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This work presents a novel model for aqueous electrolyte solutions that extends the Cubic Plus
Association Equation of State by combining the Debye—Hiickel theory for electrostatic interactions. This
model is applied to perform a fluid phase modelling study of aqueous tetra-n-butyl ammonium halide
solutions. The interaction parameters between cations/anions and water are evaluated by regression of
the experimental mean ionic activity coefficients (MIAC) of the electrolyte. The results show that this
novel model correlates reasonably well with the experimental MIAC (for example, the relative average
deviations are 6.3% for the MIAC of tetra-n-butyl-ammonium bromide). The interaction parameters
between cations/anions and gas are evaluated by regression of the experimental gas solubilities. The
results show that this novel electrolyte model correlates reasonably well with gas solubility (for example,
the relative average deviations are 2.9% for the nitrogen solubility in aqueous tetra-n-butyl-ammonium
bromide solutions). For a more complete evaluation of the model, the electrostatic terms, parameter
estimation approaches, and salting effects on gas solubility are analysed and discussed in detail.
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1. INTRODUCTION

Special kinds of hydrates can be formed in the presence of certain additives (e.g., some
quaternary ammonium salts). These formed hydrates are called semi-clathrate hydrates (SCH). The
structures of SCH are more stable than those of normal hydrates.
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In SCH, water (H2O) molecules and the cations of additives are combined to build a clathrate,
with the cations embedded in the framework cavities, while small guest gas (e.g., nitrogen (N2), carbon
dioxide (CO2) and methane (CH4)) molecules can be captured in small empty cages [1, 2].

Since SCH are stable even at atmospheric pressure, SCH attract attention because of their
promising applications, including thermal storage, gas sequestration, and gas transportation [3, 4].

Pressure, temperature, and electrolyte molality determine the phase equilibrium conditions of
SCH systems; phase modelling of SCH systems is developed by equating the fugacity of H>O in the
hydrate phase and the aqueous phase [5, 6]. Therefore, fluid-phase modelling is a critical part of hydrate-
liquid-gas modelling. Thermodynamic models of electrolyte solutions have been developed by
combining long-range electrostatic interactions with a model (i.e., Equations of State (EoS)) of short-
range forces.

As the most common additives used to form SCH, tetra-n-butyl ammonium halides (TBAX)
receive most attention [1-4, 7]. The models presented for TBAX fluid systems can be divided into two
different approaches.

The ¢-y approach is the more common approach: among these models, the electrolyte Non-
Random Two Liquid (e-NRTL) model [8] is the most used activity coefficient model.

In combination with e-NRTL, several models have been presented based on the Soave-Redlich-
Kwong EoS (SRK) [9, 10], the Trebble-Bishnoi EoS (TB) [11, 12], and the Peng-Robinson EoS (PR)
[13, 14]. Najibi and co-workers [15] combined the PR EoS [14] with “Mean Spherical Approximation
including ionic hydration and association” [16] for aqueous solutions of tetra-n-butyl ammonium
bromide (TBAB).

Contrasting the -y models, the ¢-¢ approach uses an electrolyte EoS (e-EoS) to describe both
the vapour and liquid phases. Relatively few e-EoS studies have been presented to date for TBAX
systems. To the best of our knowledge, only three ¢-¢ models have been applied for TBAX fluid
systems: “statistical associating fluid theory for potentials of variable range for electrolyte solutions”
(SAFT-VRE) [17], modified Patel-Teja EoS (MPT) [18] and electrolyte Cubic Plus Association EoS (e-
CPA) [19]. Paricaud [17] used SAFT-VRE to model TBAB fluid systems, and then, Fukumoto et al.
[20] and Babu et al. [21] made improvements of SAFT-VRE and modelled some TBAX systems. In
SAFT-VRE models, the interaction parameters between salt and H2O are evaluated by the regression of
the mean ionic activity coefficients (MIAC) of TBAX. Gas solubility is calculated from vapour-liquid
flash calculations, and it should be noted that the effects of TBAB on the gas phase are negligible in
their works [17, 20]. Ma et al. [22] applied MPT [18] to model aqueous solutions of TBAB and tetra-n-
butyl ammonium fluoride (TBAF). In their modelling [22], the salt-H.O interaction parameters and salt-
gas interaction parameters were evaluated by the regression of MIAC and gas solubility in aqueous
TBAB solutions, respectively. Sun et al. [23] modelled several TBAX fluid systems by using e-CPA
[19]. In their works [23], the ions-H>O and ions-gas interaction parameters were evaluated from the
regression of MIAC and gas solubility in aqueous TABX solutions, respectively. Gas solubility is
calculated using the vapour-liquid flash calculation in the work of Sun et al. [23], which is also
extensively discussed the salting effects of TBAX.

