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ABSTRACT 

In light of growing environmental concerns, the construction industry, particularly in concrete 

production, has significantly contributed to global carbon dioxide emissions and resource depletion. 

Promoting sustainable development within the construction sector is crucial for mitigating its 

environmental footprint. In response, many cities are now using urban waste, industrial by-products, and 

construction and demolition waste (CDW) as alternative materials for concrete. For instance, granulated 

blast furnace slag, municipal solid waste incineration bottom ash, and fly ash are widely used as 

supplementary cementitious materials (SCMs). However, these additives often lead to substantial 

leaching of heavy metals. There is growing concern about the potential leaching of heavy metals from 

concrete structural components. Heavy metals typically leach through direct leaching from the surface 

phases and/or diffusion to the concrete surface through pore solutions, seeping into the water in contact 

with the concrete surface. Many past studies have shown that the leaching of heavy metals from 

cementitious materials depends on environmental conditions. Given that previous studies have not fully 

clarified how chlorides affect the fixation and leaching of heavy metals in cement hydrates, analyzing 

the behavior of heavy metals in concrete under different chloride environmental conditions is vital for 

ensuring the safety of this issue. 

Limited prior research has addressed the leaching of heavy metals from concrete in chloride 

environments, particularly regarding how chloride influences the immobilization and leaching of heavy 

metals from cement hydrates. Although the effect of contact solutions has been discussed, the systematic 

compilation of data on the leaching of heavy metals from hardened cements with immobilized heavy 

metals is lacking. When the contact solution is a chloride, previous studies focused on sodium chloride. 

Consequently, the comprehensive understanding of the effects of various chlorides is still limited. The 

aim of this study was to comprehensively assess the long-term leaching of copper (Cu), zinc (Zn), and 

lead (Pb) from mortars exposed to sodium chloride (NaCl), potassium chloride (KCl), magnesium 

chloride (MgCl2), and calcium chloride (CaCl2), as well as to investigate the adsorption behavior of Pb 
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on cement hydrate and calcium silicate hydrate (CSH) under these conditions. Additionally, the study 

aims to explore how variations in pH, influenced by different nitric acid additions or liquid-solid ratios, 

impact Pb's adsorption characteristics in these chloride environments. 

To achieve the aforementioned objectives, the structure of this thesis is arranged as follows: 

Chapter 1 introduces the background, objectives, and methodology of this study. 

Chapter 2 presents a literature review on the content of heavy metals in cement and SCMs. This chapter 

explores the mechanisms of heavy metal fixation and examines the impact of environmental factors, 

such as pH and chlorides, on heavy metal leaching. Additionally, it discusses various leaching tests used 

for assessing the safety of heavy metals in cement-based materials. 

Chapter 3 provides a description of the experimental program, including detailing the experiments 

conducted to study the leaching and adsorption behavior of heavy metals in cement-based materials 

under various chloride environments. The experiments start by preparing sand mortar specimens using 

Ordinary Portland Cement (OPC) that conforms to Japanese Industrial Standards, combined with quartz 

sand and deionized water. The focus is on three heavy metals: Cu, Zn, and Pb, chosen due to their 

prevalence in supplementary cementitious materials (SCMs) and recycled aggregates. These metals are 

introduced into the cement mixtures in nitrate form, at a 1% ratio by mass relative to the cement, to 

ensure uniform distribution within the cement matrix. The specimens are prepared with two different 

water-to-cement ratios (0.40 and 0.55) and are subjected to a tank leaching test. This test involves 

placing the cured mortar specimens in polyethylene tanks filled with different chloride solutions (10 

mass% concentration of NaCl, KCl, MgCl2, CaCl2) and deionized water, simulating various 

environmental conditions. The leaching behavior of heavy metals from these specimens is monitored 

over time, with periodic renewal of the leaching solutions and measurement of their pH values. The 

concentration of the leached heavy metals is quantitatively analyzed using flame atomic absorption 

spectrophotometry. 

Additionally, the porosity of the mortar specimens is assessed both before and after their exposure 

to the chloride solutions using mercury intrusion porosimetry. This analysis helps understand the effect 
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of environmental exposure on the pore structure of cement-based materials. 

Furthermore, the study extends to the X-ray diffraction (XRD) analysis of the mortar samples, 

aiming to identify any changes in the crystalline phases of the specimens before and after immersion in 

the tank leaching tests. This analysis provides insights into the structural alterations within the mortar 

specimens and the state of the heavy metals post-exposure. To identify the reasons for the differences in 

the varying effects of different chlorides on Pb leaching, the study examined the penetration of chloride 

ions from KCl and CaCl2 solutions into the mortar, as well as the distribution of Pb and Ca in the 

specimens post-exposure, using electron probe microanalysis (EPMA). 

The chapter also delves into the adsorption characteristics of Pb, on cement paste and CSH. This 

analysis is achieved through adsorption tests using various chloride solutions and a nitric acid solution 

for pH adjustment. The study examines the impact of pH on lead adsorption by altering the liquid-to-

solid ratio and using nitric acid. These tests aim to understand the interaction between lead and the 

cementitious materials under different environmental conditions. The synthesized CSH samples are then 

analyzed using XRD and energy dispersive X-ray spectroscopy (EDX) to investigate the adsorption 

properties and determine the Ca/Si ratios after exposure to different solutions. 

Chapter 4 delves into the impact of chloride-based salts on the leaching and immobilization of heavy 

metals like Cu, Zn, and Pb in cement hydrates. The chapter meticulously examines how different 

chloride solutions affect the leaching behavior of these metals over a prolonged duration of 625 days. 

Observations indicated that leaching was highest in the presence of CaCl2, significantly exceeding the 

leaching levels observed with other chloride solutions such as NaCl, KCl, and MgCl2, as well as in 

deionized water. This finding underscores the unique role of CaCl2 in enhancing heavy metal leaching 

from cement-based materials. 

The chapter also explores how these chloride solutions influence the internal crystalline structure of 

the cement hydrates. Through XRD analysis, it was found that exposure to MgCl2 led to the 

transformation of portlandite into brucite, resulting in a reduction in pH and consequently in the leachate 

quantities of Cu, Zn, and Pb. This transformation was not observed with other chloride solutions. 
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Additionally, EPMA results revealed that in the case of KCl solutions, the weaker binding capacity of 

chloride ions compared to CaCl2 may explain the lower leaching of Pb. These findings underscore the 

significant and varied influences of different chloride solutions on the long-term leaching behavior of 

heavy metals from cement-based materials. 

Chapter 5 centers on the influence of various chloride solutions on the adsorption and desorption 

properties of Pb in hardened cement and CSH. Key findings reveal that the adsorption behavior of Pb is 

significantly impacted by the type of chloride solution used. Among the tested solutions, MgCl2 showed 

the highest Pb adsorption, while CaCl2 resulted in the lowest. This indicates that different chloride 

solutions can alter the adsorption capacity of cement hydrates for heavy metals. 

The study further highlights the effect of pH on Pb adsorption, noting an increase in adsorption as 

the pH shifts from alkaline towards neutral. This trend, however, is not evident in the presence of 

chlorides, suggesting other influencing factors beyond pH. Furthermore, XRD analysis did not 

definitively identify Pb compounds in any samples, indicating the complexity of these interactions. 

In the case of CSH, the adsorption characteristics differed based on the Ca/Si ratio and the chloride 

solution used. The study confirms that lower Pb adsorption on CSH correlates with higher leachate 

quantities in chloride solutions. It was also found that CaCl2 plays a role in retaining calcium in CSH, 

which in turn affects Pb adsorption. 

Chapter 6 describes the conclusions of this study and makes recommendations for future work. 
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CHAPTER 1.    INTRODUCTION 

 

1.1 Background 
 

The construction industry is frequently praised for its ability to generate employment 

opportunities and make a significant impact on the global economy. Nevertheless, it is 

widely acknowledged as a primary industry that has adverse impacts on the environment1. 

Concrete, as the most widely used building material in the construction and infrastructure 

industries for buildings, bridges, roads, and many other forms, is second only to water in 

global consumption2,3. Approximately 30 billion tons of concrete products are consumed 

annually2, accounting for about 40% of global greenhouse gas emissions4 and roughly 9-

10% of global energy-related CO2 emissions2,5. According to the latest data released by 

Statista Research Department in 2023, global cement production reached 4.1 billion tons6. 

The construction industry’s large-scale exploitation has led to severe resource wastage and 

environmental pollution. 

Promoting sustainable development in the construction sector is crucial in reducing 

its environmental impact. Recently, more cities are utilizing urban waste, industrial by-

products, and construction and demolition wastes (CDW) as concrete materials. For 

example, granulated blast furnace slag, fly ash, silica fume, crushed waste cathode ray 

tubes (CRT), glass powder, and municipal solid waste incineration bottom ash are used as 

supplementary cementitious materials (SCMs)7–14. CDW are employed as recycled 

aggregates (RA) to replace coarse/fine aggregates15–18, and materials like blast furnace slag 

and CRT glass are utilized as artificial aggregates19,20. 

However, these by-products and wastes may contain heavy metals (especially Cu, 

Zn, Pb, Cr (VI), V, Fe, Co, As, and Cd), whose presence is not systematic and can vary 

significantly depending on the source and processing methods14,20–22. 



2   

Stabilization/solidification (s/s) technology, as recognized by the United States 

Environmental Protection Agency, is a highly effective method for converting materials 

that may pose potential hazards into substances that are either less hazardous or non-

hazardous23. Cement is one of the most suitable binders for heavy metal s/s, often used in 

the disposal of heavy metal waste, as heavy metals (HMs) typically cannot leach easily 

once the cement has hardened24–27. Nevertheless, the leaching of HMs remains a major 

aspect of the environmental compatibility of cement-based materials. 

Studies by Belebchouche et al.28, Moussaceb et al.29, and others have clearly 

demonstrated the efficiency of the s/s process in capturing HMs and reducing waste 

pollution characteristics. On the other hand, it has been noted that HMs can easily desorb 

from hardened cement when in contact with calcium chloride solutions30. Researchers like 

Ledesm et al.31 and van der Sloot et al.32 have noted that pH variations in solutions 

interacting with cement affect the leaching of HMs. Hartwich et al.33 indicated that the 

availability of bicarbonates and the concentration of calcium in the contact solution 

significantly impact the heavy metal leaching rate. The generation of bicarbonates through 

material carbonation suggests that carbonation is an important leaching condition. 

Moreover, carbonation plays a crucial role in controlling heavy metal leachability by 

affecting factors like system pH, heavy metal precipitation, the formation of stable phases, 

and reducing the porosity of the cementitious materials34–36. Consequently, environmental 

conditions play a crucial role in the leaching of HMs from cement in practical applications. 

Since concrete is a widely used building material in modern construction and is cost-

effective for harsh usage environments18,37, studying the immobilization and leaching 

behavior of HMs in adverse environments is essential. In chloride environments, excessive 

use of concrete containing HMs in by-products and wastes may lead to leaching of HMs, 

posing significant risks to human health, the environment, and the ecosystem38–41. Cu, Zn, 

and Pb are widely distributed HMs, and their potential hazards have garnered significant 
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attention. Excessive Cu accumulation in the body can lead to general weakness and 

damage to vital organs such as the kidneys and brain42,43. Excess Zn has been associated 

with a reduction in lymphocyte stimulation and cholesterol metabolism42. Furthermore, 

excessive Pb intake can result in neurotoxic damage, skeletal alterations, hypertension, 

renal and blood disorders, and even the potential development of cancer42,44. This 

underlines the critical importance of monitoring and managing the presence of these HMs 

in environmental and construction contexts to mitigate their adverse health impacts. 

Since previous studies have not clarified how chlorides affect the fixation and 

leaching of HMs in cement hydrates, analyzing the behavior of HMs in concrete under 

different chloride environmental conditions is vital for ensuring the safety of this issue. 

 

1.2 Objectives 
 

There are few previous studies on the leaching of HMs from concrete immersed in chloride 

environments such as marine environments or de-icing salts, and previous studies have not 

elucidated how chloride affects the immobilization and leaching of HMs from cement 

hydrates. Although the effect of contact solutions has been discussed, the leaching of HMs 

from hardened cements with immobilized HMs has not been systematically compiled. 

When the contact solution is a chloride, previous studies focused on sodium chloride. 

Therefore, we are not yet able to comprehensively understand the effects of various 

chlorides.  

The main objectives of this study are as follows: 

- To investigate the long-term leaching behaviors of Cu, Zn, and Pb from mortars under 

continuous exposure to environments containing NaCl, KCl, MgCl2, and CaCl2. 

- To study the adsorption characteristics of Pb on cement pastes when exposed to NaCl, 

KCl, MgCl2, and CaCl2. 
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- To analyze how these chlorides impact the adsorption properties of Pb in cement pastes, 

with a focus on the similarities and differences in these properties across various pH 

environments, altered by the addition of chloride, nitric acid, or changes in the liquid-to-

solid ratio (L/S).  

- To study the adsorption characteristics of Pb on CSH when exposed to NaCl, KCl, MgCl2, 

and CaCl2. 

 

1.3 Methodology 
 

Currently, leaching tests are useful for determining the efficacy of the s/s method for 

HMs45. In the Netherlands, NEN7345 is positioned as a test to understand the elution 

behavior governed by diffusion phenomena. The test conditions for the tank leaching test 

in this study were determined with reference to NEN7345, an official leaching test in the 

Netherlands. In this study, a 625-day tank leaching test was performed using NEN7345 to 

analyze the leachability of Cu, Zn, and Pb from cement mortar over time. The leaching 

solutions were periodically renewed at specific intervals: 0.25, 1, 4, 9, 16, 25, 36, 64, 100, 

225, 400, and 625 days. The pH values of the leaching solutions were measured by a pH 

meter before the renewal of each leaching solution to observe the effect of pH on the 

behavior of Cu, Zn and Pb. Concentrations of Cu, Zn and Pb ions in these leachate 

solutions were quantified using flame atomic adsorption spectrophotometer (FAAS). To 

explain the effects of different contact solutions on the leaching of Cu, Zn, and Pb, the pore 

structure, crystalline phases, and distribution of  element content of the mortar samples 

post-contact with 10 mass% NaCl, 10 mass% KCl, 10 mass% MgCl2, 10 mass% CaCl2 and 

deionized water were assessed using mercury intrusion porosimetry (MIP), X-ray 

diffraction (XRD) and electron probe microanalysis (EPMA). 

According to prior studies, chlorides also accelerate the dissolution of silicates and 

https://www.sciencedirect.com/topics/materials-science/electron-microprobe
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the leaching of calcium from calcium silicate hydrate (CSH), resulting in the leaching of 

calcium ions from the cement matrix46,47. Both mechanisms have an impact on transport 

parameters, such as apparent diffusivity. This study undertook adsorption tests of Pb on 

synthetic CSH. Two types of synthesized CSH with Ca/Si ratios of 0.83 and 1.40 were 

used for the experiment. To evaluate the effects of various chlorides on the Pb adsorption 

in CSH, XRD analysis and energy dispersive X-ray spectroscopy (EDX) analysis were 

performed on synthetic CSH post-contact with 10 mass% NaCl, 10 mass% KCl, 10 mass% 

MgCl2, 10 mass% CaCl2, and the pore solution of cement paste, analyzing the crystalline 

phases and the Ca/Si ratio in CSH. 

To understand the effect of various chlorides on the adsorption characteristics of Pb 

in cement hydrates and their intrinsic mechanisms, Pb adsorption tests on cement pastes 

were also carried out in this study. Adsorption experiments of cement slurry on Pb were 

conducted in two distinct environments: 1. In a chloride environment, and 2. In varying pH 

conditions created either by altering the liquid-to-solid ratio (L/S) or by adding nitric acid. 

For the chloride environment, the contact solutions consisted of 10 mass% NaCl, 10 

mass% KCl, 10 mass% MgCl2, 10 mass% CaCl2, and the pore solution. In the second type 

of environment, the pH value was modified either through the change in L/S ratio or by the 

addition of nitric acid, to study the Pb adsorption behavior under different pH conditions.  

The concentration of Pb in the filtrate was measured using FAAS to determine both 

the equilibrium concentration and the adsorbed amount of Pb. The pH value was monitored 

at each stage of the experiment, and powder XRD was used to qualitatively analyze the 

composition of the cement slurry before and after the adsorption test. 

 

1.4 Thesis outline 
 

This thesis has six chapters, and the arrangement of the thesis is outlined in detail as 
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follows: 

Chapter 1 provides a background of the context, objectives, and methodology employed in 

this research. 

