment of phlogopite mining waste. The study [34] concluded that pure peat had
the greatest sorption capacity.

The study in [33] used diatomite rocks. The equilibrium state for the removal of heavy
metals by diatomite clay was obtained by adding a constant mass of the absorbent (0.5, 1.0
and 2.0 g) to 100 mL of the initial concentrations of the prepared aqueous solution of heavy
metals. The exposure time was 4 h. After that, the samples were filtered by using filter
paper. The concentrations of various heavy metal ions were measured by using the ICP-MS
method. It was concluded that the use of Egyptian diatomite demonstrated a significant
efficiency of heavy metal adsorption [33,34].

The results of this study show a significant increase in the adsorption efficiency when
two sorbents (peat–granular diatomite) are mixed in equal proportions (Figure 2). It is
remarkable that the granular physical shape increases the heavy metal adsorption. Testing
other proportions of different natural sorbents with various recipes of preparation, includ-
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ing different physical shapes, is the direction of future studies. Due to the research results,
a patent has been obtained: “Peat ameliorant for the remediation of lands contaminated
with heavy metals” RU 2 745 456, dated 9 March 2020.

Figure 5. The surface of vermiculite (SNE 4500M microscope).

4. Conclusions

The testing results demonstrate a certain sequence in terms of the gradual decline
of the efficiency of heavy metal ion adsorption from aqueous salt solutes (peat–granular
diatomite > large-fraction vermiculite > medium-fraction vermiculite > peat–non-granular
diatomite > diatomite).

The high efficiency of peat-containing sorbents in relation to the adsorption of heavy
metals and the widespread use of peat as a soil ameliorant can serve as the basis for
the promising use of peat in the development of compositions of affordable complex
ameliorants, stabilizers of heavy metals for the remediation of disturbed lands.
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Abstract: Today, it is very important to protect plants in soils contaminated with metals. We
investigated the behavior of cadmium during the establishment of oak seedlings (Quercus castaneifolia
C.A. Mey.) under biochar influence. This study was conducted in pots with loamy soil. Cadmium
was added to soil at 0, 10, 30, and 50 mg per kg of soil, indicated by Control, Cd10, Cd30 and Cd50.
Biochar was produced at 500–550 ◦C from rice husk and added at 1, 3, and 5% (wt/wt) levels, indicated
by B1, B3, B5, and mixed with soil at planting in three replications. Generally, increasing biochar
rates had significant effects on seedling height, diameter, and biomass. This coincided with Cd
immobilization in the contaminated soil which reflects a decrease in Cd concentrations in the plant
bioavailability of Cd. The tolerance index increased significantly, by 40.9%, 56%, and 60.6% in B1, B3,
and B5 with Cd50, respectively, compared to polluted soil. The percent of Cd removal efficiency for
Cd50 was 21%, 47%, and 67% in B1, B2, and B5, respectively. Our study highlights that biochar can
reduce Cd bioavailability and improve the growth of oak seedlings in contaminated soil.

Keywords: seedling biomass; heavy metals; soil amelioration

1. Introduction

Anthropogenic activities that lead to producing landfill leachates, vehicle emissions, and the use
of sewage water irrigation or pesticides can accumulate several metals in soils [1]. Recently, the concern
for metal pollution in soil has increased and is recognized as a serious environmental problem [2,3].
Heavy metals remain in the soil for a long time and are irreversible [1]. Cadmium (Cd) is a toxic
element that is non-essential for plant growth [2]. Large concentrations of Cd not only reduce growth
and yield but also negatively affect plant physiological activities and can even cause plant death in
higher concentrations [3,4]. Cadmium is dangerous because it is highly mobile in soil–plant systems,
and it is highly toxic to plants [4]. Cadmium causes reductions in photosynthesis and subsequently
in plant growth, and it can ultimately result in plant death [5]. Several biosynthesis processes have
been prevented by excess Cd which disrupts the photosynthetic system in the plant. Cadmium
stress, furthermore, induces necrosis, alters stomatal movements, ion homeostasis, and hence limits
the availability of water and nutrients while it also affects the activities of several key enzymes and
respiration in plants [6].
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Applying organic amendments of plant or animal origin has the advantage of improving soil
C sequestration and is an eco-friendly method for reducing the toxicity of metals [7]. Biochar is a
soil modifier that is produced through pyrolysis of feedstock, such as agricultural residues, sawdust,
wood chips, etc., under controlled oxygen conditions and temperature ranging from 350 to 750 ◦C [8].
Mohamed et al. [9] reported that biochars can retain nutrients and organic/inorganic contaminants.
Biochar can trap metals and reduce their toxic effects due to the fact of its high cation exchange capacity
(CEC), high pH, and large effective surface area [10–13]. Biochar is generally rich in nutrients for the
plant and when added, it increases them in the soil. [8]. Cui et al. [7] examined the effect of RHB on
the soil properties of an acid sulfate soil and observed an increase in soil organic carbon (SOC), soil
pH, CEC, phosphorus (P), potassium (K), and calcium (Ca) and a decrease in exchangeable Al and
soluble Fe.

Biochar can alter soil properties in such a way that it reduces the mobility of inorganic elements
such as Cd, subsequently increasing crop production but also nutrient retention in soil [14].

Quercus castaneifolia (Oak) is one of the major species with industrial valuable in the northern
forests of Iran with a large distribution in the Caspian Hyrcanian mixed forests (36◦16′17.9” N 57◦7′32.9”
E). Oak seeds and leaves are used in pharmaceuticals, dyeing (as one of the natural dyes), and in the
leather industry [15]. Unfortunately, human degradation in nature, such as mining, has caused the
toxic metal contamination of Hyrcanian forest soil. Hence, protecting the Hyrcanian forest, as one of
the UNESCO’s World Heritage Sites, with valuable native species is necessary. Therefore, the use of
biochar as a soil amendment can be a suitable approach to improve soil quality [16] and, at the same
time, improve soil C sequestration.

The present study was therefore aimed at investigating the behavior of cadmium during the
establishment of oak seedlings under biochar influence and performance, i.e., to examine if the use of
biochar can serve as a tool for reclamation programs in mining areas.

2. Materials and Methods

2.1. Plant and Soil Preparation

The seedlings were obtained from Savadkoh Forest Nursery, Mazandaran (36◦16′17.9” N
57◦7′32.9” E). Cadmium nitrate Cd(NO3)2 as Cd solution with deionized water was used to make
contamination treatments [16]. Three concentrations of Cd, including 0, 10, 30, and 50 mg per kg
of soil, indicated by Control, Cd10, Cd30 and Cd50, were used in the experiment [17]. Cadmium
levels were combined with three levels of biochar including 1% (B1), 3% (B2), and 5% (B5) by weight.
The experimental design is presented in Table 1. The pot experiment (resulting in 39 pots in total)
was conducted at Sari Agricultural Science and Natural Resources University (SANRU), Mazandaran
Province, Iran (36◦34′46.0” N 53◦11′30.4” E). Each seedling was planted separately in 3 kg plastic pots
on 20 March 2017.

Table 1. Experimental design for treatments.

Treatments Cd10 Cd30 Cd50

Polluted soil Cd10 Cd30 Cd50
Control - - -

B1 B1 + Cd10 B1 + Cd30 B1 + Cd50
B3 B3 + Cd10 B3 + Cd30 B3 + Cd50
B5 B5 + Cd10 B5 + Cd30 B5 + Cd50

The properties of the soil used in this study are presented in Table 2.
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Table 2. Physicochemical characteristics (mean values ± SE) of the forest nursery soil before the start of
the pot experiment.

Physicochemical Parameter Amount

pH 6.67 ± 0.01
EC (dS/m) 819 ± 1.08

OC (%) 6.53 ± 0.23
N (%) 0.082 ± 0.003

P (mg kg−1) 29.17 ± 0.66
K (mg kg−1) 550.39 ± 6.73

CEC (cmol(+) kg−1) 7.97 ± 0.25
Saturation Fluid Moisture (%) 53.65 ± 0.48

FC (%) 32 ± 0.52
(% Sand:Silt:Clay) 50.1:31.8:18.1

Soil Texture Loamy

EC: electrical conductivity, OC: organic matter, N: nitrogen, P: phosphorus, K: potassium, CEC: cation exchangeable
capacity, FC: field capacity.

2.2. Climatic Conditions and Irrigation

Climatic conditions during the experimental period are shown in Figure 1. The Fifty-year average
annual rainfall sum was 768 mm, and the mean annual temperature was 19.3 ◦C.

 
(a) 

 
(b) 

Figure 1. Climatic conditions during the experimental period: (a) mean monthly temperatures; (b)
monthly rainfall sums.

We used tap water to irrigate the seedlings over the entire experiment. Irrigation was applied
during the initial establishment of the experiment and, depending on the needs of the seedlings,
two to three times a week where all tree seedlings received equal amounts of water. The amount of
irrigation water was based on field capacity. Irrigation water for the whole period had neutral pH and
concentrations of Cd (0.005 ppm).

2.3. Feedstock and Properties of Biochar

The biochar used in this study was produced from rice husk at 550 ◦C. [18,19]. The biochar
was characterized by elemental analysis (VarioMax CHNO Analyzer). Electrical conductivity and
pH were measured using a 1:20 (biochar:water) solution [20]. The detailed chemical and physical
characterizations of rice husk biochar are given in Table 3. The amounts of 1%, 3%, and 5% by weight [1]
of rice husk biochar were homogeneously mixed with the soil one day before planting the seedlings.
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Table 3. Characteristics of rice husk biochar.

