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ABSTRACT: A comprehensive thermodynamic model has been developed for calculating thermodynamic and transport
properties of mixtures containing monoethylene glycol (MEG), water, and inorganic salts and gases. The model is based on the
previously developed mixed-solvent electrolyte (MSE) framework, which has been designed for the simultaneous calculation of
phase equilibria and speciation of electrolytes in aqueous, nonaqueous, and mixed solvents up to the saturation or pure solute
limit. In the MSE framework, the standard-state properties of species are calculated from the Helgeson—Kirkham—Flowers
equation of state, whereas the excess Gibbs energy includes a long-range electrostatic interaction term expressed by a Pitzer—
Debye—Hiickel equation, a virial coefficient-type term for interactions between ions and a short-range term for interactions
involving neutral molecules. Model parameters have been established to reproduce the vapor pressures, solubilities of solids and
gases, heat capacities, and densities for MEG + H,0 + solute systems, where the solute is one or more of the following
components: NaCl, KCl, CaCl,, Na,SO,, K,SO,, CaSO,, BaSO,, Na,CO;, K,CO;, NaHCO;, KHCO,, CaCO;, HCI, CO,, H,§,
and O,. In particular, emphasis has been put on accurately representing the solubilities of mineral scales, which commonly appear
in oil and gas environments. Additionally, the model predicts the pH of mixed-solvent solutions up to high MEG contents. On
the basis of speciation obtained from the thermodynamic model, the electrical conductivity of the MEG + H,O + NaCl +
NaHCOj; solutions is also calculated over wide ranges of solvent composition and salt concentration. Additionally, associated
models have been established to compute the thermal conductivity, viscosity, and surface tension of aqueous MEG mixtures.

1. INTRODUCTION

Ethylene glycol is an important industrial solvent and raw
material in a variety of processes. In the oil and gas industries,
monoethylene glycol (MEG) is commonly used to reduce the
risk of gas hydrate formation during the production and
transportation of hydrocarbons because gas hydrates pose
serious economic and safety problems by blocking pipelines or
plugging up wells and preventing gas production." At the same
time, organic gas hydrate inhibitors such as MEG may cause
adverse scaling phenomena in drilling fluids and produced
water, which commonly contain high concentrations of
dissolved minerals. Therefore, the thermodynamic behavior of
MEG-containing systems directly affects gas hydrate and scale
control, which are two of the key aspects of flow assurance in
the petroleum industry. In addition, the presence of important
gas contaminants such as CO,, H,S, and O, in crude oil and
natural gas processing requires the knowledge of their
solubilities in fluids that may contain ethylene glycol. Moreover,
ethylene glycol is used as an antisolvent or an additive in
crystallization to obtain solid materials of desirable physical
quality and chemical purity.”® Therefore, a better under-
standing of salting-out effects and solubility behavior is
necessary for the effective design and implementation of
optimum operating conditions and equipment for processes
involving such complex systems. Accurate models are thus
clearly of vital importance to predict the phase and chemical
behavior as well as other relevant thermophysical properties of
MEG-containing systems.
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Because of the practical importance of MEG, a large number
of research papers has been published in the literature about
systems containing aqueous MEG, various salts, and dissolved
gases. The reported studies include data on phase equi-
libria,*~3° speciation,zs’Sl’52 caloric effects,®** den-
sities,'1#3¥35737 surface tension,*>** %% and transport proper-
ties such as viscosity and electrical and thermal conductiv-
ity315¥5%%3770 These data make it possible to develop
comprehensive thermodynamic and transport property models
for the simulation of chemical processes in which MEG plays a
role. The recent work of Fosbel et al.”' on modeling the system
MEG + water + CO, + Na,CO; + NaHCO; represents an
important advancement in the understanding and simulation of
such systems but is limited to carbonates and bicarbonates as
salt components.

Modeling phase equilibria in MEG-containing systems
requires the use of a comprehensive thermodynamic model
for mixed-solvent electrolyte mixtures. At the same time, it is
highly desirable to have a computational framework that can be
used for predicting transport properties and surface tension as
well as bulk-phase thermodynamic properties. Besides its
obvious practical usefulness, such a framework would provide
additional insights into the properties of such systems. For
example, when analyzing transport phenomena (e.g., electrical

Received: June 19, 2013

Revised:  October 10, 2013
Accepted: October 14, 2013
Published: October 14, 2013

dx.doi.org/10.1021/ie4019353 | Ind. Eng. Chem. Res. 2013, 52, 15968—15987


pubs.acs.org/IECR

Industrial & Engineering Chemistry Research

and thermal conductivity, viscosity, and diffusivity), the
ionization behavior of electrolytes in MEG-water mixtures
needs to be taken into account. Thus, a reasonable prediction
of speciation is important for the simultaneous representation
of phase equilibria and transport properties.

In this study, we first apply a Ereviously developed
speciation-based thermodynamic model,”>”? referred to as the
MSE (mixed-solvent electrolyte) model, to selected MEG-
containing systems with a particular focus on salts and gases
that commonly exist in oilfield waters. The MSE model was
previously shown to reproduce simultaneously vapor—liquid,
solid—liquid, and liquid—liquid equilibria, speciation, caloric,
and volumetric ?rosperties of electrolytes in water, organic, or
mixed solvents.”””> In particular, the model is capable of
reproducing solubility variations with solvent and ionic
composition in crystallization studies’® and accurately
represents phase equilibria in multicomponent inorganic
systems containing multiple salts, acids, bases,”*”” 7% and
ionic liquids.*> A combination of the MSE model and the
extensive thermodynamic data that are available in the literature
for MEG-containing systems provides an excellent opportunity
for developing a comprehensive thermodynamic treatment.
After establishing the parameters of the thermodynamic model,
we develop associated models for electrical conductivity,
thermal conductivity, viscosity, and surface tension.

2. THERMODYNAMIC FRAMEWORK

Details of the thermodynamic model have been described
elsewhere.”>”> Here, we briefly introduce the fundamentals of
the model and specify the parameters that need to be
determined on the basis of experimental data. The thermody-
namic framework has been designed to provide a simultaneous
treatment of phase equilibria, ionic equilibria in the solution,
and derivative thermodynamic properties such as enthalpy and
heat capacity. To achieve this objective, the framework consists
of

(a) An excess Gibbs energy model that accounts for the
nonideality of liquid systems containing ionic and neutral
solute species in single or multicomponent solvents;

(b) A standard-state property model that determines the
thermodynamic properties of individual species at infinite
dilution and thus defines the reference state for
constructing the solution nonideality model;

(c) Chemical equilibrium equations that account for acid—
base equilibria (including the self-dissociation of water
and MEG molecules) and the formation of ion pairs or
other aqueous complexes; and

(d) A cubic equation of state for representing the properties
of the gas phase.

