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Heavy metal pollution is a nefarious issue with implications for life. Heavy metals are natural occurring elements, having both natural and anthropogenic sources. The latter are however the most signiﬁcant, releasing
greater amounts of these pollutants in more toxic and mobile forms. Their chemistry and dynamics in the
ecosystems are presented, and the relation to the pollution problematic thereof is discussed. The concentration of
heavy metals in several sites, assessed in water, soil and sediment samples, aﬀected by diﬀerent pollution sources
are reviewed. These evidence how human activities impact natural media and how the pollution spreads. The
pollution in each media is assessed by the concentration relative to drinking and irrigation water guidelines, and
by the geoaccumulation index of soils and sediments. It is found that ore extraction and processing and metallurgical industries stand atop the most polluting sources. Given the dynamics of heavy metal cations and that,
most of these are released in liquid eﬄuents, wastewater treatment techniques for the removal of heavy metals
are also surveyed and critically discussed. Economic viability at a large municipal scale and the ability to comply
with strict regulations are the determining factors in the selection of these techniques. A critical discussion on
the viability of such techniques is made, reviewing some literature studies and commenting on their applicability
on the previously found polluted media.

1. Introduction
Heavy metal pollution is an anthropogenic unavoidable issue that
humanity has struggled to deal with. Heavy metal is a poorly deﬁned
term that refers to a group of elements with a density greater than
4 g cm−3, including metals and metalloids like arsenic (Duﬀus, 2002).
Though naturally occurring and some being biologically essential (for
example, copper and chromium are micro nutrients (Bolan et al.,
2013)), pollution emissions raise the concentration of these elements in
natural environments to dangerous concentrations (Adriano, 2001;
Adriano et al., 2004) – Fig. 1. For example, heavy metals are the main
pollutants in European soils and groundwater (Panagos et al., 2013).
Non-essential heavy metals are toxic to living organisms, as are the
essential ones at high concentrations (Bolan et al., 2013). The speciation of heavy metals plays a key role in their persistence in the environment; mobile forms can easily leach, spreading to diﬀerent media,
and are more bioavailable, being absorbed by living organisms
(Amundsen et al., 1997; Adriano et al., 2004; Kabata-Pendias, 2011;
Bolan et al., 2014). Because heavy metals are not degradable (Adriano
et al., 2004; Kirpichtchikova et al., 2006), bioaccumulation occurs
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throughout all levels of the food chain (being particularly important for
humans, positioned at the top of their food chain), causing diﬀerent
diseases and poisoning (Adriano, 2001; Adriano et al., 2004; Vareda
et al., 2016; World Health Organization, 2017). Bioavailable and mobile forms of heavy metals are released by anthropogenic activities like
mining, several industries, fossil fuel combustion and pesticide use
(Adriano, 2001; Bolan et al., 2003; Kabata-Pendias, 2011; Wuana and
Okieimen, 2011). Metal processing and mining contribute to 48% of the
total release of contaminants by the European industrial sector
(Panagos et al., 2013).
The distribution of heavy metals depends not only on the proximity
to emission sources but also on the media being assessed. Even when
emissions are airborne, the contaminants end up in the soil. Since soil
has several constituents that interact with the cations, these are found
in diﬀerent fractions, in mobile or immobilized forms (Wuana and
Okieimen, 2011; Young, 2013; Bolan et al., 2014) – Fig. 2. Thus, the
concentration of heavy metals is very diﬀerent in soil, watercourses and
river sediments. The background concentrations of heavy metals in soils
(upper crust and surface soil) and river water, given by world averages,
are found in Table 1.
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Fig. 1. Schematic representation of heavy metal emissions from ore extraction and processing. (see online version for colored artwork).

metal contaminated soils and sediments. In the case of aqueous media,
chemical precipitation, adsorption and membrane processes can be
employed (Fu and Wang, 2011), as discussed in sections 4 and 5.
Economic viability and eﬃciency are key factors in determining the
applicability of a remediation technique. For aqueous media however,
nowadays it is found that economical viable techniques do not meet the
strict standards, and the strategies that do so, are expensive.
In this review, we surveyed relevant literature in order to ﬁnd the
concentration of several heavy metals across diﬀerent sites (near high
contamination sources or not) and diﬀerent media (soil, water and sediments), compare the values against diﬀerent available legislation and
discuss how severe the pollution is in each site. Since the majority of
legislation refers to water, our focus is also given, in a critical way, to
the treatment of aqueous eﬄuents/streams.
For the sake of simplicity, when referring to the chemical symbol of
metals, all the possible chemical compounds with the element are included.
2. Heavy metal legislation
As the eﬀects of heavy metals became better known, particularly on
human health, their usage has become more constrained. For example,
mercury and lead were banned, except for very speciﬁc applications,
and their emissions are monitored. Limits in heavy metal concentration
in diﬀerent media, particularly in water, have been imposed by government agencies to minimize the exposure of ecosystems to these toxic
elements. However, not all governments share the same level of concern for this issue and, thus, some countries have more legislation than
others. Nevertheless, the imposed concentration limits for pollutants on
natural media have become stricter. Safe drinking water is deﬁned by
the World Health Organization (2017) as not representing signiﬁcant
health risks over a lifetime of consumption. Table 2 presents the limit
concentration of several heavy metals in drinking water, proposed by
several entities, and their toxicity.
The World Health Organization hasn't limited the concentration for
zinc in its 2017 guide, as they consider that there are no health concerns at levels found in drinking water. From Table 2, we can verify that
the values imposed by several governments are in accordance with the
guideline values from WHO, despite the slow revisions of legislation.
The European Commission has adopted in February 1st, 2018 a proposal for a revised drinking water directive (the former is from 1998),
in which the latest considerations from WHO are taken into account.
The MCL values shown in Table 2 are very low, being just a few μg
L−1 in most situations, evidencing the toxicity of these elements and the
strictness of regulations. In fact, only copper and zinc are allowed to
achieve a few mg L−1. Complying with these low concentrations requires the employment of advanced treatment technologies, if the anthropogenic sources of pollution are signiﬁcant.
Table 2 also shows toxicity values for the heavy metals under analysis. The Joint FAO/WHO Expert Committee on Food Additives -

Fig. 2. Mechanisms of heavy metal cations transport through diﬀerent natural
media. (see online version for colored artwork).
Table 1
Background concentration for heavy metals in soils and river water.
Heavy Metal

Upper Crusta/mg
kg−1 (KabataPendias, 2011;
Alloway, 2013)

Surface Soila/mg
kg−1 (KabataPendias, 2011;
Alloway, 2013)

River Water/μg L−1
(Kabata-Pendias,
2011)

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Zinc

1.8
0.1
35
14
15
0.07
19
52

4.7
0.41
42
14
25
0.07
18
62

0.13–2.71
0.06 × 10−2 – 0.61
0.29–11.46
0.23–2.59
0.007–308
–
0.35–5.06
0.27–27

a
Whenever the background concentration was dissonant between the references, the lowest value was selected as a conservative approach in order to
assess polluted sites.

Clean-up of the polluted media has been widely studied and different strategies proposed. Despite the more traditional physical-chemical methods (Mulligan et al., 2001; Wuana and Okieimen, 2011),
decontamination of polluted sites via microbial activity and hyperaccumulator plants (phytoremediation) has been widely studied and
discussed (Peng et al., 2018; Pratush et al., 2018; Suman et al., 2018;
Asad et al., 2019; Song et al., 2019) and it can be applied to heavy
102
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Table 2
Maximum concentration level (MCL) for heavy metals in drinking-water and
their toxicity.
Heavy
Metal

MCL in drinking water/μg L−1

Table 4
Limit values for heavy metal concentration in agricultural soils.
Heavy
Metal