To date, fluid phase modelling of H2O+gas+TBAX systems has not been systematically studied,
and limited e-EoS have been presented for such systems.
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It is of interest to develop an e-EoS that is easy to use and has a relatively high modelling
accuracy for TBAX systems. In this work, a novel e-EoS based on CPA [24] is presented for modelling
aqueous TBAX solutions.

This contribution is divided into four parts: Section 2 presents the details of the novel e-EoS;
Section 3 presents the parameter estimation; Section 4 presents the modelling results for both the binary
and ternary systems; and Section 5 presents conclusions.

2. THERMODYNAMIC MODEL

An essential advantage of e-EoS is that it provides a consistent thermodynamic framework [25].
In this work, we try to develop an easy-to-use e-E0S that is suitable for industrial applications.

Hydrogen bonds form in liquid H.O [26], and the CPA EoS [24] was presented as suitable for
describing associating fluids. In CPA, the residual Helmholtz energy is from the physical term (45FK)
and the association term (4455°¢). There are five CPA pure-compound parameters: three SRK parameters
and two association parameters (only for associating components). For mixtures, the classic vdwl1f
mixing rules are applied for the CPA co-volume parameters (represented as b) and the energy
parameters [24].

In CPA, the residual Helmholtz energy for the physical term (the SRK EoS) [10] is calculated
from:

AR = nRT [—n (1-2) =521 (1 +2)] 1)

where T is the temperature, R is the ideal gas constant, v is the molar volume, n is the number
of moles present, and a(T) is the temperature-dependent energy parameter of the mixture. b is calculated
by:
b =¥ x;b; (2)
where x; is the mole fraction of component i (solvent, gas, ion) and b; is the pure CPA co-
volume parameter.
For a binary system without electrolyte, the classical vdw1f mixing rules are used for a(T).
a(T) = %; ¥ xx53/a; (T a; (T (1 — kyj) (3)

The energy parameter of the mixture, a;(T) is given by:

2
a; = ay; (1 +c(1 - Tri)) 4)
where T,; is the critical temperature for component i and T,; is the reduced temperature of

component i, defined as T,; = T/T,;.
The association term A455°¢ is from Wertheim’s association theory [27]:

AASSo¢ = RT InX 1X !
- i N4 — 2“4 + 2 ®)
i a;

1
Xy ot Z Pj ZXBfAAiBf (6)
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where n; is the number of moles of component i, p; is the density of component j, X, is the
fraction of site A of component i that is not bonded to other sites, and Dy is the association strength

calculated by:
A;B;
AAisz g(p) [exp (%) - 1] bijﬁAiBj 0

B

where B4i%) is the association volume, e#:%j is the association energy, and by is given by b;; =
(bi + b,-)/z, similar to Eq. (2). The radial distribution function is expressed as g(p) = (1 — 1.9n)71,
with the packing fraction n defined as b/4v.

Long-range electrostatic forces between charged molecules should be considered to accurately
describe the phase behaviour of systems containing electrolytes [25].

The “ion-ion+ion-H>O” (II+1W) theory [28, 29] states that the basic electrostatic interactions in
electrolyte solutions are ion-ion interactions and ion-H>O interactions. Previous studies [28-30] on
activity coefficients of individual ions show that both ion-ion and ion-H>O interaction combinations are
equally important.

