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ABSTRACT

HIGH PRESSURE SOLUBILITIES AND DIFFUSION COEFFICIENTS OF
CARBON DIOXIDE IN POLYETHYLENE GLYCOL 400

The aim of this study is to determine the solubilities and diffusion coefficients of carbon
dioxide in polyethylene glycol 400 (PEG 400) at high pressure. Carbon dioxide forms a gas-
expanded liquid system (GXL) with PEG 400 which can be used as a solvent system for
biphasic reactions. During the formation of the GXL system, the mass transfer is one-way
in a certain pressure range; while carbon dioxide dissolves in the liquid polymer, the polymer
does not diffuse into the gas phase in measurable quantities. During the dissolution process,
the liquid expands and also, its molar density changes. First, equilibrium solubilities at
different pressures up to 80 bar are determined. To determine the mutual diffusivities in the
system at a certain temperature and pressure, time-dependent liquid solubilities of carbon
dioxide must be known. To obtain these data, the experimental set-up used consists of a
pressure and temperature-monitored view-cell, high pressure syringe pump for the transfer
of carbon dioxide to the cell, and a cathetometer for measuring the changes in the liquid
level. A computational fluid dynamics model which accounts for the moving interface using
Volume-of-fluid method and variable density is fit to the experimental data. The increase in
diffusivities with the dissolution of carbon dioxide in polyethylene glycol, is determined at
80 bar and a temperature of 313.15 K.



OZET

KARBONDIOKSITIN POLIETILEN GLIKOL 400 iICERISINDEKI YUKSEK
BASINC COZUNURLUKLERI VE YAYINIM KATSAYILARI

Bu ¢alismanin amaci, yiiksek basingta karbondiokstin polietilen glikol 400 (PEG 400)
icerisindeki ¢oziiniirlik ve diflizyon katsayilarini belirlemektir. Karbondioksit, PEG 400 ile
cift-fazli reaksiyonlar i¢in ¢oziicii sistemi olarak kullanilabilen bir gazla-genlestirilmis siv1
sistemi olusturur. Gazla- genlestirilmis s1v1 sisteminin olusumu sirasinda, kiitle aktarimi belli
bir basing araliginda tek yonliidiir; karbondioksit sivi polimerde ¢oziiniirken, polimer
Olciilebilir miktarlarda gaz fazinda yaymnmaz. Coziinme islemi sirasinda sivi genlesir ve
ayrica molar yogunlugu degisir. Ilk olarak, 80 bar’a kadar farkli basinglarda denge
coziintirliikleri belirlenmistir. Sistemde belirli bir sicaklik ve basingta karsilikli yaymim
katsayilarini belirlemek i¢in, karbondioksitin zamana bagli siv1 ¢oziiniirliikleri bilinmelidir.
Bu veriyi elde etmek icin kullanilan deney diizenegi, basincin ve sicakligin izlendigi bir
yiiksek basin¢ hiicresinden, karbondioksitin hiicreye aktarilmasina yarayan bir siringa
pompasindan ve s1vi seviyesindeki degisiklikleri 6l¢gmek i¢in kullanilan bir katetometreden
olusmaktadir. Akiskan-Hacmi yoOntemiyle hareketli ara-ylizeyi ve degisken yogunlugu
iceren bir hesaplamali akigkanlar dinamigi modeli, deneysel veriye uyarlanmistir. Polietilen
glikol i¢cinde karbondioksitin ¢éziinmesi ile yayinma katsayilarinda olusan artis, 313.15 K'lik

bir sicaklikta 80 bar’da belirlenmistir.
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1. INTRODUCTION

PEGs have a wide range of molecular weights and complete toxicity profiles. They are
mostly used in the pharmaceutical, cosmetic and food applications. There are many
consumer products such as shampoos and other personal care items using this chemical.
PEGs are soluble in water and their applications include aqueous solutions. They have low
flammability and low vapor pressure. Recent research has focused on utilizing PEG as a

solvent for various reactions employing homogeneous catalysis [1, 2].

Supercritical fluids are generally used as solvents, antisolvents or plasticizers in processing
of polymers such as production of polymer composites and particles, and also polymer
synthesis [3]. Carbon dioxide is one of the most preferred solvent at supercritical state since
it is non-toxic, chemically-inert, non-flammable and economical. Supercritical CO> is a very
poor solvent for polymers having high molecular weight but, its solubility in polymers is
substantial in general. The solubility of CO2 depends on processing temperature and pressure
and weak interactions in the polymer [3]. The dissolved supercritical CO2 in polymers

changes the properties of the polymers such as density, viscosity and diffusivity [4].

At high pressure, CO2 and PEGs form gas-expanded liquid systems. All liquids do not
expand equally under gas pressure since there are some differences in the ability of the
liquids to dissolve CO». Depending on this, there are three classes for liquids [5]. Class |
liquids do not expand significantly. For instance, CO: is not soluble in water. Glycerol and
other polyols are also present in this class [6]. Class Il liquids such as acetonitrile, ethyl
acetate, and some other organic solvents (for example, methy alcohol and hexane) dissolve
large amounts of CO>. Therefore, they have significant changes in physical properties [6].
Class Il liquids dissolve smaller amounts of CO. Liquid polymers and ionic liquids belong
to this class. During the dissolution, they expand only moderately in volume. CO2 and PEGs

form Class 111 gas-expanded liquid systems [6].

