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Abstract 
 
Coal combustion produces a multiplicity of solid, liquid and gaseous waste streams. 
Often. the solid (fly ash) and liquid waste streams may be combined, however due to 
unique chemistries, integrated disposal of these waste streams may or may not 
encapsulate each upon disposal in a landfill. Thermodynamic modelling was used to 
determine the ideal mixtures of a class C fly ash (FA) and various additives to encapsulate 
brine solutions containing NaCl or CaCl2 which are common salts observed in onsite 
waste waters. Achieving the greatest sequestration of the solution (“brine”) within the solid 
matrix was the objective criteria of assessment for this study. Additives considered were 
lime (CaO), sodium aluminate, gypsum, calcite, ordinary Portland cement (PC) and 
calcium aluminate cement (CAC). These materials are widely available and have been 
used extensively with FA to form cementitious materials. The use of CAC was preferred 
when encapsulating NaCl and CaCl2 due to the formation of calcium aluminate hydrates 
which contain high molar quantities of H2O. The potential shortcoming of using CAC is 
the higher price of this material compared to the other additives. 
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1 Introduction 

 
Various onsite waste waters can contain heavy metals (As, Hg and Se), suspended solids 
and dissolved solids, particularly dissolved salts [1–4] , due ultimately to these 
constituents being found in the source coal. An everchanging regulatory landscape could 
limit the concentrations of the pollutants in these wastewaters release into waterways. 
Treatment pathways such as biological processes, Fe-based reduction and zero liquid 
discharge (ZLD) may be implemented to achieve these pollutant limits [5]. Biological 
processes and Fe-based reduction methods are effective when treating the heavy metals 
in wastewater, however neither process reduces dissolved salts [6–8]. The ZLD pathway 
optimizes water usage through improving the recycling of treated water back into the 
system. Use of advanced membranes and evaporators may be used to achieve this, 
however these technologies create a highly concentrated brine solution with a range of 
heavy metals and dissolved solids that require disposal.  A range of observed 
concentrated wastewater chemistries measured from pilot testing of various wastewaters 
is shown in Error! Reference source not found..  
 

Table 1: Range of total dissolved solids observed in flue gas 
desulphurization effluent streams [2–5]. 1Limits = average daily value 
over a 30-day period [9], 2TDS = total dissolved solids. 

Dissolved element Concentration of dissolved solids 

Range (mg/L) Range (mmol/L) 

Na 76.70 – 65,000 3.34 – 2,800 

Mg 1,200 – 32,000 49 – 1,300 

Al 8.20 – 46 0.3 – 1.7 

Si 16 – 2,200 0.57 – 80.0 

K 17 – 1,700 0.43 – 44 

Ca 5,000 – 50,00 125 – 1,300 

Fe 1.10 – 50.00 0.02 – 0.90   

Cl- 1.10 – 93,000 0.03 – 2,600 

SO4
2- 0.78 – 94,000 0.01 – 1,000 

TDS2 6,500 – 340,00  

 
The concentrated brines created from the ZLD process can be mixed with fly ash, another 
byproduct of coal combustion, to undergo the solidification/stabilization (S/S) process to 
convert the concentrated waste water into a stable solid wasteform. Solidification 
removes the issue of the liquid waste stream; however, S/S creates a new wasteform 
which requires landfilling or storing on-site of power plants. Limited reaction occurs 
between the FA and brine due to the low reactivity of FA, therefore additives are often 
used to promote hydration and increased uptake of the waste water in to the solid 
matrix [3] to achieve stabilization. 
 
Many studies have considered the ideal mixing ratios of FA and wastewaters in addition 
to cementitious additives to achieve the highest uptake of brine per mass of solid [3,5,10–
12]. An ideal mixture causes the greatest sequestration of wastewater within the solid 
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matrix while forming a solid with reduced leachability of the pollutants. Optimization of the 
mixtures of the FA, additives and FGDWW are required to achieve these criteria.  
 
