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 A wide variety of physical chemical data and vapor l i q u i d e q u i l i b r i a are required to predict and to extrapolate performance reliability of flue gas desulfurization processes. A chemical and physical model capable of predicting actual scrubber performance i s a continuing goal, but any model i s only as r e l i a b l e as the input data. Carefully evaluated thermodynamic and kinetic data are needed to insure consistency, accuracy, and to provide a basis for comparing processes or models. The methodology for the critical evaluation of ther modynamic properties of electrolytes i s discussed in general, with emphasis on processes important in flue gas washing systems. How we intend to use the present evaluation systems to provide updated data for flue gas washing processes i s also discussed. A number of these specific processes were chosen to i l l u s t r a t e the evaluation procedure. Guidelines are provided for calculating an equilibrium constant, a c t i v i t y coef f i c i e n t , Gibbs energy and enthalpy of reaction, en thalpy of d i l u t i o n , and standard enthalpy, Gibbs energy, entropy, and heat capacity. Sources of data and how to use them are discussed. The Chemical Thermodynamics Data Center and the Electrolyte Data Center are providing the Morgantown Energy Technology Center, Department of Energy, with an evaluated set of data for flue gas desulfurization processes. This data i s advantageous to use. The user i s relieved of the burden of examining extensive l i t e r a t u r e sources to locate, then to judge, and f i n a l l y to select a value for a thermodynamic property. These have already been done by experts in thermodynamic property evaluation. This provides an immediately usable source of data which i s not only accepted as r e l i a b l e but i s also self-consistent with properties of other substances. This chapter not subject to U.S. copyright. Published 1982 American Chemical Society. Hudson and Rochelle; Flue Gas Desulfurization ACS Symposium Series; American Chemical Society: Washington, DC, 1982.
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 A c r i t i c a l l y evaluated and s e l f c o n s i s t e n t data base i s needed f o r the thermodynamic p r o p e r t i e s (ΔΗ, AG, AS, Cp, γ , φ, +
 