Indicators Value Unit Characterizations Value Unite

pH 8.14 - Oxygen 0.001 %
EC 359 dS m−1 Phosphorous 412 mg kg−1

H/C 0.36 Molar ratio Sodium 76.1 mg kg−1

C/N ratio 101.7 - Potassium 595 mg kg−1

CEC 18.28 cmol(+) kg−1 Calcium 609 mg kg−1

Carbon 68.03 % Magnesium 163 mg kg−1

Nitrogen 0.64 % Iron 65 mg kg−1

Hydrogen 25.12 % Zinc 11.5 mg kg−1

EC, electrical conductivity; CEC, cation exchangeable capacity; H/C, hydrogen/carbon ratio; C/N,
carbon/nitrogen ratio.

2.4. Seedling Height, Growth, and Biomass Analysis

The height and diameter of the growing seedlings were measured once monthly, and the biomass
of the seedlings was recorded after harvest at the end of the experiment (October 15, 2017). After the
end of the experiment, the seedlings were washed with distilled water and then cut into leaves, stems,
and roots to obtain a constant weight at 70 ◦C. In order to measure cadmium concentration in plant
organs, a laboratory mixer (IKA Labortechnik M20) was used to powder the samples.

2.5. Selected Soil Properties and Heavy Metal Detection

The air-dried soil samples were analyzed for EC (by 1:5/soil:water suspension), pH (by 1:2.5/soil:
water suspension), OC (by Walkley–Black method) [21], and CEC (by EDTA extraction method) [22].
The total nitrogen of the soil was measured by Kjeldahl and available phosphorus was measured by
extraction with sodium bicarbonate method [23]. Measurement of soluble potassium in soil saturation
extract was measured following the method of Helmke and Sparks [24]. The concentration of potassium
in the extracts was measured using the Jenway PFP7 Flame Photometer.

Bioavailable cadmium was determined by the single extraction method [25]. To determine Cd
concentrations in powdered plant material, 0.5 g of homogenized samples, 0.5 ml of 37% hydrochloric
acid, 9.0 mL of 69% nitric acid, and 1 mL of 30% hydrogen peroxide was added into the digestion
vessel in an open system. All chemical materials were purchased from Sigma-Aldrich Corporation.
After the digestion program, the Cd concentration in samples was analyzed by an atomic absorption
spectrophotometer (PinAAcle 900F).

The tolerance index (TI%) [26] and removal efficiency (RE%) [27] were calculated by the
following formulas:

TI(%) =

(
1− Xf

Xc

)
× 100 (1)

where Xf is the mean biomass in polluted soil, and Xc is the mean biomass in the control.

RE(%) =

[
1− C

C0

]
× 100 (2)

where C0 and C are the initial and final extractable Cd concentrations in the soil, respectively.

2.6. Data Analysis

The experiment was based on one-factorial with three replications and the Student-Newman-Keuls
(SNK)test was performed to test for significant differences among treatments (p < 0.05). The data’s
normal distribution test was evaluated using the Kolmogorov–Smirnov test and homogeneity of
variance was checked using Levene’s test. SPSS 23.0 was used to analyze the data.
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3. Results

3.1. Seedling Growth

Polluted soil significantly decreased the diameter of seedlings and height compared to the control
(p < 0.05) (Figure 2). There was no significant difference in the diameter (Figure 2a) and height
(Figure 2b) seedlings among treatments containing biochar and the control, except for treatment
B1. However, no significant difference was observed between Cd levels in biochar treatments. But,
in general, the polluted soil (without biochar) had a significantly lower diameter and height of seedlings
than the biochar treatments.

 
(a) (b) 

Figure 2. Effect of different levels of biochar on diameter growth and seedling height in oak seedlings at
different levels of Cd contamination (means +/− standard deviation): diameter growth (a) and seedling
height (b). The dashed line represents the control (no biochar, no Cd), and the term “Polluted soil”
indicates pots with Cd but without biochar. Different letters represent significant differences between
treatments. The star indicates a significant difference between treatments and control.

3.2. Seedling Biomass

Cadmium treatments significantly decreased the leaf dry biomass, stem dry biomass, root dry
biomass, and total dry biomass of the oak seedlings (Figure 3), stronger so with increasing Cd
amendment level (p < 0.05), while biochar amendments increased the biomasses of all plant organs
compared to the same pollution levels without the biochar amendment. Again, an amendment of 5%
of biochar always showed the best results at all contamination levels of Cd.

 
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Effect of different levels of biochar on: (a) leaf biomass; (b) stem biomass; (c) root biomass;
and (d) total biomass in oak seedlings at different levels of Cd contamination (bars represent means
+/− one standard deviation). The dashed line represents the control (no biochar, no Cd), and the
term “Polluted soil” indicates pots with the Cd but without biochar. Different letters represent
significant differences between treatments. The star indicates a significant difference between treatments
and control.

3.3. Chemical Soil Properties

The results showed that only the main effect of biochar on soil properties was significant (p < 0.05).
In the case of soil pH, the application of 3% and 5% biochar showed significant increases than control
(from 6.42 to 7.17 and 7.45, respectively) (Table 4). There was no significant difference in soil EC between
biochar application rates and control (Table 4). B3 and B5 caused a significant increase (p < 0.05) in
the OC content. Also, B3 and B5 significantly increased CEC (p < 0.05) by 9% and 20%, respectively
(Table 4). In the case of N, P, and K, all the treatments with biochar had significantly higher values than
the control (p < 0.05).

Table 4. Soil chemical properties (mean values ± SE) in presence of various percent of biochar.

Percent of
Biochar

pH
EC

(dS m−1)
OC (%)

CEC
(cmol(+)

kg−1)

N
(mg kg−1)

P
(mg kg−1)

K
(mg kg−1)

0
(Control) 6.4 ± 0.02 b 0.31 ± 0.02 a 1.1 ± 0.02 b 8.11 ± 1.02 c 0.15 ± 0.01 c 12.1 ± 1.2 c 8.3 ± 1.2 c

1% 6.5 ± 0.01 b 0.27 ± 0.05 a 1.2 ± 0.04 b 12.31 ± 1.01 b 0.4 ± 0.03 b 21.1 ± 2.1 b 15.4 ± 1.1 b

3% 7.17 ± 0.03 a 0.26 ± 0.02 a 1.57 ± 0.01 a 13.35 ± 1.03 ab 0.5 ± 0.05 b 35.5 ± 3.3 a 29.5 ± 1.3 a

5% 7.45 ± 0.02 a 0.23 ± 0.04 a 1.92 ± 0.03 a 14.68 ± 0.44 a 0.91 ± 0.08 a 39.6 ± 3.9 a 32.7 ± 0.4 a

EC: electrical conductivity; OC, organic carbon; CEC, cation exchangeable capacity. Mean values with the same
letters were not significantly different (p > 0.05).

3.4. Tolerance Index and Bioavailability

Increasing the biochar rate increased the tolerance index at each Cd concentration level (Figure 4).
The highest tolerance index was observed with B5 (Figure 4a). However, B1 and B3 also significantly
improved the tolerance index, but 5% addition had the best effect at all levels of Cd pollution (p < 0.05).
All biochar amendments decreased the bioavailability of Cd, which was most significant at biochar
amendment rates of 3% and 5% and partly significant at 1% biochar application (p < 0.05) (Figure 4b).
The lowest bioavailability of Cd was generally observed at a biochar application rate of 5% (Figure 4b).
Generally, the bioavailability of Cd in all treatments increased with an increasing Cd level.

70



Appl. Sci. 2020, 10, 3410

 
(a) (b) 

Figure 4. Effect of different levels of biochar on: (a) tolerance index and (b) bioavailability of Cd in oak
seedlings at different levels of Cd contamination (means +/− one standard error). The term “Polluted
soil” indicates pots with the Cd but without biochar. Different letters represent significant differences
between treatments.

3.5. Cadmium in Plant Tissues

Higher soil Cd concentrations significantly caused greater Cd concentrations in all plant organs
(Figure 5). However, using biochar amendments decreased the concentration of Cd in plant tissues
significantly (p < 0.05) compared to the control at the same Cd pollution level which was the most
pronounced in the leaves (Figure 5a) and the least pronounced (although still mostly significant) in the
roots (Figure 5c). Again, B5 treatment caused the lowest concentration of Cd in plant tissues in all
pollution levels of Cd.

(a) 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. Effect of different levels of biochar on the concentrations of (a) Cd in leaves; (b) Cd in the
stem; and (c) Cd in root tissue in oak seedlings at different levels of Cd contamination (means +/− one
standard error). The term “Polluted soil” indicates pots with the Cd but without biochar. Different
letters represent significant differences between treatments.

3.6. Cadmium Removal Efficiency

Increasing the amount of biochar amendment significantly decreased the Cd removal efficiency
throughout all Cd pollution levels. The maximum removal efficiency for all Cd treatments was
achieved with B5, while the minimum removal efficiency was observed with B1 (Figure 6).

Figure 6. Effect of different levels of biochar on the removal efficiency in oak seedlings at different levels
of Cd contamination (means +/− one standard error). Different letters represent significant differences
between treatments.