Toxicity/mg kg−1 bwa

Agricultural soils
WHOb

EUc

USAd

Canadae

Chinaf

PTWIg

LD50h

As

10

10

10

10

10

41.0l

Cd

3

5

5

5

5

withdrawn
(0.0021 dailyi)
0.025 monthly

Cr
Cu

50
2000

50
2000

100
1300

50
–

50j
1000

–
0.500 dailyk

Pb

10

10

15

10

10

Hg

6

1

2

1

–

withdrawn
(0.025i)
0.004

Ni
Zn

7
–

20
–

–
–

–
–

20
1000

–
1.0 dailyk

5.2m
88.0l
–
5.6m
584.0l
–

As
Cd
Cr
Cu
Pb
Hg
Ni
Zn

6.6m
1.0l
–
20.2m

Recommended maximum concentration level/μg L−1

As
Cd
Cr

100
10
100

100
10
100

Cu
Pb
Hg
Ni
Zn

200
5000
–
200
2000

200
5000
–
500
2000

100
5
8 Cr(VI)
5 Cr(III)
200a
200
–
200
1000 pH < 6.5

a

Canada

–
1–3
–
50–140
50–300
1–1.5
30–75
150–300

–
1
75
50
70
0.5
50
150

12
1.4
64
63
70
6.6
45
200

USA
guidelinee,f

Canadag,h

33.0
4.98
111
149
128
1.06
48.6
459

5.9
0.6
37.3
35.7
35.0
0.170
–
123.0

no legal binding.
The limits in Table 3 are generally less strict than the ones in
Table 2, and the maximum recommended concentration is usually one
order of magnitude greater than that of drinking water. Exceptions to
this trend are the concentrations for copper and the one enforced by
Canada for chromium. Moreover, values for irrigation water are stricter
in Canada, where chromium, copper, lead and zinc concentrations are
lower than the ones deﬁned by FAO. The concentration for lead proposed by FAO is very high given that lead is a very toxic element.
However, this may be related to the fact that lead binds very easily with
organic and colloidal matter in the soil, with only a small fraction of it
being soluble, hence, bioavailable. Furthermore, lead uptake by plants
usually occurs through the roots, and its uptake and translocation by
aerial parts of plants is reduced (Pourrut et al., 2011).
Legislation for other contaminated media, soils and sediments, is
lacking in the majority of countries. However, the EU and Canada have
legislation on contaminants in agricultural soils. The imposed maximum concentrations and a proposal for a revision on the EU directive
are summarized in Table 4. Canadian legislation and US guidelines on
sediments are also presented in Table 4.
The maximum limits for heavy metals in agricultural soils are meant
to ensure that these can be cultivated and crops do not absorb an excessive amount of these pollutants, remaining therefore edible. The
current European directive is more permissive than its Canadian
counterpart. For sediments, only Canada deﬁned regulations, once
again very strict. On this regard, the USA only features guidelines.

Table 3
Recommended maximum concentration level for heavy metals in irrigation
water.

Canada (Canadian Council of
Ministers of the Environment,
1999b)

EU, Proposal
(soil pH:
6 ≤ pH < 7) <

Dry weight.
Council of the European Communities (1986)
c
Gawlik and Bidoglio (2006)
d
Canadian Council of Ministers of the Environment (1999a)
e
Ingersoll et al. (2000); National Oceanic and Atmospheric Administration's
Oﬃce of Response and Restoration (2008)
f
Consensus-based probable eﬀect level.
g
Canadian Council of Ministers of the Environment (2001)
h
Canadian Interim Sediment Quality Guideline.

JECFA (2017) proposes provisional tolerable weekly intake for these
substances. Some of these values were withdrawn, as it was found that
those concentrations were not health-protective. The proposed values
are all very low, evidencing the eﬀects of bioaccumulation and the
acute toxicity of these elements in humans. For mice or rats the median
lethal dose values also evidences the acute toxicity of heavy metals
(Jones et al., 1979; Hunt et al., 2012).
The regulation of pollutants concentration in drinking water is
without a doubt a priority for governments. However, a few countries
also enforce maximum concentrations for these pollutants in irrigation
water (Table 3), driven by the need to control the concentration of
heavy metals in food.
It is worth noting that there is no directive deﬁned by the European
Council for the concentration of heavy metals in irrigation water. On
the other hand, the values deﬁned by FAO are just guidelines and have

Portugal (Ministério
do Ambiente, 1998)

EU, Current
valueb (soil
pH:
6 ≤ pH < 7)

d

b

Bodyweight.
b
World Health Organization (2017)
c
Council of the European Union (1998)
d
United States Environmental Protection Agency (2018)
e
Water and Air Quality Bureau - Healthy Environments and Consumer
Safety Branch (2017)
f
Ministry of Health of China (2006)
g
Provisional tolerable weekly intake for humans JECFA (2017)
h
Median lethal dose values obtained in mice or rats.
i
Former value.
j
Reported as hexavalent chromium.
k
Maximum tolerable intake.
l
Hunt et al., 2012.
m
Jones et al., 1979.

FAO (Pescod,
1992)

Sediments
c

a

a

Heavy
Metal

Limit concentration/mg kg−1 dwa

3. Heavy metal contaminated sites
Several authors have assessed the distribution of heavy metals on
diﬀerent natural media. In this section however, we focus on the concentration on watercourses, soils and stream sediments. Samples in
each study were collected in diﬀerent locations of the studied area and
at diﬀerent moments. Furthermore, only sites considered in the original
study as inside the inﬂuence area/downstream of the pollution source,
when discriminated, were taken into account. It should be noted that,
due to the anthropogenic sources of pollution and possible remediation
strategies employed, the sites assessed in the literature may feature
diﬀerent degrees of pollution at the present time. In Section 3.1 we

Value deﬁned for cereals; 1.0 mg L−1 for tolerant crops.
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Fig. 3. Photographs of some studied areas: a) polluted streams in Yiyang; b) mine tailing deposits in S.
Francisco de Assis; c) Lubumbashi river; d) Coal
mines around Qingshui River. Reprinted from references (Candeias et al., 2014; Hu et al., 2014; Atibu
et al., 2016; Li and Ji, 2017) with permission from
Elsevier. (see online version for colored artwork).

(Magiera et al., 2018) at the Norwegian – Russian border, an area of
great Fe and Ni ore exploration; the Ni and Cu mining region of Sudbury (Narendrula et al., 2013); northern Namibia (Podolský et al.,
2015), where mines were explored for Pb, Zn, V, Cu, Li and Ge;
Adrianópolis (Andrade et al., 2009), where Pb mining and processing
have occurred for several decades; As and Pb mining and smelting
communities in Armenia (Akopyan et al., 2018); the region of Villadossola in the Italian Alps (Gallini et al., 2018), explored for Fe, Ni, Cu
and Co sulphides and the Lot river basin, France (Audry et al., 2004),
where Zn ore was processed.
To interpret the values presented in the previously mentioned studies - Tables S1 and S2 - the relative concentration of heavy metals in
water and the geoaccumulation index (introduced by Müller – Table S3)
are presented in Tables 5–7. In Table 5, the relative concentration of
heavy metals from Table S1 (maximum value) is compared to drinkingwater (DW) and irrigation water (IW) standards deﬁned by WHO and
FAO, respectively. It is expected that the water from the evaluated
watercourses is subject to treatment before being distributed to the
public water supply. The comparison with drinking-water regulations
enables one to estimate the appropriate treatment to be employed. In
Tables 6 and 7, the geoaccumulation index (Igeo) – Equation (1) (Müller,
1986), enabled to assess elemental contamination in soils/sediments of
the sites surveyed in the literature. However, this index does not differentiate between accumulation of anthropogenic or lithogenic origin.
As the original authors of each study seldom present Igeo, most values in
Table 6 were calculated using the concentration in soil of Table S2 and
the background upper crust values of Table 1.

review studies in which heavy metals were quantiﬁed in sites aﬀected
by mining activities and associated ore smelting. In Section 3.2, studies
evaluating the content of these pollutants in sites aﬀected by industries,
mainly metallurgical industries, are surveyed. Section 3.3 highlights
studies where the heavy metal concentration has been assessed in locations with multiple sources of pollution, caused by a number of
combined factors.
3.1. Sites aﬀected by mining activity
The distribution of heavy metals in locations related with mining
activities was investigated in several studies and their concentrations
are summarized in Tables S1 and S2.
Fig. 3 shows some photos of the studied locations. Sites of Ra mines
were surveyed in Alto da Várzea (Antunes et al., 2018) and Sra. das
Fontes, Portugal (Neiva et al., 2016). In the Iberian Pyrite Belt, where
Au, Zn and Pb are extracted, the bases of the rivers Odiel, Tinto
(Fernández et al., 2018) and Meca (de la Torre et al., 2015) were studied. Zinc-lead mines were studied in Assif El Mal, Morocco (Aziz et al.,
2014), in Rubiais, Spain (Monterroso et al., 2014), in Noyelles-Godault
and Auby, Douai area, France (Sterckeman et al., 2000, 2002) and in
Kosovska Mitrovica, Kosovo (Šajn et al., 2013). In the U.K., abandoned
mines where these two heavy metals were the main product were also
studied (Nahmani et al., 2007). The Pribram region, Czech Republic,
has a history of Pb and Ag extraction and processing and has been intensively studied (Rieuwerts et al., 2000; Vaněk et al., 2005; Komárek
et al., 2007). Coal exploration sites such as the Yongding river (Ji et al.,
2018), the Sidney basin (Price and Wright, 2016) and the Qingshui
river basin in Beijing (Li and Ji, 2017) have also been assessed. Gold
extraction sites were also evaluated: Anka, Nigeria (Oke and
Vermeulen, 2017), where artisanal mining activities occurs, and in the
legacy mining township of Maldon, Australia (Abraham et al., 2018).
The Copperbelt, at the border of DR Congo and Zambia, is a region that
is explored for Cu and Co and has been studied by many authors (Kříbek
et al., 2010; Narendrula et al., 2013; Podolský et al., 2015; Atibu et al.,
2016, 2018). Several sites surrounding mines, mainly metal mines,
were studied in China (Z. Li et al., 2014b), including in Tongling (Li
et al., 2018), Xikuangshan (Long et al., 2018), Yiyang county (Hu et al.,
2014), Jishui river in Dexing (Liu et al., 2013) and Maba river in
Shaoguan (Liao et al., 2017). Other evaluated sites include the W mine
of S. Francisco de Assis (Candeias et al., 2014); the Sør-Varanger region

Igeo = log 2

C
1.5 × Cbackground

(1)

The values of Table 7 are given in each original study.
Mercury was not evaluated in the cited works and no guideline from
WHO exists for zinc. The values from Table 5 indicate that, in all the
assessed cases, the water does not meet the drinking water criteria
deﬁned by WHO and, in some cases, neither the maximum recommended concentration from FAO for irrigation water. Despite that,
there are several serious cases involving the large majority of metals.
The concentration of As in mine discharge water in Anka (Oke and
Vermeulen, 2017)– an artisanal mining exploitation – is around 1400
times greater than the MCL, followed by the water at Iberian Pyrite Belt
(360 times higher). It should also be stressed that signiﬁcant relative
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Table 5
Comparison of water concentration against water quality standards.
Site/Ref.

