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Carbon capture by physical adsorption can strongly participate in the reduction of the
climate changeMetalorganic framewor&(MOFs) are one class of porous materials with
specific surface areas measured to be much higher than conventional porous materials like
silica gels, activated carbons, and zeolites. Accordingly, a certain class of MOFs has
recently been developed with the primary objective of C&pture from flue gases with
minimum energy penalties. MgIOF-74 is a distinct adsorbent owing to its distinguished
CO, uptakeand selectivity under loyressure applications while MHLO1(Cr) and ML=
100(Fe) have extraordinary thermal and hydro stability this research, we report the
experimental data for enhanci@, uptakeof zeolite 13X, MgMOF-74, MIL-100(Fe)

and MIL-101(Cr) incorporated with mulvalled carbon nanotubes. This was done to
improve the thermal diffusion properties of the base @dudsus in order to enhance their
adsorption capacities. The new compasiteave been characterized for degree of
crystallinity, CQ and N equilibrium adsorption capacignd actuadlynamicbreakthrough

separatiorat 297 K and 101.325 kPa.

In numerical sid, 2D and 3D models have successfully been developed to carry out
adsorption breakthrough, vacuum pressure swing adsoi(M@8A), temperature swing

adsorption(TSA) and CQ adsorptive storage.
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The experimental powder-Ky diffraction patterns of the adrbent composites did not
show any extraneous peaks or noticeable peak shifts indicating that the crystal lattices of
13X, Mg-MOF-74, MIL-100(Fe), and MIE101(Cr) were unaffected by the incorporation

of multi-walled carbon nanotubes up to 8 wt%. In cornguar to the pristine adsorbents,

the composites of 0.5 wt% MWCNT/13X, 1.5 wt% MWCNT/NWOF-74, 0.1 wt%
MWCNT/MIL-100(Fe), and 2 wt% MWCNT/MHK101(Cr) exhibited optimal CO
breakthrough uptake enhancements by about 21.2%, 7.4%, 12.0%, and 37.7%,
respectivel. The optimal adsorption breakpoint improvements were about 25.3%, 8.0%,
9.2%, and 32.1% for 0.5 wt% MWCNT/13X, 1.5 wt% MWCNT/NWOF-74, 0.1 wt%
MWCNT/MIL -100(Fe), and 2 wt% MWCNT/MHI101(Cr), respectively. Carbon dioxide
adsorption/desorption cycles sted that heating (> 128 for MOFs and >150C for

13X) and/or vacuum (< 2 Pa) could satisfactorily regenerate the adsorbent materials.

The results obtained from numerical modeling exhibited significant reduction n CO
uptake withthe presence of water vapor (> 5 vol%) using-M@F-74. Theoptimal VPSA

key performance indicesere about 98.3% of C(purity, 95.7% of CQrecovery, 0.73
kg-COx/hr.kg-MOF of CQ productivity, and 63.9 kWh/tonr€O, of process power
consumption. On the othdsand,the TSA optimal key performance indices watsut
96.2% of CQ purity, 93.7% of CQ recovery, 0.28 kg O./hr.kgMOF of CQ
productivity, and 663.8 kWh/tonr@O; of power consumption. MOB isfound to be the
bestchoice for CQ storage applicationat pressure less than 5 bar, while MOF is

superior for the same purpose at higher pr
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CHAPTER 1

INTRODUCTION

1.1 Introductory Background

Gl obal warming, caused by greenhouse effect
gases including those emitted from combustion and industrial processes such as carbon
dioxide, nitrogen oxide, methane and water vapor leads significantly to shods,floo
atmospheric heat waves, land droughts, and destruction ohwoide life and whole
ecosystems as well as the economic loss because of the changing in climate is expected to
be520% of the wor |l doédl.dhe mgesnse df thengodditamperapureo d u ¢
was about 0.74% in last 100 years and is expected to reach 6.4% at the end of this century

[1]. This increase in temperature due to global warming/greenhouse effect leads to gross
discomfort for inhabitants of the earth. In addition, hundreds billions of sea and glaciers

ice have being melt causing at least 0.2 mmgign global sea lev¢PR]. Figurel.1 shows

some aspects of the drastic effects can be made bai@®ther greenhouse emitted gases

from the industry Figure 1.1-a) and automobileg={gure 1.1-b) to the atmosphere as the

negative impacts on the langigure1.1-c) andon the ocean ice glacigfifure1.1-d).

The most predominant of the greenhouse gases is carbon dioxidg [@FOr'herefore, in

May 2013, the majority of the world environmental organizations have declared that a
critical level of carbon dioxide concentration of 400 ppm was eghclihis awareness

event had forced all countries, including those who were reluctant to take serious action



about carbon emissions, to take unprecedented measures to reduce carbon dioxide
emissions. Fossil fuel is the prevailing source of the globalgpyiranergy demand, and

has been lasting to the next several decades. As, the carbon dioxigeigGeally
considered as one of the main promoters for climate change, carbon capture (CC) is
essential solution to enable the use of fossil fuels while regube emissions of GOnto

the atmosphere, and thereby mitigating global climate change. Research is the only way to
address technical challenges of carbon capture such as improved efficiency and reduced
cost of CQ capturg4]. Among the main sources of @@missions, the road transport field
accounts for about 25% of G@missions, while energy electricity generation involves
26% of the total emissions. Therefore, £émissions from fixé and mobile sources
should be drastically reduced in the forthcoming decades. Reducingri€sions from

fixed and mobile sources are equally important though the mobile sources may pose more
difficult challenges to be addressed. Global pursuit of swetée and healthy environment

has been the interest subject in the last years.

In order to continue use the fossil energy sources for comfortable and lasting human living,
enhancing the power plants energy efficiency is a major to minimize the emis$ions
greenhouse gas§d]. Furthermore, minimization of the greenhouse gases emitted from
fossil fuel combustion processes can be achieved thid@h: (a) bwering burning of

fossil fuels (b) enhancing efficiency of fossil fuel power plant (c) carbon capture and
sequestration (CCS) (d) improving partial pressure fos &@xhaust. The first solution
might be difficult to achieve due to it entails reductiorlectricity production and then to

keep the same electricity production, a replacement source of energy could be used instead



of fossil fuels. The second solution suggested may have insufficient effect comparing to
the aim at reducing emitted G@ nearzero. ThereforelHerzoget. al [6] suggested the

third (CCS) to be an appropriate matchless method which could permit continuous use
fossil fuels as source of energy associating with reduction of carbon capture emissions. The
fourth solution has just been suggested for thed tholution in order to obtain better
electrical energy efficienclyr]. The storage C&from CCS processes can be beneficially

utilized to improve oil and gas production.

(c) Effect of the global warming on the land. (d) Effect of the global warming on ice glacier
melting.

Figurel.l Sources andffect of emitted greenhousgases.



1.2 Carbon Capture Technologies

There are three basic types of capturing @@cesses regarding to the function of2CO

separation.

Postcombustion capture

Through this process, the capture system is after the combustion préigess 1.2) in
which CQ is captured from a flue gas at low molar fraction-gD0%) and 1 bar as
operational pressure. The separation process usuatipves CQ from a mixture of
mainly nitrogen with/without water vapor. The pasimbustion capture would be

appropriate for power plants and also applicable for automobile exhausts.
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Figurel.2 Postcombustioncapture[8].



Pre-combustion capture

Carbon dioxide is captured prior to the combustion process and after the gasification unit,
Figurel.3. The CQ is separated from a mixture involving igas at a significant molar
fraction (1540 % by volume) and high operational pressure4@%ar). This technology

would be applicable for modern plant that depends on hydrogen as the energy source. The
advantage of this method over the post combustibimaisit is cheapef6]. However, the
postcombustion capire cannot stop the operation of the combustion process if there is
any maintenance or break down issues of capture system, unlike thenppastion

capture system.
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Figurel.3 Precombustioncapture[8].

Oxy-combustion capture

For burning the fuel by p u-fuel bumirgytakesmplacé O 9 5 %)

after excluding N2 fromair. The capture process is to separate f&n other gases mainly



water vapor as the constituent of the exhaust gas. The applicationfebggpture is for

the power plants that built or modified to burning by Oxygen.
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Figurel.4 Oxy-fuel combustioncapture]8].

Figure 1.5 combines all these separation methods to represent all available techniques

used for carbon dioxide separation.
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1.3 Research Objectives

The majority of related research aimed at presenting the adsecptiban dioxide capture

by using activated carbons areblites. A new class of synthesized materials named Metal
Organic Frameworks (MOFs) has shown much higher @&f8orption capacity and better
selectivity. Few works have focused on cyclic adsorption of these materials using relatively
large quantities. Hthermore, no investigations have been focused on improving the
adsorption capacity of Gy enhancing the thermal properties of MOFs such as the heat
capacity and thermal conductivity. On the modeling side of the adsorption process, the
published modelare all onedimensional transient ones. This treatment is satisfactory for
breakthrough and PSA setups but not adequate for other application such as storage in

complexgeometry containers.



Consequently, the overall aim of this study is to test and eeatha adsorption based
systems for C@separation from exhaust sources and to improve the adsorbent material

characteristicgia enhancing the thermal properties of such materials.

The specific objectives are to address the main objective are:

1. Determne the adsorption properties of adsorbent materials especially MOFs
including MgMOF-74 by obtaining their isotherm curves for it 77K and for CQ at

300K. Additional material characterization will be also performed.

2. Design and construct a fixed bedlumn for N/CO; breakthrough separation to
investigate the adsorption separation capability and to show the transient separation
behavior of different adsorbent materials.

3. Explore the enhancement of the heat capacity and the thermal conductivi@Fof M
adsorbentsncluding MgMOF-74 in pursuit of improving their adsorption separation
capability.

4, Test the effect of regeneration processes using Pressure Swing Adsorption as well
as Temperature Swing.

5. Develop multidimensional transient models fadsmrption separation and storage

of carbon dioxide and use the model to simulate realistic adsorption processes.

6. Carry out parametric simulations to investigate the effect of diffenatérials and

different operating parameters on the separation tmndge of CQ.



1.4 Dissertation Outline

In order to achieve the objectives stated above, the approach consists of six chapters;
namely: (1) introduction (2) literature review, (3) research methods, (4) experimental
results and discussion, (5) modeling resaftd discussion, and (6) conclusion.

Chapter 1 introduces thackgroundf the researchnd the available solutions. It presents

the weltknown problem of C@emissions, suggested solution of carbon capturethend
different available technologied catbon dioxidecapture.

Chapter 2 reviews the previous search work related to physicap#ideccarbon dioxide
capture.lt includes a lot of previous research related to, @@dsorption materials,
experimental and experimental investigations and findings.

Chapter 3 describes the all methods adopted to carry out experimental and numerical
modelingof carbon capture and storagethis chapter, the experimental methods includes
MOFs synthesis, XRD, adsorptitsotherms, anddsorption breakthrough characséids.
Moreover, the modeling part exposes a numerical nsodskd for CO,/N, and
CO./N2/H20 breakthrough, PSA, TSA, and e&dsorptive storage.

Chapter 4 shows the experimental results including adsorption characterizations and
transient breakthrough ohgorporated MOFs with CO Deep discussion related to
experimental findings anerovided asvell.

Chapter 5 shows the numerical modeling validation and investigation results. Dry and
humid adsorption breakthroughs, PSA, TSA,Grage are reported andsdlissed in

this chapter.

Chapter 6 concludes the main results and findiagd suggestg the future work



CHAPTER 2

LITERATURE REVIEW

The ongoing research in the field of Carbon Capture and Storage (CCS) is gaining
momentum every day. A vast majority pesearchers have already investigated. CO
separation and storage, using both experimental and simulation methods, with the primary
objective of developing novel adsorption materials or adsorbents for this plighoEbe
foremost advantage of using adsorption aseans of CQ separation is the ease of
regeneration of the adsorbent material by applying heat and/or decreasing the operating
pressurg[10]. In this section, materials used for adsorption, e€latxperimental and

numerical work are worthy reviewed.

2.1 Background

Recently, research in the Carbon Capture and Storage (CCS) has been fast growing. A wide
diverse of CCS technologies have been researching and developing by tfElday
Although, some technologies have been developed, modiedttechnology require
further improvements to improve their efficiency and to reduce the operation cost. The
major challenges for COcapture methods are stated briefly as follows. In-foey
combustion capture we are faced with (a) high energy consmior supply of pure
oxygen and (b) the lack of full readiness for this technology with very little experience on

a commercial scale. In pewmbustion capture, the challenges include (a) high cost (b)
insufficient technical knowhow for good operabtly (c) absence of single concise process

for overall operational performance; and (d) lack of development work for industrial

10



application. For postombustion capture case, the difficulties include: (a) additional
energy requirement for compression oftcapd carbon dioxide, (b) need for treatment of
high gas volumes, because £1tas low partial pressure and concentration in flue gas and

(c) large energy requirement for regeneration of sorbent e.g. amine solution

A wide variety of potential methods antaterials for Carbon Capture and Sequestration
(CCS) applications that could be employed in mmshbustion processes are being
suggested as substitutes for the traditional chemical absorption process. The suggested
processes comprise: the use of membrgregical absorbents, adsorption of the gases on
solids with the use of Temperature Swing or Pressure Swing (PSA/TSA) processes, hydrate
formation, cryogenic distillation, and the use of metal oxides for cheiisioping
combustion, and adsorption. A pdautechnology of postombustion carbon capture
involves the absorption of carbon dioxide in amine solution. This method has been in use
on industrial scale for quite a long time. At the same time, varieties of some other of
materials are available fortwr similar technologies (e.g. adsorption), some of which are

old while some are newly developed

PostCombustion Carbon Capture is advantageous because of the following reasons

a. Itis easier to integrate into existing plant without needing to substardi@nge
the configuration/combustion technology of the plant

b. Itis more suitable for gas plants than the €@gmbustion or the Pf€ombustion
plants

c. ltis flexible as its maintenance does not stop the operation of the power plant and

it can be regulatedr controlled

11



The postcombustion C@capture technology is widely deployed in chemical processing.
However, the application of this technology to CC specific applications needs further
investigation especially in the area of optimizing2&@pture systas for fixed and mobile
sources. The priority activities in this task are: 1) development of better materials for post
combustion C®@ capture; 2) identifying optimal capture process designs and ways of
integrating the capture systems with emitting sourteesreduce energy loss and
environmental impact; 3) identifying advantages and limitations of precipitating systems
(e.g., carbonates) and 4) carrying out a detailed assessment of the environmental impact of

various CQ capture technologies.

This researchsito focus on postombustion capture system especially and particularly on
the physical adsorption capture of carbon dioxide, so that the next literature review is to

selectively emphasize for such systems.

2.2 PostCombustion Carbon capture Technologies

A few PostCombustion separation technologies have been reported, some of which are;
(i) absorption CQseparatiorfl12] (ii) membrane CQ separatiorf13, 14] (iii) cryogenic

CO; separatiorf15] (iv) Micro algal bicfixation (v) Condensed Centrifugal Separation

[16] and (vi) adsorptionkigure2.1 and the following paragraphs briefly describe these

methodq4].

Absorption of carbon dioxidd-{gure2.2) is a process whereby Carbon dioxide is taken
in or embedded (absorbed) from flue gas into an absorbent solution (e.g. amine) by
chemical action, leaving the remaining gas stream te ghasugh the absorption column

freely[17]. In order to use the absorbent again for @sorption, the dilute absorbent is
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re-concentrated (regenerated). £fDsorption using amine bassolvents presents a

great deal of disadvantages, some of which are: (i) high heat/power requirement for

solvent regeneration, (ii) need for corrosion control measures and (iii) the sensitivity of

the solvents to losses in chemical purity/quality duefittretions from other by

products (e.g. SOx, NOx etc.) in the flue gas streams, which leads to reduction in

efficiencies and increment in costs of power supp8}.

Post Combustion Carbon Capture
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Figure2.1 Combustion carbon capture processes
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Figure2.2 Schematics of absorption carbon capture process using.amine

Membrane separation of carbon dioxidlg(re 2.3) involves the use of polymer/ceramic
made membranes to sieve out the.@&s from the flue gas under pressure gradient. The
membranes are made from polymer or ceramic materials and theigwatibns are
specially designed for CGselectivity. Challenges are still being faced in the application

of this technique on a large scale, and in the design of membranes that would operate

efficiently for the desired purpose at relatively high tempeest

FLUE GAS

Figure2.3 Schematics of membrane carbon capture process
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Cryogenic CQ separation techniquesigure 2.4, applies the principle of liquid state
temperature and pressure difference in constituent gases of flue gas. In this technique, CO

is cooled and condensed, thereby removed from stream of flue[@8ses

COLD [

\5}2"‘ >"| LQuib co,
N 3
SRR o 50
OO p O
o o
FLUE GAS

Figure2.4 Schematics of cryogenic carbon capture pracess

Micro-Algae bio fixation is a potential technique for removal o,@Om flue gases. This
technique entails the use of photosynthetic organisms (microalgae) for anthropogenic CO
capture in CCS. Aguatic microalgae have been suggested to be of greater potential because
they have higher carbon fixation rates than land plakticro-algal culturing is quite
expensive but the process produces other compounds of high value that can be used for
revenue generation. Micralgal photosynthesis also causes precipitation of calcium

carbonate which serves as Carbon long lasting[4i8k

2.2.1 Adsorption

Adsorptive separatiorfigure 2.5, is a mixture separating process in which the inherent
separation mainly relies on the principle of differences in adsorption/desorption properties

of the mixture constituerf20]. The wordadsorption is defined as the adhesion of ions,

15



atoms or molecules from a liquid, gas or dissolved solid into a material surface. The
adhered material ions, atoms or molecules form film on the surface of another materials is
called adsorbatewhile the othermaterial on which they are attracted is called the
adsorbent Adsorption is different from absorption because in absorption, the fluid
(absorbate) is dissolved by a solid or liquid (absorbent). Adsorption occurs on the surface
while absorption entails #whole material volume. Sorption is related to the two processes
while desorption is the counter reaction or reverse process of adsorption. In adsorption,
superficial atoms of the adsorbents are not completely encompassed by the remaining
adsorbent atomzdsorption results in surface energy due to the filling of these bonding
requirements of the adsorbent by the adsorbate atoms. The particular type of bonding
involved is a function of the involved species. Adsorption may take place physically; this
will involve weak van der Waals forces (phgerption). It may take place chemically,
which will involve covalent bonding (chersbrption) and it may occur due to electrostatic

attraction.

Flue gas feed ENTRY EXIT

(Tefeed, Pfecd) [ zzizzzzzzzzziziz,

Flue gas Qutflow

S U —————— _‘—) Solid adsorbent
WW—) Column wall

> Insulation

a) Adsorption bed
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Figure2.5 Schematics of adsorption carbon capture process in a cylindrical bed (a) and
typical breakthrough curve (b)

Adsorption has a major advantage with regard to the ease of adsorbent regeneration by
thermal @ pressure modulatiofilQ], reducing the energy of PeSbmbustion Carbon
Capture.Songolzadeh et. §.0] in their review of adsorbents defined adsorption to be; a
physical process that involves attachment of fluid to solid surface. Important factors in
adsorption include; (a) ease of regeneration to adsosag&in, (b) adsorbent durability,

(c) seletivity of adsorbent for Cg) (iv) adsorption capacity and, (v) stability of adsorbent

after several adsorption/desorption cydg].

Several challenges are being faced by scientists and ergjialfee with respect to
commercialization of these materials. This is so because the researched materials require
further work to improve their performance and stability. Suitable materials for carbon
capture must account for size of gas molecules awti@tec behavior of such molecules.

There is no much difference in the kinematic diameters of gas molecules; this makes it
difficult to base CQseparation solely on gas molecule size{CB . 7 6 Ae3,. 3@@A ¢ , N

3 . 6 4[H]e hlowever, electronic properties like quagmiar moment and polarization
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have leen of great help, as bases of separation as they are significantly different for each

gas.

CO, Capture Using Chemical Sorbents

In order to overcome these challenges, a lot of research has been carried out on advanced
materials. However, despite the extehinvestigations, it has been difficult to find a single
technology that is able to meet the requirements set by the Department of Energy (DOE)
and National Energy Technology Laboratory (NETL): i.e. below 35% increment in cost of
electricity for 90% CQ capturg[11]. Most chemical adsorption and aljsiion processes,

in carbon capture/separation procedures involve the interaction between chemicals which
lead to the formation of molecular structures that are-k#8ed, after which regeneration

of the captured C&Ois done through sufficient increase entperature by heating. This
procedure (i.e. regeneration) consumes most of the power requirement in CCS. Hence,
there is a need to develop efficient materials and processes f@a@fre that can greatly

decrease operation cost through reduction in rexgdion cost.

CO;, Capture Using Physical Sorbents

CO;, capture using physical sorbents and inorganic porous materials (e.g. carbonaceous
materials and zeolites respectively) consumes lesser energy when compared with CCS with
chemical sorbents. This is because no new bond is formed between the sorbatesand sorb
therefore much lesser energy is required for @generation. Nevertheless, some well
known materials (e.g. activated carbon), have the disadvantage of pgbk G€ectivity.

If the challenges of selectivity in physical sorbents and membranesuecessfully

overcome, their use for G@apture could be a good potential for energy saving by the
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dominant amindased absorption systems. Zeolites show much higher selectivity, but,
they also have a disadvantage of lower.@@ding and their efficiencis reduced in the
presence of watdrll]. Furthemore, molecular sieve membranes have great potentials,
however, traditional molecular sieves (e.g. zeolites) have restricted use 2iN.CO
separation because of similar kinetic diameters o{N8 . 6 4 Ae ) ( 3a.n3AeQQ I
development of advanced phygal adsorbents with high CQ@apacity and selectivity is
crucial. Good stability, C@affinity, scalability and additional required energy are major
concerns in carbon capture research. This is crucial to the research and development of
potential carbon qaure materials that will challenge the available technologies that have
been discussed above. More attention should be paid to better understanding molecular

level gassorbent synergy.

2.2.2 Adsorption Process Types

It has been reported that the incurred coSEQ; capture and its associated procedures,
with the use of liquid solvent absorption, can be cut down by a great deal if adsorption
separation technique is usgl]. Numerous technological successes have been reported
recently in the research of adsorption carbon capture processes. Out of the researched
technologies for adsorptiowarbon capture, two potential technologies have been

considered feasible for industrial scale CCS:

(a) Pressure/Vacuum Swing Adsorption (PSA/VS22, 23]
Carbon capture capacity in a PSA system is affected by two main factors: Adsorption

selectivity and carbon dioxide workingpzcity [24]. In PSA, adsorption step is done at
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elevated pressure than atmospheric pressure while in VSA adsorption is performed at

atmospheric pressure or lower.

(b) Temperature Swing Adsorptiofi $A) [25, 26]
In temperature swing system, the adsorption bed heating is done using a feed of hot gas or
steam. Following the regeneration step is theicgabdf the adsorption bed by a feed of

cold gas stream before the next adsorption step.

Of these two processes, it has been demonstrated that PSA is a bettg2éptiecause
of (i) simplicity in application with wide range of temperature and pressure application, (ii)

low energy demand and (iii) lower investment cost.

In adsorption carbon capture process, material selection precedesgdesign. Before

an adsorption process is designed, selection of suitable adsorbent, with desired properties
for the required purpose must be done. In doing this, properties such as: adsorbent
selectivity, adsorption capacity, ease of and energy redjuir desorption are of great
importance. In view of this, a lot of research has been carried on broad species of materials
such as: synt hetic zeolite, met al oxi des,

carbon.

2.3 Thermodynamic Analysis of PhysicalAdsorption Carbon Capture

The availability and irreversibility of adsorption processes of-postbustion C@capture
unit associated with a natural gas combined cycle power plant were investigated by
Amrollahi et. al [27] The results showed that the second efficy of the absorption GO

capture unit was as low as 21.2% while theo@O®mpression unit had 67% of exergy
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efficiency. The overall exergy efficiency of carbon dioxide capture and compression unit
was about 31.6%. The general impression was that thgyekases from Ce&capture and
compression units were very smaller than those lost in gas turbine, HRSG and steam
turbine. The entropy generation analysis of the new Endex calcium looping method that is
driven by the heat of carbonation and pressuig was studied byall [28]. For CQ

capture processes optimizing, the research utilized two methods; first metsd
minimizing the total specific entropy generation and the other was maximizing the CO
capture efficiency. The paper claimed some important remarks regarding tca@tQre

such as; the optimization of entropy generation caused dropping.afap@ire #iciency,
operative pressure and temperature were only a part contributors of entropy generation,
reducing irreversibility of one process could increase it in another, and the regeneration
(desorption) was a significant entropy generatbara et. al [29] discussed the
irreversibility of the components of post combustion andfoey combustion C@capture,

and poweplants systemsCalbry-Muzyka and Edwards [3@lerived equation to estimate

the exergy of an adsorbed phase for applying on adsorption processes. The calculations
were performed for evaluating the exergy of adsorbed ajrCi® and flue gas by Zeolite

13X. The results confirmed that, for air and £@e exergy depended mainly on the
pressure and temperature values (the exergy values dropped suddenly by increase the
pressure and decrease the temperature to a certain point (O-&it/enad 1 kJ/meN>) and

then the values increased steadily by increase pressure and decrease temperature). For
adsorbed C®and flue gas, the values of exergy were improved by decredsing t
temperature values regardless of the pressure values. Furthermore, increasing the pressure

up to about 1 bar lifted the exergy values in sharp trend and then the values remained

21



constant (for C@ or increased slowly (for flue gas). Thermodynamic anslg$ post
combustion capture processes using amines was considered to minimize the cast of CO
avoiding[31]. The article relied on a macszale technice@conomic analysis (MEA) to
demonstrate that the reboiler energy consumption was the significant part required to

minimize.

The availability of a postombustion carbon capture plant was analysebglashan

and Marquis 32]. The analysis started by fixing the temperature of flue gas to equal that
of sink of the plant to pursue the minimum work input; This stage showed the ideal work
input is so low and approximately was equal to the amounts of work required for CO
sefrating and compressing. As changing the temperature of flue gas from sink
temperature, there was a considerable quantity of available energy in the flue gas of a
normal power station. That was because of existing of a large amount of sensible and latent
heat in the flue gadansouri and Mousavian [38jvestigated coaired power plant with
postcombustion CQ@ capture system thermodynamically. The study indicated that about
9.1 % of the energy decreased due adding the capture system to the conventional coal fired
power plant. Another remark discussed was that the mmesgensibility was estimated from

the plant boiler. The first law analysis also showed that the net power efficiency and the
net electric efficiency decreased by 15% and 9.7%, respectively, due to increasing the
power consumption by adding @®eparation sstem. The results confirmed that, for air

and CQ, the exergy depended mainly on the pressure and temperature values (the exergy
values dropped suddenly by increase the pressure and decrease the temperature to a certain
point (O kJ/molair and 1 kJ/meN>) and then the values increased steadily by increase

pressure and decrease temperature). For adsorbedrnd@ue gas, the values of exergy
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were improved by decreasing the temperature values regardless of the pressure values.
Furthermore, increasing thegssure up to about 1 bar lifted the exergy values in sharp
trend and then the values remained constant (fa) 60ncreased slowly (for flue gas).

For oxy fuel system, the majority of the exergy destruction was coming from air separation
unit. Calcium lmping analysis exhibited a good efficiency obtained as a result of utilizing
waste heats from the capture system. The results revealed that the HiCapt+TM process
could minimize the cost by 15% and the DMAM could reduce it more up to 25%
compared with tl reference MEA procesibarren et. al [34]nvestigated six codired

power plants with ass@ted with carbon capture and sequestration thermodynamically
and environmentally. They addressed that the -postbustion through membrane
separation and preombustion C@ capture showed relatively low IHeycle
environmental impacts as well as highemgetic efficiencies. Thermodynamic efficiency

of the capture system and the difgcle included the energy and cost of whole system for
metal organic frameworks were discussed Bwgthre and Masanet [35]The study
suggested that the IHeycle energy was lower for MOFs than for MEA due to low

regeneration energy.

2.4 Carbon Capture Adsorption M aterials

Different classes of Carbon capture materials have been identifiedthe/gears e.g.
Songolzadeh et. al [1QJiscussed two classes of €@dsorbents: (i) physical and (ii)
chemical adsorbents. Physical adsorbents have subkbeméfits for energy efficiency in
comparison with chemical and physical absorption routes. The adsorption involves either
physisorption (van der Waals) or chemisorption (covalent bonding) interaction between

the gas molecules and the surface of the nadtekn important factor in the case of
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physical adsorbent is balancing a solid affinity for removing the undesired component from
a gas mixture with the energy consumption required for their regeneration. Selectivity is
another factor in addition to thesorption capacity, which is relevant to the adsorptive gas
separation. The following mechanism are proposed for adsorptive separation: (a) the
molecular sieving effect, based on size/shape exclusion of the components in the gas
mixture; (b) the thermodymaic equilibrium effect, that depends on the surfadsorbate
interactions; (c) the kinetic effect, due the diffusion rate differences in the gas mixture

component$36].

Several physical adsorbents have been studied ferc@giure including metal oxides,
hydrotdcite-like compounds, microporous and mesoporous materials (including activated
carbon and carbon molecular sieves, zeolites, chemically modified mesoporous materials)
[37-40]. Physical adsorbents (physisorbents) are barely disturbed during adsorption. Pore
sizes are of great importance in physical adsorption. When pores are of size 2nm, they are
termed micrepores, pores of sizes between 2 to 50nm are termed-poess, ad when

pores are of size 50nm, they are termed mpores. Materials with micro pores have
better adsorption selectivity for C@ver CH. Some examples of physical adsorbents
include activated carbon, zeolite, hydrotalcites, carbon nanotubes (CNT$)etcoa
Activated carbon has high adsorption capacity for,,dtigh hydrophobicity, low cost,

little regeneration energy requirement and is insensitive to moisture. Zeolite on the other

hand has better selectivity for @Q> than carbonaceous materials.

Sone examples of metal oxides that have been studied for carbon capture include: calcium
oxide (CaO), magnesium oxide (MgO) and lithium oxides (eagrQ3, Li1SiO4) [41, 42].
Some examples of metal salts are lithium silicate and lithium zirconate, both of which are
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alkali metal compounds. Magnesium oxide and calcium cxideexamples of alkali earth

metal compounds. Some other examples of chemical adsorbents are the hydrotalcites and
double salts. During CfOadsorption, solid compounds react with £t© form new
compounds e.g. Metal Carbonates. These reactions can bsexkvarregenerators to
harvest CQfor storage. Metal oxides are promising capture materials with high adsorption
capacities at above 300{&3]. Lithium based oxides found recent attraction for their high
CO, adsorption apacitieg44]. Calcium oxide is of special interest to researchers because

it is cheap and it has high adsorption capacity fog G@fnpared to lithium salts which are

more expensive especially in production. Hydrotalcites are anionic and basic clays and
their derivatives are also found suitable for Cfdsorbents at temperatures as high as
400°C [45]. Most naturally occurring and wedtudied hydrotalcite is M@l-CO:s.
Hydrotalcites have the disadvantage a@hhloss in adsorption capacity after cycles of
operation. During C® adsorption, solid compounds react with C@ form new
compounds e.g. metal carbonates. Materials with at least one dimension less than 100nm
(nanomaterials) have also been investigddéll These materials have improved stability

and they maintain COcapturing capacity for longer adsorption/desorption cycles.
However, nanomaterials have disadvantage of high cost and complicated process of
synthesis.Webb [47] stated that C® capture efficiency, rate of absorption, required
regeneration energy and volume of absorber are some of the major challenges of CO
absorption method. They reviewed adsorbents and some-poesas solid adsorbents

with polyamines embedded in them. They stated that some factors for adsorbent selection
are rate of adsorbent, cost, and capacity of the adsorbent to adsprn@€@hermal

stability. They identified of the following types of adsorbents;
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Chemical adsorbenis.g. amine based adsorbent. Amines were said to have low heat of

regeneration due to low heat capacity of solid support. They are costly and they have low
CO, adsorptioncapacity, therefore, they are difficult to commercialize..@@sorption
properties of amines can be improved by preparation of support with high Amine loading,
by increasing the nitrogen content in amines and by improving methods of Amine
introduction. Tvo special cases are amine impregnated adsorbents and-grafieel
adsorbents. In amine impregnated adsorbents, increased polyethyleniamine loading would
lead to improved C@adsorption capacity, reduced surface area for adsorption, pore size
and volume. Terefore, it was suggestgdig] that amine impregnated adsorbents do not
have thermal stability in desorption. In amigefted adsorbents and in order to overcome

the limitations of amine impregnated adsorbents it is suggested thaad30rption
capacity for this group of materials can be improved through silylisation. They can be
grafted covalently to the intrehannel sudce of mesgorous Silica. It is indicated that
improvement of Amine loaded adsorbent could be improved by infusing amines into meso
porous support with the use of effective solvents. This was termed supercritical fluid
approach. However, this group of maals has disadvantages of high toxicity, low
diffusivity and high viscosity. These features can lead to lower adsorption capacity and
high pressure drop. Due to large volume of flue gases are to be treated, and low partial
pressure of C@in flue gas, camical adsorption would be more feasible for.@@pture

than physical adsorption. However, it has the disadvantage of being an energy intensive

process. It was indicated that that physical adsorption is good foa@®@rption at high
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pressure and low tgmerature. In this light, they might nio¢ practically applicable for post

combustion carbon capture.

