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1. INTRODUCTION 

 

 

1.1 Motivation  

Ever since the utilization of nuclear technology began in the 1940s, the safe disposal of nuclear wastes has 

been a challenge. Each year, around 2000 to 2300 metric tons of used nuclear fuel is generated from the 

nuclear industry according to the Nuclear Energy Institute. In the United States, nuclear waste is also a 

legacy from the nuclear weapons production activities beginning with the Manhattan Project. Currently at 

DOE Hanford Site, which is the most challenging clean-up task in the DOE’s nuclear complex, 56 million 

gallons of radioactive wastes generated from plutonium separation and other related processes are stored in 

177 large, underground tanks awaiting treatment and disposal [1,2]. The stored radioactive and 

heterogeneous wastes are planned to be separated into a higher activity, lower volume fraction and a lower 

activity, higher volume fraction (denoted LAW) streams. The expected LAW contains less than 10% of the 

total radioactivity of the Hanford waste but is more than 90% of the volume [3]. Portions of high salt content 

radioactive tank waste and secondary liquid LAW are being considered for treatment with a mixture of fly 

ash, blast furnace slag (BFS), and ordinary Portland cement to produce Cast Stone as a waste form followed 

by near surface disposal [4–6]. BFS serves as a cementitious and pozzolanic binder as well as a reducing 

agent for the radioactive technetium-99 (99Tc) by reducing the soluble form Tc(VII) to less soluble Tc(IV). 

A similar formulation is used in the saltstone material, which is a waste form currently being used for LAW 

disposal at the Savannah River Site Saltstone Disposal Facility (SDF) [7].  

During the regulatorily-required service life of 1000 years for near-surface disposal [8], the waste forms 

are subject to aging processes from the surrounding environment, which impact the physical and chemical 

properties of the material and potentially adversely affect the retention of radionuclides and chemical 

contaminants [9–12]. For example, waste forms containing LAW are intended for disposal in engineered 

facilities with shallow land burial. To minimize the interaction of the waste form with the environment, 

especially through surface water and groundwater, near surface disposal facilities are often located in semi-

arid or arid environments. The dry surrounding atmosphere can cause loss of moisture in the initially 

saturated porous waste form, impacting the waste form aging and transport of the constituents from within 

the material. Depending on the disposal scenario, the waste form is subject to multiple environmental aging 

processes such as carbonation, oxidation, sulfate attack, chloride penetration, and leaching [13–16]. In the 

case of near surface disposal, carbonation and oxidation along with leaching attracts special attention 
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because of the availability of CO2, O2, and water (constantly or intermittently) in the surrounding 

environment. Correlation has been observed between drying and carbonation in multiple experiments 

despite the lack of consensus on the relationship [17–21]. In addition to drying, varying CO2 content in the 

surrounding environment due to potential accumulation in soil gas also raises uncertainty in estimating the 

carbonation rate and extent [22,23] over extended time intervals. The impact of aging on the long-term 

performance of the waste form and potential risks to the environment and human health have only been 

evaluated using what are considered bounding conditions that result in biased results that can have many 

orders-of-magnitude over-estimation of contaminant release [24]. These bounding results constrain 

effective and efficient waste management, also substantially increasing disposal costs. 

While the mechanisms of carbonation in ordinary Portland cement (OPC) pastes and concretes are relatively 

well understood [25–28] and have been studied in some blended cement systems containing fly ash (FA) 

or blast furnace slag (BFS) [15,18,29,30], carbonation rarely has been studied for the Cast Stone type of 

material that contains high fractions of FA and BFS but very limited OPC [31,32], which yields a lower 

Ca/Si ratio in the solid matrix compared to OPC or common blended cement systems. In addition, the high 

salt content and the radioactive isotopes in the waste stream further increase the complexity of the material’s 

mineralogy and pore water chemistry. While cementitious materials with high salt content have become a 

common application for waste disposal and construction [6,33–36], existing drying studies on cementitious 

materials have neglected the effects of salt pore solution on the capillary force and water activity that drives 

the moisture diffusion.  

Assessment on the performance of the Cast Stone waste form is primarily based on leaching tests conducted 

on freshly prepared material (e.g., after 28 days of curing). Without the consideration of aging, Cast Stone 

has been found viable for the solidification of Hanford secondary liquid waste primarily in that the release 

of 99Tc from the waste form through leaching testing is significantly lower than the regulatory threshold 

[37]. However, carbonation impacts the leaching of the constituents of potential concerns (COPCs) because 

it changes the material mineralogy, which reduces the pH of the pore water and alters pore structures 

[10,11,13,38–40]. The coupled impact of drying and carbonation on leaching from a cementitious material 

has rarely been studied [10,11] but is crucial for evaluating the retention ability for the COPCs in Cast Stone 

and other similar waste forms during field disposal scenarios.  

This dissertation investigated the effects of environmental conditions that are expected in the field on 

carbonation in the Cast Stone waste form and evaluated the impact of carbonation in different 

environmental conditions on the leaching behavior of Cast Stone. Specific environmental factors considered 

include environmental relative humidity and CO2 concentration. Using a combination of aging experiments, 

extensive material characterization, and geochemical speciation and reactive transport modeling, the 
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individual and coupled effects of drying and carbonation on water saturation, microstructure, chemical 

distribution, and leaching of constituents of potential concern (COPCs) were evaluated (Figure 1.1). A 

moisture transport model was developed to predict drying in Cast Stone as a function of environmental 

relative humidity considering the evolution of capillary force and salt solution water activity. Geochemical 

speciation coupled with reactive transport models were used to simulate leaching tests and gain insights 

into the impacts of drying and carbonation on the leaching of major constituents and COPCs. The reactive 

transport model provides a tool for predicting the long-term performance of the waste form. This study also 

informs the understanding of carbonation in alkali-activated materials due to the similarity in the 

composition with Cast Stone. Recent studies focus on using alkali-activated materials, which contains high 

volume of supplemental cementitious materials and an alkaline solution as a sustainable alternative to 

Portland cement for construction and other purposes [35,36,41]. The durability of alkali activated materials 

can be negatively impacted by their vulnerability to aging processes such as carbonation[31].   

 

 

Figure 1.1 Framework of dissertation research 
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1.2 Research hypothesis, objectives and approach  

The central hypothesis of this research is that drying and carbonation processes during aging of Cast Stone 

increase the rate of mass transport during leaching through a combination of physical and chemical changes 

to the microstructure of the Cast Stone material. 

The overall objective of this research has been to quantify and develop models to estimate the impact of 

environmental conditions including relative humidity and CO2 concentration on carbonation and leaching 

behavior from the Cast Stone waste form. A parallel related effort has been underway to examine the rates 

and impacts of oxidation, and the combined effects of drying, carbonation, and oxidation on COPC leaching. 

The specific objectives of the research presented in this dissertation have been to: 

1. Experimentally measure the change in relative saturation in Cast Stone as a function of external 

relative humidity and develop a moisture transport model that accounts for the effect of the salt 

solution on capillary forces and solution water activity. 

2. Determine the rate and extent of carbonation as a function of environmental CO2 concentration and 

environmental relative humidity. 

3. Assess the impact of carbonation under different CO2 concentrations on pH dependent leaching 

and diffusion-controlled mass transport leaching of major and trace constituents from Cast Stone 

and understand the underlying mechanisms through calibration and coupled use of geochemical 

speciation and reactive transport models. 

4. Assess the coupled impact of drying and carbonation on diffusion-controlled leaching of major and 

trace constituents and through use of a reactive transport model to verify assumptions on the 

controlling mechanism. 

 

The general approach for the research was to begin with an experimental investigation on the Cast Stone 

material subject to aging under various environmental conditions, followed by the development of a series 

of numerical, geochemical speciation and reactive transport models of the experimental cases, based on 

theories and data obtained from experimental results. Aging experiments were designed to independently 

evaluate drying as a function of relative humidity, carbonation as a function of CO2 concentration, and 

oxidation, as well as their coupled effects. Granular and monolithic Cast Stone samples were aged in 

environmental conditions with different relative humidity (RH) conditions and CO2 concentrations for 

various periods of time (Figure 1.2). The effects of oxidation on Cast Stone were examined as part of 

another study, and part of the results are provided in Appendix A. 
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Figure 1.2 Design of Cast Stone aging experiments for each research objective.  

*Values in the table indicate the aging times (in weeks) of samples in each aging condition. (ǂ) separate 

study performed by [42]. 

 

Drying of the Cast Stone material was studied by analyzing the 1) saturation profile as function of time and 

2) redistribution of constituents. Carbonation in the material was investigated by analyzing 1) ingress rate 

and reaction extent, 2) physical and chemical evolution, and 3) leaching behavior using pH dependent batch 

leaching and monolith diffusion leaching tests. The relationships between drying, CO2 content, and 

carbonation were investigated. Geochemical speciation and reactive transport models were developed to 

simulate the carbonation and leaching of Cast Stone under specific conditions representative of the 

experimental conditions. 

 

1.3 Structure of the dissertation 

This dissertation is organized into six Chapters. In Chapter 2, a water transport model coupling capillary 

liquid flow with vapor diffusion is introduced that describes the drying process measured for the Cast Stone 

waste form. The vapor-liquid equilibrium formulation as the driving force for vapor diffusion accounts for 

the evolution of capillary force and water activity induced by salt pore solution condensation. In Chapter 3, 

the impact of environmental CO2 concentration and RH on the carbonation of Cast Stone is assessed by 

evaluating the penetration rate, carbonate content, hydroxide flux from diffusion-controlled leaching, water 

saturation profile, and redistribution of highly soluble constituents. A conceptual model for coupled drying 

and carbonation is introduced and the relationships between the two aging mechanisms are discussed. In 
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Chapter 4, the effect of carbonation on leaching of major and trace constituents from the Cast Stone is 

discussed based on results from experiments and simulations. Liquid-solid partitioning (LSP) and chemical 

speciation of the constituents were analyzed using pH dependent leaching and geochemical speciation 

modeling.  Diffusive transport of the constituents in the Cast Stone was evaluated using diffusion-controlled 

mass transport leaching tests and reactive transport modeling using the geochemical speciation model 

derived from pH dependent leaching. Chapter 5 discusses the coupled drying and carbonation effects on 

mass transport leaching behavior from Cast Stone. Carbonation front depth in the material estimated from 

the reactive transport modeling of carbonation ingress and from leaching is compared with experimental 

measurements to inform the estimation of uncertainties in future modeling work.  

 

  



 

 7 

 

2. DRYING MODEL OF A HIGH SALT CONTENT CEMENTITIOUS WASTE FORM: 

EFFECT OF CAPILLARY FORCES AND SALT SOLUTION 

Abstract 

A water transport model coupling capillary liquid flow with vapor diffusion is developed to describe the 

drying process for a cementitious waste form with high salinity pore water. Vapor-liquid equilibrium is 

formulated as the driving force for vapor diffusion and the model accounts for pore capillary and high 

salinity effects on water thermodynamic activity. Pore filling and pore water surface tension as a function 

of pore size distribution and water saturation have been quantified for the material. Geochemical speciation 

modeling is used to simulate pore water activity as a function of composition over the range of saturation. 

The theoretical relationship between relative humidity and water saturation generally agrees with 

experimental measurement, and the developed model can predict drying rates under various external 

relative humidity conditions. The model was developed to be incorporated into reactive transport models 

considering the effects of drying such as salt redistribution and efflorescence.  

 

2.1. Introduction 

Predicting moisture distribution and transport is important for estimating durability and constituent 

transport for cementitious materials. Depletion of moisture can lead to shrinkage cracking and facilitates 

diffusive ingress of reactive gases (e.g., CO2, O2) from the surrounding environment [43]. For example, 

carbonation of cementitious materials can progress faster and further into the material under unsaturated 

conditions. Morandeau, et al. [29,44] found that carbonation in materials with fly ash replacement is more 

sensitive to drying than that in OPC-based materials, as the former materials contain coarser capillary pores. 

However, some researchers found insufficient moisture within a material can restrict carbonation reactions 

[17,19,45].  

Moisture transport occurs as a result of the thermodynamic imbalance between the core of the material and 

the surrounding environment. Hydraulic pressure gradients lead to the capillary movement of liquid water, 

and the gradient in relative humidity (RH) drives diffusion of water vapor. Capillary water flow transports 

dissolved ionic constituents [46], while vapor diffusion does not. This difference makes it important to 

distinguish between both mechanisms of water transport when considering mass transport of material 

constituents such as salts and hazardous species. Although liquid phase ionic diffusion can relax internal 

concentration gradients (albeit at a slower rate than capillary flow), some salts can crystallize in the pores 
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near the surface of the material when chemical supersaturation is reached via evaporation [47–50]. One of 

the consequences is efflorescence, which is a common issue with building materials and some geologic 

materials, especially for those materials with high salt content in the pore solution [41,51–54].  

High salt content is found in many types of cementitious waste forms and construction materials. 

Cementitious waste forms have been used to solidify concentrated liquid waste such as landfill leachate and 

radioactive waste to immobilize constituents of concerns [33,55–58]. For example, a cementitious waste 

form referred to as Cast Stone is being investigated as a treatment method for near-surface disposal of low-

activity nuclear waste and secondary waste with high salt content generated at the U.S. DOE Hanford Site 

(Richland, Washington) [58]. A similar waste form named saltstone has been used for low-activity nuclear 

waste disposal at the DOE Savannah River Site (Aiken, South Carolina) [57]. The semi-arid environment 

at the Hanford Site raises concerns about drying effects on waste form performance [24]. Recent studies 

also focus on using alkali-activated materials as an alternative to Portland cement for construction and other 

purposes [35,36,41]. The high alkali content in these materials has been found more likely to produce salt-

redistribution and efflorescence during drying [41]. Therefore, a moisture transport model is not only 

important for predicting the moisture profile within the cementitious material but also for predicting the 

redistribution of pore solution components as a response to capillary flow and drying. 

Numerous efforts have focused on modeling moisture transport in cementitious materials. The most 

common modeling practice uses a non-linear, diffusion-type equation with the water diffusivity being a 

function of water saturation [46,59–66]. The functional relationship between diffusivity and saturation is 

usually derived empirically by a water vapor sorption isotherm (WVSI) from a water desorption (drying) 

experiment. Although models have been successful in predicting moisture loss from materials of interest, 

most of these models lack the basis for quantifying the transport of dissolved ions and predicting 

redistribution of constituents within the material during drying because they do not distinguish mechanisms 

between capillary water flow and water vapor diffusion. Samson et al. [66] and Johannesson et al. [67] have 

adopted models distinguishing vapor phase from liquid phase transport, but both use empirically derived 

water diffusivity for vapor diffusion. Since the physical and chemical properties of materials may change 

during aging, empirical models derived from the measurement of the initial material could mis-predict the 

drying of the material over the long-term.  

To distinguish the transport of liquid water and water vapor, it is necessary to use different sub-models to 

account for each mechanism. Liquid flow driven by the hydraulic head gradient is described by the well-

established Richards equation [68]. Vapor diffusion is driven by the gradient in water vapor pressure. 

Theoretically, the vapor pressure in the pore is governed by Kelvin’s equation, which includes effects of 

surface tension, contact angle, pore size, and vapor pressure of the pore solution [52,69–73]. Study shows 
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that there can be large differences in the drying characteristics of OPC-based materials and materials 

containing supplementary cementitious materials (fly ash, slag, etc.) due to the different pore structure 

characteristics [70]. Furthermore, as a result of high salinity in the pore solution and the increase in pore 

solution chemical saturation as drying progresses, the effect of salt solutions on the surface tension and 

water activity becomes significant in cementitious materials with high salt content [52,53,72,73]. 

Estimation of vapor liquid equilibrium based on theoretical calculation is therefore important for simulating 

drying in high salt cementitious materials.  

The objective of this study was to develop a model that mechanistically accounts for both capillary liquid 

and vapor phase water transport in the Cast Stone waste form during drying. Hydraulic and pore water 

properties of the material were experimentally characterized or were estimated using a geochemical 

speciation model and then used to derive the relative humidity (equivalent to water thermodynamic activity) 

as a function of water saturation based on Kelvin’s equation. The measured pore size distribution of the 

material was used to relate water saturation to maximum water-filled pore size.  The impact of a high ionic 

strength salt solution and capillary forces within cement pores on vapor-liquid partitioning has been 

quantified. Subsequently, two sub-models have been derived to account for moisture transport by liquid 

capillary transport and by vapor phase diffusion using the basic relationships of hydrology and diffusion, 

and then these sub-models have been coupled using a four-stage conceptual model to describe the drying 

process. Drying experiments were conducted to provide key model parameters (surface mass transfer rate, 

gas phase tortuosity, etc.) and to compare with modeling results. Finally, the relative contributions of each 

mechanism (liquid or vapor transport) to water flux during the drying process has been evaluated.   

 

2.2 Material and experimental methods 

2.2.1 Material preparation and characterization  

The Cast Stone cementitious binder is a mixture of class F fly ash (FAF), blast furnace slag (BFS), and 

Type I/II ordinary Portland cement. The binder is mixed with a salt waste solution containing 5M sodium 

[74] at a water to binder ratio of 0.48. Cast Stone samples were cured at 25 °C and 100% RH under nitrogen 

for 90 days to allow complete hydration and full initial saturation, while minimizing carbonation and 

oxidation. The material preparation procedure follows that described by Lockrem [4].  

The bulk porosity of Cast Stone was derived from the skeletal density measured by nitrogen pycnometry 

using a Micromeritics AccuPyc II 1340 pycnometer (Micromeritics Instrument Corp, Norcross, Georgia). 
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Prior to measurement, samples of Cast Stone were oven-dried at 60 °C under vacuum for 24 hours. The 

composition of Cast Stone and the dry bulk density, skeletal density, and porosity are shown in Table 2.1.  

Table 2.1 Composition and physical properties of Cast Stone. 

Component 

(wt %) 

OPC FAF BFS Salt 

waste 

solution 

Dry bulk 

density 

(g/cm3) 

Skeletal 

density 

(g/cm3) 

Porosity* 

(cm3/cm3) 

 4.8 27 28.2 40 1.40 2.40 0.41 

*Porosity = 1-dry bulk density/skeletal density. 

The pore size distribution in Cast Stone was characterized by a combination of nitrogen 

adsorption/desorption (N2 sorption) and mercury intrusion porosimetry (MIP) to account for the difference 

in the optimum measurement range of the test methods [75–78]. Mercury intrusion has been found to cause 

damage to pore structure when high pressure is applied to measure small pore size [78]. Meanwhile, the 

application range of the calculation model to N2 sorption data is in the mesopore to micropore range, 

because coarser pore sizes (>50 nm) are assumed to remain empty during N2 sorption [79]. Mesopore 

structure was determined by N2 sorption conducted at 77.2 K using a Micromeritics 2020 Accelerated 

Surface Area and Porosimetry System. The pore size distribution between 1.7 and 30 nm diameter was 

derived assuming cylindrical pores using the Barrett, Joyner, and Halenda (BJH) model [76]. Macroscale 

pore structure to a minimum pore diameter of 3 nm was determined by MIP using a Micromertics AutoPore 

V9600 porosimeter up to a maximum pressure of 430 MPa. 

2.2.2 Pore water extraction and properties  

The pore water of the Cast Stone material was approximated by conducting an up-flow column percolation 

experiment with deionized water flowing through a packed bed of crushed Cast Stone material. Eluate water 

volume was up to a liquid-to-solid ratio of 0.31 mL/g-dry, which approximates one pore volume exchange. 

The concentrations of constituents in the extract were analyzed with inductively couple plasma-optical 

emission spectrometry (ICP-OES, Agilent Technologies, Santa Clara, CA) following EPA Method 6010D 

[80]. The concentrations of anions were analyzed with ion chromatography (IC, Metrohm USA, Riverview, 

FL) following EPA Method 9056A [81]. Electrical conductivity, pH, and density of the extract also were 

measured.  



 

 11 

 

The composition and properties of the pore water are listed in Table 2.2. The concentrations of nitrate and 

nitrite anions have been corrected to charge balance the solution. The ionic strength was estimated from the 

measured cation and anion concentrations. Equilibrium relative humidity was measured above the extracted 

pore water surface to estimate the water activity of the pore solution. Relative humidity is a measure of 

water activity in the vapor phase, and at vapor-liquid equilibrium, a direct measure of water activity in 

solution. Notably, the pore water contained high sodium content that can potentially precipitate in the form 

of sodium nitrate, sodium nitrite, and sodium sulfate as the material dries, as shown by geochemical 

speciation modeling results in section 2.5.1. 

Table 2.2 Chemical composition and properties of Cast Stone pore water. 

Constituents 

(mol/L) 

Al Ca Cr K Na Si SO4
2- NO3

- NO2
- CO3

2- 

0.0026 0.0015 0.0011 0.161 2.61 0.0049 0.22 1.13 0.409 0.25 

Properties 

Density (g/cm3) 
Ionic strength 

(mol/L) 
Water activity pH   

1.14 3.3 0.95 12.98   

 

2.2.3 Sample drying in controlled environments  

Hydrated samples of Cast Stone were cut into thin cylindrical disks (25.8 mm d×10 mm h) and were first 

equilibrated at 100% RH for approximately 7 days until a consistent mass (weight difference less than 0.5%) 

was achieved for three consecutive daily measurements. Samples were saturated by vapor equilibration 

rather than immersion in water because the Cast Stone matrix can be damaged when contacting with water, 

which is likely due to the dissolution of soluble salts [82]. Saturated samples were then transferred into 

sealed containers for drying in lower RH environments. The RH in the sealed containers were maintained 

at 11%, 33%, and 68% using saturated salt solutions of lithium chloride, magnesium chloride, and sodium 

nitrite, respectively [83] with samples placed 1 cm above the solution. The mass of each sample was 

measured at the end of the first 48 hours and then monitored every seven days, until two successive 

measurements of mass show a decrease of less than 0.02% (approximately 58 days in total).  

To measure the relative humidity of the saturated material, size reduced granular material (2 mm diameter) 

was mixed with a small amount of water to fill the pore spaces. The relative humidity at equilibrium over 

the mixture in the container was measured. 



 

 12 

 

Chemically bound water in samples equilibrated under each drying condition was measured using 

thermogravimetric analysis coupled with mass spectroscopy (TGA-MS) following the method described in 

Maruyama et al. [84]. TGA was carried out using a TA Instruments Q600 SDT analyzer (New Castle, 

Delaware, USA) under nitrogen gas flow. Approximately 25 mg of powdered sample was initially 

equilibrated at a temperature of 105°C until constant weight was reached to remove evaporable water prior 

to heating to 500°C at a rate of 10.0°C/min [84]. Chemically bound water was estimated by sample mass 

loss between 105°C and 400°C following the reported dehydration temperature range for C-S-H [31,85]. 

Mass spectroscopy was used to confirm water as the gaseous decomposition product under the above 

temperature range. Example of TGA data analysis is shown in (Figure B3). 

 

2.3. Modeling approach 

2.3.1 Theory of drying from cementitious material 

2.3.1.1 Conceptual model  

The drying process is based on a four-stage conceptual drying model that considers different controlling 

mechanisms at each stage (Figure 2.1) as proposed by Garrabrants and Kosson [63]. Each position in the 

material undergoes up to four drying stages throughout the drying process, characterized by declining water 

saturation S. Water saturation is defined as the volume fraction of water in pore space. The initially water 

saturated sample at x=l/2 (where l is the thickness of the sample) is exposed to air (Stage 0; initial condition). 

With environmental relative humidity lower than the water activity, water molecules evaporate from the 

sample surface to the air. After drying begins, there exists a continuous liquid phase in the material with 

the vapor phase discontinuous (Stage I). Hence, water transport is dominated by the liquid capillary flow 

and the distribution of water saturation within the material remains relatively constant with location. As 

water saturation decreases below the capillary saturation (Stage II), where a continuous vapor phase forms, 

an internal pressure gradient of water vapor is introduced. The moisture transport consists of both vapor 

diffusion and liquid capillary flow. Finally, when water saturation is further reduced to less than insular 

saturation (Stage III), where the liquid phase is discontinuous, liquid capillary flow is restricted and the 

moisture transport is controlled by vapor diffusion. Throughout the whole process, local vapor-liquid 

equilibrium is assumed. The setting of all the model parameters is discussed in section 2.3.3. 



 

 13 

 

 

Figure 2.1 Conceptual model of the drying process following Garrabrants and Kosson [63]. Stage 0-I: liquid 

transport controlled; Stage I-II: liquid and vapor transport; Stage II-III: vapor transport controlled. Plots in 

the lower row indicate the saturation profile at the specific stage. 

 

2.3.1.2 Vapor-liquid equilibrium in capillary pores  

In a curved vapor-liquid surface, at equilibrium, water vapor pressure P is described by Kelvin’s equation 

[69]: 

 
𝑅𝑇 ln

𝑃

𝑃∗
= 2𝜎

𝑉𝑚,𝑙

𝑟
 (2-1) 

where P* is saturated water vapor pressure, σ is surface tension, r is curvature radius of the pore water 

surface that is also considered the pore radius, R is the universal gas constant, T is temperature, and Vm,l is 

molar volume of water vapor. As relative humidity H is defined as H=P/P0, where P0 is vapor pressure of 

pure water, and water activity of pore solution Hsol is defined as Hsol = P*/P0, water vapor pressure is related 

to the relative humidity and water activity of pore solution in the following form: 

 
𝑃

𝑃∗
=

𝑃
𝑃0

𝑃∗

𝑃0

⁄ = 𝐻
𝐻𝑠𝑜𝑙
⁄  

(2-2) 

Substituting Eq. 2-2 into Eq. 2-1 and rearranging yields an expression for pore water relative humidity H:  
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𝐻 = 𝑒𝑥𝑝 (−

2𝑉𝑚,𝑙

𝑅𝑇

𝜎

𝑟
) × 𝐻𝑠𝑜𝑙 

(2-3) 

In Eq. 2-3, the molar volume of pore solution Vm,l was assumed constant with ionic strength. Pore size 

radius r, surface tension σ, and water activity of the pore solution Hsol, were determined from experimental 

measurements or model simulation, and their functional relationships with water saturation and pore 

solution composition were determined.   

2.3.1.3 Water activity and surface tension as functions of pore solution composition 

Water activity of the pore solution as a function of solution composition was derived by simulating the 

drying process of pore solution under equilibrium with the solid phases of Cast Stone. The geochemical 

speciation modeling software PHREEQC (version3.2.12, United States Geological Survey [86]) was used 

to determine water activity as a function of composition and liquid-solid equilibrium at different drying 

states. The mineral assemblage [87–89] and its derivation, and aqueous composition of the initial reaction 

system are given in Appendix B-I, Table B2 and Table B3, respectively. The mineral assemblage of the 

material was developed based on the geochemical speciation modeling results of the solubility of major 

constituents (Na, Ca, Si, Al, S, K, N, and C) compared to experimental measurements [90]. In the simulation, 

water is removed from the system step by step and liquid-solid equilibrium is solved for at the end of each 

step. Because of the high ionic strength of the salt solution (I>3.3 M), the Pitzer thermodynamic model 

[91,92] with ion interaction parameters for major solution constituents was selected to calculate activity of 

solution species. Interaction parameters for NO3
-, Al(OH)4

-, and H2SiO4
2- ions that were not in the original 

PHREEQC Pitzer database [92] were collected from literature (Table B4). Water activity was computed 

from the osmotic coefficient, which was derived from Pitzer parameters, as described by Eq. 2-1 and 2-25 

in Plummer, et al. [92].  

A functional relationship was derived between the simulated water activity of pore solution Hsol and pore 

solution concentration factor F, where F is equal to 1 at the reference state of the initial pore water 

concentration at water saturation of the material (S=1). F decreases proportionately from 1 to 0 as the pore 

solution is concentrated by evaporation and F increases proportionately as pore water is diluted, such as for 

experiments. In the pore solution, F is assumed equal to S in pore matrix. The Hsol as a function of F is fit 

using a three-parameter exponential function regressed to point value estimates of Hsol from PHREEQC 

calculations at different values of F: 

 𝐻𝑠𝑜𝑙
̂ = 𝑎 + 𝑏 ∙ 𝑒𝑥𝑝(𝑐 ∙ 𝐹) (2-4) 
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Surface tension as a function of pore solution concentration factor F was derived assuming the major 

electrolyte component in pore solution is NaNO3, with the NaNO3 concentration increasing from the initial 

condition due to evaporation. Surface tension of a sodium nitrate solution (1-12.2 mol/L) from Washburn, 

et al. [93] was used (Table B1). A four-parameter bi-exponential function was used to fit the ratio between 

solution surface tension σ and pure water surface tension σ0 to pore solution concentration factor: 

 
(
𝜎

𝜎0
)

̂
= 𝑑 ∙ 𝑒𝑥𝑝(−𝑒 ∙ 𝐹) + 𝑓 ∙ 𝑒𝑥𝑝(−𝑔 ∙ 𝐹) (2-5) 

2.3.1.4 Vapor diffusion 

Vapor diffusion is driven by the water vapor pressure gradient and is assumed to follow Fick’s first law of 

diffusion. The diffusion equation was derived starting from the mass balance of water vapor: 

 𝜕𝜌𝑣
𝜕𝑡

= −
𝜕𝑗𝑣
𝜕𝑧

 (2-6)                                                      

where ρv is the partial density of water vapor, jv is the water vapor flux, t is time, and z is the distance from 

outer boundary. The equation of state for ideal gases is: 

 
𝜌𝑣 =

𝑃

𝑅𝑉𝑇
 (2-7) 

where Rv is ideal gas constant for water vapor. According to Fick’s first law, the flux of substance is 

proportional to its concentration gradient: 

 
𝑗𝑣 = −

𝜕𝜌𝑣
𝜕𝑧

= −𝐷0,𝐺
𝜕(𝑃/𝑅𝑉𝑇)

𝜕𝑧
= −𝐷0,𝐺

1

𝑅𝑉𝑇

𝜕𝑃

𝜕𝑧
 

(

(2-8) 

where D0,G is the free diffusivity of water vapor in air. D0,G is replaced by an expression for the effective 

diffusivity De,G to account for the varying cross-sectional area within the pore as water saturation changes. 

The effective diffusivity is a function of porosity ε, gas phase tortuosity τG, and water saturation based on 

the relationship derived by Millington and Quirk [94,95]: 

 
𝐷𝑒,𝐺 =

𝐷0,𝐺
𝜏𝐺

2
(1 − 𝑆)10/3 ∙ 휀4/3 (2-9) 

Substituting Eq. 2-7 and Eq. 2-8 into both sides of Eq. 2-6: 

 1

𝑅𝑉𝑇

𝜕𝑃

𝜕𝑡
=

1

𝑅𝑉𝑇
∙
𝜕

𝜕𝑧
(𝐷𝑒,𝐺

𝜕𝑃

𝜕𝑧
) (2-10) 

Since P=H∙P0, then: 
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 𝑃0
𝑅𝑉𝑇

𝜕𝐻

𝜕𝑡
=

𝑃0
𝑅𝑉𝑇

∙
𝜕

𝜕𝑧
(𝐷𝑒,𝐺

𝜕𝐻

𝜕𝑧
) 

(

(2-11) 

Therefore, Eq. 2-6 can be simplified to 

 𝜕𝐻

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷𝑒,𝐺

𝜕𝐻

𝜕𝑧
) (2-12) 

In Eq. 2-12, vapor diffusion is driven by the gradient of relative humidity H, where H is defined as in Eq. 

2-3 and effective diffusivity De,G is defined as in Eq. 2-9. At the outer boundary, where the sample surface 

is in contact with air, the water transport is driven by an evaporation process within the interfacial layer. 

The evaporation mass transfer is driven by the relative humidity gradient at the surface [60]: 

 
𝑗|𝑠𝑢𝑟𝑓 = −𝐷0,𝐺

𝑃0𝑀

𝑅𝑇
∙
𝐻𝑎𝑚𝑏 −𝐻𝑠𝑢𝑟𝑓

𝛿
= 𝜂(𝐻𝑎𝑚𝑏 −𝐻𝑠𝑢𝑟𝑓) (2-13) 

where M is molar mass of water, δ is the thickness of interfacial layer, and Hamb and Hsurf are environmental 

relative humidity and relative humidity at the material surface, respectively. The mass transfer coefficient 

η can be determined through experiment (Eq. 2-28) [96]. At the inner boundary, no flux is assumed: 

 𝑗|𝑐𝑒𝑛𝑡𝑒𝑟 = 0 (2-14) 

2.3.1.5 Liquid capillary flow 

The Richards equation [68] describes liquid transport in unsaturated porous media, which is driven by the 

hydraulic pressure gradient: 

 𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑧
[𝐾[𝜃] (

𝜕𝜑

𝜕𝑧
+ 1)] (2-15) 

where θ is the moisture content, φ is hydraulic pressure head, and K is the hydraulic conductivity that 

changes as a function of moisture content. For the case considered here, gravity is negligible compared to 

the capillary force and so the term +1 is omitted. The hydraulic pressure head is related to water saturation 

with an analytical function as defined by van Genuchten [97]: 

 
S𝑒 =

1

[1 + (𝛼𝜑)𝑛]𝑚
 (2-16) 

where, α, m, and n are the van Genuchten parameters and were determined through laboratory testing [98]. 

The effective water saturation Se is defined as: 

 
𝑆𝑒 =

𝜃 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟

 (2-17) 
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where θ is the moisture content per unit volume of bulk material. θs and θr represent the saturated and 

residual moisture content, respectively. Therefore: 

 

𝜑 = −
1

𝛼
[(
𝜃 − 𝜃𝑟
𝜃𝑠 − 𝜃𝑟

)
−1/𝑚

− 1]

1/𝑛

 (2-18) 

The hydraulic pressure head can also be theoretically derived from surface tension and pore radius by the 

Young-Laplace equation [78]. Hydraulic conductivity is related to saturation as defined by the Mualem-

van Genuchten type function: 

 
K[𝜃] = 𝐾𝑠𝑎𝑡𝑆𝑒

𝐿 [1 − (1 − 𝑆𝑒
1/𝑚)

𝑚
]
2
 (2-19) 

where L is an empirical pore-connectivity parameter and assumed to be 0.5 [98]. 

2.3.1.6 Integration of sub-models 

Vapor diffusion and liquid flow control different drying stages following the conceptual model used in this 

research (Figure 2.1). Assuming coupled transport mechanisms, the flux of the water mass from each of the 

two mechanisms are added together. The equations that follow describe the methodology of the 

combination.  

Multiply both sides of Eq. 2-6 by unit total volume V gives the change of water vapor mass mv: 

 𝜕𝑚𝑣

𝜕𝑡
= −

𝜕𝑗𝑣
𝜕𝑧

∙ 𝑉 (2-20)                                                             

Replace jv with Eq. 2-8 and P=H∙P0: 

 𝜕𝑚𝑣

𝜕𝑡
=

𝜕

𝜕𝑧
(
𝑃0
𝑅𝑉𝑇

∙ 𝐷𝑒,𝐺 ∙ 𝑉 ∙
𝜕𝐻

𝜕𝑧
) (2-21)                                                             

Represent 
𝜕𝐻

𝜕𝑧
 with: 

 𝜕𝐻

𝜕𝑧
=
𝜕𝐻

𝜕𝑆

𝜕𝑆

𝜕𝑧
 (2-22) 

For liquid flow, multiply both sides of Eq. 2-15 with the total volume and water density ρl to give the change 

of water vapor mass ml: 

 𝜕𝑚𝑙

𝜕𝑡
=

𝜕

𝜕𝑧
(𝑉 ∙ 𝜌𝑙 ∙ 𝐾[𝜃] ∙

𝜕𝜑

𝜕𝑧
)  (2-23) 
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Represent 
𝜕𝜑

𝜕𝑧
 with: 

 𝜕𝜑

𝜕𝑧
=
𝜕𝜑

𝜕𝑆

𝜕𝑆

𝜕𝑧
 (2-24) 

Define the equivalent diffusivity of vapor Dv,eq and liquid Dl,eq as functions of water saturation (S) based on 

Eq. 2-9, Eq. 2-21, and Eq. 2-23:  

 
𝐷𝑣,𝑒𝑞[𝑆] =

𝑃0
𝑅𝑉𝑇

∙
𝐷0,𝐺
𝜏𝐺

2
∙ (1 − 𝑆)10/3 ∙ 휀4/3

𝜕𝐻

𝜕𝑆
 

(

(2-25)                                           

 
𝐷𝑙,𝑒𝑞[𝑆] = 𝜌𝑙 ∙ 𝐾[𝜃] ∙

𝜕𝜑

𝜕𝑆
 

(

(2-26)                                                            

Adding Eq. 2-25 to Eq. 2-26, the flux of water mv is sum of the mass change of liquid and vapor: 

 𝜕𝑚𝑤

𝜕𝑡
=
𝜕𝑚𝑣

𝜕𝑡
+
𝜕𝑚𝑙

𝜕𝑡
= (

𝜕

𝜕𝑧
(𝐷𝑣,𝑒𝑞[𝑆]

𝜕𝑆

𝜕𝑧
) +

𝜕

𝜕𝑧
(𝐷𝑙,𝑒𝑞[𝑆]

𝜕𝑆

𝜕𝑧
))𝑉 

(

(2-27)                                                       

The values of Dv,eq and Dl,eq as functions of S are presented in section 2.5.3 and the contributions of liquid 

flow and vapor diffusion as a function of water saturation to drying at different external RH are compared. 

2.3.2 Numerical methods 

A one-dimensional (1-D) drying case is studied using a finite volume method to solve for the 1-D vapor 

diffusion and Richards equations. A Neumann boundary condition is set up based on the evaporation 

equation (Eq. 2-13). To make the water transport solution easily coupled with the more general reactive 

transport model including salt transport and geochemical speciation, the geochemical speciation and mass 

transport solver ORCHESTRA is used [99].  In the ORCHESTRA model set-up, the diffusion and advection 

modules are used, in combination with user defined modules containing the water activity expressions (Eq. 

2-3-Eq. 2-5) and hydraulic property expressions (Eq. 2-18 and Eq. 2-19) to calculate the different fluxes 

describing water transport. A stable solution requires a relatively small spatial step Δx and time step Δt 

because of the strong nonlinearities of Dv,eq and Dl,eq. The stability of the solution was checked by 

successively decreasing Δx and adjusting Δt according to the von Neumann stability criteria (Crank, Eq. 

8.50) [100] until the two solutions converged. 

2.3.3 Model parameterization 

The simulation was performed for the drying experiment, where room temperature and ambient air pressure 

are used. One-dimensional drying was assumed at the top and bottom surfaces of the cylindrical disk sample 



 

 19 

 

(25.8 mm d×10mm h). Porosity and pore size distribution data were obtained from nitrogen pycnometry, 

nitrogen sorption and MIP (section 2.2.1).  

The set of van Genuchten parameters for Cast Stone used in Eq. 2-16 were obtained from the water retention 

test (ASTM D6836-02) that was performed on a cementitious waste form with a composition similar to 

Cast Stone [98]. Saturated hydraulic conductivity Ksat in Eq. 2-15 is calibrated against the 68% RH drying 

curve within the first 9 days, where water saturation in this period is greater than or close to capillary 

saturation and the drying is solely controlled by liquid water capillary flow.  

The mass transfer coefficient η (Eq. 2-13) was calculated from the moisture loss in the first 48 hours of 

drying in 68% RH: 

 η =
𝑚0 −𝑚48ℎ

(𝐻𝑠𝑢𝑟𝑓 − 𝐻𝑎𝑚𝑏)𝐴𝑡
 (2-28) 

 

where A is the surface area. The gas phase tortuosity 𝜏𝐺 (Eq. 2-9) was calibrated against the 11% RH drying 

curve at time greater than 9 days, where water saturation during this stage is much less than capillary 

saturation; therefore, drying is controlled by gas phase diffusion. Key parameters of the model are listed in 

Table 2.3. 