Alto da Várzea, Portugal (Antunes et al., 2018)
S. Francisco Assis, Portugal (Candeias et al., 2014)
Iberian Pyrite Belt, Spain (Fernández et al., 2018)
Meca river, Spain (de la Torre et al., 2015)
Assif El Mal, Morocco (Aziz et al., 2014)
Yongding River, China (Ji et al., 2018)
Yiyang, China (Hu et al., 2014)
Sidney basin, Australia (Price and Wright, 2016)
Anka, Nigeriaa (Oke and Vermeulen, 2017)

a
b

Standardb

DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW

Relative Water concentration
As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

3.28
0.33
0.78
0.08
360.40
36.04
13.00
1.30
–
–
–
–
–
–
1.00
0.10
1363.00
136.30

1.43
0.43
0.12
0.04
706.33
211.90
266.67
80.00
–
–
–
–
13.33
4.00
0.07
0.02
81.00
24.30

0.16
0.08
–
–
7.78
3.89
–
–
–
–
0.03
0.01
13.20
6.60
–
–
–
–

0.04
0.39
0.01
0.05
111.35
1114
4.60
46.00
0.66
6.60
0.00
0.01
0.05
0.45
0.01
0.07
0.11
1.05

5.07
0.01
2.31
0.00
160.70
0.32
36.00
0.07
6.40
0.01
0.04
0.00
3.00
0.01
0.70
0.00
15.30
0.03

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

1.54
0.05
–
–
1955
68.41
31.43
1.10
5.43
0.19
1.14
0.04
85.71
3.00
31.43
1.10
–
–

–
0.01
–
0.16
–
341.75
–
2.05
–
2.99
–
0.02
–
2.05
–
0.20
–
–

Values refer to mine discharge water.
DW - Drinking Water; IW - Irrigation Water.

general, they are signiﬁcantly polluted. These contain oxides and hydroxides, clays and organic matter in their compositions, which are able
to bind cations, retaining the heavy metal contaminants. It can also be
concluded that pollutants do not diﬀuse quickly to the surrounding
areas, which is also dependent on the size of the study site. Water from
watercourses can also be very polluted due to these activities. In spite of
more water quality regulations being enforced, and wastewaters being
treated, there are still sites whose river water is very contaminated and
inappropriate for irrigation or human consumption.

values can also be found for cadmium (Iberian Pyrite Belt's rivers Tinto,
Odiel and Meca) in relation to drinking water legislation. In fact, the
Iberian Pyrite belt is the spot with higher concentration of metals, relatively to WHO's drinking water levels. River water in Yiyang, China is
also highly contaminated with Cd, Cr (ca. 13 times over the MCL for
drinking water) and Ni (ca. 86-fold). On the other hand, the highly toxic
Cr shows relatively low values in all places where it was quantiﬁed.
The values from Table 6 conﬁrm that the soils from the sites surrounding the studied mines are very polluted. Most maximum Igeo values reveal that the soils are heavily or extremely polluted. However,
the spatial distribution of heavy metals around those sites is very uneven. It should be noted that in some cases the area under study is vast.
The elements being explored at the site are present in high concentrations in the soil, as expected. The Igeo reveals that the most polluted
sites, with a majority of the quantiﬁed metals causing extreme pollution, are the old mine sites from the U.K., in Pribram, Kosovska Mitrovica, Kolwezi, Lubumbashi, northern Namibia, Xikuangshan and the
two mining regions of Armenia. The analysis of the studies at the Douai
smelter reveals that the pollution eﬀectively spreads to the surrounding
cultivated soils. Surrounding the smelter, the soils are extremely polluted with Cd, Pb and Zn, a trend that is also veriﬁed in the agricultural
soils nearby. The latter, are also moderately to heavily polluted with Hg
and heavily polluted with As. The various mine sites studied in China
(Z. Li et al., 2014b) show uncontaminated locations within the studied
areas, as well as areas where extreme pollution is found, with the exception of Cr and Ni. This is the result of uncontaminated sample collection locations in the study area and the very diﬀerent mining areas
under analysis.
The Igeo values for sediments shown in Table 7 are much lower than
those found on Table 6. However, the pollution found in sediments
follows the soil trend. Lead pollution is more signiﬁcant in sediments
than in soils from Sra. das Fontes and river water from Yongding and
Maba rivers. It seems that these sediments tend to preferably bind Pb. In
the Lot River, heavy metal pollution in sediments is of at least class 4,
according to Müller's classiﬁcation – Table S3, with copper being the
exception.
From the analysis of the referred works, we observe that mining
activities release signiﬁcant amounts of heavy metals to the environment, polluting the surrounding areas. In some cases, a mixture of
diﬀerent elements is found together in the extracted ores. Soils and
surface sediments reveal extreme pollution in many cases and, in

3.2. Sites aﬀected by industrial activity
In this section, studies assessing the heavy metal loadings of the
surrounding areas of industrial facilities are surveyed. Tables S4 and S5
show the concentrations of heavy metals found in the referred literature. Table 8 summarizes the concentration of heavy metals in selected
industrial wastewaters.
The distribution of heavy metals in locations aﬀected by diﬀerent
kinds of facilities were reviewed, with particular importance being
given to metallurgical plants. In Portugal, the Esmoriz-Paramos lagoon
(Fernandes et al., 2008) and the Estarreja chemical complex (Oliveira
and Pampulha, 2006; Inácio et al., 2014) were assessed. In the U.K. the
surroundings of a Pb–Zn smelter in Avenmouth (Nahmani et al., 2007)
and in Prescot (Clemente et al., 2008), where a Cu rod-dolling plant is
operating, were studied. In Spain the industrialized city of Huelva
(Guillén et al., 2012) was studied. In Bazoches-les Gallérandes, France,
the surroundings of a Pb-recycling plant were assessed (Cecchi et al.,
2008). Sites of several industrial areas in Vojvodina (Spahić et al.,
2018) and Smederevo (Dragović et al., 2014), Serbia, were evaluated.
In Veles, Macedonia, the surroundings of a deactivated Pb and Zn
smelter plant was studied (Staﬁlov et al., 2010). The pollution of two
industrialized cities in China, Wuxi (Zhao et al., 2007) and Yixing (Wei
et al., 2009), was assessed, as well as the contamination caused by
former metallurgical complexes in South Korea (Bade et al., 2012) and
Monterey, Mexico (Gutiérrez-Ruiz et al., 2012).
In a similar way, several authors have studied the heavy metal
content in water streams that receive wastewaters and provide drinking
water for populations – Tables S4 and S5. These can receive large
amounts of industrial (metallurgical, petrochemical, oil industries and
dyeing), agricultural and domestic eﬄuents, sometimes untreated. In
the case of the site analyzed in Taiwan (Hsu et al., 2016), eﬄuent
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Table 6
Geoaccumulation indexes for soils aﬀected by mines.
Site/Reference

