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ABSTRACT

PRESSURE SWING MEMBRANE ABSORPTION PROCESS FOR
SEPARATION OF LOW TEMPERATURE POST-SHIFT REACTOR SYNGAS

by
John Chau

This thesis is concerned with a cyclic pressure swing membrane absorption process
(PSMAB) for separation of the feed gas mixture containing ~40% CO,-He balance using
pure ionic liquid, 1-butyl-3-methylimidazolium dicyanamide ([bmim][DCA]), and its
solution containing poly(amidoamine) (PAMAM) dendrimer Gen O primarily with a dry
feed gas. An advanced pressure swing membrane absorption process is developed to
produce purified He as a surrogate for H, at a high pressure from simulated low-
temperature shifted syngas for different membrane modules. The PSMAB process also
simultaneously produces a highly purified CO, stream containing bulk of the CO, in the
post-shift reactor gas stream and suitable for subsequent sequestration.

The hydrophobized ceramic membrane tubule-based system produces poor
quality of products. The hydrophobized poly(ether ether ketone) (PEEK) hollow fiber-
based system, on the other hand, provides higher product concentrations due to a much
higher contacting area per unit gas volume. Among PEEK modules, the PEEK-L Il
module provides the highest CO, concentration in the CO,-rich product stream.

Measurements of the solubility and diffusivity of pure carbon dioxide, pure
helium, and a feed mixture of ~40% CO,-He balance are carried out in the ionic liquid,

([lomim][DCA]), and in its solution containing 20 wt% and 30 wt% PAMAM dendrimer



Gen 0 with and without water. Additional solubility studies of pure CO, and He are done
in polyethylene glycol 400 (PEG 400) and 20 wt% dendrimer in PEG 400.

The solubility of CO, decreases with an increase in temperature whereas He
solubility increases with an increase in temperature. The CO, and He solubilities increase
with an increase in feed pressure. Carbon dioxide absorption increases considerably when
the amine is added to the ionic liquid and then increases several-fold when moisture is
added. Higher CO,/He solubility selectivity is observed as temperature decreases to as
much as 55 at 50 °C. Moreover, CO, solubilities in PEG 400 and in 20 wt% dendrimer in
PEG 400 are somewhat higher than in [omim][DCA] and 20 wt% dendrimer in
[bmim][DCA], respectively.

A mathematical model of the three-valve PSMAB process is developed and
verified so that the model may be used to carry out scale up calculations. Such a scale up
model can allow determination of the cost of the process of a given CO»-containing feed
gas mixture. The mathematical model is numerically solved to predict the extent of
purification of the gas by pure ionic liquid [bmim][DCA] in the three-valve PSMAB
device. The decreasing pressures generated by a numerical solution of the model agree
well with the experimental runs for ceramic modules during the 900 second absorption
step, but are significantly lower for the PEEK hollow fiber modules due to the large dead
volumes present in the PEEK modules. There is a 6-10% difference in CO, concentration
in the two product streams between the predictions and the measured values. The
simulation results show that purified (>90%) CO, and He can be obtained for two PEEK-

L 111 modules in series using [bmim][DCA] as the absorbent.
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CHAPTER 1

INTRODUCTION

Greenhouse gases are believed to be the main cause for global warming which has
received a lot of attention in recent years (Berger et al. [1]). When solar energy is
transmitted through the earth’s atmosphere, it can either be reflected back into space or
get absorbed. The earth releases some of the energy back to the atmosphere as heat once
the sunlight gets absorbed. Greenhouse gases absorb the energy radiating from the sun,
which slows down or in some cases prevents the process of heat release back into space.
This causes an increase in the earth’s temperature which results in the greenhouse effect.
According to Berger et al. [1], the earth’s average temperature has increased by only one
degree Celsius during the last 150 years, but from 1990 and 2100 it will increase by 1.4
to 5.8 °C. Rising earth temperature causes the ice to melt, which in turn raises the sea
level. The sea level is predicted to go up by 0.09 to 0.88 meters from 1990 to 2100.
Furthermore, global warming causes droughts and loss of agriculture productivity and

destroys ecosystems.
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Figure 1.1 Carbon Dioxide Concentration in the Atmosphere from 1000 to 2000.
Source: [2].

Carbon dioxide (CO,), one of the main greenhouse gases present in the earth’s
atmosphere, absorbs the sun's infrared radiation and emits back to the earth’s surface. As
a result, the energy or heat retained in the atmosphere warms up the earth. Even though
CO; is important for living species, its excess creates environmental problems. The CO,
concentration in the atmosphere had stayed relatively constant before the Industrial
Revolution in the 1800s [2]. However, after the Industrial Revolution, carbon dioxide in
the air has risen sharply because the use of coal, oil, and natural gas has increased
enormously to accommodate the need of the world’s growing population and industrial

expansion. According to Rubin et al. [3], doubling the amount of carbon dioxide in the



earth atmosphere leads to an increase in its temperature by 1 to 5 °C by the middle of this
century.

In addition, while fossil fuel burning produces excessive CO,, there are no
economical and clear energy alternatives replacing it yet. Therefore, man-made CO,
emissions into the atmosphere need to be reduced. Multiple solutions including more
efficient energy use, alternative fuels, electrically-driven transportation, electricity from
non-CO,-emitting sources, and carbon sequestration are needed to meet this challenge.
Carbon dioxide capture from flue and synthesis gas can be achieved by a number of
techniques: chemical and physical absorption, physical adsorption-based pressure swing

and temperature swing adsorption, and membrane separation (Rao and Rubin [4]).

1.1 Chemical and Physical Absorption

1.1.1 Chemical Absorption

Chemical absorption is an exothermic process where absorbents are used to separate
carbon dioxide from a gas mixture. Amine based processes for capturing carbon dioxide
began in the 1970s and the captured CO, is used among others to enhance oil recovery
[4]. The reaction rates and the equilibrium absorption characteristics for amine based
absorption depend on the type of amines used. Alkanolamines are divided into three
groups. Group 1 contains primary amines such as monoethanolamine (MEA) and
diglycolamine (DGA). Group 2 includes secondary amines such as diethanolamine
(DEA) and di-isopropylamine (DIPA). Group 3 consists of tertiary amines
triethanolamine (TEA) and methyl-diethanolamine (MDEA) (Robertson et al. [5]).

Structures of some of these amines are shown in Figure 1.2.
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Figure 1.2 Common Alkanolamines.
Source: [5].

Amine based absorption technology involves exposing the gas stream to for
example an aqueous solution of a primary amine that reacts with the CO, to form a
soluble carbamate salt as shown below:

2RNH, + CO, <> RNH;3" + RNHCOO (1.2)

A tertiary amine also reacts with CO, in the presence of water, forming a
bicarbonate ion:

R3N + CO; + H,0 <> RsNH* + HCO3' (1.2)

Since the reactions are reversible, CO, gas can be released by heating the CO,
enriched amine solution in a separate stripping unit. Monoethanolamine (MEA) is a
solvent of choice used for this process since it is the least expensive among the

alkanolamines. Furthermore, MEA has the lowest molecular weight which gives it the



ability to possess highest theoretical absorption capacity for carbon dioxide (Wong et al.
[6D).

Corrosion is one of the problems associating with amine based absorption
processes. Primary amines, such as MEA, react fastest with carbon dioxide. Secondary
amines are second fastest while tertiary amines react most slowly with carbon dioxide
[5]. Since the dissolved CO; is a corroding agent, the corrosion rate is largest for primary
amines, then secondary amines and smallest for tertiary amines. Moreover, the faster the
reaction between amines and carbon dioxide, the more energy it requires in the solvent
regeneration step and the easier the amines are to form degradation products. Shown in

Table 1.1 is the heat of reaction among the three amines and carbon dioxide [6].

Table 1.1 Heat of Reaction among Amines and Carbon Dioxide

Amine Type MEA (primary) DEA (secondary) MDEA (tertiary)
AH;s for CO; (cal/g) 455 360 320
AHg¢ for CO, (Btu/lb) 820 650 577
Source: [6].

1.1.2 Physical Absorption
Physical absorption is a temperature and pressure dependent process where carbon
dioxide as the solute is absorbed in a solvent according to Henry’s law which is shown

below.

p=H¢,C (1.3)



where p is the partial pressure of CO, in the gas above the solution, Hco is Henry’s law
constant for CO,, and C is CO, concentration.

In physical absorption, the solute concentration increases as pressure increases or
temperature decreases. In other words, solute gets absorbed more by the solvent as
pressure increases or temperature decreases. As a result, physical absorption method is
usually carried out at high partial pressures and low temperatures to ensure that carbon
dioxide absorption by solvent is maximum. The solvent can be regenerated by heating or
reducing the pressure. Since physical absorption requires high partial pressure of carbon
dioxide, it can be used in recovering CO, from Integrated Gasification Combined Cycle
(IGCC) systems where exhaust CO; leaves the system at an elevated pressure. Selexol
(dimethylether of polyethylene glycol) and Rectisol (cold methanol) are some of the

solvents used in this technique at low temperature (Skinner et al. [7]).

1.2 Physical Adsorption-based Pressure Swing and Temperature Swing Adsorption
1.2.1 Pressure Swing Adsorption (PSA)

Pressure swing adsorption is a technique used to separate a desired gas from a mixture of
gases based on the affinity of adsorbents to gases under pressure. Similar to physical
absorption, gases get adsorbed onto solid surface of adsorptive materials when pressure is
applied and more gases are absorbed by the adsorbents as the pressure increases until
saturation is achieved. Some adsorbents for carbon dioxide separation are activated
carbon, silica gel, and zeolite. Figure 1.3 shows a single bed PSA process that is used to

separate carbon dioxide and hydrogen.
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Figure 1.3 Pressure Swing Adsorption Process Schematic.
Source: [8].

In this process, the adsorbent selected such as activated carbon or zeolite has a
high selectivity for carbon dioxide over hydrogen. In the production step, the mixture of
carbon dioxide and hydrogen enters a column full of adsorbent at high pressure. Since the
adsorbent has high selectivity for carbon dioxide, CO, is adsorbed onto the surface of the
pores in the adsorbent. When hydrogen gas leaves at the other end of the column, carbon
dioxide is then desorbed by pressure reduction and removed as a purified product. The
adsorbent bed can be regenerated by flushing the column with hydrogen gas [8].

The PSA system is cyclically operated where several adsorbent beds or columns
are connected in series or in parallel and undergo successive pressurization and

depressurization steps to produce a continuous stream of purified carbon dioxide [7].



Pressure Swing Adsorption is an energy-saving process as it does not require heat to
regenerate the absorbents. However, it operates at low temperatures. In addition, it

requires carbon dioxide specific adsorbents to capture a reasonable amount of CO, [6].

1.2.2 Temperature Swing Adsorption (TSA)
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Figure 1.4 Temperature Effect on Solute Solubility.
Source: [9].

Similar to pressure swing adsorption, temperature swing adsorption is used to separate a
desired gas from a mixture of gases based on affinity of adsorbents to gases. However, as
their names imply, TSA is different from PSA because the process applies temperature
instead of pressure on a mixture of gases in the presence of absorbent. In addition, TSA is
the method of choice when the desired gas (adsorbate) in the feed stream is dilute [6]. At
a given partial pressure of adsorbate in the gas phase, the amount of gas adsorbed

decreases with increasing temperature as shown in Figure 1.4. Adsorbent beds are usually



regenerated by increasing the temperature and by purging the beds with a hot less-

adsorbed gas/vapor stream.

1.3 Membrane Separation
Membrane separation is based on the principle of selective gas permeation. Gases in the
feed stream diffuse through the membrane at different rates depending on their solubility
and diffusivity. Different gases have different solubility and diffusivity values for a
specific type of membrane. The higher the gas’s solubility and diffusivity, the faster it
diffuses through that specific membrane. For example, carbon dioxide, water vapor, and
hydrogen sulfide are easier to permeate through membrane units whereas methane,
ethane, and other hydrocarbons are more difficult to permeate. The driving force of
membrane separation process is the partial pressure difference of specific gas component

between both sides of membrane [5].
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>
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Unit
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Figure 1.5 Simple Membrane Separation Schematic.
Source: [5].



In addition, membranes can be used to separate carbon dioxide from a feed gas
stream based on chemical affinity. Chemical affinity membranes are immobilized with
solutions that are selective to carbon dioxide such as amines, ionic liquids, etc. Inorganic,
metallic, polymeric, and solid-liquid are some of the forms of membranes used today
[10].

Hollow fiber and the spiral-wound modules are the two commonly used modules
for membrane separation. A hollow fiber module contains a bundle of cylindrically
shaped hollow fibers as shown in Figure 1.6. In the hollow fiber module, the feed gas
stream flows through the bores of the membrane tubules. Selective gas such as carbon
dioxide diffuses across the fiber wall while other feed gases keep flowing along the wall.
COy; is then collected as the permeate stream from one side whereas other gases that flow

through are collected in the residue stream from another side of the membrane [5].

Permeate Flow

Hollow
Fiber Membranes

Process s :
Feed Flow

Figure 1.6 Hollow Fiber Membrane.
Source: [5].

In a spiral-wound module shown in Figure 1.7, multiple flat sheets of permeate
collection material, membranes, feed channel spacers, and outer wrap are rolled into a

10



spiral unit. The feed enters the module and flows between membrane sheets. CO, gas
permeates preferentially through the membrane inward to the central collection tube and

exits on one side while other gases exit from the opposite side [5].

Perforated Central Tube

Feed Channel Spacer
Outer Wrap

Figure 1.7 Spiral-wound Membrane.
Source: [5].

Membrane units are light and compact which results in much less space and
potentially lower equipment cost. Moreover, because membrane systems do not require
separating agents, no solvent regeneration step is needed. However, membrane separation
cannot produce pure carbon dioxide in a single separation stage. Indeed, it requires
multiple membrane units and recycling to achieve high purity and high recovery [5].

Azar et al. [11] and Rubin et al. [12] indicated that carbon dioxide capture and
storage (CCS) is considered the most important technique to curtail global climate change
at the present time. Carbon dioxide produced from Integrated Gasification Combined
Cycle (IGCC) for coal has a much higher partial pressure than CO, produced in burning

of fossil fuel. As a result, pre-combustion CO, capture from post-shift reactor syngas
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produced from IGCC is of significant interest. Solvent absorption-based method is a
desired and widely used method for CO, removal. Since carbon dioxide produced from
the low temperature (L-T) water gas shift reactor is at a high temperature around

150-200 °C and high pressure, liquid absorbent chosen for CO, absorption has to be
thermally stable and non-volatile. Furthermore, the chosen absorbent liquid must have a
high solubility selectivity of CO, over H, and CO. Since post L-T water gas shift reactor
produces gases with considerable moisture, absorbents having high selectivity of carbon
dioxide in the presence of water are also of interest.

Room temperature ionic liquids (RTILs) have been considered green solvents for
carbon dioxide capture because of their unique characteristics. RTILs are bulky organic
compounds whose cations are organic and anions are either organic or inorganic (Baltus
and Moganty [13]). RTILs are in liquid form at room temperature and are generally
chemically, thermally stable, and non-volatile. Therefore, they can be used to replace
volatile organic solvents as absorbents for carbon dioxide separation (Camper et al. [14]).

Yokozeki and Shiflett [15] reported that carbon dioxide solubility in 1-butyl-3-
methylimidazolium hexafluorophosphate [bmim][PFg] is 30-300 times over that of
hydrogen at hydrogen partial pressure of 0.5-3 MPa at room temperature and at lower
temperatures. Myers et al. [16] succeeded in synthesizing task specific ionic liquids
(TSILs) that have functional groups which can form complexes with carbon dioxide, and
used them as facilitated supported liquid membrane (FSLM). Facilitated supported ionic
liquid membrane has been used in the separation of carbon dioxide from hydrogen at
higher temperatures; the selectivity of CO, over H; in FSLM is reported to be 10-20 at

~85 °C [16]. Yegani et al. [17] reported that CO,/H, solubility selectivity of polymeric

12



membranes containing amine moieties dropped sharply as the feed gas moisture content
decreased. Meindersma et al. [18] reviewed the application of task-specific ionic liquids
for CO, separation and suggested that 1-butyl-3-methylimidazolium dicyanamide
([bmim][DCA]) could be a good choice as CO; liquid absorbent.

Primary and tertiary amines or compounds containing those amines can be used as
carbon dioxide absorbents. Effective CO, absorption however requires significant amount
of moisture in systems containing tertiary amines. Previous studies have shown that a
pure liquid membrane of PAMAM dendrimer Gen 0 with humidified gas streams had a
very high selectivity of CO, over N,/O; in the range of 15,000-18,000 (Kovvali et al.
[19,20]). This amine molecule with a molecular weight of 517 contains four primary
amines and two tertiary amines. Additional supported liquid membrane studies using pure
PAMAM dendrimer Gen 0 for CO; separation have been carried out (Duan et al. [21,22],
Taniguchi et al. [23]). This dendrimer Gen 0 has also been used as a reactive absorbent in
an aqueous solution in a hollow fiber membrane contactor at room temperature (Kosaraju
et al. [24]). In addition, Rolker et al. [25] have succeeded in achieving high CO,/N,
solubility selectivity in nonvolatile hyper-branched oligomeric liquid absorbents.

Membrane-based gas-liquid contacting can avoid the shortcomings present in
PSA or dispersive contacting-based absorption process. This thesis is concerned with the
pressure swing membrane absorption process (PSMAB). This PSMAB process combines
the specific advantages of a number of basic separation techniques: highly selective
absorption of CO, in a nonvolatile liquid/oligomeric absorbent at temperatures and
pressures characteristics of the feed stream under consideration; pressure swing

absorption (PSAB) process simulating a PSA process (which however uses adsorbent
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particles); hollow microporous tubules/fibers providing per unit device volume a very
large surface area of non-dispersive contact between the post-shift reactor synthesis gas
stream flowing through the fiber lumen and the liquid absorbent present as a thin stagnant
absorbent liquid layer in between the microporous tubules/hollow fibers on the shell side
of the separation device.

Jie et al. [26] have developed a pressure swing membrane absorption (PSMAB)
process to simultaneously obtain purified helium and carbon dioxide from lower
temperature (L-T) post shift reactor synthesis gas which will be available at around 150
°C and pressure in the range of 200-300 psig. The highest temperature and pressure range
of operation is 100 °C and 250 psig. The feed gas mixture consists of 40% CO,, 60% He.
In this process a porous hydrophobic membrane is used primarily as a membrane
contactor to facilitate non-dispersive contacting of the gas phase and the absorbent liquid
phase at the membrane pore mouths via a rapid pressure swing absorption technique
developed earlier by Bhaumik et al. [27].

Evaluation of the potential of such a process requires a careful and detailed
analysis of the PSMAB technique. It is necessary to determine the properties of the
absorbent before one can model the PSMAB process. A mathematical model of this
process needs to be developed and verified so that the model may be used to carry out
scale up calculations. Such a scale up model can allow determination of the cost of the
process of a given CO,-containing feed gas mixture. Therefore, the objectives of this

thesis follow in the next subsection.
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1.4 Objectives of This Thesis

1. Conduct studies on solubility of carbon dioxide and helium in absorbent liquid
such as 1-butyl-3-methylimidazolium dicyanamide ([omim][DCA]),
polyethylene glycol 400 (PEG 400), and their solutions with
poly(amidoamine) dendrimer Gen 0.

2. Develop a mathematical model to predict the behavior of a pressure swing
membrane absorption (PSMAB) process and compare the predictions with the
results of experimental runs over a range of temperatures from room 23 to 100
[0}

C.

3. Advance the study of pressure swing membrane absorption process for a five-
valve system in a polyether ether ketone (PEEK) hollow fiber-based modified
membrane module.

Extensive measurements of the solubilities of pure carbon dioxide, pure helium,
and a feed mixture of ~40% CO,-He balance were carried out in the ionic liquid,
([omim][DCA]), and in its solution containing 20 wt% and 30 wt% poly(amidoamine)
(PAMAM) dendrimer Gen 0 with and without water. Additional solubility measurements
for pure CO, and pure He in PEG 400 and 20 wt% dendrimer in PEG 400 were also
performed.

A mathematical model was developed to predict the extent of purification of the
gas by pure ionic liquid [omim][DCA] in the 3-valve PSMAB device. It is assumed that
the analysis for a single fiber can be extended to the whole device and the free surface
model is valid. This model assumes a cylindrical fluid envelope surrounding each hollow
fiber. As a result, there exists two concentric cylinders: the inner cylinder consists of one
hollow fiber and the outer cylinder consists of the absorbent liquid with a free surface
across which there is no mass transfer. All assumptions used to develop the mathematical

model for the PSMAB system using non-reactive absorbent are reported in Chapter 3.

Information on Henry’s law constants and diffusion coefficients for CO, and He in the
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ionic liquid is determined from the solubility studies, which is used in the model to
numerically predict the performance of the PSMAB process.

Additional runs of the five-valve PSMAB system were performed in an advanced
PEEK module at different feed pressures and temperatures using pure [omim][DCA] and
20 wt% dendrimer in [bmim][DCA] to achieve >90% CO, in CO,-rich product stream
since Jie et al. [26] could only achieve up to a maximum of 85% CO; in the CO,-rich

product stream using PEEK-L Il module with PTFE balls to reduce dead volume.
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CHAPTER 2
SOLUBILITIES OF CO, AND HELIUM IN AN IONIC LIQUID WITH OR
WITHOUT POLY(AMIDOAMINE) DENDRIMER GEN 0
2.1 Introduction
Greenhouse gases are believed to be the main contributors for global warming which has
caused an increase in the earth’s temperature and an increase in severe climate
disturbances [1]. Among the greenhouse gasses, carbon dioxide accounts for 80% of
greenhouse emissions [2]. Carbon dioxide capture and storage (CCS) is considered the
most important technique to curtail global climate change at the present time [11,12].
Pre-combustion CO, capture from post-shift reactor syngas produced from IGCC is of
significant interest since carbon dioxide produced from Integrated Gasification Combined
Cycle (IGCC) for coal has a much higher partial pressure than CO, produced in burning
of fossil fuel. The composition of the syngas from a low temperature post shift reactor
consists of 38% H,, 29% CO,, 33% H,0, and 0.15% CO (Laan et al. [28]). At present,
solvent absorption-based method is a desired and widely used method for CO, removal.
Since carbon dioxide produced from the low temperature water gas shift reactor is at a
high temperature and high pressure, CO, liquid absorbent chosen not only has to be
thermally stable and non-volatile but also must have a high solubility selectivity of CO,
over H, and CO. Post L-T water gas shift reactor produces gases with considerable
moisture; therefore, absorbents having high selectivity of carbon dioxide in the presence
of water are also of interest.
Room temperature ionic liquids (RTILS) are generally chemically, thermally

stable, and non-volatile, so they can be used to replace volatile organic solvents as

17



absorbents for carbon dioxide separation [14]. Yokozeki and Shiflett [15] reported that
solubility selectivity of CO,/He in 1-butyl-3-methylimidazolium hexafluorophosphate
([lbmim][PFe]) is 30-300 times at hydrogen partial pressure of 0.5-3 MPa and at room
temperature. Meindersma et al. [18] reviewed the application of task-specific ionic liquids
for CO, separation and suggested that 1-butyl-3-methylimidazolium dicyanamide
([bmim][DCA]) could be a good choice as CO; liquid absorbent.