 K q)
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 e
 
 of chemical species important i n f l u e gas d e s u l f u r i z a t i o n
 
 systems. Such a data base should form the foundation f o r the design of f l u e gas washing u n i t s and the modeling and p r e d i c t i v e schemes used t o d e s c r i b e the chemical processes and s p e c i a t i o n o c c u r r i n g i n these u n i t s . O p t i m i z a t i o n of a f l u e d e s u l f u r i z a t i o n system depends on i t s o p e r a t i o n and maintenance procedures, the design, the modeling and c a l c u l a t i o n s used t o produce the design, and the data base upon which a l l of these items r e s t . A 'standard' s e t of data can make i t p o s s i b l e t o t e s t a v a r i e t y of models or c a l c u l a t i o n schemes and can provide a common b a s i s f o r comparing them. The e v a l u a t i o n procedures p r e s e n t l y employed a t NBS w i l l be b r i e f l y reviewed and the use of these procedures t o provide updated values a p p l i c a b l e t o f l u e gas washing processes w i l l be d i s c u s s e d i n t h i s chapter. G e n e r a l l y , a c r i t i c a l e v a l u a t i o n of chemical thermodynamic data i n v o l v e s a network approach. A small sample of such a network approach i s i l l u s t r a t e d i n Figure 1, f o r a few barium compounds. Each l i n e represents a r e a c t i o n ( p r o c e s s ) , each node, represents a compound. The network approach has been d i s c u s s e d i n reference ( 1 ) . Various techniques are used by the a n a l y s t i n e v a l u a t i o n of the thermodynamic c o n s i s t e n c y and r e l i a b i l i t y of i n d i v i d u a l r e a c t i o n measurements. One of these i s t o analyze a given thermochemical network of measurements i n t o v a r i o u s combin a t i o n s of r e a c t i o n s t h a t r e s u l t i n i d e n t i c a l i n i t i a l and f i n a l s t a t e s . For each such 'loop' the a l g e b r a i c sum of changes i n a thermodynamic v a r i a b l e (ΔΗ, AG) should equal zero except f o r the combination of experimental u n c e r t a i n t i e s . A n a l y s i s of these r e s i d u a l s from the v a r i o u s loops may reveal c e r t a i n measurements to be i n c o n s i s t e n t w i t h the remainder of the r e a c t i o n s . Similarly, s o l u t i o n s of the e n t i r e network using both l e a s t sums and l e a s t squares techniques are v a l u a b l e ( 2 ) . The l e a s t sums technique minimizes the sums of the r e s i d u a l s whereas the l e a s t squares technique minimizes the sum of the d e v i a t i o n s squared. Large r e s i d u a l s found i n the s o l u t i o n are i n d i c a t i v e of thermodynamic i n c o n s i s t e n c y w i t h respect to the t o t a l s e t of measurements. Tests using loop a n a l y s i s combined w i t h l e a s t sums-least squares a n a l y s i s can a l s o be used t o see whether a l a r g e - s c a l e r e v i s i o n of data on compounds of a given element i s needed or justified. The c o m p l e x i t i e s of such networks can be g r e a t , as i s the case f o r the l i t h i u m network. This network approach w i l l a s s i s t us i n e v a l u a t i n g data f o r f l u e gas washing processes. A subset of chemical species have been s e l e c t e d t o form the b a s i s of an e v a l u a t i o n f o r f l u e gas washing processes. The s e l e c t i o n i s based on d i s c u s s i o n s w i t h persons of DOE-Morgantown and from the 1979 FGD workshop proceedings ( 3 ) . The chemical species i n c l u d e S0 and C0 , of course, and i l l combinations of the aqueous c a t i o n s and anions l i s t e d i n Table I. Other s u l f u r c o n t a i n i n g species w i l l be added i n f u t u r e work. 2
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 Table I. Chemical Species Important i n Flue Gas Desulfurization
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 The p r o p e r t i e s s e l e c t e d f o r e v a l u a t i o n i n c l u d e most o f the thermodynamic p r o p e r t i e s which we normally evaluate i n the course of our work i n the data c e n t e r s . They i n c l u d e e n t h a l p i e s o f formation, s o l u t i o n , and d i l u t i o n ; Gibbs energies o f formation and s o l u t i o n ; e n t r o p i e s o f formation and s o l u t i o n ; heat c a p a c i t i e s and e q u i l i b r i u m constants ( s o l u b i l i t y , i o n i z a t i o n , e t c ) ; as w e l l as a c t i v i t y and osmotic c o e f f i c i e n t s , r e l a t i v e apparent molal e n t h a l p i e s and apparent molal heat c a p a c i t i e s . P r o p e r t i e s f o r processes can be c a l c u l a t e d from thermodynamic q u a n t i t i e s f o r i n d i v i d u a l species. A sample (Table I I ) from the NBS I n t e r i m Report ( 4 ) , Ά
 
 Report on Some Thermodynamic
 
 Data For D e s u l f u r i z a t i o n Processes', shows t y p i c a l values f o r s e l e c t e d q u a n t i t i e s o f some chemical species e x t r a c t e d from the NBS Technical Note 270-series ( 5 ) . A sample (Table I I I ) from the NBS I n t e r i m Report i l l u s t r a t e s a s e t o f processes f o r a few r e a c t i o n s r e l a t e d t o the f l u e gas washing process. This r e a c t i o n t a b l e can be c o n s t r u c t e d from the data on i n d i v i d u a l s p e c i e s . An example f o l l o w s : A c a l c u l a t i o n o f a n e q u i l i b r i u m constant f o r the formation of the i o n p a i r MgOH from the r e a c t i o n (1) i s i l l u s t r a t e d i n equations (2) and (3) below. +
 
 +2
 
 +
 
 M g ( a q ) + 0H"(aq) = MgOH (aq)
 
