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This paper analyzes the thermodynamic feasibility of three reactions, one undesirable
side reaction, and a flash separation for a water-splitting cycle. The thermodynamic feasibility of
each reaction was analyzed using both an equilibrium constant based approach and through
solution of the associated Gibbs free energy minimization problem. The thermodynamic
feasibility of each reaction was determined at a variety of feed conditions, temperatures, and
pressures. Future research will be conducted to determine optimal conditions at which to run the

cycle to produce pure hydrogen and oxygen efficiently.
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1. Introduction

In recent years, society has become more aware of the environmental consequences of, such
energy consuming human activities as, commuting, traveling, shipping, and vehicular
transportation. Since the last century, fossil fuels have been used as the main energy source for
these activities, [1]; however, their use has been associated with the global climate change
phenomenon, [2], due to the emissions of greenhouse effect gases resulting from vehicles using
such fuels. In addition, the use of fossil fuels has a limited horizon, as they are non-renewable
resources, [1], and energy insecurity implications, given their concentration in unstable parts of
the world. Along with the oil crisis of 1973 and the recent one in the late 2000's, the aforesaid
reasons have pushed the development of renewable energy sources as an answer to tackle the
present energy challenges. One such renewable energy resource is the Sun. Concentrated Solar
Power (CSP) technologies allow the exploitation of the sun's energy to produce electricity or to
power high temperature processes generating fuels and other chemicals, [3]. An appealing fuel
candidate, that can replace fossil fuels, is hydrogen, which can be efficiently converted to energy
in fuel cells, [3]. Hydrogen is currently mass produced largely from natural gas, for applications
such as petroleum refining and ammonia production, [2, 3], as well as welding, metal fabrication,
and other industrial processes [2]. Research and development has also been carried out for the
development of new processes to mass produce hydrogen for fueling purposes, [4—7]. Hydrogen
produced from fossil fuel based energy resources is often characterized as “black”, and is not
considered a renewable fuel. It is thus highly desirable that hydrogen be produced via CSP
technologies, since CSP produced hydrogen would become a sustainable, clean, and

economically appealing fuel, [1], [3], and thus be characterized as “green”.



A primary route for the renewable production of hydrogen is water splitting. The separation
of water into its constituents, hydrogen and oxygen, can be performed by different methods. One
water splitting method is through electrolysis, where the electricity required could come from
green energy sources, such as CSP. The disadvantage of this production method is its high
energy cost, [8]. Another water splitting method is through the use of multiple reactions, each
running at different temperatures, constituting so-called thermochemical cycles. The
temperatures required for these processes are lower than those required for the thermal
decomposition of water, and can be readily provided by CSP technology. The production of
hydrogen through CSP thermochemical cycles has been demonstrated, [1, 9 —11], especially in
sunbelt regions, [11, 12], and represents a means of transportability and long-term storage
capability of solar energy, [9, 10, 13].

According to [8], which provides a concise chronology of the development of
thermochemical cycles, they were first introduced, for hydrogen production, by [14, 15] in the
1960's. Since then, more than 100 different cycles have been studied, [16], along with analyses
of the general thermodynamics for such processes, [17, 18]. However, the considered energy
sources at that time were nuclear reactors, with a temperature limit of 1000 °C, [19]; although,
replacing nuclear energy by solar energy to power the hydrogen thermochemical cycles was
researched in the 1970's, [20 —22], this research activity was halted, until more recently in the
early 2000's, [10, 23].

Water-splitting thermochemical cycles (WSTCs) for hydrogen production can be divided into
three types: direct, two-step, and multi-step. The direct or one-step WSTC, also known as
thermolysis, is an endothermic reaction that dissociates water into gaseous hydrogen and oxygen;

furthermore, the temperatures required for this process are reported to be 2000 °C (2273.15 K),



by [11, 13], 2226.85 °C to 2726.85 °C (2500 K to 3000 K) by [24], and 2526.85 °C (2800 K) by
[1, 25]. Direct WSTC has three main disadvantages: low yields, difficult oxygen, hydrogen
separation process, and expensive reactor materials. For the low hydrogen yield, [25] states that
carrying out thermolysis at 2526.85 °C (2800 K) leads only to 17% hydrogen yield at 0.01 bar.
Then, the in situ separation of hydrogen and oxygen, to avoid their recombination, is a
technological drawback as stated by [2, 8, 13, 25]. Finally, the reactor to run direct WSTC
requires extremely exotic materials, [2], to be able to run the reaction at the high temperatures
previously mentioned, [13]. Now, the two-step WSTC implements endothermic and exothermic
reactions to dissociate water at temperatures lower than direct WSTC, which vary depending on
the chemical species used from 1726.85 °C to 2226.85 °C (2000 K to 2500 K) by [2] and above
1300 °C (1573.15 K) by [1, 9]. Two-step WSTCs typically use metal oxides that undergo redox
reactions to produce the hydrogen and oxygen from water, [10, 11]. The first step is an
endothermic reduction of the oxide, also known as activation step, where heat is required to be
supplied to carry out the reaction; then, the second step, or hydrolysis, is an exothermic oxidation
of the reduced oxide which by reacting with water, in steam form, generates hydrogen and
regenerates the initial oxide, [2, 9, 26], where the temperature for hydrolysis has been reported to
be below 1000 °C (1273.15 K) by [1], below 799.85 °C (1073 K) by [2], and 500 °C to 800 °C
(773.15 K to 1073.15 K) by [8]. According to [3, 8], a WSTC for hydrogen production, using
solar energy as the energy source, was first proposed by [26] using the redox system

Fe,O, /FeO. This was followed up by multiple other research teams that developed two-step
cycles, with different redox pairs, such as [11, 24, 27 —34]. Lastly, a multi-step WSTC typically

consists of a main endothermic reaction, followed by a series of reactions, either endothermic or

exothermic, that output hydrogen and oxygen while regenerating the chemical species used in the



first endothermic step. The highest temperature reported for multi-step WSTCs is 1266.85 °C
(1500 K), [2]. The disadvantage of multi-step WSTCs is that incorporating more reaction steps
can potentially lead to higher capital costs and lower thermal efficiencies, [2]. Examples of these
cycles are the Westinghouse cycle [35], the sulphur iodine cycle [36] and the methanol-sulphuric
acid water splitting cycle [37].

As stated before, most of the current research on WSTCs has been done considering CSP
technology as the energy source for the highly endothermic step of the process as reported by [9,
38, 39] and [8], based on [40, 41], stating that temperatures of 2000 °C (2273.15 K) can be
achieved, and [10] reporting that current developments in solar optics lead to CSP technology
reaching temperatures of 1726.85 °C (2000 K) for solar-to-thermal conversion. The aim for any
CSP WSTC is to have the maximum temperature of the cycle at a feasible and cost effective

level, while minimizing the number of reaction steps, [2].

1.1. Proposed Thermochemical Cycle Description

In this work, a novel thermochemical water splitting cycle for the production of hydrogen
and oxygen from water is studied; particularly, the thermodynamic feasibility of the chemical
reactions involved in the cycle are analyzed on an individual basis, in order to provide the

operating conditions for each reaction. The proposed cycle is categorized as a three-step cycle

that is based on the thermal decomposition of sodium carbonate (Na,CO,) at temperatures
higher than 1131.25 K (melting point of sodium carbonate). The chemical species involved in the
cycle are: water (H,0O), oxygen (O,), hydrogen (H, ), sodium (Na), sodium carbonate
(Na,CO,), sodium hydroxide (NaOH ), and carbon dioxide (CO, ). The chemical reactions of

the cycle are:



KRl(T)

2Na,CO;,,, =2 4Na ;) +2CO,, + Oy, (R1)
Kr2(T)
4Na, +4H,0, & 4NaOH, +2H,, (R2)
Krs(T)
4NaOH, +2C0O,,, & 2Na,CO;, +2H,0, (R3)
which lead to the overall water decomposition reaction:
2H,0,, = 2H,, + 0y (R4)

Next, a brief description of the proposed cycle is provided. Figure 1 illustrates a
schematic diagram of the cycle’s unit operations and their interconnections, illustrating that only
water is fed into the cycle while hydrogen, oxygen, and water are the outputs. First, Reactor 1 is

fed with an inert gas, such as He or Ar, and Na,CO, which undergoes thermal decomposition

at temperatures equal to and above its melting point. The heat required for this endothermic
reaction can be supplied by many different means. If the heat source is concentrated solar power,
then the proposed cycle is a renewable hydrogen (and oxygen) production process, and the

produced hydrogen is “green”. As seen in reaction (R1), Na,CO,decomposes into three gaseous
products: Na,O,, and CO,. The operating conditions at which these products are obtained from

reaction (R1) are riddled with discrepancies in the literature. Additionally, a potential reaction
between Na and O, could also take place, leading to the formation of sodium oxide, as follows:

KRS(T)

4Na, +0,, 2 2Na,0,,, (R5)

(9) (9)
Then, provided reaction (R1) is carried out, without reaction (R5) proceeding, the gaseous
products of the sodium carbonate decomposition are cooled down to a temperature level below

the boiling point of sodium so as to liquefy the sodium, and are then sent to a vapor-liquid



equilibrium flash unit in order to separate the liquid Na from the gaseous O,, CO,, and Ar.
Next, the liquid Na is directed to Reactor 2 where it is reacted with excess H,O in steam form,
as shown in reaction (R2), while the remaining O,, CO,, and Ar stream is sent to Reactor 3.
The steam excess in Reactor 2 serves to control this highly exothermic reaction producing H,

and liquid NaOH . The hydrogen is readily separated as an output of the cycle while the
remaining liquid NaOH is directed towards Reactor 3 where it reacts exothermically with the

O,, CO,, and Ar stream. The Na,CO, regenerated in reaction (R3) is separated from the
gaseous O,, H,O, Ar mixture, and is fed into Reactor 1 to start over the process of thermal
decomposition. The O,, H,O, Ar mixture is cooled down, so as to liquefy the H,O. The

resulting two phase mixture is then separated in a vapor liquid equilibrium flash, producing a

gaseous O,, Ar mixture, and liquid H,O product, which can be externally recycled to the
cycle’s H,O feed. The gaseous O,, Ar mixture is then fed into another separator (e.g. pressure
swing adsorber), to yield two products: Ar noble gas that is recycled to Reactor 1, and pure O,

which becomes the cycle’s pure O, product.



