-

I SO

Stétus of thesis

Title of thesis Parametric Analysis of Carbon Dioxide Separation from Natural

Gas by Adsorption Process

I ABDURRAHMAN MUHAMMAD HAMID hereby allow my thesis to be placed at
the information Resource Centre (IRC) of Universiti Teknologi PETRONAS (UTP) with

the following conditions:
1. This thesis becomes the property of UTP.
2. The IRC of UTP may make copies of the thesis for academic purpose only.

3. This thesis is classified as

Confidential

vV Non-confidential

If the thesis is confidential, please state the reason:

The content of the thesis will remain confidential for years

Remarks on disclosure:

Endorsed by
Signature of Author Signature of Supervisor
Permanent: No 6, JI Kweni, Kebayoran lama Associate Profesor Dr Azmi
Addres 1220 Jakarta, Indonesia Mohd Shariff

Date: 2k - 11 - 2004 Date: /l L= ,7«90(;




UNIVERSITI TEKNOLOGI PETRONAS
Approval by Supervisor
The undersigned certify that they have read, and recommend to The Postgraduate Studies

Programme for acceptance, a thesis entitled “Parametric_Analysis of CO, Separation From

Natural Gas by Adsorption Process” submitted by Abdurrahman Muhammad Hamid for

the fulfillment of the requirements for the degree of Master in Science

26 10100 G

Date

Signature

. i
i Vi . Assoc. Prof. Dr. Azmi Mohd Shari
Maln Supe 1Sor . Lecturer
Chemical Engineering Programme
Universiti Teknologi Petronas

ii



UNIVERSITI TEKNOLOGI PETRONAS

PARAMETRIC ANALYSIS OF CO, SEPARATION FROM
NATURAL GAS BY ADSORPTION PROCESS

By '
ABDURRAHMAN MUHAMMAD HAMID

A THESIS
SUBMITTED TO THE PSTGRADUATE STUDIES PROGRAMME
AS A REQUIREMENT FOR THE
DEGREE OF MASTER OF SCIENCE
CHEMICAL ENGINEERING

BANDAR SERI ISKANDAR
PERAK -
DECEMBER, 2006




Declaration

I hereby declare that the thesis is based on my original works except for quotations and
citations which has been duly acknowledged. I also declare that it has not been previously

or concurrently submitted for any other degree at UTP or other institutions.

Signature : W

Name : ABDURRAHMAN MUHAMAD HAMID
Date : L6 - 1L - Loos

v



ACKNOWLEDGEMENTS

Firstly, I would like to express my sincere gratitude to my supervisor, Associate
Prefessor Dr Azmi Mohd Shariff for his dedi.catiort, support, and invaluable guidance
throughout this research and beyond. Definitely, I am in great debt towards his thorough
reading of this thesis draft and his helpful amendment and suggestion.

I acknowledge the help and discussions with a number of researchers in adeorption

field at early stage of my research and organizing thoughts on the subject. In particular,

Professor Dr Douglas M Ruthven, Professor Dr Ralph T Yang, Dr Frieder Dreisbach and

Dr Shamsuzzaman Faroogq.

Many thanks go to the department of chemical engineering department and Research
Entrepreneur Office (REO) for their generous funding to carry out this research. I would
also like to thanks to Japan Enviro Chemical for their generous donation of carbon

molecular sieve.

I would also like thanks to all UTP staff for their helpful assistance through out my

research. In particular, postgraduate office staff and chemical engineering department _

technologists. .

I alse would like to thank to all my friends and colleagues at Universiti Teknologi
PETRONAS for helping me make my time of study enjoyable and worthwhile especially
Nur [rma Hakimi who help me a lot in the design stage of my apparatus.

Finally but certainly net the least, much of gratitude goes to all my family for the

support and love though the research.



