Lakehead University

The Phase Behaviour of Isopropanol/Water/NaCl Mixtures at

Atmospheric Pressure

by
Saeed Ataee-Ataabadi

Thesis submitted in partial fulfillment of the requirements
for the Master of Science
in

Chemical Engineering

Supervisor

Dr. Francisco Ramos-Pallares

Thunder Bay, Ontario

March 2023



Abstract

Alcohol-based biofuels will play a key role in substituting the fossil fuels used in transportation
and power generation. Compared to fossil fuels, alcohol-based biofuels have a lower carbon
footprint and can be produced from the fermentation of biomass. Moreover, some branched
alcohols have similar properties to those of gasoline which makes them suitable chemicals to
produce gasoline-like biofuels. To produce high-purity fuel-grade alcohols, the produced alcohol
must be separated from the aqueous fermentation broth usually through distillation. However,
distillation is an energy-intensive operation with a high carbon footprint; and the presence of
azeotropes of alcohol/water makes distillation very expensive and technically challenging. The
addition of some salts to the fermentation broth triggers a liquid-liquid phase splitting. One of the
liquid phases is rich in alcohol and the other is rich in water. Therefore, understanding the phase
behaviour of alcohol/water/salt mixtures is very important in the design of liquid-liquid operations

for alcohol production.

The goal of this study was the experimental investigation of the phase behaviour of the
isopropanol/water/sodium chloride (NaCl) mixtures at atmospheric pressure. Isopropanol was
chosen as it is a branched alcohol, readily available, and can be salted out from an aqueous solution
using NaCl. To achieve this goal, several experimental techniques were developed and validated
to collect liquid-liquid, liquid-liquid-solid, liquid-solid, and vapor-liquid equilibrium data at
atmospheric pressure. The liquid-liquid, liquid-liquid-solid, and liquid-solid data were collected at
temperatures from 0 to 70°C and included liquid-liquid phase boundaries and phase compositions.
The vapor-liquid dataset includes saturated liquid and saturated vapor compositions as well as
normal boiling point temperatures. The results showed that liquid-solid and liquid-liquid
boundaries were not significantly affected by the temperature. Regarding liquid-liquid phase
compositions, the isopropanol mass content in the alcohol-rich phase increased from 0 to 50°C and
did not change significantly when the temperature was increased from 50 to 70°C. For vapor-liquid
equilibrium, the normal boiling point of the isopropanol/water/NaCl mixture decreased and the
isopropanol content in the vapor phase increased at higher NaCl content in the liquid. These results

indicate that the presence of NaCl increases the relative volatility of isopropanol.
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Chapter 1: Introduction

The role of biofuels such as ethanol, biodiesel, and ethanol blends, has rapidly increased in the last
20 years due to the concerns related to carbon emissions produced by transportation. In the United
States, in 2020, 27% of the total carbon emissions were produced from the transportation sector,
compared to 25% produced from electric power generation, 24% from the industry, 13% from
residential and commercial sectors, and 11% from agriculture (EPA Agency, 2020). The higher
emissions from the transportation sector compared to those in the other sectors have triggered the
development of technologies and processes to increase the production and the quality of produced
biofuels. Ethanol is the most widely used alcohol for biofuel production. The worldwide amount
of ethanol produced in 2021 was 27 billion barrels with the United States as the largest producer
with 15 billion barrels and Canada, one of the small producers, with 0.43 billion barrels (US
Department of Energy, 2022). According to the International Energy Agency, the worldwide
production of ethanol required to meet the 2050 zero carbon emissions scenario must growth at
least 16% per year (International Energy Agency, 2022). However, despite the very important role
of ethanol in the production of biofuels, this alcohol is not ideal for biofuel production because:

e It has a lower energy density compared to gasoline (Atsumi ef al., 2008).

e It is hygroscopic. The chemical affinity between ethanol and water causes the water in the
air to dissolve into the fuel, potentially triggering a liquid-liquid phase separation which
reduces the quality of the fuel (Kunwer et al., 2022).

e It is corrosive. Transportation and storage of ethanol may lead to corrosion issues in
pipelines and tanks as ethanol reacts with the oxygen in the air producing acidic compounds
(Arifin et al., 2014).

e [t forms a lower boiling point azeotrope with gasoline. The presence of this azeotrope
increases the volatility of the fuel negatively impacting the efficiency of combustion

engines (Demenezes et al., 2006; Da Silva et al., 2005(a); Kunwer et al., 2022).

Because of these reasons, higher alcohols with carbon numbers of 3, 4, or 5 are being investigated
as potential substitutes for ethanol. Particularly the branched members of these families as they
have energy densities closer to gasoline, are not hygroscopic and are less volatile compared to

ethanol (Atsumi et al, 2008; Brownstein, 2015). Examples of branched higher alcohols with
1



potential applications in the production of biofuels and fuel blends are isopropanol, isobutanol,
tert-butanol 2-methyl-1-butanol, and 3-methyl-1-butanol. These branched alcohols are known as
branched-chain higher alcohols (BCHAs). However, the industrial production of these branched
alcohols depends greatly on: 1) the development of biological processes for their production from
aqueous fermentation of biomass; and 2) the understanding of the phase behaviour of mixtures
containing these alcohols for process design simulation and optimization. This study focuses
specifically on the phase behaviour of mixtures of isopropanol and water. Table 1.1 compares the

fuel properties of isopropanol and gasoline.

Table 1.1 Selected properties of isopropanol and gasoline. (Sivasubramanian et al., 2017; Andersen et al.,
2010; Lebo, 1921; Al-Abdullah et al., 2015; US Department of Energy, 2022). The energy content refers
to the lower heating value.

Isopropanol Gasoline
Octane Number 105 92
Reid Vapor Pressure, psi 1.79 9
API Gravity 0.78 ~0.7
Flash Point, °C 13 -45
Energy Content x 10°, (Btu/gal) 86 114

Isopropanol is the simplest member of the BCHA family and is produced either by a catalytic
process or by fermentation of biomass. The catalytic process is the most popular industrial way to
produce isopropanol and involves the direct or indirect hydration of propylene over a catalyst. The
reaction products are isopropanol, water, and some impurities (Y. Xu et al., 2002; Kroschwitz,
1991). The fermentation process involves the biological degradation of biomass by genetically
modified bacteria to produce isopropanol as one of the components of the aqueous fermentation
broth (Survase ef al., 2011; Rochén et al., 2019; Ko et al., 2022). The isopropanol produced by
the catalytic or fermentation process needs to be purified before being used as a fuel additive;
typically, through azeotropic distillation due to the azeotropic nature of the mixture isopropanol-
water (Xu et al., 2002). This azeotropic distillation is usually more expensive and energy-intensive
compared to conventional distillation. A potential alternative to separate the isopropanol from the
aqueous matrix is liquid-liquid extraction triggered by the additions of salts. The addition of some
salts to the aqueous matrix reduces the affinity of the alcohol with the water, facilitating
purification. Therefore, mapping the phase behaviour of these electrolyte mixtures is required for

designing cost-efficient alcohol-purification operations.



1.1 Knowledge Gaps and Objectives

The fundamental stage in the development of any new technology is the understanding of the
thermophysical properties and phase behaviour of the fluids to be used. To study if the addition of
salt to an aqueous fermentation broth containing BCHA’s has potential applications in the
development of new separation technologies, it is then necessary to investigate the effect of the
salt on the phase behaviour of the mixture through experimental data collection as it is more
accurate than simulation. Experimental data for mixtures containing normal alcohols up to butanol,
water and some salts have been reported in the literature; however, there is a scarcity of data on
mixtures containing BCHA’s, water and salt. Moreover, the data reported for mixtures containing
BCHA’s is usually not thermodynamically consistent. Thermodynamically inconsistencies
indicate the data is not at equilibrium as the equal fugacity criteria is not satisfied despite the other
requirements such as the mass balance, equal temperatures and pressures are satisfied. The usage
of inconsistent data leads to unreliable calculations and potential fake phase behaviour predictions.
Consequently, the motivation for this study is the collection of thermodynamically consistent data
on the phase behaviour of mixtures containing BCHA, water, and salt to map the phase diagram

of these mixtures.

The main objective of this study is the mapping of the phase behaviour of mixtures containing
isopropanol, water, and NaCl; specifically, the solid diagram related to the potential design of
separation operations: liquid-solid, liquid-liquid, liquid-liquid-solid, and vapor-liquid. Isopropanol
was chosen as it is the simplest member of the BCHA family with potential application as a biofuel
additive. Sodium chloride was chosen as the salting-out agent as it is one of the salts widely used
in industrial applications due to its availability and low cost. Note, this study is intended to shed
light on the thermodynamics of isopropanol/water/NaCl mixtures not to develop a comprehensive

study on the design of industrial separation operations.

The specific objectives of this project were to:
1. Develop an experimental methodology to measure the liquid-liquid phase boundary for
isopropanol/water/NaCl mixtures at temperatures from room to 70°C at atmospheric

pressure.



2. Measure liquid-liquid phase compositions for isopropanol/water/NaCl mixtures at
thermodynamic equilibrium at temperatures from 0 to 70°C at atmospheric pressure.

3. Develop a methodology to test the thermodynamic consistency of measured phase
compositions.

4. Develop an experimental methodology to measure liquid-vapor equilibrium temperatures
and compositions for isopropanol/water/NaCl mixtures.

5. Measure boiling points and liquid-vapor phase compositions for isopropanol/water/NaCl

mixtures at atmospheric pressure.

1.2 Thesis Structure

This thesis is divided into five chapters, not including the introduction:

Chapter 2 provides a review of the literature relevant to the phase behaviour of
isopropanol/water/NaCl mixtures as well as the state-of-the-art concerning the thermodynamics of
these mixtures.

Chapter 3 described the different experimental techniques used in this study for data collection as

well as the validation of these techniques.
Chapter 4 focuses on the experimental results and discussion.

Chapter 5 summarizes the conclusions and recommendations for future work.



Chapter 2: Literature Review

This chapter presents a literature review of the experimental and theoretical phase behaviour of
alcohol/water/salt mixtures. The first section presents an overview of the chemistry of isopropanol,
water, and sodium chloride (NaCl). The second section presents a brief review of the
thermodynamics of electrolyte systems containing alcohol, water, and salt as well as the results of

the experimental investigation of the phase behaviour of alcohol/water/salt mixtures.

