
Title The extent of pollution and bioaccessibility of lead and zinc from a legacy mine in Kabwe,
Zambia, and immobilization of toxic elements by half-burnt dolomite

Author(s) MUFALO, Walubita

Degree Grantor 北海道大学

Degree Name 博士(工学)

Dissertation Number 甲第15193号

Issue Date 2022-09-26

DOI https://doi.org/10.14943/doctoral.k15193

Doc URL https://hdl.handle.net/2115/90503

Type doctoral thesis

File Information MUFALO_Walubita.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



 

The extent of pollution and bioaccessibility of lead and zinc from 

a legacy mine in Kabwe, Zambia, and immobilization of toxic elements 

by half-burnt dolomite 

 

A dissertation submitted in partial fulfillment of the 

requirements for the degree of Doctorate in 

Engineering 

 

 

By 

MUFALO WALUBITA 

 

 

Division of Sustainable Resources Engineering 

Graduate School of Engineering, 

Hokkaido University, Japan. 

2022 

 



i 

 

                                                   ABSTRACT 

Kabwe is a town in the central province of Zambia that has been a global site of 

concern due to the historic mining of lead (Pb) and zinc (Zn). The production of the 

mineral resources ceased after the depletion of the ore body in 1994. The by-products 

from the mining activities were left unattended; consequently, pollution of the 

surrounding environment was inevitable. The by-products from the legacy mine include 

slag heaps, mining residue materials (MRM), and waste rocks. These mine wastes contain 

potentially toxic elements (PTEs) such as Pb and Zn. The children are particularly the 

most vulnerable to Pb intoxication. This is because they frequently explore their 

environment through hand-to-mouth activities, subsequently may increase their Pb uptake 

from the polluted environment through accidental ingestion or inhalation. Thus, it is 

imperative to understand the sources of Pb intoxication, the extent of pollution, 

bioaccessibility of PTEs, and possible remediation technology to reduce the 

contamination levels of PTEs from the historic mine. Of all the mine wastes in Kabwe, 

the MRM occupies a more extensive area, and surrounding soils such as playground soils 

(SPs) are a potential source of Pb intoxication for the children of Kabwe. Therefore, this 

study focussed on the MRM and the SPs near a legacy mine in Kabwe, Zambia. The 

leaching behavior, the extent of pollution in SPs, solid-phase partitioning, and 

bioaccessible fractions of Pb and Zn in various particle sizes, coupled with the solubility 

of the elements from MRM and SPs in simulated fluids, were analyzed. The study is 

significant for bridging the gap between previously reported high blood Pb levels and the 

bioaccessible Pb and Zn in the MRM and the SPs. Finally, and countermeasures against 

reducing Pb and Zn in MRM by half-burnt dolomite (HBD) were also investigated. The 

dissertation contains five chapters.   

In chapter 1, the general introduction of Pb contamination in Kabwe is briefly 

reviewed and introduced. The necessities and objectives of the present study are then 

depicted.  

In chapter 2, the extent of pollution and leaching behavior of the elements from 

SPs were investigated. Kabwe mine wastes are responsible for contaminating the 

surrounding soil and dust in the Kabwe district. Unfortunately, these wastes arise from 

the historical mining activities of Pb and Zn, which lacked adequate waste management 

strategies. As a result, the contaminants like Pb and Zn have spread across the Kabwe 
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district. To assess the soil pollution derived from the previous mining activities, we 

characterized topsoil samples (n = 8) from the SPs. In this study, the degree of 

contamination, geochemical partitioning, and leachability, coupled with the release and 

retention of Pb and Zn, were studied. The SPs were classified as extremely enriched 

(enrichment factor > 40) and contaminated with Pb (geo-accumulation index > 5). On 

average, Pb (up to 89%) and Zn (up to 69%) were bound with exchangeable, weak acid-

soluble, reducible and oxidizable phases, which are considered ‘geochemically mobile’ 

phases in the environment. The leachates from the soils (n = 5) exceeded the Zambian 

standard for Pb in potable drinking water (Pb < 0.01 mg/L). Furthermore, the spatial 

distribution of Pb and Zn showed a significant reduction in contents of Pb and Zn with 

the distance from the mine area.   

In chapter 3, sequential extraction of Pb and Zn in MRM with different particle 

sizes and their solubility in simulated fluids were investigated. Based on the previous 

studies showing that some of the residents of Kabwe had high blood Pb levels above 

recommended value, simulated fluids representing lung conditions (artificial lysosomal 

fluid (ALF), gamble solution (GS), and phosphate-buffered saline (PBS) were used to 

assess the solubility of Pb and Zn in the dust (< 30 µm) of MRM samples. Both Pb and 

Zn were soluble with ALF. However, only Zn was detected with GS and PBS. About 

2.9% of Pb was bioaccessible with ALF in MRM and up to 37% of Pb was bioaccessible 

in the SPs samples. Compared with solubility by oral intake using HCl, higher 

bioaccessible fractions of Pb and Zn were recorded in both MRM and SPs. Different 

particle size distributions of MRM did not significantly affect the solid-phase partitioning 

of Pb and Zn in the residues. However, in case of accidental ingestion, substantial 

amounts of Pb and Zn from the exchangeable phase, carbonates, and Fe/Mn oxides could 

be available for adsorption in the bloodstream from the MRM and SPs samples. The 

results suggest that oral intake of contaminated wastes could be considered a more 

significant route for Pb uptake than inhalation. These findings may explain the high blood 

Pb levels previously reported in Kabwe.  

In chapter 4, the countermeasures for reducing Pb and Zn in MRM were 

elucidated by using HBD in column and pilot-scale experiments. In this study, the 

efficacy of the HBD was evaluated by mixing MRM with 1, 5, and 10% ratios of the HBD 

in columns. The leaching of Pb and Zn was compared with the addition of 10% HBD to 
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MRM in pilot-scale experiments. Measurements of mineralogical and chemical 

constituents of the MRM, sequential extraction, and thermodynamic modeling of the 

leachates using Phreeqc code were carried out to determine the attenuation mechanisms 

of Pb and Zn. The sources of Pb and Zn in the MRM were mainly from the exchangeable 

and carbonate fractions. The SEM-EDS observations suggest that Pb and Zn were 

primarily associated with sulfide minerals although XRD did not detect the sulfide 

minerals in MRM. The dissolution of secondary soluble sulfate minerals contributed to 

leaching of Pb and Zn. The introduction of HBD into the MRM increased effluent pH and 

decreased the leaching concentrations of Pb and Zn. The addition of 10% HBD was 

enough to suppress the leaching of Pb and Zn in both the column and pilot-scale 

experiments. The saturation indices suggest that the retention mechanisms of Pb and Zn 

by HBD accredit to precipitation, co-precipitation, and adsorption reactions. These results 

present an effective, inexpensive, and long-term immobilization technology for toxic 

elements in hazardous wastes from legacy mines.  

Chapter 5 summarizes all general conclusions of the present study. The results 

could provide the fundamental knowledge of the leachability, geochemical partitioning 

and bioaccessibility of Pb and Zn in Kabwe, Zambia. Chemical immobilization by HBD 

could be a possible remediation technology for the legacy mine. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1 Background 

Lead (Pb) is one of the toxic elements naturally found in the earth's crust. From 

time in memorial, Pb has been mined and processed from different parts of the world 

because of its essential uses in paints, solder, jewelry, toys, cosmetics, and traditional 

medicines (WHO, 2017). The profound use has resulted in extensive environmental 

pollution, human exposure, and significant public health problems in many parts of the 

world (Fuller et al., 2022). Due to its toxic effects, once ingested via contaminated soil, 

food, or inhalation from the atmosphere, the Pb adsorbed in the bloodstream tends to form 

covalent bonds with organic groups and generate toxic effects when they bind to cellular 

macromolecules (Bian et al., 2015, Cao et al., 2016, Nag and Cummins, 2022). Serious 

health consequences may arise from these toxicological changes (Briffa et al., 2020). 

High levels of Pb intoxication may affect the brain and the central nervous system, 

resulting in impaired functioning (WHO, 2017). The children are the most affected by Pb 

intoxication because it attacks their brain development, resulting in a reduced intelligence 

quotient, leading to poor school performance and lower tertiary education attainment 

(Elbaz-Poulichet et al., 2017, Heidari et al., 2022, Yabe et al., 2020). Although Pb mining 

has substantial economic benefits, the effects of Pb pollution from legacy mines have 

been reported worldwide (Hansson et al., 2019, Helser and Cappuyns, 2021; Reyes et al., 

2021). One legacy mine of global concern is the historical Pb mining in Zambia’s Kabwe 

town which left a legacy of environmental pollution and childhood Pb poisoning.  

1.2 Historic Pb mining 

Over the past years, pollution of Pb and Zinc (Zn) has been reported in Kabwe, 

Zambia because of historic mining of Pb-Zn (Tembo et al., 2006). The exploitation of the 

mineral resources commenced in 1904 (Southwood et al., 2019). With a lifespan of at 

least 90 years of underground mining and smelting, the mine produced 0.8 Mt of Pb and 

1.8 Mt of Zn, as well as minor amounts of Ag (79 t), V2O5 (7820 t), Cd (235 t) and Cu 

(64 t) as by-products (Kamona and Friedrich, 2007). Mining of the Pb-Zn brought 

economic development to the city of Kabwe, however, massive amounts of mine wastes 
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were left unattended after the mine closure in 1994. In addition, no pollution law regulated 

the discharge of mine wastes up until 1990 (EPPCA, 1990).  

1.3 Pollution in Kabwe 

The by-products of the legacy mine in Kabwe include slags heaps, residue 

materials, tailings, and mixed wastes, which remain in huge amounts (Tangviroon et al., 

2020, Silwamba et al., 2020). Therefore, the distribution and transportation of toxic 

elements from the mine wastes to the surrounding environment are inevitable. Nakamura 

et al. (2021) highlighted that the dispersion of aerosols from the dumping site was 

responsible for the contamination in the surrounding soils due to wind direction, the 

distance from the mine site, humidity, and particle size of aerosols, which greatly affected 

the dispersion of dust/mine wastes containing Pb.  For example, the total content of Pb in 

soils collected from playground soils decreased with distance from the dumping area, and 

the amount deposited at each playground soils (Mufalo et al., 2021) was affected by winds 

from various directions. Baieta et al. (2021) also assessed soil profiles around the smelter 

in Kabwe and two pine trees for tree ring cores. High contents of metals were present 

only in the top layers of soil and were higher in soils closer to the smelter (up to 

16,000 mg/kg Pb; 14,000 mg/kg Zn) compared to remote soils (up to 194 mg/kg Pb; 

438 mg/kg Zn). The heavy metals were also present in trees further away from the 

dumping site with concentrations up to 6.48 mg/kg Pb: 10.6 mg/kg Zn, possibly due to 

the deposition of wind-blown particles. The findings from Baieta et al. (2021) were in 

good agreement with the simulations by Nakamura et al. (2021).  In addition, spatial 

mapping of Pb and Zn in Kabwe town showed that the heavy metals were more 

concentrated around the mine area and gradually reduced with distance further away from 

the source (Figure 1) and that the Pb and Zn contents in topsoils were found to be 

significantly higher compared to the permissible ecological limits used in Canada for soil 

quality guidelines in residential areas (Pb 140 mg/kg, Zn 200 mg/kg) (Kříbek et al., 2019) 
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Figure 1. Contour maps of the Pb (A), Zn (B), Cu (C) and Ba (D), contents (in mg/kg) 

in topsoil (0-3 cm depth) and classed point maps of the same elements in subsurface soils 

(70-80 cm depth) in the Kabwe area, Zambia (Kříbek et al., 2019). 

1.4 The extent of Pb intoxication 

The high contents of toxic elements in the soils negatively impacted the residents 

of Kabwe, especially the children. Due to children's hand-to-mouth activities, they ingest 

toxic elements in high quantities. Bose-O’Reilly et al. (2018) pointed out that 95% of 

children living in some townships of Kabwe had elevated blood lead levels (BLLs) > 

10 µg/dL, and approximately 50% of those children recorded BLLs ≥ 45 µg/dL. These 

findings revealed extensive Pb poisoning in children and therapy was recommended, 

especially for those exceeding ≥ 45 µg/dL. A study by Toyomaki et al. (2021) also 

revealed high Pb contents in infants' feces with mean values of (39.2 mg/kg) and 

maximum content of 3,002 mg/kg. Moreover, the spatial hotspots for Pb intoxication 

(BLLs) were concentrated in townships near the mine area with a confidence level of 99% 

(Figure 2) (Moonga et al., 2021). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/contour-map
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/topsoil
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Figure 2. Spatial distribution of blood lead levels among the children in Kabwe, Zambia 

(Moonga et al., 2021) 

1.5 Remediation proposals 

A few studies have been conducted on the remediation of the legacy mine in 

Kabwe. For example, Kříbek et al. (2019) performed laboratory tests using humate or 

phosphate solution to reduce the dissolution of Pb when digested with glycine. However, 

the gastric bioaccessible fractions in treated and untreated soil samples were the same. 

Therefore, only plant-available metals decreased when treated with phosphate or humate-

phosphate mixtures. Mwandira et al. (2019) also stressed the use of bacteria to remediate 

the dumping site via capping mine wastes of Kabwe using microbially induced calcium 

carbonate precipitation (MICP). The results revealed that the bacteria reduced the 

entrance of water and oxygen into the dump, consequently reducing the leaching of heavy 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcium-carbonate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcium-carbonate
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metals. However, such proposals could be costly to implement on a larger scale. For 

example, the mining residue materials (MRM) occupy a large area around the dump site 

and could be impossible to remediate using the highlighted technique effectively. The 

author’s previous studies investigated several potential chemical immobilizers 

(magnesium oxide, raw dolomite, and half-burnt dolomite) to remediate Pb and Zn 

leached from the MRM (Tangviroon et al., 2020). Among all selected immobilizers, half-

burnt dolomite (HBD) has proven to be the most promising immobilizer since it could 

effectively immobilize both Pb and Zn. However, the analyses were done based on the 

batch leaching, where the HBD was added to the MRM in a predetermined volume of 

water and then shaken for a set period, thus allowing us to assess the immobilization 

potential of the HBD. In other words, the batch leaching experiments did not seem to be 

a practical prediction of the actual transport of contaminants due to several reasons, such 

as different solid-to-liquid ratios and flow paths of water from those in the field. (Tabelin 

et al., 2014).  

