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ABSTRACT: Thermodynamic modeling of the sulfuric acid-water-sulfur trioxide system is of great interest to the industry. The
recently developed symmetric electrolyte NRTL activity coefficient model is applied to develop a comprehensive thermodynamic
model for the sulfuric acid system over the whole concentration range from pure water to pure sulfuric acid to pure sulfur trioxide
with temperature up to 773 K. The model takes into account partial dissociations of sulfuric acid and bisulfate ion, hydration of
hydronium ion, decomposition of sulfuric acid to water and sulfur trioxide, and formation of disulfuric acid from sulfuric acid and
sulfur trioxide in the concentrated sulfur trioxide region. Excellent matches between model correlations and available literature data
are achieved for vapor-liquid equilibrium, osmotic coefficient, liquid phase speciation, heat of dilution, heat of mixing, heat of
solution, and liquid heat capacity of the sulfuric acid-water-sulfur trioxide system.

’ INTRODUCTION

Sulfuric acid is the largest volume industrial chemical produced
in the world. Process modeling and simulation of the sulfuric
acid-water-sulfur trioxide system is frequently practiced in the
industry due to its wide applications. Two recent applications of
high importance are dew point calculation of flue gas in oxyfuel
combustion and process design for sulfur-iodine cycle thermo-
chemical decomposition of water for hydrogen production.1

Accurate and comprehensive thermodynamic modeling of the
sulfuric acid system is a prerequisite tomeaningful processmodeling,
simulation, design, analysis, and optimization.2 While extensive
progress has been made in thermodynamic modeling for the sul-
furic acid system, this task remains a tall challenge due to the
complex solution chemistry and the highly nonideal liquid phase
of the sulfuric acid system.

Recent studies in thermodynamicmodeling of the sulfuric acid
system include those of Bollas et al.,3 Wang et al.,4 and Clegg and
Brimblecombe.5 Applying a refined electrolyte NRTL activity
coefficient model, Bollas et al.3 investigated speciation and solu-
tion nonideality of the aqueous sulfuric acid at 298 K. Assuming
a “constant” average hydration of the proton ion, they reported
excellent matches to osmotic coefficient data, mean ionic activity
coefficient data, and degree of dissociation of the bisulfate ion
data. The Bollas et al. study did not cover other temperatures and
other properties of interest, such as vapor-liquid equilibrium
(VLE), heat of dilution, and heat capacity. Applying an extended
UNIQUAC model, Wang et al.4 reported a modeling study
on VLE and speciation from 298 to 773 K and over the whole
concentration range, i.e., from pure water to pure sulfuric acid
and then to pure sulfur trioxide. They further showed that an
explicit account of hydronium ion improved their model predictions
with respect to the speciation data. However, the Wang et al.
study did not present modeling results for calorimetric proper-
ties, did not account for the known species of disulfuric acid in
the concentrated sulfur trioxide region, and did not include
the speciation data in the determination of model parameters.

Furthermore, their extension of the model to temperatures above
573 K requires a “special”modification in their treatment of stan-
dard state properties.

Applying an extended Pitzer model, Clegg and Brimblecombe5

reported a thermodynamic model that was fitted to osmotic
coefficients, electromotive force measurements, degrees of dis-
sociation of the bisulfate ion, differential heats of dilution, heat
capacities, freezing points, and tabulated partial molal enthalpies
of water for aqueous sulfuric acid from (< 200 to 328) K and from
(0 to 40) m acid (∼ 0.80 mass fraction sulfuric acid) at 101 325 Pa
pressure. While the study yielded a self-consistent representation
of activities, speciation, and thermal properties, it did not explicitly
account for hydrations of the proton ion, did not cover VLE data,
and did not cover the full ranges of acid concentration and tem-
perature of interest to industry.

In this work, we aim to develop a comprehensive thermodynamic
model for the sulfuric acid-water-sulfur trioxide system. In addi-
tion to taking into account explicitly the complex solution chemistry
taking place in the sulfuric acid system,we apply the newly developed
symmetric electrolyte NRTL model6,7 to correlate available experi-
mental data of all pertinent thermodynamic properties including
VLE, speciation, osmotic coefficient, heat of dilution, heat of mixing,
heat of solution, and liquid heat capacity from (273 to 773) K and
over the entire concentration range, i.e., from pure water to pure
sulfuric acid and then to pure sulfur trioxide. Using this approach
successful correlation of all pertinent experimental data is achieved.

’THERMODYNAMIC FRAMEWORK

Chemical Reactions. Rigorous thermodynamic modeling of
electrolyte solutions requires proper representation of all chemical
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reactions and resulting species.8 In this study, we take full account
of the complex solution chemistry taking place in the sulfuric acid
system: (1) partial dissociations of sulfuric acid to bisulfate ion
and sulfate ion in aqueous solution, (2) hydration of hydronium
ion in aqueous solution, (3) decomposition of sulfuric acid to
form sulfur trioxide in the concentrated sulfuric acid region, and
(4) formation of disulfuric acid from sulfuric acid and sulfur
trioxide in the concentrated sulfur trioxide region. These reactions
are summarized in eqs R1 to R5.

H2SO4 þ H2O T
K1

HSO4
- þ H3O

þ ðR1Þ

HSO4
- þH2OT

K2
SO4

- 2 þH3O
þ ðR2Þ

H3O
þ þH2OT

K3
H5O2

þ ðR3Þ

SO3 þH2OT
K4
H2SO4 ðR4Þ

SO3 þH2SO4 T
K5
H2S2O7 ðR5Þ

Figure 1 depicts the resulting species from the reactions. There
are four molecular species—water, sulfuric acid, sulfur trioxide,
and disulfuric acid—and four ionic species—bisulfate ion, sulfate
ion, hydronium ion (i.e., monohydrate of the proton ion), and
dihydrate of the proton ion.
Reactions R1, R2, R4, and R5 are commonly known and

covered in prior modeling studies.2-4 Reaction R3, hydration of
hydronium ion, is introduced in this work as recent studies9,10

on hydrated protons revealed that both the monohydrate species
(i.e., Eigen structure) and the dihydrate species (i.e., Zundel
structure) represent the lowest energy state of the hydronium ion.
Experimental speciation studies for the oleum system were

reviewed by Nilges and Schrage.11Besides sulfuric acid and sulfur
trioxide, these speciation studies confirmed the presence of
disulfuric acid in liquid phase and the presence of S3O9 in both
liquid phase and vapor phase for highly concentrated oleum
systems at temperatures below 373 K. Presence of polysulfuric
acids, H2O(SO3)n with n > 2, were also detected by some studies
but in small quantities. Nilges and Schrage further correlated the
VLE data of Schrage12 by incorporating three main species:
sulfuric acid, sulfur trioxide and disulfuric acid. We follow the
same treatment in this work. Due to the fact that disulfuric acid
was not detected in vapor phase per review by Nilges and Schrage,
disulfuric acid is treated as nonvolatile.

Vapor-Liquid Equilibrium. Vapor-liquid equilibrium for
molecular species is described by the equality of component
fugacity in liquid phase and in vapor phase:

Pyiji ¼xiγi f
0
i ð1Þ

where P is the system pressure, yi is the vapor phase mole fraction
of component i, ji is the vapor phase fugacity coefficient of
component i and calculated from the Redlich-Kwong equation
of state, xi is the liquid phase mole fraction of component i, γi is
the liquid phase activity coefficient for component i and calcu-
lated from the symmetric electrolyte NRTL activity coefficient
model,6 and fi

0 is the liquid fugacity of pure component i at the
system temperature and pressure; it is also called the liquid phase
reference fugacity and generally expressed as:

f 0i ¼P0i j
0
i θ

0
i ð2Þ

where Pi
0 is the vapor pressure of pure component i at the system

temperature Tand calculated from the Steam Table equation of
state13 for water and the Antoine equation for sulfuric acid and
sulfur trioxide, ji

0 is the vapor fugacity coefficient of pure com-
ponent i at T and Pi

0, and θi
0 is the Poynting pressure correction

from Pi
0 to P and assumed to be unity in this work.