Igeo soil

a

Alto da Várzea, Portugal
(Antunes et al., 2018)
Senhora das Fontes, Portugala
(Neiva et al., 2016)
S. Francisco Assis, Portugala
(Candeias et al., 2014)
Rubiais, Spaina
(Monterroso et al., 2014)
United Kingdoma
(Nahmani et al., 2007)
Douai, Francea
(Sterckeman et al., 2000)
Cultivated soils Douai,
Francea
(Sterckeman et al., 2002)
Litavka River valley, Czech
Republica
(Vaněk et al., 2005)
Pribram, Czech Republica
(Komárek et al., 2007)
Pribram, Czech Republica
(Rieuwerts et al., 2000)
Sør-Varanger, Norwaya
(Magiera et al., 2018)
Kosovska Mitrovica, Kosovoa
(Šajn et al., 2013)
Assif El Mal, Moroccoa
(Aziz et al., 2014)
Kolwezi, DR Congo (Atibu
et al., 2018)
Lubumbashi, DR Congoa
(Narendrula et al., 2013)
Lubumbashi, DR Congo
(Atibu et al., 2016)
Copperbelt Province, Zambiaa
(Podolský et al., 2015)
Copperbelt Province, Zambiaa
(Kříbek et al., 2010)
Northern Namibiaa
(Podolský et al., 2015)
Sudbury, Canadaa
(Narendrula et al., 2013)
Tongling, Chinaa
(Li et al., 2018)
Xikuangshan, Chinaa
(Long et al., 2018)
Beijing, China (Li and Ji,
2017)
Dexing, Chinaa
(Liu et al., 2013)
Yiyang, Chinaa
(Hu et al., 2014)
China (Z. Li et al., 2014b)
Maldon, Australiaa
(Abraham et al., 2018)
Adrianópolis, Brazila
(Andrade et al., 2009)
Alaverdi, Armeniaa
(Akopyan et al., 2018)
Akhtala, Armeniaa
(Akopyan et al., 2018)
Villadossola, Italya
(Gallini et al., 2018)
a

As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

4.65–5.59

–

–

−1.03 – 1.12

–

−3.07 to
−2.11
−1.55 – 2.06

< 0.85

< 4.74

−1.04 to
−0.24
< 2.13

−0.40 – 0.82

4.24–7.12

−3.87 to
−1.22
−2.32 – 0.83

−3.18 – 1.04

6.37

3.12

−0.47

2.96

1.38

–

−0.21

2.05

–

3.74–9.31

0–2.93

1.03–8.08

0.93–7.88

−2.51 – 0.52

2.12–9.38

–

< 11.18

−4.13 to
−1.32
–

0.12–1.88

3.95–10.89

–

–

2.04–9.42

–

−1.74 – 10.99

–

–

−1.53 – 7.91

–

–

−1.38 – 8.64

1.20–3.43

3.63–7.15

−0.59 – 0.40

−0.44 – 1.14

2.17–5.65

0.19–2.63

−1.57 – 0.47

0.94–4.80

–

4.32–8.81

–

–

−0.58 – 7.71

–

–

2.09–6.81

5.54–6.54

−0.32 – 6.31

–

2.32–4.54

5.38–10.65

–

–

−2.30 – 2.73

5.41–6.24

4.22–8.18

–

−0.81 – 2.80

3.36–7.69

–

–

1.69–6.20

−2.17 – 2.19

−0.58 – 4.27

−3.36 – 0.12

−1.08 – 5.74

−2.09 – 2.66

–

−1.68 – 6.03

−2.40 – 3.39

−0.36 – 10.50

−0.58 – 8.29

−2.91 – 4.39

−1.22 – 6.25

0.60–10.60

−2.39 – 6.71

−1.91 – 6.51

−1.29 – 7.27

–

–

–

1.36–2.48

1.72–2.88

–

2.77–4.71

−0.3 – 4.5

–

–

9.8–19.8

6.3–13.9

–

−2.57 to
−0.88
6.3–13.4

10.3–18.9

2.89–5.23

2.58–7.04

–

9.11–9.40

−0.10 – 5.17

–

−2.25 – 0.23

1.19–4.00

4.5–6.0

–

–

10.3–11.5

9.0–10.3

–

5.1–6.5

10.5–13.2

−1.67 – 4.98

−2.91 – 3.06

–

−2.86 – 10.81

−2.93 – 4.22

−4.25 – 1.89

–

−2.72 – 2.82

< 6.56

–

−5.04 – 3.50

−1.81 – 10.96

< 4.48

−5.71 – 2.07

< 2.21

< 2.53

−1.52 – 9.78

−0.45 – 11.73

–

−2.77 – 7.89

−1.29 – 8.50

−4.79 – 5.39

–

−2.84 – 6.96

−0.43 – 4.09

1.00–3.74

–

1.31–5.98

−0.32 – 2.97

–

0.92–5.81

−1.29 – 0.14

–

2.98–7.44

−0.89 – 1.56

1.26–5.23

0.88–3.91

–

−1.76 – 0.39

0.16–3.28

1.05–7.03

−0.58 – 9.77

–

−1.18 – 4.07

−2.45 – 4.86

–

–

−0.59 – 6.03

–

0.4–3

−1.7 to −0.3

−1.0 – 0.2

−1.1 – 2.1

–

−1.1 – 0.5

−1.2 to −0.3

1.89–6.28

1.74–4.12

0.19–0.86

0.47–4.35

0.83–4.58

–

−0.51 – 0.90

−0.10 – 2.53

–

1.42–6.14

−1.18 – 0.07

0.09–3.36

−0.03 – 1.73

–

−1.02 – 0.50

0.23–2.63

−5.70 – 6.06
(∼1.0)
2.81–6.10

−1.41 – 8.85
(∼4.0)
−2.32 – 1.30

−4.70 – 1.24
(∼-0.5)
−1.19 – 0.12

−7.36 – 6.54
(∼1.2)
−0.58 – 1.49

−2.55 – 7.36
(∼2.0)
−0.91 – 1.76

−1.71 – 9.05
(∼1.8)
−0.07 – 6.42

−3.59 – 7.68
(∼1.2)
−1.83 – 2.07

–

3.66–7.20

1.44–5.41

3.38–8.75

–

3.15–8.62

–

−2.56 to
−0.92
–

−1.34 – 4.0
(∼0.5)
−2.03 to
−0.31
−0.79 – 0.43

–

−1.32 – 7.36

–

–

–

1.74–6.68

–

–

–

−0.58 – 9.12

–

–

–

0.97–1.18

1.00–3.12

−0.25 – 0.94

0.42–1.78

0.51–2.03

–

0.34–0.63

−0.58 – 0.88

0.45–3.52

Values calculated based on the concentration reported in the original research and the average upper crust concentration (Table 1).

aforementioned works, the eﬀects of applying these wastewaters for the
irrigation of crops were evaluated.
Table 8 reveals that most eﬄuents are not treated and the discharged wastewaters feature high concentrations of heavy metals. This
is particularly noticeable in some electroplating wastewaters

discharges are also from technological and science parks, hospitals and
Original Equipment Manufacturers.
The composition of industrial eﬄuents is reported elsewhere and
summarized in Table 8. These industries include dyeing, electroplating,
rolling and pickling, and steel processing. In some of the
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Table 7
Geoaccumulation indexes for sediments in sites aﬀected by mines.
Site/Reference

Alto da Várzea, Portugal (Antunes et al., 2018)
Senhora das Fontes, Portugal (Neiva et al., 2016)
Lot River, France (Audry et al., 2004)
Yongding River, China (Ji et al., 2018)
Maba river, China (Liao et al., 2017)
Kolwezi, DR Congo (Atibu et al., 2018)
Lubumbashi, DR Congo (Atibu et al., 2016)
Anka, Nigeriaa (Oke and Vermeulen, 2017)
a

Igeo sediments
As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

2–6
2–4
–
–
0.66–6.36
−0.5 – 5.1
–
2.63

–
–
−1.0 – 8.0
–
2.90–8.34
–
–
–

0–1
0–1
–
−1.67 – 0.04
−1.0 – 0.0
–
–
0.62

0
0–1
−1.0 – 2.5
−1.80 – 0.24
−0.58 – 5.01
10.9–21.7
9.8–12.3
2.29

0–2
0–2
−1.0 – 4.2
−1.17 – 1.88
−0.56 – 4.96
6.4–13.5
8.3–15.6
3.67

–
–
–
–
2.23–5.56
–
–
–

0
0–1
–
−1.69 – 0.81
−0.6 – 1
5.6–11.4
5.2–7.6
–

0
0–1
−1.0 – 5.6
−1.06 – 0.62
0.09–5.62
10.3–13.8
10.8–15.8
–

Values refer to mine sediments.

Table 9 presents the relative heavy metal concentration in the
evaluated watercourses and Table 10 shows the Igeo for soils and sediments. Mercury was not assessed in the watercourses of Table 9.
Table 9 shows that the analyzed water does not meet, in many situations, the criteria for drinking water or even irrigation water. Cd, Cr
and Ni are very relevant in these watercourses. The Yamuna river is the
most contaminated watercourse in Table 9. It can be seen that the
concentrations of heavy metal cations are quite high; for example, for
Cd and Pb, they can reach values higher than 100 times the drinking
water limit and almost 400 times greater for Ni. The drinking water
guideline is also largely exceeded in the Khoshk river and in Jiangsu by
at least two orders of magnitude. In fact, Ni concentration found in
Jiangsu is 543 fold that of the limit.
The soils in the evaluated sites summarized in Table 10, feature
signiﬁcant contamination of heavy metals. Similarly to Table 6, the

(Orescanin et al., 2004; Hang et al., 2009; Anirudhan and Sreekumari,
2011; John et al., 2016), in some industrialized areas (Frank and
Harangozó, 1994; Rawat et al., 2003; Ayeni, 2014) and even in wastewaters used for irrigation (Gupta et al., 2008). The receiving media
are not likely able to accommodate the continuous discharge and as
such, become contaminated. This is very relevant when the receiving
media are rivers, which provide drinking water to populations and irrigation water for crops, or soils that accumulate the contaminants
input. In Jiangsu (Hang et al., 2009) and in Delhi (Rawat et al., 2003),
the high concentration of heavy metals in discharged wastewaters leads
to dangerous high concentrations in the receiving media. In Titagarh
(Gupta et al., 2008), the use of wastewaters as irrigation waters causes
heavy pollution of the soils. The issue of poorly treated eﬄuents calls
for more environmental policies and regulation enforcement and supervision by the governments.

