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Abstract - -  Data base on ionization and Henry's law constants up to 673 K are presented by temperature 
dependent equations for volatile, weak electrolyte waler pollutants; ammonia, carbon dioxide, hydrogen 

sulfide, sulfur dioxide and hydrogen cyanide. In the fitting of ionization constants, various recent sources ef 
experimental isothermal data are mainly utilized, however, Henry's constants are correlated by two steps: 
first the vapor pressures, the partial molar volumes at infinite dilution, and the vapor and liquid phase 
nonidealilies based on the vapor-liquid equilibrium conditions are calculated from P-T-x data. And then the 
calculate4 Henry's constants at ditterent isotherms are treated as a function of temperature. Both correlations 
reproduce actual data accurately up to high temperatures for reliabIe phase equilibrium calcu]ations. 

INTRODUCTION 

Chemical and related industries frequently utilize water 
to co<>{ and wash process streams and as a result produce 
complex problems of adequate handling of waste water. 
Furthermore, increasingly stringent governmental regula- 
tions have been acted, making the water decontamination 
more difficult. Fore examples, in coal gasifications, steam- 
based enhanced oil recoveries, and biological systems, 
water absorbs sizable quantities of ammonia, carbon diox- 
ide, sulfur dioxide, hydrogen sulfide and hydrogen 
cyanide. To design any type of water purification equip- 
ment. it is necessary to describe the phase distribution of 
these species through the entire process sequence. 

In recent years, several molecular thermodynamic 
frameworks [1-10] are proposed for calculating equilib- 
rium properties of aqueous weak electrolyte solutions. 
However, most of the theories are based on the virial ex- 
pansion of Debye-HOckel electrostatic theory with several 
adjustable parameters. The accuracy and reliability of the 
models are severely limited by a need for pertinent equi- 
librium data and predetermined reliable ionization and 
Hen~'s  constants to yield required molecular and/or 
iomc interaction parameters in the models. 

Toward the reIiab{e phase equilibrium calcuakion by 
such models, present work has given primary attention to 
provide exclusive and accurate database of both ionization 
and Henry's constants. A literature search and critical ex- 
amination of existing ionization and Henry's constant data 
used in the molecular thermodynamic frameworks in- 
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dicated that there exist inconsistencies in utilizing the data 
and correlation sources [5-7]. In addition, a large number 
of new experimental ionization and P-T-m data for 
Henry's constant become available. 

[n the present study, recent new experimental data 
coupled with existing correlation sources have been used 
to present most reliable database of both ionization and 
Henry's constants with particular emphasis on high 
temperature region. In addition, molecule-molecule in- 
teraction parameters for activity coefficients at dilute con- 
centration are estimated as a function of temperature. 

THERMODYNAMIC FRAMEWORKS 

In various molecular thermodynamic frameworks of 
aqueous weak electrolyte systems [1-10], several phase 
equilibrium principles are usually based. A detailed 
discussion of basic principles are inappropriate here, In 
stead, only the fundamental concepts are briefly presented 
to provide quantitative understanding of the need of 
reliable database of ionization and Henry's constants. 

For the molecular some,  phase equilibrium between 
the vapor phase and the liquid phase is given by 

y,~r ~ exp I v~ ( P -  p~') } (1) 
RT 

where, the subscript m refers to the molecular species of 
solute, y the mote traction, P the pressure, m the molali- 
ty, the activity coefficient 7* ~ 1 as Z m i ~. 0. and H s the 
Henry's constant which has taken into account the effect 
of pressure given by Krichevsky and Kasarnovsky's 
Poynting correction factor [13], ~,~ the partial molar 
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Table 1. Ionization Constants. 

Systems 

H2 0 

NH, 

H, 5; 

HCN 

SO, 

CC, 

C,I-15OH 

HCO~- 

H S 

In K (T) ~ A + B .  T + C .  In T + D / T ,  g-mo/e/Kg and T in Kelvin 

A B C D 

- 16.6190 -0.039254 4.5573 8983.4 

4.5927 -0.39449 1.4919 - 3658.2 

0.3979 -0.050763 3.4882 - 6342.2 

- 12. 1960 --0.031482 3.7658 - 6340.7 

- 0.7717 -0.00977 - 0.7227 1032.7 

235.4820 0.00000 - 36.7816 - 12431.7 

- 174. 1328 0.00000 147.0015 11669.5 

220.067 0.00000 - 35.4819 - 12431.7 

In K.,o - 2.76 

Temperature  
Range 

273 - 673 

273-  623 

273-  423 

273-  423 

273-  423 

273-  573 

298-  423 

273-  473 

Data Sources 

12, 15, 16, 17, 21, 28 

2, 13, 20, 24, 28 

20, 29, 35 

20, 14, 26 

27, 31, 32 

23, 25, 30, 33 

18, 19, 20 

7 

22, 34 

volume at infinite dilution and PSthe vapor pressure of 
saturated water. Also, similar expression with Poynting 
correction can be used for solvent water. 