The excess Gibbs energy is expressed as

G™ G , Gi | G

a— + — 4+ 2=

RT RT RT RT (1)
where Gy represents the contribution of long-range electro-
static interactions, G{} accounts for specific ionic (ion—ion and
ion—molecule) interactions, and G¢i is a short-range
contribution resulting from intermolecular interactions. The
long-range interaction contribution is calculated from the
Pitzer—Debye—Hiickel formula® expressed in terms of mole
fractions and symmetrically normalized. The specific ion-
interaction contribution is calculated from an ionic-strength-

dependent, symmetrical second virial coeflicient-type expres-
sion

Gy B
RT (Z n,) Z ;xiijij(Ix) "

where Bj (1) = B;; (L), B; = B;; = 0 and the ionic strength
dependence of Bj is given by

By(L) = b; + ¢; exp(—/I, + a,) 3)
where b; and c;; are adjustable parameters and a, is set equal to
0.01. The parameters b; and c; are calculated as functions of
temperature as

by = by + by T+ by /T + by T> + by, In T 4)

2
¢ = coy ch + C2,ij/T + ch + c4‘l.jln T ()

For most electrolyte systems, only the first three terms are
necessary to represent the variations of thermodynamic
properties with temperature over a temperature range up to
300 °C. Additional temperature-dependent parameters are
necessary only for a limited number of systems for which data
analysis needs to be performed over an extended range of
temperatures.** In cases where very high pressures are of
interest, a pressure dependence may also be introduced into the
b and c; parameters.>*

The short-range interaction contribution is calculated from
the UNIQUAC equation.”” When justified by experimental
data, the temperature dependence of the UNIQUAC energetic
parameters can be expressed using a quadratic function:

a; = aigo) + aigl)T + aigZ)T2 (6)
In systems containing only strong electrolytes, only the specific
ion-interaction parameters are needed to reproduce the
properties of the solutions. However, in nonelectrolyte systems
such as the MEG + water binary, only the short-range
parameters are needed. For electrolyte systems such as those
encountered in oilfield waters and brines where the ionic
strength and salt concentrations are significant, the specific ion-
interaction contribution is the most important one to
reproduce the properties of the solutions. When a chemical
process occurs in a mixed solvent or in solutions where
undissociated inorganic acids or bases are present in significant
amounts, the short-range contribution must be introduced to
account for molecular interactions between the undissociated
acid or base and the solvent molecules or between solvent
components.

Although the excess Gibbs energy model is used to calculate
nonideality effects on solution properties, the chemical
equilibrium is governed by the chemical potentials of all
species that participate in various reactions, such as
precipitation, hydrolysis, and ion pairing. The chemical
potential of each ionic or neutral species i is determined by
its standard-state chemical potential, 4{(T,P), and its activity
coefficient, y,(T,Pjx). In other words

u(T, P, x) = u°(T, P) + RT In xy(T, P, x) )

The standard-state chemical potentials of aqueous species,
u(T,P), are calculated as functions of temperature and pressure
using the Helgeson—Kirkham—Flowers (HKF) equation of
state.*®*° The parameters of the HKF model are available for

. .. 91-93 .
various aqueous species. The standard-state properties
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Table 1. Literature Data Sources for the MEG + H,O Binary System”

ref type of data T, K

Sokolov et al.* VLE® 292360
Chiavone-Filho et al.® VLE* 343, 363
Trimble and Potts® VLE® 343—470
Ogorodnikov et al”’ VLE® 373—-470
Gonzalez and Van Ness® VLE*® 323

Villamanan et al.’ VLE* 333

Curme'® VLES 339—450
Horstmann et al.'® VLE€ 333, 353
Daubert and Danner"” VLE 273-573
Cordray et alM! SLE 217-273
Ross'"” SLE 220-273
Liu et al'™ SLE 205-273
Weast and Lide''* SLE 222-273
Nan et al.** G, 273-373
Yang et al.*® Cpp 1 273-353
Morénas and Douhéret* p 288—-308
Hayduk and Malik*! PN 298

Sun and Teja® P, A 296—450
Sesta and Berardelli®* PN 298

Iulian and Ciocirlan' /o 293-313
Egorov et al>® P 278-333
Lee and Hong™® P 283-303
Zhang et aly’ p 308—-323
Won et al.* pn o 298

Horoibe et al.® o 253-298
Habrdova et al.% c 298

Hoke and Chen®! o 298—471
Nakanishi et al.>® o 303

Kalies et al.*® c 293

Bogacheva et al® A 298-363
Assael et al.*® i 296—355
Bohne et al.” ) 253470
Vanderkooi et al.%® i 273-373
Usmanov and Salikhov®® A 293

P, atm concentration range
0.013-0.13 x =0.19-0.99
P, x = 0—0.86
0.3—0.98 x=0-1
1.0 x =0-1
P, x = 0.02—-0.98
P, x =0-1
P, x =0-1
P, x =0-1
P, x=1
1.0 x=0-1
1.0 x = 0—-0.85
1.0 x = 0-0.38
1.0 x = 0.001-0.3
1.0 x =0-1
1.0 x=0-1
1.0 x =0-1
1.0 x=0-1
P, x = 0.25-0.75 (to x = 1 for 1)
1.0 x=0.11-1
1.0 x=0-1
1.0 x =0-1
1.0 x = 0.0083—-0.87
1.0 x =0-1
1.0 x =0-0.2
1.0 x =0-1
1.0 x = 0.008—0.2
P, x = 0.047—-1
1.0 x =0-1
1.0 x =0-1
1.0 x=0-1
1.0 x = 0.088—1
P, x =0-1
1.0 x =0-1
1.0 x=0-1

“The symbol x denotes the mole fraction of MEG, p, density, 7, viscosity, 4, thermal conductivity, and o, surface tension. YData determined under

isobaric conditions. “Data determined under isothermal conditions.

calculated from the HKF model are based on the infinite-
dilution reference state and on the molality concentration scale.
To make the equilibrium calculations consistent when the
standard-state properties are combined with the mole-fraction-
based and symmetrically normalized activity coeflicients, two
conversions are performed.”> (1) The activity coefficients
calculated from eq 1 are converted to those based on the
unsymmetrical reference state (i.e., at infinite dilution in water)

In }/ix’* =In yl.x - lin}) In yix

x,—1 (8)

where liirh Iny7 is the value of the symmetrically normalized
;;—»1

activity coefficient at infinite dilution in water, which is

calculated by substituting x; = 0 and x,, = 1 into the activity

coefficient equations. (2) The molality-based standard-state

chemical potentials are converted to corresponding mole-

fraction-based quantities

1000

u (T, P) = u*"™(T, P) + RT In
H,0 ©)

where My ¢ is the molecular weight of water. The values of In

y7* and pl* from eqs 8 and 9 are then used in eq 7 to
determine the chemical potential of each species for chemical-
equilibrium calculations. Thus, the calculations require the
availability of parameters for both the standard-state properties
and activity coeflicients. For speciation calculations in non-
aqueous or mixed-solvent electrolyte solutions, it is of interest
to consider the change in the thermodynamic state of individual
ions as they are moved from an aqueous to a mixed-solvent
environment. This is significant because the Helgeson—
Kirkham—Flowers equation defines the standard-state chemical
potentials at infinite dilution in water and not in any other
solvent. The difference between the chemical potential at
infinite dilution in water and in a nonaqueous (in particular,
mixed) solvent is accounted for by the Gibbs energy of transfer
of an ion from water to a nonaqueous solvent.” In general, the
Gibbs energy of transfer from solvent R to solvent S is related
to the activity coeflicients by

x,%,8

it
x,*R

5 My (10)

A,G'(R > S), =RT In S
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Table 2. Literature Data Sources for the MEG + H,O + Solute (S) Systems

S
NaCl

KCl

CaCl,

K,CO,
K,SO,

Na,SO,

CaSO,

Na,CO;

NaHCO;

HCI

O,

H,S

co,

ref

Zhou et al.'"'?

Masoudi et al.*®

Kraus et al.*®

Isbin and Kobe®”
Trimble'*
Baldwin et al
Kan et al.””
Parrish*

Parrish and

Allred*!
Woods et al.?!