Primary and tertiary amines or compounds containing those amines can be used as
carbon dioxide absorbents. Effective CO, absorption however requires significant amount
of moisture in systems containing tertiary amines. Previous studies have shown that a
pure liquid membrane of PAMAM dendrimer Gen 0 with humidified gas streams had a
very high selectivity of CO; over N,/O; in the range of 15,000-18,000 [19,20].

The cost of purified analytical grade PAMAM dendrimer Gen O per Aldrich
Catalog is quite high of the order of $3000/kg. However, the manufacturer of this
chemical proposes to supply industrial grade of this compound in large scale at ~ $10-
20/1b (Kaiser [29]). This price is quite reasonable when compared with other specialized
amines being studied e.g. piperazine whose bulk price is around $9/Ib. The industrial
grade dendrimer may have small amounts of impurities all of which are going to be
amines highly capable of CO, absorption. Further, reactions of this dendrimer amine with
CO, are completely reversible as was observed with runs of thousands of cycles of
absorption and desorption every day in the research in laboratory [26].

Solubilities of many gases in ionic liquids have been studied and published by
utilizing a number of different techniques that include a gravimetric method (Muldoon et

al. [30], Shiflett et al. [31,32,33], Anthony et al. [34]), a pressure decay method
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(equilibrium pressure and volume techniques) (Blanchard et al. [35], Kamps et al. [36]), a
quartz crystal microbalance method (Baltus et al. [37]), and gas uptake into a thin ionic
liquid film technique (Hou and Baltus [38], Hou [39], Moganty [40]). This study utilizes
the pressure decay method to find solubilities of pure carbon dioxide and pure helium in
[omim][DCA]. It has been already indicated that this ionic liquid is a good absorbent for
CO2; more importantly it has been found that it has a very good solubility for PAMAM
dendrimer Gen 0 unlike some others. Solutions of PAMAM dendrimer Gen 0 in
[omim][DCA] having 20 wt% dendrimer and 30 wt% dendrimer with and without
moisture have also been investigated at different feed gas pressures up to 1.38 MPa (200
psig) and at 323, 353, 363, and 373K. Solubilities from a CO,-He feed gas mixture (40%
CO;, He balance) have also been obtained.

The apparent reaction equilibrium constants for reactions with primary amine
functional groups in dendrimer have been determined for dry gas systems subject to
particular assumptions. The range of reaction possibilities include only one primary
amine consumed to all primary amines consumed since PAMAM contains a total of four
primary amines. Most studies of CO, absorption with amines in a liquid absorbent
employ an amine or two having a single amine functionality, primary, secondary, or
tertiary. The dendrimer of this study has multiple amine functionalities, four primary and
two tertiary amines. Therefore, the analysis of the data to determine the reaction

equilibrium constant is complicated with a considerable uncertainty.
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2.2 Experimental Procedure
2.2.1 Materials
The ionic liquids [bmim][DCA] and [emim][Tf,N] were purchased from EMD
Chemicals, Philadelphia, PA. Poly(amidoamine) (PAMAM) dendrimer Gen 0 in
methanol was purchased from Dendritech Inc., Midland, MI. Polyethylene glycol having
a molecular weight of 400 (PEG 400) was purchased from Chemicals Direct, Roswell,
GA. Ultrahigh purity grade carbon dioxide, helium, and simulated pre-combustion syngas

containing 40.67% COg, helium balance were obtained from Air Gas, Piscataway, NJ.

2.2.2 Solubility of Dendrimer in Absorbent Liquids

Before [bmim][DCA] was chosen as the absorbent liquid of choice, solubility of
dendrimer Gen 0 in the following liquids, [emim][Tf,N], [bmim][DCA], PEG 400, and
glycerol carbonate, was studied. The solubility of dendrimer in these liquids is

summarized in Table 2.1.

Table 2.1 Solubility of Dendrimer in Absorbent Liquids

5 - -
/"Sairt‘:’;r:”z;; )'” [emim][T,N] | [bmim][DCA] PEG 400 CC; %Coenrgt'e

1 Soluble Soluble Soluble Soluble

5 Not Soluble Soluble Soluble Soluble

10 Not Soluble Soluble Soluble Soluble

15 Not Soluble Soluble Soluble Soluble

20 Not Soluble Soluble Soluble Soluble

25 Not Soluble Soluble Soluble Soluble

30 Not Soluble Soluble Soluble Soluble

35 Not Soluble Soluble Soluble Soluble

40 Not Soluble Soluble Soluble Partially Soluble

45 Not Soluble Soluble Soluble Partially Soluble

50 Not Soluble Soluble Soluble Partially Soluble
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Table 2.1 shows that dendrimer is not soluble in [emim][Tf,N] except at 1%
concentration; however, the dendrimer is very soluble in [omim][DCA] as well as in PEG
400. Dendrimer is soluble in glycerol carbonate at lower concentration (35% or less) but

becomes partially soluble at higher concentration.

2.2.3 Apparatus and Measurements
The gas solubility measurements were made using a pressure decay method. The

schematic of the apparatus is shown in Figure 2.1.

_____________ Valve 2
Pneumatic Valve 3

Valve4 ‘ »
. ‘
I Pressure
| Transducer 1
1 |

Pressure
Transducer 2

Gas Cylinder
Cell (IL) Reference (CO,)

Figure 2.1 Apparatus for Measuring Gas Solubility.

The gas solubility measurement system mainly contains a cell volume, a reference

volume, a programmable temperature oven (Model PH-202, ESPEC North America Inc.,
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Hudsonville, MI), and a gas cylinder. A volume of 10 mL of liquid absorbent was
measured, weighed, and added to the cell. The whole system was then degassed for about
5 hours using a vacuum pump (KNF, model UN 726.3 FTP, Trenton, NJ) with all valves
(R.S. Crum & Company, product # SS-2P4T-BK, Mountainside, NJ) opened.

For the solubility measurement involving moisture, a predetermined amount of
water was weighed and added along with the absorbent liquids to make up to 10 mL in a
graduated cylinder. The solution was then transferred into the cell (stainless steel
cylinder). After the connection to the cell cylinder was closed with an open/closed valve
4, the system was degassed for 3 hours without the cell cylinder to prevent water being
evacuated during the degassing process. Then the cell cylinder was attached onto the
system and was degassed for 15 minutes. The same process was repeated for the case of
gas mixtures.

After the degassing process, the desired gas (CO, or He or a mixture of both) was
loaded into the reference stainless steel cell cylinder (R.S. Crum & Company, product #
304L-05SF4-150, Mountainside, NJ) with valves 1, 3, and 4 closed to a pre-determined
pressure while valve 2 was opened. The oven was turned on to allow temperature of the
gas to reach a desired temperature in the reference volume after opening valve 4. Then,
valve 3 was opened and controlled by a pneumatic controlling unit (PneuMagnetic,
Quakertown, PA) while valves 1 and 2 were closed. The pneumatic controlling unit
allows any user to open and close valve 3 with a toggle switch that is easily accessible
and positioned outside the oven. Valve 3 can be opened for up to 99 hours which is long

enough to ensure that equilibrium is fully established between both cylinders. The final
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pressure difference was used to calculate the number of moles of gas absorbed by the
absorbent liquid.

Changes in pressure versus time were also read and recorded by pressure
transducer units in both cell and reference cylinders. The rate of change of the pressure
indicates the rate of absorption of CO,; from such data one can calculate the diffusion
coefficient using the assumption that the depth of the liquid in the test cell is infinite
[38,39]. Such calculations are reported in Chapter 3 since they are part of a transport
modeling and separation research for the PSMAB process. The pressure transducer units
include two pressure transducers (Model PX32B1-250GV), two assembly cables (Model
CA-6TE24-010-PX32), and two universal input Ethernets (Model DP41-B-El) purchased
from Omegadyne Inc., Sunbury, OH. The pressure in the transducers ranges from zero to
1.72 MPa (~250 psig) with 0.25% linearity accuracy. The transducers can withstand a
temperature of up to 115 °C (388K). This provided an upper limit to the measurements.

For COy/He gas mixture, the equilibrium gas mixture composition was
determined by a gas chromatograph (Shimadzu Scientific Instruments, Inc., Model GC-
2014, Somerset, NJ). A CarboxenTM-1010 PLOT Capillary (Sigma-Aldrich Inc., product
#: 25467, Saint Louis, MO) was used in the analysis of the gas mixture at equilibrium.
Nitrogen was used as the carrier gas; column and TCD temperatures were kept at 180 °C
and 230 °C respectively. The temperature of the split injector was kept at 200 °C with a
linear velocity flow control and a split ratio of 5. The run time for the analysis was set at

ten minutes.
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2.2.4 Pressure Transducer Calibration

Pressure transducers for cell (IL) and reference (gas) cylinders record the pressures in
both cell and reference cylinders in term of milli-direct voltage (mdV). As a result,
calibration curves for the pressure transducers for CO, and He gases used in the study

were established and are shown in Figures 2.2 to 2.7.

260

240 y = 8.3044x - 5.7433
R?=0.9999

220
200
180
160
140
120
100
80
60
40
20

& Feed

Linear (Feed)

Pressure (psig)

0 4 8 12 16 20 24 28 32
Direct Voltage (mdV)

Figure 2.2 Pressure Transducer Calibration of Reference Cylinder for CO..
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Figure 2.3 Pressure Transducer Calibration of Cell Cylinder for CO,.
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Figure 2.4 Pressure Transducer Calibration of Reference Cylinder for He at Low Feed
Pressure.
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Figure 2.5 Pressure Transducer Calibration of Cell Cylinder for He at Low Feed
Pressure.
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Figure 2.6 Pressure Transducer Calibration of Reference Cylinder for He at High Feed
Pressure.
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Figure 2.7 Pressure Transducer Calibration of Cell Cylinder for He at High Feed
Pressure.

2.3 Results and Discussions
2.3.1 Data Analysis for Pure lonic Liquid
Solubilities of pure carbon dioxide and pure helium as well as their mixtures were
determined in various absorbents at different temperatures and pressures up to 1.38 MPa.
The gas mole fractions in absorbent liquids were calculated from the differences in the
values of the initial and final pressures. The general equation of state based on the
compressibility factor was used to calculate the number of moles of gas. The total

number of initial moles of the desired gas at pressure P; is given by

(2.1)

The number of moles in cell and reference volumes after equilibrium is reached at

a pressure P, is given by:
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n = P2 (Vref +VceII _VIL)

2.2
. Z.RT 22)

The moles of gas absorbed is:
n,=n—n (2.3)

Here Py is the initial feed pressure of the desired gas in the reference cylinder; P
is the final equilibrium pressure; Vi and Ve are volumes of reference and cell
cylinders, respectively; V,_ is the volume of absorbent added in cell cylinder; Z; and Z¢
are compressibility factors at pressures P, and P,. The compressibility factor value at a
temperature and a pressure point can be found in IUPAC handbooks (Angus et al.
[41,42]).

Henry’s law constants for pure CO, and pure He were calculated by extrapolating
the solubility data of each pure gas to zero pressure and are shown in Table 2.2 for the
ionic liquid [omim][DCA] at 50, 80, 90, and 100 °C. The value of a Pseudo Henry’s law
constant for each gas was also determined for the case where there was a gas mixture.
Since Henry’s law constant is defined for a pure component only, the result determined is
being called a Pseudo Henry’s law constant when a gas mixture is used. Table 2.3 lists

these values and they will be deliberated on later.

Table 2.2 Henry’s Law Constants of Pure CO; and Pure He in [omim][DCA] at
Different Temperatures

Absorbent liquid | Temperature | Henry’s law constant (bar) | Reference Hco2 [44]
(K) Hcoz Hie (bar)
[omim][DCA] 323 74.4+0.5 751.845.1 60.3£1.6 @303K
353 104.2+2.5 521.147.2 94.4+3.5@333K
363 114.3£3.0 440.8+6.4 111.4+4.8 @344K
373 129.8+1.1 | 365.1+3.0
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Table 2.3 Pseudo Henry’s Law Constants of CO, and He Mixture in [bmim][DCA] at
Different Temperatures

Absorbent liquid | Temperature Pseudo Henry’s law constant (bar)
(K) Hcoz Hpe
[bmim][DCA] 323 78.2+1.7 761.5+3.9
353 116.9+2.0 537.4+3.1
363 120.54£3.1 450.3+3.4
373 135.3+3.3 368.9+3.1

2.3.2 Solubilities of Pure Gases at Various Temperatures

Table 2.2 shows that as the temperature increased the solubility of CO, decreased in the
pure ionic liquid which is represented by an increase in Henry’s law constant. The
temperature-solubility trend observed agrees with literature results for CO, (Husson-Borg
et al. [43]). Henry’s law constants of CO; in [bmim][DCA] at 30, 60, and 71 °C reported
by Sanchez [44] are 60.3, 94.4, and 111.4 bar, respectively. Although the measurement
conditions in the present study are somewhat different from these conditions, the
literature values are in the expected range of the values obtained here. The solubility of
helium in the studied absorbent, on the other hand, increased with increasing temperature.
This trend can be explained based on thermodynamic relationships.

For helium, increasing temperature corresponds to a positive change in the
enthalpy of absorption and the entropy of absorption leading to higher solubility in liquid
absorbents (Finotello et al. [45]). For CO; increasing temperature results in a negative
change in the enthalpy of absorption and the entropy of absorption which leads to lower
solubility [45]. In other words, for low-solubility gases (N,, He, H,, etc.), the solubility
increases when the temperature increases. The reverse trend is observed for the high-

solubility gases such as CO, [45]. The same temperature-solubility trends, in terms of

29



mole fractions, for carbon dioxide and helium in the ionic liquid [bmim][DCA] are

shown in Figure 2.8 for a variety of pressures and four temperatures.
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Figure 2.8 Influence of Temperature on Solubilities of Pure CO; and He in
[omim][DCA].

2.3.3 Solubilities of Pure Gases as a Function of Pressure
The solubilities of carbon dioxide and helium in [omim][DCA] at the same temperatures

increased with increasing pressure as shown in Figures 2.9 to 2.16 (for four temperatures

50, 80, 90, and 100 °C).
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*DCA used here is short for pure [bmim][DCA]
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Figure 2.10 Solubilities of Pure CO, in Different Absorbent Liquids at 80 °C.

32




0.180

0.160 —
» X
° X
3 0140 %
o X [
8 0120 X A
5 X AN
8 X X m
< 0.100 A
£ X
g x, A"
% 0.080 PO |
@ X
k= w AN
g 0.060 o r g
w X 0
@
2 0040 ~ a -2
L J
e
0.020 Py ]
0.000
0.00 2.00 4.00 6.00 8.00

Absolute Equilibrium Pressure (bar)

& DCA

W 20wt% Den.
A 20wt% Den.
X 30wt% Den.
X 30wt% Den.

in DCA
in DCA w. moisture
in DCA

in DCA w. moisture

Figure 2.11 Solubilities of Pure CO, in Different Absorbent Liquids at 90 °C.

33




0.16

0.14

0.12

0.1

0.08

0.06

0.04

Mole Fractions of CO, in Absorbent Liquids

0.02

X
X
» XAl
A
S
AR
¥ X
X
X
5 A
*—im
.

2 A 6

Absolute Equilibrium Pressure {bar)

+DCA

W 20wt% Den.
A 20wt% Den.
< 30wt% Den.

F 30wt% Den.

in DCA
in DCA w. moisture
in DCA

in DCA w. moisture

Figure 2.12 Solubilities of Pure CO, in Different Absorbent Liquids at 100 °C.

34




0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

Mole Fraction of He in Absorbent Liquids

0.002

0.001

*
xl
% A
i
ki
.
X
§
®
2 4 6 8

Absolute Equilibrium Pressure (bar)

+ DCA

W 20wt% Den. in DCA

A 20wt% Den. in DCA w. moisture
# 30wt% Den. in DCA

. 30wt% Den. in DCA w. moisture

Figure 2.13 Solubilities of Pure He in Different Absorbent Liquids at 50 °C.

35




He Mole Fraction in Absorbent Liquids

0.0160

0.0140

0.0120

%}{x;T

0.0100

> He
>x» He

0.0080

o
o
o
[oN]
o

> He

0.0040

)
._Q‘

2o
»*

0.0020

0.0000

0.00

2.00 4.00 6.00
Absolute Equilibrium Pressure (bar)

8.00

¢DCA

W 20wt% Den. in DCA

A 20wt% Den. in DCA with
moisture

X 30wt% Den. in DCA

X 30wt% Den. in DCA with
moisture

Figure 2.14 Solubilities of Pure He in Different Absorbent Liquids at 80 °C.

36




0.0180

Absolute Equilibrium Pressure (bar)

0.0160 -
X
o bt
3B 0.0140 &
g [ |
j X aX
% 0.0120 . ¢DCA
£ X %
o
£ 00100 ., m20wt% Den. in DCA
c
= molisture
c . X % 30wt% Den. in DCA
en. in

- 0.0060 n* WERBen- 1
[}
= X % 30wt% Den. in DCA with
£ 0.0040 g moisture

0.0020 2

0.0000

0.00 2.00 4.00 6.00 8.00

Figure 2.15 Solubilities of Pure He in Different Absorbent Liquids at 90 °C.

37




0.0220
0.0200 »
X

" 0.0180 ,X
E v
>
.g 0.0160 X
= ) R ¢ [DCA]
£ 0.0140 % X
§ ’ M 20wt% Den in DCA
< 0.0120 < - °
p L, X
“:'ll:: 0.0100 X 20wt% Den in DCA with
5 ] x moisture
o X &
 0.0080 X 30wt% Den in DCA
g ¥ x
o 0.0060
© * X X 30wt% Den in DCA with
= 0.0040 A moisture

0.0020 R

0.0000

0.00 2.00 4.00 6.00 8.00
Absolute Equilibrium Pressure (bar)

Figure 2.16 Solubilities of Pure He in Different Absorbent Liquids at 100 °C.

Table 2.4 shows the mole fraction values of carbon dioxide in [omim][DCA] at 30
°C for various pressures reported by Sanchez [44]. In this study, the lowest temperature
of solubility measurement was 50 °C except for two additional runs carried out at room
temperature. The data obtained from additional runs at room temperatures were used to
determine diffusion coefficients and Henry’s law constant at room temperature, which are
used in the mathematical model in Chapter 3. For general comparison purpose, the mole
fraction values of CO, in the same ionic liquid at 50 °C for similar pressures, also shown
in Table 2.4, show trends similar to those of Sanchez’s at 30 °C, namely the solubility

increased with increasing pressure and further the values are in the same range.
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Table 2.4 CO, Mole Fractions in [omim][DCA] for Different Pressures at 30 °C and
50 °C

Pressure (bar) CO, mole fraction
2 0.035
4 0.068
Sanchez [44] at 30 °C 5 0.08
7 0.11
9 0.13
1.14 0.015
1.78 0.024
2.45 0.033
3.11 0.042
Experimental data at 3.78 0.051
50 °C (This work)
4.42 0.060
5.11 0.069
5.85 0.078
6.48 0.087
7.17 0.097

Table 2.5 (Table A15 in Appendix A provides a complete data set) shows the
values of CO, mole fraction in [omim][DCA] at various feed pressures and temperatures.
The data show that carbon dioxide mole fraction values are directly proportional to the

feed pressures. In addition, for the same feed pressure, the mole fraction ratio (= the ratio
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of mole fractions at the two pressures) at different temperatures is the same. The same

trend could also be observed for other liquid absorbents in this study.

Table 2.5 CO, Mole Fractions in [omim][DCA] at Various Feed Pressures and

Temperatures
Temperature Pressure (bar) CO,; mole Pressure Ratio | Mole Fraction
(°C) fraction Ratio
2.43 0.015 1.00 1.00
50 7.92 0.051 3.26 3.33
14.77 0.097 6.08 6.35
2.43 0.015 1.00 1.00
80 7.92 0.051 3.24 3.28
14.77 0.097 6.07 6.21
2.43 0.015 1.00 1.00
90 7.92 0.051 3.28 3.26
14.77 0.097 6.15 5.92
2.43 0.015 1.00 1.00
100 7.92 0.051 3.39 3.39
14.77 0.097 6.32 6.42

2.3.4 Solubilities of Pure Gases in Different Liquid Absorbents
Solubilities of carbon dioxide in various absorbents other than pure [omim][DCA] at 50,
80, 90, and 100 °C have been shown in Figures 2.9 to 2.12, respectively. Among these

different liquid absorbents, carbon dioxide was least absorbed in pure [bmim][DCA].
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CO; solubility in the absorbent increased with increasing dendrimer concentration in the
absorbent solutions since a PAMAM dendrimer (generation 0) molecule contains four
primary amine groups and two tertiary amine groups (Figure 2.17), which helps increase
the reactive absorption of carbon dioxide.

Solubilities of He in various absorbents other than pure [bmim][DCA] at 50, 80,
90, and 100 °C are shown in Figures 2.13 to 2.16, respectively. Unlike carbon dioxide,
He was most absorbed in pure [omim][DCA]. He solubility in the absorbent somewhat
decreased with increasing dendrimer concentration in the absorbent solutions. The
possible reason was due to the influence by the presence of other electrolytes/compounds

such as dendrimer that affected the physical solubility of He in the IL.

0 NH,
pl s e
H H
e ;}NH
/\/ /\

Figure 2.17 PAMAM Dendrimer of Generation 0.
Source: [20].

Only primary and secondary amine groups can react with carbon dioxide without
any water present. The reaction between primary amine groups in a dendrimer molecule
with CO; has been shown in Equation (2.4):

2 R(NH,)s+ 4 CO, <> R(NHCOO), + R(NHs")s4 (2.4)
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There is spectroscopic evidence (FTIR) shown in Figure 2.18 indicating the
presence of carbamate species in the dendrimer Gen 0 system with ionic liquid exposed
to CO,. Figure 2.19 shows that pure [bmim][DCA] did not have any band at around 1655
cm™ on the IR spectra while 20 wt% dendrimer Gen 0 in [bmim][DCA] without any
exposure to CO, had the band at 1655 cm™ due to the presence of the amines in the
solution. Figure 2.18 shows that the band at the wavenumber of 1651 cm™ decreased in
intensity while the bands at 1567 and 1170 cm™ increased in intensity after CO, was
introduced to the 20 wt% dendrimer Gen 0 in [omim][DCA]. This indicates that CO,
reacted with the primary amine groups to form carbamate species. The bands at
approximately 1550 and 1100 cm™ correspond to the C=0 asymmetric and symmetric

stretching bands of NH,COO"™ (Park et al. [46], Krevelen et al. [47]).
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Preparation).