Physical adsorbentsThese include activated carbon with advantage of enormous

availability, zeolites with advantage of highly crystalline structure, lsigHace area,

ability to alter their composition structure and ratio. They also include -p@®ws silica

with advantage of high volume, surface area and tunable pore size, thermal and mechanical
stability and Metal Organic Frameworks (MOFs) with advgesaof very high surface

area, adjustable pore spaces, pore surface properties, and exceptional adsorption capacity
for CO.. They however stated that activated carbon has disadvantage of application to only
high pressure gases, at high temperature theg hagh sensitivity and low selectivity.

They also stated that Zeolites have very low selectivity, zeolites are hydrophilic and their
CO; adsorption capacity drops with the presence of moisture in gas. The authors further
mentioned that the adsorption cappaof meseporous silica is not sufficient most
especially at atmospheric pressure. They stated that MOFs have the disadvantages of
reduction in adsorption capacity on exposure to gas mixture and insufficient research on
them, however, they are prospeetiwmaterials. Generally, G@apture by physical process
requires less energy when compared to typical procedure using chemical sorbents. As
mentioned earlier, this is because of the absence of newly formed chemical bonds between

the sorbate and sorbent, winreduce the energy requirement for regenerafigh

2.4.1 Porous Materials

Zeolites are the most commonly used physical adsorbents for commercial hydrogen

production using pressure swing adsorption with most popular zeoliteE383%9] They
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are used at high pressures (above 2 bar) and their capacity is greatly reduced by the
presence of moisture in the gas; resulting in very high regeneration tempef22166%.
Experimental and computational studies of2G®moval from flue gas usingaturally
occurring zeolites and other synthetic zeolites 5A and 13X indicate that synthetic zeolites
are most promising adsorbents for Gfapture from flue gas mixtuf®0, 51]. However,

they experience weak adsorbawlsorbate interactions which are not veelited with a

high CQ/N: selectivity. The low Si@ Al>Os ratio and presence of cations in the zeolite
structure can enhance the adsorption. The presence of catiohsoesicbng electrostatic
interactions of the zeolites with G{50]. Although these adsorbents are satisfactory for
pressure swing adsorption, significant energy is needed for their regeneration and that

possibly leads to the disadvantages of these materials.

In the meantime, it is possible to modityese porous solid materials by impregnating
active alkyl amines into their internal surfaces leading to an enhancement in their gas
adsorption properties at low pressures. Several amine modified silica have been
investigated 38, 52]. Carbamate species are formed through adsorption efiCte
surface modified silica with primary amines. Removal o,€én be performed at lower
temperatures than those required for tegeneration of amine solvenfS3, 54]. A
significant enhancement in the g&xlsorption capacity is obtained through pressure swing
adsorption using MCMt1 with impregnated polyethylenimiig5]. Amine immobilized
support such as poly(methyl methacrylate) has exhibited increased adsorption capacities
[56]. However, after impregnation, the materials suffer from a lack of stability over
repeated cycles. To increase the stability of the materials in repeated cycles, alkylamines

have been covalently tethered to the surface of the mesoporous support. Foegxampl
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polymerization of aziridine on the surface of mesoporous silica generates a hyperbranched
material which shows reversible €hinding and multicycle stability under simulated flue

gas conditions using temperature swing adsorp&éh The graftd monoamino, diamino,
triamino ethoxysilanes SBAS5 have been used to study the effect of amine and the
presence of moisture on G@dsorption performand&7]. The capacity slightly decreased

for primary amine, but increased for secondarg &ertiary amines. Although amine
grafting materials show significant improvement over -goaited materials, it is very
important that the amount of grafted amine be optimal for the particularc&@ure
process. It is also important to study the inficeof the quantity of grafting reagent added

to the actual amount of amine that is covalently attached to the surface.

2.4.2 Carbon Based Adsorbents

Carbon based materials such as activated carbon, charcoal and coal have been reported for
high pressure C&xapture applications8, 58]. The key advantages of these materials are
their low cost, their insensitivity to moisture and the possibility of their
producton/synthesis from numerous carbon based naturally existing or spent materials
[59]. The activated carbooen be synthesized from different waste materials like seed,
wood, charcoal and so o@ne additional advantage of activated carbons over zeolites is
that they are affected by water vapor. They alsmuire a lower temperature for
regeneration compared witkolited 60] However, they have moderate selectivity f@.C
separation from C&IN2 mixture at ambient pressu@l]. The CQ capture using physical
adsorbents includingraditional materials like activatecarbon based and zeolité&sv
energyconsumeicompared to the metal oxides and oth&rss is becaus of no covalent

forces between adsorbent/adsorbetewever, the selectivity of carbon based materials is
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very low, whereas zeolites exhibit significantly higher selectivity while they suffer from

lower CQ loading and their performance is reduced ingtesence of moisture.
2.4.3 Solid Adsorbents

Organic calixarene compounds, for example -porous seHassembled -ert-
butylcalix{4}arene organic solids have been considered fos €apture[62, 63]. Their
structure involves conshaped calixarene molecules and the molecules are stabilized by
intramolecular hydrogen bonds and the presence of hydrophobic nanodimensional
channeld62]. The material may be suitable for high pressure/B&syngas separations.
Other potential solids reported for €@apture are covalent organic frameworks (COFs)
[64]. They are microprorous materials similar to MOFs but wigmiworks with light
weight organic components instead of the metal connectors. For examplel02OF
(C2sH24B40g) is constructed with tetra{@ihydroxy)borylphenyl)methane unit and shows

the highest C@uptake in this class (27 mmoligat 55 bar and 298 K 64]. Molecular
simulation studies performed on these materials predict also their exceptional high uptake

[65, 66].
2.4.4 Carbon Nanotubes (CNTS)

The adsorption of COon various carbonaceous materials such as activated carbon AC
[67-71] and carbon nanotubes CN[&2-76] attracted the attention many researchers in
recent years. AC, derived from different sources of carbon materials, was the first carbon
adsorbent agent used for €Capture[77-80]. Currently, CNTs are being considered in
this field due to their promising physical and chemical properties, high thermal and

electrical conductivity, along with the possibility to modify their surfacesntelly by
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adding a chemical function group, using fisher esterification method, yielding high
adsorption storage capacit§1-89].These CN's have proven to have good potential as
highly adsorbent materials for removing different kinds of inorganic and organic pollutants
and microorganismg0-96]. It is believed that a chemical modification of CNTs would
also be expected to have a good potential fos €pture from a flue gas. However, such
studies are still very limited in the literature. Functionalized CNTs with affeinctional

groups [97-100 have been considerecbu et. al [101]investigated the effect of
functionalized CNTs with &minopropyltriethoxysilane (APTES) at different adsorption
temperatures. They found that by increasing the temperature of the system, the adsorption
storage capacity decreased,ilehincreasing the water content increased the adsorption
capacity, which reflected the exothermic process of adsorption. Their experimental
CO;, adsorption capacity dp2.59 mmol/g at 293 K for APTEENT is the evidence for

the potential of CNTs as lotenperature adsorbentblsu et. al [73]Jcombine vacuum

and thermal adsorption system in order to trim down the regeneration time. They were able
to sustain adsorption/regeneration of GNPTES for twenty cycles at 493 K while
maintaining the CNTsd physiochebilorcaelal prope
[102] functionalized the surfaces of singlalled CNTs with polyethylene Imine (PEI)
functional group and reached a maximum adsorption capacity of 2.1 mmol/g at 300 K. The
reported good C®capture capacities suggest that the arfumetionalized CNTs are
promising CQ adsorbents, given that the adsorption mainly depends on physical effects,
thus relatively low energy is required for the regeneration. Very few works are reported on

the use of CNTs as membrane for G@pture.
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2.4.5 Metal Organic Frameworks (MOFs)

About two decades ago, a new class of materials was discovered; they are made of MOFs
and are simply called MOF§20]. They are organimorganic hybrid, porous, solid
materials. Out of all known materials to date, MOFs have the highest adsorption surface
area per gram. They have great potentials fos €pture, flexible desigability in terms

of structure and function. This has made these materials highly used in research works of
Carbon Capture and Sequestration. MOFs has emerged and first synthesized by Hoskins
and Robson in 1989. MOFs, also known as coordination polyfdi€3 have been
described as porous hybrid nacubes that harnesspioperties; they establishqperties

of organic and inorganic porous materials. The descriptive term MOF was first introduced
by Yaghi and ceworkers in 1995. MOFs are a class of porous crystalline materials
constructed from metadontaining nodes that bonded or linked through ogégands

[11, 20]. The linked metal and organic ligands bridges and assembled to form 1D, 2D and
3D coordination network. , The metal containing unit which is referred as secondary
building units (SBUSs) linked with ganic ligands using strong bonf&0]. MOFs have

shown extraordinary porosity and can be used for wide application such as gas storage, gas
separation and catalysis. One of the most advantages of MOFs shows its possibility of
tuning the pore size dm several angstroms to nanometres by controlling the length and
functionality of the ligands. These properties are not achievable in the case of zeolites and
porous carbon materials. The most prominent and distinctive property of MOFs are its large
surfa@ area. The surface area, pore size and framework topology can be tuned by using

different organic building blocks and metal ions
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The metals ions can vary from transition metals to lanthanides and even duowk p
metals to form wide range of networkptdogies. There are wide range of network
topologies are known and they are constructed with different combination of metal ion and
the ligands. The organic linkers and metal SBUs can be varied and that leads to variety of
thousands of MOFs and that numlicreasing year and yeft04. The layered zinc
terephthalate was the first proof of permanent porosity of MOF observed by measuring
nitrogen and carbon dioxide isotherifi04]. Later the thrust was looking for ultrahigh
porosity MOFs that can be achieved by using longer linkbishweventually increase the
storage space and umber of adsorption sites. The longer hurdles were using the longer
linkers that always prone to form the network to undergo interpenetration. The
interpenetration can be avoided by targeting the topology hwhie not prone to
interpenetratg104]. Since the emergence of MOFs as potential material for carbon

capture, a lot of research has bdene on MOFs .

Since MOFs provide reversible carbon dioxide adsorption, they are excellent materials for
the carbon capture. Carbon dioxide adsorption first reported using2M@HA.998. The
systematic carbon dioxide adsorption study of MOF with an upke of 1470 mg/g at

35 bar which exceeded that of any known porous material in similar conditibnet. al

[105] worked on carbon capture using MOFs as adsorbens. ad€orption in MOFs
depends on pore size or volume and nature of pore surface. MOFs have higher adsorption
capacity than Zeolite and activated Carlb@cause they have more surface area and larger
pore size in contrast to them. The volume and nature of pore to a great extent determine
the shape of adsorption isotherms; due to interaction between moleculesle&@ifyg to

large condensation. TypicgJl MOFs are synthesized in a hydro/solvothermal reaction
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which involves combination of organic ligands and metal salts in dilute solution of polar
solvents such as water, alcohol, alkyl formamides (such as DMF, DEF) or DMSO and
heated at comparatively lot@mperatures usually below 800 °C. The solvent utilized

in the synthesis itself act as a template and the solvent can provide the framework intact
and accessible porosity. It is important to get high quality single crystals to characterize
the MOF crysals. Although solvothermal technique used extensively other techniques also
known for example slow evaporation of the solution precursors, layering or slow diffusion.
Hydro/solvothermal techniques have advantage over other former techniques since they
redwe the synthesis time. The ligand properties such as ligand length, bulkiness, bond
angles, chirality etc. act as major factors to determine the frame work topology of the
resultant compound106]. The synthesis of MOF also depends on the cdraism,
solvent polarity, pH and temperature. A minor change in the former parameters can leads
to poor quality crystals, lower yields or even the formation of new structures. To improve
the crystal growth mixed solvent are often used which also prowitiee the polarity of

the solution. Besides this standard method, some other methods have been described by
researchers. These methods include: The mixture oihmsctible solvent§107], spray

drying technic[10§, an electrochemical approa¢h09 110, and a higkthroughput
approach[11]1] and microwae irradiation. Micro wave irradiation enables access to
increased range of temperatures, it can be used to reduce crystallization time and for
controlling distribution of particle size and face morpholddyg2 113. Microwave
irradiation however has a disadvantage of small crystal size formation, thenéfiocgt d

to get enough size crystal for single crystalay diffraction .
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Over time, several MOFs have been prepared by different group of researchers with the
aim of arriving at a suitable formulation for efficient capture obC&3 at August 2012, a

total of about 37,241 MOF structures were available in the Cambridge Structure Data base
[114. A typical example is MOR77[115 synt hesi zed using Zn( NO:
4.4' A*benzenél,3,5triyl-tri-benzoic acid (H3BTB) were dissolved in 10mL of DEF
inside a 20 mL vial. It was subjected to haatemperature of 100 °C for 20 hours. The
solution drained; the resulting clear crystals were washed in DMF and replaced with CHCI3
three times in three days. Evacuated of the material was carried out at 125 °C for 6 hours
prior to further analysis. F@roper selection of appropriate building blocks for any desired
application, a proper understanding of the influence of characteristics of the building blocks
and resulting material on the adsorption behavior is important. Hydrothermal stability of
MOFs ould be estimated by exposing MOFs to steam at concentration and temperature
more than anticipated in practical operating condition of flue gas. A throughput apparatus
could be employed for the steaming. After which, sample materials are exposeadyto X

diffraction (XRD) examination to ascertain their structural stabjliti5.

MOFs could be rigid or flexible, depending on whether tlierelative movement within

their frameworks or ndtl1]. Several researches have been carried out on this ftbpé:

119. Usually, rigid MOFs; MOFs that do not display movement within frameworks show
adsorption isotherms that arshaped. However, some MOFs havebrous structures

that have channels and cages existing together within them. This makes them having
stepwise adsorption isotherms[12(0 e.g. at low temperature, Nill2Nilll( -3
OH)(pba)3(2,6ndc)1.5 (MCF19; pba = 4(pyridin-4-yl)benzoate, 2/Hdc = 2,6

naphthagnedicarboxylate)Flexible MOFs; MOFs that show flexibleehaviourdue to
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movement within frameworks; display stepwise or hysteretic desorption foa@ibther

gasegl0y. Such MOFs are said to 6breathdé durin
(MIL -53) series, Sc2(bdc)3 etc. Gate phenomenmvement within frameworks during
adsorptim/desorption, irMOFs has been given quite attention over the y¢apq;, 127].
Kitagawa et al. observed a phenomenon whic
MOFs. This was described as an abrupt rise in adsorption isotherm at relatively low
pressur e. This pressure was termediaBgateo
occurred at a different pressure. However, the isotherms for desorption, did not follow
reverse trace of the adsorption isotherm, rather, it showed a sudden drop at another pressure
(third pressure). Gat e p hlEpy)HEGRN(0BnF 49 g d 4n @t
bi py)-bi(pdy, 4Hpyrdlinelt &when bared to water. Similarly, Rosseinsky et al.
reported that Zn (GMAl a) 2; a pepti de b adshaviolweDgfessure x hi b i

of about 2bar .

Heat of adsorption is another property, for gaoga®n, can affect C@Quptake capacity

of MOFs[11]. Heat of adsorption can be evaluated from adsorption isotherms of a CCS
process for various temperatures. This property is an important factor in desorption. High
value of heat of adsorption indicate that high energy is required for desorption process.
Heat of adsorption also reduces with increase in loadingcdpebilityto change the pores

of MOFs is one of the important properties that distinguish them from other porous
materials. Often, the length of organic linkers is the major determinant pbthe size in
MOFs[123. An analysis of the sorbate/framework interactiondiyen [103]showed

that one dimensional pores with sharp edges are good foegaston and gas storage at

low pressure. However, this is less feasible at higher pressure because of the small volume
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of these preferred energetic corner regions. This was illustrated with the investigation of
the adsorption of pure methane and ethann MOFs of different pore morphologies

(e.g. 3D cubic, 1D Rhombic, 1D triangular). It was shown that at lower pressure, as the
pore volume is designed smaller, the selectivity becomes better while the adsorption rate
per unit volume becomes higher. Howeyvsaturation is quicker due to smaller pore
volume. However, at higher pressure, there is much lower uptake because of the small pore
volumes. It was concluded that adsorption in MOFs with one dimensional pore is as a result
of presence of sharp cornemhich brings about more framework atoms in the sharp

corners

Some of the ways by which GQuptake of MOFs have to be improved include the
following. 1) Capacity of MOFs at pressure can be improved by introduction of metal ions
like Magnesium, Cobalt, Vanadium, Titanium €¢tcl5 124. 2) After-synthesisexchange

of extra framework cations inside anionic MOFs. 3) Introduction CNTs into MOFs, which
could be ameliorated by addition of lithium and 4) Functionalizing the pores with alkyl

amino group.

2.4.6 Comparison of Different CO, Adsorbents

The data bthe different materials are summarizedTiable 2.1. The table provides the
different properties of CQuptake, surface area, @0 selectivity and stability in dmid
conditions. The data are provided for materials of the different groups including carbon
based adsorbents, Zeolites and MOFs. The table indicates the dependence of the properties
on the application pressure. It also indicates that some new mateeialselh stable in

humid conditions. However, many materials require more development for consideration
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for carbon capture of flue gases of the industrial applications. As well, thei@ake in

some materials needs improvement.

Sorbent

Temp

(0

Table2.1 Adsorbent materials utilized for G@apture

Press
ure

(kPa)

CO2
molar
fracti
on
(%)

Activated carbon based

NCLK3
NCHA29

NaSB31
KL31
KA21

NORIT
R2030C0O2

Carbon fiber
composites

Olive stones
Almond shells

No1KCla-600
No1KClb-1000
No20S1000

Cu/Zni 16%
AC

Cu/Zni 20%
AC

Cui 20% AC
Zeolite
Zeolite 13X

Zeolite 13%-
APG

Zeolite A5

25

25

25

25

25

30

50

50

25

25

25

30

30

30

50

30

30

120

120

4000

4000

4000

120

101.3

120

120

120

120

120

100

100

100

100

100

100

100

100

100

17

13

14

14

50

50

50

15

15

15

15

15.9

16

Uptake
CO2
(mol/kg

35

2.3

27
22
175

2.4

3.1

0.61

0.58

2.03
191
1.83

1.98

2.26

1.99

4.3

Surface area

(m?fg)

BET

3024
2540
2156

942

490.6

1113

822

1091
804
1233

730.53

599.41

645.21

585.5

499

38

Selectivity

CO2/N2

30 (at 130 kPa, 323
K)

20 (at 130 kPa, 323
K)

18

20

2.54 over CH
2.69 over CH

2.26 over CH

Stability in humid

conditions

hydrophobic and high
stability

hydrophobic and high
stability

Reference

(129

(129

[12€]
(126
(129
(127

(129

(129

[129

(139
(130
(139
(130

(130

(137

(137
(133

(133



LEZ -13X 50 1013 - 4.6 12.7 - stable [134

LEZ -A5 50 1013 - 5.2 16.8 stable [134)
ZSMT 5 25 120 25 0.7 - 4.6 - [135
Zeolite 13X 25 120 25 45 - 28 - [135
MOFS
HKUST-1 30 1000 20 8.07 1326 - stable [136]
MIL - 30 1000 20 7.19 2549 - stable [136]
101(Cr)
Zna(hfipbb)2 25 1013 - 0.4545 - 40 - [137
(ted)
CPM-5 0-25- 105 15 3231 - 14.2 (273 K)16.1 stable forffew weeks [138
40 (298 K)
MOF-177 40 100 15 0.65 4690 3 - [26]
Mg2-MOF- 40 100 15 7.5 1800 63 - [26]
74
IRMOF -1 25 3500 100 11.1 2833 - - [139
IRMOF -3 25 3500 100 10.3 2160 - - [139
IRMOF -6 25 3500 100 105 2516 - - [139
IRMOF -11 25 3500 100 8.9 2096 - - [139
HKUST-1 25 3500 100 7.3 1781 - - [139
Zn-MOF-74 25 3500 100 7.1 816 - - [139
MOF-505 25 3500 100 0.70 1547 - - [139
Cu-TDPAT 25 100 10 0.59 1938 79 - [140
Na- 25 100 20 6.2 - 440 - [147
rhoZMOF
Mg- 25 100 20 8 - 680 - [147
rhoZMOF
Al- 25 100 20 8 - 590 - [147
rhoZMOF
MIL -53(Al) 30 1000 100 5 - 5.5 - [142
MIL -100(Fe) 30 101.3 15 0.67 1894 4.6 stable [143
MIL - 30 101.3 15 1.05 3360 5.5 stable [143
101(Cr)

Another table Table 2.2) provides a comparison of the different materials group of

zeolites, MOFs and activated carbon based materials. It is shown that MOFS have much
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priority on other materials regarding the capabut it is very expensive. As well MOFs

in general are not stable in humid conditions. The three groups discussed in the table differ
in terms of conductivity, thermal and chemical stability and possibility of tuning. The
selectivity of CQ/N2 changesdrm low in zeolites to moderate in carbbased absorbents

and becomes high in MOFs.

Table2.2 Comparison of different adsorbents

Specifications  Zeolites Carbon-based MOFs
adsorbents
Major H. production High pressure CO CO;, separation
application adsorption flue gas
CO2/ N2 Low Moderate selectivity  High
selectivity for CO, over N
Energy for Significant Lower temperature for Limited by low
regeneration regeneration comparec temperatures for
to zeolites. Better generation, but still low
energy efficiency economic efficiency
compared to metal
oxides
Capacity Moderate Lower than zeolites at High

low pressures and gets
high at high pressures

Stability Reduced capacity Do not suffer from Mainly unstable:
under breakthrough or improvement under
moisture decreased capacity research
conditions under moist conditions
Cost Low production cost Reasonable cost Expensive
Advantages 1 Large 1 High 91 Possibility of
micropores/mesopore conductivity tuning the pore
1 Medium CQ 1 High thermal size
adsorption at ambient and chemical 1 Large surface
conditions stabilities area
1 Light weight
with high
surface areas
as well as
large pore
volumes
1 Energy
consumption
is low
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Disadvantages I Adsorb moisture, so T Low 1 Haslow

CQO; adsorption is adsorption anc performance at
poor with moisture desorption partial pressure
existence temperatures of CO
1 High energy 1T LowCO 1 Low economic
consumption uptake efficiency
9 Difficult readiness compared to 1 Synthesis is
some types of tedious and
Zeolites and complicated
MOFs 1 So sensitive to
moisture
M ltis difficult to
use at high

temperatures dut
to destroying the
MOF
construction

2.5 Experimental Studies on Adsorption Carbon Capture

Generally speakingpostcombustion carbon capture is a costly process due to process
challenges including many parameters. These include design of captuprdc€ss and
materials, structuring of carbon capture materials, dealing with impurities withtia©

can cause advee effect on capture materials. They also include: G@rage and
thermodynamics of power plants, integration of heat dissipation during carbon capture with
heat dissipated in power plants, optimization of carbon capture materials with respect to
ease ofecycling, rate of carbon capture, £€electivity and capacity et§144. Many

types of MOFs and zeitds as adsorbents for carbon capture by adsorption in post
combustion were studied in terms of £ selectivity, adsorption capacity and
breakthrough tim¢23]. Furthermore, many types of MOFs studied in literature for post
combustion C®@ capture were tabulatedl45 regarding to C@ and N uptake and
selectivity for conditions closed to the ambient conditions which generally mimicked the

post combustion exhaust condits.This section presents the experimental studies that are
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available for CQadsorption. These are provided in two-selotions including adsorption

by MOFs and adsorption by zeolites and other materials.

2.5.1 Experimental Adsorption Using MOFs

A large numbebpf literature investigations related to carbon capture is focused on methods
and procedures for synthesis and testing of materials for post combustion capture. MOF
type UiO-66 was synthesized and evaluateddloglersen et. al [824s adsorbent for post
combustion C® capture using vacuum swing adsorption (VSA) process. The study
focused on equilibrium isotherm, breakthrough curves, purity, and recovery 0f@O

15% dry CQ and for 15% of C®@ associatd with 9% of water vapor; the remaining
fraction was N). Single adsorber column of 1.1 cm diameter and 10.5 cm of length was
used in experimental work. The gases were directed by solenoid valves while the mass
flow controllers determined the need amowft€0O, and N to mix and to purge into the
adsorbent. Six steps represented the VSA cycle. These are feed pressurization, counter
current blowdown (adsorption), concurrent rinse with £@ountercurrent evacuation
(desorption), and counteurrentevacuation with nitrogen purge (completing desorption).
Equilibrium isotherms of C®and N were obtained at 303 K and 328 K for pressure
increased up to 100 kPa. The results showed that the beshdS@rbed amounts were
obtained at high pressures and Immperatures. Breakthrough curves were evaluated for
three different conditions of pressure (2 bar, 3 bar and 4 bar) and the obtained values
showed the longer time was for the higher pressure which exhibited the better adsorption
process. Increasing thines for adsorption and rinse processes (up to 61% and 13% of
CO, breakthrough time for adsorption and rinse time, respectively) enhanced the recovery

and purity of CQ up to 70% and 60%, respectively. The effect of water vapor was also
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studied through 5@onsecutive cycles; it showed that the xG@pacity of adsorbent is

reduced 25% without any deterioration of MOF compared to dry cases.

Adsorption desorption regeneration

Adsorption, desorption and regeneration of2G®two types of MOFs (HKUSTL and

MIL -101(Cr)) were experimentally investigated Y et. al [136] The experimental set

up was built from one adsorbent bed connected to two cylinders; one had mixture of CO
(20% by volume) andN> and the other was filled by pure Kfor supporting desorption
process). The concentrations of effluent gases from adsorbent bed were measured by a dual
channel gas chromatograph fitted with a thermal conducted detector usisghé carrier

gas. Thestudy started focusing on the €&lsorption capacity of both HKUST and MIL-
101(Cr) at temperature varied between 30 and ZD@nd pressure up to 10 bar. The
corresponding results showed that the maximum &{3orption capacities were 8.07 and
7.19 mmd/g for HKUST-1 and MIL-101(Cr), respectively, at 3« and 10 bar. This is
attributed to the fact that the pore volume of HKUSBT0.58 cnd/g) is smaller than that in

MIL -101(Cr) (1.3 crfig), even though, the surface area of MID1(Cr) (2549 rfig) was

over that of HKUST1 (1326 m/g). The comparison between both MOFs was done by
TSA at 25°C for adsorption and 10 for desorption (with purging &)l It was noticed

that HKUST-1 had a higher Cfadsorption capacity (1.82 mmol/g) than M1O1(Cr)

(1.17 mmol/g) at this condition. Furthermore, HKU%Twas exploited to compare the
sorption capacity for TSA and VSA processes. The €Qeneration showed obviously
that the TSA is better than VSA. Thenaunt of CQ desorbed by VSA was about 1.05
mmol/g for 16 minutes while the desorption of 4§y TSA process was up to 1.85 mmol/g

for 100°C after 6 minutes only. These behaviours were interpreted by the MOFs containing
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co-ordinately unsaturated metalest (CUMs) that might not be efficient desorption by
VSA. W. Xu et. al [137]synthesized two types of MOFs (hfipbb)(ted) and
Cox(hfipbb)(ted)) and only investigated the eQadsorption in one of them
(Znz(hfipbb)(ted)). The study reported microporous MOFs synthesis, crystal structure
analysis, porosity characterization and @&@sorption selectivity and capacity as well. For

298 K and 1 atm condition, the equilibrium isotherms showed the maximum CO
adsorption was about 2% (by wt.) and the selectivity ranged between 208 and 40 for low
vacuum pressure and up to 1 atm. These values of selectivity were claimed to be higher
than zeolie materials and some MOFs as-TUeBTM, CuBTTri and PCMN561. It was
observed that the adsorption heat was close to be constant (27 kJ/mol). The other results

concerned with Bladsorption and pure G@dsorption.

Adsorption and kinetic studies

Another MOF cHied CPM5 was synthesized and undergone to > Cfdsorption
equilibrium and kinetic study bgabouni [146] Adsorption studies of carbon dioxide
started by investigating the adsorption equilibriums of @ N for pressure up to 105
kPa and for three different temperatures (0, 25 artCAMBET instruments were used for
measuring the adsorpti@yuilibriums volumetrically and ASAP 2010 system equipped
with software (Rate of Adsorption program) to measure, @@sorption rates. The
experiments commenced with degassed process at 423 K and vacuum presSkiegJL0
previous to adsorption process. lildea many of MOFs, CPM showed stable structure
under Lab conditions with relevant humidity of 62% for several weeks. Regarding to
experimental isotherms at several conditions, @@sorption rate was about 3 mmol/g

(13.2 wt. %), 2.3 mmol/g (10.1 wt. %h@ 1 mmol/g (4.3 wt. %) at 105 kPa for 273 K, 298
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K and 318 K, respectively. Moreover, the selectivity factor of CPMas evaluated as
14.2 for 273 K and 16.1 for 298 K. G@iffusivity in CPM-5 at 273K, 289K and 318 K

for the same pressure (105 kPa) weatmated as 1.86*18 m?/s, 7.04*10'2 m?/s and
7.87%10%2 n?/s, respectively, while the maximum adsorption heat was about 36 kJ/mol.
Comparison to other MOFs in the literature in terms of adsorption capacity performance,
the CPM5 showed a better GQadsorption performance than some kinds of MOFs as
MOF-5 and MOF177 and in the same adsorption capacity performance of3@(Rl),
UMCM-150 and NiSTA-12. However, the adsorption capacity of GBNks lower than
functionalized and open metal sites MOFs suichlEKUST-1, Mg-MOF-74 and NHMIL -

53(Al).

Fourteen different types of MOFs were investigated for capturingf@@ the flue gas
byYazaydén eSeven tgpes of MOF3 Jvere synthesized, characterized and
measured regarding to the adsorption prtips while the other 7 types were taken from
the literature to study their GQapture capability. Some experimental and simulation
work was done for this purpose; the simulation study was performed by use Grand
Canonical Monte Carlo (GCMC) at the amibi conditions (room temperature and 0.1 bar,
the normal partial pressure of €@ flue gas). The experimental work demonstrated that
the best types could be used for £L&alsorption were Mg/ DOBDC (above 250 mg/g)
followed by Ni/f DOBDC (180 mg/g) and CO@BDC (140 mg/g). On the other hand, the
worst types were ZH8, IRMOFR3, IRMOF-1, UMCM-1 and MOF177 (all of them less
than 10 mg/g). Another point was the reversal effect of the roegahic (MO) bond
length, it showed that the good capturecd@@s forlower M-O bond length (MgO (1.069

A°) is better than NO (2.003 A)). The simulation study proved only some agreements
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with experimental data in the cases of the best MOFs types fopi@€sure about 0.5 and

1 bar.