Sandengen and
Kaasa’’

Zhou et al.'"'?
Masoudi et al. >

139

Parrish*
Trimble'*
Armstrong and
Eyre48
Chiavone and
Rasmussen*’
Adavcova'®
Masoudi et al."’
Isbin and Kobe®”
Parrish*®

Parrish and

Allred*'
Masoudi et al.*

Kobe and Stong46
Fox and Gauge®’
Trimble'*

Vener and
Tompson

Kaasa et al.*®
Oosterhof et al.*°
Girtner et al.*®
Girtner et al.?®

Sandengen and
Kaasa’®

Gerrard and
Macklen*

O’Brien et al.**

Yamamoto and
Tokunaga22

Joosten et al.*’
Jou et al.**

Lenoir et al®

Gerrard®
Short et al.>°
Byeseda et al.”®
Lenoir et al®

Hayduk and
Malik*™!

Kobe and Mason™

Won et al.*

type of data

solubility
density
solubility
freezing point
boiling point
solubility
solubility
solubility
solubility
solubility
solubility

aW

freezing point

electrical
conductivity

solubility, p
freezing point
boiling point
solubility
solubility
solubility

solubility

solubility
solubility
solubility
solubility
A

solubility
freezing point
boiling point
solubility
solubility
solubility
solubility

solubility
solubility
solubility
solubility

electrical
conductivity

solubility/VLE

solubility/VLE
solubility/VLE

solubility/VLE
solubility

Henry’s law
constant

solubility
solubility
solubility
solubility
solubility

solubility
solubility

T, K
288—308

273-348
252-270
375—384
298
298
303
323
298
273-289
274-289

214-273
298

288-308
252-271
374-385
273-289
303
298

298—-348

298
298-348
298
273-289
274-289

273-303
253-270
374—-380
298-313
298

303

298—-408

298-338
313—363
313-363
288—363
298

273-320

298
298

278—409
298-398
298

265-293
263—333
297
298
298

298
298

P, atm

1

T S

— = e =

_

O S

Pyg =1

Py = 0.0008—0.424

1

P, =021
Py = 0.031-67
low Py g
Pys=1
Pys=1
Pgp, =1
Pgo, = 0.1
Pco, =1
Pco, =1
Peo, = 1
15971

. a
concentration range

= 0—1, m,

=0-1,m=1-my

= 0.031-0.16, m,

= 0.018—0.058, m = 0.46—3.04
= 0.019—0.17, m = 0.94—2.65
= 0-1, m,

1, my

0—1, mq

ROR R R R R R &R

0
=)
3

4 My
x' = 0-0.22, m
x' = 0-0.11, m,

x' = 0.049 and 0.11, m = 0.9-5.1

x'=0—-0.3, m = 0—4.3
X' = 0.1-1, m = 0—2.4

x' = 0-1, m,

x' = 0.0076—0.11, m = 0.4-2.2
x’ = 0.015-0.29, m = 0.69—-2.78
& = 0-0.11, m,

x' = 0-1, my

x' = 0—0.018, m;

x' = 0.076—1, m

x' = 0.031-1, m;

" = 0.19 and 0.63, m

=1, m

"= 0-0.11, m,

" = 0.044—0.11, m = 0.48—1.6

" = 0.031-0.16, m,

" = 0.013—-0.092, m = 0.32—145
" =0.013-0.17, m = 0.32—1.45
= 0-1, m,

" =0.01-0.22, m

" = 0-0.36, m,

"= 0-0.97, m,

"=0-1,m
"=0-1, m,

x s
x
x'=0-1,m
x
x

s

s
' = 0221, m,
= 0-1, m = 0-1

x' =1

x' =1, xyc = 0.076—0.353

x' =0-1
x' =022-1
x' =1

x' =1
x'=1

x' =1

x' =1

x' =1

x' =0-1
x' =0-0.3
x' = 0-0.2
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Table 2. continued

S ref type of data T, K P, atm concentration range”
Oyevaar et al** solubility 298 Pco, =1 x' =0-1
Jou et al.** VLE 298—398 0.29—200 &' = 1, %c0,=0.00069—0.139
Kaminishi et al.>*® x' =1
CaCl, + NaCl Parrish and a,, solubility 273-289 1 x' = 0.049-0.11, my,c = 0.72—2.4, mc,c, = 0.095—0.32
Allred*! )
x' = 0—=0.11, mc,q;, = 0.94—4.5, my,c = my
CaSO, + NaCl Kaasa et al*® solubility 298—-358 1 ¥ = 0—1, my,q = 0.1, 0.5, 0.7, mcys0, = mq
BaSO, + NaCl Kan et al.”’ solubility 298 1 %' = 0—041, my,q; = 1 and 3 mol/kg H,0, my,g0, = m,
Parrish* solubility 298 1 %' = 0—0.18, my,c; = 1 and 3 mol/kg H,0, my,50,=m
NaHCO; + Sandenggn and electrical N 298 1 x' = 0—1, my,c1 = 0—1, Mypco, = 0.1 and 0.25
NaCl Kaasa conductivity
NaHCO; + CO, Sandengen et al®’ pH 277-353 Pco, = 0.71-1 &’ = 0.30 and 0.72, my,uco, = 0—0.96
Kaasa et al.*® solubility, pH 298 Pco, ~1 x' = 0—1, Myumco,=Ms
KHCO; + CO,  Sandengen et al®  pH 298 Pco, =1 %" = 0.30 and 0.72, myyco, = 0—-1.72
NaHCO; + Kaasa et al.? solubility, pH 298-353 Pcp, = 0.54—1 x' = 0—1, my,c; = 0.1, 0.5, 0.7, my,yco, = My
NaCl + CO,
CeE:COO3 +NaCl+ Kaasa et al.?® solubility, pH 298-353 Pcp, = 0.58—1 %' = 0—0.85, my,c = 0.1, 0.5, 0.7, mc,co, = my
2

“The symbol x’ denotes the mole fraction of MEG on a salt-free basis; «’

solvent) ™",

= 1 if no water is present. m; is the saturation molality in mol (kg

where My (Y = S or R) are the molecular weights of solvent Y
and y*" is the mole-fraction-based unsymmetrical activity
coefficient of ion i in solvent Y. Thus, with an appropriately
constrained activity coefficient model, the Gibbs energies of
transfer can be reproduced, and the model can be based on an
infinitely dilute reference state in water even when water is not
the only solvent.

For the species in the gas phase, the fugacity coeflicients used
to determine their chemical potentials have been calculated
using the Soave—Redlich—Kwong (SRK) equation of state.”**®

On the basis of the chemical potentials calculated from eq 7,
equilibrium expressions are written for ionic equilibria between
solution species (i.e., for acid—base and ion-pairing reactions)
and for phase equilibria (VLE and SLE). These expressions are
solved together with material balance and electroneutrality
constraints as discussed by Zemaitis et al.”® and Rafal et al.””

3. TRANSPORT AND SURFACE PROPERTY MODELS

Models for transport and interfacial properties in aqueous and
mixed-solvent electrolyte systems have been described
previously.”® ™' In particular, models are available for
calculating thermal and electrical conductivity, self-diffusivity,
viscosity, and surface (L—V) and interfacial (L—L) tension over
wide ranges of temperature, solvent composition, and electro-
Iyte concentration. These models are coupled with the MSE
thermodynamic framework to obtain the concentrations of
individual ions, neutral molecules, complexes, and ion pairs that
are used as input for the calculation of the transport and
interfacial properties. The transport and interfacial property
models have been designed to have the same applicability range
as that of the MSE thermodynamic model (ie., they can be
applied to aqueous solutions ranging from infinite dilution to
solid saturation or pure solute limit). They are equally
applicable to nonelectrolyte mixtures and nonaqueous or
mixed-solvent electrolyte systems. In the present work, the
thermal conductivity, viscosity, and surface-tension models are
applied to the MEG + water binary system, and the electrical
conductivity model is used for selected MEG + water + salt
systems. Details of these models can be found elsewhere,”®~'*!

and a brief summary of the relevant equations and associated
parameters is given in the Supporting Information.