Activity Coefficient Model. The symmetric electrolyte NRTL
model6 expresses excessGibbs energy as the sumof twocontributions:

Gex ¼Gex, lc þGex, PDH ð3Þ
where Gex,lc is the contribution from the short-range ion-ion, ion-
molecule, and molecule-molecule interactions while Gex,PDH is the
contribution from the long-range ion-ion interactions.
The short-range interactions that exist at the immediate

neighborhood of any species are represented with the electrolyte
NRTL local composition formulation:

Gex, lc
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X
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X
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X
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nc þ
X
a
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Gij ¼expð-RijτijÞ ð7Þ

τij ¼τ1,ij þ
τ2,ij
T

þ τ3,ij
Tref -T

T
þ ln

T
Tref

 !
ð8Þ

where R is the gas constant; i is the species index including molec-
ular species m, cationic species c, and anionic species a; ni and xi are
mole number and mole fraction of species i in the system, respec-
tively; Ci is charge number for ionic species and unity for molecular
species; Rij is the nonrandomness factor; and τij is the binary inter-
action energy parameter in which τ1,ij, τ2,ij, and τ3,ij are parameters in
the temperature correlation (eq 8) of τij with T

ref = 298.15 K.

Figure 1. Solution chemistry and speciation in the sulfuric acid system.
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The long-range ion-ion interactions are represented with
the extended Pitzer-Debye-H€uckel (PDH) formula for multi-
component electrolytes:

Gex, PDH

nRT
¼ -

4AjIx
F

ln
1þ FIx1=2

1þ FðI0xÞ1 = 2

" #
ð9Þ

with

Aj ¼1
3

2πNA

v

� �1 = 2 Qe
2

εkBT

 !3=2

ð10Þ

Ix ¼1
2

X
i

zi
2xi ¼1

2

X
c

zc
2xc þ 1

2

X
a

za
2xa ð11Þ

v ¼
P
m
xmvmP

m
xm

ð12Þ

ε ¼
P
m
xmMmεmP

m
xmMm

ð13Þ

εm ¼ Am þ Bm
1
T
-

1
Cm

� �
ð14Þ

where Aj is the Debye-H€uckel parameter, Ix is ionic strength,
F is the closest approach parameter,NA is the Avogadro’s number, kB
is the Boltzmann constant, Ix

0 is Ix at the fused salt reference state, and
v and ε are the molar volume and dielectric constant of the mixed
solvents, respectively. Both v and ε are calculated by the averages over
all molecular solvent components in the solution. In eqs 12-14, vm,
Mm, and εm are molar volume, molecular weight, and dielectric
constant of molecular solvent m, respectively; εm is correlated with
T and three solvent-specific parameters Am, Bm, and Cm in eq 14.
The activity coefficient of speciesi, γi, can be derived from

excess Gibbs energy by

ln γi ¼
1
RT

∂Gex

∂ni

� �
T, P,nj6¼i

i, j ¼ m, c, a ð15Þ

Accordingly, the activity coefficients can also be written in two
terms, the contribution from the short-range interactions, γi

lc,
and the contribution from the long-range interactions, γi

PDH

ln γi ¼ ln γlci þ ln γPDHi , i ¼ m, c, a ð16Þ
Specifically, the normalized activity coefficients formolecular species

m, cationic species c, and anionic species a can be derived as follows:
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In the above equations for normalizing the activity coefficients,
the symmetric reference state for ionic species is used. For a
system containing only a single electrolyte component ca, the
pure fused salt state can be defined as follows:

γcaðxca f 1Þ ¼γ(ðxca f 1Þ ¼1 ð22Þ
For multielectrolyte systems, the symmetric reference state

can be generalized from eq 22 as follows:

γcaðxm f 0Þ ¼γ(ðxm f 0Þ ¼1 ð23Þ
where m applies to all molecular species in the system.
The reference state for a molecular speciesm is always defined

as the standard state of pure liquid

γmðxm f 1Þ ¼1 ð24Þ
Liquid Gibbs Free Energy, Enthalpy, and Heat Capacity

Calculations. Liquid Gibbs free energy, enthalpy and heat capa-
city of the sulfuric acid system are related to activity coefficients.
For instance, liquid enthalpy consists of contributions from pure
component liquid enthalpies of each species and excess enthalpy.
For molecular species, we compute the pure component liquid
enthalpy from the ideal gas enthalpy and the enthalpy depar-
ture from the ideal gas state to the pure liquid phase. For ionic
species, we compute the pure component liquid enthalpy
from the enthalpy of the ideal fused salt state formed by the
ion with all its counterions in the system. This enthalpy of
fused salt can be thermodynamically related to the enthalpy of
the ions at the aqueous phase infinite dilution state. The excess
enthalpy is calculated from the activity coefficient model. Heat
capacity is then calculated as the temperature derivative of
enthalpy.
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The liquid Gibbs free energy and enthalpy can be expressed,
respectively, by the following equations:

Gl ¼RT
X

j¼m, c, a
xj ln xj þ

X
m

xmG
l
m þ
X
i

xiG
fused
i þGE, i ¼ c, a

ð25Þ

Hl ¼
X
m

xmH
l
m þ

X
i

xiH
fused
i þHE, i ¼ c, a ð26Þ

GE ¼RT
X
m

xm ln γm þ
X
i

xi ln γi

 !
, i ¼ c, a ð27Þ

HE ¼ -RT2
X
m

xm
∂ ln γm
∂T

þ
X
i

xi
∂ ln γi
∂T

 !
, i ¼ c, a ð28Þ

where Gl and Hl are the molar liquid Gibbs free energy and
enthalpy of the solution, respectively, Gm

l and Hm
l are the molar

liquid Gibbs free energy and enthalpy of molecular species m,
respectively, Gi

fused and Hi
fused are the molar Gibbs free energy

and enthalpy of ionic species i in the fused salt state (i.e., the
symmetric reference state), respectively, and GE and HE are
the excess Gibbs free energy and enthalpy of the solution,
respectively.
The molar liquid Gibbs free energy and enthalpy of molecular

species are calculated, respectively, by the following expressions:

Gl
m ¼Gig

m þRT lnð f 0m=Pref Þ ð29Þ

Hl
m ¼Hig

m þDHVm -ΔvapHm ð30Þ
where Gm

ig and Hm
ig are the ideal gas Gibbs free energy and enthalpy

and calculated from Aspen ideal gas model,13 respectively, Pref =
101325 Pa is the standard pressure, DHVm = Hm

V - Hm
ig is the

vapor enthalpy departure and calculated from the Redlich-
Kwong equation of state, and ΔvapHm is the heat of vaporization
and calculated from Watson’s equation.13

The molar Gibbs free energy and enthalpy of ionic species i in
the fused salt state can be written, respectively, by the following
equations:

Gfused
i ¼G¥, aq

i þΔGi, i ¼ c, a ð31Þ

Hfused
i ¼H¥, aq

i þΔHi, i ¼ c, a ð32Þ
where Gi

¥,aq and Hi
¥,aq are the aqueous phase infinite dilution

Gibbs free energy and enthalpy of ionic species, respectively, and
ΔGi andΔHi are the Gibbs free energy and enthalpy corrections
due to the change from the unsymmetrical reference state to the
symmetric reference state, respectively.
To derive methods to calculate ΔGi and ΔHi, we apply the

condition that the calculated liquid Gibbs free energy and
enthalpy for the same electrolyte solution must be the same,
respectively, regardless of the reference state specified for ionic
species; that is

GlðT, p,xiÞ ¼Gl,�ðT, p,xiÞ, i ¼ m, c, a ð33Þ

HlðT, p,xiÞ ¼Hl,�ðT, p,xiÞ, i ¼ m, c, a ð34Þ

where Gl(T,p,xi) and Hl(T,p,xi)are the liquid Gibbs free energy
and enthalpy given by eqs 25 and 26, respectively, with the

symmetric reference state for ionic species and Gl,*(T,p,xi) and
Hl,*(T,p,xi) are the liquid Gibbs free energy and enthalpy,
respectively, with the aqueous phase infinite dilution reference
state for ionic species; they can be expressed as follows:

Gl,� ¼RT
X

j¼m, c, a
xj ln xj þ

X
m

xmG
l
m þ

X
i

xiG
¥, aq
i þGE,�, i ¼ c, a

ð35Þ
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i þHE,�, i ¼ c, a ð36Þ

GE,� ¼RT
X
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xm ln γm þ
X
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xi ln γ
�
i

 !
, i ¼ c, a ð37Þ

HE,� ¼ -RT2
X
m

xm
∂ ln γm
∂T

þ
X
i

xi
∂ ln γ

�
i

∂T

 !
, i ¼ c, a

ð38Þ
where γi* is the unsymmetrical activity coefficient of ionic species
i with the aqueous phase infinite dilution reference state.
The condition given by eqs 33 and 34 holds at any state and we

can apply it to the fused salt state of the solution, in which the
compositions for all molecular species are zero. That is

xm f 0 for all molecular species ð39Þ

γi f 1,i ¼ c, a for all ionic species at the symmetric reference state

ð40Þ
We can then easily obtain these equations

GlðT, p,xi,xm f 0Þ ¼Gl,�ðT, p,xi,xm f 0Þ, i ¼ c, a ð41Þ

HlðT, p,xi,xm f 0Þ ¼Hl,�ðT, p,xi,xm f 0Þ, i ¼ c, a ð42Þ
orX

i

xiðG¥, aq
i þΔGiÞ ¼

X
i

xi½G¥, aq
i þRT ln γ

�
i ðxm f 0Þ�, i ¼ c, a

ð43ÞX
i

xiðH¥, aq
i þΔHiÞ

¼
X
i

xi H¥, aq
i -RT2∂ ln γ

�
i ðxm f 0Þ
∂T

" #
, i ¼ c, a ð44Þ

Therefore, theGibbs free energy and enthalpy correctionsΔGi

and ΔHi can be calculated, respectively, by the following equations:

ΔGi ¼RT ln γ
�
i ðxm f 0Þ, i ¼ c, a ð45Þ

ΔHi ¼ -RT2 ∂ ln γ
�
i ðxm f 0Þ
∂T

, i ¼ c, a ð46Þ

or

Gfused
i ¼G¥, aq

i þRT ln γ
�
i ðxm f 0Þ, i ¼ c, a ð47Þ

Hfused
i ¼H¥, aq

i -RT2 ∂ ln γ
�
i ðxm f 0Þ
∂T

, i ¼ c, a ð48Þ

Given liquid enthalpy, we can proceed to calculate heat of mixing,
heat of dilution, and heat of solution. They are calorimetric
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quantities often reported in the literature. Heat of dilution is the
heat effect per unit mole of solute for a dilution process in which
solvent is added to a solution to dilute the solute. Heat of solution
is the heat effect per unit mole of solute for a solution process in
which solute is added to a solution. Both heat of dilution and heat
of solution can be calculated through enthalpy balance, as
described by the following equation:

ΔH ¼ hfinal - hinitial - hadd
nsolute

ð49Þ

where, ΔH is heat of dilution or heat of solution, hfinal is the
enthalpy of the final solution; hinitial is the enthalpy of the initial
solution; hadd is the enthalpy of the solvent or solute added to the
initial solution to form the final solution, nsolute is the number of
moles of solute in the initial solution for the dilution process
and the number of moles of solute added to the solution for the
solution process.

’MODEL PARAMETERS

Table 1 summarizes the model parameters associated with the
thermodynamic framework. The model parameters include pure
component parameters and thermodynamic constants for the
molecular and ionic species, the binary interaction parameters
associated with the symmetric electrolyte NRTL model, and the
chemical equilibrium constants for the liquid phase reactions.

The Antoine equation is given as follows:

ln pi ¼C1i þ C2i

TþC3i
þC4iTþC5i ln TþC6iT

C7i ð50Þ

where pi is vapor pressure in Pa of component i, T is the tem-
perature inK, andC1i,C2i, ...,C7i areAntoine equation parameters for

component i. The Antoine equation parameters for pure component
vapor pressure are taken from DIPPR13 for sulfur trioxide, as
summarized in Table 2. The Antoine equation parameters for
sulfuric acid are adjusted to correlate the data on partial pressure
of sulfuric acid. Disulfuric acid is treated as nonvolatile.

The ideal gas Gibbs free energy and enthalpy of molecular species
m are calculated, respectively, from the following expressions:

Gig
m ¼ΔfH

ig
m,298:15 -

T
298:15

� �
ðΔfH

ig
m,298:15 -ΔfG

ig
m,298:15Þ

þ
Z T

298:15

Cig
p, m dT - T

Z T

298:15

Cig
p, m
T

dT ð51Þ

Hig
m ¼ΔfH

ig
m,298:15 þ

Z T

298:15

Cig
p, m dT ð52Þ

where ΔfGm,298.15
ig and ΔfHm,298.15

ig are the ideal gas Gibbs free
energy and enthalpy of formation of molecular species m at
298.15 K, respectively, and Cp,m

ig is the ideal gas heat capacity of
molecular species m calculated from the DIPPR correlation:

Cig
p, m ¼Am þ Bm

Cm=T
sinhðCm=TÞ
� �2

þDm
Em=T

coshðEm=TÞ
� �2

ð53Þ

where Am, Bm, Cm, Dm, and Em are the correlation parameters.
Watson’s equation13 for the heat of vaporization is expressed

as follows:

ΔvapHmðTÞ ¼ΔvapHmðT1Þ 1-T=TC, m
1-T1=TC, m

 !amþbmð1-T=TC, mÞ
ð54Þ

Table 1. Summary of Model Parameters

parameters component source data for regression

Antoine equation parameters H2SO4 Regression VLE for H2SO4-H2O-SO3

SO3 Aspen Plus Databank13

H2S2O7 Nonvolatile

ΔfHm,298.15
ig H2O, H2SO4, SO3 Aspen Plus Databank13

Cp,m
ig H2O, H2SO4, SO3 Aspen Plus Databank13

ΔfHm,298.15
liq H2S2O7 Regression heat of solution for SO3-H2SO4

Cp,m
liq H2S2O7 Regression heat of solution for SO3-H2SO4

ΔvapHm H2O, H2SO4, SO3 Aspen Plus Databank13

ΔfHi,298.15
¥,aq H3O

þ, Aspen Plus Databank13

HSO4
-, SO4

-2 Wagman et al.14

H5O2
þ Regression Heat of dilution for H2SO4-H2O

Cp,i
¥,aq H3O

þ Aspen Plus Databank13

HSO4
-, SO4

-2 Wagman et al.14

H5O2
þ Regression Heat capacity for H2SO4-H2O

eNRTL binary parameters molecule-molecule binary Regression VLE, heat of dilution, heat capacity, speciation and

osmotic coefficient for H2SO4-H2O-SO3

molecule-electrolyte binary Regression VLE, heat of dilution, heat capacity, speciation and

osmotic coefficient for H2SO4-H2O-SO3

electrolyte-electrolyte binary Regression VLE, heat of dilution, heat capacity, speciation and

osmotic coefficient for H2SO4-H2O-SO3

dielectric constant equation parameters H2O, H2SO4 Aspen Plus Databank13

SO3 Maryott and Smith15

H2S2O7 assumed the same as H2SO4

Ai, Bi, for ln Ki R1 to R5 Regression VLE, heat of dilution, heat capacity, speciation and

osmotic coefficient for H2SO4-H2O-SO3
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where ΔvapHm(T) is the heat of vaporization of component
m at temperature T, ΔvapHm(T1) is the heat of vaporization of
component m at a reference temperature T1, T and T1 are
temperatures in K, TC,m is the critical temperature of component
m, and am and bm are component-specific correlation parameters.