1.6 Problem statement 

The high BLLs in the children previously recorded highlights the severe Pb 

intoxication problem in Kabwe residents; thus, understanding the factors affecting the 

release of Pb and Zn in the potential sites for Pb intoxication, such as playground soils 

(SPs), helps us understand the factors leading to Pb and Zn bioaccessibility in such 

environments. On the other hand, the MRM significantly contributes to the pollution 

problem of the surrounding soils. Thus, remediation of the source (MRM) using actual 

flow conditions in column and pilot-scale experiments could help us understand the 

attenuation mechanisms of Pb and Zn in the actual environment. 

1.7 Purpose of study 

Therefore, the purposes of this study were to: 

1. Investigate the extent of pollution in SPs near the mine site and understand the 

factors affecting the solid partitioning, release, and retention of Pb and Zn in the 

SPs. 

2. Evaluate the solid-phase partitioning of Pb and Zn in different particle size of 

MRM. 
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3. Find the solubility and bioaccessible fractions of Pb and Zn in MRM and SPs 

using simulated fluids (artificial lysosomal fluid (ALF), gamble solution (GS), 

phosphate-buffered saline (PBS) and hydrochloric acid (HCl). 

4. To find the efficacy of HBD in reducing the Pb and Zn in MRM via assessments 

in column and validation in pilot-scale experiments. 

1.8 Study site 

The MRM was randomly collected from dumping site in Kabwe, while the soil 

samples (SPs) were collected within a 10 km radius in the west and northwest of the mine 

area (Figure 3). The prevailing winds are usually downwind of the mine site, to the west-

northwest direction (Kříbek et al., 2019). Using a stainless-steel hand shovel, soil samples 

were collected from topsoil (about 5 cm deep) with 3 to 4 mixing points for each sample. 

A total of 8 soil samples were collected from a community ground in Kasanda area (S1), 

Makululu primary school (S2), Malumbo community ground (S3), Makululu day 

secondary (S4), Makululu day secondary garden (S5), David Ramushu secondary school 

(S6), David Ramushu secondary school garden (S7), and Kebar Christian academy 

(S8).  These samples were stored in airtight vacuum bags and then shipped to Hokkaido 

University, Japan. The soil samples and MRM were then dried at room temperature before 

characterization, sequential extraction, and leaching experiments. 
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Figure 3. Map of Zambia, showing location of Kabwe (a), location of mining residual 

materials (MRM) (b) and sampling points for playground soils (SPs) S1, S2, S3, S4, S5, 

S6, S7 and S8. Image modified from (Mufalo et al., 2021, Silwamba et al., 2020) 
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West 

 

Northwest 

 



8 

 

1.9 Outline of dissertation 

The dissertation consists of five chapters. The content of each chapter is shown 

below: 

In chapter 1, general introduction including the background, problem statement 

and contents of this study is described. 

 In chapter 2, the extent of pollution and leaching behavior of Pb and Zn from SPs 

were investigated, including the solid-phase partitioning of the soils and the influence of 

the distance from mine area on the contents of Pb and Zn in the playground soils.  

In chapter 3, the bioaccessibility of Pb and Zn in the dust (< 30 µm) of the MRM 

and SPs were investigated. Solubility assessments of Pb and Zn were performed using 

simulated; artificial lysosomal fluid (ALF), gamble solution (GS), and phosphate-

buffered saline (PBS) and compared with hydrochloric acid (HCl). The influence of 

particle size variability in the solid-phase partitioning of MRM was also evaluated.  

In Chapter 4, the efficacy of HBD was assessed in column experiments and 

compared to the pilot experiments in the field. The immobilization was assessed through 

the leaching of hazardous heavy metals (Pb and Zn). 

In chapter 5, general conclusion based on the results obtained in this study was 

summarized. 

 

 

 

 

. 
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Chapter 2 

SOLID-PHASE PARTITIONING AND LEACHING BEHAVIOR OF 

LEAD AND ZINC FROM PLAYGROUND SOILS IN KABWE, ZAMBIA 

2.1 Introduction 

Kabwe town is considered one of the most polluted cities globally due to the 

historical mining of lead (Pb) and Zinc (Zn) (Blacksmith Institute, 2013). Mining 

activities between 1902 and 1994 produced approximately 0.8 Mt and 1.8 Mt of Pb and 

Zn, respectively (Kamona and Friedrich, 2007). After nearly 90 years of operations 

without any environmental regulations, mining activities ceased in 1994 due to the 

depletion of the ore body. During the active period of the mine, huge stockpiles of mine 

wastes were disposed of and left unattended. Therefore, dust generation and 

transportation of potentially toxic elements (PTEs) from Kabwe mine wastes (KMW) to 

the surrounding environment was inevitable.  

The PTEs can be accessed through inhalation, intentional or accidental ingestion 

of contaminated soil (Bello et al., 2016, Yabe et al., 2015). Depending on age groups, 

pica behavior is higher in children than adults because of their hand-to-mouth etiquette 

(Ljung et al., 2006, Yabe et al., 2015). The U.S. Environmental Protection Agency (EPA) 

estimates that a typical child up to 84 months can swallow 100 mg of contaminated 

soil/day (EPA, 2002). A study by Toyomaki et al. (2018) on the infants of Kabwe showed 

high Pb contents in their feces with an overall average value of 39.2 mg/kg. Bose-

O’Reilly et al. (2018) and Yabe et al. (2020) also found that the children within the 

vicinity of the mine area of Kabwe contained high blood lead levels (BLLs) (BLLs > 5 

µg/dL). Since children are the most affected, one potential exposure source of Pb 

intoxication for the children are school playgrounds soils (SPs).  

Most of the playfields in Zambia are characterized by bare land and insufficient 

lawn maintenance. Therefore, there are several exposure pathways in which the PTEs can 

enter the body from the SPs, i.e., ingestion or inhalation of soil settled on play equipment 

or dust adhered to hands, fingers, or clothes (Jin et al., 2019, Peng et al., 2019). 

Subsequent exposure to such environment may lead to the uptake of PTEs into the 

respiratory and digestive systems, leading to the absorption of Pb into the bloodstream.  
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Elevated blood Pb is detrimental to human health and may cause severe nervous system 

problems, retardation, behavioral disorder and formation of porous bones due to 

substitutions (Pb apatite’s) inside the bones (Yabe et al., 2015). 

 However, detecting high contents of PTEs in the soil, in particular, Pb and Zn, 

does not necessarily mean the high risk of contaminants in the environment or 

bioavailability into the body. Instead, this depends on the leachability of the heavy metals 

under various environmental conditions (Yan et al., 2020) The bioaccessible and 

bioavailable Pb and Zn in the soil depends on the binding and mineralogical forms in 

which they exist (Huyen et al., 2019, Tabelin et al., 2020). Thus, understanding their 

specific characteristics in the binding states leads to their bioaccessibility in the soil 

(Tabelin et al., 2018). Therefore, the purpose of this study was to determine the extent of 

pollution, leachability, the partitioning of Pb and Zn and the influence of distance from 

the mine site on the contents of Pb and Zn in the SPs, because the playgrounds might be 

a potential source of Pb intoxication for the children of Kabwe. 

2.2 Materials and Methods 

2.21 Site description and sampling location 

A total of 8 soil samples were collected from a community ground in Kasanda 

area (S1), Makululu primary school (S2), Malumbo community ground (S3), Makululu 

day secondary (S4), Makululu day secondary garden (S5), David Ramushu secondary 

school (S6), David Ramushu secondary school garden (S7), and Kebar Christian academy 

(S8). Using a stainless-steel hand shovel, soil samples were collected from topsoil (about 

5 cm deep) with 3 to 4 mixing points for each sample (Figure 3). 

2.2.2 Soil characterization 

Mineralogical and chemical properties of the soils were examined using pressed 

powders of the SPs (< 50 µm) and analysed using X-ray diffractometer (XRD) (MultiFlex, 

Rigaku Corporation, Tokyo, Japan) and X-ray fluorescence spectrometer (XRF) (Spectro 

Xepos, Rigaku Corporation, Tokyo, Japan), respectively. The SPs’ particle size 

distribution was analyzed using the laser diffraction (Microtrac® MT3300SX, Nikkiso Co. 

Ltd., Osaka, Japan). The total organic carbon content was calculated by the difference 
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between total carbon content and inorganic carbon content measured by a total carbon 

analyzer with a solid sample combustion unit (TOC-VCSH-SSM-5000A, Shimadzu 

Corporation, Kyoto, Japan). 

2.2.3 Determination of pollution indices 

Two pollution indices were employed to calculate the extent of contamination in 

the SPs, i.e., geo-accumulation index (Igeo) and enrichment factor (EF). The Igeo 

quantifies the degree of anthropogenic contamination. The index was introduced by 

Muller. (1969), given by the following equation. 

Igeo = log2(Cn/1.5Bn) 

where, Cn is the content of an examined element in the SPs and Bn is the background 

value of the element in the studied area. This study selected the median soil background 

values in Sub-Sahara Africa (Towett et al., 2015). The value of 1.5 is a constant 

introduced to normalize the variances in background levels. Seven categories based on 

the level of contamination are classified as: class 0,uncontaminated (Igeo < 0); Class 1, 

uncontaminated to moderately contaminated (0 < Igeo <1); Class 2, moderately 

contaminated (1 < Igeo <2); Class 3, moderately to heavily contaminated (2 < Igeo <3); 

Class 4, heavily contaminated (3 < Igeo <4); Class 5, heavily to extremely contaminated 

(4 < Igeo <5); and Class 6, extremely contaminated (Igeo > 5). 

The EF differentiates between metals originating from human activities and 

natural processes. The EF was calculated as the ratio of the content of the metal in the 

sample to the content of the same metal in the earth crust using the modified formula from 

Buat-Menard and Chesselet. (1979), as shown below: 

EF = (Mx∗Tib)/(Mb∗Tix) 

where, Mx is the content of the measured sample, Tib is the background content of 

titanium (Ti) in the earth crust. The Mb is the background content of the targeted element 

in the earth crust, while Tx is the measured content of the reference value in the sample. 

The earth crust content values were taken from Turekian and Wedepohl. (1961). The 

calculated values were based on the classification of enrichment as: deficiency to minimal 

enrichment (EF < 2); moderate enrichment (2 < EF < 5); significant enrichment (5 < EF 
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< 20); very high enrichment (20 < EF < 40); and extremely high enrichment (EF > 40) 

(Sutherland et al., 2000). 

2.2.4 Geochemical modeling and multivariant statistical Analysis 

PHREEQC; Version 3, United States Geological Survey, Sunrise Valley Drive 

Reston, USA, was used to calculate the saturation indices (SIs) for the possible mineral 

phases controlling the release and retention of Pb and Zn in the SPs (Parkhurst and Appelo 

1999). The thermodynamic properties were taken from the MINTEQ.V4.DAT database. 

Principal component analysis (PCA) was used for finding the correlations between the 

metal content or metal ion concentration and several environmental leaching conditions. 

2.2.5 Batch leaching experiments 

The batch leaching experiments were conducted by mixing 15g of soil sample and 

150 mL of deionized (DI) water in a 300-mL Erlenmeyer flask followed by lateral 

reciprocating shaking speed of 200 rpm for 6 h. After the predetermined shaking time, 

the pH, oxidation-reduction potential (ORP) and electrical conductivity (EC) were 

measured followed by centrifugation of the suspension using a centrifuge (Sigma 3K30 

laboratory centrifuge, Osterode, Germany) for 30 min at a speed of 3,500 rpm. The 

leachates from the experiments were collected by filtration through 0.45 Millex® filters 

(Merck Millipore, Burlington, MA, USA). The leachates were preserved by 1% nitric 

acid (HNO3) before chemical analysis to maintain the target elements in dissolved forms. 

For accuracy and precision, all batches were performed in triplicates. The concentrations 

of major ions were then analyzed by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) (ICPE-9000, Shimadzu Corporation, Kyoto, Japan) (margin of 

error = ± 2~3%, determination limit 0.01-0.001 mg/L). All the chemicals used for 

conducting the experiments were reagent grade (Wako Pure Chemical Industries Ltd. 

Osaka, Japan). 

2.26 Sequential extraction 

            The sequential extraction experiment was based on the earlier works of Tessier et 

al. (1979) and modifications of the procedure by Marumo et al. (2003). The procedure 

partitions Pb and Zn into five phases: (1) exchangeable, (2) carbonates, (3) iron and 
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manganese oxides, (4) organic matter and sulfide minerals, and (5) residual. The 

extraction procedure are summarized in Table 1. The extraction was done on 1g of SPs 

sample (< 2 mm) mixed with a predetermined volume of the extractant for each step. The 

leachate was separated from the residue by centrifugation of the suspension at 3,000 rpm 

for 30 min. Between each step, the residue was washed with 20 ml of DI water, which 

was combined with the leachate of the extraction step and diluted to 50 ml. The diluted 

solution was filtrated through 0.45-μm Millex® filters and kept in polypropylene bottles 

before chemical analysis. The samples were analyzed using inductively coupled plasma 

mass spectrometry (ICP˗MS) (ICAP Qc, Thermo Fisher Scientific, Waltham, MA, USA). 