CO,, Oy, Ar

Ar Na, CO,, O,, Ar Na, CO,, O,, Ar
[— —» Reactor1l > Separator 1

Na,CO;

Separator 3

0,, Ar
0,
Na,CO;

Separator 2

Na

) J

H,0, H,
——» Reactor3 < Reactor2 |——»

NaOH
H,0
H,0
0,, H,0, Ar

Figure 1 - Basic schematic of the proposed sodium carbonate-based WSTC

0,, H,0, Ar

Although the above reactions have been studied and utilized in different fields, they have
not been used together as intended in the above cycle. Therefore, the cycle's operating conditions
such as temperature, pressure, gas composition, dilution (use of inert sweep gas) for the reactions
have not been determined. Thus the aim of this work is to establish the theoretical
thermodynamic feasibility of the cycle's reactions through rigorous reaction equilibrium
calculations, and also through the use of the Gibbs free energy minimization method. As a result,
this work will provide the aforementioned operating condition ranges over which the reactions
are feasible for each unit operation. Additionally, it will be shown that the potential occurrence
of reaction (R5) is negligible under the considered conditions, and therefore (R5) should not be

considered as a reaction taking place in the cycle.



2. Conceptual Framework and Solution Approach

2.1. Thermodynamic Data Literature Review

In this work, the Gibbs free energy of formation was used both for calculation of the

equilibrium constant for each of the reactions and the Gibbs minimization problem. The Gibbs

free energy of each species was calculated using the following method, [42] — p. 491-4:

1.

Start with the standard Gibbs free energy of formation for the species in its phase at
standards conditions.

If the species is not already in the correct phase, integrate the heat capacity from standard
temperature to its melting or boiling temperature, which will become the new “current
temperature”, otherwise proceed to step 6 and take the standard temperature to be the
“current temperature.”

Use the enthalpy of formation to transition phases.

If the species is still not in the correct phase, integrate the heat capacity from the “current
temperature” to the next transition temperature, which will become the new “‘current
temperature.”

Repeat Steps 3 and 4 until the species is in the correct phase.

If the species is in the correct phase, integrate the heat capacity from the “current
temperature” to the reaction temperature.

Equations (1) through (9) show the Gibbs free energy calculation using all standard and

reaction phases.

Equation (1) gives the formula for the calculation of Gibbs free energy for a species that is a

solid in its standard state and is also a solid at the reaction conditions.

C(S)
G (T)= (AH P (T)+ LT cgj)dT)—T [Asfj(s) (T°)+ jTT T—” dTJ (1)

8



Equation (2) gives the formula for the calculation of Gibbs free energy for a species that is a

solid in its standard state and is a liquid at the reaction conditions.

( AHSE (T°)+ LT CldT +AH " + [, cldT j +

| )
GE ) (T) = o(8) (o T CS) AH J_fus T CE)I,)
—T|AS{ (T )+LD TdT + Ths +J.TJM TdT
J
Equation (3) gives the formula for the calculation of Gibbs free energy for a species that is a
solid in its standard state and is a gas at the reaction conditions.
(AH SO (o) [0 ClT - AH jTT ColdT +aH;* + [ cg?>de+
(9) _ (3)
Gi (T) - o(s) T CS) AH jfus - CS) AH }/ap T ng)
-T| AS; (T°)+IO —dT +— +J,U5—‘dT+ +Iva —dT
] ™oT T us T ijap T
Equation (4) gives the formula for the calculation of Gibbs free energy for a species that is a
liquid in its standard state and is a solid at the reaction conditions.
(AH (O(T0)+ [ CldT + AH “Jre cgj)de+
G(S) (T) = fus (s) (4)
j ofl) {+o T/ ij d AH; LS q
—T ASfJ (T )+J.TD T + T fus '[I_'us T T
Equation (5) gives the formula for the calculation of Gibbs free energy for a species that is a
liquid in its standard state and is also a liquid at the reaction conditions.
r r Gy 5
| ofl o | ofl o j
Gl (T):(AH 'O (T )+LOC§,]dT)—T As;U (T )+L0TdT (%)

Equation (6) gives the formula for the calculation of Gibbs free energy for a species that is a

liquid in its standard state and is a gas at the reaction conditions.



(AH f°j(') (T° )+J-TTOJvan ng)dT +AH }/ap +J‘Lﬂp Cé?)de+

(6)

6P (1)-

ap C(') AH C(g)
_T[Asfj(') (T°)+J'TT: %dT‘i‘ oy

Equation (7) gives the formula for the calculation of Gibbs free energy for a species that is a gas

in its standard state and is a solid at the reaction conditions.

vap

(s 10 s clar e+

CEfJ’dT]+

w C ‘ N | c
—T[Asfj(g) (T°)+I:j %dT+—_|_V;p +J.T_V"a LTI Sl +J'TTmsidT}
j i

Equation (8) gives the formula for the calculation of Gibbs free energy for a species that is a gas

in its standard state and is a liquid at the reaction conditions.

vap

( A (T0)+ [ cldT +aHy™ + [ Cﬁ,‘j’de+

(8)

o)1)=

w C19 . C
—T[AS?J(Q)(T")JrJT: ?dT+ (" gt
i J

Equation (9) gives the formula for the calculation of Gibbs free energy for a species that is a gas

in its standard state and is a gas at the reaction conditions.

C(g)
Gl (T) = (AH 0 (o) [ cg?)dT)—T {As‘;fg) (1) [ = dTJ ©)

The Gibbs free energy of formation at the reaction temperature was then calculated by
subtracting the value of the Gibbs free energy at the reaction temperature of the molecules
corresponding to the constituent elements of each species in stoichiometric amounts, from the
Gibbs free energy at the reaction temperature of the considered species. The values of these

Gibbs free energies are calculated using the method described above. An example of the

10



calculation of the Gibbs free energy of formation at the reaction temperature T is given in
equation (10) below:

AGYY, (T)=Gifh (T) -G (T) -G (T) (10)

g0
The Gibbs free energy of the various reactions in this paper was also calculated. This was
done by adding the Gibbs free energies for the products, calculated using equations (1) though

(9), multiplied by their stoichiometric coefficients and subtracting the Gibbs free energies for the

reactants multiplied by their stoichiometric coefficients, as shown by equation (11).

AGH(T)= > v, (ng) (T))_ 2 (ng) (T)) (11)

products reactants

As an example, for the reaction aAta) + bB(ﬂ) = cC(y) + dD(ﬁ) , the Gibbs free energy of the
reaction was calculated as shown by equation (12).
AG? (T)=c|GY(T)|+d|GY(T)]|-a[ G\ (T)|-b[ Y (T)] (12)
Heat capacity data, to be used in the calculation of the Gibbs free energy, was gathered

from multiple sources for this work. Coefficient data is presented in Table 2 in Appendix A from

[43], [44], and [45] in the form:
Cp:A+B-T+C-T2+D-T3+E-T4+F-T5+G-T6+TH—2 (13)

Data from [43] was used in the calculations since it is the most up-to-date information, it
contained information for all species, and it gave results very similar to that given by the other

sources for species for which heat capacity data were available from more than one source.

11



2.2. Sodium Carbonate Decomposition Literature Review

Sodium carbonate decomposition data from the literature vary. [46] in 1905 presented
data suggesting that carbonate decomposition begins at about 700 °C (973 K) and the carbonate
decomposition pressure does not exceed 1 Torr until about 950 °C (1223 K). In their
experimental apparatus, [47] employed a loosely fitting, thin-walled, transparent quartz sleeve
which was open at both ends to protect the reactor against the fluxing action of hot alkali. This
low cost protective sleeve is expendable and can be replaced as needed. Such a sleeve was also
used by [48] in their study of carbon detection in sodium metal, along with a quartz wool plug
placed just downstream of the sleeve but still within the hot zone of the furnace to prevent
sodium oxide migration into the cooler end zone where it might recombine with CO,. A loose
quartz wool plug was also used in the downstream end of the protective sleeve. The sample boat
was also made of quartz. These same authors identify 1100 °C as a temperature at which they can
attain complete carbon recovery (in the form of CO, dry-ice) from sodium carbonate. This is
significantly inconsistent with work by [49], who in 1908 identified 1350 °C as the sodium
carbonate's decomposition temperature, namely the temperature at which the decomposition
pressure of the substance is one atmosphere. There is also a discrepancy between these values
and those from [46] and [47] by about 200 °C. [50] in 2001 used thermogravimetric analysis
(with argon sweeping gas and a heating rate of 10 °C per minute) to show that the continuous
removal of CO, leads to appreciable decomposition of Na,COj starting at about 1120 °C, and
that at 1200 °C 20% of the carbonate is decomposed. If the reactor is closed (no gaseous product
removal), only 9% of the initial carbonate was decomposed at 1200 °C. In these same

experiments [50] Nickel and Platinum crucibles were used to carry out reactions of sodium

12



carbonate and sodium hydroxide at temperatures ranging from 1000 °C up to 1200 °C. In 2001,
[51] also studied carbonate decomposition using DTA and DSC. They found a loss of 26% at
1200 °C when using a heating rate of 10 °C per minute, a platinum crucible, and argon as the
sweeping gas with a flow of 5 x 10 m*/min; however, they did not specify the time lapsed for
the reaction. Also, they suggested a two reaction mechanism for the decomposition (first, oxide
formation, then, oxide decomposition) with reaction oxide formation being the rate limiting step.
No kinetics for carbonate decomposition were identified.

[52] discussed the results of the kinetics of the thermal decomposition of sodium
carbonate obtained by [53] and how they are supported by other researchers’ findings. Two main
conclusions were drawn by [53]:

1) The decomposition of sodium carbonate becomes appreciable only at temperatures above

its melting point, which is 1127 K.

2) The decomposition mechanism takes place in two steps:

KRG(T)

Na2C03(|) ;> NaZO(diSSO|Ved) +Coz(g) (R6)
Kr7(T) 1
Nazo(dissolved) ;> ZNa(g) + Eoz(g) (R7)

Furthermore, [53] applied the transpiration method to measure the rate of decomposition of the
sodium carbonate using different carrier gases such as helium, argon, and carbon dioxide; a
discussion on the transpiration method and the carbonate decomposition vapor pressure is
provided later and supports the idea of employing different inert gases for these tests. In these
measurements, each sweep gas had different results: helium had no effect on the rate of
decomposition of sodium carbonate, determined as loss of weight with time; carbon dioxide

slowed down the decomposition rate when compared to that obtained by helium; finally, argon

13



produced a lower decomposition rate than that of helium as it is more viscous than helium. [53]
performed the decomposition reaction in helium at 1173 K and measured the weight loss of the
sodium carbonate melt versus time. It is shown that 90% of the sodium carbonate melt sample
was lost during a five (5) hour period of time.