With increasing biochar application level, Cd removal efficiency increased (Figure 7).

72



Appl. Sci. 2020, 10, 3410

 
Figure 7. Cadmium removal efficiency as a function of Cd contamination level and biochar
amendment level.

4. Discussion

As expected, increasing levels of Cd treatments significantly reduced plant diameter, height growth,
and seedlings biomass (Figures 2 and 3). Kukier and Chaney [28] reported that Cd, by disrupting
nutrient absorption and photosynthesis, reduces plant growth and biomass production. Similar results
were reported by other researches [29,30].

In general, biochar had a positive effect on seedling growth and establishment, alleviating
Cd-induced reductions in growth and development. Compared to biochar-free Cd-contaminated
soils, biochar application increased seedling height and diameter, root, shoot, and leaf growth and
hence the tolerance index mainly by reducing the amount of Cd that could be taken up by the
seedlings [31]. Cation exchange capacity is one of the key factors in soil conditions that provides a
high level of nutritional cations for plant use [6]. The natural CEC of the soil was 7.97 cmol(+) kg−1

before adding biochar (Table 2) and which was increased by adding B1, B3, and B5 to 12.31, 13.65,
and 14.68 cmol(+) kg−1, respectively (Table 4). This means an increase in the provision of cations in
the soil for plant roots [32]. On the other hand, the high efficiency of biochar to adsorb metals and
then increase plant growth [33] comes from its high porosity, a high number of functional groups,
and high pH [34,35]. Also, the mineral components in biochar, including phosphates and carbonates,
can precipitate with metals and reduce their bioavailability [36,37]. The results of the meta-analysis
by Chen et al. [38] claimed that increases in the pH and CEC of soils are the main mechanisms of
biochar in reducing metal bioavailability. The soil pH controls the solubility and bioavailability of
the chemicals in the soil, both nutrients and pollutants, and therefore influences soil quality, crop
productivity, and environment pollution [39]. In this study, the soil pH was slightly acidic (6.67).
The bioavailability of micronutrients was higher than that of neutral-alkaline soils (soil pH > 7),
enhancing crop productivity [40], but at the same time, the solubility of heavy metals and some of
these nutrients may pass the critical level of environmental toxicity in these soils. Biochars, in general,
have the potential and event priority to substitute lime for improving the properties of acidic soils and,
therefore, enhanced plant growth [41]. Perhaps, the increase in pH (16%) and CEC (20%) compared to
the control in the present investigation were related to the same reason.

Besides that, the use of biochar had positive effects on soil macronutrients (Table 4). Biochars,
generally, are rich in plant nutrients (except for N when woody) and when added to soil, they usually
increase soil fertility [30]. Masulili et al. [42] examined the effect of rice husk biochar on the soil
properties of an acid sulfate soil and observed an increase in SOC, soil pH, CEC, N, P, K, and Ca and a
decrease in exchangeable Al and soluble Fe. However, the amount of Mg and Na remained unaffected
by biochar. Singh et al. [43] reported a significant increase in the water holding capacity, total C, N,
and P, and soil moisture content.
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According to the results, the addition of biochar significantly reduced the bioavailability of Cd in
the soil (Figure 4), and the Cd concentrations in soil decreased with increasing biochar application levels
(although not linearly). A reduced bioavailability of metals with biochar has been reported previously
for Cd contamination in sandy soil to maize [44] and Cu toxicity in sandy soil to quinoa seedlings [45].
Several researchers [38,46,47] showed that biochar application reduced the concentration of metals and
improved the condition of the plant and soil in terms of contamination because of its high surface area
and CEC, as well as the presence of carboxyl, phenolic, hydroxyl, and other functional groups that
contain superficial oxygen. On the other hand, the application of biochar often increases the pH value
significantly, as shown by Lucchini et al. [48], and could hence decrease the mobility of the Cd.

The mechanism for this is that biochar increases the adsorption capacity of cations by increasing
the negative charge on the soil surface [49–51]. Also, biochar is a porous substrate with a high surface
area for the absorption of heavy metals and the formation of a complex with soluble organic carbon
which immobilizes heavy metals [52]. According to Table 4, soil containing treatment B5 had the
highest amount of organic carbon (1.92%). Similar results were reported by other studies [53,54].

Our findings show that the addition of biochar significantly reduced the concentration of Cd in
the tissue of plants (Figure 5) as reported previously for maize by Liu et al. [3]. The low concentration
of metals in the plant was directly related to the loss of metal bioavailability in the soil [38]. The pH of
soil with the B5 treatment increased by 1.03 in the soil over the control. This increase may be related
to pH = 8.14 in biochar. Li et al. [54] stated that the high pH of biochar is due to the dominance of
carbonates and organic anions over ash. Generally, data on Cd accumulation in roots, stems, and leaves
shows that Cd accumulates in the roots more than other plant organs (Figure 5), a strategy that was
also employed by quinoa seedlings regarding Cu toxicity [45]. Due to the toxicity of Cd to cytosol in
its free form, plant cells likely try to fix it at the root by ways such as attaching it to the cell wall [55],
storing it in vacuoles [56], and chelating it with phytochelatin [55], thus reducing its toxicity. The result
will be a low transfer of Cd to the upper plant organs.

As shown in Figure 6, increasing the level of biochar application decreased the cadmium
concentration at all levels. Adding biochar to the soil will have a series of incremental consecutive
consequences, including porosity, surface reactive sites, contact between Cd and biochar, the redox
potential, and the removal efficiency of Cd [57] (Figure 7). The high CEC of biochar is directly related to
its specific surface area and high porosity and therefore the CEC of soil can be increased (Table 4) [53].
The increase in negative charge due to the biochar oxidation is also a reason for the high biochar
CEC [58].

5. Conclusions

In this study, biochar amendments of rice husk biochar clearly reduced the bioavailability of
cadmium in increasingly contaminated soil, alleviating the negative impact of the Cd pollution on
seedling physiology and growth. The plant tolerance index for the highest Cd rate of 50 mg kg−1

increased significantly by 40.9%, 56%, and 60.6% with rice husk biochar addition rates of 1%, 3%,
and 5%, respectively. Therefore, biochar application in Cd-contaminated oak forests can be a viable
solution for oak seedling establishment. It remains to be tested if contaminations with other cationic
heavy metals will be likewise remediated by biochar use, but the encouraging results obtained in
this study, combined with that of other studies [44,45], call for the real-world first field testing in
contaminated mining soils in Iran.
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Abstract: In this study we evaluated the concentration of 22 elements, namely Al, As, Ba, Ca, Cd,
Ce, Co, Cr, Cu, Fe, K, La, Mg, Mn, Na, Ni, P, Pb, Sr, Ti, V, Zn, and their uptake by edible plants in
soils collected in a green urban area. The results highlighted a high yield of those heavy metals
typical for anthropic pollution, such as Pb, Zn, Cu, Ba and Co, likely due to the intensive vehicular
traffic. The uptake of metals by edible plants was analyzed on two broadleaf plants, Lactuca sativa
and Brassica oleracea, grown in this soil and in an uncontaminated Turin soil in a growth chamber
with and without the addition of a soil improver, provided by a local Organic Waste Treatment
Plant. The subsequent analysis of their aerial part and roots highlighted the absorption of the main
potentially toxic elements (PTEs) by the vegetables grown in the contaminated soil, whereas their
concentration was lower if cultivated in the comparison soil, which was free of pollutants. The use of
a soil amendment did not decrease the uptake of PTEs by Lactuca sativa and Brassica oleracea, but it
caused a strong reduction in their translocation from the roots to the edible part, which consisted of
the aerial part.

Keywords: urban gardens; pollution; heavy metals; contaminated soil; amendment; edible plants

1. Introduction

In recent years, the urban and peri-urban horticulture underwent a widespread diffusion in
European cities prompted by the need for more sustainable and inclusive growth. Urban gardens are
green spaces, owned by the municipal administrations, rented to associations, groups or individuals
for the cultivation of flowers, fruit and vegetables [1]. Often, they are realized in peripheral areas of the
city, constituting transition areas between the city and the countryside at risk of building speculation.

Urban gardens can be considered a concrete response to needs related to the concept of common
good [2]. They represent an ancient, but highly innovative system to improve access to food for citizens,
mainly for the poorest population, and to reduce socio-economic and environmental issues. The interest
in urban horticulture is due to the need for citizens to regain green areas in contrast with increasing
urbanization, the greater attention to fresh products with a short food supply chain and to an enhanced
sensitivity toward sustainability. In fact, this practice favors an environmentally friendly urban
regeneration that implies a reduction in the energy impact of the cities, an improvement in the urban
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microclimate, an overbuilding limitation, a sustainable cultivation by fighting food waste, a diffusion
of virtuous circuits of fair trade, and ultimately a local production system through micro-economy
paths [3,4]. It also contributes to increased urban life quality thanks to the aesthetic satisfaction given
by a greener urban environment [5]. Moreover, the social impact of this activity is extremely positive
since this community experience brings together different generations and different social contexts and
encourages social aggregation, constituting a place for meeting and sharing. For instance, it has an
important role in the rehabilitation of people with alcohol and drug addictions, for supporting and
helping the elderly or physically and mentally disabled people [6].