ABSTRACT

Many technologies are available today for CO, removal. Among the widely used
technology are absorption, membrane technology, cryogenic, and adsorption. Each
technology has its own advantages and disadvantages. In term of low capital and
maintenance costs, high purity product, rapid shutdown-start-up, and lack of corrosions
problems adsorption is a preferable choice. _ , :

Based on literature review, there are four adsorbents were identified to be the most
suitable adsorbent for CO; removal from natural gas, which are 4A zeolite, 5A zeolite,
13X zeolite, and carbon molecular sieve (CMS). However, there were no rigorous
adsorbent screening studies for CO,/CH, separation. In this work, all the adsorbent were
evaluated and compared for the separation of CO, from CH,. The best adsorbent was
selected based on selectivity (kinetic or equilibrium) and capacity. Information of
adsorbent capacity and selectivity was obtained from adsorption isotherm and kinetic
measurement. The measurements were performed by gravimetric method since it
provides more accurate result compared to other methods.

The performance of the best adsorbent determined from the screening test was
evaluated from parametric analysis study. The evaluation will led to the identification of
the best operating conditions for the adsorption system. In this work, the effect of
temperature, pressure, flow rate, and concentration on productivity, purity, and recovery
were evaluated for bulk separation of CO, from CH,.

The result from adsorption isotherm and kinetic measurement showed that CMS has
the highest selectivity among other adsorbents. However, the Linary adsorption isotherm
shows that for bulk separation of CO,, the adsorption capacity of CHj, is reduced and the
value approaches zero. Therefore, for bulk separation of CQOx, it is more important to °
select adsorbent that gives high CO, capacity rather than selectivity. In this study, 13X
zeolite has the highest CO; capacity compare to other adsorben’s. _

The parametric study indicated that the regeneration of CO; was best performed by
ambient temperature gas stripping only since high temperature: will reduce productivity.
Lower CO, composition in the feed mixture gives higher 'CHs recovery without
significant effect on purity. The result show that 13X zeolite can be used to separate CO,
from CH,4 even at 70% CO; composition with product purity better than 99% but with
low recovery up to 83%. The variation of flow rate did not significantly affect purity and
recovery. The adsorption system can still produce good CO, separation for the whole
flow rate range used in this experiment. No significant result was observed in pressure
variation study due to rapid breakthrough.
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Table 1.1 Raw natural gés compositions (NGA, 2004).

Typical Composition of Natural Gas
Methane CH, 70-90%
Ethane ' : .CZHG
Propane C;Hg 0-20%
Butane CsHy
Carbon Dioxide i CO, - 0-8%
Oxygen 0, 0-0.2%
Nitrogen N, 0-5%
Hydrogen Sulphide H,S . 0-5%
Rare gases Ar, He, Ne, Xe Trace
Metals Niand Hg Trace

The natural gas goes t"hrough a series of chemical processes to remove the
impurities and to increase its heating value. The gas is then transferred to a pipeline
for distribution. A typical pipeline natural gas specification is given in Table 1.2 and a

typical pipeline natural gas combustion properties is given in Table 1.3.

Table 1.2 Pipeline natural gas specifications (Union Gas, 2006).

Typical Analysis Range
Component (Mole %) (Mole %)
Methane 94.9 87.0 - 96.0
Ethane 2.5 1.8-5.1
Propane 0.2 0.1 -1.5
Iso - Butane 0.3 0.01-03
Normal - Butane 0.03 0.01-03
Iso - Pentane 0.01 trace - 0.14
Normal - Pentane 0.01 trace - 0.04
Hexanes plus 0.01 trace - 0.06
Nitrogen 1.6 1.3-5.6
Carbon Dioxide 0.7 0.1-1.0
Oxygen 0.02 0.01-0.1
Sulphur - <5.5 mg/m’
Water 16-32 mg/m’ <80 rag/m” |
Hydrogen Trace Trace - 0.02




Table 1.3 Pipeline natural gas combustion properties (Union Gas, 2006).