Table 2.3 Key parameters for drying model. 

 Parameter Value Reference 

ε Porosity 0.41 Experiment  

D0,G Free water diffusivity in air (m2/s) 2.49×10-5 [101] 

Ksat Saturated hydraulic conductivity (m/s) 2.1×10-11  Calibrated 

𝝉𝑮 Gas phase tortuosity (-) 20 Calibrated 

η Mass transfer coefficient (kg/m2/s) 1.03×10-5 Experiment 

α van Genuchten parameter (m-1) 1.008×10-3  [98] 

n van Genuchten parameter (-) 1.671 [98] 

λ van Genuchten parameter (-) 0.5 [98] 

θs van Genuchten parameter (-) 0.41 Equivalent to porosity 

θr van Genuchten parameter (-) 0.012 Calculated* 

* When the ratio between equivalent diffusivity of liquid Dl,eq and equivalent diffusivity of vapor Dv,eq equals 1/10 (see Figure 

2.10), the corresponding moisture content is determined as the residual moisture content (θr) and the corresponding water saturation 

is defined as insular saturation. When moisture content is lower than θr, liquid phase transport (Richards Equation) is not effective.  
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2.3.4 Model verification  

An independent case of 1-D drying in a cementitious material modeled using ORCHESTRA was compared 

to a known analytical solution [61] scripted in MATLAB, to assure the accuracy and correctness of the 

numerical calculations in ORCHESTRA. Model prediction agreed well with the analytical solution as 

shown in Figure B1. 

 

2.4. Results 

2.4.1 Pore size radius as a function of water saturation 

The combination of the intrusion volume by MIP in the pore diameter range of 30-340 nm and the pore 

volume by N2 sorption calculated with the BJH model in the pore diameter range of 1.7-30 nm is considered 

as the total pore volume. Assuming drying in the pores occurs progressively from the largest pores to the 

smaller pores without hysteresis, water saturation was calculated as the fractional cumulative volume at the 

corresponding pore radius (cumulative volume between 1.7 nm and the respective pore radius divided by 

total pore volume; Figure 2.2). A second-degree polynomial is used to fit the data with good correlation 

(R2>0.99) over saturation range from 0.03 to 0.90. At the high saturation range (S>0.9), where the unfilled 

pore size is relatively large, drying is not controlled by vapor diffusion (Section 2.3.1) and the effect of 

capillary pore size is negligible. Therefore, the pore radius in this saturation range is excluded in the fitting 

of the function.  

The pore radius can be impacted by the salt deposition during drying, especially for pore water with high 

salt content. The pore size characterizations in this study were performed on pre-dried material, but more 

detailed characterization or simulation is needed to account for the dynamic evolution of salt deposition 

during the drying and its impact on pore structure. However, compared to single drying cycle, it was found 

that repeated imbibition-drying cycles have larger impacts on the pore structure that might induce internal 

stress on porous matrix [47]. This effect was not considered in the current study that focused on a single 

drying process. 
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Figure 2.2 Representative pore radius as a function of water saturation of Cast Stone. 

 

2.4.2 Surface tension and water activity as a function of pore solution composition 

The surface tension σ of the pore water as a function of pore solution concentration factor F was based on 

the surface tension data of NaNO3 solution from Washburn, et al. [93] (Figure 2.3).  

 

Figure 2.3 Surface tension of NaNO3 solution as a function of pore solution concentration factor [93]. 

 

(
𝜎

𝜎0
)

̂
= 1.05 ∙ 𝑒𝑥𝑝(−0.011 ∙ 𝐹) + 0.23 ∙ 𝑒𝑥𝑝(−3.67 ∙ 𝐹) 
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The PHREEQC simulation of the water activity of the pore solution as a function of pore solution 

concentration factor is shown in Figure 2.4. The result is compared with the water activity calculated from 

Raoult’s law, which applies for an ideal solution. Other solution properties (ionic strength, pH, activity 

coefficient, concentrations of major constituents, and saturation indexes of minerals) as a function of drying 

are shown in Figure 2.5.  

 

  

Figure 2.4 Water activity of pore solution as a function of pore solution concentration factor. 

 

 

𝐻𝑠𝑜𝑙
̂ = 0.92 − 0.79 ∙ 𝑒𝑥𝑝(−4.54 ∙ 𝐹) 
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Figure 2.5 Solution properties as a function of evaporation factor* from PHREEQC simulation: A. Water 

activity and ionic strength; B. pH and concentrations of major species; C. saturation indexes of minerals**; 

D. activity coefficients of major ions.  

*Evaporation factor: ratio of the volume of the initial solution to the volume of the final solution (=1/S). **Saturation index: SI = 

log(IAP/Keq). IAP: ion activity product; Keq equilibrium constant. SI>0: supersaturated; SI =0 saturated; SI <0 under saturated 

 

2.4.3 Water saturation as a function of relative humidity 

The measured water saturation of Cast Stone samples as a function of relative humidity under equilibrium 

is shown in Figure 2.6. Capillary saturation was determined by extrapolating the RH-S function from 

RH≤68 to the relative humidity over saturated material (indicated by the dashed line).  

With water activity and surface tension as functions of pore solution concentration factor F, and pore radius 

as a function of water saturation S derived for Cast Stone material, and assuming F is equal to S in pore 

matrix, the theoretical relationship between relative humidity and saturation in Cast Stone as governed by 



 

 24 

 

Kelvin’s equation (Eq. 2-3) was derived (Figure 2.6). Calculation from Kelvin’s equation generally fits the 

measurement, with slight underestimation of saturation within RH range of 0.1-0.8. The deviation is likely 

due to the hysteresis behavior of the material in the water sorption cycle [43,65,68,77]. Hysteresis in water 

sorption refers to the different equilibrium RH-S relationships measured in a material during its wetting 

versus its drying process. Factors such as pore connectivity (inkbottle effect) and a different shape of the 

liquid-vapor interface can result in hysteresis, but these differences are not considered in this model. Semi-

empirical models exist that capture the effect of hysteresis through the measurement of the water 

adsorption/desorption isotherm [102]. Experimental studies by Baroghel-bouny [43,77] have shown that 

the hysteresis effects in cement pastes and concretes are most significant in the mid-RH range.  

   

Figure 2.6 Water saturation as a function of relative humidity from measurement and Kelvin’s equation.  

 

2.4.4 Drying rate and experimental validation  

The simulation results of water saturation as a function of drying time under 11%, 33%, and 68% RH are 

compared to experimental data in Figure 2.7. The simulation predictions and data generally agree, but the 

model slightly underestimates the initial drying rate, where capillary flow dominates. This underestimation 

can be explained by the deviation observed in Figure 2.6, where the measured water saturation value and 

the theoretical water saturation value differ most in the intermediate RH range.  
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Figure 2.7 Experimental results and model predictions of water saturation as a function of time. 

 

2.5. Discussion 

2.5.1 Water activity of pore solution during drying 

The water activity of Cast Stone pore solution is 0.92 from the PHREEQC geochemical speciation 

simulation incorporating the Pitzer activity model (Figure 2.4). The high concentration of dissolved sodium 

salts introduces strong interactions between molecules in solution that precludes the assumption of an ideal 

solution. Therefore, the water activity of pore solution from the Pitzer model deviates from the Raoult’s 

law prediction.  

The validity of thermodynamic calculations including the solid phases and initial pore solution composition 

is important for the accuracy of water activity calculation. As a reference, the simulated molar ratio of 

H2O/(Si+Al) of CNASH_ss phases as a function of saturation are shown in Figure 2.8. The simulated results 

of both H2O/(Si+Al) and Ca/Si are reasonable compared with the reported value range for saturated alkali-

activated material (H2O/Si ≈ 1, Ca/Si between 0.7-1.2, Figure B4) [103]. As a verification, 

thermogravimetric analysis coupled with mass spectroscopy (TGA-MS) was run on samples equilibrated 

to 11%, 33%, 68%, and 100% RH environments to analyze the content of chemically bound water (Figure 

2.8). The measured relationship between chemically bound water and saturation resembles the relationship 
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between H2O/(Si+Al) to saturation from simulation, indicating a reasonable representation of the chemical 

properties of the material under drying by the model. 

 

Figure 2.8 Molar ratio of H2O/(Si+Al) and Ca/Si of CNASH solid solution in simulated system (left axis) 

and chemical bound water in Cast Stone material as measured from TGA-MS (right axis). 

 

As water is removed from solution by evaporation, the ionic strength increases and water activity decreases. 

Three inflection points on the water activity curve (Figure 2.5A) correspond to the precipitation of 

thenardite (Na2SO4; Hsol = 0.65), nitratine (NaNO3; Hsol = 0.57), and trona (Na3H(CO3)2·2H2O; Hsol = 0.04; 

Figure 2.5C). The formation of two mineral phases with high numbers of waters of hydration (mirabilite 

(Na2SO4·10H2O) and natron (Na2CO3·10H2O)) is less favorable as drying progresses. Among the three end 

members used to describe the CNASH solid solution in Cast Stone, TobH-CNASHss (CaO:H2O=1:2.5) has 

the highest amount of water of hydration and its relative amount in solid solution decreases from the 

beginning of drying. The relative amount of T2C-CNASHss (CaO:H2O=1:1.7) initially increases followed 

by a decrease at an evaporation factor of 10; INFCNA-CNASHss that has the least amount of water of 

hydration (CaO:H2O =1:1.3) is the most thermodynamically favored end member during drying.  

The solubility of minerals is also dependent on the ionic strength in the solution. For both Na+ and Ca2+, 

the activity coefficient increases as ionic strength increases (Figure 2.5D). The increase in activity 

coefficient leads to a decrease in solubility of related salts because the activities of ions are increased, while 

the equilibrium constant remains unchanged.  This result is different from a solution with low ionic strength, 

in which the presence of other salts (which increase the ionic strength of solution) would increase the 
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solubility of the oversaturated salt, because the activity coefficient generally decreases with increasing ionic 

strength at low ionic strengths [91].  

 

2.5.2 Effect of capillary force and salt solution on relative humidity 

The effects of capillary forces, which reflect surface tension and pore radius, in addition to pore solution 

water activity Hsol, which reflects ionic composition, control internal relative humidity H and both factors 

need to be considered when deriving the relationship between relative humidity and water saturation for a 

material (Figure 2.9). Two factors contributed to the declining internal relative humidity as saturation 

decreases: (i) decreasing pore size as pore water is removed and (ii) increasing surface tension and ionic 

strength as pore solution is concentrated by evaporation. The impact of surface tension of the salt solution 

was evaluated by reproducing the calculation of H from Kelvin’s equation assuming constant surface 

tension as that of pure water (Figure 2.9, dashed line). The effect of pore solution water activity is shown 

by reproducing the calculation assuming pure water for both surface tension and pore solution activity 

(effect of pore radius only; dotted line).  It can be seen that pore radius and the pore solution water activity 

significantly reduce the internal relative humidity and the impact is more significant when saturation is 

lower. Comparatively, surface tension of the pore solution plays a negligible role on controlling the internal 

relative humidity.  

Pore size distribution of a cementitious material is dependent on the composition of dry binders, activating 

solution, and curing condition and can be characterized for specific materials. It needs to be noted that, 

studies have suggested that there might exist an adsorbed liquid-like layer (ALLL) between the pore wall 

and empty pore space before capillary condensation commences, with the thickness of the ALLL varying 

as a function of RH [78]. However, characterization of a pore size distribution is mostly frequently 

performed on a pre-dried specimen with a fixed thickness of ALLL. Therefore, the characterization might 

yield a larger pore radius than the actual capillary pore radius governing the vapor liquid equilibrium used 

in Kelvin’s equation and needs to be evaluated for specific materials. In this study, sensitivity analysis 

indicated that the thickness of the ALLL has a minimal impact on the vapor-liquid equilibrium in Cast 

Stone (Figure B2) and, therefore, was not included in the model.  

The change of surface tension of pore solution with drying depends on solution composition. Surface 

tension data are available for a series of salt solutions [93] but might also be derived by calculating surface 

excess and surface phase composition for the electrolyte solution [104,105]. For strong aqueous electrolytes 

such as NaNO3, surface tension is greater than that in pure water and increases with concentration, which 
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thereby decrease the internal relative humidity as drying progresses (Eq. 2-3). Studies on C-S-H phases 

found that the increase of surface tension of pore solution during drying alters the organization of C-S-H 

sheets, and there is exchange of gel-pore water with interlayer water in the early stage of drying. Both 

factors cause the micropore structure change in Portland cement material during drying and has been 

mechanistically studied [106,107]. Drying shrinkage is also likely to occur to C-N-A-S-H phases in Cast 

Stone. In general, existing studies on alkali-activated materials showed that the alkali-activated slag might 

suffer greater drying shrinkage compared to OPC [108]. The addition of fly ash and a high concentration 

of NaOH solution both mitigate the shrinkage, due to their effects on coarsening pore structure and reducing 

surface tension of pore solution, respectively [108,109]. Some studies [110,111] found that alkali-activated 

fly ash paste is less sensitive to drying in terms of pore structure compared to OPC. The mechanism of the 

phase rearrangement and microstructural evolution under drying for Cast Stone needs to be further studied. 

However, the model presented allows dynamic pore structure as a function of drying to be independently 

input and used for calculation.   

 

Figure 2.9 Effect of pore size, pore solution water activity and surface tension of pore solution on the 

internal relative humidity as a function of water saturation. (σ: surface tension; H: water activity of solution; 

subscript “water” indicates property of pure water, subscript “sol” indicates property of cast stone pore 

solution) 

 

2.5.3 Vapor diffusion and liquid flow 

The developed transport model enables separating vapor diffusion and capillary liquid flow, which is 

necessary for calculating redistribution of dissolved constituents during drying. Equivalent diffusivity of 
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vapor Dv,eq and liquid Dl,eq as a function of water saturation calculated based on Eq. 2-25 and Eq. 2-26 are 

shown in Figure 2.10. From the figure, capillary liquid flow (diffusivity) is greater than the water vapor 

diffusivity through the entire saturation range until saturation drops to below 0.07, and the corresponding 

environmental RH is 20%. As environmental RH decreases below 20%, the vapor diffusivity is greater than 

liquid water diffusivity. Since vapor transport does not transport dissolved constituents, prior water 

transport models, which do not separate vapor transport, would significantly overestimate the transport of 

ions under drier conditions. Both vapor diffusion and capillary liquid flow are dependent on the pore 

structure of the material [70,71,112], and the vapor diffusion is also dependent on the salt solution properties. 

Therefore, equivalent diffusivities of each mechanism need to be evaluated for specific materials. 

 

Figure 2.10 Equivalent diffusivity of water vapor Dv,eq and liquid water Dl,eq as functions of water saturation. 

Equivalent diffusivity as described in Eq. 2-25 and Eq. 2-26. 

Drying is simulated by individual mechanisms (i.e., vapor diffusion and capillary flow) to compare the 

contribution of each mechanism to drying (Figure 2.11). For drying at external 11% and 33% RH, the 

hybrid model that includes both mechanisms best reproduces the measurements. Since vapor diffusion is 

driven by the gradient of water activity from the environment to the interior of the material, under low 

humidity environment (11% RH and later stage of drying in 33% RH), vapor diffusion dominates the water 

transport. Whereas in 68% RH, vapor diffusion is restricted due to the consistently high water saturation 

(Figure 2.6) and because vapor diffusion does not significantly contribute to water transport before capillary 

saturation is reached, drying is dominated by capillary liquid flow. The predictions of drying at external 

68% RH are almost identical from the liquid flow and hybrid model. Therefore, the proposed model is most 
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useful for predicting the drying of cementitious materials in arid areas, where it provides the advantage of 

separating capillary flow and vapor diffusion. 

 

Figure 2.11 Contribution of capillary flow (Eq. 2-15) and vapor diffusion (Eq. 2-6) in different external 

relative humidity conditions. 

 

2.6. Conclusions 

The modeling approach described in this paper differs from previous studies in that the properties of the 

high-salt pore solution (surface tension and saturated relative humidity) and pore size are expressed as a 

function of water saturation and the model considers the combined effects of liquid flow based on Richards 

equation and vapor diffusion. The structure of the model makes the prediction of capillary transport of salt 

constituents during drying feasible. The modeling results of pore saturation as a function of time compared 

favorably with verification drying experiments on slices of Cast Stone material. Ongoing studies now focus 

on modeling the salt redistribution and carbonation during drying of Cast Stone in reactive environments. 
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To improve the accuracy of the model, microstructural properties of the material such as pore connectivity 

and microstructural evolution under drying need to be considered.  

This study highlights the importance of experimental parameterization of pore structure and pore water 

properties on the modeling process to provide an improved model for the description of moisture transport 

from materials with highly saline pore solutions. Although pore salinity is not likely to be as important in 

traditional cementitious materials, it is expected that the same approach would provide an improved model 

of moisture movement through other cement-based materials.  
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3. THE ROLE OF ENVIRONMENTAL CONDITIONS ON THE CARBONATION OF AN 

ALKALI-ACTIVATED CEMENTITIOUS WASTE FORM 

Abstract  

Cast Stone is a cementitious wasteform being considered for the solidification of low activity waste at the 

DOE Hanford Site. Under near-surface disposal conditions in a semi-arid environment, Cast Stone is 

subject to drying and carbonation that may impact retention of waste constituents. This study investigates 

the effects of environmental CO2 concentration and relative humidity (RH) on the carbonation of Cast Stone. 

The rate of carbonation front ingress and the extent of carbonation reaction were characterized for samples 

aged up to 48 weeks at three RH levels and two CO2 concentrations. While the 68% RH environment 

allowed the greatest reaction extent, the 15% RH environment yielded the deepest carbonation front ingress. 

At 68% RH, there was a linear relationship between the ingress rate and CO2 concentration. Carbonation 

reactions increased the drying rate of Cast Stone. Redistribution of sodium toward the wetting front was 

observed under drying and carbonation conditions.  

 

3.1 Introduction 

Cementitious materials have been developed and applied for the treatment and disposal of nuclear waste 

globally [113,114]. At the U.S. DOE Hanford Site (Richland, Washington), Cast Stone, a cementitious 

blended material composed of Class F fly ash (FAF, 45 wt%), blast furnace slag (BFS, 47 wt%), ordinary 

Portland cement (OPC, 8 wt%), and a high dissolved salt content liquid low activity waste (LAW) simulant 

[74] has been developed for potential immobilization of constituents of potential concern (COPCs) from 

the low-activity waste (LAW) and secondary waste effluents from the Waste Treatment and Immobilization 

Plant (WTP) [6,115]. The WTP effluent has a high sodium alkali content (2.8-4.3 mol/L NaOH) which 

favors the activation of the fly ash and slag [74], while the alkali conditions in the cured material tends to 

stabilize COPCs as hydroxides [90]. Cast Stone materials are expected to be placed in the near-surface 

Integrated Disposal Facility (IDF) in the highland desert environment of the Hanford Reservation.  

During its life cycle, Cast Stone can be affected by several aging mechanisms that can alter the chemical 

and physical properties of the material and, potentially, change the retention of COPCs. One such aging 

mechanism is carbonation, or the reaction of alkaline media with CO2 from the contacting atmosphere. In 

a partially water-saturated porous media, the carbonation reaction occurs within pore water in the 

cementitious waste form. The reaction occurs mainly through the following processes [25]: the mass 
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transport of CO2 from the environment into the gas-filled pore space; dissolution of CO2 into the pore 

solution (Eq. 3-1) to form CO3
2- and HCO3

- (Eqs. 3-2 and 3-3); and reaction of dissolved (bi)carbonate with 

hydroxide ions and dissolved species, such as calcium and magnesium, to form water and carbonate 

precipitates (Eq. 3-4 shown for divalent species) [31]. The result of the carbonation reaction is a depletion 

of hydroxide ions and generation of water. 

CO2 + H2O  H2CO3 (3-1) 

H2CO3 H+ + HCO3
- (3-2) 

HCO3
-  H+ + CO3

2- (3-3) 

X+2 + 2OH- + CO3
2- + 2H+  XCO3(s) + 2H2O (3-4) 

The reaction in Eq. 3-4 reduces hydroxide ions in the pore solution, resulting in a local decrease in pH. In 

response to the decrease in dissolved species in the pore water, solid phase hydroxides (e.g., portlandite) 

dissolve to replace the hydroxide ions in the pore water (Eq. 3-5), and as portlandite being depleted, 

calcium-silicate-hydrates (C-S-H) decalcify to portlandite and lower calcium C-S-H (Eq. 3-6) 

[13,17,26,116].  

Ca(OH)2(s) → Ca+2 + 2(OH-) (3-5) 

xCaO·SiO2·nH2O(s) + yH2O → (x-y)CaO·SiO2·nH2O(s) + yCa(OH)2(s) (3-6) 

The reduction in pH and buffering capacity of the matrix leads to changes in the solubility and the leaching 

behavior of COPCs [10,39,40]. Meanwhile, the physical and mass transport properties are also subject to 

changes due to the formation and redistribution of new solid phases with differing molar volumes during 

carbonation [40,117,118].  

The rate and extent of carbonation of a cementitious material depends on many environmental factors such 

as CO2 concentration and relative humidity (RH) in the environment [18,119,120], which vary in the 

surrounding environment at a disposal site. For example, CO2 concentration in the contacting environment 

of the planned Hanford IDF may range from atmospheric level (0.03%-0.04%) to greater than 2%, 

depending on the depth, temperature, and microbial abundance in the covering layer [121]. Meanwhile, to 

minimize the interaction of the waste form with the environment through surface water and groundwater, 

near surface disposal facilities are often located in arid or semi-arid environments; however, large variations 

in RH may be expected [24]. The annual infiltration rate for the IDF is 0.9 mm/yr., and the lowest monthly 

relative humidity recorded reaches 21.9% [24]. 
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Carbonation processes in cementitious materials can be different under natural and accelerated aging 

conditions, due to factors such as the reactive capacity with CO2 in the material (e.g., OH- alkalinity) and 

different pH in pore solution that generates different reaction products [31,120]. The carbonation ingress 

rate under higher CO2 concentration than the atmospheric level has been reported to deviate from the rate 

implied by uniform Fickian diffusion, partly due to the change in the physical properties of the carbonated 

material over time [30]. This result raises caution when extrapolating the results from accelerated testing 

under elevated CO2 concentration (>0.5%) [120] to carbonation under natural conditions (0.04%).  

Many studies have investigated the relationship between environmental RH and carbonation in hydrated 

cement and concrete materials and have commonly found that the carbonation reaction reaches a maximum 

ingress rate under intermediate RH (50-65%) [19–21,120]. In some of those studies, samples were weighed 

before and after aging to indicate the overall CO2 uptake after excluding the moisture loss from drying, and 

carbonation depth was measured to derive the ingress rate. However, such methods were not capable of 

capturing the extent of the carbonation reaction (i.e., depletion of hydroxide) in aged samples, which was 

unlikely uniform across the depth and could vary as functions of distance from the exposure surface and 

environmental RH [40].  

The low OPC content and high alkali solution in the Cast Stone formulation makes the material more similar 

to alkali-activated materials, which have received extensive attention in recent studies as a sustainable 

alternative to OPC [35,36]. Like alkali-activated materials, Cast Stone has been found to contain a limited 

amount of portlandite in the crystalline phases but has high amorphous phase content as indicated by XRD, 

ranging from 63%-88% [122–124]. The main hydration product in Cast Stone is likely calcium (alkali) 

aluminosilicate hydrate (C–(N–)A–S–H) gel, which has been identified in many alkali-activated cement 

systems [31,103]. Compared to the calcium (alumino) silicate hydrate (C–(A–)S–H) gel typically formed 

in hydrated OPC, C–(N–)A–S–H contains relatively less calcium and more aluminum with alkali (sodium) 

replacement [31,125]. The high amorphous content of the material challenges the characterization of the 

mineral phases in the material, which can be resolved with additional tools such as geochemical modeling 

[90]. 

Under carbonation, the chemical and physical behavior in alkali-activated materials is not fully understood 

and can be different from OPC-based systems [18,126]. Without the presence of portlandite as a pH buffer, 

dissolved (bi)carbonate directly reacts with the C–(N–)A–S–H phase, which causes decalcification (Eq. 3-

7) and dealumination reactions (Eq. 3-8) and resulting in silicate polymerization and precipitation of 

calcium and alkali carbonates [31,127,128]. 
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(3-7) 

 

 

(3-8) 

The polymerization and precipitation can significantly alter the physical property of the material. Dutzer et 

al. [129] observed greater porosity reduction after carbonation in OPC paste compared with a blended 

system of OPC, FA, and slag. Meanwhile, extensive micro-cracking was observed in the blended system 

after carbonation, but cracking was observed to a more limited extent for OPC pastes. Both decreased 

porosity and increased microcracking can alter the mass transport properties of the material. In addition, a 

higher carbonation rate has been found for the alkali-activated slag mortar, and OPC with fly ash 

replacement, compared with Portland cement mortars [31,40,130]. As a result, different effects of RH and 

CO2 partial pressure on carbonation from what is observed in cement paste and concrete may be expected 

in Cast Stone. Current assessments on the performance of the Cast Stone have not considered the potential 

impact of carbonation and the variation in environmental conditions at the disposal site, which may lead to 

biased estimation on its retention ability for COPCs [37]. An understanding of carbonation impacts on the 

performance of Cast Stone waste forms through evaluating the rate of ingress and the extent of reaction is 

important to improve the long-term prediction of COPC retention during the materials service life.  

This study provides an experimental investigation of the effect of CO2 concentration and environmental 

RH on carbonation in Cast Stone. The ingress rate of the carbonation front and the extent of carbonation is 

evaluated for samples aged under different environmental conditions with several CO2 concentrations and 

RH levels. The extent of carbonation reaction as a function of depth in aged samples was estimated using 

a 1-D leaching test. In the leaching test, the exposure surface during the aging process is in contact with 

tank water, leading to diffusion-controlled mass transfer from Cast Stone to tank water. The hydroxide flux 

from leaching provides an indication of the hydroxide profile in the aged Cast Stone. Porosity analysis was 

carried out to study the microstructural change of the sample under carbonation, and the moisture loss in 

the material was monitored to understand the interaction between carbonation and drying. A conceptual 

model describing the coupled process of drying and carbonation is presented, and dimensional analysis is 

used to investigate the controlling factor in the carbonation process in Cast Stone as a function of 

environmental conditions (CO2 concentration and environmental RH). Finally, the potential migration of 
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sodium during aging was studied using scanning electron microscopy/energy dispersive x-ray spectroscopy 

(SEM-EDS).  

3.2 Experimental Methods 

3.2.1 Material and sample preparation 

A Cast Stone waste form was prepared following the mixing procedure of Lockrem [4] using a dry blend 

of components including OPC, FAF, and Grade 100 BFS at a weight ratio of 8:45:47. OPC and FAF were 

obtained from concrete vendors, and the BFS was provided by the Pacific Northwest National Laboratory. 

The oxide compositions of the individual materials are provided in Table C1.  

A liquid waste simulant, representing a 5.9 M Na WTP effluent, was prepared using a recipe based on 

anticipated LAW composition [74] shown in Table 3.1.  

Table 3.1 Composition of secondary waste simulant. 

 
Na+ Cl- F- SO4

2- PO4
3- CO3

2- NO2
- Al3+ OH- K+ NO3

- CrO4
2- 

Concentration 

(mol/L) 
5.86 0.05 0.04 0.1 0.06 0.31 0.63 0.34 3.12 0.04 1.81 0.13 

 

The dry blend was mixed with waste simulant at a water-to-binder ratio (not including solutes) of 0.48 and 

the mixture cast into 25-mm diameter by 110-mm height cylindrical molds. After setting for 72 hours, 

samples were demolded and cured for 90 days at 25 °C and 100% RH in an environmental chamber filled 

with N2. After curing, some of the monoliths were particle size reduced to 85 wt% less than 2 mm by 

crushing under nitrogen to allow for more surface area and more complete carbonation during aging. The 

remaining monoliths were coated with impermeable epoxy and potted into cylindrical molds. 

Approximately 5 mm was cut off of one end of each sample to create a fresh surface for environmental 

exposure, forcing a 1-D ingress by diffusion of the reactive gas (CO2) into the sample. 

3.2.2 Sample aging 

Monolithic samples were aged at room temperature (21±2°C) under four different CO2 and O2 environments 

(i.e., 100% nitrogen, air at 21% O2 and 0.04% CO2 (v/v), 2% CO2 (v/v) in nitrogen, and 5% CO2 (v/v) in 

nitrogen) and four RH (i.e., 15, 40, 68, and 100% RH). Material ID structure, aging conditions, and specific 

aging times are summarized in Table 3.2. Granular samples were aged for 16 weeks under the same gaseous 
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atmospheres but only under 68% RH. All samples were aged in well-sealed chambers with continuous gas 

exchange allowing for four volumetric turnovers per day. The environments were humidified by passing 

in-flowing gas through bubblers to generate the desired humidity levels, and the RH in each chamber was 

measured every two weeks. All samples were pre-conditioned under nitrogen at the specified RH for 60 

days prior to aging in the inert or reactive environment; however, drying continued during aging. The 

changes in sample mass before and after pre-conditioning are shown in Table C2.  

Table 3.2 Aging times (weeks) of monolithic samples and aging conditions. 

  Environmental RH 

Material ID Atmosphere 15% 40% 68% 100% 

CS-N(RH)-wks 100% N2  16, 32, 48 16, 32, 48 16, 32, 48 16, 32, 48 

CS-A(RH)-wks Air (0.04% CO2) 16, 32, 48 16, 32, 48 16, 32, 48 16, 32, 48 

CS-2C(RH)-wks 2% CO2 in N2 16, 28, 48 16, 28, 48 16, 28, 48 16, 28, 48 

CS-N68-8w** 100%N2 - - 8 - 

CS-5C68-8w** 5% CO2 in N2 - - 8 - 

*Sample coding scheme: CS-aging condition (gas + RH)-aging times. For gas: N, A, 2C and 5C refer to nitrogen, air, 2% CO2 in 

nitrogen and 5% CO2 in nitrogen. For example, CS-2C68-48w refers to Cast Stone aged in 2% CO2 in N2 at 68% RH for 48 weeks. 

**Initial screening study from [32]. 

 

3.2.3 Sample analysis 

3.2.3.1 Carbonation depth 

The depth of carbonation front penetration into aged Cast Stone samples was estimated by pH change using 

phenolphthalein [130]. A cross-section of the monolithic samples, created by cutting the sample 

longitudinally, was sprayed with a solution of 1% phenolphthalein in ethanol. Phenolphthalein appears 

colorless when pH is less than around 8.3 and turns fuchsia at pH above 10. The distance from the material 

surface to the pH 10 color indicator was measured in millimeters with a steel ruler. To avoid edge effects, 

the shallowest depth of color change was considered the carbonation front depth for the sample. 

3.2.3.2 Extent of carbonation reaction 

For granular samples, the extent of carbonation reaction was estimated by total inorganic carbon (TIC) 

content and alkalinity of the material. TIC analysis was performed using a Shimadzu model TOC-V 

CPH/CPN combined with an SSM-5000A solid sample unit. For each 20-mg solid sample, 500 µL of 
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concentrated phosphoric acid was added to evolve CO2. The TIC of aged samples was indicative of the 

carbonates generated by the carbonation reaction. The alkalinity of the material was determined from the 

acid-base titration curve derived from the parallel batch extractions following EPA Method 1313 [131]. 

From the alkalinity curve, the total alkalinity was estimated as the amount of the acid (mol H+/kg-dry) 

required reduce the pH of the Method 1313 extraction from the natural pH1 in reagent water to an end-point 

pH of 4.5 [132]. The hydroxide alkalinity was determined by the amount of acid required to reduce the 

extraction pH to 8.3 and carbonate alkalinity was the difference of the total and hydroxide alkalinity [132]. 

An illustration of alkalinity based on a titration curve is presented in Figure C1.  

For monolith samples, the extent of the carbonation reaction (i.e., the reduction in hydroxide content) was 

estimated as a function of depth from the exposure surface using the results of a 1-D leaching test following 

EPA Method 1315 [133]. The exposure surface of the monolithic sample was contacted with de-oxygenated 

(nitrogen bubbled) reagent water at a liquid-surface-area ratio of 10 mL/cm2 of surface area in a sealed 

container with minimal headspace. The leaching solution was refreshed at 0.08, 1, 2, 7, 14, 28, 42, 49, 63, 

91, and 105 days of leaching. The pH of the collected eluate was measured to calculate the flux of hydroxide 

ions released during each leaching interval. A higher flux of hydroxide indicates that less hydroxide is 

consumed by the carbonation reaction.  

3.2.3.3 Porosity analysis  

The bulk porosity of the samples was derived from the skeletal density (ρs) measured by nitrogen 

pycnometry using a Micromeritics AccuPyc II 1340 pycnometer (Micromeritics Instrument Corp, Norcross, 

Georgia). Prior to measurement, samples of Cast Stone were oven-dried for 24 hours at 60 °C under vacuum 

so that the dry bulk density (ρd) could be measured. The porosity (ε) was determined as shown in Eq. 3-9: 

 휀 = 1 −
𝜌𝑑
𝜌𝑠

 (3-9) 

Porosity as a function of depth from the exposure surface was determined from backscattered electron 

image using the method introduced in [134]. Backscattered electron image is collected on the longitudinal 

cross-section of aged monolithic samples by scanning election microscopy (SEM). Scans were performed 

using a FEI Quanta 650 environmental scanning electron microscope (ESEM) equipped with a Schottky 

 

1 In Method 1313, the natural pH is defined as the pH of a reagent water extraction at a liquid-to-solid ratio of 10 mL/g-dry without 

acid or base addition. 



 

 39 

 

field emission gun and gaseous analytical detector. Operating conditions in the environmental SEM mode 

were 130 Pa, 10kV accelerating voltage, 10.0-mm working distance and a spot size level of 3.5.  

3.2.3.4 Moisture loss 

The masses of monolithic samples were recorded before and after aging to estimate the loss of moisture 

during combined carbonation and drying.  

3.2.3.5 Water saturation 

Also, at selected aging intervals, monolith samples were cut into slices with approximately 6-mm thickness 

to determine the water saturation of the material as a function of distance from the exposure surface. Water 

saturation (S) is defined as the fractional volume of water in the pore space as determined by the mass of 

the saturated sample (msat), the mass of the sample oven-dried at 60 °C (mdry), and the mass of the sample 

after aging (mt) as shown in Eq. 3-10 [132].  

 𝑆 =
𝑚𝑠𝑎𝑡 −𝑚𝑑𝑟𝑦

𝑚𝑡 −𝑚𝑑𝑟𝑦
 (3-10) 

3.2.3.6 Distribution of sodium 

The migration of sodium in monolithic samples during aging was investigated by scanning election 

microscopy-energy dispersive spectrometry (SEM-EDS) analysis of a longitudinal cross-section of samples 

impregnated with epoxy. The operating parameters of the instrument are described in section 3.2.3.3. 

Chemical information for EDS analysis was collected using an Oxford Instruments EDS and analyzed with 

Oxford’s Aztec software (Oxford Instruments, Abingdon, Oxfordshire, UK). EDS maps were taken using 

a resolution of 256 (1 μm/pixel), 400 EDS frames per site, 100 μs pixel dwell time, and processing time 

level of 5 for signal noise reduction. An EDS mapping area of 0.3-mm width by 1-mm depth from the 

exposure surface was collected for each sample and analyzed quantitatively for a set of chemicals of interest. 

In carbonated samples, an additional EDS map was taken at the carbonation front at the depth indicated by 

the phenolphthalein test.  
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3.3 Results and Discussion 

3.3.1 Effect of CO2 concentration 

3.3.1.1 Extent of reaction 

Figure 3.1 presents TIC, natural pH, and alkalinity of granular Cast Stone samples aged for 16 weeks under 

different CO2 concentrations and at 68% RH. The Cast Stone material aged without carbonation or (CS-

N68-16w and CS-N68-8w) has similar natural pH (12.8 average) to that of OPC (12.7) reported in Branch 

et al. [40]. On average, 50% of the total alkalinity may be attributed to the hydroxide alkalinity, which is 

consistent with the addition of the highly alkaline waste simulant. Although the remainder of the total 

alkalinity is attributed to carbonate alkalinity, the TIC is very low (0.15 wt% carbon). 

As the concentration of CO2 in the environment increases, a greater extent of carbonation reaction was 

observed by a general increase in TIC content and a decrease in the natural pH of the material. After 

carbonation, hydroxide alkalinity of the material decreased and was almost completely consumed under 2% 

and 5% CO2 conditions. Meanwhile, carbonate alkalinity increased as CO2 concentration increased. Despite 

a significantly higher TIC content in the material carbonated in air (2.2 wt% carbon), the reduction in natural 

pH (12.1) and hydroxide alkalinity (2.2 meq/g-dry) was comparatively small. These observations agree 

with the simulation results from another study [31], which showed the pore solution in alkali-activated 

materials with Na concentration above 1 mol/kg to be constantly greater than pH 12 under atmospheric 

carbonation. The buffering of natural pH can be attributed to two factors – the significant amount of alkali 

ions provided by the Cast Stone liquid waste simulant [126] and the abundance of relatively high-Ca silicate 

phases in uncarbonated material that release calcium hydroxides upon consumption of hydroxides [26].  

However, as the material is carbonated to a certain extent, carbonate speciation in the pore solution is 

strongly dependent on CO2 partial pressure. For example, Bernal et al. [31] identified natron (Na2CO3) as 

being stable in alkali-activated binders under 0.04% CO2, and nahcolite (NaHCO3) as being stable under 

1% CO2. As a result, the natural pH of the material decreases as the CO2 content increases in the atmosphere, 

and a large pH decrease is observed from ambient CO2 to 2% CO2, while the difference in TIC content is 

relatively small.  
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Figure 3.1 Alkalinity (hydroxide and carbonate), total inorganic carbon (TIC) content, and natural pH of 

Cast Stone samples as a function of CO2 concentration at 68% RH. 

 

Figure 3.2 compares the flux of hydroxide released from the material carbonated under various CO2 

concentrations (where the data are provided in Table C3). The magnitude of the hydroxide flux and time-

dependence of the release of hydroxide from the material are indicative of the combined effect of the extent 

of carbonation reaction at a given depth (i.e., consumption of hydroxide ions) and the ingress depth of the 

carbonation front into the sample. In the figure, the hydroxide flux for the uncarbonated sample (CS-N68-

16w) shows a monotonic decrease in hydroxide flux consistent with diffusion-controlled release. The 

lowest hydroxide flux occurs for the sample aged at 5% CO2 for 8 weeks (CS-5C68-8w) at up to 4 orders-

of-magnitude lower over the leaching time than the uncarbonated sample. The decrease in hydroxide flux 

is due to hydroxide being consumed by the carbonation reaction. The sample aged in 2% CO2 for 16 weeks 

(CS-2C68-16w) – twice as long as the 5% CO2 sample – shows an initial hydroxide flux (leaching time < 

1 day) significantly higher than that in the more carbonated sample. In general, the initial flux of hydroxide 

decreases with increasing CO2 concentration with CS-N68-16w > CS-A68-16w > CS-2C68-16w > CS-

5C68-8w, indicating that more hydroxide is consumed during aging at higher CO2 concentrations. The 

decrease in the initial flux of hydroxide during leaching is consistent the reduced hydroxide alkalinity with 

increasing CO2 concentration observed in the granular samples.  
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Figure 3.2 Flux of hydroxide from 1-D leaching tests of samples aged under various CO2 concentration 

conditions and 68% RH.  