4. EVALUATION OF MODEL PARAMETERS

The MSE thermodynamic framework has been applied to
model the phase behavior and other thermodynamic properties
of the binary system MEG + H,O and the mixed systems MEG
+ H,0 + solute, where the solute is one or more of the
following components: NaCl, KCl, CaCl,, Na,SO,, K,SO,,
CaSO,, BaSO,, Na,CO;, K,CO;, NaHCO;, KHCO;, CaCOs,
HCI, CO,, H,S, and O,. Model parameters for aqueous binary
and multicomponent systems containing chloride salts (i.e.,
NaCl, KCl, and CaCl,) and CO, have been reported in
previous studies.”®”® For other aqueous binary and multi-
component systems (ie., those other than the chloride and
CO, systems), ion-interaction parameters have been deter-
mined on the basis of analogous procedures and are used here
as a foundation for modeling the MEG + H,O + solute systems.

Tables 1 and 2 summarize the primary literature sources that
were used for developing the model for MEG-containing
systems together with their ranges of temperature, pressure,
solvent composition, and salt content. The model parameters
have been determined using thermodynamic data of various
types (i.e., (1) vapor—liquid equilibria (VLE), (2) water activity
(ay,), (3) solubilities of solids in MEG + H,O mixtures and in
pure MEG, including the melting point of MEG and freezing
point data, (4) speciation data as exemplified by pH
measurements, (5) volumetric data, and (6) caloric data such
as heat capacities). The use of multiple data types is important
to ensure the physical validity and accuracy of model
parameters. For example, caloric data are useful to determine
the temperature dependence of model parameters. This makes
it possible to make reliable predictions of solubilities well
beyond the temperature range of experimental data.

Prior to modeling multicomponent systems, model param-
eters have been developed for the MEG + H,O binary. These
parameters as well as those for aqueous salt systems provide a
basis for modeling the properties of mixed systems containing
salts and gaseous components in addition to MEG. Although
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Standard-State Properties at Infinite Dilution in Water

species AC’}), k&J mol™ S°, J mol™'K™!
MEG(aq) —334.660 24897
Pure-Component Liquid-Phase Properties
Cp (J mol™' K™!) = A + BT + CT?
species A B C
MEG’ 35.54 043678 —1.8486 x 107
Solid-Phase Properties
species AG®, kJ mol ™" $°, J mol™ K™ C,° J mol™" K™*
MEG(s) —321.197 173.66 9623
MEG-H,0 —559.297 222.87 138.07
Henry’s Law Constant
Log K=A +B/T + CT + DT*
equilibrium A B C D
MEG(g) = MEG(aq) —12.68451 4532912 1.338141 X 1072 —5.897575 X 1076
Binary Interaction Parameters
a; = a,-/(o) + ai/(l) T + a,-/-(z) T?
species i species j uii(o) aij(l) a;® uj,-(o) ;D aji(z)
MEG(aq) H,0 195.6597 —17.72271 2244026 x 1072 —212.5369 31.50075 —5.463013 X 1072
“Parameters were determined in this study unless otherwise noted. th equation coefficients were taken from Daubert and Danner.''® The enthalpy

and heat capacity of MEG + H,O mixtures are calculated using a previously described methodology that utilizes the pure liquid heat capacity and its
temperature dependence.” “C, values for MEG(s) and MEG-H,O were estimated according to Kubaschewski and Unal.'®
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Figure 1. Comparison of the exPerimental (symbols) and calculated (curves) solid—liquid equilibria for the MEG + H,O system. Experimental data
were taken from Cordray et al,, " Liu et al,'*® Ross,''? and Weast and Lide.'"* The calculated results were obtained using the parameters given in
Table 3.

the fundamental ions and ion pairs are the same in aqueous and
MEG-containing systems, modeling the behavior of mixtures of
MEG and inorganic components has revealed the need to
introduce parameters that reflect the specific physical nature of
such systems. This includes accounting for ion-pair formation
and virial-type ion interactions involving the charged species
and MEG.

The thermodynamic model is also used to provide speciation
input for the calculation of transport and surface properties.
This is especially important for the systems that contain salts

15973

because chemical speciation and ionic equilibria have a
significant effect on transport properties in mixed solvents
such as MEG + H,0. Specifically, the electrical conductivity in
the systems MEG + H,O + NaCl, MEG + H,0 + NaHCO;,
and MEG + H,0 + NaCl + NaHCO; as well as the thermal
conductivity, viscosity, and surface tension in the MEG + H,O
binary mixture has been examined. The experimental data that
were used to evaluate the transport property and surface-
tension parameters are also listed in Tables 1 and 2.
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Figure 2. Vapor—liquid equilibria for the MEG + H,O system at various pressures. The symbols are taken from the literature,"*”'* and the lines are

calculated from the MSE model using the parameters given in Table 3.
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Figure 3. Heat capacities of liquid mixtures of MEG + H,O as a function of temperature and composition. The symbols are taken from the
literature,>>* and the lines are calculated from the MSE model using the parameters given in Table 3.

5. RESULTS AND DISCUSSIONS solubility, and freezing point measurements. Heat capacities
and densities have also been extensively re-

Binary System MEG + H,O. Extensive phase-equilibrium
d.313353=STE3646TUSII6 1n addition to the thermody-

data are available in the literature for the MEG + H,O porte
system.* 1% ~1!* Thege data include vapor—liquid equilibrium, namic properties, a considerable amount of data is available for
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Figure 4. Thermal conductivity of liquid mixtures of MEG + H,O as a function of temperature and composition. The symbols are taken from the
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Figure S. Viscosity of liquid mixtures of MEG + H,O as a function of temperature and composition. The symbols are taken from the

. 63,67
literature,>>%

and the lines are calculated from the viscosity model® using the parameters given in Table S1.

the thermal conductivity, viscosity, and surface tension of the
binary mixture as well as of pure liquid MEG. As shown in
Table 1, the literature data span wide ranges of temperature and
composition for this system and provide a comprehensive
foundation for the determination of model parameters.
Modeling the thermodynamic properties of the binary
system requires a simultaneous regression of all types of
available data so that a consistent set of model parameters can
be determined to represent multiple properties. Only the short-
range interaction contribution to the excess Gibbs energy (i.e.,
the UNIQUAC term) is necessary to describe the nonideality
of the binary MEG + H,0 mixture. The UNIQUAC
parameters are temperature-dependent, as defined by eq 6.
Table 3 lists the model parameters that reproduce the
thermodynamic properties of this system. In addition to the
UNIQUAC interaction parameters between MEG and H,0O,
the standard-state properties (AG}), S° and CS) of MEG in the
vapor, aqueous, and solid phases are also necessary. In

particular, the standard-state chemical potentials of MEG in
the liquid and vapor phases are intrinsically related to the
Henry’s law constant, which determines the vapor—liquid
equilibria in conjunction with the UNIQUAC parameters. The
standard-state chemical potential of MEG in the solid phase is
needed to quantify the solubility and freezing point. The values
of these standard-state properties have been adjusted, when
necessary, together with the interaction parameters to obtain
the best fit to the experimental data. The standard-state
property values are also given in Table 3.

Selected results of modeling thermodynamic properties are
shown in Figures 1—3 in which the calculated vapor—liquid and
solid—liquid equilibria and heat capacities are compared with
literature data. The freezing point data from several literature
sources are generally consistent with each other'"'™"'* and are
accurately represented from the freezing point of pure water to
that of MEG (Figure 1). The solubility of an intermediate solid
phase, identified as a monohydrate of MEG (ie, MEG-
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Figure 6. Surface tension of the MEG + H,O system as a function of
temperature and composition. The symbols are taken from the
literature,>*>°~%% and the lines are calculated from the surface tension
model'®! using the parameters given in Table SI.