The current methodology of performing multiple experimental tests to identify the ideal 
combinations of solids with different wastewater compositions requires extensive 
resources and time to identify the ideal compositions. This study considers the use of 
thermodynamic modelling to determine how different additives combined with FA effect 
the volume reduction of liquids with high concentrations of salts. For this initial approach, 
solutions containing NaCl or CaCl2 were considered as these dominant electrolytes are 
consistently observed in power plant waste waters. The approach adopted in this study, 
could later be used to consider brine chemistries of actual wastewaters with varying 
concentrations of dissolved salts.  
 

2 Thermodynamic modelling 

 
The modelling software used in this study was GEM-Selektor v3.4 (GEMS) [13,14] which 
is commonly used to model the phase evolution of cement phases [15–17]. GEMS 
contains the Cemdata18 database [18] which has a comprehensive thermodynamic 
database of cementitious phases expected to form in the FA-brine systems. The 
thermodynamic data of the mineral phases used in this study are summarized in Table 
A1. The GEMS software determines the minimum Gibbs energy of the system by 
precipitating solids out of solution through equilibrium solvers [13,14]:  
 

∆𝐺𝑇 = ∑ 𝑥𝑗∆𝐺𝑗

𝑗

 

Eq. 1 

 
Where, 𝑥𝑗 and ∆𝐺𝑗 are the moles and Gibbs energy of phase, 𝑗, respectively and ∆𝐺𝑇 is 

the total Gibbs energy of the system. This method determines molar amounts of phases 
based on the chemical potential of each phase that may form. The moles of individual 
phases are determined by calculating the chemical potential of the aqueous species in 
solution and assessing whether the solid phases are thermodynamically more stable than 

the reactants. In an ideal system, the standard chemical potential, 𝜇𝑖
0 , for aqueous 

species 𝑖 would be used, however to more accurately reflect the interactions of aqueous 
species, a correction must be applied to each aqueous species. Therefore, an additional 
term must be applied to the chemical potential which includes an activity coefficient, 𝛾𝑖, 
to define a more realistic chemical potential of each species based on the chemical 
environment of the system: 
 

𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛𝛾𝑖𝑐𝑖 

 

Eq. 2 

Where 𝑅 is the ideal gas constant (8.314 J/mol.K), 𝑇 is temperature (K) and 𝑐𝑖 is the molal 
concentration of species 𝑖 . The activity coefficients of aqueous species ( 𝛾𝑖 ) were 
determined using the Truesdell-Jones equation [19]:  
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𝑙𝑜𝑔10𝛾𝑖 =
−𝐴𝛾z𝑖

2√𝐼

1 + �̇�𝐵𝛾√𝐼
+ 𝑏𝛾𝐼 + 𝑙𝑜𝑔10

𝑋𝑗𝑤

𝑋𝑤
 

Eq. 3 

 

where, 𝛾𝑖  and 𝑧𝑖  are the activity coefficient and charge of the 𝑖𝑡ℎ  aqueous species 

respectively, 𝐴𝛾  and 𝐵𝛾  are temperature and pressure dependent coefficients, 𝐼 is the 

molal ionic strength, 𝑋𝑗𝑤 is the molar quantity of water, and 𝑋𝑤 is the total molar amount 

of the aqueous phase. A common ion size parameter, �̇�  (3.72 Å) and short-range 

interaction parameter, 𝑏𝛾 (0.064 kg/mol), were used, as constants for the background 

electrolyte [19]. 
 
2.1 Mass input 

 
The GEMS software requires initial mass inputs of the precursor materials consisting of 
solids and liquids. Throughout this study the mass of the system simulated consisted of: 
brine (g) + solids (g) = 100 g, where brine contains a specific concentration of NaCl or 
CaCl2 and solids are a combination of FA and additives. A range of values for the mixtures 
of brine, FA and additives, based on previous mixing ratios are shown in Table 2 [1–4].  
 
The main objective of the study is to encapsulate the highest volume of brine for the 
lowest possible cost, therefore a range of additive masses may be considered. The range 
of additives was limited to 10 g to reduce the eventual cost of encapsulation of the brine 
as the FA (typically available onsite) is considered to incur minimal cost as a precursor 
material. 
 
 

Table 2: Range of masses used to simulate the interactions of brine with FA and 
possible additives [1–4]. 

