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Heavy metals in the environment are negatively affecting ecosystems and human
life. The anthropogenic source of heavy metals has increased because of sludge from
wastewater plants, tanneries, fertilizers, pesticides, and mining industry. As well as
environmental conditions change, there is an effect of sedimentation of heavy metals
in natural sediments which affect groundwater sources. Thus, the relevance of the
present bibliometric work is to address the different interactions between heavy
metals and natural sediments. Therefore, this work claims a perspective to predict
heavy metal precipitation behaviors in the presence of cations and anions, changes of
pH considering its mineral and organic forms, and, solid and liquid phase displacement,
migrations towards the contaminated soil and cationic stabilization of heavy metals. In
this sense, Cd, As, Mo, Cr, Al, Mn, Al, Cd, Hg, Zn, Pb, Cu, Co, and Ni are mostly correlated
with basic pH and Ca/Mg/Fe/Mn minerals. This network has also found that there
is a link connection between the contamination source i.e. fertilizers, pesticides and
biosolids, and physical-chemical parameters like ionic strength, oxidation-reduction
potential, and salinity. Thus, the scope of the present work includes a different
perspective in looking remediation strategies by the generation of a connectionist
system.

Speciation, bioaccumulation, adsorption, recalcitrance, network

Approximately 663 million people worldwide still lack improved drinking water sources
(WHO, 2015) and what remains as natural water sources are being contaminated by
almost 2 million tons of sewage every day (UN, 2014). Water is contaminated by
nutrients from agricultural runoff, industrial effluents and atmospheric inputs from
fossil fuel burning and bushfires. In particular, developing countries discharge more
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than 70% of their industrial waste into the environment (Corcoran, 2010). The heavy
metals are one of the concerns for environmental pollution due to their ability to
bio-accumulate and develop a cyanogenic effect on the ecosystem (Masscheleyn,
Delaune, & Patrick Jr., 1991). The presence of heavy metals (Hg, Ni, Pb, As, Cu, Cd
and Zn) in natural bodies is mainly attributed to the pollution generated by tanneries,
textile industries, mining, oil, steel and metal coatings. Specifically, As, Cr, Pb and Hg
are located within metals of high significance for public health due to their bioaccu-
mulation in the food chain (Tchounwou, Yedjou, Patlolla, & Sutton, 2012). For example,
the World Health Organization (WHO) identified that a significant population in India
are under the risk of As contamination. There, the As threshold value (10 mg L)
has already exceeded up by double (Barla, Shrivastava, Majumdar, Upadhyay, & Bose,
2017; Smedley & Kinniburgh, 2002). To treat industrial or domestic effluents, in many
developing countries there is @ common practice thru oxidation ponds. The problem is
that there is no way to take advantage of residual sludge. Thus, the primary concern is
that sludge becomes a sink for persistent contaminants such as heavy metals. Besides,
the accumulation of heavy metals in sediments was also identified in many natural
bodies due to anthropogenic and natural sources (Davutluoglu, Seckn, Kalat, Yilmaz, &
Ersu, 2010; Kalbitz & Wennrich, 1998). In this way, the distribution of heavy metals in
the environment is an aim of research to find remediation strategies to extract, adsorb
or biotransform them. Thus, if the distribution of heavy metals and their mobility
is identified, it can be determined the ways to reduce toxicity and bioavailability.
Therefore, herein is presented a novel network approach to understand the physical-
chemical dynamics to remediate heavy metal contamination.

The natural sources of heavy metal contamination are volcanic eruptions, metal corro-
sion, atmospheric deposition, geochemical reactions, soil erosion and sediment resus-
pension (Tchounwou et al., 2012). While pollution from anthropogenic activities comes
from pesticides, biosolids, fertilizers, tanneries, textile industries, mining, petrochem-
istry, steel and metal coatings. Industrial activities are now projected to exceed 3:1
natural sources of heavy metals (Alloway, 2013; Wuana & Okieimen, 2011). In nature,
bacterial oxidation of sulfur minerals is a factor in the formation of acid drainage’s,
where iron reacts by bacterial oxidation of pyrite (FeS,) (Dutta et al., 2017; Gleisner &
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Herbert, 2002). Namely, when the pyrite is exposed to air, as in mining excavations, a
slow chemical reaction occurs with molecular oxygen (Southam & Beveridge, 1994):