Temperature swing adsorption methods

Two types of MOFs (MOR.77 and Mg-dobdc (Mg/DOBDC)) were compared to capture
CO, for postcombustion by using temperature swing adsorption method (T28))
Effect of temperature range between°@0and 200C on CQ caption was investigated at
low pressure (0.15 bar for G flue gas) ¢ study the equilibrium isotherms of both MOFs
as well as of zeolite NaX (well known in the literature). The results showed thaddddc
exhibited the best capture performance: in term of amount of adsorbedig©dobdc
adsorbed 189 mg/g at 4C wheras Zeolite NaX and MOR77 captured about 81 and 4.3
mg/g, respectively. Furthermore, the selectivity obMgbdc is the highest (148.1 at’6)
while 87.4 and unity for zeolite NaX and M&F 7, respectively). In addition, the working
capacity by means afesorbing amount of Gt higher temperatures indicated a superior
amount for Mg-dobdc over the others. Thus1@6 mg/g could be desorbed by Mdpbdc
for temperature between 9020°C and about{J5 mg/g could be desorbed by zeolite NaX
while MOF-177did not express any positive values of desorbed &@he same range of

temperature.

Performance in presence of water vapour

The most issue faces the use of MOFs as the adsorbents in separation processes is the
decomposition under exposure to humid Aifew researches deal with this issue because
the majority dealt with flue gas as a dry mixture gas only consists pA@®N. Han et.

al [148] studied the stability of seven types of MOFs (CdZrS¥Nidi, La-Cu, Eu-Cu, Zn
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NDC, ZnPO3 and Gi#F) under exposure to moist air, liquid water,>%0@d NQ. They
significantly emphasized on three types:-i@&, ZnnNDC and NiNic as they had larger
adsorption capacity and selectivity than the other four types. ExposuitfFCaAn-NDC

and NiNic to liquid water and N@during 5 days decreased the Cfdsorption capacity

of Zn-NDC by about 30% due to partial decomposition of organic structure, whereas, Cu
HF and NiNic did not suffer from decompositions. Oppositely; @& and N-Nic showed
decreases in CQ@dsorption capacity under exposing to humidity (3 days) andZSdays)

while ZntNDC expressed some increasing in adsorption in the same exposed gases.

The best MOF type (M§MOF-74) also has some G@dsorption deficiency wh existing

of moister, unlike HKUSTL type. The study investigated 49 showed the decreasing

of CO adsorption at several conditions. For 1 bar and 298 K, the dfiyIMB-74 could
adsorb about 8.4 mmol/g of G@rhile with hydration 6.5% and 13% theDgadsorbed
amounts were 6.7 mmol/g and 5.4 mmol/g, respectively. Meanwhile, theéNCO
selectivity increased significantly due to drop in &blsorption in hydrated gas. The
interpretation of C@ decreases with existing humidity was the strong bindingggner
between C®@ and ceordinately unsaturated metal sites in MOF more than the binding
energy between CQand coordination water interacting. The reverse action (the binding
energy between CQand coordination water interacting is stronger) made the HKUST
adsorbing more C®under increasing of hydration level. IRME®-III as a MOF was
covalently functionalized by animgl5( to study impact of humidity on the MOF
construction and C&£adsorption capacity. The anime compounds added to IRVAIR
were-CHS3, -NH2, -CH2NHBoc, -CHNMeBoc, -CH2NH2, and-CH.NHMe. IRMOF-74-

[II -CH2NH2 showed high adsorption capacity of £@3.2 mmolg at 106 kPa and 298 K)
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and was not affected by water vapor. Comparing dry and wet (RH=65%) cases of flue gas
(16% CQ, and the balance was)\the breakthrough curves ware identical for both cases

(dry and wet by using IRMGF4-111 -CHaNHy).

2.5.2 Experimental Adsorption Using Zeolites

Pressure swing adsorption process

Flue gas separation by zeolite 13X through pressure swing adsorption process (PSA) was
investigated by experimental and mathematical model at two different temperatures (50,
100°C) [15]]. The experimental seitp relayed on fixed bed filled with zeolite 13X which

was undergone to four steps to represent separation process namely: pressurization, flue
gas feed (15% C£85% N by volume), blowdown (depressurization), purging. The gas
chromatograph unit was used to measure the outlet concentrations afC® and mass

flow controllers were used to control the flow amount of gases during working.
Pressurization process was dige rise the pressure of the bed up to 1.3 bar with purging
nitrogen, and then, the mixture of €&nd N was fed to the bed at constant pressure (1.3
bar) to represent the adsorption process. After &&@uration observed, the inlet gases was
closed withdepressurization the bed down to 0.1 bar for remove adsorbent amount of CO
For enhancing the desorption process, some amount of nitrogen was purging to the bed
under low pressure (0.1 bar), this process called purging process. The experimental and
theoeetical equilibrium isotherms showed that zeolite 13X could adsorb 3 mmol/g 0f CO

at 1 bar and 56C and about 1 mmol/g of GQor 100°C at the same pressure while the
noticeable adsorbed amount af\as less than 0.25 mmol/g for the same conditions. The

results also showed good percentages of €Covery reached about 91.8% and 90% for
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temperatures 50 and 100 (P=1.3 bar), respectively, while the £gurity exhibited low
percentages about 33.3% for®Dand about 36.8% for 10C. The decrease in ptyiof

CO, can be solved by adding rinse process after adsorption by purging pure amousnt of CO
into the adsorbent to remove &hd replaced by COThis process increases the cycle cost,
but it is a solution when the pure g@bove 90%) is needeffigure 2.6 and Table 2.3

show a schematic of PSA and valve sequencing for different steps in the cycle respectively.

Table2.3 Valve sequencing for different steps in PSA cycle

M1 Feed Blow down Purge Pressurization
V1, V7 V3 V5, V3 V1
M2 Purge Pressurization Feed Blow down
V4, V6 V2 V2, V8 V4
\'%/ V8
vs A8 Ve

Figure2.6 Schematics design of tw@lumn PSA unit
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In the PSA set uH{gure2.6), the first column (M1) is fed with flue gas at a pressure above
atmospheric pressure, the packed bed selectively remoy&@®the gas stream leaving
nitrogen rich effluent to flow out fio valve 7(V7). After a set time e.g. breakthrough, the
adsorbent packed in M1 is saturated hence, it no longer adsosbsTkfeed is then
directed to the second column (M2). In order to regenerate the saturated bed (M1), valve
3(V3) is opened to initig pressure drop within the bed. The induced pressure causes
desorption of the adsorbed e@aking the gas exiting V3 rich in GOA purge step is

then initiated to facilitate additional removal of €ftom the column. After purging, the

bed pressure is reged by pressurizing with the less adsorbed gas. These are the four steps
that make up a typical PSA cycle. At the end of a complete cycle additional cycles can be

conducted to ensure further purity of the desorbed stream.

Vacuum swing adsorption

The proltlems associated with use vacuum swing adsorption were investigatdthige

et. al [152]by improving the cycle design with good temperature control. The adsorbent
was zeolite 13X to capture G@om flue gas (simulatedy adding pure C&to the air).

This adsorbent material was insensitive to moisture. Furthermore according to the results,
the CQ adsorption might be increased in the presence A3; HN-containing hybrid
material adsorbed higher amount of a@an N (contained in feed flue gas). The study

also claimed that the fully filled pores adsorbed bgdwtains had lower CQraption at

low temperature (room temperature) while significant amount of W& adsorbed for
higher temperature ( as 70), and the viceersa for partially filled pores (open pores) by
N-containing. Generally, for open pores adsorbent, increasing the gas feed temperature

decreased the amount of adsorbed @@ile increasing the feed pressure improved the
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captured CQ the optimum vacuum psesure to minimize the power used for adsorption

process was 0.04 bar.

Zeolite testing under humid conditions

Experimental investigation of G@apture from wet (humid) flue gas was studied.bst.

al [153] Zeolite X13 was used and the vacuum swing adsorption method waslapp
study the impact of moist flue gas (PH=95%) on the adsorption and desorption processes
at 30°C. The investigation demonstrated that the @@overy reduced by 22% with
existence of KHO. Furthermore, high concentration ob@H appeared during vacuum
process and about 27% of the condensgd Was accumulated in the vacuum pump itself.

A comparative experimental study between two adsorbents (13X and A5 Zeolitesyfor CO
capture by indirect thermal swing adsorption (indirect heating/cooling by intbeadl
exchanger) was studied bjérel et. al [154] 90% of N and 10% of C@were modeled

the flue gas to pursue G@apturing. The Zeolite A5 showed the better performance than
Zeolite 13X for capturing C@such as the capture rate of £@lumetric productivity and
specific heat consumption were (+ 14.5%), (+22%) ah€%), respectively, for Zeolite

A5 over than 13X.

The experimental work for CQrapture from flue gas of coal fired wer plant is studied

by Wang et. al [155]using zeolite 13XAPG by vacuum pressure swing adsorption
technique VPSA). The capture plant consisted of two units: dehumidification unit and CO
capture unit. The dehumidification unit registed of two cylinders filled with 156 kg of
alumia for removing water vapor and the contaminants amount of SOx and NOXx via

temperature swing process. The output gases of this unit werd &£616.5% by volume)
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and N and less than 0.5% of relative higity. The other unit formed of three column
cylinders (adsorbers) occupied by 261 kg of zeolite 13XAPG for representingapre

unit by VPSA process. The cycle of the VPSA was quite complicated to consist of eight
steps for each adsorber such as pmezstion, feed, depressurization, rinse, provided
pressure equalization, blowdown, purge, and received equalization. All processes were
done automatically by programmable logic controller and software. The results showed the
beds reached steady state rafi@0 operating cycles and the adsorption temperature raised
to 323 K. The adsorption isotherms announced the maximupa@sorption was about

4.3 mmol/g comparing with 3 mmol/g with using A5 molecular sieve in their previous
work at the same conditions£¥303 K, P=100 kPa). For inlet flow rate of flue gas about
32.945.9 Nni/h, the CQ recovery and purity were about -85% and 3782%,
respectively, with power consumed for blower and vacuum pump abouw21Z9
MJ/kgCQ (two third of the consumed power wiayg vacuum pump). The maximum €O

productivity of the unit was 0.207 molGn® adsorbent.

Zeolite 13XAPG was utilized133 as the adsorbent for post combustion,€apture by

VTSA process. Experimental and simulation investigation focused mainly on the type of
process such as TSA, VSA and VTSA that was more efficient in terms pfec@very

and purity. The setup consisted substantially of one bed heated andindwésztly by oil
passing around the adsorber. The studied flue gas had 15% of carbon dioxide by volume
while the complement percentage was nitrogen. The maximum isotherm adsorption was
about 4.3 mmol/g of C&at 303 K and 100 kPa. The comparison of resaihong the three
generation methods (TSA, VSA and VTSA) illustrated that the bestré€&very and

purity for VSA process were 78.6% and 78.4%, respectively, at P=3kPa for 5 minutes of
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evacuation and 0.15 SLPM ofurging while alone. TSA process withoevacuation

could achieve 78.1% of GQecovery and 91.6% of GQurity for 443 K of desorption.

The cooling was at close to ambient conditions during 10 minutes to maximize adsorption
capability. In the other hand, the combined processes in one prydess)(at 403 K of
desorption temperature and 3 kPa of vacuum pressure could reach 98.2% and 94% of CO
recovery and purity, respectively. Furthermore, researchers conducted with the Zeolite
13X as adsorbent for G@apture and the generation processeespondingly are shown

in Table2.4 to show the ability of this material (Zeolite 13X) of adsorptiono@0Oseveral

conditions.
Table2.4 Carbon Capture by Zeolites
CO% Abs./des. Abs./des. Egcz:overy Purity
Process Cycle steps Co Ref.
(by V0|.) pressure temperatu (%)
(kPa) re (oC) (%)
PSA FP,FD,DP,PUR 15 130/10 50100  91.890 gg'g (151
PSA FP,FD, DP,PUR 8.3 303/101.3 25 50 78 [156
1ststage:
VPSA EQ,FP,FD,EQDP,PUR 10 6.67 30 80 99
[157
(2-stages) 2ststage:
EQ.FP FD,EQ.DP 15 13.34 30 78.8 99.7
VSA FP,FD,DP 11.2 118/3 30 78.5 69 [153
FD,PR1,PR2,EQ,RIN, !
VSA DPEQ,PR3 PRY 815 130/56 40 60-70 9095 [159
VSA EZ'FD*EQ’R'NLR'NZ'DP' 13 172/5.07 30 69 99.5 [159
TSA 10 101 15/110 56 ~100 [16Q
VTSA FP,FD,H,DP,PUR,C 15 101/3 30/90 98.5 94.4 [133

FP, pressurization with feed; FD, feed; RIN, rinse; EQ, pressure equalization; DP, depressurization; PUR, perge; PR,
pressurization; H, heating; C, cooling.
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2.5.3 Experimental Adsorption Using Carbon Based Adsorbents

Activated carbon

Gonzalez and Plazpl25 129 prepared a cheap activated lmam from spent coffee
grounds to study the potential of €€apture by adsorption of flue gas mimicking the post
combustion C@N: percentages. Two types of activated carbon obtained from spent coffee
ground were investigated in this study such as NCLKBNM@HA29 at pressure between

0 and 120 kPa and temperature varied between 0, 25 di@ BOvolumetric apparatus.

The isothermal adsorption showed NCLK3 had about 3.5 mmol/g ela€@ maximum
adsorption at 120 kPa and 25 with average heat of adsoptiabout 27.19 kJ/mol while
NCHA29 was less efficient with COadsorption with about 2.3 mmol/g at the same
conditions and 36.42 kJ/mol of isosetric adsorption heat. The selectivity and adsorption
working capacity also showed some advantages for NCLK3 @tA29 in which the

authors claimed that NCLK3 was competitive with zeolite 13X.

The main properties of the adsorbent affecting.G@pture by adsorption was
experimentally investigated arco-Lozar et. al [126through comparing the adsorption
performance of 17 types of activated carbon. The different pore size distribution and
density of the adsorbent were found to play main roles of selection of adsorbent type at
proper pressure. For pressure between 0.1 @dPa and ambient temperature (post
combustion case), it was observed that the adsorption capacity did not change much by
increasing microspore volume and it was appropriate to consider the volume of the
microspore less than 0.7 nm. However, in applicatimt have higher operation pressure

(>1.2 MPa: pre combustion and oxy combustion cases), the microspores volume should be
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larger to adsorb more amount of carbon dioxide. Regarding to density, the adsorbent bed
has a specific volume, so the less adsorbenisity means a little amount of the solid
material would occupy the size and that significantly reduces the overall amount of
adsorbate material. Therefore, the larger density with high adsorption capacity was
preferablePlaza et. al [127pused on the commercial activatedzzn NORIT R2030C®

to study its CQ@ adsorption capability from flue gas (17% &£®@3% N by volume) and
comparing some regeneration methods. Theigetf experimental work consisted of one
adsorbent bed receiving a mixture £X» from two cylinders, eacfor one gas controlled

by mass flow controller and then mixing by a helical distributor. The bed was heating by a
coil around it and the outlet of the bed was connected by pressure regular and then by dual
channel chromatograph fitted with thermal condwctietector to calibrate and measure

the output concentrations of effluent gases {@G@d N). The study addressed the
comparison between TSA, VSA and VTSA for flow rate of 34/omin and adsorption
pressure of 130 kPa as well as the adsorption temperatas 303 K. The isotherms
showed the maximum CGQ@dsorption was about 2.4 at 120 kPa and 303 K and théNeO
selectivity was 7 at the same conditions. TSA announced the smallest values obthe CO
recovery and productivity by about 40% and 0.8 mmol/gdspectively, at the mentioned
adsorption conditions (T=303 K, P=303 kPa) sineeplirging for desorption process (at

373 K and 2.7 cAfmin). However, VSA adsorption performed under the vacuum (P=5 Pa)
and temperature about 303 K produced about 1.7 mrptifCQ with 87% of recovery.

For enhancing the performance, VTSA was applied to produce about 1.9 mmol/g.hr and to
increase the C®productivity up to 97% under the vacuum conditions and increasing

temperature to 323 K.
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Carbon fibre composites

Carbonfibre composites also promised a better.C&pture compared to other types of
activated carbol2g. It was synthesized by consolidation as a one brick. There were
some small tubes put inside the material for air and water heating and cooling during
desorption and adsorption processespectively. Two large beds (2 m) were filled with
adsorbent for investigation the @€apture at ambient conditions ( 298 K and 1 bar) from
flue gases which contained 13% £@.5% Q and the remaining was>NThe setup
controls and monitors includetbiv mass meter, C{analyzer, @ analyzer and volume
meter. The study relied firstly on temperature swing adsorption method for adsorbent
regeneration at T=383K and ambient pressure (1 bar) without purging any gas and then on
vacuum swing adsorption for dnment temperature and 30 kPa of pressure. However, the
results showed the two methods were not sufficient for efficient recovesya@®Dthen

suggested vacuum temperature swing adsorption for efficient regeneration process.

The maximum adsorbed GBhowedby adsorption isotherms was 2-811 mmol/g at
ambient condition which added some advances to activated carboratQre research.
Regarding to desorption techniques, TSA at 398 K and 1 bar had 100% of CO
concentration and the G@ecovery was less th&20% while VSA at 298 K and 30 kPa
presented lower than 5% of @@ecovery with higher energy consumption by vacuum
pump. On the other hand, utilizing two methods simultaneously (VTSA: T=398 K and
P=75 kPa) enhanced the performance significantly. Besi@i&AYflushing some amount

of pure CQ soon after adsorption process (for remove the amounts of adsorbed &

from the bed) improving the G@ecovery up to 97% with 100% of the purity. Two cheap

activated carbon adsorbents were made from olive stmesimond shells with single
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step activation for investigating G@dsorption separation of flue ge25. The study
considered the equilibrium isothesmt different conditions (0, 25 and 50 373 K and 2.7
cm3/min of for pressure reached 120 kPa). For olives stone carbon, the maximum
adsorption of C@was about 3.2 mmol/g for 100 kPa and 25 oC while almond shell carbon
showed about 2.5 mmol/g at the sacpeditions. Simulating the flue gas by 14% £@d

86% N> and passing it through adsorbents, the obtained breakthrough curves determined
that the breakthrough time of olive stelb@sed carbon had lower time than almond shell
based carbon (by 1 minute out® minutes). But, the CQadsorption capacity of olive
stonebased carbon expressed a little higher value than that in the almondasesl
carbon (0.61mmol/g for olives type and 0.58 for almond shell one at 120 kPa‘a)d 50
The desorption process this study was done by passing helium gas, because it only

focused on adsorption process regardless the complete cycle methods.

2.5.4 Experimental Adsorption Using Other Adsorbents

Regeneration process techniques

The regeneration process (desorption) refethdorejection of the adsorbed amount and

the best measures for its performance that i @overy and C® purity. The
performance of regeneration process techniques for purity and recovery of flue gas was
summarized as shownTrable2.5[161]]. It is clear from this table and as mentioned above
[125 127, 128 167] that the best percentages of €covery and purity above 90% were
obtained by combined processes such as pressmerature swing adsorption (PTSA)

and vacuum temperature swing adsorption (VTSA). Also, the i@tvery and purity

reasonable percentages can be obtained from vacuum pressure swing adsorption process.
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Table2.5 Comparison among different regeneration processes in terms,qflCiy and

recovery{161]].
Process CO; recovery (%)
ESA 23.33 29.57
VPSA 99 53-70
PTSA 99 90
2-bed-2-step PSA 18 a0
VPSA 99.5-99.8 34-69
PSA 94.5 69
PSA/VSA 58-63 70-75
VSA 90 20
PSA/VSA 58 87
PSA/VSA 827 17.4
3-bed VSA 90-95 60-70
TSA 95 81
ESA 89.7 79
PSA 16 89

A hybrid adsorbent consisted of monolithic activated carbon and zeolite was investigated
for CO» capturing performance using electrical swing adsorption technique (E8A)

The holes in consolidated activated carbon were filled by Zeolite 13X to occupyabout

% of the volume of the bed. ESA was designed to desorb the adsorbed amount of CO
inside the adsorbent by electrothermal regeneration (Joule effect) with temperature reached
about 46C0°C. Furthermore, ESA was represented by two cases: first case rvasned

by four steps such as feeding, electrothermal desorption, purging with electrothermal
desorption, and cooling while the other case study expanded the capture cycle to six steps
such as feeding, rinsing, electrothermal desorption, purging with ratleetmal
desorption, purging and cooling. The flue gas in theses cycles was about 8.1% (by vol.) of
CO, and the balance is2NFor the same cycle time of the two case isgidhe results
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showed the six steps cycle had higher.@Qrity about 46.6% comped to 44.8% of four

step cycle due to rinse process, whereas ther€fvery had high percentage for four step

cycle with 92.4% and the lower was 81.4% for the six steps cycle. However, the cost of
both was considered high compared ESA to other procebsigees with about 44.8
GJ/tonCQ and 33.3 GJ/tonCgLior four and sex steps cycles, respectively. Moreover, the
hybrid adsorbent addressed some drawbacks as enlarging the mass transfer zone due to
nonhomogeneously. Some increasing in adsorbed amount of dioxide carbon and
elongating the breakthrough curveene due to existing of zeolite 13X itself with good

percentage (82%).

The adsorption behavior of zeolite 13X to Methane, Nitrogen and Carbon Dioxide were
investigated experimentally b@avenati et. al [L63]Activation of Zeolite 13X samples

was done with Helium, under vacuum through the night at temperature of 593K. The
samples were heated at a rate of 2K/minle Isotherms were measured at 293, 308 and
323K at pressure range oBbPa. All of the Isotherms were made completely reversible.

A Magnetic Suspension Microbalance (Rubotherm) was employed to perform adsorption
equilibrium of the pure gases. The ath®# 6 dat a fitted with t he
Langmuir Model. A strong C&adsorption was recorded, which make them recommend
Zeolite 13X as potential material for G@equestration from flue gasasas et. al [164]
performed breakthrough experiment, describingqumabustion C@cgpture using MOFs

(e.g. USG2-Ni MOF) and UiG67/MCM-41 hybrid adsorbents by Pressure Swing
Adsorption (PSA). MOF Ui 7/MCM-41 hybrid was designed jointly with meporous

silica, (i.e. MCM41), of average sized particles: say 1 mm. M@Mhas a very good

adsorption capacity, stabilizing effect, a
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characteristics for desorption at high pressure. Furthermore, the 1 mm particles qualify for
use at industrial level, for feasible range of resulting pressure drogheOother hand,
formulation of USG-Ni MOF particles is yet to be up scaled; therefore, only particles of
size 0.20.5 mm were produced. Material and particle densities were characterized by
Helium pycnometery and Hgycnometery respectively. The matehahat capacity of the

two materials was estimated with the use of a Differential Scanning Calorimeter (DSC).
The author$164] performed process scale up by first conducting a fixed bed experiment,
during which the adsorbent was packed into column after which three grades/Bi CO
mixtures wee feed through them at temperature of 25 C and pressure rariggbdddr to
determine the transfer parameters. In the breakthrough experiment, it was found that the
feed flow rate had negligible impact on the mass adsorbed and heat transferred under the

considered span of conditions.

Adsorbent packing processes

Formation of particle is very important; it has a huge effect on the adsorbent packing
properties, hence, on the process performandedsgs et. al [164] They concluded that
existing research on formulated MOWg&h average particles size greater than 1mm (that
permit scaling up) is adequate to enable their exploration for industrial scale usage. In
addition, bed density and particles, are of great importance in process design. This is
because they are responsilibr the quantity of adsorbent materials that can be packed in
enclosed column volume. In this light, the U83/MCM-41 hybrid showed good packing
properties, not withstanding, further research and improvement is required in their
mechanical stability iorder to make them useable on industrial sda#ntas et. al [165]

worked on fixed bed C@adsorption from a gas mixture of 20%g&y. The adsorption
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medium used was actited carbon. Helium was used for freatment of the bed. Break
through curves were obtained by varying temperatures, while Linear Driving Force
approximation (LDF) was used for the mass balance, the momentum and energy balance
were also accounted for order to reproduce the break through curves. Investigation of
changes in the surface of the activated carbon used duestacC@mulation was carried

out with Fourier Transport Infrared Spectroscopy (FTIR) andayX Photoelectron
Spectroscopy (XPS) analgsiGas mixture was subjected to different temperatures of
301K, 323K, 373K, and 423K at a total pressure of 1.02bar. The adsorption column was
located inside a furnace for easy control of the process temperature, the column and
furnace; which was the adgion system; were therefore assumed adiabatic as they were
isolated using a fiberglass layer and a-noonvective refractory material. However, the
breakthrough experiment was treated adiabatic8iljwardane et. al [49%lso observed
similar behavior while using 13X zeolite for @8> gas mixture adsorptiolantas et. al

[132] suggested that resistances to internal mass transfer are neghgibé adsorption

system. It was suggested that for turbulent system, mass spread is due to axial dispersion
[157]].
2.6 Numerical studies and Mathematical Approaches for Fixed Bed

Column Adsorption

In order to achieve a suitable and effective design of adsorption process, there is need for
an appropriate model to describe the dynamics of the adsorption dy#8eh32 1695.
Most of suggested models are mathematical models and more recently, Artificial Neural

Network models (ANN)[166 amongst others. The computer simulation tool requires
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experimental validation for the development of new system. Since experimental setups are
quite costly and time consuming, a mixed design approach using a well validate simulation
tool with reasonable experimental validation seems to give the best design results. The
simulation tool is composed of a descriptive mathematical model to predict the adsorption
system (fixed bed/column) behavidr67]. Such mathematical models are experimentally
verified and make use of independent parameters to estimate the required dynamic
properties of the adsorption system with no extra time ant amsompared to the
experimental procedures. The models also enable break through curve estimation,
temperature profile of constituent gases at different time and point within the adsorption
column. Varieties of materials and their properties could bektyuand easily tested using

the mathematical models. In addition, variations in compositions and temperatures within
the adsorbent column, with respect to time and space, and their effect on the overall

performance of the adsorbent system; can be modekdimulated169.

Mathematical models capable of predicting the dynamics of adsorption systems are made
of coupled partial differential equations representing the flow field, mass and energy
transfer within the field (mass, species, momentum and energy balft@gs)rhe flow

field is usually modeled as a fixed bed (with suitable boundary condition) in which
adsorption takes place. A simultaneous s
making thesolution to the system involved and complex, hence the need for a simplified
model with good assumptions for easier computation and optimization. The study of
modeling and optimization of Gdsorption on fixed bed has grown over the years and

is still of important interest in the field of Carbon Capture and Sequestration (CCS). The

dynamic behavior of an adsorption chamber system can be categorized based on the nature
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of the relationship between the constituent gas species and the solid at equilibrile and
complexity of the mathematical needed for describing the adsorption mass transfer process
[169. The complexity of the mathematical model for describing adsorption process
behavior depends on the level of concentratibe,ahoice of rate equation and the choice

of flow model[169.

The fixed bed mathematical models are used to temporarily forecast the performance of
an adsorption system in terms of dynamic property variation of the gakeaaddorption

bed during adsorption e.g. flow rate, temperature, concentratior,retaescription of

the pattern of flow within the adsorption column is usually done using the plug flow model
or axially dispersed plug flow model. Some assumptions ar@lysnade but, they differ

from one model to another. E.g. some models account for the effects of heat generation
and heat transfer in the adsorbent bed, based reasons that it may affect the adsorption rates
etc. Some of these assumptions include a) lgkembehavior, b) Negligible radial gradient

of concentration (and temperature and pressure where applicable), c) Negligible heat
transfer between gas and solid phase for-isothermal operation i.e. instantaneous
thermal equilibrium and d) Negligible msure drop across bed. The assumption of
negligible radial gradient has been made by a number of resedrth@rs71]. A lot of

existing models are based on the effects of finite mass transfer rate with mathematical
models closelyepresenting real process. Most of the popular existing models use a linear
driving force approximation for the description of mass transfer mechanism in CO
adsorption process. After several years of research it has been discovered that it is equally
important to consider the effect of momentum balance and heat generation and heat

transfer in the adsorbent bed. This is important because the concentration profile has a
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dependence on temperature variations, may be eminent forcdwgientration feeds,
becaus the heat of adsorption in high concentration feed generates thermal waves which

travel in axial and radial directiof$72.

Adsorption equilibrium has been mostly represented withlimear isotherms such as the
Langmuir isotherm/hybrid LangmiiiFreundlich isotherm. Linear isotherms have been
used but only few cases. The Langmuir model workshe assumption of ideal localized
molecular interaction between adsorbate and adsorbent with no further interaction on other
groups of identical sites. Adsorption system hardly adhere strictly to Langmuir model
assumptions, most times, their equilibmiusotherms deviate from the Langmuir model
form. This may be due to the variation in heat of adsorption which is required to be constant
based on Langmuir. From this, it can be stated that: Since the heat of adsorption changes
with concentration, at lowesoncentration, the Langmuir model can give an appropriate
representation of the system, however, as the concentration of the gas to be tested increases,
the accuracy of the model would drid9. Due to the limitations of thLangmuir model,

several authors e.g. Freudlich have modified the model e.g. by introduction of power law
expression (LangmuiFreundlich equations), and a host of other authors. The gas phase
material balance includes an axial dispersion term, convedtve, fluid phase
accumulation, and the source term due to adsorption of the gas molecules (adsorbate) on
the solid surface (adsorbent). The equation accounts for: The variation in adsorbate velocity
and concentration in fluid phase with distance aloregod, the average concentration of
adsorbate components in the solid adsorbent particles, while the axial dispersion coefficient
represents the effect of axial mixing and the contributing mechanisms. This equation is

used to find the transportation of ga@mposition along the bed, with an assumption of
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negligible radial variation in gas concentration and solid loadig, 165. Danc hkwer t

boundary conditions are applied h¢ié8 173.

2.6.1 Mathematical Models

Mathematical modeling of Cadsorption and separation depends mainly on the mixture
from which CQ is to be separated. It also depgmoh the type of adsorption process and
the adsorbent media. The following are examples ot G€paration from different
mixtures such as GDOCHa, COy/ N2, CO/ Hz, CO/ He, CQ/ Air, CO./ CO and flue gas

mixtures as well as pressure swing or vacuum sadsgprption.

CQ; in a binary mixture (with CH; N2, H2 or He)

Kumar [174]obtained a mathemaal model to describe adsorption separation of ftén

binary gas mixtures of Carbon dioxide (g§¢@nd Nitrogen (M), Carbon dioxide (C¢) and
methane (Ck), and carbon dioxide and Hydrogen. The model was made up of a system of
coupled partial differertii equations. The adsorption media (adsorbents) used was 5A
zeolite and BPL carbon. The flow pattern was described using plug flow model, while the
mass transfer pattern was described using local equilibrium model. The mathematical
model was solved numeslly using finite difference method after which adiabatic
simulation was carried out. The following assumptions were made: Negligible radial
variation in temperature, concentration, negligible pressure drop within bed, thermal
equilibrium between the gasma solid particles, and neimothermal heat effects. A
LangmuirFreundlich equilibrium isotherm was assumed. It was concluded that isothermal
assumption was improper for the process design, but it could be useful for semi

guantitative forecast of adsorpticolumn behavior.
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Delgado[175 174 described a mathematical model to describe the adsorption separation
of CO, from binary gas mixtures (GEN2, COx-He and CQ@-CHg) on sepiolite, silicate
pellets and a resin. The flow pattern was described using axial dispargetbpi model,

while the mass transfer pattern was described using the LDF approximation model. The
mass transfer coefficient was determined by fitting the experimental data (i.e. lumped).
Ergunds equation was empl oyed the systetheThe r i b e
PDEGs in the mathematical mo d e | were sol ve
collection on finite element using PDECOL software. The following assumptions were
made: Negligible radial variation in temperature and concentration, itdgligressure

drop within bed, thermal equilibrium between the gas and the solid particles, and non
isothermal heat effects. An Extended Langmuir equilibrium isotherm was assumed. The
mathematical model gave a good description of the breakthrough expewittetower

CO, concentration. However, for the experiments with high concentration efwe@e
predicted with higher percentage of error. It was suggested that, introduction of interaction
factor into the model boosted the accuracy of the model baseég: amteraction between
adsorbed molecules of GO Shafeeyan et. al [168feviewed different existing
mathematical modeling rtleods of the fixeebed adsorption of carbon dioxide.
Shendalman and Mitchell [178ptained a linear mathematical model using characteristic
method while working on a mathematical model to describe Pressure Swing Adsorption
separation of C®from a binary gas mixture of Carbon dioxide and Helium {Ei@).