2.1 The Chemistry and thermodynamics of Isopropanol, Water, and Sodium
Chloride

2.1.1 Isopropanol

Isopropanol, also known as 2-propanol, propane-2-ol, or isopropyl alcohol, is an organic secondary
alcohol with the hydroxyl group attached to an isopropyl alkyl group. The molecular formula of
isopropanol is C3HgO; and, at room condition, it is a colorless liquid, flammable with an intense
odor (Slaughter et al, 2014). Isopropanol is produced from propylene through two different
catalytic industrial methods: 1) indirect hydration of refinery-grade propylene; and 2) direct
hydration of chemical-grade propylene. Roughly, 3x10° metric tons per annum (MTPA) of
isopropanol are produced globally; 30% of this total amount is produced in the US, Europe, and
Asia (Panjapakkul e al, 2018). Isopropanol is an important reagent in the pharmaceutical,
household, and commercial industries with applications in the production of cosmetics, cleaners,
disinfectants, solvents, and different types of antifreeze. In addition, isopropanol has potential
applications in the production of biofuels (Atsumi e al, 2008). Isopropanol has similar fuel
properties as those of n-butanol and iso-butanol and it is the simplest member of the BCHA family
used in the preparation of biofuels (Atsumi et al., 2008). In comparison with ethanol, branched-
chain alcohols, like isopropanol, are more suitable to produce biofuels because they are less

corrosive, and have higher energy and blending capability (Koppolu ez al., 2016).

Isopropanol is a polar molecule that self-associate with other isopropanol molecules through

hydrogen bonding: the attraction between the negative charge of the oxygen of one molecule and

5



the positive charge of the hydroxylic hydrogen in another molecule. Due to its polarity and ability
to form hydrogen bonding, isopropanol is highly soluble in water at room conditions (Guo et al.,
2022). Isopropanol and water form a mixture that is difficult to separate by distillation because of
its azeotropic nature. This azeotrope has a lower boiling point of 80.37 °C and a mass composition
of 87.7% isopropanol at atmospheric pressure (Hartanto ez al., 2019). The molecular structure of

isopropanol is shown in Fig. 2.1, and selected thermophysical properties are listed in Table 2.1.

Figure 2.1. Chemical structure of isopropanol. C, H, and O stand for carbon, hydrogen, and oxygen atoms.
The solid lines are the covalent bonds.

2.1.2 Water

Water is a transparent and colorless liquid at room conditions with the molecular structure shown
in Fig. 2.2. Water is a polar substance and its molecules self-associate through hydrogen bonding
interactions. Due to hydrogen bonding, in solution, the molecules of water form big clusters of up
to 3 to 50 molecules (Ignatov et al, 2022). The formation of these clusters governs the
thermodynamic behaviour of water and is responsible for some of the abnormalities in its
thermophysical behaviour, such as higher normal boiling point, higher density, and increasing
thermal conductivity with temperature (Ignatov et al., 2022). Some thermophysical properties of

water are shown in Table 2.1.



Figure 2.2. Chemical structure of Water. O and H represent oxygen and hydrogen atoms respectively and
the solid lines are the covalent bonds.

2.1.3 Sodium Chloride

Sodium chloride (NaCl), usually referred to as salt, is an ionic compound commonly used in the
production of dyes, detergents, plastics, pharmaceuticals, and glass (Fuentes-Azcatl and Barbosa,
2016). Sodium chloride is an ionic compound formed by the electrostatic attraction between the
sodium (Na") cation and the chloride (CI" ) anion (Fuentes-Azcatl and Barbosa, 2016). At room
conditions, sodium chloride is a crystalline solid with solubilities in water and isopropanol of 26.42
and 0.35 wt%, respectively. The solubility of NaCl in water slightly increases with increasing
temperature (Pinho and Macedo, 2005). The solubility of NaCl in isopropanol is not significantly
affected by the temperature (Kirn and Dunlap, 1931; Larsen and Herschel, 1939). The chemical
structure of NaCl is shown in Fig. 2.3, and some of its thermophysical properties are shown in

Table 2.1.
+ —
Na -ClI
Figure 2.3. Chemical structure of sodium chloride. Cl and Na are the chloride and sodium ions respectively.

Table 2.1. Selected physical properties of isopropanol, water, and sodium chloride (NaCl). RI is the
refractive index at 25°C; MW is the molecular weight; Ty, T, Pc, and w are the normal boiling point, the
critical temperature, the critical pressure, and the acentric factor, respectively. These physical properties
were taken from (Sretenskaja et al., 1995; Smith et al., 1965; Muniz et al., 2021; National Institute of
Standard and Technology (NIST), 2008).

Components RI gl\;[n‘?(];l 112’ 11? lflc;a Q Degl/lls;:y’

Isopropanol 1.3753 60.096 355.45 508.3 4762 0.668 0.79
Water 1.3325 18.015 99.1 647 22100 0.345 0.999
NaCl - 58.439 - - - - -




2.2 Thermodynamics of Alcohol/Water/Salt Mixtures

The thermodynamic behaviour of alcohol/water/salt mixtures has been widely studied in the last
30 years as it has potential applications in the design of separation operations to purify alcohols
produced from the fermentation of biomass. The final product of the biomass fermentation is an
aqueous broth with water content as high as 66 wt% (Torres-Ortegaa, and Rong, 2016, Lin and
Tanaka, 2006). The high-water content in the fermentation broth makes the separation of the
alcohol by conventional distillation an energy-intensive operation considering the higher heat
capacity of the water and the potential presence of azeotropes alcohol-water (Karimi et al., 2021;
Cantero et al., 2017). The addition of salt to the fermentation broth reduces the affinity between
the alcohol and the water facilitating its separation. For instance, adding salt to the fermentation
broth increases the relative volatility of the alcohol which facilitates its separation by distillation
(Rongqi and Zhanting, 1999); or adding salt into the broth could trigger a liquid-liquid phase split
with one of the liquid phases rich in alcohol and the other phase rich in water (Rongqi and

Zhanting, 1999).
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Figure 2.4. Separation of single-phase water/isopropanol mixture after adding sodium chloride into two
liquid phases. The top phase is rich in isopropanol (organic or liquid phase) and the bottom phase is rich in
water (aqueous or heavy phase).



Fig. 2.4 illustrates the liquid-liquid phase split after adding sodium chloride (NaCl) to a liquid
binary isopropanol/water. Isopropanol and water form a single-phase liquid mixture because they
are both polar molecules that self and cross-associate through hydrogen bonding. These
interactions are responsible for the total miscibility between these two components. However,
when NaCl is added to the isopropanol/water binary, the presence of Na and CI ions in the
solution disrupts the interactions between isopropanol and water molecules as these ions
preferentially interact with the water molecules. This preferential interaction between the ions and
the water molecules is due to its higher dielectric constant (78.304) compared to that of isopropanol
(19.13) at room temperature (Miller and Maass, 1960; Malmberg and Maryott, 1956). This higher
affinity between the ions and water triggers a phase split, i.e., the formation of a second liquid
phase composed mainly of the isopropanol molecules displaced out of the original solution as
shown in Fig. 2.4 (Briscoe et al., 2000). Therefore, at thermodynamic equilibrium, the system splits
into two liquid phases: one rich in alcohol and the other one rich in water. In this study, the alcohol-
rich and the water-rich phases will be referred to as the organic and the aqueous phases,

respectively.

For engineering applications in the design, simulation, and optimization of separation operations,
it is then required the calculation of organic and aqueous phase compositions. This calculation can
be performed by using the concepts related to phase equilibrium thermodynamics applied to

electrolyte mixtures.

2.2.1 Thermodynamic Modelling

The fundamental concepts of phase equilibrium thermodynamics can be applied to the calculation
of the composition of the organic and the aqueous phases. At thermodynamic equilibrium, the
following equations must be satisfied (Thomsen, 2009):

PO = p4

(2.1)
TO = T4 (2.2)
ui = pf (2.3)

where P (in kPa) is the pressure, T is the absolute temperature (in K), and pu is the chemical

potential (J.mol1). Superscripts O and 4 refer to the organic and aqueous phases, respectively.

9



The subscript i refer to any of the components of the system: isopropanol, water, or NaCl. u is the
chemical potential of component i . In an ideal solution, the chemical potential is calculated as
follows (Thomsen, 2009):

pideal = y* + RTInx; (2.4)

where y; is the chemical potential of component i in the standard state, which depends on
temperature, pressure, and nature of the components; and x; is the mol fraction of component i.
The chemical potential of an electrolyte mixture significantly deviates from that of the ideal
solution due to the electrostatic interactions. The excess chemical potential captures this deviation
(Thomsen, 2009):

p; = pideat 4 yexcess (2.5)

The excess chemical potential is given by:

pgxeess = RTIny, (2.6)

where y; is the activity coefficient of component i. Substituting Eq. 2.6 into Eq. 2.5 produces:

y; = pi + RTInx; + RTlny; (2.7)

Eq. 2.7 is equivalent to:
ti = pi + RTIn(x;y;) = u; + RTIn(a;) (2.8)

where q; is the activity of component i, defined as (Thomsen 2009):

a; = Xx;.Y; (2.9)

If component i is a salt, its total activity is calculated from that of the cation and that from the anion

using the following equation:
as = [(ap)"*.(a)" ] (2.10)

where a- is the total or mean activity of the salt; a+ and a. are the activities of the cation and the
anion, respectively; and v+ and v. are the numbers of the moles of cations and anions in the
dissociation equation, respectively. The parameter v is the summation of the v+ and v.. Finally, for
the system isopropanol(l)/water(W)/NaCl(+) at constant pressure and temperature, the equal

chemical potential requirement (Eq. 2.3) can be conveniently written as:
0_ A

a =a (2.11)
o _ A
dw = aw (2.12)
ad = af

(2.13)
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Eq. 2.1 to 2.13 are suitable for engineering calculations as the activities of the components can be
calculated using excess energy models such as the electrolyte versions of NRTL or UNIQUAC.
Note, the organic and aqueous phase compositions are those that satisfy the equal activity criteria

defined by Eq. 2.11 to 2.13.

2.3 Experimental Investigation of the Phase Behaviour of Alcohol/Water/Salt

Mixtures

The phase behaviour of alcohol/water/salt mixtures has been extensively investigated in the last
30 years as it has potential application in the purification of alcohols produced by aqueous
fermentation of biomass. The focus has been to understand the effect of variables such as the
chemistry of the alcohol and the nature of ionic interactions between the salt and the other mixture
components in the purity and amount of alcohol produced. The pioneering work by Frankforter
and Frary (Frankforter and Frary, 1913) studied the phase behaviour of ethanol/water/salt mixtures
at room conditions. Specifically, these authors investigated the effect of salts such as potassium
fluoride and potassium carbonate on the liquid-liquid boundary. It was found that potassium
fluoride had a very strong salting-out power compared to that of potassium carbonate. Salting-out
power was defined as the capacity of a salt to separate a higher-purity alcohol from an aqueous
mixture. Reber e al. (Reber er al., 1941) studied the effect of salt content on the critical consolute
temperature of butanol/water using salts such as sodium sulfate, sodium chloride, sodium bromide,
sodium nitrate, sodium iodide, and sodium thiocyanate. These authors found experimentally that
each one of these salts, except sodium thiocynate, increased the upper critical consolute
temperature of the solution which, in terms of solubility, is equivalent to a reduction in the
solubility of butanol in water. The authors pointed out that the anion plays a very important role
in determining the salting-out power of the salt; however, a theoretical interpretation of this

observation was not provided.