FeS, +3.50, + H,0 — Fe*? + 2502 + 2H*! (1)

This initiating reaction leads to the development of the acidic conditions under which
Fe*?is relatively stable in the presence of oxygen. However, Thiobacillus ferro-oxidants
catalyze the oxidation from Fe*? to Fe*? (Flis, Glenn, & Dilworth, 1993; Gadd, 1992).
The ferric ions are soluble and can react spontaneously with more pyrite to oxidize
it, producing more Fe*?, (50,)~2 and H*! (increasing the acidity). However, ferric ions
are present only when the pH values are less than 2,5. For values above this pH, the
Fe*3 ion reacts with water to form ferric hydroxide (Fe(OH),), which is insoluble (Kps
= 6,3 x 107%). Similarly, copper present in chalcocite (Cu,S) is oxidized by Thiobacillus
ferro-oxidants (Harvey & Crundwell, 1997), by three different reactions:

Cu,S — CuS + Cu™? (2)
CuS + 0, — Cu™+ (S0,)™2 (3)
CuS + 8Fe*™+ H,0 — Cu**+ 8Fe*?+ (SO,) >+ 8H*! (4)

On the other hand, transition metals are elements that are present in low concentra-
tions in rocks, soils, water and the atmosphere; a small fraction are nutrients (Fe, Cu,
Zn, Co, Mn, Cr, Mo, V, Ni) (Hughes & Poole, 1991; Gadd, 1992), but many of them, in
high concentrations, are toxic to living organisms. Besides, in nature there is another
group of elements of greater ecotoxicity: Hg, Pb, Cd, Al, Tl, Ar. Most of them tend to
bioaccumulate in living beings (Bai, Zhang, & Gong, 2006).

The tannery process, which converts animal skin into leather products, includes the
discharge of effluents with a toxic level of heavy metals (Cr, Cu, Pb, Zn and Ni) up
to 35000 mg/kg. Also, tanneries discharge formic acid, ammonium salts, kerosene,
sodium hydroxide, chlorates, sulfuric acid, phenols and even high levels of salinity
(Haroun, Idris, & Omar, 2009; Lefebvre & Moletta, 2006). Thus, the contamination from
tanneries is a risk situation for almost 2 million people in Asia and Latin America (Harris
& McCartor, 2011). Tannery removes the scalp from the animal’s skin using alkaline
products such as sodium sulfide, which also functions as a chemical sequester for
oxygen dissolved in water (Mwinyihija, 2010). The tannery industry consumes more
than 100 liters of water and approximately 2 kg of chemicals per square meter of final
product and also requires more than 1 ton of fuel per 1000 m? of product (Alibardi &
Cossu, 2016). Approximately 500 kg of sludge (40% dry matter content) is generated
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per tonne of raw skin treated from the treatment process with high levels of fat,
skin, surfactants and alkaline lime (El-Bestawy, Al-Fassi, Amer, & Aburokba, 2013;
Montafés, Sanchez-Tovar, & Roux, 2014). In general, it is estimated that up to 30%
of the chrome used in the tannery is wasted in wastewater (Kavouras et al., 2015;
Kilic et al., 2011). Without proper treatment, direct application of tannery sludge to
agriculture is a risk to biodiversity and to the human food chain due to the toxic levels of
heavy metals accumulated in the sludge (Silva et al., 2010). Sludge has been mixed with
livestock manure for decomposition by vermicomposting, this because direct applica-
tion of the sludge is toxic to Eisenia fetida worms (Vig, Singh, Wani, & Dhaliwal, 2011).
However, the current trend is the extraction of heavy metals by bioleaching using
chemilitropic bacteria such as iron and sulfur oxidants (Acidithiobacillus thiooxidans) for
the production of fertilizing biosolids (Fang & Zhou, 2007; Y.-S. Wang, Pan, Lang, Xu, &
Zheng, 2007).