Turin can be considered the Italian capital of urban gardens, due to the attention it has always
paid to their planning and implementation. Currently the city counts 15 regulated urban gardens (total
area of approximately 64,232 m2), 22 associative gardens, 7 spontaneous urban gardens and 3 vegetable
gardens under construction [7].

Nevertheless urban gardens, and hence the plants growing therein, are exposed to continuous
pollution sources such as atmospheric deposition, polluted irrigation water, vehicular traffic, use of
pesticides and, mainly in post-industrial cities like Turin, previous industrial settlements [8]. Therefore,
pollutants can be absorbed by crops, leading to a potential risk for human health. In particular,
exposure to heavy metals is the most important risk factor in urban areas, especially as regards lead [9],
whose adverse effects on health have been extensively documented [10].

For these reasons, it is imperative to determine the level of heavy metals pollution in the soil
envisioned for the cultivation of edible species and to evaluate the yield of inorganic contaminants
absorbed by plants. It is also fundamental to investigate a possible correlation between the content
of contaminants in the edible plant species and that of the area where the plant grew. In plants,
both the bioaccumulation factor and the translocation factor from root to shoot greatly vary with the
plant species, the type of heavy metal and their interactions Thus, the risk of human exposure to
contaminants can be significantly reduced by selecting suitable plants.

Generally, broad-leaved plants, such as species belonging to the genus Brassica, are more liable to
store heavy metals in their edible parts [11–13], and the genus Lactuca exhibits a great absorption capacity
for different metals [13]. Toxic elements present in the soil are usually absorbed by the plant at a radical
level through binding carrier proteins normally involved in the transport of nutrients [12,14], and by
acidifying the rhizosphere through proton pumps, with the consequent release of low-molecular-weight
compounds which are able to act as metals chelators, thus favoring their uptake [14].

Our study aims to assess the level of heavy metal contamination in an urban soil in Turin,
suitability for its position as an urban garden, its effects on the growth and uptake capacity of two
selected broad-leaved plants, Lactuca sativa and Brassica oleracea, usually found in vegetable gardens.

2. Materials and Methods

2.1. Soil Sampling and Characterization

A sandy-loam soil was collected in a garden situated in a central area of Turin, in San Salvario
neighborhood (CA-Via F. Campana, GPS coordinates: N 45◦3’14", E 7◦40’57") which is supposed to
have a high level of heavy metals content. For comparison, another Turin sandy-loam soil, known
as uncontaminated by heavy metals, was collected in a hilly peripheral green area (NOB-Parco del
Nobile, GPS coordinates: N 45◦3’1", E 7◦42’52").

As regards the CA site, a more thorough sampling was carried out in February 2018 considering
several points both on the surface and on the deep layer. The site was divided into four cells of 4 m2

area following a square grid layout, named A, B, C, D. The soil collected at the surface (10 cm) of
vertexes and in the center of each square cell was mixed to obtain composite samples, namely SurA,
SurB, SurC and SurD. The samples DeepA and DeepB were collected at a depth of 40 cm in the center
of cells A and B, respectively. In the NOB site, five cores were randomly collected within a 40 m2 area.
During the procedure, plastic tools were used in order to avoid contaminations and the samples were
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stowed into polyethylene bags. Thereafter, they were air-dried, sieved on a 2 mm sieve, ground in a
centrifugal ball mill and stored in carbonate jars until they were analyzed.

2.2. Pot Experiments

Pots with a capacity of 600 mL were filled with the soil taken from the surface in the two sites after
placing at the bottom a fine net of 10 cm2 and a layer of coarse sand (sterilized in a stove at 150 ◦C) to
facilitate drainage.

Lactuca sativa L. and Brassica oleracea L. var. capitata were grown in pots, under controlled
conditions and they were cultivated with and without the addition of a soil amendment supplied
by Acea Pinerolese (AM) to evaluate its effect on the plants. This concentrated soil amendment
comprises composted green waste and anaerobically digested organic materials from several sources.
The composting process consists of two phases, namely the bio-oxidation (active composting time)
of the most easily degradable organic components and the maturation (curing phase) in which the
product is stabilized and enriched with humic substances [15]. The final product has the following
characteristics: pH = 7–8.8, humidity = 50%, C/N ratio = 25, organic nitrogen = 80% NTK, total organic
carbon = 20% p/p, electrical conductivity = 1.8 mS/cm. Lactuca sativa and Brassica oleracea were sown
and grown in CA and in NOB soils both unaltered and mixed with the soil improver (70% soil and
30% soil improver (v/v)). Five pots were prepared as replicates for each plant for a total of 20 pots,
considering the two soil sampling sites and the treatment with and without the amendment. They were
kept in a growth chamber under a 16/8 h photo- and thermo-period of 24/20 ◦C day/night. The light
source consisted of four Green Power led production modules (Philips) per shelf with a 2:1 red (626 nm
peak) and blue (470 nm peak) emission. The plants were watered three times a week with 50–100 mL
of deionized water for each watering.

The plants were harvested 3 months from sowing, and morphometric measurements were made
on the diameter at the base of the stem and the number and area of the leaves. For the latter, the most
representative leaves were scanned and the area was calculated through ImageJ, a computer program
for digital image processing [16].

The root system was washed and separated from the rest of the plant. Fresh and dry weights
were calculated before and after a drying process at a temperature of 60 ◦C in the oven until a constant
weight was reached.

2.3. Treatment and Analysis of Vegetable and Soil Samples

Soil organic carbon (SOC), organic matter (SOM) and pH were measured in the soil of both sites
according to the Italian official soil chemical analysis methods described by the Ministerial Decree
13/9/1999 [17]: pH was determined by potentiometric analysis on soil-CaCl2 suspension, SOC and
SOM were measured with the Walkley–Black method [18].

The aerial part and roots were freeze-dried and ground to obtain a sample as homogeneous as
possible. Before proceeding with the analysis, the samples of soil and vegetables were pre-treated
mineralizing them with a Milestone MLS-1200 Mega (Milestone, Sorisole, Italy) microwave.

The digestion procedure for soil samples was performed by adding 5 mL of aqua regia to 0.05 g
of soil inside tetrafluoromethoxyl (TFM) vessels, whereas for vegetables samples 0.5 g of epigeal or
hypogeal parts were weighed and added with 6 mL of nitric acid and 2 mL of hydrogen peroxide.
This mixture is strongly oxidizing and develops a lot of foam; for this reason, the vessels were let to
rest under the hood for about thirty minutes before starting the digestion. Three replicates were made
for each soil and vegetable sample. Soil and plant extracts, obtained from the mineralization step,
were filtered on a Whatman 40 paper filter and then diluted with Highly Purified Water (HPW) to a
final volume of 50 mL.

Twenty elements (Al, As, Ba, Ca, Cd, Ce, Co, Cr, Cu, Fe, K, La, Mg, Mn, Na, Ni, P, Pb, Sr, Ti, V, Zn)
in plant samples and twenty-two (with the addition of La and Ce) in soil samples were determined by
inductively coupled plasma–optical emission spectrometer (ICP-OES) or, when below the detection
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limit (LOD) of this instrument, the chemical analyses were conducted by a high-resolution inductively
coupled plasma-mass spectrometer (HR-ICP-MS) or a graphite furnace atomic absorption spectrometer
(GF-AAS), according to the different matrixes of soil and vegetables samples. In particular, As and Cd
were determined by GF-AAS in all soil samples since they presented concentrations below the LOD
of ICP-OES. As regards the plant samples, Cu, Ti and Al were below the LOD of ICP-OES and were
determined by HR-ICP-MS in the 25% of samples, Cr, Ni and V in the 50% and Pb and Co in the 75% of
samples. The other elements were quantified using the ICP-OES. Three instrumental replicates were
performed for the determination of each element. The quality of the analytical procedure was verified
using two NIST standard reference materials: tomato leaves 1573a for plant samples and San Joaquin
soil 2709 for soil samples.

Models and technical specification of instruments are reported in Table 1.

Table 1. Models and technical specification of instrumental techniques used for the analyses.

Technique Model Features

ICP-OES Perkin Elmer Optima
7000 DV

Mira Mist nebulizer, cyclonic spray chamber, dual echelle
monochromator, dual CCD detector

HR-ICP-MS Thermo Finnigan
Element 2

Conical nebulizer, cyclonic spray chamber, magnetic and
electric sector, SEM detector

GF-AAS Perkin Elmer Aanalyst 600

Transversely Heated Graphite Atomizer (THGA) furnace
assembly, longitudinal Zeeman-effect background correction,
enhanced STPF technology, True Temperature Control (TTC),

solid-state detector

Calibration curves were performed using the external standard calibration method for the
quantification of all the elements. Standard solutions were prepared by diluting single element
concentrated (1000 mg L−1) stock solutions (Sigma-Aldrich TraceCERT), with aliquots of sample blanks
prepared with the same acid mixtures of samples (matrix matching method) [19].

The bioconcentration factor for each vegetable was calculated to assess the yield of metals
transferred from the soil to the plant as follows [20,21]:

BF =metal concentration in aerial part and roots (mg kg−1 dry weight)/metal concentration in soil
(mg kg−1 dry weight).

The translocation factor allows evaluating to what extent elements were transferred from the
root system to the aerial part of the plant and was calculated for each vegetable through the
relationship [20,21]:

TF =metal concentration in aerial part (mg kg−1 dry weight)/metal concentration in roots (mg kg−1

dry weight).