Chapter 2 provides an overview of several topics pertinent to this research, along with a 

review of existing literature. This includes investigations into the content of HMs in 

cement and supplementary cementitious materials (SCMs), the mechanisms of HM 

fixation within the cement matrix, and the influence of various environmental factors such 

as pH, chlorides, sulfates, and time on HM leaching. Additionally, the chapter discusses 

various leaching tests employed to assess the safety and stability of HMs in cement-based 

materials. 

Chapter 3 outlines the research methodology, including the materials used and their 

mixture proportions, as well as the curing conditions. It also describes the experimental 

methods and procedures, along with the instrumental analysis involved. 

Chapter 4 discusses how chloride-based salts affect the immobilization and leaching of Cu, Zn, 

and Pb from cement hydrates and analyzes the associated internal changes in crystalline phase. 

Chapter 5 investigates the Pb adsorption characteristics of hardened cement under different 

chloride environments and different pH values through adsorption experiments. The effect 

of various chlorides on the Ca/Si of synthesized CSH was also investigated. 

Chapter 6 presents the findings and outcomes of this study, together with suggestions for 

future works. 
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CHAPTER 2.    LITERATURE REVIEW 

 

This chapter provides a comprehensive review of the existing literature pertaining to the 

heavy metals (HMs) content in cement and SCMs. It examines in-depth the mechanisms 

governing the fixation of HMs within the cement matrix and various factors influencing the 

leaching of HMs from cement-based materials subjected to solidification/stabilization (s/s) 

treatment. These factors encompass carbonation, chlorides, sulfates, pH levels, and time. 

Furthermore, this section introduces the leaching tests used to assess the safety of HMs in 

cement-based materials, with a specific focus on tank leaching tests. The primary aim of 

this chapter is to offer a holistic perspective that aids in developing safer and more 

effective cement-based materials for containing HMs. 

 

2.1 Trace element leaching from concrete 
 

Ordinary Portland cement (OPC) contains trace amounts of HMs such as Cu, Zn, Pb, Cr 

(VI), Mn, As, and Cd, ranging from a few milligrams to several hundred milligrams per 

kilogram of cement48,49. These amounts are considered minute when compared to the 

cement's major chemical components. Similarly, the cement industry is an important 

example of venous industry, an industry that collects the unwanted and discarded products, 

and recycles them into the material circulation processes of society and nature. The use of 

by-products and wastes such as ground granulated blast furnace slag (GGBS), copper slag, 

fly ash, silica fume, and municipal solid waste incineration (MSWI)bottom ash as SCMs, 

which occurs already to a certain extent in the making of cement, has received growing 

attention as a potential route toward ‘eco-concrete’8–13,50,51. However, HMs (notably Cu, 

Zn, Pb, V, Cr (VI), Co, Fe, As, and Cd) also may be present in such by-products and 

wastes21,52. As shown in Fig. 2.149, it is suggested that during the various stages of 
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concrete's life cycle: production, construction, operation, maintenance, demolition, and 

disposal, there is a potential for these substances to leach out. 

 

 

Figure 2.1 Impact range of cementitious materials on trace element leaching into the 
environment. 

 

2.1.1 Origins of HMs in Hardened Portland cement (PC) 
 

HMs of diverse origins may be present in varying levels in hardened Portland cement (PC) 

pastes.  

HMs originate from materials used in the production of clinker, including: 

(i) Primary raw materials 

Cement's primary raw materials, limestone and clay, inherently possess varying levels of 

trace elements and potentially dangerous HMs48,53. 

(ii) Industrial slag used as a raw material substitute, usually steel slag54,55. 

(iii) Alternative56 (e g. Municipal Solid Waste, MSW) and primary fuels57. 

Table 2.1 summarizes the median trace element and HMs compositions of raw 

materials and several illustrative fuels. 
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Table 2.1 Median concentrations of trace elements and HMs in the raw 
materials and fuels utilized in cement manufacturing. 

 

Trace 
elements/HMs 

Raw materials48 Fuels8 

Limestone 
mg/kg 

Clay 
mg/kg 

Marl 
mg/kg 

Hard 
coal 

mg/kg 

Petroleum 
coke 

mg/kg 

Used 
tires 

mg/kg  

Cu 13 29 24 18 2.4 68 
Zn 13 78 48 63 16 6100 
Pb <10 27 14 27 13 125 
As <5 15 5 9 0.5 1.6 
Cr 7 105 53 14 4.3 137 
V 14 128 90 39 758 19 
Sb 10 7 8 1 0.6 136 
Ni <7 43 28 23 263 90 
Mo <5 <5 <5 - - - 

 

2.1.2 Origins of HMs in SCMs 
 

(i) GGBS  

GGBS is a by-product derived from the iron-making process and is extensively utilized in 

the cement and concrete sectors because of its remarkable hydration characteristics58. This 

by-product can act as a viable substitute for conventional cement on a one-to-one weight 

basis. The replacement rates for this material can vary significantly, ranging from 30% to 

as high as 85%59. 

GGBS consists mainly of SiO2, CaO, Fe2O3 and Al2O3. The trace elements are 

sourced from natural raw materials such as iron ore and limestone. HMs in GGBS may 

include, but are not limited to, Pb, Cd, Cr, As, Hg, Ni, Co, Cu, and Zn, and the types and 

amounts of these elements usually depend on the composition of the feedstock as well as 

the conditions under which the blast furnace is operating. Different manufacturers, different 

geographic locations of raw materials and different production processes have an impact on 



10  

the HMs content in GGBS. Typically, the HMs content in GGBS is relatively low and, as 

they are mostly present in a stable oxidized state, their bioavailability and mobility are also 

low. 

Table 2.249 shows examples of GGBS determinations. Compared to ordinary 

silicate cement, blast furnace slag is characterized in this respect by a very low content of 

hexavalent chromium. 

 
Table 2.2 Example of trace element content measurement of GGBS49. 

 
Trace 

elements/HMs 
Range 
mg/kg 

Average 
mg/kg 

Cu 1.0-18 7 
Zn 2.0-10 7 
Pb <0.1-40 6 
As <0.1-0.5 0.1 
Cr <0.1 <0.1 
Se <0.1-2.0 0.8 
Cd <0.1-3.0 0.1 

 

(ii) fly ash 

Fly ash is the fine particulate ash emitted from coal-fired power stations. Fly ash is 

frequently utilized as a partial substitute for OPC in the manufacturing of concrete due to 

its pozzolanic activity and spherical shape60,61. Numerous businesses and power generation 

facilities rely on coal as a primary source, resulting in the production of substantial 

quantities of coal ash. The environmental concern associated with coal power plants is in 

the copious amounts of byproducts they generate, which have the potential to include 

hazardous compounds and HMs capable of causing harm to the ecosystem62. The chemical 

composition and qualities of fly ash are contingent upon various factors, including the 

specific type of coal utilized, the method of combustion employed, and the effectiveness of 
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emission control mechanisms62,63. Table 2.3 shows examples of testing of HMs element 

concentrations in fly ash by Spain, Japan, China, UK, Greece, India, Germany. 

 
Table 2.3 Examples of tests for HMs element concentrations in fly ash from 

some countries. 
 

HMs 

Location 

Spain64 
(mg/Kg) 

Japan49 
(mg/Kg) 

China65 
(mg/Kg) 

 UK65 
(mg/Kg) 

 Greece66 
(mg/Kg) 

India66 
(mg/Kg)  

Germany33 
(mg/Kg) 

Cr 134.2 83.11 n/r  n/r 110-160 103 15.7 

Co 29.2 n/r n/r n/r n/r 18 15.7 

Cu 71.8 n/r n/r n/r 31.8-62.8 83 55.3 

Pb 52 51.7 843-847 17-176 123-143 56 21.4 

Mn 324.6 n/r n/r n/r 213-330 62 n/r 

Ni 87.9 n/r n/r n/r n/r 63 40.9 

Zn 221.3 n/r n/r n/r 59.6 124 70.8 

       n/r: Not reported 
 

(iii) MSWI bottom ash and MSWI fly ash 

Municipal solid waste encompasses various forms of discarded materials, often called trash 

or garbage. These materials comprise everyday goods that are disposed of after use, such 

as metals, paints, glass, batteries, appliances, food scraps, packaging, newspapers, bottles, 

grass clippings, and clothing67,68. Globally, refuse production rates are increasing in 

tandem with the acceleration of urbanization. Global solid waste production was projected 

to reach 2.24 billion tons in 2020, representing an individual daily footprint of 0.79 

kilograms. An anticipated 73% surge in annual waste production is a result of urbanization 

and accelerated population expansion, which is projected to reach 3.88 billion tons by 

205069,70. 
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The use of a practical waste management approach for municipal solid waste 

incineration can significantly enhance the practicality of achieving a 90% decrease in 

MSW volume71,72. Ashes refer to the solid residue produced during the burning of various 

materials, and they can be categorized into two distinct types: MSWI bottom ash and 

MSWI fly ash. The quantity of bottom ash is significant due to the fact that 80% -95% of 

the overall solid residue produced by MSWI is obtained from the incinerator bed73–75. 

MSWI bottom ash and MSWI fly ash are characterized by being rich in many metals, 

including Cu, Zn, Pb, Cr, Co, Cd, Ni, Mn, Cr, Ba and Sn. Table 2.4 shows the range of 

HMs content in MSW bottom ash and MSW fly ash. Moreover, Hjelmar et al. found that 

most of the HMs elements were present in the form of oxides75. 

 
Table 2.4 Ranges of composition of MSWI residues75. 

 

HMs  
MSWI Bottom ash 

(mg/kg) 
MSWI Fly ash 

(mg/kg) 
Cu 900-4800 860-1400 
Zn 1800-6200 19000-41000 
Pb 1300-5400 7400-19000 
Mn <700-1700 800-1700 
Co <10-40 29-69 
Se 0.6-8 6.1-31 
Mo 2.5-40 15-49 
Cr 230-600 140-530 
As 19-80 49-320 
Ag 4.1-14 31-95 
Ni 60-190 92-240 
Ba 900-2700 920-1800 
Sn <100-1300 1400-1900 
Hg <0.01-3 0.8-7 

 

2.2 Mechanism of HMs fixation by cement matrix 
 

Cement is one of the most suitable binders for HMs s/s, often used as a solidifying material 

when HMs waste is discarded, because HMs cannot normally be leached from cement with 

ease once it has hardened24–27. There are several main mechanisms for the immobilization 
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of HMs contaminants via the s/s process. These mechanisms include physical fixation and 

adsorption to the cement hydration reaction products, oxidation/reduction precipitation, 

pH-dependent precipitation, and isomorphic replacement with the cement matrix76–78. The 

mechanism of fixation of HMs in the s/s process is simplified as Eq. (2.1)79: 

 

A + B + H2O → H(M)OH2                                                                 (2.1) 
 

where, 

A: anhydrous binder, e.g., cement.  

B: waste that contains metal.  

M: HMs to be trapped. 

H(M)OH2: hydrated compound that traps M in its structure which is produced by the 
hydration reaction of A and B.  
 

2.2.1 Encapsulation of HMs through densification of hydrate structures 
 

During the hydration process of cement hydrates, substances like calcium silicate hydrate 

(CSH) are formed, which are gel-like in nature. These substances fill up spaces during the 

cement hardening process, resulting in a more compact structure. This compaction reduces 

the number of pores, thereby physically limiting the migration of HMs ions through these 

pore systems80. 

Typically, the cement paste is composed of cement hydrates like CSH and calcium 

hydroxide (CH), unhydrated cement particles, and voids. The particle size of CSH is 

approximately 0.1 to 1.5 µm, and according to previous studies, its interlayer distance is 

about 1.0 to 2.6 nm. Considering that the size of water molecules is approximately 0.245 to 

0.3 nm, the dissolution of HMs ions in water and their movement within the gel pores of 

CSH becomes more challenging, even if they desorb, dissolve, or are initially present in a 
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free state. 

Therefore, the compaction of the cement hardened body during the hydration 

process can be regarded as an important mechanism for restricting and immobilizing HMs 

ions. 

 

2.2.2 Binding capacity of CSH for HMs 

 

The primary outcome of silicate phase hydration in Portland cement is the formation of 

CSH gel, comprising amorphous particles with diverse morphologies. Analyzing and 

evaluating these hydrates presents significant challenges due to their amorphous nature, 

variable composition, and easily altered structure. Additionally, isolating a single phase of 

CSH is nearly impossible, as it is homogeneously mixed with other phases, further 

complicating analysis.  

In previous studies, CSH produced from Portland cement has been considered to be 

similar in composition and structure to natural crystalline calcium silicate hydrates such as 

14Å tobermorite (plombierite) and jennite81,82. The two known highly crystalline synthetic 

CSHs are CSH(I) with Ca/Si<1.4 and CSH(II) with Ca/Si>1.4. CSH(I) is considered to be 

14Å tobermorite (plombierite) with an incomplete crystal structure, and CSH(II) is 

considered to be jennite with an incomplete crystal structure83. The main differences in the 

crystal structures between natural tobermorite and CSH(I) lie in their chain structures. Fig. 

2.2 (a) shows the crystal structure of double-chain tobermorite and Fig. 2.2 (b) shows the 

crystal structure of single-chain tobermorite. Natural tobermorite is only known to have the 

double-chain structure shown in Fig. 2.2 (a), while CSH(I) is thought to have the single-

chain structure shown in Fig. 2.2 (b)84. 
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Fig.2.2 (a) Crystal structure of double-chain tobermorite, (b) Crystal structure of single-

chain tobermorite84. 

 
The CSH gel is primarily composed of micro-porosity. The presence of gel pores 

results in a significant increase in surface area and plays a major role in determining the 

sorption capabilities. The study conducted by Hong and Glasser provided empirical 

evidence supporting the assertion that CSH gel possesses a robust ability to effectively 

bind metallic elements85. In addition, HMs may become incorporated into the crystal 

structures of hydration products or become adsorbed into the CSH gel86. The adsorption 

occurring at the surface of CSH is responsible for determining the proportion of free ions 

to adsorbed ions. During the phase of intensified cement hydration, the co-precipitation of 

HMs ions with hydration products (CSH) has been observed87,88. Recent research has 

indicated that HMs possess the ability to substitute various locations within CSH or 

hydrated calcium silicate aluminate (C–A–S–H) structures (see Fig. 2.3):  

(1) Surface Adsorption: HMs adsorb on the surface of hydrated calcium silicate 

particles89–91.  

(2) Interlayer Substitution: HMs replace calcium in the interlayer positions of the 

CSH or CASH structures92–95.  

(3) Tetrahedral Substitution: HMs substitute for silicon in the silicon chains89–91.  
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(4) Octahedral Substitution: HMs substitute in the calcium-oxygen layers, typically 

in an octahedral coordination95,96. 

 Compared to the other two alternatives, it is significantly easier for metal ions to be 

deposited in the surface and interlayer regions, which are recognized as the primary types 

of substitutions97. 

 

 

Fig.2.3 The dynamic processes and chemical bonding of HMs adsorbed on the CSH 
surface and the effect of HMs on the pore structure62. 

 

The simulation conducted by Qiao et al. illustrates that the bonding capability 

between CSH and HMs (e.g., Cu, Zn, Pb) is contingent upon the exchangeability of 

calcium with these metals. During the binding of CSH to HMs, the stability of the hydrated 

shell layer of the metal ions affects their ability to exchange with calcium (Ca) ions in 

CSH97.  
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2.2.3 Trapping of HMs by formation of insoluble compounds 
 

In general, the solubility of metal hydroxides, carbonates, sulfates and silicates in water 

decreases on the alkaline side, and insoluble compounds are formed in alkaline regions of 

the system where the pH and redox potential are appropriate98. 

The equilibrium of hydroxide (M(OH)n) in water is shown in Eq. (2.2). If the 

solubility of hydroxide is Ksp, the solubility product of water is Kw, and the concentration 

of metal ions is expressed as [Mn+], Eq. (2.3) is obtained. In other words, the relationship is 

as shown in Eq. (2.4). 

 
M(OH)n ⇄ Mn+ + nOH-                                                                       (2.2) 

 
[Mn+] ＝ Ksp/[OH-]n ＝ Ksp･[H+] n /Kwn                                           (2.3) 

 
log[Mn+] ＝logKsp-nlog Kw-npH                                                      (2.4)  

 
Ksp : Solubility Product 

 
 

Precipitation of metal hydroxides occurs when the pH of a solution containing 

dissolved metal ions is increased, reaching a level where these hydroxides become 

insoluble. This optimal pH level varies depending on the specific metal and its valence 

state99. In some cases, the precipitation of metal carbonates may be more favorable than 

that of metal hydroxides, especially in scenarios where metal carbonates have a lower 

solubility compared to their corresponding hydroxides100. Fig. 2.4 shows the relationship 

between pH and the solubility of each dissociated species of Cu, Zn, Pb, Cr and Cd101. 
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Figure 2.4 Relationship between solubility of Cu, Zn, Pb, Cr, Cd and pH101. 