The United States discharges about 6.2 million tonnes of domestic wastewater annu-
ally, while the European Union approx. 10 million tonnes annually (Babel & Del Mundo
Dacera, 2006). The significant generation of industrial and domestic effluents is a
potential use for agriculture as biosolids. For example, United States applies approxi-
mately half of the production of biosolids to its soils, while the European Union about
30% (Silveira, Alleoni, & Guilherme, 2003). However, the reuse of biosolids decreases
due to heavy metals from waste plastics, dyes, cleaning products, medicines, and pes-
ticides. Therefore, the use of biosolids in agriculture is a concern, even more, because
the use of residual effluents has allowed the irrigation of up to 20 million hectares
worldwide (Wuana & Okieimen, 2011). Despite the control of toxicity in wastewater
irrigation or use of biosolids, the accumulation of heavy metals in agricultural soil
represents a fundamental role in environmental protection.

Liquid discharges from the mining industry contain Cu, Zn, Cd, As, Mn, Al, Pb, Ni,
Ag, Cr, Fe and Hg in concentrations between 107® and 10? g/L.(Huisman, Schouten, &
Schultz, 2006). Drainage activities in this industry have been reported to have a direct
impact on 7000 km of rivers and approximately 23000 Ha of lakes and reservoirs in the
United States (Cohen, 2006). In South America, silver extraction accounts for approx.
400 metric tons of mercury between the 16th and 2oth century (Q. Wang, Kim, Diony-
siou, Sorial, & Timberlake, 2004). In Bolivia, more than 330 tons of Hg were discharged
from 1952, assuming an average of five mercury units (Maurice-Bourgoin, Quiroga,
Chincheros, & Courau, 2000). In the Amazon area, gold mining activities discharged
about 3,000 tons of mercury since 1979 (Hilson, 2006). Based on these facts, the
authors focussed research interests not only in the liquid phase of natural resources
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but more emphasis on the contamination with heavy metals in the solid phases like
sediments and sludge. A further outlook will be to propose a biological and chemical
strategy to capture heavy metal fractions.

The mobility, solubility, bioavailability, and toxicity of heavy metals in the environ-
ment will depend on pH changes, ionic strength, mineral precipitation, adsorption-
desorption, complexation, plant root adsorption and biological immobilization by
microorganisms (Wuana & Okieimen, 2011). Therefore, the ability of sediments to
retain or release cations allows the prediction of the environmental effects of wastew-
ater or another kind of wastes. Thus, heavy metals such as free or in colloidal particles
will reach thermodynamic equilibrium within the solid phase as a function of the
kinetics of physical-chemical changes in dissolution.

The solubility and chemical potential of heavy metals in water will depend on pH
and the oxide-reduction potential (ORP) as well as the interaction with organic and
inorganic compounds. Changes in liquid phase will eventually cause precipitation of
heavy metals and thus their accumulation in the bottom of rivers, estuaries, lagoons
and other natural bodies. This precipitation effect has a major impact on the health
of the environment due to the continued migration of cations from wastewater to
suspended solids or sediments. The transfer of cations is the cause of bioaccumu-
lation, biomagnification, and toxicity in aquatic life. For these reasons, it is of great
interest to address the implications of uncontrolled waste handling with dangerous
concentrations of heavy metals.

Figure 1 is a network to show the interactions among heavy metals as a function of
pH and the types of anions or cations that are present in solid and liquid phases. Most
heavy metals tend to precipitate at basic pH, but the precipitation of Ni, Zn, Cu, Pb,
and Cd will be carried out in natural sediments at acidic pH in the presence of organic
matter. However, Al, Cr, and As will not precipitate under these acidic conditions. In
the presence of phosphates, carbonates, clays, silt and hydroxides, Hg, Al, Cu, Mo, Zn,
Cd, Pb, Cr, As, Mn will precipitate at basic pH, while Ni, Zn, Cd and As will be adsorbed
by Fe/Mn minerals. Cr precipitates in the presence of Ba*> Pb*?, and Ag™. At acid
pH, arsenates and other anionic forms of arsenic will precipitate in the presence of
cations. Besides, under acid conditions, As(V) is co-precipitated or adsorbed on iron
oxyhydroxides; however, the mobility of As increases when pH is basic (Tchounwou
et al., 2012). In general, sediments will tend to adsorb heavy metals according to the
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presence of clays, carbonates, and oxides of Fe and Mn, organic matter, when pH
is basic, and ORP decreases. Also, the content of organic matter, concentrations of
Mg and Ca minerals and pH will determine the mobility of heavy metals. Thus, this
adsorptive capacity will have a deep effect on the bioavailability of heavy metals in
sediments when wastewater is subject to abnormal physical-chemical changes like

oxygen concentration depletion.