Several ionic equilibria exist in these weak electrolyte 
systems. Each is given by the ionization equilibrium cons- 
tant, K, which is the ratio of molecular to ionic concentra- 
tions of the weak electrolytes 

K= H (re, r*> ~i 12) 

where v, is positive for molecular species and negative for 
ionic: species, and subscript i refers to all solute species. 

Activity coefficients describe physical interactions 
between solute species in the liquid phase. These are 
the types of molecule-molecule, molecule-ion and ion- 
ion. In dilute solutions with low ionization cosntants, 
the concentration of ions is so small that Pitzer's theory 
[8-11] reduce to 

In y* = 2fl~,,m,~ (3) 

where ,8 ~ is the characteristic binary interaction 
parameter. 

DATA REGRESSION 

Ionization Constants 
The temperature dependence of ionization constants 

can be described in terms of the standard enthalpy and the 
heat capacity of the reaction. The temperature dependent 
ion zation constant can readily be expressed by van't Hoff 
eqt.ation with a linear heat capacity function. 

In K ( T ) = A + B T + C  In T + D / T  (4) 
where K(T) is the ionization constant with unit of moles of 
solute per kilogram of water. Equation [4] implies that a 
quadratic behavior would be needed to describe its 
temperature dependence. Parameters A,B,C, and D are 

given in Table 1, which summarizes our current recom- 
mendation of K{T) values of the weak electrolytes such as 
ammonia, carbon dioxide, sulfur dioxide, hydrogen 
sulfide and hydrogen cyanide. Detailed literature data 
sources utilized in the present regression were cited in 
Table 1 and in the reference section. 

'Fable 2. Characteristic binary interaction coe- 

fficients in Peng-Robinson equation of 

state. 

System ( i - i )  Coefficient, r,J 

NHs - H20 

COs - H~O 

SO, - H20 

H2S - H,O 

HCN - H~O 

-0.26 

-0. 5572+0.001879"T-1. 274 • 10 '*T * 

0.87 

-0. 3897+0.001565"T- 1. 142 • 10-**T ~ 

0.00 

Table 3. Partial molar volumes in dilute aque- 

ous solution. 

Partial  molar volumes, cm3/g-mole 

Systems Temperature,  K 
273 298 323 

NH3 

CO, 

SO, 

H2S 

HCN 

28. 11 28.81 29. 56 

31.76 32.56 33.87 

39.33 40.49 42.24 

34.10 34.94 36.55 

41. 37 42. 62 44.41 

March, 1986 
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T a b l e  4. H e n r y ' s  c o n s t a n t s  e v a l u a t e d  a t  s a t u r a t i o n  p r e s s u r e .  

Systems 

NH~ 

CO, 

H,S 

SO, 

HCN 

In H (T) = A + B .  T + C .  In T q - D / T ,  in Kg-atm/mole 

A B C D 

5,6024 -0.020262 2.!5647 - 5441.6 

13.7750 -0.024950 1.8090 - 3955.5 

8.3325 -0.019254 1.'7928 -3137.,4 

7.2068 - 0.018880 2.1423 -4158L5 

9.5850 -- 0.03147 3. 1704 -- 6302,.0 

Temperature Range 

273-  623 

273-623 

273 - 573 

273-  423 

273 - 373 

Data Sources 

1 ,2 ,4 ,7 ,43,46,47,52 

2 ,5 ,7 ,45.48,50,53 

2,44.49,51 

27,32,52 

2,54 

H e n r y ' s  L a w  C o n s t a n t s :  From Equations (1) and 
(3), the equation of phase equilibrium for a single solute 
is, 

l n ( Y " r  { ~ ( P - P ~ ) i  =In HS'q-2,8~mra (5) 
m~ RT 

Henry's constant and molecule-molecule interaction 
parameters may be evaluated from Equation (5) if all 
other necessary physical properties such as r ,,. '7~,, 
and P[are provided. These additional properties for the 
estimation of Henry's constant are briefly presented in 
the following sections. 