In addition, CO; solubility increased significantly when moisture was added to the
dendrimer-ionic liquid solution due to the contribution of the tertiary amine groups

contained in dendrimer besides the primary amine groups. Equation (2.5) shows the

reaction of tertiary amine groups in the presence of water with carbon dioxide [20]:

2 CO;, + Rp-N-R-N-R; + 2H,0 <> 2HCO3 + Rp-NH'-R-NH"-R;

The effect of water in [omim][DCA] containing dendrimer on CO, solubility was

largest at 50 °C, as shown in Figure 2.9. Some water evaporated at the higher
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temperature; as a result, the presence of water in [bmim][DCA] containing dendrimer
solutions was less effective, corresponding to a smaller increase in CO; solubility.

In aqueous systems, the physical solubility of CO, is affected by the presence of
various ions. When reactive absorption of CO, takes place it is difficult to know what the
concentration of free CO; is. A method followed in literature [46,47] involves
determining the change in solubility of an inert gas due to the presence of various ions.
The ratio of this change in solubility of this inert gas due to various ions is used to correct
the free CO, concentration by the same factor. Normally N,O is used (Versteeg et al.
[48], Blauwhoff et al. [49]); here, the solubility ratio of inert He has been used to correct

the concentration of free CO, in the reactive absorbent liquid:

H P
HcozT = Hcoz % :7f (2-6)
He

where Hcopt: Henry’s law constant of CO, due to physical absorption in the IL
containing dendrimer.

Hcoz: Henry’s law constant of CO, in pure 1L

Huer: Henry’s law constant of He in the IL containing dendrimer

Hue: Henry’s law constant of He in pure IL

x: mole fraction of free CO,,

Due to the radically different charge climate in an ionic liquid as opposed to water
(for example), the effect is expected to be minor. This correction has been found to be

around 2-8%, which is shown in Table A18 in Appendix A.

45



2.3.5 Solubilities of Gases in a Mixture

Table 2.3 summarizes the Pseudo Henry’s law constants for an initial feed gas mixture
containing 40% CO,, He balance for different absorbent liquids and at different
temperatures. Here Pseudo Henry’s law constant has been defined as the value of the
slope of the curve of the gas partial pressure vs. mole fraction of species in liquid as this
mole fraction tends to zero. The Pseudo Henry’s law constants for each of CO; and He in
the gas mixture were slightly higher than Henry’s law constants of pure CO, and He. The
Henry’s law constants for pure CO; and He in pure [bmim][DCA] at 50 °C are 74.4 and
751.8 bar respectively whereas the Pseudo Henry’s law constants for CO, and He in the
gas mixture at 50 °C are respectively 78.2 and 761.5 bar. The differences between those
values are within 5%. In addition, all the solubility trends with temperature, pressure, and
absorbent liquids observed with the pure gases were also observed here. This was also a

way to verify that the results are consistent and reproducible.

2.3.6 CO,-He Solubility Selectivity

Solubility selectivity of CO, over He is defined in this study as the ratio of Henry’s law
constant of pure helium to that of pure carbon dioxide at a given temperature for
[omim][DCA]. For other reactive absorbents the solubility selectivity is defined as the
ratio:

Pseudo Henry's law constant for He

Solubility selectivity (CO,/He) =
Pseudo Henry's law constant for CO,

2.7)

Here as before the Pseudo Henry’s law constant has been defined as the value of
the slope of the curve of the gas partial pressure vs. mole fraction of species in liquid as

this mole fraction tends to zero. When there is a reactive absorbent, Henry’s law constant
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defined for physical absorption in the limit of zero mole fraction in the liquid phase is
misleading. However, in all four dendrimer-containing absorbents studied (Figures 2.9-
2.16), there is essentially a linear behavior over almost the whole range of pressures and
certainly as the pressure is lowered.

Figure 2.20 shows the solubility selectivity of CO, over He in a number of liquid
absorbents at four temperatures. The solubility selectivity decreased with increasing
temperature for all liquid absorbents. The highest selectivities were observed at 50 °C.
Solubility selectivity of carbon dioxide over helium in pure [bmim][DCA] decreased
from ~10 at 50 °C to ~2.8 at 100 °C. A solution of 30 wt% dendrimer in [bmim][DCA]
with moisture gave the highest CO,/He solubility selectivity among the three studied
absorbents based on the IL[bmim][DCA] and five systems: a value of 55 at 50 °C and 10

at 100 °C.
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Figure 2.20 Solubility Selectivity of CO,/He in Absorbent Liquids at Different
Temperatures.

2.3.7 Apparent Equilibrium Constant for the Reaction in Reactive Absorption

The PAMAM Gen 0 molecule has four primary amines and two tertiary amines (Figure
2.17). For a dry system, one needs to focus only on primary amines. The reaction
scenario is complicated by the fact that under conditions of excess CO,, one can have all
four primary amines in a molecule consumed. However, if one has a limited amount of
CO,, one can envisage a scenario where only one primary amine in a molecule has been
consumed (In reality there will be a variety of intermediate conditions). Here appropriate

equations will be developed for these two extreme cases so that one can extract values of
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the corresponding apparent equilibrium constants. First focus on the situation where all
four primary amines in a PAMAM Gen 0 have been consumed:

2 R(NH,)4 + 4 CO, <> R(INHCOO), + R(NH3")4 (2.8)

The approach for determining the equilibrium constant from the measured data is

as follows. For 20 wt% dendrimer in [bmim][DCA] with a known mass (m) and volume

of 0.01L (Vy.), the number of moles of dendrimer and [bmim][DCA] are, respectively

0.2m
n = — 2.9
den 5170 ( )
0.8m
" 205.26 (2.10)

The number of moles of CO, absorbed in the IL containing dendrimer, n,, was
calculated from the experimental data via Equation (2.3). The Henry’s law constants for
CO, due to physical absorption in the IL containing dendrimer are calculated via equation
(2.6).

This approach is adopted since the physical solubility of CO; in the IL will be
influenced by the presence of other electrolytes/compounds such as dendrimer. The effect
of these compounds on the solubility of He will provide some guidance on the correction
needed for CO; solubility. If N,O was used instead of He, the correction may have been
more accurate [48,49]. However, as mentioned earlier due to the radically different
charge climate in an ionic liquid as opposed to water (for example), the effect is expected
to be minor.

Mole fraction of free CO, in the liquid, X, is calculated below:

n Pf
X= = (2.11)
n—i_nIL +nden HCOZT
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Therefore,
_ X(nIL +nden) _ - .
n= 1 x moles of free CO; in solution (2.12)
Now, Nncozr, the moles of CO, reacted with primary amines present in dendrimer, is equal
to
Ncozr = N2-N (2.13)

From Equation (2.4), the apparent reaction equilibrium constant, K¢, may be written as:

nR(NHCOO’)4 nR(NH3+)4

K = Vi Vi (2.14)

4 2
nCOZ\free (nR(NHZ)4 J
V|L V|L

where we have assumed that any dendrimer molecule has all four primary amine groups

reacting with CO, per Equation (2.4). Obviously

_ Neoar

Ne(NHcoo ), = 4 = R(NH3"), (2.15)
Also the unreacted dendrimer molecules, ng,, , are related to
nCO r nCO r r]CO r
n =Ny ————— ———— =Ny, ————— 2.16
R(NH,), den 4 4 den 2 ( )
Substituting relations (2.12), (2.15), and (2.16) in (2.14), one gets
2
nCOz,r
4 4
K. = V. (2.17)

n 2
4 CO,,r
n [nden - 2 J

Since all of the quantities on the right hand side are known, K¢ can be

determined.
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In the other limit, only one primary amine of each dendrimer molecule may be
reacting with CO,. In reality, there will be a variety of scenarios. However, one can
calculate the K¢ value in the limit where only one primary amine of each dendrimer
reacts with CO,:

CO, + 2 R(NH.)s <> R(NH2)sHNCOO™ + R(NH,)sNH3" (2.18)

Similar to the case where all four primary amines reacting with carbon dioxide,
for 20wt% dendrimer in [bmim][DCA] with a known mass (m) and volume of 0.01L

(ViL), the number of moles of carbon dioxide reacting with only primary amine, n., , is

calculated using Equations (2.9) to (2.13).

From Equation (2.18), the reaction equilibrium constant, K¢, may be written as:

n n
R(NH2); HNCOO™  R(NH2); NH,"

W Vi (2.19)

K¢ 5
nCOZ\free [nR(NHz)4 ]
V|L V|L

where assuming only one primary amine group in any dendrimer molecule is reacting

with CO, per Equation (2.18). Obviously

nR(NH2)3 HNCOO™ nCOZvr - nR(NH2)3NH3+ (2'20)
Also the unreacted dendrimer molecules, ng,, , are related to
nR(NH2)4 = Ngen — ncoz,r - nCOZ,r = Ngen — 2nCOZ,r (2-21)

Substituting relations (2.20), and (2.21) into (2.19), we get
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2
(nCOZ,r )

Ke =
2
n (nden _ZnCOZ,r)

V, (2.22)

The apparent reaction equilibrium constant, Kc, in this case could be expressed as:

2
(nCOZ,r )

KC ) n(nden _ZnCOZ,r)

a (2.23)

One can calculate the theoretical capacity of CO, absorption by PAMAM
dendrimer molecules under dry conditions as well as under wet conditions. This value has
been calculated for dry conditions for a certain concentration of PAMAM in the ionic
liquid. By taking into account the total CO, absorbed minus the amount due to CO,
solubility in the ionic liquid under the selected condition, one can then find out what
fraction of this theoretical absorption capacity has been consumed under this particular
condition. If one is very close to the theoretical capacity, one can argue that Equation
(2.8) describes the situation. On the other hand, if the results very far away from the
theoretical capacity, the case for reaction (2.18) improves.

In Table 2.6 (For a complete table which includes many pressures at any
temperature, refer to Table A16 in Appendix A), the percent theoretical capacity

consumed has been provided for a few pressures for a given temperature for 20 wt%

dendrimer in the ionic liquid.
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Table 2.6 Percent Theoretical Capacity* of Primary Amines Consumed Under Different
Pressures and Its Corresponding Apparent Equilibrium Constant of Primary Amine
Reaction with CO, for 20 wt% Dendrimer in [bomim][DCA] at Different Temperatures**

Tempearature (°C) Pteeq (bar) % Saturation (%) Kc
50 2.43 10.56 6100 L/mol
14.66 97.69 29972 L*/mol*
80 2.39 5.51 2804 L/mol
90 2.41 4.13 2227 L/mol
100 2.47 3.84 1790 L/mol

*Theoretical capacity is the theoretical moles of carbon dioxide absorbed due to reacting with primary
amines in dendrimer based on the Equation (2.8)
**Dry system

At 14.66 bar, one finds that the absorption amount is 97.69% of the theoretical
capacity at 50°C. Therefore, Equation (2.17) may be used to estimate the apparent
equilibrium constant K¢; the value is 29972 L*/mol”. At 2.41 bar, the absorption amount
is 10.56% of the theoretical capacity at 50 °C. One may therefore use Equation (2.23) to
estimate Kc¢; the value is 6100 L/mol. In addition, at 80, 90, and 100 °C, Equation (2.23)
is used to calculate the apparent equilibrium constants due to the small percent amine
saturation. The K¢ values for 20 wt% dendrimer in [omim][DCA] at 80, 90, and 100 °C
are 2804, 2227, and 1790 L/mol, respectively.

One can carry out similar calculations for the 30 wt% dendrimer in the ionic
liquid at different temperatures and pressures; the results are shown in Table 2.7 (for a
complete table, refer to Table A17 in Appendix A). Since the percent amine saturation for
most cases at all the temperatures studied is small, Equation (2.23) is used to calculate the
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apparent equilibrium constants at different temperatures. The K¢ values for 30 wt%
dendrimer in [bmim][DCA] at 50, 80, 90, and 100°C are 6659, 3061, 2431, and 1954
L/mol respectively. At 50 °C and 14.66 bar, the % saturation is 69.58%. Therefore,
Equation (2.17) may be used to calculate Kc: the value is 10329 L*/mol*. Due to lower %
saturation this value is quite different from 29972 L*/mol* calculated for 20 wt% case

with 97.69% saturation at 50 °C.

Table 2.7 Percent Theoretical Capacity* of Primary Amines Consumed under Different
Pressures and Its Corresponding Apparent Equilibrium Constant of Primary Amine
Reaction with CO; for 30 wt% Dendrimer in [bomim][DCA] at Different Temperatures*

Tempearature (°C) Pteeq (bar) % Saturation (%) Kc
50 2.41 9.29 6659 L/mol
14.66 69.58 10329 L*/mol*
80 2.43 4.49 3061 L/mol
90 2.43 3.93 2431 L/mol
100 2.43 2.98 1954 L/mol

*Theoretical capacity is the theoretical moles of carbon dioxide absorbed due to reacting with primary
amines in dendrimer based on the Equation (2.8)
**Dry system

What one observes is as follows: the apparent reaction equilibrium constants
decreased as the temperature was increased. Further the value of K¢ for the case of only
one primary amine being consumed is likely to be independent of the dendrimer

concentration at all four temperatures.
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2.3.8 Solubilities of Pure CO, and Pure He in PEG 400 and 20 wt% Dendrimer in
PEG 400

PEG 400 and 20 wt% dendrimer in PEG 400 solution were also used as absorbents to
study the solubility of carbon dioxide and helium. Solubilities of pure CO, and pure He in
PEG 400 and 20 wt% dendrimer in PEG 400 are presented in terms of Henry’s law
constant and pseudo Henry’s law constant and shown in Tables 2.8 and 2.9. Figures 2.21
to 2.28 show the solubilities of carbon dioxide and helium in pure PEG 400 and in 20
wt% dendrimer in PEG 400 at four temperatures. The figures show the same solubility
trends are observed. Increasing feed pressure increases the number of moles of carbon
dioxide and helium absorbed in the studied liquids. In addition, increasing temperature
decreases the number of moles of carbon dioxide absorbed but increases the number of
moles of helium absorbed in the liquids.

Table 2.8 shows the Henry’s law constants of carbon dioxide obtained in the
study are comparable to the ones obtained by Li et al. [50] especially at 323 K. Moreover,
Tables 2.2 and 2.8 indicate that carbon dioxide gets absorbed more in pure PEG 400 than
in pure [bmim][DCA] as the Henry’s law constants for CO, in PEG 400 are less than
those in [bomim][DCA] at the same temperature. Similarly, Table 2.9 shows that 20 wt%
dendrimer in PEG 400 absorbs more carbon dioxide than 20 wt% dendrimer in
[bmim][DCA]. As a result, the solubility selectivities of CO,/He in pure PEG 400 and in
20 wt% dendrimer in PEG 400 are higher than the solubility selectivities of CO,/He in
pure [omim][DCA] and in 20 wt% dendrimer in [bmim][DCA], which is shown in Figure

2.29.

55



Table 2.8 Henry’s Law Constants of Pure CO, and Pure He in PEG 400 at Different

Temperatures
Absorbent Temperature | Henry’s law constant (bar) Reference Hcoz [50]
|IQU|d (K) Hcoz Hne (bar)
PEG 400 323 65.0+3.4 791.0£6.5 56.6+1.2 @313K
353 91.1+2.3 565.6+10.2 65.4+0.7@323K
363 101.5+2.0 463.218.6 70.9+1.2 @333K
373 110.2+4.6 361.4+4.7

Table 2.9 Pseudo Henry’s Law Constants of Pure CO, and Pure He for 20 wt%
Dendrimer in PEG 400 and [bmim][DCA] at Different Temperatures

Absorbent liquids

Temperature (K)

Pseudo Henry’s law constant (bar)

Hco2 Hre
20 wt% dendrimer 323 25.4+2.3 800.0+12.1
in PEG 400 353 40.9+2.0 574.8+12.5
363 48.3+2.7 473.1+8.4
373 56.0+2.3 375.7+7.3
20 wt% dendrimer 323 28.5+1.0 796.7+45.8
in [omim][DCA] 353 48.1+1.3 555.8+10.4
363 55.3+1.2 453.3+3.3
373 62.1+1.5 360.2+5.1
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Figure 2.21 Solubilities of Pure CO, in Different Absorbent Liquids Based on PEG 400
at 50 °C.
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50 °C.

61



0.014

0.012

0.01

0.008

®PEG 400
W 20wt% Den. in PEG 400

He Mole Fraction in Absorbent Liquids

0.002 -

0 2 4 6 8
Absolute Equilibrium Pressure (bar)
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Figure 2.29 Solubility Selectivity of CO,/He in [bomim][DCA], PEG 400, and 20 wt%
Dendrimer in [bmim][DCA] and PEG 400.

2.4 Concluding Remarks
This chapter focused on finding out the CO, absorption characteristics and CO,-He
selectivity of an ionic liquid with or without a nonvolatile PAMAM dendrimer Gen 0
CO; for use in the pressure swing membrane absorption process [26]. A gas solubility
apparatus was successfully setup to measure the solubility of pure CO,, pure He and a
CO,-He mixture at temperatures of 50, 80, 90, and 100 °C and at pressures up to 1.38
MPa (~200 psig). Gas solubility measurements were made using a pressure decay
method. Here, CO, solubility decreased with an increase in temperature whereas He

solubility increased with an increase in temperature. The CO, and He solubilities
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increased with an increase in pressure. An increase in the PAMAM dendrimer
concentration led to a substantial increase in CO, solubility in a liquid absorbent due to
reactions with the primary amine groups in the dendrimer molecule. An increase in
dendrimer concentration led to a decrease in He solubility in the liquid absorbent. The
presence of water in the ionic liquid containing dendrimer led to a considerable increase
in CO, absorption in the liquid absorbent due to the reactivity of the tertiary amine
groups. Among the studied absorbent liquids, 30 wt% dendrimer in [bomim][DCA] with
moisture gave the highest CO, solubility at all temperatures studied. Higher CO./He
solubility selectivity was observed as temperature decreased. A solution of 30 wt%
dendrimer in [bmim][DCA] with moisture gave the highest CO,/He solubility
selectivity: a value of 55 at 50 °C and 10 at 100 °C. The solubilities of gases in a mixture
are consistent with those of pure gases. In addition, carbon dioxide gets absorbed more in
PEG 400 and 20 wt% dendrimer in PEG 400 than in [bmim][DCA] and 20 w%
dendrimer in [bmim][DCA], respectively. That results in a higher solubility selectivities
of CO2/He in PEG 400 and 20 wt% dendrimer in PEG 400 than in pure [bomim][DCA]
and 20 wt% dendrimer in [omim][DCA].

Estimates of apparent reaction equilibrium constant (K¢) for a dry environment
were also developed for two cases: all primary amines consumed; only one primary
amine consumed. The values of K¢ for the case of only one primary amine consumed

were almost independent of dendrimer concentration at all four temperatures.
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CHAPTER 3
PRESSURE SWING MEMBRANE ABSORPTION PROCESS FOR SHIFTED
SYNGAS SEPARATION: MODELING vs. EXPERIMENTS
3.1 Introduction

Large-scale gas separation processes such as physical and/or reactive absorption of gases,
pressure swing adsorption on solid adsorbents, cryogenic, and selective permeation
through a membrane, all have advantages and disadvantages. Pressure swing adsorption
(PSA) process is efficient to remove small impurities. However, the process is generally
bulky and becomes costly when the impurity concentration increases (Yang [51]). Gas
absorption involving reactive or non-reactive systems requires large contactors, which
leads to high capital costs due to limited contacting area per unit device volume. In
addition, it not only requires a tremendous amount of energy for the heating and cooling
involved in the process, but also is prone to flooding, foaming, weeping, corrosion, and
degradation (Qi and Cussler [52], Spilman [53]). Membrane-based gas-liquid contacting
can avoid the shortcomings present in PSA or dispersive contacting-based absorption
process. It uses a microporous hollow fiber membrane module providing high interfacial
area per unit volume.

Solvent absorption-based method is a desired and widely used method for CO,
removal. Since carbon dioxide produced from the low temperature (L-T) water gas shift
reactor is at a high temperature around 150-200 °C and high pressure, CO, liquid
absorbent chosen has to be thermally stable and non-volatile. Furthermore, the chosen

absorbent liquid must have a high solubility selectivity of CO, over H, and CO. Since
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post L-T water gas shift reactor produces gases with considerable moisture, absorbents
having high selectivity of carbon dioxide in the presence of water are also of interest.

In this study, a pressure swing membrane absorption (PSMAB) process originally
proposed by Bhaumik et al. [27], and later developed further by Jie et al. [26] was
utilized to separate a feed gas mixture containing 40% CO,-He balance. The process uses
a microporous hydrophobic hollow fiber-based gas-liquid contactor with the absorbent
liquid being stationary on the shell side and the feed gas mixture flowing through the tube
side. The feed gas mixture was introduced into the membrane module through the tube
side for five seconds. There, for a short period of time (30 seconds) the feed gas comes
into contact with the stagnant and pressurized liquid absorbent on the fiber outer diameter
(Shown in Figure 3.1) where carbon dioxide gets absorbed. During the rest of the cycle,
two different product streams are withdrawn from two different ends of the tube side. He-
rich product is withdrawn for two seconds while the CO,-rich product is desorbed for 30
seconds. The absorbent liquid used is pure [omim][DCA]. A mathematical model has
been developed to predict the behavior of such a process and compare the predictions

with the results of experimental runs over a range of temperatures from 23 to 100 °C.

3.2 Experimental Procedure
3.2.1 Materials
The ionic liquid [bmim][DCA] was purchased from EMD Chemicals, Philadelphia, PA.
Simulated pre-combustion syngas containing 40.67% CO,- He balance was obtained

from Air Gas, Piscataway, NJ.
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Ceramic membrane modules were purchased from Media and Process
Technology, Pittsburgh, PA. One module contains a single ceramic tubule in a stainless
steel housing. The ceramic tubule has a y-alumina coating on an a-alumina substrate with
all surfaces hydrophobized with nonafluorohexylsilane coating; the outside surface has a
pore size ~5 nm.