Mass ranges of components (g) 

Brine FA Additives 

35 55-65 0-10 

 
Simulations require degree of hydration estimations of the fly ash and additives, to 
appropriately represent the quantity of material that has reacted in the brine solutions. It 
has been found that degree of hydration of FA increases with greater levels of PC [20–
22], whereby in samples with up to 60 wt. % of FA and 40 wt. % PC in the solid 
component, 19% hydration of FA and up to 90% hydration of PC was observed [22]. 
When considering the higher FA replacement in these systems whereby a minimum of 
72 wt. % of FA may be in the solid component, the expected degree of hydration of FA is 
expected to be low. Therefore, a conservative assumption of 5% degree of hydration of 
FA was used in this study. In contrast, the hydration of PC increases when the fraction of 
FA in the mix increases, therefore a 100 % degree of hydration of additives (based on PC 
hydration) was assumed.  
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2.2 Volume reduction of the brine 

 
Quantification of the brine uptake (𝑢) into the solid phase assemblage from the simulation 
results was determined using Eq. 4: 
 
 

𝑢 = 100 − (
𝑉𝑐𝑎𝑙𝑐

𝑉𝑖𝑛𝑖𝑡
× 100) 

Eq. 4 

 
Where 𝑉𝑐𝑎𝑙𝑐 is the calculated volume of the aqueous phase (mL) and 𝑉𝑖𝑛𝑖𝑡 is the initial 
volume of brine within the system (mL). 
 
2.3 Composition of FA and additive 

 
In this study a class C fly ash (FAC1) was used to simulate the ash waste from coal 
combustion.  Class C fly ash has a higher calcium content as is self-cementing compared 
to typical class F ashes, making it an attractive candidate for use in wastewater 
encapsulation. Additives chosen were lime (CaO), sodium aluminate (NaAlO2), gypsum 
(CaSO4.2H2O), calcite (CaCO3), CEM I Portland cement (PC) and calcium aluminate 
cement (CAC). The compositions of FAC1, PC and CAC are shown in Table 3.  
 

Table 3: Composition of additives, Portland cement (PC) and calcium aluminate 
cement (CAC), and the class C fly ash (FAC1) used in the study. 

Additive Oxide composition (wt. %)   

CaO SiO2 Al2O3 MgO K2O Na2O SO3 Fe2O3  Al+Si Fe 

PC 65.37 20.66 5.01 1.84 0.80 0.43 2.34 3.27 - 

CAC 39.75 4.87 52.11 0.60 0.32 0.07 0.00 2.28 - 

FAC1 27.28 36.56 17.95 5.91 0.55 1.96 2.41 7.38 61.88 

 
2.4 Solid phase oxide shorthand nomenclature 

 
Throughout this work, the solid phases predicted using the GEMS software may be 
referenced using an oxide composition shorthand of the phases to describe their chemical 
compositions: 
 

C = CaO  S = SiO2 A = Al2O3  N = Na2O $ = SO3 

M = MgO H = H2O  K = K2O C̅ = CO2  
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3 Brine uptake of NaCl and CaCl2 solutions using CAC and PC 

 
Simulations to test the applicability of the additives to encapsulate the NaCl and CaCl2 
solutions were conducted, examples of the CAC and PC additives are shown in Figure 1. 
A fixed concentration of 1.5 mol/L of the electrolytes were used to test the effect of 
additives. While the use of molar concentrations was appropriate in this study to highlight 
the impact of brine stoichiometry on the phase assemblage of the solid phases, it should 
be noted that wastewater concentrations are typically measured in industry on a mass 
concentration basis.  Thus a 1.5 mol/l CaCl2 solution represents a concentration of 
166,470 mg/L while NaCl represents a concentration of 87,660 mg/L, thus NaCl and 
CaCl2 solutions with equivalent mass concentrations would not be stoichiometrically 
balanced with the NaCl solution being much more concentrated on a stochiometric basis.  
The simulations showed that increasing the fraction of additives, increased the brine 
uptake into the solid phases, which in turn influenced the phase formation.  
 
Brine uptake (red-line and right-hand y-axis in Figure 1) increased with increasing additive 
due to the increasing volume of solid phase formation per 100 g of solids and liquid (cm3/ 
100 g of components). Replacement of the unreactive FA with the assumed fully reacted 
additive led to this greater solid phase formation.  
 