The purpose of this study is to determine the diffusion coefficients of carbon dioxide in
polyethylene glycol 400 (PEG) at high pressure using a transport model fitted to time-
dependent solubility data. The experimental setup consists of a jacketed high pressure view-
cell equipped with a pressure transducer and a thermocouple, a syringe pump for carbon

dioxide transfer at constant pressure, and water circulators to have constant system



temperature. The changes in the phase-interface position with the dissolution of carbon
dioxide in liquid phase are measured using a cathetometer. The solubilities are calculated
using the stoichiometric method [7]. ANSYS Fluent is used to model the system which
consists of liquid and gas phases separated with a moving boundary. The Volume of Fluid
(VOF) technique is employed to track the moving interface [7].

This thesis includes a theoretical background on polyethylene glycol (PEG) and supercritical
fluids and CO», gas-expanded liquids and the principles of computational fluid dynamics.
The experimental set-up, procedure and the transport model are explained in Section 3.
Results and discussion are presented in Section 4. Finally, Section 5 consists of conclusions

drawn from results and recommendations for future work.



2. THEORETICAL BACKGROUND

This section presents information on liquid polymers, supercritical fluids, gas-expanded
liquids, computational fluid dynamics and previous studies about liquid polymer - carbon

dioxide systems reported in the literature.

2.1. LIQUID POLYMERS

There is a growing number of studies about liquid polymers such as polyethylene glycol
(PEG) and polypropylene glycol (PPG), and their copolymer PEG-PPG-PEG regarding

applications in surface and colloid chemistry, and biological science [8].

PEG and PPG possess the identical spin structure of -(O-C-C)n-. Quantum mechanical
calculations show the structure of -O-C-C-O- segments. There are two states in general. One
state is a polar conformation and has low internal energy. The other state that has high
internal energy is a nonpolar conformation [8]. The molecules of PEG or PPG may have

different structures in terms of different physical states or in different chemical environments

[8].

Liquid polymers exhibit nonvolatility and biodegradability. The toxicity of PEG is very low.
PPG is used in facial cleansers and shampoos. Both PEG and PPG have been found as non-

hazardous [9].

2.2. POLYETHYLENE GLYCOL (PEG)

Polyethylene glycol (PEG) is also called as polyethylene oxide (PEQ). The chemical chain
of PEG shows that methylene groups are hydrophobic while the ether oxygen and terminal

hydroxyl groups are hydrophilic (see Figure 2.1). Therefore, PEG is amphiphilic [10].
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Figure 2.1. The Molecular Structure of Polyethylene glycol (PEG) [11]

Polyethylene glycol is formed with interaction of ethylene oxide and water. The acidic or
basic catalysts are used for this reaction. The polymer chain length is depending on the

reactants ratio [12].

HOCH,CH>0H + n(CH2CH20) — HO(CH2CH20)n+1H

Figure 2.2. The Polymerization Reaction [12]

The polymerization reaction can be cationic or anionic based on the catalyst type. The
mechanism of anionic is usable in obtaining PEG with a low polydispersity. The process of

polyethylene glycol synthesis is exothermic [12].

2.2.1. Properties of PEG

PEGs are soluble in water, methanol, ethanol, acetonitrile and benzene while they are
insoluble in diethyl ether and hexane. The chemical structure of PEG becomes
H(OCH.CHy>)n . Here, n describes the number of ethylene oxide groups. PEGs have different
molecular weights that vary based on n. [13]. PEGs that have a molecular weight of 600

g/mol are liquid, while higher molecular weights become solid [14].

PEGs exhibit low flammability and vapor pressure and they are described as biodegradable,
biocompatible and non-toxic. In addition, PEGs can be reprocessed and recycled from
solutions to extract or distill the volatile component [15]. They behave as a co-solvent and
provide the decrease of polarity in solutions. They cause an increase in the solubilities of

organic molecules [15].



Although PEG is water soluble, the phase behavior is affected by the salts such as sodium
hydrogen sulfate or potassium phosphate. PEGs are generally used in aqueous biphasic
systems (ABSSs) so, it is significant to know their phase behaviour which involves several
variables such as molecular weight, presence of salts, neutral organic molecules,

temperature, etc .[15].

Liquid PEGs are applied as lubricating substance in compressors and in gas cleaning with a
low and high vapour pressure. Thus, it is necessary to know the phase bahavior of PEG and

gases used for these applications. [16].

2.2.2. Applications of PEG

Since 1950, PEGs have been investigated as a separation and purification aid, an anti-freeze,
lubricants for medical devices and food additives [17].

Liquid PEGs 200-600 may be applied as a watermiscible solubilizer in oral liquids. PEGs
that possess higher molecular weight are generally applied for microencapsulation of active
drug. PEGs reduce the harsh solvents use during encapsulation. PEG is also applied as a
lubricant in eye drops. In addition, liquid PEGs are applied as suspending agents and

emulsion stabilizers in combination [17].

2.3. SUPERCRITICAL FLUIDS

Supercritical fluids (SCFs) have gained an important role over the last 30 years. These fluids

are used for separations and spectroscopic works and also for reactions and synthesis [15].

There are no limits between liquids and gases under supercritical conditions so the substance
can be called as fluid. The characteristic properties of supercritical fluids are density,
viscosity and diffusivity (see Table 2.1). SCFs are defined as the phase of compressible gas
[18].