Their adsorption medium (adseiit) was Silica gel. The flow pattern was described using
plug flow model, while the mass transfer pattern was described using local equilibrium

model. The mathematical model was solved analytically, by assuming: Negligible radial
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variation in concentratim negligible pressure drop, trace system and isothermal heat
effects. A linear equilibrium isotherm was assumed. Their model had a limitation of
neglecting the mass transfer resistance effect which made their results differ from
experimental resultsCen and Yang [178Dbtaineda mathematical model to describe
Pressure Swing Adsorption separation of .C&hd other gaseous products of coal
gasification. Their adsorption medium (adsorbent) was detivearbon. The flow pattern

was described using plug flow model while the mass transfer pattern was described using
local equilibrium model and Linear Driving Force approximation model (LDF). An
empirical relatiorwas utilized to determine mass diffuswibf CO,. The mathematical
model was solved using the implicit finite difference method, by assuming: Negligible
radial variation in temperature and concentration, thermal equilibrium between gas and
solid phase, and nesothermal heat effect. A Langmthreundlich isotherm was
assumed. Their model differs from experimental data. This was more pronounced in the
CO; concentration. However, the LDF was closer to the experimental data. A mathematical
model was developed gaghavan et. al [179p describe Pressure Swing Adsorption
separation of C®from a binary gas mixture of Carbon dioxide and Helium {Ei@).

Their adsorption mediurfadsorbent) was Silica gel. The flow pattern was described using
axial dispersed plug flow model, while the mass transfer pattern was described using Linear
Driving Force approximation model. The mathematical model was solved by orthogonal
collection andby using finite difference method and by assuming: Negligible radial
variation in concentration, negligible pressure drop, traces system inverse dependence of

the mass transfer coefficient with pressure, and isothermal heat effects. A linear
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equilibrium iotherm was assumed. Their model succeeded in making a good
representation of experimental results.

A mathematical model that describes Pressure Swing Adsorption separation fodi@O

a gas mixture of Carbon dioxide (@and methane (CHlwas developed byl 8(. Both

CO; and CH have equal proportion by volume. The adsorption medium (adsorbent) was
carbon molecular sieve. The flow pattern was described using plug flow model, while the
mass transfer pattern was described using LDF approximation model, with a coefficient of
mass tansfer that is cycle time dependent. The mathematical model was solved using
implicit backward finite difference method and, by assuming: Negligible radial variation
in concentration, negligible pressure drop within bed, and isothermal heat effects. A
Langmuir equilibrium isotherm was assumed. The results provided by the model is
reportedly said to be very close to the experimental data used within about 3% margin of
error [168. Cavenati et. al [181jvorked on a mathematical model to describe the
adsorption separation of a gas mixture of carbon dioxide)@@d methan¢CH,) on
Tekada carbon molecular sieve by Vacuum Swing and Pressure SwingRSSA The

flow pattern was described using axial dispersed plug flow model, while the mass transfer
pattern was described using double LDF approximation model. Pressure manattie
system was described using Ergun equation.
solved numerically using method of orthogonal collection for twenty five (25) finite
el ement s, with two collection poiswereper el
solved using gPROMS. The following assumptions were made: Negligible transfer of
mass, momentum and heat in radial direction, adiabatic anéotermal heat effects. A

multisite Langmuir equilibrium isotherm was assumed. The mathematical moaehga
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gualitative description of the breakthrough experiment and temperature curves. The model
had a limitation of how to determine new values of mass transfer coefficient for new runs.
Similarly, Ahn and Brandani [183)jredicted the dynamics of GOreakthrough on carbon
monolith, with different set of assumptions. The flow pattern was also described using axial
dispesed plug flow model, while the mass transfer pattern was described using the LDF
approximation model . The PDAEGs i n the mat
using gPROMS. The following assumptions were made: Negligible change in
concentration in radi direction. A Langmuir equilibrium isotherm was assumed. The
mathematical model which accounted for a detailed structure of the adsorbent gave a
gualitative description of the breakthrough experiment. It gave results of very close match

to the experimemtl data used. However, another model based on the equivalent channel
approach produced wrong results that forecast higher separation efficiency for the system.
Hwang et. al [183tescribed a mathematical model to describe the adsorption separation

of CO; on activated carbon using helium as the carrier gas. The flow patternscabek

using plug flow model, while the mass transfer pattern was described using LDF
approximation model. The mass transfer coefficient was lumped i.e. it was determined by
fitting the experimental dat a. The PDEGs
numer i cally wusing method of l i nes, after wl
DIVPAG. The remaining algebraic equations were solved using DNEQNF. The following
assumptions were made: Negligible radial velocity, negligible radial variation in
temperatue and concentration, negligible pressure drop within bedsad@batic, and
isothermal heat effects. A Langmuir equilibrium isotherm was assumed. The mathematical

model gave a qualitative description of the breakthrough experiment and temperature
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curves.The model had a limitation of how to determine new values of mass transfer
coefficient for new runs.

The mathematical modeling of the adsorption separation offil©@ flue gas (20% C¢)

80% Nb) on zeolite 13X by Vacuum Swing (VSA) was provideddiyou and Chen [184]

The mixture presents typical dry conditions of flue gas on industrial applications. The flow
pattern was described usingia dispersed plug flow model, while the mass transfer
pattern was described using local equilibri
were solved numerically using method of lines with adaptive grid points, after which an
estimate of the flow ta was done using the cubic spline approximation. The evolving
ODE6s were solved by integration with rescg
LSODE from ODEPACK software. The remaining algebraic equations were solved using
DNEQNF. The following assuptions were made: Negligible radial variation in
temperature and concentration, negligible pressure drop within bed, thermal equilibrium
between the gas and the solid particles, andismthermal heat effects. An Extended
Langmuir equilibrium isotherm véaassumed. The mathematical model gave results similar

to the experimental data used but with lower values than those of the experiment. This
discrepancy was suggested to be due to the use afpmmific isotherm.

Mulgundmath et. al [185vorked on a mathematical model to describe the adsorption
separation of binary gas mixtures of carbon dioxide and Nitrogen (98%MNCQ),

carbon dioxide and Helium (G&He) on zeolite 13X. The flow pattern was described using

axial dispersed plug flow model, while the mass transfer pattern was described using LDF
approximation model . The PDEG6s in the mat |

using method of orthogonal collection for six (6) finite elements, with three (&ctiolh
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poi nt per el ement , after which the evol vi
following assumptions were made: Negligible change in temperature and concentration in
radial direction, negligible pressure drop and-msmthermal heat effects. Adiaiimand
nonadiabatic systems were considered. Langmuir equilibrium isotherm was assumed. The
mathematical model gave a qualitative description of the breakthrough experiment for with
good accuracy at the temperature break through point. However, thegavdeksults of

lower accuracy for the energy balance in the system.

CO; mixture (with CHs and Hy)

Doong and Yang [186fescribed a mathematical model to describe Pressuneg Sw
adsorption separation of G&om a gas mixture of Carbon dioxide (gfOmethane (Ch)

and Hydrogen (b); all of equal proportion by volume. Their adsorption medium
(adsorbent) was activated carbon. The flow pattern was described using plug flow model,
while the mass transfer pattern was described using local equilibrium model and pore
diffusion model. The mathematical model was solved numerically using finite difference
method and, by assuming: Negligible radial variation in concentration, negligéssyse

drop within bed, and nersothermal heat effects. A Langmikreundlich equilibrium
isotherm was assumed. It was concluded that Knudsen and surface tension model produced
results close to the experimental data used, while the ILE model produkte watsulower

CO; concentration with longer break through. They suggested that the latter result may be

due to the assumption of infinite rate of pore diffusion.
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CO; (with Air)

Diagne et. al [187]worked on a mathematical model to describe Pressure Swing
Adsorption separan of CQ from air using molecular sieves zeolite (13X, 5X, and 4A).

The flow pattern was described using plug flow model, while the mass transfer pattern was
described using LDF approximation model. The set of equations in the mathematical model
wassoled by Eul erdés method. The following as:
variation in concentration, negligible pressure drop within bed, trace system, and
isothermal heat effects. A Langmuir equilibrium isotherm was assumed. The mathematical
model gae a qualitative description of the breakthrough experiment and temperature
curves. The model showed good agreement with experimental data except for points at

which ratio of feed/lean flow rate was less than 2.

CO. mixture (CQ, CO, H, and CH;)

Lee et. al [188pbtained a mathematical model to predict the Pressure Swing Adsorption
separation of coke oven gas mixture (i.e.2CQO, N, and CH) on two different
adsorbents (Zeolite 5A and actigdtcarbon). The adsorption bed was made in layers. The
flow pattern was described using axial disperse plug flow model, while the mass transfer
pattern was described using LDF approximation model. The mass transfer coefficient was
| umped. T h emathdinititad moidat wete Bodved numerically using second order
finite difference method (for second order space derivatives) and second order backward
difference method (for first order space derivatives). The following assumptions were
made: Negligible radl variation in temperature and concentration, thermal equilibrium

between gas and solid phase. Effect of pressure drop along bed was taken into account
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using the Ergun equation. A Langmiireundlich isotherm equilibrium isotherm was
assumed. The LDF metlsuccessfully predicted the adsorption and desorption steps and

gave good simulation results that agreed with experimental data. It has been reported that

the experimental data gave higher gas recovery with error range [df6&k6

The pressure swing adsorption separation of cracked gas mixture (:,eCOQOH, and

CHa) on two different adsorbents (Zeolite 5A and activated carbon) was predidtegBhy

In their mathematical model, the adsorption bed was made in layers. The flow pattern was
described using axial disperse plug flow model, stithe mass transfer pattern was
described using LDF approximation model. The mass transfer coefficient was lumped. The
PDEGs in the mathematical mo d e | were sol v
met hod, after which t he g&EARMsthod Ghe OIDWEYs wer
assumptions were made: Negligible radial variation in temperature and concentration,
thermal equilibrium between gas and solid phase, negligible pressure drop in axial direction
within bed and nofisothermal heat effects. A Lgmuir equilibrium isotherm was

assumed. The results predicted by the LDF model for a single component system was close

to experimental results of adsorption and desorption curves. The model gave a good
prediction of the experimental data; however, the mbde a limitation of lower residual

gas temperature than the one gotten from the experiment. This is due to the neglecting of

heat loss to the column end.

CO, mixture (with Nz and Q)
Choi et. al [159worked on a mathematical model to describe Pressure Swing Adsorption

separation of C®from flue gas (83% B 13%CO, and 4% Q) using zeolite 13X. The
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flow pattern was described using plug flow model, while the mass transfer pattern was
described using LDF approximation model. The set of equations in the mathematical model
was solved by Eulerdéds met hod. The falllowin
variation in temperature and concentration, negligible pressure drop within bed, and non
isothermal heat effects. An extended Langmuir equilibrium isotherm was assumed. The
mathematical model was solved using MATLAB function which was operated on the
principle of Sequential Quadratic Programming (SQP). The model gave a close agreement
with experimental data, with little differences in the temperature Haguei and Wakao

[190] described a mathematical model while working on the theoretical and experimental
research on CCS. The adsorption system was a column packed wisttettiarbon. The

flow pattern was described using axial dispersed plug flow model, while the mass transfer
pattern was described using pore diffusion model. The mathematical model was solved
analytically using Laplace domain, by assuming: sifimite column Negligible radial
variation in temperature and concentration within column, uniform temperature over
column cross section, negligible pressure drop in the axial direction, fixed column wall
temperature, and nesothermal heat effects. A linear elifiium isotherm was assumed.

Their model gave a good prediction of thermal waves at different axial locations.

In order to predict the adsorption separation ob@@d CO on activated carboiwang

and Lee [191pbtained a mathematical model in which, the flow pattern was described
using axial disperse plug flow model. Thessdransfer pattern was described using LDF
approximation model. The mass transfer coefficient was made pressure dependent. The

PDEO6s in the mat hemati cal mo d e | was sol ved
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collection, after weriehsdlhweedvwdivin g gb ®DAR s
stiff method in different orders and step size. The following assumptions were made:
Negligible radial variation in concentration, negligible pressure drop within bed and
isothermal heat effects. A Langmuir equiitbm isotherm was assumed. The results
predicted by the LDF model for a single component system was close to experimental
results of adsorption and desorption curves. The mass transfer coefficient and the
assumptions gave good results, close the experahéata for adsorption and desorption

for multi-component sorption systemable 2.6 provides detailed review of Adsorption
Numerical models including mass isothegpe and mass transfer models. The table gives

a detailed account of the mathematical models used in previous studies. The table presents
the type of the two most important properties used in the models; namely the adsorption
isotherm model and the massnséer model. Other important consideration such as the

heat/energy transfer as well as the pressure drop models are also reviewed up to 2014.

Table2.6 Detailed review of adsorption numerical models including mass isotherm type
and mass transfer models

Year | Aut h g Application type Model Mass Isotherm | Energy Pressure Solution

names Dimens | transfer Type Model and
-ion model Velocity Type
model

1974 | Carter Modelling of 1-D, From Langmuir | Isothermal. | Negligible | Numerical
and adsorption of transient| experimental | isotherm pressure solution on
Husain Carbon dioxide . data. drop. Fortran.
[192] and water vapour

on molecular sieve
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1989 | Kumar Modelling of blow | 1-D, Local Langmuir | Non- Negligible | Numerical
[174] down of adsorption transient| equilibrium isotherm | Isothermal. | pressure solution.
of CO, from model gradient
gaseous mixture Adiabatic | across Finite
of: # | ¥( system adsorption | difference
bed. method with
# 1T ( Negligible the use of IBM
radial 370/165
# 17 temperatur
e gradient. | Flow
on Zeolite 5A and behaviour:
BPL carbon by Plug flow
PSA.

1994 | Hwang Modelling of 1-D, LDF Langmuir | Isothermal. | Negligible | Numerical
and Lee | adsorption and transient| approximatio | isotherm pressure solution with
[191] desorption of n model Temperatur| gradient the use of

gaseous mixturef e of across DGEAR
# / and CO on column adsorption | commercial
activated carbon b wall, bed. code.
breakthrough adsorbent
experiment and gas
were all
accounted | Flow
for. behaviour:
Axial
dispersed
plug flow

1995 | Chue et. | Modelling of the 1-D, Adsorbed Langmuir | Non- Negligible | é é é

al [22] adsorption oft / transient| concentration| isotherm | isothermal. | pressure
from# / T. by IAS drop in
mixtureon Zeolite model Adiabatic. | bed.
13X and activated
carbon by PSA Thermal
equilibrium
between Flow
gas and behaviour:
solid phase| Axial
dispersed
plug flow

1995 | Hwang Modelling of 1-D, LDF Extended | Isothermal. | Negligible | Numerical
et. al adsorption of transient| approximatio | Langmuir pressure solution.
[183] gaseous mixture of . n model. isotherm | Non- gradient

#/ andCOao adiabatic across Linear
activated carbon b Lumped and adsorption | algebras were
breakthrough mass transfer adiabatic bed. solved using
experiment. coefficient. systems. DIVPAG
commercial
Temperatur code while
e of Flow nontlinear
column behaviour: | algebra
wall, Plug flow. | equations were
adsorbent solved using
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.and gas Negligible | DNEQNF
were all radial commercial
accounted | velocity code.

for.

Negligible

radial

temperatur

e gradient.

1996 | Diagne | Modelling of 1-D, LDF Langmuir | Isothermal | Negligible |Eul er 6 s
et. al adsorption oft / transient| approximatio | isotherm pressure method
[187] from air by PSA n model drop.

on Zeolite (5A,

13X and 4A)
Flow
behaviour:
Ideal plug
flow.

2000 | Ding and | Modelling of 1-D, LDF model Langmuir | Non- Pressure Numerical
Alpay adsorption and transient| based on porg isotherm | isothermal. | distribution | solution with
[193] desorption oft / diffusion. Negligible | by Er ¢ the use of

on hydrotalcié at radial equation. | gPROMS
high temperature temperatur commercial
e gradient. code
Thermal Flow
equilibrium | behaviour:
between | Axial
fluid and | dispersed
particles | plug flow.
2001 | Takamur | Modelling of# / 1-D, LDF Langmuir | Isothermal | Negligible | Discretisation
a [194] adsorption from transient| approximatio | isotherm pressure of coupled

gaseous mixture of . n model drop. PDEA

#/1 AT A on equations in

Zeolites (NaX and space and

Na-A) . time. Final
Flow solution of
behaviour: | OpDE with
Plug flow. | variable time
Flow step.
behaviour:
Plug flow.

2003 | Choi et. | Modelling of# / 1-D, LDF Extended | Non- Negligible | Numerical

al [159] | adsorption from transient| approximatio | Langmuir | isothermal. | pressure solution with
flue gas mixture n model isotherm drop in the use of
containing Adiabatic | radial MATLAB
5 system direction. | function
pol®/h
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pob AT A Negligible
temperatur

T b/ on zeolite e gradient | Flow

13X by break in radial behaviour:

through direction Plug flow.

experiment and

PSA operation Gas flow
rate in bed
is mainly
affected by
bed height

10 | 2004 | Chou and| Modelling of# / 1-D, Local Extended | Non- Negligible | Analytical +
Chen adsorptio from transient| equilibrium Langmuir | isothermal. | pressure numerical
[184] flue gas mixture model isotherm | Negligible | gradient solution.

containing 20% radial
CO;and 80% N temperatur Solution of
on zeolite 13X by e gradient. spatial
VSA. Flow derivatives by
Thermal behaviour: | upwind
equilibrium | Axial difference.
between dispersed
fluid and plug flow. | Solution of
particles flow rates by
cubic spline.
Solution of
temperature,
concentration
and adsorbed
mass by
integration
with the use of
LSODE from
ODEPACK
commercial
code.

11 | 2004 | Cavenati | Modelling of fixed | é é Experimental | Toth Isothermd | Experiment| Numerical
et. al bed adsorption of measurement| Isotherm al solution to
[163] #/h#t (AT A and measureme| solve for mass

on Zeolite 13X at Multisite nt. deposited in

high pressure by Langmuir adsorbent

breakthrough isotherm using

experiment. MATLAB
commercial
code.

12 | 2005 | Cavenati | Modelling of fixed | 1-D, A double Multisite | Non- Pressure | Numerical
et. al bed adsorption of | transient| LDF Langmuir | isothermal. | distribution | solution with
[181] # | froma approximatio | isotherm | Negligible | by Er ¢ the use of

gaseous mixture of n model. radial equation. | gPROMS
temperatur commercial
T LM/ and e gradient. code.
vu k(.
Flow
behaviour:
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on carbon Axial
molecular sieve 3K dispersed
by PSA plug flow.

13 | 2005 | Ahn and | Modelling of fixed | 1-D, LDF Langmuir | Isothermal | Relationshi| Numerical
Brandani | bed adsorption ang transient| approximatio | isotherm p between | solution with
[182] desorption oft / n model average the use of

on Carbon velocity gPROMS
Monoliths by and commercial
break through average code.
experiment. pressure

drop was

estimated

with the

use of

equation by

Cornish

1928.

Flow

behaviour:

Axial

dispersed

plug flow.

14 | 2006 | Cavenati | Modelling of fixed | 1-D, Bi-LDF Multicom | Non- Pressure Numerical
et. al bed adsorption of | transient| model p-onent Isothermal. | distribution | solution with
[195] # / froma extension by Er ¢theuseof

gaseus mixture of of Temperatur| equation. | gPROMS
multisite | € of

Cm/x Langmuir. | column
@mni (Ffand wall,
¢k adsorbent | Flow

and gas behaviour:
on zeolite 13X by were all Axial
Layered Pressure accounted | dispersed
Swing Adsorption for. plug flow.
(LPS)

Negligible

radial

temperatur

e gradient.

15| 2006 | Moreira | Modelling of fixed | 1-D LDF Langmuir | Isothermal | Negligible | Numerical
et. al bed adsorption of | transient| approximatio | isotherm pressure with the use of
[196] Helium diluted n model. drop. PDECOL in

#/ on FORTRAN
hydrotalcite (A Calculation commercial
Mg). of mass code.

transfer Flow

coeficient by behaviour:

theoretical Axial

correlations. dispersed

plug flow.
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16 | 2006, | Delgado | Modelling of fixed | 1-D LDF Extended | Non- Pressure Numerical
2007 | [175 bed adsorptin of | transient| approximatio | Langmuir | isothermal. | distribution | solution by
174 CO;, from gaseous n model. isotherm | Negligible | by Er ¢ PDECOL
mixture of;# / ¥ radial equation. | commercial
( A Lumped temperatur code.
mass transfer e gradient. | Pressure
# 1T ( coefficient. variation in
time and
# 17 space.
on Silicalite
pellets, sepiolite,
and resin using Flow
break through behaviour:
experiment Axial
dispersed
plug flow.

17 | 2009, | Dantas Fixed bed 1-D, LDF Toth Non- Pressure Numerical
2010 | [132 adsorption of transient| approximatio | Isotherm | Isothermal.| distribution | solution using
and | 165 197 | gaseous mixture n model. by Er ¢ gPROMS
2011 of;# /¥ and Adiabatic | equation. | commercial

# | 7( Kon Lumped mass and non code.
zeolites 13X and transfer adiabatic
activated carboby coefficient. system. _
break through Axial
experiment and d:ipilr;‘/evd
PSA. Model P9
accounted
for Heat
transfer in
gas, solid
and wall.
18 | 2010 | Biswas Modelling of 1-D, LDF model. | Multisite | Isothermal.| Pressure Discretisation
et. al adsorption transient Langmuir distribution | by Newton
[198] separation of Lumped mass model Assuming | by Er ¢ based
gaseous mixture of transfer temperatur | equation. | approach.
CO# (H H/ coefficient e of wall,
gas phase Algebraic
on Zeolite 5A and and solution.
activated carbon. adsorbent | Flow
are equal. behaviour:
Axial
dispersed
plug flow.
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19 | 2010 | Agarwal | Fixed bed 1-D, LDF Dual site | Temperatur| Pressure | Numerical
[199] adsorption oft / transient| approximatio | Langmuir | e distribution | solution with
n model. isotherm | equilibrium | by Er ( the use of

from gaseous between equation. | interior point
mixture of# / 7T. Lumped mass gas phase NPL solver.
TOR/TY transfer adsorbent.
VUL byPSA coefficient.

Constant | Flow

column behaviour:

wall Axial

temperatur | dispersed

e plug flow..

20 | 2011 | Krishna | Modelling of PSA | 1-D, ééé. ééé Isotherm Negligible | Molecular
and van | performance and | transient pressure simulation
Baten break through drop. with the use of
[23] characteristics of Configuration

zeolites(MFI, Assumed | Bias Monte
JBW, AFX, NaX) flow Carlo

and MOFs behaviour: | (CBMS).
(MgMOF-74, Plug flow.

MOF-177,

CuBTTri-mmen)

for gaseous

mixture of# / ¥

21| 2012 | Casas et.| Fixed bed 1-D, LDF model. | Langmuir | Thermal Pressure Finite volume

al [200] | adsorption of#t / transient and Sip equilibrium | distribution | method and
Lumped masg isotherms.| between by Er ¢time
from gaseous transfer gas stream | equation. | integration on
mixture of # / ¥ coefficient and IMSL
( on activated adsorbent. | Flow DIVPAG
carbon by break behaviour: | commercial
through Column Plug flow. | package using
experiment. wall Gear 6s
tenperatur method.
eis
accounted
for
separately.

22 | 2012 | Mulgund | Fixed bed 1-D, LDF Langmuir | Non- Negligible | é é é é é é
math et. | adsorption oft / transient| approximatio | isotherm | Isothermal. | pressure eé. .
al [185] n model for drop.

from gaseous external fluid

mixture of film mass Flow

pTH/Tom b transfer Temperatur | behaviour:

on Ceca 13X by e of Axial

break through column dispersed

experiment. wall, plug flow.
adsorbent
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and gas

were all
accounted
for.
23| 2013 | Casas et.| Mathematical 1-D, Mass transfer| Langmuir | Non- Pressure Integration via
al [164] | modelling of# / transient| coefficient isotherm | Isothermal. | distribution | Gear 8 s
determined by Er ¢ withthe use of
adsorption from by fitting of Adiabatic. equation. IMSL
# /7 mixture in experimental DIVPAG
MOF and UiQ data Model (Fortran)
67/MCM-41 by measured in accounted commercial
PSA and break the range of for Heat code.
through interest. transfer in
experiment. gas, solid
and wall.
Isosteric
heat of
adsorption
and heat
capacities
of the fluid
and the
solid phase
24 | 2013 | Sabouni | Modelling of 1-D, Mass transfer| Langmuir | Isothermal | Negligible | Numerial
et. al adsorption o# / transient| coefficient Freundlic pressure solution with
[138] determined | h drop the use of
From in CPM5 by by fitting of isotherm through COMSOL
breakthrough experimental column.
experiment. data
Constant
gas
velocity
through
column
25| 2013 | Ribeiro Modelling of CQ | 1-D, Two different | Multisite | Temperatur| Pressure Numerical
et al adsorption from transient| LDF models; | Langmuir | e distribuion | solution with
[162] flue gas by a one for micro | model equilibrium | by Er ¢ the use of
mixture of pores and the between equation. | gPROMS
Activated carbon othe for the solid commercial
honeycomb macro pores. phases. code
monolith and
Zeolite 13X hybrid Lumped mass Negligible | Assumed
system by transfer temperatur | flow
Electrical Swing parameter for e gradient | behaviour:
Adsorption (ESA). meso pores in Axial plug
and micro adsorbent. | flow.
pores;
obtained from
Bosanquet
equation
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26 | 2014 | Krishna | Modelling of CQ@ | 1-D, LDF Extended | Non- Non Numerical
murthy | adsorption from transient| approximatio | dual site | Isothermal | Isobaric. solution by
et. al dry flue gas in n model. Langmuir stiff ODE
[201] Zeochem zeolite model. Pressure | solver; @e23s

13X by break distribution | in MATLAB
through by Dan commercial
experiment and equation. | code.

VSA.

Most of the modelling studies indicated that the gases flow through the bed are treated as

one dimensional flow (1D) and the effect of radial direction or 3D simulation still need

modelling and performance optimizationgestigations. Another point is that the

available data obtained by experimental work as adsorption and thermal properties of

adsorbent and adsorbate materials could only be used in the modelling to validate the

simulation and investigate the adsorptiosagess behaviour and its performance

optimization. Therefore, the modelling is restricted by what has been performed by

experimentation.
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CHAPTER 3

RESEARCH METHODOLOGY

This sectionis concernedvith experimental and simulation methods for £@paration
and storageln the eperimental part, the adsorbent8X and homesynthesized MOFs
are incorporated with muidtvalled carbon nanotubes and characterized by PXRD,
adsorption isotherms and breakthrotgstsas well as adsorption cycling. Ine modeling
part, the CQseparation and storage numerical codes are developed byussngefine
Function (UDF) hooked td-luent prograf202Z in pursuit of presenhg a multk

dimensional adsorption bed

3.1 Experimental Methods

3.1.1 Synthesis/Preparation of theAdsorbents
Zeolite 13X

The samples were prepared by adding and mixing small quantitieslidfwvalled carbon
nanotube MWCNT) into zeolite 13X. The utilized 13X, a commercial adsorbent imported
from SORBEAD INDIA as molecular sieve pallets (1.5 mm size), was grinded in order to
be an appropriate powder form for consistently mixing with CNT (multi walled). Six
samples were nae by adding different percentagesBVCNT (0%, 0.1%, 0.25%, 0.5%,
0.75% and 1.5% by weight) to 13X and named as; 13X, XC1, XC2 ,XC3, XC4 ,and XC5.

The increase dIWCNT amounts makes the color of the composite darker as shown in
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Figure 3.1. The particle size distribution has been also measured using P&Bimdes

Analyzer Model S3500.

Figure3.1 Small samples of CNT/13X compounds.

Mg-MOF-74 synthesis

We have followed a successful procedure for synthesizingi@g-74 as described in

[203. Briefly, 0.337 g 2,&dihydroxyterephthalic acid and 1.4 g Mg(NO®BR20 were
dissolved in a solution of 135 mL dimethylformamide, 9 mL ethanol, and 9 mL water with
sonication for 10 minutes. The resulting stock solution was decanted intee ta@ImL
bottles. The bottles were tightly capped and heated at 398 K for 26 hours. The mother
liquor was then decanted, after which the products were washed with methanol, then left
immersed in methanol. The products were combined to one bottle and gedliato fresh
methanol daily for 4 days. The activation process was carried out by evacuating the product

to dryness and then heated under vacuum at 523 K for 6 hrs.

The MWCNT/MgMOF-74 sample designations were based according to the weight
percentage dAWCNTSs which was physically mixed with MgIOF-74 as: MgMOF-74,
0.1 wt% MWCNT/MgMOF-74, 0.25 wt% MWCNT/ MgMOF-74, 0.5 wt% MWCNT/

Mg-MOF-74, and 0.75 wt% MWCNT/ MMOF-74, 1 wt% MWCNT/MgMOF-74 and
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1.5 wt% MWCNT/MgMOF-74 and shortly named as M@OF-74, MFC1, MFC2,

MFC3, MFC4, MFC5, and MFC6, respectively.

MIL -100(Fe) synthesis

The synthesis of MILL00O(Fe) were performed in accordance with a previously reported
procedurg204. We firstly dissolved Fe(Ng)s:-9H-O (4.04 g, 0.01 mol) in d®nized

water (50.2 mL, 2.8 mol) and the mixture was completely put in a 125 ml Tlefem
containing BTC (1.4097 g, 0.00671 mol). After that, the Tefinar was tightly sealed

inside a stainless stealitoclave and kept at 383 K for 14 h. After heating, the autoclave
was slowly cooled to ambi esnytn ttheenspiezreadtou rdea r |
solid was recovered using a centrifuge that was operated at 8000 rpm for about 45 minutes.
The assyrthesized MIL-100(Fe) was washed with copious amounts of water and ethanol
and finally with an agueous NHR solution for removing any unreacted species.
Specifically, the dried solid was first immersed in deionized water (60 mL per 1 g of solid)
and the reglting suspension was stirred at 70 °C for 5 h. Again, the suspension was
centrifuged and the wash process was repeated using ethanol (60 mL) at 65 °C for 3 h. This
two-step purification was repeated until the decanted solvent following centrifugation
becane completely colorless, after which the solid was immersed in a 700 ml aqueous
NH4F solution and stirred at 70 °C for 5 h. The suspension was again centrifuged and the
solid was washed 5 times DI water at 60 °C, and finally dried in air at 75 °C fors2 day
followed by 95 °C for 2 days.

The incorporation of MWCNT in the MH100(Fe) has produced MiLOO(Fe), 0.1 wt%
MWCNT/MIL -100(Fe), 0.25 wt% MWCNT/MILLOO(Fe), and 0.5 wt% MWCNT/ MH

100(Fe) which were named as M1I0O(Fe), MMC1, MMC2, and MMC3, respectiyel
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MIL -101(Cr) synthesis

For the synthesis of MH101(Cr), the method proposed Bgreyet al. [205 has been
adopted. Briefly, 4 g chromium nitrate nonahydrate (Cr(j¢9H.O), 1.66 g 1,3
benzenedicarboxylic aci(BDC) and 47.4 ml déonized water were added to a 125 ml
Teflorrliner which was sealed inside a stainless steel autoclave and kept’@tf@e@

hours. The autoclave was cooled slowly to room temperature, after which the light green
solid was recoveredsing centrifugation at 8000 RPM for 45 minutes. In order to remove
the guest molecules, the-sgnthesized MIE101(Cr) was washed twice with 90 ml
deionized water and further purified 5 times using an 80% aqueous solution of ethanol, till
the decanted sodnt following centrifugation became completely colorless. The green
solid was then immersed in 30mM aqueoussNBblution and stirred at 80 for 10 hours

(1g: 150m). The suspension was centrifuged, after which the solid was washed 5 times
with deionizedwater at 68C. The green solid was then washed three times with 70 ml
DMF, and 5 times with 75 ml deionized water, and finally dried in air & 7&r 2 days

and 98C for 2 days.