Phases such as calcium silicate hydrate with sodium and aluminum substitution (C(-N)-
A-S-H), strätlingite (2CaO·Al2O3·SiO2·8H2O – C2ASH8) and Friedel’s salt 
(Ca3Al2O6·CaCl2·10H2O – C4ACl2H10) were present in the CAC (Figure 1a and c) and PC 
(Figure 1b and d) simulations for CaCl2 (Figure 1a and b) and NaCl (Figure 1c and d) 
encapsulation. Ettringite (Ca3Al2O6·3CaSO4·32H2O – C6A$H32) and portlandite (Ca(OH)2 
- CH) were observed in the PC system whereas katoite (3CaO·Al2O3·6H2O – C3AH6) 
aluminum hydroxide (Al(OH)3) was observed in the CAC system. The higher aluminum 
content of the CAC additive caused strätlingite and Friedel’s salts to dominate the phase 
assemblage. Friedel’s salt and C(-N)(-A)-S-H were the dominant phases in the PC 
systems due to the higher SiO2 and lower Al2O3 content in the PC compared to the CAC. 
The higher H2O/(Ca+Al) in the hydration products in the CAC systems caused the greater 
brine uptake by up to 4% and 7% in the NaCl and CaCl2 solutions, respectively.  
 
Brine uptake was up to 1.2% higher in the CaCl2 system for both additives due to the 
increased availability of Ca2+ ions in the system. The concentration of the Ca in the 
aqueous solution in the CaCl2 system decreased from 1.5 mol/L to 1.25 mol/L after 10 g 
of additive was introduced whereas in the NaCl solution, the Ca concentration dropped 
from 0.015 mol/L to 0.005 mol/L for both sets of additives. The much larger variation of 
the calcium concentration in the CaCl2 highlights the increased formation of calcium 
containing hydrate phases.  
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a) b) 

 

 
 

 

 

c) d) 

Figure 1: Effect of increasing the additive content on brine uptake of solutions 
containing CaCl2 using a) CAC (calcium aluminate cement) and b) PC (Portland 
cement), and NaCl using c) CAC and d) PC. Phases formed in the mixtures were 
calcium silicate hydrate with sodium and aluminum substitution (C(-N)(-A)-S-H), 
katoite (3CaO·Al2O3·6H2O – C3AH6), strätlingite (2CaO·Al2O3·SiO2·8H2O – C2ASH8), 
Friedel’s salt (Ca3Al2O6·CaCl2·10H2O – C4ACl2H10), ettringite 
(Ca3Al2O6·3CaSO4·32H2O – C6A$H32) and portlandite (Ca(OH)2 - CH) and aluminum 
hydroxide (Al(OH)3). The pore solution of the hydrated system is represented by ‘Aq. 
phase’ which contains the dissolved aqueous species. The red line in each graph 
denotes the percentage of the initial aqueous solution becoming chemically bound 
within the solid phases. 

 
 
 
No hydrates were formed with Na in these systems, as Na generally acts as a charge 
balancing ion in cementitious systems, as was the case for the C(-N)(-A)-S-H phase, 
therefore a lower brine uptake was observed in the NaCl system [23–25]. 
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4 Comparative brine uptake 

 
The brine uptake or sequestration based on the variation of the mass of additive and 
concentration of NaCl using CAC and PC was compared in Figure 2a and b, respectively. 
The brine uptake was most notably affected by the increasing mass of the additive, as 
opposed to the concentration of NaCl in solution. A slight increase in the brine uptake up 
to 0.75 mol/L was observed in the PC and CAC in each mass variant due to the formation 
of Friedel’s salt.  
 

 

 
 

 

  

a) b) 

Figure 2: Difference in brine uptake compared to a) CAC and b) PC to 
encapsulate a NaCl brine. The FA replacement with additives (g of add.) 
ranged from 1 to 10 g.  

 
However, after this peak point, the brine uptake levelled off or partially decreased, as 
minimal additional hydrates formed as the maximum volume of Friedel’s salt was reached 
for CAC and PC as shown in Figure 3a and b, respectively.  
 