Table 2.1. Physical Properties [18]

Property Density (kg/m?3) Viscosity (cP) Diffusivity (mm?/s)
Gas 1 0.01 1-10
SCF 100-800 0.05-0.1 0.01-0.1
Liquid 1000 0.5-1.0 0.001

The thermodynamic properties such as volume, enthalpy, entropy and internal energy change

along the vaporization curve. They are not equal for the liquid and gas phases at equilibrium.

When the critical point is reached, the properties of the liquid and gas phases are equal.

These phases become a single continuous phase at the critical point [19].

The critical point of a SCF presents the highest temperature and pressure at which the

substance may be as a vapor and liquid at equilibrium. The three phases are coexistent at the

triple point. The liquid-gas curve is represented as the boiling curve. When the temperature

increases, the liquid density decreases due to thermal expansion. The gas density increases

with pressure. The two phases densities converge and are the same, the difference between

liquid and gas phases disappears when the boiling curve reaches to the critical point (see

Figure 2.3) . This change might be observed using a high pressure view cell [15].
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Figure 2.3. Carbon Dioxide Phase Diagram [20]




When gas-like viscosity and liquid-like density combine, they make a superb solvent for
several applications. The supercritical fluids density may be fine-tuned based on the

application, when the small changes are applied to pressure inside the critical region [21].

Supercritical carbon dioxide is a clean and versatile solvent. In addition, it is non-toxic, non-
flammable, inactive and economical [18]. There are many advantages of using supercritical
carbon dioxide (scCOy) as a solvent. The advantages and disadvantages of scCO are shown
in Figure 2.4 [15].

Advantages Disadvantages
Environmental No hiquid waste/solvent effluent Involves high pressures
and safety Non-flammable

Non-toxic to the environment/
personnel
Available cheaply and in =99.9% pure

form
Reaction and Low viscosity Equipment costs; pressure ves-
process sels are required
Gas masc bility Heat transfer limitations; faster

reaction rates can be proble-
matic for particularly exo-
thermic reactions
Simple product isolation by evaporation Weak solvent; relatively non-

to 100% dryness polar, co-solvents or mod-
ification of reagents needed to
improve solubility, but many
low MWt non-polar com-
pounds are soluble

Range of processing technigues avail- Reacts in the presence of good
able, such as RESS nucleophiles
High diffusion rates offer potential for Misplaced technophobia

increased reaction rates

Density can be varied to control
reagent/product solubility, ‘tunable’
solvent

Relatively mert and non-oxidizable

Figure 2.4. The Summary of Advantages and Disadvantages of scCO; [15]

Carbon dioxide is available in huge amounts as byproduct from the production of NHs, H»
and ethanol. The supercritical phase conditions are reached (Tc=304 K, Pc=7.38 MPa) and
it may be taken off from a process by using depressurization process [18]. The use of scCO>
in a closed cycle in large-scale processes does not form a problem for the greenhouse effect.
scCO2 becomes a good solvent for several nonpolar low molar mass compounds and a few
polymers whereas it is usually a very poor solvent for having high molar mass polymers

under the reachable conditions [22].



All gases become miscible with SCFs. SCFs additionally provides solute-solvent clustering

by increasing solubility (near the critical point) as shown in Figure 2.5. [13].

(a) Low pressure (b) Moderate pressure (c) High pressure
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Figure 2.5. Schematic representation of solute—solvent clustering in an SCF [15]

2.3.1. Applications of Supercritical Fluids

Supercritical fluids that are used as solvents, or antisolvents or plasticizers have an important
role in polymer systems such as polymer modification, polymer composites, polymer

blending, microcellular foaming, and particle production. [23].

In literature, there are many applications based on extraction by using supercritical fluids.
This shows that the designing of a high-pressure extraction system becomes simple at present
[24]. This technology is employed for the food and pharmaceutical industries because the
nontoxic nature of CO>. In addition, this technique is used in biotechnology industries for

polymer and inorganic material applications [24].

Supercritical carbon dioxide is applied in supercritical fluid extraction (SFE) and
supercritical fluid chromatography (SFC). It is a good extraction solvent because it is pure,
non-toxic, non-flammable, non-polar, stable, colourless, odourless and tasteless.
Industrially, carbon dioxide is applied in the beverage, food and flavour, and cosmetics
industries [15].



Certain advantages and disadvantages of SFE compared with other extraction techniques are

indicated in Figure 2.6.

Advantages Disadvantages
SFE Low-temperature extraction Very high capital installation
results in minimal degrada- costs.
tion of volatile compounds.

Higher product yields than High running costs.
with steam distillation.

Spent material undamaged, [Requires technically skilled
unlike steam distillation/sol- operators.
vent extraction. Not suitable for wet raw

materials.
Lower product yield than sol-
vent extraction.
Steam Low capital running costs Unpredictable degradation of
distillation some groups of compounds.

Applicable to most essential Cleaning between products can
oils, fragrances and flavour be difficult.
compounds.

Designs available to suit all Extraction of further products
volumes. from residue can be difficult

due to high moisture level.
Solvent Non-selective; wide spectrum Most solvent residues must be
extraction of compounds extracted monitored and tightly
simultaneously (that can be a controlled.
disadvantage too).

Extraction carried out at var- Most commonly used solvents
ious temperatures and are highly flammable and
pressures. possibly toxic.

Solvents can be readily Waste has little or no value.
removed at atmospheric or
reduced pressure.

Figure 2.6. Advantages and Disadvantages of Supercritical Fluids [15]

Supercritical fluids are used as reaction media, in particles formations, fibers and substrates

or in drying materials [15].