Most e-EoS [17-19, 31-33] apply Debye-Hiickel theory [34] or the mean spherical approximation
(MSA) [35] for ion-ion interaction calculations. Maribo-Mogensen et al. [36] studied the performances
of the nonrestricted primitive MSA [35] and Debye—Hiickel [34]. The investigation showed that the
performance of Debye—Hiickel and the MSA are similar. They also concluded that the Debye—Hiickel
theory is simpler than the MSA and might be able to be applied in connection with EoS without a loss
of accuracy. In our model, the Debye—Hiickel theory is selected for calculations of electrostatic
interactions.

The Born equation [37] is used for ion-H.O interaction calculations in some thermodynamic
models. However, other approaches are also presented for ion-H2O interaction calculations. Fraenkel
[38] presented an extension of the Debye-Hiickel theory (DH—SiS) that considers the ion and the counter-
ion with two shells of different ion sizes. Other scholars have also presented similar treatments, and
some models [33] use the hydrated ionic diameter in electrostatic interaction calculations to account for
the contribution of the ion-H2O interaction.

In our model, we consider ion-H2O interactions via adjusting the ion radius in the electrostatic
calculations, i.e., we use the hydrated ionic radii.

After combining the Debye-Hiickel theory with the physical term and association term, a novel
e-EoS is developed, and the residual Helmholtz energy is given as:

ARes — ASRK +AAssoc _|_ADH (8)

The contribution from the ion-ion interaction APH is calculated using the Debye-Hiickel theory

[34]:

DH — ___ kBTV v _ 2.
A - 41N 4 Ziniziz Zl anl Xl (9)

Here, the function y; is given by:
Xi = = |In(1 + kdy) — red; + 3 (id;)?] (10)
where d; is the hydrated ionic diameter of ion i and k is the inverse Debye screening length

given by:

2a12
e NA 2)
K=|—2); n:Z:
(ETEORTVZlonS 1“1

1/2 (11)
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where V is total volume in m3, N, is the Avogadro constant, n; is the number of moles of ion i,
and Z; is the charge of ion i, g, is the permittivity in vacuum, &, is the relative static permittivity of the
solvent.

The Huron-Vidal/NRTL mixing rule has additional flexibility to electrolyte systems [19]; for a
binary system involving an ion:

a a
E_Zi ib_L_gan (12)
AUji AUji
gE'°° Z]ij] exp(—aﬁ RT ) RT
RT - i AUji (13)
Z]ij] exp(—aﬁﬁ)

where g% is the excess Gibbs energy at infinite pressure, a;; is the NRTL non-randomness
parameter, and AUj; is the change in interaction energy between like and unlike interactions.

To improve the applicability of the model, the “ion-solvent” is converted into “cation/anion-
solvent” ( AUcqtion/anion-sowent ), and the “ion-gas” is converted into ‘“cation/anion-gas”
(AUcation/anion—gas )» Which means that the interaction parameter AUcqtion—sowent IS €qual to
AUanion—solventand AUcation—gas is equal to AUanion—gas-

3. PARAMETER ESTIMATION

In this work, three TBAX+H0 systems are studied: H:O+TBAB, H.O+tetra-n-butyl ammonium
chloride (TBAC), and H,O+TBAF. Moreover, three H,O+gas+TBAX systems are studied:
H,O+CO,+TBAB, H20+CHs+TBAB, and H2O+N>+TBAB.

The CPA parameters of H.O and the gases are from the literature [23, 24, 39] and are listed in
Table 1.

Table 1. CPA parameters of the pure components.

Compound b [L/mol] I [K] c; eYBi/R[K]  BAiBi
H.O [24] 0.014515  1017.34  0.6736 2003.25 0.0692
CO2[39]  0.0272  1551.222  0.7602 0 0
CHs[39] 0.02910  959.028  0.44718 0 0
N; [23] 0.02605  634.070  0.49855 0 0

In Table 1, b is the CPA co-volume parameter (in Eq. (1)), I" is the CPA reduced energy parameter (I" =
ao/(Rb)), and c; is the CPA alpha-function temperature-dependence (in Eq. (4)).