The liquid enthalpy of nonvolatile disulfuric acid is calculated
from the enthalpy of formation of liquid H2S2O7 at 298.15 K and
101325 Pa and the heat capacity of liquid H2S2O7

Hl
m ¼ΔfH

liq
m,298:15 þ

Z T

298:15

Cliq
p, m dT ð55Þ

where ΔfHm,298.15
liq is the enthalpy of formation of liquid molec-

ular species m at 298.15 K and Cp,m
liq is the liquid heat capacity of

molecular species m.
Tables 3-5 list pure component property parameters re-

quired for enthalpy calculations. These parameters include the
following: (1) for sulfuric acid, water and sulfur trioxide, ideal
gas enthalpy of formation at 298.15 K, ideal gas heat capacity
correlation parameters, and Watson heat of vaporization correlation
parameters, (2) for disulfuric acid, liquid enthalpy of formation at
298.15 K and liquid heat capacity, and (3) for ionic species,
aqueous phase infinite dilution enthalpy of formation and aque-
ous phase infinite dilution heat capacity correlation parameters.
While these parameters are mainly retrieved from Aspen Plus
databanks13 or the NBS Tables of Wagman et al.,14 the aqueous
phase infinite dilution enthalpy of formation and heat capacity for
H5O2

þ are identified by regression against heat of dilution data
and heat capacity data of the aqueous sulfuric acid solution.

For disulfuric acid, the liquid enthalpy of formation and heat
capacity are identified by regression against the heat of solution
data for liquid SO3 in H2SO4. We further assume the aqueous
phase infinite dilution heat capacity of the ions to be tempera-
ture-independent in this work.

The Redlich-Kwong equation-of-state model parameters
taken from the Aspen Plus databank13 are summarized in Table 6.

eNRTL binary interaction parameters are required to describe
the short-range interactions in the electrolyte NRTL activity
coefficient model. There can be molecule-molecule binary
parameters, molecule-electrolyte binary parameters, and elec-
trolyte-electrolyte binary parameters. Following the conven-
tion of the eNRTL model,7 we set the default values to 0 for
molecule-molecule parameters and electrolyte-electrolyte
parameters, 8 for molecule-electrolyte parameters, and -4 for
electrolyte-molecule parameters. These values represent typical
values for these binary parameters. The eNRTL binary para-
meters for the water-(H3O

þ, HSO4
-) binary, water-(H5O2

þ,
HSO4

-) binary, water-(H3O
þ, SO4

-2) binary, water-
(H5O2

þ, SO4
-2) binary, sulfuric acid-(H3O

þ, HSO4
-) binary,

(H5O2
þ, HSO4

-)-(H5O2
þ, SO4

-2) binary, and (H3O
þ,

HSO4
-)-(H5O2

þ, HSO4
-) binary are treated as adjustable

model parameters and regressed from the available experimental
data. The eNRTL parameters for the water-sulfuric acid pair are
not adjusted because water and sulfuric acid do not become
dominant species in the system at the same time. On the other
hand, the eNRTL parameters for the sulfuric acid-sulfur trioxide
pair are treated as adjustable parameters. For the nonrandomness
factor, 0.3 is used for all molecule-molecule pairs and 0.2 for all
molecule-electrolyte pairs and electrolyte-electrolyte pairs.
Experimental data of VLE, speciation, osmotic coefficient, heat
of mixing and heat of dilution, and heat capacity are then used to
identify the eNRTL binary interaction parameters.

Dielectric constants of molecular solvents are required by the
electrolyte NRTL model in the calculation of the long-range
interactions. Table 7 summarizes the dielectric constant correla-
tion parameters in eq 14 and their sources. Unlike water,
dielectric constant data of sulfuric acid and sulfur trioxide15 are
rare and they are treated as constants. The dielectric constant of
disulfuric acid is assumed to be the same as that of sulfuric acid.

The equilibrium constants can be related to the molar liquid Gibbs
free energies of molecular species at the system temperature and
pressure and of ionic species at the pure fused salt state as follows:

ln Ki ¼ -
ΔGi

RT
ð56Þ

where ΔGi is the Gibbs free energy change of reaction Ri.

Table 2. Antoine Equation Parameters

components SO3 H2SO4

source Aspen Plus Databank13 this work

C1 180.99 36.725

C2 -12060.0 -9544.7

C3 0.0 0.0

C4 0.0 0.00022

C5 -22.839 -1.8261

C6 7.235 � 10-17 0.0

C7 6.0 2.0

Table 3. Pure Component Property Parameters for Enthalpy

ΔfHm,298.15
ig ΔfHi,298.15

¥,aq Cp,i
¥,aq ΔfHm,298.15

liq Cp,i
liq

components kJ 3mol
-1 kJ 3mol

-1 J 3mol
-1

3K
-1 kJ 3mol

-1 J 3mol
-1

3K
-1

H2O -241.81a

H2SO4 -735.20a

SO3 -395.72a

H2S2O7 -1275.0b 26.934b

H3O
þ -285.83a 75.291a

H5O2
þ -574.87b 466.70b

HSO4
- -887.34c -84.0c

SO4
-2 -909.27c -293.0c

a Parameters taken from Aspen Plus databank13 b Parameters regressed.
c Parameters taken from Wagman et al.14

Table 4. DIPPR Ideal Gas Heat Capacity Model Parameters
from Aspen Plus Databank13

parameter H2O H2SO4 SO3

A/J 3 kmol-1
3K

-1 33363 40240 33408

B/J 3 kmol-1
3K

-1 26790 109500 49677

C/K 2610.5 943 873.22

D/J 3mol-1
3K

-1 8896 83700 28563

E/K 1169 393.8 393.74

Table 5. Watson Heat of Vaporization Model Parameters
from Aspen Plus Databank13

parameter H2O H2SO4 SO3

ΔvapHm(T1)/ kJ 3mol-1 40.683 85.0 40.679

T1/K 373.20 298.15 318.00

am 0.3106 0.38 0.3633

bm 0.0 0.0 0.0
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In this work, the equilibrium constants of the reactions R1
to R5 are treated as adjustable parameters with the following
empirical correlation:

ln Ki ¼Ai þ Bi
T

ð57Þ

where Ki is the chemical equilibrium constant for reaction Ri and
Ai and Bi are correlation parameters for reaction Ri. Ai and Bi for
the reactions are identified through regression. The regressed
equilibrium constants are checked to ensure consistency with
Gibbs free energy calculations.

’EXPERIMENTAL DATA AND DATA TREATMENT

Due to the critical importance of the sulfuric acid system,
numerous experimental data sets are available in the literature.
With the aim to develop a comprehensive thermodynamic model
for the sulfuric acid system, we focus on the major compilations
of literature data for VLE,12,16-22 speciation,23-29 osmotic co-
efficient,30,31 heat of dilution,14,32,33 heat of mixing,32,33 heat of
solution,34 and liquid heat capacity35 of the sulfuric acid system.
Vapor-Liquid Equilibrium Data. Gmitro and Vermeulen16

estimated total pressures and partial pressures of sulfuric acid,
water and sulfur trioxide over the aqueous sulfuric acid solutions
based on liquid phase pure and partial molal thermodynamic
quantities and vapor phase pure component thermodynamic
properties from (223 to 673) K for sulfuric acid compositions
from 0.10 mass fraction to unity mass fraction. These total pres-
sure and partial pressure data are plotted in Figures 2 to 5 together
with measured or estimated data from other sources.12,19-21 The
estimation results of Gmitro and Vermeulen for concentrated
sulfuric acid solutions especially at low temperatures were later
challenged17,18 and revised.19