 Table 1. Procedure for the determination of the solid-phase partitioning of Pb and Zn 

 

2.3 Results 

2.3.1 Chemical composition and mineralogy of SPs 

            Table 2 illustrates the major chemical composition, total organic carbon (TOC) 

and trace elements (Pb and Zn) of the SPs. The samples were mainly dominated with 

SiO2 (56.1-83.7 wt. %), Al2O3 (6.4-29.7 wt. %), and Fe2O3 (2.2-7.6 wt. %). The TOC for 

the samples ranged from 0.3 to 5 wt. %. The SPs were classified according to the United 

States Department of Agriculture (USDA) soil classification, as either sandy loam (S1, 

S5, S6, and S7), silt loam (S3, S4, and S8), or loam (S2) (Table 3). High contents of trace 

elements of Pb (265-3,320 mg/kg) and Zn (359-2,600 mg/kg) were observed in the SPs. 

Although Pb- and Zn-bearing minerals could not be detected in the samples (Figure 4), 

possible mineral phases might be attributed to anglesite (PbSO4), and zinkosite (ZnSO4) 

Phase Extractant 
L/S ratio 

(mL/g) 

Temperature 

(°C) 

Duration 

(h) 

Speed 

(rpm) 
Extracted phase 

1 1 M MgCl2 at pH 7 20/1 25 1 200 Exchangeable 

2 
1 M CH3COONa at 

pH 5 
20/1 25 5 200 Carbonates 

3 

0.04 M NH2OH·HCl in 

25% acetic acid at pH 

5 

20/1 80 5 120 Reducible 

4 

0.04 M NH2OH·HCl in 

25% acetic acid; 30% 

H2O2; 0.02 M HNO3 

36/1 80 5 120 Oxidizable 

5 60% HNO3 20/1 120 1  Residue 
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(Tangviroon et al., 2020). The contents of Pb and Zn are much higher than the average 

background contents in Sub-Sahara Africa; Pb (37 mg/kg) and Zn (29 mg/kg) (Towett et 

al., 2015). 

  

Table 2. Chemical composition of the major components and the trace elements in the 

school playground soils (SPs). 

 

 

 

 

 

 

 

 

   SPs     

 S1 S2 S3 S4 S5 S6 S7 S8 

SiO2 (wt.%) 56.4 56.1 72.2 67.7 60.7 69.9 75.4 83.7 

TiO2 (wt.%) 0.9 1.6 0.8 1.4 1.0 1.0 1.3 1.0 

Al2O3 (wt.%) 22.8 29.7 16.6 23.9 15.9 8.5 15.2 6.4 

Fe2O3 (wt.%) 7.2 4 7.6 6.2 6.9 6.2 4 2.2 

MnO (wt.%) 0.54 0.10 0.10 0.06 0.24 0.17 0.11 0.09 

MgO (wt.%) 0.8 1.9 1.2 2.8 2.3 0.9 1 0.6 

CaO  (wt.%) 0.3 0.6 1.2 0.1 2.2 2 0.7 0.8 

Na2O (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

K2O (wt.%) 0.9 0.8 1.1 1.1 0.7 0.7 1.5 0.7 

P2O5 (wt.%) 0.26 0.14 0.17 0.08 0.06 0.12 0.26 0.24 

S (wt.%) 0.2 0.07 0.07 0.05 0.06 0.2 0.15 0.93 

TOC (wt.%) 2.46 1.86 2.79 0.52 0.33 0.77 1.55 5.02 

Pb (mg/kg) 3,320 1,080 1,070 265 633 863 1,770 3,170 

Zn (mg/kg) 2,600 1,990 750 359 399 1,370 1,840 2,090 
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Table 3. A brief description of the type of soil samples collected: Particle size distribution 

into clay, silt, and sand according to the United States Department of Agriculture for the 

size groups of mineral particles (USDA, 1987). 

 

 

 

                             Figure 4. shows XRD patterns of the SPs. 

 

 

 

Sample Location Type of soil 
Clay%  

(< 2 μm) 

Silt% 

(2˗50 μm) 

Sand% 

(> 50 μm) 

S1 Community ground in Kasanda Sandy loam 2.51  47.9  49.6  

S2 Makululu primary school Loam 8  47.8  44.2  

S3 Malumbo community ground Silt loam 1.38  51.2  47.5  

S4 Makululu day secondary Silt loam 0.86  53.4  45.7  

S5 Makululu day secondary garden Sandy loam 0.42  37.2  62.3  

S6 David Ramushu secondary 

school 

Sandy loam 0  39.0  61.0  

S7 David Ramushu secondary 

school garden 

Sandy loam 0  43.8  56.2  

S8 Kebar Christian academy Silt loam 0.04 55.9  44.1  
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               Table 4 shows PCA multivariant correlations in the SPs using variables for the 

chemical compositions. The PCA 1, PCA 2, and PCA 3 accounted for 82% of the total 

chemical composition of the SPs. The PCA 1 showed that the Pb and Zn were associated 

with TOC and S with a 42% variance. This means that Pb and Zn had a close relationship 

with these chemical components in the SPs. PCA 2 and PCA 3 accounted for 21 and 19%, 

respectively. PCA 3 was mainly attributed to the geogenic chemical components (CaO, 

Fe2O3, and MnO) controlling the characteristics of the SPs such as pH, and release, and 

retention of Pb and Zn. 

 

Table 4. Principal component analysis (PCA) for the chemical composition of the SPs, 

including total variance, eigenvalue, and cumulative frequency. 

 

 

 

 

 

 

 

 

 

           Table 5 shows the Pearson correlation matrix for the chemical composition of the 

SPs. A significant correlation between TOC and S were observed (r = 0.8, p < 0.05).  The 

Pb showed high correlations with TOC (r = 0.8, p < 0.05) and S (r = 0.7, p < 0.05). On 

the other hand, Zn showed lower correlation with TOC (r = 0.6, p > 0.05) and S (r = 

0.4, p < 0.05). 

 PCA1 PCA2 PCA3 

SiO2 (wt.%) 0.24 -0.35 -0.31 

Al2O3 (wt.%) -0.22 0.49 -0.04 

Fe2O3 (wt.%) -0.24 -0.01 0.44 

MnO (wt.%) 0.07 0.25 0.55 

MgO (wt.%) -0.37 0.04 -0.17 

CaO (wt.%) -0.09 -0.47 0.25 

K2O (wt.%) -0.02 0.21 -0.25 

P2O5 (wt.%) 0.37 0.23 0.02 

S (wt.%) 0.36 -0.18 -0.12 

TOC (wt.%) 0.37 -0.01 -0.07 

Pb (mg/kg) 0.39 0.19 0.16 

Zn (mg/kg) 0.32 0.33 0.08 

Eigenvalue 5.47 2.68 2.45 

Variance (%) 42.0 20.6 18.8 

Cumulative 42.0 62.6 81.5 
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Table 5. Pearson correlation matrix for chemical composition for the soil samples. Marked correlation is significant at p < 0.05 

 

 

 

 

 

 

SiO2  

(wt.%)  

TiO2 

(wt.%) 

Al2O3 

(wt.%) 

Fe2O3 

(wt.%)  

MnO 

(wt.%) 

MgO 

(wt.%) 

CaO 

(wt.%) 

K2O 

(wt.%) 

P2O5 

(wt.%) 

S 

(wt.%) 

TOC 

(wt.%) 

Pb 

(mg/kg) 

Zn 

(mg/kg) 

SiO2 (wt.%) 1.0             

TiO2 (wt.%)  -0.2 1.0            

Al2O3 (wt.%) -0.8 0.6 1.0           

Fe2O3 (wt.%) -0.5 -0.5 0.2 1.0          
MnO (wt.%) -0.6 -0.4 0.2 0.5 1.0         
MgO (wt.%) -0.4 0.5 0.6 0.3 -0.3 1.0        
CaO (wt.%) 0.0 -0.4 -0.5 0.3 0.0 -0.1 1.0       

K2O (wt.%) 0.2 0.2 0.2 0.0 -0.2 0.0 -0.4 1.0      

P2O5 (wt.%) 0.3 -0.2 -0.2 -0.4 0.3 -0.8 -0.4 0.4 1.0     
S (wt.%) 0.7 -0.3 -0.6 -0.7 -0.1 -0.6 -0.1 -0.3 0.5 1.0    

TOC (wt.%) 0.5 -0.3 -0.3 -0.5 0.0 -0.7 -0.3 -0.1 0.7 0.8 1.0   
Pb (mg/kg) 0.2 -0.4 -0.2 -0.4 0.5 -0.8 -0.4 -0.1 0.9 0.7 0.8 1.0  
Zn (mg/kg) 0.0 0.0 0.0 -0.5 0.4 -0.7 -0.4 0.0 0.8 0.4 0.6 0.8 1 
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2.3.2 The Extent of pollution and particle size distribution of the SPs 

Table 6 summarizes Igeo and EF. The SPs from S1, S3, S7 and S8 showed ‘extremely 

high enrichment’ of Pb (EF > 40). Meanwhile, S2, S5 and S6 had ‘very high enrichment’ 

of Pb (20 < EF < 40). The S4 had the lowest enrichment of Pb (5 < EF < 20, indicating a 

significant enrichment). However, only S1 showed ‘very high enrichment’ for Zn (20 < 

EF < 40), while S2, S3, S6 and S7 indicated ‘significant enrichment’ of Zn (5 < EF < 20). 

The order of enrichment followed S1 > S8 > S3 > S7 > S6 > S2 > S5 > S4 for Pb and S1 

> S8 > S7 > S6 > S2 > S3 > S5 > S4 for Zn. The Igeo for SPs indicated that S1, S2, S3, 

S6, S7, and S8 were ‘extremely contaminated’ with Pb (Igeo > 5). The S4 and S5 were 

heavily (3 < Igeo< 4) and heavily to extremely (4 < Igeo < 5) contaminated with Pb, 

respectively. Meanwhile, S1, S2, S6, S7 and S8 were ‘extremely contaminated’ with Zn. 

The order of contamination followed S1, S8 > S7 > S3, S2 > S6 > S5 > S4 for Pb and S1 

> S8, S2 > S7 > S6 > S3 > S5 > S4 for Zn. The pollution indices show that the SPs were 

highly enriched and contaminated with PTEs. 

 

Table 6. Calculated pollution indices with the total average value across the playgrounds. 

Playgrounds Enrichment factor 

(EF) 

Geoaccumulation 

Index (Igeo) 

 

 
Pb Zn Pb Zn 

S1 141.4 23.4 5.9 5.9 

S2 25.4 9.9 4.3 5.5 

S3 53.2 7.8 4.3 4.1 

S4 7.5 2.1 2.3 3.0 

S5 23.2 3.1 3.5 3.2 

S6 32.1 10.7 4.0 5.0 

S7 50.3 11.1 5.0 5.4 

S8 124.9 17.3 5.8 5.6 

Average 57.3 10.7 4.4 4.7 

 

Figure 5 shows the particle size distribution of the SPs and predominate mining 

residual materials, i.e.,Zinc leach plant residues (ZLPRs). The residues have fine particles 

(< 6 µm at 10 % effective diameter (D10)). Particles (< 20 µm) are likely to become aerosol 

from the mine wastes; consequently, finer particles might be transported further (Kok et 

al., 2012). This could be the reason why the samples at S2, the furthest site from the mine 
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wastes, recorded ‘very high enrichment’ of Pb. In addition, Nakamura et al. (2021) 

simulated the deposition of aerosols particles at S2 and the results suggested that 

prevailing winds in the northwest, north-northwest, and north direction from the mine 

wastes influenced the deposition of smaller particles to the area. 

 

Figure 5. Particle size distribution of SPs and the zinc leach plant residues (ZLPRs) with 

their 10% and 30% diameters D10 and D30. 

2.3.3. Leaching characteristics of SPs 

Figure 6 shows the leachate characteristics of the SPs based on the standard 

leaching tests. The leachates were compared with the standards of Zambia Bureau for 

drinking water quality (ZS.190.2010). The quality prescribes requirements for drinking 

water suitable for human consumption. The SPs from S4, S5, and S6 had no leachable Pb, 

while S1, S2, S3, S7, and S8 had leaching concentrations of Pb above the permissible 

limit for drinking water in Zambia (Pb < 0.01 mg/L) (Figure 6a). Meanwhile, Zn was 

within the tolerable limit for all the SPs (Zn < 3 mg/L). The pH of all the SPs ranged from 

slightly acidic to alkaline conditions (pH 6.2–8.2). The pH values of the leachates from 

S1, S4, S5, and S6 exceeded the Zambian drinking water standard (pH 6.5–8.0), while 

those from S2, S3, S7, and S8 were within the permissible limits (Figure 6b). 
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Figure 6.  Leachate characteristics for the SPs: (a) water-soluble Pb and Zn (b) pH. The 

dotted line represents permissible limits for drinking water standards in Zambia. 

Table 7 shows the results from PCA analysis using the leachate concentration. 

PCA 1 and PCA 2 accounted for 79% of the total variance, with high loadings of Al, Si, 

Fe, Pb, SO4
2−, pH, EC, Eh, Mg and Zn. The PCA loadings of alkalinity, positive pH, and 

Ca in PCA 3 (17% variance) indicate the chemical components controlling the buffering 

effects of the SPs. This is consistent with geogenic CaO in PCA 3 for the chemical 

composition of the SPs. The high loadings of SO4
2−, Mg, EC, and Eh in PCA 2 accounted 

for 27% of the co-existing ions controlling the EC of the leachate in SPs. 
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Table 7. Principal Component Analysis (PCA) for water-soluble Pb and Zn, including 

total variance, eigenvalue, and cumulative frequency. 

