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Abstract

The toxicity of heavy metals in water is typically related to the concentration
of the metals in water. However, it is known that apart from the concentration
the speciation of the heavy metals is also a critical factor. In this study, the
concentration and type of species (ionic form) of Cu, Co, and Pb from two
different soil samples on the Copperbelt Province in Zambia were investigated
by modeling using Visual MINTEQ software. The concentration and the
conductivity of the sample from ore-dump site were higher than that of the
second site further away owing to the higher mineral content in the waste
ore-dump site. Modeling by Visual MINTEQ uses defined parameters such as
concentration, ionic conductivity and pH of the sample solutions to analyze
the free metal ion and bound-metal distribution as a function of pH. The re-
sults of the model showed that Cu®’, Pb*" and Co*" ions thrive in aqueous
acidic solutions up to pH 6.5. At higher pH, formation of the hydroxo and bi-
carbonate species leads to a decline in the concentration of the divalent ions.
Interestingly, the Co* ion persists in solution up to pH 8.5 with little forma-
tion of the hydroxo or carbonate forms. Finally, the results show that without
elaborate analytical tools, speciation modeling can be used to ascertain the
availability of metal ions in soils/aqueous solutions when chelating and com-
peting metal ions are taken in consideration.
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1. Introduction

Zambia contains the largest known reserves of copper in Africa and is among
the top countries that have continued to dominant the world copper mining in-
dustry. With so much mining activities on the Copperbelt Province, there is so
much risk of environmental damage from heavy metal discharges in water bo-
dies as reported by Centre for Trade Policy and Development [1]. The Copper-
belt Province is characterized by tailings and slag dumps from mining and re-
fining of ores which pose a great source of potentially toxic heavy metals in wa-
ter and soil. Cobalt and lead are byproducts of the refining of other mined met-
als such as copper and nickel.

Heavy metals are more accurately referred to metals and metalloids that are
stable and have density greater than 5 g/cm’ such as Cu, Co, Zn, Ni and Pb as
discussed by Duffus [2]. Robert ef al [3] have reported that the different forms
Le. chemical, physical and biological, determines the distribution and fate of
heavy metals in the eco-system. Metal ions can form insoluble and soluble com-
plexes at different pH and this in turn determines whether they will be up-taken
by plants or not.

The toxicity of heavy metals is known not only to depend on the concentra-
tion, but the also the physicochemical forms in which metals appear in soil. The
different molecular forms of metals interact with different chemical components
of the soil and are redistributed differently in the environment. This relationship
determines the mobility, bioavailability, and the toxicity that heavy metals im-
part on the ecosystem as described by Ge [4].

Metal speciation is the process of identifying and quantifying different species of
metals and their forms of occurrence in an environmental sample. Most of the
properties of metals like solubility, adsorption-desorption processes, complex for-
mation and dissolved and exchangeable forms (bioavailable) are affected by soil pH.
Although, quantifying the total metal concentration is easier, the results are known
to unreliable since non-bioavailable metal forms are not accounted for when de-
termining the total metal concentration. Shahid et al [5] emphasized that the de-
termination of metal speciation had formed a major part in assessing the behavior
of the metals in the environment.

Although, having knowledge of the full speciation of a substance to ascertain
its activities in the ecosystem, it is usually not possible to determine speciation
using analytical techniques alone as suggested by VanBriesen et al [6] Experi-
mental methods such as single and sequential extraction techniques, ion-selective
electrode and anodic stripping voltammetry offer a more analytical approach to
characterizing the various fractions into which metal cations can exist or be
bound. As discussed elsewhere [7] [8] [9] the analytical methods lack the ease
and simplicity that computer programs offer.

Metal Speciation Modeling

Computer programs have been developed in achieving elemental speciation,

distribution, ion activity and toxicology in various aqueous media. These pro-
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vide an alternative approach to metal speciation in the absence of or inadequate
analytical methods. Some of the examples of computer programs for metal spec-
iation modeling include WHAM, PHREEQ and Visual MINTEQ. These pro-
grams can accurately predict metal speciation and thus provide important and
quick information about the behavior and fate of a metal in a medium. As re-
ported in [5] [10] [11] the models use the metal binding ability of ligands and
soil components to calculate metal speciation.