Teflon membrane modules were purchased from Applied Membrane Technology
Inc., Minnetonka, MN. The surface of the Teflon tube was completely hydrophobized by
a nanoporous fluorosilicone coating to reduce the pore size to <0.01um.

Three types of hydrophobized polyether ether ketone (PEEK) membrane modules
were obtained from Porogen, Woburn, MA. One type is a small PEEK module (identified
as PEEK-S). It contains a certain number of straight microporous hydrophobized PEEK
hollow fibers in a cylindrical stainless steel housing with additional 1 to 1.5 inch (2.54 to
3.81 cm) on each open end of the fibers for stainless steel fittings. The second type
(identified as PEEK-L I1) has exactly the same type but much longer fibers helically
wound in stainless steel housing. The third type (PEEK-L 111) has fibers of similar length
as in PEEK-L IlI; however, the membrane surface area was almost doubled for the same
shell side volume. Therefore, the gas volume in the fiber I1.D. region would be almost
twice of that in PEEK-L Il and correspondingly the effect of the tube-side header dead
volume will be reduced in so far as product quality is concerned. Details of all membrane

modules are listed in Table 3.1.
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Table 3.1 Dimensional Characteristics of the Membrane Absorption Modules

Module OD/ID; L; Pore VVF Fiber | Surface area®; | A/V;cm™
cm cm Size®; Number cm?
Ceramic 0.57/0.37 44.0 ~50 0.35~0.4 1 78.75 4.3
Teflon 0.108/0.053 58.0 <100 NA 28 570 27.2
PEE£(4-L 0.0452/0.029 41.0 ~20 ~0.4 568 3420 54.7
PEIIIEK—L 0.047/0.0272 41.0 ~20 ~0.4 908 5500 57.4
11

1OD: outer diameter of fiber; ID: inner diameter of fiber; L: effective fiber length; VVF: void volume fraction; 2 Based
on outer diameter of fibers; > PEEK-L Il module has a packing density around 21.8% that was defined as the ratio
between total fiber volume and the real volume they occupied (total fiber volume plus space between the fibers in the
fiber strands wound helically in the module); * PEEK-L module with PTFE bead-filled tube-side headers in the module;
® Pore size of the outside surface.

One eighth inch diameter PTFE balls (Engineering Laboratories, Inc., Oakland,
NJ) were put in the tube side headers of the PEEK-L Il module to reduce the dead
volume in tube-side headers; however, there were no PTFE balls in the tube-side headers
of PEEK-L IIl. PEEK-S modules were not studied. Teflon modules were also not studied

due to their low breakthrough pressures.

3.2.2 Breakthrough Pressure Test for Membrane Modules

Before the membrane modules were used in the pressure swing membrane absorption
process system, breakthrough pressure tests on these modules were performed using
different absorbent liquids since this determined how high a feed gas pressure for
PSMAB studies could be used. Breakthrough pressure is determined mainly by two
factors: pore size of membrane fibers at the liquid-gas interface on the shell side and the
surface tension of the absorbent, namely, the IL. Breakthrough pressure for a non-wetted

pore size of radius, rp, is described by the Young-Laplace equation:
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2y cos
AF)breakthrotrgh =
rp

(3.1)

where vy is the surface tension of the liquid.

During the test, the module shell side was filled with [omim][DCA]. One port of
the membrane module shell side was connected to a small cylinder containing the IL
while the other port was closed. The IL cylinder was also connected to a N, cylinder to
develop the desired pressure. The membrane module tube side had a low flow of nitrogen
gas to bring any possible breakthrough of IL out when the pressure was gradually
increased. When leaked IL could be detected from tube side, the test pressure was defined
as the breakthrough pressure. Liquids other than ILs were also tested. Some modules
were tested up to 300 psig and all the breakthrough pressure tests were performed at
room temperature. Table 3.2 summarizes the breakthrough pressures of all membrane

modules tested.
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Table 3.2 Breakthrough Pressure Results

Module 20% 20% Dendrimer
tvpe Water [omim][DCA] | [emim][Tf,N] PEG 400 | Dendrimer in in
P PEG 400 | [bmim][DCA]
Ceramic . *No leakage .
| 210 psig up to 300 psig N/A N/A 300 psi N/A
“No *No
Ceramic leakage *No leakage .
I up to up to 300 psig 180 psig tlga:;(gge suip N/A N/A
300 psig Psig
*No
. leakage *No leakage *No leakage
Ceramic 11l up to up to 300 psig | up to 300 psig N/A N/A N/A
300 psig
*No
. leakage *No leakage *No leakage
Ceramic IV up to up to 300 psig | up to 300 psig NIA N/A N/A
300 psig
*No
Teflon | leakage - . .
(S/N: 1004) up to 100 psig N/A 80 psig N/A 100 psig
100 psig
Teflon 1 . - . .
(S/N: 1005) 140 psig 40 psig N/A 80 psig N/A 40 psig
*No
Teflon 111 leakage - . .
(S/N: 1006) up to 60 psig N/A 80 psig N/A 60 psig
140 psig
“No *No
PEEK leakage *No leakage *No leakage
2PG295 up to up to 200 psig | up to 200 psig tlga;gge :ip N/A N/A
200 psig Psig
“No *No
PEEK leakage *No leakage
2PG296 up to up to 260 psig NIA tlga;gge :ip N/A N/A
260 psig psig
PEEK *No leakage
2PG261 N/A Up t0 250 psi N/A N/A N/A N/A
PEEK Ie’:lzlao e
(S/N:30- g 40 psig N/A 140 psig N/A N/A
105-20) | , Pt
200 psig
*No
PEEK
(s/N:30- | leakage | *No leakage 80 psi 180 psig N/A N/A
up to up to 140 psig
105-21) )
200 psig
PEEK-L I >260 . .
osig >260 psig N/A >260 psig N/A N/A
PEEK-L Il >300 . .
psig >250 psig N/A >250 psig N/A N/A
PEEK-L 111 ;if; >250 psig N/A N/A NIA NIA
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3.2.3 Pressure Swing Membrane Absorption (PSMAB) Process
Figure 3.1 shows the concentration profile of the absorbed gas species in the gas and the

liquid phases in a membrane absorber.

Immobilized L Io
gas-liquid ! r
interface ! !
Foozzzz=z2zzzzzt Absorbent
F = liquid
Cig :; Hydrophobized
GAS - ; surface
) P N
Ps

Figure 3.1 Concentration Profile for Absorbed Species in Gas and Liquid Phases in a
Porous Membrane Gas-Liquid Contactor.

Pressure swing membrane absorption process of a gas mixture was usually carried

out in a hollow fiber membrane module shown in Figure 3.2.
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mlet / \ outlet
Dead volume, AN\ Dead volume,
tube side header xa %) tube side header

Figure 3.2 Schematic of the Membrane Containing Ceramic Tubules or Hollow Fibers.

Figure 3.3 shows a schematic diagram of the pressure swing membrane
absorption experimental setup employing three valves.

® Pressure gauge

! lonic liquid container Nitrogen cylinder
Gas flowrate ! Pneumatic valve 1

controller 3
Membrane module ;
! CO, analyzer
Pressure ® :
transducer ;

‘ Helium product
Valve 2 Valve 3 3 cylinder

CO, product Oven interior
cylinder

Vacuumpump( '
| CO,analyzer

Feed gas cylinder

Figure 3.3 Schematic Diagram of the Pressure Swing Membrane Absorption Setup.
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The membrane module was put inside a temperature controlled oven (Model PV-
222, ESPEC North America Inc., Hudsonville, MI) so that the exact temperature could be
set and controlled. The shell side of the module was filled with a certain absorbent such
as ionic liquid supplied from the absorbent container connected to a nitrogen cylinder to
maintain the desired pressure. Feed gas mixture was introduced into the membrane bore
side where the gases contacted the absorbent through the micropores and got absorbed.
The absorbent pressure in the shell side was always kept about 138 kPag (20 psig) higher
than the highest feed gas pressure in tube side to avoid any possible gas bubbling into the
liquid absorbent. The CO, product side was connected to a vacuum pump to supply
driving force for product withdrawal; three pneumatic valves were used to control exactly
the time period for different steps in one absorption cycle (Three-valve system). This
valve control system was realized via a Programmable Logic Controller (PLC) scheme
installed by PneuMagnetic, Quakertown, PA.

Both He-rich and CO,-rich product streams were analyzed by an IR-based CO,
analyzer (Model 906, Quantek Inc., Grafton, MA), which allowed estimation of real time
CO,, concentration fluctuations in the two product gas streams.

A pressure transducer unit was installed inside the oven and directly connected to
the tube side of the membrane module to record detailed pressure changes with time
during the absorption process. Changes in pressure versus time were read and recorded
by a pressure transducer unit. The pressure transducer unit included one pressure
transducer (Model PX32B1-300GV), one assembly cable (Model CA-6TE24-010-PX32),
and one universal input Ethernet (Model DP41-B-El) purchased from Omegadyne Inc.,

Sunbury, OH.
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3.2.4 Experimental Procedure

In a typical pressure swing membrane absorption process usually a 3-valve control

system is applied as shown in Figure 3.4; there will be four steps in each cycle [26,27]:

e s . i Absorption
_m_._ Helium P
product 1 — \

il I"-.I He-withdrawal

Pressiure i tube side

|
| Feed gas
| {ntro duu:tinq
|1 \
[ ! [
| I I Co2-
Walve | Valve 2 J : : : \d{thdiaf-al

Feed gas _-...E}Q—ﬁ—p.f U prohict (ne absorption cycle

Figure 3.4 Schematic Diagram of a Three-valve Pressure Swing Membrane Absorption
Process.

Feed gas introduction: Feed gas was introduced through valve 1 into the tube side
of the membrane module for five seconds to develop a desired feed gas pressure (a sharp
pressure increase in the tube side).

Absorption (all valves closed): Feed gas in tube side gets absorbed by the
absorbent liquid in the shell side at the interface of micro-pores for 30 seconds (pressure
in the tube side decreases gradually in this step due to gas absorption).

He-Product withdrawal: Valve 3 opened for two seconds to withdraw the He-rich
product present in the tube side of the membrane module (a sharp pressure decrease takes

place in the tube side because of He-rich product withdrawal) from the end opposite to

the feed gas introduction end.
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CO,-Product withdrawal: Valve 3 is closed. Valve 2 is opened for 30 seconds for

CO; to desorb (pressure decreases further) and to be removed.

3.2.5 Mathematical Model for a Three-valve PSMAB Process

A mathematical model has been developed that describes the three-valve PSMAB
process in terms of the pressure drop in the absorption step and in terms of the
concentrations of the two product gas streams. In the model, hollow fibers are assumed to
be arranged in a regular pitch and the analysis based on a single fiber can be extended to
the whole module. The numerical model utilized the Happel free surface model (Happel

[54]), shown in Figure 3.5 (Karoor and Sirkar [55]).

Free surface
Fiber wall

Shell-side liquid

s
Tube-side

gas flow

Shell-side liquid

Figure 3.5 Schematic Representation of Happel’s Free Surface Model for Gas
Absorption by a Hollow Fiber.
Source: [55].

Figure 3.5 shows two concentric cylinders: the inner cylinder consists of one

hollow fiber and the outer cylinder consists of the absorbent liquid with a free surface
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across which there is no mass transfer. The following assumptions are introduced to

develop a mathematical model for the PSMAB system using a non-reactive absorbent

(Bhaumik et al. [56]).

1.

2.

10.

11.

12.

Ideal gas law is valid.
The absorption process is isothermal.

Diffusion coefficient and solubility coefficient are constant and independent
of concentration.

No reaction takes place between the liquid and any gas component.

The components of the gas phase are in equilibrium with the absorbed
components at the gas-liquid interface and Henry’s law is valid.

The flow pattern within the fiber bore can be described by the model of plug
flow with axial diffusion.

The mass transfer mechanism from the bulk gas phase to the outside surface
of the fiber where the gas-liquid interface is located may be described by a
first order model based upon a constant mass transfer coefficient and a
concentration difference between the two locations.

The pressure drop in the fiber lumen is governed by Hagen-Poiseuille
equation for the compressible fluid without any effect of radial absorption.

The deformation of the fibers due to the higher external pressure of the liquid
is negligible so that the fiber size and the void fraction remain unchanged.

End effects are negligible.
Volume of gas in the pores is negligible compared to that in the fiber lumen.

Feed gas species concentrations do not change during the very rapid first step
of the cyclic PSMAB process.

The void fraction of the fiber bundle containing N hollow fibers,e, is defined as

follows:

shell side cross sectional area occupied by the hollow fibers (N7zr02)

e=1-

(3.2)
total crosssectional area of the shell side (nrsz)
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Then the equivalent radius, re, can be calculated:

re:( L j Iy (3.3)

l-¢

When the gas pressure drop in the fiber lumen is not negligible, the governing balance
equations and boundary conditions for any species j (He, CO,) in a single hollow fiber

can be written as [56]:

Gas Phase:
oC, 0°C, 0 4K ;,d, i
719: ng azzjg _E(Vgcjg)_J%gz(cjg _ng ) (3.4)
where
RTd.”> & C;
Vy =- i z 19 (3.5)
32;umix =1 2
c. =t (3.6)
9 HRT '

Initial condition:

att=0,C, =0(0<z<L) (3.7)
Boundary conditions:
oC.
v,C. ‘ =-v.C.| -D —% (3.8)
99|y 99,0 9 57 .
oC.

—2 =0 (3.9)
19 az -

The corresponding governing balance equation and boundary conditions for the liquid
phase for species j are:

oC. o’C. oC.
il D, 21' 1% (3.10)
or r or
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Initial condition:
att=0,C;, =0(0<z<Landr,<r<r,)

Boundary conditions:

oC, Ci =,
-D; r:r =K ng_ H,RT
oC,
I =0
or .

(3.11)

(3.12)

(3.13)

These equations in dimensionless forms were numerically solved using the

method of lines technique and programs developed using MATLAB. The method of lines

technique was used to discretize the spatial component of the partial differential

equations (PEDs), hence, reducing the system of PDEs to a coupled system of ordinary

differential equations (ODEs) (Brian Il et al. [57]). For the three different steps, the

initial and boundary conditions are identified below:

For Absorption:

Initial condition:

att=0,C; =C; 1eq
Boundary conditions:
acjg — 0
oz |
aC_ig -0
07 |z-L

80

(3.14)

(3.15)
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For He-withdrawal:

Initial condition:

Boundary conditions:

For CO,-withdrawal:

Initial condition:

Boundary conditions:

att=0,C, =C

jgin tubesideafter absorbtior

Cyl _,

oz |
v,Cyl=v,C,|  ~D,

g 19 9 719 = 19

z oz |,

att= O’ ng = le in shellsideafter absorbtior
vC.‘:vC. - .8ng

g9 9 T 19;-0 19

u z 82 o

ac_ig =0

oz | |

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

One needs information on CO; solubility and diffusivity in the ionic liquid to

numerically predict the performance of the PSMAB process. Measurements of the

solubilities of pure carbon dioxide, pure helium, and a feed mixture of 40% CO,-He

balance carried out in the [omim][DCA] (and in its solution containing 20 wt% and 30

wt% poly(amidoamine) (PAMAM) dendrimer Gen 0 with and without water) are

described in Chapter 2. From the pressure changes versus time collected in these

solubility studies, the diffusion coefficients of CO, and He in pure [bmim][DCA] can

also be found via Equation (3.23) shown below [38]:

81



P (k)& 1 [ [ @0+D)°2°Dept | 303
In[POJ_[HCOZJnZ(;(Z”"‘l)z]\exp{ 4L2 i| 1} ( )

— 8RTVILIDIL
7V (MW)

where

(3.24)

Po: initial feed gas pressure
V: volume of gas
piL: density of ionic liquid
V\.: volume of ionic liquid
L: height of ionic liquid
(MW),_: molecular weight of ionic liquid

These equations have two unknowns: Hco, and Dcop. Fitting Equation (3.23)
above to the experimental P vs. time data in MATLAB, the unknowns are determined.
The unit for k and Hco, in Equation (3.23) is atm. The unit for Heo, and Hye used in the
numerical model is mol/atm*m?®. From the solubility measurement data, Henry’s law
constants of CO; and He in the unit of mol/atm*m?® can be calculated using Equations
(3.25) and (3.26) below:

moles of CO, absorbed in the IL
VIL (Pf )

Heoo = (3.25)

_ moles of Heabsorbed inthe IL

H
" VIL (Pf )

(3.26)

where Ps: equilibrium pressure obtained in the solubility measurement, and V,.: volume

of ionic liquid.
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3.3 Results and Discussions

3.3.1 Optimal Absorption Duration for PSMAB Cycle

Absorption is an important step in this process; it directly determines how long the feed
gas will be in contact with the ionic liquid in the shell side and will undergo gas
absorption. To find out the optimal absorption time, at first the absorption time in one
cycle was set as long as 900 seconds to examine the pressure drop caused by gas
absorption into pure [bmim][DCA] in the shell side of the membrane module during this
step. The experimental pressure drop during the absorption will be compared with that
generated by the numerical model. Jie et al. [26] have determined the optimal absorption
duration for different membrane modules. Due to the very high surface area per unit
volume of the PEEK-L system, much more rapid absorption takes place into the
surrounding liquid compared to that in the ceramic tubule system. In the PSMAB

process, rapid initial absorption is important.

3.3.2 Diffusion Coefficients and Henry’s Law Constants of CO, and He in Pure
[bmim][DCA]

As mentioned earlier, Equation (3.23) has two unknowns: Hco, and Dcop. Fitting this
equation to the experimental pressure vs. time data in MATLAB, the unknowns are
determined. Similarly, Hye and Dye can also be determined. Henry’s law constant for
pure carbon dioxide and pure helium were also experimentally determined from the
solubility measurement illustrated in Chapter 2 (Two solubility measurement runs for He
and CO, were carried at room temperature, so they could be used to determine the
diffusion coefficients and Henry’s law constants). These can be used to compare and

check the Henry’s law constants generated by the MATLAB program to ensure that they
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are comparable. Table 3.3 summarizes the diffusion coefficients and Henry’s Law
constants (Calculated using Equations (3.25) and (3.26)) in [omim][DCA] for CO; and
He at room temperature, 50 °C, and 100 °C. The carbon dioxide diffusion coefficients in
[bmim][DCA] at room temperature and at 50 °C are in range with the diffusion
coefficients for CO, in [emim][Tf,N] reported by Camper et al. [58]. The Henry’s law
constants reported in Table 3.3 were calculated based on the solubility measurement data

obtained in Chapter 2.

Table 3.3 Diffusion Coefficients and Henry’s Law Constants of CO, and He in
[bmim][DCA] at Different Temperatures

Diffusion Coefficients Henry’s Law Constant
(m?/s) (gmol/m>*atm)
Temperature (°C) Dco2 Dhe Hco2 Hue
23 3.54x10%° 7.64x10™° 03.32 2.81
50 6.55x10™° 9.64x10™° 74.75 6.89
100 9.52x101° 1.14x107 41.47 14.37

3.3.3 Pressure Drop during the Absorption Step

3.3.3.1 Ceramic Membrane Modules

Three ceramic membrane modules were connected in series and were employed with
pure ionic liquid [bmim][DCA] as the liquid absorbent. The absolute pressure changes in
the tube side tests during the 900-second absorption step were measured at 23 °C, 50 °C,
and 100 °C for a fixed initial feed gas pressure of 1034 kPag (150 psig). The decreasing
pressures measured from the experimental runs and predicted by the mathematical model
are shown in Figures 3.6, 3.7, and 3.8, respectively. The total pressure in simulation is the

sum of the partial pressures of all species in the gas mixture (e.g. He and CO,).
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Figure 3.6 Pressure of Gas Phase as a Function of Time during the Absorption Step*in
Three Ceramic Modules in Series at 23 °C, 1034 kPag (150 psig), and r.= 0.00368 m".

“For ceramic module, £=0.4 and r, = 0.285 cm
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Figure 3.7 Pressure of Gas Phase as a Function of Time during the Absorption Step in
Three Ceramic Modules in Series at 50 °C, 1034 kPag (150 psig), and r.= 0.00368 m.
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Figure 3.8 Pressure of Gas Phase as a Function of Time during the Absorption Step in
Three Ceramic Modules in Series at 100 °C, 1034 kPag (150 psig), and r.= 0.00368 m.

The decreasing pressure in the absorption step was plotted against the normalized

D,t

r2

e

(dimensionless) absorption time (

). The decreasing pressures generated by the

numerical model are reasonably close to those measured in the experimental runs at all
temperatures. One will later find out that there are two reasons for it vis-a-vis the
behavior in PEEK hollow fiber modules. First, there is no ambiguity about the value of re,

the free surface radius. The second reason for this agreement is that the ceramic
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membrane modules had much less dead volume compared to those in the PEEK

membrane module vis-a-vis the feed gas volume (as will be discussed later).

3.3.3.2 PEEK-L Il Membrane Module

One large PEEK membrane module (PEEK-L 11) was used with pure [bomim][DCA] as
the liquid absorbent for the absorption test. The experiments were carried out at 689 kPag
(100 psig) and 1379 kPag (200 psig) feed gas pressures and at room temperature. The
decreasing pressure was plotted against the dimensionless time and the results are shown

in Figures 3.9 and 3.10

100 r r T : T 1 :
\ total theory|
\ _ exp

o |
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: N Dt
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;
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. r )
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70+ D, -

Time scale = 238.8 second

65/
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Figure 3.9 Pressure of Gas Phase as a Function of Time during the Absorption Step in a
PEEK-L Il Module at 23 °C, 689 kPag (100 psig), and re= 0.000291 m.
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Figure 3.10 Pressure of Gas Phase as a Function of Time during the Absorption Step in
a PEEK-L Il Module at 23 °C, 1379 kPag (200 psig), and re= 0.000291 m*,
“For PEEK-L 11 module, £=0.4 and r,=0.0226 cm
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Unlike that in the ceramic tubule, the drops in pressure generated by the
mathematical model were larger than those of the experimental runs. There are two
reasons. First, the fibers in the module were wound helically in a strand with the
individual fibers placed touching one another (Figure 3.11a); therefore, the calculation of
r. via Happel’s approach (Equation (3.3)) will introduce some error since the fibers were

artificially packed closer together. The actual re values should be smaller than those
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calculated by Happel’s approach. Ideally, a fiber should have a defined region around it
without any other fibers (Figure 3.11b). When inputting a smaller value of Happel’s
approach-based radius into the numerical model, the theoretical curves got closer to those

of the experimental results as shown in Figures 3.12 and 3.13.