Table 8
Heavy metal concentration in wastewaters from selected industries.
Industry/Ref.

Electroplating wastewater
(Hang et al., 2009)
Electroplating wastewater
(Ma et al., 2010)
Electroplating wastewaters
(John et al., 2016)
Electroplating wastewater
(Pandey, 2006)
Electroplating wastewater
(Orescanin et al., 2004)
Electroplating wastewater for Cu(II)
(Anirudhan and Sreekumari, 2011)
Raw wastewater from engineering plant
(Frank and Harangozó, 1994)
Industrial wastewaters
(Ayeni, 2014)
Chlor-alkai industry wastewater for Hg(II)
(Anirudhan and Sreekumari, 2011)
Delhi industrial area
(Rawat et al., 2003)
Industries from Ondo, Nigeria
(Ogunleye and Izuagie, 2013)
Wastewaters discharged to the Ismailia Canal,
Egypt
(Ahmed and Hanafy, 2017)
Taichung industrial and technological parks,
Taiwan
(Hsu et al., 2016)
Wastewater used in irrigation
(Kumar Sharma et al., 2007)
Wastewater used in irrigation
(Gupta et al., 2008)

Concentration in wastewater/mg L−1
As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

–

b.d.l.

28.1

6.40

b.d.l.

–

9.73

1.34

–

–

0.06

0.26

–

–

0.06

0.008

–

–

2.6–6.0

2157.3–15560.3

–

–

40.8–245.4

2.1–12.5

–

0.011–0.015

0.073–0.113

–

–

–

0.904–0.966

4.55–4.97

–

–

35.9

3.2

8.6

–

1.3

505.0

–

–

–

43.3

–

–

11.7

–

–

–

1779.8

79.8

0.4

–

–

38.43

–

0.1–0.9

1.9–3.9

1.9–6.7

0.3–0.9

–

1.4–4.4

–

–

0.6

–

–

3.2

9.9

–

–

–

b.d.l. – 0.9

b.d.l. – 319

b.d.l. – 48

b.d.l. – 326

–

b.d.l. −40

b.d.l. – 16

b.d.l. –
1.23
–

b.d.l.

b.d.l. – 0.04

b.d.l. – 0.044

b.d.l.

b.d.l. – 1.20

b.d.l.

0.017–0.026

–

0.035–0.042

–

b.d.l. –
3.00
–

0.021–0.027

0.053–0.060

–

b.d.l. – 0.0008

b.d.l. – 0.030

b.d.l. – 0.721

b.d.l. –
0.0004

–

b.d.l. – 0.295

b.d.l. – 0.255

–

b.d.l. – 0.23

b.d.l. – 0.82

b.d.l. – 1.54

b.d.l. – 0.37

–

b.d.l. – 0.37

b.d.l. – 1.25

–

b.d.l. – 0.06

b.d.l. – 0.81

0.07–6.30

b.d.l. – 7.50

–

b.d.l. – 4.20

0.21–4.30

a

b.d.l. – below detection limit.
a
Deﬁned as Cr(VI) content.
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Table 9
Comparison of water concentration against water quality standards in watercourses aﬀected by industrial activities.
Site/Ref.

Esmoriz–Paramos lagoon, Portugal
(Fernandes et al., 2008)
Tigris river, Turkey
(Karadede-Akin and Ünlü, 2007)
Karoon river, Iran
(Diagomanolin et al., 2004)
Khoshk river, Iran
(Salati and Moore, 2010)
Yamuna river, India
(Kaushik et al., 2009)
Yamuna river, India
(Bhardwaj et al., 2017)
Yamuna river, India
(Rawat et al., 2003)
Patancheru, India
(Krishna et al., 2009)
Kasimpur, India
(Javed and Usmani, 2013)
Gomti river, India
(Gaur et al., 2005)
Gomti river, India
(Singh et al., 2005)
Karnaphuli River, Bangladesh
(Ali et al., 2016)
The Luan River Basin, China (Z. Wang et al., 2015b)
Jiangsu, China
(Hang et al., 2009)
Taichung, Taiwan
(Hsu et al., 2016)
a

Standarda

DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW
DW
IW

Relative Water concentration
As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

–
–
–
–
–
–
–
–
–
–
–
–
–
–
11.65
1.17
–
–
–
–
–
–
5.39
0.54
–
–
–
–
–
–

–
–
0.00
0.00
–
–
60.00
18.00
6.67
2.00
144.33
43.30
66.67
20.00
–
–
–
–
0.00
0.00
0.00
0.00
6.11
1.83
0.37
0.11
–
–
0.00
0.00

0.00
0.00
–
–
2.37
1.18
11.00
5.50
0.16
0.08
39.66
19.83
2.20
1.10
0.94
0.47
2.00
1.00
6.32
3.16
0.11
0.06
2.25
1.12
1.79
0.89
17.08
8.54
1.05
0.52

0.02
0.15
0.05
0.46
0.04
0.35
0.03
0.30
–
–
8.82
88.21
0.08
0.75
–
–
0.43
4.30
0.02
0.23
0.00
0.00
–
–
0.01
0.15
2.25
22.50
0.03
0.31

3.80
0.01
0.00
0.00
–
–
13.00
0.03
–
–
111.21
0.22
36.00
0.07
1.38
0.00
–
–
8.60
0.02
3.90
0.01
2.75
0.01
1.51
0.00
–
–
0.04
0.00

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
57.14
2.00
17.43
0.61
28.57
1.00
30.00
1.05
392.59
13.74
151.43
5.30
7.73
0.27
1.71
0.06
26.57
0.93
2.43
0.09
–
–
1.99
0.07
542.86
19.00
4.71
0.17

–
0.35
–
0.07
–
–
–
1.37
–
–
–
14.26
–
0.06
–
0.18
–
0.15
–
0.08
–
0.02
–
–
–
0.09
–
0.18
–
0.01

DW - Drinking Water; IW - Irrigation Water.

watercourse in Ribeirão Preto, Brazil (Alves et al., 2010). The pollution
in these locations is described as due to a variety of factors including
industrial, domestic and hospital wastewaters, agriculture and runoﬀs
from landﬁlls. In a similar way, the sediments of the Gulf of Taranto,
Italy (Buccolieri et al., 2006) were also analyzed, which receive pollutants from steel industries, oil reﬁneries and the region's rivers.
In Alicante, Spain, the heavy metal content of agricultural soils was
evaluated (Micó et al., 2006, 2007). Similarly, several cities in China
were evaluated with the same purpose by Chen and Lu (2018), who
studied Xi'an city, and by Cheng et al. (2014) who surveyed 31 metropolises. The sources of pollution were natural sources but also traﬃc
and industrial activities.
Table 11 presents the relative heavy metal concentration in the
evaluated watercourses and Table 12 presents the Igeo for soils and
sediments.
Table 11 clearly shows that on these sites the pollution in watercourses is signiﬁcant. Despite not being aﬀected by a single source of
pollution, several anthropogenic factors, like agriculture, industries and
road traﬃc can end up creating signiﬁcant pollution in water. Tembi
river features the most polluted waters, with Cd, Pb and Ni concentrations being 100 times over the limit for drinking-water. The
concentration in Dil Deresi and Korotoa river, also exceeds the drinking
water limit by up to one order of magnitude depending on the cation. In
Songhua river and Monte Alegro watercourse, heavy metal contamination is not relevant.
The Igeo values reported in Table 12 reveal that, in contrast with the
conclusions of sections 3.1 and 3.2, the soils are not signiﬁcantly polluted. This is due to the lack of a major source of heavy metal pollution.
In the Alicante region (Micó et al., 2006, 2007), for example, only Cd
pollution is relevant. As the studied area covers agricultural soils, the
Cd contamination is most likely due to fertilizers. In China, soil pollution is greater and relevant: in Xi'an city all quantiﬁed elements reveal
relevant pollution and in China's metropolises (Cheng et al., 2014) Cd,