The first step involved in the synthesis of MWCNT/MLO1(Cr) composites ihe acid
functionalization of MWCNTSs in order to attach negatively charged carboxyl (CDOH
groups on their sidewalls. Typically, 3 g MWCNTs were first dispersed in 200 ml
concentrated HN@using ultrasonication. The mixture was then transferred to a 250 ml
round bottom flask equipped with a condenser and was refluxed & @048 hours.

After cooling to room temperature, the mixture was diluted with 500 ml deionized water
and then vacuurfiltered through a 2.%m polymeric membrane. The filtered cake was
washed repeatedly with deionized water till the pH of the filtrate reached approximately 5.
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The filtered cake was dried at“@Din air for 24 hours and ground into a fine powder. For
the synthesis of MWCNT/MIL101(Cr) composites, 4 g Cr(NJR9H.O and a pre
determined amount of functionalized MWCNTSs (60 mg, 120 mg, 180 mg, and 240 mg)
were mixed thoroughly in sokdtate until a uniform color of the mixture was achieved. 5
ml of deiionizedwater was then added periodically to the mixture and the resulting paste
was ultrasonicated till the water was completely vaporized. The dried paste, along with
1.66 g BDC and 47.4 ml dienized water, were then transferred completely to a 125 ml
Teflon-lined autoclave which was kept at 220or 8 hours. The postynthesis activation
procedure was exactly the same as the one adopted for unmodifietilO(Cr).

The weight fractions of MWCNTSs in each of the synthesiE®¥CNT/MIL -101(Cr)
composites were detmined using Elemental Analysis (EAample designations were
based according to the weight percentage of MWCNTs inMIL(Cr) as: MIL101(Cr),

2 wt% MWCNT/MIL-101(Cr), 4 wt% MWCNT/MIL101(Cr), 6 wt% MWCNT/MIL:

101(Cr), and 8 wt% MWCNT/MILLO1(Cr).

3.1.2 X-ray Powder Diffraction Analysis

Powder XRay diffraction patterns for 13X and MWCNT/MgOF-74 were obtained and
collected using a Bruker BBdvance Diffractometer (Cuia-=1. 54056 ) Wi
operating power of 30 kV/30 mA. The data were recorded by thecstagting method
(step = 0.02 time = 3 s) in the rangeg2= 3-45° at ambient temperature of 298 Kor
MIL -100(Fe) and MIEL01(Cr), the diffractian data were collectebetween 3 andl5 (2q)

with a total scan time of 3 hours
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3.1.3 GasSorption Measurements

The first step in the physiosorption measurements forad@® N is the sample degassing

in order to remove any guest molecules within the pores of each material. llyy&i0a

200 mg of each sample was transferred tevgeghed empty sample cell with a 9 mm
diameter and degassing was conducted at Z7Qunder vacuum for 24 hours for
MWCNT/13X, 150C under vacuum for about 17 hours for MWCNT/MIDO(Fe) and
MWCNT/MIL-101(Cr), and 22 under vacuum during about 5 hours for MWCNT/Mg
MOF-74 using an Autosorb degasser equipped with a turbo molecular vacuum pump and
controlled heat jackets (Quantachrome Instruments, Inc.). Nitrogen adsorption isotherms
at 77 K wee firstly recorded to estimate tligrunauei Emmeti Teller (BET) specific
surface area @sr), average pore radius, and total pore volume. The interesting equilibrium
adsorption isotherms for G@t different temperatures (273, 298 and 313 K) and $atN
ambient temperature (298 K) were recorded. The l@&at of adsorption was evaluated
using the adsorption isotherms measured at 273, 298 and 313 K in accordance with the
ClausiusClapeyron equation using a buiitt Quantachrome ASiQwisoftware installed

within the Autosorb system.

3.1.4 Binary gas (CO:+N2) and Ternary Gas (CO+N2+H20) Breakthrough

Experiments

The gas separation capabilities of all the samples were examined using a developed
dynamic CQ/N2 breakthrough setup as showrFigure3.2. The system consists of a fixed
adsorbent bed column, feed £€&nd N cylinders (for simulating a flue gas). The system

included two gas gulators with dual pressure gauges and output control valves, two mass
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flow controllers (one was calibrated for efw and the other was calibrated fos)Nwo

check valves (to control the flow in one direction) and a bypass line (for calibrating the
mass spectrometer from the feed gas mixture). The system also comprised a bourdon
absolute pressure, a mass spectrometer (to analyze the output conceotratiturent

gases from the bed), heater jacket and vacuum pump (for desorption process to regenerate
the adsorbent) and some valves and tubes to control the flow. All pipes and fittings were
made of stainless steel to keep off corrosion contaminisfiaieover, a water humidifier

was added to valatea numerical simulation in pertinent to a humid flyes.

The size of the fixed bed for different adsorbents was:

- Inner diameter = 9 mm, Outer diameter = 13 mm and Length = 20 cm filled with
CNT/13X compound (adut 7 g).

- Inner diameter = 4 mm, Outer diameter = 6 mm and Length = 7 cm) filled with
MWCNT/Mg-MOF-74 composite (about 0.26 g), or MWCNT/MIIOO(Fe)
composite (about 0.74 g).

- Inner diameter = 4 mm, Outer diameter = 6 mm and Length = 15 cm) filled with

the MWCNT/ MIL-101(Cr) composite (about G5 g)

Firstly, the samples were pteeated by heatingat about 540 Kor 13X composites423

K for MWCNT/Mg-MOF-74,MIL -101(Cr), and MIL-100(Fe) undervacuumfor 24 hours

to remove trapped gases and moisture inside the adsorbent. The experiments were
performed at ambient conditions (297 K and 101.3 kPa). The mixed gas flow rate was 100
sccm (20% C@and 80% N) for 13X and 10 sccm for MOFs (20% ¢@nd 80% Nfor

Mg-MOF-74 and MIL-101(Cr) and 15% Cg&and 85% N (vol. %) for MIL-100(Fe))
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A certain amounts of COand N are allowed to pass mass flowmeter. Then, they are
mixing during passing through the mixing tube. After that, the gas mixture feeds the
adsorbent bedl'he gas exists from the bed is detected by mass spectrometer in melar bas

If we need to add some amount of water vapor, the valves of water source are opened to
enable the mixture gas (G€EN>) to be wet before feeding the adsorbent bed. The amounts

of water vapor added depends on the temperature (ambient temperature) and amount of gas

mixture (CQ+Ny) that passes through theter wet bubbler

During desorption process, the valve located before the bed is closed while the vacuum
pump is switched on. Mepver, a heater jacket could be cover the bed to raise the

temperature of the adsorbent material for more evacuating the bed from adsorbed gasses.

The complete breakthrough of @@nd N was indicated by the downstream gas
composition reaching that of theed gas. The carbon dioxide adsorption capaqay2|
is estimated using Eq. 1.

g 1 O®O @ 6RO

Y'Y Y'Y
a

wherexcoz is thefeed molar fraction of carbon dioxider @ the feed volumetric flow rate

at standard conditions V), V is the bedvolume (m®. P and T are the pressure and
temperature at standard conditions (P in Pa and T inKprd T.c are the pressure and
temperature at actual conditions (P in Pa and T in K). R is the gas constant (8.314 J/mol.K),

U is the total bed porosity, m i s the mass

time, which is integrated from the breakthgh curve using the equation below (Eq. 2):
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and C(t)/G (C_outlet/C_inlet) is the concentration ratio of the outlet Cihcentration at

specific time (t) over the inlet G&oncentation.

Mass Spectrometer

L e e e
'

Mixing tube @
—3 B e
Vacuum Pump

H,0 source

Mass Flow
Controller

Figure3.2 Schematic diagram of carbon dioxide adsorption capture breakthrough setup.

3.1.5 Thermal Properties of Adsorbents

The thermal properties including thermal conductivity and heat capacityseetifficult
to be measured in our lab. The available systems could measure thermal properties for solid
or liquid samples but inaccurate for powders. Therefore, the enhancingpfake was

referred to improving thermal properties due to dissipationdugeakly.
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3.1.6 CO2 Adsorption Cycling by TSA, and PSA (VSA)

CO, cycling adsorptioridesorption measurements were recorded using a Dynamic Vapor
Sorption Analyzer (DVS Vacuum, Surface Measurement Systems Ltd, London, UK). The
samples (13X, XC3, M§MOF-74, and MFC3 were firstly pretreated under vacuum at
250 °C (for 13X, XC3) and 150C (for Mg-MOF-74, MFC4) for 6 hrs. prior to
commencing theycling. Thirteen successive cyclegererecorded for each sample by
TSA (adsorption 2%/ desorption 120C at 101.3 kPaand VSA (adsorption 101.3 &P
desorption under vacuum (~P2) at25°C) as well as TVSA (adsorption 26 and 101.3

kPa/ desorption 120C under vacuum (~ Ba)).
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3.2 Numerical Modeling Methods

The simulation model is based on the momentum, mass and energy conservation equations.
The CFD modehas beerdeveloped usindJser Define Function (UDF, written in C
language) hooked tBnsysFluent softwareto estimategasesadsorptionquantitiesand

adjusting the source terms of mass, momentum and energy equations.

In thiscontext we extended the models by treating two/tkatigeensional behavior instead
of onedimensional behavior.
For all studied cases, the following assumptions are adopted:
1 the gaphase obeys ideal gas law,
1 the flow is unsteady and laminar,
1 the porous media is homogenous,
1 the physical properties of the adsorlsare constant, and
1 the Linear Driving Force (LDF) model is used to account for the mass transfer rate
during the adsorption process.
In addition, the isotherms were accurately fitted from the experimental ones according to

the appropriate approaesiike Toth, Duatsite Langmuir, and DubnirAstakhov.
3.2.1 Mass ConservationEquation

The mass conservati@yuation calculates the local mass fraction of each species through

the solution of the convectiediffusion equation of the all species as the following:

-——— n8"dw n -0 p -" 0 — (3)
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wherey (kg ni®) is the gas density; is the mass fraction of specie€COz, N2, H.0, and
so on),® (m sY) is the velocity vectorJis the bed porosityDudisp, (M7 s?) is the mass
dispersioncoefficientfor specied, Mi (kg moft) is the molecular weight of specigs

(mmol/g) is the adsorbent amount of componeandt(s) is the time.
The overall mass balance is

— n8"® p -" Bp — (4)
3.2.2 Momentum Conservation Equation

The momentum equation of the gases flow can be expressed as:

b

8"l o ngf "R Y 3)

whereP (Pa) is theoperatingpressuref (N m?) is the stress sensé®(m s?) is the gravity
acceleration vectogndS (N m?) is the momentum source temtime porous medialts
component in-directionis calculated from Ergun equation including inertia and viscus

resistance as:

where O (Pa s) i's the ?piathe pbrpus anadiacviscOui s ¢ 0 S |
resistance, £(m?) is the inertial resistanc@isis the value of the velocity vectoandv

is the velocity component irdirection.
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3.2.3 Energy Conservation Equation

The energy equation for G@eparation and storageasvs the balance between gwergy

stored in the adsorbent bed and the change in energy due to convective flow, pressure work,
thermal diffusion and advection as well as the energy relemseilimedsa consequence

of adsorption/desorption processes. It could be written as:

! .
- / _ " ® rl Y ” ’
o O p @) 8 "0 v

ng’Q ny Qb fép p -7 3~"OT16 v
whereEg (J m®) is the total gas energls (J n°) is the total adsorbent energg (Jmol
1y is the heat of adsorption which is different from material to anothes@metimeslso
varies withvariation of gasadsorbed amountg, (K) is the equilibrium temperaturéi (J

kg?l) is thesensible enthalpy’Q B »™Q , and @ (kg n? s?) is the diffusion flux of the

gascomponent.

The parameterdk is the effective conductivity of the adsorbent bed and can be expressed

as:

wherekg andks (W mt K1) arethe thermal conductivity of the gas mixture and adsorbent,

respectively.

For the wall metal, the energy equation through the walls depends upon the balance of heat

stored in the wall and the hadiffusionthrough it as follows.
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where} w (kg m®) is the wall densityCw (J kg* K™?) is the wall heat capacit¥ (K) is the
local temperature of the wall, akg (W m! K?) is the thermal conductivity of the wall

material.
3.2.4 Adsorption Isotherm and Kinetics Models

The equilibrium adsorption isotherms are presenteddifferent models according to the
accuracy of the fitting from the experimeniabtherms Toth andDualsite Langmuir
modelsare exploitedfor CO, breakthrough and pressure/temperature swing adsorptions

while DubnirAstakhov modeis usedfor CO, storage.

Toth model:

wheregmi (mmol g?) is the maximum adsorbed amountspiecies, Keq,i (Pal) is an
adsorption constanthich can be calculated asfunction of temperatur@q. (9)),andni

is the adsorption constant.

where k (Pal) is atemperaturéndependent constant.

Dual-site Langmuir model:
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wheregmii1andgm,i2 (mmol gt) are to present the maximum adsorbed amount of species
i, KegizandKeq,i2 (Pal) are adsorption constartstdepend orthe heat of adsorption and

adsorbent temperature.

Dubnin-Astakhovmodel:

n" NnsQ PP
whereR (J mot* K is the universal gas constabt,(J mol') andb J mol* K1) are
enthalpic and intropic factors, amD (Pa)is the saturation pressure of thare gas at

ambient temperature

The adsorption kineticareevaluated by linear driving force (LDF) model as follows.

o

The parameter gi (mmoly presents the actual adsorbed amount whilénmol g?) is
the equilibrium adsorbed amounks; (s?) is the adsqtiontime constantit is estimated
from complex diffusion and concentrations of the species. It is expressed by the film

macropoous, micropoous resistances of the gagesssingporous materia as:

P 1N I Nk i
Qr 0 Q6 pu 00r pUOR

po

wherego,i andCo i (mol ni®) arethe values of the concentrations at the solid and gas phases,
respectivelyyp( m) i s t he ads o gidtlee pdrticleponosity, ad ither adi u s

adsorbentrystal radiusk:i, DpjandDc; are the film masgansfercoefficient, macropaus
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diffusion coefficient, ananicropowous diffusion coefficient, respectively, for a component
I. These three coefficients can be evaluated as the following procedure.

The film mass transfas estimated from Sherwood numiggq. 14).

0 'Q YQY® Y
~O (; G T[EQ)YQYOO~ m YQmm b1
h ¢ ™ X QYw ¢m YQemnnm
where ¢ (m) is the adsorbent particle siZ®¢ is Schmidt numbeFY — Re is

Rylonds numbety ‘Q , andDnm, (m? s?) is thediffusion coefficient It, Dm;, can be

estimated from thenolecular diffusion coefficienD [206 of binary gasesandj as

, p
(O R) puv
BF] ’O
and
w P p
’O T[8'[ |I|Z\B_ B_
HPWWGH m po

wheren) is the diffusion collision integral which presents the molecules interaction in the
system, ! is collection diameter of gasi andj. ForobtainDj in cm? s®, T and P

should be in K and bar, respectively.

” ” p X

5 5 0 0
M 5 Y RogovY Aogmy Aomy PV

where A, B, C, D, E, F, G, H are constants equal t01.06036, 0.1561, 0.193, 0.47635,

1.03587, 1.52996, 1.76474, 3.89411, 1.76474, and 3.88dddectively. Theparameter
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and - 0 0 0 . The values of and - 0 for all

gasesare provided bymanybooksof mass transfef206. The parameter has values

about 3.941, 389 and 2.641 for C&® N> and HO, whereas the values of o are

195.2, 71.4 and 809.1 for GAN> andH20, respectively.

Another important parameter used to calculatemiaeropaous diffusion coefficientis
Knudserdiffusion. It is significant when the mean free path of gas molecules is in the same
order of adsorbent posezedue to thecollision of the gas molecules with the pore walls.

It is estimated by Eq10).

" 8
U

O WXTET P W

The unit of thisequationis cn?s? if pore radiusi ,istaken bycm, TinK, Ming
mol.

Now the macroparusdiffusion coefficientmay be written af20§:

a. __ P
O“T,Lp Cm

Oy Onp

wheret is tortuosity.Figure 3.3 explairs these parameters in details
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Figure3.3 Types of nacroporous diffusion206.

The micropoousdiffusion coefficientO j; is calculated from experimental kinetic curves.
It depends on the adsorptid&netic energy, EJmol*), which can beadoptedto the
Arrhenius equation

, . O
OF, (6] AQ%Y Cp

where A (n? s?) is a preexponential constant

3.2.5 General Boundary Condition

In this section, the general boundary conditions are formulated. The specific boundary
condition for every case study will be explain later.

External walls

The heat transfer between the bed \aall the ambient can be expressed as

Q T Q Y Y Py Y G
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wheren (m) isthe normal,hex (W m2 K?) is the external heat transfer confidénts the
thermal emissivity, is Steffen Boltzmann coefficient.
The heat transfer from the bed wall to the ambretiéson the heat transfer coefficient

which maybe calculated from Nusselt number usitng following correlation[207]:

56 Q © o 1T T Y &3 5
Q L WX o |0 <
u P o3 ¥

whereDo (M) is the external wall diametekqir (Wm™? K1) is the thermal conductivity of
the air at average temperatioé both the wall and the ambient temperatyrs, is the
air Prandtl number, Ra is Rayleigh number at average temperBbersimple correlation
for alow Reynold numbers less thaA0could be adopted using Eq. (4207

Q O
06 5 P81 ¢Y P CT

For an adiabatic wadl

1Y
Q — Tt CvL

m-

Interfaces between walls and adsorbent

The convection heat transfer through tihéerface betweethe bed and wall is ésnated
by the local heat conductidfqg. ().

0 Y ooy o LY
Tt Tt « e

where hint (W m? K1) is the internalconvectionheat transfercoefficient calculated

automatically by Fluenrom the last term in Eq. @&. Also
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nw ™ G X

Inlet boundary conditions

Mass and heat transfer at the bed inlet could be expressed as the diffusion quantities in a

balance to the advection ones

-Op "0 @ WS WS (]

QoY W O0s 0s Cw

Outlet boundary conditions

Mass and heat fluxes at the out let equal to zero.

nw T o

ny m op

Centerlines (in 2D) and symmetry planes (in 3D)

Mass and heat fluxes at the axisymmetric axis and symmetry planes are zero.

nw T O C

ny m oo

3.2.6 Materials Properties

The materials used in the models are adsorb@@s 13X, Mg-MOF-74, MOFR5, and
MOF-177), gases €O, N2, and H20), and stainless steel walls. So that the thermal

propertiesfor each species and wallaterialshave beeraken as a polynomial equation
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dependhg on the temperaturevariation However, for gas mixture,density has been
calculated using ideglas law, thermaieatcapacityhas beemstimated fronmixing-law,
and he thermatonductivity andsiscosityhave beeevaluatedy masswveightedmixing-
law. These all properties are shown in the rexations

Thermal properties foa signal gas are

6r 6 6°YBY 0OY 0OVY 00QQ0 o1
Q 6 6°Y6Y OY O wa U ou
‘50 B6YHTY O°Y O°Y UG o0

The constantef Egs. (31, 35, and &) are showrin Table 3.1

Table3.1 Polynomial constants for gas componehermal properties

Thermal properties | Constants of Cp Constants of k Constants of u
equation equation eguation

CO, A=491.702 A=-0.00694154 A=-1.10128€e06
B=1.43603 B=7.53746e05 B=5.89863e08
C=-0.0007742 C=7.53746€05 C=-1.74847¢€l1

=0 D=0 D=0

E=0 E=0 E=0

N2 A=938.6992 A=0.004737109 A= 7.473306€06
B=0.3017911 B=0.004737109 B=4.083689€08
C=-8.109228E5 C=-1.122018€08 C=4.083689€08
D=8.263892E9 D=1.454901€l2 D= 1.305629¢l5
E=-1.537235E13 E=-7.871726€l7 E =-8.177936€20

H20 A=1609.791 A=-0.007967996 | A=-4.418944€06
B=0.740494 B=6.881332€05 B=4.687638€08
C=-9.129035E6 C=4.49046€08 C=-5.389431€12
D=-3.81392E8 D=-9.099937€12 D= 3.202856€16
E=4.80227E12 E=6.173314€l6 E=4.919179e22
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For stainless st ee3 G+35898+0i487394-2.65708e0771704 1

kg!K, andk=15.14 W mt k.

The mixture gas heat capacity are expressed by miaing

where X is the molar fraction of species. Generathgthermalinertia of the bed is

"0 "0 " 0r nNUL O oy
The last term in Eq.3(/) cortains the heat capacity of adsorbed amounts, the molecular
weight, M, should béaken inkg mol?.

The thermatonductivityandviscosityof the gas mixture are determined by the following

massweightmixing-law.

Q ; ow
B ® %o
[] (b‘
A T T
B ® %o
and
‘ 0
Y B
p ¢ U
%0 5] Tp
e 5

The masddispersion coefficient is suggested fminarlow Reynolds number 4437:
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O 5 ™ NY T C

If the Reynolds number satisfies the condition®t( R e ), the apprdpriatd correlation

of mas dispersion coefficient is asritten in Eq. (8) [20],.

, Of iy

O s PEPX— -YYw ® 10
3.2.7 VPSA/TSA and Adsorption Storage Pefiormances

The most important criteria of PSA and TSA is the-@Qrity and recovery from these

separation processes. The {grity and recovery may be calculated as below.

The CQ purity is the amount of pure G@ontent (molar base) inside the produced: CO
while CQ: recovery is the ratio of the amount of puoéd carbon dioxide to thad to the

adsorbent bed.

N _ . O Qo
LOI 06X L YO i TT
B "0Qo
B . O Qo
LO1 XD "YYO ‘ TU
B "0Q 06
N . . O Q0
YQwé KR @wL YO i T
} "0 Qo
~ . O Q0o
YQwé QR @0 "Y'YD ‘ T X
) "0 Qo
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and

O UL O T Y

where (mol s?) is the molar flow rate of componentCO, and N), Ci (mol nT3) is the

component concentration, ang @n° s?) is the volumetric flow rate at the bed outlet.

For more usefl performance analysis, the estimation of :Q@oductivity and PSA

consumption energy as well as TSA thermal regeneration energy are conducted as written

in Egs. 8-52.

. _ - . O 0 Qo O 0 Qo

DI € Q06 w0 QWO 5 3 T
B B . O 0 Qo O 0 Qo
DI € Q06 w0a NGYYO 5 3 UTT

where Moz (kg mol?) is molecular weight of CQteycie (hr) the total time of oneepeated

cycle, and m(kg) is the adsorbent mass.

The vacuum pumps and blowers consumed enef@D%.

0 - 8Y'YO T
IR 0

whered i s the vacuum pumpanod acsosmpmeeds stoa led f0
specific heat capacity of gasd$e integration is applied for every step consumed energy
andthenthe total energy consumetliring full cycle is the sum othe consumed energy

for every step.
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The thermal regeneration energy could be estimatéa18s211]:

| 1©

ao6p an 0 o6 QY a 6 qQy
a 3'0Qn L Q

wher e teatissurceffltiency and assumed to beB0The first integration is the
sensible heat added teethdsorbent material and adsorbed.(i@e second one is the heat
consumed by the bed wall, and the third integration is foh&a consumed due to the

desorption heat (isosteric desorption heat).
3.2.8 Breakthrough Case Studies
- Validation

The first stepof breakthrough adsorptiosimulationis a validation of the numerical
modes. Therefore, the results of the present modakeompared with three experimental
works: first casewasthe experimentalvork reportedby Dantas[165 using activéed
carbon to separate G®om CO/N2 mixture at 101.3 kPa and 423 k, the secondi®2B
and3D modelscompared tdhe presenexperimentalO,/N2 separation using MiyIOF-
74 at 1.3 kPa and 297 K, and the third validatisncomparingthe 2D model with
experimentalCO, separationn the present workom CQy/N2/H20 mixtureusing 13X at

101.3 kPa and97 K.

The used adsorbent bedas acylinder filled with adsorbent material as shown in

Figure3.4.

108



Axis

d Outlet

(a) 2D Adsorbent bed

QOutlet

—>

Symmetry plane
(b) 3D adsorbent bed

Figure3.4 Adsorbent beds used for G&eparation

The bed and system properties for the validation cases are describetbim tables

(Table3.2 -Table 3.6).

Table3.2 Bed,adsorption , and thermal properties of AC lpadg.

Properties Value

Bed length, L 0.171m

Bed diameter, D 0.022 m

Bed wall thickness 0.0015 m
Bed desnsity, } 546.24 kg
Adsorbent specific heat capacity, £ 880 J kgt K1
Adsorbent thermal conductivity 0.63W mtK
Particle, density, 1138 kg n?
Adsorbentparticle size, g 0.0038 m
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Bed porosity, U 0.52
Inlet velocity, u 0.00131 m3
Inlet temperature 423 K

Outlet pressure, p

0 Pa (gauge)

Ambient temperature,akb

298 K (the bed was adiabatic)

COz inlet molar fraction 0.2

N2 inlet molar fraction 0.8

CO; adsorption time constant coefficient] 0.032 &
KL,coz

N adsorption time constant coefficient, | 0.128 &

Ke, N2

Chadsorptiem heat ,|-21840J mot
Nadsor pti@n heat , |-16310J mol

The equilibrium isotherm parameters in accordance to Toth model is shdwahleB.3

Table3.3 Equilibrium isotherm parameters for AC65 .

Gas species gm (Mmol/g) Ko (Pat) n
CO. 10.05 7.62e10 0.678
N2 9.74 6.91e10 0.518

Table3.4 Bed, adsorption , and thermal properties ofFM@F-74 bed.

Properties Value

Bed length, L 0.07m
Bed diameter, D 0.004 m
Bed wall thickness 0.001 m
Bed desnsity, 230.1kg n?®

110




Adsorbent specific heat capacity, £

900J kgt KT

Adsorbent thermatonductivity 0.3WmtK?
Particleg density, [911kgm®
Adsorbent particle size,d 0.002m
Bed porosity, U 0.7417
Inlet flow rate Qr 10 sccm
Inlet temperature 297K

Outlet pressure, p

0 Pa (gauge)

Ambient temperature,akn

297 K (the bed was adiabatic)

CO; inlet molar fraction

0.2

N2 inlet molar fraction

0.8

CO; adsorption time constant coefficient
KL.coz2

0.1182s?

N2 adsorption time constant coefficient,
KL, N2

0.3043s?

COadsorptiemn heat,

-42492 .6 q+3973.75°¢959.838 q +
69.1208 4 J mol* [26]

N:adsorp i on heat , eaH

-18000J mol* [26]

The equilibrium isotherm parameters in accordancieotb modelat 297 Kis shown in

Table3.5.
Table3.5 Equilibrium isotherm parameters for MgOF-74.
Gas species gm (mmol/g) Ko (Pah) n -eH (3 mo
CO. 11.4048 3.089%¢e11 0.4217 4200
N2 6.7072 9.36e10 1 18000
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Table3.6 Bed, adsorption , and thermal properties of 13X bed.

Properties Value

Bed length, L 02m

Bed diameter, D 0.0 m

Bed wall thickness 0.0 m
Bed density, | 533.8kg nt
Adsorbent specific heat capacity, £ 900 J kgt K
Adsorbent thermal conductivity 02W mtK
Particleg density, |[1230kgn?
Adsorbent particle size,d 0.0015m
Bed porosity, U 0.566
Inlet flow rate, @ 10 sccm
Inlet temperature 297 K

Outlet pressure, p

0 Pa (gauge)

Ambient temperature,ahn

297 K (the bed was adiabatic)

CO; inlet molar fraction

0.19466

N2 inlet molar fraction

0.7786

H>0 inlet molar fraction

0.0267(RH=0.9)

CO; adsorptiontime constant coefficient,
KL,co2

0.006s?

N2 adsorptiontime constant coefficient,
KL, N2

0.601s?

H20O desorption time constant coefficien
KL, H20

0.000058 3
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Chadsor pt iHeg2 heat ,|-30731Jmol' [163

Nadsor ptie@n heat , |-14935]J mol' [163

H.O adsorptien heat|-53289JImol?

The equilibrium isotherm parameters in accordancieotb model is shown iffable3.7.

Table3.7 Equilibrium isotherm parameters ft8X.

Gas species | gm (mmol/g) | Ko (Pa?) n Ref.

CO. 6.86e9 0.658*(0.0013*T) |[163
9.842

N2 8e-10 1 [163

H20 15.4849 1.68e10 0.5536 present

- Effect of watervaporon the CQ adsorptionuptake

The water effect othe CQ uptakesusingAC, 13X and MgMOF-74 at 300 Khas been
investigated by breakthrough tests. Adsorption breakthrough at different relative humidity
hasalsobeenmodeled for MgMOF-74 at 323 K. Moreover, the effect of wat@poron
Mg-MOF-74 when the bed reaches®saturatd adsorptiorhas beerstudied at 37X.

All these casegl?2) are tabulated ifable3.8.
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Table3.8 Case stuesof effect of water orthe CQ separation

Case Material T(K) CQ(vol.%) Nz (vol.%) HO (vol.%) RH%
1 Mg-MOF74 323 15 85 0 0.0
2 Mg-MOF74 232 15 82 3 24.8
3 Mg-MOF74 232 15 79 6 49.6
4 Mg-MOF74 232 15 76 9 4.7
5 Mg-MOF74 232 15 73 12 99.2
6 Mg-MOFR74 300 15 85 0 0.0
7 Mg-MOR74 300 15 82 3 86.0
8 Mg-MOF74 373 15 76 9 9.1
9 AC 300 15 85 0 0.0
10 AC 300 15 82 3 86.0
11 13X 300 15 85 0 0.0
12 13X 300 15 82 3 86.0

The bed used in modeling dry and humidADO separatiorby different adsorbentsad a
geometryasLength= 0.07 m Inter Diameter =0.004 m, and Wall Thickness= 0.001 m.
The inlet flow rate is 2@nl min' for theall casest 300 K and 101.325 kPBhe adsorption
and thermal propertiesre the same tihosementioned inTable3.4 andTable 3.5 except
those vay with temperatte specifiedin Table 3.9 for AC and 13X andrable 3.10 and

Table3.11 for Mg-MOF-74.

Table3.9 LDFadsorption time constsnt of AC and 13X

Properties Value

For AC

CO; adsorptiontime constant coefficient,| 0.068 &
KL,co2

N adsorption time constant coefficient, | 0.67s!
KL, N2

H20O adsorption time constant coefficient| noneadsorptive
KL, H20
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For 13X

CO, adsorption time constant coefficient 0.006 &
KL.coz

N2 adsorption timeconstant coefficient, | 0.6 s
KL, N2

H.O adsorption time constant coefficient 0.000056 3
KL, H20

For Mg-MOF-74 cases, the operation temperature vakere abouB00, 323 and 373 K,
so that Dualsite Langmuir model have beenused for predictinggases equilibrium
adsorbed amounts at different temperatures as suggested by Mafksonable 3.10
shows theDualsite Langmuir parameters required for estimating equilibri@®,
adorbed values. Toth modeas beemised to evaluate those values forandH20. The

packed densitysed wasibout 297 kg m, so that the accordance porosigsabout 0.674.

Table3.10 Equilibrium isotherm parameters for MgOF-74[26].

Gas Om.1 Om,2 Ko (Pal) Ko,2 n -eH (J -eH (J

species | (mmol/g) | (mmol/g) (Pat) mol?) mol?)

CO. 6.8 9.9 2.44el1l |1.39e |- 42000 24 000
10

N2 14 - 4.962-10 | - 1 18000 -

H20 39.5701 - 1.677e10 | - 0.5536 | 48991 -

The LDF adsorption time constatiffusion arecalculated using Eq. (13) and tabulated in

Table3.11.
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Table3.11 LDF adsorption properties of MYIOF-74 at different temperatures.