 

3.3.1.2 Carbonation rate 

After 16 weeks of aging, the depth of the carbonation reaction measured by phenolphthalein follows a linear 

relationship with CO2 concentration with good degree of fit (Figure 3.3). This observation indicates that the 

carbonation reaction is proportional to the CO2 concentration (i.e., a Fickian diffusion relationship between 

the carbonation depth and CO2 concentration), suggesting the CO2 concentration gradient as a driving force 

for mass transport and gas phase diffusion of CO2 into the matrix is the rate-limiting process for carbonation. 

Thus, it can be inferred that the dissolution of CO2 into the pore water and the reaction of dissolved CO2 

with pore water ions are rapid and also driven by the CO2 concentration gradient between gaseous phase 

and liquid phase in pores (see Section 3.3).  

When compared to the carbonation of OPC and concretes [25,135], Figure 3.3 shows that the rate of the 

carbonation front ingress (mm/yr) is much faster in Cast Stone, which is in agreement with studies on 

blended materials [26,126]. The lower total alkalinity of Cast Stone compared with OPC reduces the 

resistance of the material to carbonation [40]. Meanwhile, the replacement of fly ash and blast furnace slag 

was found to coarsen the porous structure, which facilitates the transport of CO2 in the material [29].  
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Figure 3.3 Carbonation rate as a function of CO2 concentration for Cast Stone aged in air at 68% relative 

humidity. Carbonation of cement paste and concrete (water-to-binder of 0.45-0.5) at 60-70% RH from other 

studies [25,135] shown in gray. 

 

3.3.2 Effect of environmental RH  

3.3.2.1 Carbonation rate  

The effects of environmental RH on the rate of carbonation front ingress in air and 2% CO2 concentrations 

are shown in Figure 3.4. A comparison of carbonation in air with that in 2% CO2 shows that the relationship 

between carbonation front depth with the square root of time differs with CO2 concentration. Carbonation 

depth at 2% CO2 appears to be proportional to √t, whereas, it is better represented by a power relationship 

with √t under atmospheric carbonations. The measurement of the carbonation front using phenolphthalein 

test can underestimate the depth [136,137], and the uncertainty depends on the CO2 concentration, aging 

time, and relative humidity. Under both CO2 concentrations, the carbonation front ingress rate in Cast Stone 

increases as environmental RH decreases, and the RH effect is stronger under the accelerating condition. 

At low RH, a greater portion of the pore space is filled with gas, which decreases resistance to gas phase 

diffusion. The increase in the carbonation rate at lower RH supports the previous observation that the 

carbonation in Cast Stone is likely controlled by the gas phase diffusion; however, the difference between 

the carbonation rate under 15% RH and 40% RH is relatively small. In a previous study [138], the relative 

pore saturation at equilibrium with environmental RH for the Cast Stone material was found to be linearly 

proportional to RH. Therefore, it is reasonable to infer that, at low RH, the dissolution of CO2 is restricted 

by the limited gas-liquid interface that may additionally control the carbonation rate. Thus, the carbonation 
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rate at low RH is governed by both the rate of CO2 diffusion through air-filled pores and its rate of 

dissolution into pore water film.  

  

Figure 3.4 Carbonation front depth in Cast Stone as a function of root time in air (left) and 2% CO2 

atmosphere (right) as a function of relative humidity along with second order polynomial and linear fits, 

respectively (note that vertical axes scales are not equal). 

 

Several studies on cementitious materials have found a close to linear relationship between carbonation 

front depth and square root of aging time (√t) for various RH conditions [17,18,126] as shown in Eq. 3-11.  

 𝑥 = 𝐴√𝑡 (3-11) 

This linear relationship is consistent with a process controlled by Fickian diffusion. Papadakis et al. [17] 

reported the proportionality coefficient (A) to be a factor of the square root of CO2 concentration, the square 

root of diffusivity of CO2, and the inverse square root of the total content of the readily carbonated phases 

in the system. Although it has been noted that maximum carbonation depth is observed at mid-range RH 

[19–21,120], the RH of the aging environment is not explicitly a factor in the proportionality coefficient. 

However, the impact of RH on the carbonation rate in Cast Stone appears to be different from that in cement 

and concrete materials.  

In Figure 3.5, the proportionality constant following Eq. 3-11 is compared as a function of RH for Cast 

Stone (black data) and cementitious materials (gray data). The studies on cementitious materials [17,21] 

indicate a maximum proportionality coefficient at an RH of approximately 55%, which is consistent with 

the parabolic shape described by several studies [17,20,21,120]. However, the proportionality coefficient 
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shows a monotonic decay consistent with CO2 diffusion controlling the carbonation depth. Initially, the 

monotonic behavior may be explained by the different water retention ability of the two materials in that 

Cast Stone has a coarser, open porous structure [138] and, therefore, is more susceptible to drying under an 

intermediate RH than cement paste.  

In addition, the water generated during the carbonation reaction in Cast Stone and cementitious materials 

depends on the stoichiometry of the primary phases reacted and the extent of these reactions [11,19]. In 

OPC systems, carbonation is characterized initially by the dissolution of portlandite, where each mole of 

calcite formed consumes one mole of CO2 and generates one mole of water. However, in Cast Stone, there 

is little to no portlandite in the system and the amount of water generated per unit consumption of CO2 is 

related to the consumption and production of a more complex mineralogy (Table 3.3).  

Table 3.3 shows the mineral composition of carbonated and uncarbonated materials in Cast Stone as derived 

from geochemical modeling of pH-dependent leaching data following EPA Method 1313 [90] using the 

LeachXSTM-ORCHESTRA platform [99,139]. Only those mineral phases found at greater than 0.01 mol/kg 

in either carbonated or uncarbonated material at liquid-to-solid ratio of 1 mL/g-dry are included in the table. 

Detailed derivation of mineral compositions is provided in Appendix C-I. For each mineral in Table 3.3, 

the increase in CO2 reacted and water generated as a result of carbonation are calculated. The net differences 

in CO2 and water indicate that 1.3 moles of water are produced for each mole of CO2 reacted. Thus, the 

extra water generated per mole of CO2 reacted may facilitate carbonation in Cast Stone materials at lower 

environmental RH and lead to an increase in the proportionality coefficient at low RH. For cementitious 

materials, the amount of water generated may be too little to support the carbonation reaction at low RH 

due to lower moisture conditions.  
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Figure 3.5 Carbonation rate coefficient A for Cast Stone (under 2% CO2) and OPC paste material (water to 

binder ratio of 0.6 in Papadakis et al. [17] and 0.4 in Drouet et al.[21]) as a function of environmental RH 

(lines are only for indication).  
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Table 3.3 Composition and molar volume of mineral phases reacted and produced under carbonation and the associated amount of consumed CO2 

and H2O generated by reaction. 

Minerals 
ORCHESTRA 

Mineral ID 
Formation Reactions 

Amount 

in CS-N 

(mol/kg) 

Amount 

in CS-C 

(mol/kg) 

CO2 

consumed 

(∆CO2, 

mol/kg) 

H2O formed 

(∆H2O reaction, 

mol/kg) 

Molar 

Volume 

(cm3/mol) 

ΔVolume 

(cm3/kg) 

Wairakite 

[88] 
Wairakite 

2Al[OH]4
- + Ca2+ + 8H+ + 4 H2SiO4

2- 

→ Wairakite +18H2O  
0.00 0.11 - 1.89 116.53 12.2 

 
CEM18_TobH 

 

1.5CEM18_CNASH_ss + Ca2++ H+ + 

0.5H2O + 1.5 H2SiO4
2- → 

CEM18_TobH_CNASHss  
0.77 0.00 - -0.38   

CNASH solid 

solutions 

[87,103] 

CEM18_T2C 
CEM18_CNASH_ss + 1.5Ca2+ + 

2H2O + H2SiO4
2- → 

CEM18_T2C_CNASHss + H+  
0.21 0.00 - -0.41 85.68 -85.0 

 CEM18_INFCNA 
0.31Al[OH]4

- + CEM18_CNASH_ss 

+ Ca2+ + 1.19 H2SiO4
2-+ 0.69 Na+ 

→ 

CEM18_INFCNA + 0.5H2O  
0.10 0.00 - 0.05   

Calcite [87] CEM18_Cal CO3
2-+ Ca2+ → CEM18_Cal 0.55 1.12 0.58 0.00 36.90 21.2 

Dolomite[87] Dolomite 2CO3
2- + Ca2+ + Mg2+ → Dolomite 0.00 0.10 0.19 0.00 64.79 6.2 

Brucite [87] CEM18_Brc 2H2O + Mg2+ → CEM18_Brc + 2H+  0.22 0.11 - -0.21 24.27 -2.6 

Amorphous 

Silica [87] 
CEM18_Amor_Si 

2H+ + H2SiO4
2- → CEM18_Amor_Sl 

+ 2H2O  
0.00 0.03 - 0.06 27.31 0.9 

Diaspore [87] Diaspore Al[OH]4
- + H+ → Diaspore + 2H2O  0.00 0.06 - 0.12 16.47 1.0 

    TOTAL 0.77 1.00  -47.77 

   mol H2O/mol CO2 1.30   

*Wairakite: Ca8Al16Si32O96·16H2O; CEM18_TobH: 2CaO·3SiO2·5H2O; CEM18_T2C: 3CaO·2SiO2·5H2O; CEM18_INFCNA: 16CaO·5.5Na2O·2.5Al2O3·19SiO2·21H2O; Calcite: 

CaCO3; Dolomite: CaMg(CO3)2; Brucite: Mg(OH)2; Amorphous Silica: SiO2; Diaspore: α-AlO(OH). 
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3.3.2.2 Drying under carbonation  

To clarify the effects of RH on carbonation ingress rate, the microstructure and water saturation of the 

material were evaluated to understand the change in mass transport properties during carbonation. The 

porosity of uncarbonated (CS-N68) and carbonated (CS-2C68) Cast Stone measured by N2 pycnometry are 

0.39 and 0.45, respectively. The porosity profile across the carbonation front boundary determined from 

backscattered image (Figure 3.6) also showed relatively higher porosity in the carbonated region of the 

sample.  Both of the observations indicated an increase in porosity after carbonation. 

 

Figure 3.6 Porosity as a function of depth from the exposure surface near the carbonation front of CS-2C68-

48w overlaid on the corresponding backscattered electron image (dashed line indicate the carbonation front 

from the phenolphthalein test). 

The increase in porosity with carbonation is supported by the decrease in molar volume of the solid phases 

after carbonation compared to the uncarbonated material (Table 3.3). For each kilogram of material reacted, 

the volume of the minerals decreased by 47.7 cm3, contributing to approximately 15% pore volume increase. 

Conversely, carbonation of cementitious materials is typically observed to decrease porosity after 

carbonation due to an increase in molar volume of reaction products [26,129]. Meanwhile, microcracking 

was found at the surface of the carbonated Cast Stone samples, which may contribute to the increase in 

effective gas phase diffusivity after carbonation by decreasing the physical resistance to diffusion. 

3.3.2.2.1 Changes in mass 

The changes in sample mass during aging in N2 and 2% CO2 are compared in Table 3.4. The mass of sample 

after equilibration to respective RH in N2 and before aging was considered as the initial mass. Although the 

change in mass for samples stored under 100% N2 is solely due to drying, the mass change in carbonated 

samples can be attributed to multiple factors, including CO2 uptake (∆CO2), the loss of initial pore water 

from drying (∆H2Odrying), and loss of H2O generated by the carbonation reaction (∆H2Oreaction, Eq. 3-12): 

𝑀𝑎𝑠𝑠𝑐ℎ𝑎𝑛𝑔𝑒 = ∆𝐶𝑂2 + ∆𝐻2𝑂𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + ∆𝐻2𝑂𝑑𝑟𝑦𝑖𝑛𝑔 (3-12) 
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Carbonated samples aged under 100% RH gained mass from ingress and reaction of gaseous CO2. Under 

environmental conditions that promote drying (15%, 40%, and 68% RH), the decrease in mass was greater 

in carbonated samples than in uncarbonated samples, despite the reaction of CO2 which would increase 

sample mass. Based on the measured carbonation depth (Figure 3.4), and the amount of CO2 uptake and 

the water generated by reaction per gram of material as indicated in Table 3.3, the CO2 gain and H2O 

generated was estimated for each sample (Table 3.4). The contribution of pore water loss from drying in 

each sample was calculated using Eq. 3-12. The results show that carbonation increased the rate of pore 

water loss in the sample, and the greatest increase was under 68% RH, where the mass loss under 

carbonation was 4.3 times greater than that without carbonation. 

Table 3.4 Change in mass of samples during aging under 100% N2 and 2% CO2 for 48 weeks due to CO2 

gain, water generation from carbonation reaction, and water loss from drying. 

Aging 

Time 
RH 

Mass Change (g) ∆CO2 (g) ∆H2Oreaction (g) ∆H2Odrying (g) 

CS-N CS-C CS-C CS-C CS-N CS-C 

48w 

15% -3.58 -7.09 2.65 -1.41 -3.58 -8.33 

40% -2.43 -6.30 2.35 -1.25 -2.43 -7.40 

68% -0.92 -3.34 1.58 -0.84 -0.92 -4.08 

100% 0.39 0.92 0.30 -0.16 0.39 0.78 

* Mass changes were measured from the aging experiment. ∆CO2 and ∆H2Oreaction refers to the amount of CO2 uptake and water 

generated from carbonation reactions and were estimated from simulation (Table 3.3). ∆H2Odrying refers the pore water loss from 

drying as calculated from Eq. 3-12. 

 

3.3.2.2.2 Moisture distribution 

The moisture distribution in discrete slices of samples aged in N2, air, and 2% CO2 are compared in Figure 

3.7 (where a full set of figures is provided in Figure C2). Drying front ingress was defined by a discrete 

slice saturation less than 0.78. Compared to uncarbonated samples, the drying front for carbonated samples 

aged both under 2% CO2 and air progressed further into the sample under the same RH condition. The 

drying front ingress is more significant under the 2% CO2 condition, with more than twice the drying front 

penetration than in uncarbonated samples.  

However, in the region subject to drying, the moisture content gradient is significantly larger in the samples 

aged in air than in the samples aged under 2% CO2. The moisture profile under 2% CO2 is impacted by the 

more significant change in pore structure (increase porosity and cracking) due to changes in molar volume 

from reactants to products during the carbonation reaction and the generation of water from the carbonation 
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reaction itself. Higher porosity and cracking accelerate the ingress of CO2 into the matrix which, in turn, 

increases the extent of the carbonation reaction and generates more water. This self-generation of water 

allows the carbonation reaction to proceed under low RH conditions and increases the relative saturation in 

the drying region of the material. Figure 3.7 clearly shows a relatively greater amount of water remaining 

in the dried region (saturation around 0.5) of the 2% CO2 material, which allowed continuous dissolution 

of CO2 and allowed the carbonation reaction to proceed even at 15% RH in the external environment. In 

contrast, samples aged in air experience less carbonation, less microstructural change, less enhance 

carbonation leading to lower relative saturation in the drying region. As a result, the depth of the carbonation 

reaction was limited to a 10-mm depth for air-aged samples versus approximately 60-mm for samples aged 

in 2% CO2. These observations support the non-linear relationship observed between carbonation depth (X) 

and square root of time (√t) for samples aged in air at low RH (Figure 3.4) because the carbonation front 

under these conditions was dependent on the dissolution of CO2 into a limited liquid film.  

 

   

Figure 3.7 Saturation profile measured from discrete 6-mm slices cut from Cast Stone samples aged for 48 

weeks (N15: nitrogen and 15% RH; N40: nitrogen and 40% RH; C15: 2% CO2 and 15% RH; A40: air, 40% 

RH). 
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3.3.2.3 Extent of reaction 

The environmental RH also impacts the extent of the carbonation reaction as evaluated by the flux of OH- 

from the EPA Method 1315 leaching test (Figure 3.8 with data in Table C5), in which the hydroxide flux 

from leaching of samples aged in N2, air, and 2% CO2 are compared. The impact of RH was different for 

carbonation in air and 2% CO2. For samples aged in air, samples aged under 40% and 68% RH both have 

the greatest extent of carbonation at the exposure surface, as indicated by the lower initial hydroxide flux 

compared with the 15% and 100% RH. The relatively low CO2 concentration and slower gas phase diffusion 

of CO2 contributed to the limited extent of reaction. Samples aged in 15% RH had the lowest extent of 

carbonation at the sample surface, with hydroxide flux even greater than from samples aged in 100% RH. 

Under 15% RH, rapid gas phase diffusion occurs within the material and the reaction most likely occurs 

near the receding drying front, while insufficient moisture is present in the dried zone for carbonation to 

proceed.  

 

Figure 3.8 Flux of hydroxide from 1-D leaching test for samples aged for 16 weeks under a. nitrogen, b. 

air, and c. 2% CO2 at various RH. 

 

For samples aged under 2% CO2, the greater driving force for CO2 to dissolve and react in water film leads 

to a much greater extent of reaction and greater ingress of the carbonation front compared to samples aged 

in air, as indicated by the lower hydroxide fluxes and the longer leaching times with suppressed hydroxide 
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fluxes (Figure 3.8c). Samples aged under different RH presented different histories of hydroxide flux. For 

all RH conditions, the hydroxide flux decreased with leaching time at initial leaching, and the flux started 

to increase steadily at 91, 63, 28, and 14 days of leaching for 15%, 40%, 68%, 100% RH, respectively. As 

suggested from the trend of carbonation front depth in these samples, the longer leaching time when the 

inflection point occurs at lower RH can be related to the higher carbonation front ingress into the sample. 

Samples aged under 68% RH had lesser hydroxide flux in the early leaching period (< 14 days) compared 

with the others, suggesting a much greater extent of reaction under 68% RH (in the region near the exposure 

surface). This observation is consistent with the theory discussed above, that the presence of liquid phases 

in the pore spaces were favorable for the dissolution of CO2 and carbonation reaction. For the samples aged 

in lower RH (i.e., 15% and 40%), the reaction extent was comparatively less, despite the fact that the 

carbonation front ingress was greater.  

3.3.3 Conceptual model 

The coupled processes of carbonation and drying in monolith Cast Stone is conceptualized in Figure 3.9. 

Transport occurs for water and CO2 in both liquid and gas phases. Gaseous CO2 diffuses through gas filled 

pore spaces and dissolves in pore solution through interphase mass transfer, forming HCO3
-, and CO3

2- (Eqs. 

3-1 to 3.3), which then reacts with the dissolved species and releases water (Figure 3.9a). The gas phase 

diffusion of CO2 is facilitated as drying proceeds in the material and the gas phase becomes continuous 

(Figure 3.9b). The gaseous diffusion is further facilitated when the porosity is increased and microcracking 

is formed in the carbonated material. Assuming the reaction rate between CO2 and cement matrix is 

relatively fast and the transport of CO2 in the liquid phase is negligible compared to the rate of reaction, the 

carbonation process in the material is mostly controlled by the gaseous diffusion along x-axis and mass 

transfer of CO2 orthogonally along the y-axis (Figure 3.9c). On the whole, the carbonation conceptual model 

in Cast Stone differs from OPC in two aspects: 1) porosity increases and cracking forms in Cast Stone 

compared to decreased porosity for OPC; 2) greater water generation from carbonation in Cast Stone than 

for OPC.  
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Figure 3.9 Conceptual model of carbonation and drying process in Cast Stone: a. transport of species in the 

porous structure; b. moisture distribution in pore structure with different extent of drying; and c. mass 

transport of CO2 in the pores.  

 

Transport of CO2 in gas along the x-axis through diffusion can be represented in the following form with 

CO2 concentration (CG) gradient as the driving force: 

 𝜕𝐶𝐺
𝜕𝑡

=
𝜕

𝜕𝑥
𝐷𝐶𝑂2(𝐺)
𝑒𝑓𝑓 𝜕𝐶𝐺

𝜕𝑥
 (3-13) 

where t is time and x is distance from the surface. The effective diffusivity of CO2 in gas (𝐷𝐶𝑂2(𝐺)
𝑒𝑓𝑓

) is a 

function of saturation and porosity and is defined by [46,95]: 

 
𝐷𝐶𝑂2(𝐺)
𝑒𝑓𝑓

=
𝐷0,𝐺
𝜏𝐺

2
(1 − 𝑆)10 3⁄ 휀4 3⁄  (3-14) 

where D0,G is the free diffusivity of CO2 in air; τG is the gas phase tortuosity factor; S is saturation and ε is 

porosity. Porosity, saturation and tortuosity factors change with drying and carbonation (Figure 3.6). 

Meanwhile, mass transfer of CO2 from gas to liquid phase is driven by the difference in CO2 concentration 

and the mass transfer rate (𝒓𝑪𝑶𝟐(𝑮)) in porous medium can be defined as [140]: 

 
𝑟𝐶𝑂2(𝐺) = 𝑘𝑎(𝑘𝐻𝐶𝐺 − 𝐶𝐿) =

𝜕𝐶𝐺
𝜕𝑡

 (3-15) 
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where k is the mass transfer coefficient (m/s), a is the effective specific interfacial area (m-1), kH is Henry’s 

constant of CO2 in water, and CL is the CO2 concentration in liquid. A non-dimensional parameter Sherwood 

number (Sh) can be used to evaluate the relative effect of mass transfer rate and diffusion [140,141]: 

 
𝑆ℎ =

𝑘𝑑50

𝐷𝐶𝑂2(𝐺)
𝑒𝑓𝑓

 (3-16) 

where d50 is the mean pore diameter at the specific saturation degree, which can be derived from the pore 

size distribution, assuming drying occurs progressively from larger pores to the smaller pores (details are 

provided in Appendix C-II). The value of k has been reported within the range of 10-5 to 10-4 m/s [142–144], 

and the value provided by Jeong et al. from simulation of CO2 transport in cement mortar (5×10-5 m/s) [142] 

was used to determine the Sherwood number as a function of saturation.  

Figure 3.10 shows how the value of the Sherwood number (Sh) decreases with decreasing saturation. The 

Sh value is 1 at 100% RH and decreases as the relative rate of gaseous diffusion increases and/or the rate 

of mass transfer decreases toward Sh = 0.7. For the three drying conditions used in the experiment (i.e., 

68%, 40% and 15% RH), gas diffusion is relatively more rapid than mass transfer (Sh < 1). The mass 

transfer rate is additionally affected by the liquid-vapor interface, which decreases with drying. Dissolution 

of CO2 into the liquid phase is assumed to be required for the carbonation reaction to proceed. Therefore, 

the extent of carbonation reaction is relatively low under lower RH conditions (Figure 3.8), as the reactant 

and reaction media are limited. This observation additionally suggests that the linear relationships observed 

between carbonation depth and √t under 2% CO2 (Figure 3.4) do not necessarily imply a diffusion-

controlled carbonation process. Instead, the linear relationship is a coupled effect of the increase in gaseous 

diffusion pathway in the carbonated material and the limited CO2 dissolution in the dried zone (i.e., the 

carbonation reaction occurs primarily at the drying front). Meanwhile, both the gaseous diffusion along x-

axis and mass transfer along y-axis are proportional to the concentration of CO2 in gas (Eq. 3-13 and Eq. 

3-14). This explains the previous observations that carbonation rate is proportional to the CO2 concentration 

(Figure 3.3) and the reaction extent increases as CO2 concentration increases (Figure 3.1 and Figure 3.2).  
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Figure 3.10 Sherwood number (Sh) as a function of relative saturation (where each dashed line shows the 

equilibrium saturation with indicated RH). 

 

3.3.4 Migration of sodium 

Alkalis, mainly sodium due to the high content and solubility, are mobile in alkali-activated materials under 

leaching conditions and during curing under high RH conditions [126,145]. During aging in low RH 

conditions, capillary water moves from the interior of the material toward the exposure surface in response 

to the hydraulic head gradient. Since carbonation accelerates drying, the capillary movement is also 

dependent on aging conditions. The effect of water movement on alkali distribution in Cast Stone was 

studied on samples with and without carbonation under 68% RH (i.e., the condition where the greatest 

extent of carbonation reaction and increase of drying was observed) through SEM-EDS mapping (Figure 

3.11).  
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Figure 3.11 SEM-EDS maps of selected elements and backscattered electron images at the exposure surface 

and carbonation front of a sample aged in N2 and 2% CO2, 68% RH for 48 weeks. 

 

In the uncarbonated sample, sodium appears to be evenly distributed across the measured depth, with 

slightly lower content near the exposure surface. At the exposure surface of the carbonated sample, there is 

clearly an accumulation of sodium with a thickness of 0.05-0.2 mm, and the charge is complemented by 

the sulfur species, in the form of SO4
2-. At the carbonation front, higher sodium and sulfur contents are 

measured in the uncarbonated region compared with the carbonated region. The sodium content in the 

uncarbonated region is approximately the same as in the uncarbonated sample. These results indicate that 

sodium in the carbonated region moves toward the sample surface during aging and precipitates in the form 

of Na2SO4 due to the capillary water movement. Alkali movement also has been observed in another study 

on alkali-activated slag, in which efflorescence appears at the sample surface under 55% RH ambient 

environment [126]. The fact that sodium accumulation is only found in the carbonated material but not in 

uncarbonated material can be explained by the previous finding that the water movement is much more 

aggressive during carbonation, especially under 68% RH (Table 3.4), and the greater solubility of NaOH.  

Calcium migration is observed to have a complementary effect on sodium. Generally, there is relatively 

less calcium content in the region where sodium content is greater. However, since calcium is much less 
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soluble in the pore solution and mostly bound in the cement matrix, the likelihood of observing strong 

migration of calcium to the same extent as sodium during aging is low.   

3.4 Conclusions 

This study shows the effect of environmental conditions on carbonation in the Cast Stone waste form, a 

cementitious material with similar properties to alkali-activated fly ash and slag systems. Specific 

environmental factors considered are CO2 concentration and the relative humidity in the surrounding 

environment. Experimental studies were carried out and the key conclusions from the study are: 

1) The carbonation rate in Cast Stone is much greater than that observed in OPC-based paste and 

concrete due to the lower alkalinity and coarser pore structure formed in Cast Stone as well as the 

evolution of the microstructure (i.e., porosity increase and microcracking) during carbonation. 

2) Carbonation rate in Cast Stone is proportional to the CO2 concentration when aged at 68% RH, and 

the reaction extent increases with increasing CO2 concentration. These validated that CO2 

concentration gradient is the driving force for diffusion and dissolution of CO2 in Cast Stone.  

3) The ingress rate of the carbonation front in Cast Stone is higher under lower RH in both air and 2% 

CO2 conditions. This result is different from OPC-based paste and concrete materials, which exhibit 

the greatest rate and extent of carbonation at 50-65% RH. Lower water retention ability, higher 

amount of water generation under carbonation, and increased diffusion pathway during carbonation 

are identified in Cast Stone versus in cement and concretes, which contribute to the increased 

carbonation ingress in Cast Stone under dry conditions. The effect of RH is more significant on 

carbonation rate at 2% CO2 than in air.  

4) The extent of carbonation reaction behind the carbonation front is most extensive at 68% RH for 

both natural and accelerated carbonation conditions. Under dry conditions (15% and 40% RH), low 

moisture content and limited liquid-gas interfacial area restricted the dissolution of CO2.  

5) Sodium and sulfate migrated toward the exposure surface during carbonation under 68% RH, which 

is consistent with capillary water movement and surface precipitation. 
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4. IMPACT OF CARBONATION ON LEACHING OF CONSTITUENTS IN CAST STONE 

WASTE FORM 

Abstract 

The effect of carbonation on the leaching of major and trace constituents from the Cast Stone waste form 

was studied through the combination of leaching experiments and simulations. Liquid-solid partitioning 

(LSP) and chemical speciation of the constituents was analyzed using pH dependent leaching and 

geochemical speciation modeling.  Diffusive transport of the constituents in the waste form was evaluated 

using diffusion-controlled mass transport leaching tests and reactive transport modeling using the 

geochemical speciation model derived from pH dependent leaching. Comparisons among Cast Stone 

materials aged under nitrogen, air, and 2% CO2 showed that carbonation impacts both solubility and 

diffusivity of major and trace constituents. For Cr, which was one constituent of potential concern and 

redox-sensitive species, carbonation under 2% CO2 reduced the diffusion-controlled leaching by two orders 

of magnitude. The LSP of Cr was strongly dependent on the pH and pe state in the system.  

 

4.1 Introduction 

Cementitious materials have been developed and used as a cost effective option for the immobilization of 

nuclear wastes globally due to their potential in incorporating radionuclides and stabilizing the waste 

[113,146,147]. At the Hanford Site in southeastern Washington State, a portion of low activity waste 

streams is being considered to be disposed as Cast Stone, which is a cementitious waste form produced 

from Portland cement, fly ash, blast furnace slag, and liquid low activity waste. Depending on the source 

of the waste stream, waste feed contains high concentrations of dissolved salts (mostly sodium salts of 

nitrate, hydroxide, chloride, fluoride, and sulfate); various amounts of radionuclides (notably 99Tc and 129I); 

RCRA metals (including chromium); and other constituents of potential concern (COPCs) [1,58,122,148]. 

The high pH and reducing environment within Cast Stone provides favorable conditions for the 

immobilization of COPCs. Through several testing programs, cementitious waste forms for the Hanford 

Site secondary liquid waste have measured releases of COPCs (e.g., 99Tc and Cr) from the waste form lower 

than regulatory thresholds [58,115,122].  

However, because decay of these radionuclides (e.g., 99Tc, 129I) takes a long time from a human perspective, 

the long-term performance of the waste form and the resulting leaching behavior of COPCs need to be 

carefully studied. Through the service life of the waste form, exposure to a reactive atmosphere can alter 
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the properties of the waste form due to carbonation and oxidation reactions with the cement matrix. 

Oxidation affects the solubilities of redox sensitive constituents in Cast Stone; oxidation effects have been 

studied in detail [90]. The solubilities of constituents can also be affected by carbonation, which decreases 

the internal pH of the waste form and introduces carbonates to its pore solution [38–40]. Meanwhile, as 

discussed in Chapter 3, carbonation also alters the pore structure of Cast Stone, which increases the transport 

rate for dissolved and gaseous components within the material. Therefore, extensive experiments and 

modeling studies were conducted on Cast Stone materials to fully understand changes to their physical and 

chemical properties under carbonation and to evaluate the potential impact to the environment. 

One of the most relevant methods to estimate the retention ability of a waste form and provide data to 

evaluate its environmental impact is through leaching tests, in which the waste form is placed in contact 

with an extracting solution and releases of constituents are measured. The liquid-solid partitioning of 

constituents in the material can be derived from leaching under near chemical equilibrium conditions. Since 

the solubilities of constituents can be highly dependent on the solution pH, it is necessary to carry out 

leaching under a wide pH range [149]. In addition to the constituents’ solubilities, the effect of transport 

properties within the waste form on the releases of constituents can be estimated through physical testing 

and diffusion-controlled mass transport leaching tests.  

The effect of carbonation on leaching from Portland cement-based materials has been demonstrated in many 

studies [10,13,16,40,149]. However, Cast Stone, which contains high amounts of blast furnace slag and fly 

ash, a limited amount of Portland cement, and a high salt content alkaline solution yielded a very different 

chemical composition after hydration compared with Portland cement. Specifically, a lower Ca/(Si+Al) 

ratio is expected in the phases that control the dissolution of Ca, and a much higher Na concentration can 

be found in the pore solution [150]. The resulting carbonation products in Cast Stone are likely to be 

different from the products observed in Portland cement [151], leading to different solubilities of 

constituents. To date, no experimental study has been carried out to evaluate the effects of carbonation on 

leaching from Cast Stone, though it is an essential step for predicting long term performance of the waste 

form.  

In this study, pH dependent leaching and diffusion-controlled leaching were carried out on Cast Stone 

materials aged under environmental conditions with and without CO2 to evaluate the impact of carbonation 

on the release of constituents. To understand the effects of carbonation on mineral evolution in Cast Stone, 

geochemical speciation modeling was used to evaluate the chemical speciation that controls the 

experimentally measured liquid-solid partitioning of constituents. Major and trace constituents, including 

carbonation- and redox-sensitive constituents in the waste form, were selected as the focus in this study. 

Mineral phases and solid solutions identified in this study and a previous study of Cast Stone [90] were 
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incorporated into the reactive transport models used to simulate diffusion-controlled leaching. Key physical 

and chemical parameters were calibrated from constituent diffusion-controlled leaching. Reactive transport 

modeling allows extrapolating lab test results to long-term field leaching.  

4.2 Material and Methods 

4.2.1 Aging experiment 

Cast Stone samples were prepared following the formulation and method introduced in 3.2.1. Waste 

simulant was prepared using a recipe based on the anticipated Hanford Site low activity waste (LAW) 

composition [74]. Chromium was added in the form of Na2CrO4 to achieve 0.2 wt% loading. Cr is a redox-

sensitive constituent that possesses lower solubility as Cr(III) than as Cr(VI) and, therefore, can serve as a 

redox indicator. Cr also is a major RCRA metal component of LAW [37]. Cast Stone samples in granular 

form and monolithic form were transferred into an aging environment after hydration under N2 and 100% 

RH for 90 days, and pre-conditioning under N2 and 68% RH for 60 days. Granular samples were then aged 

under nitrogen (0% CO2; CS-N); air (0.04% CO2 and 21% O2; CS-A); 2% CO2 (v/v in nitrogen; CS-C); and 

68% RH for 16 weeks. Monolithic samples were aged under 68% RH for 48 weeks in nitrogen (CS-N-48w); 

air (CS-A-48w); and 2% CO2 (CS-C-48w). The detailed aging method is described in section 3.2.2. It is 

assumed that during the hydration and aging periods, the reduction capacity (mostly contributed by reduced 

sulfur in the blast furnace slag) in Cast Stone reduces the doped Cr(VI) into Cr(III), which lowers the 

solubility of Cr. Studies on saltstone material which used a similar binder composition as Cast Stone showed 

that the saltstone was able to reduce the doped 0.1 wt% Cr(VI) after 21-37 days of curing [152,153]. The 

reduction capacity measured from the cured saltstone was between 605-849 µeq e-/g, which is much greater 

than the amount of reduction capacity required to completely reduce the 0.2 wt% Cr(VI) to Cr(III) in the 

Cast Stone system (115.4 µeq e-/g). Therefore, it is reasonable to assume that the Cr(VI) doped in Cast 

Stone is completely reduced after 90 days of hydration. During the aging period, the O2 in the aging 

environment (e.g., air) diffuses into the  material potentially reacting with the reduced Cr in CS-A, 

increasing the solubility of Cr [152].  

 

4.2.2 Total content 

The total contents of chemical constituents in the granular Cast Stone (CS-N) samples after aging were 

analyzed using lithium metaborate (LiBO2) fusion [154]. Powdered samples were dried at 105°C, and 250 

mg of samples were mixed with 600 mg of LiBO2. The samples were heated at 1100°C for 10 min and then 
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well mixed with 50 ml of preheated 1 mol/L nitric acid. The resulting solution was analyzed by inductively 

coupled plasma-optical emission spectrometry (ICP-OES) using EPA Method 6010D [80] and inductively 

coupled plasma-mass spectrometry (ICP-MS) using EPA Method 6020B [155] for the concentrations of 

constituents. Due to the volatile nature of most of the anion constituents under fusion, total contents of 

anions that are volatile under high temperature (Cl, F, NO3, Br, SO4) were calculated from the composition 

of the waste simulant used in the formulations.  

Thermogravimetric analysis (TGA) was used to estimate the mass fraction of carbonation products [85,151]. 

TGA was analyzed with a TA Instruments Q600 SDT analyzer (New Castle, Delaware, USA). 

Approximately 20 mg of sample was initially equilibrated at a temperature of 50°C prior to heating to 

1000°C at a rate of 10.0°C/min. The chamber was continuously flushed with nitrogen throughout the 

heating process with a flow rate of 100 mL/min.  

4.2.3 pH dependent leaching test  

The aged granular samples were tested for pH dependent liquid-solid partitioning following EPA Method 

1313 [131]. The test obtains the leaching behavior of Cast Stone by measuring the release of constituents 

from the material under conditions that approach equilibrium at different target pH values. For each pH test 

position, a 10-gram granular test sample was mixed with a predetermined amount of nitric acid or potassium 

hydroxide and de-oxygenated Milli-Q water to bring the liquid-solid ratio (L/S) to 10 mL/g at a given target 

pH value. The samples were then mixed in an end-over-end tumbler at room temperature for 48 hours. After 

mixing, eluate pH, electrical conductivity (EC), and oxidation-reduction potential (ORP) were measured. 

The samples were centrifuged and filtered through 0.45 µm filter. The filtrate was analyzed with ICP-OES 

for concentrations of Al, Sb, As, Ba, B, Ca, Cr, Fe, Li, Mg, Ni, P, K, Se, Si, Na, Sr, S, Ti, V, and Zn, and 

with ICP-MS for concentrations of Be, Cd, Cs, Co, Cu, Mn, Ni, Tl, Sn, Ti, and U.   

4.2.4 Diffusion-controlled leaching test 

A 1-D diffusion-controlled mass transport leaching test was performed on the aged monolithic Cast Stone 

samples following EPA Method 1315 [133]. The surface of the sample exposed to aging conditions was in 

direct contact with de-oxygenated Milli-Q water to bring the liquid-surface area ratio to 10 mL/cm2 and to 

allow 1-D diffusion. The eluate was exchanged at 0.1, 1, 2, 7, 14, 28, 42, 49, 63, 91, and 105 days. Each 

eluate was analyzed for pH, EC, and ORP. Concentrations of constituents in the eluate were measured using 

the method described in section 4.2.3. Anions were additionally measured by ion chromatography (IC) 

using EPA Method 9056A [81] for concentrations of F, Cl, Br, NO2, NO3, SO4, and PO4.  
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4.3 Modeling approach 

Geochemical speciation modeling and reactive transport modeling were performed using the 

LeachXS™/ORCHESTRA framework [99,139] to simulate the pH dependent liquid-solid partitioning of 

constituents as obtained by the pH dependent leaching test (EPA Method 1313) and mass transfer release 

of constituents as obtained by diffusion-controlled leaching test (EPA Method 1315). The reaction constants 

(log K’s) of reactions used in the equilibrium calculations are obtained from several thermodynamic 

databases including MINTEQ.V4, CEMDATA18, Thermoddem2011, and LLNL.dat [87,88,156,157]. 

Activity coefficients were calculated using the modified Davies activity model [158]. Since the modified 

Davies activity model is applicable to a relatively low ionic strength range (I<1.2 mol/L), future research 

will include implementing the SIT activity model to account for the impact of ionic interactions at high 

ionic strength.  

4.3.1 pH dependent leaching simulation and input parameters 

Geochemical speciation modeling assumes chemical equilibrium of dissolution, precipitation, redox, and 

adsorption reactions in the modeled system. For all the Cast Stone materials aged under different 

environmental conditions, a single mineral assemblage (Table 4.1) as derived by Chen et al. [90] was used 

to describe the eluate concentrations of major and trace constituents (i.e., Ca, Si, Al, Na, Mg, Fe, S, and 

Cr). The description for leaching behaviors of carbonation sensitive species (i.e., Li, Ba, Sr) is evaluated in 

this work. The selection of the mineral assemblage and solid solutions for Cast Stone considered both the 

phases from characterization [32,90,123,124,159] and phases reported in literature [87,150,151]; the 

resulting assemblage was verified through comparing geochemical speciation modeling results with 

experimental measurements on non-carbonated Cast Stone (CS-N) and oxidized Cast Stone samples. For 

both the results from [90] and carried out here, the log-squared residuals for each constituent concentration 

at each tested pH were calculated and summed (logRSS) to evaluate the goodness of fit for the model 

prediction.  
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Table 4.1 Mineral assemblage controlling the solubility of constituents in Cast Stone materials. 