Combustion Properties Value
Ignition Point 593°C
Gross Heating Value (dry basis) 36-40.2 Mj/m3
Flammability Limit 4-16% volume in air |
Theoretical Flame Temperature 1960°C
Maximum Flame Velocity 0.3 m/s ‘
Relative Density 0.585

The natural gas composition may vary widely based on geographical location. In
Xinjiang, China, the reservoir has only trace amount of CO, and H;,S and the methane
content is about 70% (Berger et al, 2003). Usually, natural gas contents about 0-8%
CO,. However, there are some reservoirs that content CO;, higher than 8%. A more
severe case occurs in Natuna field, Indonesia with an average gas composition
consisting of 71% CO,, 28% methane and heavier gases, and about 0.5% nitrogen. A
lot of effort needs to be done in order to reduce the CO, content to meet pipeline

quality (<2%) and LNG (<200 ppm) specification (APS, 1999).
1.2 CO; Separation Technology

In natural gas, CO, occurrence has led to many disadvantages. CO; is a v'eryv
corrosive gas, especially in the presence of water. The heating value of the natural gas
is reduced if high CO, content is present (COz has lower heatmg value compared to
natural gas), which 'subsequently reduces the price natural gas per unit volume. In
LNG processes, the natural gas is cooled down to -160°C. At that temperature, carbon
dioxide will solidify. When this happens, it may block the pipe and causes
transportation problem. In steam reforming process, the presence of CO; will shift
equilibrium to the reactant side and hence reduce maximum conversion of the |
reaction.

Several methods are available for the separation of CO; from natural gas such as

absorption, membrane separation, low temperature distillation (cryogenic) and



adsorption. Each method has its own advantages and disadvantages which will be

dlscussed in the next section.
1.2.1 Absorption

Absorption is the most widely used CO; separation technology. Most of the CO,
separation processes utilize this technology. Based on the absorbent material used,
absorption can be classified into two types physical or chemical absorption. Physical .
absorption is based on the solubility of CO, to specific solvent, while chemical
absorption is based on the chemical reaction between CO; and the absorbent.

Between the two types, chemical absorptlon is more frequently used. Among the
wrdely used solvents are Mono Ethanol Amme (MEA) Di Ethanol Amine (DEA),
and Benfield (K,CO3). Those solvents will react with CO; tc become intermediate
component. For example, in the case where the Benfield solution is utilfzed,_ the
Benfield solution (K,CO;) will react with CO; to form potassium bicarbonate
(KHCO3) according to the reaction below: ‘ |

K2CO3 agy+ COxg) + Hy0 () 2KHCO3,5q

This absorption process is usually held at high pressure and low temperature to
obtain good absorption of the solvent because the process is exothermal. On the other
hand, the regeneration of CO, from the solvent is usually held at low pressure and
high temperature.

In physical absorption, CO, is physically absorbed in a solvent according to
Henry’s law. Based on Henry’s law, the solubility is increased at high pressure and .,
low temperature. The advantage of this method is it only requires a small amount
energy for regeneration. However, for better absorption, CO, partial pressure must be
kept high. Typical solvents for physical absorption are Selexol (dimethylether of
polyethylene glycol) and Rectisol (cold methanol) (Arnold, 1999).

The major disadvantagé of ébsorption process is the corrosive properties of the

absorbent To minimise this problem, anti corrosion agent is Constantly injected into -

the system Anti foaming agent is injected to reduce the surface tension of the



absorbent and to ensure better contact between the absorbent and CO;. The disposal
of absorbent creates another problem. Since the used absorbent may harm the

environment, therefore additional treatment needs to be done prior to disposal (Perry
and Green, 1997).

1.2.2 Membrane Separation

Membranes consist of thin barriers that selectively permeate certain gases.
Generally, membranes are made from polymeric materials even though organic
membrane is also used in a lesser extent. Membranes usually take the form as hollow
fibres arranged in a tube-and-shell configuration or as flat she;éts. They are typically
packaged as spiral-wound modules. The membrane process has been widely used for
hydrogen recovery from purge gases in ammonia synthesis, refinery and natural gas
dehydration, sour gas removal from natural gas, and nitrogen production from air.

The schematic diagram of membrane process is shown in Figurz 1.1 below.

MEMBRAN
22%¢ 0 S o e’e 00
reep 29O O O : = RETENTATE
o000 o0 OO0CCee
O 0000 Ceo o e
' OO(.)O » PERMEATE

Figure 1.1 Séhematic diagram of membrane process.