De Santis et al. (De Santis et al., 1976) investigated the effect of the alcohol structure on the liquid-
liquid equilibria of alcohol/water/NaCl mixtures. Water-soluble alcohols such as propanol,
isopropanol, butanol, isobutanol, sec-butanol, and tert-butanol were investigated and the location
of the liquid-liquid phase boundary and liquid-liquid phase compositions at ambient conditions
were measured. Fig. 2.5 shows the mass percent of alcohol in the aqueous phase versus the mass

percent of NaCl in the aqueous phase at ambient conditions (a similar figure was constructed by
11



the authors). The data in Fig. 2.5 shows, that, in general, the solubility of the alcohols in the
aqueous phase decreases as the NaCl content in the aqueous phase increases. This result indicates
that the alcohol preferentially partitions to the alcohol-rich or organic phase as the salt content
increases. The lowest and highest solubilities in the aqueous phase were found for butanol and

isopropanol, respectively.

30

—o— isopropanol

25 [ —&— propanol

tert-butanol
—e— sec-butanol

isobutanol

butanol

Weight Percent of Alcohol in Aqueous Phase

0 5 10 15 20 25 30
Weight Percent of NaCl in Aqueous Phase

Figure 2.5. The effect of NaCl on the composition of alcohols in the aqueous phase for the liquid-liquid
phase composition of alcohol/NaCl/water system at 25°C (De Santis ef al., 1976).

De Santis et al.(De Santis et al., 1976) also compared the solubility of butanol isomers in the
aqueous phase. The branched isomers of butanol (tert-butanol, sec-butanol, and isobutanol) have
higher solubilities in water than normal butanol (Fig. 2.5) due to differences in the effect of the
hydroxyl group which tends to neutralize the hydrophobic effect of the paraffinic chain. Therefore,
branched alcohols are more hydrophilic than normal alcohols of the same carbon number .(Palit,
1947; Amidonx et al, 1974). These observations indicate that the liquid-liquid separation of
branched alcohols from aqueous mixtures is more challenging due to the higher affinity of these

components with water.

Gomis et al.(Gomis et al., 1994(a)) studied the phase behaviour of mixtures of propanol/water/salt
and isopropanol/water/salt at ambient conditions. The salts tested were NaCl and KCI and the
measured triangular diagram for the mixture isopropanol/water/NaCl is presented in Fig. 2.6. The

reported triangular diagrams show a single-phase liquid region at low salt content, a liquid-liquid
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region, two liquid-solid regions (one liquid is rich in alcohol and the other rich in water) and one
liquid-liquid-solid region. When NaCl is used, the liquid-liquid solid region is smaller for
isopropanol than for propanol. Moreover, when KCl is used, the mixture of isopropanol/water/KCl
does not split into two liquid phases indicating that KCL is not a suitable salt for liquid-liquid
extraction of isopropanol. Comparing the results for the mixtures propanol/water/NaCl and
propanol/water/KCl, the area of the liquid-liquid region is larger when NaCl is used compared to
that when KCl is used. These results indicate that the Na” cation is capable of binding to more
water molecules compared to the K cation; i.e, the solubility of propanol in water is lower when
NaCl is added to the mixture due to higher affinity between Na™ and water molecules (Gomis et

al., 1994(a); Eisen and Joffe, 1966).

Gl

L1: Water-Rich
L2: Isopropanol-Rich

o isopropanol

Figure 2.6. Different phase regions for the isopropanol/water/NaCl at 25 °C and atmospheric pressure
(Gomiis et al., 1994(a)). L, LS and LLS stand for single liquid, liquid-solid and liquid-liquid-solid phases,
respectively.

2.3.1 Liquid-Liquid Phase Boundary or Binodal Curve

Most of the studies reported in the literature on the phase behaviour of alcohol/water/salt mixtures
have been focused on the experimental determination of the liquid-liquid boundary; also known
as the binodal curve. At constant temperature and pressure, the binodal curve defines the

composition of the mixture at which liquid-liquid phase separation is thermodynamically favorable

13



(Prausnitz et al., 1978). Therefore, the measurement of the binodal curve is very important for the

design of industrial liquid-liquid extraction operations.

The experimental method for the measurement of the binodal curve is based on turbidimetric, or
cloud point titration (Merchuk ez al., 1998; Khayati and Gholitabar, 2016; Zafarani-Moattar et al.,
2019; Pimentel ez al., 2017). The basis of the method is the addition of water to a two-liquid phase
alcohol/water/salt mixture until the turbidity, or cloudiness, due to the presence of two immiscible
phases disappears. The location in the phase diagram where the solution turns transparent is the
liquid-liquid boundary or binodal curve. The turbidimetric titration method has been used for
detecting the binodal curve of alcohol/water/salt mixtures listed in Table 2.2. Fig. 2.7 shows the
measured binodal curve for the isopropanol/water/NaCl mixture at ambient conditions (Khayati
and Gholitabar, 2016). The regions below and above the binodal curve correspond to a single
liquid phase (L) and two-liquid phases (LL), respectively. Liquid-liquid tie lines connect two
points located on the binodal curve: one point corresponds to the alcohol-rich (organic) phase and

the other to the water-rich (aqueous) phase.

Table 2.2. Summary of alcohols, salts and conditions for which the binodal curve has been measured using
turbidimetric titration.

T, P,
Alcohol Salt Ref.
°C kPa

propanol, isopropanol  Choline Chloride 25, 35, 45 101 Zafarani-Moattar et al.

propanol, isopropanol K>HPO4 25 101 Muniz et al.

propanol, isopropanol  KCI, NaCl, CaCl 25 101 Khayati et al.
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Figure 2.7. The binodal curve data for the isopropanol/water/NaCl mixture at 25°C and atmospheric
pressure measured by Khayati ef al. (Khayati and Gholitabar, 2016). L and LL indicate the single liquid
and the liquid-liquid phase regions, respectively.

The location of the binodal curve on the phase diagram of alcohol/water/salt mixtures is highly
dependent on the chemistry of the alcohol, the type of salt, the temperature, and the pressure.
Khayati et al. (Khayati and Gholitabar, 2016) measured the binodal curve at ambient conditions
for ternary mixtures containing propanol or isopropanol, water, and salts such as KCI, NaCl, and
CaCly. The reported data show that for the same salt, the binodal curve of the mixtures containing
propanol is below that of the mixtures containing isopropanol, i.e., mixtures containing propanol
split into two liquid phases at lower salt content, Fig. 2.8. According to the authors, this result is
consistent with the higher polarity of propanol compared to that of isopropanol which indicates
that molecules of propanol tend to associate stronger with alike molecules; hence, this alcohol is
separated off of the liquid mixture more easily than isopropanol that tends to interact more with
the water. The authors based this interpretation on the higher dielectric constant of propanol (20.6)
compared to that of isopropanol (19.4) at room temperature. Similar results were obtained by
Muniz et al. (Muniz et al., 2021). Regarding the effect of the salt, Khayati ez al. found that, for the
same alcohol, the binodal curve shifts to higher alcohol content for the salts in the following order:
CaCly, NaCl, and KCl, Fig. 2.8. In addition, according to the authors, the liquid-liquid region for
the mixture alcohol/water/CaCl, 1is bigger than those for alcohol/water/NaCl and
alcohol/water/KCl, respectively. The authors found that the salting-out power (the ability of the
salt to split the mixture into two liquid phases) of the salt increases with a reduction in the cation
size (Khayati et al., 2014). Calcium, sodium, and potassium cations have radii of 100, 102, and
138 pm, respectively (Marcus, 1991).
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Figure 2.8. Binodal curves for (propanol/isopropanol) +(CaCI2/KCIl/NaCl) +water mixture at 25°C and
atmospheric pressure. L and LL indicate the single liquid and the liquid-liquid phase regions, respectively
(Khayati and Gholitabar, 2016).

The temperature also has an important effect on the location of the binodal curve in the phase
diagram. Few studies have been focused on the study of the effect of the temperature on the binodal
curve of mixtures of alcohol/water/salt; they are briefly discussed here. Pimentel ef al. (Pimentel
et al., 2017) studied the effect of temperature on mixtures of isopropanol/water/sodium sulfate and
isopropanol/water/magnesium sulfate at temperatures from 25 to 50°C at atmospheric pressure.
The results show that for the mixture isopropanol/water/sodium sulfate, the liquid-liquid region
widens at higher temperatures; and, for the mixture isopropanol/water/magnesium sulfate, the
temperature does not have a significant effect on the liquid-liquid region. This result indicates that
the phase split is driven by the change of entropy rather than by the change in the enthalpy as
concluded by Nemati et al. (Nemati-Kande and Shekaari, 2013), Da Silva et al., (Da Silva and Loh,
2000) and Martins et al. (Martins et al, 2010). The results from other studies suggest that at
temperatures from 25 to 50°C the effect of temperature on the binodal curve of alcohol/water/salt
mixtures is negligible (Arzideh et al., 2018; Salabat and Hashemi, 2006; Zafarani-Moattar and
Jafari, 2013; Katayama and Miyahara, 2006; Hu ez al., 2009; Nemati-Kande ez al., 2012). However,
changes in the temperature affect the solubility of the salt and alcohol in the water impacting the
composition of the alcohol-rich and the water-rich phases without having a significant effect on
the binodal curve (Katayama and Miyahara, 2006). More studies are needed to shed light on the
nature of electrostatic interactions and hydrogen bonding controlling the solubility of the salt and

alcohol in water, respectively.
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2.3.2 Vapor-Liquid Equilibrium of Alcohol/Water/salt Mixtures

The vapor-liquid equilibrium (VLE) of alcohol/water/salt mixtures has been investigated because
of its potential application in the purification of alcohol by distillation. The addition of salt to a
mixture of alcohol/water increases the relative volatility of the alcohol facilitating its separation
by distillation (Morrison et al., 1990). The ions of the salt preferentially interact with the molecules
of water creating high molecular weight structures with lower relative volatility compared to that
of the alcohol (Morrison et al., 1990). Moreover, for some alcohol/water mixtures, such as
ethanol/water, a small addition of salt is sufficient to eliminate the azeotrope suggesting that the
salt may be a useful separating agent for azeotropic distillation (Morrison et al., 1990; Gomis et al.,
2018; Polka and Gmehling, 1994; L. Xu et al., 2018). Hence mapping the vapor-liquid equilibrium
of alcohol/water/salt mixtures is very important for the design, simulation, and optimization of

distillation operations.