Notation Formula Log(K)a Reaction 

CEM18_INFCNA_C

NASHss b 

16CaO·5.5Na2O·2.5

Al2O3·19SiO2·21H2O 
-9.836 

CEM18_INFCNA + 0.5 H2O -> 0.3125 Al[OH]4
- + 1 

CEM18_CNASH_ss + 1 Ca+2 + 1.1875 H2SiO4
-2 + 0.6875 

Na+ 

CEM18_T2C_ 

CNASHss b 
3CaO·2SiO2·5H2O 2.982 

CEM18_T2C_CNASHss + 1 H+ -> 1 CEM18_CNASH_ss 

+ 1.5 Ca+2 + 2 H2O + 1 H2SiO4
-2 

CEM18_TobH_ 

CNASHss b 
2CaO·3SiO2·5H2O -21.51 

CEM18_TobH_CNASHss -> 1.5 CEM18_CNASH_ss + 1 

Ca+2 + 1 H+ + 0.5 H2O + 1.5 H2SiO4
-2 

Ca3[PO4]2[beta] c Ca3(PO4)2 -29.08 Ca3[PO4]2[beta] -> 3 Ca+2 + 2 PO4
-3 

CaCO3_BaCO3 e CaBa(CO3)2 -21.10 CaCO3_BaCO3 -> 1 Ba+2 + 2 CO3
-2 + 1 Ca+2 

CaCO3_Li2CO3 e CaLi2(CO3)2 -21.30 CaCO3_Li2CO3 -> 2 CO3
-2 + 1 Ca+2 + 2 Li+ 

CaCO3_SrCO3 e CaSr(CO3)2 -19.75 CaCO3_SrCO3 -> 2 CO3
-2 + 1 Ca+2 + 1 Sr+2 

CEM18_Amor_Sl b SiO2 -25.72 CEM18_Amor_Sl + 2 H2O -> 2 H+ + 1 H2SiO4
-2 

CEM18_Brc b Mg(OH)2 17.18 CEM18_Brc + 2 H+ -> 2 H2O + 1 Mg+2 

CEM18_C3S b Ca3SiO5 51.63 CEM18_C3S + 4 H+ -> 3 Ca+2 + 1 H2O + 1 H2SiO4
-2 

CEM18_Cal b CaCO3 -8.45 CEM18_Cal -> 1 CO3
-2 + 1 Ca+2 

CEM18_ 

hemicarbonate b 

Ca4Al2(CO3)0.5(OH)13

·5.5H2O 
40.93 

CEM18_hemicarbonate + 5 H+ -> 2 Al[OH]4
- + 0.5 CO3

-2 

+ 4 Ca+2 + 10.5 H2O 

CEM18_ 

hemihydrate b 
CaSO4·0.5H2O -3.518 CEM18_hemihydrate -> 1 Ca+2 + 0.5 H2O + 1 SO4

-2 

CEM18_Mgs b MgCO3 -8.206 CEM18_Mgs -> 1 CO3
-2 + 1 Mg+2 

CEM18_ 

monocarbonate b 

Ca4Al2(CO3)(OH)12 

·5H2O 
24.38 

CEM18_monocarbonate + 4 H+ -> 2 Al[OH]4
- + 1 CO3

-2 + 

4 Ca+2 + 9 H2O 

CEM18_ 

monosulphate12 b 

Ca4Al2O6(SO4)· 

12H2O 
26.66 

CEM18_monosulphate12 + 4 H+ -> 2 Al[OH]4
- + 4 Ca+2 + 

10 H2O + 1 SO4
-2 

CEM18_Ord_Dol b CaMg(CO3)2 -16.99 CEM18_Ord_Dol -> 2 CO3
-2 + 1 Ca+2 + 1 Mg+2 

CEM18_Portlandite b Ca(OH)2 23.19 CEM18_Portlandite + 2 H+ -> 1 Ca+2 + 2 H2O 

Diaspore c α-AlO(OH) -16.02 Diaspore + 2 H2O -> 1 Al[OH]4
- + 1 H+ 

Eskolaite d Cr2O3 -147.5 Eskolaite + 5 H2O -> 2 CrO4
-2 + 10 H+ + 6 e- 

Ferrihydrite c Fe2O3·0.5H2O -18.18 Ferrihydrite + 1 H2O -> 1 Fe[OH]4
- + 1 H+ 

Gaylussite d Na2Ca(CO3)2·5H2O -9.516 Gaylussite -> 2 CO3
-2 + 1 Ca+2 + 5 H2O + 2 Na+ 

Larnite d Ca2SiO4 16.18 Larnite + 2 H+ -> 2 Ca+2 + 1 H2SiO4
-2 

Nahcolite d NaHCO3 -10.79 Nahcolite -> 1 CO3
-2 + 1 H+ + 1 Na+ 

Natron c Na2CO3·10H2O -1.508 Natron -> 1 CO3
-2 + 10 H2O + 2 Na+ 

Pyrite c FeS2 -121.1 Pyrite + 12 H2O -> 1 Fe[OH]4
- + 20 H+ + 2 SO4

-2 + 15 e- 

Pyrrhotite d FeS -72.27 Pyrrhotite + 8 H2O -> 1 Fe[OH]4
- + 12 H+ + 1 SO4

-2 + 9 e- 

Wairakite d 
Ca8Al16Si32O96 

·16H2O 
-119.4 

Wairakite + 10 H2O -> 2 Al[OH]4
- + 1 Ca+2 + 8 H+ + 4 

H2SiO4
-2 

llnl_NaTcO4 
d NaTcO4 -9.279 llnl_ NaTcO4 + 1 e- -> 1 Na+ + 1 TcO4

-2 

llnl_TcO2:2H2O 

[am] d 
TcO2·2H2O -48.46 llnl_TcO2:2H2O[am] -> 4 H+ + 1 TcO4

-2 + 2 e- 

llnl_Tc3O4 d Tc3O4 -192.9 llnl_Tc3O4 + 8 H2O -> 16 H+ + 3 TcO4
-2 + 10 e- 

llnl_TcOH d TcOH -110.4 llnl_TcOH + 3 H2O -> 11 H+ + 1 TcO4
-2 + 7 e- 

a formation reaction constant; 
b mineral from CEMDATA18 database; 
c mineral from Minteq. V4 database; 
d mineral from LLNL database; 
e minerals proposed in the present study with calibrated logK. 

 

For each material, the available content (i.e., the content that can participate in geochemical speciation 

reactions) for each constituent except for silica and carbonate was determined by the maximum release of 

the constituents measured across the entire pH range in the Method 1313 test (Table 4.2). The reactions 

associated with silica were considered to be kinetically controlled and not near thermodynamic equilibrium 

after 48 hours of leaching, thus the silica available content was calibrated to fit the calcium leaching curve 
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at pH > 9 because the dissolution of calcium is sensitive to the Ca/Si ratio. The available content of 

carbonate was determined within the measured carbonate content from TGA and calibrated to fit the 

calcium leaching curve between pH 6 to 9 (Figure D2). The redox state (pe) at each pH condition was 

calibrated based on the predicted concentration of redox sensitive species because laboratory redox 

measurements during leaching tests were considered unreliable because of sample handling and test 

conditions. Among the redox sensitive species in the system (e.g., S, Fe and Cr), Cr was selected for 

calibration of pe. As will be discussed in section 4.4.4, the redox states of S and Fe are less sensitive to the 

range of pe in the test conditions compared to Cr. Calibrating pe by fitting the measured concentrations of 

S led to a poor description of Cr leaching (Appendix A, Figure S6). 

The adsorption of ions on the surface of organic matter was modeled with the NICA-Donnan model [160] 

using parameters published by Milne, et al. [161,162]. Ion adsorption onto HFO was modeled using the 

generalized two layer model of Dzombak and Morel [163]. The amount of organic matter and HFO in the 

system were determined by fitting the aqueous partitioning curves of Cu and As, respectively. 
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Table 4.2 Total content and available content of elements in Cast Stone.  

  
Available content (mg/kg) 

Total content  

(mg/kg) 

 CS-N CS-A CS-C  

Al 6480 6480 6480 64500 a 

As 7.1 6.2 8.6 8.6 a 

B 23 36 39 -- a 

Ba 17 17 7.7 579 a 

Br 0.0059 0.0059 0.0059 -- b 

Ca 71400 64100 54000 109000 a 

Cd 0.12 0.12 0.13 0.60 a 

Cl 552 708 771 483 b 

Co 1.2 1.4 1.4 21 a 

CO3 36000 51000 81900 57600 c 

Cr 353 418 424 1900 a 

Cu 8.5 8.7 8.1 62 a 

F 7.8 44 109 269 b 

Fe 656 665 720 17800 a 

K 3400 4200 d 3690 8580 a 

Li 19 16 11 -- a 

Mg 5300 4000 2800 8480 a 

Mn 137 135 170 557 a 

Mo 4.2 4.7 5.2 7.2 a 

Na 42100 30400 28900 56700 a 

Ni 1.7 1.8 1.7 50 a 

NO3 43400 43400 43400 45600 b 

P 197 191 257 850 a 

Pb 1.7 1.8 1.8 4.1 a 

S 8020 8020 8020 8400 a 

Sb 0.27 0.25 0.14 1.8 a 

Se 3.8 4.1 4.9 25 a 

Si 35700 3090 13200 143000 a 

Sr 249 121 112 422 a 

Zn 16 16 14 52 a 

a. from LiBO2 fusion (Li and B not measured due to addition of LiBO2 in testing); 

b. from simulant formulation (Br not added); 

c. from TGA measurement; 

d. maximum concentration of K in pH positions without KOH addition for pH adjustment 

 

4.3.2 Diffusion-controlled leaching simulation and input parameters 

The 1-D diffusion-controlled mass transport leaching from CS-N-48w, CS-A-48w, and CS-C-48w 

monoliths was simulated with geochemical speciation coupled with reactive transport modeling. In 
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monolithic diffusion modeling, the experimental condition was conceptualized (Figure D1) as a series of 

well-mixed cells representing the Cast Stone monolith (10-cm depth) and a well-mixed tank cell at the 

boundary representing the refresh solution (with solution volume accounting for experimental liquid-

surface ratio). Chemical equilibrium is calculated at each time step within each cell. Transport of 

constituents through diffusion between adjacent cells was calculated at the end of each time step.  

The same mineral assemblage as defined in pH dependent leaching simulation was used (Table 4.1). The 

available contents of the constituents except for the carbonate and silicate were assumed to be uniform 

across the solid matrix, and the values obtained from CS-N (Table 4.2) were used. The available content of 

silica that was previously determined through calibration to the Ca leaching curve was found to be very 

different in carbonated and uncarbonated materials (Table 4.2). Therefore, for the carbonated cells in CS-

A-48w and CS-C-48w, the available content of Si was calculated from the available content ratio of Ca/Si 

in CS-A and CS-C, respectively. Also, the available content ratio of Ca/CO3
2- from CS-A and CS-C was 

used as the basis for determining available content of carbonate in the carbonated cells. The available 

content of carbonate in the carbonated cells was further calibrated to fit the pH values of tank solutions. 

Illustration of the approach for determining the available content of carbonate is provided in Figure D3. 

The initial redox state (pe) of the solid matrix prior to leaching was assumed to be variable as a function of 

depth from surface due to the interaction between pH and pe, depending on the redox reactions in the system. 

Hence, the initial pe of the pore solution in each cell was calibrated based on the measured Cr concentration 

in Method 1315 eluates as illustrated in Figure D3. The effective diffusivity (De,L) of an ion is controlled 

by the physical properties including porosity (ε), liquid phase tortuosity factor (𝜏𝐿), and saturation (S) of 

Cast Stone as governed by Eq. 4-1, where D0,L is the free diffusivity of ions in water [46].  

 

𝐷𝑒,𝐿 =
𝑆7/3 × 휀 × 𝐷0,𝐿

𝜏𝐿
2

 (4-1) 

The tortuosity profile in the solid matrix was determined from the leaching curves of Na. Na is a relatively 

non-reactive element as discussed in section 4.4.1. The tortuosity factor in each cell was determined by 

minimizing the log-squared residuals (logRSS, Eq. 4-2) of the simulated sodium release concentrations (�̂�) 

compared to measurements (y). 

 𝑙𝑜𝑔𝑅𝑆𝑆 =∑(log (
�̂�

𝑦
))2 (4-2) 
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4.4 Results and discussion 

4.4.1 pH dependent leaching of major constituents  

The experimental results from Method 1313 and geochemical speciation prediction of acid neutralizing 

capacity (ANC) titration and solution ionic strength as a function of pH are shown in Figure 4.1. The 

titration curve for a carbonated material (CS-A, CS-C; Figure 4.1) was generally shifted to the left from the 

uncarbonated material (CS-N), indicating carbonation decreased the natural pH of the material (i.e., pH 

value measured with no acid or base addition during leaching; ANC=0 mol/kg) and also decreased the 

buffering capacity in the alkaline pH range between 7-13. The decrease in buffering capacity indicates the 

decrease of C-S-H, which contributes to the acid neutralization capacity in the system, and the greater extent 

of carbonation reaction results in lower buffering capacity. The natural pH of CS-A was slightly decreased 

compared to that in CS-N from 12.6 to 12.1 and further decreased to 9.9 in CS-C. The calculation of 

alkalinity from the ANC titration curves and the correlation between alkalinity, buffering capacity, and 

natural pH of the material were discussed in section 3.3.1. The geochemical speciation modeling closely 

predicted the measured ANC curve at pH greater than 6, and the natural pH of each material was well 

captured. The deviation of the modeled ANC from the experimental results at pH less than 6 may be 

attributed to the loss of carbonate in the system in the form of CO2 gas, which was not considered in the 

model. The entrapment of Al in silica gel formed at lower pH conditions in the experiment [90] was not 

considered in the model. A previous study suggested that acid buffering in the system at pH below 4 is 

likely to be controlled by Al-bearing phases [164]; however, in Cast Stone, the maximum concentration 

measured in the eluate was less than 10% of the total content of Al (Table 4.2). 

 

Figure 4.1 Experimental measurements and geochemical speciation modeling results of acid neutralizing 

capacity (ANC) and solution ionic strength for CS-N, CS-A, and CS-C. 
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The experimental results from Method 1313 and geochemical speciation modeling for major constituents 

leaching as a function of pH are presented in the first column in Figure 4.2. The circles indicate 

concentrations of constituents at the natural pH of the material (i.e., with no acid or base addition during 

leaching). Constituents with a total content of greater than 0.5 wt% including Ca, Si, Al, Mg, Na, and Fe 

are considered major constituents, and the results for Fe are presented later in section 4.4.4. Geochemical 

speciation modeling well described the leaching behavior of major constituents in the pH range between 7 

and the natural pH of the materials, indicating good representativeness of the mineral set for uncarbonated 

and carbonated materials. Modeling results for speciation of major constituents are presented in Figure 4.2 

to show the predicted partitioning of the constituents among the phases in the system (i.e., dissolved phase, 

minerals, solid solutions, and adsorption phases). The results for chemical speciation in CS-N and CS-C 

are presented as two bounding cases with minimum and maximum extent of carbonation. 
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Figure 4.2 Experimental measurements and geochemical speciation modeling results of major constituents 

(Ca, Si, Al, Na, Mg) for CS-N, CS-A, and CS-C. Circles indicating the test position at the natural pH of the 

material. (Amor_Si: CEM18_Amor_Si; CNASH_ss: CNASH solid solution, Table 4.1).  
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The pH dependent leaching behavior of the major constituents in the carbonated material was also found 

shifted when compared to the uncarbonated material (Figure 4.2). The leaching of Ca decreased in the pH 

range of 6-13 as the extent of carbonation increased, which agrees with the observation from other studies 

on cementitious materials [13,40]. The differences in Ca concentration between the carbonated and 

uncarbonated material are most significant at pH 10.7 and decrease as pH further increases. A smaller 

difference is observed for the leaching of Ca under natural pH conditions of the three aged samples because 

the solubility of Ca is highly dependent on pH. The model prediction of Ca concentration from CS-N and 

CS-A agreed well with measurement. Although the prediction from CS-C is higher than the measured value 

by one order of magnitude at pH<10.5, the model closely predicted the Ca concentration at the natural pH 

of the material. From the geochemical speciation results for CS-N, the CNASH solid solution (CNASH_ss) 

was the controlling phase for the solubility of Ca, Si, Al, and Na in the simulated system at pH 9-14. The 

absence of portlandite in the Ca speciation, which is a major hydration phase in Portland cement, is the 

result of low Ca/Si ratio in the Cast Stone system. The absence of portlandite agrees with other 

characterization results on Cast Stone and materials with similar compositions [31,124]. Compared to CS-

N, the amount of CNASH solid solution in CS-C was significantly decreased and only present at pH 11.5-

14, indicating the decomposition of CNASH phases under carbonation. The CNASH decomposition leads 

to the release of Ca, Si, Al, and Na from the CNASH solid solution in the carbonated material. Instead, a 

large amount of calcite was formed in CS-C and was stable at pH 6.2-14, controlling the leaching of Ca in 

this pH range. 

The concentration of Si increased in CS-C compared to CS-A and CS-N in the pH range of 9-13, which is 

in accordance with observations for concrete materials [16]. The decomposition of CNASH under 

carbonation resulted in the dissolution of Si (Figure 4.2). Although the available content of Si was lower in 

CS-C than CS-N as determined by calibration to the Ca leaching curve, the model captured the increased 

Si concentration in CS-C at pH 9-13. However, the accurate prediction of Si may be challenged because Si 

leaching may be kinetically controlled and near equilibrium conditions for Si may not be reached in the 

experimental system. The reaction rates can be dependent on the pH, and the dissolution of Si phases might 

be slower at higher pH range, causing the greater deviation. 

The leaching of Al slightly decreased in the carbonated material compared to uncarbonated material at pH 

5.5-13. Greater amounts of wairakite (Ca8Al16Si32O96·16H2O) and diaspore (α-AlO(OH)) were predicted to 

be stable below pH 11 in CS-C compared to CS-N, controlling the solubility of Al.  

The leaching of Na is less dependent on pH in all three materials compared to other major constituents. A 

slight decrease of Na leaching was observed in the carbonated material in the high pH range; however, at 



 

 71 

 

the natural pH values, the solubility of Na is similar in CS-N, CS-A, and CS-C all around 3000 mg/L, 

suggesting minimal impact of carbonation on the solubility of Na. From the result of geochemical speciation 

modeling, almost all the sodium in the system is dissolved in the solution at the natural pH (98.9% for CS-

N, 99.8% for CS-C, Figure 4.2) instead of precipitated with the mineral phases. Therefore, it is reasonable 

to assume Na as a relatively non-reactive element that can be used for the calibration of tortuosity factor in 

Cast Stone monolith for reactive transport modeling.  

A similar leaching pattern to Ca was observed for Mg, except for that the leaching of Mg at the natural pH 

condition is higher in the carbonated material than in the uncarbonated material. The solubility of Mg in 

both CS-N and CS-C was predominantly controlled by brucite at pH>10 and by dolomite (CaMg(CO3)2) in 

CS-C at pH 7-11. 

The speciation of Ca, Si, Al, and Mg at the natural pH values of the three materials is summarized in Table 

4.3. On the whole, the carbonation process in Cast Stone mainly consumes the CNASH phases and produces 

calcite, wairakite, dolomite, and amorphous silica phases. The difference in the solubility of these phases 

as a function of pH controls the pH dependent leaching of major constituents in the system.  

Table 4.3 Speciation of the solubility controlling mineral phases for Ca, Si, Al, Mg in CS-N, CS-A, CS-C 

at the natural pH of the material. 

Mineral 
Ca (mg/kg) Si (mg/kg) Al (mg/kg) Mg (mg/kg) 

CS-N CS-A CS-C CS-N CS-A CS-C CS-N CS-A CS-C CS-N CS-A CS-C 

CNASH_ss 43200 30100 - 31600 28900 - 3300 - - - - 
 

Calcite 21300 33500 45300 - - - - - - - - - 
Dolomite - - 4520 - - - - - - - - 274 
Wairakite - - 3520 - - 9880 - - 4740 - - - 
Amor silica - - - - - 2190 - - - - - - 
Diaspore - - - - - - 2470 6430 1730 - - - 
Brucite - 3960 - - - - - - - 484 396 - 
Dissolved 63 54 110 962 1970 1140 136 43 - - - - 

4.4.2 Diffusion-controlled leaching of major constituents  

Diffusion-controlled leaching experiments using EPA Method 1315 were conducted on monolith samples 

to further evaluate the transport of constituents in the solid matrix. The profiles of physical and chemical 

properties of Cast Stone monoliths after aging can be derived from the diffusion-controlled leaching test 

results. The profiles of initial pe, tortuosity factor, and available content of carbonate in tested monolithic 

samples were determined from diffusion-controlled leaching tests results and presented in Figure 4.3. 

Carbonate content profiles, which were calibrated from eluate pH (Figure 4.5), indicated the increased 

extent of carbonation with increasing CO2 concentration in the aging environment. A much deeper 
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carbonation front, as well as higher carbonate content, was observed in CS-C-48w compared to CS-A-48w. 

In CS-A-48w, carbonate is accumulated near the exposure surface, while in CS-C68-48w a peak in 

carbonate profile was predicted near the drying and carbonation front (around 4 cm from exposure surface). 

A plausible explanation is that, given the high sodium content in Cast Stone pore solution (around 4 mol/L), 

carbonation in Cast Stone under 2% CO2 likely results in dissolved sodium bicarbonate species in pore 

solution in addition to the precipitation of calcite [31,151]. Sodium bicarbonate can be concentrated in the 

pore solution near drying front and migrates with the ingress of carbonation front. This explanation is 

supported by the SEM-EDS mapping of Na as previously shown in Figure 3.11. An accumulation of Na 

was observed in the scanned profile near the drying front, suggesting the precipitation of sodium salts, 

possibly in the form of sodium bicarbonate. The presence of sodium bicarbonate is further supported by the 

geochemical speciation modeling results of the pore solution speciation profile in CS-C-48w (Figure 4.4). 

Geochemical speciation for carbonate and sodium suggest that nahcolite (NaHCO3) and natron 

(Na2CO3·10H2O) were present near the carbonation boundary that accounted for 31% and 25% of the total 

Na, respectively, and a large portion of carbonate was present in the form of dissolved species. 

  

Figure 4.3 Initial profile of physical and chemical properties of Cast Stone monolith in diffusion-controlled 

leaching simulation (where the shaded regions indicate the range of drying front in the sample from 

measurements and model results).  
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Figure 4.4 Geochemical speciation modeling results of key constituents in CS-C-48w at initial leaching 

(leaching time = 0.03 days). 

Figure 4.5 shows the experimental results from Method 1315 and reactive transport modeling prediction of 

eluate pH and fluxes of major constituents in the eluate as a function of leaching time. The same set of 

proposed minerals was used in the reactive transport model. Results are also presented on the basis of 

measured concentrations for the constituents in Figure D4 to indicate the detection limits.  Carbonation in 

air and 2% CO2 significantly affected the eluate pH from Cast Stone, and the reactive transport model 

closely described the pH curves for all three samples, with overestimation of pH in CS-A at 1-2 days. The 

first exchange at 0.1 days was not included in the comparisons because sample preparation effects (e.g., 

surface wash-off) typically skew results. The eluate pH in the early stage (i.e., eluate pH at 0-7 days) of 

CS-A-48w and CS-C-48w were around 9, significantly lower than the pH of 11 in CS-N-48w. As leaching 

time increases, the eluate pH values in CS-N-48w and CS-A-48w increase steadily, both rising to pH>11 

near the end of the leaching test. In CS-C-48w, pH was significantly lower through the entire time range of 

the leaching test compared to CS-N-48w. As discussed in section 3.3.1, the eluate pH is closely related to 

the alkalinity profile in the sample tested, which reflects the carbonation depth and reaction extent in the 

monolith after aging.  
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Figure 4.5 Experimental measurements and reactive transport modeling results of diffusion-controlled 

leaching fluxes of major constituents and carbonation sensitive constituents in CS-N-48w, CS-A-48w, and 

CS-C-48w. 

As discussed in 4.4.1, Na was assumed to be relatively non-reactive in the system, and concentrations of 

Na during leaching were used to calibrate the liquid phase tortuosity factor in the monolith. Generally, 

tortuosity factor near the surface of the carbonated material was decreased (Figure 4.3), which was 

supported by the finding in 3.3.2 that moisture transport in CS-C-48w is much more rapid compared to CS-

N-48w. In comparison, no significant change was observed in Na leaching between CS-N-48w and CS-A-

48w, which was also supported by the similar moisture transport pattern observed in CS-N-48w and CS-A-

48w. As a result of increased effective diffusivity in the carbonated material, Na flux is approximately five 

times greater across the entire time range in CS-C-48w compared to CS-N-48w and CS-A-48w (Figure 4.5).  

For Ca leaching, a higher flux by an order of magnitude was observed in CS-A-48w and CS-C-48w than 

CS-N-48w during the first 7 days of leaching; the difference between CS-N-48w and CS-C-48w decreases 

as leaching time increases. Fluxes in CS-A-48w are consistently lower than those in CS-N-48w and CS-C-

48w by an order of magnitude from 28 days to the end of the leaching period. These trends are different 
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from the trend of Ca solubility at the natural pH of the material as observed in Figure 4.2, in which CS-C 

has the lowest solubility at the natural pH due to the presence of calcite. A study on a Portland cement based 

material also found that compared to uncarbonated material, Ca leaching is lower from a partially 

carbonated material and higher in a completely carbonated material [39]. Pore solution pH in the carbonated 

region of CS-A is above 11; therefore, carbonate can be present as carbonate ions and precipitate as calcite. 

However, the pore solution pH in the carbonated region of CS-C is near 8. At this pH range, carbonate 

exists in the form of bicarbonate, which is much more soluble compared to carbonate. Hence, the higher 

extent of carbonation increases the leaching of Ca. However, the pore solution pH in the Cast Stone 

monolith may differ from the natural pH of the material measured from equilibrium leaching test (Method 

1313) partly due to the different liquid-to-solid ratio in the two tests (0.31 mL/g in monolith and 10 mL/g 

in equilibrium leaching). For instance, the natural pH values of CS-N, CS-A, and CS-C are 12.6, 12.1, and 

9.9, respectively, while the pore solution pH values in CS-N-48w, CS-A-48w, and CS-C-48w are 13.4, 11.5, 

and 9.8, respectively. Therefore, the solubility of Ca derived from Method 1313 cannot be directly used for 

comparing Ca solubility in Method 1315. Another major factor accounting for the differences in constituent 

release between equilibrium leaching and diffusion-controlled leaching is the diffusion of constituents in 

the monolith. Similar to Na, the effective diffusivity of Ca in CS-C-48w is approximately five times greater 

than CS-N-48w due to the decrease in calibrated tortuosity factor. The increase in effective diffusivity 

increases the Ca flux even though Ca solubility decreases. Comparatively, the tortuosity factor was not 

significantly changed in CS-A-48w (lesser extent of carbonation), leading to lower Ca flux.  

Overall, the modeling results captured the experimental results of Ca leaching except for the flux in 1-7 

days for CS-A-48w. The underestimation of Ca leaching in the early stage for CS-A-48w is most likely 

because the model overestimated the eluate pH in CS-A-48w and, thereby, underestimated Ca solubility. 

Compared to leaching in the later stage (28-105 days) with the leaching interval over the scale of weeks, 

leaching in the early stage (1-7 days) involves much shorter leaching intervals, which are on the scale of 

hours to days. Chemical equilibrium (i.e., a fundamental assumption in the reactive transport modeling 

described here) is less likely to be achieved during shorter leaching intervals, which leads to deviations of 

predictions from the measurements.  

The leaching of Si from Cast Stone appears to be impeded after carbonation. Lower Si fluxes are also 

observed in CS-C-48w compared to CS-N-48w (Figure 4.5) despite the higher effective diffusivity of Si in 

CS-C-48w. This decrease is partly attributed to the change of Si-bounding phases under carbonation 

(CNASH_ss in CS-N; amorphous Si in CS-C). Also, the available content of Si in CS-C was found to be 

67% lower than CS-N (Table 4.2) based on the calibration against pH dependent leaching of Ca. The model 

closely predicted the Si curve for CS-N-48w but overpredicted the Si flux in CS-A-48w and CS-C-48w at 
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the early stage of leaching. The prediction of Si might be inaccurate because Si leaching may be kinetically 

controlled. 

The flux of Al also appears to be reduced after carbonation and has good correlation with the eluate pH 

(Figure 4.5), in that the Al solubility is proportional to pH in the alkaline range (Figure 4.2). Models well 

predicted the Al curves of CS-N-48w and CS-A-48w but were challenged for CS-C-48w. The pore solution 

pH in CS-C-48w falls into the range (pH 6-10) where the geochemical speciation model underpredicts the 

Al solubility. The model underestimation of Al and overestimation of Si suggest that the solubility of these 

two constituents might be sensitive to the Al/Si ratio. The leaching of Mg also correlates with the eluate 

pH. The flux of Mg is inversely proportional to the pH, and measured results were reasonably predicted by 

the model.  

On the whole, in diffusion-controlled leaching tests, the solubilities of the constituents and transport 

properties of the material jointly controlled the leaching of constituents, and the goodness of fit of the model 

for diffusion-controlled leaching is closely related to the performance of the geochemical speciation model 

in the pH range of the simulated pore solution. The shorter leaching interval at the early stages of the test 

may have restricted the liquid-solid equilibrium in the system in a way that is not captured by the model 

but can be evaluated in future research.  

4.4.3 Identification of phases for carbonation sensitive constituents 

Alkaline earth metals (e.g., Ca, Mg, Sr, and Ba) and the alkaline metal Li were observed to have consistent 

transition in their pH dependent leaching behaviours at pH 6-13, as indicated in Figure 4.6. The solubilities 

of these constituents decrease with increasing pH and are consistently lower in the carbonated material than 

in the uncarbonated material. As shown previously, the solubility of Ca is dominated by calcite in CS-C. 

Therefore, the solubilities of Mg, Li, Sr, and Ba may also be controlled by carbonate minerals. However, it 

was found that the carbonates of these metals (i.e., magnesite (MgCO3), lithium carbonate (Li2CO3), 

strontianite (SrCO3), and witherite (BaCO3)) in geochemical speciation modeling overpredict their 

concentrations in the eluate, suggesting the solubilities of these metals might be controlled by mineral 

phases other than the specified carbonates.  
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Figure 4.6 Experimental measurements and geochemical speciation modeling results of carbonation 

sensitive constituents (Li, Sr, and Ba) for CS-N, CS-A, and CS-C (results of Ca and Mg were shown in 

Figure 4.2). 

Given the abundance of Ca in the leaching system, it is possible that Mg, Li, Sr, and Ba could precipitate 

together with calcite to form carbonated co-precipitates like dolomite (CaMg(CO3)2), which dominate their 

solubilities [165,166]. Compared to magnesite, dolomite, which is a (Ca, Mg)-carbonate, was found more 

capable in describing the leaching of Mg in CS-C, supporting the inference. In addition, dolomite and 

alstonite (BaCa(CO3)2) are found to be in a more stable region than magnesite and witherite based on free 

energies and solubility data [167]. Therefore, a set of minerals composed of (Ca, Li)-carbonate, (Ca, Sr)-

carbonate, and (Ca, Ba)-carbonate was proposed to account for the solubilities of Li, Sr, and Ba. Their 

reaction constants were calibrated against the measured pH dependent concentrations (Table 4.1), and the 

modeling results are shown in Figure 4.6 with corresponding phase diagrams (in Figure D5). Leaching of 

Li, Sr, and Ba in CS-N, CS-A, and CS-C was reasonably predicted by the model incorporating their co-

precipitates with calcium carbonate using a single set of log K values (Figure 4.6). Carbonation is assumed 

to promote the formation of carbonated co-precipitates to further inhibit the release of Li, Sr, and Ba.  

The same set of proposed minerals was used in the diffusion-controlled leaching model, and the 

experimental and modeling results are presented in Figure 4.5. In the measurements that were above 

detection limits (detection limits of all constituents are presented in Figure D4), similarity was observed 

between the leaching of Ca and Sr. The leaching of Mg and Li from the three Cast Stone materials also 

showed a similar trend, for which the fluxes were higher in CS-C-48w (approximately 100× for Mg and 4× 

for Li) compared to CS-A-48w and CS-N-48w. The different response of leaching to carbonation among 

these constituents reflects the different binding ability of the metal to the proposed co-precipitate minerals 
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that were incorporated in the model. The performance of the model for the leaching behavior of Li, Sr, and 

Ba is closely related to the prediction of Ca. For Li, Sr, and Ca, their leaching fluxes from CS-N-48w and 

CS-C-48w for the measurements above detection limits (Figure D4) were relatively well captured by the 

model, and the leaching behaviour for CS-A-48w in the later stage was also well captured. The model was 

challenged in predicting the early stage leaching (1-7 days) for CS-C-48w and leaching at 1-14 days for 

CS-A-48w. The deviations are likely attributed to dis-equilibrium between liquid and solid phases.  

4.4.4 Impact of carbonation on the leaching of redox-sensitive constituents  

The solubilities of redox-sensitive constituents, including S, Fe, and Cr, are affected by the redox state in 

the system. From the results for the pH dependent leaching tests, carbonation was observed to impact the 

concentrations of Cr and Fe (Figure 4.7). Geochemical speciation of Cr for each sample is shown in Figure 

4.8 with a dashed line indicating the natural pH of the material. The speciation of Cr at the natural pH of 

CS-A is dominated by Cr(VI), and the Cr solubility was two times greater than that in CS-N. The high 

solubility is mostly attributed to the oxidation of the material by reacting with O2 in air. Conversely, the 

solubility of Cr in CS-C is one order of magnitude lower than that in the CS-N, where a higher portion of 

Cr is stabilized in the form of Cr(III). Studies found that the reduction of Cr(VI) can be kinetically controlled 

and the reaction rate is pH dependent [168,169]. A higher reaction rate is likely to be observed with 

decreasing pH in the system since the reduction reaction (Eq.4-3) consumes H+, resulting in a rapid 

reduction of Cr(VI) and corresponding slow oxidation of Cr(III) during aging in CS-C, compared to CS-N 

and CS-A.  

 

Figure 4.7 Experimental measurements and geochemical speciation modeling results of pH dependent 

leaching of selected redox sensitive constituents in CS-N, CS-A, and CS-C. 
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Figure 4.8 Geochemical speciation modeling results of Cr for CS-N, CS-A, and CS-C. The dashed line 

indicates the natural pH of the material. 

In a previous study [90], multiple lines of evidence indicated that eskolaite (Cr2O3) was the dominant 

mineral retaining Cr in CS-N. The eluate pe (Table D1) at each test position was calibrated based on the 

measured Cr concentration. From these results, the pe at the natural pH trended as: CS-C > CS-A > CS-N 

(Table 4.4). With eskolaite controlling the solubility of Cr, the transformation of Cr from an oxidized and 

dissolved form to a reduced and stabilized form can be described as:  

                               𝐶𝑟𝑂4
2−(𝑎𝑞) + 8𝐻+(𝑎𝑞) + 3𝑒− → 𝐶𝑟3+(𝑎𝑞) + 4𝐻2𝑂                          (4-3) 

                                      2𝐶𝑟3+(𝑎𝑞) + 3𝐻2𝑂 → 𝐶𝑟2𝑂3(𝑠) + 6𝐻+(𝑎𝑞)                               (4-4) 

The decrease in pH contributes H+ and consumes electrons (Eq.4-3). Therefore, the decrease in solution pH 

is accompanied by increase in solution pe. It also needs to be noted that, in pH dependent leaching, nitric 

acid was used for pH adjustment. The use of nitric acid may lead to the partial oxidation of the material. As 

for the pH dependent leaching of Fe, the concentration of Fe was unimpacted at the higher and lower end 

of the pH range but was found highest in CS-C in the pH range of 4-12 (where values for CS-N and CS-A 

were under the detection limit). Carbonation has a negligible impact on the pH dependent leaching of S.  

Table 4.4 Natural pH and calibrated natural pe for Cast Stone materials. 

 natural pH 

(experiments) 

natural pe 

(calibrated) 
2pH+3pe 

CS-N 12.6 2.1 42 

CS-A 12.1 3.2 42.7 

CS-C 9.9 6.3 42.3 

To better understand the dependence on the solubilities of redox sensitive constituents on pH and pe, the 

measured pH and calibrated pe values of all test positions were projected on the predominance diagrams of 
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Cr, Fe, and S (Figure 4.9) [90]. As indicated in the diagrams, regardless of the carbonation condition of the 

material, pe is inversely proportional to pH. With the defined mineral sets and chemical equilibrium 

assumed, under the test conditions, Fe was present predominantly as ferrihydrite (Fe2O3•0.5H2O) and S was 

present in the system predominantly as S2- in solid and as SO4
2- in solution when insoluble S2- were oxidized. 

The pH and pe for the test conditions lie on the boundary between eskolaite and CrO4
2-, so the solubility of 

Cr is relatively sensitive to the testing conditions. 

    

Figure 4.9 Predominance diagrams of Cr, Fe, and S [90] with pH and pe in testing conditions projected. 

The geochemical speciation model reasonably predicted the leaching of S and Fe concentrations as a 

function of pH for all three materials using the pe calibrated from Cr concentrations (Figure 4.7). The 

predictions of Fe in CS-C were significantly below measured values at pH 8-12. Two reasons may explain 

the deviation. First, Fe might form complexes and present in the solution, which was not calculated by the 

model. Second, Cr-bearing phases other than eskolaite might be formed under carbonation that control the 

solubility of Cr, leading to biased pe values based on the calibration against Cr assuming an eskolaite phase.  

In diffusion-controlled leaching, carbonation manifested a strong impact on Cr leaching (Figure 4.10). The 

Cr flux in the early stage of leaching in CS-C-48w is two orders of magnitude lower than that in CS-N-48w, 
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and the difference decreases gradually as leaching time increases. The lower flux of Cr is mostly likely the 

result of the lower Cr solubility in CS-C as earlier found from pH dependent leaching (Figure 4.7). Leaching 

from CS-A-48w was additionally impacted by oxidation and, therefore, the flux in the early stage was 

higher than that for CS-N-48w. From the predominance diagram of Cr (Figure 4.9), under the assumed 

mineral set, eskolaite is the predominant phase for Cr in equilibrium with the pore solution of CS-C-48w, 

while CrO4
2-

 dominates in CS-N-48w and CS-A-48w. Leaching of S was increased in the carbonated 

material. This increase might be a result of increased diffusivity in the carbonated material, because the 

solubility of S is barely affected by carbonation or pH as indicated from pH dependent leaching. As for Fe, 

carbonation reduced the Fe leaching as a result of solubility reduction with reduced pH.  

 

Figure 4.10 Experimental measurements and reactive transport modeling results of diffusion-controlled 

leaching of selected redox sensitive constituents in CS-N-48w, CS-A-48w, and CS-C-48w. 

In reactive transport modelling, the initial pe of the pore solution in each cell was calibrated based on the 

model prediction of Cr leaching. The model reasonably predicted the leaching of Cr and S for CS-N-48w 

and CS-A-48w. However, the prediction of Cr flux from CS-C-48w was lower than experimental results in 

the early stage, despite the close prediction of Cr solubility from CS-C, which might be the result of 

disequilibrium in the system, given the high effective diffusivity at the early leaching stage in CS-C-48w. 

As for Fe, model results underpredicted the flux in CS-C-48w and CS-A-48w, which is mostly attributed 

to the underestimation of Fe solubility at the natural pH of the material.  
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4.5 Conclusions 

This chapter focused on investigating the effect of carbonation on the leaching of major and trace 

constituents from Cast Stone materials. Geochemical speciation coupled with reactive transport modeling 

was used to better understand the potential impacts of carbonation on leaching behavior.  