There are two mechanisms that govern membrane ~separation. The first
mechanism is a solution diffusion mechanism. In this mechanism, the permeate
dissolves in the membrane material and diffuses through the membrane due to
concentration gradient. Permeate is separated from retentate based on solubility and .
diffusivity difference of the component in the membrane. Another mechanism is the
pore flow model. In this mechanism, permeates are transported by pressure-driven
convective flow through tiny pores. Separation happéns due to the size differences
among the components. Only component which has smaller size than the pore can

pass through the membrane (Baker, 2004).



There are many advantages of using a membrane. The membrane system are
compact and lightweight and can be designed for either horizontal. or vertical .
position. Membrane system does not require any separat.ing agent, therefore, no
regeneration is required. Another advantage of the membrane system is that it only
requires low maintenance.

In spite of its advantages there are several issues regarding this technology
especially when handling CO, gas The CO; occurrence may cause swelling on the
membrane pore and the membrane will no longer act selectively to separate the
mixture. This normally happens for polymer based membrane. In comparison to other
methods, the membrane sysfem cannot withstand too high pressure and temperature

and can produce only lower flux compare to other methods (Baker, 2004).
1.2.3 Cryogenic Technology

Cryogenic separation is a process commonly used to liquefy and purify gas at
very low temperature (below 0°C). This type of separation sometime is also called
low temperature distillation. The main principle of this separation is based on boiling
point differences of each component. Nevertheless, the separation into pure
components is influenced by the composition of the gas being cooled (Mc Kee,
2002).

Cryogenic method generally has good economies of scale for bulk separation
(>10% of CO,). This separation requires no addltlonal water and chemicals, thus no
further separation is required. For natural gas sweetening, the lquId CO; produced is
ready for easy transportation and does not require compression (Mc Kee, 2002).

However, the main disadvantage of cryogenic separation is its high energy
consumption mainly required for the refrigerant compressor, therefore this process is
not cost effective for purification purposes. This process requires the removal of
water and other condensable gas, have to be removed before the gas stream is cooled
to avoid freezing and eventual blockage of process equipment. Additional separation -
is also required in the sweetening stage since about 10% of hydrocarbon components

are also present together with CO,. These two additional separation steps incurred



extra cost, which contributed to the high cost of instalating  the system (Mc Kee,
2002). '

1.2.4 Adsorption

Generally, adsorption separation is based on selectivity difference of a gas
mixture on a microporous surface. When a gaseous mixtﬁre is exposed to an
adsorbent within sufficient time, there will be an equilibrium between the gas phase
and the adsorbent phase. The attractive forces between the adsorbent and the gas
phase are mainly controlled by van der Waals force. However, in several cases
adsdrption separation can be based on adsorption rate differences or molecular
si‘eving effect. The saturated adsorbent can be regenerated in desorption step. The
desorption step can be accomplished by reducing the system pre'ssure or increasing
the temperature. By manipulating the system pressure or temperature, the adsorption
and desorption steps can be done continuously in a cycle. »

Based on the regeneration method, the adsorption system can be differentiated as
pressure swing adsorption (PSA) and thermal swing adsorption (TSA) (Burchell et
al., 1997). The choice of adsorption methods depends on ecoriomic factor as well as .
technical consideration. Major advantages in PSA system are low capital and
maintenance costs, high purity product, rapid shutdown and start-up characteristics,
lack of corrosion problems, absence of heat requirement and pipe insulation and
comparative straight forward operation. In contrast, PSA has disadvantages due to it’s
high pressure and vacuum pressure requirement, which contribute to high opérating ‘
cost. On the other hand, thermal swing adsorption TSA is very reliable to remove
minor component. The main obstacle in thermal swing adsorption is the adsorption
cycle time limitation due to the time required to cool down the bed. Other obstacles
are the high energy requirements and large heat loss (Burchell et al., 1997).

Adsorption process is scarcely applied in bulk separation of CO, from CHj. .
However, kinetics-based adsorption has been implemented for recovery of: methane
from landfill gas in USA. These gases contain mainly methane (50-65 %), carbon

dioxide (35-50%), a small amount of nitro'gen and a trace amount.of sulphur



cbmpounds. The adsorbent used in this process is carbon molecular sieve. This
process can recover more than 90 % methane with §7-89% purity (Kapoor and Yang,
1989).