The data points of the experiment showed two different slopes: a steep slope from time
zero to 2.5 hours and another slope closer to zero from 2.5 hours to 5 hours. Thus, [53] fitted the
experimental data assuming the two step reaction mechanism shown above and that the first

reaction step is first order while the second step is zero order; also, they assumed K, > K, . The

results of these measurements indicate that equilibrium is reached very rapidly and that the
equilibrium concentration of sodium oxide in the melt is small; the former is in agreement with
[54] who estimated the equilibrium concentration of sodium oxide at 1200 K to be approximately
0.45% by weight.

[54] considered a two-step reaction mechanism for the decomposition of sodium
carbonate and provided an expression for the equilibrium constant of both reactions as a function
of temperature. Equation (14) gives the equilibrium constant for reaction (R6) while equation

(15) gives the equilibrium constant for reaction (R7), where K is dimensionless and T is in

Kelvin.
log Ky = 6.4— 16600 (14)
T
log K, :14.7—@ (15)

[55] and [56] performed research on the vaporization of sodium oxide, and they found
out, through theoretical calculations and experimental measurements, that when heating up

sodium oxide in vacuum (Knudsen effusion experiment) it vaporizes by decomposition to the
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gaseous elements with no substantive presence of a gaseous sodium oxide. The experimentally

obtained equilibrium constants and corresponding temperatures and decomposition pressures of

the sodium oxide decomposition reaction are compared to those obtained from [54] in Table 1.

Table 1 - Sodium oxide decomposition equilibrium constant, temperature, and pressure

Temperature | Vaporization | Equilibrium | Equilibrium | Decomposition | Decomposition
(K) time in constant K, constant K, Pressure Pressure
effusion cell [55] [53] (Torr), [55] (Torr), [53]
(hours), [55]
1000 20.35 6.3096x10"° | 6.3096x10*° 0.46 0.46
1250 0.37 6.0256x10™° | 1.2589x107" 6.99 9.90
1450 0.17 1.1722x10° | 7.9433x10°° 29.3 53.29

The temperatures shown in the above table are those measured in the [56] experiments.

Furthermore, the reason of the differences between the values provided by the two sources might

be the fact that, in calculating the reaction equilibrium constant, [54] did not consider the phase

transition enthalpies of the sodium oxide and of the sodium. Based on the above information, it

can be concluded that the sodium oxide decomposition is fast, which is consistent with [57] that

in 1951 presented theoretical calculations demonstrating that at 1000 K, gaseous Na,O is

unstable and dissociates.

[58] described that, in the molten carbonate literature, the vapor pressure of an alkali

carbonate is an indicator of the stability of the melt, which is considered as the irreversible loss

of alkali species in a flowing gas environment. Then, these authors described the work by [59] on

the characterization of high temperature vapor employing the transpiration method. The basic

premise of the transpiration method is that a carrier gas sweeps the vapor species released from

the molten alkali carbonate dissociation process, while weight measurements of the carbonate are

taken as a function of time and a quantitative analysis of the species in the carrier gas is

performed. Some important notes on this procedure, as they related to this project, are the fact
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that the crucible where the molten alkali carbonate is heated is an alumina( ALO, ) crucible; also,

[59] suggested performing several runs with different flow rates of the carrier gas as well as the
chemical species of the gas in order to estimate several vapor-liquid equilibria between the
molten alkali carbonate and the possible chemical species in the dissociated vapor. This means
that the choice of carrier gas flow rate and chemical nature of the gas can have an effect on
which species are formed as the decomposition of the molten salt takes place. Finally, the

transpiration method can take place in high pressure or vacuum.

2.3. Equilibrium Constant Method
In order to calculate the concentrations of the species of a particular reaction at
equilibrium, it is required to first calculate the standard state molar Gibbs free energy at the
particular temperature at which the reaction is to be carried out. Consider the following
definitions from [60] — p. 442 regarding the standard states for the fugacity in gaseous and
condensed phases:
Gases: the standard state is the pure gas at the reaction temperature and at a pressure such

that the fugacity is one (1) atm of pressure. Setting the standard state fugacity

o(g9) _ . . . .
f; 9 =1 has the advantage of making the activity numerically equal to the fugacity.

Liquids and solids: the standard state is the pure substance at the reaction temperature and at
the pressure of one (1) atm.
Given the change in standard state molar Gibbs free energy for the reaction, as calculated

using equation (11), the definition of the equilibrium constant, from [42] — p. 490, is:

K, 2 exp 4G | K, 2 —AG, (16)
RT RT
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Furthermore, the equilibrium constant for a reactionaA ) +bB, ;) =2 cC ) +dD; can be written

as:
fo(r) f0(9)
I<r = f a ,I? b (17)
f/ia) fB(ﬂ)
f:(a) f;(ﬂ)
£00)
Then, from [60] — p. 462-3, the fugacity ratio, W , of a pure condensed phase, assuming
i

incompressibility, is close to unity except for very high pressures.
Now, consider the following definitions from [60] — p. 259, 456 for the fugacity

coefficient and equilibrium constant respectively:

>

O

(18)

K, =TTf" :H(Pﬂ;j)j (19)
Then, assuming ¢3j ~ 1for low to moderate pressures, implies that:
K =T1R" =T1(Py,)" =P T1y," =P [T/ 20
which allows expression of the equilibrium constant in terms of partial pressures or vapor mole

fractions at equilibrium, with v ZVi :
i

2.4. WSTC Reactions' Equilibrium Constant Calculations
The following assumptions are considered before calculating the equilibrium constants
for reactions (R1)—(R3) and (R5): all sodium species are either a gas or a liquid, i.e. there is no

coexistence of these species in both gas and liquid phases; no pressure dependence on heat

17



capacities since gases are treated as ideal gases and liquid/solid heat capacities are considered
independent of pressure; the melting point of species has no pressure dependence. In addition,
the following assumptions are made with regard to the calculation of the sodium carbonate and
sodium oxide constant-pressure heat capacities: sodium carbonate is never considered to be a
gas, and only considered to be a solid or liquid, since no information regarding a boiling point is
available, nor heat of vaporization values; the latter also applies to sodium oxide which is only
considered to be either a solid or a liquid.

Furthermore, with regard to reaction (R1), the normal boiling point of sodium is 1155.95
K at pressure equal to one (1) bar; therefore, the boiling point of sodium at pressures less than
one (1) bar will be lower, and thus, the sodium will be in gaseous form even for the melting point
of carbonate being 1131.25 K. Therefore, even at the melting point of sodium carbonate, which
is 25 K lower than the boiling point of sodium, it is guaranteed that the sodium will be vapor as

long as the pressure is appropriately lower than one (1) bar.

Now, consider reaction (R1) and define ngg'jc% to be the initial moles of sodium

carbonate, x; to be the liquid mole fraction of species i, y; to be the vapor mole fraction of

o . molesinert .
species i, & to be the extent of the reaction, and o = —q be the molar feed ratio of an

Na,CO,
inert species (such as Ar)to Na,CO,. Then for reaction (R1) the following initial conditions

hold:
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| o(l

VNa,co, = -2 ngngz)co3 = ﬁugz)co:,; NNa,co,Na,co, = nN(azC03 - 28,

-4 0(9) _ 0- o(h) n(g) =0- no(') + 45
VNa - nNa - nNazco3 Na Na,CO4 1

0 o(l
VCOZ =2 nggi) =0- nl(\)l(alz)CO3 nj=ni+v;& n((:%)z =0- nNgz)CO3 + 2;:1
0 o(l) = (9) o(1) (21)
Vo, =1 nogg) =0- nNg2003 e =0-nyko, +&
o(l

Vo =0 ang) = 0‘”21512:03 nggr) = anNgz)co3 +0-&
Zvi =9 Niotar = (l+ a) nr(\)lgz)co3 +5&

When the reaction reaches equilibrium, the following relations must hold:

XNa,co, = 1 Yna,co, = 0
Xya =0 Yna = O(UL

ANyaco, T 18
Xnco, = 0 Yeo, = O(UL

ONyaco, T 4= 2)
Xo, =0 Yo, = 0“)# (

aNyaco, T 14

o(l

aNyaco, T 14

" =nite, —26 0 =anll, +74

1= XNa,co, T Xna T Xco, T Xo, T Xar o(1)
Na,CO,3

where <1= Y\, co. + Yna T Yeo, + Yo, + Yar ¢ @Nd 0< ¢ < . Then, the equilibrium constant

P= PNaZCO3 +Pa+ I:)coz + I:)oz + Py

A 4 ~ 2 a A 4 ~ 2 ~
( fl\gag) ] [ fc(gz) f(gzg) yNa¢Na P ycoz ¢Coz P yoz ¢02 P
fOESG) fol9) fo(0) p° p° p°
N Co, o, (23)

KRl(T): =

. 2 2
[ fr\EL)zco3 } (XNaZCO3 ¥ Na,co, )

o(l)

Na,CO,3

Further simplification of equation (23) yields equation (24).
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(24)

K., (T) _ (yNaéNa )4 (YCOZ ¢3co2 )2 (yoz ¢?OZ )(ij

> ;
(XNa2C03 7 Na,co, ) P
Assuming P" =1bar; 4 =1 Vi=Na,CO,,0,; Ynaco, =1, €equation (24) reduces further to
yield:
P 7
KRl (T) = YQa ygo2 Yo, (P_) (25)

Substituting the expressions for the vapor mole fractions into the equilibrium constant give:

4 2
4¢ 28 & PY
Key (T) = o(1) : o(l) : 0] : (_] (26)
ONyaco, T = aNya,co, +718 ONya,co, T 75 )\P
Defining carbonate conversion as ¢, £ % then yields equations (27) and (28):
Na,CO,
& \(PY
Ko (T)=8| —22—| | — 0<¢ <1 27
a(T) (a+3.5§lJ (P j & (@7)
1 L - 1
Ke (T) )
a 8 (ﬁj -35| if —=>(a+3.5) (1)
Key (T) P P
4/1 = (28)
1
Ket (T) )
1 if iog(a+3.5) Ka(T)
P 8

Consider next reaction (R2), with sodium as the limiting reactant, and define nﬁg') to be

the initial moles of sodium, x; to be the liquid mole fraction of species i, y, to be the vapor

0(g)

';20 >1 to be the molar
o)