H,0),""" is also accurately reproduced. Two distinct eutectic
points appear in the phase diagram at the intersections of the
MEG-H,0 solubility curve with those of pure MEG and ice.
Vapor—liquid equilibria are also reproduced within the
experimental uncertainty as shown in Figure 2. Figure 3
shows the heat capacity of MEG + H,O mixtures at various
compositions. The heat capacity data of Yang et al>® are
significantly higher than those of Nan et al.** between the MEG
mass fractions of 0.1 to 0.3 and show an unreasonable trend
with MEG content. The data of Yang et al.>* have not been
used in the parametrization and are shown in Figure 3 only for
comparison.

After establishing the thermodynamic parameters, the
thermal conductivity, viscosity, and surface-tension model
parameters have been developed for the MEG + H,O mixtures.
The model parameters are given in Table S1 in the Supporting
Information, and the corresponding results are shown in
Figures 4—6. For all three properties, the models represent the

experimental data with a good accuracy across the full range of
mole fractions and over a wide temperature range.

The parameters developed for the MEG + H,O system
provide a basis for modeling the effects of salts, acids, and
dissolved gases. This will be discussed in the following sections.

MEG + H,0 + Salt Systems. The following systems have
been analyzed:

(1) Ternary systems MEG + H,O + S; (where S, is a single
salt, ie, S; = NaCl, KCl, CaCl, K,CO; Na,CO;,
NaHCO,, K,SO,, Na,SO,, and CaSO,)

Ternary or binary systems MEG + S,” with or without
water (where S, is an acid or gas component, ie., S;’
HC], CO,, H,S, and O,)

Quaternary systems MEG + H,O0 + MHCO; + CO,
(where M = Na or K) and MEG + H,0 + NaCl + S,
(where S; = CaCl,, BaSO,, CaSO,, and NaHCO;,)
Quinary systems MEG + H,0 + MCO; + NaCl + CO,
(where M = Ca or NaH).

These systems have been grouped together (with the
exception of those containing H,S and O,) in the
determination of model parameters because the prevailing
aqueous species can be the same in the ternary, quaternary, and
quinary systems, and, subsequently, the regressed binary
interaction parameters may affect more than one of these
systems. A simultaneous regression of data for these systems
ensures the best accuracy of the parameters. The literature data
that have been used in model development are summarized in
Table 2. The model parameters that are necessary for
reproducing the properties of all of the investigated systems
are summarized in Tables 4—7. These parameters include the
standard-state thermochemical properties of the aqueous ions,
neutral species, and ion pairs (Table 4), the thermochemical
properties of solids and gases (Table S), and the binary
interaction parameters between charged or uncharged aqueous
species (Tables 6 and 7).

The solubilities of solid phases in nine ternary systems MEG
+ H,0 + S, are compared in Figure 7, where they are plotted as
a function of the MEG mole fraction on a salt-free basis (i.e., x’
MEG). For clarity, only the results at or near 25 °C are shown.
The solubility of the salts decreases with MEG concentration in
most of the systems. An exception is observed for the MEG +

)

©)

4)

Table 4. Standard-State Partial Molal Thermochemical Properties for Aqueous Ions, Neutral Species, and Ion Pairs®?
species AG‘}’, k] mol™!  S% J mol'K™! Ak 1 ApKE) Ayke; ApkE4 AHKE1 AuKE (0]

C,H,0," —317.368 2542 0 0 0 0 0 0 0
C,H,0,” —252.006 1454 0 0 0 0 0 0 0
C,H,0,CO,” —665.477 254.5 0 0 0 0 0 0 0
C,H,0,HS0,™ —1063.802 1457 0 0 0 0 222744 0 0
H,S(aq)” —27.9198 125.52 0.65097 677.24 5.9646 —30590 32.3 47 300 —10 000
0,(aq)® 16.5435 108.951 0.57889 635.36 32528 30417 35353 83726 —39430
CaCO;(aq)” —1099.61 41.2384 —0.03907 —873.25 9.1753 —24179 —11.5309 —90641 —3800
CaS0,(aq)” —1311.00 27.5149 0.24079 —189.92 6.4895 —27004 —8.4942 —81271 —100
BaSO,(aq) —1290.32 40.0043 0 0 0 0 110.8956 0 0
Ba>*¢ —560.782 9.6232 0.27383 —1005.65 —0.047 —23633 3.8 —34 500 98 500
SO[ZC —744.459 18.828 0.83014 —198.46 —6.2122 —26970 1.64 —179 980 314630
CO,™* —527.983 —49.9988 0.28524 —398.44 6.4142 —26143 —3.3206 —-171917 339 140
HCO;™¢ —586.940 98.4495 0.75621 115.0S 1.2346 —28266 12.9395 —47 579 127 330
HCl(aq)? —87.4192 169.42 1.0217 0 0 0 16.1429 0 0

“Properties of CO,(aq) and the species pertinent to the aqueous NaCl, KC, and CaCl, solutions (i.e.,, Na*, K*, Ca*", CaCl,(aq), and CI") can be

found in previous studies.”®*> ¥

Sverjensky et al.”? ¢

15976

Parameters were determined in this study unless otherwise noted. “Values were taken from Shock et al.”“** and
Parameters were determined in this study based on the properties of the HCl + H,O system.
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Table S. Pure-Component Parameters Used for Modeling Gas and Solid-Phase Properties®

C,=a+bT + (c/T?) + dT* + T°

species AGY, KJ mol™" 8% J mol ™" K™ a b c d e
H,S(,)" —33.440 205.59 25.9396 0.021954 162922 9.08459 x 107° —2.14101 x 107°
HCI(g)” —95.300 186.901 30.0795 —0.006724 7858.39 12227 X 107° —3.98114 x 107°
0,(g)® 0 205.037 20.1541 0.028073 206256 —-1.7713 x 107 4.17009 X 10~°
BaSO,(s)° —1362.210 129.5958 126.6662 0.02071074 —2291430 7.4800 X 107° 0
CaSO,(s)° —1323.270 97.5587 113.05 0.0487 —2 481 000 0
CaS0,2H,0°¢ —1798.300 194.497 186.02 0 0 0 0
Na,S0,(s)° —1269.950 146.6015 108.829 0.11008 —1209 800 0 0
Na,5S0,-10H,0°¢ —3646.940 585.6094 549.359 0 0 0 0
K,S0,(s)° —1319.500 174.5276 96.9278 0.131099 —404 900 0 0
CaCO;(s)° —1128.870 89.8970 99.5462 0.027137 —2148 100 0 0
KHCO;(s)” —867.538 117.9809 93.3032 0 0 0 0
K,CO51.5H,0°¢ —1431.480 198.8496 163.18 0 0 0 0
NaHCO,(s)¢ —850.913 108.8509 42.635 0.150875 0 0 0
Na,CO;4(s)¢ —1045.110 125.0836 64.1181 0.161604 0 0 0
Na,CO;-H,0° —1286.320 158.3033 145.6 0 0 0 0
Na,CO,-7H,0° —2714.370 420.856 420 0 0 0 0
Na,CO;-10H,0° —3427.700 566.1496 550.32 0 0 0 0

species T, K7 P, atm? o?
H,S(g) 373.53 88.457 0.0827
HCl(g) 324.69 82 0.126
0,(g) 154.58 49.771 0.0218

“Properties of CO,(g) and the solid phases in the NaCl + H,0, KCl + H,0, and CaCl, + H,O systems can be found in previous work.”®*® The
properties of the MEG species (i.e., MEG(aq), MEG(s), MEG-H,0, and MEG(g)) are listed in Table 3. YValues taken from the literature.'!*12%130
“The values of A;G°® and S° were adjusted using solubility data in aqueous systems and the C, values were taken from literature*>'>* or
0

estimated">*"3 in’ this study. #Values taken from Daubert and Danner.!