Roedel17 measured sulfuric acid partial pressure over two con-
centrated aqueous sulfuric acid solutions at 296.15 K and found
the measurements to be only about one tenth of the estimates
of Gmitro and Vermeulen. Roedel concluded that the esti-
mated data of Gmitro and Vermelen, although widely used,
might be too large in sulfuric acid partial pressure at room
temperature.
Sulfuric acid partial pressure of 0.9801 mass fraction aqueous

sulfuric acid solution at temperatures from 333 to 453 K were
measured by Ayers et al.18 Again, their reported vapor pressures
are about 1 order of magnitude smaller than those estimated by
Gmitro and Vermeulen. They also extrapolated their measured
results to the condition investigated by Roedel and the extra-
polation yielded generally consistent sulfuric acid partial pres-
sures with the results of Roedel.
On the basis of the results of Ayers et al., Vermeulen et al.19

presented recalculated partial pressures of sulfuric acid, water and
sulfur trioxide at the conditions similar to those of Gmitro and
Vermeulen, i.e., at temperatures from (273 to 623) K and sulfuric
acid concentrations from 0.10 mass fraction to unity mass

fraction. The updated total pressures are consistent with the
Gmitro and Vermeulen results up to about 0.98 mass fraction
sulfuric acid (∼ 0.47 mol fraction SO3), but much lower than
the Gmitro and Vermeulen results when the acid concentration is
further increased, as shown in Figure 2b. Above 0.98 mass
fraction sulfuric acid, the total pressures are dominated initially
by the sulfuric acid partial pressures and then by the SO3 partial
pressures. The study by Vermeulen et al. yielded 1 order of
magnitude lower sulfuric acid partial pressures at the high acid
concentration region. See Figure 3. Water partial pressures and
SO3 partial pressures in this region are generally consistent
between these two studies, as shown in Figures 4 and 5. These
two studies do show extremely different water and SO3 partial
pressures when approaching pure sulfuric acid, i.e, SO3 mole
fraction approaching 0.5. At this near pure acid concentration,
the Vermeulen et al. study estimated higher water partial
pressures and lower SO3 partial pressures than the study by
Gmitro and Vermeulen.
W€uster20 reported experimental measurements of total pres-

sures of aqueous sulfuric acid solutions with concentrations from
0.70 to 0.996 mass fraction at elevated temperatures from 413 to
753 K. This elevated temperature data shows reasonable agree-
ment with the Gmitro and Vermeulen data up to 0.985 mass
fraction although slightly higher for more concentrated solutions.
Figure 6 shows a total pressure-temperature plot for a 0.985
mass fraction sulfuric acid solution. The W€uster data for 0.9861
mass fraction solution cover temperature from (549 to 754) K
and they seem consistent with the data of Gmitro and Vermeulen
for 0.985 mass fraction solution which are slightly higher than
those of Vermeulen et al.
Bolsaitis and Elliott21 reviewed data of thermodynamic activ-

ities and vapor pressures of aqueous sulfuric acid solutions and
presented their pressure calculations from (273 to 603) K for
aqueous sulfuric acid solution up to the azeotropic concentra-
tions, around 0.984 to 0.988mass fraction. Themethodology was
similar to that used by Gmitro and Vermeulen and Vermeulen et al.
However, Bolsaitis and Elliott made use of a different thermo-
dynamic property database, especially with new measurements
such as those of Roedel17 and W€uster.20 The resulting total
pressures are close to those of Vermeulen et al. at temperatures
up to 473 K, as shown in Figure 2c. The same behavior is also
observed for sulfuric acid partial pressure, as shown by Figure 3.
For water partial pressure, the Bolsaitis and Elliott results are in
line with those of the Gmitro and Vermeulen study and the study
by Vermeulen et al. at concentrations up to 0.98 mass fraction
sulfuric acid concentrations but lower than these two for more
concentrated solutions at temperatures lower than 473 K, as
shown by Figure 4. Figure 4 also shows the Bolsaitis and Elliott
study yielded some unusually high water partial pressure results
at high acid concentrations, i.e., SO3 mole fraction around 0.4,

Table 6. Redlich-Kwong Equation of State Model
Parameters

components H2O H2SO4 SO3

source Aspen Plus

Databank13
Aspen Plus

Databank13
Aspen Plus

Databank13

Tc/K 647.096 925 490.85

Pc/MPa 22.064 6.400 8.210

Table 7. Dielectric Constant Parameters

components H2O H2SO4 SO3 H2S2O7

source Aspen Plus

Databank13
Aspen Plus

Databank13
Maryott and

Smith15
this work

A 78.51 101 3.11 101a

B 31989.4 0 0 0a

C 298.15 298.15 291.15 298.15a

a Parameters for H2S2O7 are assumed the same as those of H2SO4 in
Aspen Plus Databanks.13
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and high temperatures, i.e., 573 K. These unusually high water
partial pressures resulted in a major jump for the total pressure at
SO3 mole fraction around 0.4 and 573 K. See Figure 7.

Figure 2. a. Total pressure p of the sulfuric acid system, water (1)þ sulfur
trioxide (2), versus mole fraction of apparent sulfur trioxide x2.O, ref 16;Δ,
ref 19; *, ref 21;0, ref 20;�, ref 12;—, model results withmodel parameters
regressed from estimated VLE data of ref 16. b. Total pressure
p of the sulfuric acid system, water (1) þ sulfur trioxide (2), versus mole
fraction of apparent sulfur trioxide x2.O, ref 16;Δ, ref 19; *, ref 21;], ref 20;
�, ref 12;—, model results withmodel parameters regressed fromestimated
VLEdata of ref 19. c. Total pressure pof the sulfuric acid system,water (1)þ
sulfur trioxide (2), versus mole fraction of apparent sulfur trioxide x2.O, ref
16; Δ, ref 19; *, ref 21; 0, ref 20; �, ref 12; —, model results with model
parameters regressed from estimated VLE data of ref 21.

Figure 3. Partial pressure of sulfuric acid p of the sulfuric acid system,
water (1) þ sulfur trioxide (2), versus mole fraction of apparent sulfur
trioxide x2 . O, ref 16; Δ, ref 19; *, ref 21;—, model results with model
parameters regressed from estimated VLE data of ref 19.

Figure 4. Partial pressure of water p1 of the sulfuric acid system, water
(1)þ sulfur trioxide (2), versus mole fraction of apparent sulfur trioxide
x2.O, ref 16;Δ, ref 19; *, ref 21;—, model results withmodel parameters
regressed from estimated VLE data of ref 19.

Figure 5. Partial pressure of sulfur trioxide p2 of the sulfuric acid system,
water (1) þ sulfur trioxide (2),versus mole fraction of apparent sulfur
trioxide x2. O, ref 16; Δ, ref 19; *, ref 21; —, model results with model
parameters regressed from estimated VLE data of ref 19.
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These three studies derived partial pressures of SO3 from
partial pressures of water, sulfuric acid, and the chemical equi-
librium constant of the sulfuric acid decomposition reaction in
the vapor phase. Although they all cited the chemical equilibrium
constant data of Bodenstein and Katayama,16,36 it is found that
the Gmitro and Vermeulen results and the Bolsaitis and Elliott
results could match the Bodenstein and Katayama36 study better
than the Vermeulen et al. results could in the temperature range
covered by the study of Bodenstein and Katayama. Figure 8
shows the Vermeulen et al. results gave slightly higher chemical
equilibrium constants. For this reason and the disagreements in
partial pressures of water and sulfuric acid, the partial pressures
for SO3 are quite different among the three studies, especially at
low concentrations and low temperatures. Better consistency is
observed at high temperatures and high concentrations, as shown
by Figure 5.
In summary, there are three major estimation studies on VLE of

aqueous sulfuric acid solutions, those of Gmitro and Vermeulen,
Vermeulen et al., and Bolsaitis and Elliott. These three studies
generally agree with each other at low concentrations but yield
significantly different results for concentrated aqueous sulfuric
acid solutions. The experimental studies of Roedel17 and Ayers
et al.18 on sulfuric acid partial pressure of concentrated sulfuric
acid solutions at room temperature suggest those of Gmitro
and Vermeulen are too high and they support estimations of
Vermeulen et al. and Bolsaitis and Elliott at low temperatures.
However, the experimental study of W€uster20 on total pressures
of aqueous sulfuric acid systems from 0.70 to 0.996 mass fraction
at elevated temperatures shows reasonable agreement with the
data of Gmitro and Vermeulen and, to a lesser extent, the data
of Vermeulen et al. In this study, we attempted to use these three
sets of data in the regression. Our results will be discussed in later
sections.
In addition to the VLE data shown above for the aqueous

sulfuric acid system, Kunzler22 reported useful azeotropic con-
centration data at pressures from 13 to 130 kPa. These azeotrope
data provide an additional validation check for the model.
For the VLE data of the oleum system, i.e., from unity mass

fraction sulfuric acid to unity mass fraction sulfur trioxide, we use
the experimental study of Schrage.12