Na

mole fraction of species i, &, to be the extent of the reaction, and g =
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feed ratio of H,O (reactant in excess) to Na (limiting reactant). The initial conditions of this

reaction are given by (29) and the equilibrium concentrations are given by (30),

TR T ) i)
Vho = -4 ng(z%) = ﬂnl(\)l(al) e nl(-:zo = ﬂnl?l(al) —4¢,
Viaon =4 nﬁl%H = 0'”32) | ;>J nl(\:;OH =0- nﬁg) +4¢S, (29)
Vi, =2 ¥ =0-n ne =0-np +2¢,
Zvi =-2 Notar = (1+ ﬂ)ngg) -2¢,
o(l)
Nua — 4S
XNa = . 0(|) 2 yNa = 0
Na
o(l)
n 4
Xh,0 =0 Yo = b gf‘.) =
N~ 25,
4¢,
XnaoH = 0(|2) Ynaon =0 (30)
Na
28
Xy =0 Yu, = 2
E oAy -2
" = iy n'? = g -2¢,

1= XNa T XHZO *+ XNaon T XH2 o(1)

where 11= Yy, + Vi o + Ynaon + Vi,  @Nd 0< &, < ’I‘ . Then, the equilibrium constant is

P= PNa + PHZO + PNaOH + PH2

~ 4/ ~ 2 N 2
fl\E!’:l)OH f"(i) (X )4 yH2¢H2 P
f,\?;QH fljz(g) NaOH /' NaOH P’

Kz, (T) =— o = - : (31)
f,\SL) f»-(é% (X y )4 yH20¢H20 P
f’\(lJa(l) f:z(g) Na/ Na Po

Further reduction of equation (31) yields:

given by equation (31):
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(XNaOH 7 NaoH )4 (yH2¢?H2 )2 P ]_2 (32)

Kgo (T) = 4 (_
(XNa7Na )4 (yHZO¢HZO ) P

Assuming P° =1bar; ¢ =1 Vi=H,0O,H,; » =1 Vi=Na,NaOH , this reduces further to:

4

X 2 -2
Kga (T) =—y(3j (33)
XNa yHZO P

Substituting the expressions for the liquid and vapor mole fractions into the equilibrium constant

2, V(2 Y
nt) ) (g - 2¢,

P -2
K, (T) = n T = (34)
" [nﬁ?—%j {ﬂnﬁﬁ')—%j (P]

no(l) /Bnl(\)lg) _252

Na

give:

which can be reduced to:

20 () -22,) 2
Ko (T) = o(1) ( *( gpot ) 4[;) (%)
(nNa _452) ('BnNg)—4§2)
. : : A 4S, e
Defining sodium conversion as ¢, = R then yields:
nNa
& (28-¢,) ( P ]
Keo (T) = n T = 0<4,<1 (36)
") 16(1-¢,) (B-¢;) \P
gz % (26-4,) 0<¢, <1 37)

4x/ KRZ (T)(l_é/z )2 (ﬁ_é/z )2
Consider next reaction (R3) and define nﬁgg,H to be the initial moles of sodium hydroxide,

X; to be the liquid mole fraction of species i, y, to be the vapor mole fraction of species i, &, to
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. molesinert . ) )
be the extent of the reaction, and « = 0 to be the molar feed ratio of an inert species
nNaOH

(suchas Ar)to NaOH , where the actual mass of inert is the same as in reaction (R1). Then the
initial conditions and equilibrium concentrations are given by equations (38) and (39)

respectively.

I o(l
VNaon = -4 nl(\)lggH = nﬁgc)m n(Ne)10H = nNgO)H - 453
1 o(l
Veo, = —2 ngéi) = E nl(\)lggH négo)z = E nNggH - 28,
| | n=nd+vig | (1 o(l
VNa,co, = 2 ”ﬁgz)cos =0- nﬁlggH J :J>J n§\132C03 = O'nNggH +26&3 (38)
Vo = 2 nEi(zgo) =0- ngSO)H n(ng)o =0- nggc)m +2&;
Var =0 nigg) = anﬁlg(%H ngﬂ) = anﬁQgH +0-&
I
Zvi = _2 ntotal = (15 + OC) nl(\)lggH - 253
nzgc))H B 453
XaoH = o) ag Ynaon = 0
nNaOH - 24:3
1 o
E nzgc)m - 253
XCO2 = O yC02 = 1—
( + aj oo
2 NaOH
28
Na,CO; o(l) : Yna,co, = 0
NaOH 253 (39)
2¢,
XHZO = 0 yHZO = 1—3
( + aj not
2 NaOH
anNaOH
Xar = 0 Yar = 10—
( + a] no)
2 NaOH
0 _ ) o @ _(1 o()
N =Ngon — 245 n = E"‘a N\aoH
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1= Xyeon + Xco, T Xnaco, T Xn,0 T Xar o)
n - :
where 31=Yop + Yoo, + Ynaco, + Yro T X [ @Nd 0< &, < % . The equilibrium constant is

P PNaOH + P + PNa CO, + I:)HZO + I:>Ar

given by equation (40) which can be reduced to give equation (41):

Al 2, 4 2
fl\(la)ZCO3 fl-(é]C)) ( 2o¢H 0
f n? ) f :(og) Na,CO, 7 Na2C03

KR3 (T) — 2 3 2

N (40)
~ 47 a 2
f,ﬂ') H fc(g) 4| Yeo,%eo, " ¢co2
a0 2
o(l) o(9) XNaoH 7Na0H
faon feo,
2 A N2
< (T) _ (XNaZCO3 ¥ Na,co, ) (szo ¢H202) (41)
. -
(XNaOH ¥ NaoH ) (yco2 ¢co2 )
AssumingP” =1bar; ¢ =1 Vi=H,0,CO,; , =1 Vi=Na,CO,,NaOH , equation (41)
becomes:
X2 2
Ky (T) = 22250 (42)

Xnaor Yo,

Substituting the expressions for the liquid and vapor mole fractions into the equilibrium constant

give:

- = (43)

which can be reduced to:
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(25" (i, ~22,)

Kes(T) = . 5 (44)
( NaOH _453) (2 NaOH _2653j
Defining sodium hydroxide conversion as ¢, = 9&3 , then yields:
1 2
74/; (2_4/3
Kps (T) =28 _ ) 0<¢, <1 (45)
(1_§3)
(§3) (2_4,3):4 KRS(T) (46)

3
(l_ 53)
A potential side reaction that may take place during reaction (R1) is the formation of

Na,O from the combination of reaction (R1) gaseous products Na and O,. Consequently, the

equilibrium constant for reaction (R5), the sodium oxide formation, is derived by itself and then

followed by the equilibrium constant derivation of the coupling of reactions (R1) and (R5).
Consider reaction (R5) only and define ngf;*) to be the initial moles of sodium, x; to be

the liquid to solid mole fraction of species i, Y, to be the vapor mole fraction of species i, & to

: molesinert : : :
be the extent of the reaction, o = —n to be the molar feed ratio of an inert species (such
r.]Na
nO(g)
as Ar)to Na,and S = (
n

Na

(limiting reactant), Then the initial conditions are:
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Vo =—4 =¥ n =mi? -4z,

Vo, =-1 =g | g =l -4

oo =2 ML =0 L TR — 0ot s, )
Vy =0 ) = any? Y =am +0-&

2Vi=-3 N = (1+a+ B)M -3¢,

Equilibrium concentrations are given by equation (48) where Na,O is either a solid or liquid,

represented by (x).

X — 0 y — nzgg) - 455
N N (1+a+p) o9 _5¢,
0(g)
Xo — O yo — ﬂnNa - 55
: © (Qra+p)nY -5
2 (48)
XNa,0 = i =1 Yna,0 = 0
anz(g)
X r = 0 y v = a
§ M (4 a+ B —5E,
n® = 2¢, N9 =(1+a+p)neY -5¢

1= Xna,0 T Xna + Xo, + Xar °0)
nN

where 1=y, o+ Yna + Yo, + Ya ¢ aNd 0< & < Z (ﬁ > %) Then, the equilibrium

P=P

Na,O

+ P+ R, Py

constant is:

N 2
[ o
2
fﬁef:g (XNaZO 7 Na,0 )
Kes (T) N 2o(g) \*( fo(9) B » 4 7 (49)
fNa foz yNa¢Na P yoz ¢Oz P
fod )Y P’ P’

which can be reduced to:
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(XNaZO 7' Na,0 )2 PY"
Kzs (T) = 4 A (_j (50)
( yNa¢Na ) ( yO2 ¢Oz ) P

AssumingP" =1bar; 4 =1 Vi=Na,0,; 7, =1 Vi=Na,0; X, =1

1 (PY’
Koo (T) = = 51
oM =37 61

Substituting the expressions for the liquid and vapor mole fractions into the equilibrium constant

give:
1 PY”
Kzs (T) = n (—) (52)
e - 4¢, pr - ¢, i
(L+a+ ) -5& ) | (L+a+p)n? -5,
which reduces to:
1 ﬁgg) — 3¢5 5 -
(1) = AT 55 =) 53
(e —ag ) (ol - &) P
- . : A 4G -
Defining sodium conversion as ¢, = o)’ then yields:
nNa
KR5 (T): (j(l+a+4ﬂ)_5§5) (i) (54)
2 (1_4’5) (418_45) P
P_ 8 (4(1+a+ﬂ):5§5) (55)
P 2Kes (T)(-¢5) (48-¢5)

Now, if both reaction (R1) and (R5) are coupled, that is the gaseous Na and O, output
by reaction (R1) are allowed to react and form Na,O, as in reaction (R5), then the equilibrium

constants for both coupled reactions are derived as follows. Consider reaction (R1) and define
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00

na,co, L0 De the initial moles of sodium carbonate, X; to be the liquid mole fraction of species i,

y; to be the vapor mole fraction of species i, & to be the extent of reaction (R1), &, to be the

. molesinert : : .
extent of the reaction (R5), o = o(|—)t° be the molar feed ratio of an inert species (such as
n

Na,CO,

Ar) to Na,CO,. Then the initial conditions for the combined reactions are:

o(l ofl
VNa,co, = -2 nNgZ)CO3 = N;z)co3
0 o(l
Vya =4 nNgg) =0- nr\uglz)co3 n(l) _ rlo(|) ¢
0 ol Na,CO; — ' 'Na,CO, 1
VCO2 = 2 nC(ng) = 0 . rlN,ElZ)CO3 n(g) _ 0 . no(') + 45 _ 45
0 ol Na — Na,CO, 1 5
0 ol o co, — Na,CO, 1
VAI’ = 0 nAl(’g) — anNgz)CO3 175 J§r n(g) . 0' n0(|) +§ _5 (56)
o, ~ Na,CO, 1755
ZVi =5 n© — ono0 10-&
0(9) (1) Ar Na,CO, 1
Via = -4 Na = 0- nNaZCO3 (x) 0(1)
0(g) o) M0 = 0- Nna,co, T 285
Voz =-1 nozg =0- nNaZCO3 o(l)
O(X) 0(|) ntotal = (1+ a) nNaZCO3 + 551 - 355
VNa,0 = 2 N\a,0 = 0- N\a,co,
dv, =-3