V a p o r  P h a s e  F u g a c i t y  C o e f f i c i e n t s :  Owing to the 
strong polar character of the components, the fugacity 
coefficients may differ appreciably from unity even at 
low to moderate pressures. In the present work, the 
fugaci*:y coefficients were calculated using Peng-. 
Robinson equation of state [7, 39, 40]. In applying this 
equa t ion ,  the charac ter i s t ic  b inary  in teract ion 
parameter, r q. were assigned different values in the fit-. 
ring and is given in Table 2. 
Here, we note that Peng and Robinson [40] used a 
slightly different expression for the temperature depend- 
ence of k for water below T~ < 0.85.The difference is 
negligible in the gas phase at the pressures interest here. 
Also, the parameter, a '~ (l-T~,e), = 0.37464 + 1.54226a~- 
0.269920) 2 is used in the present work. 

Par t i a l  M o l a r  V o l u m e s  at  I n f i n i t e  D i l u t i o n ;  The 
correlations of Brelvi and O'Connell [38], and Moore et. 
al [41] were utilized to estimate the partial molar 
volume of molecular solute at infinite dilution. 
Estimated results are given in Table 3. In addition, the 
saturation pressures of water at system temperatures are 
calculated by usual Antoine's equation [42]. 

Finally, Henry's constants and molecular interaction 
parameters in Equation (5) are calculated at each system 
tempe~,ature, where the interaction parameter is deter- 
mined by the slope; the intercept determines the 
molecular Henry's constant H. 

Using literature data of total pressure or relative 

T a b l e  5. C h a r a c t e r s t i c  m o l e c u l e - m o l e c u l e  i n t e -  

rac t ion  p a r a m e t e r s .  

Systems (ml- mj) 

NH~ - H~O 

CO2 - H,O 

it, S - H,O 

S()~ - H~O 

//;,,~ = E q  F / T ,  in Kg/mole 

E F 

- 0.097623 39.161 

- 3.42420 844.82 

- 1.8251 469.82 

0.26877 62.46 

Temperature  
Range, K 

273 - 623 

273 - 623 

273-  573 

273-  423 

f [ ~ - 5  ~~ 

E 

r 
~- - 10 59 

O 
(..) 

o 
= - 15 o~ 

O 

- 20 
273 

O Johnston et. al [27] Sulfur Dioxide 

�9 Bates eL al [55) ~ " ' ~  
O Wright et. a1135) " ~ r  
E] Noyes et. el (36~ ~ e  
Lx Fisher  et. a1[28) ~ " ~ a  

~ o o o ~ 1 7 6 1 7 6  ~....~, H y d r ogen S u] tide ~ 

,-'~ �9 Wright et. al [35) Carbon Dioxide ~ % ~ ,  
0 Harned et. al (57~ " . . .  
[] Coulson et. al [20] "~ 
z~ Loy et. al [29] " " . .  

. 1 T 
373 473 573 
Temperature ,  K 

Fig .  1. C o m p a r i s o n  of i on i za t ion  c o n s t a n t s  w i t h  

l i t e r a t u r e  d a t a  for s y s t e m s  of  s u l f u r  d i -  

o x i d e ,  ammonia ,  h y d r o g e n  s u l f i d e  and  car -  

bon d i o x i d e .  
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- 2l 

E 

F" 
4 r .  ~ 

~ Hydrogen Cyanide 

o J  
Coulson.  et. al [20~ 

21 Ang {14i 

"~ / ~ . / ~ W  a~ er 

.~ -33~- o,,~ 
| A �9 Noyes [36] 
q o~ / O H . . . .  d et. al [23) 
| ;l' ,~ Ackermann [56~ 
l ~/- ~g F i s h e r  et. al [281 

- 35I ~ * /  l I 
273 373 473 573 

Temperature ,  K 

Fig. 2. Comparison of ion izat ion  c o n s t a n t s  w i t h  

l i t era ture  d a t a  for s y s t e m s  of  hydrogen  

c y a n i d e  and w a t e r .  

volatility, Henry's constants and interaction parameters 
were determined by several plots. These results are 
shown in Tables 4 and 5, where both calculated con- 
stants are represented by the semiempirical equation 
correlated in the ionization constants. 

8t 
I I 

"5 
E 

::E 

o 
r 

~- - Chen et. al[5~ 
- - - - -  F~obert et. a l [ 7 j  

E d w a r d  et. a l(2]  
- - - -  Th i s  Work  
O Houghton et. al[48~ 
/', Geebs  et. al [451 
�9 Malinin [50~ 
�9 Z a w i s z a  et. a l I53]  

/ o  
o / 

�9 off 
/ 

0 I I 
273 373 473 

Temnerature, K 
573 

Fig.  3. Henry' s l a w  c o n s t a n t  for carbon d i o x i d e  

in w a t e r .  