Table 6. Binary Parameters Determined in This Study for Species Pairs Involving MEG

virial interaction parameters (eqs 4 and $)“

i j bjj by by Cojj €1 Caj
MEG CO,(aq) —3.158031 63015740 X 107 0 ~1.377927 0 0
MEG HCl(aq) —4.089249 0 2608.761 0 0 0
MEG 0,(aq) 0 0 675.1891 0 0 0
MEG CaSO,(aq) 131.1763 0 —46828.3 0 0 0
MEG Cl™ —8.698285 0 983.2170 8.841474 0 0
MEG CO{2 —31.91460 3.8743210 X 1072 1354314 0 0 5724.717
MEG HCO;~ —6.747989 7.6135620 x 1073 2309.710 0 0 0
MEG SO[2 274.8513 —0.3963102 —52938.59 —334.0798 0.4812396 62650.07
MEG K* 85.96771 —0.1205252 —13474.76 —114.2762 0.1644379 17987.37
MEG Na* 6.048592 0 —439.2366 —6.004669 0 0
MEG Ca* —0.970963S 3.8602200 x 1073 0 0 0 0
MEG Ba’* —35.32708 0 0 37.89691 0 0
MEG C,H,0," 0 0 2204113 0 0 0
C,H,0,"! ar 72.14760 0 —24808.38 0 0 0
UNIQUAC interaction parameters (eq 6)
p ; O a® e 0 a0 0
MEG CO,(aq) —6211.478 22.11835 0 —177.2695 —9.520712 0
MEG HZS(aq) —1584.588 0 0.0198533 7519.636 0 —0.04540988
MEG Oz(aq) 90 609.00 —607.4458 1.055619 19005.08 —54.18313 —0.004384669
MEG Cl- 1521.117 0 0 2238.015 0 0
MEG CO3_2 —76.02076 0 0 21893.94 0 0
MEG HCO;™ 5199.329 0 0 12611.04 0 0
MEG SO[Z —4271.487 0 0 16319.92 0 0
MEG K* 4949.462 0 0 5261.732 0 0
MEG Na* —889.3011 0 0 11870.92 0 0
“For all of the species pairs, b3)ij, b4ﬂi’ C3jy C4j aTeE Set equal to zero.
15977 dx.doi.org/10.1021/ie4019353 | Ind. Eng. Chem. Res. 2013, 52, 15968—15987
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Table 7. Binary Parameters in the Virial Interaction (eqs 4 and 5) and UNIQUAC (eq 6) Terms for Species Pairs in the
Aqueous Na,SO,, K,SO,, Na,CO;, K,CO;, NaHCO;, KHCO;, CaCO;, CaSO,, NaCl, H,S, and HCl Systems.a’b

species i species j virial interaction parameters (eqs 4 and 5)
Na* S0, bosjs buj b b bay 54 888.67, 25.45214, —1 320 671.0, —1.079190 x 1072, —10 023.51
Coij Cip S Caip Ca —99 000.12, —45.46269, 2 404 424.0, 1.928067 X 107% 18047.85
K* SO, bogy biy bay 242.3752, —0.3330860, —50 023.09
Cop Cup Ca —491.1147, 0.7182240, 99 892.99
Na* HCO;~ bogp briy by 129.4830, —0.1780750, —23 932.30
Coip Cup Ca —285.1680, 0.4076530, 49 974.90
K* HCO;~ bogy biy by C —65.40770, 9.33473 X 1072, 10 980.10, 2380.890
Na* CO,;™ bosj by by by —185.2978, 0.7714720, 4695.440, —9.064150 X 10~*
Cop Cup Cop C3 141.7062, —0.9778970, 19 526.16, 1469223 X 1073
K* CO;™ bog biy by 103.8650, —0.1272490, —29 244.10
Cop Cup Ca —322.2640, 0.4641700, 71 799.40
CaCOy,g) cr- by 2791.850
CaCOy,y Na* by; 2791.850
CaSOy(g) cl- boyby by 205.0090, —0.2704200, —41 232.60
CaSOy4(,q) Na* bogy bry by —194.6930, 0.3360420, 28 460.40
Ca?* COo;™? by c2 —155 596.0, 265 383.0
Ca** HCO;~ bogp biy by —287.8160, 0.5111480, 48 333.00
Ca?* S0, bosj by bay 10887.73, —16.97345, —1 770 400
Coip i Ca —15416.42, 24.21555, 2 508 590
CO,;™ cl- besj by 0.8411780, 504.1941
HCO,~ cl- bogy by —4.512144, 1.009086 x 107>
S0, cr bogy biy by —7.136240, 1.074150 X 1073, 1712.370
H,S(aq) H,0 bog bip by —2.065078, 4.842357 X 1073, —40.59226
HCl(aq) H,0 by by 1.191590, —908.5550
species i species j UNIQUAC interaction parameters (eq 6)
H,S(aq) H,0 a;”, Y, 4, 7827.599, 7.095730, —5.275172 X 10~
4%, a;, a,® —14426.17, 69.10985, —5.540216 X 10~
HCl(aq) cr- a0 —5536.390

“Parameters pertaining to the aqueous NaCl, KCl, CaCl,, and CO, solutions can be found in previous studies.”>*® bParameters were determined on
the basis of multiple properties in the aqueous binary systems of Na,SO,, K,SO,, Na,CO;, K,CO;, NaHCO;, KHCO;, CaCO;, CaSO,, H,S, and
HCl as well as selected ternary and quaternary systems with like ions (i.e, {CO;7% CI"}, {HCO,~, CI"}, {SO, CI}).
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Figure 7. Comparison of the solubilities of salts in the MEG + H,0 + S system (S=NaCl, KCl, K,CO5, CaCl,, Na,CO;, NaHCO;, K,SO,, Na,S0,,
and CaSO,) at or near 25 °C as a function of solvent composition expressed as the mole fraction of MEG on a salt-free basis, ' MEG. The literature
data (symbols) are listed in the legend. The solid phases are indicated next to the equilibrium lines where they precipitate. The lines are calculated
from the MSE model using the parameters given in Tables 3—7.
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using the MSE model with parameters listed in Tables 3—7.
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Figure 9. Solubility in the MEG + H,0 + Na,CO; system at various
temperatures as a function of solvent composition. The symbols are
the experimental data from Girtner et al.* and Oosterhof et al,*® and
the lines are calculated using the MSE model with the parameters
listed in Tables 3—7. The solid phases that are in equilibrium with the
solutions are indicated in the legend.

H,O + NaHCO; system in which the solubility shows an initial
decrease at lower MEG concentrations followed by an increase
at higher MEG contents after a minimum is reached. Also, such
solubility minima have been consistently observed for this
system at other temperatures. This is shown in Figure 8 at
several temperatures from 20 to 90 °C.