The equilibrium concentrations for the combined reactions are:
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o(1)
n -2
XNazcog - O(I) Na,COs 51 yNaZCOB — 0
nNa2C03 - 2681 + 2§5
28
XNa,0 = Ton Yna,0 = 0
nzgz)co3 - 28 +2&
X _ 0 _ 451 B 455
Na — yNa - o(l)
ONyaco, T 18 =35
28
Xeo, =0 Yoo, = (57)
> i O‘nr(\)lgz)co3 + 18 =96
X — 0 y — 51 - 55
> > Omr?lgz)co3 +18 —5&
o(l
X — O y — anNgiz)Co3
" TN, +74 -5
n) = nﬁgz)c% — 26 +2¢; n'® = angjgz)c% +17& —5&
1= XNa,co, T Xna T Xco, T %o, T Xar + Xya0 (1) (1)
Na,CO, Na,CO,
where 1= Y. co + Yaa + Yoo, + Yo, + Yar + Yaao { @M 0< & < —22 0< & <& < —=,

P= PNaZCO3 + P+ IDcoz + I:)oz + Py + PNaZO

Then, the equilibrium constant for reaction (R1) is:

A 47 a 2 A R 4 A 2 ~
( fN(g) fégz) fo(zg) yNa¢Na P yCOZ ¢Coz P yoz ¢Oz P
fo00) )| 129 ) | £2@ P’ P’ P’
Ko (T) = - - : (58)
fNaZCO3 (XNa2C03 V' Na,co, )
gol)
Na,CO,

(yNaéNa )4 ()’co2 ¢?co2 )2 (YO2 ¢302 ) [Ej

2 P°
(XNaZCO3 7 Na,co, )

which can be reduced to:

Kea (T) = (59)

AssumingP" =1bar; ¢ =1 Vi=Na,CO,,0,; Ynaco, =1 €quation (59) reduces to equation

(60).
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4 (2 7
K (T) = 2o Yo (;) (60)

XNazCO3

Then, the equilibrium constant for reaction (R5) is:

s |
o(X 2
K. (T) - fNa(z(; 3 (XNaZOVNazo )

4 ~ - N 4 ~
fl\(lg) fézg) yNa¢Na P yoz ¢Oz P
fNoa(g) fgz(g) P’ >}

K (1) =70 (E) (¢
(Yaatha ) (Yo, %, )

(61)

which can be reduced to:

Assuming P" =1bar; ¢ =1 Vi=Na,0,; 7,0 =1, then:

lelao P °
K..(T)= 2 — 63
(T y;;yoz(Pj (63)

Substituting the expressions for the vapor and liquid mole fractions in reaction (R1) equilibrium

constant then yields:

Kz (T)=

4 2
& -4, 2¢, &-&
aNgako, + 78 =5& | | amike +7& —5& | | amit,, +7& —5& ( ) .
2
nl?l(alz)co3 _251 i
NaCO —2& +2&,

which reduces to:

Ke (T) =2

F(6-a) (M -26+25) (3] (65)
il

(nr(\)l(alz)co3 28 )2 (O‘nNgzco3 + 18 =96
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Normalizing the extents of reaction of (R1) and (R5) as £, £ (51 and &, £ 255 then

Na,CO, NaZCO3

yields:

Ko, (T) = o G &) _(1-¢:+4) 7(2) 0<¢ <1 0<¢; < <1(66)
(1-¢) (2a+7¢ -5¢)

Substituting the expressions for the vapor and liquid mole fractions in reaction (R5) equilibrium

constant then yields:

2, 2
o0 2+ 26,

: (Pﬁ] (67)
4§1 - 4§5 (: 55
aNoko, + 16 =5E | | angoke, +7& —5&,

E- (“”N32°°3+7§1—5§525(i0j‘5 )
2 (&-&) (nme> —24 +2¢)

Kgs(T) =

which reduces to:

Kgs(T) =

Applying again the above normalizations then yields:

KRS(T)ziB 452 (2a+7§1_5§5) (3) Osglgl OS?SSQS]- o

2 (41_45)5 (1_41"'45)2 P

It then holds that:

o §E 1 ( jz
Ko (T)- Ko (T)=2 70
Rl( ) RS( ) (1_41)2 (2a+7§1 _545)2 p° ( )

Taking the square root of each side yields:

_ 5 GiGs 1 P
KT K =2 ot ) @

Further algebra leads to:
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K (T) T)(2a+74)(1- &)

[2;1( j+ 5\/KR1 ) Kes (T)(1- gl)}

s =

(72)

Let K = \/Km (T)- Kgs(T) and substituting equation (72) for £, into equation (66) yields:

5

2{1( j+5K§l(1 ¢ )- (2a+7§1)(1—§1)

24, (;j+5K(l—§l)

2°¢; Pleska-c)-2z2( 2 ) ||
25 o)

—5K§1(1_§1)+K(2a+7é’1)(1_§1)
2;1(;j+5K(1—§1)

Poj (73)

|
7\
| o

KRl(T)= -~ 7

{4(1;{ P ]+10Ka(l £,)+14¢7 ( POJ+]

+35K§1 (1_4/1)_5'( (Za +7é/l)(1_ 4,1)
24, (;j +5K(1-¢,)

Rearrangement of equation (73) gives equation (74).

o) ()

(74)

The above equation must be solved numerically in order to produce the value of £, at a given

temperature. This £, value is then used in equation (72) to find the value for ¢ .
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The equilibrium constant expressions for reactions (R1) to (R3) and (R5) are solved

numerically by fixing temperature (T ), conversion (¢, ), and molar ratios (e, 8), and solving

for the equilibrium pressure (P). Then, pressure values are obtained for a select range of

temperatures, conversions, and molar ratios which are shown in the results section.

2.5. Gibbs Free Energy Minimization Method

Consider the following optimization problem:

72 min f(x)
xeR"
st. h(x)=0 Vi=1m (75)
9,(x)<0  Vvj=1p

Assuming closedness and boundedness of the feasible region, differentiability of the functions
involved in defining the optimization objective and its constraints, and regularity of all feasible
points, ensures the existence of a minimum, and that the following necessary conditions of

optimality must hold, [61] — p. 314:

o (x) &  oh(x P 0g; (X

h(x)=0 Vi=1m

®,9;(x)=0 Vj=1p (76)
g9,(x)<0 Vi=1p

w; 20 Vi=1p

The identification of phase and reaction equilibrium conditions for a system that is at constant

temperature and pressure, and involves multiple species and possibly multiple phases, can be
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identified through the minimization of the system’s total Gibbs free energy at constant

temperature and pressure. This minimization problem can be stated as follows:

w(rpfaps)e mn, o(me ) )

NP NC

ZZVUJ =0 Vi=1NE (77)

“'>0 Vj=1NC; Vk =1, NP

(NC,NP)

However the total Gibbs free energy of the system G (T, P, {ngk)}(_ 0=(1)
J.k)=(1,

j can be expressed in

terms of the total Gibbs free energies c® (T, P, {ng")}) of the individual phases as follows:

k NC NP (k
G(T P.{n } o j ZG (T P, {nf },_1) (78)
However the total Gibbs free energy G* (T, P, {nﬁ") }) of phase k can be expressed in terms of

the partial molar properties of the species comprising the phase as follows:

vk=LNP  (79)

Then,

NC
wne | oGY (T, P.{ni} )

G(T, P,{nﬁk)}ENc ") ) > > nl

(80)
k=1 p=1 5ng<)

However, the partial molar Gibbs free energy of species p in phase k is equal to the chemical

potential of species p in phase k, [42] — p. 526, i.e.
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) ()¢ aG(k) (T’ P’{ngk)}"\lcl)
k A j= _ . _
! (T, P,{XJ },-=1)‘ P Vp=1NC; Vk=1NP (81)
n(®

where qu) 2 NC‘— V] =1,NC;Vvq =1 NP is the mole fraction of species j in phase q.

>

p=1
Then, as shown in Ref. [62],

(0NN ) SRR 0 (k)( () “C)
G(T, P,{nj }(J_’k):(n) _;;np u (T, P,{xj }J—:1 (82)

The overall Gibbs free energy minimization problem then becomes:

NE\ A ]
ﬂ(T,Pa{ai }i:l): Y ol e Zznﬁ,k)ﬂék) (T'P’{ng)}u)
{nj }(i)k):(lrl)y{Xj }(i,k):(m) k=1 p=1
NP NC (k)
st a,—Q p wn =0 Vi=1NE
i ;Z iji''j (83)

NC
x(k{ nM}ngk):o Vj=1,NC; Vvk=1NP

n >0 Vj=1,NC; vk =1,NP

Under the assumptions of feasible region closedness, and boundedness; differentiability of the
functions involved in defining the optimization objective and its constraints; and regularity of all

feasible points, the following necessary conditions of optimality must hold:
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k=1 p=1 N
6n|(q)
NP NC ( )
. 8(a, —Zkzzj:vijnj j
+§z,, o =0 VI=1,NC; Vq=1NP

k=1 j=1 I k=1 j=1
|
NP NC W
(k) (k) (k)
{58 (i)
=1 p=1 N
ox\?
NP NC (k)
NE a(ai _;;‘/ijnj j (84)
+>» A + =0 VI=1NC; Vq=1NP
iZ:l: ox( |

a-> Yy wn'=0 Vi=1NE
ko
NC

X130l |- =0 vj=1,NC; Vk=1NP
p=1

o,n') =0 Vj=1NC; Vk=1NP
—n¥ <0 Vj=1NC; vk =1NP
@, 20 ¥j=1NC; Vk=1NP
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S @), (@) @ S, (@
8 > nl@ ut (T,P,{xj },-J N DR
p=1 _ ﬂ, ]
onf® = on®
ol xt@ fn(q) N C)

NC i ! NC on'®
+Zr- i > v —
=t on® S on@
| @, () @\ S, (@
8| > @l (T,P,{xj },-zl) N DR

p=1 -3 j
ox(@ =
ol xt@ fn(q) S C)

NC I &'r J ne  on'@
+ZT i B —
= ox(@ S oY

NP NC

ai_gzvungw =0 Vi=1NE
]

]