Results from geochemical modeling indicate that Cast Stone lacks portlandite as a hydration phase due to 

the low Ca/Si ratio in binder. Instead, CNASH phases are predicted to be stable in the material at alkaline 

pH conditions, which governs the dissolution of Ca, Si, and Al. Carbonation impacts the pH dependent 

leaching of Ca, Si, Al, and Mg due to the formation of calcite, wairakite, dolomite, and amorphous silica 

and the depletion of CNASH solid solution and brucite under carbonation. The pH dependent leaching 

behavior of carbonation-sensitive constituents including Li, Sr, and Mg was accurately described in the 

geochemical speciation model by using carbonated co-precipitates with calcite. Carbonation was also found 

to reduce the pH dependent leaching of Cr due to the decrease in pH. Less impact from carbonation was 

observed for pH dependent leaching of Na and S, indicating the lack of binding phases in the system.  

Diffusion-controlled leaching tests demonstrated the coupled effect of solubility and diffusivity of the 

constituents. A carbonate peak is found near the drying front in CS-C-48w, which is likely due to the 

accumulation of dissolved sodium bicarbonate.  Effective diffusivity was found higher in samples 

carbonated under 2% CO2 compared to uncarbonated samples, but effective diffusivity was not significantly 

increased in samples carbonated in air. As a result, carbonation under 2% CO2 increased the leaching of Na, 

Mg, Li, and S and decreased the leaching of Si, Al, and Cr. The sample carbonated in air has decreased 

leaching of Ca, Al, and Sr and increased leaching of Cr compared to the uncarbonated material. Therefore, 

the retention ability of Cast Stone for Cr is highly sensitive to the pH and pe in the system, which are 

dependent on the carbonation environment. Reactive transport model prediction of the early stage (1-7 days) 

leaching showed poor agreement with measurements for some constituents, possibly due to the dis-

equilibrium between liquid and solid in the short leaching intervals. However, the diffusion-controlled 

leaching of major constituents over the range of entire leaching time was generally well captured by the 

model for all three materials. 
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5. COUPLED EFFECTS OF DRYING AND CARBONATION ON LEACHING OF A 

CEMENTITIOUS LOW ACTIVITY WASTE FORM 

Abstract 

Arid or semi-arid environmental conditions are commonly expected in the disposal sites for nuclear waste. 

Under dry conditions, carbonation reactions in monolithic waste forms can progress at different ingress 

rates and reaction extents compared to saturated conditions, impacting the leaching behavior of constituents. 

This study investigated using a combination of experiments and simulation the coupled effects of drying 

and carbonation on leaching behavior of Cast Stone, a proposed cementitious waste form for low activity 

radioactive waste. Diffusion-controlled mass transport leaching tests were carried out to determine the 

leaching rate of constituents from samples carbonated under 15%, 40%, 68%, and 100% relative humidity 

(RH) conditions for various aging times. Reactive transport modeling calibrated to simulate leaching test 

results was used to estimate the extent and depth of carbonation in the monoliths. The carbonation depth 

estimated from the leaching simulation generally agreed with the predictions from a carbonation ingress 

model and the experimentally measured carbonation depth, whereby, differences between estimates 

indicated the range of uncertainty associated with model and measurement. Results from diffusion-

controlled leaching tests showed that a dry environment increases the leaching rate of highly soluble 

constituents as a result of increased effective diffusivity further into the material caused by carbonation.  

The relative positions of the carbonation and leaching fronts determined the subsequent leaching rates of 

Ca and Cr with pore water solubilities of both constituents highly dependent on pore water pH. 

 

5.1 Introduction 

As part of the disposal permitting process, the potential releases of constituents of potential concern 

(COPCs) from the waste form to the environment during disposal need to be carefully estimated for a long-

term period (i.e., 1000 years) due to the extended decay process of several radionuclides, some of which 

may be highly mobile in the environment [8,95]. During the service life of the disposal facility, potential 

interactions between the waste form and the environment include the exchange of water through drying, 

wetting through infiltration and water vapor condensation, and reactions with reactive gases, including 

carbon dioxide and oxygen leading to material carbonation and oxidation. The rate and extent of these 

interactions are dependent on the waste form material properties such as reaction capacity and porosity, as 

well as on the environmental conditions such as reactive gas content and relative humidity in the disposal 
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site. Waste disposal facilities often are located in arid or semi-arid environments to help minimize 

interactions with the environment through infiltrating water. For example, at the Hanford Site, which is a 

potential disposal site for Cast Stone waste form, the annual infiltration rate is estimated to be 0.9 mm/y 

and the lowest monthly average relative humidity (RH) recorded has been 21.9% [24,170]. Surface disposal 

of the initially water-saturated waste form under such conditions before an engineered cover is installed 

can result in extensive surface evaporation and interior drying. Bulk drying can increase the effective 

diffusion of reactive gases, which can alter the extent of reactions and penetration depth of aging effects 

[48,60,129]. As a related example, saltstone is a waste form currently being used for radioactive salt waste 

disposal at the Savannah River Site Saltstone Disposal Facility (SDF); saltstone has a similar formulation 

to Cast Stone [171]. The saltstone waste form is disposed using a concrete vault as a barrier, creating a high 

moisture content or water-saturated condition in the waste form. The variation in the environmental RH at 

the SDF has been considered as a factor when predicting the release of COPCs from the waste form, but 

bounding assumptions have been used in the absence of more refined methods to estimate the impacts under 

drying and carbonation processes [37,171].   

Previous studies on Portland cement-based materials have identified impacts of intermittent wetting under 

leaching and drying in a carbonating atmosphere with various RH; these impacts introduce changes in 

constituent leaching, mainly due to the different extent of carbonation in the material [10,11]. Compared to 

uncarbonated materials, carbonation under intermediate RH (e.g., around 65% RH) showed the largest 

decrease in the leaching flux of hydroxide and an increase in the degree of drying, resulting in decreased 

leaching fluxes of sodium and potassium. However, no similar leaching study has been carried out on 

materials similar to Cast Stone, which contain a high soluble salt content in pore solution and a low calcium 

content in the cement matrix. As previously reported in Chapter 3, carbonation in Cast Stone behaves very 

differently under drying conditions compared to Portland cement materials. The carbonation ingress rate 

increases in Cast Stone as RH decreases, whereas the maximum ingress rate in a Portland cement material 

is at intermediate RH [21,25]. Carbonation in Portland cement refines the pore structure resulting in 

decreased mass transport rates [26,129], while in Cast Stone, increased porosity and cracking was observed 

in the carbonated material, leading to faster diffusion of CO2 and accelerated diffusion of constituents 

(section 3.3.2). However, the carbonation reaction in Cast Stone is constrained under very dry conditions 

due to the limited interfacial area between liquid and vapor for the mass transfer of CO2. Thus, competing 

processes can have mixed effects on the leaching of constituents from Cast Stone, adding to the uncertainty 

in predicting the long-term performance of the material in the field.  

The objective of this study was to assess the coupled impact of drying and carbonation on diffusion-

controlled leaching rates of major and trace constituents. The impacts of aging time and environmental RH 
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on the leaching of major constituents (Ca, Al, Si, Mg), highly soluble constituents (Na, K, S), and a redox 

sensitive COPC (Cr) from the carbonated Cast Stone were studied using a combination of diffusion-

controlled leaching experiments and geochemical speciation coupled with reactive transport 

modeling. Monolithic Cast Stone materials were aged under different RH and 2% CO2 for several time 

intervals. Samples then were subjected to diffusion-controlled mass transport leaching tests to evaluate the 

release of constituents after carbonation. Reactive transport modeling was used to simulate the leaching of 

constituents from Cast Stone, using parameters derived for Cast Stone in an earlier study [90] or derived 

from calibrating to the leaching test results. The carbonation front depth estimated from the reactive 

transport model was compared with predictions from the carbonation model and the previously measured 

depth, allowing the estimation of uncertainty for future modelling and long-term projections. The diffusion-

controlled leaching results in this study in conjunction with the pH dependent leaching results of carbonated 

Cast Stone presented in Chapter 4 provide insights for understanding controlling mechanisms (e.g., 

solubility, effective diffusivity) for the leaching of constituents in Cast Stone with progressive carbonation 

under the impact of environmental RH. This study provides additional lines of evidence towards predicting 

the leaching behavior of Cast Stone under anticipated field disposal conditions. 

5.2 Material and methods 

5.2.1 Aging experiment 

Cast Stone samples were prepared following the formulation and method introduced in section 3.2.1. Waste 

simulant was prepared using a recipe based on anticipated Hanford Site low activity waste (LAW) 

composition [74]. Chromium was added in the form of Na2CrO4 to achieve a 0.2 wt% loading. Chromium 

serves as a redox indicator in the system and also is a major RCRA metal component of LAW. Monolithic 

Cast Stone samples were transferred into an aging environment after hydration under N2 for 90 days and 

pre-conditioning at a specified aging RH for 60 days. As discussed in section 4.2.1, initially doped Cr(VI) 

is assumed to be fully reduced during the hydration period through reacting with the waste form ingredients 

(especially blast furnace slag). Samples were aged under 2% CO2 for 16, 28 and 48 weeks at 15% RH (CS-

C15-16w, CS-C15-28w, CS-C15-48w), 40% RH (CS-C40-16w, CS-C40-28w, CS-C40-48w), 68% RH 

(CS-C68-16w, CS-C68-28w, CS-C68-48w), and 100% RH (CS-C100-16w, CS-C100-28w, CS-C100-48w). 

The detailed aging method is described in section 3.2.2. 
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5.2.2 Diffusion-controlled leaching test 

A 1-D diffusion-controlled mass transport leaching test was carried out on the aged monolithic Cast Stone 

samples following EPA Method 1315 [133]. The surface of the sample exposed to aging conditions was in 

direct contact with de-oxygenated Milli-Q water with minimal headspace to bring the liquid-surface area 

ratio to 10 mL/cm2 and to allow 1-D diffusion. The eluate was exchanged at 0.1, 1, 2, 7, 14, 28, 42, 49, 63, 

91, and 105 days. Each eluate was measured for pH, electrical conductivity (EC), and oxidation-reduction 

potential (ORP). Concentrations of constituents in the eluate were analyzed with ICP-OES and ICP-MS, 

using the methods described in section 4.2.4.  

5.3. Reactive transport modeling approach 

Reactive transport modeling was performed using the LeachXS™/ORCHESTRA (LXO) framework 

[99,139] to simulate mass transfer release of constituents as obtained from the diffusion-controlled leaching 

test (EPA Method 1315). The conceptual model of the diffusion-controlled leaching was described in 

section 4.3.2. Local equilibrium conditions were calculated for each time step within each cell of the finite 

volume model constructed in LXO for the test conditions. The time step and discretization were defined to 

meet both local equilibrium and stable finite volume solution. Transport of constituents through diffusion 

between adjacent cells was calculated at the end of each time step.  

The mineral assemblage as defined in Table 4.1 was used across the samples [90]. The reaction constants 

used in the equilibrium calculations were obtained from thermodynamic databases including MINTEQ.V4, 

CEMDATA18, Thermoddem2011, and LLNL.dat [87,88,156,157]. Activity coefficients were calculated 

using the modified Davies activity model [158]. The determination of the available content profile is 

described in section 4.3.2. The available contents of constituents for reaction and leaching, except for 

carbonate and silica, were assumed to be uniform across the solid matrix, whereby, the values obtained 

from uncarbonated Cast Stone (Table 4.2) were used. Although migration of sodium toward the exposed 

surface was observed by SEM-EDS for CS-C68-48w (section 3.3.4), it was assumed that the initial wetting 

process during the leaching test introduced capillary water ingress that relaxed the accumulation of sodium 

at the surface. Carbonate content as a function of depth was calibrated to best fit the measured eluate pH as 

a function of time. The available content of Si in the cells with elevated carbonate contents was calculated 

based on the available content ratio of Ca/Si in the carbonated Cast Stone (Table 4.2). The initial redox 

state (pe) in each cell was calibrated based on the measured Cr concentrations in eluates [90].  
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Effective diffusivities (De,L) of ions are controlled by the physical properties including porosity (ε), liquid 

phase tortuosity factor (τL), and saturation (S) of Cast Stone as governed by Eq. 5-1, where D0,L is the free 

diffusivity of ions in water.  

 𝐷𝑒,𝐿 =
𝑆7/3 × 휀 × 𝐷0,𝐿

𝜏𝐿2
 (5-1) 

An average free liquid diffusivity of 2×10-9 m2/s was used for all species [172]. A porosity of 0.41 as 

previously measured (section 2.2.1) and saturation of 1 were uniformly assigned to all cells. A saturation 

of 1 is a reasonable assumption for the leaching test condition used in this study because it has been 

previously identified that the wetting process in the unsaturated Cast Stone during the initial leaching cycle 

has negligible impact on the leaching of constituents [173]. Tortuosity factor in each cell was determined 

by minimizing the log squared residuals (logRSS, Eq. 5-2) of the simulated sodium release concentrations 

(�̂�) compared to measurements (y):  

 𝑙𝑜𝑔𝑅𝑆𝑆 =∑(log (
�̂�

𝑦
))2 (5-2) 

The free diffusivity D0,L of sodium [174] was used when calibrating tortuosity factor from the measured 

sodium concentration in the eluates. The adsorption of ions on the surface of organic matter was modeled 

with the NICA-Donnan model [160] using parameters published by Milne, et al. [161,162]. Ion adsorption 

onto hydrous ferric oxide (HFO) was modeled using the generalized two layer model of Dzombak and 

Morel [163].  

5.4. Results and discussion 

5.4.1 Carbonation depth 

5.4.1.1 Determination of carbonation depth from leaching simulation 

Carbonation depth in aged monolithic samples can be estimated from the pore solution pH profile in the 

monolith at initial leaching (leaching time=0) calculated using a geochemical speciation reactive transport 

model. As one of the key chemical inputs, carbonate content in carbonated cell was calibrated against the 

eluate pH from the measurements. Figure 5.1.a(i) and Figure 5.1.b(i) compared the eluate pH from samples 

aged for different times and samples aged in different RH conditions, respectively. For samples carbonated 

for different aging times at 68% RH, the eluate pH was similar during 1-14 days of leaching time. As 
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leaching time increased, the eluate pH from CS-C68-28w and CS-C68-48w decreased, while the eluate pH 

from CS-C68-16w steadily increased. The resultant available content profile of carbonate (Figure 5.1.a(ii)) 

showed a higher content in the carbonated region, and the depth of the carbonated region increased with 

longer aging time, both as expected. The carbonate content at 0-18 mm was the same at 2.6 mol/kg for 

samples carbonated for different times, suggesting the same extent of carbonation reaction in the carbonated 

region of the sample regardless of aging time. The carbonate content of 2.6 mol/kg was close to the TIC 

measurement for carbonated Cast Stone (2.4 mol/kg; Figure 3.1). It was found that carbonate content 

increased to a greater value in the cells near the carbonation front within the material than in the cells closer 

to the exposed surface for CS-C68-28w and CS-C68-48w, indicating an accumulation of carbonate near 

the carbonation front. As previously discussed in section 4.2, the carbonate peak is possibly due to the 

condensation of sodium bicarbonate near the drying front, which migrates as the carbonation front ingresses. 

This explanation is supported by the peak of Na content measured at the drying front of CS-C68-48w 

sample from SEM-EDS (Figure 3.11), and is further supported by the geochemical speciation modeling 

results of pore solution speciation profile in CS-C68-48w (Figure 4.4).  

Pore solution pH is inversely correlated to the carbonate profile (Figure 5.1.a(iii)). The pore solution pH 

near the surface is around 8.3, and a dip in pH is observed near the carbonation boundary for CS-C68-28w 

and CS-C68-48w as result of elevated carbonate content. The carbonation front was selected as the depth 

at which pore solution pH increases to above 9 [175]; results are summarized in Figure 5.2. 
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Figure 5.1 Determination of carbonation front from leaching simulation. (i) Experimental measurement and 

reactive transport modeling results of eluate pH; (ii) carbonate available content profile from calibration; 

and (iii) initial pore solution pH profile from diffusion-controlled leaching simulation; a. comparison among 

samples carbonated for different times in 68% RH; b. comparison among samples aged in different RH 

conditions for 48 weeks.  

Among samples carbonated under four RH conditions (Figure 5.1b), CS-C100-48w (saturated aging) shows 

a completely different pattern when compared to other samples that were aged in unsaturated conditions. 

Eluate pH from CS-C100-48w increases as a function of leaching time and was much higher when 

compared to the eluate pH measured in other samples, suggesting limited impact from carbonation. For the 

unsaturated samples, the eluate pH generally decreased as leaching time increased, and the fastest initial 

pH drop was found in CS-C68-48w. The pH profile can be explained by the calibration results of the 

carbonate content profile (Figure 5.1b(ii)). CS-C68-48w contained a slightly greater amount of carbonate 

at the depth of 0-3.4 cm compared to CS-C15-48w and CS-C40-48w, resulting in the lower eluate pH in 

the initial leaching (2-28 days). From the pore solution pH profile (Figure 5.1b(iii)), the carbonation front 

penetrated deeper as RH decreases, which is consistent with the trend observed from the phenolphthalein 

test (3.3.2). During sample aging, drier conditions facilitated the diffusion of gaseous CO2, resulting in the 

faster penetration of carbonation front. A dip in pH was observed near the carbonation boundary in all 

samples except for CS-C100-48w. Under saturated conditions, the lack of a drying front restricted the 

condensation of sodium bicarbonate and prevented the accumulation of sodium bicarbonate. Overall, the 
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eluate pH as a function of leaching time provides an indication of the pore solution pH profile and 

carbonation history in the tested sample. 

5.4.1.2 Carbonation depth as a function of time 

The carbonation depth derived from leaching simulation is compared to the predictions from the 

carbonation model and the experimental measurements by phenolphthalein test in Figure 5.2. The 

carbonation model is a reactive transport model incorporating the transport of moisture and CO2 (Appendix 

E-I). The carbonation depth from both the leaching simulation and carbonation model generally followed 

the measured trend as functions of time and RH. However, the difference among the three sources of results 

appears to increase as aging time increases and RH decreases. The depths from both simulations are greater 

than the depth measurements from phenolphthalein test. Although phenolphthalein indicator is a commonly 

used for monitoring carbonation depth, many studies also have reported the underestimation of carbonation 

front by the test method [136,137]. Calcite has been found formed beyond the phenolphthalein color change 

border [136]. Moreover, the depletion of moisture may decrease the reaction gradient in the sample thus 

increasing the uncertainty in the measurement. The differences in carbonation depth from the three methods 

indicated the range of uncertainty in model prediction and experimental measurements as a function of 

aging time, which can be used for estimating the uncertainty in long-term projections. 

 

Figure 5.2 Comparison between carbonation front from diffusion-controlled leaching simulation and 

measurement. 

The carbonation depth from measurement and simulation were plotted against square root of time (√t) in 

Figure 5.3. If gas phase Fickian diffusion is assumed as the rate limiting reaction step, the carbonation depth 

should be proportional to square root of time [17]. It was found that both linear and 2nd order polynomial 
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functions are capable of fitting for the measurement with R2 close to 1 (for linear fitting see Figure 3.4b), 

but the 2nd order polynomial is better in fitting the carbonation ingress depth at 68% RH for both 

measurements and leaching simulation (Figure 5.3). The 2nd order polynomial function implies a slightly 

increased effective diffusivity during carbonation. It was found previously that among the four RH cases, 

the greatest increase in effective diffusivity after carbonation was at 68% RH, due to the high reaction 

extent at intermediate RH (section 3.3.2).  

 

Figure 5.3 Carbonation depth as a function of square root of time. 

5.4.2 Impact of coupled drying and carbonation on effective diffusivity  

As discussed in Section 4.4.1, Na and S in Cast Stone are highly soluble and their solubilities are not highly 

dependent on the variation in pore water pH or on the carbonation of the material. Similarly, K also is a 

highly soluble constituent with similar chemical behavior to Na. The diffusion-controlled leaching of highly 

soluble constituents is assumed controlled by diffusion (and not constrained by pore water solubility), which 
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is governed by the pore structure of Cast Stone. Therefore, the tortuosity factor profile in each material was 

adjusted (Figure 5.4) to account for the change in the pore structure of the material and to reflect the 

measured Na flux (Figure 5.5). Tortuosity factors derived from Na flux also were used to predict K flux 

(Figure 5.5), and showed good agreement with measurements. The results showed a decrease in tortuosity 

factor from a value of 30 deep in the material to a value of 2 near the exposure surface. Decreasing tortuosity 

factor by a factor of 15 increases the effective diffusivity by a factor of 225 (Eq. 5-1). For all the materials 

carbonated in RH≥68%, a stepwise decrease of tortuosity factor was derived. The decrease of tortuosity 

factor in carbonated material reflects the change in pore structure, which can be induced by both carbonation 

and drying. As discussed in section 3.3.2, carbonation leads to more rapid moisture transport in the material 

as a result of porosity increase and formation of cracks partly due to the reduced molar volumes of phases 

in carbonated material. Meanwhile, drying causes a shift of micropores to mesopores due to the C-S-H 

agglomeration (or drying shrinkage) [106]. The depth of the low-tortuosity region increases with increasing 

aging time (Figure 5.4a) and decreasing environmental RH (Figure 5.4b). Notably, the difference in the 

region with low tortuosity factor between CS-C15-48w and CS-C40-48w was limited, which resulted from 

a receding progression of the carbonation front under dry environmental conditions. For CS-C100-48w, a 

smaller decrease in tortuosity factor (by a factor of 3) was observed in the shallower region of the material 

compared with samples carbonated under other RH conditions, suggesting carbonation under saturated 

conditions has a minor impact on the effective diffusivities of constituents.  

 

Figure 5.4 Tortuosity factor profile calibrated based on Na leaching in samples carbonated (a) for different 

aging times under 68% RH; (b) under different RH for 48 weeks. 

Figure 5.5 shows the experimental results from Method 1315 and reactive transport modeling prediction of 

ionic strength in the eluate and fluxes of highly soluble constituents as a function of leaching time. The 
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calibrated tortuosity profile based on measured Na concentration reasonably predicted the fluxes of other 

highly soluble species including K and S, indicating a good representation of the transport property of the 

material by the calibration. The ionic strength results of CS-C68-48w and CS-C100-48w were well 

predicted by the model; however, the ionic strength results of CS-C15-48w and CS-C40-48w were 

overpredicted by 0.1 mol/L, despite the close prediction of Na, K, and S. The prediction of ionic strength 

is affected by the predictions of all constituents in the system. Besides, the ionic strength in pore solution 

was simulated in the range of 4-5 mol/L by the model (Figure E1), which is much higher than the applicable 

range for modified Davies model (<1.2 mol/L [158]). As a result, the model calculation on the activity of 

constituents may not be accurate, which may have led to biased calibration results of tortuosity factor. In 

the future, the SIT activity model will be incorporated to improve the accuracy of activity coefficients to 

account for effects from ionic interactions.  

The fluxes of Na, K, and S decreased monotonically with increasing leaching time, except for Na flux from 

CS-C68-48w during 7-14 days. Comparing the three samples with different aging times (Figure 5.5a), the 

longer aging time under 68% RH decreased the fluxes of Na, K, and S during the early stage (1-14 days) 

of leaching and increased fluxes between 28-105 days. The difference between CS-C68-48w and CS-C68-

28w was smaller than the difference between CS-C68-28w and CS-C68-16w, suggesting the impact of 

carbonation on the effective diffusivity was limited over longer aging times.  

Results from samples aged under different RH for 48 weeks are compared in Figure 5.5b. The fluxes of the 

Na, K, and S from CS-C15-48w and CS-C40-48w were nearly identical and were greater than the fluxes 

from samples aged in higher RH conditions during 28-105 days of leaching. This result differs from that 

observed for Portland cement [11], in which leaching of Na and K decreased when the material was 

carbonated under a drier environment. This departure from Portland cement behavior is likely due to the 

high salt content in the pore solution, as well as the increased effective diffusivity under carbonation in Cast 

Stone. The fluxes of Na, S, and K from CS-C100-48w was one order of magnitude less on average than 

those from CS-C15-48w and CS-C40-48w. For CS-C68-48w, the fluxes of Na and K were slightly less than 

those for CS-C15-48w and CS-C40-48w, and the differences became greater with increasing leaching time; 

the fluxes of S were similar from the three samples.  

The ionic strength in the eluate generally increases with decreasing RH. This observation on the relationship 

between carbonation extent and the ionic strength is very different from results reported on a previous study 

on cement paste material [39]. In that study, carbonation was found to yield decreased ionic strength in the 

leaching eluate, likely due to refinement of the pore structure from carbonation. As for Cast Stone, 

carbonation increases the porosity and introduces cracking in the material, leading to a more rapid diffusion 

in the system.    
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Figure 5.5 Experimental measurements and reactive transport modeling results of diffusion-controlled 

leaching of Na, K, and S from samples carbonated (a) for 16, 28, and 48 weeks under 68% RH; (b) under 

15%, 40%, 68%, and 100% RH for 48 weeks. 
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5.4.3 Effect of drying and carbonation on leaching depth  

The change in effective diffusivity as a result of carbonation impacted the penetration of the leaching front 

differently among samples with different extent of carbonation. During leaching, the leaching front for a 

constituent ingresses into the material at a rate governed by the effective diffusivity. The leaching front can 

be identified from the concentration profile of constituents in pore solution. In this study, the Na 

concentration profile was selected for determining the leaching front due to its relatively high solubility.  

The leaching front at a given leaching time is defined in this study as the deepest cell with Na concentration 

lower than 99% of initial concentration in the pore water (illustration in Figure E2 [173]).  

The leaching front depth as a function of time was compared among samples aged under different RH 

conditions in Figure 5.6. The leaching front penetrated quickly into the sample during the initial stage of 

leaching (0-14 days), followed by a declining rate of ingress as leaching time increased. Slow migration of 

the leaching front is observed for all samples after 47 days of leaching. The fast ingress during the initial 

leaching resulted from increased effective diffusivity (Figure 5.4, Figure 5.5) in the near surface region of 

the sample where materials are carbonated. As soon as the leaching front passed through the carbonation 

front (depth indicated by the dashed lines) and reached the uncarbonated region, the effective diffusivity 

decreased sharply (Figure 5.4, Figure 5.5), causing the relatively slow migration of the leaching front 

thereafter (Figure 5.6). The depth involved in the leaching process is greater than the carbonation depth by 

1-2 cm for all samples. The carbonation front was found greater in lower RH conditions. This observation 

explains the identical leaching fluxes of Na, K, and S observed for CS-C15-48w and CS-C40-48w. 

Relatively similar carbonation fronts ingress depths were measured in the two samples (62 mm in CS-C15-

48w and 55 mm in CS-C40-48w; Figure 3.4), leading to similar effective diffusivity profiles (Figure 5.4 

and Figure 5.5). The diffusion-controlled leaching of highly soluble constituents can be assumed as 

diffusion-controlled, which is governed by effective diffusivity. Therefore, similar effective diffusivity 

profiles in the samples yields the relatively close leaching rates for highly soluble constituents.   
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Figure 5.6 Leaching depth in sample carbonated under different RH based on pore solution Na 

concentration. Dashed lines indicating the measured depth of the carbonation front in samples carbonated 

for 48 weeks. 

5.4.4 Diffusion-controlled leaching of major constituents 

Figure 5.7 shows the experimental results from Method 1315 and reactive transport modeling prediction of 

fluxes of major constituents as a function of leaching time. For the three samples carbonated under 68% 

RH, increased aging time from 16 to 28 weeks significantly increased the fluxes of Ca, Mg, and Al by 

approximately one order of magnitude from 28-105 days of leaching but further increased aging time to 48 

weeks did not further increase the fluxes as significantly. Although Ca solubility decreases under 

carbonation due to the formation of calcite (Figure 4.2), the low pH in the pore solution (5.5-8.3) in the 

carbonated region favors the dissolution of Ca and increased Ca fluxes [39]. The Ca fluxes in samples aged 

for longer periods of time were additionally facilitated by the decreased tortuosity factor. No apparent 

pattern was observed for the fluxes of Si. The reactive transport model captured the Ca fluxes relatively 

well for the later stage of leaching (28-105 days). Because the model also well predicted pH, this suggested 

an accurate estimation of carbonate content in the eluate. The model prediction for Si and Al are challenged 

for all three samples. The eluate pH in CS-C68-16w falls between 8.5-9.5, while the eluate pH in CS-C68-

32w and CS-C68-48w is from 7.5-8. As shown previously in the results of pH dependent leaching modeling 

(Figure 4.2), the model prediction of pH dependent leaching of Al is less than the measurements by two 

orders of magnitude at pH 7.5-8 and by one order of magnitude at pH 8.5-9.5, leading to the underestimation 

of Al leaching. Possible factors leading to the deviation include the inaccurate calculation of Al activity by 

using modified Davies activity model, a missing reaction in the geochemical speciation model (e.g., 
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solution complexation) and/or the formation of Al colloids in the mid-pH range. The model prediction of 

Si flux generally captures the leaching behavior of the three samples, but the prediction is one order of 

magnitude greater than the measurement.  The concentrations of Si are systematically predicted higher by 

the model because silica reactions are unlikely near equilibrium in the experimental system, due to the slow 

dissolution kinetics.  
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Figure 5.7 Eluate pH and diffusion-controlled leaching of major constituents (Ca, Si, Al) from samples 

carbonated (a) for 16, 28, and 48 weeks under 68% RH; (b) under 15%, 40%, 68%, and 100% RH for 48 

weeks. 
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The RH in the aging conditions also has a significant impact on the leaching of major constituents (Figure 

5.7b). Notably, the leaching behaviors of major constituents from the saturated sample was substantially 

different from the unsaturated samples, due to the difference in their carbonation histories. CS-C100-48w 

showed the lowest fluxes of Ca and Mg and the highest fluxes of Al and Si. The solubility of Ca is strongly 

dependent on pH. Figure 5.8 presented the pH dependent leaching concentration of Ca at a liquid-to-solid 

ratio of 0.75. At the pH range of 5.5-12, Ca solubility decreases with increasing pH. The evolution of pore 

solution pH profiles with leaching time is presented in Figure 5.9. The relative position of the leaching front 

(arrows) and carbonation front (shaded regions) at a given leaching time yield different pore solution pH 

values (dashed lines) at the leaching front, affecting the Ca solubility and leaching. For example, the highest 

Ca flux was observed in CS-C68-48w in early stage of leaching (1-28 days) compared to CS-C15-48w and 

CS-C40-48w. As shown in Figure 5.9, at 12 days of leaching, the leaching front in CS-C68-48w was within 

the range of the carbonation front. Pore solution pH at the leaching front of CS-C68-48w was lower than 

other samples, resulting in the greater leaching flux. As leaching extended past 43 days, the differences in 

Ca fluxes between CS-C40-48w and CS-C68-48w started to decrease, which was accompanied by smaller 

differences in eluate pH. At this stage, the leaching front passed the carbonation front in all the samples 

(Figure 5.9) and the difference in pore solution pH at the leaching front decreased. At the end of the leaching 

test, the Ca flux decreased with time in CS-C68-48w and increased in CS-C15-48w. A lower pore solution 

pH was observed at the leaching front of CS-C15-48w compared to other samples, resulting in a higher 

solubility of Ca. The difference in the Ca leaching was additionally impacted by the effective diffusivity in 

each sample. Among three unsaturated samples, CS-C15-48w has the highest effective diffusivity over the 

widest range of depth, increasing the diffusion of constituents. Therefore, Ca fluxes indicated the coupled 

effect of physical and chemical changes in the sample as a result of carbonation, and the reactive transport 

model incorporated both effects. The model captured the trend in Ca fluxes for the four samples as described 

above. The model also captured the Al and Si fluxes in CS-C100-48w, but was challenged for the 

predictions in unsaturated samples for the same reasons stated above. On the contrary, the model reasonably 

predicted the fluxes of Mg from unsaturated samples but overestimated the leaching in the saturated sample. 

The pore solution pH of CS-C100-48w is close to 14, which is in the pH range where magnesium solubility 

is predicted higher than the corresponding measurements, resulting in the overestimation of Mg 

concentration (Figure 4.2).   
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Figure 5.8 pH dependent leaching of Ca and Cr in carbonated material (liquid-to-solid ratio of 0.75 mL/g; 

pH+pe=14) 

 

 

Figure 5.9 Pore solution pH profile from simulation at selected leaching time (the shaded regions indicate 

the range of carbonation front in the sample from measurements and model results; the arrows indicate the 

position of the leaching front) 

 

5.4.5 Diffusion-controlled leaching of redox-sensitive constituents 

Compared to the leaching of major constituents, less impact on the leaching of redox-sensitive constituents 

from both aging time (Figure 5.10a) and RH (Figure 5.10b) was observed from the 1315 test. The solubility 

of Cr in Cast Stone under low liquid-to-solid ratio is highly dependent on the pH (Figure 5.8). The sample 

with highest pore solution pH (CS-C100-48w) had the highest initial Cr leaching flux. The differences in 

Cr fluxes among samples with different aging times gradually diminished as the leaching front progressed 

with leaching time and the pore solution pH at the leaching front merged. At the end of the leaching test, 

Cr fluxes among samples with different RH ranged over two magnitudes between greatest value from CS-

C68-48w (4.7×10-5 mg/m2/s) and the least value of CS-C15-48w (2.8×10-7 mg/m2/s). The low flux in CS-

C15-48w resulted from lower pH (Figure 5.9) at the leaching front, which decreased the solubility of Cr 

(Figure 5.8). In addition, Cr leaching is dependent on both pH and redox state of the material (Figure 4.9). 
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The migration of the redox profile during leaching can additionally impact the leaching of Cr. As for the 

leaching of Fe, the initial leaching flux was not affected by either aging time or RH; however, the fluxes in 

the later stage of the leaching decreased in samples with longer aging times and among samples aged under 

different RH, CS-C40-48w has the highest Fe flux at the end of the leaching test. On the whole, the longer 

aging time under carbonation favors the stabilization of Cr, and the relative humidity in the carbonation 

environment impacts the Cr leaching flux by affecting the pH profile in the system.  

In the reactive transport model, the Cr leaching concentrations were used to estimate the initial pore solution 

pe profile. It was found that the modeled eluate pe was significantly higher than the measurement (Figure 

5.10). Since eskolaite is the single mineral phase that was used in the model to describe the dissolution of 

Cr, the deviation in pe prediction strongly suggests that there may exist Cr-bearing phases other than 

eskolaite in carbonated Cast Stone that control the solubility of Cr. It is possible that Cr might be 

incorporated into and coprecipitate with CaCO3 in carbonated Cast Stone [176]. Meanwhile, the redox 

reactions of Cr can be kinetically controlled and the reaction rates are dependent on pH [168]. This might 

lead to more complete reduction of Cr in carbonated Cast Stone during the aging period. Although pe 

measurement from the lab might be systematically biased due to the sample handling and testing conditions, 

the difference in the eluate pe measurement among samples revealed the impact of the carbonation reaction 

extent on the redox condition in the samples. Overall, the measured eluate pe was greater in the samples 

with greater extent of carbonation reaction (i.e., CS-C68-48w), which was also captured by the model. The 

predictions of initial fluxes of Fe are much lower than the corresponding measurements, mostly because 

the solubility of Fe is underpredicted by the geochemical speciation model for CS-C between pH 8-9 (Figure 

4.7), which is the range of initial eluate pH in the diffusion-controlled leaching experiments (Figure 5.1). 

The solubility prediction of Fe in carbonated material might be improved after considering the effects of 

complexation. 
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Figure 5.10 Eluate pe and diffusion-controlled leaching of selected redox sensitive constituents (Cr, Fe), 

from samples carbonated (a) for 16, 28, and 48 weeks under 68% RH; (b) under 15%, 40%, 68%, and 100% 

RH for 48 weeks. 

 

5.5 Conclusions 

This study focused on investigating the coupled effects of drying and carbonation on the leaching of major 

and trace constituents from Cast Stone. Geochemical speciation coupled with reactive transport modeling 

was used to describe the leaching test results and to derive key physical and chemical profiles in the solid 

matrix after aging. The carbonation front was derived independently from the leaching test using two 

separate modeling approaches and compared to the corresponding phenolphthalein measurements.   

Diffusion-controlled leaching demonstrated the mixed effect of extent of carbonation and carbonation depth 

under different RH conditions. The ingress depth of the carbonation front increased with increasing aging 

time following a 2nd order polynomial function, but the extent of carbonation in the carbonated region of 

the sample at the same environmental RH did not increase with aging time. The chemical profile in the pore 

solution also supported the previous finding that as RH decreases, the carbonation depth increases, with 68% 

RH yielded the greatest extent of reaction.  The carbonation depth estimated from this study compared with 
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predictions from carbonation model and the previously measured depth provides the range of uncertainty 

as a function of aging time, which can be beneficial for estimating uncertainty for long-term prediction. 

The leaching of highly soluble constituents was found to be enhanced by aging in dry conditions, which is 

different from observations for Portland cement material. The decreased tortuosity factor and increased 

carbonation depth are the main factors enhancing the leaching of highly soluble constituents under dry 

conditions. Leaching behavior of Ca is highly pH dependent, and the relative position of leaching front and 

carbonation front in the samples dynamically impacts pore solution pH at the leaching front, as well as the 

flux of Ca as a function of leaching time. The solubility of Cr is also highly dependent on pH. At the end 

of the leaching test, Cr flux was observed two orders of magnitude greater in samples carbonated at 68% 

RH than in 15% RH, which can be attributed to the higher pH in pore solution at the leaching front. The 

leaching rate of Ca, Na, K, S, and Mg was one order of magnitude lower from sample carbonated under 

100% RH compared to unsaturated samples, due to the large difference in carbonation history in the samples. 

Therefore, when estimating the performance of the waste form, it is necessary to consider unsaturated 

conditions in the field.  

With the parameter calibration based on eluate pH and sodium concentration, the diffusion-controlled 

leaching simulation reasonably predicted the leaching of Na, K, S, Ca, and Mg. The calibration of pe based 

on Cr concentrations and eskolaite yield higher eluate pe compared to measurements. To improve the model 

prediction on redox sensitive constituents, other Cr-bearing phases will be needed to describe the speciation 

of Cr in carbonated Cast Stone. In addition, to further improve the model calculation, the SIT activity model 

will be implemented. 
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6. SUMMARY, CONCLUSIONS AND FUTURE WORK 

This dissertation investigated the impact of drying, carbonation and leaching in the Cast Stone waste form 

proposed for the disposal of nuclear waste at DOE Hanford Site. The conclusions from each chapter are 

presented below. 

Chapter 2 presented a water transport model coupling capillary liquid flow with vapor diffusion for 

predicting drying in Cast Stone. The vapor-liquid equilibrium formulation based on Kelvin’s equation was 

used as the driving force for vapor diffusion, and the model accounts for pore capillary and high salinity 

effects on water activity. Average pore size, pore water surface tension, and activity as a function of 

saturation state, as well as drying rates as function of external relative humidity (RH), were measured 

through experiments. Independent model calibration and validation were used to demonstrate prediction of 

drying rates. The theoretical relationship between relative humidity and water saturation generally agrees 

with experimental measurements, and the developed model is capable of predicting drying rates under 

external relative humidity conditions, ranging from 15% to 100% RH. The construct of the model allows 

for the prediction of salt redistribution under drying, and dynamically calculates the pore water activity as 

drying progresses, both of which are crucial for simulation moisture transport in high salt content 

cementitious material.  