2.4. GAS EXPANDED LIQUIDS (GXLs)

Investigations on GXLs have grown rapidly in the last 20 years. When a condensable gas
like CO2 pressurises a liquid, volume of liquid increases. This formed liquid-gas system is
called a GXL (see Figure 2.7).



10
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Figure 2.7. Gas-Expanded Liquid Formation

There are some different behaviors of liquids with expanding gases. This system
classification has been offered by Jessop et al [25].
e Class I: the gas has a low solubility in the liquid, and the liquid does not expand much
such as CO2+H-0.
e Class IlI: the solubility of the gas is high and the expansion is large such as
CO,+Methanol.
e Class IlI: GXLs are liquids where the gas is soluble but the expansion is not that large
such as CO+ionic liquids or liquid polymers.
Jessop et al., describes a GXL as “a mixed solvent composed of a compressible gas dissolved
in an organic solvent” [25]. Eckert et al. suggests that a CO»-expanded liquid (CXL) can be

a CO2 mixture and an organic solvent at conditions under the mixture critical point [25].

The definition of Eckert et al. involves the mixtures that have low pressure and high
temperature, but Jessop et al. accept that an enhanced fluidity liquid (EFL) has resemblance
to a liquid more closely than a SCF because, at high pressures, an EFL compressibility is
much less than a SCF (see Figure 2.8) [25].

A GXL is a condensible gas mixture. There are only two fluid phases or one phase on the
bubble point curve but under the critical composition where the liquid phases properties
differ from those at atmospheric pressure. This rules out mixtures that are next to the dew
point curve, but contains mixtures where the components are solid at atmospheric pressure
[25].
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Figure 2.8. Different Phase Region [25]

When CO:z is applied as the gas, the result is described as a carbon dioxide-expanded liquid
(CXL). In addition, the dissolved CO> increases the diffusivity in the CXL phase and reduces
the liquid phase viscosity [26].

2.4.1. Carbon dioxide-Expanded Liquids

CO2—PEG solutions are applied to particle formation processes, biphasic reaction systems

and membrane materials for gas separations [27].

In biphasic systems, one phase immobilizes the catalyst while the other phase behaves as a
mobile phase for delivering reactants and removing products based on the phase equilibrium
conditions. As shown in Figure 2.9, the biphasic system must have the characteristics of no

cross contamination of the phases and no catalyst partitioning [28].
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| Reéétahf. » Product
Solvent 2

Figure 2.9. Multiphase Catalysis System [28]

The biphasic polyethylene glycol and compressed carbon dioxide process can provide these
properties. The dissolution of PEG 400 in CO> can be prevented using an appropriate
processing pressure. On the other hand, CO2 will be soluble in the liquid polymer and will
help transfer of reactants to this phase based on thermodynamic equilibrium conditions valid

for the selected pressure and temperature. [28].

2.5. CARBON DIOXIDE AND POLYMER SYSTEMS

The CO2 solubility in polymers is affected by pressure, temperature, molecular weight,
polydispersity of the polymer, van der Waals interactions between the polymer and CO..
Thus, the models of thermodynamics for CO, and polymer processes include all these

interactions for the designing and optimizing of polymer systems [29].

The supercritical CO> applications in polymer systems plays a significant role in terms of
the interactions with polymers and monomers. Generally, there are intermolecular forces
between the molecules or polymer segments depending on the thermodynamic properties.
The interactions which occurs are dispersion, dipole-dipole, dipole-quadrupole, and

quadrupole-quadrupole [30].

The gas solubility in molten polymers is important in many industries for the supercritical
and polymer systems. The supercritical CO2 in molten polymers changes several physical

properties of the polymers such as the viscosity, diffusivity and density [30].
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When pressure increases, the gas solubility increases in a solvent. The same law is usable
for CO2 and polymer systems. The CO- density depending on the temperature and pressure
has a major effect on the solubility in a polymer but, the amount of CO, which dissolves in

different polymers varies based on the chemical groups. [30].

Daneshvar et. al. presented the phase equilibrium data of polyethylene glycol with different
molecular weights and carbon dioxide mixtures and these data were correlated by using a
lattice model. This process was carried out at temperatures of 313 K and 323 K and at
pressures up to 29 MPa. [31]. Tables 2.2 and 2.3 show the phase equilibrium data for PEG
400-CO; systems in terms of liquid CO2 mole fraction [31].

Table 2.2. Thermodynamic Phase Equilibrium Data for CO2-PEG 400 (313.15K)

1.46 MPa

3.00 MPa

6.49 MPa

7.94 MPa

Daneshvar et.al.

0.19

0.36

0.58

0.78

Table 2.3. Thermodynamic Phase Equilibrium Data for CO>-PEG 400 (323.15K)

1.92 MPa

4.06 MPa

7.15 MPa

8.31 MPa

Daneshvar et.al.

0.13

0.25

0.41

0.53

Gourgoouillon et. al. obtained the phase equilibrium data for PEG with different molecular
weights, PEG 200-600, with scCO». The work was carried out at temperature of 313-348 K
and pressures up to 26 MPa. [32]. Tables 2.4 and 2.5 show the solubilities in terms of carbon
dioxide mole fractions .