 

Metallic compounds with high density tend to form precipitates on the surface of a 

solid material more rapidly compared to their formation from a larger volume of 
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solution102,103. As shown in Table 2.5, Komarneni et al. highlight the differing solubility 

behaviors of metal hydroxides in various environments and note that HMs such as Pb²⁺, 

Zn²⁺, and Cu²⁺ tend to form hydroxides and deposit on calcium silicate minerals104. 

 
Table 2.5 The solubility of metal hydroxides104. 

 

Metal ions logKsp (in 
solution) 

logKsp (on the surface of 
silica) 

Cu2+ -19.32 -20.91 

Zn2+ -16.6 -18.17 

Pb2+ -15.1 -16.52 

Cr3+ -29.8 -32.19 

Ca2+ -5.19 -6.67 

Mg2+ -11.15 -12.75 

Al3+ -33.5 -35.97 

Fe3+ -38.8 -41.2 

 

2.2.4 Fixation mechanism by ettringite 
 

Ettringite (3CaO·Al2O3·3CaSO4·32H2O, AFt) is a primary hydration product in cement 

materials. It constitutes about 7% by weight of the total hydration products in Portland 

cement and between 22% to 25% in sulfoaluminate cements. As shown in Fig. 2.5, the 

ettringite structural units are composed of {Ca6[Al(OH)6]2·24H2O}6+ and {(SO4)3·2H2O}6−. 

The repetitive central column structure of ettringite is composed of alternating [Al(OH)6]3- 

octahedra and three electrically charged calcium-oxygen polyhedra, a configuration that 

imparts distinctive physical and chemical properties to the mineral105. 

 



20  

 

Figure 2.5 Ettringite crystal structure unit: simulated illustration106,107. 

 

Ettringite crystals have excellent adsorption qualities and ion-exchange capabilities, 

a large specific surface area, and are rich in diverse linked pore architectures108. Table 2.6 

lists the various substitutions of Ca²⁺ sites, Al³⁺ sites, and SO₄²- sites in AFt that have been 

confirmed in previous studies87,105,109–115. 

 
Table 2.6 Ion substitution in ettringite. 

 

Ca²⁺ 
sites Zn2+ Pb2+ Ni2+ Cd2+ Co2+ Ba2+ Sr2+ 

Al³⁺ 
sites Cr3+ Si4+ Fe3+ Mn3+ Ni3+ Co3+ Ti3+ 

SO₄²- 
sites CO3

2- Cl- OH- CrO4
2- AsO4

3- NO3
- SO3

2- 

 

2.3 Factors influencing the leaching of HMs from s/s treated cement-based materials 
 

As the primary binder in the S/S process, Portland cement's ability to immobilize a wide 
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range of hazardous metals through precipitation and adsorption reactions is attributed to its 

high pH value. However, cementitious materials that have undergone solidification and 

stabilization are susceptible to both physical and chemical breakdown mechanisms. When 

exposed to atmospheric conditions, they can be attacked by chlorides, carbon dioxide, 

water, organic degradation products, and sulfates. These environmental erosions may 

subsequently impact the immobilization of HMs within the cementitious matrix116. Fig. 2.6 

illustrates that the leaching behavior of HMs in the environment falls into three categories: 

gas corrosion, microbiological leaching, and liquid corrosion. Following this, Fig. 2.7 

details the factors influencing the release of contaminants. It distinguishes between 

material-specific factors in monolithic materials such as concrete, blocks, and bricks, as 

well as in granular materials like sand, fine sand, gravel, and steel slag, and also highlights 

the external chemical and physical factors affecting leaching. Table 2.7 provides a 

comprehensive overview of the various aspects that influence the process of release. It is 

important to note that the relevance of these factors may vary depending on the specific 

scenario being considered. 

 

 

Figure 2.6 Factors influencing HMs leaching from cement-based products117. 
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Figure 2.7 Influences on contaminant release: material-specific and external chemical and 
physical factors in monolithic (concrete, blocks, bricks) and granular (sand, sinters, gravel, steel 

slag) materials32. 
 

Table 2.7 Summary of key factor affecting substance release32. 
 

 

 

2.3.1 Effect of carbonation on the leaching of HMs 
 

Environmental carbon dioxide (CO2) attack, commonly known as carbonation, is a well-

documented process associated with cement-based products118–120. Extensive research has 

reported on the impact of carbonation on the hydration chemistry, permeability, and 

porosity of structural concrete in ambient environments118,119,121,122.  

The chemical processes that mostly occur during the carbonation process of 

cement-based materials are illustrated in Eq. (2.5) and Eq. (2.6). 
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Ca (OH)2 + CO2 → CaCO3 + H2O                                                  (2.5) 
 

CSH + CO2 → CaCO3 + SiO2・n H2O                                           (2.6) 
 

 
 

The typical pH range of the pore water within the cement matrix is 12–13. The potential 

reduction in pH to 8.3 by the reaction of portlandite and CSH to calcite is contingent upon 

the extent of carbonation.  

The initial stage of the carbonation process in a cement matrix involves the 

permeation of CO2 into the cement paste, followed by the dissolution of CO2 in the pore 

water. This results in the formation of a relatively mild carbonic acid (H2CO3), which then 

dissociates, forming carbonate and hydrogen ions. These ions react with hydroxide 

compounds to produce carbonates with lower solubility. Owing to the limited solubility of 

calcium carbonate in the pore solution, CaCO3 typically precipitates within the pore 

structure. Consequently, the carbonation process in cementitious materials generally leads 

to an increase in strength and a decrease in permeability. These characteristics are 

advantageous for matrices used in the containment of hazardous substances118,123. However, 

in certain instances, the chemical immobilization of HMs in cementitious materials may be 

compromised due to a decrease in the pH of the hydrated cement paste caused by 

carbonation, which leads to increased solubility of these HMs. In summary, CO2 attack, or 

carbonation, is arguably the most common form of environmental attack on concrete. It 

induces changes in the chemical composition and physical properties of cement, which can 

affect the long-term preservation and immobilization of HMs. 

Carbonation can play a crucial role in controlling the leachability of HMs by 

influencing various factors such as the pH of the system, the precipitation of HMs, the 

formation of stable phases, and the reduction of porosity in cementitious materials34–36. In 

recent years, reports on the leaching results from carbonated specimens have been 

inconsistent, leading to confusion and uncertainty. The research on carbonation in 



24  

cementitious materials reveals a dichotomy in its effects on leaching rates: certain 

substances, such as chromium, calcium, lead, cobalt, cadmium, copper, zinc, arsenic, 

molybdenum, and various anions, show increased leaching post-carbonation, as indicated 

in several studies34,124–126. Conversely, other studies have noted a significant reduction in 

the leaching of metals like Cu, Zn, Pb, Ni, Cr, As, Mo, Ca, Hg, along with elements such 

as lead, calcium, sodium, potassium, and fluoride. This highlights the complex and 

variable impacts of carbonation on different substances within cementitious 

materials36,127,128. 

According to Zha et al.34, the leaching rate of copper in carbonated cement-

solidified fly ash is typically higher compared to that in uncarbonated samples (see Fig. 

2.8). One contributing factor to this outcome is the effect of carbonation on the pH level of 

cement-cured fly ash. In high pH environments, the chemical stability of elemental copper, 

present in forms such as hydroxide or carbonate, is compromised. This degradation 

facilitates the dissolution of elemental copper, leading to higher levels of leachable copper 

and an increased leaching rate. Another potential contributing factor is that excessive 

carbonation may lead to the formation of microcracks, which, in turn, enhances the 

leaching process. This occurs despite the formation of calcium carbonate during 

carbonation, which typically acts to inhibit the leaching of HMs. 

 

 

Figure 2.8 Leaching rates of Cu in 40% and 60% cement-solidified fly ash. 
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Valls et al.129 reported that carbonation leads to increased levels of nickel, copper, 

and zinc in leachates due to three factors (see Table 2.8). First, there is a slight increase in 

the solubility of the metal compounds as a result of the decreased pH within the 

stabilization system. Second, the decomposition of ettringite hydrate, which incorporates 

zinc into its crystalline structure, contributes to this increase. Lastly, the polymerization of 

the CSH leads to the release of metal cations previously bound to the Si–O groups. 

 

Table 2.8 HMs concentration in uncarbonated and carbonated mortars (mg-HM/m²-mortar 
specimen). 

 

 
U: limit of NEN7345 standard. 
 

2.3.2 Effect of chlorides and sulphates on the leaching of HMs 
 

Müllauer et al.130 observed a significant increase in the release of Cr when concretes were 

exposed to chloride or sulphate solutions, as depicted in Fig. 2.9. The reason behind the 

heightened dissolution of Cr in concrete, when it comes into contact with a NaCl solution, 

can be attributed to the dissolution of CrO4
2- present in the compounds known as AFt and 

AFm. This dissolution occurs due to the formation of Friedel’s salt 

(3CaO·A2O3·CaCl2·10H2O) in the pore solution. The process by which Friedel's salt is 

formed can be elucidated by Eqs. (2.7) and (2.8). Furthermore, the chromium dissolution is 

facilitated by the decreased pH of the NaCl elution solution. In contact with a high 
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concentration of sulfate, the solubility equilibrium of AFt and AFm, which have 

incorporated CrO4
2-, is disrupted. This process leads to the replacement of CrO4

2- by SO4
2-- 

ions, resulting in the release of CrO4
2- into the pore solution of the cement. 

 
Ca (OH)2 + 2NaCl → CaCl2 + 2NaOH                                          (2.7) 

 
3CaO⋅Al2O3⋅3CaSO4⋅32H2O + CaCl2→3CaO⋅Al2O3⋅CaCl2⋅10H2

O+3(CaSO4⋅2H2O)+16H2O                                                             (2.8)                                      
 

 

Figure 2.9 Cumulative release of Cr from concrete exposed to chloride and sulphate 
solutions. 

 

The study conducted by Ebert and Kirkelund131 investigated the influence of NaCl 

and Na2SO4 solutions on the leaching process of HMs (see Fig. 2.10). This research found 

notable variability in leaching yields, which depended on the specific metal and sample 

under consideration. One significant observation was that the variations in leaching 

concentrations could be influenced by the pH levels (see Table 2.9). Generally, solutions 

containing NaCl and Na2SO4 showed a higher leaching capacity for HMs like Cd and Cr, 

compared to those adjusted to a pH of 4. This outcome might be attributed to the 

introduction of additional chloride and sulfate ions. These ions can form both soluble 



27  

complexes, such as metal-chloride complexes, and insoluble complexes, like PbSO4. As a 

result, the presence of these ions can lead to either an increase or decrease in the leaching 

yield, underscoring the complexity and variability of the leaching process in the presence 

of these solutions. 
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Figure 2.10 Leachate analysis from residues in distilled water at pH 4 adjusted with HNO3, and 
30 g/L NaCl solution131. 
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Table 2.9 Resulting pH in the raw and EDR treated residue batch leaching experiments131. 
 

 AMA EDR 
AMA RYA EDR 

RYA NUU EDR 
NUU 

DIpH 4 6.6 5.1 11.5 8.3 11.9 9.1 
NaCl 6.4 4.9 11.6 8.3 11.8 9.1 

Na2SO4 6.6 5.3 11.5 8.8 12 9.9 
 

2.3.3 Effect of pH on the leaching of HMs 
 

In recent years, there has been notable growth in the examination of leaching behavior by 

testing materials under controlled pH conditions. This increased interest is motivated by 

the understanding that pH plays a pivotal role in determining the extent to which 

components are released from the solid phase into the solution. Numerous researchers have 

shown the significance of pH levels in relation to the release of elements in monolithic or 

granular materials31,32,132–137. Specifically, the pH of the material itself, the pH of its 

surrounding environment, and the pH of the leaching liquid have been identified as critical 

factors in this determination. While the release curves of elements in relation to pH exhibit 

notable similarities, it is important to note that each substance possesses its own unique 

release curve that is influenced by pH31. For example, ledesma et al.31 demonstrated that 

elevated emissions of Pb and Mo were observed when pH values exceeded 12 (see Fig. 

2.11 (a) and Fig. 2.11 (b)) . Conversely, the release of Cd was significantly higher when 

pH levels were below 10 (see Fig. 2.11 (c)), while the release of Se was not observed to be 

affected by changes in pH (see Fig. 2.11 (d)). 
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Figure 2.11 The impact of pH on the release rates of Pb, Mo, Cd, and Se31 
(EAFD1 and EAFD2 are electric arc furnace dust from two steel companies 

located in Olaberría and Zumárraga). 
 

van de Sloot137 found that the leachability of Ba is seemingly regulated by the 

solubility of BaSrSO4 in all matrices, as depicted in Fig. 2.12. Moreover, the leachability 

of oxyanions, specifically CrO4
2−, MoO4

−, and VO4
2−, exhibits a shared characteristic 

wherein leachability demonstrates a peak value within the pH range of neutral to mildly 

alkaline conditions. Leachability is often reduced at low pH (5) and high pH (>11) (see Fig. 

2.13). 

 

 

Figure 2.12 Ba release analysis in size-reduced cement mortar and varied load cement-
stabilized waste, correlated with pH levels and illustrated by geochemical modeling137. 
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Figure 2.13 Cr, Mo and V release analysis in size-reduced cement mortar and varied 
load cement-stabilized waste, correlated with pH Levels and illustrated by 

geochemical modeling137. 
 

Fig. 2.14 presents the results of leaching tests on Pb- and Zn-enhanced mortars, 

conducted by Marcello et al.138, under varying L/S and pH levels relative to the solution. 

The data indicate that elution increases in acidic environments and at higher L/S ratios. 

Notably, a marked change in elution is observed between pH 4 and 6, and a slight increase 

in elution occurs at pH 10 or above. This suggests that the solubility of HMs, as shown in 

Fig. 2.4, is pertinent. This study also performed continuous leaching tests on monolithic 
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mortar samples, maintaining constant leachate pH conditions (either pH 4 or 6). The results 

showed a significant increase in the release of both metals when the pH of the leaching 

solution was lowered from 6 to 4 (see Fig. 2.15). Overall, it is evident that pH exerts a 

significant influence on the elution of HMs. 

 

  

Figure 2.14 Relationship between the leached amounts of HMs (Pb, Zn) and pH 
and liquid-solid ratio138. 

 

  

Figure 2.15 Relationship between the leached amounts of HMs (Pb, Zn) and pH 
and liquid-solid ratio138. 

 

2.3.4 Effect of time on the leaching of HMs 
 

Time significantly influences the amount of material released through several factors: 

a) The intended duration of a material's use in a specific application can affect its release 

over time. 
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b) The rate of underlying processes, such as slow mineral dissolution or diffusion, can limit 

release. If these reactions are too slow to reach completion within a practical timeframe, 

their long-term impact on overall release must be estimated. 

c) Material properties and environmental conditions evolve over time, impacting release. 

For instance, the carbonation of alkaline products can change their release properties, and 

erosion can increase the surface area of a monolith, altering its leaching behavior. 

It is reported45,133,139,140 that the leaching of HMs from solid waste blocks is a 

dynamic process exhibiting temporal variability. Fig. 2.16133 illustrates the leaching 

properties of HMs in cement-stabilized municipal solid waste incineration fly ash 

(MSWIFA) blocks. Under acid rain conditions, the leaching rates of Cu, Cr, Ni, As, and Pb 

initially peak and then gradually decrease over time. The leaching trends of Cu, Cr, and Ni 

exhibit similarities, as their cumulative leaching rates experience a quick increase within 

the initial 16-day period, reaching a maximum by day 36. In contrast, As attains 

equilibrium faster due to its comparatively lower available leaching rate and distinct 

leaching control processes. The leaching pattern observed for Pb is notably different, 

peaking within the initial 16-day period and maintaining an elevated rate until day 64, 

suggesting that equilibrium was not attained within the experimental timeframe. The 

experimental group, employing a mixture of nitric acid (HNO3) and sulfuric acid (H2SO4) 

with a pH of 3.2 ± 0.05, exhibited higher leaching levels compared to the control group 

using deionized water, attributable to increased stimulation of HMs release in acid rain 

conditions. Over a 64-day period, the cumulative leaching of copper, chromium, lead, 

arsenic, and nickel from the acid rain resulted in only 2.5% to 22.0% of their respective 

total leachable quantities, indicating that the leaching of these metals extends beyond the 

designated experimental timeframe. 
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Figure 2.16 Leaching analysis of Cu, Cr, Pb, As, and Ni in cement-stabilized MSWIFA blocks: 
cumulative amounts and rates133. 