A change in solvent composition frequently leads to a change
in the degree of hydration of the precipitated solid phase. This
is illustrated in Figure 9, which shows the solubilities in the
MEG + H,0 + Na,CO; system from 40 to 90 °C. The stable
solid phase at these temperatures is Na,CO;-H,O at lower
MEG concentrations, whereas higher MEG concentrations
favor the precipitation of anhydrous Na,CO;(s). The transition
concentration of MEG at which the stable solid phase changes
from Na,CO;-H,O to anhydrous Na,CO;(s) decreases with
temperature. The solubility curves that are calculated for this
system are consistent with the data of Oosterhof et al.** and

Girtner et al.*® The data points from Girtner et al. are in fact
smoothed values based on quadratic functions that were fit to
the solubility data of Oosterhof et al. with correlation
coefficients greater than 99.2%.>” Because of the low solubilities
at high MEG concentrations, the calculated solubility values
deviate from the original data of Oosterhof et al. by as much as
30% in pure MEG. These deviations correspond to the
reported accuracy of the measurements of Oosterhof et al.*°
The model represents the low solubilities at high MEG
concentrations within the experimental uncertainty, as seen in
Figure 9 in which solubilities are plotted on a logarithmic scale.
Similar results are obtained for the MEG + H,0O + Na,SO,
system, as shown in Figure 10, where the calculated and
experimental solubilities'® are compared at various fixed MEG
contents (from pure water to almost pure MEG) as a function
of temperature. These results show that temperature has a
much weaker effect on the solubility of Na,SO, compared to
the solvent composition. Evidently, it is the MEG content that
causes a significant decrease in the solubility. The hydrated
solid phase Na,SO,-10H,O precipitates only at lower temper-
atures in water-dominated systems, whereas anhydrous
Na,SO,(s) is the solid phase that is in equilibrium with the
solution over wide ranges of temperature and MEG
concentration. The model accurately reproduces these
phenomena.

In view of the importance of MEG-containing systems in oil
and gas environments, the effect of temperature and MEG
content on the solubility of acid gases and other gaseous
components is of particular interest. This effect is illustrated in
Figures 11—13. In Figure 11, the partial pressures of CO, and
HCI in anhydrous MEG + CO, and MEG + HCI systems are
shown as a function of the mole fractions of CO, or HCI at
selected temperatures. Solubilities of HCI, H,S, CO,, and O, in
pure liquid MEG are further compared in Figure 12 as
functions of temperature at a total pressure of 1 atm. The
solubility decreases with temperature, as expected, for all of the
solutes. Furthermore, it is of particular interest to calculate the
effect of varying solvent composition on the solubility of the
gases. An example of such calculations is shown in Figure 13,
which demonstrates the effects of MEG content and temper-
ature on the solubility of O,. The solubility increases with the
MEG content at all temperatures, and this behavior is
represented well within the experimental uncertainty.

Prediction of mineral scaling in the presence of MEG is one
of the most important objectives of this study. Among the
common scales, barite (BaSO,) and calcite (CaCO,) are of key
importance. They often occur in brines dominated by NaCl,
and their precipitation may be caused by the presence of MEG.
Thus, their solubility behavior in relevant quaternary and
quinary systems has been investigated. The results for the MEG
+ H,0 + BaSO, + NaCl system are illustrated in Figure 14 in
which the experimental solubilities of BaSO,(s) are reproduced
in MEG-containing mixtures in the presence of 1 and 3 mol (kg
H,0)™" of NaCl at 25 °C. Figure 15 shows the solubility of
CaCOs(s) in the MEG + H,0 + CaCOj; + NaCl + CO, system
at 25, 60, and 80 °C with the NaCl content of 0.5 mol (kg
solvent)™ and Pco, ~0.5—1 atm. The model accurately

reproduces the decrease in the solubility with MEG
concentration at all temperatures under these conditions.

In modeling the MEG systems containing carbonates and
sulfates, it was necessary to introduce aqueous MEG-carbonate
and MEG-sulfate complexes (HOC,H,0CO,” and HO-
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Figure 10. Solubility in the MEG + H,0 + Na,SO, system at various solvent compositions (in mole fraction on a salt-free basis) as a function of
temperature. The symbols are the experimental data from Vener and Thompson,'® and the lines are calculated using the MSE model with the
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Figure 11. Partial pressure of CO, in the MEG + CO2 system (a) and partial pressure of HCI in the MEG + HCl system (b) as a function of the
mole fraction of CO, or HCl, respectively. The symbols are the experimental data from Jou et al.** (for the CO, system) and O’Brien et al.** (for the
HCI system). The lines are calculated using the MSE model with parameters listed in Tables 3—7.

C,H,0HSO, ™) to obtain the best fit to the experimental
solubility data. In fact, the formation of MEG complexes with
several inorganic ligands has been previously identified in the
literature."'”''® The appropriate thermochemical property
values for these complexes have been determined in this
study together with binary interaction parameters by regressing
the experimental data. These values are included in Table 4.
pH in MEG + H,O + Salt Systems. The presence of MEG
not only affects the solubility of solids and VLE, but it also
influences the solution pH. When the pH is calculated and
compared with experimental results for mixed-solvent electro-
Iyte systems such as the MEG + H,O + salt mixtures, attention
must be paid to the reference state that is used to define the pH
scale. In particular, the experimental pH data for bicarbonate +
MEG + water systems from Sandengen et al.>' are based on
calibration with a standard solution of potassium hydrogen
phthalate in the same solvent. The reference pH values for
standard solutions were previously determined for a range of
ethylene glycol—water mixtures>> and refitted by Sandengen et
al>' The reference pH values were determined according to
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IUPAC’s recommendation for mixed solvents®>''” and do not

refer to the absolute (universal) pH scale, which is defined on
the basis of water as the reference state.

When using the water-based absolute scale, pH is calculated
according to the definition

pH = —log(aH+) = —log(mHWKJL*) (11)

where 71?*'* denotes the molality-based, unsymmetrically
normalized activity coeflicient. When pH is defined using the
H,0" ion instead of the H* ion, eq 11 can be rigorously

rewritten as

a v+
pH = —log 5O = —log|

aH,0

m,*
mH3O+yH30+

aHZO (12)
To transition from the universal H,O-based scale to the scale
that was used for the MEG-containing mixed-solvent solutions,
the so-called “primary medium effect” (i, the Gibbs free
energy of transfer of the proton from water to the mixed
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Figure 13. Solubility of O, in MEG + H,O mixtures as a function of
solvent composition at various temperatures. The symbols are the
literature data,”>*” and the lines are calculated from the MSE model
using the parameters from Tables 3—7.

solvent) would need to be considered. This value can be related
to activity coefficients and calculated on the basis of eq 10.
When using molality-based activity coefficients, eq 10 can be
rewritten as

M.y
A Gi(w > s) = RT In —— yﬁ —
L B A (13)

where the superscripts w and s refer to water and the mixed
solvent, respectively, and x;, is the mole fraction of water in the
mixed solvent. This equation combines two effects: the effect of
change in the molality base between water and a mixed solvent
and the effect of differences in ion properties in the two media,
which are represented by the activity coefficients. If the Gibbs
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Figure 14. Solubilities of BaSO,(s) in the MEG + H,0 + NaCl +
BaSO, system as a function of solvent composition at 25 °C in the
presence of 1.0 and 3.0 mol NaCl (kg H,0)™". The symbols are the
experimental data from Kan et al.>’ and Parrish,** and the lines are
calculated using the MSE model with the parameters listed in Tables
3-7.
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Figure 15. Solubilities of CaCOs(s) in the MEG + H,0 + NaCl +
CaCO; + CO, system as a function of solvent composition at 25, 60,
and 80 °C in the presence of 0.5 mol NaCl (kzg solvent)™!. The
symbols are the experimental data from Kaasa et al,* and the lines are
calculated using the MSE model with the parameters listed in Tables
3-7.

energy of transfer of the hydrogen ion was available from an
independent source, then the thermodynamic model could be
constrained to represent the transition between the two pH
scales. In fact, the MSE model accurately predicts the Gibbs
energies of transfer of electrolytes (i.e, cation—anion
combinations) on the basis of other kinds of data (such as
solubility or VLE),” but a prediction of single-ion properties
(such as pH) requires extra-thermodynamic assumptions and
has to depend on the adopted reference state (i.e, a pH scale).
Therefore, pH that is defined on the universal, or water-based,
scale does not agree quantitatively with experimental data in
solvents that are dominated by glycols or other components,
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using the parameters given in Tables 3—7.

although the trends are the same. A systematic offset, which
increases with glycol concentration, can be observed.”'