In this work, H20 is set to a four-site (4C) scheme, and the three gases are set to non-association.
The temperature-dependent H,O-gas interaction parameters (k;; in Eq. (3)) are from the literature (-
0.15508+0.000877T [40], 0.8243-245.33/T [40], and 1.0741-368.3066/T [23] for H.O-CO>, H2O-CHg,
and H20-Ng, respectively).

lon size is a critical physical parameter in electrostatic interaction calculations. For the radii of
Br, Cl-and F,” we used the Pauling radii (1.95 A, 1.81 A, and 1.36 A for Br’, Cl,” and F, respectively)
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[41]. There are four soft and long hydrophobic alkyl chains on the TBA™ cation, and the positive charge
is sterically hindered by the alkyl substituents [42]. Sun et al. [42] investigated the effects of ion size on
thermodynamic modelling performance and gave a value of the TBA* radius (2.25 A), which was chosen
in this work.

As discussed above, hydrated ionic radii are used in electrostatic interaction calculations.
Because there is no experimental free hydration energy for some ions, to keep the model’s universality,
the empirical L-P-S equations [43] are used to estimate the hydrated radii:

Thyd.c = Tcation T 0.85 A (14)
Thyd.a = Tanion T 0.14 (15)

In Egs. (14) and (15), Teqrion IS the physical radius of TBA* (2.25 A) and 4,5, is the Pauling
radius of the corresponding anion. 73,4 ¢ and 73,4 4 are the hydrated ionic radii.

The CPA co-volume parameter of ions can be estimated by [25]:

b =2/3nN,(2r;)3 (16)

where r; is the physical radius (7.4¢i0n 1N EQ. (14) and 7,0, In EQ. (15)) of the ion i.

The &, is critical the electrostatic calculations [44]. By using infrared spectroscopy, Stangret and
Gampe [45] found that the number of hydrogen bonds significantly increases in aqueous TBAX
solutions. In other words, hydrophobic effects exist in aqueous TBAX solutions. The hydrophobic
effects of TBAX can strengthen the hydrogen bonding of water, changing the H>O structure around
TBA", resulting in an increase of the &, [46].

There are limited experimental values of &, for aqueous TBAX solutions. In modelling research
using SAFT-VRE and MPT, the ¢, of pure solvent has been used in electrostatic interaction calculations.
In this work, the &, of pure H20 is used in the electrostatic interaction calculations.

In this work, the cation/anion-solvent interaction parameters are evaluated by the regression of
MIAC, and the cation/anion-gas interaction parameters are evaluated by the regression of gas solubility
in aqueous phase.

The objective function of the regression is:

cal _, exp 2

Np |x x;
-3
l

where Np is the number of experimental data points, x°* represents the calculated values (MIAC
of electrolyte and gas solubility), and x;** represents the corresponding experimental values.

The results are presented as the relative average deviation:

cal_, exp
RAD% = -3, P—o—| x 100% (18)

exp
Yi

(17)

where yf% is the calculated results of a given property (MIAC of electrolyte and gas solubility),
and y,” means the corresponding experimental data.

For each H>O+TBAX binary system, there is only one adjustable parameter
(AUcqtion/anion-sowent)- After modeling the H2O+TBAX binary system, there is only one adjustable

parameter (AUcqation/anion-gas) for each H2O+gas+TBAX system.



Int. J. Electrochem. Sci., Vol. 15, 2020 9908
4. RESULTS AND DISCUSSION

4.1 Binary Systems

First, the H.O+TBAX systems were modelled. Binary systems containing H.O+TBAX, were
modelled using CPA in previous works [23, 40]. In this work, the H.O+TBAB, H.0+TBAC, and
H>O+TBAF systems are studied.

Table 2 and Figure 1 show the modelling results of the MIAC of TBAX in aqueous solution.

Table 2. Cation/anion-H20 interaction parameters and modelling performance of the mean ionic activity
coefficients of TBAX in aqueous solution.