NC

p=1

o0 =0  Vj=1NC; vk=1NP
) <0 Vj=1LNC; Vk=1NP
@ =0 Vj=1,NC; Vk=1NP
NC NE NC
ﬂl(q)(T,P,{n(Jq)}jl)_zﬂ,lv”+erjqxj Tig — @y
i= j=

S

p=1 aXl(q)
NP NC

a -y >vnY=0 Vi=1LNE
ko

NC
NC a{lugq) (T’ P’{ng)}j=lj:| NC
+7, {z n(q)} =0

NC
p=1

o0 =0  Vj=1,NC; Vk=1NP
n) <0  vj=1NC; vk=1NP
o, 20 ¥j=1NC; vk=1NP
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=0 VI=1LNC; vq=1NP

=0 VI=LNC; vq=1NP

=0 VI=1LNC; Vg=1NP

vl =1,NC; vq=1NP

(85)
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NE NC

(a) (@ @ ~ ) | )
' (T,P’{njq }jl)—zﬂﬁ‘/n +2ququ — 7y — @, =0 VI=1,NC; vq=1NP

i=1 j=1
NC
e 2L b))
Ty =—> X vI=1NC; Vq=1NP
lq P ox\@
p=1 X
NP NC

8-> vn’=0 Vi=1NE
. (87)

NC
() {z n(k)} n<jk> =0 Vj=LNC; Vvk=1NP

o,nY=0  Vj=1LNC; vk=1NP
—n® <0 Vj=1,NC; Vk=1 NP
@, >0 Vj=1,NC; Vk=1NP

The above suggests that VI =1,NC ; Vg =1, NP such that n” > 0, it holds that @, =0. In

9

NE NC
addition, the quantity »_ 4, does notdependon g, VI =1, NC. Thus if > 7, x\¥ -7, also
1

i=1 i=

does not depend on g, VI =1, NC such that n'¥ > 0, then:

u.(‘”(T,P,{nEq)}NC)z f”(T,P,{ngq)}Nc)wzl, NC; vk =L NP; Vq=1NP  (88)

j=1 j=1
such that n,(“) > 0. Verification of the above condition is easier to pursue, when it is brought in

the form shown below.
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f Zﬂqj —T|qZX Z( —z’,q)xgq):

(89)

Considering the standard state of a species at temperature T to be the state of that species
in pure form, at that temperature T, at P° =1bar, and in an ideal gas, liquid, or solid phase, then
the chemical potential of species j can be written as, [42] — p.526:

=)

o (90)

]

() NN ~o
2 (T P{nj }(J_‘k)_(m)j_ej (T)

When G;’(k) is defined to have a value of zero for all elements in their standard phase at

P°=1bar and T, G (T)= AG?j(k) (T), [63] - p. 395. Then the following holds, [62]:

o[t ) St (1)) £ i o) o

klj—l J

For an ideal mixture, the above fugacity ratios simplify as follows [63] — p. 638:

=y,P=-—P (92)

L —x = (93)
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-1 (94)

In turn, this implies that for a gas-liquid-solid ideal mixture the following holds:

G =Y [aG! (T)+RTIn(y,P) ]+ Y[ A" (T)+ RT In(x, ) |+ Y naG" (T (95)
J

i i
Rearranging gives:

NC
G => n®AG;" (T)+n!AG;" (T)+nAG;®) (T)+RT [nﬁ“ In(y,P)+n{"In(x, )] (96)

j
In this case, the total Gibbs free energy minimization problem becomes:

nAG? (T)+n!aGe" (T) +

J j

+n§S)AG?J_(S) (T)+

i i:l): (0) NC T)INC ) - |
(L L T RT

0) (97)

2.6. WSTC Gibbs Free Energy Minimization Calculations
The general Gibbs minimization problem can be applied to the species in each reactor

and solved to find the equilibrium concentrations of those species without specifying the exact
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reactions taking place. Application of the general problem to the species present in reactor 1

yields the following:

A i M o(l) (s) o(s)
Y il g gy "0 G, () ha0tC
+0(8) AGE®) () + P AGSS) (T ) + P AGE

Na

co,

)

(9)
+Nya In P+
" (n(g) +n@ +ny +n¢ J

+RT +négo)2 In [
n

Na

co,

ngj)

P+
© 1 nl9 4 nggj +nd) J

P+

+n¢) In
Na

ne +n +nl +n@

co,

0

+n'9 In

Na

sit. (an%?1 co, + 2n(Na) o n(N?) =0
( Na,co, T nco )_ 0
( Na,CO, +nNaO+2nCO) +2n())

a, —(nff’,)):o

|
n(Nzlzco3 >0

NaZO 20
nNa >0
né%)z >0
négz) >0

n¢ >0

ng +n +ny +n

co,

0

(T)+ n&?AG?N(f) (T)+

(T)+

(98)

The necessary conditions of optimality can be used on the Gibbs minimization problem to prove

that it gives the same results as calculations involving the equilibrium constant. Take, for
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example, a reactor that causes reaction (R1) to proceed. Application of the Gibbs minimization

problem derived in (77) to this case gives:

!
n(N)azCO3 'n(Nga) ’n(CgO)Z ’n(ng)

("
nNaZCO3
(9)
Na =0
nco2

néi) >0

St. Ana ~ (Znsgch
I
ac — (nE\I;ZCO3
I
aQ — (3n$\12\2003 + 2nco2

>0

(9) >0

)=

(9)

V= min G (T, P, nﬂlzcog N ”gzgczz ’ ”(ogz)

+n§,g)):0

0

+2n$)) =0

)

(99)

Assuming a minimum exists, application of the necessary conditions of optimality, shown by

(76), to this problem yields the following:
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(TP 1

) =2y —Ac =34 Wyg,co,

|
06 (T, P o il 1)

|
anfxlgch

aG(T,P,n<

_ﬂ‘Na_a)Na =0

on(Y)
[
Nasco,Mha N,

)—;tc ~ 27y ~ o, =0

0G (T, P, co, 1 1,

an((:%)z

(1

o, ngj) =0

Na,CO,

—n¥ <0

—né%)z <0

-y <0

)—21 -w, =0
ang) °

Aya — (Znﬂizc;% + ng\l?) =0
[
ac — (nE\Je)nzco3 + négo)z ) =0
ay - (3ng;2CO3 +2n8) + Zné‘z)) =0

Oa,co, MNa,co, = 0

g, ng\l? =0
Wco, n((:go)2 =0

—n{) o, <0

=0

(100)

Since all species must be present at equilibrium for this decomposition, even if in very small

amounts, @ =0 Vi. This allows the problem presented in (100) to be reduced to:
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oG (T, P, i) co, 1Y,

s

anNaZCO3

oG (TP, co, 11

Na !

)—2/1 —Je =32, =0

Na

n .ng ) i

anNa

oG (T P, Mo, M)

Na !

anco2

oG (T P, Mo, M)

Na !

anéz)

Using the definition of the chemical potenti

Na ?

,Uco (T P, nNaCO’ Na’

,Uo (T P, nNaCO’ Na'

|
,ngll co, (T P, n(N; co, ’nguga)’n(cgo) )

- Na=0
(@) K9
ncoz’noz)

— A =22, =0
9ee)

—2), =

al, given by equation (81), gives:

V)-24, ~ A 3% =0

mhpmmwwg@»mfo

008 )= 2 ~245 =0
0 ) -2, =0

Application of equation (90) to (102) yields the following:

Griko, (T)+RT In[
G (T)+RT In f

G (T)+RTIn

Go (T)+RTIn

Using the same simplifications for the fugacity ratios and the Gibbs energy as shown in

equations (92) to (94) gives:

f'\(lg)
a
0(9)

f(g)

fica
% |24, — A —37, =0

o(l)

Na,CO,

_ﬂ‘Na =0

Na

|2 -2, =0

%124, =0
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(T)+ RT In(XNazcos)_Z/lNa _ﬂ“c _310 =0
T)+RTIn(R,)- 4, =0
( ) ( ) ) (104)
") (T)+RTIn(Py, )~ A —24, =0
AGY (T)+RTIn(R, )-24, =0
Since sodium carbonate is the only species in the liquid phase, this reduces to:
fNaQCO3 (T) 2ﬂ“Na _ﬂ“c _310 =0
"(T)+RTIN(Py, )~ Ay =0
(T)+ RTIn(Py, )~ A —24, =0
(T)+ RT |n(p02)_2ﬂbo -0

The equilibrium constant for the decomposition of sodium carbonate into sodium, carbon

dioxide, and water is defined as:

o —(4AG°Y (T )+ 2AG°9 (T )+ AG®) (T ) - 2AG T
(T)}—exp ( fNa( ) fCOZ( ) fo, (T)- Nazcog( )) (106)

K A _Aern _
=eXp| ————
RT RT

Solving for the Gibbs energy of formation of each species in (105) and substituting into the

expression for the equilibrium constant gives:

~AG? (T):I

K= exp{$

RT

- (4AG;" (T) 2865 (T)+ 4GS (T)- 2463 (T))
= exp : 2 = -
RT

4RT In(P,,)~44, + 2RT In(Py, )= 27 + |] (107)

—42 + RTIN(R, )= 2/ + 44y, + 24 +61,
= exp T =

exp[4|n( .)+2In(Py, )+ In(PR,, )} = PiPo, Po,
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This result demonstrates that the Gibbs minimization problem and solution using equilibrium

constants will give the same solution.