In the Akyatan Lagoon (Turkey) and in Mulde river (Germany), a pattern of cationic
distribution was found under anoxic conditions (Davutluoglu et al., 2010; Kalbitz &
Wennrich, 1998). It was shown that metals could be mobilized by decomposition pro-
cesses and that could affect the displacement of cations in the inert fraction, while the
input of metals from anthropogenic activity were in the interchangeable fractions and
soluble in acids that are equilibrated in aqueous phase, thus accelerating its bioavail-
ability (Davutluoglu et al., 2010). An important feature of heavy metals is the toxicity
and bioavailability for living things; for example, As and Cr are more toxic when they
reach their highest oxidation state, while Mn and Fe when they are in their reduced
state (Lay & Leving, 2011).
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Figure 1: Heavy metals precipitation conditions with acidic and basic pH, and organics/inorganics.

Due to the advance of the agricultural frontier, an indiscriminate use of pesticides
and fertilizers accumulate heavy metals in soils. In Asia, rice analysis demonstrate
evidence of As, Cd and Pb (M. Wang, Hu, Zhang, & Lai, 2017; Zhang, Jiang, & Ou, 2011).
Figure 2 shows a network among the environment, organic matter and heavy metals.
According to Fig. 2, As, Al, Pb, Cd, Zn, Cu, Cr tend to precipitate in natural sediments
when pH gets basic and also due to interactions among fertilisers, biosolids, pesticides,
clay, and silt minerals. Mo, Mn, Co, Ni, and Cu are more alike to precipitate when
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pesticides, biosolids, and crops like rice are at an acidic pH. Atmospheric deposition
of Pb, Hg, Cd and Cu have been found in mega-cities.
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Figure 2: Heavy metals deposition in the environment due to pH and organics/inorganics.
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Before the implementation of remediation technologies, is necessary to identify heavy
metals accumulation mechanisms according to the exchange capacity under acidic
or basic as well as ORP conditions. Mn and Fe oxides, in combination with sulfides
and organic matter, are of great influence in the remediation process. For example,
the bioaccumulation on microbial cells has a recalcitrant effect on the degradation
of hydrocarbons. Thus, remediation strategies should be designed by analysing all
these accumulation mechanisms. As an outlook for remediation, it should consider
that heavy metal stabilization is a priority before applying a biological or chemical
remediation.

According to Fig. 3, the most used technologies to remediate heavy metals are
related with chemical stabilization like precipitation and ionic exchange (i.e. zeolites).
Besides, the most commonly used solvent is ethylenediaminetetraacetic acid (EDTA),
which acts as a chelating agent with high pollutant removal efficiencies. Phytoremedi-
ation technologies are among the most utilized for the remediation of contaminations
with heavy metals (Wuana & Okieimen, 2011). One method to control the solubil-
ity of heavy metals at acid pH can be the formation of non-toxic complexes with
the addition of chelators and organic acids, so therefore a phytoremediation could
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be enhanced. In precipitation technologies, for example, the common treatment for
mining industries effluents is carried out with lime (calcium oxide), calcium carbonate
or caustic soda for the precipitation of metal hydroxides (Fig. 3). However, sludge
precipitation generates an environmental problem due to the handling of heavy metal
hydroxides. Itis for this reason that in the United States, the remediation of effluents of
the mining industry was implemented through phytoremediation systems. In the 90°s,
approximately 400 lagoons were built, where totora species were planted for their
resistance to heavy metal concentrations and residual water acidity (Cohen, 2006).
To this method is added the biological removal of heavy metals by sulfate-reducing
bacteria. These heterotrophic or autotrophic anaerobic microorganisms facilitate the
conversion of sulfate ions to sulfides. Heavy metals tend to react with sulfur ions, for
later precipitation as shown in Fig. 1. On this perspective, the removal of heavy metals
by natural adsorbents such as zeolites is highly relevant before applying the main
remediation technology like i.e. landfarming. In this context, many ideas come to mind
in the design of remediation strategies based on the knowledge of the interactions
between heavy metals and the environment.
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Figure 3: Ranking of technologies found in scientific literature to remove or stabilize heavy metals.
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