minimum Igeo reveals the existence of uncontaminated sites within the
studied area. However, in this table, this value can also reveal cases of
severe pollution (Gupta et al., 2008; Bade et al., 2012; Gutiérrez-Ruiz
et al., 2012). The most polluted soils are found in Huelva, Avenmouth,
Prescot, Veles, South Korea and Monterey, showing that the problem is
not speciﬁc for a given country. Some of the maximum Igeo values in
these locations are twice the value used to deﬁne extreme pollution,
revealing serious pollution. Chromium is not very relevant in the reported sites, with the exception of Veles and Varanasi. On the other
hand, Hg concentration in soils is more relevant, causing extreme pollution in Estarreja and Veles. As, Cd, Cu, Pb and Zn are also shown to
cause signiﬁcant levels of pollution in many of the sites under focus.
These results reveal that remediation is mandatory in places where
metallurgical industries are located.
In terms of sediment contamination, Karnaphuli River is the most
polluted out of Table 10. In this river, extreme pollution is caused by all
quantiﬁed elements with the exception of cadmium. In the Khoshk
river, pollution is mainly due to Pb, being Cd and Cu also signiﬁcant. In
contrast, the sediments from the Luan River Basin do not feature relevant pollution, except in the case of Cd.
3.3. Other sites
In this section, the selected works assessed the distribution of heavy
metals in locations where the heavy metal pollution cannot be attributed to a single source, hence existing multiple sources of heavy metal
pollution. Tables S6 and S7 show the concentrations of heavy metals
found in each cited study.
The pollution in watercourses and their sediments was evaluated in:
Dil Deresi, a small stream that ﬂows into Izmit bay, Turkey (Pekey
et al., 2004); Tembi River, Iran (Shanbehzadeh et al., 2014); Zarrin-Gol
River, Iran (Malvandi, 2017); Korotoa river, Bangladesh (Islam et al.,
2015); Songhua river, China (Wang et al., 2013) and Monte Alegro
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Table 10
Geoaccumulation indexes for soils and sediments aﬀected by industrial activities.
Igeo soil
Site/Ref.
a

Estarreja , Portugal
(Oliveira and Pampulha, 2006)
Estarrejaa, Portugal
(Inácio et al., 2014)
Huelvaa, Spain
(Guillén et al., 2012)
Bazoches-les Gallérandesa, France
(Cecchi et al., 2008)
Avenmoutha, U.K.
(Nahmani et al., 2007)
Prescota, United Kingdom
(Clemente et al., 2008)
Vojvodinaa, Serbia
(Spahić et al., 2018)
Smederevoa, Serbia
(Dragović et al., 2014)
Velesa, Macedonia
(Staﬁlov et al., 2010)
Varanasia, India
(Kumar Sharma et al., 2007)
Titagarha, India
(Gupta et al., 2008)
Wuxia, China
(Zhao et al., 2007)
Yixinga, China
(Wei et al., 2009)
South Koreaa
(Bade et al., 2012)
Montereya, Mexico
(Gutiérrez-Ruiz et al., 2012)

As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

9.17

2.87

−5.45

2.66

3.59

10.02

−4.15

1.09

0.10–7.62

–

–

–

–

–

−2.29 – 1.35

1.72–9.58

0.09–6.94

−3.01 – 1.09

3.68–8.90

1.61–7.93

−1.81 –
7.02
–

−2.25 – 0.77

−0.06 – 5.92

0.16–3.38

–

−1.76 – 0.82

−2.41 – 0.70

−2.65 – 6.42

–

−1.94 – 0.52

−3.29 – 0.16

–

8.51

–

2.94

6.27

–

–

5.54

2.74–5.73

4.74–8.20

–

3.13–5.74

3.79–4.68

–

–

0.24–1.17

−0.51 – 3.09

0.26–2.24

−2.25 – 1.89

−1.69 – 2.74

−1.49 – 1.64

−2.25 – 1.10

−1.96 – 3.30

–

0.55–4.94

−1.56 – 3.12

−0.17 – 2.64

0.49–2.58

−3.22 – 0.94

−1.05 – 5.35

1.00–11.97

−12.36 –
1.13
−1.63 – 5.10

−2.39 –
2.34
–

−0.93 – 6.34

−0.79 – 9.38

−1.96 – 4.40

−1.83 – 8.44

–

1.87–5.88

−1.97 – 3.69

−3.04 – 3.28

−5.61 – 0.98

−3.39 –
6.84
–

−3.83 – 0.27

−2.45 – 2.31

–

7.21–8.41

1.17–1.86

0.07–2.99

2.14–2.90

–

0.65–2.23

1.22–1.87

1.87–3.03

−5.64 – 1.30

−0.99 – 0.87

0.35–2.85

−0.40 – 2.85

–

−1.39 – 2.51

–

−0.74 – 1.30

−0.28 – 0.37

−0.46 – 0.86

0.66–1.25

−0.67 –
1.34
–

–

–

5.56–14.62

–

–

2.08–10.38

3.05–12.41

–

–

3.33–5.67

5.40–11.13

< 11.16

–

< 5.11

3.24–10.45

–

–

2.05–7.30

–

−2.1 – 2.15

0.1–1.25

0.4–2.05

2.1–4.8

–

0.10–0.48

0.24–1.8

6.3–8.3
–

−3.0 to −0.49
0.17–3.1

11.1–13.2
0.2

–
−3.0 – 0.8

8.0–10.0
−1.4 – 0.9

–
–

–
−2.9 – 1.0

–
−0.9 – 1.4

Igeo sediments
Khoshk river, Iran
(Salati and Moore, 2010)
Karnaphuli River, Bangladesh (Ali et al., 2016)
The Luan River Basin, China (Z. Wang et al.,
2015b)
a

Values calculated based on the concentration reported in the original research and the average upper crust concentration (Table 1).

destined for human consumption have to be treated. Removal of heavy
metals from these can be achieved by several processes, from the most
simple – chemical precipitation, to highly eﬃcient membrane or electrochemical processes. Section 4.1 presents an overview on the diﬀerent
processes used to remove heavy metals from liquid media. Section 4.2
discusses the suitability of the techniques described, given the values
presented in section 3.

Pb and Hg are the most signiﬁcant.
The geoaccumulation index for sediments in Table 12 reveals two
contrasting situations: Korotoa river is relevantly polluted for all
quantiﬁed elements while, in Zarrin-Gol River and the Gulf of Taranto,
the sediments are not polluted regarding the quantiﬁed elements.

4. Techniques for removal of heavy metals from aqueous media
In order to comply with regulations, wastewaters and water
Table 11
Comparison of water concentration against water quality standards in watercourses of sites aﬀected by several sources of pollution.
Site/Ref.

Dil Deresi, Turkey (Pekey et al., 2004)
Tembi river, Iran (Shanbehzadeh et al., 2014)
Korotoa river, Bangladesh (Islam et al., 2015)
Songhua river, China Wang et al. (2013)
Monte Alegro watercourse, Brazil (Alves et al., 2010)

a

Standarda

DW
IW
DW
IW
DW
IW
DW
IW
DW
IW

Relative Water concentration
As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

29.00
2.90
–
–
9.20
0.92
0.38
0.04
–
–

5.00
1.50
116.67
35.00
7.33
2.20
–
–
0.02
0.01

2.20
1.10
11.60
5.80
2.52
1.26
0.36
0.18
0.01
0.01

0.05
0.47
0.36
3.55
0.06
0.60
0.02
0.19
0.00
0.03

37.00
0.07
191.00
0.38
6.40
0.01
2.80
0.01
1.88
0.00

–
–
–
–
–
–
–
–
–
–

–
–
118.57
4.15
10.14
0.36
–
–
–
–

–
2.05
–
0.26
–
–
–
0.20
–
0.01

DW - Drinking Water; IW - Irrigation Water.
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Table 12
Geoaccumulation indexes for soils and sediments in sites aﬀected by several sources of pollution.
Site/Ref.

Igeo soil

a

Segura river valley , Spain
(Micó et al., 2006)
Alicantea, Spain
(Micó et al., 2007
Xi'an citya, China
(Chen and Lu, 2018
China
(Cheng et al., 2014)

As

Cd

Cr

Cu

Pb

Hg

Ni

Zn

–

0.00–2.55

−1.32 – 0.30

−0.38 – 0.54

−1.34 – 0.62

–

−0.80 – 0.17

−1.22 – 0.05

–

1.18

−0.99

0.10

0.02

–

−0.45

−0.56

0.20–2.43

–

–

0.01–2.02

−0.18 – 2.80

–

−0.54 – 1.58

−0.52 – 2.58

−1.05 – 0.27

−0.59 – 2.90

−1.12 to −0.02

−0.53 – 0.63

−0.78 – 1.59

−0.75 – 3.13

−1.18 to −0.11

−0.97 – 0.68

–

–

<0

<0

<0

–

<0

<0

−1.2 – 3.1

0.51–3.9

0.39–2.1

−0.53 – 1.2

0.72–1.9

–

−0.42 – 1.7

–

−0.87 – 0.62

–

−2.15 to −1.43

–

–

–

−3.34 to −2.79

−2.44 to −1.84

Igeo sediments
Gulf of Taranto, Italy
(Buccolieri et al., 2006)
Korotoa river, Bangladesh
(Islam et al., 2015)
Zarrin-Gol River, Iran
(Malvandi, 2017)
a