; //

/

b)

Figure 3.11 PEEK-L Module Winding.
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Figure 3.12 Pressure of Gas Phase as a Function of Time during the Absorption Step in
a PEEK-L 11 Module at 23 °C, 689 kPag (100 psig), and re= 0.000238 m.
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Figure 3.13 Pressure of Gas Phase as a Function of Time during the Absorption Step in
a PEEK-L Il Module at 23 °C, 1379 kPag (200 psig), and re= 0.000233 m.

Second, there was a significant amount of dead volume in the two ends of the
hollow fiber module which will increase the module end pressure monitored by the
pressure indicator; the gas in these large dead volumes in the PEEK membrane module
will not undergo absorption. Therefore, the measured pressure drops will be lower. Dead
volume is the space in one membrane module where the occupying feed gas does not
come in contact with the pressurized absorbent liquid on the shell side; hence, no
absorption takes place. For a membrane module, the dead volume consists of the tube-

side header sections of the membrane module and related connections, and the potted
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section of the module at the feed end. The total dead volume of PEEK-L Il module is

approximately 35.7 cm®, which is about ~30% of the total tube side volume.

Round PTFE balls were later used to fill both ends of the tube-side headers of the
PEEK-L Il module to reduce the dead volume. The same absorption experiment was
carried out at 689 kPag (100 psig) and room temperature. Figure 3.14 shows an improved
prediction of the model with respect to the experimental run (See Figure 3.9 for the
comparison between the theory and experiment when no PTFE balls were added). This

shows that the dead volume strongly affects gas absorption, which also ultimately affects
the quality of the products when desorption takes place.
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Figure 3.14 Pressure of Gas Phase as a Function of Time during the Absorption Step in
a PEEK-L Il Module with PTFE Balls added in the Module Tube-side Headers at 23 °C,
689 kPag (100 psig), and re= 0.000291 m.
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3.3.4 Quiality of Product Streams in Terms of % CO, Concentration in both He-rich
and COg;-rich Streams

3.3.4.1 Three Ceramic Modules in Series

The ceramic membrane module has one ceramic membrane tubule with a much larger
inner diameter. In order to find out if this will have any impact, tests were carried out
with three ceramic membrane modules in series at a few temperatures; the feed pressure
was 689 kPag (100 psig). Figure 3.15 shows the percent carbon dioxide concentrations
(%) in both product streams as the He-rich stream withdrawal and then CO,-desorption
steps were carried out.

These results show that even with three ceramic membrane modules the product
qualities for both streams were poor because of its much larger tubule diameter, which
results in a lot of feed gas that is required to be absorbed. However, due to limited
contacting area along the tube side, only a small amount of feed gas could be absorbed.
Therefore, it is more likely that the gas concentration distribution along the tube length
was not fully developed for a ceramic system; the product qualities will be poor.

Figure 3.15 also shows the adverse effect of temperature on the product
concentrations. As the temperature increases, less carbon dioxide and more helium would
be absorbed by the ionic liquid. As a result, the % carbon dioxide in the He-rich product
stream increased from 33% to 36% when temperature was increased from 23 °C to 100
°C (Figure 3.15(a)). The % carbon dioxide in the CO,-rich product stream decreased from

52% to ~48% over the same range of temperature (Figure 3.15(b)).
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Figure 3.15 Compositions of Products at Three Different Temperatures for Three
Ceramic Modules in Series at 1034 kPag (150 psig) and r.= 0.00368 m.

3.3.4.2 One PEEK-L Il Module Filled with PTFE Balls in the Module Headers
After the performance of the absorption step was studied, a set of PSMAB process tests
with the PEEK-L Il module having PTFE balls reducing the dead volume in the module
tube-side headers was carried out at different feed pressures and temperatures. The
concentrations of the two product streams are shown in Figure 3.16.
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Figure 3.16 Compositions of Products for PEEK-L Il Module Filled with PTFE Balls in
the Module Headers at Different Feed Pressures and Temperatures (re= 0.000243 m).

This figure shows that an increase in feed gas pressure leads to an increase in %
CO; concentration in the CO,-rich product stream for the same temperature. Higher feed
gas pressure means more gas would be introduced into the membrane tube side and
contacted with ionic liquid (IL) to be absorbed. The % CO, concentration in the CO,-rich
product increased from ~81% at 689 kPag (100 psig) and 23 °C to 87% at 965 kPag (140
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psig) and 23 °C. In the CO,-rich product, the theoretical simulations predict significantly
higher CO, concentrations. For example, there is a 6-10% difference in CO,
concentration between the predictions and the measured values. The limited gas volume
in the tube side of the hollow fibers undergo considerable dilution in the residual feed gas
volume left in the tube-side header even after putting the PTFE balls there.

However, the PEEK-L Il module provided much better results compared to the
ceramic module due to it having a much larger effective gas-liquid contacting area and
the correspondingly longer feed gas length. Table 3.4 shows that the effective surface
area per unit volume for the ceramic module is only 4.30 cm™; it is much lower than
54.71 cm™ for a PEEK-L Il hollow fiber. This could directly explain why PEEK-L Il
module showed much higher absorption rates than the ceramic membrane module. As a
result, PEEK-L Il modules have much better PSMAB performance than the ceramic
modules. The % CO, in the CO,-rich product in PEEK-L Il module was 81% compared

to 56% for ceramic module system at 689 kPag (100 psig) feed and 23 °C.

Table 3.4 Estimated Dimensional Calculations for PEEK Hollow Fiber Module and
Ceramic Tubule Membrane-based Modules

Module | OD;em | ID;ecm | L;ecm | VVF | (V;em?)! | (A; cm?)? | (A/V; cm™)?
Ceramic | 0.57 0.37 44.0 ~0.4 7.33 31.5 4.30
PEEK-L | 0.0452 | 0.0290 | 41.0 ~0.4 0.0356 1.95 54.7

1
PEEK-L | 0.0470 | 0.0272 | 41.0 ~0.4 0.0426 2.45 57.5

1

T Feed gas volume in one fiber; ? Effective contacting area for one fiber based on outer diameter; * Ratio
between A and V
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Similar observations were found for the temperature effect on the quality of both

product streams and that temperature had a negative effect on the quality of the products.

3.3.5 Molar Flow Rates of Products per Cycle

The molar flow rate of the He-rich product stream per cycle can be estimated based on
the change in the pressure during He-withdrawal process using Equations (3.27) and
(3.28). Knowing the pressure drop during the withdrawal step at a certain temperature,
one can first calculate the number of moles using the equation of state:

_(APV _ (AP)(z r’LN)
~ RT RT

AN (327)

where r is the inner radius of one hollow fiber, L is the effective fiber length, and N is the

number of fibers in a module.

Therefore, the He-rich product molar flow rate per cycle (gmol/s) is:

Ay, = — (3.28)

where t is the cycle time.

COgy-rich product molar flow rate per cycle, n.o,, can be calculated using the

CO, species balance on the system since the compositions of product streams are known.

0.4(Ne +Ncoz) = N Xy +Neor X, (3.29)
where x; and X, are the CO, compositions in the He-rich and CO,-rich product streams,

respectively.
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Table 3.5 summarizes the numerically predicted product flow rates and
compositions for both CO,-rich and He-rich streams in ceramic module and PEEK-L 1l

module under different experimental conditions.

Table 3.5 Estimated Molar Product Flow Rates per Cycle and Compositions for all
Modules* at Different Pressures and Temperatures

P Temperature He-Rich He-Rich CO,-Rich CO,-Rich
(psig) (°C) Molar Composition Molar Composition
Flow (% COy) Flow (% COy)
Rate per Rate per
Cycle Cycle
(gmol/s) (gmol/s)

Three 23 7.00E-05 30 4.37E-05 56
Ceramic 150 50 6.24E-05 32 3.84E-05 53
Modules 100 5.19E-05 31 2.75E-05 57
in Series

23 4.13E-05 12 2.27E-05 91

One 100 50 3.71E-05 16 1.85E-05 88
PEEK-L 100 3.09E-05 19 1.44E-05 85
I 23 5.80E-05 14 2.84E-05 93
Module 140 50 5.21E-05 17 2.45E-05 89
100 4.08E-05 18 1.91E-05 87

*See Table 3.1 for number of fibers and surface area
Cycle time: 5:30:2:30; all in second

3.4 Concluding Remarks
A numerical model of a three-valve based pressure swing membrane absorption
(PSMAB) process has been developed to describe the separation of low-temperature pre-
combustion syngas. Absorption experiments of extended duration were implemented to
understand the behavior of the absorption step for ceramic and PEEK membrane systems.
Feed pressure increase improved CO,-rich product quality and an increase in temperature
adversely affected the product qualities. Ceramic system produced poor product qualities

due to large tube side gas volume and small gas-liquid contacting area. The
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hydrophobized PEEK hollow fiber-based system, on the other hand, provided higher
product concentrations because PEEK fibers have a much larger ratio of contacting area
per unit feed gas volume. Diffusion coefficients and Henry’s law constants for pure
carbon dioxide and helium were also determined by fitting the pressure vs. time data
obtained from solubility measurements described in Chapter 2 to a MATLAB program.
The diffusion coefficients values for CO; at different temperatures are in the same range
with those reported by Camper et al. [58]. The product flow rates for CO,-rich and He-
rich streams were also estimated. Finally, the numerical model satisfactorily predicted the
absorption step for both ceramic and PEEK systems. It also provided somewhat

satisfactory estimates of the two product concentrations for the systems investigated.
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CHAPTER 4
FIVE-VALVE PRESSURE SWING MEMBRANE ABSORPTION
PROCESS AND SIMULATIONS OF TWO PEEK MODULES IN SERIES
4.1 Introduction
A pressure swing membrane absorption (PSMAB) process was originally proposed by
Bhaumik et al. [27], and later developed further by Jie et al. [26]. The PSMAB process
was utilized to separate a feed gas mixture containing ~40% CO,-He balance. The
process uses a microporous hydrophobic hollow fiber gas-liquid contactor with the
absorbent liquid being stationary on the shell side and the feed gas mixture flowing
through the tube side. The feed gas mixture was introduced into the membrane module
through the tube side. There, for a short period of time the feed gas comes in contact with
the stagnant and pressurized liquid absorbent on the fiber outer diameter (shown in
Figure 3.1) where carbon dioxide gets absorbed. During the rest of the cycle, different
product streams are withdrawn from two different ends of the tube side.

Chapter 3 provided the results of the three-valve pressure swing membrane
absorption process in the ceramic and PEEK modules. Three-valve PSMAB process
could not provide purified product streams (% concentration is larger than 90%).
Therefore, a five-valve system for the pressure swing membrane absorption process
studied by Jie et al. [26] was adopted. Jie et al. [26] could only go up to a maximum of
85% CO; in the CO,-rich product stream using PEEK-L Il module with PTFE balls to
reduce the dead volume. Here a different approach was adopted using PEEK-L 1lI
module which has a much higher tube-side gas volume to start with. Potentially that can

reduce the effect of the dead volume.
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The mathematical model developed in Chapter 3 was used to predict the
performance of the two PEEK-L Il modules in series. The % CO, recovery for all

modules was also calculated.

4.2 Experimental Procedure
4.2.1 Materials
The ionic liquid [bmim][DCA] was purchased from EMD Chemicals, Philadelphia, PA.
Simulated pre-combustion syngas containing 40.67% CO,- He balance was obtained
from Air Gas, Piscataway, NJ.
Hydrophobized polyether ether ketone (PEEK) membrane modules were obtained
from Porogen, Woburn, MA.

PAMAM dendrimer (generation 0) was purchased from Dendritech, Midland, M.

4.2.2 Five-valve Pressure Swing Membrane Absorption (PSMAB) Process
Jie et al. [26] have illustrated a PSMAB cycle containing 5 valves in a 6 step cycle.
Limited data were acquired using such a cycle. The schematic for a 5-valve PSMAB

process is shown in Figure 4.1,
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Figure 4.1 Schematic Diagram of a Five-valve Pressure Swing Membrane
Absorption Apparatus.

The 6 step cycle in this process is as follows:

Feed gas introduction: Feed gas was introduced through valve 1 into the tube side
of the membrane module for five seconds to develop a desired feed gas pressure (a sharp
pressure increase in the tube side).

Absorption (all valves closed): Feed gas in tube side gets absorbed by the
absorbent liquid in the shell side at the interface of micro-pores for 30 seconds (pressure
in the tube side decreases gradually in this step due to gas absorption).

He-Product withdrawal: Valve 3 opened for two seconds to withdraw the He-rich
product present in the tube side of the membrane module (a sharp pressure decrease takes
place in the tube side because of He-rich product withdrawal) from the end opposite to

the feed gas introduction end.
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Middle-part gas withdrawal: VValve 4 opened for two seconds to withdraw the gas
that occupies the middle part of the membrane module; hence, the name middle part gas.

CO,-Product withdrawal: With all valves closed, valve 2 is opened for 30
seconds for CO, to desorb (pressure decreases further) and to be removed.

Middle-part gas recycle: With all valves remaining closed, valve 5 is opened for
five seconds to allow the middle part gas to flow into membrane tube side as initial feed
gas.

The main difference between three-valve and five-valve systems is the
introduction of the middle-part gas withdrawal and middle part gas recycle in the 5-valve
cycle PSMAB process. The presence of the middle-part gas withdrawal allows system to
achieve better carbon dioxide concentration during CO,-product withdrawal.

The pressure drop in the tube side of the module in each cycle is shown in Figure

4.2.

Valve 4 WValve 3

E ] |E_’ Helium
product
y

Middle part gas

Valve 5 %

Valve 1

Feed gas %

Figure 4.2 Pneumatic Valve Locations and Pressure Profile in Each Cycle of a Five-
valve PSMAB Process.
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4.3 Results and Discussions
4.3.1 PEEK-L Il Module
The hollow fiber membrane module PEEK-L Il employed did not have sufficient length
or gas volume to counteract the product dilution caused by the significant volume of gas
in the tube-side headers and other connections. To mitigate such dilution, a new PEEK-L
[l module having almost twice the membrane surface area of PEEK-L Il was studied
(see Table 3.1). Tables 4.1 and 4.2 summarized these results obtained using a 5-valve

cycle [26].

Table 4.1 Product Qualities at Different Temperatures and Feed Pressures for PEEK-L
Il with [omim][DCA] as the Liquid Absorbent for a Five-valve PSMAB System

Temperature Feed Pressure CO,-Rich Product He-Rich Product
(’C) (kPag) (%CO,) (%CO;)
689 (100 psig) 89.9 17.3
23 1379 (200 psig) 925 19.2
1724 (250 psig) 92.9 21.6
689 (100 psig) 87.0 19.9
50 1379 (200 psig) 90.4 22.6
1724 (250 psig) 91.0 23.6
689 (100 psig) 79.4 25.2
75 1379 (200 psig) 87.3 27.7
1724 (250 psig) 87.8 28.9
100 1379 (200 psig) 84.9 27.7
1724 (250 psig) 85.5 28.8
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Table 4.2 Product Qualities at Different Temperatures and Feed Pressures for PEEK-L
Il with 20 wt% Dendrimer in[omim][DCA] as the Liquid Absorbent for a Five-valve
PSMAB System

Pressure (psig) Temperature (°C) CO,-Rich Product He-Rich Product
(% COy) (% COy)
100 50 85.9 20.9
200 88.3 24.7
250 89.5 25.4
100 75 81.9 23.3
200 88.4 24.4
250 89.3 26.5
200 100 89.8 25.2
250 90.7 25.9

What one observes from Table 4.1 vis-a-vis the % CO, in the CO,-rich product
stream is that one is achieving as much as 90-92.9% CO, in the CO, product stream at
pressures 689-1724 kPag (100-250 psig) and 23-50 °C for PEEK-L Il and pure ionic
liquid. This is about 7-10% higher than what was achieved with the PEEK-L Il module.
No attempt was made to reduce the tube-side header volume with PTFE balls.
Appropriate hollow fiber lengths and tube side gas volume are therefore needed if we
have to drastically reduce the dilution effect of tube-side header dead volumes.

When 20wt% dendrimer in [bmim][DCA] is used, it is seen in Table 4.2 that at
250 psig and 100 °C, the CO, level in the CO; product stream is as much as 90.7%.

The desired CO; level in this CO,-rich product stream is 95%. It is believed that
with a number of modifications in the module design and absorbent chemistry, this goal
is achievable. Jie et al. [26] have already demonstrated how to achieve low CO, levels in

the He-rich product stream.
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4.3.2 Two PEEK-L 11l Modules in Series

Table 4.3 summarizes simulation results for two PEEK-L 11l modules in series for

[omim][DCA] as absorbent using the three-valve-based mathematical model developed

in Chapter 3. Purified CO, (>90% CO;) could be achieved for feed gas pressure of 100

psig and above at room temperature and 50 °C. At 200 psig, the CO,-product stream

concentration could go up to 93-97% CO, depending on the temperature. The He-rich

stream quality was also significantly improved. CO, concentration in the CO,-rich stream

decreased as the temperature increased. Purified He (>90% He) could only be achieved

for feed gas pressure at 100 psig and at room temperature. A 2-module/2-stage process is

necessary to have both product streams achieve the desired quality.

Table 4.3 Simulation Results for Two PEEK-L 111 Modules in Series in [bmim][DCA]

CO,-Rich Product He-Rich Product
P (psig) T (°C) (% COy) (% COy)
23 95.1 7.3
100 50 91.2 10.1
100 88.1 14.6
23 97.3 12.1
200 50 93.5 13.7
100 90.6 18.4

4.3.3 Molar Flow Rates of Products per Cycle and % CO, Recovery

The molar flow rates per cycle of the product streams were calculated based on Equations

(3.27) to (3.29). The % CO, recovery was calculated based on Equation (4.1).

%CO, Recovery =

2

XZnCOZ

_ Xfeor 100

T XN
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where X3 is the % CO, in COz-rich stream, X; is the % CO, in He-rich stream, 1., is the
COgy-rich product molar flow rate per cycle, and n,, is the He-rich product molar flow
rate per cycle.

Tables 4.4 and 4.5 show complete details of the molar product flow rates per
cycle, the compositions, and % CO, recovery for simulations of two PEEK-L 111 modules
in series and three ceramic modules in series, respectively using [bmim][DCA] as an
absorbent liquid at different feed gas pressures and temperatures.

The results shown in those tables confirmed what has observed earlier in Chapter
3. PEEK-L Il module provides the best results in terms of the product quality since it has
the highest feed gas volume due to the highest surface area and highest surface area per
unit volume. Table 3.4 shows that the effective surface area per unit volume for the
ceramic module is only 4.30 cm™; it is much lower than 57.5 cm™ for a PEEK-L Il

hollow fiber.

Table 4.4 Estimated Molar Product Flow Rates per Cycle, Compositions, and % CO,
Recovery for Two PEEK-L 111 Modules in Series

P T(°C) He-Rich He-Rich CO,-Rich CO2-Rich | % CO;
(psig) Molar Product Molar Flow Product | Recovery
Flow Rate (% COy) Rate per (% COy) (%)
per Cycle Cycle
(gmol/s) (gmol/s)

23 9.58E-05 7.3 5.69E-05 95.1 88.55
100 50 8.20E-05 10.1 4.79E-05 91.2 84.03
100 6.17E-05 14.6 3.26E-05 88.1 76.10
23 2.06E-04 121 1.00E-04 97.3 79.65
200 50 1.67E-04 13.7 8.20E-05 935 77.01
100 1.34E-04 18.4 5.71E-05 90.6 67.71
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Table 4.5 Estimated Molar Product Flow Rates per Cycle, Compositions, and % CO,
Recovery for Three Ceramic Modules* in Series at 1034 kPag (150 psig) and Different

Temperatures
T(°C) COy-rich CO,-Rich He-rich He-Rich % CO,
Molar Flow Product Molar Flow Product Recovery
Rate per (% CO,) Rate per (% CO,) (%)
Cycle Cycle
(gmol/s) (gmol/s)
23 4.37E-05 56 7.00E-05 30 53.83
50 3.84E-05 53 6.24E-05 32 50.46
100 2.75E-05 57 5.19E-05 31 49.30

*See Table 3.1 for number of fibers and surface area

In addition, Tables 4.4 and 4.5 show that % CO, recovery is largest at room
temperature since CO, gets absorbed the most and He gets absorbed the least. Almost
90% CO, was recovered at the 100 psig feed pressure and room temperature for two

PEEK-L 11l modules in series.

4.4 Concluding Remarks
A five-valve PSMAB process was carried out to separate a feed mixture containing ~40%
CO,-He balance using [bmim][DCA] and 20wt% dendrimer in [bmim][DCA] as
absorbent liquids. The five-valve PSMAB process provided better results than a three-
valve process (studied in Chapter 2). The PEEK-L Il module provided the best results in
terms of product qualities since it has the highest feed gas volume, highest surface area,
and the highest surface area per unit volume. As much as 92.9% CO in the CO,-product

stream was achieved experimentally for the five-valve cycle at room temperature.
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The three-valve-based simulation of two PEEK-L Il modules in series using
[omim][DCA] provided the best results; as much as 97% CO, was achieved in the CO,-
product stream at 200 psig feed pressure and at room temperature. The CO, concentration
in the He-rich stream for 100 psig feed gas pressure was as low as 7.3%, which results in
~93% He in the He-product stream.

The value of % CO, recovery was smallest for ceramic modules and highest for
PEEK-L 11l module. The value of % CO, recovery is largest at room temperature. Almost
90% CO, was recovered in the CO,-rich product as suggested by the simulation of two

PEEK-L Il modules at 100 psig feed gas pressure and at room temperature.
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CHAPTER 5

GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
STUDY

A gas solubility apparatus was successfully setup to measure the solubility of pure CO,,
pure He and a CO,-He mixture at temperatures of 50, 80, 90, and 100 °C and at pressures
up to 1.38 MPa (~200 psig). Gas solubility measurements were made using a pressure
decay method.

CO; solubility decreased with an increase in temperature whereas He solubility
increased with an increase in temperature. The CO, and He solubilities increased with an
increase in pressure. An increase in the PAMAM dendrimer concentration led to a
substantial increase in CO, solubility in a liquid absorbent due to reactions with the
primary amine groups in the dendrimer molecule. The presence of water in the ionic
liquid containing dendrimer led to considerable increase in CO, absorption in the liquid
absorbent due to the reactivity of the tertiary amine groups.

Among the studied absorbent liquids based on ionic liquid, 30 wt% dendrimer in
[bmim][DCA] with moisture gave the highest CO, solubility at all temperatures studied.
Higher CO,/He solubility selectivity was observed as temperature decreased. A solution
of 30 wt% dendrimer in [bmim][DCA] with moisture gave the highest CO,/He solubility
selectivity: a value of 55 at 50 °C and 10 at 100 °C. Carbon dioxide gets absorbed more in
PEG 400 and in 20 wt% dendrimer in PEG 400 than in [bmim][DCA] and 20 wt%
dendrimer in [omim][DCA], respectively.