Another successful application for bulk separation of CO; from CH, is performed
by using Engelhard molecular gate, a commercial brand name adsorbent developed
by Engelhard Corporation. The first application of molecular gate CO, removal
system is at the Tidelands Oil Production Company operated facility in Long Beach, -
California. The feed source for the unit is hydrocarbon rich associated gas from
enhanced oil recovery section. The feed is typically operated at 30-40% of CO, and
the adsorbent is able to reduce the CO, level to less than 2% (Ulrich, 2005).

1.3 Adsorbent for Gas Separation

Almost every separation process requires mass separating agent. Adsorbent is the
mass separating agent for adsorption separation and is specific for each adsorption
mechanism. There are three distinguished adsorption mechanism namely steric,
kinetic and equilibrium mechanism. Most of the separation processes are based upon ‘
equilibrium mechanism. The separation is accomplished by the adsorption
equilibrium capacity difference of the adsorbent among the adsorbate. In steric
mechanism, separation is performed due to the molecular sieving property of the
adsorbent. In this mechanism, big molecules are excluded and only small and
properly shaped molecules can diffuse on the adsorbent. While in kinetic mechanism,
the separation is determined by dlffusxon rate differences among the adsorbateA,
molecules (Yang, 2003).

Due to its uniform pore size, zeolite and molecular sieves are suitable for steric
mechanism adsorption. Only few adsorption processes are based on this mechanism.
Two main areas of applications are gas dehydration using 3A zeolite and the
separation of n-parafin from iso;paraﬁn and cyclic hydrocarbon by 5A zeolite.

The starting point for adsorbent selection in equilibrium separation is to examine
the fundamental properties pf the targeted molecules such as polarizability, magnetic

susceptibility, permanent dipole momerit and quadrapole moment. Activated carbon



with a high surface area is suitable if the targeted molecule have high polanzablhty
and magnetic susceptibility but no polarity. If the targeted molecules have a high
dipole moment, adsorbents with high polarity such as activated alumina, silica gel,
and zeolites are the best option. Zeolites that have high electric field gradient are
suitable to adsorb molecules with high quadrapole moment.

For kinetic separation, the adsorbent pore size needs to be tailored exactly toa
certain value between the kinetic diameters of two adsorbates that are to be separated.
Many microporous. molecular sieves have been manufactured for this purpose. Air
separation on carbon molecular sieves is a .good example for kinetic separatlon In
this process, oxygen diffuses 30 times faster than nitrogen even though the adsorption
capacities are approximately the same. _

Adsorbent selection is normally based on the adsorbent selectivity and capacity.
The selectivity of the adsorbent depends an adsorption mechanism. Equilibrium
selectivfty is a function of Henry’s constant ratio of the adsorbate, whereby the
kinetic selectivity depends on both Henry’s constant ratio and diffusivity ratio of the
adsorbate. The adsorbent capacity can be observed from the adsorption isotherm
curve. Detailed explanation of the adsorbent selection is given in chapter 3.

The commercial use of adsorption has been dominated by mainly four types of
adsorbent: activated carbon, zeolites, silica gel and activated alumina. Zeolite and
carbon molecular sieve are generally utilized for CO,/CH, separation. The

characteristic of these adsorbents will be discussed in the next section.
1.3.1 Activated carbon

Activated carbon generally is made by thermal decomposition of carbonaceous
material followed by activation with steam or carbon dioxide at ¢levated temperature
(700-1100°C). The structure of activated carbon consists of mycrocrystalite graphic
stacked together in random distribution. This random dlstrlbutlon causes the pore size
of activated carbon to be non uniform.

The activated carbon surface is basically non polar although a slight polarity may

exist due to the surface oxidation. Therefore, activated carbon tend to be organophylic



or hydrophobic. Based on this behavior, activated carbon is widely used " for -
decolorizing sugar, water purification, solvent recovery, and for the adsorption of

gasoline vapors (Ruthven, 1988).
1.3.2 Carbon Molecular Sieve

Activated carbon is not able to do selective separation based on molecule size
differences. A special treatment is required to produce activated carbon with uniform
pore size distribution and therefore it behaves as molecular sieves. Genérally, carbon
molecular sieve are prepared from hard coal by controlled oxidation and subsequent
thermal treatment. The pore structure can be modified by controlled cracking of
hydrocarbons within the micropore system and partial gasiﬁéation under carefully
regulated conditions (Yang, 2003).