Salt AUcation/anion—water [J/mOI] m [mOng] RAD yir_n [%]
TBAB [47, 48] -785.1 0.1-6.0 6.3
TBAC [47] -1318.3 0.1-6.0 6.0
TBAF [49] -2167.7 0.1-1.6 4.9

In Table 2, AUcqtion/anion-water 1S Cation/anion-HzO interaction parameters (from Eg. (13)), m is
molality, and y3" is MIAC of TBAX.

From Table 2, it can be observed that our model overall correlates well the MIAC of TBAX in
aqueous solution at reference temperature (298.15 K). Compared with the performance of other models,
the performance of this work is worse than that of those using SAFT-VRE and similar to that of those
using e-CPA. SAFT-VRE uses different cation radii for each electrolyte; additionally, in one SAFT-
VRE modelling work [17], there were three interaction parameters for a single-electrolyte/single-H20
system at reference temperature and another temperature-dependent parameter for wide temperature
ranges. In Ma et al.’s work [22], there were four adjustable parameters for a single-electrolyte/single-
H2.O system at reference temperature and no temperature-dependent parameter. Unfortunately, the
reports using MPT did not give details of the modelling performance. In a e-CPA modelling work [42],
there was only one adjustable parameter for a single-electrolyte/single-H.O system at reference
temperature and two extra temperature-dependent parameters for wide temperature ranges. In this work,
there is only one interaction parameter, and temperature dependence is not considered.

It can be seen from Figure 1 that for a given electrolyte molality, the order of the values of MIAC
are: TBAB<TBAC<TBAF. It is also observed that the absolute value of the interaction parameter
between the cation/anion ration and H2O is inversely proportional to ion radii of halides. This
phenomenon may be explained in that smaller ion radii of halides cause large ions-H.O interactions.

The experimental data of MIAC show the complex relationship of electrolyte molality. For the
H.O+TBAB system, the values decrease with increasing TBAB molality (at low to medium TBAB
molality). For the HoO+TBAC system, at low TBAC molality, the values of MIAC first decrease and
then increase with increasing molality. After reaching maximum values, the MIAC of TBAC next
decrease and then increase slightly. The values of the MIAC of TBAF in agueous solution increase
sharply with increasing TBAF molality. Wen and co-workers [49] explained that this phenomenon of
TBAF could be attributed to the smaller radius of F~, which may tend to immobilize H>O around it due
to its high charge density [49].
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Figure 1. Mean ionic activity coefficients of TBAX in aqueous solution [47-49] at 298.15 K.
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Liquid density is a critical property in industrial applications. Until now, only experimental
densities of aqueous TBAB solution have been reported (with a narrow molality range) [50].

The modelling results shown in Figure 2 (dashed lines) show that this work overestimates the
liquid densities of aqueous TBAB solution. In fact, other models also overestimate the liquid density of
aqueous TBAB solution. In agueous TBAX solutions, TBA™ is large and has hydrophobic effects, so the
existence of TBA* results in the formation of ice-like structures (with low density) of H,O molecules
around TBA™ [17]. Both our model and prior models consider TBAX to be completely dissociated into
ions in H2O, and the hydrophobic effects are not included. Thus, these models may not be able to
accurately represent this special phenomenon.

Here, we try to perform a volumetric correction of liquid densities. Since the deviations may
come from the hydrophobic effects of TBA*, we set a correlation parameter HV;z, to improve the
prediction ability of liquid densities:

v =v°"F% + xpp,HVrpy 19)

where v¢~E°S is the calculated molar volume without correlation, x;5, is the mole fraction of
TBA", HV;g, is the volumetric correction coefficient of TBA™, and v is the molar volume of aqueous
TBAX solutions. The volumetric correlation results (solid lines in Figure 2) show satisfactory agreement
with experimental data (with RAD=0.6%). However, we can also see from Figure 2 that the correlation
parameter does perform well for liquid densities at low TBAB molality and low temperature.