Thus, rather than attempting to use eq 12 directly, a practical
approximate approach is proposed here. This approach is based
on the classical, concentration-based definition of pH'*°

pH = —log(cyy) (14)

where ¢y is the molar concentration of the protonated solvent.
For the MEG + water solutions, ¢y must include all protonated
forms of solvent components in order to reflect the reference
state that is based on the mixed solvent. In MEG solutions, an
additional protonated species, HOC,H,OH,", is present
together with the deprotonated one, HOC,H,0'", because of
the self-dissociation of MEG (HOC,H,OH). In other words

2HOC,H,0H(aq) = HOC,H,0H," + HOC,H,0™!
(18)

Reaction 15 is analogous to the self-dissociation of H,O:

2H,0 = H,0" + OH~ (16)
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Figure 17. Comparison of pH values calculated using eq 17 (solid
lines) with those obtained using the water-based scale (i, from eq
12) (pHy, dashed lines) in the system MEG + H,0 + NaHCO; +
CO, with 90 wt % MEG (on a salt-free basis) at 25 and 80 °C. The
symbols are the experimental data from Sandengen et al.**

The protonated species, HOC,H,OH,", needs to be included
in eq 14. Thus, the pH can be calculated as

pH = —log(cy o + choc,m,om?) (17)

where both protonated solvent species (ie, H;O' and
HOC,H,OH,") contribute to the solution pH.

The standard-state thermochemical properties of HO-
C,H,OH," and HOC,H,O'" have not been found in the
literature and have been estimated using the dissociation
constant of reaction 15 as a function of temperature. The self-
dissociation constant of MEG has been assumed to have a
similar temperature dependence as that of water. In general, the
dissociation constant of MEG follows the same pattern as that
observed for alcohols.'”! The standard-state properties of the
ionized MEG species are given in Table 4.

The pH values calculated using eq 17 are compared with the
experimental data of Sandengen et al>' in Figure 16 for the
MEG + H,0 + KHCO; + CO, and MEG + H,0 + NaHCO; +
CO, systems. Figure 16 is plotted as a function of the square
root of the bicarbonate concentration (m'?) to avoid the
compression of results at low concentrations. The calculated
and experimental pH increases with temperature (Figure 16a)
and with the MEG concentration (Figure 16b). The results
shown in Figure 16 indicate that the estimated standard-state
properties of the dissociated MEG species are reasonable
because they introduce an appropriate amount of the
protonated species, HOC,H,OH,". For comparison, Figure
17 includes the pH values obtained from both eqs 17 and 12.
Clearly, a systematic offset is observed when the pH is
calculated using the water-based scale (ie, eq 12). The
excellent agreement between the values obtained using eq 17
and the experimental data indicates that the approximate pH
calculation scheme is physically meaningful.

Electrical Conductivity in MEG + H,O + Salt Systems.
The thermodynamic speciation results have been used as input
for the calculation of electrical conductivity of the systems
MEG + H,0 + NaCl, MEG + H,0 + NaHCO; and MEG +
H,0 + NaCl + NaHCOs;. The parameters of the electrical
conductivity model'® have been adjusted to fit the
experimental data. The electrical conductivity data in aqueous
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70,123—126

and the lines are calculated from the electrical conductivity model'®

solutions of NaCl and NaHCO;, (i.e., for xpgg = 0) have also
been included in determining the model parameters so that the
model can represent the electrical conductivity over the full
range of solvent composition from pure water to pure MEG.
The limiting ionic conductivities in pure MEG have been
adopted from Marcus."”* The electrical conductivity model
parameters that have been determined in this study are
provided in Table S2 in the Supporting Information. In Figure
18, the specific conductance of the MEG + H,O + NaCl and
MEG + H,0O + NaHCO; solutions is shown as a function of
the salt concentration at various MEG mole fractions ranging
from 0 to 1. The data in aqueous NaCl solutions (i.e., at xypg =
0) from Sandengen et al.” are significantly lower than those
from other sources'*™'*° at NaCl concentrations above
approximately 2 m (Figure 18a). Thus, the data of Sandengen
et al. were not used in determining the model parameters for
solutions without MEG. However, these data are the only
experimental source in the presence of MEG. In MEG-
containing systems, they are all in the 2 m (mol/kg solvent)
NaCl concentration region and show a systematic decrease in
the conductivity with MEG content. Using the parameters
determined in this study (Table S2), the model accurately
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represents the experimental data and the general trends of
conductivity with MEG and salt concentrations. Similar results
have also been obtained for the MEG + H,O + NaHCO,
system (Figure 18b). Results for the quaternary system MEG +
H,O + NaCl + NaHCOj are shown in Figure 19 for solutions
with the concentration of NaHCO; fixed at 0.1 mol (kg
solvent) ™' (Figure 19a) and 0.25 mol (kg solvent)™' (Figure
19b). Here, the electrical conductivity increases with the NaCl
concentration and decreases with the MEG content. Because of
the presence of a significant amount of the complex species
HOC,H,0CO,” in the systems containing NaHCO; (espe-
cially at high MEG concentrations), a binary interaction
between HOC,H,0CO,” and Na* has been introduced to
accurately reproduce the data.

These results show that the speciation obtained from the
thermodynamic model is consistent with the observed electrical
conductivity and makes it possible to represent simultaneously
the chemical and phase equilibria and transport properties in

mixed-solvent electrolyte systems.
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parameters given in Table S2.

6. CONCLUSIONS

A comprehensive thermodynamic model has been applied to
calculate various thermodynamic properties of mixtures
containing monoethylene glycol as a solvent in addition to
water. In particular, the model has been used to calculate the
solubilities of solids and gases, vapor pressures, pH, heat
capacities, and densities for various systems containing
inorganic components in mixed MEG—H,O solvents. The
thermodynamic model has been shown to represent exper-
imental data over wide ranges of temperature and concen-
tration. Specifically, solubilities have been accurately repro-
duced in the full concentration range of the mixed solvent (i.e.,
for xypg from 0 to 1), with or without salt or acid gas
components. The practical usefulness of the model has been
demonstrated by predicting the solubility of common mineral
scales (such as BaSO,, CaCO,, or NaCl) in multicomponent
mixtures containing MEG. Moreover, pH of such systems can
be predicted simultaneously with phase equilibria. In addition
to the equilibrium thermodynamic properties of bulk solutions,
transport properties and surface tension have been accurately
reproduced using separate models with the same range of
applicability. In particular, using the speciation obtained from

the thermodynamic model, the electrical conductivity has been
accurately computed for the MEG + H,0O + NaCl + NaHCO;
solutions over wide ranges of solvent composition and salt
concentration. Thus, the combined computational framework
can be used to predict the bulk thermodynamic properties,
surface tension and transport properties of multicomponent
H,0—-MEG—-Na—K-Ca—-Ba—Cl-50,—-CO;—HCO;—-CO,—
H,S—0, systems. This framework can be accessed through a
software tool, OLI Analyzer Studio.'”’
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