Brine uptake using CAC and PC was 11.9 and 7.8%, respectively, where NaCl equals 
zero. In both systems, the Friedel’s salt started forming at 0.25 mol/L of NaCl and 
remained constant from 1.25 mol/L (not clear to observe in Figure 3a as Friedel’s salt was 
a minor hydrate phase), where a peak brine uptake of 11.6 and 8.3% for CAC and PC, 
respectively, was observed at 0.75 mol/L. At 0.75 mol/L of NaCl, the molar ratios of 
(Ca+Al)/Si, (Ca+Al)/SO3, (Ca+Al)/Cl were in balance to produce peak volumes of 
C2ASH8, ettringite and Friedel’s salt in the CAC system, however due to the higher 
concentration of NaCl after 0.75 mol/L, the Friedel’s salt became thermodynamically 
preferred over ettringite. Due to the lower molar ratio of H2O in Friedel’s salt compared to 
ettringite, the brine uptake decreased marginally. This also occurred in the PC, whereby 
the ettringite decreased in place of Friedel’s salt once NaCl concentration exceeded 0.75 
mol/L. Therefore, an ideal balance of the additive and the concentration of the electrolyte 
in the brine is required to maximize brine uptake. 
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a) b) 

Figure 3: Phase assemblage of brine uptake of NaCl using a) CAC and d) PC 
with 5 g of additive over a concentration range. The pore solution of the 
hydrated system is represented by ‘Aq. phase’ which contains the dissolved 
aqueous species. The red line in each graph denotes the percentage of the 
initial aqueous solution becoming chemically bound within the solid phases. 
Phases formed in the mixtures were calcium silicate hydrate with sodium and 
aluminum substitution (C(-N)(-A)-S-H), katoite (3CaO·Al2O3·6H2O – C3AH6), 
strätlingite (2CaO·Al2O3·SiO2·8H2O – C2ASH8), Friedel’s salt 
(Ca3Al2O6·CaCl2·10H2O – C4ACl2H10), ettringite (Ca3Al2O6·3CaSO4·32H2O – 
C6A$H32) and portlandite (Ca(OH)2 - CH) and aluminum hydroxide (Al(OH)3).  

 
Streamlining the process of choosing an additive based on the dominant wastewater 
electrolyte may be achieved by developing a generalized trend relating the brine uptake 
per mol of electrolyte per mass of additive used in the system. An additive differential 
factor, 𝑐𝑎 , was created to assess the effect of additive, 𝑎 , on the brine uptake, 𝑢𝑎 , 
compared to the initial FA brine uptake without the inclusion of additives, 𝑢𝐹𝐴 , when 
considering the mass of the additive, 𝑚𝑎, at a given concentration of brine, 𝑛𝑏: 
 

𝑐𝑎 = (
𝑢𝑎 − 𝑢𝐹𝐴

𝑛𝑏𝑚𝑎
) (∆% 𝑚𝑜𝑙−1𝑔−1) Eq. 5 

 
The initial FA brine uptake was determined using the same method to test the brine uptake 
of each additive. The initial FA brine uptake was used to remove the effect of the hydrated 
FA on the total brine uptake, to assess the additives separately from the FA. Figure 4a 
and b display the additive differential factor for the use of CAC and PC, respectively, from 
1 to 10 g across the varying concentration of NaCl. When considering the brine uptake 
on a mass and molar basis, there was minimal variation of the additive differential factor. 
This demonstrates that a generalized brine uptake may be applied to additives based on 
the dominant electrolyte in the solution. Therefore, an estimation of brine uptake can be 
made based on the amount of additive used with a given concentration of electrolyte. 
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Averaging of the additive differential factor across the mass and concentration ratios, can 
provide a general trend of the brine uptake for a given additive and brine, as shown in 
Figure 5. 
 

 

 
 

 

 

a) b) 

Figure 4: Comparing the brine uptake on a mass of additive and molar basis 
of a NaCl solution using the additives a) CAC and b) PC. The FA replacement 
with additives (g of add.) ranged from 1 to 10 g. 