For the species present in reactor 2, this minimization problem is given by:

! I
ks '”ng)o "aon v”:—ugz)

+RT

vZ  min NLAG;" (T)+ng)

NaOH

AGO(I)

fNE:\OH

Na

| |
st.  a, - (n&i +nl,, ) =0
ay — nSiOH + 2n§-|g) + 2n§-|gz)o

46

0]
) n
Nya In[ 0 0 J+
r]Na—i_nNaOH

n n
@ In| —2—P |+n{? In| —"2__
“ 4 n) < n +nl)

(T)+

n®AGE) (T)+ I, AGE) (T) +

[
Mo

0

0
In{ nNa\OH
nNa

]+
NaOH

(9)

H,0

H,0

:

(108)



For the species present in reactor 3, this minimization problem is given by:

>

" o(l) ( )
A a0 () nNa2C03 AG fragcos (T ) NaOH AG fNaOH (T ) +
Naycog *MNaoH 'ca, Mh,0

|4

jtn(c%)2 AG?C(OQZ) (T)+ nffz)o AG ?H(zgo) (T)+

) )
n n
I Na,CO,
NG co, IN (_I) a+ n(')_] +nl),, In L_n(') Naan(l) _J +

NaZCO NaOH Na,CO, NaOH
+RT
g e
+nCO In 2 o P +nff2)o In ) (gz) G
co + nH ot Na nco2 + nHZO + Ny
s.t. aNa - (ana CO, + nNaOH )

( Na,CO, +nCO)
( aOH+2nHO) 0
(

a,CO, + nNaOH + Znéo + nl(-l )O) 0

g

(109)

For each reaction, the minimization is carried out using Microsoft Excel’s solver function

by minimizing the objective function subject to the given constraints.
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2.7. WSTC Flash Separation Process Calculation Inside Separator 1

For the flash calculation, the vapor pressure of sodium as a function of temperature was
compared between [64], given by equation(110), and [65], given by equation (111). Both curves
were nearly identical and [64] was used for the calculations. Equations (110) and (111) are given

by [64] and [65] respectively where P, isinbarand T isin Kelvin.

log P, =4.51961— 520212 (110)
logP,, = 4.521—@ (111)

Consider a liquid-vapor phase equilibrium process. For such an operation the following

equations must hold, [66] — p. 147:

yvV+x,L=2F Vi=1NC yvV+x,L=zF Vji=1NC

u? = ) Vj=1NC yiP =xP(T) vi=LNC

NC NC

2y =1 2= <20
j=1 ideal vapor | 1=1 vj=1, r\ﬁ’c

= NC =

NC

— ideal liquid —
2% =1 Z X;
j=1

NC
sz =1 z, =1
=i '

(112)
yV+xL=zF Vj=1,NC V+L=F
y, =KX vj=LNC| |x(KV+L)=zF Vj=1LNC
“chy:l y; = KX Vj=1NC
J
j=1

NC

D> ox; =1
:\I=Cl ij =
2.7 =1 ”
= >z, =1
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NC
Normally, the equation »_

Further combination of the equation yields:

(%;-1)

1+ (K, —1)E

ycozv = Lo, F

yOZV = zozF

YnaV + Xpalk = 2o F
YaV + X, L=2,F

yNa = KNaXNa
sat
Ka = it (T)
P

Xeo, =0, X, =0, X, =0, Xy, =1

Xco, T Xo, + Xya + Xp =1

Yoo, T Yo, t Yna t Yar = 1

Zoo, 2o, * Zyg tZp =1

L, v
F F
X; =
1+(K; -1)—
K.
Yi = :
1+(K; -1)
e (K, -1)
i:l1+(Kj—1)!
NC
> ox; =1
j=1
NC
>z,=1
j=1
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Z; Vj=1,NC
Z; Vj=1,NC
=0

z; = 0is solved numerically for its unique root

in this work can be analytically solved as shown next.

ycozv = Z¢o, F
yOZV =Z,, F
YV +F-V =2,F
YaV =12, F
Yrna = Kya
Pa (T)
Na — P
Xeo, =0, %5, =0, X, =0, X, =1

K

Xeo, T Xo, T Xna  Xar =1

Yeo, ¥ Yo, ¥ Yna T Yar = 1

Zoo, + 2o, + Iya T Zp =1

(113)

% € [O,l] . However, the equations describing the behavior of the equilibrium flash considered

(114)



Further rearrangement of (114) yields:

v o_ (1-2zy,)
F (1— Kya
y (1— KNa)
Co, CO, (1_ ZNa)
_ (1_ KNa)
yOZ ZOZ (1_ ZNa)
1-K,, (115)
yAr = ZAr ( : )
(1-2zy,)
Pa(T
yNa:KNa: NP( )
Xeo, =0 X, =0, X, =0, Xy, =1
Zeo, t 2o, + Zyg + Zp =1

The equations shown in (115) are used to calculate the level of separation between the sodium,
argon, oxygen, and carbon dioxide stream being output by Reactor 1; the flash separation takes
places in Separator 1 in Figure 1. The objective of the flash separation is to condensed sodium
vapor into sodium liquid in order to process this liquid metal in Reactor 2 while the stream of

remaining gases is process further in Reactor 3.

3. Results and Discussion

The results from the equilibrium constant calculations for reactions(R1), (R2), (R3), and
(R5) are provided below along with the results from the Gibbs free energy minimization. Results
generated using equilibrium constants are presented as lines and results generated using Gibbs
minimization are presented as points. Interpretations of the data shown in the following figures

are also provided.
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Zetal

Figure 2 - Reaction (R1) pressure as a function of zeta 1 (conversion) for selected isotherms at

alpha = 0 (moles of inert over moles of initial sodium carbonate).
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Figure 3 - Reaction (R1) pressure as a function of zeta 1 (conversion for selected isotherms at

alpha = 0.05 (moles of inert over moles of initial sodium carbonate)
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Figure 4 - Reaction (R1) pressure as a function of zeta 1 (conversion) for selected isotherms at

alpha = 0.125 (moles of inert over moles of initial sodium carbonate)

As seen in Figure 2, any conversion can be achieved for a given isotherm with a constant
equilibrium pressure when there is no inert present in the reaction, i.e. alpha = 0; however, these
pressures are in the range of 10 to 10 bar, and according to Le Chatelier's principle the
pressure needs to be less than or equal to the equilibrium pressure in order for the reaction to
favor the gaseous products, that is the decomposition of the carbonate. This also applies to
Figures 4 and 5 when there is an inert sweep gas present in the reaction, but the pressure has a
decreasing trajectory from lower conversions to higher conversions. In addition, there is a clear
increase in decomposition pressure as the ratio of moles of inert is increased as seen in the
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maximum pressures displayed in Figure 2 to Figure 4. As the temperature increases the pressure
increases too. Also, is it evident that both the equilibrium constant and the Gibbs free energy

minimization methods yield the same result.

4.56-02
4.0E-02 -
|
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3 y
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T =1250K
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——T=1156K
5.0E-03 - B Gibbs Minimization
0.0E+00 -

0.0 0.2 0.4 0.6 0.8 1.0

Zeta b

Figure 5 - Reaction (R5) pressure as a function of zeta 5 (conversion) for selected isotherms at

alpha = 0 (moles of inert over moles of initial sodium oxide)
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Figure 6 - Reaction (R5) pressure as a function of zeta 5 (conversion) for selected isotherms at

alpha = 0.05 (moles of inert over moles of initial sodium oxide)
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Figure 7 - Reaction (R5) pressure as a function of zeta 5 (conversion) for selected isotherms at

alpha = 0.125 (moles of inert over moles of initial sodium oxide)

As seen in Figure 5, any conversion can be achieved for a given isotherm with a constant
equilibrium pressure when there is no inert present in the reaction, i.e. alpha = 0; however, these
pressure are in the range of 102 to 10, and according to Le Chatelier's principle the pressure
needs to be less than or equal to the equilibrium pressure in order for the reaction to favor the
gaseous reactants, that is no formation of sodium oxide. This also applies to Figure 6 and Figure
7 when there is an inert sweep gas present in the reaction, but the pressure has an increasing
trajectory from lower conversions to higher conversions. In addition, there is a clear increase in
equilibrium pressure as the ratio of moles of inert is increased as seen in the maximum pressures

56



displayed in Figure 5 to Figure 7. As the temperature increases the pressure increases too. Also,
is it evident that both the equilibrium constant method and the Gibbs free energy minimization

method yield the same result.
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Figure 8 - Reactions (R1) and (R5) pressure as a function of zeta 1 (conversion) for selected

isotherms at alpha = 0 (moles of inert over moles of initial sodium carbonate)
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Figure 9 - Reactions (R1) and (R5) pressure as a function of zeta 1 (conversion) for selected

isotherms at alpha = 0.05 (moles of inert over moles of initial sodium carbonate)
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Figure 10 - Reactions (R1) and (R5) pressure as a function of zeta 1 (conversion) for selected

isotherms at alpha = 0.125 (moles of inert over moles of initial sodium carbonate)

As seen in Figure 8, any conversion can be achieved for a given isotherm with a constant
equilibrium pressure when there is no inert present in the reaction, i.e. alpha = 0; however, these
pressure are in the range of 10™ to 10 bar, and according to Le Chatelier's principle the pressure
needs to be less than or equal to the equilibrium pressure in order for the reaction to favor the
gaseous products, that is the decomposition of the carbonate. This also applies to Figure 9 and
Figure 10 when there is an inert sweep gas present in the reaction, but the pressure has a
decreasing trajectory from lower conversions to higher conversions. In addition, there is a clear
increase in decomposition pressure as the ratio of moles of inert is increased as seen in the
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maximum pressures displayed in Figure 8 to Figure 10. As the temperature increases the pressure
increases too. Furthermore, the conversion of gaseous sodium and oxygen into sodium oxide, for
all figures/cases, is below 0.7 % conversion at 1156 K while it is 0.01% conversion at 1600 K,
demonstrating that the amount of sodium oxide produced from the reaction of gaseous sodium
and oxygen is negligible. Also, is it evident that both the equilibrium constant method and the

Gibbs free energy minimization method yield the same result.

1.0E-02
9.0E-03 -
3.0E.03 4 —T=1156K
—T=1100K
7.0E-03 - ——T=1050K
——T=1000K
—~ 6.0E-03 -
) ——T=950K
g 5.0E-03 - ——T=900K
[72]
o —T=850K
& 40E03 -
—T = 800K
3.0E-03 - T=750K
—T=700K
2.0E-03 - T es0K
1.0E-03 - T=59%K
B Gibbs Minimization
0.0E+00 . ] . ] . [ . |
0.0 0.2 0.4 0.6 0.8 1.0

Zeta 2

Figure 11 - Reaction (R2) pressure as a function of zeta 2 (conversion) for selected isotherms

with beta = 1 (moles of water over moles of sodium)
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Figure 12 - Reaction (R2) pressure as a function of zeta 2 (conversion) for selected isotherms

with beta = 5 (moles of water over moles of sodium)
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Figure 13 - Reaction (R2) pressure as a function of zeta 2 (conversion) for selected isotherms

with beta = 10 (moles of water over moles of sodium)

As seen in Figure 11, Figure 12, and Figure 13, reaction (R2) yields 0.05% to 99%
conversion with a corresponding pressure/temperature pair. For a given isotherm, the pressure
increases monotonically with increasing conversion. According to Figure 11, 99% conversion
when beta = 1 can be achieved when the pressure is greater than or equal to 6 bar at 1156 K, the
sodium boiling point; however, for both beta =5 and 10, Figure 12 and Figure 13 show that the
equilibrium pressure is ~10 bar, so as long as those pressures are achieved at a minimum, the
reaction will take place with 99% conversion. Since reaction (R2) has the same number of
gaseous molecules on each side of the reaction equation, a change of pressure will not move the
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position of the equilibrium. Also, is it evident that both the equilibrium constant method and the