A mathematical model of a three-valve based pressure swing membrane

absorption (PSMAB) process has been developed to describe the separation of ~40%
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CO,-He balance. The decreasing pressures generated by a numerical solution of the
model agreed well with the experimental runs for ceramic modules during the 900 second
absorption step, but were significantly lower for the PEEK hollow fiber modules due to
the large dead volumes present in the PEEK modules.

The ceramic tubule system produced poor product qualities due to large tube side
gas volume and small gas-liquid contacting area. The hydrophobized PEEK hollow fiber-
based system, on the other hand, provided higher product concentrations because PEEK
fibers have a much larger ratio of contacting area per unit feed gas volume. PEEK-L 11l
module provided a higher CO; concentration in the CO,-rich product stream as compared
to PEEK-L Il due to having larger tube-side gas volume vis-a-vis the dead volume and
higher surface area.

The simulation results showed that purified (>90%) CO, and He could be
obtained for two PEEK-L Il modules in series using [bmim][DCA] as the absorbent.
Highly purified CO; could also be experimentally obtained for this PEEK-L 111 module
using the five-valve PSMAB process with [bmim][DCA] and 20wt% dendrimer in
[omim][DCA] as liquid absorbents.

Further studies on the five-valve PSMAB process utilizing PEEK modules in
series for different absorbent liquids are highly recommended since PEEK modules
provide the best product qualities. In addition, new PEEK modules that have less dead
volumes and more surface areas are needed to increase the qualities of both product

streams.
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Five-valve PSMAB process for PEEK modules in a different liquid absorbent, for
example, PEG 400 and 20 wt% dendrimer in PEG 400 is also of interest since carbon

dioxide gets absorbed more in PEG 400 than in [omim][DCA].
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APPENDIX A
EXPERIMENTAL DATA
This appendix includes all the experimental data for solubility measurements of all

absorbent liquids studied in Chapter 2.

Table A1 Experimental Data for CO, Solubility in [omim][DCA] at Five Temperatures

Temperature (°C) Absolute P; (bar) Absolute P; (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
23 7.85 3.75 3.47E-03 0.063
14.88 856 8.86E-03 0.147
241 1.14 7.94E-04 0.015
3.75 1.78 1.25E-03 0.024
5.16 2.45 1.74E-03 0.033
6.51 3.11 2.24E-03 0.042
50 7.92 3.78 2.75E-03 0.051
9.23 4.42 3.26E-03 0.060
10.67 5.11 3.79E-03 0.069
12.08 5.85 4.34E-03 0.078
13.39 6.48 4.88E-03 0.087
14.77 7.17 5.50E-03 0.097
241 1.15 5.76E-04 0.011
4.15 1.99 1.01E-03 0.019
5.15 2.48 1.24E-03 0.024
6.56 3.16 1.56E-03 0.030
80 7.92 3.82 1.94E-03 0.037
9.29 4.49 2.29E-03 0.043
10.67 5.15 2.69E-03 0.050
12.07 5.86 3.05E-03 0.056
13.44 6.53 3.41E-03 0.062
14.82 7.23 3.80E-03 0.069
241 1.16 5.23E-04 0.010
3.66 1.76 8.00E-04 0.015
5.15 2.48 1.14E-03 0.022
6.56 3.17 1.46E-03 0.028
90 7.92 3.83 1.74E-03 0.033
9.29 4.50 2.08E-03 0.039
10.67 5.17 2.38E-03 0.044
12.07 5.86 2.70E-03 0.050
13.44 6.53 3.04E-03 0.056
14.82 7.02 3.26E-03 0.060
2.33 1.12 4.46E-04 0.009
3.80 1.83 7.32E-04 0.014
5.15 2.49 9.97E-04 0.019
6.54 3.16 1.28E-03 0.024
100 7.91 3.83 1.55E-03 0.029
9.33 4.53 1.86E-03 0.035
10.73 5.22 2.15E-03 0.040
12.07 5.89 2.42E-03 0.045
13.45 6.56 2.71E-03 0.050
14.74 7.21 3.01E-03 0.056

114



Table A2 Experimental Data for CO, Solubility in 20wt% Dendrimer in [omim][DCA]
at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.41 1.08 1.51E-03 0.038
3.75 1.68 2.41E-03 0.059
5.16 2.31 3.42E-03 0.081
6.47 2.90 4.35E-03 0.101
50 7.90 3.54 5.49E-03 0.125
9.26 4.16 6.42E-03 0.143
10.59 4.73 7.84E-03 0.169
11.96 5.39 9.14E-03 0.191
13.43 6.05 1.01E-02 0.208
14.66 6.57 1.16E-02 0.231
2.39 1.11 9.04E-04 0.023
3.76 1.75 1.45E-03 0.036
5.14 2.39 2.05E-03 0.050
6.53 3.05 2.63E-03 0.064
80 7.77 3.63 3.09E-03 0.074
9.27 4.35 3.73E-03 0.088
10.67 4.99 4.45E-03 0.103
12.14 5.66 5.14E-03 0.118
13.39 6.25 5.59E-03 0.126
14.83 6.97 6.54E-03 0.145
241 1.13 7.88E-04 0.020
3.87 1.82 1.28E-03 0.032
5.17 2.43 1.77E-03 0.044
6.58 3.09 2.33E-03 0.057
90 7.93 3.74 2.75E-03 0.066
9.38 4.42 3.38E-03 0.080
10.68 5.04 3.91E-03 0.092
12.07 5.69 4.56E-03 0.106
13.38 6.32 4.96E-03 0.114
14.77 6.99 5.67E-03 0.128
2.47 1.17 7.43E-04 0.019
3.76 1.72 1.10E-03 0.028
5.16 2.43 1.58E-03 0.039
6.52 2.99 1.94E-03 0.048
100 7.91 3.74 2.44E-03 0.059
9.27 4.39 2.91E-03 0.070
10.61 4.87 3.31E-03 0.079
11.99 5.70 3.86E-03 0.091
13.43 6.39 4.30E-03 0.100
14.47 6.91 4.84E-03 0.111
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Table A3 Experimental Data for CO, Solubility in 20wt% Dendrimer [bmim][DCA]
with Moisture at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.47 1.01 2.57E-03 0.038
3.74 1.45 4.98E-03 0.071
5.16 1.95 7.46E-03 0.102
6.46 2.48 9.01E-03 0.121
50 7.90 3.04 1.14E-02 0.148
9.26 3.56 1.33E-02 0.169
10.69 3.99 1.69E-02 0.205
11.96 4.48 1.93E-02 0.227
13.43 5.06 2.14E-02 0.247
14.66 5.58 2.34E-02 0.263
2.42 1.05 1.62E-03 0.024
3.69 1.61 2.53E-03 0.037
5.16 2.26 3.57E-03 0.052
6.72 2.93 4.84E-03 0.069
80 7.90 3.45 5.78E-03 0.081
9.26 4.07 6.55E-03 0.091
10.59 4.62 7.93E-03 0.108
11.96 5.24 9.34E-03 0.125
13.43 5.87 1.07E-02 0.141
14.66 6.43 1.11E-02 0.146
2.45 1.07 1.39E-03 0.021
3.66 1.63 2.11E-03 0.031
5.16 2.29 3.10E-03 0.045
6.47 2.88 3.89E-03 0.056
90 7.90 3.53 4.68E-03 0.067
9.26 4.11 5.62E-03 0.079
10.59 4.74 6.43E-03 0.089
11.96 5.37 7.30E-03 0.100
13.43 6.03 8.36E-03 0.113
14.66 6.60 9.00E-03 0.121
241 1.08 1.21E-03 0.018
3.78 1.70 1.96E-03 0.029
5.16 2.32 2.69E-03 0.039
6.41 2.89 3.33E-03 0.048
100 7.90 3.57 4.16E-03 0.060
9.26 4.19 4.93E-03 0.070
10.59 4.77 5.80E-03 0.081
11.96 5.41 6.54E-03 0.091
13.43 6.07 7.56E-03 0.104
14.66 6.65 8.22E-03 0.112
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Table A4 Experimental Data for CO, Solubility in 30wt% Dendrimer in [omim][DCA]
at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.43 1.07 1.76E-03 0.047
3.74 1.66 2.60E-03 0.070
5.16 2.28 3.72E-03 0.097
6.47 2.86 4.77E-03 0.121
50 7.90 3.49 6.08E-03 0.149
9.26 4.08 7.40E-03 0.176
10.59 4.65 8.70E-03 0.201
11.96 5.28 9.99E-03 0.224
13.43 5.91 1.16E-02 0.250
14.66 6.49 1.27E-02 0.268
2.43 1.13 9.86E-04 0.028
3.62 1.68 1.51E-03 0.042
5.16 2.39 2.24E-03 0.062
6.47 3.00 2.82E-03 0.076
80 7.90 3.66 3.55E-03 0.094
9.26 4.29 4.26E-03 0.111
10.59 491 4.89E-03 0.125
11.96 5.60 5.63E-03 0.141
13.43 6.26 6.51E-03 0.160
14.66 6.84 7.05E-03 0.171
2.43 1.13 8.90E-04 0.025
3.71 1.75 1.38E-03 0.038
5.16 2.41 1.94E-03 0.053
6.47 3.02 2.43E-03 0.065
90 7.90 3.69 3.08E-03 0.081
9.26 4.33 3.70E-03 0.096
10.59 4.95 4.22E-03 0.108
11.96 5.60 4.91E-03 0.123
13.43 6.30 5.60E-03 0.138
14.66 6.89 6.08E-03 0.148
2.43 1.15 7.37E-04 0.021
3.72 1.75 1.15E-03 0.032
5.16 2.43 1.61E-03 0.044
6.47 3.06 2.03E-03 0.055
100 7.90 3.73 2.53E-03 0.067
9.26 4.38 3.03E-03 0.080
10.59 5.01 3.45E-03 0.090
11.96 5.67 3.92E-03 0.101
13.43 6.37 4.55E-03 0.115
14.66 6.96 5.04E-03 0.126
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Table A5 Experimental Data for CO, Solubility in 30wt% Dendrimer in [omim][DCA]
with Moisture at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.43 1.01 3.53E-03 0.052
3.74 1.37 5.83E-03 0.083
5.16 1.85 8.62E-03 0.118
6.47 2.22 1.21E-02 0.159
50 7.77 2.67 1.47E-02 0.186
9.26 3.16 1.80E-02 0.219
10.59 3.62 2.05E-02 0.242
11.96 4.01 2.47E-02 0.277
13.43 4.35 2.96E-02 0.316
14.66 5.63 3.28E-02 0.338
2.43 1.03 2.03E-03 0.031
3.62 1.54 2.95E-03 0.044
5.16 2.19 4.25E-03 0.062
6.47 2.71 5.76E-03 0.082
80 7.80 3.30 6.81E-03 0.096
9.26 3.89 8.29E-03 0.114
10.59 4.48 9.36E-03 0.127
11.96 5.11 1.07E-02 0.142
13.43 5.66 1.28E-02 0.166
14.66 6.17 1.41E-02 0.180
2.43 1.04 1.82E-03 0.027
3.71 1.60 2.83E-03 0.042
5.16 2.21 3.89E-03 0.057
6.47 2.77 4.99E-03 0.072
90 7.90 3.38 6.16E-03 0.088
9.26 3.94 7.65E-03 0.106
10.59 4.55 8.37E-03 0.115
11.96 5.17 9.36E-03 0.127
13.43 5.80 1.08E-02 0.145
14.66 6.32 1.21E-02 0.158
2.43 1.07 1.46E-03 0.022
3.72 1.64 2.22E-03 0.033
5.16 2.27 3.20E-03 0.047
6.47 2.84 4.12E-03 0.060
100 7.86 3.46 4.98E-03 0.072
9.26 4.07 6.09E-03 0.087
10.59 4.66 6.97E-03 0.098
11.96 5.29 7.77E-03 0.108
13.43 5.91 9.10E-03 0.124
14.66 6.45 1.01E-02 0.136
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Table A6 Experimental Data for He Solubility in [omim][DCA] at Five Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
23 8.68 4.35 1.22E-04 0.0023
14.70 7.29 2.06E-04 0.0040
2.60 1.29 8.81E-05 0.0017
3.79 1.88 1.28E-04 0.0025
5.15 2.56 1.75E-04 0.0034
6.51 3.23 2.22E-04 0.0043
50 7.92 3.93 2.68E-04 0.0052
9.29 461 3.14E-04 0.0061
10.63 5.27 3.60E-04 0.0070
12.05 5.97 4.09E-04 0.0079
13.43 6.65 4.55E-04 0.0088
14.79 7.32 5.04E-04 0.0098
2.51 1.24 1.24E-04 0.0024
3.79 1.87 1.87E-04 0.0036
5.15 2.55 2.51E-04 0.0049
6.51 3.22 3.14E-04 0.0061
80 7.56 3.74 3.68E-04 0.0071
9.29 4.59 4.55E-04 0.0088
10.63 5.26 5.16E-04 0.0100
12.11 5.99 5.88E-04 0.0114
13.88 6.85 6.76E-04 0.0131
14.85 7.33 7.26E-04 0.0140
2.44 1.21 1.40E-04 0.0027
3.79 1.87 2.16E-04 0.0042
5.15 2.55 2.96E-04 0.0058
6.52 3.22 3.75E-04 0.0073
90 7.99 3.94 4.58E-04 0.0089
9.27 4.58 5.40E-04 0.0104
10.69 5.28 6.17E-04 0.0119
12.09 5.97 6.93E-04 0.0134
13.40 6.60 7.69E-04 0.0148
14.81 7.29 8.49E-04 0.0163
2.30 1.14 1.59E-04 0.0031
3.70 1.82 2.57E-04 0.0050
5.15 2.54 3.57E-04 0.0069
6.49 3.19 4.52E-04 0.0088
100 7.92 3.89 5.50E-04 0.0107
9.28 457 6.48E-04 0.0125
10.64 5.24 7.47E-04 0.0144
12.05 5.93 8.46E-04 0.0163
13.41 6.59 9.37E-04 0.0180
14.84 7.29 1.05E-03 0.0201
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Table A7 Experimental Data for He Solubility in 20wt% Dendrimer in [bomim][DCA] at
Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.46 1.23 6.18E-05 0.0015
3.78 1.88 9.49E-05 0.0024
5.15 2.56 1.30E-04 0.0032
7.03 3.49 1.76E-04 0.0044
50 7.87 3.91 1.97E-04 0.0049
9.40 4.67 2.36E-04 0.0059
10.63 5.28 2.68E-04 0.0066
12.05 5.98 3.04E-04 0.0075
13.52 6.71 3.41E-04 0.0084
14.82 7.35 3.70E-04 0.0092
2.51 1.24 8.51E-05 0.0022
3.76 1.87 1.27E-04 0.0033
5.15 2.56 1.76E-04 0.0045
6.51 3.23 2.24E-04 0.0058
80 7.86 3.90 2.71E-04 0.0070
9.29 4.61 3.23E-04 0.0083
10.63 5.27 3.71E-04 0.0095
12.11 6.00 4.24E-04 0.0109
13.49 6.68 4.71E-04 0.0121
14.64 7.25 5.15E-04 0.0132
2.47 1.23 1.06E-04 0.0027
3.87 1.92 1.63E-04 0.0042
5.21 2.58 2.20E-04 0.0057
6.57 3.25 2.78E-04 0.0071
90 7.93 3.92 3.35E-04 0.0086
9.29 4.60 3.95E-04 0.0101
10.69 5.29 4.55E-04 0.0116
12.11 5.99 5.17E-04 0.0132
13.49 6.67 5.76E-04 0.0147
14.75 7.29 6.29E-04 0.0160
2.45 1.22 1.36E-04 0.0034
3.70 1.83 2.06E-04 0.0051
5.14 2.54 2.88E-04 0.0071
6.47 3.19 3.62E-04 0.0090
100 7.99 3.94 4.47E-04 0.0110
9.40 4.64 5.30E-04 0.0131
10.76 5.31 6.01E-04 0.0148
12.05 5.94 6.78E-04 0.0167
13.46 6.63 7.59E-04 0.0186
14.60 7.19 8.14E-04 0.0199
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Table A8 Experimental Data for He Solubility in 20wt% Dendrimer [bmim][DCA] with
Moisture at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.51 1.24 9.90E-05 0.0015
3.76 1.86 1.50E-04 0.0023
5.15 2.55 2.03E-04 0.0031
6.51 3.23 2.52E-04 0.0038
50 7.73 3.83 3.07E-04 0.0047
9.29 4.60 3.65E-04 0.0055
10.63 5.27 4.21E-04 0.0064
12.11 5.99 4.84E-04 0.0073
13.37 6.62 5.29E-04 0.0080
14.77 7.31 5.81E-04 0.0088
2.51 1.24 1.31E-04 0.0020
3.76 1.86 1.97E-04 0.0030
5.15 2.57 2.80E-04 0.0043
6.51 3.22 3.41E-04 0.0052
80 7.98 3.94 4.18E-04 0.0064
9.29 4.59 4.94E-04 0.0075
10.63 5.25 5.68E-04 0.0086
12.11 5.98 6.43E-04 0.0097
13.49 6.66 7.11E-04 0.0107
15.02 7.41 7.86E-04 0.0119
2.51 1.24 1.50E-04 0.0023
3.76 1.85 2.25E-04 0.0034
5.15 2.54 3.16E-04 0.0048
6.51 3.21 3.99E-04 0.0061
90 7.91 3.90 4.90E-04 0.0074
9.29 4.58 5.65E-04 0.0086
10.63 5.24 6.57E-04 0.0099
12.11 5.96 7.39E-04 0.0112
13.37 6.59 8.22E-04 0.0124
14.82 7.30 9.17E-04 0.0138
2.51 1.23 1.76E-04 0.0027
3.76 1.85 2.64E-04 0.0040
5.15 2.54 3.57E-04 0.0054
6.51 3.21 4.49E-04 0.0068
100 8.09 3.98 5.57E-04 0.0084
9.29 457 6.32E-04 0.0096
10.63 5.23 7.22E-04 0.0109
12.11 5.95 8.37E-04 0.0126
13.37 6.57 9.17E-04 0.0138
14.88 7.31 1.01E-03 0.0153
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Table A9 Experimental Data for He Solubility in 30wt% Dendrimer in [bomim][DCA] at
Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.43 1.21 5.42E-05 0.0015
3.78 1.88 8.52E-05 0.0024
5.18 2.58 1.17E-04 0.0033
6.52 3.24 1.44E-04 0.0041
50 7.93 3.94 1.76E-04 0.0050
9.28 4.61 2.10E-04 0.0060
10.63 5.28 2.40E-04 0.0068
12.11 6.01 2.68E-04 0.0076
13.40 6.65 3.02E-04 0.0086
14.21 7.05 3.21E-04 0.0091
2.43 1.21 7.39E-05 0.0021
3.75 1.86 1.19E-04 0.0034
5.18 2.57 1.62E-04 0.0046
6.52 3.23 2.06E-04 0.0058
80 7.93 3.93 2.48E-04 0.0070
9.28 4.61 2.94E-04 0.0083
10.63 5.27 3.32E-04 0.0094
12.11 6.00 3.84E-04 0.0108
13.92 6.90 4.44E-04 0.0125
14.75 7.31 4.66E-04 0.0131
2.43 1.20 8.88E-05 0.0025
3.75 1.86 1.38E-04 0.0039
5.18 2.57 1.91E-04 0.0054
6.52 3.23 2.44E-04 0.0069
90 7.93 3.93 2.92E-04 0.0083
9.28 4.60 3.46E-04 0.0098
10.63 5.26 3.93E-04 0.0111
12.11 5.99 4.48E-04 0.0126
13.92 6.89 5.19E-04 0.0146
14.45 7.15 5.46E-04 0.0153
2.43 1.19 1.09E-04 0.0031
3.75 1.86 1.67E-04 0.0048
5.18 2.56 2.31E-04 0.0065
6.52 3.22 2.90E-04 0.0082
100 7.93 3.92 3.60E-04 0.0102
9.28 4.59 4.16E-04 0.0117
10.63 5.26 4.89E-04 0.0138
12.11 5.98 5.55E-04 0.0156
13.92 6.88 6.29E-04 0.0177
14.58 7.20 6.66E-04 0.0187
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Table A10 Experimental Data for He Solubility in 30wt% Dendrimer in [bomim][DCA]
with Moisture at Four Temperatures

Temperature (°C) Absolute P; (bar) | Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.44 1.21 4.92E-05 0.0014
3.78 1.88 7.92E-05 0.0023
5.18 2.58 1.04E-04 0.0030
6.52 3.24 1.32E-04 0.0037
50 7.93 3.94 1.63E-04 0.0046
9.28 4.61 1.90E-04 0.0054
10.63 5.28 2.20E-04 0.0062
12.11 6.01 2.48E-04 0.0070
13.40 6.65 2.76E-04 0.0078
14.59 7.24 3.05E-04 0.0086
2.45 1.21 6.80E-05 0.0019
3.75 1.86 1.01E-04 0.0029
5.18 2.57 1.44E-04 0.0041
6.52 3.24 1.76E-04 0.0050
80 7.93 3.93 2.17E-04 0.0062
9.28 4.61 2.52E-04 0.0071
10.63 5.27 2.90E-04 0.0082
12.11 6.00 3.30E-04 0.0093
13.92 6.90 3.83E-04 0.0108
14,71 7.29 4.08E-04 0.0115
2.43 1.21 7.74E-05 0.0022
3.75 1.86 1.20E-04 0.0034
5.18 2.57 1.68E-04 0.0048
6.52 3.23 2.10E-04 0.0059
920 7.93 3.93 2.57E-04 0.0073
9.28 4.60 2.99E-04 0.0085
10.63 5.27 3.46E-04 0.0098
12.11 6.00 3.89E-04 0.0110
13.92 6.89 4.48E-04 0.0126
14.99 7.43 4.87E-04 0.0137
2.43 1.19 8.67E-05 0.0025
3.75 1.86 1.34E-04 0.0038
5.18 2.57 1.86E-04 0.0053
6.52 3.23 2.40E-04 0.0068
100 7.93 3.93 2.85E-04 0.0081
9.28 4.60 3.30E-04 0.0093
10.63 5.27 3.79E-04 0.0107
12.11 5.99 4.29E-04 0.0121
13.92 6.89 5.03E-04 0.0142
14.73 7.29 5.30E-04 0.0149
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Table A11 Experimental Data for CO; Solubility in PEG 400 at Four Temperatures