4.2 Ternary Systems

Hydrates have potential applications in gas sequestration and gas transportation [6]. CO. and N>
are the main components of flue gas, and CO> can also be used as a displacement medium for CHs4
hydrate production [6]. Investigations of H>O+gas (i.e., CO2, CH4, and N2)+TBAX ternary systems are
necessary for TBAX hydrate modelling.

Only experimental data of H,O+gas+TBAB systems are available. Though experimental data for
H20+gas+TBAB are few, the accuracy of some datasets are doubtful. Here, we used the experimental
data of H,O+gas+TBAX systems that were selected in the previous work [23].

Before presenting the modelling results, it is necessary to review some related definitions and
mechanisms. The gas solubility in liquid is defined as the maximum limit of gas that can be dissolved at
a specified condition [51]. Gas solubility is easy to measure compared to the vapour phase, so most
studies present gas solubility as vapour—liquid-equilibria data. CO., CH4, and N> are not very soluble in
H20. The two widely accepted mechanisms of gas dissolution are (1) the vacancy mechanism [52] (i.e.,
the gas filling of H2O molecule interstices [52, 53]) and (2) the solvation mechanism [52] (i.e., the ion
substitution for H.O molecules in the structural framework of H>O [52, 53]). The definitions of salting-
in effects and salting-out effects are the increase and decrease of gas solubility due to the presence of
electrolyte, respectively.
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Table 3 and Figures 3 through 5 show the modelling results of gas solubility in aqueous TBAB
solutions.

Table 3. Cation/anion-gas interaction parameters and modelling performance of gas solubility in
aqueous TBAB solutions.

AUcation/anion—gas RAD xgas
Gas T [K] P [MPa] m [mol/kg] [/mol] (%]
CO[54,55] 286.15-303.1 0.2-4.0 0.342-2.074 3920.2 7.4
CH4 [56,57] 278.15-308.15  0.101 0.096-4.01 4795.4 5.4
N2 [58] 283.15-298.15  0.101 0-1.0 4987.6 2.9

In Table 3, AU, qation/anion—-gas 1S the cation/anion-gas interaction parameters (from Eq. (13)), T
is the temperature range, P is the pressure range, m is the molality range, and x,; is gas solubility.

From Table 3, it can be observed that our model correlates well the gas solubility in aqueous
TBAB solutions over wide electrolyte molality ranges, especially for N2. The deviations for CO; are
larger, with RAD greater than 7%. This result may be due to the deviations among the different
experimental datasets [54, 55]. Among the published e-EoS modelling works, only a e-CPA modelling
contribution [23] gave the performance details. The performance of our model is better than that of e-
CPA. The difference in performance may mainly come from the different values of MIAC. e-CPA has
two temperature-dependent adjustable parameters, but for these narrow temperature ranges, it seems that
the temperature dependence of AU qtion/anion-gas Can be ignored.

The solubility of gases in pure H2O follow the sequence of x,,>xcp, >xy, at the same pressure
and temperature [40]. It can be observed from Table 3 that the absolute values of AUcqtion/anion-gas
show the reverse order (AUcation/anion—COZ <AUcation/anion—CH4 <AUcati0n/am’0n—N2)-
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Figure 3. CO; solubility in aqueous TBAB solutions [55] at 298.15 K and different pressures.
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Figure 4. CHs4 solubility in aqueous TBAB solutions [56, 57] at atmospheric pressure and different
temperatures.

Among H,O+gas+TBAX systems, H,O+CO,+TBAB is the most studied. It can be observed
from Figure 3 that our model correlates well with the CO: solubility in aqueous TBAB solutions. From
Figure 3, we can also observe that the salting effects of TBAB on CO: solubility are complex. At
different molalities and pressures, TBAB has different salting effects on CO.. Lin and co-workers [54]
stated that the salting effects of TBAB on CO> are different at different temperatures, pressures, and
molalities. For the HoO+CO.+TBAB system, Lin and co-workers [54] noted that there is no clear region
for salting-in or salting-out effects.

Unfortunately, some researchers [17, 20] did not consider the salting effects of TBAB on CO>
solubility, i.e., they took the CO> solubility in aqueous TBAB solutions to be equal to that in pure H20
at the same temperature and pressure [17].