Gibbs free energy minimization method yield the same result.
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Figure 14 - Reaction (R3) temperature as a function of zeta 3 (conversion)

As seen in Figure 14, reaction (R3) yields 97% to 99% conversion in the temperature
range of 1131.25 K to 1600 K. The conversion increases monotonically as temperature increases.
The concentration of the inert gas, Ar, does not affect the conversion as seen in the equilibrium
constant derivation for this reaction since it is independent of pressure; however, the Ar does

change the equilibrium mole fractions since it modifies the total gaseous moles in the system.
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Also, is it evident that both the equilibrium constant method and the Gibbs free energy

minimization method yield the same result.
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Figure 15 - Separator 1 sodium vapor concentration as a function of negative log of pressure

As shown by Figure 15, the separation achieved in Separator 1 is heavily influenced by
both temperature and pressure. Reducing the pressure allows for greater separation as does
reducing the temperature. As temperature and pressure increase, the vapor fraction of sodium
goes to one, at which point the calculated vapor pressure has equaled or exceeded the system

pressure.
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4. Conclusions

In this paper, the thermodynamics of a thermochemical cycle using sodium carbonate as a
catalyst to split water was examined. The feasibility of the three reactions involved in the cycle
as well as one undesirable potential side reaction were examined at a variety of potential feed
conditions as well as temperatures and pressures. The flash separation required by this process
was also examined at a variety of temperatures and pressures. Further research must be
conducted using the data provided in this work to determine appropriate operating conditions and

to optimize operation of the cycle.
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5. Appendix A

Table 2 - Thermodynamic constant-pressure heat capacity data for species involved in the sodium carbonate based WSTC

CO, A B C D E F G H Range
(9) | QImol K)) | (/(mol K?3) | @K(mol K%) | (K(molK%) | (I(molK®) | (@/(molK%) | @/(mol KY) | @K/mol) | (K)
2;%"1’;) 2350610 | 3.80656E-02 | 7.40233E-05 | -2.22713E-07 | 2.34375E-10 | -1.14648E-13 | 2.16815E-17 | 0 | 150-1500
ﬁ‘;’%’ 44.22488 | 0.0087864 0 0 0 0 0 -861904 | 298-2500
OTeen | 4326256 | 0.01146416 0 0 0 0 0 817972 | 237-1200

(2008)

0, A B C D E F G H Range
(@) | (Imol K)) | (/(mol K?) | @/(mol K%) | (/(molK%) | (II(molK®) | (A(molK®) | @/(mol K) | @K/mol) | (K)
2;%"1’;) 2979024 | -9.48854E-03 | 2.85799E-05 | 9.87286E-09 | -5.66511E-11 | 4.30016E-14 | -1.02189E-17 | 0 | 150-1500

Kelley

(1060 | 2857672 | 00037656 0 0 0 0 0 50208 | 298-3000

Green

(008) | 27196 | 0004184 0 0 0 0 0 0 | 300-3000
Na A B C D E F G H Range
(@) | (ImolK)) | (/(molK?) | @/mol K%) | (K(molK%) | (I(molK®) | (A(molK®) | @/(mol K) | @K/mol) | (K)

Yaws

(012 | 20786 0 0 0 0 0 0 0 | 150-1500

Kelley 1178-

(logoy | 2079448 0 0 0 0 0 0 0 5000

Green

(2008) | 2079448 0 0 0 0 0 0 0 Al
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Na A B C D E F G H Range

) | (Mmool K)) | (/(mol K?) | (i(mol K3) | (/(mol K*) | ((mol K%) | (I(mol K&) | ((mol K7)) | (I Kimol) (K)
Yaws | a7 04205 | -1.75153E-02 | 9.02758E-06 | 2.44514E-10 0 0 0 0 371.01-2000
(2012)
ﬁ‘;‘e'% 28.57672 0 0 0 0 0 0 451872E-05 | 371-1178
goegg) 31.38 0 0 0 0 0 0 0 371-451

Na A B C D E F G H Range

G) | Qimol K)) | (M(mol K?) | Q(mol K%) | (i(mol K*%) | (imol K) | ((mol K%) | (M(mol K7) | O Kimol) | (K)
2;%"1’;) 253430 | 0.798827 | -0.0108331 | 7.81020E-05 | -3.00440E-07 | 5.83138E-10 | -4.47274E-13 0 3%2061
ﬁ%'('% 16.81968 | 0.03782336 0 0 0 0 0 0 298-371
EBESQ) 20.96184 | 0.02242624 0 0 0 0 0 0 273-371
Na,CO; A B C D E = G H Range

) | Qimol K)) | (i(mol K?) | (/(mol K3) | (Mmool K%) | (Mmool K%) | i(mol K&) | (J/(mol K7)) | (3 K/mol) (K)
2;%"1’;) 140.01 0048571 | -1.6402E-06 0 0 0 0 0 1127-1210
ﬁ%’e'% 188.28 0 0 0 0 0 0 0 1124-1500
Green i i ) ) ) ) ) i i
(2008)
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Na,CO3 A B C D E F G H Range
(s) (J/(mol K)) | (I/(mol K?) | (J/(mol K*) | (J/(mol KY) | (J/(mol K?) | (J/(mol K%) | (J(mol K') | (J K/mol) (K)
2;%"1@) 132.43845 -1.89299 1.70893E-02 | -6.36359E-05 | 1.18977E-07 | -1.09244E-10 | 3.93361E-14 0 100-723.15
ﬁ‘;‘e'% 113.51192 | 0.06535408 0 0 0 0 0 21999952 | 298-1124

Green

(2009) 120.9176 0 0 0 0 0 0 0 288-371

Na,O A B C D E F G H Range
(@ | (/(mol K)) | (/(mol K?)) | (/(mol K?)) | (I/(mol K*) | (I/(mol K?) | (/(mol K&) | (/(mol K)) | (J K/mol) (K)

2;%"1’;) 33.88794 0.15340 -4.11668E-04 | 5.76107E-07 | -4.38413E-10 | 1.72843E-13 | -2.76825E-17 0 150-1500

Kelley i i ) ) ) ) ) i i

(1960)

Green i i ) ) ) ) ) i i

(2008)

Na,O A B C D E F G H Range
(1) | (/(mol K)) | (/(mol K?)) | (/(mol K3)) | (/(mol K*) | /(mol K?) | I/(mol K&) | (I/(mol K)) | (J K/mol) (K)

Yaws

(2012) 104.6 0 0 0 0 0 0 0 1405.2-3000

Kelley i i ) ) ) ) ) i i

(1960)

Green i i ) ) ) ) ) i i

(2008)
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Na,O A B C D E F G H Range
(s) | /(mol K)) | (/(mol K?) | (/(mol K%) | (/(mol K*) | (/(mol K*) | (/(mol K%) | /(mol K) | (J K/imol) (K)
2;%"1@) -14.30944 0.64003 -2.03278E-03 | 3.75793E-06 | -3.92969E-09 | 2.15662E-12 | -4.82882E-16 0 100-1023.15
ﬁ‘;‘e'% 65.6888 | 0.0225936 0 0 0 0 0 0 208-1100
Green i i ) ) ) ) ) i i
(2008)

NaOH A B C D E F G H Range
(1) | @/(mol K)) | (/(mol K?) | (I(mol K*) | (I(mol K*) | (I(mol K%) | (I(mol K®) | (I/(mol K) | (J K/mol) (K)
2;%"1’;) 88.60908 | -3.12265E-03 | -2.48285E-06 | 7.27700E-10 0 0 0 0 600-2820
ﬁ%'('%’ 89.5376 | -0.00577392 0 0 0 0 0 0 592.3-1000
Green i i ) ) ) ) ) i i
(2008)

NaOH A B C D E F G H Range
(s) | (/(mol K)) | (I/(mol K?)) | (I/(mol K3) | (/(mol K*) | (I/(mol K®) | (I/(mol K®) | (I/(mol K)) | (3 K/mol) (K)
2;%"1’;) -52.83730 1.99743 -2.01130E-02 | 1.08128E-04 | -3.00364E-07 | 4.09238E-10 | -2.15960E-13 0 100-572
ﬁ%’e'% 1.00416 | 0.13564528 0 0 0 0 0 1619208 | 298-566
Green i i ) ) ) ) ) i )
(2008)
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H, A B C D E F G H Range

@ | ((molK)) | (/(mol K?) | (mol K3) | (I(mol K%) | (imol K%) | (I(mol K%) | (/(mol K7)) | @ K/mol) | (K)
2;%"1@) 19.67100 | 6.96815E-02 | -2.00098E-04 | 2.89493E-07 | -2.22475E-10 | 8.81466E-14 | -1.42043E-17 0 150-1500
(%els%))/ 27.27968 | 0.00326352 0 0 0 0 0 50208 | 298-3000
Green | .7 69808 | 0.00338904 0 0 0 0 0 0 273-2500
(2008) : :

H,0 A B C D E F G H Range

@ | O/molK)) | @imol K?) | (imol K3) | ((mol KY) | (M(mol K%) | (M(molK®) | @imol K7) | GK/mol) |  (K)
2;%"1’;) 33.17438 | -3.24633E-03 | 1.74365E-05 | -5.97958E-09 0 0 0 0 150-1500
Kelley
(1060y | 305432 | 0.01020264 0 0 0 0 0 0 208-2750
goegg) 34.39248 | 0.0006276 | 5.60656E-06 0 0 0 0 0 300-2500
H,0 A B C D E = G H Range
) | (Mmool K)) | imol K?) | (imol K?) | ((mol K%) | (M(mol K%) | (/(mol K&) | (J/(mol K7)) | (3 K/mol) (K)
2;%"1’;) 2241702 | 0.876972 | -2.57039E-03 | 2.48383E-06 0 0 0 0 273.15-585
Kelley
1060y | 7547936 0 0 0 0 0 0 0 298-373
g%egg) 276.37 -2.0901 8.125E-03 | 1.4116E-05 | 9.3701E-09 0 0 0 273.16-533.15
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C A B C D E F G H Range

(s) | /(mol K)) | (/(mol K?) | (/(mol K%) | (/(mol K*) | (/(mol K*) | (/(mol K%) | /(mol K) | (J K/imol) (K)
Yaws
(2012) 10.89 0 0 0 0 0 0 0 298.15-303.15
Kelley | 16 86152 | 0.00476976 0 0 0 0 0 853536 | 298-2500
(1960) ' ' i ]
Green -
(2009) 11.183832 | 0.010949528 0 0 0 0 0 4891006 | 2731373
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