Some studies have investigated the vapor-liquid equilibrium of alcohol/water/salt mixtures, mostly
at atmospheric pressure. Gomis et al. (Gomis et al., 2018) mapped the vapor-liquid (VL), the liquid-
liquid-vapor (LLV), the solid-liquid-liquid-vapor (SLLV), and the solid-liquid-vapor (SLV)
regions of the phase diagram of tert-butanol/water/NaCl and tert-butanol/water/KClI at atmospheric
pressure. The results show that at higher temperatures, the area of the LLV region is larger
compared to that of the LL region whereas the area of the other regions is not significantly affected
by the temperature. Vercher et al. (Vercher et al., 1991) and Schmitt (Schmitt, 1979) measured the
vapor-liquid equilibrium compositions of mixtures of ethanol/water/potassium acetate; and, Ohe
(Ohe, 1998) and Gironi et al. (Gironi and Lamberti, 1995) measured the effect of adding calcium
chloride, magnesium chloride, and magnesium bromide on the vapor-liquid equilibrium
compositions of mixtures isopropanol/water. In general, the addition of salt to the alcohol/water
mixture increases the alcohol content in the vapor phase and eliminates the azeotrope as shown in

Fig. 2.9
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Figure 2.9. x-y diagrams for water/Ca(NO3)2/ethanol or isopropanol mixture at 50.66 kPa. The Molality
of the calcium nitrate is m=1.038 mol.kg-1 for both mixtures (Polka and Gmehling, 1994).

The higher alcohol content in the vapor phase shown in Fig. 2.9. indicates that the relative volatility
of the alcohol increases with the addition of salt. Xu et al.(L. Xu et al., 2018) measured the effect
of adding calcium chloride on the relative volatility of the alcohol in a mixture of allyl
alcohol/water. The results shown in Fig. 2.10. indicate that adding a small amount of salt to relative

volatilities significantly increases the relative volatility of the alcohol.
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Figure 2.10. The changes in the relative volatility of allyl alcohol for three salt concentrations in
water/CaCl2/allyl alcohol system at 101.3 kPa (L. Xu et al., 2018).
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2.4 Summary

This chapter presented a general review of the phase behaviour of alcohol/water/salt systems. The
addition of salt to a binary mixture of alcohol/water triggers a liquid-liquid phase separation with
one of the phases being rich in alcohol and the other in the water. Additionally, depending on the
amount of salt added, the system could exhibit liquid-solid or liquid-liquid-solid regions. The
liquid-liquid region of the phase diagram has been widely studied; however, very few studies have
focused on investigating the effect of temperature on this region. The addition of salt to a binary
alcohol/water has also an effect on the vapor-liquid equilibrium of the system. The presence of salt
increases the relative volatility of the alcohol and consequently the alcohol content in the vapor
phase increases. Another important effect of the salt is the elimination of the azeotrope in the case

of azeotropic alcohol/water mixtures.

Despite the data reported in the literature on the phase behaviour of alcohol/water/salt systems,
there are no comprehensive studies on the different regions of the phase diagram. The liquid-liquid
and vapor-liquid regions have been considered separately and regions such as the vapor-liquid-
liquid, vapor-liquid-liquid-solid, and vapor-liquid-solid have not been systematically studied.
Moreover, the effect of important process variables such as temperature and pressure on the phase
behaviour of these mixtures has not been studied. Therefore, as a preliminary study, this research
is focusing on studying the effect of the temperature on the liquid-solid, liquid-liquid and liquid-
liquid-solid regions of the phase diagram of the isopropanol/water/NaCl mixture. Also, the effect
of the addition of salt on the normal boiling point of the mixture and vapor-liquid phase
compositions was studied. The outcome is a comprehensive and thermodynamic consistent dataset

that helps in the understanding of the phase behaviour of isopropanol/water/NaCl mixtures.
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Chapter 3: Experimental Method

This chapter presents all the experimental methods used in this study to map the phase behaviour
of isopropanol/water/NaCl mixtures at atmospheric pressure. First, it presents general information
about the chemicals used and about the preparation of the samples for the experiments. Second, a
description of the experimental procedures to measure liquid-liquid-solid and liquid-liquid
boundaries is presented as well as a description of the experimental devices used. Third, a
description of the experimental procedure to measure liquid-liquid phase compositions is
presented; and, finally, the procedure and apparatus to measure boiling points are described. In
addition, an analysis of the errors of the different procedures is presented as well as the validation

of the experimental procedures.

3.1 Materials

The chemicals used for the preparation of the mixtures were deionized water, isopropanol (purity
99.5%), and sodium chloride (purity 99%). Isopropanol and sodium chloride were purchased from

Fisher Scientific.

3.2 Sample Preparation

Mixtures of isopropanol, water, and sodium chloride were prepared at ambient temperature and
atmospheric pressure. Prior to the preparation of the mixtures, and to eliminate any moisture, the
sodium chloride was dried in an oven at a temperature of 82°C for at least two hours and then
placed inside a desiccator (containing silica gel) until it reached ambient temperature. Then,
known masses of isopropanol, water, and salt were placed in a flask equipped with a total reflux
condenser and magnetic stir bar and agitated at ambient temperature. The total reflux condenser
was needed to avoid the evaporation of isopropanol. Cold water was used as a coolant. The masses
of the chemicals were determined using a Mettler Toledo analytical balance with a readability of

0.0001g.
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3.3 Liquid-Liquid-Solid and Liquid-Liquid Phase Boundary Measurements

The liquid-liquid-solid (LLS) and the liquid-liquid (LL) phase boundaries were measured using
the setup shown in Fig. 3.1 This setup consists of a 250 mL 3-neck flask equipped with a
thermocouple, a condenser, and a separatory funnel. The flask was enclosed in a temperature-
controlled air bath used to control the temperature of the sample in the flask within £0.1 °C of the
intended measurement temperature. The temperature of the sample was measured with a K-type
thermocouple calibrated against a platinum resistance thermometer (PRT). This thermocouple was
in direct contact with the sample as shown in Fig. 3.1. To avoid the evaporation of volatile
components, the condenser was connected to a temperature-controlled circulating bath that used
ethylene glycol at 0°C as the coolant. The separatory funnel was charged with deionized water and
was used during the measurement to add water to the sample. The setup was open to the

atmosphere; therefore, only measurements at atmospheric pressure were collected.

— Pure water

Temperature
controller
( ( Jf_\\

\ wll
/ | E ‘ ® ®
Isopropanol, NaCl, ® o
Water mixture % v

Air bath

Figure 3.1. Experimental setup for the titration experiment to determine the phase boundaries of
isopropanol/water/NaCl mixture at atmospheric pressure.

To begin an experiment, the setup was placed on top of a magnetic stirrer plate, and a magnetic
stir bar was placed inside the flask to ensure agitation during the experiment. Then, approximately
100 mL of a tree-phase (solid-liquid-liquid) sample containing isopropanol, water, and sodium
chloride was charged into the flask at ambient temperature and agitated during the entire length of
the measurement. Once the temperature of the sample was at the intended measurement value, the

deionized water contained in the separatory funnel was added dropwise to the three-phase sample
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until the disappearance of the solid phase. The disappearance of the solid phase was visually
detected. The deionized water was added slowly enough to avoid any changes in the temperature.
In cases when the temperature of the sample changed, the separatory funnel valve was closed, and
the system was allowed to go back to the measurement temperature before resuming the
measurement. The mass of deionized water added to the disappearance of the solid phase was
measured and the composition of the sample was calculated from a mass balance using the initial
masses of isopropanol, sodium chloride, and deionized water; and the mass of deionized water
added. The calculated value is the composition of the sample at the LLS boundary. At the LLS
boundary only the two liquid phases were left, and, due to the agitation, one phase was dispersed
into the other and the system was visibly turbid. More deionized water was slowly added to the
sample until the solution was translucid which indicated only one single liquid phase was left in
the system. At this moment, the mass of deionized water was measured and the composition at the
LL boundary was calculated as described for the LLS boundary. The procedure described here for
detecting the LL boundary as the transition between a turbid and translucid solution was adapted
from that proposed elsewhere (Gomis et al., 1994(a); Pirdashti et al., 2015; Khayati and Gholitabar,
2016; Pimentel et al., 2017; Muniz et al., 2021; Merchuk et al., 1998).

3.3.1 Validation of the Procedure

The experimental procedure described in Section 3.3 for the measurement of the LL phase
boundary was validated using data from the literature reported at room temperature and
atmospheric pressure. A similar validation for the procedure to measure the LLS boundary was
not possible as data have not been reported. Fig. 3.2 shows the experimentally measured LL phase
boundary for the isopropanol/water/NaCl mixture at room temperature and the data reported by
Khayati ez. a/ (Khayati and Gholitabar, 2016), for the same mixture at room temperature. Because
the data collected in this study and that from the literature were measured at different sodium
chloride contents, as shown in Fig. 3.2, an empirical correlation was fitted to the data collected in
this study. The purpose of fitting this correlation to the collected data was to make the comparison
easier and to allow the calculation of the deviations required to validate the experimental
methodology proposed in this study. The empirical correlation used to fit the collected data at room

temperature is given by:

Wtisopropanol = €xXp(—18.472wtf oy — 7.761wtygc — 0.170) (3.1
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where Wisopropanor and witnaci are the experimental mass fractions of isopropanol and sodium
chloride, respectively. The calculated mass fractions of isopropanol from Eq. 3.1 were within 0.6%
of the experimentally measured data and 2% of reported values. The repeatability of the

measurements was £3%.
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Figure 3.2. Binodal curve for the mixture of isopropanol/water/NaCl at ambient temperature and
atmospheric pressure. L and LL indicate the single liquid and the liquid-liquid phase regions, respectively.
The data from the literature was collected from Khayati ef al. (Khayati and Gholitabar, 2016).

3.4 Measurement of Liquid-Liquid Phase Compositions

The setup used for collecting samples from the two liquid phases at thermodynamic equilibrium
was the same one described in Section 3.3 but without the separatory funnel. Instead, the mouth to
which the separatory funnel was attached, was plugged using a glass stopper to avoid the
evaporation of either isopropanol or water during the experiment. The sample was not agitated
during this experiment. To begin the experiment, approximately 100 mL of a two-liquid phase
mixture containing isopropanol, water, and sodium chloride was charged into the flask and let to
reach equilibrium at the intended measurement temperature, typically for three days. During this
period, the temperature of the solution fluctuated within £0.1°C. Then, approximately 5 mL
aliquots from the two liquid phases at equilibrium were extracted from the flask using syringes.