 
Using this approach, generalized brine uptake trends were determined for the additives: 
Portland cement (PC), gypsum (Gp), calcium aluminate cement (CAC), calcite (Cal), lime 
(Lim) and sodium aluminate (NaAl) as shown in Figure 5.  
 
Lime and CAC are most effective when treating CaCl2 solutions which can be seen in 
Figure 5a, where lime and CAC consistently produced the highest additive differential 
factors at each given concentration of CaCl2. However, NaAl produced a similar trend 
from 1 mol/L onwards. Consistently the CAC provided a greater brine uptake in the NaCl. 
 
Gypsum had minimal effect on the brine uptake for NaCl and CaCl2 as the additive was 
already fully hydrated and due to the low degree of hydration of the FA, limited aluminum 
and calcium was available in the system to alter the molar ratios to promote the formation 
of calcium sulphoaluminates such as ettringite (C6A$3H32) and monosulphoaluminate 
(C4A$H12) [26]. Calcite was detrimental to brine uptake in the absence of higher 
concentrations of Ca and Al to form similar phases to the sulphate containing system. 
However, combinations of calcite and gypsum with other additives may provide an 
increase to the brine uptake to promote the formation of these phases. Table 4 
summarizes which of the additives was most effective when considering the brine uptake 
of NaCl and CaCl2. 
 
 
 



11 
 

 

 
 

 

 

a) b) 

Figure 5: Comparing the brine uptake on a mass of additive and molar basis 
of brine solutions containing a) CaCl2 and b) NaCl. Additives tested were: 
PC – Portland cement, Gp – gypsum, CAC – calcium aluminate cement, Cal 
– calcite, Lim – lime and NaAl – sodium aluminate 

 
 

Table 4: Ranked additive effectiveness when considering the CaCl2 and NaCl 
electrolytes.  

Dominant 
electrolyte 

Optimum 
additive 

Scale of additive 

CaCl2 CAC/Lime CAC/Lime > PC/NaAlO2 > Gypsum > Calcite 

NaCl CAC CAC > PC/Lime/NaAlO2 > Gypsum > Calcite  

 

5 Future work 

 
This brine uptake methodology should be expanded to other dominant electrolytes 
common in industrial wastewaters such as MgCl2, KCl, CaSO4 and MgSO4 as well as 
complex brines consisting of a mixture of the electrolytes. Once a generalized trend for 
common salts in the brines are established then a framework for determining the ideal 
combination of additives to address each brine may be used. Further consideration will 
be given to the combination of additives and whether using different additives would 
improve the brine uptake.  
 
Further analysis into the quality of predicting the volume of the aqueous phase in the 
wasteform is required. The aqueous volume can be related to porosity in the solid phase 
[27], and reduced porosity has been shown to reduce leachability in cementitious 
materials [28].  
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A pricing scheme is required to most effectively assess which additives provide the best 
encapsulation potential of each brines. For instance, the cost of each additive may be 
applied to the potential volume reduction of the brine, and therefore waste management 
teams may assess whether the higher cost additives are necessarily cost-effective for 
treating the brines.  
 
Further research is required to improve the reactivity of FA in industrial wastewaters to 
maximize potential phase formation and brine reduction. Methods considering alkali 
activation of the FA have been considered, however alkali activators such as NaOH are 
expensive, carbon intensive to form and although promote the dissolution of FA, the high 
pH reduces the phase formation of high water content phases such as ettringite [11,29]. 
Therefore, consideration of other low energy intensive methods are required to improve 
the dissolution of FA. Unlocking the potentially high aluminum content in FA is key to 
improving the brine uptake due to the high molar ratios of H2O observed in these phases. 

6 Modelling limitations 

 
This modelling approach to create a framework of how to design ideal mixtures for the 
encapsulation of brines is limited by some of the assumptions and mechanisms of the 
modelling approach such as: 
 

• Brine uptake decreases linearly as mass of brine increases (not shown in the 
study). This may not be the case in practice. Perhaps the higher water content 
may improve degree of hydration of the additives and a non-linear relationship 
occurs. 

• The degree of hydration of the solids must be assumed or require degree of 
hydration data. Therefore, the actual content of material available to react may 
not be certain. 