 

Song et al.140 determined that regardless of the specific mortar and HMs being 

investigated, each curve exhibited two different linear segments. These segments were 

shown to demonstrate a linear relationship between the cumulative fraction, CFR, and the 

square root of time (see Fig. 2.17). Following the initial stages of leaching, which were 

marked by elevated leaching rates, the subsequent release of HMs exhibited a significantly 

reduced pace. The link between the plot of CFR vs the square root of time demonstrated a 

strong linear correlation in both segments, indicating a diffusion-based leaching process for 

the specific HMs (Cu, Ni, Zn, and Pb) present in the sewage sludge. This aligns with the 

finding reached by Cinquepalmi Cinquepalmi141 et al (see Fig. 2.18). 
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Figure 2.17 Release dynamics of Cu, Ni, Zn, Pb from s/ s sewage sludge: A semi-dynamic 
leach test analyzing cumulative fractions over leach time √(t) at constant pH levels (4, 7, 

10) 140. 
 

 

Figure 2.18 Release in different mortar types: sequential monolith leach test results141. 
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2.4 Current Elution Evaluation Status for Effective Waste Utilization in Construction 
 

The potential release and migration of hazardous substances from construction materials 

into the environment is widely acknowledged as a significant environmental danger. The 

release phenomenon can occur at various stages, including the initial utilization of 

materials, subsequent use following recycling, and, ultimately, during the final disposal 

process. Contaminants released upon contact with water and then transported by water can 

potentially harm the quality of many environmental components, including groundwater, 

surface water, and soil. Within many technical committees, there is a consensus that the 

assessment of a material's environmental performance should prioritize the evaluation of 

its release of potentially hazardous elements, rather than concentrating only on the overall 

content of such constituents. The foundation of this should be rooted in the fundamental 

mechanisms that govern the process of release. 

While considering the behavior of product releases, it is necessary to differentiate 

between two distinct types of products. These materials can be classified as either 

monolithic or granular. Granular materials typically demonstrate release mechanisms 

dominated by percolation, wherein the release of constituents occurs due to water 

percolating through the product. On the other hand, monolithic materials often demonstrate 

diffusion-controlled release mechanisms. In such cases, the release of constituents from the 

materials primarily occurs through diffusion. The number of substances released depends 

on the diffusion of elements from the materials into the aqueous phase over time. 

Monolithic products encompass cementitious materials like concrete, bricks, and coated 

materials. 

 

2.4.1 Basic transport mechanisms32 
 

Advection: This transport mechanism involves the movement of substances due to the 
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infiltration of water, such as rainwater, through or alongside a material. Advection is 

particularly notable during precipitation events, contributing significantly to the discharge 

of constituents and their subsequent impact on soil and groundwater. This process is more 

evident in materials that allow water to pass through or alongside them. 

Percolation: Percolation is a process specific to materials with porosity, such as granular 

substances. It refers to the movement of water or other fluids through the porous spaces 

within these materials. This movement facilitates the transportation of soluble components 

within the substance, affecting the distribution and eventual release of these constituents. 

Diffusion: In this process, the transport of constituents occurs solely through molecular 

movement, without any external flow aiding their movement. This is common in 

compacted materials with very low permeability and porosity, where water stagnates 

within the pores. In such materials, diffusion becomes the primary mechanism for the 

release and transport of substances. The rate of diffusion depends on the concentration 

gradient between the material and the aqueous phase it contacts and can vary over time. 

Surface Wash-Off: This term describes the initial removal of soluble substances from the 

surface of monolithic materials. Surface wash-off, akin to advection, involves the 

movement of constituents due to water flow over the surface. After the initial rinsing, 

diffusion typically becomes the dominant transport mechanism within these materials, 

dictating the further movement of constituents. 

In the case of monolithic materials, the process of initial surface wash-off might 

have a notable impact. Under such circumstances, soluble salts present on the surface 

undergo fast dissolution, resulting in an initial increase in release. 

 

2.4.2 Leaching test 
 

Leaching tests are now recognized as valuable for evaluating the effectiveness of the s/s 
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approach for HMs45.  As indicated in Fig. 2.19, three primary categories of tests are 

considered most prevalent: the single-batch extraction test, the tank leaching test, and the 

column test. Bone et al.142  have summarized the major benefits and drawbacks of these 

tests as outlined in Table 2.10. It is noted in Table 2.10 that due to the limitations of each 

test, reproducing the leaching mechanism under natural conditions with a single test may 

not be feasible. However, by considering the advantages and disadvantages of each test, 

alongside the specific objectives of the research, one or more tests can be selected to fulfill 

the requirements of the study. 

 

 

Figure 2.19 Categories of leaching tests and key group classifications. 



 

Table 2.10 Benefits and drawbacks of key leaching test methods142. 
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Tank leaching tests, classified as 'semi-dynamic' mass transport rate tests, function 

as serial-batch extractions with extensive leaching. These tests, which involve repeated 

leaching to maintain a robust diffusive driving force, yield more consistent substance 

release concentrations than dynamic flow-around tests. This consistency benefits analytical 

procedures by simplifying the detection and quantification of released substances, thereby 

reducing variability and enhancing measurement accuracy. Additionally, tank leaching 

tests are straightforward to execute as they do not require pumps. Standard protocols for 

these tests include ANSI/ANS-16.1-2003143 and the Dutch standard NEN 7345. 

Specifically, the NEN 7345144 is a semi-dynamic test designed to assess surface 

area-related release from monolithic waste, building materials, and stabilized waste 

materials. It entails immersing a geometrically regular monolith, with a known surface area, 

in a set volume of contact solution. The leaching fluid either intermittently or continuously 

diffuses into this solution, with regular refreshing of the contact solution. Periodic 

sampling and analysis of the leachate provide insights into the leachability of inorganic 

constituents over time. 

The results of tank tests on monolithic materials are typically presented as 

milligrams per square meter (cumulative) plotted against time (in days). This 

representation is due to the release process, which is diffusion-controlled and influenced by 

the product's surface area and exposure duration. Fig. 2.20 illustrates a schematic of the 

outcomes obtained from the tank test, offering insights into various release processes 

observed in this context. A release mechanism driven solely by diffusion results in a slope 

of 1:0.5 on the curve. An initial surface wash-off step involves the rapid dissolution of 

soluble salts present on the surface of the product. The cumulative release curve may 

exhibit a plateau when a diffusion-controlled constituent becomes depleted over time, 

depending on the size of the test specimen. This phenomenon is particularly relevant for 

materials that are more permeable and have relatively small thickness32. 
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Figure 2.20 NEN 7345 tank leaching test results: standard analysis. Left: concentrations 
(mg/L), Right: cumulative leachate (mg/m2)32. 

 

The effective diffusion coefficients (De, measured in m²/s) can be determined by 

analyzing the release curve of the tank test. These coefficients are then utilized to 

extrapolate the test results to real-world application scenarios or to make long-term 

predictions145. The NEN 7345 standard offers detailed information and context regarding 

the calculations involved in these applications. The phenomenon of pollutants leaching 

from materials subjected to s/s treatment can be broadly characterized by Eq. (2.9)45,145–147. 

 
             M𝑡𝑡

M0
= 4𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡0.5

π𝐿𝐿2
                                                               (2.9) 

 

where, 

Mt: the mass of leachable contaminant leached by time 't'. 

M0: the initial mass of leachable contaminant in the solid. 

Dobs: the observed diffusivity.  

t: leaching duration in seconds. 

L: the waste volume to surface area ratio for leaching exposure. 
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CHAPTER 3.    MATERIALS AND METHODS 

 

This chapter presents a detailed and methodical approach to studying HMs’ leaching and 

adsorption behaviors in cement-based materials, employing a range of analytical 

techniques to understand these complex interactions under various environmental 

conditions. 

 

3.1 Tank leaching test 
 

3.1.1 Materials 
 

Sand mortar specimens were prepared using ordinary Portland cement (OPC) conforming 

to the Japanese Industrial Standard (JIS) R 5210148, sourced from Taiheiyo Cement 

Corporation, combined with quartz sand (with a density of 2.62 g/cm³ and water absorption 

of 0.16%) and deionized water. The chemical composition of the OPC is detailed in Table 

3.1. The mortar's water-to-cement ratios (W/C) were set at 0.40 and 0.55, as indicated in 

Table 3.2. In this study, Cu, Zn, and Pb were chosen as representative HMs, given their 

higher likelihood of presence in SCMs33,49,64–66,75 and recycled aggregates149,150. In the 

preparation of cement mixtures, 1% of Cu, Zn, and Pb, by mass relative to the cement mass, 

was incorporated as their respective nitrates: Cu(NO3)2·3H2O, Zn(NO3)2, and 

Pb(NO3)2.The added amount in this context was determined by considering the amount of 

HMs present in waste materials like fly ash, and by forecasting the maximum quantity that 

could potentially be included in concrete in the future. HMs are added as nitrates for two 

key reasons. First, the exceptional aqueous solubility of these nitrate compounds ensures 

their complete dissolution in the mixing water, providing uniform distribution of the HMs 

in the cement matrix. Second, their relative inertness during the cement hydration process 

minimizes the impact of the nitrates on the chemical and physical properties of the cement. 
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This is an advantage over other soluble heavy metal salts which might actively participate 

in hydration reactions, potentially altering the characteristics of the cement. This approach 

ensures that the HMs are evenly distributed without significantly affecting the hydration 

dynamics or the final properties of the cement. Chloride media, comprising NaCl, KCl, 

MgCl2, CaCl2, and deionized water at predetermined concentrations, were employed to 

replicate saline intrusion and establish a hostile testing environment. 

 

Table 3.1 Chemical composition of the Portland cement. 
 

Chemical composition (%) 
LOI SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl 
2.25 20.8 5.15 2.92 64.6 1.13 2.29 0.2 0.38 0.014 

 

Table 3.2 Mix proportion of mortar. 
 

Name of 
specimen W/C Unit content (kg/m³) Addition (kg/m³) 

W C S HMs Nitrates 
Cu40 0.40 329 823 1074 8.2 30.43 
Cu55 0.55 375 681 1074 6.8 25.16 
Zn40 0.40 329 823 1074 8.2 38.55 
Zn55 0.55 375 681 1074 6.8 31.87 
Pb40 0.40 329 823 1074 8.2 13.16 
Pb55 0.55 375 681 1074 6.8 10.89 

 

3.1.2 Casting and curing of specimens 
 
 

Mortar was prepared using a Hobart mixer (see Fig. 3.1), and then cast into monolithic 

cubes measuring 40 × 40 × 40 mm via the following steps. At first, blend cement and 

quartz sand in a defined ratio at a low speed for 30 seconds. Subsequently, the 

predetermined amount of mixing water was incorporated and mixed for an additional 30 

seconds. This mixture was then homogenized at high speed for 120 seconds to ensure 

uniform consistency. Manual homogenization was employed to ensure complete 

absorption of water into the mortar paste.  After thorough mixing, the mortar was cast into 



44  

a standard 40 x 40 x 160 mm three-gang beam mold conforming to JIS R5201 

specifications for structural formation. After the mortar had adequately set, it was carefully 

demolded. To mitigate the risks of heavy metal ion leaching and carbonation, the surfaces 

of all specimens were sealed with adhesive aluminum tape. For optimal curing, the 

specimens were placed in a controlled environment at 20°C and allowed to mature 

undisturbed for a period of 28 days. 

 

 

Figure 3.1 Hobart mortar mixer. 
 

3.1.3 Tank leaching test procedure 
 

A tank leaching test was conducted to analyze the leaching behavior of HMs from mortars, 

with the setup illustrated in Fig. 3.2. Cubic specimens of 40mm x 40mm x 40mm were 

positioned in a polyethylene tank, using a plastic net at the bottom to ensure full contact of 

all surfaces with the solution. The test conditions for the tank leaching test in this study 

were determined with reference to NEN7345144, an official leaching test in the Netherlands. 

In the Netherlands, NEN7345 is positioned as a test to understand the elution behavior 

governed by diffusion phenomena. Mortar specimens, cured for 28 days, were placed in 

tanks that were filled with five different types of contact medium: namely, NaCl, KCl, 

MgCl2, and CaCl2 solutions in addition to deionized water. The concentrations of the 
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chloride solutions used were all 10 mass %; a concentration that was selected to prevent 

precipitation of chloride crystals. The deionized water served as a control. The volume of 

the solution was 480 mL per specimen. This corresponds to the ratio of the surface area of 

the specimen to the volume of contact solution (20 mm2/mL) specified in the Japan Society 

of Civil Engineers Standards (JSCE-G 575)151.  

 

 

Figure 3.2 Tank leaching test. 
 

The leaching solutions were periodically renewed at specific intervals: 0.25, 1, 4, 9, 

16, 25, 36, 64, 100, 225, 400, and 625 days. The pH values of the leaching solutions were 

measured by a pH meter before the renewal of each leaching solutions. Concentrations of 

HMs ions in these solutions were quantified using FAAS (see Fig. 3.3) to determine the 

cumulative leaching rates of the metals. Significantly, on the 64th day, one out of three 

specimens were permanently extracted for pore structure measurement. Additionally, at the 

culmination of the tank leaching test on the 625th day, another specimen was subjected to 

XRD analysis to assess its crystalline phases. Post-removal of specimens on the 64th day, 

adjustments were made to the volume of the contact solutions to maintain a consistent 

surface area-to-volume ratio of the specimen (20 mm²/mL). To halt further aqueous 

reactions before measuring pore volume, conducting EPMA and XRD analysis, a solvent 

extraction method was employed. This involved crushing the mortar specimens to less than 
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5 mm in size and immersing them in acetone within a beaker. To expel air bubbles, the 

beaker was placed in a vacuum desiccator. The acetone was periodically refreshed 

throughout the procedure, ensuring continuous specimen saturation to prevent air re-entry. 

To inhibit further carbonation and hydration, the specimens were preserved in acetone until 

measurement. 

This methodical approach to specimen preparation and analysis ensures precise and 

reliable data on the leaching behavior and structural changes in cement-based materials, 

providing valuable insights into their long-term environmental impact. The pH of the 

leachate is detected by pH meter.  

 

 

Figure 3.3 FAAS apparatus. 
 

3.1.4 MIP analysis 
 

As depicted in Figure 3.4, the study conducted a comprehensive evaluation of the pore size 

distribution in mortar specimens using MIP. This analysis included both pre-experimental 

mortar specimens and those that had been submerged for 64 days in various chloride 

solutions or deionized water, providing insights into the effects of environmental exposure 

on the pore structure.  

For accurate measurement of the pore structure, a precise sample preparation 
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procedure was followed. Initially, the surface layer of each mortar specimen was removed 

to a depth of 5 mm mm using an oil cutter. Following this, the specimens were 

meticulously cut into smaller fragments, with sizes ranging from 2.5 to 5.0 mm. 

To arrest further hydration processes, which could potentially alter the pore 

structure, the samples were then immersed in acetone. Prior to the porosity measurement, 

the samples were placed in a vacuum desiccator for 24 hours to remove any residual 

moisture. The mass of the sample used for the MIP analysis was about 1.5 g. 

The pore volume assessment of the mortar specimens was carried out using a high-

precision mercury intrusion porosimeter instrument (Poresizer 9310, Micromeritics). This 

instrument facilitated the measurement of pore diameters spanning from 6.5 nm to 200 μm, 

applying a maximum pressure of 228 N/mm². 

 

 

Figure 3.4 Pore size distribution measurement. 
 

3.1.5 XRD analysis 
 

The crystalline phases of mortar samples, both before and after immersion in tank leaching 

tests, were identified using XRD with an AXS D2 Phaser X-ray diffractometer (Bruker 

Corporation), as shown in Fig. 3.5. This analysis was conducted to investigate the 

alterations in the specimens and the state of HMs within the mortars. It included both pre-
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experimental specimens and those submerged for 625 days in various chloride solutions or 

deionized water. Samples were collected from both the outermost layer and the interior of 

the specimens. 

To halt any further chemical reactions, the samples were immersed in acetone. 

Prior to the XRD measurement, the samples were placed in a vacuum desiccator for 24 

hours to remove any residual moisture. The samples were then pulverized to particle sizes 

smaller than 150 μm before the measurement. The XRD test was performed over a Bragg 

angle (2 theta) ranging from 5° to 65°, using a Cu Kα X-ray source. Data from these tests 

were analyzed with the EVA software tool. 

 

 

Figure 3.5 X-ray diffraction analysis. 

 

3.1.6 EPMA analysis 
 

EPMA analysis was carried out using a JEOL JXA-8200 electron probe microanalyzer and 

the steps are shown in Fig. 3.6. The objective was to find out the penetration of chloride 

from KCl and CaCl2 solutions into the mortar and the distribution of lead and calcium in 

the specimens after contact with KCl and CaCl2 solutions. The specimens tested were those 

immersed for 625 days in KCl, CaCl2 solutions or deionized water. The analyses were 
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performed from the immersion surface to the interior.  