R ES U LTS  A N D  D I S C U S S I O N  

The ionization constants in Table l and Figures 1 and 
2 were all derived from experimental data sources; 
,direct measurements, standarO enthalpy, and heat ca- 
pacity data. Over a wide range of temperature, present 
correlation reproduce experimental data well within the 
limited accuracy of the data now available. The dotted 
lines in Figures 1 and 2 represent uncertain regions of 
our fitting. The pressure dependence of ionizations are 
too weak to be of any significance and were neglected in 
the present correlation [36]. 

Pressure independent Henry's constants in Table IV 
were all estimated from experimental total pressure or 
relative volatility data using fugacity coefficients from 
the Peng-Robinson equation of state. The fitting results 
for systems under consideration are also shown in 
Figures 3, 4 and 5, where existing correlations of Ed- 
wards et al. [2], and Roberts et al. [71 are compared for 
syslems of carbon dioxide, ammonia and hydrogen 
sulfide in water. Over a wide range of temperature, pre- 
sent correlation reproduce Henry's constant accurately. 

The two body, molecule-molecule  interaction 
parameter, fl,',',,, is a function of temperature as shown in 
Table 5. These values provide an approximation for the 
same temperature reange as that used for Henry's con- 
stants. Having determined such parameters as HL and 
,8 ~ for single solute systems, we can now calcualte 
vapor-liquid equilibria for dilute weak electrolyte water 
contaminant abatement work. 

E 

E 

0 
tp 

- 2  

- 4  / 

/ 

- 6:77, ~ 

1 i 1 
- -  E d w a r d  et. al[2) | 

- -  - - -  Rober t  et. al ~,7/ 
Th i s  Work 

O C l i f f o r d  et. a1[43 ~ 
~. Pawl lkoski  et. al[,tl  . ~ . . . ~ . ~  

�9 She rwood  [52] , G ' / / ~ ' ' -  ] 

/ 
/ 

/ 
Ii 

T I 
373 473 573 

Temperature,  K 

Fig.  4. I l e n r y ' s  l a w  c o n s t a n t  for a m m o n i a  

water .  

in 
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E 
E 

4 

2 
E 

�9 

o 

- 2 

I I 

. . . .  -=  

ff 

~ .  S e l l e c k  e t .  aL ( 5 1 1  

El  L e e  e t .  a l ( 4 9 ]  
�9 C l a r k  e t .  a l  [ 4 4 !  

- -  - - -  E d w a r d  e t .  a l  [21  
- -  T h i s  w o r k  

I I 
273 373 473 573 

Temperature,  K 

Fig. 5. H e n r y ' s  law cons tant  for hydrogen su l -  

f ide  in water .  

CONCLUSION 

We have presented exclusive database for ionization 
constants, molecular interaction parameters, and 
Henry's taw constants for aqueous solution containing 
single weak electrolytes such as ammonia, sulfur diox- 
ide, carbon dioxide, hydrogen sulfide, and hydrogen 
cyanide. The databases and calculation methods ot 
other ,equilibrium properties presented here is readily 
applicable to reliable vapor-liquid equilibrium calcula- 
tion of dilute weak electrolyte systems. 
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NOMENCLATURE 

A : 

B : 
C : 
D : 
E : 
F : 
H s : 

K : 

adjustable parameter in Equation (4) 
adjustable parameter in Equation (4) 
adjustable parameter in Equation (4) 
adjustable parameter in Equation (4) 
coefficient in motecular interaction parameter 
coefficient in molecular interaction parameter 
Henry 's  constant  evaluated at saturat ion 
pressure,atm-Kg/mole 
ionization equilibrium constant, mole/Kg 

m 

P 
�9 8 Pw 

R 
T 

concentration, molality, mole/Kg 
pressure, atm 
sa tura t ion  pressure  of water  at sys tem 
temperature, atm 
gas constant, J/MoI-K 
temperature, K 
partial molar volume of molecular solute at in- 
finite dilution, cm3/mote 

y : vapor phase mole fraction 

G r e e k  Let ters  

.u Peng-Robinson parameter 
fl~ characteristic interaction parameter of a given 

molecular solute 
7 molar activity coefficient 
~t vapor phase fugacity coefficient 
:,~ Peng-Robinson paramter 
r binary interaction coefficient in Peng-Robinson 

equation 
v stoichiometric coefficient 
,:o : Pitzer's acentric factor 
S u p e r s c r i p t s  
s : saturation 
- -  : partial 
* : unsymmetric convention 
oo : infinite dilution 
S u b s c r i p t s  
m : molecular 
mm : molecule-molecule 
ij : species 
w : water 
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