Then, the samples collected from the organic (alcohol-rich) and the aqueous (water-rich) phases
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were transferred to airproof glass vials. Liquid-liquid phase compositions were measured at 0, 21,

50, and 70°C at atmospheric pressure using this procedure.

The NaCl, isopropanol, and water mass content in both phases were determined according to the
following procedure. An aliquot of approximately 10 g of the liquid phase was weighed in the
analytical balance described in Section 3.2. The volatile components in this aliquot, isopropanol
and water, were evaporated from the aliquote and then condensed using the setup shown in Fig.
3.3. The temperature in the condenser was kept around 0°C to ensure the total condensation of the
volatile components. The condenser was connected to a temperature-controlled circulating bath
that used ethylene glycol as the coolant. The residue, assumed to be pure NaCl, was then dried in
an oven at 82°C for 2 hours and let cool inside a moisture-free desiccator before weighing. The
mass fraction of NaCl in the phase was calculated as the mass of the residue divided by the mass

of the aliquot.

open to atmosphere

el

water/isopropanol/NaCl

water/isopropanol Heating plate

/

Figure 3.3. Experimental setup used in the determination of the NaCl content in the aliquots.

The collected condensate, assumed to contain only isopropanol and water, was weighed and its
composition was determined from its refractive index at 25°C. For this purpose, a calibration curve
was constructed by measuring the refractive indexes of several samples prepared by mixing known
masses of isopropanol and water. The refractive indexes were measured in a Reichert Abbe Mark

III refractometer with accuracy of = 0.01%. The calibration curve used in this study is shown in
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Fig. 3.4 and the data were fitted using the correlation proposed by Yarranton et al. (Yarranton et

al., 2015) for binary mixtures:

1 Wl Wz 1 1
1W» ( e

- R, TR,

W W : 32
Rl.. R R, " )ﬁ” (3:2)

where R/ is the refractive index; w is the mass fraction (w; + w> = I); and subscripts mix, [ and 2
refer to the binary mixture, isopropanol, and water, respectively. ;2" is a binary interaction
parameter calculated by fitting Eq. 3.2 to data. In this study, £12"= 0.0199. The measured refractive
indexes used for the construction of the calibration curve were within 0.05% of the reported values
from the NIST Database (National Institute of Standard and Technology (NIST), 2008). All the

refractive indexes collected in this study were measured at 25°C and atmospheric pressure.

The isopropanol mass fraction in the condensate was calculated from Eq. 3.2 using the measured
refractive index of the condensate and the refractive indexes of pure isopropanol and water as
inputs. Finally, the mass fraction of isopropanol in the phase was calculated by multiplying the
calculated mass fraction of isopropanol in the condensate by the measured mass of the condensate
and dividing the result by the mass of the aliquot. The mass fraction of water in the phase was
calculated from the mass balance using the calculated mass fractions of NaCl and isopropanol as

inputs.
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Figure 3.4. The calibration curve plotted by Eq. 3.2 by fitting the reported data from NIST (National
Institute of Standard and Technology (NIST), 2008)and the experimental data for the refractive index of
water/isopropanol mixture at 25 °C.

25



3.4.1 Validation of the Procedure to Measure Liquid Phase Compositions

The procedure used in this study to measure the composition of the liquid phases was validated as
follows. Four standard solutions of known composition were prepared by mixing known masses
of isopropanol, water, and NaCl at room temperature and atmospheric pressure. The compositions
of these four standard solutions were chosen to cover the entire range of composition along the LL
boundary shown in Fig. 3.2, but slightly below this boundary to ensure a single liquid phase. The
mass composition of each one of the standard solutions was measured as described in Section 3.4.
Fig. 3.5 shows a scatter plot comparing the mass fraction composition of the standard solutions
with those measured according to the procedure described in Section 3.4. The calculated average
relative deviations for the measured mass fractions of isopropanol, NaCl, and water were 5, 2, and

1%, respectively.
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Figure 3.5. The dispersion plot compares the mass fraction of the mixture by the evaporation procedure
with the mass fraction of the standard solution.

3.4.2 Thermodynamic Consistency Check for Measured Liquid Phase Compositions
To ensure the measured LL phase compositions are thermodynamically consistent with the
definition of thermodynamic equilibrium, these data must obey the Gibbs-Duhem equation

(Prausnitz et al., 1978). At constant temperature and pressure, the Gibbs-Duhem equation is given
by:
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indlnyi =0 (33)

l

where x and y are the mole fraction and activity coefficient of component i, respectively. However,
in the case of liquid-liquid equilibrium, the activity coefficients of the components cannot be

calculated from the experimental data; rather, a ratio of activity coefficients:

()’ _ x{!
)4 x? G

where superscripts O and A refer to the organic and the aqueous phase, respectively. Eq. 3.4 is the

equal fugacity criteria for liquid-liquid equilibrium written in terms of activity coefficients.
Therefore, it is not possible to apply the Gibbs-Duhem equation to assess the thermodynamic
consistency of liquid-liquid equilibrium data. Different semi-empirical approaches have been
proposed to check the consistency of liquid-liquid data. The graphical approaches proposed by
Hand (Hand, 1929), Bachman (Bachman, 1940), and Othmer-Tobias (Othmer and Tobias, 1942)
have been widely used to test the consistency of liquid-liquid data (Pimentel ez al., 2017; Zafarani-
Moattar ez al., 2019; Khayati and Gholitabar, 2016) and were used in this study. The idea behind
these three approaches is simple: when the variables X and Y are plotted using consistent liquid-
liquid equilibrium data, the resulting trend is linear. This linear trend is totally empirical and has
been verified by a large number of mixtures; although, there is not rigorous thermodynamic proof.
The variables X and Y for each approach are listed in Table 3.1. In this study, the consistency
approaches proposed by Hand, Bachman, and Othmer-Tobias were used to assess the consistency

of the measured liquid-liquid phase compositions.

Table 3.1. The equation to calculate X and Y parameters for Bachman, Hand, and Othmer-Tobias methods
to check the thermodynamic consistency of phase composition data for the ternary mixtures at liquid-liquid
equilibrium.

Method X Y
tAqueous
Aqueous water
Bachman Wtyater — Organic
Wtisopropanol
i A
wegdeme Wi
Hand lOg —_— log —~ast
tOryantc WtAqueous
w isopropanol water
. Wlisopropanol T Wlnacl log Wilwater + Winaci
Othmer-Tobias ~ log " T Wromronio
Wlyater Aqueous Lsopropano Oorganic
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Fig 3.6 shows the Hand, Bachman, and Other-Tobias plots with X and Y calculated using measured
and reported in literature phase compositions at room temperature and atmospheric pressure. The
phase compositions measured in this study follow a linear trend with correlation coefficients, R’,
higher than 0.99; however, the data reported in the literature are scattered and only a few data
points follow a straight line. These results indicate that the phase compositions measured in this
study according to the procedure described in Section 3.4 satisfy the consistency check required

by the approaches by Hand, Bachman, and Other-Tobias.

+ This Study . '[I;hisSStttj_dy cal
+De Santis et al. +De Santis et al.
0.7 &Gomis et al. 1.2 + < Gomis et al.
AChou et al AChou et al.
ueta. X Khayati et al.
X Khayati et al. - R2=0.991
11
> >
0.6 Rz=0.997
&
10 ¥ <§A
By
+ X <o
(a) Hand (b) Bachman +
0.5 A S S S S , - 0.9 A R R . L . . X
1 1.2 14 1.6 1.8 0.63 0.68 0.73
X X
< This Study
0.5 f +De Santis et al. < AK-"
©Gomis et al. A
| AChou et al. X< oF
|| X Khayati et al. A
03
>
0.2
(c) Othmer-Tobias
0.0 e S S S SR
0.2 0.3 0.4

Figure 3.6. The consistency check for the experimental LL phase composition data and the reported
composition data from Khayati et al. (Khayati and Gholitabar, 2016), Gomis et al. (Gomis et al., 1994(a)),
Chou et al. (Chou et al., 1998), and De Santis ef al. (De Santis ef al., 1976).
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The measured phase compositions in this study were subjected to an additional consistency check.
At thermodynamic equilibrium at constant temperature and pressure, the mass compositions of the
organic and aqueous phases must fall on the LL phase boundary; and, the tie-lines, connecting the
compositions of the organic and aqueous phases, must not intersect. Fig. 3.7 shows the binodal
curve for the mixture of isopropanol/water/NaCl at room temperature and atmospheric pressure.
The solid line corresponds to Eq. 3.1, fitted to the measured LL boundary as described in Section
3.3.1; the solid symbols correspond to the measured phase compositions, and the dotted lines are
tie-lines. In general, measured phase compositions fall on the LL boundary within the error of the
measurement and tie-lines do not intersect. This additional check corroborates the results obtained
from the Hand, Bachman, and Other-Tobias tests and confirms the measured data at room
temperature and atmospheric pressure is thermodynamically consistent. All the measured phase
compositions in this study were subjected to the Hand, Bachman, and Other-Tobias tests and

compared to measured LL boundaries as described here.
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Figure 3.7. Binodal curve for isopropanol/water/NaCl mixture. (¢) shows organic phase composition, (4)
represents aqueous phase composition, and (---) are the tie-lines. All data were collected at room

temperature and atmospheric pressure. L and LL indicate the single liquid and the liquid-liquid phase
regions, respectively.

3.5 Measurement of Vapor-Liquid Phase Compositions
Saturation (or boiling point) temperatures and samples of the vapor and liquid phases at
equilibrium were collected at atmospheric pressure using the apparatus shown in Fig. 3.8. Details

of this apparatus are given elsewhere (Rogers et al., 1947). Briefly, the apparatus is an ebulliometer
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equipped with a Cottrell pump, a platinum resistance thermometer (precision +£0.1°C), a condenser,
and a 3-way stopcock for sample collection. To begin an experiment, approximately 180 mL of a
mixture of known composition are charged into the apparatus at room temperature. The apparatus
is placed on a heating plate and the temperature is increased until the Cottrell pump ejects a
vigorous stream of liquid over the thermometer and the condensed vapor returns from the
condenser at a steady rate. During this stage, the condenser is kept at a temperature of around 0°C,
and the 3-way stopcock is set to ensure total reflux of the condensed vapor. Then, the system is
allowed to reach equilibrium. The system is at equilibrium when the temperature read by the
platinum resistance thermometer is constant for at least 2 hours. Finally, samples of the liquid and
vapor are withdrawn by manipulating the 3-way stopcock. The composition of the two phases was

determined using the procedure described in Section 3.4.
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Figure 3.8. Ebulliometer used to measure the phase composition of VLE of isopropanol/water/NaCl
mixture at atmospheric pressure.
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3.5.1 Validation of the Procedure to Measure Vapor-Liquid Phase Compositions

The procedure for measuring saturation temperatures and vapor-liquid phase compositions was
validated by measuring: 1) the boiling point and vapor-liquid phase compositions for
isopropanol/water mixtures; and 2) the boiling point of NaCl/ water mixtures at atmospheric

pressure. The results for isopropanol/water are presented first and then those for NaCl-water.