From Figure 4, we can see that TBAB has complex salting effects on CHa solubility. TBAB has
slight salting-out effects on CH4 at lower temperatures (e.g., 278.15 K) but has significant salting-in
effects on CHsat higher temperatures (e.g., 308.15 K). With increasing temperature, the salting-in effects
become increasingly significant.
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It can be seen from Figure 5 that TBAB has significant salting-in effects on N2 solubility in H20,
and the salting-in effects are more significant at higher temperatures (e.g., 298.15 K). Based on
experimental data, Garzon et al. [58] noted that N2 solubility increases as molality increases in a specific
temperature-pressure-molality range (with molality=0.2-1.0 mol/kg, temperatures=283.15-298.15 K,
and pressure=101.325 kPa).
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TBAB has different salting effects on different gases in H2O at low temperatures, i.e., salting-
out effects on CH4 and salting-in effects on No.

Figure 6 shows the comparison of CO> solubility in aqueous solutions of NaCl [59] and TBAB
[55]. It can be clearly seen from Figure 6 that NaCl has significant salting-out effects on CO2 solubility,
while TBAB has significant salting-in effects on CO. solubility. Based on the mechanisms of gas
dissolution mentioned above, the main reason for the salting-out effects of inorganic salts on gas
solubility in H20 is the formation of ion solvation, which reduces the number of interstices of H.O and
results in the escape of gas molecules from solution [60]. However, TBAB instead causes the salting-in
of hydrophobic solutes under specific conditions, and some explanations for this effect [54, 56, 61] have
been proposed. The acceptable explanations are as follows. (1) Anions (i.e., Br,, Cl and F) and cations
(TBA™) form ion hydrations [56], which result in the salting-out effect of TBA* on gas, and this salting-
out effect weakens with increasing temperature. (2) A “disorganization effect” [61] caused by the
hydrophobic effect of TBAT; this “disorganization effect” results in the salting-in effect, and this salting-
in effect strengthens as the temperature and TBAX molality increase. The combination of these two
opposite effects yields the salting effects of TBAB on gas solubility.

TBAB has significant salting effects on gas solubility, but many modelling works ignore the
salting effects of TBAB [11, 17, 20] or consider the salting effects of TBAB to be relatively small [13].
None of the e-EoS modelling works (i.e., SAFT-VRE [17], MPT [22], and e-CPA [23]) and our model)
do consider the hydrophobic effects of TBAB. Consequently, these models may not be able to accurately
represent the “disorganization effect”.

5. CONCLUSIONS

The salting effects of tetra-n-butyl ammonium halides on gas solubility in H>O are complex at
different temperatures and electrolyte molalities, and almost no explicit region of salting-in or salting-
out effects is observed. The salting-in effects of tetra-n-butyl ammonium halides on gas solubility in
H-O tend to appear at relatively high temperatures and pressures. The hydrophobic effect of the tetra-n-
butyl ammonium cation plays a significant role in phase behaviours.

This work presents a novel electrolyte model by extending the Cubic Plus Association Equation
of State. This novel model applies Debye-Hiickel theory to perform electrostatic interaction calculations.
In the electrostatic interaction calculations, hydrated ionic radii are used to take ion-water interactions
into account. Then, a modelling study for aqueous tetra-n-butyl ammonium halide solutions is presented.

The cation/anion-water interaction parameters are evaluated from the regression of the
experimental mean ionic activity coefficients (MIAC) of tetra-n-butyl ammonium halide in aqueous
solution, and the cation/anion-gas interaction parameters are evaluated from the regression of
experimental gas solubility in aqueous solution. The results show that this model can correlate the MIAC
of tetra-n-butyl ammonium halides reasonably well in agueous solutions over wide electrolyte molality
ranges. The model overestimates liquid densities.
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This model considers tetra-n-butyl ammonium halides as strong electrolytes and does not take

the hydrophobic effects of salts into account. Adding chemical equilibrium to this model is a potential
enhancement for tetra-n-butyl ammonium halide systems in which hydrophobic effects exist.
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