2.4. Data Analysis

Data about plants’ weights and morphometric parameters and the experimental results obtained
by chemical analyses were processed by statistical treatment using the XlStat 2017 software package,
an add-on of Microsoft Excel. Analysis of variance (ANOVA) and Tukey test with a level of confidence
of 95% were performed [22,23].

3. Results and Discussion

3.1. Soil Characterization

The values of SOC, SOM and pH for the investigated soils are shown in Table 2.
Analyses of CA soil evidence higher contents of SOC and SOM in surface layer than on deeper

layers. These results are not surprising, as they are generally higher in the first decimeters of the
soil [24]. SOC and SOM content is grater for NOB soil compared to CA soil. SOC accomplishes
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an essential positive function on many soil properties; it promotes the aggregation and stability of
soil particles and it binds effectively with numerous substances, improving soil fertility, microbial
activity, and nutrient availability such as nitrogen and phosphorus [25]. SOM is largely constituted
by high-molecular-weight organic materials such as polysaccharides, proteins, sugars, amino acids
and humic substances. Humic and fulvic acids can be present in a dissociated form, and thus are
negatively charged (the main sources of these charges are carboxylic and phenolic groups in which
hydrogen can be replaced by metal ions). The source of negative charges in soil colloids is strongly
pH-dependent, and so the sorption of heavy metals in soils with relatively high organic content is
strongly affected by pH as well as the ion properties of metals, like charge and ionic radius [26].
Moreover, the pH influences the availability of the nutrients for plants that reaches the maximum in the
range 6–7 for P, 6.5–8 for macronutrients (K, Ca, Mg), and 5–7 for micronutrients such Cu, Fe, Mn, Ni,
and Zn. Therefore, neutral conditions appear to be optimal for crop growth and soil microorganisms’
activity [27]. In our case, pH is close to neutrality for both terrains. Considering the sandy-loam texture
of soils, the medium-high percentages of organic matter and organic carbon [25], which foster metals
immobilization, and the neutral pH, marked metal availability and massive uptake by cultivated plants
were not expected [28,29].

Table 2. General characteristics of the Turin central area (CA) and peripheral green area (NOB) soils.

CA (Surface Layer) CA (Deep Layer) NOB

Organic carbon (% w/w) 1.66 ± 0.01 0.47 ± 0.02 2.05 ± 0.05

Organic matter (% w/w) 2.86 ± 0.01 0.80 ± 0.03 3.54 ± 0.08

pH 7.1 7.0 7.3

The concentration of the 22 elements detected in the superficial and deep layer samples of CA site,
as well as their mean values and limits set by Italian legislation [30] are reported in Table 3. Overall,
high concentration of Cr, Zn, Ni, Pb and Co were found in the CA site that exceeded public green area
limits but not industrial area limits. NOB soil presents concentration values below the legal limits for
all elements, except for Co, Cr and Ni.

It can be noticed that the content of some elements, namely Ba, Cd, Cu, P, Pb and Zn, was higher
on the surface soil layer. The higher yield of P on the surface is not surprising as it is derived from
decomposed organic material (leaves, insects) or from the addition of organic soil amendments or
fertilizers [31]. The other results could be attributable to anthropogenic contamination, as these metals
are commonly linked to urban pollution. For instance, Ba may derive from its widespread use in
manufactured materials such as tiles, automobile clutch and brake linings, rubber, brick, paint, glass,
and other materials [32]. Cd input in the environmental is due to different sources, such as vehicular
traffic, combustion of fossil fuels and various industrial activities including the production of steel,
pigments and batteries.

As concerns Pb, this metal is used in manifold activities, e.g., the production of automotive
batteries, the manufacture of metal alloys, the working of the crystal, the welding and the production
of bullets [33,34] and, in the past, in the production of paints and enamels, pipes, pesticides and as a
gasoline additive for use as an anti-knock agent [35].

The anthropogenic sources of Cu should come from its use in agriculture (pesticides, agronomic
use of zootechnical sewage, sewage sludge and amendment) and in industry, whereas the main sources
of Zn are the industries (electroplating, foundries, battery production, etc.) and road traffic [36–38].

However, elements such as As, Cd and Cu, although more concentrated in the topsoil and therefore
deserving of monitoring, the presented values below the Italian legal limits. Pb and Zn, instead,
showed concentrations well above the limit for public green areas and their presence is probably
connected to vehicular traffic, which represents the primary pollution source for the site of interest.
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On the contrary, Co, Cr and Ni concentration is almost the same in surface and deep samples,
because their presence in the soils of Turin area is mainly attributable to the lithological substrate of
ultramafic rock of which they are the main constituents, as documented by other studies on the soil
metal content in the Turin area [39,40].

3.2. Pot Experimets

Morphometric measurements and analysis of metal content were carried out on the L. sativa and
B. oleracea plants grown in the growth chamber with different soil samples in the presence or absence
of a soil amendment.

Morphological measurements are collected in Table 4 and show that both the type of soil and
the addition of a soil amendment influenced the biomass of B. oleracea and L. sativa as fresh weight of
aerial part and roots, as confirmed by ANOVA and Tukey tests (Table S1, Supplementary Materials).

Table 4. Weights observed for Lactuca sativa and Brassica oleracea plants in the four growing conditions
after three months of growing.

Vegetable
Species

Soil
Amendment

(AM)
Aerial Part Fresh

Weight [g]
Root Fresh
Weight [g]

Root Fresh
Weight/Aerial Part

Fresh Weight [g]

Aerial Part Dry
Weight/Aerial Part

Fresh Weight [g]

B. oleracea

NOB
No 6.6 ± 0.7 1.5 ± 0.4 0.22 ± 0.03 0.36 ± 0.06
Yes 60.9 ± 7 5 ± 1 0.09 ± 0.01 0.25 ± 0.04

CA
No 5.0 ± 0.5 1.4 ± 0.4 0.3 ± 0.1 0.23 ± 0.03
Yes 28 ± 2 4 ± 1 0.14 ± 0.04 0.19 ± 0.03

L. sativa

NOB
No 15 ± 2 4 ± 1 0.24 ± 0.07 0.11 ± 0.01
Yes 113 ± 11 10 ± 3 0.09 ± 0.02 0.06 ± 0.01

CA
No 5.32 ± 0.06 1.5 ± 0.5 0.28 ± 0.07 0.14 ± 0.03
Yes 37 ± 5 8 ± 3 0.20 ± 0.05 0.07 ± 0.01

In the absence of the amendment, the difference between the fresh weight of the aerial part of
the plants grown in the NOB soil and in the CA soil is remarkable for L. sativa, whereas the values
concerning B. oleracea do not differ significantly. Adding the amendment, a relevant increase in weight
for both plants in CA soil and even more in NOB soil can be noted.

The root system shows the same trend. The ratio between the fresh weight of roots and the aerial
part was higher in the plants grown in the absence of an amendment in both types of soil, since in this
condition plants develop a more extensive root system due to the reduced availability of macro- and
micro-nutrients compared with the soil with AM added to it. Considering the ratio between the dry
and fresh weights of the aerial part of B. oleracea, a significant difference between the values of the
plants grown in unpolluted soil without soil amendment and all other conditions can be observed,
whereas higher values were found in both soils for L.sativa grown in the absence of AM. These data
indicate a higher water content for plants grown in soils added with the amendment, which acts
positively by reducing stomatal resistance.

The data reported in Table 5 and Figure 1 and ANOVA and Tukey tests (Table S1, Supplementary
Materials) highlight that the soil used for cultivation particularly influenced the leaf area of both
plants, showing the highest values for NOB soil. The addition of AM significantly affects the plant
growth, as higher values of stem diameter and of number and size of the leaves are measured in all
the examined plants for both sites. In particular, the stem diameter of B. oleracea and L. sativa grown
with AM are about three and two times those of the plants grown without and the number of leaves is
about double in the presence of AM for both plants.

To assess the adsorption in investigated edible plants of potentially harmful metals, the content of
22 elements was determined in the aerial parts and roots (data reported in Tables S2–S5, Supplementary
Materials). Figure 2 shows the concentrations of potentially toxic elements (As, Ba, Cd, Co, Cr, Cu, Ni,
Pb and Zn) analyzed in the roots (a, b) and in the aerial parts (c, d) of L. sativa grown in the soil of
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the two sites with or without the addition of AM, whereas the results of ANOVA and Tukey tests are
reported in Tables S6 and S7 of Supplementary Materials. In general, the metal content in any part of
the L. sativa is lower in those grown in the NOB soil, reflecting the difference in concentration detected
in the two sites, except for the Cd, which shows similar concentrations.

Table 5. Morphometric parameters relating to Lactuca sativa and Brassica oleracea plants grown for
3 months under the investigated experimental conditions.

Vegetable Species Soil Amendment (AM) Stem Diameter [mm] Leaves Number Leaf Area [cm2]

B. oleracea

NOB
No 2.2 ± 0.1 8 ± 1 24 ± 4
Yes 6.3 ± 0.6 12 ± 1 112 ± 9

CA
No 1.8 ± 0.2 6 ± 1 8 ± 1
Yes 5 ± 1 12 ± 2 50 ± 10

L. sativa

NOB
No 7.21 ± 0.9 16 ± 2 24 ± 1
Yes 14 ± 3 33 ± 2 86 ± 3

CA
No 6.8 ± 0.5 14 ± 1 14.1 ± 0.3
Yes 10.9 ± 0.1 31 ± 2 57 ± 3

Figure 1. Plants of Lactuca sativa (top) and Brassica oleracea (bottom) grown under different conditions:
(a) = NOB soil with AM, (b) = NOB soil without AM, (c) = CA soil with AM, (d) CA soil without AM.