Temperature (°C) | Absolute P; (bar) Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.37 1.16 4.80E-04 0.017
5.24 2.58 1.06E-03 0.037
50 7.96 3.92 1.80E-03 0.062
10.62 5.25 2.37E-03 0.080
14.53 7.25 3.43E-03 0.111
2.42 1.19 3.58E-04 0.013
5.22 2.57 8.03E-04 0.028
80 7.88 3.89 1.24E-03 0.043
10.38 5.15 1.59E-03 0.055
14.32 7.08 2.32E-03 0.078
2.39 1.18 3.17E-04 0.011
5.14 2.53 6.95E-04 0.025
90 8.01 3.93 1.09E-03 0.038
10.49 5.21 1.51E-03 0.052
14.57 7.23 2.06E-03 0.070
2.46 1.22 2.87E-04 0.010
5.16 2.55 6.57E-04 0.023
100 8.13 4.02 1.01E-03 0.036
10.68 5.33 1.36E-03 0.047
14.43 7.18 1.82E-03 0.062
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Table A12 Experimental Data for CO, Solubility in 20wt% Dendrimer in PEG 400 at

Four Temperatures

Temperature (°C) | Absolute P; (bar) Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.47 1.16 1.36E-03 4.84E-02
5.22 2.40 2.52E-03 8.61E-02
50 8.25 3.79 4.66E-03 1.47E-01
10.65 4.92 5.77E-03 1.78E-01
14.48 6.69 8.54E-03 2.61E-01
2.41 1.15 7.54E-04 2.75E-02
5.26 2.49 1.71E-03 6.02E-02
80 7.72 3.63 2.60E-03 8.88E-02
10.69 5.12 4.05E-03 1.32E-01
14.78 7.03 5.13E-03 1.61E-01
2.46 1.18 6.46E-04 2.36E-02
5.34 2.55 1.49E-03 5.28E-02
90 7.84 3.72 2.23E-03 7.71E-02
10.72 5.22 3.05E-03 1.02E-01
14.73 7.05 4.31E-03 1.39E-01
2.39 1.16 5.89E-04 2.16E-02
5.14 2.55 1.21E-03 4.33E-02
100 7.97 3.79 2.02E-03 7.04E-02
10.60 5.05 2.69E-03 9.16E-02
14.52 7.02 3.80E-03 1.25E-01
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Table A13 Experimental Data for He Solubility in PEG 400 at Four Temperatures

Temperature (°C) | Absolute P; (bar) Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.43 1.25 4.35E-05 1.58E-03
5.25 2.71 9.36E-05 3.40E-03
50 7.79 3.87 1.36E-04 4.94E-03
10.48 5.20 1.79E-04 6.50E-03
14.74 7.37 2.57E-04 9.28E-03
2.29 1.13 5.45E-05 1.98E-03
5.14 2.56 1.25E-04 4.52E-03
80 7.87 3.91 1.90E-04 6.89E-03
10.72 5.32 2.57E-04 9.28E-03
14.80 7.33 3.55E-04 1.28E-02
2.35 1.17 6.86E-05 2.49E-03
5.15 2.56 1.47E-04 5.33E-03
90 7.99 3.99 2.29E-04 8.27E-03
10.69 5.31 3.08E-04 1.11E-02
14.80 7.31 4.28E-04 1.54E-02
2.44 1.21 9.20E-05 3.34E-03
5.13 2.55 1.93E-04 6.99E-03
100 7.94 3.93 2.96E-04 1.07E-02
10.58 5.23 4.00E-04 1.44E-02
14.86 7.33 5.62E-04 2.01E-02
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Table A14 Experimental Data for He Solubility in 20wt% Dendrimer in PEG 400 at

Four Temperatures

Temperature (°C) | Absolute P; (bar) Absolute Ps (bar) Mole of Gas Mole Fraction
Absorbed (gmol)
2.51 1.24 4.05E-05 1.52E-03
5.37 2.67 8.88E-05 3.31E-03
50 8.97 4.46 1.50E-04 5.58E-03
10.76 5.36 1.79E-04 6.48E-03
14.81 7.36 2.41E-04 8.46E-03
2.44 1.21 5.61E-05 2.10E-03
5.29 2.62 1.24E-04 4.64E-03
80 8.25 4.10 1.89E-04 7.05E-03
10.82 5.38 2.45E-04 9.10E-03
14.63 7.27 3.47E-04 1.28E-02
2.39 1.19 6.29E-05 2.35E-03
5.17 2.57 1.42E-04 5.29E-03
90 7.94 3.94 2.34E-04 8.69E-03
10.81 5.36 3.02E-04 1.12E-02
15.02 7.45 4.24E-04 1.56E-02
2.48 1.23 8.56E-05 3.20E-03
5.22 2.59 1.91E-04 7.11E-03
100 8.30 4.11 2.87E-04 1.07E-02
10.72 5.31 4.03E-04 1.49E-02
14.91 7.38 5.31E-04 1.95E-02
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Table A15 CO; Mole Fractions in [bomim][DCA] at Various Feed Pressures and
Temperatures

Temperature (°C) Pressure (bar) CO, mole fraction Pressure Ratio Mole Fraction

Ratio

2.43 0.015 1.00 1.00

3.75 0.024 1.54 1.56

5.16 0.033 2.12 2.16

6.51 0.042 2.68 2.74

50 7.92 0.051 3.26 3.33
9.23 0.060 3.80 3.92

10.67 0.069 4.39 4.51

12.08 0.078 4.97 5.12

13.39 0.087 5.51 5.70

14.77 0.097 6.08 6.35

2.43 0.015 1.00 1.00

3.75 0.024 1.70 1.73

5.16 0.033 212 2.13

6.51 0.042 2.68 2.66

80 7.92 0.051 3.24 3.28
9.23 0.060 3.81 3.84

10.67 0.069 4.38 4.48

12.08 0.078 497 5.05

13.39 0.087 5.51 5.60

14.77 0.097 6.07 6.21

2.43 0.015 1.00 1.00

3.75 0.024 1.52 1.52

5.16 0.033 2.14 2.15

6.51 0.042 2.72 2.74

920 7.92 0.051 3.28 3.26
9.23 0.060 3.85 3.86

10.67 0.069 4.43 4.39

12.08 0.078 5.01 4.95

13.39 0.087 5.58 5.55

14.77 0.097 6.15 5.92

2.43 0.015 1.00 1.00

3.75 0.024 1.63 1.63

5.16 0.033 2.21 2.21

6.51 0.042 2.80 2.82

100 7.92 0.051 3.39 3.39
9.23 0.060 4.00 4.05

10.67 0.069 4.60 4.66

12.08 0.078 5.17 5.23

13.39 0.087 5.76 5.81

14.77 0.097 6.32 6.42
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Table A16 Percent Theoretical Capacity of Primary Amines Consumed under Different
Pressures and Its Corresponding Apparent Equilibrium Constants of Primary Amine
Reaction with CO; for 20 wt% Dendrimer in [bomim][DCA] at Different Temperatures*

Temperature (°C) Pieeq (bar) % Saturation (%) Kc

2.43 10.56 6100 L/mol
3.74 24.23

50 5.16 31.85
6.47 38.89
7.90 47.72
9.26 53.89
10.59 66.74
11.96 77.54
13.43 75.83
14.66 97.69 29972 L*/mol”
2.39 551 2804 L/mol
3.76 9.03

80 5.14 12.88
6.53 16.61
7.77 18.83
9.27 22.85
10.67 27.42
12.14 32.13
13.39 34.83
14.83 42.08
241 4,13 2227 L/mol
3.87 6.88

90 5.17 9.78
6.58 13.28
7.93 15.47
9.38 19.62
10.68 23.08
12.07 27.51
13.38 29.10
14.77 34.36
2.47 3.84 1790 L/mol
3.76 5.73

100 5.16 8.20
6.52 10.06
7.91 12.65
9.27 15.06
10.61 17.99
11.99 20.52
13.43 22.52
14.47 26.96

*Dry system
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Table A17 Percent Theoretical Capacity of Primary Amines Consumed under Different
Pressures and Its Corresponding Apparent Equilibrium Constants of Primary Amine
Reaction with CO; for 30wt% Dendrimer in [bmim][DCA] at Different Temperatures*

Temperature (°C) Pieeq (bar) % Saturation (%) Kc

2.41 9.29 6659 L/mol
3.75 13.18

50 5.16 19.22
6.47 25.06
7.90 32.37
9.26 39.53
10.59 47.15
11.96 55.09
13.43 64.05
14.66 69.58 10329 L*/mol*
2.43 4.49 3061 L/mol
3.62 6.77

80 5.16 10.43
6.47 13.08
7.90 16.75
9.26 20.17
10.59 23.02
11.96 26.47
13.43 31.19
14.96 33.84
2.43 3.93 2431 L/mol
3.71 6.00

90 5.16 8.58
6.47 10.61
7.90 14.08
9.26 17.09
10.59 19.47
11.96 23.00
13.43 26.18
14.86 28.06
2.43 2.98 1954 L/mol
3.72 4.82

100 5.16 6.72
6.47 8.49
7.90 10.63
9.26 13.00
10.59 14.39
11.96 16.46
13.43 19.78
14.66 21.93

*Dry system
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Table A18 The Correction (%) for Henry’s Law Constants of CO, Due to Physical

Absorption the IL Containing Dendrimer and in Pure IL

Temperature | Hye' Hyer” Hco2® | Hcoor® | Correction

(°C) (%)°

20 wt% 50 751.6 796.2 74.4 78.6 5.64
dendrimer in 80 522.4 558.3 104.2 111.5 7.00
[bmim][DCA] 90 4433 | 4539 | 1143 | 1182 3.41
100 364.6 357.4 129.8 127.3 1.93

30 wt% 50 751.6 781.8 74.4 77.2 3.76
dendrimer in 80 522.4 557.3 104.2 111.3 6.81
[bmim][DCA] 90 4433 | 4722 | 1143 | 1229 7.52
100 364.6 387.6 129.8 138.0 6.32

! Henry’s law constant of He for pure [bmim][DCA]
Z Henry’s law constant of He due to physical absorption in the [omim][DCA] containing dendrimer
® Henry’s law constant of CO, for pure [bmim][DCA]
* Henry’s law constant of CO, due to physical absorption in the [omim][DCA] containing dendrimer

5 Correction (%) =

Hcoot ~Heo2

Heoo

x100%
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Table A19 Solubilities of Pure CO, and Pure He in 20 wt% Dendrimer in [bomim][DCA]
at Different Feed Pressures and Temperatures

Temperature (°C) Feed pressure (bar) CO, mole fraction He mole fraction
2.40 0.038 0.0015
3.75 0.059 0.0024
5.16 0.081 0.0032
6.47 0.101 0.0044
50 7.90 0.125 0.0049
9.26 0.143 0.0059
10.59 0.169 0.0066
11.96 0.191 0.0075
13.43 0.208 0.0084
14.65 0.231 0.0092
2.39 0.023 0.0022
3.75 0.036 0.0033
5.14 0.050 0.0045
6.53 0.064 0.0058
80 7.77 0.074 0.0070
9.26 0.088 0.0083
10.67 0.103 0.0095
12.13 0.118 0.0109
13.39 0.126 0.0121
14.83 0.145 0.0132
2.41 0.020 0.0027
3.87 0.032 0.0042
5.16 0.044 0.0057
6.58 0.057 0.0071
90 7.93 0.066 0.0086
9.37 0.080 0.0101
10.68 0.092 0.0116
12.07 0.106 0.0132
13.38 0.114 0.0147
14.76 0.128 0.0160
2.46 0.019 0.0034
3.75 0.028 0.0051
5.15 0.039 0.0071
6.51 0.048 0.0090
100 7.90 0.059 0.0110
9.26 0.070 0.0131
10.60 0.079 0.0148
11.98 0.091 0.0167
13.43 0.100 0.0186
14.46 0.111 0.0199
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Table A20 Solubilities of Pure CO, and Pure He in 20 wt% Dendrimer in [bomim][DCA]
with Moisture at Different Feed Pressures and Temperatures

Temperature (°C) Feed pressure (bar) CO, mole fraction He mole fraction
2.47 0.046 0.0015
3.74 0.071 0.0023
5.16 0.102 0.0031
6.46 0.121 0.0038
50 7.90 0.148 0.0047
9.26 0.169 0.0055
10.69 0.205 0.0064
11.96 0.227 0.0073
13.43 0.247 0.0080
14.66 0.263 0.0088
2.41 0.029 0.0020
3.69 0.041 0.0030
5.16 0.057 0.0043
6.72 0.069 0.0052
80 7.90 0.081 0.0064
9.26 0.091 0.0075
10.59 0.108 0.0086
11.96 0.125 0.0097
13.43 0.141 0.0107
14.66 0.151 0.0119
2.41 0.023 0.0023
3.66 0.031 0.0034
5.16 0.051 0.0048
6.47 0.057 0.0061
90 7.90 0.069 0.0074
9.26 0.079 0.0086
10.59 0.089 0.0099
11.96 0.105 0.0112
13.43 0.120 0.0124
14.66 0.126 0.0138
2.41 0.020 0.0027
3.78 0.033 0.0040
5.16 0.043 0.0054
6.41 0.054 0.0068
100 7.90 0.065 0.0084
9.26 0.078 0.0096
10.59 0.084 0.0109
11.96 0.096 0.0126
13.43 0.107 0.0138
14.66 0.115 0.0153

133



Table A21 Solubilities of Pure CO, and Pure He in 30 wt% Dendrimer in [bomim][DCA]
for Different Feed Pressures and Temperatures

Temperature (°C) Feed pressure (bar) CO, mole fraction He mole fraction
2.43 0.047 0.0015
3.74 0.07 0.0024
5.16 0.097 0.0033
6.47 0.121 0.0041
50 7.90 0.149 0.0050
9.26 0.176 0.0060
10.59 0.201 0.0068
11.96 0.224 0.0076
13.43 0.250 0.0086
14.66 0.268 0.0091
2.43 0.028 0.0021
3.62 0.042 0.0034
5.16 0.062 0.0046
6.47 0.076 0.0058
80 7.90 0.094 0.0070
9.26 0.111 0.0083
10.59 0.125 0.0094
11.96 0.141 0.0108
13.43 0.160 0.0125
14.66 0.171 0.0131
2.43 0.025 0.0025
3.71 0.038 0.0039
5.16 0.053 0.0054
6.47 0.065 0.0069
90 7.90 0.081 0.0083
9.26 0.096 0.0098
10.59 0.108 0.0111
11.96 0.123 0.0126
13.43 0.138 0.0146
14.66 0.148 0.0153
2.43 0.021 0.0031
3.72 0.032 0.0048
5.16 0.044 0.0065
6.47 0.055 0.0082
100 7.90 0.067 0.0102
9.26 0.080 0.0117
10.59 0.090 0.0138
11.96 0.101 0.0156
13.43 0.115 0.0177
14.66 0.126 0.0187
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Table A22 Solubilities of Pure CO, and Pure He in 30 wt% Dendrimer in [bomim][DCA]
with Moisture at Different Feed Pressures and Temperatures

Temperature (°C) Feed pressure (bar) CO, mole fraction He mole fraction
2.43 0.052 0.0014
3.74 0.083 0.0023
5.16 0.118 0.0030
6.47 0.159 0.0037
50 7.77 0.186 0.0046
9.26 0.219 0.0054
10.59 0.242 0.0062
11.96 0.277 0.0070
13.43 0.316 0.0078
14.66 0.338 0.0086
2.43 0.031 0.0019
3.62 0.044 0.0029
5.16 0.067 0.0041
6.47 0.082 0.0050
80 7.80 0.098 0.0062
9.26 0.114 0.0071
10.59 0.127 0.0082
11.96 0.142 0.0093
13.43 0.166 0.0108
14.66 0.180 0.0115
2.43 0.027 0.0022
3.71 0.042 0.0034
5.16 0.057 0.0048
6.47 0.072 0.0059
90 7.90 0.088 0.0073
9.26 0.106 0.0085
10.59 0.115 0.0098
11.96 0.127 0.0110
13.43 0.145 0.0126
14.66 0.158 0.0137
2.43 0.023 0.0025
3.72 0.035 0.0038
5.16 0.047 0.0053
6.47 0.060 0.0068
100 7.86 0.072 0.0081
9.26 0.087 0.0093
10.59 0.098 0.0107
11.96 0.108 0.0121
13.43 0.124 0.0142
14.66 0.136 0.0149
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APPENDIX B

SAMPLE CALCULATIONS

Sample calculation procedures for various reported results are provided here.

B.1 Solubility of CO, and He in Absorbent Liquids
A sample calculation of the number of moles of carbon dioxide and helium absorbed in
the pure [omim][DCA] is provided here.

Experimental Data:

Veell = Vireference = 150 mL = 0.15 L
ViL=10mL=0.01L

R = 0.082 L*atm*K ™ *mol ™

1psi = 0.068 atm

1 psi=0.0689 bar

T=50°C=323.15K

Mass of 10 mL of [bomim][DCA] =10.5¢

MW of [bmim][DCA] = 205.26 g/mole

Number of moles of [bomim][DCA]:

10.5
Nipmimoca] = m

=0.0511 gmole
For COy:

Pteed = 20.2 psig

Psina = 2.1 pS|g

Zseeq = 0.9912
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Zsina = 0.992

Using Equations (2.1) and (2.2), the number of moles of CO; in the feed (nt) and in the
gas phase at the equilibrium (n,) are:

_ (20.2+14.7)*0.068*(0.15)
T 0.9912*0.082*323.15

=0.01355 gmole

. _ (21+14.7)*0.068*(0.15+0.15 - 0.01+ 0.0035)

| =0.01275 gmole
0.992*0.082*323.15

where 3.5 cm? is the total volume of all the 1/8” tubing used for connection

Using Equation (2.3), the number of moles of CO, absorbed by pure [bomim][DCA] is:
n, = 0.01355-0.01275 = 8.0x10™* gmole
Mole fraction of CO; in the IL:

n, 8.0x10°*

Xeop = = = = 0.0154
N, + Npmngocs 8010~ +0.0511

Henry’s law constant for CO, in pure [omim][DCA] at 50 °C is:

Ponar _ (2.1+14.7)*0.0689

= 75.2bar (It appears in Table 2.2).
Xcoz 0.0154

H Cco2

For He:
Preed = 23.06 psig
Ptinal = 4.46 psig
Zseeqg = 1.001

Zfina| =1.0001

Using Equations (2.1) and (2.2), the number of moles of He in the feed (nt) and in the gas

phase at the equilibrium (n;) are:
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- _ (23.06-+14.7)*0.068* (0.15)

= = 0.01452 gmole
1.001*0.082*323.15

- (4.46 +14.7)*0.068* (0.15 + 0.15— 0.01+ 0.0035)
! 1.0001*0.082*323.15

=0.01443 gmole

Using Equation (2.3), the number of moles of He absorbed by pure [bmim][DCA] is:
n, =0.01452 —0.01443 =9.0x10~° gmole
Mole fraction of He in the IL:

X, = N _ 90107 op g
N, Nymoey 9-0%x107° +0.0511

Henry’s law constant for He in pure [bmim][DCA] at 50 °C is:

Pinar _ (4.46+14.7)*0.068
Xpie 1.75x10°°

H., = =744 .5bar (It appears in Table 2.2).

B.2 Calculation of Percent Theoretical Capacity of Primary Amines Consumed
Theoretical capacity is the theoretical number of moles of carbon dioxide absorbed due to

reaction with primary amines in the dendrimer based on the Equation (B.2.1).
2 R(NH2), + 4 CO, <> R(NHCOO-); + R(NH3")4 (B.2.1)

For 20 wt% dendrimer in [omim][DCA]:
Mass of 0.01 L of 20 wt% dendrimer in [bmim][DCA]=10.72 g
Number of moles of dendrimer in the solution is:

0 _ mass dendrimer _ (0.2*10.72)g
dendrimer MW 5179 / mOl

=4.15x10"% gmole

dendrimer
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The theoretical moles of carbon dioxide absorbed due to reacting with primary amines in

dendrimer based on the Equation (B.2.1) is:

Neosabsorbed = 2 Nuenarimer = 2 4.15x10 7 gmole = 8.3x10~° gmole

At 50 °C and Pyeeq= 14.66 bar, the number of moles of CO, absorbed by primary amine in
20wWt% dendrimer in [bmim][DCA] is: 8.10x10® gmole (see ncog, in section B3).

Therefore, % saturation (%) is:

-3
%Saturation = 8100~ x100% = 97.7% (It appears in Table 2.6).

8.3x10°°

B.3 Calculation of K¢ for 20 wt% Dendrimer in [bmim][DCA] Assuming all
Primary Amines Consumed

At 50 °C, Pyeeq = 14.66 bar, Psiny = 5.56 bar

Mass of 0.01 L of 20 wt% dendrimer in [bmim][DCA]=10.724 g

*
Nyendrimer = 02710.724 0.004148678 gmole
517
*
n, = 08710724 _ 4 441798045 gmole
205.26

From experimental data, the number of moles of CO, absorbed in 20 wt% dendrimer in
[omim][DCA], ny, is:
n,= 0.011589971gmole

The Henry’s law constant for CO, due to physical absorption in the IL containing
dendrimer is calculated via the Equation (B.2.2)

H e I:)in
HCOZT = Hcoz —her _ _Tal (B.2.2)
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where Hcoom: Henry’s law constant of CO, due to physical absorption in the IL

containing dendrimer
Hco2: Henry’s law constant of CO; in pure IL
Huer: Henry’s law constant of He in the IL containing dendrimer
Hue: Henry’s law constant of He in pure IL

x: mole fraction of CO,

802.2076486

——————— | =78.96313631bar
749.8739584

Heopr = 73.81181132*(

From Equation (B.2.2), mole fraction , X, is:

Piai  5.567454724

_ =0.070507011
Heopr  78.96313631

Also,

r']COZ, free

X =
nCOZ, free + ndendrimer + nIL

 (N4endrimer ML) X _ (0.004148678 +0.041798045) *0.070507011

n = =0.003485305 gmole
CO2, free 1-x 1-0.070507011 g

Now, Ncozr, the moles of CO, reacted with primary amines present in dendrimer, is equal

to:

N, —Neop e = 0.011589971—0.003485305 = 0.008104666 gmole

Neoor =

From Equation (2.17), K¢ can be calculated:
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2
(”coz,r J (0.008104666j2
4
K. = v, = 4 (0.01)*

0.008104666)2

2
n r 4
(ncozyfree)“[nden - J (0.003485305) (0.004148678—

Kc =29972.9 L*/mol” (It appears in Table 2.6).