Speciation Data. Speciation of sulfuric acid in aqueous
solution has been extensively studied23-29 mostly by spectroscopy

measurements of the aqueous sulfuric acid solutions. The various
studies revealed that (1) the first dissociation of sulfuric acid is
complete in diluted solutions but partial in concentrated solu-
tions, (2) the second dissociation of sulfuric acid is also partial
dissociation, (3) extents of both first and second dissociations
of sulfuric acid decrease with increase of temperature, and (4)
hydrated proton ions exist in the aqueous sulfuric acid solutions,
especially for dilute solutions.
The available experimental measurements on the degree of

dissociation of the bisulfate ion, ηHSO4
-, at 298.15 K from several

different sources23-29 are plotted in Figure 9. While significant
discrepancies exist among data from different sources, the data
from Lindstrom et al.23 and the data from Young et al.24 seem to
be representative of the speciation data. We choose to use these
two speciation data sets in regression. In addition, some of data of
Sherrill and Noyes25 is also used to supplement data at the very
dilute region.
Osmotic Coefficient Data. Rard et al.30 reviewed and up-

dated osmotic coefficient data for aqueous sulfuric acid solutions
at 298.15 K with acid concentration from (1 to 27)m. In addition

Figure 6. Total pressure p of aqueous sulfuric acid system, water (1)þ
sulfuric acid (2), at mass fraction of apparent sulfuric acid w2 = 0.985,
versus temperature T. O, ref 16; Δ, ref 19; 0, ref 20.

Figure 7. Total pressure p of the sulfuric acid system, water (1)þ sulfur
trioxide (2) at T = 573.15 K, versus mole fraction of apparent sulfur
trioxide x2. O, ref 16; Δ, ref 19; *, ref 21; 0, ref 20.

Figure 8. Natural logarithm of the equilibrium constant of the sulfuric
acid decomposition reaction lnKp versus reciprocal of temperature 1/T .
O, ref 36; ---, calculated from ref 16; —, calculated from ref 19; ---,
calculated from ref 21.
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to the osmotic coefficient data, they also reported the correspond-
ing values for water activity and mean ionic activity coefficient.
Another extensive review and compilation of osmotic coeffi-

cient data and water activity data at room temperature was reported
by Staples31 for aqueous sulfuric acid solutions with acid con-
centration from (0.001 to 27.5) m.
Figure 10 shows the osmotic coefficient data of Rard et al.30

and the data of Staples31 agree with each other up to 15 m. Start-
ing from 15 m, the values of Rard et al. become slightly greater
than those of Staples. Both of these data sets are used in data
regression. We should note that these osmotic coefficient data
are converted to apparent water activity coefficients for the
purpose of data regression.
Enthalpy andHeat Capacity Data. TheNBS tables of chem-

ical thermodynamic properties compiled by Wagman et al.14

provide an extensive set of data for molar heat of formation of
sulfuric acid diluted in various moles of water at 298.15 K. From
such data we obtain values for molar heat of dilution of sulfuric
acid with water.
R€utten et al.32 and Kim and Roth33 measured heat of dilution

for aqueous sulfuric acid systems at 283 K, 293 K, 313 K, and 333
K. They also derived heat of mixing from the heat of dilution data.
Their studies revealed that the heat of dilution of the H2SO4-
H2O binary system does not depend on temperature. Compar-
ison between the NBS data at 298.15 K and the Kim and Roth
data at 283 K, 293 K, 313 K, and 333 K supports this conclusion.
See Figure 11. Data from these two sources at different tem-
peratures agree with each other very well. In this work, the NBS
data are used in the regression to identify necessary parameters in
the enthalpy model, i.e., infinite dilution enthalpy of formation of
the H5O2

þ ion. Then, the data from R€utten et al. and Kim and
Roth are used for validation of the model.
Calorimetric effects of the SO3-H2SO4 binary system and

reported heat of solution of liquid SO3 in oleum systems at
303.15 K was studied by Miles et al.34 This data is used in
regression to identify the enthalpy of formation and heat capacity
of disulfuric acid.
Heat capacity data for the aqueous sulfuric acid solution

at 293.15 K have been reported in Perry’s Handbook.35 The
data cover the sulfuric acid concentration from pure water to
pure sulfuric acid and they are used in regression to identify the

parameters in the enthalpy model, i.e., the aqueous phase infinite
dilution heat capacity for the H5O2

þ ion.

’DATA REGRESSION

We conduct simultaneous regression of all of the thermo-
physical property data summarized in Table 8: VLE data12,16,19,21

for the sulfuric acid system from (273 to 573) K, speciation or
degree of dissociation data23-25 of the bisulfate ion at 298.15 K,
osmotic coefficient data30,31 at 298.15 K, heat of dilution data14

of sulfuric acid in water at 298.15 K, heat of solution data34 for
liquid SO3 in oleum systems at 303.15 K, and heat capacity data35

of the aqueous sulfuric acid solution at 293.15 K. The adjustable
parameters include the following:

•Antoine equation parameters for sulfuric acid
•liquid enthalpy of formation and liquid heat capacity of

disulfuric acid
•aqueous phase infinite dilution enthalpy of formation and

heat capacity for H5O2
þ ion

Figure 9. Degree of dissociation of bisulfate ion ηHSO4- in water (1) þ
sulfuric acid (2) solutions at T = 298.15 K, versus the square root of
molality of apparent sulfuric acidm2

1/2.O, ref 23;Δ, ref 24;0, ref 25;þ,
ref 26; � , ref 27; ], ref 28; *, ref 29; —, model results.

Figure 10. Osmotic coefficients j of aqueous sulfuric acid system,
water (1)þ sulfuric acid (2), atT= 298.15 K, versusmolality of apparent
sulfuric acid m2. O, ref 30; � , ref 31; —, model results.

Figure 11. Heat of dilutionΔHdil of aqueous sulfuric acid system, water
(1)þ sulfuric acid (2), versus mole fraction of apparent sulfuric acid x2.
O, ref 33 at T = 293.15 K; 0, ref 33 at T = 313.15 K; Δ, ref 33 at T =
333.15 K; *, ref 14 at T = 298.15 K;—, model results at T = 298.15 K.
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•eNRTL binary interaction parameters for the SO3-H2SO4

binary, the H2O-(H3O
þ, HSO4

-) binary, the H2O-(H5O2
þ,

HSO4
-) binary, the H2O-(H3O

þ, SO4
-2) binary, the H2O-

(H5O2
þ, SO4

-2) binary, the H2SO4-(H3O
þ, HSO4

-) binary,
the (H5O2

þ, HSO4
-)-(H5O2

þ, SO4
-2) binary, and the

(H3O
þ, HSO4

-)-(H5O2
þ, HSO4

-) binary.
•chemical equilibrium constant parameters for reactions R1 to

R5
Standard deviations of the experimental data used in the

regression are assigned according to the following rules:
•0.1 K for temperatures
•10% for pressures
•0.001 for mass fraction or mole fraction compositions
•0.1% for water activity coefficient (computed from osmotic

coefficient)
•5% for degree of bisulfate dissociation
•1% for heat of dilution of aqueous sulfuric acid systems and

heat of solution data for oleum system
•0.5% for heat capacity of aqueous sulfuric acid solutions
The regression runs are executed tominimize the residue root-

mean-square error (RRMSE) defined as:

RRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk
i¼1

Pm
j¼1

Zij -ZMij

σij

 !2

k - n

vuuuut
ð58Þ

where ZM = measured (experimental) value, Z = calculated
value, σ = standard deviation, i = data point number, k = total
number of data points, j = measured variable for a data point
(such as temperature, pressure, or mole fraction), m = number
of measured variables for a data point, n = total number of
adjustable parameters.