 

 PCA 1 PCA 2 PCA 3 

pH -0.24 -0.31 0.38 

Eh (mV) 0.2 0.42 -0.29 

EC (mS/cm) -0.27 0.36 0.24 

alkalinity -0.24 -0.29 0.38 

Ca (mg/L) -0.34 0.12 0.32 

Si (mg/L) 0.36 -0.02 0.29 

Fe (mg/L) 0.34 -0.03 0.32 

Al (mg/L) 0.35 -0.04 0.31 

SO4
2- (mg/L) -0.2 0.46 0.16 

Pb (mg/L) 0.36 0.09 0.25 

Zn (mg/L) 0.28 0.29 0.25 

Mg (mg/L) -0.19 0.44 0.19 

Eigenvalue 6.19 3.26 2.01 

Variance (%) 52 27 17 

Cumulative 52 79 96 

 

2.3.4. Partitioning of Pb and Zn in the SPs 

The sequential extraction patterns of Pb and Zn are shown in Figure 7. The solid-

phase partitioning of Pb in the SPs ranged from 0.3 to 21% for the exchangeable fraction, 

weak acid soluble (17 to 42%), reducible (20 to 43%), oxidizable (16 to 33%), and residue 

(4 to 20%) (Figure 7a). Meanwhile for Zn, exchangeable (0.4 to 23%), weak acid soluble 

(13 to 33%), reducible (13 to 45%), oxidizable (9 to 23%) and residue (10 to 51%) (Figure 

7b). The Pb in the SPs was mainly bound with carbonates, reducible and oxidizable 

phases while Zn showed strong association with reducible and residue fractions. 

Figures 8 and 9 illustrate the leachable water-soluble (Pb and Zn) relationship with 

the exchangeable, labile phases (exchangeable + carbonates + Fe/Mn oxides) and total 

content. The water-soluble Pb showed a strong correlation with exchangeable phase (r = 

0.8), labile phase (r = 0.6), and a lower correlation with the total content (r = 0.5). The 

correlation for the water-soluble Zn showed r = 0.9 with the exchangeable phase, r = 0.5 

with the labile phase and r = 0.6 with the total content. The correlations certainly indicate 

the close relationship between the water-soluble Pb and Zn with the exchangeable phase. 
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(a)  

(b)  

Figure 7. Solid-phase partitioning of Pb (a) and Zn (b) in SPs. The values on top of each 

sample represent the total content (mg/kg) from the extraction of the five phases. The 

phases are expressed in percentage of the total content. 
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Figure 8. Relationship between water-soluble Pb with (a) exchangeable phase (b) labile 

phase 1+2+3 and (c) total content 
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Figure 9. Relationship between water-soluble Zn with (a) exchangeable phase (b) labile 

phase 1+2+3 and (c) total content 
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2.3.5 The Distance of SPs from the KMWs 

Figure 10 shows the trend of the total content, exchangeable phase, and the water-

soluble Pb and Zn for each SPs site with the distance from the Kabwe mine wastes 

(KMWs). The S1 and S8 are the nearest sites to the KMWs. Consequently, they had the 

highest contents of Pb and Zn, with S1 having 3,320 mg/kg for Pb and 2,600 mg/kg for 

Zn, while S8 records 3,170 mg/kg for Pb and 2,090 mg/kg for Zn (Figure 5a). The trend 

was similar to water-soluble and exchangeable phases (Figures 10 b, c). There was a 

noticeable decrease as moving away from the KMWs. 
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                         (c) 

 

Figure 10. The distribution of Pb and Zn with the distance of each playground from 

Kabwe Mine Wastes (KMWs): (a) contents (XRF), (b) exchangeable and (c) water-

soluble. 

3. Discussion 

The SPs have exceptionally high contents of Pb and Zn. Soil contamination in the 

SPs might be attributed to the deposition of aerosol particles to surrounding soils from 

the KMWs. Nakamura et al. (2021) confirmed that the contents of Pb generally increased 

with the amount deposited; also, the Pb content in the SPs and the simulated amount of 
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deposition decreased with distance from the source. This is consistent with the high 

enrichment and contamination of Pb in the soils near the mine area (S1 and S8). The 

results of the substantial enrichment in S1 and S8 agreed with the profound intensity of 

contamination in the SPs near the KMWs. 

The discrepancies in the contents and leaching of Pb and Zn in the SPs might be 

attributed to the volume of aerosols deposited, particle size distribution and 

environmental conditions controlling the mobilities of the PTEs. The mobility of PTEs 

such as Pb and Zn in groundwater, mine tailings, and contaminated soils is extensively 

influenced by the pH, precipitation, redox conditions, and adsorption/desorption reactions 

(Tabelin and Igarashi., 2009).  However, the overall enrichment of Pb and Zn were 

generally high in all the SPs. In comparison with other playgrounds of different cities in 

the world, the contents of Pb and Zn from Kabwe SPs were higher than those of Warsaw 

and Bydgoszcz, Poland (Pb up to 167 mg/kg, Zn up to 57.4 mg/kg (Różański et al., 2018), 

Beijing, China (Pb up to 207.5 mg/kg, Zn, up to 196.9 mg/kg (Chen et al., 2005), Ibadan, 

Nigeria (Pb up to 58 mg/kg, Zn up to 460 mg/kg  (Akinwunmi et al., 2017) and country 

parks, Hong Kong (Pb up to 124 mg/kg, Zn up to 136 mg/kg (Lee et al., 2006) 

Figure 6a showed that the Pb in the leachates from S1, S2, S3, S7, and S8 were 

above the permissible limit for drinking water in Zambia. Water consumption from such 

an environment may be detrimental to human health because some communities in 

Kabwe rely on groundwater from boreholes. The release of Pb from the SPs may be 

attributed to sulfide oxidation (Tabelin et al., 2020). This is explained by the SO4
2− in 

PCA 2 for the leachate concentration. The high loadings of SO4
2−, EC, and Eh suggest 

the sulfide minerals oxidation in the SPs, even though they were not detected by XRD. 

Silwamba et al. (2020) also pointed out that in the leaching system for ZLPR from the 

Kabwe dump site, the SO4
2− was attributed to the soluble minerals phases, anglesite 

(PbSO4), zinkosite (ZnSO4), and gypsum CaSO4
.2H2O. The anglesite and zinkosite are 

known to be the exchangeable products of sulfide oxidation in minerals containing Pb 

and Zn. 

Table 8 shows the PHREEQC simulation for the possible mineral phases that 

affected the release and retention of Pb and Zn in the SPs. The results showed that the SIs 

for CaSO4.2H2O (−3.45 to −1.55) and PbSO4 (−2.41 to −1.43) implied the dissolution of 
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these mineral phases,which suggests that the release Pb in the SPs was as a result of 

dissolution of PbSO4. However, the SIs of goethite (Fe(OH)3; 4.58 to 7.94) and those of 

ferrihydrite (FeOOH; 1.85 to 5.22) showed that precipitation was thermodynamically 

favoured after leaching. This explains why no leachable Pb, and Zn were detected in S4, 

S5 and S6, meaning that the available Pb and Zn in the SPs might have been redistributed 

and adsorbed with hydrous ferric oxides (HFOs). The HFOs have an excellent affinity for 

elements such as Pb, Cu, Cd, Zn, Ni, and metal oxyanions such as Cr, Sb, and As (Shi et 

al., 2020, Trivedi et al., 2020). 

Table 8. Saturation indices (SI) of selected mineral phases controlling the release and 

retention of Pb and Zn in the selected SPs. 

 
CASO4

.2H2O PbSO4 FeOOH Al(OH)3 Fe(OH)3 

SPs Gypsum Anglesite Ferrihydride Gibbsite Goethite 

S1 -2.93 -1.43 4.05 4.76 6.77 

S2 -3.45 -2.33 4.58 4.39 7.30 

S3 -3.15 -2.19 5.22 4.05 7.94 

S7 -2.51 -2.41 5.07 3.61 7.79 

S8 -1.55 -2.03 1.85 3.1 4.61 

SI > 0: Saturated, SI < 0: Unsaturated 

 

Fractionation of Pb by sequential extraction confirmed the strong associations 

between Pb with the reducible and oxidizable phases. The strong associations of Pb with 

reducible phase, entailed that the Pb was relatively stable after deposition and might have 

been attributed to the weathering of galena (PbS) (Prathumratana e al., 2020). The Pb 

bound to the oxidizable phases (sulfide/organic) was higher than Zn. The results agree 

with the correlations of Pb with S and TOC from the chemical composition of the SPs. 

The strong correlations of Pb with TOC means that some of the Pb were retained with the 

organic phases (Khan et al., 2016). Baran et al. (2019) also highlighted the strong 

correlations of Pb, Cu, Ni, and Cr with TOC in the organic phase. 

The mobile fractions for the labile phases (exchangeable + carbonates + Fe/Mn 

oxides) for Pb and Zn were notably high for all the SPs. Generally, it is typically assumed 

that the greater the labile percentage, the greater the potential for bioavailability in the 

body (Sethurajan et al., 2016). Therefore, the high bioaccessible fractions of PTEs in the 
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labile phases significantly increase the bioaccessibility of the ingested PTEs, thereby 

posing a serious threat to the respiratory and digestive systems for the children because a 

substantial amount of PTEs might be absorbed into the bloodstream. 

The correlations between the leachable water-soluble Pb and Zn with the 

exchangeable, labile phases and the total content suggests that the release of Pb and Zn 

into the environment from the SPs was mainly attributed to the exchangeable phase and 

not so much from the total content of Pb and Zn (Figures 8 and 9). In addition, the Pb 

bound to carbonate phase is usually influenced by the pH of the environment; for example, 

under gastric conditions, cerussite (PbCO3) might significantly dissolve in the acidic 

conditions (Helser and Cappuyns., 2021), which increases the bioaccessibility of ingested 

PTEs. However, the present study could not identify the host minerals for the PTEs; 

electron microprobe analysis might be a possible approach to identifying the mineral 

phases (Vollprecht et al., 2020) 

4 Conclusion 

The leachability, solid-phase partitioning, and contamination assessment of the 

school playground soils near the mine area were evaluated. The anthropogenic 

contamination and enrichment of Pb and Zn in the SPs were traced back to the old mining 

activities. The playgrounds showed high enrichment of Pb and Zn. The Pb and Zn in the 

SPs were mainly bound with the exchangeable, carbonates, reducible and oxidizable 

phases. The labile phases' bioaccessible fractions of Pb and Zn were exceptionally high 

for all the playground soils. The results suggest that the SPs are potential sources of toxic 

elements for the children in Kabwe. Furthermore, the human health risk associated with 

inhalation/ingestion of toxic elements from the SPs is high. Therefore, revegetation, soil 

turning, and watering of the playgrounds to suppress dust generation could be short-term 

measures to reduce the high bioaccessibility of Pb and Zn in the playgrounds. 
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Chapter 3 

SOLUBILITY OF LEAD AND ZINC IN THE MINE RESIDUE 

MATERIALS FROM A LEGACY MINE IN KABWE, ZAMBIA: 

BIOACCESSIBILITY IN SIMULATED FLUIDS, SOLID-PHASE 

PARTITIONING, AND INFLUENCE ON SURROUNDING SOILS 

3.1 Introduction 

       Mining activities come with economic development and rapid industrialization; 

however, environmental degradation is inevitable after decommissioning. The negative 

aspect may include the anthropogenic influence of the by-products. For example, the 

tailings, overburdened rocks, and slag heaps stand out with the most significant volume, 

carrying toxic elements. The risks of the toxic elements (TEs) depend on their partitioning, 

particle size, bioaccessibility, and bioavailability in the body (Li et al., 2021). Many 

researchers have reported the environmental and health implications of legacy mining 

activities (Abraham et al., 2018; Helser and Cappuyns, 2021; Reyes et al., 2021). In recent 

years, one old mining activity of global concern has been carried out in the town of Kabwe 

in Zambia, which had significant Pb-Zn deposits. The processing and mining activities 

ceased due to the depletion of the ore body (1902-1994), leaving tonnes of mine wastes. 

High Pb contents (> 1,000 mg/kg)  have been reported predominantly in soils near the 

dumping site (Baieta et al., 2021, Kribek et al., 2019). 

      The probability of dermal contact, accidental ingestion, or inhalation of the mine 

wastes or contaminated soil with TEs by the residents in Kabwe is high. The Center for 

Disease Control and Prevention (CDC) has set a reference value for blood lead level 

(BLL) exposure (< 5 µg/dL). The children within the vicinity of the legacy Kabwe mine 

have constantly recorded high BLL (BLL > 10) (Bose-O'Reilly et al., 2018). The records 

certainly explain the impact of the historical mine on the BLL of the residents. Generally, 

elements (Ca, Mg, Fe, and Co) are essential for human consumption and may not have 

dentrimental effects when taken up in the right amounts. However, TEs (Pb, Ba, Cr, Cu, 

Mo, Se, and Zn) may be harmful, even when taken in lesser amounts. After ingestion or 

inhalation of mine wastes or contaminated soil, only a fraction of the TEs will become 

solubilized or bioaccessible in the gastric/lung fluids and be considered bioavailable. 
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Based on gastric/lung conditions, the TEs ingested from a contaminated site might be 

partial or soluble (Soltani et al., 2021)  

       The TEs solubility may provide necessary estimates of bioaccessibility 

(Weggeberg et al., 2019). Extraction in simulated fluids (SFs) constitutes a 

physiologically relevant yet simple and inexpensive method of assessing the 

bioaccessibility of TEs.  Recently, complex solutions have been used to reproduce lung 

and stomach fluids that simulate the actual conditions of accidental inhalation and 

ingestion of TEs (Pelfrêne et al., 2017). The bioavailable Pb in the body depends on the 

amount of bioaccessible TEs reaching the bloodstream. Usually, the pH, 

adsorption/desorption, precipitation, redox reactions, and particle size distribution 

significantly affect the mobility of heavy metals, leading to their bioaccessibility (Tabelin 

et al., 2018). Therefore, in-vitro assays using lung and gastric fluids are employed to 

understand the risks and bioaccessible fractions from mine wastes/soils or sediments. 