B.4 Calculation of Henry’s Law Constants for CO, and He Used in the
Mathematical Model

At 50 °C and 100 psig feed pressure,
Vi =10 mL = 1x10° m®

Pcoz fina = 3.75 atm

Ncoz absorbed = 2.75x107 gmole

Phe finat = 3.89 atm

Nue absorbed = 2.68x10™ gmole

Using Equations 3.25, and 3.26,

3
2.75x10 93m0| (It appears in Table 3.3).
m

=20 -7333
€92 1x107° *(3.75) atm

4
= % =6.89 ggnol (It appears in Table 3.3).
1x10™ *(3.89) m-atm

B.5 Molar Flow Rate of Product per Cycle Calculation

For PEEK-L Il Module @ 100 psig feed gas and T=23 °C=296.13 K
N =568

di = 0.029 cm

L=41.0cm
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Pressure at the end of absorption= 73.3 psig
Pressure at the end of He-withdrawal step = 9 psig

AP =73.3-9 = 64.3 psig =64.3*(0.068 atm) = 4.37 atm

2
V= 3.14*(%} *41.0*%568 =15.37 cc

(AP 437*1537

An =
RT 82.05*296.13

=2.76x10° gmole

He-rich product molar flow rate per cycle (n,,) is:

-3
% = % =4.13x10" gmol/s (It appears in Table 3.5).

r]He
Using CO; species balance on the system, CO,-rich product molar flow rate per cycle
(No,) IS

0.4*(Ngo, +4.13x10°) =0.12*(4.13x10°°) = 0.91* ("¢, )

Neo, = 2.27X107° gmol /s (It appears in Table 3.5).

B.6 % CO; Recovery Calculation

For Two PEEK-L 111 Modules in Series @ 100 psig feed gas and T=23 °C
n,. =9.58x10°gmol /s and x, = 0.073

Neo, =5.69x107° gmol /s and x, =0.951

Using Equation (4.1),% CO, recovery in the CO,-rich product is:

Nen, * _ %)
%CO, Recovery = €02 "2 410006 = _55 69x10 " *0 951_5
ooy ™ X, + Ny ™ X 5.69x10° *0.951+ 9.58x10~° *0.073

% CO, Recovery =88.55% (It appears in Table 4.4).
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APPENDIX C
METHOD OF LINES TECHNIQUE IN SOLVING GOVERNING EQUATIONS
OF PRESSURE SWING MEMBRANE ABSORPTION WITH GAS PRESSURE
DROP IN THE FIBER LUMEN
When the gas pressure drop in the fiber lumen is not negligible, the governing balance

equations and boundary conditions for any species j (He, CO,) in a single hollow fiber

can be written as:

Gas Phase:
Gt_jg o2 _Egjg_d_z g “ig ()
where
RTd.> & oC,
Vg - _ i Z 19 (C2)
32/Umix =1 oz
C.
: it _
c'=—"n C3
9 H,RT (€3
Initial condition:
att=0,C,, =0(0<z<L) (C4)
Boundary conditions:
oC .
VeCiq " =V,Cy 0 g azjg (C5)
z=0
oC.
_ 19 =0 C6
19 az L ( )

The corresponding governing balance equation and boundary conditions for the liquid

phase for species j are:
oC. o°C. oC.
L=D,| — _1 % (C7)
or r or
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Initial condition:

att:O,Cj,=O(O£z£LandrO<r<re) (C8)

Boundary conditions:

5. Cil i e _Srleg (C9)
— il = . L ——
" or Bl HRT
oC .

1 —p (C10)
6[' r=r,

NORMALIZATION OF THE MODEL EQUATIONS

For normalization, the following scales are used:

2

r : :
z.=lr=r,t = 5 , C;, =C,," (inlet concentration)
1

Let’s introduce dimensionless variables: 1, X, 1, U;, and Q;

DlI

T:—Zt
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GAS PHASE

Then Equation (C1) becomes:

D , OU. cloU. C. " s 4K . d,
lelcjg aTJZng |J§ axzj_ J|g &(Vng)— ng2 Ci|Y;- H. RTQ(U a) (C11)

e i

f

wherea =-2
r
2 C 2
_z RTd’ Kg 8U Z (C12)
1324, K=
2C,."
where p, = RTd,” “s (C13)
Hy |
Simplifying one gets:
U, D,r2dU, r? 5 K dor,”
b _ T Te I _ e Z(y 4—u._— = Cl4
5T B 1T o DU A | Y HRTQ(n a) (C14)
where
D' re2 re2 4K dore2 1
= 0T oY T e M T H AT (C15)
1 1 di D1| i
and

5 8 02U o(au 02U ou. U,
Z(vU.)=—2 Z UKy, =— il KU U, C16
ox VoY1) ax;pK o ) ;p“ax( ox j Zp{ ox? ox axj( )

Equation (C11) becomes

ou . o%U . 0. ouU. dU.
82’1 =a; 8XZJ +§ZK:pK[Uj 6x2K + 6XK axj —4y/j(Uj—/1ij(77:a)) (C17)
Initial condition:
U,(x7=0)=0 (C18)
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Boundary conditions:

Equation (C5) becomes

u

u u u ng aUJ
Vg ng :Vngg Uj(X:O,T)—DJ-g I—E(X:O,T)

Dividing both sides by C__", one gets

jg *
u D, U,
Vg :Vng(X:O,T)—I—E(XZO,T)

Equation (C6) becomes:

ouU
OX

L(x=17)=0

LIQUID PHASES

Similarly, Equation (C7) becomes:

Cy' Qg [C,-g“ 0'Q;  11C," Q; J

—D
r? U or r? 6772 rrm r, on

e e

an_resz,i aZQjJrlan
or Dy r*lon* non

o [0

or on® n on

Initial Condition:

Qj(X!771T:O):O
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Boundary Conditions:

Equation (C9) becomes:

C, Q, u

il

_@(x,a,r) = &(U ;1) -2,Q(x a,7))
on Dj

_%(x,a,r) = Shj(Uj(X,T)_iij (x,a, 7))
n

Equation (C10) becomes:

6Q,
on

(xL7)=0

METHOD OF LINES

First and second derivatives can be approximated using the method of lines

m m m-1
ou," U"-U,

OX AX

o’u" u™-2u,"+u™
X AX?

Substituting equations, one gets:

U "
= .
or !

-

X2 (Ujm+1 _2Ujm +Ujm—l)+

e

2

m 1 m+ m m- 1 m m-! 1 m m-
+5{p1(uj - U,™ -2u," +U, 1)+E(Uj ~U, 1)&(u1 ~U, 1)}

(C26)

(C27)

(C28)

(C29)

(C30)

(C31)

m 1 m+. m m-. 1 m m- l m m-. m m,
+5|:p2(Uj U 20U U UM U U, 1))}—4%@] ~aqm) (C32)

Simplifying, equation becomes
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aU'm a; m+1 m m-1
- =A—X’2(uj VRN

o
AX?

U "o U 20, U 4 o, U, - 20, U,

+§[(uj'“ —U, "o U UMY 4 0,0, -0, Y4y, " - 20™)  (c3)

For x=0, apply 5 point forward differences and Equation (C20) becomes,

D, 1
u 1 1 1 2 3 4 5
vy =V U, ——I‘g A% X(—25Uj +48U," -36U ;" +16U ;" —3U; )

Assumingv," = v, ", Equation (C36) can be simplified to:

Pe!
1+- 1 (480 236U °+16U,* —3U °)
Ul-o_ 12Ax
]

-1
i

12AX

1+ 20

Combine Equations (C21) and (C30), one gets

i(UjNX _Uij—l):O

Therefore,

Applying method of lines on Equation (C24), it becomes:

(Qjm,ml_szm,n +Qjm,n1)+ULK177(Qjm,n+1_Qjm,nl):|

n

aQ;™" 1
a :7/] 2
T An

Applying central approximation to Equation (C28) when n=1 (n=a), it becomes:

_ﬁ(Qjm’z Q" )=sh,{u,"-2,0,™)

Q"™ =Q,"* +2A778hj(Ujm "IjQim’I)

Similarly, Equation (C29) becomes,
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1

E(Qjm,Neﬂ _Qjm,Ne—l):O (C43)

Multiplying both sides by 2An,

Qjm,Ne+l — Qjm,Ne—l (C44)
Therefore,
a(g m,Ne 2
j m,Ne-1 m,Ne
ajr =7 INE (QJ -Q; ) (C45)

Summary of ordinary differential equations for the gas and liquid phases are shown in

Tables C1 and C2.

Table C1. Summary of ordinary differential equations for the gas phase

1. Equation for x=0

Pe !
1+- (48U 2 ~36U ° +16U * —~3U °)
U 1 12AX J ] J J
i -1
Pej
1+ 20
12Ax

2. Equation for O<x<1

8U»m . ma m m— o m m+ m m— m+ m m-
TTJ:A—X’Z(UJ. LU U, 1)+E[uj (U =20, U™ 1 (U, 20,7 U, ]+

+&[(Ujm -U jm_l){pl(ulm _Ulm_l)"'pz(uzm _Uzm_l)}]_4l//j(u jm _lemYl)
3. Equation for x=1

Nx Nx-1
U,” =U;

]
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Table C2. Summary of ordinary differential equations for the liquid phase

1. Equation for n=a
m,0 m,2 m m,1
Q" =Q; +2A’73hj(uj -4,Q; )

2. Equation for a<n<1

aQ'mm 1 m,n+1 m,n m,n-1 1 1 m,n+1
ajr :71L_,72(QJ —2Q; +Q; )+__77(Q1 -

3. Equation for n=1

anm'Ne :7/_ 2 (Q_m,Ne—l_Q_m,Ne)
82’ JAUZ J J

150



APPENDIX D

PROGRAM FOR MODELING EQUATIONS CONSIDERING PRESSURE DROP
IN THE FIBER LUMEN
Main function for simulation of gas absorption

project_path = 'run/test_18 new/’;
data_file = 'run_data_18';

sett.flag_dim =0;
sett.flag_vel =0;

rhs = @rhs_pd;

solver = @odel5s;

’

1
1
0

>

_C
C
_C=0;
D C=0;

%%% % % %% % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
run(data_file);

O @

disp('Simulation of gas absorption has started...");
mkdir(project_path);

copyfile([data_file .m'], [project_path data_file '.m'], 'f');

%% %% %% % % % % %% %% % % % % % %% % % % % %% %% % % % %% %% % % %
re=d e/2.0;

ro=d o/2.0;

D g=[D_A_gas,D_B gas];

D_|I=[D_A_liquid, D_B_liquid];

C_g=[C_A, C_B];

K_g=[K_A_g K_B_gl;

H=[H_A_liquid, H_B_liquid];

mu_g=[mu_g_A, mu_g_BJ;

mu_g_M = (C_g(1)*mu_g(1) + C_g(2)*mu_g(2)) / (C_g(1) + C_g(2));
%% %% %% % % % % %% % % % % % %% % % % % % % %% % % % % % %% %% % % %
global alp del rho pse lam iPe gam Sh bet;

alp=(D_g/D_I(1)) * (r_e/N)"2;

del=r_e”2/1/D_I(1

rho=R*T gas*d_i*"2/(32*mu_g M)*C g/|;

pse=K g*d o*(r_e/d_i)*2/D_I(1);

lam=1.0/R/T gas./ H;

iPe=D_g/I/Vg;
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gam=D_|l/D_I(1);

Sh=K g*r_e./D_|;

bet=r_er2*Vvg/D_I(1)/|;

%% %% %% % % % % %% % % % % % %% % % % % % % %% % % % % % % %% % % % %
z_scale=1;

r_scale=r_e;

t scale=(r_e*r_e)/D_I(1);

C_scale=[C_AC_B];

fprintf(1, "\ntime scale = %f', t_scale);

z = linspace(0, I, Nz);
r = linspace(r_o, r_e, Nr);
t = linspace(0.0, tmax, Nt);

global e;
x=1z/1z_scale;
e=r/r_scale;
tau =t/ t_scale;

global dx de;
dx = x(2)-x(1);
de = e(2)-e(1);

global Nx Ne;
Nx = Nz;
Ne = Nr;

%% %% %% % % % % %% %% %% % % % % % % % % % % % % % % % % % % % % % % %
UQ = zeros(Nt, 2*(Nx + Nx*Ne));

options = odeset('RelTol', 1e-6, 'AbsTol', 1e-6);

Cstart = zeros(2*(Nx + Nx*Ne), 1);

Cstart(:) = NaN;

Cstart(index(1, 1, 1:Nx, 1)) = 1;

Cstart(index(2, 1, 1:Nx, 1)) = 1;

forie =1:Ne,
Cstart(index(1, 2, 1:Nx, ie)) = 0;
Cstart(index(2, 2, 1:Nx, ie)) = 0; end

[tau_out, UQ] = solver(rhs, tau, Cstart, options);

%%%% %% % % %% % % %% % %% % % % % % %% % % % % % %% % % % % % % % %
save([project_path 'results.mat'], '*', '-double');

% %% % % %% % % %% % %% % % % % % %% % % % % % %% % % % % % % % % % % %
plot_results([project_path 'results.mat'], tau(Nt), sett);
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Simulation parameters for the code run:

%A: CO2, B : He, liquid : [bmim][DCA]
%P=100 psi, T=room temperature, 1 PEEK module

Nz = 30;
Nr = 30;
Nt =101;

tmax =9.0e2; % time period for the simulation (s)

C_A=128.4594124; % Gas concentration (A) at inlet moles/m”3
C_B=192.6891185; % Gas concentration (B) at inlet moles/m”3
Vg =0; % Linear velocity inside the fiber (m/s) at inlet

| =0.41; % Length of fiber (m)

d_i=0.029e-2; % Inside diameter of fiber (m)

d_o0=0.0452e-2; % Outside diameter of fiber (m)

d_e =2*0.000291; % Equivalent diameter of fiber, Happel's diam. (m), eps = 0.1

T_gas =296.13; % Gas temperature (K)

D_A_liquid = 3.54e-10; % Diffusion coefficient: species A in liquid (m”2/s)
D_B_liquid = 7.64e-10; % Diffusion coefficient: species B in liquid (m”2/s)

D_A _gas =0.075582479e-4; % Diffusion coefficient: species A in gas (m”2/s)
D_B_gas =0.075582479e-4; % Diffusion coefficient: species B in gas (m”2/s)

H_A_liquid = 93.32/101325; % Solubility coefficient: species A in liquid (mol/m*3.Pa)
H_B_liquid = 2.815/101325; % Solubility coefficient: species B in liquid (mol/m”3.Pa)

mu_g_A =0.000149437*0.1; % A gas viscocity (Pa.s)
mu_g_B=0.000197358*0.1; % B gas viscocity (Pa.s)
mu_g_M =0.00017819*0.1; % Gas mixture visosity (Pa.s)

K_A_g=0.004689709e-4; % A overall mass transfer coefficient (m/s)
K_B_g=0.004833169e-4; % B overall mass transfer coefficient (m/s)

R =8.3144621; % Universal Gas Constant (m”3.Pa/mol.K)
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function res = plot_results(file, Tmax, sett)

alle = load(file);

%% %% %% % % % % %% %% %% % % % % % % % % % % % % % % % % % % % % % % %
Nt = alle.Nt;

Nx = alle.Nx;

Ne = alle.Ne;

%% %% %% % % %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
UQ = calc_boundary(alle);

V = calc_velocity(alle, UQ);

if (sett.flag_vel == 0) V(:,:) = alle.Vg; end

%% %% %% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %
dim = Nx + Nx*Ne;

if (sett.flag_dim ==0)

Z=allex;

R =alle.g;

T = alle.tau;

V=V/alleVg;

Ri = linspace(0, alle.d_i / alle.d_e, Ne);
else

Z=alle.z;

R =alle.r;

T =alle.t;

ii=1:dim;

uQ(:,ii) = alle.C_g(1) * uQ(:,ii);

ii = dim+1:2*dim;

uQ(:,ii) = alle.C_g(2) * uQ(:,ii);

Ri = linspace(0, alle.d_i/2.0, Ne);

end

hState = figure('Name', [file ': Gas concentrations at oulet for both phases'], 'Position’, scnsize);
box on;

subplot(1,2,1); box on; hold on;

plot(T(t_ind), UQ(t_ind, index2(1, 1, Nx, 1, Nx, Ne)), 'r'); % A gas
plot(T(t_ind), UQ(t_ind, index2(2, 1, Nx, 1, Nx, Ne)), 'b'); % B gas

xlabel('t* dimemsionless time');

ylabel('Ci/Cio");

title(['Concentrations in gas phase as function of time']);
legend('CO_2','He");

set(gca, 'FontSize', 12, 'Xcolor', 'k', 'Ycolor', 'k', 'Zcolor', 'k');

set(get(gca, 'Title'), 'Color', 'k");
grid on;
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subplot(1,1,1); box on; hold on;

plot (T(t_ind),40*UQ(t_ind, index2(1, 1, Nx, 1, Nx, Ne)),'g'); % A gas Pressure

plot(T(t_ind), 60*UQ(t_ind, index2(2, 1, Nx, 1, Nx, Ne)), 'b"); % B Gas Pressure

plot (T(t_ind), 40*UQ(t_ind, index2(1, 1, Nx, 1, Nx, Ne))+ 60*UQ(t_ind, index2(2, 1, Nx, 1, Nx,
Ne)),'b'); % Total pressure drop

Experimental Data

plot([0 4 10 15 30 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900]/alle.t_scale,

[ 97.59 96.10 94.59 93.61 91.90 90.14 88.47 87.55 86.92 86.45 86.07 85.74 85.45 85.28 85.04
84.74 84.53 84.34 84.16 83.98], 'ro');

xlabel('t* dimesionless time');

ylabel('P psig');

title(['Gas phase pressure as a function of time']);

legend( 'total theory','exp’);

set(gca, 'FontSize', 12, Xcolor', 'k', 'Ycolor', 'k', 'Zcolor', 'k');
set(get(gca, 'Title'), 'Color', 'k");

grid on;

[pathstr, name, ext] = fileparts(file);

print('-depsc2', '-r300', [pathstr '/concen.eps']);
print( '-dpng', '-r300', [pathstr '/concen.png']);

end
pur = UQ(t_ind, index2(1, 1, Nx, 1, Nx, Ne))./uQ(t_ind, index2(1, 1, 1, 1, Nx, Ne));
table = [T(t_ind)', CAg, CBg, CAl, CBI, pur];

save([pathstr '/table.dat'], 'table’, '-ascii');
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function W = calc_boundary(alle)

Nx = alle.Nx;
Ne = alle.Ne;

dx = alle.dx;
de = alle.de;

iPe = alle.iPe;
W = alle.UQ;
Nt = alle.Nt;
phas = 1;
ie=1,
for it = 1:Nt
forcomp=1:2
ix=1;
| = index2(comp, phas, ix, ie, Nx, Ne);
W(it,1) = 1/25*(48*W(it,1+1)-36*W(it, 1+2)+16*W(it, 1+3)-3*W(it, 1+4));
ix = Nx;
| = index2(comp, phas, ix, ie, Nx, Ne);
W(it,I) = W(it,1-1);
end

end
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function V = calc_velocity(alle, W)

Nx = alle.Nx;
Ne = alle.Ne;

dx = alle.dx;
de = alle.de;

Nt = alle.Nt;

rho = alle.rho;

V = zeros(Nt, Nx);
phas = 1;

ie=1;

V(1,:) =0.0;
V(1,1) = alle.Vg;

forit=2:Nt
V(it,1) = alle.Vg;

for ix = 2:Nx

11 =index2(1, phas, ix, ie, Nx, Ne);
12 =index2(2, phas, ix, ie, Nx, Ne);

V(it,ix) = - (1.0 / dx) * (rho(1) * (W(it,11) - W(it,11-1)) + rho(2) * (W(it,12) - W(it,12-1)) );

end
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function ind = index(component, phase, ix, ie)

global Nx Ne;
dim = Nx + Nx*Ne;

ind = (component-1) * dim + (phase-1) * (ie*Nx) + ix;

158



function ind = index2(component, phase, ix, ie, Nx, Ne)
dim = Nx + Nx*Ne;

ind = (component-1) * dim + (phase-1) * (ie*Nx) + ix;
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function dW = rhs(t, W)

global alp del rho pse lam iPe gam Sh;
global Nx Ne;

global dx de;

global e;

dim = 2*(Nx + Nx*Ne);
dW = zeros(dim, 1);

dW(:) = NaN;
dx2 = dx * dx;
de2 =de * de;

%% %% % % %% % % % % %% % % % %% % % % % % % % % %% % % % %% %
phas =1;

ie=1,
forcomp=1:2

ix=1;

| = index(comp, phas, ix, ie);

W(I) = 1/25*(48*W(I+1)-36*W/(1+2)+16*W(I+3)-3*W(I+4));
dW(l) =0.0;

ix = Nx;

| = index(comp, phas, ix, ie);

W(I) = W(I-1);

dW(l) = 0.0;

end

forcomp=1:2

phas =1;

ie=1;

forix=2:Nx-1
| = index(comp, phas, ix, ie);
first = alp(comp) / dx2 * (W(I+1) - 2 * W(I) + W(I-1));
11 =index(1, phas, ix, ie);
12 = index(2, phas, ix, ie);

second = del / dx2 * (W(l) - W(I-1)) * (rho(1) * (W(I1) - W(I1-1)) + rho(2) * (W(12) - W(I2-1)))
+ ...
del / dx2 * W(l) * (rho(1) * (W(I1+1) - 2 * W(I1) + W(I1-1)) + ...
rho(2) * (W(12+1) - 2 * W(12) + W(I2-1)) );

li = index(comp, 2, ix, 1);
third = 4 * pse(comp) * (W(I) - lam(comp) * W(li));
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dW(I) = first + second - third;
end

phas = 2;
forix=1:Nx
ie=1;
| =index(comp, phas, ix, ie );
Ip = index(comp, phas, ix, ie+1);
lg =index(comp, 1,ix, 1);
Wb = W(lp) + 2 * de * Sh(comp) * (W(lg) - lam(comp) * W(I));

dW(l) = gam(comp) * ((W(Ip) - 2 * W(l) + Wb) / de2 + (W(Ip) - Wb) / e(ie) / 2 / de);
forie=2:Ne-1
Im = index(comp, phas, ix, ie-1);
| =index(comp, phas, ix, ie );
Ip = index(comp, phas, ix, ie+1);
dW(l) = gam(comp) * ( (W(Ip) - 2 * W(I) + W(Im)) / de2 + (W(Ip) - W(Im)) / e(ie) / 2 / de );
end
ie = Ne;
Im = index(comp, phas, ix, ie-1);
| =index(comp, phas, ix, ie );
dW(l) =2 * gam(comp) * (W(Im) - W(l)) / de2;

end

end
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