’RESULTS AND DISCUSSION

Due to the inconsistencies that exist among the three major
VLE data sets for aqueous sulfuric aicd solutions, we perform
three separate data regression runs, each with one of the three
VLE data sets of aqueous sulfuric acid solutions included in
regression: (1) VLE data from Gmitro and Vermeulen, (2) VLE

data from Vermeulen et al., and (3) VLE data from Bolsaitis and
Elliott. All other data in Table 8 is also included in the three
regression runs. To avoid excessive weight on potentially ques-
tionable data, we remove from the regression runs those VLE
data points with pressure lower than 1 Pa. Many of the removed
data points are sulfuric acid partial pressures and sulfur trioxide
partial pressures for concentrated acid solutions at low tempera-
tures, i.e., below 373 K.

The regressions yield the residue root-mean-square error
(RRMSE) of 1.995 and 1.987 for the run with the VLE data
of Gmitro and Vermeulen and the run with the VLE data of
Vermeulen et al., respectively. Successful regression of the run
with the VLE data of Bolsaitis and Elliott can only be achieved
after we remove the VLE data at 573 K from the regression.
Apparently the unusually high water partial pressure data of
Bolsaitis and Elliott at high acid concentrations and high
temperatures are not consistent and cannot be regressed simul-
taneously with other available thermodynamic property data in
Table 8. With the VLE data at 573 K removed, the regression
yields RRMSE of 1.756 for the run with the VLE data of Bolsaitis
and Elliott.

While the three runs all achieved acceptable correlation results
with most of the property data regressed, the VLE results for the
aqueous sulfuric acid solutions are very different. Figures 2a-c
show calculated total pressures of the sulfuric acid system based
on the three separate regression runs. To validate the model
predictions at high temperatures, the total pressure data of
W€uster,20 not included in regression, are also shown in these
figures for comparisons. With the VLE data of Gmitro and
Vermeulen used in regression, Figure 2a shows the model results
match well the Gmitro and Vermeulen total pressure data at
373 K and higher temperatures. Interestingly, as SO3 mole
fraction approaches 0.5, the model would predict total pressures
lower than the Gmitro and Vermeulen data at low temperatures,
say 273 K, and very close to the Vermeulen et al. data. This
finding suggests the Vermeulen et al. data indeed represents a
correction to the Gmitro and Vermeulen data.With the VLE data
of Vermeulen et al. used in regression, Figure 2b shows themodel
gives good match to the Vermeulen et al. data set across all tem-
peratures. The total pressure predictions at high temperatures up

Table 8. Experimental Data Used in Regression

T

source data type system K concentration nb ARD,d %

Gmitro and Vermeulen16 PH2O, PH2SO4, and PSO3 H2SO4/H2O 273-573 0.10-1.00 mass frac H2SO4 255c 29.38

Vermeulen et al.19 PH2O, PH2SO4, and PSO3 H2SO4/H2O 273-573 0.10-1.00 mass frac H2SO4 151 23.73

Bolsaitis and Elliott21 PH2O, PH2SO4, and PSO3 H2SO4/H2O 273-573 0∼azeotropic points 195c 39.85

Schrage12 PSO3 H2SO4/SO3 273-573 0.02-1.00 mol frac free SO3
a 53 23.54

Lindstrom and Wirth23 Speciation H2SO4/H2O 298 0-2.5 m H2SO4 9 10.95

Young et al.24 Speciation H2SO4/H2O 298 2.5-60 m H2SO4 24 4.20

Sherrill and Noyes25 Speciation H2SO4/H2O 298 0-0.025 m H2SO4 5 8.81

Rard et al.30 Osmotic coefficients H2SO4/H2O 298 1-27 m H2SO4 64 1.85

Staples31 Osmotic coefficients H2SO4/H2O 298 0.001-27.5 m H2SO4 81 1.44

Wagman et al.14 Heat of dilution H2SO4/H2O 298 0-0.5 mol frac H2SO4 55 1.12

Miles et al.34 Heat of solution H2SO4/SO3 303 0.01-0.80 mass frac free SO3
a 13 5.34

Perry’s Handbook35 Heat capacity H2SO4/H2O 293 0-1.00 mass frac H2SO4 38 1.35
a Free SO3 refers to apparent SO3 in a H2SO4-SO3 binary system. b n is number of data points in a data set. c Excluded from regression for the final
model. dARD is average relative deviation of the calculated results of the final model from the experimental data, and defined as (

P
n(|EST -

EXP|)/(EXP)/n) � 100%, where n is number of data points, EST is calculated results of the final model, and EXP is experimental data.
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to 753 K are in line with the W€uster data up to about 0.98 mass
fraction H2SO4, as shown in Figure 12a and b. Above 0.98 mass
fraction H2SO4, the W€uster data seem too high and cannot be
matched. The results suggest the Vermeulen data are thermo-
dynamically consistent with all the other thermophysical prop-
erty data used in the regression. With the VLE data of Bolsaitis
and Elliott used in regression and the 573 K data removed,
Figure 2c shows the model gives very poor results at low
temperatures as SO3 mole fraction approaches 0.5.

To further validate the model, Figure 13 shows the model
predictions for azeotropic concentrations as functions of pres-
sure. While the model predictions based on the VLE data of
Gmitro and Vermeulen are reasonable, the model predictions
based on the VLE data of Vermeulen et al. yield excellent match
to the experimental azeotropic data from Kunzler.22 No azeo-
tropic concentration predictions can be generated with the
model based on the VLE data of Bolsaitis and Elliott.

Given the VLE results shown above, we conclude that the VLE
data of Vermeulen et al. are the most reliable and thermodyna-
mically consistent with all the other thermophysical property
data used in the regression.We finalize the model parameters and
present the model results based on the VLE data of Vermeulen et
al. Table 8 summarizes the regression results including the
average relative deviation (ARD) percentage of the calculated
results from the experimental data. It should be noted that the
data of Gmitro and Vermeulen and the data of Bolsaitis and
Elliott are not included in the regression for the development of
the final model. The ARDs for these two data sources reflect the
difference between the estimated data and the model results
based on the data of Vermeulen et al. The values for the regressed
parameters of this model are given in Tables 2, 3, 9, and 10.

Figure 3 shows the model results for partial pressures of sul-
furic acid match well the data of Vermeulen et al. for concen-
trated sulfuric acid solutions. Figure 3 further shows the Gmitro
and Vermeulen data are 1 order of magnitude too high in com-
parison to the Vermeulen et al. data.

Figure 4 shows the model results for partial pressure of
water match well both the data of Vermeulen et al. and the
data of Gmitro and Vermeulen for concentrated sulfuric acid
solutions. However, upon close examination, the model
results for SO3 concentration approaching 0.5 show better
match with the data of Gmitro and Vermeulen and are
significantly lower than the data of Vermeulen et al. at low
temperatures. This observation suggests the Vermeulen et al.
study, while improving the estimations for sulfuric acid partial
pressure, probably reported questionable estimates for water
partial pressure trending at the limiting condition, i.e., SO3

mole fraction of 0.5.
As both the Gmitro and Vermeulen study and the Vermeulen

et al. study computed SO3 partial pressures from the water partial
pressures and the sulfuric acid partial pressures, we see in Figure 5
that the model results for SO3 partial pressures at temperatures
higher than 573 K closely resemble both the data of the Gmitro
and Vermeulen study and the Vermeulen et al. study. At lower
temperatures, the model results for SO3 partial pressure are
always lower than the data of the Gmitro and Vermeulen study
and the data of the Vermeulen et al. study. Furthermore, the
calculated SO3 partial pressure trending at the limiting case of
SO3 mole fraction of 0.5 is more consistent with the Gmitro and
Vermeulen study than with the Vermeulen et al. study.