Values calculated based on the concentration reported in the original research and the average upper crust concentration (Table 1).

simultaneously used to enhance the treatment eﬃciency (Fu and Wang,
2011).
Coagulation and ﬂocculation can also be employed to remove heavy
metals as well as suspended matter (Shammas, 2005; Kurniawan et al.,
2006; Fu and Wang, 2011). Adding coagulants like aluminum or ferrous
sulfate, leads to the destabilization of colloids into aggregates. Flocculation uses polyelectrolytes to bind particles into large agglomerates.
Widely used ﬂocculants include polyferric sulfate, aluminum sulfate
and polyacrylamide. The agglomerates can afterwards be removed by
sedimentation and ﬁltration.
Membrane ﬁltration technologies can also be employed to remove
heavy metals (Kurniawan et al., 2006; Fu and Wang, 2011; Al-Saydeh
et al., 2017). Ultraﬁltration (UF) membranes have pores larger than
hydrated cations and low molecular weight solutes. Thus, to retain
dissolved heavy metals, surfactant micelles that bind to cations or
polymers that form complexes with them are added to the eﬄuent,
producing structures that are retained by the membrane (Petrov and
Nenov, 2004; Kurniawan et al., 2006; Ferella et al., 2007; Barakat and

4.1. Overview of heavy metal removal techniques
Several strategies can be used to remove heavy metal cations from
liquid media. These are brieﬂy discussed below. Table 13 summarizes
the advantages and disadvantages of diﬀerent processes.
Chemical precipitation is the most employed strategy and is the
simplest (Kurniawan et al., 2006; Fu and Wang, 2011). By adding a
precipitation agent to the eﬄuent, the cations react to form insoluble
species that precipitate from solution. Typically, this occurs by hydroxide precipitation, using agents like lime to raise the eﬄuent's pH,
however sulﬁdes can also be used, as the metal sulﬁdes have lower
solubility than the corresponding metal hydroxides (Mirbagheri and
Hosseini, 2005; Kurniawan et al., 2006; Fu and Wang, 2011). Chemical
precipitation generates a large volume of sludges, with costly treatment
and disposal. Besides, this method leads to higher concentration of salts
in the wastewater which does not meet the criteria for its disposal
(Mirbagheri and Hosseini, 2005; Kurniawan et al., 2006; Aziz et al.,
2008; Fu and Wang, 2011). Coagulation and precipitation agents can be

Table 13
Comparison of advantages and disadvantages of diﬀerent treatment techniques for heavy metal laden liquid media (Kurniawan et al., 2006; Fu and Wang, 2011;
Al-Saydeh et al., 2017).
Process

Advantages

Disadvantages

Chemical Precipitation

Low cost
Low energy requirements
Simple design/operation
Safe operation
Reduced time to settle suspended solids
Improved sludge settling
Small space requirement
High eﬃciency
Low pressure of operation (UF)
High rejection rate (RO)
No sludge production
High removal capacity
Fast kinetics
Can be selective
Selective separation
High eﬃciency
No sludge production
Simple design and operation
Low initial cost
High eﬃciency
Low-cost adsorbents available
Can be selective

Production of high volume of sludge
High cost for sludge disposal
High consumption of precipitant agent
Increasing diﬃculty in meeting disposal standards
Sludge production
High cost for sludge disposal
High operation cost
Membrane fouling
High pressure operation (RO)
High energy consumption (RO)
Not all resins are adequate
Resins have to be regenerated
Treatment of regeneration solution
High cost
High cost
High energy consumption

Coagulation-Flocculation
Membrane Filtration

Ion Exchange

Electrochemical

Adsorption
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Eﬃcient adsorbents can be expensive
Loaded adsorbent needs disposal/regeneration
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exchange, some adsorbents can be regenerated. A more expensive adsorbent that can be regenerated can be more useful than a disposable
adsorbent. Chemical precipitation aided with coagulants and high
amounts of lime could also achieve very low ﬁnal concentrations.
However, this result is more diﬃcult to achieve and occurs at the expense of major amounts of precipitation and coagulation agents, increasing costs and producing high volume of sludges that are expensive
to treat and dispose of. In sum, in this situation, adsorption with reasonable cost adsorbents seems the most inexpensive approach to purify
the water from natural watercourses in order to be adequate for human
consumption.
Some watercourses feature higher concentrations of heavy metals
(∼200 mg L−1 of Cu and ∼700 mg L−1 of Zn (Fernández et al., 2018);
∼13 mg L−1 of As (Oke and Vermeulen, 2017); 11 mg L−1 of Pb and
27 mg L−1 of Ni (Bhardwaj et al., 2017)), as do the eﬄuents from
Table 9. These are very high when compared to drinking or irrigation
water standards; nevertheless, these concentrations are still well within
the concentration range for which the treatment techniques are capable
of working eﬃciently (Petrov and Nenov, 2004; Kurniawan et al., 2006;
Motsi et al., 2009; Măicăneanu et al., 2013; Delkash et al., 2015). For
these situations, the techniques discussed previously are all applicable,
with the same limitations. For the speciﬁc case of metallurgy industries,
the possibility to recover the heavy metals is a key challenge, as these
are used as raw materials. Ion exchange resins (Da̧browski et al., 2004)
and adsorbents (Shaheen et al., 2012; Heidari et al., 2013) can be selective, allowing to recover the desired cations, which gives an economical advantage to these two techniques. The sludges produced from
chemical precipitation impair the recovery and reuse of those cations.
For the cases of the eﬄuents evaluated by John et al. (2016) and Frank
and Harangozó (1994), since one of the pollutants features extremely
high concentrations (> 1000 mg L−1), chemical precipitation becomes
the most suited strategy. However, polymer enhanced ultraﬁltration
has also shown to be eﬀective in very high concentrations (Petrov and
Nenov, 2004), although much costly. Electrochemical processes are
very expensive but for the case of metallurgical industries these can be
adequate, since the high operation cost is oﬀset by the value of recovering high amounts of metal. These processes can also be selective,
increasing the reusability of the recovered cations.

Schmidt, 2010; Fu and Wang, 2011; Al-Saydeh et al., 2017). Nanoﬁltration (NF) can be an alternative for some cations like nickel, chromium and arsenic. The membranes used are charged and their unique
steric (size exclusion) and electrical (Donnan exclusion) eﬀects allow
the membrane to reject charged solutes smaller than the membrane's
pores (Kurniawan et al., 2006; Al-Saydeh et al., 2017). Reverse osmosis
(RO) can also be used for this purpose. By applying pressure, the semipermeable membrane used in this process is able to reject the majority
of dissolved contaminants. It is shown that this technique is able to
retain most heavy metals (Kurniawan et al., 2006; Fu and Wang, 2011;
Al-Saydeh et al., 2017).
Ion exchange uses resins to reversibly exchange ions between the
resin – solid phase – and the eﬄuent under treatment – liquid phase. To
remove heavy metals, cation-exchange resins must be chosen. Selective
resins are available making this process suitable to recover valuable
metals (Da̧browski et al., 2004; Kurniawan et al., 2006; Fu and Wang,
2011).
Electrochemical methods are also an option to remove heavy metals
from water (Kurniawan et al., 2006; Fu and Wang, 2011; Al-Saydeh
et al., 2017). They are typically associated with metallurgy industries.
Electrodialysis is a membrane process in which ionized species exchange through a charged membrane by applying electric potential.
Electrodeposition is a process in which a cation is reduced to a zerovalence state by applying electric current. It is considered a “clean”
process and is useful to recover valuable cations.
Adsorption is another process used for the removal of heavy metals
from liquid media (Kurniawan et al., 2006; Fu and Wang, 2011;
Chowdhury et al., 2016; Vareda et al., 2016; Al-Saydeh et al., 2017;
Burakov et al., 2018). In this process, the adsorbate present in the liquid
phase, net accumulates at the surface of the solid phase – adsorbent.
Adsorption is already employed as an additional step to remove organic
and inorganic contaminants, down to acceptable levels, in water and
wastewater treatment (Qu et al., 2013). The eﬃciency of the process is
intimately related to the adsorbent's properties - surface area or active
sites, selectivity and kinetics. With the appropriate adsorbent, high efﬁciencies and fast kinetics can be obtained, while cheap adsorbents can
make the process more viable. The variety of adsorbents developed (Lu
and Astruc, 2018), ensure versatility, eﬃciency, simplicity in design
and operation and possible selectivity to the technique (Shaheen et al.,
2012; Heidari et al., 2013).
A schematic representation of each of these processes is presented in
Fig. 4.