After 625 days of immersion in the tank leaching test, the samples were cut into 40 

x 40 mm plate specimens with a thickness of 5 mm. To halt any further chemical reactions, 

the samples were immersed in acetone. Prior to the EPMA measurement, the samples were 

placed in a vacuum desiccator for 24 hours to remove any residual moisture. The provided 

samples were then encapsulated in epoxy resin, and after the resin was cured at room 

temperature, dry grinding was performed on the sample. Carbon was then deposited on the 

surface to provide conductivity, and this was used as the analysis sample. The 

measurement conditions and elements analyzed are outlined as follows: 

・Acceleration Voltage: 15 kV 

・Sample Current: 1×10-7 A 

・Measurement Time: 40 msec/pixel 

・Analyzed Elements: For H2O: Pb, Ca, Si; For CaCl2 and KCl Solutions: Cl, Pb, Ca, Si 

・Standard Samples: Wollastonite for Ca, Si (CaO = 48.3 mass%, SiO2 = 51.7 mass%), 

Halite for Cl (Cl = 60.7 mass%), PbF for Pb (Pb = 91.7 mass%), Anhydrite for S (SO3 = 

58.8 mass%) 

・Probe Diameter: 5 μm 

・Pixel Size: 10×10 μm 

・Number of Pixels: For H2O Samples: 1000 (width) × 1000 (depth) for an analysis area 

of 10.0×10.0 mm; For CaCl2 and KCl Solutions:1000 (width) × 2000 (depth) for an 

analysis area of 10.0×20.0 mm. 

Furthermore, the average contents of various elements at the same depth in the 

horizontal direction of the sample was calculated. By correlating this with the depth 

measured from the immersion surface, the concentration distribution curves for each 

element were obtained. 
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Figure 3.6 Electron probe microanalysis. 

 

3.2 Adsorption test 
 

Since the adsorption phenomenon is closely related to the migration of HMs in concrete, 

the adsorption characteristics of HMs on cement paste and CSH were investigated in this 

study. Based on previous research152 in our laboratory, the adsorption experimental results 

for Cu and Zn (the relationship between equilibrium concentration and adsorption amount) 

showed dispersed values, and the impact of pH variation on the adsorption amount was 

also minimal. For Cu and Zn, under conditions that suppress precipitation, the maximum 

permissible concentration of HMs that can be added is very low, 25 g/L for Pb, while Cu 

and Zn are 150 mg/L. The target heavy metal for the adsorption experiments in this study 

was identified as Pb. 

 

3.2.1 Materials and adsorption test procedure 
 

In this research, Pb (II) nitrate (Pb(NO3)2) solution was employed to introduce lead into 

hardened cement paste and CSH powders. The primary objective was to elucidate the 

adsorption and desorption behavior of lead in these materials when exposed to various 

aqueous solution environments. This approach facilitated a detailed understanding of the 
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interaction between lead and cementitious materials under different conditions. 

 

3.2.1.1 Adsorption test of Pb by hardened cement paste 

 

Cement paste made of OPC and deionized water was used as a specimen for the purpose of 

obtaining basic information. The same cement was used as for the tank leaching tests. The 

cement paste was sealed and cured in a thermostatic chamber at 20°C for 28 days, and the 

water-cement ratio was 0.40; the hydrated cement pastes then were pulverized to obtain a 

powder finer than 150μm. Pb(NO3)2 was used as heavy metal. 

 

(1) Adsorption test using chloride solution 

 

In this test, various chlorides (NaCl, KCl, LiCl, MgCl2, CaCl2·2H2O) were used as 

reagents. Due to CaCl2 being a deliquescent salt, the dihydrate form is used. The 

concentration is determined by taking into account the solubility of the solution and the 

expected concentration in the actual environment. Considering the very high 

immobilization capability of HMs in cement hydrates, it is important to ensure a sufficient 

concentration of chloride to observe leaching effects without exceeding the saturated 

solubility of the solution. The concentrations of 10 mass% NaCl, KCl, LiCl, MgCl2, and 

CaCl2 were chosen for this experiment. 

The test method is shown in Fig. 3.7. The adsorption test was conducted 

assuming an environment in which the structure is exposed to chloride. First, 1 g of 

cement paste powder was added to 20 mL of deionized water, NaCl solution, KCl 

solution, LiCl solution, MgCl2 solution, and CaCl2 solution, stirred for 10 hours, and 

then 1 mL of Pb(NO3)2 solution with different concentrations was added and stirred for 

another 6 hours. The Pb(NO3)2 solution added had Pb concentrations of 4000, 10,000, 
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16,000, and 25,000 mg/L. The solution was then suction filtered through a 0.45-μm 

membrane filter and adjusted to the acidic side by adding 2 mL of 2 mol/L nitric acid 

solution to the filtrate. The filtrate was then fixed volume to 50 mL and its concentration 

was measured by FAAS, from which the adsorbed amounts were calculated by Eq. (3.1). 

 

 

Figure 3.7 Adsorption test in contact with various chlorides. 
 

V = (S/1000) {(C-P)/m}                                                                 (3.1) 

where, 

V: Degree of Pb adsorption (mg per gram of cement paste). 

S: Volume of solution (mL). 

C: Concentration of Pb in initial Pb(NO3)2 solution (mg/L). 

P: Equilibrium concentration of Pb after the adsorption test (mg/L). 

m: Mass of cement paste powder (g). 

 

(2) Adsorption tests under different pH environments 

 

Assuming a scenario where the pH value of the pore solution decreases, as in the case of 

neutralization or dissolution in hardened cement, this study examines the impact of pH 
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value on the Pb adsorption characteristics on hardened cement. Furthermore, these 

adsorption results are compared with those obtained under pH variations caused by the 

addition of various chlorides. Two methods were employed to adjust the pH value of the 

contact solution: one is by altering the liquid-to-solid ratio (L/S), and the other involves 

using nitric acid to regulate the pH value, aiming to study environments with lower pH 

values. 

The first method, as illustrated in Table 3.3, involves adjusting the pH by varying the L/S 

between 20 and 30,000, using deionized water as the contact solution. The L/S ratios were 

set at 20, 50, 200, 1000, and 3000 (mL/g), with the pH values just before the addition of 

HMs being 12.80, 12.73, 12.52, 12.13, and 10.88, respectively. The experimental steps are 

shown in Fig. 3.8. Following established research protocols, the adsorption test procedure 

began with adding cement paste ground to a particle size of 150μm or less to deionized 

water. Then, 5mL of Pb(NO3)2 solution was added, followed by stirring for 6 hours. The 

post-stirring solution was filtered using a 0.45μm membrane filter, and the concentration of 

Pb in the filtrate was measured using an FAAS. This process determined the equilibrium 

concentration and the amount of adsorbed Pb. The pH of the solution was measured at each 

stage of the procedure. 

 

Table 3.3 pH adjustment by L/S change. 
 

L/S Mass of cement 
paste (g) 

pH 

20 5.0 12.80 
50 2.0 12.73 
200 0.5 12.52 
1000 0.1 12.13 
30000 0.1 10.88 
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Figure 3.8 Adsorption test (pH adjustment by L/S). 
 

The second method, as depicted in Table 3.4, involves adjusting the pH by adding a 

nitric acid solution to the contact solution. The experimental steps are shown in Fig. 3.9. 

Initially, the cement paste sample was stirred with deionized water alone. Subsequently, a 

predetermined amount of nitric acid solution was added and stirred thoroughly to stabilize 

the pH. First, 5g of cement paste was added to deionized water and stirred for 10 hours. 

Then, a predetermined amount of nitric acid solution was added, and the mixture was 

further stirred for 6 hours to stabilize the pH. Afterwards, 5mL of various concentrations of 

Pb(NO3)2 solution were added and stirred for an additional 4 hours. The concentrations of 

the Pb in the added Pb(NO3)2 solution were set to 4000, 10000, 16000, and 25000mg/L. 

Notably, the stirring time after the addition of the Pb(NO3)2 solution differs from the first 

method, but was set to 4 hours based on preliminary tests that showed almost no change in 

adsorption amount after this duration. The post-stirring solution was then filtered through a 

0.45μm membrane filter, and the concentration of Pb in the filtrate was measured using an 

FAAS to determine the equilibrium concentration and the amount of adsorbed Pb. The 

total volume of the contact solution, comprising the deionized water and nitric acid 

solution, was maintained at 100mL, with an L/S ratio of 2 (mL/g) for all solutions. The pH 

was measured at each stage. The composition of the cement paste before the adsorption test 

and the residue after the test were qualitatively analyzed using powder XRD. 
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Table 3.4 pH adjustment by nitric acid solution. 
 

Deionized 
water (mL) 

Nitric acid 
solution (mL) 

pH (after 6 
hours of 
stirring) 

59 41 8.35 
63 37 9.14 
67 33 10.02 
75 25 11.24 

 

 

Figure 3.9 Adsorption test (pH adjustment by nitric acid solution). 
 

3.2.1.2 Adsorption test of Pb by synthetic CSH  

 

Two types of synthesized CSH with Ca/Si ratios of 0.83 and 1.40 were used for the 

experiment. Since the CSH with a Ca/Si ratio of 1.40 was difficult to synthesize, we 

purchased it from Taiheiyo Cement Corporation. Hereafter, the two types of CSH are 

described as CSH0.83 and CSH1.40, respectively.  

The CSH0.83 was made from Ca(OH)2, SiO2, and deionized water as its raw 

materials. Turbid fluid with a water to powder ratio of 30 was stirred at 70 rpm at the 

chosen 0.83 Ca/Si ratio. A hydrothermal reaction was performed at 50°C for 24 h to 

synthesize the CSH. After synthesis, the mixed solution was filtered with membrane filters, 

and drying was carried out by vacuum degassing. Table 3.5 shows the materials and 

synthesis conditions used for the synthesis of CSH0.83.  
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Table 3.5 Materials and synthesis conditions for CSH0.83. 
 

Synthesized 
phase 

Ca/Si Materials(g) Temperature 
(°C) 

Time 
(hr) Ca(OH)2 SiO2 H2O 

CSH gel 0.83 17.40 12 882 50 24 
 

Fig. 3.10 shows the XRD results of synthesized CSH. The figure shows a 

diffraction diagram resembling that of relevant previous studies153,154. This observation 

demonstrated that the CSH0.83 had been synthesized. That outcome was also confirmed by 

the thermogravimeter/differential thermal analyzer (TG-DTA; DTG-60H, Shimadzu 

Corporation, see Fig. 3.11), which demonstrated that there was no unreacted Ca(OH)2. The 

Ca/Si atomic ratio was also confirmed by EDX. 

 

 

Figure 3.10 Results of XRD for CSH. 
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Figure 3.11 TG-DTA apparatus. 
 
 

The adsorption tests simulated an environment in which structures are exposed to 

various chloride solutions such as those used for deicing, and seawater. Fig. 3.12 shows the 

procedure of the adsorption tests. Many studies have reported on the effects of carbonation 

on the microstructure of cement paste and the properties of CSH122,155,156. To prevent 

carbonation of the samples, the materials were fabricated and the adsorption experiments 

were conducted with minimal exposure to air. The adsorption tests were carried out in a 30 

mL beaker which was kept airtight. Firstly, hydrated cement paste powder was added to 

deionized water (liquid-solid ratio: 20 mL/g), then the mixed solution was stirred for 10 h 

in a closed container. After that, the mixed solution was filtered with membrane filters. 

Secondly, NaCl, KCl, MgCl2, CaCl2, and Ca(NO3) 2 solutions were added to the filtrate of 

the cement paste with a concentration of 10 mass % and then stirred for 1 h. Hereafter, the 

mixed solutions are referred to as NaClPM, KClPM, MgCl2PM, CaCl2PM, and 

Ca(NO3)2PM, respectively. The filtrate of the cement paste (hereafter, referred to as “pore 

solution”) was retained for reference. Thirdly, 1 mL of Pb(NO3)2 solution with a known 

concentration of Pb ions and 1 g of synthesized CSH ground to a powder with grains 

smaller than 75μm in size were jointly added to the mixed solutions and then stirred for 6 h. 
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In this test, the concentrations of Pb ions were 0.4, 10, 16, and 25 g/L. Finally, the mixtures 

were filtered with membrane filters, and the liquid phases were used to determine the 

concentration of heavy metal ions by FAAS. The degree of Pb adsorption was also 

calculated by Eq. (3.1). The residues were used to investigate the Ca/Si ratios by EDX. 

Before filtration, the pH values of these mixed solutions were measured. 

 

 
 

Figure 3.12 Adsorption test of Pb by synthesis of CSH. 
 

3.2.2 ⅩRD analysis 
 

Following the adsorption tests, the crystalline phases of the synthesized CSH samples were 

identified by XRD to investigate their alteration and the form of the adsorbed Pb. The test 

was performed at a Bragg angle (2 theta) ranging from 5° to 65° using a Cu Kα X-ray 

source. The data was analyzed using the EVA software tool. 

 

3.2.3 EDX analysis  
 

Spectroscopic analysis of the synthesized CSH samples, which had been exposed to 

various solutions, was conducted using EDX with a JEOL JSM-6010PLUS, as shown in 

Fig. 3.13. This technique was employed to determine the Ca/Si ratios in the CSH. Prior to 

analysis, the synthesized CSH particle size was adjusted to below 75μm, and the samples 

were preserved in a vacuum desiccator to prevent any atmospheric interference. 
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For non-conductive materials, such as these CSH samples, it is standard practice to 

coat the samples with a conductive material before spectroscopic measurements. This 

coating enhances the quality of the obtained images by facilitating the emission of 

secondary electrons. Gold, known for its excellent conductivity, is often used for this 

purpose. However, for superior resolution, platinum is preferred. In this study, the samples 

were coated with platinum. 

The EDX analysis involved selecting individual point spectra from several 

neighbouring points within local areas approximately 200 × 200 μm in size. For each 

specimen, two such areas were chosen, with a total of five points analyzed per area. The 

spectroscopic examination was conducted at an accelerated voltage of 15 kV to ensure 

optimal resolution and accuracy in measuring the Ca/Si ratios. 

 

 

Figure. 3.13 EDX apparatus. 
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CHAPTER 4. EFFECTS OF CHLORIDE SOLUTIONS ON 

HEAVY METAL LEACHING FROM MORTARS 

 

This chapter discusses how chloride-based salts affect the immobilization and leaching of Cu, 

Zn, and Pb from cement hydrates and analyzes the associated internal changes in crystalline 

phase. Tank leaching tests totaling 625 days were conducted. The effect of various chloride-

based salts on the pore volume of mortar was analyzed on day 64 of contact with chlorides. 

Meanwhile, at the end of the tank leaching test on day 625 (i.e., the last day of immersion), 

internal changes associated with crystallization following exposure to various chlorides were 

analyzed using XRD. 

 

4.1 Effect of the types of solutions on the leaching of HMs 
 

The cumulative leachate quantities of HMs obtained from mortar specimens immersed in 

deionized water and the chloride solutions for 625 days are shown in Figs. 4.1 to 4.8. Fig. 

4.6 and Fig. 4.8 show the same results as Fig. 4.5 and Fig. 4.7, respectively, but the results 

for the solutions other than the CaCl2 solution are magnified. The data shown in these 

figures represent the cumulative mass of each HMs in the leachate, which is calculated per 

unit mass of the mortar specimen (mg/kg). This value is plotted as a function of the square 

root of the leaching time (day1/2). 

The results for Cu, Zn, and Pb all show that the largest leachate quantity was 

observed in the case of the CaCl2 solution, while the quantity was the smallest in the case 

of the deionized water. Considering the types of cations of the chloride solutions, the 

largest leachate quantities can be seen in the case of Ca2+, followed by K+, Na+, and Mg2+, 

regardless of the water/cement ratio. The cases of the NaCl and KCl solutions, which show 
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very closely similar results, may be treated as equivalent. 

In addition, from Fig. 4.5 and Fig. 4.7 it is found that the cumulative leachate quantity 

of Pb ions from the specimen immersed in the CaCl2 solution is more than six times as large as 

that in the other solutions. Similarly, the amount of Cu and Zn leached from the specimens 

immersed in the CaCl2 solution was significantly higher than the other chloride solutions (see 

Figs. 4.1 to 4.4). It is evident that the CaCl2 solution creates a different leaching environment 

for Pb ions from the immersed specimens, as opposed to those in the other chloride solutions. 

These results are consistent with a previous study30. In addition, Miura et al.157 have reported 

that the quantities of chloride permeating concrete were larger in the case of CaCl2 solution 

than for NaCl solution, and that the permeated chloride reacts with the hydrates and even 

dissolves them. This is most likely the reason for the significant increase in Cu, Zn, and Pb 

leaching when in contact with CaCl2 solution. 