Since the fate of inhaled particles is a function of their solubility in the lung/stomach, this 

study employed leaching experiments using SFs, i.e., artificial lysosomal fluid (ALF), 

gamble solution (GS), and phosphate-buffered saline (PBS) on inhalable dust (< 30 um)  

from  Kabwe, Zambia. This study assessed the solubility and bioaccessibility of Pb and 

Zn in mining residual materials (MRM) and soil samples in SFs. The solubility and 

bioaccessible fractions were compared with hydrochloric acid (HCl) solution, mimicking 

stomach conditions from the intentional/accidental ingestion of MRM or contaminated 

soil samples. The study aimed to evaluate bioaccessible levels and potential exposure 

routes for human intoxication of Pb and Zn in the local people who have access to or live 

near the legacy mine in Kabwe, Zambia.  

3.2 Materials and Methods 

3.2.1 Sampling procedure and characterization  

Figure 3 shows the location of Kabwe and the sampling points for the mining 

residue materials MRM and soil samples. The legacy mine has a sulfide ore body confined 

with secondary mineralization oxide zones of silicate ore such as willemite (Zn2SiO4), 

cerussite (PbCO3), quartz (SiO2), smithsonite (ZnCO3), goethite (FeOOH), hematite 

(Fe2O3), and metal-bearing; vanadates, phosphates, carbonates of Zn, Pb, and V (Kamona 
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and Fredrick, 2007). The MRMs were randomly collected from the dumpsite in the form 

of agglomerated particles; hence, they were lightly crushed with an agate mortar and 

pestle, air-dried, and sieved using a combination of aperture screens, i.e., < 30 µm, 30-75 

µm, 75-150 µm, 150-250 µm, 250-500 µm, and 2 mm stainless sieves.  

The topsoil samples (5 cm deep) were collected within a 10 km radius of the 

dumpsite. The samples were sieved through < 30 µm and 2 mm. The < 30 µm particles 

were further characterized using laser diffraction (Microtrac® MT3300SX, Nikkiso Co. 

Ltd., Osaka) for particle size variability in the aerosols from the MRM and soil samples. 

Initially, particles < 62.5 µm are susceptible to wind dispersion (depending on particle 

classification) (Kok et al., 2012). In this study, inhalable dust was assessed from aerosals 

(< 30 µm). A comparison in the particle size distribution for the < 30 µm particles is 

shown in figure 11. Approximately 50% of particles have an effective diameter of 10 to 

20 µm. Particles < 20 µm represent inhalable dust following an accident inhalation of 

contaminated soil or the MRM, which are likely to be deposited in the upper respiratory 

tract. Among the samples collected, the MRM has the highest volume of < 10 µm particles. 

Particles < 10 µm can easily reach the tracheobronchial of the human lungs (Guney et al., 

2017). 

 

Figure 11. Particle size distribution in (< 30 µm) with their 50% effective 

diameter 

 

https://www.sciencedirect.com/science/article/pii/S0301479720315590#bib38
https://www.sciencedirect.com/science/article/pii/S0301479720315590#bib38
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The X-ray diffractometer (XRD) (MultiFlex, Rigaku Corporation, Tokyo, Japan) 

and X-ray fluorescence spectrometer (XRF) (SpectroXepos, Rigaku Corporation, Tokyo, 

Japan) were used on samples (< 50 µm in diameter) for mineralogy and chemical 

composition, respectively. The total content (bulk samples) from XRF was compared with 

the total content from aqua regia (AR) (HCl/HNO3, 3:1 solution) (ISO 11466, 1995); the 

digestion was conducted on samples (< 2 mm) on the hot plate at 120 °C for 1 hr. The 

total organic carbon (TOC) content was obtained by the difference between the total 

carbon (TC) content and the inorganic carbon (IC) content, measured using a total carbon 

analyzer with a solid sample combustion unit (TOC-VCSH-SSM-5000A, Shimadzu 

Corporation, Kyoto, Japan). 

3.2.2 Sequential extraction 

The extraction procedure was based on the earlier works of Marumo et al. (2003) 

and  Tessier et al. (1979). The method partitioned the target elements into five phases (1) 

exchangeable, (2) carbonates, (3) iron and manganese oxides, (4) organic matter and 

sulfide minerals, and (5) residual. One gram of solid sample for each particle size (< 30 

µm, 30-75 µm, 75-150 µm, 150-250 µm, 250-500 µm) was used. The details of the 

extraction procedure are summarized below.  

i. Phase 1 (Exchangeable):  1 g of soil sample was mixed with 20 ml of 1M MgCl2 

at pH 7, shaken at 200 rpm for 1 h at room temperature. 

ii. Phase 2 (Bound to carbonates): The residual soil sample from Phase 1 was 

extracted with 20 ml of 1M CH3COONa at pH 5 and shaken at 200 rpm for 5 h at 

room temperature. 

iii. Phase 3 (Bound to Fe/Mn oxides): The residual soil sample from phase 2 was 

mixed with 20 ml of 0.04M NH2OH.HCl in 25% acetic acid, shaken at 120 rpm 

for 5 h at 80 °C. 

iv. Phase 4 (Bound to organic matter and sulfide minerals): The residual from phase 

3, mixed with the solution of 20 ml of 0.04M NH2OH.HCl in 25% acetic acid, 8 

ml of 30% H2O2, and 8 ml of 0.02M HNO3 shaken at 120 rpm for 5 h at 80 °C. 

https://www.sciencedirect.com/science/article/pii/S0045653520317690#bib44
https://www.sciencedirect.com/science/article/pii/S0045653520317690#bib88
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v. Phase 5 (Residual): 20 ml of 60% HNO3 was used to extract residues from phase 

4 at 120 °C for 1 h, then diluted in a 100 ml volumetric flask. 

The leachates from the extraction procedures were analyzed using inductively 

coupled plasma mass spectrometry (ICP˗MS) (ICAP Qc, Thermo Fisher Scientific, 

Waltham, MA, USA). All chemicals used for the experimental analysis were reagent 

grade (Wako Pure Chemical Industries Ltd. Osaka, Japan). 

3.2.3 In-vitro solubility and bioaccessibility tests 

We performed the solubility leaching tests in simulated fluid (ALF, GS and PBS) 

using Japanese standard leaching tests; JLT-46 Environment Agency Notification No.46, 

an environmental standard for wastes and soil, and JLT-18 MOEJ Notification No. 19, 

acid extraction for oral intake. The extraction procedure for oral ingestion of MRM and 

soil samples was done by mixing 3 g (< 2 mm) of solid samples with 100 ml of 1mol/L 

HCl followed by reciprocal shaking at 200 rpm for 2 h. The leachates were filtered 

through 0.45 μm Millex® syringe-driven sterile membrane filters and stored in air-tight 

containers. The concentrations of Pb and Zn were then analyzed by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). The (ALF, GS and PBS) were prepared 

according to Pelfrêne et al. (2017). The composition of the fluids is presented in Table 9. 

To assess the solubility of Pb and Zn from MRM and soil samples in the simulated fluids 

(ALF, PBS and GS), 3 g of particles (< 30 µm) were mixed with 30 ml of each solution 

for 6 h at 200 rpm. After the leaching experiments, the pH, temperature, oxidation-

reduction potential (ORP) and suspension's electrical conductivity (EC) were measured. 

For accuracy and precision, all batches were performed in triplicates. The concentrations 

of Pb and Zn were then analyzed by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). The bioaccessible fractions of Pb and Zn via ingestion or 

inhalation were determined using the following formula. 

Bioaccessible fraction (BF)% = (Cbio/CTotal content )*100  

Where, Cbio is the concentration of the Pb and Zn in < 30 µm particles via 

inhalation (ALF, GS and PBS)  or ingestion (HCl) and CTotal content is the total content (AR 

digestion) of Pb and Zn in MRM or soil samples.  
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Table 9. Composition of simulated fluids; artificial lysosomal fluid (ALF), gamble 

solution (GS), and phosphate-buffered saline (PBS) (Pelfrêne et al., 2017) 

Composition (g/L) ALF GS PBS  

NaCl 3.21 6.779 8.77 

Na2HPO4 0.071 
 

1.28 

NaHCO3 
 

2.268 
 

Trisodium citrate dihydrate 0.077 0.055 
 

NH4Cl 
 

0.535 
 

Glycine 0.059 0.375 
 

NaH2PO4 
 

1.872 
 

L-cysteine 
 

0.121 
 

NaOH 6 
  

Citric acid 20.8 
  

CaCl2·2H2O 0.128 0.026 
 

Na2SO4 0.039 
  

MgCl2·6H2O 0.05 
  

Disodium tartrate 0.09 
  

Sodium lactate 0.085 
  

Sodium pyruvate 0.172 
  

KH2PO4 
  

1.36 

DPPC 4 (surfactant) 
  

Properties 
   

pH 4.5 ± 0.1 7.3 ± 0.1 7.3 ± 0.1 

Ionic strength (mol/L) 0.34 0.17 0.19 

 

4. Results and discussion 

4.2.1 Total content of the samples 

Table 10 shows the contents of Pb and Zn by XRF and AR digestion of MRM and 

topsoils. The total content of Pb and Zn in MRM with XRF was more profound than 

pseudo-total content from AR digestion. From the assessment of the two methods, it can 

be demonstrated that the contents for both elements in MRM range from 16,000 to 71,000 

mg/kg. The contents of Pb and Zn showed a good correlation in the soil samples, although 

acid digestion was more than XRF results in some samples. The contents of Pb and Zn in 

the soils ranged from 102 to 3,320 mg/kg. The contents in the soil were higher than the 

permissible limit set by The World Health Organization (WHO) of 85 and 50 mg/kg for 

Pb and Zn, respectively. This can be attributed to the deposition of fine particles from the 

mine area (Nakamura et al., 2021). The authors (Kribek et al., 2019, Mufalo et al., 2021, 

Nakamura et al., 2021, Tembo et al., 2006) highlighted that anthropogenic contamination 
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in the surrounding soil was dependent on the distance from the mine wastes and the 

direction of prevailing winds. The higher contents from both assessment methods suggest 

the predominance of airborne contamination from the legacy mine (Ether et al., 2005, 

Mufalo et al., 2021, Tangvroon et al., 2020).  

Table 10. Total contents of mininig residue material (MRM) and soil samples from XRF 

and Aqua regia (AR) 

Sample Aqua regia 

 Pb  

(mg/kg) 

XRF 

Pb 

(mg/kg) 

Aqua regia  

 Zn 

(mg/kg) 

XRF  

 Zn 

(mg/kg) 

TOC  

 

(wt.%) 

MRM 59,000 71,000 16,000 23,000 0.4 

S1 3,210 3,320 1,990 2,600 2.5 

S2 710 1,080 853 1,990 1.9 

S3 1,190 1,070 693 750 2.8 

S4 200 265 180 359 0.5 

S5 357 633 279 399 0.5 

S6 699 863 1,110 1,370 0.8 

S7 1,710 1,770 1,300 1,840 1.5 

S8 1900 3,170 1,320 2,090 5 

 

4.2.2 Solubility and bioaccessibility Pb and Zn in HCl, ALF, PBS, and GS 

Table 11 shows the solubility of Pb and Zn in HCl and the simulated fluids in the 

MRM and soil samples S1 to S8. The solubility of Pb and Zn was higher with HCl when 

compared with solubility in ALF, PBS, and GS fluids. The bioaccessible Pb in MRM was 

13 times higher compared to ALF and no Pb was soluble with PBS and GS; however, Zn 

was observed with PBS and GS, corresponding to bioaccessible fractions of 7.4  and 0.9%, 

respectively. The bioaccessible fractions for Pb with ALF in the soil samples ranged from 

7 to 37%. The bioaccessible fractions were lower compared to those of HCl (56 to 86%). 

The results suggest that oral ingestion of contaminated soil could be the primary exposure 

route for the uptake of toxic elements into the bloodstream. Table 12 illustrates the 

changes in pH, EC, and ORP after leaching with the simulated fluids. The MRM's pH did 

not relatively change after leaching with all the three simulated fluids (around 4 - 5.9). 

However, only Zn was observed to leach out from the MRM. This could be attributed to 

the high solubility of Zn (Metwally et al., 1993, Mignardi et al., 2012). The presence of 

organic compounds represented by proteins, glycine, cysteine and carbonates in GS and 
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PBS may favor the chemical formation of insoluble complexes at neutral pH (Khelifi et 

al.,2021). This could be the reason why no Pb was observed in the soil samples after 

leaching with GS and PBS. However, with ALF, the pH in all the soil samples 

significantly changed from the overall neutral pH range of (6.2 – 8.2) to around (4 to 4.8). 

Higher metal release rates are expected in ALF than in GS solution or PBS since ALF is 

a more aggressive solution (lower pH). Liu et al. (2021) also observed higher 

bioaccessible fractions of toxic elements in ALF than in GS. Guney et al. (2017) extracted 

higher bioaccessible fractions of Pb and Zn in < 20 µm (representing the tracheobronchial 

region) with ALF than GS, which is consistent with our results. The pH critically plays a 

vital role in the bioaccessibility of toxic elements. Although ALF was much more 

aggressive than GS and PBS, metal solubility is higher with HCl because in the stomach 

environment, the pH usually fluctuates around pH of 1.5 to 3. Sold/liquid ratios and 

particle size may also influence the solubility of toxic elements in simulated fluids 

(Pelfrêne et al., 2017).  