The effectiveness of the addition of soil amendment depends both on the type of plant and the
soil, and on the element under examination, which can have a different speciation and reactivity.

Considering both the root and aerial part of L. sativa grown in CA soil, it can be noticed that
the total concentration of Ba, Co, Cr, Ni and Pb is greater for the vegetable grown in the presence of
AM, but there is a minor translocation from the roots to the aerial part, with a consequently lower
concentration in the edible part when the amendment is used. The plant is probably positively affected
by the presence of the amendment and develops a more efficient root system that allows it to absorb a
greater quantity of elements; however, these are not transferred to the edible aerial part. In particular,
Ba and Ni adsorption seems to be significantly affected by the addition of AM since the difference
between their content in the L. sativa samples grown in soils treated or not is very marked. In fact,
the addition of the amendment causes a decrease in the concentration of Ni and Ba in the aerial parts
of the plants grown in CA soil. Zinc, similar to the elements mentioned so far, presents a higher total
concentration in L. sativa grown in the presence of AM, but in this case the amendment does not cause
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a strong reduction in its transfer to the edible part. Therefore, Zn, an essential microelement for plant
life and very abundant in the soils considered, is well absorbed by the plant.

Figure 2. Comparison of potentially toxic elements’ uptake in the roots (a,b) and in aerial part (c,d) of
Lactuca sativa grown in CA and NOB soils. Elements concentrations are expressed as mg kg−1 dry
weight. Letters above columns refer to the summary of multiple comparisons for pairs obtained with
Tukey test. Letter b identifies plant samples whose mean concentrations in the respective elements are
significantly lower than the ones obtained for plant samples identified by letter a; the same concept
applies to letter c with respect to letter b and letter d with respect to letter c.

Copper is also an essential element for vegetable species, but its behavior is different since its
uptake in the L. sativa is strongly influenced by the presence of amendment in both soils. Copper
amount is always higher in L. sativa cultivated without amendment and this could be due to the
different speciation of this element, often added as fungicide to the plants also cultivated in urban
gardens, and at the lowest concentration necessary for plant growth.

In the case of As and Cd, the total concentration in the vegetable is comparable. The transport of
Cd in the aerial parts of the plant is greater for the samples grown without the use of amendment,
contrary to what was observed for As, where the addition of amendment does not cause a decreased
concentration in the aerial part.

Regardless of the improver’s use, the concentration values of Pb and Cd in L. sativa (Table S2)
are well below the maximum concentration allowed for edible parts of broad-leaved vegetables
by Commission Regulation (EC) No. 1881/2006 of the Official Journal of the European Union [41],
which defines as a threshold 0.30 mg kg−1 wet weight for Pb and 0.20 mg kg−1 wet weight for Cd.

In Figure 3, the concentrations of potentially toxic elements analyzed in roots (a, b) and in the
aerial part (c, d) of B. oleracea grown in the soil of the two sites with or without the addition of the soil
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amendment are reported, whereas the results of ANOVA and Tukey tests are reported in Tables S8 and
S9 of Supplementary Materials.

Figure 3. Comparison of potentially toxic elements’ uptake in the roots (a,b) and in the aerial part
(c,d) of Brassica oleracea grown in CA and NOB soils. Element concentrations are expressed as mg kg−1

dry weight. The letters above columns refer to the summary of multiple comparisons for pairs obtained
with Tukey test. Letter b identifies plant samples whose mean concentrations in the respective elements
are significantly lower than the ones obtained for plant samples identified by letter a; the same concept
applies to letter c with respect to letter b and letter d with respect to letter c.

As in the case of L. sativa, the total metal content is higher for B. oleracea grown in the CA soil
than for the vegetable grown in NOB soil, reflecting the different metal content of the two soils.
The concentration gap is particularly significant in the case of the roots, while it decreases if the aerial
part is considered. In particular, Ni, As and Co show unusually higher concentrations in the aerial part
of B. oleracea grown in NOB soil.

Chromium, copper, lead, barium, cobalt, arsenic, and cadmium are more concentrated in the
roots of B. oleracea grown in the polluted soil of CA site and in the absence of the AM for both soils.
As regards the aerial part, the use of the amendment causes a decrease in Cr, Ni, and Pb concentration
in plants grown in both soils and a decrement in Ba and Co concentration in CA plants. On the contrary,
the addition of AM induces an opposite trend of concentration for Cu and As in the aerial part, that is
higher in the presence of the amendment both in CA and NOB soils.

Zinc, although an essential element for plants, has a behaviour similar to that assumed by most of
the potentially toxic elements considered.
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As observed for L. sativa, the concentration values of Pb and Cd in B. oleracea aerial part (Table S4)
are below the limits set by Commission Regulation (EC) No. 1881/2006 of the Official Journal of the
European Union [39], whether the improver is used or not.

The comparison of bioconcentration and translocation factors of L. sativa and B. oleracea grown in
CA soil with or without AM, reported in Figures 4 and 5, and the results of ANOVA and Tukey tests
reported in Tables S10–S13 of Supplementary Materials, provide evidence that the absorption of metals
from the soil by L. sativa increases in the presence of an amendment for most elements, namely Cd, Co,
Cr, Ni, Pb and Zn; on the contrary, a clear trend is not evidenced in the case of B. oleracea, since BF
decreases or increase according to the considered element.

Figure 4. Bioconcentration factors (BF) of Lactuca sativa (a) and Brassica oleracea (b) grown in the
polluted Ca soil with or without the amendment (AM). Letters above columns refer to the summary of
multiple comparisons for pairs obtained with Tukey test. Letter b identifies BF values whose means are
significantly lower than the ones obtained for the BF values identified by letter a.

Figure 5. Translocation factors (TF) of Lactuca sativa (a) and Brassica oleracea (b) grown in the polluted
CA soil with or without the amendment (AM). Letters above columns refer to the summary of multiple
comparisons for pairs obtained with Tukey test. Letter b identifies TF values whose means are
significantly lower than the ones obtained for the TF values identified by letter a.

Overall, in the presence of AM, B. Oleracea shows a lower absorption than L. Sativa for most
elements examined.

Moreover, comparing the two vegetables, the translocation in the case of B. oleracea occurs to a
much lesser extent than L. sativa. The translocation of potentially toxic elements from roots to the
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aerial part is significantly higher for L. sativa cultivated in the absence of an amendment, whereas no
significant variation in TF values for B. oleracea were observed, with the exception of As, Cd and Zn.

Therefore, the addition of the amendment proved to be efficient in decreasing the translocation of
potentially toxic elements in L. sativa and it did not alter the behavior of the B. oleracea which showed a
lower assimilation of the toxic elements.

4. Conclusions

The site of Via Campana (Turin), usable as vegetable garden due to its central position, was found
to be contaminated by the following metals: Cr, Zn, Ni, Pb and Co, whose concentrations exceeded
Italian legislation limits.

The cultivation in growth chamber of the edible species L. sativa and B. Oleracea in the soil collected
from CA, and the subsequent analysis of their aerial part and roots highlighted the absorption of the
main potentially toxic elements by these plants. Comparing the PTEs uptake in L. sativa and B. oleracea,
cultivated in CA soil, and in another soil considered as blank, it was evident that the metal content in
vegetables was higher in the former than in the latter, as a consequence of the contamination of CA soil.

Despite this, the use of the soil amendment leads to a lower absorption with regard to B. oleracea
and involves a considerable decrease in the translocation factor from the roots to the aerial part,
especially for L. sativa, an encouraging result since it is precisely the aerial part that is consumed
by humans, and therefore it is particularly important that there is a low content of contaminants in
this portion.