Table 2.4. Thermodynamic Equilibrium Data for PEG 400 (313.15K)

5.23 MPa 10.62 16.11 19.74 24.01
MPa MPa MPa MPa
Gourgouillon 0.60 0.75 0.77 0.78 0.8
et.al.
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Table 2.5. Thermodynamic Equilibrium Data for PEG 400 (333.15K)

5.28 MPa 10.37 14.98 20.63 24.62 MPa
MPa MPa MPa
Gourgouillon 0.49 0.67 0.73 0.75 0.77
et.al.

Li et. al. have obtained CO> solubilities in polyethylene glycols with molecular weights of
150, 200, 300, and 400 from 100 to 1200 kPa and from 303.15 to 333.15 K. [33] (See Tables
2.6 and 2.7).

Table 2.6. Thermodynamic Equilibrium Data (313.15K)

166.0 kPa | 300.5 kPa | 414.4 kPa | 578.0 kPa | 834.5 kPa | 1087.5 kPa
Li et.al. 0.0279 0.0567 0.0759 0.1027 0.1467 0.1905
Table 2.7. Thermodynamic Equilibrium Data (323.15K)
154.1 kPa | 217.4 kPa | 443.0 kPa | 564.0 kPa | 893.8 kPa | 1120.5 kPa
Li etal. 0.0237 0.0333 0.0690 0.0877 0.1362 0.1701

2.6. COMPUTATIONAL FLUID DYNAMICS

Today, Computational Fluid Dynamics (CFD) methods are defined in several textbooks and
used in engineering science. They have an important role for designing and engineering of

components and systems in turbo machinery and aerospace [34].

Engineers carry out experiments and analyses of CFD and the two complement each other.
They find global properties like lift, drag, pressure drop. However, they apply CFD to get

details about the shear stresses, velocity and pressure profiles [35].
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While CFD may solve laminar flows with ease, the solution is more difficult for turbulent
flows [33].

Equation 2.1 is the conservation of mass equation for incompressible flow [35].

<l
fl
[e)

(2.1)

Equation 2.2 is the transport equation.

s 1o
(V. V)V=-EVP +VV2V (2.2)

V'is the fluid velocity, p is its density, and v is its kinematic viscosity. Equation 2.1 and 2.2

are only applied for incompressible flow, p and v are accepted constant. [35].

For solving equations 2.1 and 2.2, a computational domain is selected and a mesh is formed.
The domain is divided in several small cells. The cells are areas for two dimensional domains
and they are volumes for three dimensional domains (see Figure 2.10). Boundary conditions
are set on each of the computational domain edge (2-D flows) or on each domain face (3-D
flows). Numerical parameters and solution algorithms are chosen. Initial conditions are
important as a beginning point. Then, the iteration process starts. When the solution has
converged, the variables of flow field like velocity and pressure are shown graphically.
Global properties like pressure drop and integral properties like forces and moments are

found from the converged solution [35].

Computational
domain

Computational
domain

Boundaries

Boundaries

Figure 2.10. Computational Domain [35]
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Some of the applications of the numerical simulations of fluid flow are the following:
e to develop the aerodynamic characteristics by vehicles designers
e to plan optimal oil recovery strategies by petroleum engineers
e to predict the weather patterns by meteorologists

e to decrease radiation risks
In computational fluid dynamics, the volume of fluid method (VOF) is a numerical technique
for tracking fluid-fluid interfaces. The VOF method is defined on a concept of a fractional
volume of fluid that is described by a function F. The evolution of the F field is shown by

the following transport equation [36].

6_F+6uF+6VF+6WF i 23)
Jdt ox dy 0z

t : physical time

X, Y, Z : cartesian system

u, v, w : cartesian components of the velocity
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3. EXPERIMENTAL SET-UP AND TRANSPORT MODEL

In this part, the experimental set-up, procedure and transport model are described in detail.

3.1. EXPERIMENTAL SET-UP AND PROCEDURE

The system consists of the following equipments
e Jerguson high pressure view-cell
e |SCO 260 D syringe pump
e Cathetometer
e Pressure transducer
e Thermocouple

e \Water circulators

Figure 3.1. Experimental Set-Up

In Figure 3.2, ISCO high pressure syringe pump is shown. The syringe pump supplies

precise, predictable flow and pressure control at flow rates. The D-series controller has a
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keypad and LCD display. -The ISCO pump is run at constant pressure mode during the

diffusion experiments [37];

Figure 3.2. ISCO High Pressure Syringe Pump

Figure 3.3 indicates the high pressure Jerguson view-cell. Jerguson Reflex Level Gages are

ideal for level indication applications [38].

Figure 3.3. Jerguson High Pressure Cell
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The cathetometer is used for the measurement of vertical distances (e.g. level differences,
liquid levels etc.). It consists of a vertical column with a millimeter scale. On the column a
slider carrying a telescope with horizontal optical axis can be adjusted. The slider has a scale

for reading off level differences with an accuracy of 0.01 millimeters [39].

Figure 3.4. Cathetometer

The experiments start with cooling the ISCO high pressure pump down to 10°C and filling
it with liquid CO>. Then, temperature and pressure of the pump are increased. the system is

checked for the leaks before the experiment.

First, Jerguson view- cell is loaded with CO> at high pressure and then the inlet valve is
closed. The inside pressure is monitored. After that, the inlet valve is opened again and the
ISCO-Jerguson line is tested. At the end of the test, Jerguson is depressurized.

Polyethylene glycol (PEG400) is injected into the view-cell from the lower valve and the

cathetometer is set to zero at the liquid-vapor interface.