Gustafsson [12] developed Visual MINTEQ is a freeware chemical equili-
brium model that can be used to calculate metal speciation, solubility equili-
brium, sorption and toxicology, of metals in aqueous sources. The program ap-
plies known thermodynamic relationships among the chemical forms to predict
equilibrium distribution. In this work, Visual MINTEQ was used to estimate
metal speciation of field samples collected from mining area on the Copperbelt.
The metal speciation (soluble or insoluble) was determined by finding the total
metal concentration, the pH and the ionic strength of the soil solution samples.
For this wok, cobalt, copper, and lead were chosen because the mining activities

on the Copperbelt constantly produce these heavy metals as waste.

2. Materials and Methods
2.1. Sampling Site and Sample Pre-Treatment

Two heavy metal polluted soil samples were collected from the Copperbelt Prov-
ince, Zambia influenced by mining activities. The first sampling site was located
in Nkana West close to a waste ore-site (Site 1). The second area (Site 2) was lo-
cated 500 m away from the ore-waste site. For each site 500 g of soil samples were
taken within a triangular radius at a depth of 20 cm. Samples were air dried at
room temperature and further at 85°C to a constant weight. About 250 g of rep-

resentative samples were pulverized and passed through a sieve mesh of 2 mm.

2.2. Extraction and Analysis of Heavy Metals

Determination of heavy metal content in the soil samples was done using the wet
acid digestion method. About 2 g of the soil sample was digested in 50 mL (3:1)
HCL:HNO, mixture at 130°C to a final volume of 10 mL. After cooling, 5 mL
HCIO, was added and the sample reheated for 10 minutes, then 50 mL of deio-
nized water and 25 mL HCI acid were added and left until boiling. After cooling
the sample was transferred to a 250 mL Erlenmeyer flask and diluted with dis-
tilled water to the mark. This was repeated for all the two soil samples. Table 1
shows the metal ion concentration of each metal species (Cu, Co, and Pb) in the
soil samples analyzed by Atomic Absorption Spectroscopy (AAS) on a Perkin
Elmer analyzer, along with WHO allowable limits.

2.3. Soil pH, Conductivity Measurements and Calculation of Ionic
Strength

About 10 g of air-dried soil sample was dispersed in 0.01 M CacCl, solution and

allowed to settle for 1 hour. The pH of the soil samples were determined by au-
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tomated Multi 3320 meter calibrated with two buffer solutions at pH 4.0 and pH
7.0. Table 2 indicates the conductance readings recorded on the digital meter
Multi 3320 meter using 0.01 M KClI as a reference solution. The ionic strength,
1, is estimated from the measurements of conductivities of the soil solutions and

calculated by using Equation (1):

I,=1.7x107 xSpC(us-cm™') (1)

where SpC is the specific conductance in micro Siemens per centimeter. The

values obtained from this estimation are used as input for the model.

2.4. Visual MINTEQ Model

Laboratory results for pH, metal concentration and ionic strength values at field
capacity are the input data for Visual MINTEQ to calculate metal speciation. For
a specific metal, chemical speciation diagrams of the logarithm of activity as a
function of pH were computed to determine the dominant metal species for a
pH range of 4.5 to 8. All experiments were carried out in an open system; as a
result, the partial pressure of carbon dioxide was specified and assumed at 3.8 x
10~* atmospheres. The software contains different equations for analysis of metal
species for different conductivities. In this work, the Davies equation was used
for activity correction, since the ionic strengths of these soil solutions lay within
the interval of 107 to 107**. The validity of the Davies equation is limited to
low-to-intermediate ionic strengths 7.e. 1 < 0.3 M.

Visual MINTEQ takes raw concentration data, pH, and other input parame-
ters and converts them into activities by using the Davies Equation. The Davies
Equation performs repeated computational analysis over the aqueous complexation
constants and mass and charge balance expressions. The results from the model
predict which species are thermodynamically favored to precipitate or dissolve in
aqueous solutions and at what pH. In addition, Visual MINTEQ searches its data-

base for all the possible metal species that can form and calculates the activity

Table 1. Total concentrations of heavy metals at the two sampling yards.