 (1)
 
 AG° =
 
 (2)
 
 Ση. (AG°f). - Zn.(AG°f). products reactants 1
 
 -AG°
 
 1
 
 +
 
 a(MgOH )
 
 RT a(Mg *)a(OH~) E q u i l i b r i u m constants ( i o n i z a t i o n , complexation, and s o l u b i l i t y ) can be c a l c u l a t e d from the data contained i n the NBS Technical
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 Substance
 
 A H° f
 
 A G°
 
 H°-H°
 
 f
 
 o
 
 S°
 
 298.15 K(25 °C)
 
 Formula and Description
 
 cal/deg-mol
 
 kcal/mol
 
 HSO^ao)
 
 -149.67
 
 -126.15
 
 33.4
 
 —
 
 HSO^ao)
 
 -212.08
 
 -180.69
 
 31.5
 
 -20.
 
 -145.51
 
 -128.56
 
 55.5
 
 —
 
 H S0 (ao) = 2
 
 3
 
 (S0 + H 0) 2
 
 2
 
 37.501
 
 33.20
 
 H S0 (1)
 
 -194.548 -164.938 6.748
 
 H S0 (a)
 
 -217.32
 
 -177.97
 
 H S0 -H 0(1)
 
 -269.508
 
 -227.182
 
 —
 
 50.56
 
 51.35
 
 H S0 .2H 0(1)
 
 -341.085
 
 -286.770
 
 —
 
 66.06
 
 62.34
 
 H S0 -3H 0(1)
 
 -411.186
 
 -345.178
 
 —
 
 82.55
 
 76.23
 
 H S0 -4H 0(1)
 
 -480.688
 
 -403.001
 
 —
 
 99.09
 
 91.35
 
 H S0 -6.5H 0(1)
 
 -653.264
 
 -546.403
 
 —
 
 140.51
 
 136.30 8.87
 
 2
 
 4
 
 2
 
 4
 
 2
 
 4
 
 2
 
 2
 
 4
 
 2
 
 4
 
 2
 
 4
 
 2
 
 2
 
 2
 
 2
 
 4
 
 2
 
 4.8
 
 C0 (g)
 
 -94.051
 
 -94.254 2.2378
 
 51.06
 
 C0 (ao)
 
 -98.90
 
 -92.26
 
 28.1
 
 CO^a)
 
 -161.84
 
 -126.17
 
 -13.6
 
 HC0~(ao)
 
 -165.39
 
 -140.26
 
 21.8
 
 H C0 (ao)
 
 -167.22
 
 -148.94
 
 44.8
 
 2
 
 2
 
 2
 
 3
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 7.27
 
 -33.8 -33.4
 
 9.70 3.66 2.60 5.66
 
 -2.30 -6.42 -7.48 -4.30
 
 CaS0 -0.5H 0(c) + CaS0 (a) + 0.5Η 0(&)
 
 CaS0 (c,a,soluble) -> CaS0 (a)
 
 CaS0 (c,3,soluble) -> CaS0 (a)
 
 CaS0 (c,insoluble anhydrite)
 
 -47.5 11.08
 
 3
 
 3
 
 CaC0 (c,aragontte)->- CaC0 (a)
 
 CaC0 (a) -3.07
 
 -48.5 11.33
 
 -3.12
 
 3
 
 3
 
 CaC0 (c,calcite)
 
 2
 
 -20.88
 
 4
 
 5.956
 
 2
 
 -30.74
 
 -0.270
 
 4
 
 2
 
 2
 
 CaS0 -2H 0(c) + CaS0 (a) + 2Η 0(Α)
 
 4
 
 4
 
 -31.64
 
 2
 
 2
 
 4.566
 
 4
 
 4
 
 -4.868
 
 CaS0 (a)
 
 -33.8
 
 CaS0 -0.5H 0(c,3) •>• CaS0 (a) + 0.5H 0(A)
 