The pressure is set to the desired experimental value. Then the outlet valve of ISCO is opened
and the line is filled with carbon dioxide and the initial volume reading is taken. Later, the
inlet valve of the view-cell is opened and the dissolution process gets started with carbon

dioxide loading.
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Temperature, pressure, polyethylene glycol(PEG 400) - CO: interface height and the amount
of CO> remaining in the syringe pump are recorded until equilibrium. Then the system is

depressurized.

The polyethylene glycol (PEG400) is removed from the view-cell which is washed with
ethanol and left for drying at 70 °C.

3.2. THE TRANSPORT MODEL

Adding high pressure carbon dioxide to PEG generates one-way mass transfer where carbon
dioxide diffuses into the liquid phase but PEG does not transfer to the gas phase. Thus, this

system has two phases separated with a moving boundary (see Figure 3.5)

Carbon
dioxide
Carbon
dioxide
FPolymer
+
Carbon
Polymer dioxide
Time=() Time=()

Figure 3.5. Model of lonic Liquid- Carbon dioxide System

ANSYSS Fluent is employed for modeling this system. The Volume of Fluid (VOF) technique
is used in Fluent to express the moving interface. Eq. 3.1 is utilized for the advection of
phase interphase by the velocity field:
1 oap,)
p, Ot

+V. (agp,u) =Suq 3.1)
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Here,

e p: density

e u: velocity of q phase
aq=0 when there is no q phase in a cell.
aq=1 when there is only g phase.
0<oaq<1, when the interfce is in the cell.

The source term (Sqq) has a value other than 0 as a result of mass transfer between phases.
The source term for transfer of mass to liquid phase is calculated using Eq. 3.2. The gas

phase will lose an equal amount of mass (see Eq. 3.3).

Sa1=-p; DVy“©2.Vay, (3.2)

SaG=-SaL (3.3)
Eq. 3.4 shows the momentum equation.

0
%u) +V.(puu)=-VP+uV2u+pg (3.4)

Eqg. 3.5 decribes the transport of carbon dioxide.

AP, 0455

ST () (e §)s G

JE02= DV (py©02) (3.6)

o ygoz : the mass fraction of carbon dioxide in the gth phase

o J$O2 : the diffusion flux of carbon dioxide in this phase

o SCO2

: the source term for carbon dioxide
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As seen in equation 3.2, while calculating mass transfer between phases, mass fraction
gradient is needed at the phase interface.Thus, in Fluent, transport equations for components
are solved separately for each phase. Therefore, a discontinuity in the liquid carbon dioxide
mass fraction gradient occurs at the interface and mass transfer value is physically wrong
here. A user defined scalar (¢) for the entire flow domain is defined to overcome this
problem. The scalar shared by both phases and the following transport equation is solved for

the whole domain.

ape,)
at

+V.(pug, )=-V.(Jor) Sk (3.7)

The value of the scalar is equal to the mass fraction at the interface in each of the cells filled
with the gas phase. These cells need to keep the same mass fraction and to ensure this, a
method, called internal boundary condition, is used, where the transport equation is made
dominated by a source term, defined in equation 3.8, which is given an exceptionally large
value in the gas phase but, the source term is given zero in the liquid phase .

Sukc =A (P e70;) (33)

J({,Z—pLDVyC02 (3.9)

User-defined functions are used for the source terms, liquid phase density and
diffusivity. The computations are run with the grid number 2000 [7].
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4. RESULTS AND DISCUSSION

In this study, solubilies of CO2 in PEG 400 at different pressures and mutual diffusion
coefficients for PEG 400-CO. system are determined. The change in the binary diffusivities
with the liquid mole fraction of carbon dioxide are examined at 80 bar and at a temperature
of 313.15. The decrease in molar volumes during the diffusion process and the change in

liquid levels are reported.

The CFD model explained in the previous section is fitted to the experimental time-
dependent solubility data using a trial and error approach. The diffusivity valid for all the
cells in the computational domain is changed until the numerical result matches with the
experimental data point. This procedure is repeated for all the experimental data points

collected during the diffusion process.

4.1. THE SOLUBILITY OF CO: IN PEG 400 AT 313.15 K AND DIFFERENT
PRESSURES (30-80 BAR)

Five experiments at different pressures have been carried out. At 313.15 K, the equilibrium
mole fractions of carbon dioxide in PEG 400 are presented in Table 4.1. We observe that the
solubilities increase with pressure whereas the molar volumes decrease. The collected
experimental data are shown in Table 4.2.



Table 4.1. Equilibrium Mol Fractions of CO. and Liquid Molar Volumes at Different

Pressures (313.15 K)

P(bar) | Xco. Vmolar
0 0 0

30 0.367 | 255.3
40 0.491 | 207.1
50 0.563 | 180.7
62 0.660 | 150.3
80 0.661 |147.8

Table 4.2. Experimental Data For Solubility (313.15 K)

Pressure of the
system during the

experiment

30 bar

40 bar

50 bar

62 bar

Mass of the PEG
400 in the system

8.4218 g

8.2724 g

8.4129 g

8.2239 g

Volume of carbon
dioxide loaded to
the system

144.44 mL

122.68 mL

143.88 mL

146.72 mL

Initial volume of
carbon dioxide in

syringe pump

202.78 mL

211.07 mL

248.01 mL

196.25 mL

Final volume of
carbon dioxide in

syringe pump

51.06 mL

78.6 mL

95.81 mL

41.05 mL

24

In the phase equilibrium experiments, since the final mole fractions are significant, the

system is left to reach equilibrium overnight and the intermediate data are not collected.