The analyses showed that the presence of inorganic contaminants caused a reduction in the
biomass of the plants, however, this can be compensated for by adding a soil amendment, thanks to
the consequent enrichment of nutrients and organic matter, the improvement in the structure of the
soil and the reduction in the bioavailability of toxic compounds. This is particularly convenient if
we consider that the soil amendment also causes a decrease in the translocation of potentially toxic
elements, thus not causing an increase in the concentration in the aerial parts that can be consumed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/13/4483/s1,
Table S1. Summary of multiple comparisons for pairs of plants weights and morphometric parameters with Tukey
test. NOB = plants grown in Nobile soil, CA = plants grown in Campana soil, AM = addition of amendment to
the soil, Ls = Lactuca sativa, Bo = Brassica oleracea. Letter B identifies weights and parameters whose means are
significantly lower than the ones obtained for weights and parameters identified by letter A; the same concept
applies to letter C with respect to letter B, letter D with respect to letter C and letter E with respect to letter
D, Table S2. Elements concentration [mg kg−1 dry weight] ± SD in L. sativa aerial part. NOB = plants grown
in Nobile soil, CA = plants grown in Campana soil, AM = amendment, Table S3. Elements concentration
[mg kg−1 dry weight] ± SD in L. sativa roots. NOB = plants grown in Nobile soil, CA = plants grown in Campana
soil, AM = amendment, Table S4. Elements concentration [mg kg−1 dry weight] ± SD in B. oleracea aerial part.
NOB = plants grown in Nobile soil, CA = plants grown in Campana soil, AM = amendment, Table S5. Elements
concentration [mg kg−1 dry weight] ± SD in B. oleracea roots. NOB = plants grown in Nobile soil, CA = plants
grown in Campana soil, AM = amendment, Table S6: Summary of multiple pairwise comparisons on element
concentrations in Lactuca sativa roots obtained with ANOVA and Tukey tests. NOB = plants grown in Nobile soil,
CA = plants grown in Campana soil, AM = addition of amendment to the soil. Letter B identifies soil samples
whose mean concentrations in the respective elements are significantly lower than the ones obtained for soil
samples identified by letter A; the same concept applies to letter C with respect to letter B, Table S7: Summary
of multiple pairwise comparisons on element concentrations in Lactuca sativa aerial part obtained with ANOVA
and Tukey tests. NOB = plants grown in Nobile soil, CA = plants grown in Campana soil, AM = addition of
amendment to the soil. Letter B identifies plant samples whose mean concentrations in the respective elements are
significantly lower than the ones obtained for plant samples identified by letter A; the same concept applies to letter
C with respect to letter B and letter D with respect to letter C, Table S8: Summary of multiple pairwise comparisons
on element concentrations in Brassica oleracea roots obtained with ANOVA and Tukey tests. NOB = plants grown
in Nobile soil, CA = plants grown in Campana soil, AM = addition of amendment to the soil. Letter B identifies
plant samples whose mean concentrations in the respective elements are significantly lower than the ones obtained
for plant samples identified by letter A; the same concept applies to letter C with respect to letter B and letter
D with respect to letter C, Table S9: Summary of multiple pairwise comparisons on element concentrations in
Brassica oleracea aerial part obtained with ANOVA and Tukey tests. NOB = plants grown in Nobile soil, CA = plants
grown in Campana soil, AM = addition of amendment to the soil. Letter B identifies plant samples whose
mean concentrations in the respective elements are significantly lower than the ones obtained for plant samples

90



Appl. Sci. 2020, 10, 4483

identified by letter A; the same concept applies to letter C with respect to letter B and letter D with respect to
letter C, Table S10: Summary of multiple comparisons for pairs of Lactuca sativa BF with Tukey test. CA = plants
grown in Campana soil, AM = addition of amendment to the soil. Letter B identifies BF values whose means are
significantly lower than the ones obtained for BF values identified by letter A, Table S11: Summary of multiple
comparisons for pairs of Lactuca sativa TF with Tukey test. CA = plants grown in Campana soil, AM = addition of
amendment to the soil. Letter B identifies TF values whose means are significantly lower than the ones obtained
for TF values identified by letter A, Table S12: Summary of multiple comparisons for pairs of Brassica oleracea
BF with Tukey test. CA = plants grown in Campana soil, AM = addition of amendment to the soil. Letter B
identifies BF values whose means are significantly lower than the ones obtained for BF values identified by letter
A, Table S13: Summary of multiple comparisons for pairs of Brassica oleracea TF with Tukey test. CA = plants
grown in Campana soil, AM = addition of amendment to the soil. Letter B identifies TF values whose means are
significantly lower than the ones obtained for TF values identified by letter A.
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Abstract: The present study purpose was to identify the flow characteristics of the drainage filter
considering the characteristics of the landfill site, and to study the basic technology for efficient
remediation of heavy metals. To this end, copper heavy metal was selected in consideration of landfill
characteristics, and a study on flow characteristics was conducted using hydrophobic coated capillary
tubes and microparticles. It was confirmed that the flow rate decreased as the pH increased at the
hydrophobic surface, and pH 4, 6, and 8 flowed similarly in the center of the capillary tube, but de-
creased at pH 10. In the bottom part, it moved at the slowest speed of 1~4 μm/s and middle of center
moved 17~25 μm/s. There was little change in flow in the CFD (Computational Fluid Dynamics)
numerical analysis considering the surface contact angle, which is a hydrophobic characteristic, and
the velocity coefficient was presented by regression analysis through the experimental results. In
this way, the current study will be a basic examination of the selective remediation process of pH on
hydrophobic coated surfaces.

Keywords: hydrophobic; copper; microfluidics; pH change; remediation

1. Introduction

Recently, the importance of soil environment has been recognized, primarily because
the seriousness of soil and groundwater pollution has been heightened due to waste
and harmful chemicals generated by population growth and industrial development
worldwide [1–3]. Pollution of the ground and groundwater by pollutants occurs through
various routes. If pollutants generated from landfill leachate, factory wastewater, pesticides,
and abandoned mines are discharged without going through the treatment process, it can
cause serious problems [4–6]. In addition, soil has a very large buffering capacity for
pollutants, but its limited capacity varies depending on the characteristics of the soil and
environmental factors [7]. In particular, soil pollution caused by chemical spills from
chemical substance handling facilities is difficult to manage efficiently and adversely affects
human health compared to water and air pollution [8–11].

On the other hand, the technology for removing and restoring pollutants in the soil
has been developed and is practical in application. Among them, soil cleaning, soil steam
extraction, water treatment, and bio-venting are mainly used as field restoration tech-
nologies in contaminated areas [12–14]. However, the above restoration techniques are
mainly applied to coarse and unsaturated ground, and their applicability and efficiency are
inevitably reduced to grounds with low permeability due to the large amount of fines con-
tained in areas such as landfill industrial complexes. Further, in the past landfilling process,
various household wastes were buried, so a detailed investigation and soil management in
these areas is urgently required [15–19].
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As an example of a remediation technology that can solve this problem, an example is
a remediation technology using drainage materials consisting of filters and cores, which has
been under a lot of research recently. This has the disadvantage of reducing the permeability
of the drainage filter material due to various chemical reactions caused by the composition
of complex pollutants in the soil, which can lead to inefficient results in decontamination.
Although treatment techniques are needed to satisfy the flow characteristics of pollutants in
the soil, there is little research on the flow characteristics of pollutants at this time. Therefore,
it is necessary to identify the flow characteristics of complex pollutants contained in soil
and groundwater when passing through the transmission membrane in the filter to remove
pollutants, and development to purify complex pollutants based on them.

The study aimed to evaluate the application of the separation of various particles
such as biomolecules and gas filters to the remediation of contaminants in the nanoporous
permeable membrane, which is applied as a filter material [20,21]. Based on the fact that
there are permeability coefficients which are the main variables of pollutant flow and are
different because the ground is composed of various types of strata and soil, it is necessary
to study the flow characteristics of heavy metal complex pollutants for complex pollutant
flow control.

In this study, most industrial complexes are built in landfills, and the main purpose is
to study soil pollution remediation techniques considering the location characteristics of
landfills where various heavy metal complex pollutants exist. However, little research has
been done on selective remediation in contaminated ground at the same time as improving
soft ground using drainage materials. The purpose of this study is to investigate the flow
characteristics of high concentration heavy metal contaminated soil and groundwater
passing through the permeable membrane in the filter for removing contaminants. This
paper is composed of the materials used in the experiment, the method, and the conditions
of CFD analysis. In addition, the tube for simulating the pores passing through the
drainage filter was subjected to hydrophobic treatment, and the moving velocity of copper
contaminants was confirmed through microparticles. This paper was composed by drawing
conclusions based on the experimental results.

2. Materials and Methods

2.1. Materials

Industrial complexes, such as landfills, were contaminated with a variety of heavy met-
als, and copper was chosen to account for a large portion of them. As heavy metal copper
contaminants, copper sulfate Cu(SO4) was dissolved in distilled water and a silage pump
was used for constant injection. Capillary tubes were used to simulate drainage filters, and
optical microscopes were used to monitor the movement of microparticles. Microparticles
were used to check the flow rate on the Capillary tube. The capillary tube used in the
study was square, the inner diameter was 400 μm, and an optical microscope (Keyence,
Osaka, Japan, VHX-1000) capable of 5000 times magnification was used. Polystyrene
microparticles having a size of 2 μm were used. Microparticles have 5.4 × 109 particles per
1 mL, with a weight of 1.05 g/cm3.

2.2. Methods
2.2.1. Microfluidic Flow Test

Contaminants were made based on the soil pollution standard of 6000 ppm indicated
in the Environmental White Paper [22] for heavy copper metal contaminants, and the pH
was divided into 4, 6, 8, and 10 for acid and basic conditions. The inflow velocity was
injected consistently using a silage pump. The inflow velocity into the capillary tube was
applied 1.0 × 10−3 cm/s considering the pH conditions, and 0.1 M of HCl and 0.1 M of
NaOH were used for pH control. The conditions for each experiment are shown in Table 1,
and the experimental equipment and microparticles are shown in Figures 1 and 2. The tube
was injected with a mixture of copper and particles, and the flow velocity was measured. A
square capillary tube was used to analyze flow characteristics, and a square capillary tube
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was observed in half as shown in Figure 3. Since the square capillary tube was used, it was
symmetrical up and down. The half-section area was observed, and the flow of microfluids
was measured using microparticles by observing 3 parts for the bottom and center of the
side and central part of the capillary tube. Three microparticles were selected using a video
taken with an optical microscope. Using the video program, the moving distance of the
microparticles was calculated after a certain period of time.