Species KL at 300 K KL at 323 K KLat 373 K
(sh (s (s

CO 0.12130 0.1373 0.1704

N2 0.30550 0.3129 0.3263

H-0 0.00123 0.0051 0.0503

3.2.9 Pressure andTemperature Swing Adsorption Cases

- Validation

Pressure Swing Adsorption (PSA) model has been validated with the experimental work
of Dantas et. al [151jor a column bed filling with zeolite 13X. Four steps have been
carried out to present a full PSA cycle namehgssurizationfeed,blowdown andpurge.

All-important parameters and column properties are shown

Table3.12. The pressurization process (consumed 20as)mainly targeted to raise the
pressure of the bed up to 1.3 bar by puseitihg compressor or blowefhen, the feed
processtakes place with a mixture flowhat contains C@N: (15% CQ, 85% N by
volume) at 1.3 bar and 323 K. After a stipulated feed time (100 s), thdeS0rptionvas
performed by blowdown process (for 70 s) in which the presgaseninimized to about
0.1 ba. During the blow down process, the majority of captured 843 beememoved

from the bed. The reaming amounts of adsorbed ¢@0ld, moreover, be reduced by
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countercurrent flow purge process (by applying 0.5 liter/min of pusg & about 0.187

bar and323 K for about 70 s. The detailed boundary conditions are shokigune3.5.

A complete PSA cycle §icycle) for both of experimental and 1D simulation modeling
[15]] and the present 2and 3D laminar and turbulent simulatisrare studied The
turbuleri modelhas been solved by standaetdmodel to explore the effect of turbulent
flow on the PSA when the Reynolds number is greater thasinditar tothe case of the
feed step (Re=16.26Y.he modeled transport equations for standard turbulence kinetic

energy K) and its rate of dissipatiot)(are:

k-equation:

Do Lo 1o 10 o

o Q o (V) o e @) T © Vo
a n d-equatidn:

T, T . T A A LT

T_(‘) T m 0 m "— m 0 ’EO 0 ,?_2 DT

where, Gk represents the geration of turbulence due to mean velocity gradiéft.
represents the contribution of the fluctuating dilatation in compressible flow to the overall
dissipation rated and 6 A ORI T O Ot dndiigare the turbulent Prandtl numbers
for k and(J respectively. More details about titandardck-Umodel are described Fluent
documentationg202. The turbulent intensity and turbulent viscosigitios have been

taken as 5 and 10, respectively
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Table3.12 Properties of the bed column and adsorbent (13X) used in the experimental
work [151] and the curnat simulation.

Properties Value

Bed LengthL 0.83m

Bed diameterdint 0.021m
Column wall thicknesd, 0.0041 m
Column wall specific heat 500 J k¢t K'?
capacity,Cw

Column wall density 8238 kg m®
Particle densityj 1228.5

Bed void fraction|J 0.62

Solid Specific heatCs 920 J k¢t K'?
CO; maximum adsorbed concentrati{ 5.09 mol kgt
(dm)

N2 maximum adsorbed concentratiof 3.08 mol kg*
(dm)

Toth constantn (COy) 0.429

Toth constantn (N>) 0.869

Toth constantko (CQOy) 4.31e9 Pa
Toth constantko (N2) 8.81e10 Pa
CQO, adsorption heat’H -29380 J mot
N, adsorption heat’H -17190 J mot
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P__=0kPa

T=323 K
P=18.7 kPa
el v=0ms Q= 0.5 L/min
CO, mol%=0
N, mol%=100
5
X
o = g
=0 ©
g ® e )
2 = % -5
i a2 3
o o
o
T=323K T=323K P=2.46E+05- P ..~ 0kPa
CO, mol%=0 P=130 kPa 93831: 149.3-1-
N, mol%=100 Q=3 L/min 12i95tE+0%??+6ﬁ-
P=4.8975t + 22.4 kPa CO 1%=15 -IE-U0.
t<20s ° N 2mn:)(l)%;85 1.64727E-08-t6 kPa
. 120<t<190 s

Figure3.5 Boundary conditions for the 4 steps of the 1st cycle of PSA according to the
experimental work151] .

- VacuumPressure Swing Adsorption (RSA)

The smilar bed used in adsorption breakthrough of-M@F-74 have been exploited for
PSA. A single bed was adopted to simulate five SdepPSA, namelypressurizationfeed,
rinse, blowdown andpurge. The pressurization process (consumed 2@as)mainly
targeted d raise the pressure of the bed from 2 kPa up toKE2bypure N.. Then, the
feed proceswokplace with a mixture flow contains G2 (15% CQ, 85%N: (vol. %))

at 1.3 bar and 323 K. After a stipulated feed time (250 s), the pure@@®een introduced
to the bed to rinstheremainng N2 insidethe bed void for about (40 s). The devoted times

for feed and rinse processe®re fixed through all case$o avoid the violation of the
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adsorption breakpointhe point at which the outlet woentration is less than 5% from the
that of inlet, andits effect orreleasing the C&to the ambientin blowdown process;O,
wasdesorbedrom thebed byevacuaing the bed to about RPa.During the blow down
process, the majority of captured £€8asbeenremoved from the bed. The reaming
amounts of adsorbed G©ould, moreover, be reduced by counrterrent flow purge
process (by applyind0 ml/min of pure N). Blowdown and purge stepshave been
investigatedfor the optimal operation time as descdbm Table 3.13. The detailed
boundary conditionsf the five stepsire shown irFigure3.6. Mg-MOF-74 isotherms and
LDF properties are described Trable 3.10 and Table 3.11. The pressuravas changing
with time for the pressurization step and the beginoinglowdown stepForillustration
the operatingpressure othe case Auringat the first three cycles shown inFigure3.7.
Thefirst cycle of all casesvasdevoted to fill the bed with CQup to breakpoint by feed
and rinse processetherefore the feed time of the first cyelasgreater than that of the
others

Table3.13 VPSA study cases

Case Blowdown Purge time
Time (s) ©)

1 150 50

2 150 100

3 150 150

4 100 100

5 200 100
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T=300K
P=2kPa
v=0m/s v=0m/s Q=10 ml/min
CO, mol%=0
N, mol%=100
S
b4 — c
o e
©
=a e -é
| =
2 S S B =
- | S
() m
o
T=323 K T=323 K T=300K P=2kPa P gaugo™ fkka
COJ mol%=0 P=130 kPa P=130 kPa
N, mol%=100 Q=20mlmin o .- 29 mrmin
P=25130kPa GO, mol%=15 oo moj%=100
szol%=85 N2m0|%= 0
Figure3.6 Boundary conditions fafive steps olVPSA.
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Figure3.7 Operating pressure tie case 2 during thirst three cycles.
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- Temperature Swing Adsorption (TSA)

Temperature swing adsorptibave been investigateding MgMOF-74 as adsorberand

the samebed configurationof PSA. A single bed was implementdéar numerically
modeling four steps of TSA, namelfeed,rinse, heating andcooling. The feed process
consumed 250s to feed the adsorbent bed with a mixture flow contaifi$:GT5% CQ,
85% N (vol. %)) at 101.3 kPa and 323 K. After bed feeding, the purevi® introduced
into the bed to rinseemaining N insidethe bed void for about (40 s). The devoted times
for feed and rinse processesrefixed to avoid the violation of the adsorptiorebkpoint
anda consequence emissiontbé CQ to the ambientDuring the heating process, GO
was desorbed from the bed by increasthe bed temperatungp to 393 K.Therefore,a
significant amount of C&have beememoved from the bed. Before startiing hextfeed,

the bed should be cooled down dcertaincooling process. The cooling step hbeeere
beencarried out by natural convectiamd radiatiorwith the ambientHeating and cooling
wereinvestigated for the optimal operation tisrees described iffable3.14. The detailed
boundary conditions of theur steps are shown irigure3.8. Mg-MOF-74 isotherms and
LDF properties are describedTable3.10 andTable3.11. Thefirst cycle oftheall cases
wasdevoted to fill the bed with CQup to breakpoint by feed and rinse processes, therefore

the feed time of the first cycle is greater than that of the others.
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Table3.14 TSA study cases

Case Heating tme (s) | Cooling time
(s)

1 200 200

2 250 200

3 300 200

4 200 300

5 200 400
Puw=0kPa P =0kPa

Wall Wall
q =0 W/m? q =0 W/m?

Wall

T,..= 300 K
T,.,= 300 K

Axis
=393 K

T

Wall
q=0W/m?
T=323K e P=101.3 kPa
P=1013kPa O 0K

Q=20miimin o0

CO, mol%=15  co, mol%=100
N, mol%=85 N,mol%s= 0

Figure3.8 Boundary conditions for four steps of TSA.
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3.2.10Carbon dioxide Adsorptive Storage Cases

- Validation

In order to vatlate the numerical modeling of a gadsorptive storage in a 2D and 3D
tank we compared the present model with the experimental resultsaodrptive storage
using activated carboiYe et al.[2127). The storage tank is shownRkigure3.9 with small
inlet tube for feeding the gas to the receiver. The,tackvated carbon, and-Hbroperties
are described inmmable 3.15. The inlet mass flugs during tank charging, dormancy,

discharging and dormancy akown inTable 3.16.

Wall

% Axis

(a) 2D adsorptive tank

y) Symmetry plane
Inlet i 28

Tank wall

(b) 3D adsorptive tan
Figure3.9 Scheme of adsorptive tank

Table3.15 Tank, AC, and Hproperties used in the numerical modeling at the same
conditions of the experimental wofR13.

Tankdiameter 0.0928 Pipediameter(m) | 0.008
(m)

Tank wall 0.0039 Pipe wall 0.001
thickness (m) thickness (m)
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Tank length (m) | 0.4 Pipe length (m) | 0.05375
Wall density (kg | 7830 Wall specific heat 468
m—3
) (I kg" K
Wall thermal 13 Activated carbon | 517.6
conductivity (W _
K density (kg )
AC specific heat | 825 AC thermal 0.646
capacity (J kg K- conductivity (W
1) m—l K-l)
Bed porosity 0.49 H2 specific heat | 14700
capacity (J kg K-
Y
H> thermal 0.206 H> viscosity(Pa | 8.411e6
conductivity (W S)
m—l K-l)

The isotherm model used here is DubAstackov (Eg. 11). The main parameters of this

model for AC is shown iTable3.17. LDF coefficientwastaken as 0.15%5[217.

Table3.16 Inlet mass fluxof PSA validatior{212,.

Time (s) Mass flux (kg 3 m?)
0-442 0.866399

442 - 3046 0

3046- 3907 -0.43489069

3907- 6000 0
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Table3.17 Dubnin-Astackov parameters for.hsotherns of AC.

Gas gm (mmol/g) | Po(MPa) |[U ( J1) [b ( Jn aH (J Ref.
species mol-1 mol-1)

K-1)
H. 71.6 1408 3080 189 |2 3185 [217

- Carbon dioxide storage in MO

The same tanlsedin validation case filled with MO¥5 in order to simulate the pressure
effect on the C@adsorptivestorage. Thermal properties of M&k-isothermg213, and
LDF modelis shown inTable3.18. The heat transfer from the cylinder wall to the

ambientwasby free convection and radiation while the irtlébe wallwasadiabatic.

Table3.18 Thermal and adsorptive propertirs of MGFCO,.

Properties Value
Particle densityj 621 [214
Bed void fractionJ 0.31

Solid Specific heatCs (J kg1 K'*) 750 [219
LDF coeffecient 0.025[213
CO; adsorption heatH (J mot! ) -34000 [213
gm (Mmmol/g) 23

Po (MPa) 72.14

U (J31) mol 20

b ( J1Kalp | 37.8

n 7
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Bed density (kg r8) 428.5

MOF-5 thermal conductivity (W mfhK™) 0.32[214

Six cass have beelnvestigatedy changing the inlet pressure as 5, 10, 20, 30, 40, and
50 bar as shown iRigure3.10. The first 500 s are dedicated for &€harging process,

while the remains are for dormancy.

60
90 50 bar
@
=
o 40 40
S
7))
0
L 30 30
o
(o)
(@)
S 20 20
S
7p]

10 10

5
O [ [ [ [ [ [
0 500 1000 1500 2000 2500 3000 3500

Time (S)

Figure3.10 Inlet pressure for MOB/CO, adsorprtion storage

- Carbon dioxide storage in MOR.77

MOF-177used for CQadsorptive storage atds beesimulatedfor the same cases and
bedconfiguration mentioned before wiMOF-5. The importanttiermal properties of

MOF-177, CO, isothermg 213, and LDF modelsire tabulated iffable3.19.
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Table3.19 Thermal and adsorptive properties of MQF7/CQ.

Properties Value
Particle density 477 [214
Bed void fraction|J 044

Solid Specific heatCs (J kgt K'? ) 490 [217
LDF coeficient 0.1597[21§
CO; adsorption heat’H (J mot?) -14000 [26]
gm (mmolg™) 37.4

PO (MPa) 72.14

u (J3) mol 100

b ( JTK®Ho | 34.8

n 7

Bed density (kg m) 239.1
MOF-177thermal conductivity (W MK~ | 0.3

Y

Like MOF-5, six cases have beelinvestigatedy changing the inlet pressure as 5, 10, 20,

30, 40, and 50 bar as showrFigure3.10.
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CHAPTER 4

EXPERIMENTAL RESEARCH RESULTS AND

DISCUSSION

4.1 Carbon Nanotubes/Zeolite 13X Composites

To show the features of the physical mixtureM#VCNT/13X compounds, we have
captured some optical microscopic photos for all samples as shofigure 4.1. As
evident, thaMWCNT (blackcolor) appears more as its percentage increasesdensity

of CNT is about 0.12 g/cc compared to about 0.5 g/cc for 13 X, so that adding CNT
guantities up to 1.5 is sufficiend investigate the adsorption behaviBigure 4.2 shows

the particle size distributions for MIWCNT/13X composites. They are close to each other
for all the compounds; the majority of particles lay between 200 and#(nd between

800 am 1200mm. The exception is that the XC4 composite has larger particle size
distribution between 800 and 1406t. Also the particle distribution of XC2 shows almost
similar amounts of particles existing in the range of 20000nm. The similar distributio

of the grain sizebecauséehe pure 13X pellets was grinded firstly and then the all samples
were composed by mixing the new powder of the pristine 13XMMICNT. The grinding
method could significantly control the grain size distribution. HoweverJaifge grain

sizes can preferably be packed to the adswibed with increasinged porosity and then
minimizing the packing bed density. The high packed density could increase the pressure

drop through the bed.
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Figure4.1 Optical microscopic photos MWCNT/13X compounds.

35

a0 L[ 13X ===-XC1 _
— =XC2 == XC3 /7 N

25 | / N
- = XC4 = + «XC5 / N

% Channel

0 200 400 600 800 1000 1200 1400 1600
Particle Size (microns)

Figure4.2 Particle size distribution diWCNT/13X compounds
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4.1.1 Powder X-Ray Diffraction Analysis

Figure 4.3 illustrates the PXRD patterns of the seven samples (MWCNT/13X

compounds and 2 of pure 13X and ph&/CNT). All the samples (excluded pure CNT)
approximatel show the same intensity peaks locations which are in good agreement with

the pure 13X synthesized Bheng et. al [219] The effect ofMWCNT inside the
MWCNT/13X compounds was observed to disappear due to two principal reasons. Firstly,
theMWCNT percentages inside the compounds are very small (less than 1.5% by weight)

so the diffracted ¥ ay beam really emit danesofd3X. Thehe cr y
other reason is that tMWCNT has almost one or two small intensity peaks in the same

range of operating angles (twleta =3- 45°) as shown irFigure4.3.
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Figure4.3 Powder Xray diffraction (PXRD) data dIWCNT/13X compounds and pure
materials (13X antMWCNT).
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4.1.2 Adsorption Equilibrium Isotherms of Carbon Dioxide and Nitrogen

Theadsorption isotherms ofét 77 K are shown iRigure4.4. The tested samples exhibit
almost slight linear increador N2 adsorbed amounts in theagsure range betweefl01

kPa. 13X shows the highest equilibrium adsorption values. Then, the adsorbed values
decline sharply by about 40% for XC3, which is still having better adsorption values than
those of the remaininf]WCNT/13X compoundsattributabé to maintain the same pore

size (Table 26)Moreover, CQ adsorption isotherms are collected at 273 K as shown in
Figure 4.5. The differences betwreCO adsorbed amounts by pure 13X and XC3 are
small compared with those of the others. Therefore, 13X and XC3 have the best adsorption
equilibrium values under the all applied pressure values (e.g. larger than 5 and 6.5 mmol/g
could be adsorbed at P=20&RBnd 126 kPa, respectivelyflable 4.1 summarizes BET
surface areas (forét 77 K and C@at 273 K), average pore size, and porous volume (for

N2 at 77 K) for all the samples.

7
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3’4 XXX X X X X X X X x X X X X
©
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Figure4.4 N> adsorption isotherms MWCNT/13X compounds at 77K.
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Figure4.5 CO; adsorption isotherms &iWCNT/13X compounds at 273K.

The highest BET surface area is associated with 13X (about 3§@mN. and 573 rflg

for CO). The next highest BET is for XC3 (727 for Nz and 552 rflg for CQ). In
addition, the pore size is almost the same for the both cases (13X and XC3) by around 18.4
A while the othetMWCNT/13X compounds have almost close valtegach other by

about 20.75 A. In terms of the pore volume, the maximum value associates 13X (about 0.6
cc/g) whereas aMWCNT/13X compounds have a pore capacity of about 0.3 cc/g, which
could be interpreted as the lesiee MWCNT particles less than 13pore size may easily

penetrate inside the 13X macropores.
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Table4.1 Pores characterization of the 13X incorporated WitlWCNT.

Characterizations 13X XC1 XC2 XC3 XC4 XC5

BET (m%g) @ 77 Kfor N 1304  685.24 57534 727.04 528.1 519.46

BET (m%g) @273K for 573.75 385.2 364.58 552.07 381.02 378.46
CO2
Average pore radius (A) 9.189 10.14 1057 9.3 10.53 10.26

Pore volume (cc/g) 0.599 0.243 0.304 0.257 0.278 0.267

The interesting adsorption isotherms hde=n collected for COand N at ambient
temperature (298 K) as shown kigure 4.6 and Figure 4.7. Again, XC3 illustrates
competitive adsorption values compared with pure 13X and better than the other CNT/13X
mixturesattributable to maintain the same pore size of 13X (Table @6) adsaption
values, generally, are more selective thanRor instance, C£adsorbed amount is about

3.7 mmol/g for XC5 at P=1.2 bar, while adsorbed quantity.cdtNhe same conditions is
about 0.16 mmol/g. Consequently, :B4sed materials are consideredaasexcellent
materials for CQ@ separation from flue gases. Another advantage of 13X (with/without
MWCNTS) is an asymptotic trend of G@dsorption values against the pressure indicating
that high adsorption values could be obtained at low pressureasuacpartial pressure of

CQzin a flue gas (between X@20%).
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Figure4.6 N2 adsorption isotherms of CNT/13X compounds at 298 K.
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Figure4.7 CO; adsorption isotherms of CNT/13X compounds at 298 K.
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Figure4.8 depicts the adsorption heat of €&yainst the equilibrium adsorbed amounts for

the dl tested samples. The heat of adsorption is calculated using the Cl@lsnesron

approach by the software associated with Autosorb (Quantachrome ASiQwin). The

adsorption heat values trends are almost linear againsa@©rbed amounts as shown in

Figure4.8. The highest values of adsorption heat are obtained during adsorbinigyCO

XC3 (DH(mean)=42.8 kJ/mol), whereas 13X, XC1, XC2, XC4, and X@%e average

values of 36, 37.4, 31.9, 32.1, and 42.2 kJ/mol, respectively.
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Figure4.8 CO; heat of adsorptiorsgH) for CNT/13X compounds.

4.1.3 Experimental Adsorption Breakthrough of Test MW CNT/13X

In order to investigate the enhancements of the adsorption capacity and the carbon dioxide

separation due to adding small amountsIgfCNT to the adsorbent (13X), breakthrough
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experiments are carried out. For this purpose, 6 sampldg/@NT/13X compoundbkave
been put inside a stainless steel bed (Length L=20 cm, Inner diakwe®emm); the bed

is tested in ambient temperature of 297 K and other conditions mentioned earlier.

The first records of breakthrough curves fdWCNT/13X composites are shown in
Figure 4.9. Indeed, there was a pressure drop may be caused by wrong packing. The
pressure drops were monitored about 0.25, 0.38, 0.6, 0.7 and 0.@Bdb#re samples
densities were 0.462, 0.501, 0.503, 0.502, and 0.459 g/cc for 13X, XC1, XC2, XC3, and
XC4, respectively. As shown by the €Sotherms, the C&adsorbed amounts increase
dramatically by increasing the pressure values, especially for ttial paessure of C©

below 30 kPa. This includes the breakthrough inlet pressute iPabout 20 kPa at 0.2
molar fraction of the inlet pressure). Therefore, we tried to keep the same operating
condition for all theMWCNT/13X compounds. Moreover, thegi#essing process, before

the adsrption process, was carrienlt at 423 K for 5 hours which is not sufficient to
evacuate the adsorbent from any guest gases. For these types of experimental errors, we
cannot consider the breakthrough curves, showkigare 4.9, sufficient to evaluate the
effect of the incorporation oMWCNT with 13X. Therefore, we have repeated the
experiments with new samples unglaching the most systematic one. In this case, the
pressure drop is minimized to almost zero as optically observed by two bourdon gauges
before and after the bed. The bed was filled with a constant packing density of about 0.553
cn? cc/g for all theMWCNT/13X compounds. The samplese-treated by heating process
have beerprolongedto be 20 hours at about 540 K under vaculime curves of the
systematic experimental adsorption breakthrough test are exhibfegline4.10. In these

curves, the outlet concentration ratios of the both gaseg/Neare plotted against the
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operating time. For each sample, the concentration ratio ef€@ains at zero ahe bed

outlet for the first 1820 minutes (depends on the sample) while the concentration ratio
values of N rise up to about 1.25 due to the absence of @itich is being adsorbed into

the MWCNT/13X bed. Eventually, the GQoncentration ratio increas up to 1 and
decreases down to 1 that of Bfter 1520 minutes. It is noted frofigure 4.10 that a
breakpoint, a level at which the concentration ratio is less than 5% at the bed outlet; has an
optimal value (about 21 minutes) for XC3 compound. This value is consecutively followed

by that of XC5, XC1, XC2 and XCA4.
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Figure4.9 CO./N2 breakthrough curves &iWCNT/13X compounds at 297 K with

variable packing density, noticeable pressure drop andguifbicient degasification
process.
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Figure4.10 CO, breakthrough curves of MBNT/13X compounds at 297K and
101.3kPa for the same amounts of adsorbents.

There is a noticeable variation of curves trends between breakpoints and saturation level,
especially for XC2, XC3 and XC5; it is steeper for XC5, steady for XC2, and almost the
same for 13X and XC3. This variation in the adsorption trends could be caused by many
parameters such as; particle size, diffusion resistances, or thermal resistageseral,

large particle size or/and small diffusion coefficient slow down the breakthrough trend. For
13X, XC2, XC3 and XC5, we have estimated the diffusion time constanf ®HcD is

the interparticle diffusivity (n#/s), rc is the adsorbent crgstadius (m)) from Cekinetic

curves measured by Dynamic Vapor Adsorption (DVS) for pressure range bet@8en 0
kPa and temperature of 298 K. The main results of the diffusion time constant and the
average particle size are showrFigure4.11. The value of the diffusion time constant of
XC2 is higher than that of 13X which may indicate to higher G@ake being adsorbed

by XC2, while the larger vak of the average patrticle size could be responfobléne

decline of XC2 breakthrough cureemparedvith the trends of the other composites. For

XC3, D/ré has almost the same value of 13X indicating that the diffusion properties is
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similar for both caes while the little bit smaller particle sizes for XC3 could make the
breakthrough curve slightly steeper. The change in adsorption capacity for 13X and XC3
might be referred to the change in the thermal resistances. The particle size of XC5 has the
smalkest values which could make the breakthrough curve steepest, however, the low value
of the diffusion time was expected to slow the trend. It is clear that there is sometimes
interferences between the effects of the particle size and the diffusion resistatize

breakthrough trends.

The calculated adsorbed amounts ob@@m experimental breakthrough curves using Eq.
1 are displayed irfrigure 4.12 as the ratio of improving the carbon dioxide adsorption
capacity and separation breakpoint for all ki&/CNT/13X compounds compared to the

base sample (13X).

The improvement in the adsorption capacity valkeguie4.12) shows that the XC2 has

an optimum value of 22.6 % followed by about 21.6% for XC3. The carbon dioxide
separation breakpoint enhancement gives all advantages to XC3 by about 2588%. Th
value is followed by 17.1% associated with XC5. Consequently, XC3 has the resultant
optimal values (adsorption capacity + adsorption breakpoint). It might be worth
mentioning here that the higher value of the breakpoint, the greater value of adsorption
heat as shown ifrigure 4.8 and Figure 4.12. This is attributed to a higher quantity of
adsorbed Cexhat releases more heat during the adsorption process befppearsn the

outlet.
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Figure4.11 The average particle sizep) and diffusiortime constant (D/f} for 13X,
XC2, XC3 and XC5.

It is also believed that the enhancement in the carbon dioxide adsorption capacity and
separation has been caused by improving the thermal conductivity of 13X after adding
MWCNT to 13X[220-227. The thermal conductivity diIWCNT is considerably very

high; about 20066000 W/m.K [223, so that the effective thermal conductivity of

MWCNT/13X compaites could be improved accordingly.
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Figure4.12 Carbon dioxide adsorption capacity (cubic bars) and separation breakpoint
(cylindrical bars) improvements (percent) fdkWVCNT/13X compounds at 297 K and
1.013 bar
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4.2 Carbon Nanotubes/MgMOF-74 and Carbon NanotubegMIL -
100(Fe)Composites

4.2.1 Powder X-ray Diffraction (PXRD) Analysis

Figure4.13 shows the PXRD patterns of MWCNT/MgOF-74 compounds with various
weight fractions of MWCNTSs as well as MILOO(Fe). It can be seeRigure4.13(a)) that
the PXRD pattern of MWCNT/MgMOF-74 and MgMOF-74 samples are in good
agreement with the simulated pattern. The incorporation of MWCNTs does not result in
any noticeable peak shift or dease in the crystallinity of the framework, as all the
characteristic peaks representative of theMIQF-74 structure can also be observed in
the patterns shown for each category of MWCNT/M@F-74 composite. Hence, it can
be concluded that the incorpticmm of MWCNTSs up to 1.5 wt. % using physical mixing
preserves the characteristic lattice structure of theM@j-74 framework. The same
conclusion was drawn for MWCNT/MHLOO(Fe) as reported in the recent w24.
Figure4.13(b) is to exhbit that the synthesizellIL -100(Fe) is in good agreement with

the simulated pattern and to that reported in the literf22s.
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Figure4.13 PXRD patterns for (a) MWCNT/M@§IOF-74 and (b) MIl-100(Fe).
4.2.2 Adsorption Equilibrium Isotherms of Carbon Dioxide and Nitrogen

The N equilibrium isotlerms for the MWCNT/MgMOF-74 and MWCNT/MIL-100(Fe)

composites have been measured at 77dble 4.2 lists the important porosiselated
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parameters estimated from the, Mdsorption data MWCNT/M¢MOF-74 and
MWCNT/MIL -100(Fe) composites. The measured BET surface area was almost close to
eachother in MWCNT/MgMOF-74 compounds between 1470 and 158@nin addition,

the total pore volume measured at 95% relative pressure (P/P0) and the pore size measured
were determined to be almost the same for all the samples by arour@l T&R/g and 19

A, respectively. The MdWOF-74 BET surface area and total pore volume values are in
good agreement with those reported in the literafR08 226, 227]. It can be deduced

from the data shown iTable 4.2 that the addition of MWCNTs does not result in
substantial differences concerning its influence on the porodiyed parameters
evaluated for the MWCNT/M@gMOF-74 compounds. Likewise, the incorporatioh
MWCNTs with MIL-100(Fe) was not substantially changed the porgsigted
parameters. There are almost slight increase in the surface area from?d&8rrbase

MIL -100(Fe) to 1464 fg* for MMC2. The total pore volume at 0.95 relative pressure was
around 0.61 and 0.69 cc/g for MMC1 and MMC2, respectively, in comparison to 0.55 cc/g
for the pristine MIL-100(Fe). Regarding the pore size, it is clearly that the pore diameter
for all the MIL-100(Fe) and composite samples was around 20 A. These guupesty

values are close to those reported for MWCNT/MIRO(Fe) composite®24].

The CQ adsorption isotherms for MWCNT/MNIOF-74 and MWCNT/MIL-100(Fe)
composites, measured at 273, 298 and 313 K, are exhibieglre4.15andFigure4.15.

It is obvious that the adsorption uptake increases sharply in the region below 15 kPa and
increases gradually with increasing adsorption pressure greater than 20 kPa. This behavior
gives a god advantage for GQapturing in lowpressure applications including the £0

separation from the flue gasdd?=10-20 kPa). However, as expected, an increase in the
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measured temperature shows an adverse effect on the recorded uptakes for each material.
As obvious from, the highest GQptake has been measured for pristine-NMIQF-74

followed by MFC1 at all the measured temperatures (273, 298, and 313Fd).
MWCNT/MIL -100(Fe) compounds-{gure4.15), the adsorption uptake increases more or

less linearly with increasing adsorption pressure.

Table4.2 Pores characterization of the MWCNT/M@OF-74 and MWCNT/MIL=
100(Fe) composites for N2 at 77 K.

Characterizations Sser Pore volume Average pore
(m?g)  (cclg) radius ( A)

Mg-MOFR74 1518 0.63 8.31
MFC1 1545 0.66 8.55
MFC2 1525 0.65 8.51
MFC3 1579 0.67 8.51
MFC4 1562 0.71 8.51
MFC5 1586 0.69 8.73
MFC6 1477 0.63 8.52
MIL-100(Fe) 1083 0.55 10.07
MMC1 1248 0.61 9.74
MMC2 1464 0.69 9.52
MMC3 1060 0.58 10.94

It is obvious that MMC2 shows optimal adsorbed amounts, and MMC1 resulted in the
second highest uptake even greater than the pristinelBi(Fe) and MMC3 composites

as shown inFigure 4.15a-c). It is worth mentioning here that the g£Qptake for
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MWCNT/Mg-MOF-74 composites is much higher than that adsorbed by MWCNTF/MIL

100(Fe) compounds.
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Figure4.14 CO, adsorption isotherms of MWCNT/MNIOF-74 composites at: (a) 273

K, (b) 298 K, and (c) 313 K.
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Figure4.15 CO; adsorption isotherms of MWCNT/MHLOO(Fe) composites at: (a) 273
K, (b) 298 K, and (c) 313 K.

The N adsorption isotherms for MWCNT/MNIOF-74 composites, measured at 298 K,
are displayed irFigure 4.16(a). It is evident that the pristine MgOF-74 exhibits the
largest uptake amount, followed by MFC4, MFC1, MFC6, MFC2, MFC5, and MFC3,

respectivelyFigure4.16(b) shows N uptake by MWCNT/MIL-100(Fe) compounds. It is
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clear that MMC1 has higher adsorbed values in comparison to the other compounds. For
both adsorbent composites (MWCNT/NWOF-74 and MWCNT/MIL-100(Fe)), the
maximum uptake measured for. N6 observed to be significantly smaller than that
measured earlier for GOIn other words, all the samples have been noticed to exhibit

preferential selectivity of C&over the N.
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Figure4.16 N. adsorption isotherms at 298 K for (a) MWCNT/NWOF-74 and (b)
MWCNT/MIL -100(Fe) composites.
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Figure4.17(a and b) depicts the variation of heat of adsorption fos, @, against the
instantaneous CO uptake for MWCNT/MgMOF-74 and MWCNT/MIL-100(Fe)
composites. For MWCNT/M&OF-74, theQsrcozvalues are observed to exhibit a more
or less curvilinear correlation with the instantaneous COptake as shown in
Figure4.17(a). In generalQsr-co2values locate between 25 and 40 kJ/molilgh values

are sequentially associated with NWOF-74, MFC4, MFC2, and MFCS5. In contrast,
MFC5 and MCF3 show lower values of g@dsorption heailThe MWCNT/MIL-100(Fe)
composites have COadsorption heat values recorded between 15 and 48 kJ/mol
(Figure4.17(b)); the highest values were measured for M00(Fe) about 24 kJ/mol (for

g > 0.2 mmol/g) and the lowest obtained by MMC1 about 15 kJ/mol (for g > 0.18 mmol/g).
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Figure4.17 CO; heat of adsorption (Qst) (a) MWCNT/MgOF-74 and (b)
MWCNT/MIL -100(Fe) composites.