Heavy Metal Site 1, mg/kg Site 2, mg/kg WHO, mg/kg*
Copper 638 415 100
Cobalt 518 473 50

Lead 36 26 100

*Environment, European Commission on Environment. (2002). Heavy Metals in Wastes.
http://ec.europa.eu/environment/waste/studies/pdf/heavy_metalsreport.pdf. Retrieved November 16, 2017.

Table 2. Conductivity and pH values at room temperature.

Site Conductivity, pS-cm™ Temperature, "C pH
1 173 27 7.0
2 149 27 7.0
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which is expresses as log activity or log {a}. The less negative log {a}, the more

activity the metal species is able to bind to organic matter or exist as free cations.

3. Results and Discussions

Although two samples sets were collected the modeling, results presented here
are from Site 1. The modeling results from the two sites were similar since the

metal species present in each sample were the same.

3.1. Concentration of Metal Ions from AAS

The concentration of Cu, Co and Pb obtained from first sampling site near the
ore-waste sites were higher than those collected from the second site. The
ore-waste site is expected to have higher metal concentration being the dump site.
Further away from the dump site, the decrease in metal concentration in the soils
along the stream is due to dilution where most of the metals get trapped in soils
along the edges of the stream consistent with reports by Hudson-Edwards et al
[13]. As demonstrated in Table 1, the concentration of these metals is still much
higher than the WHO allowable limits. In addition, the conductivity of the sample
from ore-dump site was higher (172 pS-cm™) than that of site 2 (148 pS-cm™) ow-
ing to the higher mineral content in the waste ore-dump site. This implies that
the unchecked discharge of heavy metals from mining industries on the Cop-
perbelt in Zambia is still rampant despite studies to highlight this problem as
reported by Volk and Yerokun [14].

3.2. Metal Speciation and Activity as a Function of pH
3.2.1. Copper

The thermodynamic speciation calculated at 25°C, as shown in Figure 1, sug-
gests that free Cu® ions are the dominant species in aqueous phase up to a pH of
6.5. At pH value > 6.5, formation of up to 80% CuCO; occurs until pH 8.5, while
at the same time the electropositive CuOH" complex was formed progressively
up to pH 7.5 (20%). The results from this work parallel reports in the literature
concerning solubility and speciation of copper. A recent study by Ibrahim [15]
on the geochemical composition of Cu in fly ash extracts using Visual MINTEQ
showed that as time increased the main inorganic species was CuCO;, (85.3%) of
the total dissolved Cu. It was further reported that the other species of Cu at
higher pH were in the form of CuOH’, Cu(CO3 )z_, Cu(OH),, Cu, (OH)z+

and CuHCO; . A study by Wang et al. [16] on the effects of Cu on barley plants

suggested that the pH-related toxicity of Cu was due changes of Cu species in
solutions. Nigoyi and Wood [17] reported that apart from free Cu®, species as
such as CuCO, and CuOH" were also toxic to organismsin a medium with rela-
tively high pH. Furthermore, Stumm and Morgan [18] reported that precipita-
tion of malachite [Cu,(OH),CO;,] is significant in lowering the amount of free
Cu® ion in aqueous media. Moreover, they indicated using analytical methods

that Cu*" is dominant in aqueous solution up to pH 6 and from pH 6 - 9.3,
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aqueous CuCO, is common.

The literature results give credibility to the modeling methods of determining
copper speciation in soil solutions as reported by Stumm and Morgan [18]. Fig-
ure 2 shows the log activity results for copper species considered shows that
Cu® is the most active, —log 4, to be bound on soils up to pH 6. Contrary, Cu-
CO3 that is prevalent at high pH shows negligible activity at —log 8 and would
not be expected to be bound to soils. In general, the activity of ions in a solution
not only depends on whether the ionic strength is high or low, but also on the
availability of the ions in solution as reported by Fennema [19].