Table 1. Microfluidic Flow Test Condition.

Classification
Test Condition

Pollutants Concentration (ppm) Flow Velocity (cm/s) pH

Flow characteristic
of pollutants Copper 6000 1.0 × 10−3 4, 6, 8, 10

 
Figure 1. Test equipment.

 
Figure 2. Microparticles (×3000).
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Figure 3. Square capillary tube schematic and observation position.

2.2.2. CFD Numerical Analysis

To check the microfluidic flow velocity in the square capillary tube according to the pH
of heavy metals, CFD numerical analysis was conducted using Ansys. After hydrophobic
treatment of the square capillary tube, the experimental value of the contact angle was
applied to confirm the hydrophobic state, and the experimental value according to the
pH was applied as the contact angle. In addition, glass-made square capillary tubes were
applied for this microfluidic flow experiment, and heavy metal copper contaminants of
6000 ppm were applied. The properties used in the numerical analysis are shown in Table 2
below. Microfluidic flow test values applied with hydrophobic coating were applied.

Table 2. CFD properties.

Flow Rate
(cm/s)

Contract Angle

pH 4 pH 6 pH 8 pH 10

1.0 × 10−3 124◦ 125◦ 119◦ 116◦

Capillary tube has a hydrophilic surface property of glass material, and the solvent
used to prepare heavy metal solutions is also distilled water and is a hydrophilic aqueous
solution. The hydrophobic coating was applied with an organic solution, and the hydropho-
bic coating was used to check the flow characteristics of the hydrophobic surface in the
capillary tube. The contact angle was confirmed for heavy metal contaminants according
to distilled water and pH conditions. The surface contact angle—when passing through
heavy metal contaminants after hydrophobic coating—produced some interesting results,
such as the contact angle becoming decreased with basicity. Table 2 below shows the
contact angle of the capillary tube identified through the previous study and the properties
applied to the numerical analysis.

In order to confirm the flow of microfluids in the hydrophobic coated capillary tube,
the numerical analysis model was modeled on the square capillary tube. The following
Figure 4 is a modeling of a square capillary tube, which is modeled with an inner diameter
of 400 μm and an outer diameter of 800 μm and a length of 3 cm.
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(a) 

 
(b) 

Figure 4. Capillary tube mesh: (a) Section 1; (b) Section 2.

3. Results and Analysis

3.1. Microfluidic Flow Characteristic

This test observed microfluidic flow characteristics for heavy metal copper contaminants.

3.1.1. pH 4

Figure 5 is the result of observation of the flow characteristics of copper contaminants
under the condition of pH 4. After the start of the experiment, movement over time was
observed based on the microparticles (red circle) at the far right of the screen. As a result
of observing the moving distance by selecting three microparticles, it was confirmed that
the microparticles moved to an average of 4 μm/s. Figures 6 and 7 represent the moving
distances of the side and center at the middle position in the capillary tube, and it was
confirmed that the side surface was about 11 μm/s and the center was about 25 μm/s. In
other words, it was found that the central center of the capillary tube moved rapidly.

(a) (b) 

Figure 5. Experimental results of flow characteristics of copper contaminants–capillary tube bottom: (a) particle position
before moving; (b) particle position after moving.

99



Appl. Sci. 2021, 11, 4328

(a) (b) 

(c) (d) 

(e) (f) 

Figure 6. Experimental results of flow characteristics of copper contaminants–capillary tube side of center: (a) Particle
position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position
after moving 2; (e) particle position before moving 3; (f) particle position after moving 3.
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(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 7. Experimental results of flow characteristics of copper contaminants–capillary tube middle of center: (a) Particle
position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position
after moving 2; (e) particle position before moving 3; (f) particle position after moving 3.
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3.1.2. pH 6

The flow velocity was measured in the same way as pH 4 in Section 3.1.1. As a result
of observing the movement of three particles over time after the start of the experiment, it
was found that the movement distance of the microparticles slightly decreased compared
to the case of pH 4. In the capillary tube side of center and middle of center, the travel
distance of the central side of the capillary tube is about 10 μm/s and the center is about
21 μm/s, which is slower than pH 4. In addition, the capillary tube bottom confirmed that
the movement distance of microparticles at the bottom was about 3 μm/s.

3.1.3. pH 8

The flow velocity was measured in the same way as pH 4 in Section 3.1.1. The moving
distance of the microparticles at the bottom was confirmed to be about 2 μm/s, and the side
and center of the central part in the capillary tube were about 11μm/s and about 25 μm/s.

3.1.4. pH 10

The flow velocity was measured in the same way as pH 4 in Section 3.1.1. The moving
distance of microparticles at the bottom was confirmed to be about 1 μm/s, and the side
and center of the central part in the capillary tube were about 9 μm/s and about 17 μm/s.
These results indicate a tendency for the distance traveled to decrease as pH increases.

3.2. Microfluid Flow Moving Distance

The following Figure 8 shows the moving distance over time according to pH for
microparticles on the capillary tube. In the bottom part, it moved at the slowest speed of
1~4 μm/s, and it was confirmed that the influence on the microfluid flow was small at the
rest of the pH except for pH 10 in the center part. There was little effect at pH 4–8, and it
was confirmed that the flow rate decreased at pH 10. As a result, it is confirmed that if the
hydrophobic coating is applied under high pH conditions, the flow rate of heavy metal
contaminants can be controlled.

Figure 8. Micro particles distance (μm/s).

3.3. Microparticle Flow Velocity

The results of the analysis of flow characteristics for the bottom and central sides/centers
of Capillary tubes for copper contaminants are shown in Figure 9. The flow rate at the bottom
of the capillary tube was about 1.0 × 10−4 cm/s, which is slower than the inflow rate of
1.0 × 10−3 cm/s, and the flow rate at the center was analyzed to be 1.0 × 10−3 cm/s similar
to the inflow rate. In addition, it was analyzed that the flow rate from the center to the center
appeared somewhat faster than the side. When copper contaminants pass through the filter,
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it was revealed that the inflow of contaminants could be controlled depending on whether
the surface’s hydrophobic properties persist.

Figure 9. Microparticle flow velocity (μm/s).

3.4. CFD Numerical Analysis

In the hydrophobic coated square capillary tube, the microfluidic flow according to the
pH did not change at pH 4, pH 6 and pH 8, and it was confirmed that the speed decreased
slightly at pH 10. Table 3 shows the flow rate at the center, which is the fastest among the
speeds in the capillary tube among numerical analysis results, and it is possible to confirm
the flow rate slower than the experimental results. The following Figures 10–13 show the
result of numerical analysis of flow velocity and vector of square capillary tube through
numerical analysis.

Table 3. CFD analysis result.

pH

4 6 8 10

Flow rate (cm/s) 1.272 × 10−3 1.272 × 10−3 1.272 × 10−3 1.264 × 10−3

(a) (b) 

Figure 10. CFD numerical analysis results (pH 4): (a) contour; (b) vector.
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(a) (b) 

Figure 11. CFD numerical analysis results (pH 6): (a) contour; (b) vector.

  
(a) (b) 

Figure 12. CFD numerical analysis results (pH 8): (a) contour; (b) vector.

(a) (b) 

Figure 13. CFD numerical analysis results (pH 10): (a) contour; (b) vector.
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The numerical analysis shows that there was no change in velocity at pH 4, pH 6 and
pH 8, and that there was a small decrease in velocity at pH 10, but the difference between
the actual flow rate and the actual flow rate was confirmed to be caused by pH. Based on
the experimental results, the velocity coefficient was presented. At this time, the diffusion
coefficient was calculated by regression analysis of the flow rate measured for the copper
contaminant and expressed in the rate coefficient Equations 1 to 3 according to the pH.

vb = 0.0005e−0.335pH (1)

vsc = 0.0013e−0.115pH (2)

vmc = 0.0031e−0.192pH (3)

Here, vb: velocity coefficient at the bottom of the capillary tube, vsc: velocity coefficient
at the central side of the capillary tube, vmc: speed factor at the center of the capillary tube,
and pH: pH of heavy metal contaminants are shown.

4. Conclusions

In this study, a microfluidic flow experiment was performed to apply a hydrophilic
hydrophobic filter for selective remediation of heavy metal copper contaminated ground.
Accordingly, the summary of the results of this study is as follows.

(1) As a result of microfluidic flow experiments for heavy copper metal contaminants, it
was confirmed that the movement of contaminants was small in locations where the
influence of hydrophobic properties was large. This means that hydrophobic surfaces
can slow down the flow of hydrophilic heavy metal contaminants.

(2) The analysis of the flow rate according to each experimental condition confirmed that
the change in flow rate of pH conditions was an influential factor. It was confirmed
that the flow rate increased as the pH was more basic, and it was confirmed that the
hydrophobic properties slightly decreased under basic conditions.

(3) Numerical analysis was performed by applying the contact angle, which is a hy-
drophobic characteristic, however, it was difficult to compare and analyze through
CFD analysis. Based on the flow rate according to pH as a result of the experiment,
the velocity coefficient was proposed through regression analysis. Using the velocity
coefficient, it is determined that the flow rate according to pH on a hydrophobic
coated surface can be determined.

In this study, it was confirmed that heavy metal contaminants were slowed down
through hydrophobic coating. Through additional laboratory and filed tests, selective
remediation is possible in the ground contaminated with heavy metals and organic.
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