Isopropanol/Water Mixtures: saturation temperatures and vapor and liquid phase compositions

were measured at atmospheric pressure using the apparatus and procedure described in Section
3.5. Fig. 3.9 shows the measured 7xy (Panel A) and xy (Panel B) diagrams for the
isopropanol/water mixture at atmospheric pressure. For comparison, the vapor-liquid equilibrium
of the mixture was modeled using a y-¢ approach with activity coefficients (y) calculated from the
UNIQUAC model and fugacity coefficients (¢) calculated from the Virial equation of state
truncated after the second term as described elsewhere (Ramos-Pallares, 2023). Fig. 3.9 shows that
there is a good agreement between measured and calculated liquid phase compositions with an
overall average absolute relative deviation of 0.1 %. However, there is some scatter in the
measured vapor phase compositions possibly because of either contamination due to mixing with
the liquid phase or losses of volatile components through the condenser. The calculated
uncertainties for the measured vapor mol fraction phase compositions and temperatures were +

0.018 and + 0.5°C, respectively, with a confidence interval of 95%.
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Figure 3.9. (A): Liquid phase composition (¢) and vapor phase composition (¢) for VLE of
isopropanol/water mixture at atmospheric pressure. The solid line (—) was predicted by UNIQUAC model
using the reported data from NIST (National Institute of Standard and Technology (NIST), 2008). (B):

31



Comparison of the mole fraction of isopropanol in vapor and liquid phase for isopropanol/water mixture at

atmospheric pressure. The solid line (—) was predicted by UNIQUAC model using the reported data from
NIST.

NaCl/Water Mixture: The boiling point of NaCl/Water mixtures was measured using the apparatus

described in Section 3.5. Fig 3.10 shows reported, measured, and predicted normal boiling point
temperatures of NaCl/Water mixtures. The solid line corresponds to the normal boiling points
predicted from the electrolyte version of the UNIQUAC model at 97 kPa (in situ average
atmospheric pressure) with the parameters reported by Thomsen (Thomsen 1997(a)). The overall
absolute relative deviation between measured and predicted boiling point temperatures was 2%.
The measured boiling point temperatures collected in this study according to the described
procedure are slightly below predicted and reported values probably because the local atmospheric

pressure fluctuates between 93 and 101 kPa.
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Figure 3.10. Boiling points of NaCl/water mixture at atmospheric pressure. The solid line corresponds to
calculated boiling points from the electrolyte version of the UNIQUAC model as presented by Thomsen
(Thomsen 1997(a)).
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Chapter 4: Results and Discussion

This chapter presents a detailed analysis of the experimental phase behaviour data collected in this
study for isopropanol/water/NaCl mixtures at atmospheric pressure. The data presented and
analyzed here includes liquid-liquid, liquid-solid, liquid-liquid-solid, and liquid-vapor phase

boundaries as well as liquid-liquid and liquid-vapor phase compositions.

4.1 Triangular Representation of the Phase Behaviour of the Mixture

Isopropanol/Water/NaCl

Fig. 4.1 shows the triangular representation of the phase behaviour of the mixture
isopropanol/water/NaCl at 21, 50, and 70°C at atmospheric pressure. The collected experimental
data are not shown in the diagram to avoid clutter. Instead, the data corresponding to phase
boundaries were fit to empirical correlations shown as solid lines. The dashed lines in Fig. 4.1
were not fitted to data, as no data along these boundaries were collected, but rather estimated by
drawing a line from the point where all solid lines intersect to the vertex corresponding to pure
NacCl (assuming the solid phase is pure salt). The region labelled as L in the triangular diagram
corresponds to a single liquid phase. The regions labelled LiS and LS correspond to a water-rich
liquid (L1) phase at equilibrium with a solid phase and to an isopropanol-rich liquid (L2) phase at
equilibrium with a solid phase (assumed to be pure solid NaCl). In the region labelled as LiL.S
there are two liquid phases and one solid phase at equilibrium; and, finally, the region labelled as
LiL> corresponds to the liquid-liquid envelope. Details about the L;S, L>S, and L;L> regions and

the effect of temperature on these phase boundaries are provided in the following sections.
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Figure 4.1. Triangular diagram for isopropanol/water/NaCl mixture at 21, 50, and 70°C and atmospheric
pressure. L; and L; are the representations for water-rich and isopropanol-rich phases respectively. L is the
region with a single liquid phase and S is the solid phase.

4.2 Liquid-Solid Regions

The effect of the temperature on the boundaries between the LS (Li: water-rich liquid) and L
regions; and, between the LoS (L»: isopropanol-rich liquid) and L regions at atmospheric pressure
is shown in Fig. 4.2 in panels a and b, respectively, using triangular coordinates. As the temperature
increases from 21 to 50°C, the LS/L boundary (Fig. 4.2a) shifts toward higher NaCl mass content
indicating the solubility of NaCl in the system increases with the temperature. However, the L1S/L
boundary is not affected significantly as the temperature increases from 50 to 70°C indicating the
system has reached its maximum NaCl saturation. The effect of temperature on the L>S/L boundary
(Fig. 4.2b) cannot be assessed as not enough data along this boundary was collected due to

experimental limitations.
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Figure 4.2. (a) The isopropanol and NaCl compositions for isopropanol/water/NaCl mixture along the L;S
and L phase boundary. (b) The isopropanol and water compositions for isopropanol/water/NaCl mixture
along the L,S and L phase boundary. All data points are collected at 21, 50, and 70°C and atmospheric

pressure. The solid lines were fit to the data and were included as visual aids. The constant water content
lines were not included to avoid confusion.

4.3 Liquid-Liquid and Liquid-Liquid-Solid Regions

The boundaries of the liquid-liquid (LiL2) and the liquid-liquid-solid (LiL>S) regions for the
mixture of isopropanol/water/NaCl were measured at 21, 50, and 70°C at atmospheric pressure,
according to the experimental procedure described in Section 3.3. Fig. 4.3 shows the measured
LiL> and LL>S boundaries. The collected data is presented in the Appendix A. To help in the
analysis of the results, the solid lines in Fig. 4.3 correspond to Eq. 4.1 and 4.2 fitted to the measured

LiL> and LiL>S phase boundaries, respectively. Eq. 4.1 and 4.2 are empirical and were chosen

because they were suitable to fit the data. These equations are given by:

— 2
Wtisopropanol = exp (A * WtNaCl + B * WtNaCl + C)

(4.1)

Wlisopropanol = D *wtyge + E (4.2)

where Wisopropanol and winaci are the isopropanol and NaCl mass fractions at the phase boundary;
and 4, B, C, D, and E are temperature-dependent parameters calculated by fitting the equations to
data. Eq. 4.1 fitted the LiL> boundary data with an overall average absolute relative deviation
(AARD) of 3%. Eq. 4.2 fitted the LiL>S boundary data with an overall AARD of 2.7 %. The fitted

temperature-dependent parameters 4, B, C, D, and E are presented in Table 4.1.
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Figure 4.3. LiL, and L,L,S phase boundaries at 21, 49.7, and 70°C and atmospheric pressure. L, LL, and
LLS respectively represent the single liquid region, liquid-liquid region, and liquid-liquid-solid region at
equilibrium. Solid lines are plotted by fitting the experimental data with Eq. 4.1 and 4.2.

Table 4.1. The values of the fitting parameters for the LiL, and L,L,S phase boundaries at 21, 49.7, and
70°C and atmospheric pressure.

OTC’ A B C D E

21 -18.472 -7.761 -0.170 -3.285 0.799
49.7 -3.917 -11.828 -0.086 -3.250 0.820
70.0 -1.118 -11.676 -0.145 -3.187 0.831

The results presented in Fig. 4.3 show that the area of the LiL> envelope slightly widens as the
temperature increases from 21 to 50°C. However, the area of the Li1L> envelope does not widen
significantly when the temperature is increased from 50 to 70°C. Considering that the solubility of
NacCl in isopropanol is negligible (De Santis et al., 1976), then, the area of the L1L> envelope is
controlled by the solubility of NaCl in water. The solubility of NaCl in water changes very little
with temperature because of the formation of highly stable hydrated sodium cations (Na") and
chlorine anions (CI). The presence of these hydrated, or solvated, ions disturb the hydrogen
bonding configuration of the water molecules not associated with the ions reducing the ability of
this “free-water” to dissolve more NaCl at higher temperatures (Bharmoria et al., 2012; Marcus,
1991). Moreover, the distortion in the hydrogen bonding configuration among these “free-water”
molecules may substantially affect the solubility of isopropanol in the system. Considering that
the number of “free-water” molecules does not change with temperature (because the solubility of
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NaCl in water is almost temperature-independent), then, the solubility of isopropanol may be
proportional to the number of “free-water” molecules which changes little with temperature;
consequently, the solubility of isopropanol in the system changes slightly with the temperature.
This interpretation suggests that the area of the liquid-liquid envelope for isopropanol/water/NaCl

mixtures may be controlled by the radius of the solvation shell around the ions.

4.3.1 Liquid-Liquid Tie Lines

The mass compositions of the water-rich, or aqueous (L1), and the isopropanol-rich, or organic
(L2), liquid phases were measured at 0, 21, 50, and 70°C at atmospheric pressure following the
procedure described in Section 3.4. Fig. 4.4 shows the measured phase compositions and tie-lines
as well as the LL, envelope calculated from Eq. 4.1 and 4.2 with the parameters summarized in
Table 4.1. The LiL> envelope at 0°C is not shown as no phase boundaries were measured at this
temperature. The point marked as PP in Fig. 4.4 corresponds to the plait point of the mixture
calculated according to the graphical approach proposed by Treybal et. al. (Treybal et al., 1946;
Treybal, 1963(a)). Fig. 4.5 shows the result of the consistency analysis of the measured phase
compositions using the methods by Hand (Hand, 1929), Bachman (Bachman, 1940), and Othmer-
Tobias (Othmer and Tobias, 1942) described in Section 3.4.2. The measured phase compositions
presented in Fig. 4.5 agree with the fitted LL> boundaries within the error of the measurement.
The results of the consistency check shown in Fig. 4.5 indicate that measured phase compositions
at 0,21, 50, and 70°C are thermodynamically consistent as they produced straight lines as required
by methods by Hand (Hand, 1929), Bachman (Bachman, 1940), and Othmer-Tobias (Othmer and
Tobias, 1942). All the data collected as well as the calculated plait points are summarized in the

Appendix B.
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Figure 4.4. Plotted liquid-liquid equilibrium phase composition data at 0, 21, 50, and 70°C and atmospheric
pressure. The dashed lines are the tie lines, and PP shows the plait point. Solid lines are the LL, and L;L.S
phase boundaries.
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Figure 4.5. The thermodynamic consistency check for the liquid-liquid equilibrium phase composition data
at 0, 21, 50, and 70°C and atmospheric pressure. The symbols are resulted by the equations described in
Table 3.1. The solid straight lines show the consistency of the data based on three methods.