Table 11. Solubility (mg/kg) and bioaccessible fractions (BF) of Pb and Zn from mining 

residual material (MRM) and soil samples (S1 to S8) in simulated fluids and hydrochloric 

acid (HCl) 

 

 

 

Element Solution/sample MRM S1 S2 S3 S4 S5 S6 S7 S8 

Pb (mg/kg) Bulk HCl (< 2 µm) 22,800 2,660 533 1,160 133 200 500 1,530 1,630 

 BF% 39 83 75 79 67 56 72 89 86 

Pb (mg/kg) ALF (< 30 µm) 1,700 871 122 226 42 102 51 462 709  
BF% 2.9 27.1 17.1 19 21 28.6 7.3 27 37.3 

Zn (mg/kg) Bulk HCl (< 2 µm) 11,700 1,190 307 530 63 62 797 717 883 

 BF% 73 60 36 76 35 22 72 55 67 

Zn (mg/kg) ALF (< 30 µm) 6,470 646 147 59 26 53 99 545 617  
BF% 40.4 32.5 17.2 8.5 14.4 19 8.9 41.9 46.7 

Zn (mg/kg) 

 

Zn (mg/kg) 

PBS (< 30 µm) 

BF% 

GS (< 30 µm) 

BF% 

1,190 

7.4 

142 

0.9 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

https://www.sciencedirect.com/science/article/pii/S0301479720315590#bib38
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Table 12. The changes in pH, EC, and ORP before and after extraction with simulated 

fluids (ALF, PBS, and GS) 

Sample 
 

MRM S1 S2 S3 S4 S5 S6 S7 S8 

Before pH 5.2 6.3 7.1 7.5 6.2 8.2 8.2 7.7 7.1 

 EC (mS/m) 2.8 0.13 0.06 0.08 0.04 0.19 0.25 0.23 0.57 

 ORP (mV) 351 214 177 158 199 142 152  161 193 

After (ALF- 4.5) pH 4.02 4.43 4.45 4.53 4.5 4.62 4.78 4.55 4.02 

 EC (mS/m) 16.7 14.6 13.4 14.7 14.6 14.9 15.1 14.6 16.7 

 ORP (mV) 616 547 546 515 540 549 536 581 616 

After (PBS-7.3) pH 4.9 6.7 6.9 7.2 7 7.4 7.3 7.2 7.3 

 EC (mS/m) 17.7 14.8 14.1 15. 14.5 14.1 15.4 14.9 14.9 

 ORP (mV) 482 482 491 461 464 470 455 459 459 

After (GS-7.3) pH 

EC (mV) 

ORP (mV) 

5.9 

16.9 

432 

7.05 

13.6 

103 

7.08 

12.3 

89 

7.23 

13.7 

80 

7.2 

14.2 

73 

7.4 

14.1 

72 

7.41 

14.2 

75 

7.3 

13.9 

92 

7.2 

13.5 

100 

           

4.2.3 Solid-phase partitioning of Pb and Zn in MRM and soil samples  

Figure 12 illustrates the sequential extraction of MRM in various particle sizes (< 

30 µm, 30-75 µm, 75-150 µm, 150-250 µm, 250-500 µm) for Pb (a) and Zn (b). There 

were no distinct differences in Pb and Zn partitioning for different particle sizes. 

Generally, it is expected to have higher fractions in smaller particles; however, we could 

not observe any significant differences among the various particle sizes. This could be 

attributed to the milling process during the historic mining; over time, the particles could 

have aggregated and disintegrated to their actual size during leaching, hence the similar 

partitioning fractions. In contrast, Pb concentration increases with decreased particle size 

in smelter derived wastes. For example, Ettler et al. (2020) found higher contents and 

bioaccesibility of Pb and Zn in < 10 and < 48 µm slag samples of Kabwe than in the bulk 

samples.  The results were comparable to Xu and Fu. (2022) who observed a similar trend 

in slag samples, however, the latter found that metal bioaccessibility in some finer 

particles was not significantly higher than in coarser particles. The similar Pb fractions, 

independent of size fractions suggests the decreased Pb bioavailability in MRM, relative 

to smelter-derived wastes, for a given particle size. Moreover, most of the Pb in the 

various particle sizes of MRM were in the sulfide/organic phase (17 to 23%) and residues 

(49- 53%). This means that the Pb was relatively stable after dumping at the mine site. 

For Zn, higher fractions of 15 to 22% were observed in the exchangeable fraction 

compared to Pb (9 to 12%). This explains the high solubility of Zn in the simulated fluids; 

freer Zn+ ions were readily available for exchange with the environment. However, at 
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least 33 and 51% of Pb and Zn respectively, absorbed to exchangeable, carbonates, Fe/Mn 

oxides  could dissolve from the MRM when subjected to strong acidic conditions. The 

extracted phases in MRM by HCl were similar to extractable phases in the soil samples. 

Figure 12 illustrates the comparison between HCl  extraction and sequential extraction 

(exchangeable + carbonates +Fe/Mn oxides phases) on the soil samples. The results 

showed a good correlation r = 0.98 and r = 0.94 for Pb and Zn, respectively. This suggests 

that HCl digestion could dissolve the exchangeable, carbonates and Fe/Mn oxides phases 

in the soil. Therefore, in  an extreme case of fasting conditions a substantial amount of 

the toxic elements could be released into the stomach if contaminated soil were 

accidentally ingested. 

 

 

Figure 12. Solid-phase partitioning of Pb and Zn in various particle sizes in mining 

residual material (MRM) 
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Figure 13. Comparison between HCl extraction and sequential extraction (SE 1: 

exchangeable, SE1+2: exchangeable+carbonates, SE 1+2+3: exchangeable+carbonates+ 

Fe/Mn oxides. 

5. Conclusion 

      This paper discussed the efficacy of simulated fluids and HCl in the dissolution 

of Pb and Zn from MRM and soil samples near the Kabwe mine area. The higher 

solubility of Pb and Zn was observed with HCl extraction compared to the simulated 

fluids. The HCl aggressively dissolves the exchangeable, carbonates and Fe/Mn oxides. 

Comparing exposure routes, i.e., inhalation and ingestion for the uptake of Pb from 

contaminated soil or mine wastes, ingestion is more significant. The high Pb blood levels 

found in the residents of Kabwe can be related to ingestion of contaminated soil or dust 

containing high levels of Pb. Substantial amounts of Pb could be released in the stomach 
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(low pH), resulting in high adsorption of the toxic element into the bloodstream. Children 

are likely to be more affected than adults because of their hand-to-mouth activities. 

Furthermore, regardless of particle size, the solid-phase partitioning of MRM did not 

change significantly. However, at least 33% of Pb in the (exchangeables, carbonates, and 

Fe/Mn oxides) are mobilizable under acidic conditions. 
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Chapter 4 

THE PERFORMANCE OF HALF-BURNT DOLOMITE IN COLUMN 

EXPERIMENTS AND VALIDATION IN PILOT EXPERIMENTS 

4 Introduction 

      The historical Pb-Zn mine in Kabwe, Zambia, has significantly impacted the small 

town's environment. Over a decade since the mine closure has passed, contamination from 

the mine wastes remains challenging. Laboratory scale experiment proposals and 

countermeasures using biochar, phosphate, and half-burnt dolomite have shown potential 

in attenuating the toxic elements lead (Pb) and zinc (Zn). However, the methods do not 

represent the actual flow conditions in the environment. Tabelin et al. (2012) highlighted 

that the solid to liquid variations, competition between H+ and the dissolved metals for 

ligands (e.g., OH−, CO3
2−, SO4

2−, S2− and phosphates), temperature, and pore water flow 

rates affect the toxic heavy metal release and retention. Reasonable prediction and 

validation in the attenuation of toxic elements could be possible in actual field conditions 

such as implementing ex situ remediation. In situ and ex situ remediation are two 

techniques for heavy metal contaminated sites. The in situ method is more cost-effective 

than the ex-situ, while the latter has a higher efficiency in heavy metal remediation. Many 

ex-situ remediation costs come from excavation and transportation of the contaminated 

materials from the polluted area. The in situ technique, on the other hand, can be 

performed on-site. For this reason, many researchers have been working on discovering 

new methods and improving the efficiency of the in situ technique (Ali et al., 2017; 

Andrunik et al., 2020; Bolan et al., 2014; Farrell and Jones., 2010; He et al., 2013; 

Kumpiene et al., 2008; Mahar et al., 2015; Seshadri et al., 2017; Tangviroon et al., 2017; 

Tangviroon and Igarashi, 2017). However, actualizing such technology requires a cheap 

and efficient immobilizer for the contaminated site. The author's previous research 

investigated a cheap and abundant immobilizer i.e., half-burnt dolomite (HBD) to 

remediate Pb and Zn leached from mining residue materials (MRM). 

     The HBD was a modified product of the abundant local material (dolomite). 

Dolomite (CaMg(CO3)2) is formed when the limestone or carbonate mud is modified by 

replacing limestone's calcium ions with magnesium-rich ions (Pehlivan et al., 2009). 
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Dolomite calcination produces a new immobilizer containing magnesia (MgO) and 

calcite (CaCO3). However, in our previous research, the analyses were done based on the 

batch leaching, where the HBD was added to the MRM in a predetermined volume of 

water and then shaken for a set period, thus allowing us to assess the immobilization 

potential of the HBD. In other words, the batch leaching experiments did not seem to be 

a reasonable prediction of the actual transport of contaminants due to several reasons, 

such as different solid-to-liquid ratios and flow paths of water from those in the field 

(Tabelin et al., 2010, 2014). An in-depth understanding of the Pb and Zn immobilization 

from MRM and HBD mixtures is still needed because the bioavailability of metals may 

vary due to environmental conditions (Vrînceanu et al., 2019). Therefore, column 

experiments could provide necessary conditions for mimicking the flow conditions in the 

environment. To actualize the attenuation mechanism of HBD in column experiments, 

we compared the results with those of pilot experiments in the actual field by excavating 

the MRM from Kabwe, followed by the addition of HBD. 

   Therefore, this research aims to investigate the long-term potency of HBD in MRM 

and the mechanism of immobilization over several weeks in column experiments and 

compare the leaching of Pb and Zn in pilot experiments representing the actual field 

conditions. The current study will assist in developing chemical immobilization for 

remediating heavy metal contaminated sites in Zambia. 

4.1 Materials and Methods 

4.2.1 Sample collection and excavation 

The sampling of MRM was conducted at the dumping site of Pb-Zn mine waste 

located in Kabwe, Zambia. The MRM was randomly collected using shovels, brought to 

the laboratory, dried under ambient conditions, crushed, sieved through a 2-mm aperture 

screen, and kept in air-tight containers before usage. Construction of the embankments 

for the pilot experiments was done at the University of Zambia (UNZA), located about 

120 km from the dumping site. The MRM was excavated from Kabwe and brought to 

UNZA to four embankments. 
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 4.2.2 Column Experiments 

 Figure 14 shows the schematic illustration of the columns. The columns and 

rainfall simulators were transparent polyvinyl chloride (PVC) tubes. The inner diameter 

of the column was 5.2 cm, and its height was 60 cm. They were vertically mounted on a 

steel stand and covered with rainfall simulators. These covers are designed with small 

holes to simulate the raindrops and protect the sample inside the column from dust 

contamination. The experimental setup in the columns included pure MRM (HBD0) and 

MRM mixed with 1%, 5%, and 10% of HBD, denoted as HBD1, HBD5, and HBD10, 

respectively. The sample packaging in the columns was homogenized by compacting 49 

g of samples to a thickness of 2 cm until 10 cm for each column. At the bottom of each 

column, a filter paper was placed on the top of the polytetrafluoroethylene net (PTFE) on 

a PVC plate with holes to prevent the leaking of the solid particles. All the column 

experiments were carried out under ambient conditions to mimic the dumping 

environment. 

 

Figure 14. Schematic diagrams of the columns (all units are in cm) 

4.2.3 Irrigation and collection of effluents 

Every week, 100 ml of deionized water was irrigated all at once via the rainfall 

simulator and gravitationally percolated through the packed samples. The amount of 

irrigation is equivalent to the average rainfall during the wet season (October to March) 

in Kabwe, Zambia. Polypropylene bottles were used to collect the effluent at the lower 

end of each column. The effluent was collected every week, followed by pH, electrical 

conductivity (EC), and oxidation-reduction potential (ORP) measurements before the 
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next irrigation. The effluents were filtered through 0.45-μm Millex® filters and stored in 

air-tight polypropylene bottles before chemical analysis. 

4.2.4 post-experimental analysis 

After the termination of the experiments, all columns were disassembled. The 

solid residuals were then air-dried and separately kept in polypropylene bottles prior to 

the sequential extraction experiments. The sequential extraction experiments were 

performed to compare the variability of solid-phase (Pb and Zn) speciation in the columns 

after the experiments. The procedure is described in section 4.2.6. 

4.2.5 Design of embankments 

Figure 15 shows the design of the embankments. The design of the embankments 

included the use of wooden boards supported by 300 mm of soil to hold the MRM and an 

impervious layer to prevent the leaching of hazardous metals into the groundwater. 

Meanwhile, dolomite was collected from a local quarry company, sieved through aperture 

screens of  < 2 mm. After sieving, the HBD was produced by burning dolomite in a 

furnace at 700˚C for 2 h and stored in air-tight containers. The efficacy of HBD was 

assessed by four case studies using 10% ratio of HBD with MRM in the embankments 

(case 1 and 2) (Table 13). At the bottom of each embankment  a combination of surface 

soil and 10 % HBD was used as the base for the MRM. 