Chapter 3 investigated the impact of environmental CO2 concentration and RH on the carbonation of Cast 

Stone. The rate of carbonation front ingress and the extent of carbonation reaction were characterized for 

samples aged up to 48 weeks at four RH levels and three CO2 concentrations. Results showed carbonation 

in Cast Stone responds differently to environmental RH compared to ordinary Portland cement. The 68% 

RH environment allowed the greatest carbonation reaction extent in carbonated locations within the matrix 

due to the relatively high moisture content that serves as the reaction medium, and 15% RH environment 

yielded the deepest carbonation front ingress as a result of low saturation and high effective diffusivity of 

gaseous CO2. Carbonation resulted in the formation of free water as a result of changes in mineral phase 

distributions and carbonation reactions.  Carbonation reactions increased the drying rate of Cast Stone as a 

result of increased porosity and microcracking. At 68% RH, extent of carbonation reaction increases with 

CO2 concentration, ingress rate was proportional to CO2 concentration, which confirms the gas phase CO2 

concentration gradient as the driving force for diffusion followed by dissolution and reaction of CO2 in Cast 

Stone. Redistribution of sodium toward the exposure surface as well as accumulation of sodium near the 

carbonation front were observed under coupled drying and carbonation conditions, as a result of enhanced 

capillary water movement under carbonation. 
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Chapter 4 investigated the effect of carbonation on the leaching of major and trace constituents from Cast 

Stone through leaching experiments and simulations. Comparison between the Cast Stone aged in nitrogen, 

air, and 2% CO2 showed that carbonation impacts both solubility and diffusivity of major and trace 

constituents. The solubilities of major constituents were affected by carbonation due to the formation of 

calcite, wairakite, dolomite, and amorphous silica and the depletion of CNASH solid solution and brucite 

under carbonation. The pH dependent leaching behavior of carbonation-sensitive constituents was well 

described in the geochemical speciation model by using carbonated co-precipitates with calcite. For Cr, 

which was used as a redox indicator and one constituent of potential concern, carbonation under 2% CO2 

reduced the diffusion-controlled leaching by two orders of magnitude, apparently as a result of decreased 

pore water solubility at decreased pH under reducing conditions that maintained the Cr(III) speciation. The 

liquid-solid partitioning of Cr was found strongly dependent on the pH and pe state in the system. Aging in 

air increased the solubility and diffusion-controlled leaching of Cr as a result of oxidation. Effective 

diffusivity was found increased in the sample carbonated in 2% CO2 but was not significantly increased in 

the samples carbonated in air. The change of solubility and effective diffusivity of constituents during 

carbonation both affected the diffusion-controlled leaching. The reactive transport model with tortuosity 

and carbonate content calibrated to leaching test results well described the diffusion-controlled leaching 

behavior of Cast Stone.   

In Chapter 5, the coupled effect of drying and carbonation on the leaching of major and trace constituents 

from Cast Stone was investigated. The diffusion-controlled leaching of highly soluble constituents was 

found to be enhanced by carbonation in dry conditions, which is different from the observation from studies 

with Portland cement material published by other researchers. The decreased tortuosity and increased 

carbonation depth are the main factors enhancing the diffusion-controlled leaching in dry conditions. Since 

carbonation under 2% CO2 generally increases the Ca leaching rate, the relative position of the leaching 

and carbonation fronts in the samples dynamically impacted the flux of Ca as a function of time. 

Carbonation under 15% RH had the lowest leaching rate of Cr, which can be a result of coupled effects of 

carbonation depth and reaction extent. The leaching rate of Ca, Na, K, S, and Mg decreased by one order 

of magnitude for samples carbonated under 100% RH compared to the unsaturated samples, due to the large 

difference in carbonation histories in the samples. Therefore, when estimating the performance of the waste 

form, it is necessary to consider unsaturated conditions in the field.  

Key physical and chemical profiles in the solid matrix after aging were derived from reactive transport 

modeling. The derived carbonation depth generally described the progression of carbonation front in 

different RH conditions when compared with measurements from Chapter 3, with slight overestimation of 

carbonation front for low RH conditions. Additional effort is needed to improve the reactive transport 
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simulation and includes: 1) refining the description for Cr in the mineral set to improve the prediction of 

redox sensitive species, 2) implementing the SIT activity model to account for the ionic interactions in pore 

solution with high ionic strength, and 3) implementing the multi-ionic diffusion model to account for 

specific ionic diffusivities.  

This study provided data and models than can be used for predicting the leaching behavior of Cast Stone 

under anticipated field disposal conditions and informs the understanding of drying and carbonation in 

alkali-activated cementitious materials. A summary of the models used in the dissertation and key input 

parameters are provided in Table F1. Future study will focus on implementing the developed reactive 

transport models for the prediction of drying, carbonation, and leaching of Cast Stone in the field conditions. 

More complexity is anticipated in field conditions and factors other than drying and carbonation such as 

oxidation and intermittent wetting will be encountered. In addition, the performance of the material needs 

to be evaluated for a much longer periods of time. The conclusions from this dissertation provide insights 

into the relationships between drying and oxidation, and the moisture transport model can be further 

extended for the prediction of constituent re-distribution under intermittent wetting.  
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ABSTRACT 

Cast Stone has been developed to immobilize low activity radioactive waste at the Hanford Site; however, 

constituents of potential concern (COPCs) can be released when in contact with water during disposal. 

Herein, a representative mineral and parameter set for geochemical speciation modeling was developed for 

Cast Stone aged in inert and oxic environments, to simulate leaching concentrations of major and trace 

constituents. The geochemical speciation model was verified using a monolithic diffusion model in 

conjunction with independent monolith diffusion test results. Eskolaite (Cr2O3) was confirmed as the 

dominant mineral retaining Cr in Cast Stone doped with 0.1 or 0.2 wt.% Cr. The immobilization of Tc as a 

primary COPC in Cast Stone was evaluated, and the redox states of pore water within monolithic Cast 

Stone indicated by Cr are insufficient for the reduction of Tc. However, redox states provided by blast 

furnace slag (BFS) within the interior of Cast Stone are capable of reducing Tc for immobilization, with 

the immobilization reaction rate postulated to be controlled by the diffusive migration of soluble Tc in pore 

water to the surface of reducing BFS particles. Aging in oxic conditions increased the flux of Cr and Tc 

from monolithic Cast Stone. 

 

INTRODUCTION 

Cementitious materials are often selected for nuclear waste disposal because of their ability to stabilize 

radionuclides and inorganic contaminants 1, their low costs, and easy production 2. Cast Stone 3 is a waste 

form produced from coal fly ash (FA), granular ground blast furnace slag (BFS), and ordinary Portland 

cement (OPC) that has been proposed to solidify and immobilize liquid low activity radioactive waste 

(LAW) at the Department of Energy Hanford Site in Richland, Washington 4-6. During its service life, Cast 

Stone is likely to come in contact with infiltrating water, and constituents of potential concern (COPCs) 
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could be remobilized. Moreover, Cast Stone is subject to evolving physical and chemical properties because 

of oxidation and carbonation from oxygen and carbon dioxide in the air or soil gas and dissolved in 

infiltrating water 7-8; reactions with oxygen and carbon dioxide could impact the retention of COPCs 9-13. 

Therefore, it is important to improve the understanding of the complex mechanisms that are responsible for 

the leaching behavior of constituents, where insights can be gained through use of leaching tests coupled 

with geochemical speciation modeling 14.   

Defining a representative mineral and parameter set accounting for the aqueous-solid partitioning of 

constituents in Cast Stone is a necessary step for geochemical speciation model development 15. The 

mineralogy of Cast Stone has been investigated in several studies through techniques of X-ray diffraction 

(XRD) 5,6,16 and X-ray adsorption spectroscopy (XAS) 4,17. However, the identified minerals should be 

verified for inclusion in a geochemical speciation model based on test data because some observed minerals 

may not be controlling with respect to leaching behavior due to dissolution kinetics, pore structure (e.g., 

pore size and connectivity), and occlusion within the material structure, and often a range of thermodynamic 

solubility values are available for individual minerals. So far, a geochemical speciation-based model for 

simulating Cast Stone leaching has not been established, and the mineral assemblage and related 

parameterization accounting for the leaching behavior of constituents from Cast Stone have not been 

defined or verified.  

Understanding the evolution of minerals during aging is needed for assessing performance of Cast Stone 

with respect to the long-term retention and leaching of COPCs. Technetium (99Tc), a fission product with 

a half-life of 213,000 years, is of concern because the primary form under aerobic conditions (TcO4
-) is 

highly mobile 17,19. Under reducing conditions, technetium can be in a low valence state (i.e., 

Tc(IV)O2⋅2H2O and Tc(IV)2S7), which is much less soluble and also can be easily adsorbed by particulate 

organic matter 20. Cast Stone achieves an internal reducing environment using BFS bearing sulfur with low 

redox potential (e.g., oldhamite, pyrrhotite, and niningerite) 21-24. However, reoxidation of Tc(IV) in Cast 

Stone by reaction with dissolved or gaseous O2 is of concern 20. Chromium, in addition to being a COPC, 

can be used as a redox state indicator because the reduction potentials of Cr (i.e., CrO4
2- and Cr3+, -0.13 V) 

and Tc (i.e., TcO4
- and Tc4+, -0.36 V) redox couples are relatively close 25-26 and Cr, like Tc, has a very 

limited solubility in its low valence state (Cr(III)) and is highly soluble in its high valence state (Cr(VI)) 

27,28 . For comparison, the reduction potentials of S (SO4
2- and S2-) and Fe (Fe3+ and Fe2+) redox couples are 

-2.10 and 0.77 V, respectively. 

The objective of this study is to develop and demonstrate a geochemical speciation model that predicts the 

leaching of COPCs from Cast Stone waste forms under reducing and oxidizing conditions. The model was 

calibrated based on mineral phases experimentally measured and those inferred from constituent pH-
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dependent liquid-solid partitioning results in Cast Stone spiked with Cr as an indicator for redox-sensitive 

constituents. The resulting mineral and parameter set then was verified through simulation of monolith 

diffusion test results. Inclusion of an assumed reaction set for Tc is used to demonstrate the potential impact 

of oxidation on leaching of Tc as a primary COPC. Subsequent studies will explore the impacts of 

carbonation and combined oxidation and carbonation on geochemical speciation reaction sets and 

parameterization, as well as long-term leaching scenarios. 

 

MATERIALS AND METHODS 

Materials and pre-treatment 

Cast Stone samples were prepared with class F fly ash (FAF), grade 100 ground blast furnace slag (BFS), 

type I/II ordinary Portland cement (OPC), and liquid low activity radioactive waste (LAW) simulant (where 

0.2 wt.% Cr on the basis of Cast Stone weight was added as Na2CrO4 as a redox indicator), following the 

procedure of Lockrem 3. Each ingredient was used to form a water-to-binder ratio of 0.48 (Table S1a), and 

the composition of liquid LAW simulant followed the recipe for Hanford Tank Waste Operational System 

(HTWOS) Average 5M (i.e., 5 mol/L) Na simulant 29 (Table S1b). The OPC was purchased from concrete 

vendors, and FAF and BFS were provided by the Savannah River National Laboratory (SRNL) and the 

Pacific Northwest National Laboratory (PNNL), respectively. The Cast Stone slurry was set in cylindrical 

molds with 25-mm diameter and 110-mm length for 72 hours, then the molds were removed and the 

monolithic samples were cured in N2 at 25 °C under 100 % relative humidity for 90 days. 

Experimental procedures 

Aging of materials under oxic and anoxic conditions: A subset of the cured monolithic samples (doped 

with 0.2 wt.% Cr) was ground in a N2 atmosphere to particles with 85 wt.% less than 2-mm diameter. 

Subsequently, the granular and monolithic samples were separately aged in N2 and 21 vol.% of O2 (in N2) 

for 16 weeks under a relative humidity of 68 % at room temperature (20±2 °C); these aged samples are 

identified as CS-N-16w and CS-O-16w, correspondingly. 

A separate set of Cast Stone samples 16 was prepared following a similar procedure using 0.1 wt.% mass 

fraction of Cr and is included in this study. Granular and monolithic samples from this preparation of Cast 

Stone were aged at room temperature in either N2 or 21 vol.% of O2 (in N2) for 9 weeks under a relative 

humidity of 65 %; these aged samples are denoted as CS-N-9w and CS-O-9w, respectively. Both the 

amount of spiked Cr and aging time were set to be different for two sets of samples, resulting in Cast Stone 

materials with different apparent redox states. 
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pH-dependent leaching tests: the aged granular samples and BFS were subject to pH-dependent leaching 

tests according to Environmental Protection Agency (EPA) Method 1313 30-32, using Milli-Q water 

(deoxygenated by nitrogen bubbling) along with predetermined amount of nitric acid (2N HNO3) or 

potassium hydroxide (1N KOH) as the eluent at a liquid-solid ratio (L/S) of 10 mL/g-dry weight. The 

amount of nitric acid or potassium hydroxide added to reach each target end-state pH was determined by 

pH titration on separate aliquots of the material prior to the test. The equilibrium pH and pe of the eluate 

for the test condition without acid or base addition (deoxygenated deionized water only) are referred to as 

the natural pH and natural pe of the material. For the test conditions with eluate pH less than the natural pH, 

samples were subject to oxidation by the addition of nitric acid for pH adjustment. The mixture of sample 

and extracting solution was tumbled in an end-over-end tumbler at 20 °C for 48 hours. Two parallel sets of 

tests were conducted for each sample. 

Monolith diffusion leaching tests: the mass transfer rates of constituents from aged monolithic samples 

were tested following the 1-D configuration of EPA Method 1315 33, 34. The exposed surface of each 

monolith was contacted with deoxygenated Milli-Q water using a liquid-surface-area ratio of 9 ± 1 mL/cm2 

at 20 °C in sealed containers with minimal headspace. The surface area was calculated based on the 

geometric area of the face of monolith exposed to leaching. The eluate was entirely exchanged with 

deoxygenated Milli-Q water at 0.1, 1, 2, 7, 14, 28, 42, 49, 63, 91, and 107 days. Method 1315 tests used 

only deoxygenated water as the eluent to prevent the oxidation of material by nitric acid (as occurs in 

Method 1313 testing) and to provide independent results for verifying the minerals controlling the solubility 

of redox-sensitive constituents calibrated using Method 1313 test results. 

Analytical methods 

All leaching test eluates were collected and measured for pH, conductivity, pe (converted from oxidation-

reduction potential measurements as described in Supporting Information-I), and concentrations of 

constituents. The concentrations of major and trace elements in the eluates were quantified by inductively-

coupled plasma optical emission spectroscopy (ICP-OES, Agilent Technologies, Santa Clara, CA) 

following U.S. EPA Method 6010C 35. Anions in eluates were measured by ion chromatography (IC, 

Metrohm USA, Riverview, FL) following EPA Method 9056A 36. Quality assurance (QA) and quality 

control (QC) procedures are provided in Supporting Information (SI-II) along with method detection limits 

(MDL), and lower limits of quantitation (Table S2).  

Mass fractions of carbonate minerals in Cast Stone were analyzed by thermogravimetric analysis (TGA; 

TA Instruments Q600 SDT analyzer, New Castle, Delaware, USA); the procedures are described in 

Supporting Information (SI-III). Porosity of each monolithic sample was measured by a modified water 
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exchange method 37. The elemental compositions of FAF, BFS, OPC, and CS-N-16w were analyzed by X-

ray fluorescence (XRF, S4 Explorer X-ray Spectrometer, Bruker-AXS, Germany). The crystalline 

structures of unleached and leached CS-N-16w were determined by X-ray diffraction (XRD, SmartLab, 

Rigaku, Japan) after being powdered in a N2 chamber (leached cases carried out on solid residues from pH-

dependent leaching tests at pH of 4.00 and natural pH of 12.64).  

Modeling Approach 

The modeling of aqueous-solid partitioning and monolithic diffusion of constituents in aged Cast Stone and 

the development of predominance diagrams for Cr, Fe, S, and Tc were accomplished using the LeachXS-

ORCHESTRA (Vanderbilt University, Nashville, TN) modeling framework 38 based on results of the pH-

dependent leaching tests and monolith diffusion leaching tests. The aqueous phase speciation reaction set 

used in the modeling was from the Minteq.V4 thermodynamic database at 20 °C 39. Minerals controlling 

the solubility of constituents were selected from the Minteq.V4, Cemdata18 (CEM18) 40, and Lawrence 

Livermore National Laboratory (LLNL) 41 thermodynamic databases at 20 °C. Specifically for Tc, aqueous 

phase speciation reactions and minerals were taken from the LLNL database. A basic assumption for the 

geochemical speciation modeling is that the dissolution, precipitation, and adsorption reactions of all 

constituents reach equilibrium. For the monolithic diffusion modeling, local equilibrium conditions are 

assumed for each time step within each cell, which assumes that the chemical reaction takes place much 

faster than the transport process. 

The model parameters (natural pH, L/S, and amount of hydrous ferric oxides (HFO) and humic acid (HA) 

for adsorption) and available contents of constituents, which are typically the highest release values (mg/kg) 

in pH-dependent leaching tests for the constituents, are listed in Table S3 for the four Cast Stone materials. 

A brief description of the modeling framework and parameters is given here and more details are available 

15. The adsorption of ions on the surface of organic matter was modeled with the NICA-Donnan model 42 

using parameters published by Milne, et al. 43, 44. Ion adsorption onto HFO was modeled using the 

generalized two layer model of Dzombak and Morel 45. Mineral set was selected by calibration in the 

geochemical speciation model based on minerals identified in Cast Stone by XRD, XAS, and XANES 

analyses 4-6,14 and solid solutions developed from alkali-activated slag 46,47. Specifically, calibration of 

mineral set and available contents of Si and carbonate is provided in SI-IV in detail. 

The monolithic diffusion model is illustrated in Figure S1. This model consists of local chemical 

equilibrium of solid with pore water and diffusion of species from within the Cast Stone material where 

release occurs into a well-mixed tank of leaching eluent. The simulated eluent refresh solution and refresh 

scheme in the tank are the same as in the corresponding monolith diffusion leaching tests. Local equilibrium 
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as calculated based on the selected mineral set, available contents of individual elements, and HFO and 

organic matter adsorption determines the pore water composition. Effective diffusivity of ions is controlled 

by the physical properties of Cast Stone including porosity and tortuosity. Tortuosity was calibrated based 

on Method 1315 Na leaching (see Supplemental Information, SI-V and Figure S2). Chemical parameters 

used in the monolith diffusion model were the same as in the geochemical speciation model for simulating 

pH dependence batch testing, and the physical parameters are displayed in Table S4. 

 

RESULTS AND DISCUSSIONS 

Elemental composition and crystalline structure of Cast Stone 

Primary elements (>5.00 wt.%) in Cast Stone were identified as Si, Ca, Al, Na, and Fe (Table S5). The 

mineral composition of the unleached CS-N-16w (Figure 1) was identified as mullite (Al6Si2O13), quartz 

(SiO2), hematite (Fe2O3), calcite (CaCO3), tobermorite (Ca5Si6O16(OH)2•4H2O), tricalcium silicate 

(Ca3SiO5), and magnesite (MgCO3). Some of the phases (i.e., mullite, quartz, and hematite) frequently 

reported in coal fly ash 48. 49 were directly from FAF because only a small part of fly ash in Cast Stone was 

likely to participate in hydration reactions 6. Other identified minerals could be formed during the hydration 

of BFS and OPC. 

Referring to the XRD results of Cast Stone from Chung, et al. 6 and Asmussen, et al. 4, the broad peak at 

11° of 2θ is likely to be a mixture of calcium aluminate hydrates (AFm phases) including hemicarbonate 

(Ca4(Al(OH)6)2(OH)(CO3)0.5•5.5H2O) and monocarbonate (Ca4(Al(OH)6)2(CO3)•6H2O) with a low degree 

of crystallization. Chung, et al. 5, 6 identified ettringite, stable at pH range of 10.50-12.00, in Cast Stone 

materials prepared with simulant containing Na at less than 2 mol/L. However, the additional alkalinity in 

the Cast Stone by adding LAW simulants with a Na concentration greater than 2 mol/L (e.g., 5 mol/L in 

this study) likely inhibited formation of ettringite and thus no ettringite peaks were observed by XRD for 

the materials studied here. Minerals bearing sodium and nitrate also were not detected here, but nitratine 

(NaNO3) was identified by Branch 16. Sodium could also have been incorporated into amorphous gels. 

Aside from crystalline minerals, a majority of phases (ca. 83 wt.% according to studies of either Asmussen, 

et al. 4 or Branch 16) in Cast Stone were not readily detected by XRD and considered amorphous. This 

fraction could be composed of glassly-like phases from FAF and amorphous calcium (alkali) 

aluminosilicate hydrate (CNASH) gel. During the pozzolanic reaction of alkali-activated Ca-rich 

cementitious materials (e.g., BFS), aluminum and sodium might have been incorporated within the structure 

of calcium silicate hydrate (CSH) gel to form CNASH gel 50. 
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Leaching at the natural pH (12.64) minimally altered the XRD detected minerals in Cast Stone based on 

the similarity of the XRD pattern after leaching compared to that before leaching (Figure 1). However, 

leaching at pH 4.00 changed the XRD-detected mineralogy of Cast Stone by: i) dissolving carbonate 

minerals such as calcite and magnesite and ii) forming gypsum (CaSO4•2H2O). Gypsum was not detected 

in either unleached Cast Stone or leached Cast Stone at the natural pH because Ca in a strong alkaline 

environment (pH > 12.00) tends to form more thermodynamically stable phases such as CNASH gel rather 

than gypsum. The gradual disappearance of gypsum in Cast Stone was observed by Chung, et al. 5 as the 

alkalinity of the simulant increased. However, leaching of Cast Stone at pH 4.00 released Ca to form 

gypsum (Figure 1). Overall, leaching at alkaline (natural pH = 12.64) or acidic (pH = 4.00) conditions only 

slightly altered the crystalline structure of Cast Stone because of the relatively small fraction of minerals 

that were involved in leaching. 

 

Figure A1 XRD patterns of original Cast Stone aged in N2 and its residues after leaching carried out at 

natural pH of 12.64 and pH of 4.00. 

(Legend: AFm-hemicarbonate (Ca4(Al(OH)6)2(OH)(CO3)0.5·5.5H2O) + monocarbonate 

(Ca4(Al(OH)6)2(CO3)·6H2O);C- Calcite (CaCO3); G- Gypsum (CaSO4·2H2O); H- Hematite (Fe2O3); M- Mullite 

(Al6Si2O13); Ma- Magnesite (MgCO3); Q- Quartz (SiO2); T- Tricalcium silicate (Ca3SiO5); To- Tobermorite 

(Ca5Si6O16(OH)2·4H2O)) 
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Representative mineral set describing leaching of constituents from Cast Stone 

The mineral assemblage proposed to represent the Cast Stone materials in this study is presented in Table 

S6, including consideration of the XRD results in Figure 1 and mineralogy characterization results of Cast 

Stone from Asmussen, et al 4. The main reaction product of alkali-activated Ca-rich cementitious materials 

(e.g., BFS) is CNASH gel, represented as the ideal solid solution (CNASH_ss) developed and verified to 

describe the chemical compositions of alkali-activated slag cements by Myers, et al 47, 51. Three CNASH_ss 

end-members from thermodynamic database of CEM18 (i.e., CEM18_INFCNA_CNASHss, 

CEM18_T2C_CNASHss, and CEM18_TobH_CNASHss) were included in the mineral set of this study. 

Not all eight proposed CNASH_ss end-members were included in the mineral set because Cast Stone is a 

more complicated mixture than the geopolymer for which CNASH_ss was developed and inclusion of the 

full set of CNASH_ss end-members resulted in a poorer prediction of leaching. Dolomite (CaMg(CO3)2), 

gaylussite (Na2Ca(CO3)2•5H2O), nahcolite (NaHCO3), and natron (Na2CO3) were included based on a 

previous study on minerals in alkali-activated slag pastes 46. 

Quartz and hematite (Figure A1) are unlikely to be in thermodynamic equilibrium with the eluates because 

of their kinetically-limited dissolution/precipitation 48, and thus they were replaced with amorphous silica 

(SiO2) and ferrihydrite (Fe2O3•3H2O), respectively. Instead of gypsum (CaSO4•2H2O), its formation 

precursor, hemihydrate (CaSO4•0.5H2O) 52, was included in the mineral set because gypsum was found to 

under predict the solubility of sulfur. The formation of gypsum in leached CS-N-16w at pH 4.00 (Figure 

A1) could be attributed to the precipitation and crystallization of gypsum during the drying of leached Cast 

Stone. The chemical speciation of chromium and technetium was selected to be eskolaite, NaTcO4, and 

Tc(IV)O2•2H2O to account for the solubility of Cr and Tc, respectively, as observed by Asmussen, et al. 4 

through XAS and XANES.  

The CO2 losses from TGA on non-oxidized (CS-N-16w) and oxidized (CS-O-16w) Cast Stone material, 

4.24 and 7.49 wt.% (0.96 and 1.70 mol/kg), respectively, were used to determine the upper limit of 

carbonate content in simulations (SI-III and Figure S3). The available contents of carbonate in CS-N-16w 

and CS-O-16w were calibrated as 0.60 and 1.09 mol/kg, respectively. The higher content of carbonate in 

CS-O-16w may be attributed to the heterogeneity of formulation materials (e.g., of BFS 53), oxidation of 

organic matter during leaching (e.g., from addition of HNO3), or inadvertent atmospheric carbonation 

during handling.   
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Geochemical speciation identification and verification for major constituents in Cast Stone 

As shown in Figure A2a, the predicted acid neutralization capacity (ANC) curve by the geochemical 

speciation model agrees well with the experimental results at pH greater than 5.00, and the natural pH from 

the model (blue circles) is almost the same as the measured value (red circles). The modeled ANC values 

deviate from the experimental results at pH < 5.00, and the deviation increases as pH becomes more acidic. 

Theoretically, the acid buffering equilibrium is likely to be established by Al-bearing phases at pH less than 

approximately 4.00 54, with corresponding increases in eluate concentrations. However, the observed 

concentration of Al is much less than expected, which can be the result of Al(III) entrapment in silica gel 

formed at low pH; more studies are required to address this discrepancy. 

The leaching behaviors of the seven major constituents are well-described by the model (Figure A2a), 

indicating good representativeness of the proposed mineral set. Simulation results with the full set of 

CNASH_ss end-members did not provide as good predictions of test data compared to when only a partial 

set of end-members was used (Figure A2a). At alkaline pH from 9.00 to 14.00, the CNASH solid solution 

was formed by incorporating Ca, Si, Al, and Na, so CNASH_ss is a presumed major phase controlling the 

solubility of these elements at this pH range as indicated in Figure A2a. Leaching of Ca also was impacted 

by calcite above pH 6.00 given the abundance of carbonate present. At pH less than 9.00, CNASH_ss was 

dissolved and the liberated Si and Al recrystallized as amorphous silica (SiO2) and diaspore (α-AlO(OH)), 

respectively. Other constituents such as Mg and Fe are predominantly controlled by brucite (Mg(OH)2) and 

ferrihydrite, respectively. Although mullite was detected in Cast Stone (Figure A1), it is usually considered 

as a non-reactive mineral in aqueous solutions 55 and is not the major source of dissolved Al. The 

concentration of S in Method 1313 eluates is lower than the solubility described by hemihydrate and 

monosulfate, so the modeled concentrations of S are limited by the available content of S; more discussion 

regarding the chemical speciation of S will be presented later.  

Although the selection of a mineral set for describing the pH-dependent leaching behavior of a constituent 

is under multiple constraints by simultaneously simulating a large set of elements at multiple pH conditions, 

multiple mineral and parameter sets may provide simulations that reasonably reflect experimental results; 

therefore, screening or verifying minerals under additional experimental conditions should be evaluated. 

Unlike pH-dependent leaching tests in which the liquid-solid partitioning of constituents reaches 

equilibrium at L/S of 10 mL/g, the pore water within the monolith during the monolith diffusion leaching 

test has a much lower equilibrium L/S that is dependent on porosity (e.g., 0.31 mL/g for CS-N-16w with a 

porosity of 0.41 and 0.23 mL/g for CS-N-9w with a porosity of 0.34). In addition, pH and pe within the 

monolith pore water are expected to be spatially and temporally variable, with the external eluent bath 

serving as the exposed surface boundary condition. Therefore, the performance of the selected mineral and 
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parameter set was verified by simulating the monolithic diffusion test results from Method 1315 (Figure 

A2b). 

The monolithic diffusion model assumes local chemical equilibrium of solid with pore water and diffusion 

of species between adjacent finite element cells. The flux and the leaching concentration of Na were well 

simulated, indicating a good description of the physical retention properties of monolithic CS-N-16w. In 

addition, selected variables (i.e., pH, conductivity, and pe) and other constituents including K, S, Ca, Al, 

Si, and Fe are fairly well described by the model, which reflects that the chemical composition of pore 

water predicted by the selected minerals reasonably represents reality. Particularly for Mg, the model fails 

to predict leaching at early stage but matches concentrations at longer times. Thus, overall the proposed 

mineral set is deemed reasonable for describing the leaching of major constituents from Cast Stone. 
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CEM18_CNASH_ss: prefix of “CEM18” indicates that the dissolution reaction constant (logK) of “CNASH_ss” is 

from thermodynamic database of CEM18; three CNASH_ss end-members are presented together as 

“CEM18_CNASH_ss” because they work together as an entity. 

Figure A2a. Geochemical speciation modeling results of major constituents from granular CS-N-16w and 

CS-N-9w. (Experimental data from duplicate tests were merged for each sample; and the phase diagrams 

for CS-N-9w are similar to that for CS-N-16w) 
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Figure A2b. Monolithic diffusion modeling results of variables and major constituents from monolithic 

CS-N-16w and CS-N-9w. 

Impact of redox state changes on leaching of redox-sensitive constituents 

In this study, Cr and S in Cast Stone serve as indicators to understand the redox state and mechanisms 

controlling leaching after aging in oxic and anoxic conditions. Also, Cr and S were used to provide insights 

into the progression of the oxidation front within the aged material and potential retention of Tc. Both Tc 

and Cr have substantially increased solubility and hence leachability when oxidized to form oxyanions 

(pertechnetate and chromate, respectively), albeit the standard half-cell potential of each reaction is 
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different (TcO4
- and Tc4+, -0.36 V; CrO4

2- and Cr3+, -0.13 V) making Tc possibly more recalcitrant to 

reduction and potentially more susceptible to oxidation than Cr at standard conditions (as reference, because 

actual experimental conditions are different). 

Minerals responsible for the solubility of Cr in cementitious materials have been reported as CaCrO4•2H2O, 

Ca2Cr2O5•6H2O, Cr-ettringite (3CaO•Al2O3•3CaCrO4• 32H2O) and Cr(OH)3 56-58, which either significantly 

overpredict the pH-dependent eluate concentrations or are incapable of describing the leaching behavior in 

this study. The chemical speciation of Cr in Cast Stone doped with ca. 0.02 wt.% Cr was analyzed by XAS 

in a previous study 4, indicating presence of eskolaite (Cr2O3). So, eskolaite is likely a Cr-bearing mineral 

that controls leaching when Cr is present as Cr(III). 

Laboratory redox measurements during leaching tests are considered unreliable because of sample handling 

and test conditions. Therefore, the pe values in the model (Table S7) has been calibrated based on the 

measured Cr concentration in eluates as illustrated in Figure S4. A segmentation fitting approach was used 

to specify the pe values subsequently used in geochemical speciation modeling (Figure S5). The agreement 

between pH-dependent leaching behaviors and modeling results of Cr (Figure 3a) for the four Cast Stone 

materials aged under inert and oxic conditions (doped with 0.1 or 0.2 wt.% Cr) supports eskolaite as the 

mineral controlling Cr leaching. Leaching results indicate some Cr immobilization at pH 5.50-13.00 in CS-

N-16w and CS-N-9w, which is attributed to the reducing environment provided by BFS 22 and lower 

solubility of Cr(III) compared to Cr(VI) 28, 59. However, aging in an oxidizing environment converted Cr(III) 

to Cr(VI) and decreased the Cr retention capacity of Cast Stone at pH above 5.50 for CS-O-16w and CS-

O-9w (Figure A3a).  

Cast Stone materials for the pH-dependent leaching test positions with eluate pH values lower than the 

natural pH were partially oxidized because of the nitric acid addition, which influenced the pH-dependent 

leaching concentration of Cr and may influence the calibrated mineral selected to account for the solubility 

of Cr. To verify the appropriate mineral selection, eskolaite also was used for simulation of results from 

monolith diffusion testing (Figures A3b) where only deoxygenated water was used as the eluant. The initial 

redox states of the monoliths referred to the natural pe values calibrated based on Method 1313 test results 

(Table S7). The flux of Cr from monoliths is well described by the model, and the simulated pe values of 

tank solutions are consistent with measured pe values. Thus, eskolaite was confirmed as the dominant 

mineral for Cr leaching in Cast Stone materials in the present study where Cr content has been increased. 

Chemical speciation of S in Cast Stone is rarely studied but S speciation in BFS has been well investigated 

23, 60, indicating most S is present as sulfides in BFS. Since oldhamite (CaS) decomposes upon contact with 

water, pyrrhotite (FeS) 24 was used to account for the solubility of S in its low valence state. With the pe 
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values calibrated based on measured S concentrations (Figure S6), the leaching behavior of S is well 

described but the modeling results for other redox-sensitive elements (i.e., Fe and Cr) deviate significantly 

from the experimental data. These results indicate that the slight decrease of S concentration at high pH is 

not because of the precipitation of sulfides, and redox states calibrated based on S concentrations are not 

representative for the leaching system. 

The pH-dependent leaching behaviors of S, Fe, and Cr in BFS are well described by the model (Figure S7), 

and it is noted that S mostly exists as S(VI)O4
2-. Therefore, even though S in BFS is mostly present as 

sulfides 23,60, the S is very susceptible to oxidation considering its low reduction potential (SO4
2- and S2-, -

2.10 V) and the observed S leaching as sulfate. In leaching of Cast Stone, which is a more oxidizing system 

compared to BFS, chemical speciation of S partitioning into solution is likely to be SO4
2-. 
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Figure A3. (a) Geochemical speciation modeling results of Cr; and (b) monolithic diffusion modeling 

results of Cr for four Cast Stone materials. 

 

Implications for technetium leaching 

To gain insights concerning Tc reduction and the impact of oxidation, redox states calibrated from the 

geochemical speciation modeling of both Cast Stone materials and BFS and estimated initial pH and pe 

within the monoliths under inert and oxic aging conditions, are projected on the predominance diagrams of 

Cr, Tc, Fe, and S (Figure A4). In addition, the redox state in Cast Stone of similar composition containing 

Tc-99 from the study of Um’s (i.e., CS-T13) 61 was calibrated based on the monolithic diffusion leaching 
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behavior of Tc (Figure S8), and the calibrated redox state also is indicated in Figure A4. For the four Cast 

Stone materials, a slight increase in redox state was observed after oxidation but this barely impacted the 

pH-dependent leaching behaviors of Fe and S (Figure S9) because the calibrated pe values are within the 

region dominated by ferrihydrite and SO4
2-, respectively. 

The modeling results agree well with the pH-dependent leaching behaviors of redox-sensitive constituents 

of Cr, Fe, and S from both non-oxidized and oxidized Cast Stone materials (Figure A3a and S9). Also, the 

monolithic diffusion fluxes of Cr and Tc from Cast Stone materials with varied redox states and CS-T13 

with lower redox state than Cast Stone, respectively, are well predicted by the model (Figure A3b and S8). 

Therefore, the developed geochemical speciation model is well capable in describing and predicting the 

leaching behavior of redox-sensitive constituents (e.g., Tc, Cr, Fe, and S) from Cast Stone materials with 

different redox states. 

The redox states estimated in the monolith pore water and calibrated from 1313 tests for four Cast Stone 

materials are consistent (Figure A4) but not sufficient to reduce Tc (Figure A5). Under the redox states 

calibrated in CS-T13, TcO4
- is able to be effectively reduced to Tc4+ and the leaching concentration of Tc 

is dramatically suppressed by the adsorption to the small amount solid organic matter (represented as humic 

acid, likely present from the fly ash component) over a wide range of pH as shown in Figure S9. The redox 

states in Cast Stone materials prepared for this study are less reduced than that in CS-T13, which might be 

attributed to the addition of Na2CrO4 or the unintentional exposure of samples to air. 

The BFS is the main component responsible for the reductive capacity of Cast Stone, so the redox states 

indicated by BFS are much more reducing than those in Cast Stone materials (Figure A5) and are well 

capable of reducing TcO4
- for immobilization. However, the reduction of TcO4

- is a slow process at the 

scale of months or even years as observed by Lukens, et al 20. This slow process may be the result of 

reduction of Tc occurring primarily at the surface of BFS particles, and therefore, the reduction rate of Tc 

is postulated to be controlled by the diffusive migration of soluble Tc in pore water to the surface of BFS 

particles. 

The estimated initial pH and pe profiles of monolithic Cast Stone materials (Figure S10) indicate that the 

oxidation depth and degree for CS-O-16w are greater than those for CS-O-9w, because more reductive 

capacity was consumed for CS-O-16w with a higher load of Cr (0.2 wt.% CrO4
2-) and a longer oxidation 

time (16 weeks) than for CS-O-9w (0.1 wt.% CrO4
2- loading and 9 weeks of oxidation). The modeled flux 

and fractional cumulative release of Tc for CS-N-16w and CS-N-9w under the redox states calibrated either 

from BFS (pe ≈ -6.00) or from CS-T13 (pe ≈ -1.80) (Figure S11b) are much lower than that under the redox 

states calibrated based on the leaching behavior of Cr (pe ≈ 1.75 or 0.90, respectively) (Figure S11a), 
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indicating a good Tc immobilization capacity of both BFS and CS-T13 consistent with the results shown 

in Figures 4 and 5. However, shifting redox states of BFS or CS-T13 to those indicated by the oxidized 

front from CS-O-16w or CS-O-9w (pe ≈ 3.85 or 1.20, respectively) notably elevated the flux of Tc (Figure 

S11b). In addition, oxidation appeared to decrease the physical retention ability of the material indicated 

by lower tortuosity comparing CS-O-16w with CS-N-16w (Tables S4), resulting in an increased flux of Tc 

from CS-O-16w compared to CS-N-16w. 

The application of the developed geochemical speciation model for evaluating the leaching from Cast Stone 

materials under anticipated field conditions needs to consider additional factors. Under field conditions, 

disposed Cast Stone will come into contact with water where the composition, pH, and redox state will be 

influenced by overburden and infill materials (e.g., soils) and co-disposed wastes, in contrast to the 

deionized water used in this study. The effective diffusivity of ions will be influenced by the physical 

properties of Cast Stone including porosity and tortuosity as disposed, which may differ from laboratory 

prepared samples. Also under field disposal conditions, the degree of water saturation, intermittent wetting, 

and the amount of oxygen and carbon dioxide or carbonate present in pore water and gas-filled pores will 

vary.  
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aq: aqueous phase; 

HA-Tc4+: Tc adsorbed onto humic acid as Tc4+. 

Figure A4. Predominance diagrams of Cr, Tc, Fe, and S with calibrated redox states projected. 

Calibrated redox states in pH-dependent leaching tests for CS-N-16w (   ), CS-O-16w (   ),
CS-N-9w (   ), CS-O-9w (   ), and BFS (   ); 
Estimated initial redox states of porewater for monolithic CS-N-16w (   ), oxidized region of CS-O-16w (   ), 
monolithic CS-N-9w (   ), oxidized region of CS-O-9w (   ), and monolithic CS-T13 (   ).
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Note: pe of CS-T13 at different pH values is derived by fixing the value of pH+pe as 11.5 as shown in Figure S8. 