Since the horizontal axis in Figs. 4.1 to 4.8 corresponds to the square root of the actual 

number of days of leaching, the leachate quantity should increase linearly on the graphs if the 

migration of HMs ions out of the mortars is entirely governed by diffusion. Regarding the 

leaching of Cu, Zn and Pb, the findings depicted in Figs. 4.1 to 4.8 demonstrated that 

regardless of the water-cement ratio of the mortars and chloride contact solutions types being 

investigated, each release curve consistently exhibited two distinct linear parts. Both segments 

indicated a linear relationship between the cumulative release, and the square root of time. This 

is similar to the findings of Song et al140. and Cinquepalmi et al.141.  van der Sloot et al.32 

reported the cumulative release curve may exhibit a plateau due to the depletion of a 

constituent controlled by diffusion (see Fig. 2.20). The plateau represents the slowing or 

cessation of the release rate of a given diffusion control component as it is exhausted over time. 

For long-term leaching, if partial or complete depletion of the diffusive component leads to the 

appearance of a plateau, in a plot where the horizontal axis is the square root of time, this may 

be indicated by a marked change in the slope of the curve, e.g., a shift from an initially steeper 
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slope to a gentler slope. This implies that, at this stage, while diffusion control remains the 

predominant factor, the pace of heavy metal dispersion may decelerate owing to the decrease 

in mobile heavy metal entities. While the overarching process continues to be governed by 

diffusion mechanisms, the particular characteristics of diffusion may undergo alterations. The 

plateau of the leaching curve in heavy metal leaching experiments is usually caused by the 

depletion of the "leaching capacity" of the heavy metal. Leaching capacity is commonly 

used to describe the maximum amount of a substance that can be dissolved from a solid 

substrate (e.g., soil, cementitious materials, etc.) and released into the environment under 

specific conditions. The results of this experiment demonstrates that the presence of 

chloride enhances the leaching capacity of Cu, Zn, and Pb in mortar. Furthermore, despite 

the identical quantity of Cu, Zn, and Pb added per unit mass of the cement paste, the 

leaching capacity of Cu and Zn is markedly lower than that of Pb, differing by more than 

an order of magnitude. 

Furthermore, it was observed that from the 100th day, the effective diffusion 

coefficient for the chloride solutions (except CaCl2 solutions) was almost the same as that for 

the deionized water. It seems that the dominant factor governing the leaching of Cu, Zn, and 

Pb from the specimens immersed in chloride solutions becomes the same as that in the 

deionized water after 100 days, while differing for the first 100 days. However, in the case of 

mortar specimens in contact with CaCl2, despite the increased diffusion coefficients attributed 

to the influence of CaCl2, leading to a faster leaching rate, even after reaching the plateau 

phase where the diffusion coefficient decreases, the leaching rate of Cu, Zn, and Pb remains 

higher compared to other solutions. This phenomenon indicates that while the diffusion 

process slows down upon reaching the saturation point, it still facilitates a relatively more rapid 

release of HMs in the presence of CaCl2 than in other solutions. Furthermore, after 400 days, 

for the mortar samples in contact with a 10 mass% CaCl2 solution, the leaching rates of Cu, Zn, 

and Pb began to accelerate again. Here, the leaching of Cu, Zn, and Pb may not be caused by 
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the solution itself, but rather by the chemical erosion of the hardened cement, leading to mortar 

deterioration and thus higher leaching. When assessing the long-term effects of contact with 

chloride solutions on the immobilization of HMs, the type and concentration of different 

chlorides and their chemical erosion effects on hardened cement should be considered. 

 

 

Figure 4.1. Cumulative leachate quantity of Cu from mortars (W/C = 0.40) immersed in 
different contact solutions for 625 days. 

 

 

Figure 4.2 Cumulative leachate quantity of Cu from mortars (W/C = 0.55) immersed in 
different contact solutions for 625 days. 
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Figure 4.3 Cumulative leachate quantity of Zn from mortars (W/C = 0.40) immersed in 
different contact solutions for 625 days. 

 

 

Figure 4.4 Cumulative leachate quantity of Zn from mortars (W/C = 0.55) immersed in 
different contact solutions for 625 days. 
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Figure 4.5 Cumulative leachate quantity of Pb from mortars (W/C = 0.40) immersed in 
different contact solutions for 625 days. 

 

 

Figure 4.6 Cumulative leachate quantity of Pb from mortars (W/C = 0.40) immersed in 
different contact solutions (except CaCl2 solution) for 625 days. 
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Figure 4.7 Cumulative leachate quantity of Pb from mortars (W/C = 0.55) immersed in 
different contact solutions for 625 days. 

 

 

Figure 4.8 Cumulative leachate quantity of Pb from mortars (W/C = 0.55) immersed in 
different contact solutions (except CaCl2 solution) for 625 days. 

 

4.2 Effect of chlorides on pore size distribution  
 

The MIP was conducted to assess the impact of chlorides, as well as Cu, Zn, and Pb, on the 

pore structure of mortar specimens. As a result of the aforementioned tank leaching test, the 

leaching of Pb is consistently significantly higher than that of Cu and Zn, regardless of the type 

of chloride solution or deionized water used. Alford et al.158 reported that the addition of high 
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concentrations of Pb(NO3)2 led to the formation of large amounts of gel, which in turn caused 

deleterious cracks in the cement pastes. Figs. 4.9 to 4.11 displays the pore size distribution 

measurements of the initial sample at 28 days of age. In this study, the addition of Pb (1% of 

Pb, by mass relative to the cement mass), in contrast to Cu and Zn (1% of Cu and Zn, by 

mass relative to the cement mass), did not result in a significant difference in the quantity of 

fine pores within the cement paste. This observation confirms that the high leaching rates of Pb 

are not due to a change in pore structure caused by the addition of Pb(NO3)2. 

 

 

Figure 4.9 Pore size distribution measurements of the initial sample at 28 days of age 
(containing Cu, W/C = 0.40). 
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Figure 4.10 Pore size distribution measurements of the initial sample at 28 days of age 
(containing Zn, W/C = 0.40). 

 

 
Figure 4.11 Pore size distribution measurements of the initial sample at 28 days of age 

(containing Pb, W/C = 0.40). 
 

The pore volumes of the mortar specimens before immersion and after immersion for 
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64 days are shown in Fig. 4.12. The regular differences that could be evaluated in the pore 

volume in the specimens immersed in the solutions could not be observed for each 

water/cement ratio. These results mean that the large leachate quantity for the CaCl2 solution 

was not attributable to alterations in pore structure. The change in pore volume due to chloride 

solution is not the dominant factor affecting the Pb leaching. The pore size distribution 

measurement results are provided in the appendix. 

 

 

Figure 4.12 Pore volumes of specimens immersed in each solution for 64 days (‘0 day’ 
shows the result before immersion.). 

 

4.3 Results of XRD analysis 
 

XRD qualitative analyses of Cu, Zn, and Pb for the central area of the mortar specimens 

immersed for 625 days showed no changes in crystalline phases over the duration of the tank 

leaching tests, although the peak intensities of alite and larnite were reduced. The XRD 
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patterns for samples collected from the surface areas of the mortar specimens containing Pb are 

shown in Fig. 4.13, both before tank leaching and after 625 days of tank leaching. In all 

specimens in contact with the chloride solutions, diffraction peaks of Friedel’s salt were 

observed, a finding also reported in previous studies159,160. Peaks of Friedel’s salt were also 

observed in the samples containing Cu and Zn. In addition, in the cases of the deionized water, 

almost no changes were observed in the chemical composition (crystal phase) of the hydrates 

in the mortar specimens containing Cu, Zn, and Pb, except that portlandite was leached.  

Moreover, as shown in Fig. 4.14, in the case of the MgCl2 solution, brucite peaks were 

detected in the samples containing Cu, Zn, and Pb; on the other hand, portlandite peaks were 

not observed. Konno et al.161 reported that when hardened cement paste was immersed in 

MgCl2 solution, it would become completely covered with a brucite crystal layer161,162. 

Therefore, it can be said that as shown in Eq. (4.1) the portlandite in the specimens was almost 

entirely decomposed to form brucite which reduced the pH value to around 9. 

Furthermore, based on the qualitative analysis results from XRD in this study, it was 

not possible to unequivocally identify any compounds of Cu, Zn, or Pb within the cementitious 

body. This indicates that the distribution of heavy metal compounds is not uniform, or they 

exist in an amorphous state, as very fine particles, or in complex structures within the cement 

matrix (e.g., compounded with other compounds in the cement matrix), thus preventing 

accurate identification by XRD. 

 

Ca(OH) 2   +  MgCl2   →  Mg(OH)2 +  CaCl2                                     (4.1) 
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Figure 4.13 XRD patterns of samples collected from the surface of mortar specimens 
containing Pb before tank leaching and after 625 days of tank leaching (Corundum was 

intentionally added in the samples.). 
 

 

Figure 4.14 XRD patterns of samples collected from the surface of mortar specimens 
containing Cu, Zn and Pb in MgCl2 solutions (Corundum was intentionally added in the 

sample containing Pb.). 
 

4.4 Effect of the water/cement ratio and pH on the leaching of the HMs 
 

The leaching ratio, which is defined as a ratio of the cumulative leachate quantity to the Cu, Zn, 

and Pb content in the specimen, is shown in Fig. 4.15, Fig. 4.16, and Fig. 4.17, respectively. 

The leaching ratio of the mortar specimens with a water/cement ratio of 0.40 is lower than for 
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those with a water/cement ratio of 0.55 in every case except for the case in which the mortar 

specimens containing Cu are immersed in CaCl2 solutions. Considering that the total pore 

volume is larger in the mortar specimens with a water/cement ratio of 0.55 than in those with a 

water/cement ratio of 0.40 (see Fig. 4.12), it is thought that a larger total pore volume tends to 

result in a higher leaching ratio, other things being equal.  

The values shown on top of the bars in Fig. 4.15, Fig. 4.16, and Fig. 4.17 are the pH 

values of the solutions on the 625th day in the tank leaching tests. As shown in these figures, a 

low leaching ratio for HMs, in other words, a high fixation capacity for HMs, is observable in 

the MgCl2 solution. Zn and Pb are amphoteric in nature and their theoretical least solubility 

appears at pH values of around 9.2 and 9.8, respectively163, a figure which is comparable to the 

alkalinity of the MgCl2 solution, as opposed to the others which are more harshly caustic. 

Although Cu is not amphoteric, its solubility is also least at a pH value of around 9.4. The poor 

solubility of Cu under alkaline conditions therefore also leads to a lowest leaching ratio at a pH 

that is comparable to those for Zn and Pb. 

Li et al.31,52 have reported that the leaching of HMs in s/s materials can be considered 

as a pH-dependent and corresponding heavy metal hydroxide solubility-controlled process. 

Moreover, it has also been stated that the pH value of the system influences the leaching, 

fixation, and speciation of HMs in hardened cement36,164,165. Therefore, the relatively low 

leachate quantities of Zn, Cu, and Pb in the MgCl2 solution may be related to the relatively low 

solubility of these HMs at pH values of around 8.8 (Cu, Zn) and 9.0 (Pb).  

Although previous studies have demonstrated that concentrated MgCl2-based deicers 

deteriorate concrete more severely than deicers based on CaCl2 or NaCl166,167, the results of 

this study showed that the risk of leaching of Cu, Zn and Pb caused by 10 mass% MgCl2 

solution was the lowest as compared to 10 mass% CaCl2 solution, 10 mass% NaCl solution, 

and10 mass% KCl solution. Whatever the reason or reasons, including pH-dependent effects, 

this finding is empirically robust.  
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Figure 4.15 Leaching ratio of Cu for mortars immersed in each solution for 625 days (The 
value on the bar represents the pH value of the solution.). 

 

 

Figure 4.16 Leaching ratio of Zn for mortars immersed in each solution for 625 days (The 
value on the bar represents the pH value of the solution.). 
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Figure 4.17 Leaching ratio of Pb for mortars immersed in each solution for 625 days (The 
value on the bar represents the pH value of the solution.). 

 

4.5 Results of EPMA 

 

For the elements of Ca and Si, each element's mass content was converted to the oxide 

content after the EPMA. The distribution of Pb, CaO, and Cl contents in mortar samples 

immersed in H2O, KCl, and CaCl2 solutions for 625 days was analyzed using surface 

analysis with EPMA scanning and is depicted in Figs. 4.18 to 4.20. Figs. 4.21 to 4.23 

present the average content distribution curves for Pb, CaO, Pb/CaO, and Cl in these 

solutions. In all samples, a decrease in the content of CaO near the immersed surface is 

observed, suggesting that calcium leaching occurred.  

Figs. 4.19(d), 4.20(d), and 4.23 illustrate that, near the immersed surface, the bound 

chloride content is notably higher in the presence of CaCl2 as compared to KCl. However, 

in the case of KCl, a higher concentration of chloride is observed to penetrate deeper into 

the interior regions. Delagrave et al.168–170 reported a strong effect of the associated cations 

on the chloride binding capacity in cement-based material, and the characteristics of the 
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associated cations may have a major impact on the likelihood of chloride ions entering the 

adsorption sites. CaCl2 and MgCl2 solutions showed a significant increase in  Cl binding 

capacity compared to NaCl and KCl solutions. Cl supplied by NaCl and KCl is more 

diffusible than Cl supplied by CaCl2
168,171,172. In the case of KCl solutions, the weaker 

binding capacity of chloride ions relative to CaCl2 may have resulted in higher internal 

penetration of chloride ions. This may explain the lower leaching of Pb in KCl solution 

compared with CaCl2. 

Figs. 4.21 and 4.22 show that after 625 days of immersion, the overall Pb and CaO 

levels in the test area, except near the immersed surface (0-1 mm area), are lower in the 

case of CaCl2 than in the case of KCl and H2O. Moreover, the ratio of Pb to CaO content 

was at the same level in all samples. The results suggest that the higher level of Pb 

leaching in the case of CaCl2 is most likely due to calcium dissolution caused by CaCl2. 
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(a) Pb 

 

(b) CaO 

 

 

 
(c) SiO2 

 

 
 

 

 (The upper side of the image represents the immersion surface, and the color bar indicates 
mass%). 

 
Figure 4.18 Distribution of Pb, CaO and SiO2 content in mortar immersed in H2O (For the 

elements of Ca and Si, each element's mass content was converted to the oxide content 
after the EPMA.). 
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(a) Pb 

 

(b) CaO 

 

 

 

 

(c) SiO2 

 

 

(d) Cl 

 

 

 

(The upper side of the image represents the immersion surface, and the color bar indicates 
mass%). 

 
Figure 4.19 Distribution of Pb, CaO, SiO2 and Cl content in mortar immersed in KCl (For 
the elements of Ca and Si, each element's mass content was converted to the oxide content 

after the EPMA.). 
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(a) Pb 

 

(b) CaO 

 

 

 

 

(c) SiO2 

 

 

(d) Cl 

 

 

 

(The upper side of the image represents the immersion surface, and the color bar indicates 
mass%). 

 
Figure 4.20 Distribution of Pb, CaO, SiO2 and Cl content in mortar immersed in CaCl2 (For 
the elements of Ca and Si, each element's mass content was converted to the oxide content 

after the EPMA.). 
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Figure 4.21 Average content distribution curves of  Pb and CaO on mortar immersed in 
H2O, KCl and CaCl2 for 625 days. 

 

 

 Figure 4.22 The ratio of Pb content to CaO content.  

https://www.sciencedirect.com/topics/engineering/chloride-content
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Figure 4.23 Average content distribution curves of  Cl on mortar immersed in KCl and 
CaCl2. 

 

4.6 Summary 
 

In this chapter, tank leaching tests in several chloride solutions were conducted to investigate 

the leaching characteristics of Cu, Zn, and Pb in mortars when the mortars were in contact with 

chloride solutions. The experimental results have yielded the following conclusions: 

 

1. The leaching of Cu, Zn, and Pb is most significant with CaCl2 solution. 

2. In the case of the MgCl2 solution, most portlandite in the specimens was decomposed 

to form brucite which reduced the pH value to around 9. This fact caused lower leachate 

quantities of Zn, Cu, and Pb. 

3. The leachate quantity of Pb from the specimens immersed in the CaCl2 solution is 

more than six times as large as that in the other solutions. The leachate quantity was the 

https://www.sciencedirect.com/topics/engineering/chloride-content
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smallest in the case of the deionized water.  

4. Correlations between changes in pore volume and Pb leaching were not observed for 

the specimens immersed in each chloride solution for 64 days at the same water/cement ratio. 