 

Figure 15. Schematic representation of the embarkments 
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Table 13. Conditions of the pilot-scale experiments 

 

4.2.6 Sample characterization 

The fresh MRM were examined by scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDS, InTouchScope™, JSM-IT200, JEOL Ltd., 

Japan). Pressed samples of finely crushed powder (< 50 μm in diameter) of the MRM and 

HBD were prepared for chemical and mineralogical analyses by an X-ray fluorescence 

spectrometer (XRF) (SpectroXepos, Rigaku Corporation, Tokyo, Japan) and X-ray 

diffractometer (XRD) (MultiFlex, Rigaku Corporation, Tokyo, Japan). The organic 

carbon (OC) content was obtained by subtracting the total carbon (TC) content from the 

inorganic carbon (IC) content. The TC and IC were analyzed using a total carbon analyzer 

with a solid sample combustion unit (TOC-VCSH-SSM-5000A, Shimadzu Corporation, 

Kyoto, Japan). 

            Sequential extraction was conducted to determine the solid-phase speciation of 

Pb-Zn in the MRM. The procedure used in this study was taken from Marumo et al. (2003). 

The improved procedure is based on two well-known techniques, Tessier et al. (1979) 

and Clevenger. (1990), which have been used extensively to characterize tailings, mineral 

processing wastes, and leaching residuals (Anju and Banerjee., 2010; Dang et al., 2002; 

Khoeurn et al., 2018). It fractionates heavy metals into five phases: exchangeable, 

carbonates, Fe-Mn oxides, sulfide/organic matter, and residual. Details of the sequential 

extraction procedure are illustrated in Table 14. The experiments were conducted on 1 g 

of less than 2 mm diameter samples. After each extraction step, the centrifugation of the 

suspension was done at 3,000 rpm for 30 min to retrieve the extractant. The residual was 

washed with 20 ml of deionized water, followed by centrifugation to separate the residual 

from the washing solution, and brought to the next extraction step. The extractant and 
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washing solution were combined and diluted to 50 ml for steps 1 to 4 and 100 ml for step 

5, filtrated through 0.45-μm Millex® filters (Merck Millipore, Burlington, MA, USA), 

and kept in polypropylene bottles before analysis. Note that our previous studies have 

proved this extraction procedure to be reproducible with an average precision of 7% 

(Huyen et al., 2019; Vongphuthone et al., 2017) 

 

Table 14. Sequential extraction for heavy metals speciation 

  

 

4.2.7 Chemical analysis of the liquid sample 

Concentrations of Pb, Zn, and coexisting ions were quantified by an inductively 

coupled plasma atomic emission spectrometer (ICP-AES) (ICPE-9000, Shimadzu 

Corporation, Kyoto, Japan) (margin of error = ± 2~3%, determination limit 0.01-0.001 

mg/L). The analyses were done on pretreated samples, which were prepared by adding 

1% by volume of 60% reagent-grade nitric acid (HNO3) to the filtrated samples. The 

pretreatment was performed to ensure the complete dissolution of the target elements. 

The non-acidified samples were used for alkalinity determination, in which a known 

volume of sample was titrated with 0.01 M reagent-grade sulfuric acid (H2SO4) until pH 

4.8. All chemicals used were reagent grade (Wako Pure Chemical Industries Ltd., Osaka, 

Japan).  

Phase Extractant 
L/S ratio 

(mL/g) 

Temperature 

(°C) 

Duration 

(h) 

Speed 

(rpm) 
Extracted phase 

1 1 M MgCl2 at pH 7 20/1 25 1 200 Exchangeable 

2 
1 M CH3COONa at 

pH 5 
20/1 25 5 200 Carbonates 

3 

0.04 M NH2OH·HCl in 

25% acetic acid at pH 

5 

20/1 80 5 120 Reducible 

4 

0.04 M NH2OH·HCl in 

25% acetic acid; 30% 

H2O2; 0.02 M HNO3 

36/1 80 5 120 Oxidizable 

5 60% HNO3 20/1 120 1  Residue 
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4.2.8 Geochemical Modeling 

 Aqueous geochemical conditions of the effluents were determined using 

PHREEQC (Version 3, U.S. Geological Survey, Sunrise Valley Drive Reston, VA, USA). 

Thermodynamic properties of all calculations were taken from the MINTEQ database 

(Parkhurst and Appelo., 1999). 

4.3. Results and discussion 

4.3.1 Properties of MRM and HBD 

 The chemical and mineralogical compositions for MRM and immobilizer (HBD) 

are illustrated in Tables 15 and 16, respectively. The content of Fe2O3 (41.1%) was the 

highest among all chemical components detected. The Pb (7.1%) and Zn (2.3%) contents 

were lower than what was previously recorded (10.9% for Pb and 8.1% for Zn). The 

mineralogy of the MRM was like the previous study comprising anglesite (PbSO4), 

followed by zinkosite (ZnSO4), quartz (SiO2), and minor amounts of goethite (FeOOH), 

hematite (Fe2O3), and gypsum (CaSO4
.2H2O). Although sulfide minerals were not 

detected in the MRM, SEM-EDS analysis of fresh MRM suggests the presence of sulfide 

minerals, oxidation of these minerals might be the source of Pb and Zn (Figure 16). The 

presence of anglesite and zinkosite indicates sulfide minerals' existence since the two 

minerals are well-known to be the common exchangeable products of Pb- and Zn-sulfides 

(Hayes et al. 2009). The HBD had similar chemical and mineralogical compositions 

reported in the author's previous study, amounting to Ca (62.4%) and Mg (33.3%), in the 

forms of dolomite (CaMg(CO3)2), calcite (CaCO3), and magnesia (MgO). Many studies 

have reported that the three chemical components can immobilize heavy metals, including 

Pb and Zn (Trakal et al., 2011; Vrînceanu et al., 2019).  
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          Table 15. Chemical composition of solid samples (the unit is in wt.%) 

  MRM HBD 

SiO2  21.4 0.37 

TiO2  0.3 <0.01 

Al2O3  1.91 0.11 

Fe2O3  41.1 0.68 

MnO  1.4 0.43 

MgO  <0.01 33.3 

CaO  6.7 62.4 

Na2O  <0.01 <0.01 

K2O  <0.01 0.16 

P2O5  <0.01 <0.01 

SO3  16.2 0.2 

Pb  7.1 <0.01 

Zn  2.3 <0.01 

OC  <0.01 <0.01 

 

                             Table 16. Mineralogical composition of solid samples 

 

 

 

 

 

 

                             +++: strong、++: moderate、+: weak、-: none 

 

 MRM HBD 

Quartz ++ - 

Gypsum + - 

Anglesite +++ - 

Zinkosite ++ - 

Hematite + - 

Goethite + - 

Dolomite - +++ 

Calcite - + 

Magnesia - + 
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Figure 16. SEM photomicrograph of a representative sulfide mineral in mining residue 

maerials (MRM) and the corresponding elemental maps of Fe, S, O, Cu, Pb and Zn 

4.3.2 Effect of HBD on leachate pH and major coexisting ions 

Figure 17a illustrates the changes in the effluent pH throughout 30 weeks in the 

columns. The pH increased with increasing HBD addition (0 to 10%). Initially, the pH 

was low for MRM (HBD0), then slightly increased after adding 1% (HBD1), stabilizing 

at around 7.25. The pH values in the columns with 5% (HBD5) and 10% (HBD10) 

fluctuated within a narrow range of about 7.75 and 8, respectively. The results manifest 

the improvement of alkaline effluent properties due to HBD liming effect. The addition 

of HBD controls the pH by the equilibrium dissolution of dolomite (Equation 1), calcite 

(Equation 2), and magnesia (Equation 3) (Fu et al., 2018; Liu et al., 2018; Liu and 

Dreybrodt, 1997; Pokrovsky and Schott, 2001; Xing et al., 2018).  

CaMg(CO3)2 + 2 H+  <=> Ca2+ + Mg2+ + 2HCO3
-   (1) 

CaCO3 + H+ <=> Ca2+ + HCO3
-      (2) 

MgO + H2O <=> Mg (OH)2 <=> Mg2+ + 2OH-   (3) 

However, the lower pH in columns HBD0 and HBD1 could be attributed to not enough 

carbonate mineral dissolution to consume H+ generated by oxidation of sulfide minerals. 

Generally, under atmospheric conditions with pH ranging from slightly acidic to 
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moderately alkaline, ferrous (Fe2+) produced from sulfide mineral oxidation is oxidized 

to ferric (Fe3+) and Fe3+ precipitates as Fe oxyhydroxide/oxide, which produces H+ as a 

by-product (Chandra and Gerson, 2010; Lindsay et al., 2015). The addition of HBD yields 

divalent cations and generates carbonate species. 

Figures 17(b-d) illustrate the leaching behaviors of Mg2+, SO4
2-, and Ca2+. In all 

the columns, the leaching concentrations of Mg2+ and SO4
2- were high at first and 

dramatically decreased before becoming steady. The behavior of these ions was observed 

in two distinct regions. The first one is characterized by high leaching and sharp reduction 

of Mg2+ and SO4
2- concentrations, which lasted for 11 weeks. The trend reflects rapid 

releases of SO4
2- and Mg2+, indicating dissolutions of soluble secondary phase minerals, 

such as Fe sulfates and Mg sulfates (typical ubiquitous assemblages in acid mine drainage 

(AMD) affected systems) (Nordstrom and Alpers, 1999; Valente et al., 2016). The second 

one was a consistent trend from week 12 until the end of the experiments. 

The leaching concentration of Ca2+ was disorderly, and no distinct trend could be 

observed in all the columns. The trend could be attributed to the inhibition of dolomite 

and calcite dissolution or the solubility of Ca-contained mineral(s). Phreeqc simulation 

on the saturation indices (SIs) showed that all effluents were under equilibrium conditions 

to gypsum (CaSO 4·2H2O) but were undersaturated with respect to Mg(OH)2 (Figure 18). 

The solubility of gypsum restricted the leaching of Ca2+, and thus, calcite and dolomite 

played an essential role in controlling effluent pH. Although the SIs of dolomite and 

calcite were less than the lower boundary of a standard error interval used to indicate 

saturation equilibrium (-0.2) in HBD1, the dissolution of dolomite and calcite helped to 

increase leachate's pH in addition to the dissolution of magnesia. While the SIs of 

dolomite and calcite were higher than -0.2 throughout the experimental period in the case 

of HBD10, and HBD5, only calcite behaved similarly. The saturation index of dolomite in 

HBD5 was over -0.2 at the beginning of the experiment and then fell into an unsaturated 

zone just after the end of the flushing-out period (week 13th). The SIs variations of both 

minerals in HBD5 and HBD10 revealed that Ca2+ concentration was controlled by the 

solubility of gypsum and those of calcite and dolomite. Moreover, over-saturated and 

saturated conditions of calcite and dolomite imply that those minerals did not increase 

leachate pH. In other words, when there was high enough MgO in the column (HBD5 and 

HBD10), MgO was hydrolyzed to Mg(OH)2 and took control of the rising pH of the 
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effluents. 

 

Figure 17. Changes in pH, Mg2+, SO4
2-, and Ca2+ concentrations over time: pH vs time 

(a), Mg2+vs time (b), SO4
2- concentration vs time (c), and Ca2+ concentration vs time (d) 

(case HBD0 (  ), case HBD1 (  ), case HBD5 (  ), and case HBD10 (  )) 
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Figure 18.  Saturation indices of Gypsum (  ), Calcite (  ), Dolomite (   ) and Mg(OH)2 (  ) 

in the effluents of cases HBD0 (a), HBD1 (b), HBD5 (c), and HBD10 (d) 

 

4.3.3 Effects of HBD on heavy metals release  

 Figures 19(a-b) show the change of Pb and Zn concentrations in the effluent over 

time in all the columns. Lead and Zn were the toxic metals of concern since MRM (HBD0) 

concentrations exceeded Zambia's effluent and wastewater values for Pb and Zn (The 

Zambia Environmental Management Act, 2013). The leaching concentration of Pb in case 

HBD0 exhibited hill-shaped patterns during the first 11 weeks of the study before 

becoming relatively stable until the 30th week. The addition of HBD was more apparent 

to immobilize Pb since only HBD1 could reduce the leaching concentration after the first 

week. However, HBD5 was enough to suppress the leaching concentration of Pb lower 

than its regulatory limit (0.5 mg/L) at the beginning of the experiments. The leachability 

of Zn in cases HBD0, HBD1, and HBD5 followed similar trends. It was initially high but 

rapidly decreased over time and stabilized after the 10th week in columns HBD0, HBD1, 
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and HBD5, respectively. After the 10th week, HBD5 was enough to bring a long-term 

leaching concentration of Zn down below its regulatory value. However, the addition of 

HBD10 reduced Zn concentration in the effluent below the regulated value from the 

beginning toward the end of the experiment, and it only took three weeks to suppress the 

leaching concentration of Zn below the detection limit ICP-AES (0.1 mg/L). These results 

indicate that the HBD effectively immobilized Pb and Zn over a prolonged time. 

 

Figure 19. Changes in heavy metal concentrations over time: Pb (a) and Zn (b) (HBD0 

(  ), HBD1 (  ), HBD5 (  ), and HBD10 (  )) (dash lines represent the effluent standard in 

Zambia) 

4.3.4 Solid-phase partitioning and the liming effect of HBD 

Figures 20a and b illustrate the change of Pb and Zn contents by sequential 

extraction of fresh MRM and residues of the columns. When the average precision of 7% 

is considered, the oxidizable and residual phase contents remain unchanged. The identical 

residual contents emphasize that they were significantly stable and did not leach and 

deposit. However, Pb and Zn are expected to be released from the oxidizable minerals 

(e.g., oxidation of pyrite, spherite, and galena). The assumption is due to the following 

reasons: sulfide minerals were expected to be available even though they could not be 

detected by XRD, and the experiments were done under atmospheric conditions in which 

oxygen in the atmosphere was freely dissolved and reacted with sulfide minerals. Based 

on the mass balance calculations, Pb and Zn were leached at the maximum amounts of 

ca. 0.02% and 3.5%, which are less than the average precision of the current employed 

sequential extraction technique (7%). According to the last reason, we should not have 

observed any metal content changes within the same fraction among all samples. 
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However, noticeable differences in Pb and Zn contents were detected within the 

exchangeable, carbonate, and reducible fractions. The changes in Pb and Zn 

fractionations among the three fractions played an essential role in controlling their 

mobility, allowing us to identify both metals' immobilization mechanisms by HBD. 