Figures 4.1-4.4 show that the mole fraction of carbon dioxide increases in the liquid with
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time and eventually reaches equilibrium. In Figure 4.5, the data are collected for the entire

duration of the experiment to be able to carry out diffusivity calculations.

ol Fraction of CO
o
~
o
o
o

0,0000 e
0 500 1000 1500 2000
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Figure 4.1. Change in Liquid Mol Fraction of CO> with Time at 30 bar, 313.15 K
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Figure 4.2. Change in Liquid Mol Fraction of CO, with Time at 40 bar, 313.15 K
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Figure 4.3. Change in Liquid Mol Fraction of CO2 with Time at 50 bar, 313.15 K
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Figure 4.4. Change in Liquid Mol Fraction of CO2 with Time at 62 bar, 313.15 K
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Figure 4.5. Change in Liquid Mol Fraction of CO. with Time at 80 bar, 313.15 K

Our results are more comparable to data presented by Gourgouillon et. al. (Table 2.4)

whereas the data reported by Daneshvar et. al. ( Table 2.2) are higher.

4.2. THE SOLUBILITY OF CO: IN PEG 400 AT 323.15 K AND DIFFERENT
PRESSURES (30-80 BAR)

At 323.15 K, the liquid equilibrium mole fractions of carbon dioxide at different pressures
are presented in Table 4.3. Table 4.4 shows the experimental data. The solubilities are
slightly higher at 313.15 K compared to 323.15 K as shown in Figure 4.6.



Table 4.3. Equilibrium Mol Fractions of CO. and Liquid Molar Volumes at Different
Pressures (323.15 K)

P(bar) Xco2 Vmolar
0 0 0
30 0.351 256.6
40 0.460 219.2
50 0.520 | 199.7
62 0.562 187.6
80 0.605 | 174.4

Table 4.4. Experimental Data For Solubility (323.15 K)

Pressure of the
system during the

experiment

30 bar

40 bar

50 bar

62 bar

Mass of the PEG
400 in the system

8.4248 g

7.9984 g

8.4519 g

8.4040 g

Volume of carbon
dioxide loaded to
the system

142.8 mL

144.93 mL

144.19 mL

82.08 mL

Initial volume of
carbon dioxide in

syringe pump

194.26 mL

228.62 mL

202.99 mL

202.99 mL

Final volume of
carbon dioxide in

syringe pump

42.43 mL

75.93 mL

51.09 mL

114.16 mL
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Figure 4.6. Equilibrium CO> Mol Fraction at Different Temperatures

Figures 4.7-4.11 show the change in CO> mole fractions with time. As explained for the
experiments carried out at 313.5 K, after the initial solubility data, the system is left to reach

equilibrium and the final data points are collected.

0,4000
0,3500
0,3000
0,2500
0,2000
0,1500

Mol Fraction of CO,

0,1000
0,0500

0,0000
0 200 400 600 800 1000 1200 1400 1600

Time (min)

Figure 4.7. Change in Liquid Mol Fraction of CO, with Time at 30 bar, 323.15 K
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Figure 4.8. Change in Liquid Mol Fraction of CO2 with Time at 40 bar, 323.15 K
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Figure 4.9. Change in Liquid Mol Fraction of CO2 with Time at 50 bar, 323.15 K
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Figure 4.10. Change in Liquid Mol Fraction of CO2 with Time at 62 bar, 323.15 K
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Figure 4.11. Change in Liquid Mol Fraction of CO> with Time at 80 bar, 323.15 K

The repeat experiments are presented in Appendices A, B and C.
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4.3. PEG 400 - CO2 SYSTEM AT 313.15 K AND 80 BAR

The experimental data is shown below. The mol fraction is found as 0.66 at equilibrium.
This value is found by using the increase in the liquid level measured using the cathetometer,
and the volume reading from the syringe pump. A sample calculation for the mol fraction in

equilibrium is indicated in Appendix D.

Table 4.5. The Experimental Data for 80 bar, 313.15 K

Mass of the PEG 400 in the system 8.2713¢g
Volume of carbon dioxide loaded to the 143.96 ml
system
Initial volume of carbon dioxide in syringe 245.75 ml
pump
Final volume of carbon dioxide in syringe 97.5 ml
pump
Increase in liquid level 3.04 mm
Pressure of the system during the experiment 80 bar
Temperature of the system during the 313.15K
experiment

Figure 4.12 shows the experimental and modeling results. Different diffusivity values in the
user-defined functions are tried until the mol fraction of CO2 numerically fits the
experimental data at different times. Thus, a single average value for the diffusivity valid at

a certain time is found.
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Molar volume changes linearly with mole fraction as shown in Figure 4.13. The linear
equation shown in the figure is used in the program to take the molar volume change into
account. Figure 4.14 shows that as carbon dioxide dissolves in the liquid, molar volume

decreases.
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Figure 4.12. Modeling and Experimental Results for the Changing Mol Fraction of CO;
with Time at 80 bar, 313.15 K
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Figure 4.13. Change in the Molar Volume with Mole Fraction of Carbon dioxide at 80 bar,
313.15K
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Figure 4.14. Change in Liquid Molar Volume with Time at 80 bar, 313.15 K
Figure 4.15 shows the calculated diffusivity values which have increased with the mole

fraction of carbon dioxide in the liquid. The diffusivity starts from 3.2x10"° m%s and

increases to 19.2x1071° m?/s until the end of the process.
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Figure 4.15. Liquid Phase Mutual Diffusion Coefficients in CO.-PEG 400 System at 80
bar, 313. 15K
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5. CONCLUSIONS

The solubilities of CO2 in PEG 400 at different pressures (30-80 bar) and temperatures
(313.15 and 323.15 K) are determined. We have found that the solubilities increase with
pressure and decrease with temperature. Although 313.15 K has given higher solubilities
compared to 323.15 K, the differences at different pressures are not found to be high
contrary to those reported by Daneshwar et al. The results obtained at 313.15 K have better

matched with the data presented by Gourguillon et al.