Figure A5. Variation of chemical speciation of Tc as a function of pe at different pH values.  
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Supporting Information for  

Development of a Geochemical Speciation Model for Use in Evaluating Leaching from a Cementitious 

Low Activity Waste Form 

 

NOMENCLATURE 

Amor/am Amorphous 

ANC Acid neutralization capacity  

BFS Blast furnace slag 

Brc Brucite 

C3S Tricalcium silicate 

Cal Calcite 

CEM18 Cemdata18 

CNASH Calcium (alkali) aluminosilicate hydrate 

CNASH_ss Calcium (alkali) aluminosilicate hydrate ideal solid solution 

COPCs Constituents of potential concern 

CS-N-9w Cast Stone (0.1 wt.% Cr doped) aged in nitrogen under 65 % RH for 9 weeks 

CS-O-9w Cast Stone (0.1 wt.% Cr doped) aged in air with CO2 removed under 65 % RH 

for 9 weeks 

CS-N-16w Cast Stone (0.2 wt.% Cr doped) aged in nitrogen under 68 % RH for 16 weeks 

CS-O-16w Cast Stone (0.2 wt.% Cr doped) aged in air with CO2 removed under 68 % RH 

for 16 weeks 

CSH Calcium silicate hydrate 

Dol Dolomite 

dw Dry weight 

EPA Environmental Protection Agency 

FA Fly ash 

FAF Class F fly ash 

HA Humic acid 

HFO Hydrous ferric oxides 

HTWOS Hanford Tank Waste Operational System 

IC Ion chromatography 

ICP-OES Inductively-coupled plasma-optical emission spectroscopy 

Ksp The solubility product constant 

L/S Liquid-solid ratio, mL/g 

LAW Low activity radioactive waste 

LLOQ Lower limit of quantification, mg/L 

logK Log10 of dissolution reaction constants 

Mgs Magnesite 

MDL Method detection limit, mg/L  

OPC Ordinary Portland cement 

Ord Ordered 

ORP Oxidation-reduction potential 

PNNL Pacific Northwest National Laboratory 

QA Quality assurance 

QC Quality control 

RH Relative humidity 

Si Silica 



 

 144 

 

SRNL Savannah River National Laboratory 

TGA Thermogravimetric analysis 

TIC Total inorganic carbon 

XAS X-ray adsorption spectroscopy 

XANES X-ray absorption near edge spectroscopy 

XRD X-ray diffraction 

XRF X-ray fluorescence 

 

I. pe calculation from oxidation-reduction potential (ORP)  

ORP values were measured with an Ag/AgCl probe at room temperature (20 °C), and the redox potential 

(Eh) was calculated by adding ORP voltage and a probe-specific correction factor of 228 mV at 20 °C. 

Then, the pe values of eluates were calculated as: 

                      𝑝𝑒 =
𝐹

2.303𝑅𝑇
(𝐸ℎ/1000)                     (1) 

Where F is the Faraday constant (23,061 cal/(V mol)); Eh is the redox potential of the solution 

(mV); 2.303 is a conversion (ln[e-]/2.303 log[e-]); R is the gas constant (1.987 cal/(K mol)); T is 

the temperature (K), and 1000 is a units conversion (1,000 mV = 1 V). 

 

II. Quality assurance (QA) and quality control (QC) procedures for ICP-OES and IC measurements 

ICP-OES: Analytical QA/QC included initial and continuing calibration checks and blanks, matrix spikes, 

and method blanks. Calibration check standards and matrix blanks were evaluated every 10 to 20 samples 

with check standards required to be within 15% of the specified value and blanks required to be less than 

lower limits of quantification (LLOQs). Matrix spikes were required to have recoveries within 20% of the 

calculated concentration considering the spiked mass. Initial and continuing calibration check standards for 

ICP-OES were at 0.5 mg/L. Analyte concentrations measured at less than the method detection limit (MDL) 

were reported and graphed at the MDL values to indicate that the measurement was carried out. Analytical 

results measured at less than the LLOQ but greater than the MDL are estimated values.  

IC: Analytical QA/QC included initial and continuing calibration checks and blanks, matrix spikes, and 

method blanks. Calibration check standards were required to be within 15% of the specified value, while 

acceptable analytical blanks were measured below the quantification limits. 
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III. Procedures of thermogravimetric analysis (TGA) 

TGA: A TA Instruments Q600 SDT analyzer (New Castle, Delaware, USA) was used to analyze the content 

of carbonate minerals in Cast Stone. Prior to analysis, the TGA chamber was initially equilibrated at a 

temperature of 30 °C. For each sample analysis, approximately 25 mg was heated from 30 °C to 1000 °C 

at a rate of 10.0 °C/min, with a continuous flow of nitrogen at 100 mL/min-1 during the heating process. 

The mass fraction of carbonate minerals was quantified as the mass loss in the temperature range between 

500 °C to 1000 °C according to the literature 1. 

 

IV. Calibration of mineral set and available contents of Si and carbonate 

The dissolution of Si was assumed kinetically controlled and not near thermodynamic equilibrium after 48 

hours of leaching, so the Si available content was calibrated to get the best fit of the Ca leaching curve at 

pH > 9.00. The calibrated available content of Si is 2-3 times greater than the maximum measured value 

from Method 1313 but only accounts for less than 40 wt.% of the total Si content. The available content of 

carbonate was calibrated against the leaching behavior of Ca at a pH range of 6.00-9.00; the upper limit on 

carbonate content is based on the measured total carbonates by TGA. 

    To select the mineral assemblage, minerals identified by XRD, XAS, and XANES analysis of Cast Stone, 

from this work and from other studies 2-5, were collected as a preliminary mineral set for screening. Minerals 

characterized and solid solutions developed from alkali-activated slag 6, 7, which was used for Cast Stone 

preparation, were also included in the preliminary mineral set. Then, minerals from the preliminary mineral 

set were verified in the geochemical speciation model to remove minerals providing poor descriptions of 

the measurements. Additionally, some minerals not from the preliminary mineral set were iteratively 

selected and evaluated to determine if they provided an improved description of pH-dependent leaching 

behavior. The goodness of fit was based on minimizing the residuals between model predictions and 

experimentally measured eluate concentrations. After the above steps, the phases remaining constituted the 

selected mineral set. 

    For each constituent, the log-squared residual between the pH-dependent leaching concentration (Ce) and 

modeled result (Cm) at each pH point over the pH range of interest was calculated and then summed 

according to the following equation to get the summed log-squared residuals (logRSS): 

𝑙𝑜𝑔𝑅𝑆𝑆 =∑(log (
𝐶𝑚
𝐶𝑒
))2 
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The pH range of interest was decided by the highest and lowest extract pH from pH-dependent leaching 

tests. Experimental data below MDL were excluded from residuals calculation.  

 

V. Tortuosity calibration using sodium 

The effective diffusivity of each constituent is controlled by physical parameters including porosity (the 

fraction of the volume of voids over the total volume), skeletal density of monolithic samples, relative 

saturation (ratio of the volume of pore solution to the volume of voids), and tortuosity (the property of a 

path being tortuous and used to describe diffusion and fluid flow in porous media). During the monolithic 

diffusion modeling, porosity and skeletal density were assumed to be constant. Besides, each cell was 

assumed to reach a fully-saturated state quickly during the EPA Method 1315 test and so the saturation was 

assumed to be constant at 1.0 for every cell from the beginning of the simulation. 

The tortuosity for each cell was calibrated based on the effective diffusivity of sodium measured from 

Method 1315 test, because Na-bearing minerals are highly soluble and the concentration of Na in the tank 

is dominated by the diffusion process. Since Na is a dominant ion in system, calibrating tortuosity with Na 

would diminish uncertainties caused by measurement and heterogeneity of materials. During calibration, 

the tortuosity values were adjusted to yield the minimum sum log-squared residual of the experimental 

versus modeled Na flux. The final tortuosity values for four samples are displayed in Table S4; the 

comparison between measured and simulated Na flux is shown in Figure S2.  

 

VI. pe calibration based on the pH-dependent leaching behavior of Cr and S 

pe calibration based on Cr leaching:  

The assumed reactions relevant to Cr leaching are shown as reactions (2) and (3), from which the pe value 

of the leaching system was estimated based on the measured Cr concentration and the method details are 

as follows: at a given pH, the concentration of Cr3+(aq) was calculated from reaction (3) with activity 

coefficient of Cr3+(aq) calculated by the modified Davies model 8; then, the concentration of CrO4
2-(aq) was 

derived by subtracting the calculated Cr3+(aq) concentration from the measured total soluble concentration 

of Cr; with the concentration of Cr3+(aq) and CrO4
2-(aq), their chemical activities were calculated and so 

the reduction potential of half-cell reaction (2) was derived from the Nernst equation (4); finally, the 

estimated pe value of the leaching system was obtained by converting the reduction potential of half-cell 

reaction (2) to pe through Eq. (1). 
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              𝐶𝑟𝑂4
2−(𝑎𝑞) + 8𝐻+(𝑎𝑞) + 3𝑒− → 𝐶𝑟3+(𝑎𝑞) + 4𝐻2𝑂        (2) 

                 2𝐶𝑟3+(𝑎𝑞) + 3𝐻2𝑂 → 𝐶𝑟2𝑂3(𝑠) + 6𝐻+(𝑎𝑞)           (3) 

                       𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑
𝜃 −

𝑅𝑇

𝑧𝐹
ln

𝑎𝑅𝑒𝑑

𝑎𝑂𝑥
                      (4)* 

*Nernst equation for half-cell reaction; logK (reaction 2) = 77.64; logK (reaction 3) = 7.76; aq: aqueous 

phase; s: solid phase; Ered: the half-cell reduction potential at 20 °C (V); Ered
ϴ: the standard half-cell 

reduction potential (-0.13 V for reaction (2)); R: the universal gas constant (8.314 J/(K mol)); T: the 

temperature (K); z: the number of electrons transferred in the half-cell reaction; F: the Faraday constant 

(96485 C/mol); aRed: the chemical activity of species in reduced form; aOx: the chemical activity of species 

in oxidized form. 

 

The pe value of the leaching system can be directly estimated based on the measured total soluble Cr 

concentration as described above, but the geochemical speciation model works in a reverse direction, i.e., 

the model calculates the leaching concentration of Cr based on the inputted pe value. Besides the 

precipitation/ dissolution reactions, the model also includes the calculation of Cr adsorption onto the surface 

of hydrous ferric oxides and organic matter. Therefore, the pe value of the leaching system was estimated 

by calibrating the pe to fit the measured Cr concentration with the modeling result. For example, to get the 

calibrated pe value for CS-N-16w at pH 11.9, the pH in the LeachXS/ORCHESTRA model was fixed at 

11.9 (Figure S4c) and pe was varied from 0 to 4 (Figure S4b). It was found that the Cr concentration at pe 

3.35 (Figure S4b) was equal to the measured concentration in Figure S4a, so the value of calibrated pe at 

pH 11.9 for CS-N-16w was 3.35. The calibrated pe values are shown in Table S7 for four samples and the 

geochemical speciation modeling results of Cr are presented in Figure 3a of the paper.  

 

pe calibration based on S leaching:  

The solubility of S at reducing conditions is assumed to be controlled by Pyrrhotite (FeS) 9. So, the assumed 

reactions relevant to S leaching are shown as reactions (5) through (8). Similar to the method described 

above for Cr, the pe value of the leaching system can be estimated by simultaneously solving these 

equations together with the corresponding Nernst equation (equation (4)) in the basis of the measured total 

soluble S concentration.  

                       𝐹𝑒3+(𝑎𝑞) + 𝑒− → 𝐹𝑒2+(𝑎𝑞)                   (5) 
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                 𝑆𝑂4
2−(𝑎𝑞) + 8𝐻+ + 8𝑒− → 𝑆2−(𝑎𝑞) + 4𝐻2𝑂            (6) 

                  𝐹𝑒3+(𝑎𝑞) + 3𝐻2𝑂 → 𝐹𝑒(𝐻𝑂)3(𝑠) + 3𝐻+             (7) 

                       𝐹𝑒2+(𝑎𝑞) + 𝑆2−(𝑎𝑞) → 𝐹𝑒𝑆(𝑠)                 (8) 

logK (reaction 5) = 13.03; logK (reaction 6) = 21.88; logK (reaction 7) = -3.19; logK (reaction 8) = 16.65; 

aq: aqueous phase; s: solid phase; Ered
ϴ (reaction 5) = 0.77 V; Ered

ϴ (reaction 6) = -2.1 V. 

 

    Since the geochemical speciation model works in the way of calculating the leaching concentration of S 

based on the inputted pe value, the pe value of the leaching system was estimated by calibrating the pe to 

fit the measured S concentration with the modeling result. The calibration method is similar to that 

described in Figure S4. To get the calibrated pe at a given pH, the pH is fixed, then the pe value is varied 

within a reasonable range to capture the measured S concentration at the given pH. The pe value at the point 

at which the S concentration matches the measured concentration is the calibrated pe value. For example 

as illustrated in Figure S6a, to get the calibrated pe at pH 12.64 for CS-N-16w, the pe was varied from -9.9 

to -9.6 while pH was fixed at 12.64. At pe of -9.70, the S concentration equaled the measured leaching 

concentration of 0.018 mol/L, and so the calibrated pe at pH 12.64 was -9.70. The calibrated pe values and 

the geochemical speciation modeling results of S are presented in Figure S6.  
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Additional Tables and Figures. 

Table S1a. Mixture composition used in preparation of Cast Stone. 

Component Proportion (wt.%) 

ordinary Portland cement (OPC) 4.8 

class F fly ash (FAF) 27.0 

blast furnace slag (BFS) 28.2 

low activity radioactive waste 

(LAW) simulant 
40.0 

 

Table S1b. Composition of low activity radioactive waste (LAW) simulant used in preparation of Cast 

Stone. 

Chemicals Content (g/L) 

H2O 650.00 

Al(NO3)3•9H2O 114.00 

Na2SO4 12.10 

NaCl 2.47 

NaF 1.33 

NaOH (50% solution) 223.00 

Na3PO4•12H2O 18.70 

Na2CO3 29.00 

NaNO2 39.00 

NaCH3COO•3H2O 5.11 

KNO3 3.31 

NaNO3 56.90 

Na2CrO4 19.40 

H2O 70.70 
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Table S2. Methods, MDLs, and LLOQs for Analysis of Eluates by ICP-OES and IC. 

Analyte Symbol Method MDL 

(mg/L) 

LLOQ 

(mg/L) 

Aluminum Al ICP-OES 0.002 0.025 

Barium Ba ICP-OES 0.001 0.025 

Calcium Ca ICP-OES 0.002 0.025 

Chromium Cr ICP-OES 0.001 0.025 

Iron Fe ICP-OES 0.001 0.025 

Lithium Li ICP-OES 0.001 0.025 

Magnesium Mg ICP-OES 0.002 0.025 

Potassium K ICP-OES 0.002 0.025 

Silicon Si ICP-OES 0.003 0.025 

Sodium Na ICP-OES 0.004 0.025 

Strontium Sr ICP-OES 0.001 0.025 

Sulfur S ICP-OES 0.005 0.025 

Bromide Br- IC 0.006 0.025 

Chloride Cl- IC 0.010 0.050 

Fluoride F- IC 0.006 0.020 

Nitrate NO3
- IC 0.010 0.100 

Nitrite NO2
- IC 0.010 0.050 

Phosphate PO4
3- IC 0.020 0.150 

Sulfate SO4
2- IC 0.020 0.150 

Note: MDL- method detection limit; LLOQ- lower limit of quantification.  
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Table S3. Model parameters and available content of constituents for four Cast Stone materials. 

Model Parameters 
    

Entity Unit CS-N-16w CS-O-16w CS-N-9w CS-O-9w 

Clay mg/kg 3000 3000 3000 3000 

Hydrous Ferric Oxide mg/kg 1100 1100 200 300 

L/S L/kg 10.95 10.00 10.00 10.00 

pH 
 

12.64 11.62 12.90 12.60 

Solid Humic Acid mg/kg 1200 1200 1200 1200 

Available Content 
    

Entity Unit CS-N-16w CS-O-16w CS-N-9w CS-O-9w 

Al mg/kg 6500 6600 6700 5800 

As mg/kg 7.1 5.9 2.0 2.7 

Ba mg/kg 17 11 18 6.0 

Br mg/kg 0.0059 0.0059 8.0E-09 8.00E-09 

Ca mg/kg 71000 63000 68000 46000 

Cd mg/kg 0.12 0.12 1.1E-08 1.1E-08 

Cl mg/kg 550 730 3.5E-09 3.5E-09 

Co mg/kg 1.2 1.4 2.0 1.0 

CO3
2- mg/kg 36000 65000 42000 33000 

Cr mg/kg 350 420 870 180 

Cu mg/kg 8.5 8.6 4.5 5.3 

F mg/kg 7.8 48 1.9E-09 1.9E-09 

Fe mg/kg 650 640 730 340 

B mg/kg 23 47 65 31 

Si mg/kg 36000 22000 28000 17000 

K mg/kg 3400 1800 2900 2700 

Li mg/kg 19 8.8 23 20 

Mg mg/kg 5300 3300 4700 2800 

Mn mg/kg 140 140 190 160 

Mo mg/kg 4.2 4.9 4.3 5.1 

Na mg/kg 42000 37000 44000 41000 

Ni mg/kg 1.7 2.0 2.3 2.2 

NO3 mg/kg 43000 43000 46000 46000 

Pb mg/kg 1.7 1.7 0.94 0.98 

P mg/kg 200 180 98 75 

Sb mg/kg 0.27 0.22 1.2E-08 1.2E-08 

Se mg/kg 3.8 3.7 3.6 4.6 

S mg/kg 8000 8000 8000 8000 

Sr mg/kg 250 100 170 88 

Tc mg/kg 2.4 2.4 2.4 2.4 

V mg/kg 19 18 5.8 7.8 

Zn mg/kg 16 16 12 16 
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Table S4. Physical parameters of monoliths for CS-N-16w, CS-O-16w, CS-N-9w, and CS-O-9w in 

monolithic diffusion model. 

Cell 

No. 
A, m2 

density, 

g/cm3 
depth, m dx, m  porosity S 

tortuosity 
totvolume, 

L 
CS-N-

16w 

CS-O-

16w 
CS-N-9w CS-O-9w 

1* 0.000507 2.22 0.000478 0.000239 0.41 1 10 6 10 10 0.000242 

2 0.000507 2.22 0.001030 0.000275 0.41 1 15 6 20 20 0.000279 

3 0.000507 2.22 0.001660 0.000316 0.41 1 15 6 20 20 0.000321 

4 0.000507 2.22 0.002390 0.000364 0.41 1 15 6 20 20 0.000369 

5 0.000507 2.22 0.003220 0.000418 0.41 1 15 6 20 20 0.000424 

6 0.000507 2.22 0.004190 0.000481 0.41 1 15 10 20 20 0.000488 

7 0.000507 2.22 0.005290 0.000553 0.41 1 15 10 20 20 0.000561 

8 0.000507 2.22 0.006570 0.000636 0.41 1 85 10 80 80 0.000645 

9 0.000507 2.22 0.008030 0.000732 0.41 1 85 10 120 120 0.000741 

10 0.000507 2.22 0.009710 0.000841 0.41 1 85 10 120 120 0.000853 

11 0.000507 2.22 0.011600 0.000968 0.41 1 85 10 120 120 0.000981 

12 0.000507 2.22 0.013900 0.001110 0.41 1 85 10 120 120 0.001130 

13 0.000507 2.22 0.016400 0.001280 0.41 1 85 10 120 120 0.001300 

14 0.000507 2.22 0.019400 0.001470 0.41 1 85 10 120 120 0.001490 

15 0.000507 2.22 0.022800 0.001690 0.41 1 85 80 120 120 0.001710 

16 0.000507 2.22 0.026600 0.001950 0.41 1 85 80 120 120 0.001970 

17 0.000507 2.22 0.031100 0.002240 0.41 1 85 80 120 120 0.002270 

18 0.000507 2.22 0.036300 0.002570 0.41 1 85 80 120 120 0.002610 

19 0.000507 2.22 0.042200 0.002960 0.41 1 85 80 120 120 0.003000 

20 0.000507 2.22 0.049000 0.003400 0.41 1 85 80 120 120 0.003450 

*: the first cell is in contact with the tank solutions. Variables definition: A- surface area exposed to refresh solution, 

m2; density- skeletal density of monolithic sample, g/cm3; depth- depth between the interior surface of current cell and 

the surface exposed to refresh solution, m; dx- half of the thickness of the current cell, m; porosity- the fraction of the 

volume of voids (i.e., internal pores) over the total volume; S (saturation)- ratio of the volume of pore solution to the 

volume of voids; tortuosity- the property of a curve being tortuous and used to describe diffusion and fluid flow in 

porous media; totvolume- the total volume of current cell.  
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Table S5. Elemental composition of class F fly ash (FAF), blast furnace slag (BFS), ordinary Portland 

cement (OPC), and Cast Stone (wt.%). 

Elements FAF BFS OPC Cast Stone 

Na2O 0.44 ND 0.50 7.50 

MgO 1.35 4.57 3.20 2.10 

Al2O3 35.00 14.00 5.70 18.00 

SiO2 52.00 32.00 20.00 34.00 

P2O5 0.30 ND 0.16 0.34 

SO3 ND 6.30 4.80 2.20 

K2O 2.50 0.53 0.44 1.50 

CaO 1.20 40.00 61.00 27.00 

TiO2 1.20 0.39 0.28 0.97 

Cr2O3 ND ND ND 0.32* 

MnO ND 0.21 0.11 0.13 

Fe2O3 6.50 0.63 3.60 5.00 

ZnO ND ND 0.02 ND 

CuO 0.03 ND ND ND 

 ND: Not detected, where the detection limit was 0.1%. 

   *: a greater amount than normally present in Cast Stone was included in the formulation so that Cr could serve as 

an indicator species.  
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Table S6. Mineral set controlling the solubility of constituents in Cast Stone materials. 

Notation Formula Log(K)a Reaction 

CEM18_INFCNA_C

NASHss b 

16CaO·5.5Na2O·2.5

Al2O3·19SiO2·21H2O 
-9.836 

CEM18_INFCNA + 0.5 H2O -> 0.3125 Al[OH]4
- + 1 

CEM18_CNASH_ss + 1 Ca+2 + 1.1875 H2SiO4
-2 + 0.6875 

Na+ 

CEM18_T2C_ 

CNASHss b 
3CaO·2SiO2·5H2O 2.982 

CEM18_T2C_CNASHss + 1 H+ -> 1 CEM18_CNASH_ss 

+ 1.5 Ca+2 + 2 H2O + 1 H2SiO4
-2 

CEM18_TobH_ 

CNASHss b 
2CaO·3SiO2·5H2O -21.51 

CEM18_TobH_CNASHss -> 1.5 CEM18_CNASH_ss + 1 

Ca+2 + 1 H+ + 0.5 H2O + 1.5 H2SiO4
-2 

Ca3[PO4]2[beta] c Ca3(PO4)2 -29.08 Ca3[PO4]2[beta] -> 3 Ca+2 + 2 PO4
-3 

CaCO3_BaCO3 e CaBa(CO3)2 -21.10 CaCO3_BaCO3 -> 1 Ba+2 + 2 CO3
-2 + 1 Ca+2 

CaCO3_Li2CO3 e CaLi2(CO3)2 -21.30 CaCO3_Li2CO3 -> 2 CO3
-2 + 1 Ca+2 + 2 Li+ 

CaCO3_SrCO3 e CaSr(CO3)2 -19.75 CaCO3_SrCO3 -> 2 CO3
-2 + 1 Ca+2 + 1 Sr+2 

CEM18_Amor_Sl b SiO2 -25.72 CEM18_Amor_Sl + 2 H2O -> 2 H+ + 1 H2SiO4
-2 

CEM18_Brc b Mg(OH)2 17.18 CEM18_Brc + 2 H+ -> 2 H2O + 1 Mg+2 

CEM18_C3S b Ca3SiO5 51.63 CEM18_C3S + 4 H+ -> 3 Ca+2 + 1 H2O + 1 H2SiO4
-2 

CEM18_Cal b CaCO3 -8.45 CEM18_Cal -> 1 CO3
-2 + 1 Ca+2 

CEM18_ 

hemicarbonate b 

Ca4Al2(CO3)0.5(OH)13

·5.5H2O 
40.93 

CEM18_hemicarbonate + 5 H+ -> 2 Al[OH]4
- + 0.5 CO3

-2 

+ 4 Ca+2 + 10.5 H2O 

CEM18_ 

hemihydrate b 
CaSO4·0.5H2O -3.518 CEM18_hemihydrate -> 1 Ca+2 + 0.5 H2O + 1 SO4

-2 

CEM18_Mgs b MgCO3 -8.206 CEM18_Mgs -> 1 CO3
-2 + 1 Mg+2 

CEM18_ 

monocarbonate b 

Ca4Al2(CO3)(OH)12 

·5H2O 
24.38 

CEM18_monocarbonate + 4 H+ -> 2 Al[OH]4
- + 1 CO3

-2 + 

4 Ca+2 + 9 H2O 

CEM18_ 

monosulphate12 b 

Ca4Al2O6(SO4)· 

12H2O 
26.66 

CEM18_monosulphate12 + 4 H+ -> 2 Al[OH]4
- + 4 Ca+2 + 

10 H2O + 1 SO4
-2 

CEM18_Ord_Dol b CaMg(CO3)2 -16.99 CEM18_Ord_Dol -> 2 CO3
-2 + 1 Ca+2 + 1 Mg+2 

CEM18_Portlandite b Ca(OH)2 23.19 CEM18_Portlandite + 2 H+ -> 1 Ca+2 + 2 H2O 

Diaspore c α-AlO(OH) -16.02 Diaspore + 2 H2O -> 1 Al[OH]4
- + 1 H+ 

Eskolaite d Cr2O3 -147.5 Eskolaite + 5 H2O -> 2 CrO4
-2 + 10 H+ + 6 e- 

Ferrihydrite c Fe2O3⋅3H2O -18.18 Ferrihydrite + 1 H2O -> 1 Fe[OH]4
- + 1 H+ 

Gaylussite d Na2Ca(CO3)2·5H2O -9.516 Gaylussite -> 2 CO3
-2 + 1 Ca+2 + 5 H2O + 2 Na+ 

Larnite d Ca2SiO4 16.18 Larnite + 2 H+ -> 2 Ca+2 + 1 H2SiO4
-2 

Nahcolite d NaHCO3 -10.79 Nahcolite -> 1 CO3
-2 + 1 H+ + 1 Na+ 

Natron c Na2CO3·10H2O -1.508 Natron -> 1 CO3
-2 + 10 H2O + 2 Na+ 

Pyrite c FeS2 -121.1 Pyrite + 12 H2O -> 1 Fe[OH]4
- + 20 H+ + 2 SO4

-2 + 15 e- 

Pyrrhotite d FeS -72.27 Pyrrhotite + 8 H2O -> 1 Fe[OH]4
- + 12 H+ + 1 SO4

-2 + 9 e- 

Wairakite d 
Ca8Al16Si32O96 

·16H2O 
-119.4 

Wairakite + 10 H2O -> 2 Al[OH]4
- + 1 Ca+2 + 8 H+ + 4 

H2SiO4
-2 

llnl_NaTcO4 
d NaTcO4 -9.279 llnl_ NaTcO4 + 1 e- -> 1 Na+ + 1 TcO4

-2 

llnl_TcO2:2H2O 

[am] d 
TcO2·2H2O -48.46 llnl_TcO2:2H2O[am] -> 4 H+ + 1 TcO4

-2 + 2 e- 

llnl_Tc3O4 d Tc3O4 -192.9 llnl_Tc3O4 + 8 H2O -> 16 H+ + 3 TcO4
-2 + 10 e- 

llnl_TcOH d TcOH -110.4 llnl_TcOH + 3 H2O -> 11 H+ + 1 TcO4
-2 + 7 e- 

a formation reaction constant; 
b mineral from Cemdata 18 database; 
c mineral from Minteq. V4 database; 
d mineral from LLNL database; 
e minerals proposed in the present study with calibrated logK.  
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Table S7. Calibrated pe for Cast Stone materials based on Cr eluate concentrations from Method 1313 

pH-dependent testing. 

CS-N-16w CS-O-16w CS-N-9w CS-O-9w 

pH pe pH pe pH pe pH pe 

12.64 2.10 12.89 1.83 12.90 1.45 12.60 2.03 

11.90 3.34 11.65 3.91 11.70 3.43 11.20 4.25 

10.55 5.46 10.68 5.50 10.90 4.62 10.30 5.65 

9.00 7.88 9.44 7.395 9.76 6.395 9.09 7.42 

8.24 9.10 7.80 10.07 9.25 7.15 7.29 10.45 

7.16 10.92 6.54 12.13 7.45 10.01 4.97 14.40 

6.29 12.35 5.68 13.37 4.54 14.70 3.63 16.275 

5.47 13.57 3.45 16.47 3.58 16.00   

4.37 15.03       

2.96 16.60       

*Natural pH 

**Natural pe  
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Figure S1. Conceptual illustration of the monolithic diffusion model.  

In
p
u
t

• Physical parameters: 
density, cell size, porosity, tortuosity

• Chemical parameters: 
available content and mineral set

• Initial chemical composition 
of eluent

• Replacement scheme of the 
extraction

O
u
tp
u
t

• pH, pe, conductivity, and 
concentration of constituents in 
Tank solution and Porewater

Monolithic diffusion modeling

Finite 
Volume 

(well mixed)

New 
Leachant

Leachate

Monolith Tank

Leachant refresh
at scheduled times

Diffusion

• Speciation of constituents 
in Porewater and Solid 
phase within material as 
functions of depth and time



 

 157 

 

 

Figure S2. Illustration of simulated versus measured Na flux after calibrating tortuosity based on Na 

leaching for four samples.  
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Figure S3. Thermogravimetric analysis results of CS-N-16w and CS-O-16w. 

(note: With a theoretical decomposition temperature range of 420-895 °C for carbonate 11, the weight loss peak at 

temperature from ca. 400 to 700 °C is attributed to CO2 loss, which is 4.24 and 7.49 wt.%, respectively for CS-N-16w 

and CS-O-16w. Correspondingly, the upper limit of carbonate in CS-N-16w and CS-O-16w is calculated as 0.96 and 

1.70 mol/kg.)  
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Figure S4. Illustration of pe calibration based on measured total soluble concentration of Cr in Method 

1313 tests.  

(note: At a given pH, the corresponding pe value was calibrated based on the measured concentration of Cr. For 

example, to get the calibrated pe value for CS-N-16w at pH 11.9, the pH in the LeachXS/ORCHESTRA model was 

fixed at 11.9 (Figure S4c) and pe was varied from 0 to 4 (Figure S4b). It was found that the Cr concentration at pe 

3.35 (Figure S4b) was equal to the measured concentration in Figure S4a, so the value of calibrated pe at pH 11.9 

for CS-N-16w was 3.35. The calibrated pe values are shown in Table S7 for four samples and the geochemical 

speciation modeling results of Cr are presented in Figure A3a.)  
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Figure S5. Illustration of using segmentation fitting to select the inputted pe values in geochemical 

speciation model for CS-N-16w.  

(approach description: In light of the calibrated pe values shown in Table S7, the pe values inputted into the 

geochemical speciation model as a function of pH are obtained using a segmentation fitting approach. Take CS-N-

16w as an example; the calibrated pe values for CS-N-16w in Table S7 are fitted in three segments to minimize 

residuals as shown in Figure S5, and then the pe values obtained from fitting are inputted for the geochemical 

speciation modeling of CS-N-16w.)  
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Figure S6. (a) Illustration of pe calibration based on S concentrations; (b) Geochemical modeling results 

of S, Fe, and Cr in CS-N-16w with calibrated pe values. Calibration of pe based on S does not provide 

reasonable results for Fe and Cr. 

(approach description of pe calibration: the calibration method is similar to that described in Figure S4. The solubility 

of S at reducing conditions is assumed to be controlled by Pyrrhotite (FeS) 9. To get the calibrated pe at a given pH, 

the pH is fixed, then the pe value is varied within a reasonable range to capture the measured S concentration at this 

pH. The pe value at the point at which the S concentration matches the measured concentration is the calibrated pe 

value. For example, to get the calibrated pe at pH 12.64 for CS-N-16w, the pe was varied from -9.9 to -9.6 while pH 

was fixed at 12.64. At pe of -9.70, the S concentration equaled the measured leaching concentration of 0.018 mol/L, 

and so the calibrated pe at pH 12.64 was -9.70.)  
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Figure S7. Geochemical speciation modeling results for redox sensitive constituents (i.e., S, Fe, and Cr) 

in BFS.  
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Figure S8. Calibration of redox state in a material similar to Cast Stone from the study of Um’s (CS-T13) 
10 based on the monolithic diffusion leaching results.  

(note: the flux of Na is well described, indicating a good description of the effective diffusivities of constituents from 

solid to tank. Tank pH and the concentration and flux of Tc are well predicted by the model with the initial pe of -1.8 

within the monolith, so the calibrated pe in CS-T13 is -1.8.) 
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*: modeling results of Tc with the redox state calibrated from the Cast Stone of Um’s as in Figure S8 (pH + pe = 11.5). 

Figure S9. pH-dependent concentration of redox-sensitive constituents (i.e., Fe, S, and Tc) and 

corresponding phase diagram for four Cast Stone materials. 

(note: Specifically for Tc, only modeling results predicted by the geochemical speciation model developed in this study 

are shown. Chemical speciation of Tc in Cast Stone was identified to be primarily as TcO4
- and secondarily as the 

mineral Tc(IV)O2⋅2H2O 12, which is a common product from the reduction of TcO4
- 13. Thus, NaTcO4 and 
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Tc(IV)O2⋅2H2O are selected as minerals accounting for Tc solubility in this work. In addition, minerals TcOH and 

Tc3O4 are also included in the mineral set to describe the solubility of Tc at strongly reducing conditions. The available 

content of Tc was set based on the content from Saslow 10.) 

 

 

Figure S10. Estimated initial pH and pe profiles of monolithic Cast Stone materials.  
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Figure S11a. Monolithic diffusion simulated flux and fractional cumulative release of Tc under estimated 

redox states of Cast Stone materials as shown in Figure S10.  
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*: modeling results of Tc with the initial solid redox state of BFS as calibrated in Figure S7; 

**: modeling results of Tc with the initial solid redox state of CS-T13 as calibrated in Figure S8; 

***: modeling results of Tc with the initial solid redox state at the oxidized front of CS-O-16w or CS-O-9w as in 

Figure S10. 

Figure S11b. Monolithic diffusion simulated flux and fractional cumulative release of Tc for CS-N-16w 

and CS-N-9w under various initial solid redox states (i.e., redox states calibrated from BFS, CS-T13, and 

the oxidized front of CS-O-16w and CS-O-9w). 
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 

Table B1 Surface tension of sodium nitrate solution [93]. 

M (mol/L) σ (N/m) a0* 

1.0 0.0776 1.016 

2.0 0.0788 1.031 

3.0 0.0799 1.046 

4.0 0.0810 1.060 

5.0 0.0820 1.074 

6.0 0.0830 1.086 

7.0 0.0839 1.098 

10.0 0.0863 1.130 

12.2 0.0877 1.148 
* a0= σ/σ0, σ0=0.076 N/m. 

 

PHREEQC simulation 

B-I. Derivation of mineral assemblage of Cast Stone 

In PHREEQC simulations, the Cast Stone system is represented using a set of mineral phases that describes 

the dissolution of the major constituents in the system (i.e., Na, Ca, Si, Al, S, K, N, and C) based on 

agreement between simulated aqueous concentrations and measurements obtained through experiments. 

Selection of the appropriate mineral and parameter set for Cast Stone has been based on calibration using 

data from EPA Method 1313 (liquid-solid partitioning as a function of extract pH using a parallel batch 

extraction [131]) in conjunction with instrument-based phase identification and then validated based on 

data from EPA Method 1315 (from the mass transfer rates of constituents in monolithic materials using a 

semi-dynamic tank leaching [133]). The C-N-A-S-H phase is represented using CNASH solid solution 

(CNASH_ss), which was derived specifically for describing dissolution of alkali-activated material [103]; 

the most recent version of the thermodynamic database relative to this group of material was used [87]. 

Phases that do not control the dissolution due to their high solubility (mostly sodium salts) also have been 

included in the reaction set when they were identified as present using XRD (nitratine, trona, nahcolite, 

natron, thenardite, and mirabilite) [31,42,122]. 
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Table B2 Mineral assemblage of Cast Stone used in geochemical speciation modeling. 

Name Formula Log K (25°C)
** Reaction 

TobH-CNASHss* CaO·1.5SiO2·2.5H2O 12.79 [87] CaO·1.5SiO2· 2.5H2O + 2H+ = Ca2+ + 

3.5H2O + 1.5SiO2 

T2C-CNASHss* 1.5CaO·SiO2·2.5H2O 25.56 [87]  1.5CaO·SiO2·2.5H2O + 2.5H+ = 1.25Ca2+ 

+ 3.75H2O + 1.25SiO2 

INFCNA-CNASHss* CaO·1.2SiO2·0.15 

Al2O3· 0.35 Na2O·1.3 

H2O 

17.23 [87]  CaO·1.2SiO2·0.15Al2O3·0.35 

Na2O·1.3H2O + 2.4H+ = 0.3AlO2
- + Ca2+ + 

0.7Na+ + 2.5H2O + 1.2SiO2 

Calcite CaCO3 -8.48 [87]  CaCO3 = CO3
2- + Ca2+ 

Gibbsite Al(OH)3  7.7 [88] Al(OH)3 +3H+  =  Al3+ + 3H2O 

Gypsum CaSO4·2H2O -4.48 [88]  CaSO4·2H2O = Ca2+ +SO4
2- + 2H2O 

Nahcolite NaHCO3 -0.11 [88]  NaHCO3 = HCO3
- + Na+ 

Natron Na2CO3·10H2O -9.61 [88]  Na2CO3·10H2O +H+ = HCO3
- + 2Na+ + 

10H2O 

Trona Na3H(CO3)2·2H2O -11.38 [88]  Na3H(CO3)2·2H2O = 3Na+ + H+ + 2CO3
2- 

+ 2H2O 

Nitratine NaNO3 1.70 [89] NaNO3 = Na+ + NO3
-  

Mirabilite Na2SO4·10H2O -1.14 [88]  Na2SO4·10H2O = SO4
2- + 2Na+ + 10H2O 

Thenardite Na2SO4
 -0.31 [88]  Na2SO4 = 2Na+ + SO4

2- 
* End members of CNASH solid solution. 

**Citations for indicated values are provided in [  ]. 

 

Table B3 Aqueous composition of initial Cast Stone pore solution used in geochemical speciation 

modeling. 

 
Na N C S K Si Ca Al pH 

mol/L 2.61 1.52 0.25 0.22 0.16 0.005 0.001 0.003 12.98 

 

Aqueous activity coefficients were calculated using the Pitzer model as described in Pitzer 1973 [177]. The 

model uses interaction parameters to correct for nonstandard state conditions. In this study, binary ion-

interaction parameters (β(0), β(1), β(2), and C) of ion pairs relevant to the current system are included and 

listed in Table B4. 
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Table B4 Pitzer binary ion-interaction parameters used in PHREEQC simulation. 