The exchangeable contents of both metals were generally lower in the columns 

(HBD1, HBD5, and HBD10) than those in fresh MRM, indicating that this fraction is an 

essential source of Pb and Zn. The exchangeable Pb decreased following the trend MRM 

> HBD0 > HBD1 > HBD5 > HBD10. The reduction of exchangeable Pb content with the 

amount of HBD addition most likely occurred due to the formation of carbonates, 

meaning the released Pb precipitated as carbonates, limiting the dissolution of soluble 

salts (PbSO4) (Cappuyns et al., 2014). This interpretation is supported by a significant 

negative correlation between the exchangeable Pb content and the average pH value of 

the leachate from each column (r = 0.97 at the 0.05 significance level) (Figure 21). The 

content of exchangeable Zn was reduced to almost zero in cases HBD0 and HBD1 and 

zero in the other columns because of the dissolution of ZnSO4 since it is easily soluble 

(Ferella et al., 2010). The carbonate contents of both metals in HBD0 were lower than 

those in the fresh MRM. This clearly shows that, without treatment, Pb and Zn also 

leached from the carbonate fraction due to the acid dissolution of carbonate minerals 

supported by the leachate's moderate acidic pH in HBD0 (Helser and Cappuyns, 2021). 

   

Figure 20. Changes in Pb (a) and Zn (b) contents of fresh MRM (  ) and the residuals of 

HBD0 (  ), case HBD1 (  ), case HBD5 (  ), and case HBD10 (  ) 
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Figure 21. Exchangeable content of Pb in the residuals of cases HBD0 (  ), HBD1 (  ), 

HBD5 (  ), and HBD10 ( ) 

On the contrary, in the columns with HBD addition, the carbonate contents of Pb 

and Zn were higher than those of the fresh MRM and increased with the amount of HBD 

addition. These results reveal that the addition of HBD immobilized Pb and Zn as 

carbonate fractions due to HBD's abundance of calcite, dolomite, and magnesia. These 

minerals are known to have the ability to adsorb Pb and Zn (Gruszecka-Kosowska et al., 

2017; Trakal et al., 2011). Since the precipitations of calcite and dolomite proved to be 

thermodynamically favorable (Figures 17c and d), co-precipitation of Pb and Zn with 

calcite and dolomite was also expected in HBD5 and HBD10 (Ahmad et al., 2012, 

Godelitsas et al., 2007).  

The reducible contents of Pb and Zn were higher in all residuals than those in the 

fresh MRM. Interestingly, regardless of the amount of HBD addition, the contents of both 

metals remained unchanged. The results imply the deposition of Pb and Zn in the 

reducible fraction over time, but HBD did not play a role in such an event. Theoretically, 

as pH increases, freer divalent Pb (Pb (II)) and Zn (Zn (II)) should be precipitated as 

hydroxides and/or be adsorbed or co-precipitated with iron-(oxy)hydroxides. There are 

two possible explanations for this phenomenon as follows:1) competition between the 

solubility of the hydroxides and the other immobilization mechanisms of Pb and Zn and 

2) change in aqueous specifications of Pb (II) and Zn (II). As mentioned earlier, the pH 

alteration by HBD led to more immobilization of Pb and Zn as carbonate forms. Likewise, 

Pb (II) and Zn (II) in the leachate decreased, hindering their hydroxide precipitation 

potential. The reduction of Pb (II) and Zn (II) could also occur via the formation of 

carbonate and hydroxide complexes of Pb and Zn. These ions do not only hinder Pb- and 
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Zn-hydroxide precipitation potential but also inhibit the abilities of Pb and Zn to get 

absorbed and co-precipitated onto/with iron-(oxy) hydroxides since they tend to have a 

larger size with a lower charge compared to those of Pb (II) and Zn (II) (Badawy et al., 

2000; Namie'snik and Rabajczyk, 2010; Powell et al., 2009). 

However, the higher leachate pH by the liming effect of HBD could result in the 

precipitations of Pb-and Zn-carbonate minerals like cerussite, smithsonite, hydrocerussite, 

and hydrozincite. Figures 22a-d illustrate the SIs for the minerals mentioned above. Note 

that the SIs of the minerals of concern could not be obtained in the leachates having lower 

concentration(s) of Pb, Zn, or both than the detection limit of ICP-AES. In HBD0, those 

carbonate minerals were unable to precipitate (SI(s) << -0.2) even though Pb and Zn 

leached at the highest concentrations. Conversely, in HBD1, except for Pb-carbonates at 

the first four weeks of the experiment, at least one of the Pb- and Zn-carbonate minerals 

were saturated or supersaturated (SI(s) > -0.2) in most effluents over the experimental 

period. The low SIs values of the Pb-carbonates at the beginning of the experiment were 

probably due to the lower effluent pH. In cases HBD5 and HBD10, whenever the leaching 

concentration of Pb was over the detection limit of ICP-AES, SIs of Pb-carbonates were 

greater than -0.2. For Zn, the SI of only hydrozincite was thermodynamically favorable 

to precipitate first and then reduced to the unsaturated zone afterward. It should be noted 

that the unsaturated condition of hydrozincite was observed only when Zn concentration 

was very low (below the regulatory value of Zn). These results show that Pb- and Zn-

carbonates could precipitate and control Pb and Zn mobility in the cases with HBD 

addition. However, Pb's mobility in the first few weeks of case HBD1 tends to be 

dominantly controlled by the carbonate adsorption. In contrast, Zn's mobility at the low 

concentration zone could be governed by carbonate adsorption, co-precipitation with 

carbonate minerals, or both. 
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Figure 22. Saturation indices of cerussite (  ), smithsonite (  ), hydrocerussite (  ), and 

hydrozincite (  ) in the effluents of cases HBD0 (a), HBD1 (b), HBD5 (c), and HBDD10 (d) 

4.3.5 Comparison with the leaching of Pb and Zn in pilot-scale experiments 

           Since 10% HBD could effectively immobilize the Pb and Zn in the first week of 

the experiments. Figure 23 and 24 shows the leaching results of MRM in the 

embankments with four case scenarios in pilot-scale experiments. With 10% HBD 

(Figure 23), the Pb and Zn were immobilized (cases 1 and 2). In cases 3 and 4 without 

10% HBD to MRM, Zn leached out (Figure 24). The 10% HBD in cases 1 and 2 

effectively immobilized the Pb and Zn by converting them into carbonate fractions. This 

is observed in the increase of pH in cases 1 and 2. However, in cases 3 and 4, the pH was 

precisely the same as fresh MRM. This could the reason why Zn leached out in those 

enbankments. The addition of 10% HBD with soil at the base of each embankment 

prevented the release of Pb and Zn at the bottom of each embankment. The results suggest 

that 10%  HBD addition to MRM could effectively attenuate Pb and Zn in actual field 

conditions, thus preventing toxic elements from leaching into the groundwater. 
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Figure 23. Leaching characteristics of mining residue material (MRM) and their related 

pH and water content in cases 1 and 2 with 10% HBD in the embankments. 
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Figure 24. Leaching characteristics of mining residue material (MRM) and their related 

pH and water content in cases 3 and 4 without HBD of the embankments. 
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5. Conclusion 

      This chapter discussed the performance of HBD in immobilizing Pb and Zn 

leached from MRM using laboratory column experiments and the effectiveness of 10% 

HBD in actual field conditions i.e., pilot- scale experiments. The significant findings of 

the present study are summarized as follows:  

The MRM was collected from Kabwe, Zambia, and the HBD was a heat-modified 

product of dolomite's naturally abundant material in Zambia. The column method was 

selected to mimic the actual implementation of the chemical immobilization technique. 

The HBD addition increased pH in both column and pilot experiments, thus lowering Pb 

and Zn migration. Ten percent HBD addition (HBD10) was adequate to bring both Pb and 

Zn's leaching concentrations below the Zambian effluent standard and had a lasting effect 

on the system throughout the 30 weeks. Sequential extractions of pre-and post-

experimental MRM revealed that Pb and Zn were mainly leached from exchangeable and 

carbonate phases, but portions of them were redeposited in reducible fractions. Adding 

HBD could not reduce the release of exchangeable Pb and Zn. However, it changed 

exchangeable Pb and Zn to carbonate and reducible ones, thereby reducing the potential 

sources of Pb and Zn. The carbonate contents of both Pb and Zn were higher than those 

of the pre-experimental MRM and increased with the amount of HBD added, suggesting 

that the addition of HBD permitted the columns to attenuate Pb and Zn as carbonate forms. 

The effectiveness of 10% HBD was validated in pilot-scale experiments and 10% HBD 

addition to the MRM in pilot-scale experiments prevented the leaching of Pb and Zn into 

the groundwater. Thus, the columns and pilot experiments verify the immobilization of 

MRM by  10% HBD.  
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Chapter 5 

GENERAL CONCLUSION 

             Kabwe Town in Zambia is characterized by massive mine wastes containing toxic 

elements like Pb and Zn. These mine wastes are responsible for the contamination of soils 

in the city; consequently, high blood Pb levels in the children of Kabwe result from the 

legacy mining. Therefore, the present study was conducted to evaluate the extent of 

pollution and bioaccessibility of Pb and Zn in one of the potential sites for Pb intoxication 

in children, i.e., school playground soils. To curb the contamination of soils in Kabwe, 

we also evaluated the effectiveness of half-burnt dolomite in immobilizing Pb and Zn 

from the mining residual materials (MRM). Laboratory experiments such as batch 

leaching tests, sequential extraction, XRD-XRF, SEM-EDS, and TC/IC analyses, were 

performed to achieve this goal. The general conclusions were divided into four parts, 

which corresponded to four chapters of this dissertation 

            Chapter 1 briefly introduced Pb contamination in Kabwe and provided an 

overview of Pb intoxication and some of the remediation proposals that have been 

conducted in Kabwe. 

            Chapter 2 was conducted to find the leachability, solid-phase partitioning, and 

extent of contamination in Kabwe school playground soils near the mine area. The 

anthropogenic contamination and enrichment of Pb and Zn in the playground were traced 

back to the old mining activities. The playground soils had high enrichment of Pb and Zn. 

The Pb and Zn in the soils were mainly bound with the carbonates, reducible and 

oxidizable phases. The labile phases' bioaccessible fractions of Pb and Zn were 

exceptionally high for all the playground soils. The results suggest that the playground 

soils are potential sources of toxic elements for the children in Kabwe. Therefore, the 

human health risk associated with inhalation/ingestion of toxic elements from the soils is 

high. Revegetation, soil turning, and watering of the playgrounds to suppress dust 

generation could be short-term measures to reduce the high bioaccessibility of Pb and Zn 

in the playgrounds.  

          After identifying that the playgrounds are a potential source of Pb and Zn 

intoxication for the children, Chapter 3 then assessed the primary exposure routes for the 
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uptake of Pb into the bloodstream of the children in Kabwe. The efficacy of simulated 

fluids (artificial lysosomal fluid (ALF), gamble solution (GS), and phosphate-buffered 

(PBS) and HCl in the dissolution of Pb and Zn from mining residual materials and soil 

samples were assessed. The higher solubility of Pb and Zn was observed with HCl 

extraction compared to the simulated fluids. The HCl aggressively dissolves the 

exchangeable, carbonates and Fe/Mn oxides. Comparing exposure routes, i.e., inhalation 

and ingestion for the uptake of Pb from contaminated soil or mine wastes, ingestion is 

more apparent. The high Pb blood levels found in the residents of Kabwe can be related 

to ingestion of contaminated soil or dust containing high levels of Pb. Substantial amounts 

of Pb could be released in the stomach (low pH), resulting in high adsorption of the toxic 

element into the bloodstream. Children are likely to be more affected than adults because 

of their hand-to-mouth activities. In addition, the solid-phase partitioning of the mining 

residual materials showed that, regardless of particle size, the contents of Pb and Zn did 

not significantly change. However, at least 33% of Pb in the (exchangeables, carbonates, 

and Fe/Mn oxides were mobilizable under acidic conditions. These results implied that 

substantial amounts of Pb could be available for adsorption in case of accidental ingestion 

of the residual materials.  

             To reduce the high bioaccessibility of Pb and Zn, Chapter 4 assessed the long-

term potency of half-burnt dolomite (HBD) in immobilizing Pb and Zn leached from 

mining residual materials. The HBD addition increased pH in both column and pilot 

experiments, thus lowering Pb and Zn migration. Ten percent addition of HBD (HBD10) 

was adequate to bring both Pb and Zn's leaching concentrations below the Zambian 

effluent standard and had a lasting effect on the system throughout the 30 weeks. 

Sequential extractions of pre-and post-experimental MRM revealed that Pb and Zn were 

mainly leached from exchangeable and carbonate phases, but portions of them were 

redeposited in reducible fractions. The primary attenuation mechanism in both column 

and pilot experiments was the precipitation of Pb and Zn into carbonate complexes.  

         Thus, the columns and pilot experiments verify immobilization of MRM by 10% 

HBD. The attenuation of Pb and Zn could occur via adsorption, co-precipitation, and 

precipitation mechanisms. Kabwe pollution problem and the high bioaccessible fractions 

of Pb and Zn could significantly be reduced by the application of 10% HBD to the MRM. 

The HBD has shown to be an effective immobilizer that can be used in actual field 
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conditions in Zambia. The cheap immobilizer can be utilized on a large scale in Zambia 

and this could greatly benefit the residents of Kabwe. 
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