 4
 
 4
 
 4.796
 
 5
 
 3
 
 -4.368
 
 2
 
 CaS0 -0.5H 0(c,a) -* CaS0 (a) + 0.5H 0U)
 
 4
 
 4
 
 4
 
 3
 
 3
 
 CaS0 (a)
 
 4
 
 -43.93
 
 —
 
 3
 
 CaS0 (c) -40.34
 
 —
 
 -37.73
 
 -6.28
 
 1.81
 
 Ca(OH) (ao) + C a ( a ) + 0H"(a)
 
 +2
 
 AC°
 
 — — — — — — — — — — — —
 
 -6.315
 
 cal/deg-mol
 
 AS°
 
 — —
 
 2
 
 -4.00
 
 2
 
 Ca(0H) (c) ->· Ca(0H) (a)
 
 2
 
 -13.703
 
 2
 
 15.575
 
 kcal/mol
 
 AG°
 
 CaO(c) + H 0 U ) •* Ca(0H) (c)
 
 Reaction [298.15 Κ (25 °C)]
 
 ΔΗ° Κ
 
 -8.122
 
 -8.305
 
 -4.3658
 
 -3.3473
 
 -3.5158
 
 -4.149
 
 -1.906
 
 -2.683
 
 -7.108
 
 —
 
 -1.324
 
 -5.329
 
 10.044
 
 log
 
 Enthalpy and Gibbs Energy of Reaction Entropy and Heat Capacity Changes of Reaction and Equilibrium Constant
 
 Table I I I . Sample Table of Processes.
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 Note 270-series ( 5 ) , which i s based on a l l a v a i l a b l e experimental data. Thus, a very l a r g e body o f standard reference data can be a p p l i e d immediately t o the p r a c t i c a l f l u e gas problem. This r e l i e v e s t h e user o f the burden o f s e l e c t i n g values o f AG.. The procedures f o r e x t r a c t i n g such values from the 2 7 0 - s e r i e s , s e r i e s , which were b r i e f l y o u t l i n e d i n equations ( 1 - 3 ) , have been discussed more e x t e n s i v e l y by the present author ( 6 ) .
 
 Aqueous S o l u t i o n P r o p e r t i e s Aqueous s o l u t i o n processes and t h e p r o p e r t i e s o f aqueous species are o f prime i n t e r e s t i n wet lime-limestone and other l i q u i d phase scrubber u n i t s . A c c o r d i n g l y , thermodynamics prop e r t i e s o f i n t e r e s t i n c l u d e , but are not l i m i t e d t o ΔΗ°, v , φ, φ, , and Κ . L' eq The NBS Tech. Note 270-series provides some o f these e v a l u  ated p r o p e r t i e s . Values o f ΔΗ° and AG® are t a b u l a t e d d i r e c t l y f o r aqueous species a t 298 K. I t has been i l l u s t r a t e d (eqs 1-3, and r e f . 6) t h a t an e q u i l i b r i u m constant can be c a l c u l a t e d from the t a b u l a t e d values of Δΰ°. Some o f these values w i l l change and w i l l be based upon newer experimental r e s u l t s . This w i l l be d i s c u s s e d l a t e r i n the chapter. The r e l a t i v e apparent molal enthalpy, φ., can be obtained from the t a b u l a t e d ΔΗ° v a l u e s , f o r example +
 
 Y
 
 (4)
 
 φ,_ (aq,n H 0) = ΔΗ° (aq,n H 0) - ΔΗ° (aq, e " mx
 
 (11)
 