5. Adsorbents for heavy metals
The versatility, eﬃciency and low cost of the adsorption process has
spiked the interest for this process, already widely used, and hundreds
of new adsorbents and natural materials have been researched for their
heavy metal removal capabilities. These facts are evidenced by the increasing number of publications in recent years on heavy metal adsorption – Fig. 5. The types of adsorbents used for heavy metals include
natural materials and their derivatives, carbon adsorbents, mesoporous
silica-based adsorbents and aerogels. Selected works using these adsorbents are brieﬂy discussed below and their adsorption capacities are
summarized in Table S8 and represented (maximum values only) in
Fig. 6.
Natural adsorbents include zeolites, clay materials, natural polymers and organic wastes. Zeolites are crystalline aluminosilicate minerals that occur naturally but can also be synthesized (Anis et al.,
2016). These have been investigated for the purpose of adsorbing heavy
metals in their natural state (Álvarez-Ayuso et al., 2003; Erdem et al.,
2004; Egashira et al., 2012; Mihajlović et al., 2014), after modiﬁcation
(Hamidpour et al., 2010; Mihajlović et al., 2014; Choi et al., 2016) and
as synthetic zeolites (Álvarez-Ayuso et al., 2003; Wang et al., 2009;
Ibrahim et al., 2010). Clays are natural materials that combine hydrous
aluminosilicates – clay minerals – with metal oxides and organic
matter. Hamidpour et al. (2010), Yavuz et al. (2003), Ijagbemi et al.
(2009) and Etci et al. (2010) used unmodiﬁed clay minerals for the
adsorption of metal ions from water. Clay minerals (Bulut et al., 2009),
synthetic mineral clays (Mobasherpour et al., 2012) and modiﬁed clay

4.2. Suitability of removal techniques for real world media
Section 3 reveals that the concentration of heavy metals in the water
from watercourses in real world polluted sites is usually less than a mg
L−1. These concentrations are low, and thus, further treatment in order
to comply with legislation is a diﬃcult task. A possible and sustainable
approach is to use cleaning processes that work well with low concentrations and achieve high eﬃciencies. In these cases, membrane
ﬁltration, ion exchange and adsorption processes can work with low
initial concentrations and achieve high eﬃciency, generating very low
concentrations in the output stream. Membrane ﬁltration is expensive,
its operation is not simple and membranes suﬀer from fouling among
other drawbacks. Ion exchange is simple in design and operation and
the resins are regenerable; however, it becomes costly when treating
large amounts of eﬄuent at low concentrations and the cations in the
regenerating eﬄuent are sent for treatment – normally chemical neutralization. Adsorption can be economically viable as it is of simple
design and operation if the right adsorbent is used. An adsorbent that
allows the process to achieve high eﬃciency and is inexpensive
(Măicăneanu et al., 2013) makes this process a serious contender for
eﬃcient and economically viable solution to purify heavy metal laden
water, even at higher concentrations. The loaded adsorbent needs to be
properly disposed, which brings additional costs, but similarly to ion
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Fig. 4. Schematic representation of heavy metal laden aqueous eﬄuents treatment processes: a) chemical precipitation; b) coagulation-ﬂocculation; c) ion-exchange;
d) adsorption; e) membrane ﬁltration; f) electrodeposition. (see online version for colored artwork).

et al., 2016), were also tested for this purpose. Biochars are produced
from organic wastes and can also be used as adsorbents (Bogusz et al.,
2015; S. Wang et al., 2015a; Jiang et al., 2016; Vilvanathan and
Shanthakumar, 2017; Zhou et al., 2017).
Carbon-based adsorbents have also been employed to adsorb metal
cations. Carbon nanotubes (CNTs) (Wang et al., 2007; Kabbashi et al.,
2009; Vuković et al., 2010; Hayati et al., 2016) and activated carbon
(Kobya et al., 2005; Al-Omair and El-Sharkawy, 2007; Li et al., 2013;
Jiang et al., 2016) were studied by some authors. Hayati et al. (2016)
studied the adsorption properties of a poly(amidoamine)/CNT composite.
Mesoporous silica nanoparticles are very interesting materials that

minerals (Ghassabzadeh et al., 2010; Liu et al., 2010; Kumar et al.,
2012; Hua, 2018) were also used for this purpose. Natural polymers are
also employed as heavy metal adsorbents. Biopolymers such as chitin
and chitosan have been successfully tested. These can be used alone
(Paulino et al., 2007; Pivarčiová et al., 2014), as blends or co-polymers.
Popuri et al. (2009) coated commercial PVC beads with chitosan,
Heidari et al. (2013) prepared chitosan–methacrylic acid nanoparticles
and Thuan et al. (2018) synthesized cross-linked magnetic chitosan
particles, with a magnetite shell. Aliabadi et al. (2013) tested poly
ethyleneoxide/chitosan nanoﬁber membranes. Organic waste materials, such as sawdust (Yang et al., 2010; Hashem et al., 2011; Sulaiman
et al., 2011) and sodium hydroxide modiﬁed Eucalyptus bark (Afroze
112
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2015), other types of inorganic aerogels (Deze et al., 2012; Jiao et al.,
2016) and carbon aerogels (Goel et al., 2005; Kadirvelu et al., 2008; Lin
and Chen, 2014) were developed and tested.
The works presented in Table S8 do not use the same experimental
conditions and thus they cannot be compared directly. In addition,
some of the materials were tested only for a few cations and some of the
latter are not found frequently. Nevertheless, it is clear that the several
types of adsorbents employed in the literature are adequate to remove
heavy metals and reveal the versatility and potential eﬃciency of the
adsorption process.
The results from Table S8 and Fig. 6 reveal that natural adsorbents
have, in general, low adsorption capacities, particularly if these are
used as obtained. This capacity increases when natural materials are
modiﬁed: modiﬁed zeolites (Hamidpour et al., 2010; Mihajlović et al.,
2014; Choi et al., 2016) and synthetic ones (Álvarez-Ayuso et al., 2003;
Wang et al., 2009; Ibrahim et al., 2010); composite clay minerals (Bulut
et al., 2009) and synthetic ones (Mobasherpour et al., 2012), composites using natural polymers (Aliabadi et al., 2013; Thuan et al., 2018)
and modiﬁed sawdust (Hashem et al., 2011) are examples of such.
Engineered materials are more eﬃcient than unmodiﬁed natural adsorbents. However, these are also more expensive and less available. It
is also clear from Table S8 and Fig. 6 that carbon-based adsorbents
achieve higher adsorption capacities when modiﬁed properly, in the
cases presented by Hayati et al. (2016) and Al-Omair and El-Sharkawy
(2007). Mesoporous silica (Wu et al., 2010; Hao et al., 2012, 2016;
Anbia et al., 2015) and aerogels (Pouretedal and Kazemi, 2012;
Xiaonan et al., 2012; Lin and Chen, 2014; Maatar and Bouﬁ, 2015; Jiao
et al., 2016; Vareda and Durães, 2019) are shown to be very eﬃcient in
heavy metal adsorption as well. For engineered materials, their composition, particularly their surface chemistry, greatly aﬀects the performance of the adsorbent, meaning that the modiﬁcation of the material is a key factor to its performance. The functionalization of these
materials is achieved by modifying their surface with Lewis basis ligands. Examples of such are amine (primary, secondary or tertiary),

Fig. 5. Evolution of the number of publications per year, according to the Web
of Science database for the past ﬁfteen years, in heavy metal adsorption and
adsorbents. Search keywords: heavy metal* and sorption, adsorption, adsorbent, sorbent. Data obtained at 28/11/2018.

are widely studied as adsorbents. Functionalized Santa Barbara
Amorphous (SBA) was tested by Zhang et al. (2013) and PérezQuintanilla et al. (2006); Mobil Composition of Matter (MCM) was
employed by Guo et al. (2017), Wu et al. (2010) and Anbia et al.
(2015); and silica gel, modiﬁed by EDTA (Ethylenediaminetetraacetic
acid) was used by Kumar et al. (2013), while amine-modiﬁed silicas
were tested by Hao et al. (2012); (2016) and P. Li et al. (2014a).
Aerogels are nanostructured materials with high pore volume and
speciﬁc surface areas with great potential as adsorbents (Maleki, 2016;
Vareda et al., 2016). For the adsorption of heavy metals, silica aerogels
(Štandeker et al., 2011; Faghihian et al., 2012, 2013; Pouretedal and
Kazemi, 2012; Xiaonan et al., 2012; Ali et al., 2015; Vareda and Durães,
2019), organic aerogels (Chaisuwan et al., 2010; Maatar and Bouﬁ,

Fig. 6. Maximum adsorption capacity for heavy metal cations, according to the literature data presented in Table S8. (see online version for colored artwork).
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EQU/00102/2013.

melamine, chitosan, thiol, mercaptopyridine, thiourea, EDTA and
acidic groups. Zeolites are modiﬁed diﬀerently, with iron oxide and
magnesium.
The balance between the adsorbent cost and its removal capacity
still is unresolved. Therefore, an economic evaluation is needed for each
case: smaller amounts from an engineered adsorbent can adsorb the
same pollutant as high amounts of natural, low eﬃciency adsorbents.
The cost of smaller equipment allied with small amounts of adsorbent
may be more cost eﬀective. The ability to reuse the adsorbent is critical
in the economic viability of an adsorbent at the commercial scale.
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