The micropore sizes distribution of carbon molecular sieves are much narrower
than activated carbon, therefore the adsorption capacity’is lower. It is relatively easy
to modify the effective pore size of carbon molecular sieves by careful controls of
concentration, time, and temperatures. However, it is difficult to achieve reproducibly
between different batches. Well-prepared carbon molecular .sieves may have

remarkably high kinetic selectivity (Ruthven, 1988).
1.3.3 Zeolite

Zeolite is porous crystalline aluminosilicates of alkali or alkali earth such as
sodium, potassium, and calcium. The chemical composition of zeolite is represented
as '

Myn((Al02),(Si02)y). Hy0
where x and y are integers with y/x are greater than 1, n is the valence of cation M,
and z is the number of water molecules in each unit cell. The primary structure of -
zeolite consists of tetrahedral SiO4 and AlO, joined through shéred oxygen atéms.
The shared oxygen bonding forms an open crystal lattice containing pores of

molecular dimensions into which guess molecule can penetrate. These units are
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further assembled into secondary polyhedral building such as hexagonal, cube,
octahedral and truncated octahedral. The final structures consist of the secondary unit 4
in three-dimensional crystalline framework. The secondary unit and three-
dimensional crystalline framework are shown in Figure 1.2. The pore size of zeolite is
uniform (without pore size distributions). These features distinguish zeolite from the

traditional microporous adsorbent (Ruthven, 1988).
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Figure 1.2 (a) Secondary building unit and (b) three dimensional crystalline network
(Ruthven, 1988). ’ '

~ The aluminum atom contains one negative chafge that must be balanced by an
exchangeable cation. This exchangeable ' cation plays a very important role in
determining the adsorption properties. Changing the exchangeable action can modify
the adsorption properties (Ruthven, 1988). |

The kinetic.selectivity and the molecular s.ieve properties are determined mainly

by the free diameter of the window in intercrystalline channel structure, F or instance,
in sodalite type zeolite the channel free diameter is only 2.8 A. Therefore, only small
polar molecules such as H;0 and NHj can penetrate this pore. In the small pore
zeolite such as zeolite A, chabasite, and eronite the limiting diameter is 4.2 A while in
higher pore zeolite such as zeolite X, zeolite Y and mordenite the limiting diameters'
are 7-7.4 A (Ruthven, 1988). |

11



In commercial adsorption separation; there are two types of zeolite that are
generally used, zeolite A and zeolite X. The structure of zeolite A is shown in Figure-

1.3 below.

| Figure 1.3 Zeolite A structure (Ruthven, 1988). _

Each pseudo cell consists of eight B. cages at the corners of the cube and is
connected through a four-membered oxygen ring. Each pseudo cell consi;ts of 24
tethedral (AlO, and SiO,) units. Since the Si/Al ratio in zeolite A is always close to
one, therefore there are 12 univalent exchangeable cations per cell. The zeolite type
depends on the exchangeable cation. For 4A and 5A zeolites, the exchangeable
cations are sodium and calcium/magnesium respectively. Bigger cation size will .
partiall»y obstruct the pore size. The effective pore size for 4A zeolite is 3.8 A while
the effective pore size for 5A is 4.3 A (Ruthven, 1988). _

The framework structure of zeolite X 1s shown in Figﬁi‘e 1.4 below. The
framework consists of 192 AlQ; and SiO; tetrahedral units. The effective pore size of
this type of zeolite is ~7.4 A with Si/Al ratio 1-1.5.