Fig. 4.5 also provides information on the effect of temperature on phase compositions because the
parameters X and Y are dependent on measured phase compositions. Phase compositions are
sensitive to temperatures between 0 and 50°C; however, when comparing the trends at 50 and
70°C, there is not a significant difference between them indicating that phase compositions at these
two temperatures are similar. This result is not surprising as the area of the liquid-liquid envelope

did not change significantly from 50 to 70°C as previously discussed.
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The slope of the tie-line (STL) can be used to assess the effect of temperature on the composition
of the isopropanol-rich, or organic, phase. This parameter is defined as follows (Khayati and

Gholitabar, 2016; Zafarani-Moattar ez al., 2019; Pimentel ez al., 2017):

Organic Aqueous
STL = Wtisopropanol - Wtisopropanol (4 3)
- Organic Aqueous )
Wlyaer  ~ Wlyaci

Eq. 4.3 was used for the calculation of the slope of the tie-lines shown in Fig. 4.4. The averaged
STL values at 0, 21, 50, and 70°C are presented in Fig. 4.5. The error bars indicate the range of
the STL values at each temperature. In general, the absolute values of STL increase with
temperature indicating the organic phase becomes richer in isopropanol. However, when
comparing the STL values at 50 and 70°C, the error bars overlap suggesting there is not a

significant difference in the isopropanol contents at these two temperatures as previously stated.

4.4
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0 10 20 30 40 50 60 70

Temperature, C

Figure 4.6. The ranges of the STL for the liquid-liquid equilibrium phase composition data at 0, 21, 50,
and 70°C and atmospheric pressure.

4.4 Vapor-Liquid Equilibrium

The measured normal boiling points and the liquid and vapor phase compositions (in mass
fraction) for isopropanol/water/NaCl mixtures are shown in Fig. 4.7 panels a and b, respectively.
The variable in abscissa corresponds to the mass fraction of isopropanol in the solvent defined as
a liquid mixture of isopropanol and water. The solid lines included in Fig. 4.7 a and b correspond
to predicted normal boiling points and phase compositions, respectively, from the electrolyte
version of the UNIQUAC model with the parameters reported by Thomsen (Thomsen, 1997(a)).
For comparison purposes, measured and predicted (dashed lines) normal boiling points and phase
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compositions for isopropanol/water mixtures were also included in Fig. 4.7 a and b. All the
measured data shown in Fig. 4.7 was collected at isopropanol content in the solvent below the
vapor-liquid-liquid (VL;L>) boundary, i.e., in the region where only a single liquid phase exists at
equilibrium with the vapor phase (VL region). The predicted data were calculated at isopropanol
content in the solvent up to approximately the VLiL, boundary. This boundary was visually
detected experimentally; however, the experimental methodology was not accurate enough for the
determination of temperatures and phase compositions at the VLiL, boundary. For mixtures with
NaCl mass content of 5 wt%, the electrolyte version of the UNIQUAC model detected the VL L
boundary at isopropanol mass fraction in the solvent equal to 0.45 whereas this boundary was
visually detected approximately at isopropanol mass fraction in the solvent of 0.50. The electrolyte
version of the UNIQUAC model predicted the normal boiling points and phase compositions with
AARD of 5% and 9%, respectively. The maximum deviations were found at a salt mass content

of 20 wt%.
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Figure 4.7. (a) VLE compositions of isopropanol in the solvent at different salt concentrations for
isopropanol/water/NaCl mixture. (b) Compositions of isopropanol in the vapor phase and the salt-free liquid
phase for the VLE of isopropanol/water/NaCl mixture. All data was collected at atmospheric pressure.
Dashed lines are the composition data for the VLE of the isopropanol/water mixture. Solid lines were
predicted by the E-UNIQUAC model.

In general, the normal boiling point temperature of isopropanol/water/NaCl mixtures decreases as
the salt mass content increases. At constant NaCl mass content, the highest normal boiling point
corresponds to that of a saturated solution of NaCl in pure water and rapidly decreases as the
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isopropanol content in the solvent increases until it reaches the lowest value at the VL1L, boundary,
Fig. 4.7a. As the mass content of NaCl increases, the mixture becomes more unstable and the
VLL; boundary is reached at lower isopropanol mass content in the solvent. This rapid decrease
in the normal boiling point temperature as the NaCl content increases indicates that the volatile
isopropanol is being rejected from the liquid phase and into the vapor phase. This argument is
supported by the data presented in Fig. 4.7b which indicates the vapor phase becomes richer in

isopropanol as the NaCl mass content in the liquid mixture increases.

4.5 Qualitative Comparison Between Salting-Out and Heterogenous

Azeotropic Distillation for Producing High Purity Isopropanol

As discussed in Chapter 1, isopropanol is industrially produced through direct or indirect hydration
of propylene in a catalytic reactor. The product leaving the reactor contains, approximately, 70wt%
water, 25 wt% isopropanol and 5 wt% diisopropyl ether. The isopropanol is separated off this
product stream by heterogenous azeotropic distillation to produce a final product with an
isopropanol purity of 99 wt% (Chua et al., 2017). This complex distillation technology is required
as isopropanol forms a low normal boiling point binary azeotrope with water at an isopropanol
mass content of 87.4 wt%. In heterogeneous azeotropic distillation, cyclohexane is added to the
condenser of the first distillation column to form a heterogeneous azeotrope with the
isopropanol/water mixture. The top stream of the first distillation tower is rich in water and
cyclohexane with an isopropanol content above 20 wt%; and the bottom stream is the desired
product (99 wt% isopropanol), Fig. 4.8. The top product from the first distillation tower is
condensed into two liquid phases: one rich in cyclohexane and the other rich in isopropanol and
water. The cyclohexane-rich phase is refluxed into the first column and the liquid phase rich in
isopropanol and water is sent to a second distillation column needed to recover as much of the
isopropanol as possible. The top product from the second distillation column is a mixture of
isopropanol/water/cyclohexane at the ternary azeotropic composition and the bottom product is a
mixture of isopropanol/water with isopropanol content below the binary azeotropic composition.
This bottom product is fed into a third distillation tower that produces a mixture of isopropanol
and water at the azeotropic composition through the top and wastewater through the bottom. The

top product of the third distillation tower is recycled back to the first distillation tower, Fig. 4.8.
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Heterogeneous azeotropic distillation is costly and the columns are difficult to operate and control

(Arifin et al., 2007; Chien et al., 2004; Chang et al., 2012).

IPA-Water
IPA-V\ater- Azeo
f ) CyHAzeo

LRISRL

Figure 4.8 Flowsheet of the three-column system required for the heterogenous azeotropic distillation of
isopropanol/water mixtures. IPA and CyH stand for isopropanol and cyclohexane, respectively. Figure
adapted from Chien ef al. (Chien et al., 2004).

IPA-Water

IPA

The salting-out purification method studied here does not produce high purity isopropanol as that
obtained from heterogenous azeotropic distillation. The maximum isopropanol purity produced
from salting-out was 83 wt%. Therefore, to increase the purity of the final product, additional
distillation steps may be needed and consequently experimental data from the liquid-liquid-vapor

and liquid-liquid-solid-vapor regions of the phase diagram are required.
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions

The liquid-solid, liquid-liquid, liquid-liquid-solid, and liquid-vapor regions of the phase diagram
of the mixture isopropanol/water/NaCl were mapped at atmospheric pressure using experimental
procedures tested and validated in this study. The effect of the temperature on the solid-liquid,
liquid-liquid, and liquid-liquid-solid phase boundaries was studied from room temperature to
70°C. Liquid-liquid phase compositions were experimentally measured from 0 to 70°C; the
thermodynamic consistency of the measured compositions was checked using the graphic methods
proposed by Hand (Hand, 1929), Bachman (Bachman, 1940), and Other and Tobias (Othmer and
Tobias, 1942); and the corresponding plait points were calculated according to the method
proposed by Treybal (Treybal, 1963(a)). The effect of NaCl mass content in the normal boiling
point temperatures of the mixtures was measured and the corresponding compositions of the liquid

and vapor phases were also measured.

Two liquid-solid regions were detected. In one of these, the liquid was rich in water (termed L;S)
and in the other, the liquid was rich in isopropanol (termed L>S). The location of the boundary
between the L1S and the single liquid (L) regions was slightly affected by the temperature whereas
that between the L,S and L regions was not significantly affected by the temperature. This result
is consistent with the slight increase in the solubility of NaCl in water with the temperature and
the no solubility of NaCl in isopropanol, respectively. The boundaries between the two-liquid
phase (termed LiL2) and the single liquid (L) phase regions were affected as the temperature was
increased from room to 50°C; however, this boundary was not significantly affected as the
temperature was increased from 50 to 70°C. Similar results were obtained for the boundary

between the LiL> and the liquid-liquid-solid (L;L>S) regions.

All the measured liquid-liquid phase compositions passed the thermodynamic consistency checks
established by the graphical methods proposed by Hand (Hand, 1929), Bachman (Bachman, 1940),
and Other and Tobias (Othmer and Tobias, 1942). For all these three checks, the measured
compositions produced straight lines as required by these methods to ensure thermodynamic

consistency. The magnitude of the slope of the measured tie lines (STL) was used to assess the
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effect of the temperature on the compositions of the two liquid phases: the higher the magnitude
of the STL the higher the isopropanol content in the isopropanol-rich, or organic, phase. The results
of this analysis indicated that as the temperature increased from 0 to 50°C the magnitude of the
STL increased indicating more isopropanol in the isopropanol-rich phase. However, when
comparing the calculated STL at 50 and 70°C, there was not a significant difference between these
two values indicating that the temperature does not have a significant effect on the isopropanol

mass content in the isopropanol-rich phase in this temperature range.