• The brine uptake values are currently conceptual and require testing against 
porosity data of solidified wasteforms. 

• High ionic strength of brines reduces the reliability of the modelling work, due 
to the activity coefficient model used herein, is poor for ionic strengths above 1 
mol/L. The ionic strengths of industrial brines may exceed this value, therefore 
use of more robust activity coefficient models is required, for instance the use 
of the Pitzer or specific ion-interaction models, may provide more accurate 
results. However, the use of the specific ion-interaction models require vast 
databases of ion-interaction parameters [30]. 

 
Despite these limitations, the ability of thermodynamic modelling to simulate the phase 
assemblage of these waste systems is valuable to provide a basis to identify and refine 
the mixtures of additives to best encapsulate different brines. 
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7 Conclusions 

 
The work presented shows the initial steps in creating a framework for identifying and 
choosing additives based on the composition of the wastewater using thermodynamic 
modeling as a fast way to screen and pair mix designs to be created in the laboratory or 
field. Thermodynamic modelling has identified the influence of which phases formed 
effected the potential volume reduction of the aqueous solution in the CaCl2 and NaCl 
systems using CAC and PC additives. Therefore, by tailoring the additives to the brine, 
an increase in brine uptake can be achieved. Using this thermodynamic guided approach, 
the intention is to streamline experimental efforts to identify the ideal mixtures to solidify 
and stabilize high ionic strength waste waters. 
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9 Thermodynamic modelling solid phase data 

 
Thermodynamic data used to calculate the phase formation of the solid phases in the 
simulations displayed in Table A1. Abbreviations in Table A1 represent the following 
oxides: 
 

C = CaO  S = SiO2 A = Al2O3  N = Na2O $ = SO3 

M = MgO H = H2O  K = K2O C̅ = CO2  
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Table A1: Gibbs free energy of formation (ΔGf°) and molar volumes (V°) of solid 
phases at 298.15 K and 1 bar. Data taken from the Cemdata18 database [18]. 

Phases V° 
(cm3 mol−1) 

ΔGf° 
(kJ mol−1) 

AH3 (microcrystalline) 32.0 −1148 
Portlandite, CH 33.1 −897 
SiO2 (amorphous) 29.0 −849 
C2AH8 90.1 −4696 
Katoite, C3AH6 150 −5008 
C4AH19 382 −8750 
CAH10 194 −4623 
Strätlingite, C2ASH8 216 −5705 
Friedel’s salt 272 -6810 
Lime, C 16.8 −604 
Brucite, MH 24.6 −832 

Sulphates   

Ettringite, C6A$3H32 707 −15206 
Gypsum, C$H2 74.7 −1798 
Anhydrite, C$ 45.9 −1322 

Calcium monosulphoaluminate–non-ideal solid solution 

Calcium monosulphoaluminate hydrate, C4A$H12 309 −7779 
C4AH13 274 −7324 

C(-N)-A-S-H gel ideal solid solution model 

5CA, C1.25A0.125S1H1.625 57.3 −2293 
INFCA, C1A0.16S1.1875H1.65625 59.3 −2343 
5CNA, C1.2S1N0.25A0.125H1.375

 64.5 -2569 
INFCNA, C1N0.34A0.16S1.1875H1.3125 69.3 -2474 
INFCN, C1N0.33S1.5H1.1875 71.1 -2452 
T2C, C1.5S1H2.5

b 80.6 −2465 
T5C, C1.25S1.25H2.5

 79.3 −2517 
TobH, C1S1.5H2.5

 85.0 −2560 

Mg-Al-OH-LDH ideal solid solution model 

M4AH10 219 −6358 
M6AH12 305 −8023 
M8AH14 392 −9687 

Carbonate phases 

Aragonite, Cc 34.2 −1128 
Calcite, Cc 36.9 −1129 
Magnesite, Mc 28.0 −1029 
MA-c-LDH, M4AcH9 220 −6580 
Calcium monocarboaluminate hydrate, C4AcH11 262 −7337 
Calcium hemicarboaluminate hydrate, C4Ac0.5H12 285 −7336 
Calcium tricarboaluminate hydrate, C6Ac3H32 650 −14566 

 