Figure 1.4 Zeolite X structure (Ruthven, 1988).
The exchangeable cation in zeolite X can vary from 10-12 cation with Na* as the
major exchangeable cation. The cation distribution depends on the number of the
cations and tréce moisture present. There is an evident that the cation distribution may

change when the sieve is loaded with the adsorbent. The variation in adsorptive
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properties may occur due to redistribution of the cation. Nevertheless, the relationship
between adsorption properties and cationic distribution is not fully understood

(Ruthven, 1988).
1.4 Adsorption Isotherm

In the adsorption process, the adsorbent and the surrounding fluid reach
equilibrium after sufficient contact time. Thevadsorbed amount can be determined
from the adsorption isotherm as shown in Figure 1.5 below. Adsorption isotherm is a
correlation between the adsorbed amount (¢) and the concentration for liquid system

(C) or pressure (P) for gas system, at constant temperature.

q
(mmol/g)
T,
T
T> Ty
p
(bar)

Figure 1.5 Adsorption isotherm curve.

Adsorption performance can be predicted from the adsorption isotherm. Several -
important informations required for process design such as maximum capacity,
equilibrium  selectivity and breakthrough time, can be extracted from adsorption
isotherm. The adsorbent capacity increases as pressure increases until a certain value
called the maximum capacity, where.the pressure increment no longer affects the
capacity. The maximum capacity provides information of optimum pressure required
for single component separation. Adsorption isotherm can be used to predict
breakthrough time. The breakthrough time can be calculated by dividing the molar

inlet flow rate of the component to its capacity. For multicomponent separation,
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adsorbent selectivity is very important. The deta11 calculatlon of adsorbent selectivity

from the adsorption isotherm will be discussed in chapter 3.
1.5 Adsorption Isotherm Measurement

Several methods exist to measure adsorption equilibrium., Among the most widely
used methods are gravimetric, ‘volumetric, and chromatographic. In gravimetric
method, the total adsorbed amount can be easily predicted by a simple flow
apparatus, in which the sample is sealed of, disconnected and weighted after the
equilibrium is reached. The development of Magnetic Suspension Balances (MSB)
gravimetric method enabled the adsorption measurement at hi gh temperature and high
pressure. Detail technique of MSB gravimetric method will be given in chapter 4.

In volumetric method, the amount of gas before and after the adsorption take
places is calculated. The total amount can be predicted by préssure and volume
relationship. The volumetric adsorption isotherm apparatus is shown in Figure 1.6
below. The apparatus consist of two compartments, which are the reservoir as
indicated by the striped area, and the sample container, including the sample itself.
Volume of both compartments can be predicted accurately by helium displacement.
The total adsorbed amount can be calculated from the pressure transducer readmg
(Yang, 1987).
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Figure 1.6 A schematic diagram of volumetric adsorption isotherm apparatus.

The chromatographic method has been used for adsorptiona ] isotherm
measurements since decades. In this technique, a small dose of the co}ﬁponent is
injected into a constant flow of inert gas, such as helium. The stream is introduced to
the adsorbent bed and the thermal conductivity of the gas is measured before and after
the bed. The rétention time can be calculated by analysing the conductivity
differences between the pure inert gas and the introduced feed. A simplified
chromatography adsorption isotherm measurement apparatus s shown in Figure 1.7
below. From the retention time, the retention volume can be calculated. The fetention
volume, caused by the exchange of gases between the gas‘ and adsorbed phase, then
yields equilibrium relationship between the gas and the adsorbed phase. Detail
measurement technique of chromatography and volumetric can be obtained in
adsorption text books such as Yang (1987), Ruthven (1988), and Ruthven et al.
(1994).

15



Gas

Inert

(He)

Detector (TCD)

Thermostat

—_— Ventilation

Sample

Figure 1.7 A schematic diagram of chromatograpic adsorption isotherm apparatus.

Each technique has specific advantages and disadvantages, as shown in Table 1.4.

It is obvious that the gravimetric technique, especially after the development of

Magnetic Suspension Balances (MSB), provides more accurate result.

Table 1.4 Adsorption isotherm measurement comparisons.