4.2.3 Experimental Adsorption Breakthrough Test for MWCNT/Mg -MOF-74 and
MWCNT/MIL -100(Fe) Composites

Breakthrough experiments have been performed for the binary gafiNgC@ order to
quantify the improvements in G@dsorption uptake and breakpoint as a result of the
incorporation MWCNTSs inside MyIOF-74 and MIL-100(Fe). In a typical procedure,
predetemined amounts of MWCNT/M&OF-74 and MWCNT/MIL-100(Fe) composite
samples are first transferred to a stainless steel tube (Length L=7 cm, Inner dfameter

mm). All breakthrough experiments have been performed at antbimperature of 297

K.

For systemad tests, the pressure drop is minimized to almost zero as optically observed
by two bourdon gauges before and after the bed. The bed was filled with almost constant

packing density about 0.292+0.005 and 0.842+0.002 g/cc for MWCNM§-74 and
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MWCNT/MIL -100(Fe) compounds, respectively. The samples have fredreated by
heating process for 20 hours at about 423 K under vaclbenexperimentally measured

CO, and N adsorption breakthrough curves foMWCNT/Mg-MOF-74 and
MWCNT/MIL -100(Fe)composites are displayed Kigure 4.18. As evident, the outlet
concentration ratios calculated each of these two gases have been plotted against the
measurement time. In general, it was observed in all the tested samples that the
concentration ratio evaluated for €& the bed outlet keeps constant at zero for some time
(e.g. about & min for MWCNT/MgMOF-74 and 23 min for MWCNT/MIL-100(Fe)
compounds), whereas the concentration ratio faeirdreased up to about lo®ving to the
absence of Cowhich was preadsorbed into the MyIOF-74 or MIL-100(Fe)composite
adsorbent bed. Following th@st adsorption minute®f measurement time, the €O
concentation ratio was observed to increase up to 1, whereas the concentration ratio of N
was evaluated to gradually drop to a value close to 1. For MWCNMRA§-74
composites, the optimal value of the breakpoint, a time at which the concentration ratio of
thebed outlet is evaluated to be less than 5%, was measured to be about 8.16 minutes for
MFC6. This is followed by the value measured for MFC4 of about 8.1 minutes, and then
by 7.96 minutes for MFC1Hjgure4.18(a)). In the same manner, the highest breakthrough
breakpoint obtained by MWCNMIL -100(Fe) is associated with MMC2 by about 3.21
minutes Figure4.18(b)). The next breakthrough point is obtained by MMC1 at about 3.19

minutes, and, then, by pristine MILOO(Fe) at about 2.9 minutes.
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Figure4.18 Breakthrough curves for (a) MWCNT/M@OF-74 composites for C&N>
(0.2/0.8 v/v) and (b) MWCNT/MIEL00(Fe) composites for G (0.15/0.85 v/v),
measured at 297 K and 101.3 kPa.

In order to evaluate the improvement in Gdsorption capacity and breakpoint by adding
MWCNT to Mg-MOF-74 and to MIL100(Fe), the adsorbed amounts of @ave been

calculated from the experimental breakthrough curves using Eg. 1. The maximym CO
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adsorption capacity for base M@OF-74 and MIL-100(e) calculated from the respective
breakthrough curve were estimated to be abotéand 0.33 mmol/g, respectively. The
maximum CQuptakes along with the adsorption breakpoint ratios foiNW@f-74 as well

as each of the six MWCNT/MY§IOF-74 composites ardisplayed inFigure4.19(a). As
evident, each of the six composites, except MFC2 and MFC3, exhibit a good improvement
over pristine MgMOF-74 with regards to both the adsorption capacity and the adsorption
breakpoint ratio values. More specifically, the most optimum combination of adsorption
capacity and breakpoint ratio values have been evaluated for MFC6 which has shown an
improvement of 4% and8.0% over pristine MgMOF-74 for adsorption capacity and
breakpoint ratio, respectively. This pair of statistics is followed by MFC1, MFC4 and
MFC5 composites for which the corresponding improvements in adsorption capacity and
breakpoint values over prise Mg-MOF-74 have been evaluated to be 4.4% and 5.7%, 2.2

% and 7.3%, and 3.% and5.0% respectively. It is worth mentioning here that each of
the MFC6, MFC1 and MFC4 composites has already been characterized for lower values
of heat of adsorption fa€O, in comparison with pristine MyIOF-74 as shown earlier in
Figure4.17(a). This, theoretically, implies that each of these composites shoulalgot o
exhibit higher CQuptake values than pristine MgOF-74, but also require comparatively

lower energy for regeneration process (recycling recovery).

Figure4.19(b) shows the improvement in both adsorption capacity and breakpoint due to
adding MWCNT to the pristine MH100(Fe). As evident, MMC1 exhibit an optimal
improvement reaches 12.0% and 9.2% for,@@Qsorption capacity and breakpoint,
respedvely. This improvement is followed by MMC2 measured adsorption uptake and

breakpoint of about 8.7% andb%o, respectively, comparing with the base adsorbent {MIL
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100(Fe)). On the contrary, the evaluated adsorption uptake and breakpoint improvement
valuesfor MFC2, MFC3 and MMC3 show lower performance than the base adsorbents.
This attribute indicates that there is no a uniform improvement can be obtained for the
incorporation of CNT with MOFs. The detected improvement in the @@orption
capacity and bikpoint primarily refers to an improvement in the thermal properties of
Mg-MOF-74 and MIL-100(Fe) frameworks upon the incorporation of MWCNZ220-

227. The thermal conductivity dAWCNT is considerably very high about 208000

W/m.K [223, so that the effective thermal conductivity of MWCNT/NWOF-74 and

MWCNT/MIL -100(Fe) composites could be improved accordingly.

In the literature, chemists use the adsorption isotherm data to compare;tbapacities

of different adsorbents. However, we found out by carrying both adsorption isotherm
measurements and adsorption bteedkugh experiments that they can give different ratings

of adsorption capacity. Keeping in mind that adsorption isotherm measurements are taken
under constant temperatures while the breakthrough measurements are not, as the
breakthrough bed is allowed t@ary its temperature due to the heat dissipation from the
adsorbent to the ambient or surrounding environments. The most accurate adsorption

capacity if we are joining to use a PSA/VSA/TSA is that measured in a breakthrough set

up.
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Figure4.19 Carbon dioxide adsorption capacity (cubic bars) and breakpoint (cylindrical
bars) improvements (percent) for (a) MWCNT/N®WOF-74, and (b) MWCNT/MIL=
100(Fe) composites measured at 297 K.
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4.3 Carbon NanotubesMIL -101(Cr) Composites

4.3.1 Powder X-ray Diffraction (PXRD) Analysi s

Table 4.3 shows the PXRD profiles of MWCNT/MHL01(Cr) composite with various
weightfractions of MWCNTSs. The PXRD profile of actdeated MWCNTSs has also been
added as the benchmark. It can be seen that the PXRD pattern-a0OWCr) is in good
agreement with the simulated pattern and the one reported in literature for similar method
usal for synthesi$225. The incorporation of MWCNTSs does not result in any noticeable
peak &ift or decrease in the crystallinity of the framework, as all the characteristic peaks
representative of the MHLO1(Cr) structure can also be observed in the patterns shown for
each category of MWCNT/MH101(Cr) composite. Hence, it can be concluded tthat
incorporation of MWCNTS up to 8 wt% using amsitu synthesis method preserves the

characteristic lattice structure of the MII01(Cr) framework.
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Figure4.20 PXRD patterns for MIEL01(Cr) and MWCNT/MIL101(Cr) composites.

4.3.2 Adsorption Equilibrium Isotherms of Carbon Dioxide and Nitrogen

The N physisorption isotherms for MHLO1(Cr) and the MWOCNT/MILL01(Cr)
composites have been measured at 7Table 4.3 lists the important porosigelated
parameters evaluated from theddsorption/desorption data for MLO1(Cr) and each of

the four MWCNT/MIL-101(Cr) omposites. The highest BET surface area was measured
for 4 wt% MWCNT/MIL-101(Cr) of about 4004 ffy, followed by pristine MIE101(Cr)
which showedalmost 3750 iig. This value of the pristine adsorbent is close to the
reported values for MH101(Cr)[228 229. The lowest BET surface area was evaluated
for 8 wt% MWCNT/MIL-101(Cr) composite showing almost 35% lower surface area than
pristine MIL-101(Cr). In contrast, the highest topare volume, at a relative pressure of
P/P0O= 0.95, was measured for the 4 wt.% MWCNT/MID1(Cr) composite of about 2.1
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cc/g, which is an improvement of 5.9% over pristine MIL101(Cr), while the three
remaining composites exhibited lower pore volume @lu€he average pore size
measured in terms of diameter was determined to be almost the same for all the samples
around 20.9 A. Hence, it can be deduced from the data shovamle4.3 that the addition

of MWCNTs does not result in a walefined trend concerning its influence on the

porosityrelated parameters evaluated for the MWCNT/MIQL(Cr) composites

The CQadsorption/desorption isotherms for MIl01(Cr) and the MWCNT/MIEL01(Cr)
composites, measured at 273, 298 and 313 K, are shdvigure4.21 - Figure4.23. It is

obvious that the adsorption uptake increases more or less linearly with increasing
adsorption pressure. However, as expectedneease in the measurement temperature
shows an adverse effect on the recorded uptakes for each matsriabvious from

Figure 4.21 - Figure 4.23, the highest C®uptake has been measured for the 2 wt.%
MWCNT/MIL -101(Cr) composite at 273 Krhe pristine MIL-101(Cr) resulted irthe

second highesatptake, followed by 4, 6, and 8 wt% MWCNT/MLO1(Cr) composites
respectively. For instance, the uptake amounts recorded at 298 K and 20 kPa are observed
to be about 1.2, 1, 0.65, 0.58, and 0.51 mmol/g for 2, 4, 6, and 8 wt% MWCN-IT/MIL

101(Cr) compositesespectively.
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Table4.3 Pores characterization of the MWCNT/MILO1(Cr) composites for N2 at 77

K.
Characterizations Seer (M?/g)  Pore volume (cc/g)  Average pore
radius ( A)
MIL -101(Cr) 3745 1.95 10.5
2 wt% MWCNT/MIL -101(Cr) 3146 1.63 10.4
4 wt% MWCNT/MIL -101(Cr) 4004 2.07 10.3
6 wit% MWCNT/MIL -101(Cr) 3307 1.77 10.7
8 wt% MWCNT/MIL -101(Cr) 2446 1.26 10.3

The N adsorption isotherms for MHLO1(Cr) and MWCNT/MIL-101(Cr) composites,
measured at 298 K, are displayedFigure 4.24. It is evident that a loading of 2 wt.%
MWCNTs in MIL-101(Cr) exhibits the largest uptake amount, followed by pristine
MIL101(Cr), 4 wt.%, 6 wt.%, and 8 wt.% MWCNT/MHLOL(Cr) composites,
regectively. It is worth mentioning here that the same sequence was previously observed
regarding CQuptake at 298 K, except the fact that the maximum uptake measuregd for N
is observed to be significantly smaller than that measured earlier fodiC@he words,

all the samples have been noticed to exhibit preferential selectivity D6 GD N.
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Figure4.21 CO, adsorption isotherms of MWCNT/MHLO1(Cr) composites at 273K.
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Figure4.22 CO, adsorption isotherms of MWCNT/MHLO1(Cr) composites at 298 K.
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Figure4.23 CO, adsorption isotherms of MWCNT/MHLO1(Cr) composites at 313 K.
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Figure4.24 N> adsorption isotherms of MWCNT/MHLO1(Cr) composites at 298 K.
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Figure 4.25 depicts the variation of heat of satption for CQ, Qs against the
instantaneous CQuptake for MIL-101(Cr) and MWCNT/MIL101(Cr) composites. For
MIL -101(Cr), theQst values are observed to exhibit a more or less linear correlation with
the instantaneous CQuptake as shown iRigure 4.25. In contrast, the MWCNT/MIL
101(Cr) composites, after a steep initial increasgsitill an uptake of almost 0.2 mmol/g,
result in a mee or less constant valuaf Qst of about 23 kJ/mol for all values of
instantaneous uptake higher than 0.2 mmol/g. In a nutshell, the pristind (M[Cr)
results in increasingly higher heat of adsorption values fos t6&h MWCNT/MIL-
101(Cr) composites wh steadily increasing values of the instantaneous uptake when the

ClausiusClapyeron equation is employed for the heat of adsorption calculation.
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Figure4.25 CO, heat of adsorption (Qst) for MWCNT/MHLO1(Cr) composites.
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4.3.3 Experimental Adsorption Breakthrough Test for MIL -101(Cr) and

MWCNT/MIL -101(Cr) Composites

In order to quantify the improvements of in ggsorption capacity as well as breakpoint
during CQ/N2 separation as a result of the incorporation MWCNTSs inside-MIL(Cr),
COxbreakthrough experiments have been performed. In a typical procedure, predetermined
amounts of MIL101(Cr) and MWCNT/MIL:101(Cr) composite samples are first
transferred to a staess steel tube (Length L=14 cm, Inner diamdted mm). All

breakthrough experiments have been performed at antbraperature of 297 K.

The experimentally measured €@nd N adsorption breakthrough curves for MIL
101(Cr) and MWCNT/MIL=101(Cr) compositeare displayed irFigure 4.26. The outlet
concentration ratios calculated each of these two gases have been plotted against the
measurement time Fig. 13(b). In general, it was observed for all the tested samples that the
concentration ratio evaluated for @t the bed outlet keeps constant at zero for the first
2.5-3.4 minutegrigure4.26, whereas the concentratiortioafor N2 increased up to about
1.3owing to the absence of G@hich was preadsorbed into the MWCNT/MH101(Cr)
composite adsorbent bed. Following fivst 2.53.4 minutesof measurement time, the

CO; concentration ratio was observed to increase up whereas the concentration ratio

of N2 was evaluated to gradually drop to a value close to 1. The optimal value of the
breakpoint, which is defined as the time at which the concentration ratio at the bed outlet
is evaluated to be less than 5%, was messuo be about 3.38 minutes for 6 wt.%
MWCNT/MIL -101(Cr) composit@as shown irFigure4.26. This is followed by the value
measured for 8 wt. % MWCNT/MH101(Cr) composite of about 3.36 minutes, and then

by that measured for pristine MIL01(Cr) of about 3.2 minutes. However, since these
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breakpoint values correspond to a variable adsorbent imasgsordance with the added
proportion of MWCNTs in each of the four composite samples, thealoelated
normalized optimal C® adsorption breakpoint for 2 wt% MWCNT/MILO1(Cr)
composite was observed to be about 8.91 minutes per gram of adsorberdirigtgothe
corresponding values evaluated for MID1(Cr) and 4, 6, and 8 wt.% MWCNT/MIL
101(Cr) composites were recorded to be 6.7, 8.9, 8.2, and 7.1 minutes per gram of

adsorbent, respectively.
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Figure4.26 CO./N2 breakthrough curves at 297 K and 101.3 kPeoasentration ratios
of MWCNT/MIL -101(Cr) composites. The adsorbent masses are 0.475, 0.33, 0.32, 0.41,
and 0.477 g for MIE101(Cr), 2 wt% MWCNT/MIL-101(Cr), 4 wt% MWCNT/MIL-
101(Cr), 6 wt% MWCNT/MIL:-10.

In order to evaluate the improvement in adsorption uptake by virtue of MWCNT
incorporation in MI-101(Cr), the adsorbed amounts of @f@ve been calculated from the

experimental breakthrough curves using Eq. 1. The maximuso@éke for MIL-101(Cr)

165



calculated from the respective breakthrough curve was estimated to be about 0.76 mmol/g
at 0.2 molar fraction of 10 sccm, 297 K, and 101 kPa. The maximusu@&kes along

with the adsorption breakpoint ratios for MIIO1(Cr) as well as each of the four
MWCNT/MIL -101(Cr) composites are displayedFigure4.27. As evident, each of the

four composites exhibit a substantial improvement over pristine MIL(Cr) with regards

to both the adsorption capacity and the adsorption breakpoint ratio valee. M
specifically, the most optimum combination of adsorption capacity and breakpoint ratio
value have been evaluated for 2 wt. % MWCNT/MIQ1(Cr) composite which has shown

an improvement of 37.% and 32.% over pristine MIE101(Cr) for adsorption capagi

and breakpoint ratio, respectively. This pair of statistics is followed by the 4, 6 and 8 wt.
% MWCNT/MIL-101(Cr) composites for which the corresponding improvements in
adsorption capacity and breakpoint values over pristine MIL(Cr) have been evaheal

to be 33.1 % and 3®6, 219 % and 221%, and 3.1% and 4.7%, respectively. It is worth
mentioning here that each of the four MWCNT/M1D1(Cr) composites have already
been characterized for lower values of heat of adsorption fori€@omparison with
pristine MIL-101(Cr) as shown earlier iigure4.25, which theoretically implies that each

of these composites should not only exhibit higher Gidake values than pristine ML
101(Cr), but also require comparatively lower energy for regeneration process (recycling

recovery).

The observed enhancement in the.@@sorption capacity and breakpoint is primarily
attributable to an improvement in thestimal properties of MI£101(Cr) framework upon
the incorporation of MWCNT$220-222. In a similar fashion, a MWCNincorporated

13X/CaCt composite has been reported to show higher thermal conductivity and
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adsorption capacity values than those measured for 13X/@aQlpure 13X220, 221].
More recently, a comparatively higher wastability and adsorption capacity have also

been recorded for MIL1G&8 (Al) following the incorporation of MWOCNT it the

framework[227].
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Figure4.27 Carbon dioxide adsorption capacity (cubic bars) and breakpoint (cylindrical
bars) improvements (percent) for MWCNT/MILO1(Cr) composites over pristine MIL
101(Cr) measured at 297 K and 1.013 bar (gas mixture pressure).

4.3.4 Comparison amongstl nvestigatedAdsorbents andL iterature

The present work shows a comparative;@@sorption capacity comparing with some
adsorbents reported in the literature as showhable 29 The MIL-100(Fe) shows the
lowest values of adsorption@acomparison to AC, 13X and MgOF-74, while MgMOf-

74 and MFC6 have the highest @fptake 13X and XC3 also show a good €&sorption
capacitiesMg-MOF-74, MIL-100(Fe) and MIEL01(Cr) are reticular materials while AC
and 13X are porous materials. The affinity of Zgdsorbent is supreme for MgOF-74
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and good for 13X while MILLOO(Fe) has the lowest affinity. That means the bonding

energy betweellg-MOF-74 and CO2 is low.

Table4.4 Dynamic CQ adsorption capacity of adsorbents.

Adsorbent Temperature(K) CQvol% CQ Capacity Ref.
(mmol/g)
Mg-MOFR74 298 15 4.06 [203, 227]
Mg-MOF74 297 20 5.46 This work
MF® 297 20 5.86 This work
AC 301 20 0.734 [169
MIL-101(Cr) 298 10 0.49 [230Q
MIL-101(Cr) 298 20 0.76 This work
MIL-101(Cr) 298 20 1.04 This work
13X 301 20 2.35 [132
13X 297 20 2.56 This work
XC3 297 20 3.11 This work
MIL-100(Fe) 297 15 0.33 This work
MMC1 297 15 0.37 This work

4.4 CO Adsorption Cycling for Selective Composites

Seeing thaMWCNT/Mg-MOF-74 andMWCNT/13X have the highest GGadsorption
capacity amongst the other adsorbents studied in this. Wdnwk pistine andMWCNT
incorporatedwith these adsorbents have been investigated for @g€ling. TSA, VSA,
and TVSA are the techniques exploited in this research farc@ling purpse. For TSA,
desorption process has been carried out by heating up the adsqrtea®0°C (for Mg-
MOF-74 composites) or 158C (for 13X composites). For VSA, desorption has been
executed by vacuum (around 2 Pa) for allithestigatecadsorbents whild@VSA method
used both heating and vacuum for regeneration process.

Zeolite 13X and XC3 (0.5 wt% CNT/13Xjave beerselectedo adsorb/desorb GQor

about 13 cycles of TSA/VSA/TVSA. The cycles are showRigure4.28 andFigure4.29.
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Moreover a comparison of G@dsorption cycling stability between 13X and XC3 are
tabulatedin Table4.5. It is clear that less than 1.5% of €Qptake is reduced at steady
state cycles compiaig to the 29 cycle of TSA. However, the reduction increases up to
13% for VSA using 13X and about 23% for XC3 by using VSA technique. Oppositely,
TVSA seems to maintain the same Qptake through all cycles. The reduction of CO
adsorption in VSA case is due to the utilizing the vacuum alone for desorption process
whichis not able to overcome all the attraction forces betweena@® 13Xor XC3, so

that some layers of GQre still attracted to the adsorbent.

Table4.5, Figure4.28andFigure4.29 show that the adsorption/desorption cycles are stable
for TSA more than that for VSA. VSA needs around 8 cycles to reach stability with lower
CO;, uptake comparing to TSA. The optimal uptake recycled scésed with TVSA due

to the evacuation of thmajority ofadsorbed amounts.
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Figure4.28 CO, adsorption/desorption cycles 13X.

It is noticed that the C£adsorption is successfully recycled through 13X and XC3 by all

regeneration methods. Another point is degradation ofmaterials occurs due to

adsorption/desorption cycles.
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Figure4.29 CO, adsorption/desorption cycles XC3 (0.5 wt% CNT/13X)

Table 4.5 showsCO, adsorption/desorption cyclings acomparison between 13X and

XC3. It is clear that less than 1.5% of £0ptakehasreduced at steady state cycles

compare to the™ cycleof TSA. However, theCO, uptakereduction increases up to 13%

for VSA using 13X and about 23% for XC3 by using VSA technique. Oppositely, the

TVSA seems to maintain the same Qptake through all cycles. The reduction of CO

adsorption in VSA case is due to thdizing the vacuum alone for desorption process

whichis not able to overcome all the attraction forces betweena@® 13X/X3, so that

some layers of Cgare still attracted to the adsorbent.

The recycling behavior of MOFs and MWCNT/MOFs are close &b adfi13X except that

the cycling stability of 13X is superioEigure 4.30 and Figure 4.31 show the cycling

stability of MgG-MOF-74 and MFC4 (0.75 wt% CNT/MYIOF-74) by the three methods

(TSA, VSA, TVSA). All methods have exhibited G@dsorption stability with a certain
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value of CQ uptake for each method. It is high for VTSAidure 4.30(c) and
Figure 4.31(c)) follows by TSA Figure 4.30(a) and Figure 4.31(a)) and then VSA

(Figure4.30(b) andFigure4.31(b)) for the same reasons discussed earlier.

Table4.5 CO; adsorption/desorption cynly comparison between 13X and XC3

13X XC3 (0.5 WIMWCNT/13X)
Method | Cycle| % uptake (kg/kg), %Difference| Cycle| % uptake (kg/kg) %Difference
2 17.17 2 17.19
TSA 11 17.30 -0.76 11 16.96 1.34
2 17.56 2 17.41
VSA 11 15.35 12.59 11 13.48 22.57
2 18.89 2 19.04
TVSA 11 18.70 1.01 11 18.90 0.74
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Figure4.30 CO, adsorption/desorption cycle$ Mg-MOF-74.

Actually, VTSA and TSA shoedthat the CQrecycling capability of MFC4 is higher than
that of MgMOF-74 while the opposite is correct for VSA. It may be interpreted as the

thermal diffusion enhancement have been increased by abiW@QNT to Mg-MOF-74
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for both thermal methods (TSA, TVSA). Comparito 13X composites, VSA reaches

steady state earlier for MGIOF-74 composites (after tI8 cycle), Figure4.31(b).
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Figure4.31 CO, adsorption/desorption cyiclg of MFC4(0.75 wt.% CNT/MgMOF-74).

Table4.6illustrates the recycled CQ@ptake diferences between pristine MgOF-74 and
that incorporated wittMWCNT via the three regeneration methods. The. @fftakewas
stable through TSA with a reduction about 6.5% for bothNMQF-74 and MFC4. This
CO; uptake reduction raiseto about 20.5 and 24% for RC4 and MgMOF-74,
respectively, for VSA. TVSA shoad more stability with CQ uptake reduction less than
4.1% for MMF4 and fully regeneration occurs for MtOF-74. The TVSA, again, is
recommended for such cycles in terms of.@Ptake, However, TSA could hagegood
amount ofrecycled CQ uptake with optimal energy consumptiby using cheap and

efficient heat sources.
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Table4.6 CO; adsorptioridesorptiorcycling comparison betweedg-MOF-74 and

MFCA.
MFC4 (0.75 widMWCNT/Mg
Mg-MOF74 MOF74)
Method | Cycle| % uptake (kg/kg), %Difference| Cycle| % uptake (kg/kg) %Difference
2 25.85 2 29.48
TSA 11 24.11 6.74 11 27.57 6.48
2 27.55 2 24.90
VSA 11 20.93 24.03 11 19.80 20.48
2 26.64 2 30.34
TVSA 11 27.23 -2.21 11 29.10 4.09
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CHAPTER 5

SIMULATION MODELING RESULTS AND

DISCUSSION

5.1 Adsorption Breakthrough for Dry and Humid CO2/N>

For showing the reliability of UDHFluent CFD, the code resuliave beewompared to
those of experimental works and then the effect of water ore@&drption fromCO,/N2

mixture has beernvestigated.
5.1.1 Mesh Independene

The 2D adsorbent bed domain was meshed using structure quadrilateral elements. Grid
independency was caed out using MgMOF-74 as adsorbent at 300 K and 101.3 kPa for

the adsorbent bed shownrAigure3.4. The thermal and adsorption properties are described

in Table3.4 andTable3.5. Figure5.1 shows CG/N2 concentration ratio profiles for four
different number of cells (1120, 1320600, and 1980 cells). It is clear that all selected
grids have shown the same concentration ratio values indicating that any mentioned cell
number was enough to present an accurate simulation. For 3D bed, the cell size have been

taken as that in 2D.
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Figure5.1 Mesh independency as a comparison of concentration ratio profiles for 1120,
1320, 1690, and 1980 cells.

5.1.2 Model Validation

Thepresent numerical modelgere compared tthree experimentddreakthrough curves

The first validation case describa Table3.2 is conceredwith separation of C&from
CO/N2 mixture at high temperatur@23 K) using activated carbon. The breakthrough
curves of CQand N against the time at the bed outlet for both experimental a6

and present numerical modeling are showrfFigure 5.2. It can be seen that thexN
concentration profilehas comparé well with the experimental data, while the £0
concentration profile shoed a slight discrepancy; the good agreement indicates that the
Fluent withthe developedJDF code is a feasible tool to investigate such systems. It is
clear that the concentration ratio of £@aszero at the bed outlet for the first 7 minutes,
while the cacentration ratio value of Noseup to approximately 1.22 due to the absence
of CO,, which adsorbed onto the adsorbent material. Thus, the concentration ratio

increasd up to 1 for CQ and decreases down to 1 fof & approximately 30 minutes.
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Figure5.2 Breakthrough concentration ratio curves of£&@paration at thiedoutlet

during the adsorption procegsing ACas a comparison of the modeled concentration
ratio with the experimental values at 301 K.

- Validation multidimensional bed

Figure5.3 shows the conatration ratio of CQN2 separation at the bed outlet using-Mg
MOF-74 (described in section 3.2.8able 3.4 and Table 3.5)) as a comparison between
the experimental work and 1D simulation work (using MATLAB) as well as 2D and 3D
simulations (using UDfFluent). The C@N2 curvesrevealedan excellent agreements
between the experimentedsultsand UDFFluent simulations. The differences between
2D and 3D concentration ratio values are not significantly important. Therefore, the 2D
UDF-Fluent simulation is enough to carry out adsorpticgakthrough simulationgnder
geometry selectedrhe smalldiscrepancyf agreements between the 1D sintiola and

the experimental work iainly due to ignoring the thermal diffusion term in the adsorbent
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energy equation. Moreover, this discrepancy istdissme additional factors such as mass

and thermal diffusion in the other dimensions.
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1.2 o
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Figure5.3 Breakthrough concentration ratio curves ofZ&@paration at thiedoutlet
during the adsorption process using-M@F-74 as a comparison of the 1D, 2D, and 3D

modeled concentration ratio with theesenexperimental values at 301 K and 101.3
kPa.

For highlighting the differences between 2D and 3D simulatiBiggyre 5.4 -Figure 5.6

show interesting 2D and 3D contours for temperature, i@83s fraction, rad CQ uptake

for some selective times (30, 180, 330, 540, 720, and 870 s) of adsorption breakthrough.
The temperature contoufBigure5.4) shows tle hot zone transfer from the inlet at 30s to

the outlet at 870s due tioe CO, adsorption process and rolliugp effect. As the adsorption
process is exothermic, the hottest zones confirm thgad€orption regions. It is shown

also inFigure5.4, the temperature difference between 2D and 3D is as sma2 & 1
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History of CQ adsorption rollingup is, moreover, shown Figure5.5 in term ofthe CQ

mass fraction. The bed was almost empty o @030s and full at 870 s by around 0.28

mass fraction (almost 0.2 molaattion). Again, the values of GOnass fractiorwere

almost similar for both 2D and 3D modelgure 5.6 exhibits the CQ uptake by Mg

MOF-74 for bah the 2D and 3D simulation modeling at 297 K and 101.3 kPa. The CO
uptake took place at the bed inlet at 30s and reached the bed middle between 330 and 540

s and then filled the bed after 850 s. Both the 2D and 3D etheimilar values of C®

uptake.
Level
Inlet T(K)
30s H 10 308
Axis - — 9 307
1ils | (!fa ; /S, 8 306
1018, &

7 304

330s
6 303
540's 5 302
4 301
ren 3 299
2 298

870s

1 297

Figure5.4 2D and 3D temperature contoursbafdusing MgMOF-74 at 101.3 kPa.
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Figure5.5 2D and 3D C@mass fraction during C£N2 separation process using Mg

MOF-74 at 297 K, 101.3 kPa.
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Figure5.6 2D and 3D C@adsorbed amounts during €0, separation process using
Mg-MOF-74 at 297 K, 101.3 kPa.
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- Validation humid CQ/N: breakthrough

Humid CQ/N2 separation using 13X described in section 3.2able 3.6 andTable 3.7)

is shown inFigure5.7 for both experimental and numerical simulation works. It is obvious
that the C@N2/H20O concentration ration values of the simulation modeling mateih

with those of the experimental work. As evident, the model can easily be used for handling

an adsorption of many species.
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Figure5.7 CO/N2/H20 breakthrough curves of concentration ratio using 13X at 92%
RH, 297 K and 101.3 kP&ymbols are experimental results and lines are numerical ones.

5.1.3 Parametric Study of Adsorption Breakthrough of Dry and Humid CO 2/N>

This section discusses the effect of watapor on CQ separation utilizing different

adsorbents such as AC, 13X and-M@F-74.