5. Compared with the specimens with a water/cement ratio of 0.55, the specimens with a 

water/cement ratio of 0.40 had a lower total pore volume, resulting in lower leachate quantities 

of HMs. 

6. Based on the qualitative analysis results from XRD in this study, it was impossible to 

determine definitively the forms of Cu, Zn and Pb compounds that exist in the mortars. 

7. According to the EPMA results in this study, in the case of KCl solutions, the weaker 

binding capacity of chloride ions relative to CaCl2 may explain the lower leaching of Pb in KCl 

solution compared with CaCl2. 
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CHAPTER 5. EFFECTS OF CHLORIDE SOLUTIONS ON THE 

ADSORPTION AND DESORPTION PROPERTIES OF LEAD 

IN HARDENED CEMENT AND CSH 

 

This chapter focuses on adsorption in cement hydrates as one of the factors affecting heavy 

metal leaching. It investigates the Pb adsorption characteristics of hardened cement under 

various chloride environments and pH values through adsorption experiments. 

Additionally, the chapter examines the effect of different chlorides on the Ca/Si ratio of 

synthesized CSH. 

 

5.1 Effect of chloride solutions on adsorption/desorption characteristics of Pb in cement 
paste 
 

5.1.1 Results of adsorption test 
 

In a previous study173, when the contact solution was deionized water, the adsorption of Pb 

on cement paste could be regressed to a Freundlich-type adsorption isotherm. In general, 

the Freundlich type adsorption isotherm is expressed by the adsorption isotherm shown in 

Eq. (5.1)174. The range of values for n, spanning from 0 to 1, 1 to 2, and 2 to 10, 

corresponds to poor, moderate, and good adsorption capacities, respectively175,176. 

 

V= KFP1/n                                                                                  (5.1) 

 

Where, 

V: adsorption capacity at equilibrium (mg per gram of adsorbent sample). 

P: equilibrium concentration of Pb (ppm). 

KF, n: Freundlich adsorption constants. 
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“1/n” is the affinity between the adsorbent and the adsorbate, and “KF” represents 

adsorption capacity in addition to affinity177. 

Figs. 5.1 and 5.2 show the adsorption isotherms for each chloride solution, as well 

as for deionized water. Considering the type of cations in chloride solutions, the adsorption 

capacity for Ca2+ ions is the highest, followed by K+, Na+, and Mg2+. Integrating this 

observation with the results of the tank leaching test for Pb, it is discernible that a lower 

adsorption of Pb on cement paste correlates with a higher leaching amount obtained after 

contact with chloride solutions. 

The adsorption isotherms for deionized water obtained in this study are in close 

agreement with those of previous studies30,173. In the cement paste, Pb adsorption was 

found to conform to a Freundlich-type adsorption isotherm, as represented by Eq. (5.1), for 

each contact solution tested. The parameters of the Freundlich adsorption isotherm for each 

solution case are shown in Table 5.1. This implies that Pb is likely adsorbed onto the 

surface of cement hydrates in a manner similar to that in deionized water, across all the 

solutions used in this experiment. Analysis of Table 5.1 reveals that the adsorption 

capacity of cement paste for Pb is influenced by its contact with various chloride salts. 

Specifically, after contact with NaCl and KCl, the cement paste exhibits an enhanced 

adsorption capacity for Pb compared to its pre-contact state, yet it still maintains moderate 

adsorption capacities. In contrast, contact with MgCl2 results in good adsorption capacities. 

However, exposure to LiCl and CaCl2 reduces the cement paste's Pb adsorption capacity. 

Notably, after contact with CaCl2, the adsorption amount is significantly lower compared 

to other cases, and the adsorption capacity is categorized as poor, whereas the interaction 

with LiCl maintains the Pb adsorption capacity at moderate levels, consistent with its pre-

contact state. 
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Figure 5.1 Effects of types of solutions on adsorption isothermal curves. 

 

 

Figure 5.2 Effects of types of solutions on adsorption isothermal curves (except CaCl2 

solution). 
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Table 5.1 Freundlich adsorption isotherm parameters. 
 

Parameter Pore 
solution 

NaCl KCl CaCl2 LiCl MgCl2 

KF 1.20 1.72 1.52 0.74 1.18 3.51 
n 1.29 1.27 1.20 1.02 1.36 1.03 
R2 0.99 1.00 1.00 0.96 1.00 0.99 

 

The average pH values of the solutions shown in parentheses in Figs. 5.1 and 5.2 

indicate that they approach the neutral side when in contact with MgCl2 solution. The 

increased adsorption of Pb with the decrease in pH value is a behavior observed in alkaline 

environments, such as those found within cement matrices. It has been reported that under 

alkaline conditions, Pb forms insoluble compounds, such as hydroxides, which are then 

immobilized within the cement matrix178,179. The solubility of Pb hydroxides varies with 

pH; as the pH decreases from 13 to 10, the solubility of Pb hydroxides decreases (see 

Fig.2.4). This suggests that with the lowering of pH, Pb increasingly forms insoluble 

compounds, leading to stronger fixation within the cement matrix and an increase in 

adsorption amounts. and in the case of the MgCl2 solution, the decrease in pH may be one 

of the main reasons for the increase in the amount of adsorption. Furthermore, it was noted 

that with CaCl2, there was a significant reduction in pH to 11.79, compared to the pH 

values of 12.71 or higher in other contact solutions. This decrease closely resembles the 

effect observed with LiCl, which had a pH of 11.86. These findings suggest that the 

reduction in pH is not the main factor leading to the notably decreased adsorption capacity 

in the case of CaCl2. 

According to Miura et al.157, in the case of CaCl2 solution, the amount of chloride 

permeation into concrete is greater than that of other solvents, and the permeated chloride 

reacts with or dissolves hydrates. This suggests that one reason why CaCl2 solution 

adsorbed less Pb than other chloride solutions (other than MgCl2 solution) is that CaCl2 

solution promoted calcium dissolution from the cement paste, and the change in hydrates 
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due to CaCl2 solution reduced the adsorption capacity. 

 

5.1.2 Results of XRD analysis 
 

The XRD analysis results of the residue with the highest adsorption are shown in Fig. 5.3. 

Friedel's salt diffraction peaks were observed in the sample in contact with chloride 

solution. This was consistent with many previous studies. It is hypothesized that a specific 

reaction takes place when cement paste, which has adsorbed Pb ions, interacts with a 

solution of either alkali metal chloride or calcium chloride, as shown in Eqs. (5.2) and (5.3). 

However, the XRD analysis conducted in the current investigation did not reveal the 

presence of any crystalline Pb-compounds.   

 

Pb-compounds + 2MCl → PbCl2 + 2M-compounds (M:Na+, K+ or Li+)          (5.2) 

Pb-compounds + CaCl2 → PbCl2 + Ca-compounds                                           (5.3) 

 

In the case of MgCl2 solution, the brucite peak was detected, while the portlandite 

peak was much smaller than in the other solutions. Konno et al.161 have reported that when 

cement paste is immersed in a MgCl2 solution, the surface of the specimen becomes 

completely covered with a layer of Mg(OH)2 crystals within just 3 hours. This suggests 

that in this study, portlandite was almost entirely decomposed into brucite. Mundell et 

al.163 also reported that Pb is an amphoteric metal with its theoretical minimum solubility 

occurring at pH 8.5. They noted that the dissolution rate of Pb increases as the pH moves 

away from this value. Therefore, one reason for the increased adsorption of Pb in the 

MgCl2 solution is that the pH is about 9 due to the consumption of Ca(OH)2, which is in 

the region of the lowest pH for the leaching rate. 

In the case of CaCl2 solution, hydrates changes were mentioned in the previous 
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section as a factor in the decrease in adsorption capacity for Pb, but XRD analysis did not 

identify any significant differences from the other solutions. 

In the case of NaCl, KCl, and LiCl solutions, the composition of the hydrates 

hardly changed, and therefore, the adsorption capacity of each solution for Pb did not seem 

to change much. 

 

 

Figure 5.3 XRD pattern of samples before and after the adsorption tests (using 25000 
mg/L of Pb nitrate solution). 

 

5.1.3 Comparison of the effect of chloride solution on adsorption/desorption 
characteristics of Pb 
 

In a previous study of our laboratory, Kawai et al.30 conducted two main tests on cement 

paste. First, they carried out Pb adsorption tests using deionized water, to see how well the 

cement paste could adsorb Pb. Then, they performed Pb desorption tests on the cement 

paste that had adsorbed Pb, using various chloride solutions. After the desorption tests, the 

quantity of Pb remaining adsorbed on the cement paste was determined by subtracting the 
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amount desorbed from the initial adsorption quantity. This calculation allowed the 

researchers to establish the relationship between the remaining adsorbed Pb and the 

equilibrium concentration during the desorption tests. Figures 5.4 and 5.5 show the 

relationships between the equilibrium concentration of Pb ions and the amount of Pb 

adsorbed in various contact solutions. They include data on the remaining adsorbed Pb 

after desorption tests (Kawai's results30) and the adsorption isotherms of Pb (the 

equilibrium concentration of Pb ions and the amount of Pb adsorbed following the 

adsorption tests, as reported in section 5.1.1 of this study). The experiments utilized NaCl, 

KCl, LiCl, and CaCl2 as contact solutions. Taking the logarithm of both sides of Eq. (5.1) 

results in a linear equation as represented by Eq. (5.4). The slope of this linear equation 

corresponds to 1/n, where n is the adsorption constant. The shape of the adsorption 

isotherm depends on n. 

 

log V=log KF + 1/n log C                                                         (5.4) 
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Figure 5.4 Relationship between equilibrium concentration and adsorption amount of Pb 
for adsorption and for desorption test in KCl and LiCl solutions. 

 

 

Figure 5.5 Relationship between equilibrium concentration and adsorption amount of Pb 
for adsorption and for desorption test in NaCl and CaCl2 solutions. 
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Since the slopes of the approximate lines are almost equal between the results of 

this study and those of the previous studies, it can be assumed that there is no difference in 

the affinity of Pb adsorption sites between the two studies. However, regardless of the type 

of solution, the results obtained from the previous study tended to show higher adsorption 

capacity than those obtained from the present study. This implies that when cement paste is 

exposed to chloride solutions such as NaCl or CaCl2 before the adsorption of Pb (during 

the adsorption test), the number of adsorption sites decreases. However, it is believed that 

these sites remain available for adsorption even when the cement paste is exposed to 

chloride solutions like NaCl or CaCl2 after the adsorption of Pb (during the desorption test). 

The adsorption sites here are assumed to be cement hydrates, but since compounds related 

to Pb could not be identified by XRD, the adsorption properties of individual hydrates 

could not be considered. In the case of desorption tests, the cement is stirred for a longer 

period of time than in adsorption tests, and it is possible that differences in the progress of 

hydration reactions, such as hydration of unhydrated cement, may be related to differences 

in the amount of adsorption, but this is not clear at present and should be investigated in 

the future. 

 

5.2 Effect of pH of contact solution on adsorption properties 
 

To further elucidate the impact of pH changes caused by chlorides on the adsorption of Pb, 

we conducted adsorption tests of Pb in environments with varying pH values. This 

approach is intended to provide a deeper understanding of how pH fluctuations influence 

Pb's adsorption behavior. 

 

5.2.1 Results of adsorption test 
 

The results of adsorption tests conducted using two different pH adjustment methods are 
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presented in Figs. 5.6 and 5.7. The results at pH 12.64 were referenced from prior study180 

conducted by our research lab. The pH values shown in the figure were measured just 

before the addition of the heavy metal solution. The adsorption of Pb at all tested pH levels 

can be categorized under the Freundlich adsorption isotherm model, as represented by Eq. 

(5.1).  

Furthermore, we conducted a comparative analysis between the results of pH value 

changes on Pb adsorption and the effects of various chloride salts on Pb adsorption. We 

discovered that although a pH range from 12 to neutral typically promotes high adsorption 

levels of Pb, the introduction of chlorides such as NaCl, KCl, CaCl2, and LiCl led to a 

decrease in Pb adsorption, presenting considerable variability, even though CaCl2、LiCl、

MgCl2 reduced the pH to the optimal range for Pb adsorption. This outcome indicates that 

factors beyond the pH value, such as the specific nature and concentration of coexisting 

ions, are critical in regulating Pb adsorption in cement-based materials. The unique 

characteristics of chloride ions might affect the surface properties of the cement matrix, 

thereby altering adsorption kinetics. This also raises the question of potential competition 

for adsorption sites by these coexisting ions or the formation of less adsorbable Pb 

compounds. 
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          Figure 5.6 Effects of pH of contact solutions on adsorption isothermal curves (solid line 
indicates pH adjustment results). 

 

 

Figure 5.7 Effects of pH of contact solutions on adsorption isothermal curves with 
increased CaCl2 concentration (solid line indicates pH adjustment results). 
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5.2.2 Results of XRD analysis 
 

Fig. 5.8 presents the analysis results of the residue adjusted using a nitric acid solution for 

pH. Compared to the pre-adsorption cement paste, a reduction in portlandite, ettringite, 

alite, and larnite was confirmed. XRD analysis was conducted on residues with the highest 

adsorption amounts, which were adjusted in pH according to L/S ratios, specifically at 50 

mL/g and 20 mL/g.  However, the average pH values for each were 12.73 and 12.80, 

respectively, with a minimal pH variation of 0.07, resulting in similar peaks and indicating 

no significant compound differences due to pH change. Regarding the Pb compounds 

presumed to be present in the post-adsorption test residues, although some similar peaks 

were present across all analyses, they were mostly partial matches and did not suffice for 

identification. 

 

 

Figure 5.8 XRD pattern of samples before and after the adsorption tests (pH adjustment by 
nitric acid solution). 
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5.3 Effect of the contact solutions on the adsorption characteristics of Pb in CSH 
 

5.3.1 Adsorption test results 
 

Adsorption isotherms allow the analysis of a material's adsorption capacity. This study 

employs two common models, Freundlich and Langmuir, shown in Eqs. (5.1) and Eq. 

(5.5)181, respectively.   

 

V = KLQmaxP/(1 + KLP)                                                            (5.5) 

 

Where, 

KL:Langmuir adsorption coefficient (L/mg). 

Qmax:  the maximum adsorption capacity of adsorbent sample (mg/g). 

 

Table 5.2 summarizes the simulated parameters for these models. The R2 value of the 

Freundlich model was higher than that of the Langmuir model (except for the result of 

CSH1.40 after contact with NaCl solution.), as observed. Moreover, the results of CSH0.83 

exposed to CaCl2 solution could not be simulated by the Langmuir model. It appeared that 

the Freundlich model fits the experimental data better. Throughout the adsorption process, 

research revealed that multilayer surface adsorption occurred at heterogeneous surfaces. 

Guo et al.182 have also reported Freundlich adsorption isotherms in adsorption experiments 

with CSH. 
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Table 5.2 Langmuir and Freundlich adsorption isotherm parameters. 
 

Parameter   Pore 
solution NaCl KCl CaCl2 Ca(NO3)2 

Langmuir 

CSH0.83 
KL (L/mg) 0.088 0.044 0.036 - 0.014 

Qmax (mg/g) 48.08 41.15 55.87 - 153.85 
R2 0.78 0.52 0.86 - 0.21 

CSH1.40 
KL (L/mg) 0.034 0.026 0.011 0.0054 0.031 

Qmax (mg/g) 32.36 34.13 57.14 13.44 19.53 
R2 0.98 0.99 0.80 0.95 0.75 

Freundlich 

CSH0.83 
KF 4.19 2.56 1.79 0.74 2.08 
n 0.96 1.06 1.12 1.02 1.04 
R2 0.98 0.98 1.00 0.99 1.00 

CSH1.40 
KF 0.64 0.82 0.57 0.13 0.15 
n 1.092 1.211 1.062 1.419 1.330 
R2 0.96 0.98 0.98 0.98 1.00 

   -: Cannot be simulated with Langmuir 
 

The adsorption isothermal curves of Pb ions for CSH in contact with different 

solutions are shown in Figs. 5.9 to 5.12. For MgCl2PM the Pb concentration was found to 

be undetectable at the 10-2 ppm level. As shown in Figs. 5.9 to 5.12, the results for 

NaClPM, KClPM, and pore solution displayed very similar adsorption quantities for Pb. In 

addition, regardless of the Ca/Si ratio of the CSH, the equilibrium concentration of Pb in 

the mixed solution of CaCl2PM was the highest. In other words, the CSH exposed to 

CaCl2PM had the lowest adsorption capacity for Pb. Evidently, the adsorption properties of 

Pb in CSH for the CaCl2 solution were different from those for other contact solutions. 

This accords with the behavior of cement pastes exposed to a similar range of solutions in 

this study (see Figs. 5.1 and 5.2). When this result was combined with the results of the 

tank leaching tests, it was found that the lower the adsorbability of Pb on CSH, the greater 

the leachate quantities obtained by contact with the chloride solutions. 