The calculated degrees of dissociation of the bisulfate ion,
ηHSO4

-, at 298.15 K are compared to the available experimental

data24-30 in Figure 9. Excellent match in the data trending is
obtained using this method.

The model results for the osmotic coefficients at 298.15 K are
shown in Figure 10. The model results deviate slightly from the
data of Rard et al.31 at high acid concentrations but match per-
fectly with the data of Staples32 across the entire concentration
range.

The aqueous phase infinite dilution heat of formation for
H5O2

þ is found to be -574.87 kJ/mol, about twice of that for
H3O

þ (-285.83 kJ/mol). This is reasonable because H5O2
þ has

twowater molecules in it andH3O
þ has one. Figure 11 shows the

calculated heat of dilution fits perfectly the experimental data of
Wagman et al.14 Figure 14 shows the model results for heat of
mixing at several different temperatures also match well with the
experimental data of Kim and Roth.33 Figure 15 shows the model
results match satisfactorily the experimental heat capacity data
of Perry’s Handbook35 at 293.15 K for aqueous sulfuric acid
solutions. Both the data and the model results exhibit an
interesting discontinuity in the slope of Cp vs acid concentration
at around 0.80 acid mass fraction (SO3 apparent mole fraction

Figure 12. a. Total pressure p of aqueous sulfuric acid system, water
(1)þ sulfuric acid (2), at mass fractions of apparent sulfuric acidw2 from
0.7 to 0.9714, versus temperature T. ], ref 20; —, model results with
model parameters regressed from estimated VLE data of ref 19. b. Total
pressure p of aqueous sulfuric acid system, water (1) þ sulfuric acid
(2), at mass fractions of apparent sulfuric acid w2 from 0.9861 to 0.996,
versus temperature T. ], ref 20. —, model results with model
parameters regressed from estimated VLE data of ref 19.
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of ∼ 0.47). This concentration corresponds to the transition of
the sulfuric acid system from aqueous sulfuric acid solution to
nonaqueous sulfuric acid solution.

As identified by the data regression, the liquid enthalpy of
formation at 298.15 K for disulfuric acid is -1275.0 kJ 3mol-1

and the liquid heat capacity is 26.934 J 3 (mol 3K)
-1 at 298.15 K.

Liquid heat capacity is treated as constant as we ignore the
temperature dependence for this property. With these two
parameters, the model correlates well the heat of solution data
of liquid SO3 in H2SO4 fromMiles et al.,34 as shown in Figure 16.

As a further validation of the model, Figure 17 shows a Merkel
enthalpy-concentration chart generated for the aqueous sulfuric
acid at 101325 Pa. With the exception of some minor differences
observed for high sulfuric acid concentrations, the model vir-
tually duplicates the original Merkel chart prepared byMcCabe37

based on the work of Zeisberg38 for determining the heat requir-
ed for concentrating sulfuric acid solutions. Note that the
Merkel chart makes use of the English unit. The standard state
of the acid is taken to be pure acid at 70 �F. The chart covers the
temperature range from 70 �F to the atmospheric boiling point.
Given that the model correlates well the comprehensive set of

Figure 13. Azeotropic mass percent of apparent sulfuric acid 100 3w2 of
aqueous sulfuric acid system, water (1) þ sulfuric acid (2), versus total
pressure p. O, ref 22; - - -, model predictions with model parameters
regressed from estimated VLE data of ref 16;—, model predictions with
model parameters regressed from estimated VLE data of ref 19.

Table 9. Regressed eNRTL Binary Interaction Parameters

component i component j τ1,ij τ2,ij τ3,ij Rij

SO3 H2SO4 1.949 -533.53 0.0 0.3

H2SO4 SO3 4.173 -1813.85 0.0 0.3

H2O (H3O
þ, HSO4

-) 6.88 1478.7 -7.954 0.2

(H3O
þ, HSO4-) H2O -4.03 -521.03 3.493 0.2

H2O (H5O2
þ, HSO4

-) 6.339 -0.301 -0.118 0.2

(H5O2
þ, HSO4

-) H2O -4.391 -13.292 -0.067 0.2

H2O (H3O
þ, SO4

-2) 12.238 -0.010 0.229 0.2

(H3O
þ, SO4

-2) H2O -4.081 -0.932 0.555 0.2

H2O (H5O2
þ, SO4

-2) 3.494 -0.403 -0.310 0.2

(H5O2
þ, SO4

-2) H2O -2.442 3.203 0.673 0.2

H2SO4 (H3O
þ, HSO4

-) 3.978 1100.6 -0.062 0.2

(H3O
þ, HSO4

-) H2SO4 -2.541 -300.97 0.513 0.2

(H5O2
þ, HSO4

-) (H5O2
þ, SO4

-2) 5.392 0.0 0.0 0.2

(H5O2
þ, SO4

-2) (H5O2
þ, HSO4

-) -2.465 0.0 0.0 0.2

(H5O2
þ, HSO4

-) (H3O
þ, HSO4

-) -0.115 0.0 0.0 0.2

(H3O
þ, HSO4

-) (H5O2
þ, HSO4

-) 0.130 0.0 0.0 0.2

Table 10. Regressed Reaction Equilibrium Constant
Parameters

A B ln K @ 298.15 K

R1 -3.898 3475.0 7.757

R2 -5.393 1733.1 0.420

R3 -1.741 853.72 1.122

R4 -12.29 14245.7 34.49

R5 -6.307 3122.1 4.165

Figure 14. Heat of mixing of aqueous sulfuric acid system, water (1)þ
sulfuric acid (2), versus mole fraction of apparent sulfuric acid x2. O,
ref 33; for T = 298.15 K; 0, ref 33; for T = 313.15 K; Δ, ref 33; for
T = 333.15 K; *, ref 14; for T = 298.15 K; —, model results at T =
298.15 K; 3 3 3 , model results at T = 313.15 K, - - -, model results at T =
333.15 K.

Figure 15. Specific heat capacity Cp of aqueous sulfuric acid system,
water (1) þ sulfuric acid (2), at T = 293.15 K, versus mass percent of
apparent sulfuric acid 100 3w2. O, ref 35; —, model results.
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relevant thermophysical property data summarized in Table 8,
Figure 17 can be considered as an update to McCabe’s Merkel
enthalpy-concentration chart for sulfuric acid solutions.

Separately, the compositions of the species at 298.15 K in the
sulfuric acid system are shown in Figure 18. It shows H5O2

þ is
the major hydrated proton species in dilute sulfuric acid
solution while H3O

þ becomes the dominant one in more
concentrated sulfuric acid solution. Sulfate ion is always of
low concentration in comparison to bisulfate ion, due to the
relative weakness of the second acid dissociation. With the
increase in SO3 mole fraction, water concentration diminishes
rapidly as water is consumed by the dissociation of sulfuric acid
and the hydrations of proton ion. As SO3 mole fraction exceeds
∼ 0.47, hydronium ion and bisulfate ion concentrations drop
precipitously and the solution transitions to mainly nonaqu-
eous sulfuric acid. Further increase of SO3 brings about the
reaction between sulfuric acid and sulfur trioxide to form a
nonaqueous mixture of sulfuric acid, sulfur trioxide, and di-
sulfuric acid.

’CONCLUSIONS

The complexity of the sulfuric acid-water-sulfur trioxide
system presents a tall challenge to the development of thermo-
dynamic model for the sulfuric acid system. Based on the sym-
metric eNRTL activity coefficient model, we have developed an
accurate and comprehensive thermodynamic model for the
sulfuric acid system that covers the entire concentration range
from pure water, to pure sulfuric acid, to pure sulfur trioxide. The
model satisfactorily represents all the relevant thermophysical
property data including vapor-liquid equilibrium, osmotic coef-
ficients, liquid phase speciation, heat of dilution, heat of mixing,
and liquid heat capacity with temperature ranging from room
temperature up to 773 K. It should be a very useful engineering
thermodynamic model in support of modeling and simulation of
processes involving the sulfuric acid system.
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