The adsorbent bed configuration and adsorption and thermal propeates been
described well in section 3.2.8. The aqgidmn behavior of dry and wet GMI> mixtures

using activated carbon at 300 K and 101.3 kPa (cases 9 andrabl@8.8) is shown in
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Figure5.8 -Figure5.10. The dry and humid (86% RH) GM. adsorption breakthrough
curves are illustrated ifigure 5.9. It is shown than the dry GQOeachd adsorption
saturation with values higher than those of humid case. This is because gDtwashot
adsorbednto theAC and ldt the bed from the beginning. After G@dsorbed to saturation
point ( > 4 min)for humid case, the molar fraction at the out bed for all spasesclose
to those at the bed inlet, so that the-@0Oncentration ratios values of humid casss
lower than those of dry case. Another point is that the é@@centration values of the tho
dry and humid casedid notreach 1 (theexactvalues of CQ concentration at the inlet)

due to the low diffusion resistance of AC under the operating velocity.
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Figure5.8 Dry and humid C@N2 adsorpibn breakthrough curves of concentration ratio
for AC at 86% RH, 300 K, and 101.3 kPa.

The temperature profiles at the bed outlet showigire 5.9 indicate to slightly higher

values of outlet temperature in the dry case than those in the humid case. This is because
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of nonadsorptive watevaporonto AC which carries some energy since tieat capacity

of water vapor is considerably high. The temperature difference between the values at
starting adsorption process up to those at adsorption satusaiswery small by about 1.7

K due to the low amounts of GOI> wereadsorbed to the bed a&hown inFigure5.10.

The amounts of Nadsorbedverearound the half of those of G@dicating toabad CQ
separation selectivity of AQvoreover the humid case revemlthe CQ/N2 uptakesvere

slightly lower than those of dry one due the absence of water vapor.

301.8
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301.4
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300.8
300.6
300.4
300.2 ¢ Humid
300.0 } seees Dry

299 8 1 1 1 1 1
0 S 10 15 20 25 30

Time (min)

Temperature (K)

Figure5.9 Temperaturerofiles atthe bed outletiuringdry and humid C@N;
separation process for AC at 86% RH, 300 K, and 101.3 kPa.
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Figure5.10 CO,/N, adsorbed amounts during the dry and humia &€paration process
for AC at 86% RH, 300 K, and 101.3 kPa.

The adsorption bréshrough of dry and humid GIN2using 13X (as described in case 11
and 12 ofTable3.8) are shown irFigure5.11 -Figure5.13. The adsorption concentration
breakthrough curves of GM. at 300 K, 101.3 kPa for dry and humid (86% RH) are shown
in Figure 5.11. Firstly, the CQ adsorption time of 13Xvas much higher that of AC
(Figure5.8). The CQ/N2 concentration ratio valueserea little higher in the humid case
compare to those of the dry case. This trend is caused by the fact of the water vapor is
adsorptive species in zeolite 13X, so that the outlet/lg{concentration values at the
saturatiorregion ( > 13 minutes) are compensates the values@f#hich being adsorbed

to the bed during the all studied time. The temperature values at the beavereleigher

for humid case comparingo those of dry gas due to the extra heat released by water
adsorption process§jgure5.12. By the adsorption saturation time (>13 minutes), the CO

uptakewasalmost 2.5 for both dry and humid cases whileutake valuesverearound
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0.21 mmol/g. This means that the 13X is substantially selective fers§@aration from
CO./N2 mixtures. The water vapor adsorptiaascontinuously increasing in linear trend

for the whole investigated time showing no effectlmCO; uptake at this time.
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Figure5.11 Dry and humid C@N2 adsorption breakthrough curves of concentration
ratio for 13X at 86% RH, 300 K, and 101.3 kPa.
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Figure5.12 Temperaturgrofilesatthe bed outletduringdry and humid C@N2
separation process for 13X at 86% RH, 300 K, and 101.3 kPa.

188



2.5

ececee Hum|d—Dry ------------------ Cq

30

Time (min)

Figure5.13 CO»/N2/H.0 adsorbed amounts during the dry and humid €&paration
process for 13X at 86% RH, 300 K, and 101.3 kPa.

The interesting adsorption breakthrough curves of dry and humiiNeg@re found with
using MgMOF-74 as adsorbent as shown in the befgures. The simulation data for
Mg-MOF-74 at 300 K and 101.1 kHeve beermentioned insection 3.2.8 {able 3.8,
cases 6 and Tyhereaghe concentration ratiesults shown ifrigure5.14. The adsorption
breakthrough curves of dry and humid (86% RH0BR by Mg-MOF-74 have displayed

the best adsorptiomtie comparing to those of AC and 13X. Tusorbenadsorbed more

CQOz in dry CO/N2 mixturein comparisorio thehumid onedue tothatMg-MOF-74 has a
tendency to adsorb28. For the saturation period (>15 minutes), the outlet concentration
ratios of CQ/N2 werehigher than those of dry case as a result of the water vapor is being

adsorbed to the bed while the outletsreonly CO, and N. It is worth mentioning here
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that the concentration curves trends o-M@F-74 are steepest amongst other adsorbents

(AC, and 13X) caused by the differencesldfusionand thermal resistances.
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Figure5.14 Dry and humid C@N2 adsorption breakthrough curves of concentration
ratio for Mg-MOF-74 at 86% RH, 300 K, and 101.B&

The bed outlet temperature during the adsorption breakthrough is shéwguiia5.15 for

bothdry and humid cases. Generally, the maximum temperature waéresecorded at

about 13 minutes, at which the adsorptiookplace at the bed outlets 820 and 31 K

for both humil and dry cases, respectively. The tremendous increasing in temperature
values for humid case is a consequence of the water vapor adsorption process which release
temperature more than those of £&ahd N. In another word, the heat of adsorption of

water \apor is greater than those of £€énd N (Table 3.10) leadng to raise the bed

temperature from this exothermic reaction.

The CQ/N2/H20 uptake by MgMOF-74 at 300 K are shown kigure5.16 for both humid

(86% RH) and dry conditions. G@nd N uptakeswere higher for dry conditionsthan
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those ohumid mixturedue totheabsence of water vapor which being adsorbed to the bed,
leading to block some sites inside MOF frameworks, resulting in minimizing the@D
N2 uptakes. Comparing GQiptake (almost 6 mmol/g at saturation) withuyptake (about
0.7 mmol/g) provides a good evidence of substantial selectivity of separatinfd@®

CO,/N2 mixture.

The water vapohas beemdsorbed linearly in the investigated breakthrough time pointing

to a good potential for #D uptake.
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Figure5.15 Temperature files at the bed outleturingdry and humid C@N;
separation process for MgOF-74 at 86% RH, 300 K, and 101.3 kPa.
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Figure5.16 CO,/N2/H20 adsorbed amounts during the dry and humia &€paration
process for MEMOF-74 at 86% RH, 300 K, and 101.3 kPa.

A comprehensive modeling of humid @8> mixture at different HO relative humidity
values(0%, 24.8%, 49.6%, 74.4% and 99.2% Rbt) 323 K areshown inFigure5.17 -

Figure5.19 for the data described in section 3.2.8 (casBsThable3.8).

Figure 5.17 shows the concentration ratio values of D at different humidity ratio
values. It is clear that the breakpoimtsreminimized by existing higher amounts of water
vapor which have been adsorbed to the adsorbent. ddiiticm, the increase of
concentration values of G, after saturation (> 12 minutes) is due to the absence®f H
at the outlet for all relative humidity cases. It is clear, also, that\\i--74 is more

hydrophilic than 13X.

Figure5.18 presents the temperature profiles at differes® kelative humidity values. The
higher relative humidity, the higher temperature profile values. Aftes €uratim
region, the temperature values increaf®m steady trend for low RHs to dramatic

increase for high RHs attributed by the multiplication efOHadsorption.Figure 5.19
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illustrates the adsorption uptakes of XB/H-0O at different relative humidity values. As

evidence, the C@uptake at 25 minutesasabout 4.3 mmol/g and that minimized to about
3.4 mmol/g (20%) for 99.2% RH case. Also, the @dsorption capacity reduction was

about 9.4 % when the GQeached saturatiopoint The HBO uptakes werdinearly

increasing while the CQuptake valuesveredecreamg accordingly.
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Figure5.17 Dry and humid C@N: adsorption breakthrough curves of concentration
ratio for MgMOF-74 at different RH, 323 K, and 101.3 kPa.
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Figure5.18 Temperature mfiles at the bed outleturingdry and humidCO,/N>
separation process for MgOF-74 at different RH, 323 K, and 101.3 kPa.
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Figure5.19 CO,/N2/H20 adsorbed amounts during the dry and humid §¥paration
process for MgMOF-74 at different Ri4, 323 K and 101.3 kPa.
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For putting in view the effect of watgaporon CQ uptake when kD reaches adsorption
saturationpoint, case 8 inTable 3.8 have beerdedicated to explore and evaluate the
maximum reduction of COuptake.Figure 5.20 shows the breakthrough ratio curves of
dry and humid C@N: at 373 K. The relative humidity is about 9.1% to present 9% of
molar fraction of the C&)N2/H>O mixture. Theadsorption saturation poiof H-O wasso
long (about 100 minutes) in companisto CQ/N2 (about 5 minutes)rigure5.21 shows
the temperature profile during GM®I2/H-O adsorption processes. The L£&lsorption
raised the bed uilet temperature to about 377 K at the beginning ob @dsorption
saturation while this valubassharply increased to about 408 K atCHsaturation period.
Mg-MOF-74 ould adsorb about 20 mmol/g of-8 at 373 K and %0l.%. This huge
amount of HO could block MOF sites and accordingly reddabe CQ uptake by around
47.0%. For this reason, it is recommended that the €€paration process should be

delayed after aondensation prprocess to remove water vapor from the flue gas.
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Figure5.20 Humid CQ/N2 adsorption breakthrough curves of concentration ratio for
Mg-MOF-74 at 9.1% RH, 373 K, and 101.3 kPa.
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Figure5.21 Temperaturgrofile at the bed outtdor humid CQ/N2 mixture during
separation processingMg-MOF-74 at 9.1% RH, 373 K, and 101.3 kPa.
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Figure5.22 CO,/N2/H20 adsorbed amounts during the humid>@€paration process for
Mg-MOF-74 at 9.1% RH, 373 K, and 101.3 kPa.

5.2 Vacuum/Pressure Swing Adsorption

For practical applications of C®@ capture, Pressure Swing Adsorption (PSA) is an
important method for adsorption and desorption processes by changapgpliee pressure

through some steps in purpose of a continuous adsorption/desorption operation.
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5.2.1 PSA Validation

As described inTable 3.12and Figure 3.5, the PSA modehave beervalidated by the
experimental work[15]] for one cycle with an operating pressures varies during
pressurization, feed, d@lvdown, and purge steps as showrFigure 5.23. Figure 5.24

shows CQ molar flow rate of a complete PSA cycle®'(dycle) for both of experimental

and 1D simulation modelinNg. 51 and the present 2D laminar and turbulent models as well
as 3D simulation study. The results showfigure5.24 confirm that the C@molar flow

rate of both the laminar and the turbulent flow overlaps during all PSA steps, indicating
that the laminar flow is sufficient under the studied boundary conditions. Additionally, The
CO, molar flow rate values of the 2D and 3D simulations have a much bgtesnaent

with those of the experimentdl51] in comparison with the results of 1D simulation. This
can be attributed to the existence of the radial diffusion of both mass and heat transfer in
the 2D and 3D models and involves the thermal diffusion term of the porous bed energy

equation.
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Figure5.23 Variation of the bed pressure (Pa) with tRecgcle time of the experimental
work [15]] and the present simulation.
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Figure5.24 A comparison of the C&molar flow rate history between the experimental

work, the 1D simulatiofil51] and the present 1D, 2D (laminar and turbulent) and 3D
simulatiors during a full PSA icycle

5.2.2 Comparison between \PSA of 2D and 3DSimulations

A comparison between2D and 3D vacuum pressure swing adsorpt®rhave been
investigated for the thermal and adsorption conditions depicted in sectiold®&8has
included five steps named: pressurization, feed, rinse, blowdown, and purge for about 20,
250, 40, 100, 40 seconds, respectivElgure5.25shows the molar flow rate history at the

bed outlet during the first three cycles for both 2D and 3D simulations. The molar flowrate
values of 2D simulationverlgppedwith those of the 3D. As a whole, carbon dioxide molar
flow rate valueswere almost zero during pressurization, feed and rinse steps and then
increasd to the maximum levels during the blowdown process due to the desorption
processFor blowdown procgs thereweretwo thorns of CQmolar flow rate values. The

first oneis due evacuating the gas from the bed void at the beginning of blowdown process

by decreasing the pressure whereas the second one is due to minimizing the pressure to the
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lowest level(2 kPa abs.) leading to rise the outlet velocity and hence increases the CO
molar flow rate Reaching to the minimum pressureacuagd a considerable amount of
adsorbedCO,. The purge process folled the blowdown process to release more2CO
from the bedria purging some amounts 0tNThe CQ uptake during the first three cycles
are shown inFigure 5.26. As evident, the bedoald adsorbabout 7.6 mmol/g of C©
However, it ould only recycle about 4.5 mmol/g under the operating pressure (130 kPa

2 kPa).

Figure5.27 shows the tempature distribution along the bed at selective times (at 1200,
1220, 1350, 1470, 1510, 1560, 1610, and 1650s) during all VPSA steps of one steady state
cycle. Obviously, the bed temperature increased for few degrees during pressurization
process while théemperature of the hottest zone of the bed column raised up to almost
307 K during feed process due to £&lsorption process hen the temperature have
grown up again to about 309 K in rinse process due to adsorbing more amounts of CO
since the C@has atered the bed at 100% molar fraction. Throughout the blowdown
process, the temperature dropped down to almosiK280thelast third zone and about

297 K in the remaining zone of the column due to the huge drop in the pressure values, and
also because dhe desorption process which consumed some energy. The temperature
continually decreased during the purge process as a redelaibing some CGrom the

bed under purging Nat a low pressure (2 kPa).
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Figure5.25 A comparison of molar flowrate between 2D and\BBSA during 3 cycles.
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Figure5.26 A comparison of C@adsorbedmounts betwee?2D and 3D \PSA during 3
cycles.

The minimun temperature recorded during the desorption prosessabout 296 K.
Figure5.28 exhibits the C@ mass fraction at the same selective times discussed early in
Figureb5.27. The mass fraction at the beginning of pressurization step was high tthee to

fact that the beginning time of pressurization propessented the erutocesf a purge
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step of the previous cyclét the end of pressurization step, the Gfiass fratton was

about zero due to filling the bed with pure. NDuring the feed process, the £@olar
fraction (about 0.28) was marching through the bed with advancing time. This parameter
(CO2 molar fraction) has increased up to 1 in the rinse step under degalia CQ at the

bed inlet. This value (COmass fraction=1) remained constant in the majority of the left
over steps due to the absence ef The CQ uptake contours are shownHhigure 5.29.
Evidently, the minimum Cethrough the bed was about 3.4 and raised during the feed and
rinse steps consecutively due to feeding.@0Othe bed inlet. This amounts decreased in

the blowdown and purge steps #fiee of the desorption processes.

Again, the 2D and 3D simulation could give a similar results with slight differences, so

that the 2D modeling is enough for predicting such cases.
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Figure5.27 A comparison of temperature contoofgdhe bedbetween 2D and 3DPSA
during a steady state cycle.
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Figure5.29 A comparison of C@adsorbed amounts between 2D and\@3E5A during a
steady state cycle.
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5.2.3 VPSACases

Vacuum pressureswing adsorption, for the same 2D bed shown in section 3.2.9
(Figure 3.6) using 5 steps including pressurization, feed, rinse, blowdown, and purge for
about 20, 250, 40, 100, 40 seconds, respectivedg studiedfor 11 cycles to showhe
cycling stability.Figure5.30 shows the average bed pressure during 11 repeated cycles for
the 5 steps. The pressure \eduluctuates between 130 kPa and 2 kPa during adsorption
and desorption processes, respectively. The history eNG@nolar flow rates are shown

in Figure5.31. All in all, nitrogen has appeared at the bed outlet during the feed and rinse
steps while the C&s dominant during the bloslown and purges processes due to applying
the vacuum which leads to suck some adsorbeg @&@unts. It is clear thahe steady

state cycles have started from the third one.
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Figure5.30 Pressure history of IMPSA cycles (Pressurization=20s, feed=250s,
rinse=40s, blowdown=100s, and purge=40s).
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Figure5.31 CO/N2 molar flow rate of 1VPSA cycles (Pressurization=20s, feed=250s,
rinse=40s, blowdown=100s, and purge=40s).

Figure 5.32 shows the history of CQuptake during 11 cycles. Almost 4.6 mmol/g is
successfully recycled underetfoperating pressure range (48&Pa). The sharp lines

during the adsorption processsthe CQ uptake throughout the rinse step owning to the
CO; adsorption process have been occurred at highpt&sure (130 kPa) compared to

those during the feed step (19.5 kPa).

In order to investigate the effect of blowdown and purge times on the VPSA peréa;man

5 casesTable3.13) have been compared in terms of @rity, recovery, and productivity

as well the energy consumed during the process wihnaing that the efficiency of
compressors and vacuum pumps are 0.72. The comparison was taken when the cycles have
attained steady state for every cdSgure5.33 gives emphasis to the G@urity recovery

and productivity for blow down times between 100 and 300 seconds.

The increase of the blowdown time has somehow improved ther&very (from
89.45% to 98.6%) and decreased the purity (from 9789v.1%). Actually these minor

changes in the CQpurity and recovery are not significant anymore inferring the lowest
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time (100 s) is sufficient to blowdown processes. The @@ductivity values have
supported the smallest investigated period (100 s)blowdown time since the time
increasing has shrunk the productivity. This is because of adding more time without

desorbing a significant amounts of €O
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0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time (S)

Figure5.32 CO; uptakeof 11 VPSA cycleqPressurization=20s, feed=250s, rinse=40s,
blowdown=100s, and purge=40s).

The effect of purge time on the&PSA performance is shown kigure5.34. It is clear that
increasing the purge time (from 50 s to 150 s) has increased thpr@dctivity (from

97.2% to 99.1%), and dropped both the>@Qrity (from 98.1 to 96.4) and productivity
(from 0.67 to 0.58 kgCO, hr! kg-MOF?). Therefore, the trivial increase of the £O
recovery values due to increasing the purge tivasscarified to give the advantages to

the CQ purity and productivity. The interesting calculated power consumption ef CO
separation utilizing/PSA is shown irFigure5.35 for both blowdown angburging times.

The power consumption required for increasing the blowdown time is almost the same (67

kWh/ tonneCQ) for all the blowdown investigated times (100, 150, and 200 s). This trend
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Is because the time increased balances out thel€orbed ammts during the extended
times. On the other hand, the increase of purge limsencreasd the power consumption
from 64 to about 70 kWh/tonr@O;, for 50 and 156, respectively. The extending purge
time have raised the energy consumption without desoshbibgtantiahmounts of C@as
well as increased the whole time of MBSA cycle. The optimal caseay be takerfrom
the investigated casésr blowdown time about30s and purge time abob0s. The CQ
purity, recovery, productivity, and the power congtion have estimated about 9%,
97.3%, 067 (kg-CO; hr! kg-MOF?), and64.2 kWh/tonneCQ;, respectivelyHowever,
selecting blowdown and purge times as 100s and 40s (the same case showrbiBd-igs.
5.32) revealed the optim&@QO;, purity, recovery,productivity, and power consumptidry
about 983%, 95.7%, 0.731 (kg_CO, hr! kg MOF?), and .89 kWh tonne CO,*,
respectively Decreasing purge time less than 40s will drop the @@ductivity less than

95% which is not preferable.
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Figure5.33 Effect of blowdown time on C&purity, recovery and productivity &fPSA
(Pressurization=20s, feed=250s, rinse=40s, and purge=100s).
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5.3 Temperature Swing Adsorption

Temperature swing adsorption is another important technology fea@sorption. It takes
its merits from the capability to supply the needed regeneration heat from cheap sources

like wasteheat
5.3.1 Comparison between TSA 2D and 3Csimulations

The 2D and 3D beds described in section 3.Zd&blke 3.14 and Figure 3.8) have been
investigated to perform TSA for G@eparation from C&N> mixture. TSAwaspresented

by 4 steps namely: feed, rinse, heating, and cooling. The molar flow Figese(5.36)

and CQ uptake Figure5.37) showeda superior closeness between 2D and 3D simulation
modeling.Figure 5.36 shows CQ@/N2> molar flow rate values for two stable TSA cycles.
Heating method was devoted for £d®sorption process. It is clear that the.@@sorbed
amounts during heating periogashigher than those of Nconfirming a good Cepurity.

The recycled C@uptake profile is shown iRigure5.37 for both 2D and 3D simulations.
About 3.3 mmol/gvassuccessfly recycled at 393 K comparing to about 4.6 mmol/g by

applied vacuum (2 kPa) during blowdown and purge step®&A.

Figure5.38 is dedicated tolow 2D and 3D temperature contours for one repeated cycle

of TSA during selective times (at 2683, 2816, 2936, 2976, 3056, 3176, 3326, and 3476
seconds) for all steps. During the feed process (at 323 K), the cooled bed by previous
cooling step was cooled dm again (from about 324 K to about 314 K) due to keeping the

bed exposed to the ambient. The temperature values increased for some degrees during the
rinse step as a result of adsorption more>.Cthe heating process raised the bed

temperature up to 393 iK pursuit of extracting the majority of an adsorbed.@@m the
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bed. After that, the cooling process has taken place to cool down the bed before starting a
new feed process. It is noticed that there was a small difference between 2D and 3D
temperature@ntours due to respecting the thermal diffusion through the three dimensions
in 3D simulation. However, this small difference in temperature values does not impinge
on the TSA performanc&igure5.39 demonstrates the G@nass fraction through the bed

at selective times. It has increased to high values by the end of the rinse process due to feed
pure CQ, and then the COmass fraction ammts have persisted at high levels during
heating and cooling processes by means of the absengeTdidNcarbon dioxide contours

(2D and 3D) are shown iRigure5.40. The adsorbent (MYIOF-74) could be filled by

about 5 mmol/g at the end of the feed process, and increased to the maximum level (about
7.6 mmol/g) at the end of the rinse process. The heat procesthamable to minimize

the values bCO» uptake to about 3.4 mmol/g).

0.014
——C02-2D = : =N2-2D
W 0012 F | eeeee CO2-3D =----- N2- 3D
E oo | T
£ {1 P
- i { { H
L 0008 | | | |
g fo |
= 0.006 } | [ ! l
- | [ | :
< 0.004 | { i ! !
2 P |
= 0002 |} i !
M '
0.000 e e
1700 2200 2700 3200

Time (s)
Figure5.36 A comparison of molar flowrate between 2D and 3D TSA during 2 cycles.
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Figure5.37 A comparison of C@uptake between 2D and 3D TSA during 2 cycles.
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Figure5.38 A comparison of temperature contoofdhe bedbetween 2D and 3D TSA
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Figure5.39 A comparison of C@mass fraction between 2D and 3D TSA during a
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5.3.2 TSA Cases

Temperature swing adsorption is studied for 11 cycles to demonstrate they€liog
stability using the same 2D bed shown in section 3.BiQufe 3.8) applying 4 steps
including feed, rinse, heating, and cooling for about 250, 40, 200, 400 seconds,
respectivelyFigure5.41 shows the temperature profile at the middle of the bed during 11
repeated cycles. The temperature values increased to about 313 K duirsg nd then
increased again to about 391 K at the end of the heatwggs andubsequentlgooled

down to about 324 K at the end of cooling processes. Temperaturedappsdo about

313 K after the feed and rinse processes as the bed cooled down by the surrounding
ambient. Generally, the temperature values fluctlisgéeween 393 kPa and 313 K during

all the TSA cycles. The steady state cycles are announced from the sixth cycle. The history
of CO/N2 molar flow rates are shown iiigure5.42. The N has appeared at the bed outlet
during feed and rinse steps while the @@s dominant during the heating processes due

to the desorption process.

Figure5.43 exhibits the history of C@uptake during 11 cycles. Almost 3.3 mmol/g was
successfully recycled. The sharp lines during adsorption process waszhpt@ka at the
rinse step due to the G@dsorption process have been occurred at high ge€ssure

(101.3 kPa) compared to those during the feed step (15.2 kPa).
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Figure5.41 Temperature profile at the middle of the bed for 11 TSA cycles (fsfb;
rinse=40s, heating=200s, and cooling=400s).
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Figure5.42 CO/N2 molar flowrate of 11 TSA cycles (feed=250s, rinse=40s,
heating=200s, and cooling=400s).
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Figure5.43 CO, uptake of 11 TSA cycles (feed=250s, rinse=40s, heating=200s, and
cooling=400s).

In order to investigate the impact of heating and cooling times on the TSA performance, 5
casesable3.14) are compared in terms of GQurity, recovery, and productivity as well

the energy consumed during the regeneration process with assuming that the efficiency of
the heat source 8.8. The comparisohave beeriaken when the cycles reachsteady

state for every casd=igure 5.44 shows the C@ purity, recovery and productivityof

different heating times between 200 and 300 seconds.

The increase of heating time to some extent imptdkie CQ recovery (from 85.8% to
86.3%) and dropedoff the purity (from 95.5% to 94.8%). Actually these minor changes
in the CQ purity and recovery is not significant at all, indicating to the lowest time (200
s) is sufficient to heating processes. The:@@ductivity valueshavesupporedthe peiod

of 10Gs for heating time since the extended time reduces the productivityisTigsause

of adding more time without desorbing a significant amounts of CO
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Figure5.44 Effect of heating time on C{purity, recovery and productivity of TSA
(feed=250s, rinse=40s, and cooling=300s).

The effect of cooling time on the TSA performance is showfigare5.45. It is obvious

that increasing the cooling time (from 200 s to 400 s) lgaewn the CQrecovery (from

87% to 87.5%), and raised both the Ggrity (from 94.2% to 95.2%) and productivity
(from 0.221 to 0.24 k@O, hr kg-MOF?Y). The interesting calculated regeneration energy
and power consumption of GQeparation utilizing $A are shown irFigure 5.46 -
Figure 5.49 for both heating and cooling times. The energy of regeneration values per
kilogram of produced C®have escalated marginally by increasing the heating periods
(Figure5.46) and significantly decreased by extending the cooling tgu(e5.47) due

to enhancing the C{production with cooled bed. The most important point in this scenario
is that the regeneration energy for the adsorbent/adsonzgenuch lower than that
consumed by the metal walls due to high wall thermal inertia. Therefore, it is recommended
here to ge low thermal capacity metdigr wall with low density as well as low wall

thickness.
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Figure5.47 Effect of cooling time on TSA regeneration energy (feed=250s, rinse=40s,
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The energy consumed by increasing the heating timas almost constant 0.11
MWh/tonneCGO;, as shown irFigure5.48 (if we ignored the heat consumed by the metal
wall). That is because the adding more heat could balance the produgeimGants.
Figure5.49 depicts the energy consumed due to extending the cooling time. The values of
the power consumed have declined a little as a reason of building up th#ddidction

by broadening the cooling time. Again, the differermetween total peer consumption

and thatgnored the power consumption of the metal walis very large about 22 times.

Therefore, optimization of wall thickness is utmost needed. The wall thickness (1 mm) to
internal diameter (4 mm) ratio of ttetudied bed was about 0.25 which is available in
market for stainless steel quarter inch tubes. However, this ratio is very small in large
diameter tubes. Another wall thickness have, moreover, been investigated as 0.5 mm, then

the wall thickness to inteahdiameter ratio was 0.125.
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It is shown inFigure5.50that the increase of wall thickness cesed C@purity, recovery
and productivity Figure 5.51 confirms that the power consumption is abous6d.
MWh/tonne COz for 0.125 &ai/Din. However the consumptidras beemagnified to about

2.5 MWh/tonneCO:; for the highest thickness due t@iaasingthethermal inertia of the

bed wall.
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Figure5.50 Effect of wall thickness to internal diameter of the bed on Q@ity,
recovery and productivity for TSA (feed=250s, rinse=40s, and heating=200s).
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Figure5.51 Effect of wall thickness to internal diameter of the bed on TSA power
consumption (feed=250s, rinse=40s, and heating=200s).

Table5.1 brings to light a comparison of C&separation performances between the present
VPSA and TSA and some reported in the literature. The present VPSA gives an advanced
improvement in C@capture applicatiadue to main two reasons:'one is because of
utilizing Mg-MOF-74 as adsorbemwhich adsorbs/desorbs plenty amounts of&ddthe

2" reason is the optimization of the regeneration times.
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Table5.1 Comparison o£O; separation performances amongst different processes.

Adsorbe | Process | CQ | %Purity | % Productivity | Energy Study | Ref
nt (vol. Recover | (kgCQ hr! | consumption
%) y Kgr (kJ kgCQ?)
Adsorbent!)
13XApG | VPSA 15.5 | 95.6 73-82.3 | 0.0387 17902140 Exp. [155]
16.5
AC VPSA |15 95.3 74.4 0.035 723.6 Sim. | [23]]
13X PSA 10.5 | 99 80 - 23002800 Exp. |[232
5A TSA 10 >94 75-85 0.052 61206460 Bxp. |[233
Mg- TSA 15 97.36 | 93.7 0.279 1921.3 Sim. | This
MOF74 work
Mg- VPSA |15 98.1 97.3 0.67 231.2 Sim. | This
MOF74 work

5.4 Carbon Dioxide Adsorptive Storage

The produced C®from separation processes should be stored to be utilized later for
different applications (such as enhancing oil production by §€questration process).

The best way to store more quantities of>@0a confined container is adsorbing it into a
high CQ capacity adsorbent like MG% and MOF177. In this context, a numerical
modelinghas beenleveloped for C@adsorptive storage processes. Firstly, the 2D and 3D
CFD modelswere compared to the experimental wdikl?Z that carried out for storing
hydrogen into activated carbon at almost 100 bar. The adsorbed bed parameters and
adsorbent/adsorbate characterization are described in secfd® Jrable 3.15 -
Table3.17). The measured parameters as the average operating préssures.52) and

the temperatureHgure 5.53) at the bed center point (z=0.27875 m, x=0m, y=0ane
compared well with those of the present 2D and 3D simulations for the all stages: charging,
dormancy, discharging, and dormancy. Thiafems that the UDHA-luent modeling could

efficiently predict the adsorption storage behaviors.
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Figure5.53 A comparison of temperature histoof the bedat z=0.27875 m, x=0m,
y=0m) between experimental wofR1Z and present 2D and 3D simulatifor H>
adsorptive storage

Figure5.54 displays the temperature contours of the 2D and 3D simulation during charging
and cooling stages at selective times (110, 290, 500, 1010, 2000, and 2990s). The
temperature values have gone up as the pressure values escalated along with the increase
of Hz uptake. The maximum temperature (about 340 K) have been addressed at the end of
the charging time (about 5@) and then the storage tank cooled down to about 300 K by

the surrounding ambient during 2500 seconds. The temperature difference between 2D and

3D modeling was not significant. Thalifferencehas happened due to respecting the
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thermal diffusion in the all three dimensions for 3D case. Hydrogen uptake contours are
presented ifrigure5.55. It is obvious that the adsorbeld amounts have grown gradually
from the start of C@charging to the end of the same process. Then, during the cooling
process, the Hamounts kpt almost constant (about 8 roifg) due to ndH2 enteedor left

the tank. A little increase iRl> uptake values occurred when the bed cooled down was

because of thEl in the tank void was being adsorbeghin
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Figure5.54 2D and 3D temperature contourstfadsorptive storage tariér AC.
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Figure5.55 2D and 3DH: uptake ofthe AC adsorptivestorage tank.

5.4.1 CO2 Adsorptive StorageUsing MOF-5

Adsorbent MOF5 exhibits a sustantial CQ capacity at high storage pressures, so that this
section will investigate the CGOadsorptive storage using this materials (M&)Fat
different pressures. The bed (2D), MOGF and CQ adsorption and thermal
characterizations are described in section 3.Zabl€3.18andFigure3.10). The charging
process has took place at 500 seconds followed by cooling process for about 2500 seconds
for all investigated adsorptive pressures ( 5, 10, 20, 30, 40, and 50 bar) as shown in

Figure3.10.

Figure5.56 shows temperature prtes at the middle of the tank for all studied pressure
values. The maximum climb temperature has been associated with the highest storage
pressure due to the increase of2G@sorbed amounts within M@&which in turn leads

to high heat generation sourecerh the exothermic reaction. Oppositely, the temperature
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