Comparing the results for the CSH0.83 with the results for the cement paste 

(W/C=0.40) as shown in Figs. 5.9 and 5.10, it is evident that the adsorption capacity of 

CSH0.83 is larger than that of the cement paste and that CSH0.83 has a stronger affinity 

for Pb than cement paste (W/C=0.40). Comparing the results for CSH1.40 and CSH0.83, 
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CSH0.83 adsorbs more Pb than CSH1.40 for either contact solution. This is because the 

lower the calcium-silica ratio, the greater the specific surface area. 

 

 

Figure 5.9 Adsorption isothermal curves of Pb on CSH0.83 in pore solution, NaCl, KCl 
solutions, and on cement paste in deionized water (average pH value in parentheses). 

 

 

Figure 5.10 Adsorption isothermal curves of Pb on CSH0.83 in CaCl2 and Ca(NO3)2 
solutions (average pH value in parentheses). 
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Figure 5.11 Adsorption isothermal curves of Pb on CSH1.40 in pore solution, NaCl and 
KCl solutions (average pH value in parentheses). 
 

 
Figure 5.12 Adsorption isothermal curves of Pb on CSH1.40 in CaCl2 and Ca(NO3)2 

solutions (average pH value in parentheses). 
 

According to previous studies183,184, as shown in Eq. (5.6), dissociation of silanol 

sites (SiOH) due to high solution pH yields a negatively charged surface. Ions in the pore 

solution are prone to interact strongly with silanol sites in ways that lead to adsorption. 

Therefore, alkaline cations may be able to bind onto the CSH surface as shown in Eq. (5.7). 
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Several studies indicate that the Ca2+ cations are potential-determining ions for the CSH 

surface, with the ability to reverse CSH surface charge183,185. It is also reported that the zeta 

potential of CSH with the addition of NaCl was similar to that of CSH without the addition 

of NaCl (pure CSH), and no changes due to adsorbed ions were observed183. Meanwhile, 

Plusquellec et al.186,187 reported that the change in zeta potential was much lower for KCl 

additions even at concentrations many times higher than the CaCl2 concentration compared 

to higher CaCl2 additions leading to higher zeta potential. This change is not sufficient to 

cause a charge reversal.  

 

≡SiOH + OH- ⇔ ≡SiO-  +  H2O                                                         (5.6) 

≡SiOH + Ca2+ ⇔ ≡SiOCa+ +  H+
                                                                            (5.7) 

 

Moreover, in the case of Ca2+, as shown in Figs. 5.10 and 5.12, due to the reaction 

shown in Eq. (5.7), the pH value is lower than that in other cases. The reaction produces H+ 

which dissolves the hydroxide precipitates of HMs. This also leads to a rise in the 

equilibrium concentration of Pb in the CaCl2PM solution. 

 

5.3.2 XRD analysis Results 
 

The results of the XRD analyses for the residues obtained from the samples showing the 

highest Pb adsorption quantities are shown in Fig. 5.13. Save for MgCl2PM, the samples in 

contact with the chloride solutions showed little chemical alteration of the hydrate. The 

(002) reflection of the CSH occurring at 2θ(CuKα)=7.0°~ 9.0° enables the basal spacing 

between silicate layers in the CSH structure to be determined188. In the case of the 

MgCl2PM, this peak becomes indistinct, indicating that the CSH becomes 

lower crystallinity. This is in agreement with the conclusion by Tang et al.154 that even 
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minor initial Mg2+ input decreases the crystallinity of CSH. Additionally, brucite peaks 

were detected after contact with MgCl2PM. This finding is consistent with the lower 

crystallinity of CSH and confirms the conclusion by Tang et al.189. Shao et al.190 have 

already reported that brucite can thus be used as a promising mineral for HMs 

immobilization. Therefore, the increase in the Pb adsorption can also be attributed to the 

formation of brucite which reduced the pH value to around 8.66. Although Zhao et al.191 

confirmed the identity of the adsorbed heavy metal phases (e.g., Ni3Si2O5(OH)4 and 

Ni2SiO4 of the Ni-CSH group, etc.) from the XRD patterns of CSH, confirming the identity 

of heavy metal phases from XRD patterns can be challenging due to the similarity in 

diffraction peaks among many phase compositions192. Here, we were not able to confirm 

the crystalline phase of the Pb compounds in any samples. 

 

 

Figure 5.13 XRD pattern of CSH1.40 before and after the adsorption tests (25 g/L of Pb 
nitrate solution). 

 

5.3.3 EDX analysis-CSH0.83 results 
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As shown in Fig. 5.14, individual point spectra were selected from several neighboring 

points within a local area of the order of 200×200 μm. A total of five individual spot 

spectra grouped into two such areas were recorded. The Ca/Si atomic ratios calculated 

from the spectra of each of these spots are shown in Fig. 5.15. The bars on the histogram in 

Fig. 5.15 represent the Ca/Si results for the five individual point spectra of each sample, 

tested five times to exclude the effect of errors. As shown in Fig. 5.15, in all cases other 

than MgCl2PM, it was confirmed that the Ca/Si ratio increased.  

When CSH was in contact with NaClPM and KClPM, only very low levels of 

sodium and potassium were detected on the CSH residues by EDX, although the 

concentrations of both sodium and potassium in the chloride contact solutions were more 

than twice the concentrations of calcium in the case of the CaCl2PM. In addition, NaClPM, 

KClPM, and pore solution showed a very close Ca/Si ratio but in the case of MgCl2PM the 

Ca/Si ratio was the smallest. This corresponded well with the result of Pb adsorption. 

Therefore, compared with the pore solution, in the case of NaClPM and KClPM, it seems 

that the adsorption capacity of Pb on cement pastes in each contact solution does not 

change markedly. 

In the cases of CaCl2PM and Ca(NO3)2PM, the increase in the Ca/Si mole ratio is 

slightly larger than that in the cases of NaClPM and KClPM. The higher Ca/Si mole ratio 

and calcium contents indicate that CaCl2 plays a beneficial role in retaining Ca2+ in CSH. 

The increase in the Ca/Si ratio also caused a decrease in the adsorption sites for Pb, which 

was probably due to Ca occupying the adsorption sites193. This may lead to a reduction in 

the adsorbability of Pb in the cases of CaCl2PM and Ca(NO3)2PM. Additionally, in the 

case of MgCl2PM, the Ca/Si mole ratio showed an evident decrease. This can be explained 

by the fact that in the process of CSH decalcification as shown in Eq. (5.8), MgCl2 can 

react with the cementitious CSH and convert it to non-cementitious magnesium silicate 
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hydrate (MSH)162,194. This may in turn lead to an increase in the adsorbability of Pb. 

 
CSH + MgCl2 → MSH + CaCl2                                                         (5.8) 

 

  
Figure 5.14 SEM micrograph of two sites from which EDX analyses were taken on 

CSH0.83. 
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Figure 5.15 Ca/Si mole ratios of CSH0.83 before and after the adsorption tests (The bars 
represent the Ca/Si results for the five individual point spectra.). 

 

5.4 Summary 

 

In this study, adsorption tests in several chloride solutions and in Ca(NO3)2 solution were 

conducted to investigate the adsorption characteristics of Pb in CSH when in contact with 

chloride solutions and Ca(NO3)2 solution. In addition, Pb adsorption tests were conducted 

in several chloride solutions and different pH environments to analyze the effects of NaCl, 

KCl, MgCl2 and CaCl2 on the adsorption characteristics of Pb in cement paste. From the 

above-mentioned experimental results, the following conclusion can be drawn: 

 

1. When chloride solutions were used as the contact solution for Pb adsorption tests 
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on cement pastes, the highest adsorption was observed with MgCl2 solution, followed by 

NaCl, KCl, deionized water, and LiCl solutions. Notably, the adsorption was significantly 

lower with CaCl2 solution. 

2. When cement paste is exposed to chloride solutions such as NaCl or CaCl2 before 

the adsorption of Pb, the number of adsorption sites decreases. However, it is believed that 

these sites remain available for adsorption even when the cement paste is exposed to 

chloride solutions like NaCl or CaCl2 after the adsorption of Pb. 

3. In Pb adsorption tests conducted by varying the pH of the solution in contact with 

cement paste, it was observed that regardless of the pH adjustment method, the amount of 

adsorption tended to increase as the pH of the solution decreased from around 13 to 10. 

However, this trend was not observed in the presence of chlorides. 

4. For varying the pH of the solution in contact with the cement paste, including the 

use of chloride solutions, Pb adsorption in the range of this study approximates the 

Freundlich adsorption isotherm. 

5. When nitric acid was used to adjust the pH in Pb adsorption tests, the residue 

showed a decrease in portlandite, ettringite, alite, and larnite compared to residues where 

the pH was adjusted using the L/S method. Additionally, when Pb adsorption tests were 

conducted using chloride solution as the contact solution, portlandite almost converted to 

brucite in the case of MgCl2 solution. However, no definitive identification of Pb 

compounds was achieved in any of the experiments. 

6. Pb adsorption by CSH was greatest in the case of MgCl2PM, while NaClPM, 

KClPM, and pore solution showed closely similar adsorption quantities for Pb. It was 

found that the lower the adsorption capacity of Pb on CSH, the larger the leachate 

quantities in contact with these solutions. 

7. Regardless of the Ca/Si ratio of CSH, the contact solution equilibrium 

concentration of Pb is the highest in the case of CaCl2PM. This finding is an important 
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reason for the highest rate of Pb leaching in the field where CaCl2 solutions are used in 

contact with mortar. 

8. The higher Ca/Si mole ratio and calcium contents realized after the contact of 

CSH with CaCl2 indicate that CaCl2 plays a beneficial role in retaining Ca2+ in CSH. 
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CHAPTER 6. GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Conclusion 

 

This study conducted tank leaching tests in various chloride solutions to investigate the 

long-term leaching behavior of Cu, Zn and Pb in mortar when they come into contact with 

chloride solutions. Additionally, adsorption experiments were performed in several 

chloride solutions and Ca(NO3)2 solutions to analyze the adsorption characteristics of Pb 

when CSH (calcium silicate hydrate) is exposed to these solutions. Furthermore, Pb 

adsorption tests were conducted in various chloride solutions and in environments of 

different pH values, to study the effects of NaCl, KCl, MgCl2, and CaCl2 on the adsorption 

characteristics of Pb in cement paste. Based on the experimental results obtained from this 

study, the following conclusions are drawn: 

 

Effect of various chloride solutions on the long-term leaching behavior of Cu, Zn, and 

Pb in mortar 

1. The leaching rate of Pb is consistently significantly higher than that of Cu and Zn, 

regardless of the type of chloride solution or deionized water used. 

2. The leaching of Cu, Zn, and Pb is most significant with CaCl2 solution. 

3. In the case of the MgCl2 solution, most portlandite in the specimens was decomposed to 

form brucite which reduced the pH value to around 9. This fact caused lower leachate 

quantities of Zn, Cu, and Pb. 

4. The leachate quantity of Pb from the specimens immersed in the CaCl2 solution is more 

than six times as large as that in the other solutions. The leachate quantity was the smallest 

in the case of the deionized water.  

5. Correlations between changes in pore volume and Pb leaching were not observed for the 
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specimens immersed in each chloride solution for 64 days at the same water/cement ratio. 

6. Compared with the specimens with a water/cement ratio of 0.55, the specimens with a 

water/cement ratio of 0.40 had a lower total pore volume, resulting in lower leachate 

quantities of HMs. 

7. Based on the qualitative analysis results from XRD in this study, it was impossible to 

determine definitively the forms of Cu, Zn and Pb compounds that exist in the mortars. 

8. According to the EPMA results in this study, in the case of KCl solutions, the weaker 

binding capacity of chloride ions relative to CaCl2 may explain the lower leaching of Pb in 

KCl solution compared with CaCl2. 

 

Effect of various chloride solutions on the adsorption and desorption properties of 

cement paste for Pb 

1. When chloride solutions were used as the contact solution for Pb adsorption tests on 

cement pastes, the highest adsorption was observed in the case of MgCl2 solution, 

followed by NaCl, KCl, deionized water, and LiCl solutions. Notably, in the case of 

CaCl2 solution, the adsorption of Pb was significantly lower, which is one of the main 

reasons for the significantly higher Pb leaching observed. 

2. When cement paste is exposed to chloride solutions such as NaCl or CaCl2 before the 

adsorption of Pb, the number of adsorption sites decreases. However, it is believed that 

these sites remain available for adsorption even when the cement paste is exposed to 

chloride solutions like NaCl or CaCl2 after the adsorption of Pb. 

3. In Pb adsorption tests conducted by varying the pH of the solution in contact with 

cement paste, it was observed that regardless of the pH adjustment method, the amount 

of adsorption tended to increase as the pH of the solution decreased from around 13 to 

10. However, this trend was not observed in the presence of chlorides. 

4. For varying the pH of the solution in contact with the cement paste, including the use 
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of chloride solutions, Pb adsorption in the range of this study approximates the 

Freundlich adsorption isotherm. 

5. When nitric acid was used to adjust the pH in Pb adsorption tests, the residue showed a 

decrease in portlandite, ettringite, alite, and larnite compared to residues where the pH 

was adjusted using the L/S method. Additionally, when Pb adsorption tests were 

conducted using chloride solution as the contact solution, portlandite almost converted 

to brucite in the case of MgCl2 solution. However, no definitive identification of Pb 

compounds was achieved in any of the experiments. 

 

Effect of various chloride solutions on the adsorption properties of CSH for Pb 

1. CaCl2 plays a beneficial role in maintaining Ca2+ in CSH, which leads to a decrease in Pb 

adsorption sites. 

2. Pb adsorption by CSH was greatest in the case of MgCl2PM, while NaClPM, KClPM, 

and pore solution showed closely similar adsorption quantities for Pb. It was found that 

the lower the adsorption capacity of Pb on CSH, the larger the leachate quantities in 

contact with these solutions. 

3. Regardless of the Ca/Si ratio of CSH, the contact solution equilibrium concentration of 

Pb is the highest in the case of CaCl2PM. This finding is an important reason for the 

highest Pb leaching rates when using CaCl2 solutions in contact with the mortar. 

 

6.2 Recommendations for future works 

 

Based on the conclusions of the present study and previous researches, the following 

recommendations can be made for future work: 

1. This study only considered a 10% chloride solution concentration in experiments, not 

covering a wider concentration range. Therefore, future research should test various 
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concentrations of chloride solutions to more comprehensively understand the impact of 

concentration on heavy metal leaching and adsorption. 

2. The present study did not identify the chemical forms of HMs. High-resolution 

transmission electron microscopy (HRTEM) could be used in future studies to examine 

the crystal structure, pore distribution, and nano-level phase changes in cement-made 

materials. This would allow for the analysis of the location and distribution of heavy 

metal ions within these materials and their interactions with the microstructure. If we 

find certain microstructures that immobilize HMs better, we could enhance material 

immobilization capabilities by changing raw materials or manufacturing processes to 

promote these structures. 

3. The range of HMs considered in this study was limited to copper, zinc, and lead, 

excluding other potential contaminants. Future studies should diversify the types of 

HMs, exploring the leaching and adsorption behaviors of others like cadmium, 

selenium, hexavalent chromium, and arsenic in cement-based materials. 

4. While this study mainly focused on the influence of chloride solutions, future research 

could also simulate more complex environmental factors, such as the effects of acid 

rain and seawater environments on heavy metal leaching and adsorption. 

5. The experimental conditions of this study were limited, mainly conducted under indoor 

conditions with only 625 days of leaching observation. Hence, field application 

research should be conducted for long-term testing in natural environments to verify 

the reliability and applicability of the indoor experimental results. 

6. The CSH synthesis approach in this study, which utilized a specific method and Ca/Si 

ratio, may only partially reflect the characteristics of CSH in reality. Therefore, it is 

recommended to explore various CSH synthesis approaches and  investigate the impact 

of different Ca/Si ratios on the adsorption of HMs. 

7. The study material was limited to cement paste in this study. Future research could 
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expand to a broader range of cementitious materials, particularly those emerging as 

sustainable alternatives to traditional cement, such as geopolymer, magnesium-based 

cement, and lime-fly ash mixtures. This would help us understand how different 

compositions interact with HMs and the environment. 

8. Developing predictive models based on this study’s results could help forecast heavy 

metal behavior in various chloride environments. These models are crucial for planning 

safer construction methods and material development. 

9. Future research could also explore remediation and reduction strategies, investigating 

methods to resist or mitigate the leaching of HMs in cement-based materials due to 

chlorides. 
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APPENDIX 
 

Pore Size Distribution Measurement Results 
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