Interaction pair β(0)
 β(1) β(2) C References 

Na+-NO3
- 0.0283 0.3307  0 [178] 

Na+-NO2
- -0.0723 0.1604  -0.0017 [178] 

Na+-CO3
2- 0.0399 1.3890  0.0044 [92] 

Na+-SO4
2- 0.0172 1.1479  0.0020 [179] 

Na+-OH- 0.0918 0.2127  0.0017 [178] 

Na+-H3SiO4
- 0.043 0.240   [180] 

Na+-H2SiO4
2- 0.32 0.13   [180] 

Na+-Al(OH)4
- 0.051 0.25  -0.0009 [181] 

K+-NO3
- -0.161 0.8675  0.0222 [182] 

K+-CO3
2- 0.1488 1.43  -0.0015 [92] 

K+-SO4
2- 0.0317 0.756  0.0082 [92] 

K+-OH- 0.1298 0.32  0.0041 [92] 

Ca2+-NO3
- 0.1292 0.7943 0.4288 -0.0026 [183] 

Ca2+-CO3
2- 0.16 2.1 -69  [92] 

Ca2+-SO4
2- 0 3.546 -59.3 0.114 [92] 

Ca2+-OH- -0.1747 -0.2303 -5.72  [92] 
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PHREEQC Script 

 

SOLUTION_SPECIES 

 Al+3 + 2H2O = AlO2- + 4H+      

    log_k     0   

      H4SiO4 = H4(SiO4)  

 log_k     0   

 

Phases  

Nitratine # REF - 1 

 NaNO3 = NO3- + Na+  

 log_k 1.699 

 

Amor-Si # REF - 2 

 SiO2     = H4(SiO4) - 2H2O 

 log_k -2.714066  

  

Brucite # REF - 2 

 Mg(OH)2 + 2H+ = Mg+2 + 2H2O 

 log_k  16.8401   

 

C2S # REF - 2 

 (CaO)2SiO2 + 4H+ = 2Ca+2 + H4(SiO4) 

 log_k  38.567691   

 

C3S # REF - 2 

 (CaO)3SiO2 + 6H+ = 3Ca+2 + H2O + 

H4(SiO4) 

 log_k  73.405906 

  

Calcite # REF - 2 

 CaCO3 = CO3-2 + Ca+2 

 log_k  -8.479966  

 

hemicarbonate # REF - 2 

 (CaO)3Al2O3(CaCO3)0.5(CaO2H2)0.5(H2

O)11.5 + 5H+ = 0.5CO3-2 + 4Ca+2 + 2AlO2- + 

14.5H2O 

 log_k  40.870354   

 

monocarbonate # REF - 2 

 Ca4Al2CO9(H2O)11 + 4H+ = CO3-2 + 

4Ca+2 + 2AlO2- + 13H2O 

 log_k  24.530285  

  

Dolomite # REF - 2 

 CaMg(CO3)2 = 2CO3-2 + Ca+2 + Mg+2 

 log_k  -17.089923   

 

Portlandite # REF - 2 

 Ca(OH)2 + 2H+ = Ca+2 + 2H2O 

 log_k  22.799937   

 

Ferrihydrite # REF - 4 

 Fe(OH)3 + 3H+ = Fe+3 + 3H2O 

 log_k  3.191   

Gaylussite # REF - 3 

 CaNa2(CO3)2:5H2O +2H+  = Ca+2 + 

2HCO3- + 2Na+ + 5H2O 

 log_k  11.1641   

 

Gibbsite # REF - 3 

 Al(OH)3 +3H+  =  Al+3 + 3H2O 

 log_k  7.7560   

 

Gypsum # REF - 3 

 CaSO4:2H2O  =  Ca+2 +SO4-2 + 2H2O 

 log_k  -4.4823 

   

Nahcolite # REF - 3 

 NaHCO3  = HCO3- + Na+ 

 log_k  -0.1118   

 

Natron # REF - 3 

 Na2CO3:10H2O +H+  =  HCO3- + 2Na+ + 

10H2O 

 log_k  9.6102  

  

Thermonatrite # REF - 3 

 Na2CO3:H2O +H+  =  H2O + HCO3- + 

2Na+ 

 log_k  10.9623  

 

TobH-CNASHss # REF - 2 

 (CaO)1(SiO2)1.5(H2O)2.5 + 2H+ = Ca+2 + 

0.5H2O + 1.5H4(SiO4) 

 log_k 12.797208  

 

T5C-CNASHss # REF - 2 

 (CaO)1.25(SiO2)1.25(H2O)2.5 + 2.5H+ = 

1.25Ca+2 + 1.25H2O + 1.25H4(SiO4) 

 log_k 18.445467  

 

T2C-CNASHss  # REF - 2 

 (CaO)1.5(SiO2)1(H2O)2.5 + 3H+ = 

1.5Ca+2 + 2H2O + H4(SiO4) 

 log_k 25.565334  

 

INFCNA-CNASHss # REF - 2 

 (CaO)1(SiO2)1.1875(Al2O3)0.15625(Na2O

)0.34375(H2O)1.3125 + 2.375H+ = 0.3125AlO2- + 

Ca+2 + 0.6875Na+ + 0.125H2O + 1.1875H4(SiO4) 

 log_k 17.23247  

 

INFCN-CNASHss # REF - 2 

 (CaO)1(SiO2)1.5(Na2O)0.3125(H2O)1.187

5 + 2.625H+ + 0.5H2O = Ca+2 + 0.625Na+ + 

1.5H4(SiO4)  

 log_k 18.759957  

 

INFCA-CNASHss # REF - 2 
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 (CaO)1(SiO2)1.1875(Al2O3)0.15625(H2O)

1.65625 + 1.6875H+ = Ca+2 + 0.3125AlO2- + 

0.125H2O + 1.1875H4(SiO4) 

 log_k 8.953727  

 

5CNA-CNASHss # REF - 2 

 (CaO)1.25(SiO2)1(Al2O3)0.125(Na2O)0.25

(H2O)1.375 + 2.75H+ = 1.25Ca+2 + 0.5Na+ + 

0.25AlO2- + 0.75H2O + H4(SiO4) 

 log_k 23.240018  

 

5CA-CNASHss # REF - 2 

 (CaO)1.25(SiO2)1(Al2O3)0.125(H2O)1.625 

+ 2.25H+ = 1.25Ca+2 + 0.25AlO2- + 0.75H2O + 

H4(SiO4) 

 log_k 15.88995   

 

# CG - References: 1. Principles and Applications of 

Inorganic Geochemistry (Faure, 1991), 2. 

CEMDATA 18, 3. LLNL, 4. Minteq V4 

 

 

SOLUTION_SPREAD 

    -units    mol/l 

 pH    Na  C(4)     S  N(5)  N(3)        

Ca        Si        Al        K 

 13  2.61  0.25  0.24  1.12   0.4  

0.001451  0.004888  0.002633  

0.16109 

 

EQUILIBRIUM_PHASES 1 phases 

    Nitratine 0 0 precipitate_only 

Save solution 1 

END 

 

Use solution 1 

EQUILIBRIUM_PHASES 2 phases 

     Nitratine 0 0 precipitate_only 

 Mirabilite 0 0 precipitate_only 

 Thenardite 0 0 precipitate_only 

 Trona 0 0 precipitate_only 

 Calcite 0 0 precipitate_only 

Save solution 2 

END 

 

Use solution 2 

EQUILIBRIUM_PHASES 3 phases 

     Nitratine 0 0  precipitate_only 

 Gibbsite 0 0.028 precipitate_only  

 Gypsum 0 0.1 precipitate_only 

 Nahcolite 0 0 precipitate_only 

 Natron 0 0 precipitate_only 

 Mirabilite 0 0 precipitate_only 

 Thenardite 0 0 precipitate_only 

 Trona 0 0 precipitate_only 

 Calcite 0 0 precipitate_only 

Save solution 3 

END 

 

Use solution 3 

EQUILIBRIUM_PHASES 4 phases 

     Nitratine 0 0 precipitate_only 

 Gibbsite 0 0.028 precipitate_only  

 Gypsum 0 0.1 precipitate_only#0.10 

 Nahcolite 0 0 precipitate_only 

 Natron 0 0 precipitate_only 

 Mirabilite 0 0 precipitate_only 

  Thenardite 0 0 precipitate_only 

 Trona 0 0 precipitate_only 

 Calcite 0 0 precipitate_only 

 

SOLID_SOLUTIONS 1 

    CEM18_CNASHss 

        -comp TobH-CNASHss 0.15  

        -comp T2C-CNASHss 0.15 

        -comp INFCNA-CNASHss 0.15 

 

 

REACTION 1 

    H2O        -1 

    55.1 moles in 1000 steps 

 

INCREMENTAL_REACTIONS True 

 

USER_PRINT  

        -start 

10 Eva_factor = 55.551/(55.551-

STEP_NO*(55.5/1000)) 

20 PUT(Eva_factor, i, 1) 

    -end 

 

USER_GRAPH 1 

    -headings               Na+ Ca+2 Cl- Al(OH)4- CO3-2 

K+ NO3- SO4-2  

    -axis_titles            "Evaporation Factor" "Majors 

Activty Coefficent" 

    -chart_title            "Majors Activity Coefficents vs. 

Evaporation Factor" 

    -axis_scale x_axis      1 100 auto auto 

    -axis_scale y_axis      auto auto auto auto log 

    -initial_solutions      true 

    -connect_simulations    true 

    -plot_concentration_vs  x 

  -start 

 10 PLOT_XY GET(i,1), GAMMA("Na+")  

 20 PLOT_XY GET(i,1), GAMMA("Ca+2")  

 30 PLOT_XY GET(i,1), GAMMA("Cl-") 

 40 PLOT_XY GET(i,1), GAMMA("Al+3") 

 50 PLOT_XY GET(i,1), GAMMA("CO3-2") 

 60 PLOT_XY GET(i,1), GAMMA("K+") 

 70 PLOT_XY GET(i,1), GAMMA("NO3-") 

 80 PLOT_XY GET(i,1), GAMMA("SO4-2") 
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  -end 

    -active                 true 

 

USER_GRAPH 2 

    -headings               Water_Activity_Hsol 

Ionic_Strength  

    -axis_titles            "Evaporation Factor" "Hsol" 

"Ionic Strength (mol/L)"  

#    -chart_title            "Ionic_Strength and 

Water_Activtiy vs. Evaporation Factor" 

    -axis_scale x_axis      1 20 auto auto  

    -axis_scale y_axis      0 1 1 auto 

    -initial_solutions      true 

    -connect_simulations    true 

    -plot_concentration_vs  x 

  -start 

10 PLOT_XY GET(i,1), ACT("H2O") 

20 PLOT_XY GET(i,1), MU,y-axis = 2, symbol = 

None, color = black, line_width = 5 

  -end 

    -active                 true 

 

USER_GRAPH 3 

    -headings               Nitratine Gibbsite  Gypsum 

Nahcolite Natron  TobH-CNASHss T2C-CNASHss 

INFCNA-CNASHss Mirabilite Thernardite Trona 

Calcite  

    -axis_titles            "Evaporation Factor" 

"Saturation Index" 

    -axis_scale x_axis      1 20 auto auto 

    -axis_scale y_axis      auto auto auto auto 

    -initial_solutions      true 

    -connect_simulations    true 

    -plot_concentration_vs  x 

  -start 

 10 PLOT_XY GET(i,1), SI("Nitratine")  

20 PLOT_XY GET(i,1), SI("Gibbsite") 

30 PLOT_XY GET(i,1), SI("Gypsum") 

40 PLOT_XY GET(i,1), SI("Nahcolite") 

50 PLOT_XY GET(i,1), SI("Natron") 

60 PLOT_XY GET(i,1), SI("TobH-CNASHss") 

70 PLOT_XY GET(i,1), SI("T2C-CNASHss") 

80 PLOT_XY GET(i,1), SI("INFCNA-CNASHss") 

90 PLOT_XY GET(i,1), SI("Mirabilite") 

100 PLOT_XY GET(i,1), SI("Thenardite") 

110 PLOT_XY GET(i,1), SI("Trona") 

120 PLOT_XY GET(i,1), SI("Calcite") 

  -end 

    -active                 true 

 

USER_GRAPH 4 

    -headings               TobH-CNASHss INFCNA-

CNASHss T2C-CNASHss pH 

    -axis_titles            "Evaporation Factor" 

"Concentration (mol/L)"  

    -axis_scale x_axis      1 20 auto auto  

    -axis_scale y_axis      auto auto auto auto 

    -initial_solutions      true 

    -connect_simulations    true 

    -plot_concentration_vs  x 

  -start 

 10 PLOT_XY GET(i,1), S_S("TobH-CNASHss") 

 20 PLOT_XY GET(i,1), S_S("INFCNA-

CNASHss") 

 40 PLOT_XY GET(i,1), S_S("T2C-CNASHss") 

  -end 

    -active                 true 

 

END 
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B-II. Model verification 

For model verification, an ORCHESTRA simulation is run for the drying case described in Bakhshi, et al. 

[61] with a known analytical solution. The drying process is conceptualized into two stages in this model. 

In the first stage, when the material is nearly saturated, the drying is considered to be controlled by the mass 

transfer at the external boundary with a constant drying rate, and thus the boundary condition in Stage 1 is: 

 𝐽 = 𝐹0 (B-1) 

where F0 is the rate of evaporation which represents the constant flux in stage 1 drying. In the second stage, 

drying is considered to be controlled by the convective diffusive transfer of vapor at the surface, and thus 

the boundary condition is represented by a convection equation: 

 
𝐽 = −𝐷′

𝜕𝐶

𝜕𝑥
= 𝑘(𝐶𝑆 − 𝐶∗) (B-2) 

where C is the moisture concentration, D’ is the effective moisture diffusion coefficient, k is a surface factor 

that represents the convective moisture mass transfer coefficient, Cs is the moisture concentration of the 

sample surface, and C* is the moisture concentration of the environment. 

In both stages, moisture transport within the material is governed by the Fickian diffusion equation: 

 𝜕𝐶

𝜕𝑡
= 𝐷′

𝜕2𝐶

𝜕𝑥2
 (B-3) 

Different values of D’ are taken in Stage 1 and Stage 2 and are noted as D1 and D2, respectively. The 

analytical solution for the diffusion equation with each boundary condition is given in Bakhshi, et al. (Eq. 

21, Eq. 23-24) [61]: 

Stage 1: 𝐶(𝑡, 𝑥) = 𝐶𝑖 +
𝐹0𝐿

𝐷1
{
𝐷1𝑡

𝐿2
+
3𝑥2 − 𝐿2

6𝐿2
−

2

𝜋2
∑

(−1)𝑛

𝑛2
cos (

𝑛𝜋𝑥

𝐿
)𝑒

(−
𝐷1𝑛

2𝜋2𝑡
𝐿2

)
∞

𝑛=1

} (B-4) 

Stage 2: 𝐶(𝑡, 𝑥) = 𝐶∗ + (𝐶𝑖 − 𝐶∗)∑
2sin(𝜆𝑛)

𝜆𝑛 + sin(𝜆𝑛) cos(𝜆𝑛)
cos (𝜆𝑛

𝑥

𝐿
) 𝑒

(−𝜆𝑛
2𝐷2𝑡
𝐿2

)

∞

𝑛=1

 (B-5) 

where 

 
𝜆𝑛 tan(𝜆𝑛) =

𝑘𝐿

𝐷2
 (B-6) 

The selected value for each parameter is provided in Table B5.  
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Table B5 Parameters selected for drying case in Bakhshi, et al. [61] used for model verification. 

 Parameter Value 

L Thickness (m) 0.01 

A Drying surface area (m2) 0.01 

F0 Rate of evaporation (kg/m2 ∙h) -0.4 

Ci Initial moisture concentration (kg/m3) 630 

D1 Stage 1 effective diffusivity (m2/h) 1.8×10-3 

D2 Stage 2 effective diffusivity (m2/h) 1.8×10-5 

k Surface factor (m/h) 0.001 

ttrans Transition time from stage I to II (h) 10 

 

The ORCHESTRA simulation result of drying under 11% RH closely agrees with the analytical solution 

in Eqs. B-4 to B-6 (Figure B1).  

 

Figure B1 Simulation result of an independent case compared with the result from analytical solution.  
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Figure B2 Sensitivity analysis of pore radius on water saturation as a function of relative humidity 

calculated by Kelvin’s equation. (req is the effective pore radius used in Kelvin’s equation and rp is the 

measured pore radius.) 

 

Figure B3 Determination of chemically bound water content from thermogravimetric analysis (samples 

equilibrated under RH 100% and RH 11% are shown as bounding cases) 
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B-III. CaO–Al2O3–SiO2 ratio in Cast Stone  

The weight ratio between CaO–Al2O3–SiO2 in the Cast Stone dry blend was compared with common 

cementitious materials in Figure B4. The composition of the dry blend was calculated from the XRF results 

of the respective dry ingredients (FAF, BFS, OPC) used in the formulations.  

 

 

Figure B4 CaO–Al2O3–SiO2 ternary diagram of Cast Stone dry blend compared with common cementitious 

materials (wt%; PC: Portland cement, BFS: blast-furnace slag, FA: fly ash, GP: geopolymer) [184]
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

Table C1 Main chemical components in cementitious materials in Cast Stone. 

 OPC (%) FAF (%) BFS (%) 

Al2O3 5.67 34.6 14.4 

SiO2 20 51.6 32.4 

Na2O 0.501 0.441 - 

MgO 3.18 1.35 0.457 

SO3 4.78 - 6.33 

K2O 0.445 2.53 0.534 

CaO 61.2 1.19 40.2 

Fe2O3 3.59 6.48 0.634 

 

Table C2 Sample mass change before and after pre-conditioning for 60 days; drying front at the beginning 

of aging estimated by a drying model [138] compared with drying front at the end of aging from 

measurements. 

RH Mass change (g) 
Drying Front after pre-

conditioning (mm) 

Drying front after 48 weeks 

of aging (mm) 

15% -0.87 6.6 25.7 

40% -0.74 4.5 15.0 

68% -0.33 2.6 4.5 

100% -0.16 0 0 

 

Table C3 Hydroxide flux from 1-D leaching test for samples aged under various gaseous conditions for 16 

weeks. 

Leaching  

Time (days) 

Flux of hydroxides (mol/m2/s) 

CS-N68-16w CS-A68-16w CS-2C68-16w CS-5C68-16w 

0 4.6E-09 2.5E-10 4.2E-11 8.4E-14 

1 1.1E-09 1.9E-10 8.3E-12 4.2E-14 

2 1.1E-09 7.4E-10 1.4E-11 1.7E-13 

7 5.4E-10 5.1E-10 1.4E-12 3.7E-14 

14 4.7E-10 1.0E-09 4.4E-13 2.4E-13 

28 2.7E-10 7.7E-10 3.6E-13 2.7E-14 

42 1.6E-10 6.1E-10 6.3E-13 4.6E-14 

49 3.3E-10 5.7E-10 4.4E-12 2.6E-14 

63 3.8E-11 2.5E-10 1.4E-12 8.2E-14 

91 1.5E-10 2.2E-10 1.7E-12 2.6E-13 

107 3.7E-11 3.2E-10 3.8E-12 4.4E-13 
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C-I Determination of mineral composition of carbonated and uncarbonated Cast Stone from 

geochemical speciation modeling 

Given the complex minerology of the Cast Stone material, the mineral compositions of the material were 

determined with the aid of geochemical speciation modeling. In the geochemical speciation model, both 

carbonated and uncarbonated materials are represented using a single set of mineral phases and solid 

solution (Table C4) derived to describe the dissolution of the major and trace constituents in the system 

[90]. Selection of the appropriate mineral and parameter set for Cast Stone has been based on calibration 

using data from EPA Method 1313 (liquid-solid partitioning as a function of extract pH using a parallel 

batch extraction [131]) in conjunction with instrument-based phase identification and then validated based 

on data from EPA Method 1315 (mass transfer rates of constituents in monolithic materials using a semi-

dynamic tank leaching [133]). The C-N-A-S-H phase is represented using CNASH solid solution 

(CNASH_ss), which was derived specifically for describing dissolution of alkali-activated material 

[87,103]. The CNASH solid solution included three selected endmembers: CEM18_INFCNA, 

CEM18_T2C, CEM18_TobH, with formulae given in Table C4. 

The quantities of minerals and solid solutions in carbonated and uncarbonated materials were derived by 

simulating the liquid-solid partitioning of the material with water under a liquid-to-solid ratio of 1. The 

solid compositions calculated by the model are considered as the mineral composition in the respective 

material. The minerals and solid solutions with contents higher than 0.01 mol/kg in either carbonated or 

uncarbonated materials were included for the calculation of CO2 and water change. 
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Table C4 Mineral assemblage of Cast Stone used in geochemical speciation modeling. 

Notation Formula Log(K)a Reaction 

CEM18_INFCNA_CNASHss b 16CaO·5.5Na2O·2.5Al2O3·19SiO2·21H2O -9.836 
CEM18_INFCNA + 0.5 H2O -> 0.3125 Al[OH]4

- + 1 CEM18_CNASH_ss + 1 Ca+2 + 1.1875 H2SiO4
-2 + 

0.6875 Na+ 

CEM18_T2C_ CNASHss b 3CaO·2SiO2·5H2O 2.982 CEM18_T2C_CNASHss + 1 H+ -> 1 CEM18_CNASH_ss + 1.5 Ca+2 + 2 H2O + 1 H2SiO4
-2 

CEM18_TobH_ CNASHss b 2CaO·3SiO2·5H2O -21.51 CEM18_TobH_CNASHss -> 1.5 CEM18_CNASH_ss + 1 Ca+2 + 1 H+ + 0.5 H2O + 1.5 H2SiO4
-2 

Ca3[PO4]2[beta] c Ca3(PO4)2 -29.08 Ca3[PO4]2[beta] -> 3 Ca+2 + 2 PO4
-3 

CaCO3_BaCO3 e CaBa(CO3)2 -21.10 CaCO3_BaCO3 -> 1 Ba+2 + 2 CO3
-2 + 1 Ca+2 

CaCO3_Li2CO3 e CaLi2(CO3)2 -21.30 CaCO3_Li2CO3 -> 2 CO3
-2 + 1 Ca+2 + 2 Li+ 

CaCO3_SrCO3 e CaSr(CO3)2 -19.75 CaCO3_SrCO3 -> 2 CO3
-2 + 1 Ca+2 + 1 Sr+2 

CEM18_Amor_Sl b SiO2 -25.72 CEM18_Amor_Sl + 2 H2O -> 2 H+ + 1 H2SiO4
-2 

CEM18_Brc b Mg(OH)2 17.18 CEM18_Brc + 2 H+ -> 2 H2O + 1 Mg+2 

CEM18_C3S b Ca3SiO5 51.63 CEM18_C3S + 4 H+ -> 3 Ca+2 + 1 H2O + 1 H2SiO4
-2 

CEM18_Cal b CaCO3 -8.45 CEM18_Cal -> 1 CO3
-2 + 1 Ca+2 

CEM18_hemicarbonate b Ca4Al2(CO3)0.5(OH)13·5.5H2O 40.93 CEM18_hemicarbonate + 5 H+ -> 2 Al[OH]4
- + 0.5 CO3

-2 + 4 Ca+2 + 10.5 H2O 

CEM18_hemihydrate b CaSO4·0.5H2O -3.518 CEM18_hemihydrate -> 1 Ca+2 + 0.5 H2O + 1 SO4
-2 

CEM18_Mgs b MgCO3 -8.206 CEM18_Mgs -> 1 CO3
-2 + 1 Mg+2 

CEM18_monocarbonate b Ca4Al2(CO3)(OH)12·5H2O 24.38 CEM18_monocarbonate + 4 H+ -> 2 Al[OH]4
- + 1 CO3

-2 + 4 Ca+2 + 9 H2O 

CEM18_monosulphate12 b Ca4Al2O6(SO4)·12H2O 26.66 CEM18_monosulphate12 + 4 H+ -> 2 Al[OH]4
- + 4 Ca+2 + 10 H2O + 1 SO4

-2 

CEM18_Ord_Dol b CaMg(CO3)2 -16.99 CEM18_Ord_Dol -> 2 CO3
-2 + 1 Ca+2 + 1 Mg+2 

CEM18_Portlandite b Ca(OH)2 23.19 CEM18_Portlandite + 2 H+ -> 1 Ca+2 + 2 H2O 

Diaspore c α-AlO(OH) -16.02 Diaspore + 2 H2O -> 1 Al[OH]4
- + 1 H+ 

Eskolaite d Cr2O3 -147.5 Eskolaite + 5 H2O -> 2 CrO4
-2 + 10 H+ + 6 e- 

Ferrihydrite c Fe2O3⋅3H2O -18.18 Ferrihydrite + 1 H2O -> 1 Fe[OH]4
- + 1 H+ 

Gaylussite d Na2Ca(CO3)2·5H2O -9.516 Gaylussite -> 2 CO3
-2 + 1 Ca+2 + 5 H2O + 2 Na+ 

Larnite d Ca2SiO4 16.18 Larnite + 2 H+ -> 2 Ca+2 + 1 H2SiO4
-2 

Nahcolite d NaHCO3 -10.79 Nahcolite -> 1 CO3
-2 + 1 H+ + 1 Na+ 

Natron c Na2CO3·10H2O -1.508 Natron -> 1 CO3
-2 + 10 H2O + 2 Na+ 

Pyrite c FeS2 -121.1 Pyrite + 12 H2O -> 1 Fe[OH]4
- + 20 H+ + 2 SO4

-2 + 15 e- 

Pyrrhotite d FeS -72.27 Pyrrhotite + 8 H2O -> 1 Fe[OH]4
- + 12 H+ + 1 SO4

-2 + 9 e- 

Wairakite d Ca8Al16Si32O96·16H2O -119.4 Wairakite + 10 H2O -> 2 Al[OH]4
- + 1 Ca+2 + 8 H+ + 4 H2SiO4

-2 

llnl_NaTcO4 
d NaTcO4 -9.279 llnl_ NaTcO4 + 1 e- -> 1 Na+ + 1 TcO4

-2 

llnl_TcO2:2H2O[am] d TcO2·2H2O -48.46 llnl_TcO2:2H2O[am] -> 4 H+ + 1 TcO4
-2 + 2 e- 

llnl_Tc3O4 d Tc3O4 -192.9 llnl_Tc3O4 + 8 H2O -> 16 H+ + 3 TcO4
-2 + 10 e- 

llnl_TcOH d TcOH -110.4 llnl_TcOH + 3 H2O -> 11 H+ + 1 TcO4
-2 + 7 e- 

a formation reaction constant; 
b mineral from CEMDATA 18 database [87]; 
c mineral from Minteq. V4 database [156]; 
d mineral from LLNL database [88]; 
e minerals with calibrated logK. 
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Table C5 Hydroxide flux from 1-D leaching test for samples aged under various RH for 16 weeks. 

Leaching  

Time (days) 

Flux of hydroxides (mol/m2/s) 

CS-N15-16w CS-N40-16w CS-N68-16w CS-N100-16w 

0 2.1E-10 1.1E-10 2.7E-10 5.1E-10 

1 1.9E-10 1.0E-10 6.6E-11 1.1E-10 

2 1.4E-10 8.2E-11 6.4E-11 6.4E-11 

7 9.6E-11 4.4E-11 3.2E-11 2.7E-11 

14 9.5E-11 5.4E-11 2.7E-11 2.0E-11 

28 4.2E-11 2.7E-11 1.6E-11 1.3E-11 

42 4.6E-11 1.0E-11 9.1E-12 5.9E-12 

49 4.4E-11 3.0E-11 1.9E-11 1.1E-11 

63 2.3E-11 1.3E-11 2.2E-12 5.4E-12 

91 2.2E-11 1.5E-12 9.1E-12 6.3E-12 

107 1.5E-11 9.7E-13 2.2E-12 2.4E-12 

 

Leaching 

Time (days) 

Flux of hydroxides (mol/m2/s) 

CS-A15-16w CS-A40-16w CS-A68-16w CS-A100-16w 

0 1.06E-10 1.73E-11 1.49E-11 4.55E-11 

1 1.77E-10 1.25E-11 1.11E-11 2.96E-11 

2 1.25E-10 3.37E-11 4.33E-11 3.29E-11 

7 5.92E-11 3.05E-11 3.03E-11 1.33E-11 

14 4.34E-11 8.23E-11 6.17E-11 2.17E-11 

28 9.94E-11 7.06E-11 4.54E-11 2.23E-11 

42 6.42E-11 5.75E-11 3.59E-11 1.47E-11 

49 9.3E-11 5.62E-11 3.36E-11 1.14E-11 

63 2.84E-11 1.58E-11 1.47E-11 1.58E-12 

91 3.05E-11 2.13E-11 1.31E-11 3.64E-12 

107 2.57E-11 3.45E-11 1.85E-11 2.27E-11 

 

Leaching time 

(days) 

Flux of hydroxides (mol/m2/s) 

CS-C15-16w CS-C40-16w CS-C68-16w CS-C100-16w 

0 8.09E-12 8.09E-12 2.47E-12 6.73E-12 

1 1.97E-12 1.97E-12 4.89E-13 2.16E-12 

2 2.11E-12 2.11E-12 7.95E-13 3.56E-12 

7 1.73E-13 1.73E-13 8.19E-14 1.53E-12 

14 7.14E-14 7.14E-14 2.58E-14 1.14E-12 

28 1.25E-14 1.25E-14 2.11E-14 4.64E-12 

42 3.53E-15 3.53E-15 3.73E-14 7.89E-12 

49 1.52E-14 1.52E-14 2.58E-13 1.6E-11 

63 1.83E-15 1.83E-15 8E-14 5.17E-12 

91 2.62E-15 2.62E-15 9.89E-14 7.68E-13 

107 9.73E-15 9.73E-15 2.22E-13 1.14E-11 
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Figure C1 Estimation of carbonate and hydroxide alkalinity for Cast Stone. 
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Figure C2 Saturation profile measured from slices cut from Cast Stone samples aged for 48 weeks 

(saturation profile in CS-A15-48w was not measured because sample breaks apart during the process of 

slicing).  
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C-II Determination of mean pore diameter as function of saturation 

Mean pore diameter (d50) as a function of saturation is derived from the pore size distribution. The pore size 

distribution in Cast Stone was characterized by a combination of nitrogen adsorption/desorption (N2 

sorption) and mercury intrusion porosimetry (MIP) to account for different optimum measurement ranges 

of the test methods. Mesopore structure was determined by N2 sorption conducted at 77.2 K using a 

Micromeritics 2020 Accelerated Surface Area and Porosimetry System. The pore size distribution between 

1.7 and 30 nm diameter was derived assuming cylindrical pores using the Barrett, Joyner, and Halenda 

(BJH) model. Macroscale pore structure to a minimum pore diameter of 3 nm was determined by MIP using 

a Micromertics AutoPore V9600 porosimeter up to a maximum pressure of 430 MPa. The representative 

pore size radius as a function of water saturation (Figure C3) was derived by fitting the combined results 

of pore size distribution from nitrogen sorption (pore diameter less than 30nm) and MIP (pore diameter 

between 30 nm and 340 μm), assuming drying in the pores occur progressively from largest pores to the 

smaller pores without hysteresis. The mean pore diameter of gas filled pores (d50) at a certain saturation 

state is derived from the average between the minimum gas filled pore diameter at the specific saturation 

value and the largest pore size measured (Figure C4). There is only negligible difference in d50 at S<0.9 

because the minimum gas filled pore size in this range is around 5 orders of magnitude lower than the 

largest pore size.  

 

Figure C3 Representative pore diameter as a function of water saturation of Cast Stone. 
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Figure C4 Mean gas filled pore diameter as a function of water saturation of Cast Stone. 
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

 

Figure D1 Conceptual illustration of the monolithic diffusion model. 

 

 

Figure D2 Carbonate content from thermogravimetric analysis of CS-N, CS-A, and CS-C. 
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Figure D3 Illustration of the settings of pe and available content of carbonate in carbonated samples (CS-

A-48w and CS-C-48w). 
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Figure D4 Experimental measurements and reactive transport modeling results of diffusion-controlled 

leaching concentrations of major constituents and carbonation sensitive constituents in CS-N-48w, CS-A-

48w, and CS-C-48w. 
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Figure D5 Geochemical speciation modeling results of carbonation sensitive constituents (Li, Sr, Ba) for 

CS-N and CS-C. 

 

Table D1 Calibrated eluate pe for Cast Stone materials from pH dependent leaching. 

CS-N CS-A CS-C 

pH pe pH pe pH pe 

12.6* 2.1* 12.9 1.8 13.1 1.1 

11.9 3.3 12.1* 3.2* 12.5 2.1 

10.6 5.5 10.6 5.6 10.9 4.6 

9.0 7.9 9.5 7.3 9.9* 6.3* 

8.2 9.1 8.6 8.7 8.3 9.0 

7.2 10.9 7.1 11.2 7.3 10.5 

6.3 12.4 5.6 13.4 5.7 12.5 

5.5 13.6 4.5 14.8 4.5 14.7 

4.4 15.0 3.1 17.0 3.1 17.0 

3.0 16.6 1.6 19.1 1.1 19.7 

    *natural pH and natural pe 
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APPENDIX E: SUPPLEMENTARY INFORMATION FOR CHATPER 5 

 
Figure E1 Initial ionic strength profile in CS-C68-48w sample from diffusion-controlled leaching 

simulation. 

 

 

Figure E2 Illustration of diffusion depth of Na at a certain time (i.e., 14 days) based on the concentration 

profile of Na in the pore water of monolith [173]. 

The diffusion front of Na is defined as the deepest cell with concentration of Na lower than 99 % of the 

initial Na concentration in the pore water. At the leaching time of 14 days, cell No. 10 (depth = 5.60 mm) 
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4 2.0763 51328
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6 3.1939 77738

7 3.7737 85564

8 4.3681 90441

9 4.9773 93187

10 5.6017 94582

11 6.2417 95219

12 6.8978 95482

13 7.5702 95579

14 8.2595 95611

15 8.966 95621

16 9.6901 95623

17 10.432 95624

18 11.193 95624

19 11.973 95624

… … …

48 45.43 95624

49 47.066 95624

50 49 95624
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is the deepest cell with concentration of Na lower than 99 % of initial Na concentration in the pore water, 

so the diffusion front of Na at 14 days is at cell No. 10 and the leaching depth of Na is 5.60 mm. 

 

E-I. Carbonation model  

A reactive transport model was used for predicting carbonation front ingress in Cast Stone under drying 

conditions (Figure E3). A parsimonious mineral set (Table E1) was used for describing the Cast Stone 

matrix. The moisture transport model introduced in Chapter 2 was embedded to calculate the liquid flow 

and vapor diffusion as a function of external relative humidity. Effective diffusivities (De,G) of CO2 were 

calculated from free diffusivity (D0,G), porosity (ε), gas phase tortuosity (τG), and saturation (S). The 

exponent of (1-S) is calibrated based on the moisture profile in the monolith, which is different from the 

conditions used for the disk drying experiment (Eq. 2-9). 

 𝐷𝑒,𝐺 =
𝐷0,𝐺
𝜏𝐺

2
(1 − 𝑆)4/3 ∙ 휀4/3 

(

(E-1) 

Tortuosity factors in the initial material were derived by the calibration against saturation profile measured 

on Cast Stone monolith dried under inert conditions (N2). The tortuosity factor in the carbonated region was 

calibrated against the carbonation depth from measurement. The carbonated region was defined as the cells 

in which CNASH content was less than 1E-9 mol/kg. From the predicted pore solution profile, the lowest 

depth with pH greater than 9 was considered as the carbonation depth. 

 

Figure E3 Conceptual model of carbonation under drying. 
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Table E1 Parsimonious mineral set of Cast Stone used in carbonation modeling. 

Notation Formula Log(K)a Reaction 

CEM18_INFCNA_C

NASHss b 

16CaO·5.5Na2O·2.5

Al2O3·19SiO2·21H2O 
-9.836 

CEM18_INFCNA + 0.5 H2O -> 0.3125 Al[OH]4
- + 1 

CEM18_CNASH_ss + 1 Ca+2 + 1.1875 H2SiO4
-2 + 

0.6875 Na+ 

CEM18_T2C_ 

CNASHss b 
3CaO·2SiO2·5H2O 2.982 

CEM18_T2C_CNASHss + 1 H+ -> 1 

CEM18_CNASH_ss + 1.5 Ca+2 + 2 H2O + 1 H2SiO4
-2 

CEM18_TobH_ 

CNASHss b 
2CaO·3SiO2·5H2O -21.51 

CEM18_TobH_CNASHss -> 1.5 CEM18_CNASH_ss + 

1 Ca+2 + 1 H+ + 0.5 H2O + 1.5 H2SiO4
-2 

CEM18_Amor_Sl b SiO2 -25.72 CEM18_Amor_Sl + 2 H2O -> 2 H+ + 1 H2SiO4
-2 

CEM18_Brc b Mg(OH)2 17.18 CEM18_Brc + 2 H+ -> 2 H2O + 1 Mg+2 

CEM18_C3S b Ca3SiO5 51.63 CEM18_C3S + 4 H+ -> 3 Ca+2 + 1 H2O + 1 H2SiO4
-2 

CEM18_Cal b CaCO3 -8.45 CEM18_Cal -> 1 CO3
-2 + 1 Ca+2 

CEM18_ 

hemicarbonate b 

Ca4Al2(CO3)0.5(OH)13

·5.5H2O 
40.93 

CEM18_hemicarbonate + 5 H+ -> 2 Al[OH]4
- + 0.5 CO3

-2 

+ 4 Ca+2 + 10.5 H2O 

CEM18_ 

monocarbonate b 

Ca4Al2(CO3)(OH)12 

·5H2O 
24.38 

CEM18_monocarbonate + 4 H+ -> 2 Al[OH]4
- + 1 CO3

-2 

+ 4 Ca+2 + 9 H2O 

CEM18_Ord_Dol b CaMg(CO3)2 -16.99 CEM18_Ord_Dol -> 2 CO3
-2 + 1 Ca+2 + 1 Mg+2 

CEM18_Portlandite b Ca(OH)2 23.19 CEM18_Portlandite + 2 H+ -> 1 Ca+2 + 2 H2O 

Ferrihydrite c Fe2O3⋅3H2O -18.18 Ferrihydrite + 1 H2O -> 1 Fe[OH]4
- + 1 H+ 

Gaylussite d Na2Ca(CO3)2·5H2O -9.516 Gaylussite -> 2 CO3
-2 + 1 Ca+2 + 5 H2O + 2 Na+ 

Gibbsite d Al(OH)3  7.7 Al(OH)3 +3H+  =  Al3+ + 3H2O 

Nahcolite d NaHCO3 -10.79 Nahcolite -> 1 CO3
-2 + 1 H+ + 1 Na+ 

Natron c Na2CO3·10H2O -1.508 Natron -> 1 CO3
-2 + 10 H2O + 2 Na+ 

Nitratinee NaNO3 1.70  NaNO3 -> Na+ + NO3
- 

a formation reaction constant; 
b mineral from CEMDATA18 database [87]; 
c mineral from Minteq. V4 database [156]; 
d mineral from LLNL database [88]; 
e G. Faure, 1991 [89]. 
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APPENDIX F: SUPPLEMENTARY INFORMATION FOR CHATPER 6 

Table F1 Summary of models and key input parameters in the dissertation. 

Model–function 
Key input parameters 

Physical parameters Chemical parameters 

Moisture transport model 

– drying simulation 

Porosity; pore size distribution; free water 

diffusivity in air; gas phase tortuosity 

factor*; mass transfer coefficient of 

water; saturated hydraulic conductivity; 

van Genuchten parameters. 

Surface tension and water 

activity of pore solution as 

a function of saturation. 

Reactive transport model 

– simulation of carbonation 

under drying 

Porosity; pore size distribution; free water 

diffusivity in air; adaptive gas phase 

tortuosity factor*; mass transfer 

coefficient of water and CO2; saturated 

hydraulic conductivity; van Genuchten 

parameters. 

Mineral assemblage*; 

available content; surface 

tension and water activity 

of pore solution as a 

function of saturation. 

Geochemical speciation 

model – pH dependent 

leaching simulation 

–– 

Liquid to solid ratio; 

mineral assemblage*; 

available content1; pe*. 

Reactive transport model 

– diffusion controlled mass 

transport leaching 

simulation 

Porosity; free ionic diffusivity; profile of 

liquid phase tortuosity factor*; saturation. 

Tank solution refresh 

scheme; mineral 

assemblage2; initial profile 

of available content3; 

initial profile of pe*. 

* Parameters derived from calibration. 
1 Available content of CO3

2-and Si from calibration, otherwise from Method 1313 results. 
2 Same mineral assemblage as developed from geochemical speciation model. 
3 Available content of CO3

2- from calibration. 

 

 