The measured vapor-liquid equilibrium data showed that normal boiling points and vapor-liquid
phase compositions are affected by the NaCl mass content in the mixture. At constant NaCl mass
content, the normal boiling point of the mixture decreases rapidly as the mass fraction of
isopropanol in the solvent increases. The solvent is the isopropanol/water liquid blend used to
dissolve the NaCl. The maximum and the minimum boiling points correspond to that of pure water
saturated with NaCl and that at the boundary between the vapor-liquid and the vapor-liquid-liquid
regions. At constant isopropanol mass fraction in the solvent, the normal boiling point of the
mixture decreases as the NaCl mass content increases. These results indicate that the presence of
NaCl in the mixture reduces the affinity of water and isopropanol increasing the relative volatility
of the isopropanol causing it to split into the vapor phase. This observation was corroborated by
the measured composition of the vapor phase which becomes richer in isopropanol at higher NaCl

mass content in the liquid.

5.2 Recommendations
1. The boiling point of isopropanol at atmospheric pressure (82.5°C) limits the application of
the experimental procedures presented in this study for the determination of liquid-solid,
liquid-liquid, and liquid-liquid-solid phase boundaries. It was found that at temperatures
above 72°C, isopropanol starts boiling which makes the data collection very challenging.

It is recommended to design a high-pressure equilibrium cell to avoid this issue.

2. In order to map the entire phase diagram for the isopropanol/water/NaCl mixture, the phase
boundary between VL and VLL regions should be determined. However, by the

experimental apparatus used in this research, the determination of this boundary is quite
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challenging. Therefore, the experimental data for the VLL phase boundary should be

obtained with a developed experimental setup.
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APPENDIX A:

EXPERIMENTALLY MEASURED LIQUID-SOLID, LIQUID-LIQUID AND LIQUID-
LIQUID-SOLID PHASE BOUNDARIES FOR [ISOPROPANOL/WATER/NaCl
MIXTURES

Table Al. Experimentally measured liquid-liquid (LL), liquid-solid (LS) and liquid-liquid-solid
(LLS) phase boundaries at room temperature and atmospheric pressure. The NaCl and isopropanol
contents are reported in mass fractions.

Tempcerature, Boundary NaCl Content, Isopropanol Content,
C wt wt
21 LL 0.141 0.184
21 LL 0.052 0.540
21 LL 0.082 0.390
21 LL 0.097 0.333
21 LL 0.159 0.158
21 LL 0.044 0.582
21 LL 0.058 0.507
21 LL 0.089 0.379
21 LL 0.105 0.312
21 LL 0.029 0.666
21 LL 0.167 0.141
21 LL 0.157 0.152
21 LL 0.124 0.230
21 LL 0.071 0.437
21 LL 0.032 0.639
21 LL 0.217 0.083
21 LL 0.125 0.239
21 LL 0.073 0.435
21 LS 0.239 0.034
21 LS 0.233 0.048
21 LS 0.014 0.751
21 LS 0.014 0.772
21 LS 0.265 0.000
21 LLS 0.187 0.186
21 LLS 0.049 0.649
21 LLS 0.067 0.586
21 LLS 0.107 0.456
21 LLS 0.126 0.375
21 LLS 0.194 0.164
21 LLS 0.184 0.178
21 LLS 0.156 0.289
21 LLS 0.086 0.529
21 LLS 0.035 0.693
21 LLS 0.217 0.083
21 LLS 0.156 0.300
21 LLS 0.087 0.518
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Table A2. Experimentally measured liquid-liquid (LL), liquid-solid (LS) and liquid-liquid-solid
(LLS) phase boundaries at 50°C and atmospheric pressure. The NaCl and isopropanol contents are
reported in mass fractions.

Temp?rature, Boundary NaCl Content, Isopropanol Content,
C wt wt
50.0 LL 0.042 0.564
49.5 LL 0.080 0.347
49.2 LL 0.081 0.353
50.0 LL 0.111 0.232
48.3 LL 0.153 0.146
49.2 LL 0.182 0.104
50.0 LL 0.122 0.191
50.0 LL 0.097 0.277
50.1 LL 0.075 0.376
50.0 LL 0.062 0.440
49.7 LL 0.147 0.141
50.1 LL 0.111 0.226
50.1 LL 0.028 0.652
50.1 LL 0.045 0.527
49.4 LS 0.236 0.068
50.1 LS 0.014 0.812
50.0 LS 0.269 0.000
50.0 LS 0.260 0.020
49.5 LLS 0.108 0.473
49.2 LLS 0.106 0.461
51.4 LLS 0.157 0.326
52.2 LLS 0.193 0.183
50.0 LLS 0.214 0.122
50.0 LLS 0.170 0.266
50.0 LLS 0.136 0.386
50.0 LLS 0.098 0.489
49.5 LLS 0.079 0.563
50.0 LLS 0.195 0.187
50.1 LLS 0.156 0.318
49.9 LLS 0.032 0.732
50.1 LLS 0.055 0.651
50.0 LLS 0.050 0.678

55



Table A3. Experimentally measured liquid-liquid (LL), liquid-solid (LS) and liquid-liquid-solid
(LLS) phase boundaries at 70°C and atmospheric pressure. The NaCl and isopropanol contents are
reported in mass fractions.

Temp?rature, Boundary NaCl Content, Isopropanol Content,
C wt wt
70.1 LL 0.119 0.205
70.1 LL 0.159 0.131
70.1 LL 0.096 0.267
70.1 LL 0.080 0.329
70.1 LL 0.065 0.416
69.9 LL 0.052 0.479
69.9 LL 0.025 0.646
69.9 LL 0.195 0.093
69.9 LL 0.017 0.725
70.0 LS 0.243 0.054
70.0 LS 0.252 0.033
70.0 LS 0.273 0.000
69.9 LS 0.010 0.840
70.0 LLS 0.171 0.293
70.0 LLS 0.208 0.172
70.0 LLS 0.138 0.385
70.0 LLS 0.112 0.462
70.1 LLS 0.086 0.551
70.0 LLS 0.067 0.621
70.0 LLS 0.029 0.745
70.0 LLS 0.228 0.108
70.0 LLS 0.019 0.774
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APPENDIX B:

EXPERIMENTALLY MEASURED LIQUID-LIQUID PHASE COMPOSITIONS AND
CALCULATED PLAIT POINTS

Table B1. Measured aqueous and organic phase compositions at atmospheric pressure. The NaCl,
isopropanol and water content in the phases is reported as mass fraction.

Aqueous Phase Organic Phase
NadCl, Isopropanol, Water, NaCl, Isopropanol, Water,
wt wt wt wt wt wt

0°C

0.138 0.272 0.590 0.048 0.579 0.373

0.167 0.201 0.632 0.031 0.643 0.325

0.181 0.170 0.649 0.030 0.680 0.290
21°C

0.159 0.155 0.685 0.028 0.633 0.339

0.128 0.226 0.645 0.042 0.538 0.420

0.124 0.240 0.635 0.044 0.525 0.430

0.187 0.102 0.711 0.022 0.688 0.290

0.201 0.085 0.714 0.018 0.707 0.274
50°C

0.151 0.129 0.720 0.023 0.648 0.330

0.169 0.103 0.727 0.018 0.684 0.298

0.125 0.191 0.684 0.030 0.571 0.400

0.137 0.160 0.702 0.027 0.610 0.363
70°C

0.156 0.120 0.724 0.020 0.663 0.317

0.123 0.188 0.689 0.032 0.571 0.397

0.136 0.155 0.709 0.027 0.633 0.340
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Table B2. Calculated plait points at atmospheric pressure. The NaCl, isopropanol and water
content are reported as mass fraction.

Temperature, NaCl, Isopropanol, Water,
°C wt wt wt
21 0.078 0.401 0.521
50 0.064 0.423 0.513
70 0.069 0.382 0.549
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APPENDIX C:

EXPERIMENTALLY MEASURED LIQUID-VAPOR TEMPERATURES AND PHASE
COMPOSITIONS.

Table C1. Measured normal boiling points of mixtures NaCl and water. The reported
compositions, in mass fraction, are those in the liquid phase.

Temperature, NaCl, Water,

°’C wt wt
99.5 0 1
100.4 0.058 0.942
100.8 0.081 0919
101.3 0.105 0.895
101.6 0.117 0.883
101.9 0.134 0.866
102.6 0.149 0.851
105.4 0.223 0.777

Table C2. Measured normal boiling points and liquid-vapor phase compositions of
isopropanol/water mixtures. The isopropanol and water content are reported as mass fraction.

Temperature, Vapor Phase Liquid Phase
°C Isopropanol, Water, Isopropanol, Water,
wt wt wt wt
79.7 0.848 0.151 0.796 0.203
80.1 0.844 0.155 0.737 0.262
80.2 0.894 0.105 0.894 0.105
81.2 0.819 0.180 0.603 0.396
81.8 0.798 0.201 0.480 0.519
87.7 0.699 0.300 0.118 0.881
89.3 0.662 0.338 0.091 0.908
89.6 0.608 0.391 0.075 0.924
90.6 0.584 0.415 0.067 0.932
91.1 0.612 0.387 0.069 0.930
92.0 0.602 0.397 0.043 0.956
93.7 0.531 0.468 0.042 0.957
93.7 0.512 0.487 0.045 0.954
94.6 0.478 0.522 0.038 0.961
95.5 0.321 0.678 0.035 0.964
95.8 0.391 0.608 0.018 0.981
97.0 0.234 0.765 0.018 0.981
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Table C3. Measured normal boiling points and liquid-vapor phase compositions of
isopropanol/water/NaCl mixtures. The isopropanol, water and NaCl contents are reported as mass
fractions.

Temperature, Liquid Phase Vapor Phase
°C NadCl, Isopropanol, Water, Isopropanol,  Water,
wt wt wt wt wt
94.1 0.006 0.029 0.964 0.476 0.524
80.3 0.011 0.659 0.331 0.859 0.141
98.0 0.021 0.014 0.965 0.212 0.788
80.9 0.028 0.379 0.593 0.843 0.157
90.0 0.046 0.041 0.912 0.547 0.453
83.8 0.048 0.133 0.819 0.774 0.226
80.9 0.049 0.441 0.510 0.856 0.144
81.5 0.049 0.340 0.611 0.834 0.166
80.3 0.064 0.362 0.575 0.844 0.156
97.6 0.072 0.013 0.915 0.158 0.842
84.6 0.100 0.079 0.821 0.758 0.242
81.2 0.101 0.193 0.706 0.818 0.182
95.7 0.102 0.019 0.879 0.498 0.502
80.8 0.116 0.194 0.690 0.825 0.175
87.7 0.208 0.023 0.769 0.794 0.206
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