 D e f i n i t i o n of terms are d e t a i l e d i n reference (7) and parameters f o r these equations are given i n the a p p r o p r i a t e t a b l e s i n reference ( 4 ) . For a more d e t a i l e d d i s c u s s i o n of the P i t z e r equations the reader i s r e f e r r e d t o reference ( 7 ) , as w e l l as t o G. Rosenblatt's paper i n these proceedings. For the uni-uni v a l e n t compounds, and the unsymmetrical charge types, u n i - b i and b i - u n i v a l e n t compounds the a c t i v i t y and osmotic c o e f f i c i e n t s have been c a l c u l a t e d from the Hamer-Wu, Lietzke-Stoughton equations used i n previous e v a l u a t i o n s (8,9). The equation f o r the osmotic c o e f f i c i e n t i s
 
 0 - 1 ( z+Z- V " +
 
 + 1/(1 + Β I
 
 1 / 2
 
 ( 1 + B
 
 l l / 2 )
 
 +
 
 2
 
 l n
 
 ( 1 + B
 
 2
 
 l l / 2 ]
 
 3
 
 ] + l/2Cm + 2/3Dm + 3/4Em + . . .} (12)
 
 and the a c t i v i t y c o e f f i c i e n t In γ = - | z z _ | A I
 
 1 / 2
 
 +
 
 1 + ΒI
 
 1
 
 /
 
 2
 
 3
 
 + Cm + Dn» + Em
 
 + . . . .
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 The parameters f o r these equations are t a b u l a t e d i n the a p p r o p r i a t e t a b l e s i n reference ( 4 ) . A c t i v i t y c o e f f i c i e n t s f o r these charge types may a l s o be c a l c u l a t e d from the P i t z e r equations f o r the u n i - u n i v a l e n t and u n i - b i and b i - u n i v a l e n t s a l t s . In these cases, the P i t z e r equations are sometimes a p p l i c a b l e to a more l i m i t e d c o n c e n t r a t i o n range. I f the concen t r a t i o n being i n v e s t i g a t e d i s beyond the range o f v a l i d i t y s p e c i f i e d by P i t z e r , the Hamer-Wu, Lietzke-Stoughton equations are recommended.
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 Future E v a l u a t i o n s Future d i r e c t i o n s f o r e v a l u a t i o n e f f o r t s a t the NBS data centers i n c l u d e the f o l l o w i n g . 1. Adjustments must be made i n the t a b l e s o f thermodynamic p r o p e r t i e s t o account f o r new, o r b e t t e r data, w h i l e m a i n t a i n i n g the o v e r a l l u n i t y and c o n s i s t e n c y o f these t a b l e s . For example, from the NBS Tech. Note 2 7 0 - s e r i e s , 'Selected Values of Thermo dynamic P r o p e r t i e s , ' a AG° o f s o l u t i o n o f CaS0 -2H 0(c) o f 5.96 k c a l . m o l " i s obtained. This leads t o a s o l u b i l i t y constant, K ° , of 4.3 χ 10~ (from equation 3). More recent data i n d i c a t e a value of AG° = 6.25 k c a l - m o l , which r e s u l t s i n a Κ ° = 2.63 χ 10~ , a d i f f e r e n c e o f 65% i n the Κ ° value p r e v i o u s l y p r e d i c t e d . 2. Property values w i l l be extended beyond 298 Κ and equations w i l l be provided to c a l c u l a t e p r o p e r t i e s as a f u n c t i o n of temperature, i n i t i a l l y over the range o f about 0 - 100°C. This range w i l l bracket the 50-60° temperatures t y p i c a l l y found i n wet scrubbers. 3. The NBS data base on aqueous s o l u t i o n s w i l l be used t o o b t a i n parameters f o r the P i t z e r equations f o r a c t i v i t y data over extended ranges o f c o n c e n t r a t i o n . I n t e r a c t i o n parameters f o r mixed e l e c t r o l y t e s w i l l be evaluated. 4. Plans a l s o i n c l u d e means to estimate and develop p r e d i c t i v e schemes t o o b t a i n data where no measurements have been made and t o develop methods t o handle the p r o p e r t i e s of mixtures based on the P i t z e r equations, p a r t i c u l a r l y f o r the a c t i v i t y coefficients. 4
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