3.2.2. Cobalt
In contrast to % Cu species, Figure 3 reveals that free Co* persists in solutions
over a wider range of pH from 4.5 - 8, with only insignificant amounts CoOH"
and CoHCO; forming in highly basic soil solutions. Researchers have reported
that uptake of Co from soil by plants to parts above the roots is generally not
prominent except in very acidic soils ~pH 3.3. Further reports indicate that co-
balt is easily taken up by organic matter forming chelates that increases the mo-
bility of cobalt. Other researchers [20] [21] have reported that the mobility and
uptake is greater in soils of very low pH, although even at high pH cobalt is also
more readily soluble, and thus available for plants. Figure 4 shows that the diva-
lent cobalt is mainly responsible for the activity of the metal, even though the
CoOH' and CoHCO; forms are present in solution. In their study of cobalt
speciation in methanogenic sludge, Bartacek ef al [22] reported that the toxicity
of cobalt was not only based on the total cobalt concentration, but also on the
quantity of the metal precipitated. They concluded that cobalt toxicity could be
assessed from the free cobalt concentration when pH and the concentration of
competing metals are kept constant.

From the modeling results in this work, as the pH increases beyond 8, forma-
tion of insoluble hydroxides or carbonates is highly possible and this would re-

duce the cobalt availability/mobility from soils.

3.2.3.Lead

The behavior Pb species in aqueous solutions as indicated in Figure 5 was very
similar to that of copper. The divalent Pb** ions are more prevalent up to pH <
6.5, the decrease in Pb** species is accompanied by accumulation of PbOH*
complex that formed progressively up to pH 7.5. The results are consistent with
those modeled by Shahid [5] where the distribution of different forms of Pb in
nutrient solution showed that free Pb®* was the most abundant species (80% -
90%) under acidic conditions and the Pb-OH species (90% - 100%) under alka-
line condition. Contrary, Ibrahim [15] suggested that although free Pb*" ac-
counted for only 3.5%, while the dominant species was PbCO; (80.3%) which
accounted for of total dissolved lead and controls Pb** activities. Gustafsson [23]
emphasizes that Pb** forms a range of stable compounds with oxo-ligands like
OH and COO™ on organic matter, thus despite having Pb** in solution, the mo-

bility of divalent ion will be hindered by complexation with organic matter.
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The activity of for lead species depicted in Figure 6 is lower than those of co-
balt and copper species, even though the divalent Pb form is still more active
than the PbOH" and the PbHCO; forms. As was the case with copper, the de-
crease in activity of the overall Pb** aqueous species, was due to formation of
PbOH" and the PbHCO, at high pH. Kabata-Pendias and Pendias [24] reported
that the most the risk of lead poisoning is not by the uptake of Pb by plants, but
by contact with contaminated soils and inhalation of lead dust deposits.
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Figure 1. Equilibrated mass distribution of copper species as a function of pH.
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Figure 3. Equilibrated mass distribution of Co species as a function of pH.
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Figure 6. Activity of common cobalt species as a function of solution pH.

4. Conclusions

The results of the study were two-fold. First the results confirms that the prob-
lem of high levels of Cu and Co in Zambia has not being mitigated by the min-
ing industries despite several studies indicating very high concentrations of the

metals. Secondly, despite having high metal concentrations, the most important
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concern is determining how much of these metals are bioavailable as much of
them will be insoluble at different pH values. The results show that Cu®', Pb**
and Co*" ions thrive in aqueous acidic solutions, and each metal ion forms
different species. Hydrolysis products, including Pb(OH); , and Cu(OH),
thrive in weakly acidic to alkaline solutions. It can be concluded that, under nat-
ural conditions (Ze. pH of surface water and of 6 to 8.5), Cu and Pb will probably
exist as slightly soluble carbonate or hydroxides and not are effectively available
for uptake by plants. However, repeated accumulation in humans via the food
chain will lead to an increase in the amounts of the minerals in the body.

Finally, the computer modeling results offer information about the state of a
metal under whether it will be available for up-take by plants or not. The imple-
mentation of the model would be recommended as part of routine soil and in-
deed water analysis to ascertain what form of the metal is readily available. Fu-
ture studies, using the model would include addition of different organic matter
to the soil solutions at different pH values to ascertain the binding ability of the

metal ions.
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