The mutual diffusivities in PEG 400-CO2 process at 313.15 K and 80 bar are also determined
using a CFD model fitted to time-dependent solubility data. The increase in the liquid
volume and the decrease in the molar volume are taken into account. The diffusivities have

increased more than 6 times as carbon dioxide dissolves in the liquid polymer.

The repeat experiments for the solubilities are also carried out and comparable results are
obtained. However, at 313.15 K, at a pressure of 40 bar, and at 323 K at pressures of 30

and 40 bar, the data can be better consolidated.
The following directions are recommended for future work:

e Increasing the temperature interval is worth examining since the increase in the
difference in CO2 solubilities will cause more significant changes in diffusivities at
equilibrium CO2 mole fraction.

e The diffusivities of CO> in PEGs of different molecular weights can be studied.

e Thermodynamic models using different equations of state and mixing rules can be
developed for these systems.

e The diffusion coefficient of carbon dioxide in polyethylene glycol and ionic liquid
mixtures can be investigated as multicomponent diffusion since some applications

of these systems have started to emerge.
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APPENDIX A: REPEAT EXPERIMENTS FOR THE SOLUBILITY OF
CO:2 INPEG 400 AT DIFFERENT PRESSURES (30-80 BAR) AND 313.15
K

Figure A.1 shows that the solubilities obtained from the repeat experiments generally

compare well with the original results.
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Figure A.1. Comparison of Mol Fraction versus Pressure in 313.15 K

Figures A.2-A.5 show the collected data points during the experiments.
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Figure A.2. Change in Liquid Mol Fraction of CO2 with Time at 30 bar, 313.15 K
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Figure A.3. Change in Liquid Mol Fraction of CO2 with Time at 40 bar, 313.15 K
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Figure A.4. Change in Liquid Mol Fraction of CO2 with Time at 50 bar, 313.15 K
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Figure A.5. Change in Liquid Mol Fraction of CO> with Time at 62 bar, 313.15 K
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APPENDIX B: REPEAT EXPERIMENTS FOR THE SOLUBILITY OF
CO:2 INPEG 400 AT DIFFERENT PRESSURES (30-80 BAR) AND 323.15
K

Figure B.1 shows a comparison between the results obtained from the original and repeat

experiments. Figures B2-B5 show the collected data.
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Figure B.1. Comparison of Mol Fraction versus Pressure in 323.15 K

Figures B.2-B.5 show the collected data points during the experiments.
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Figure B.2. Change in Liquid Mol Fraction of CO, with Time at 30 bar, 323.15 K
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Figure B.4. Change in Liquid Mol Fraction of CO, with Time at 50 bar, 323.15 K
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APPENDIX C. REPEAT OF PEG 400 - CO, SYSTEM AT 313.15 K AND
80 BAR

The experimental data is shown in Table C.1 The data obtained from the repeat and original

experiments are comparable as shown in Figure C.1.

Table C.1 The Experimental Data For 80 bar, 313.15 K

Mass of the PEG 400 in the system 8,0854 g
VVolume of carbon dioxide loaded to the 152.12 ml
system
Initial volume of carbon dioxide in syringe 239.09 ml
pump
Final volume of carbon dioxide in syringe 83.17 ml
pump
Increase in liquid level 3.65 mm
Pressure of the system during the 80 bar
experiment
Temperature of the system during the 313.15K
experiment
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Figure C.1. Mol Fraction of CO, Change with Time at 80 bar, 313.15 K
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APPENDIX D: SAMPLE CALCULATION FOR EQUILIBRIUM MOLE
FRACTION AT 313.15 K AND 80 BAR

A sample calculation is determined for equilibrium mole fraction at 313.15 K and 80 bar ;

e Mass of the ionic liquid in the system: 8.0854 g

e Volume of carbon dioxide loaded to the system: 152.12 ml
e Initial volume of carbon dioxide in syringe pump: 239.09 ml
e Final volume of carbon dioxide in syringe pump: 83.2 ml

e Pressure of the system during the experiment: 80 bar

e Temperature of the system during the experiment: 313.15 K

e Increase in the liquid level at equilibrium: 3.65 mm

ni,iSCO:nC02 +nf,isc0+nf,jerguson (D 1)

Final volume of carbon dioxide at gas phase in Jerguson: 152.12— (5.55*0.365)= 150.09 ml
Volume of carbon dioxide dissolved in the liquid: 239.09-83.2-150.09=5.8 ml

Number of moles of carbon dioxide in the liquid: 5.8/150.5= 0.039 mole

Number of moles of the liquid: 8.0854/400= 0.0202 mole

150.5 cm®/mol is the molar volume of carbon dioxide at ~80 bar 313.15 K. 400 is the
molecular weight of the PEG 400 and the equilibrium mole fraction of carbon dioxide in the

liquid is equal to 0.66.