- No vacuum required
- Only requre small sample amount

NO Method Advantages Disadvantages
1 Volumetric - Simple set up and operation - Indirect measurement
- Only require P and T measurement - Error accumnulation .
- Direct T-measurement of sample - Requires relative high sample amount |
' - Wall adsorption on instrument !
- Requires dead volume measurement
- Sample activation cannot be checked
2 | Chromatographic | - Simple and robust set up - Indirect Measurement

- Error accumulation
- Requires calibration measurement
- Sample volume cannot

be considered in material balance
- Low accuracy

Gravimetric

- Direct measurement ‘

- High accuracy and no error accumulation
- Only require small sample amount

- Sample activation can be measured

- Complexity of the apparatus
- Coraplexity of the experimental procedure

1.6 Dynamic Adsorption

The information determined from adsorption isotherm measurement can only be

applied in ideal system in which the adsorption selectivity is based on the difference

in equilibrium. In actual condition, dispersive effect such as axial mixing or finite

resistance to mass transfer is substantial. For instance, in bulk separation velocity

varies through the bed because significant amount of the feed stream is adsorbed.
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Furthermore, the equilibrium theory cannot be applied in kinetic base system. Due to
the limitation of information from the adsorption isotherm, it is crucial to investigate
the dynamic adsorption in order to predict the actual behavior of the system.

Many models have been developed and tested with dynamic adsorption -
experiment. Generally, the developed models depend on the fluid flow' pattern,
constant or variable fluid velocity, the form of the equilibrium relationship, the form
of the kinetic rate, and the inclusion of the heat effect. Those_'models can accurately
predict the effect of several variables to the adsorption performance. Generally, the
adsorption performance is described in term of product purity and recovery.

Many variables may affect the product purity and recovery such as temperature,
pressure, concentration, flow rate, purge gas flow rate, purge gas quantity, reflux
ratio, and purge to adsorption pressure ratio. Among those variable effect, the effect
of temperature, pressure, concentration, and flow rate are the major contributors since
those variables usually govern the economic value of the adsorption separation. For

detail explanation of the effect of those variables to proeess performance please refer

to chapter 2.
1.7 Problem Statement

The improvement of molecular sieve and synthetic zeolite production technology
leads to the development of reliable adsorption separation system for the removal of
carbon dioxide from methane. Some related studies use 4A zeolite, 5A zeolite, 13X |
zeolite, and carbon molecular _sieve as the adsorbent (Triebe et al., 1995; Hernandez
et al,, 1997; Ding et al., 1999; Kovach, 1998; Paksereshy et al., 2002; Harlick et al.,
2004; and Hyung-wong et al. > 2004). They claimed that those adsorbents have good
potential to be used for separation of CO; from natural gas In order to select the best
adsorbent among those adsorbents, a screening study should be done first. Generally,
the screening criteria are based on equilibrium or kinetic selectivity and adsorbent
capacity. The equilibrium selectivity can be determined from Henry’s constant ratio

while kinetic selectivity can be obtained from Henry’s constant ratio and diffusivity
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ratio. These parameters can be obtained from adsorption isotherm and kinetic
measurements. | |

The adsorption isotherm and kinetic of CO, and CH4 on the adsorbents can be
measured using various different techniques. Conventional techniques for the
adsorption isotherm and kinetic measurements are gravimetric, volumetric, and
chromatographic methods. The accuracy of the measurement can vary depending on
the measurement technique used. In some cases, the adsorption isotherm and kinetic
measurement obtained b):/ ‘the same method but by different - researchers show
significant differences due to the different operating conditions used. Therefore, to
compare the performance of the adsorbent for separation of CO, from natural gas; the
adsorption isotherm measurement has to be done by the same technique and operating |
conditions. Unfortunately, there are no publication that shows a comparison of the
performance of the adsorption by using the same technique and Operating conditions.
Furthermore, only Kapoor and Yang, (1989) have measured the most important
adsorption isotherm parameters, which are Henry’s coristant, maximum capacity, and
diffusivity for CO, and CH4 separation but their studies were limited to carbon
molecular sieve.

In comparison to the conventional adsorption isotherm measurement method, the
gravimetric magnetic suspension balances provide more accurate result, despite its
complexity. The system may detect the adsorbate weight change down to 1pg. It is
very difficult to achieve this accuracy by other adsorption isotherm measurement
technique. Nevertheless, there are very limited publication, if ever exist, of the
adsorption isotherm measurement of CO,/CH4 on 4A zeolite, 5A zeolite, 13X zeolite,
and carbon molecular sieve by using magnetic suspension balances.

Once the best adsorbent is obtained, the adsorption system in dynamic study need
to be evaluated. The evaluation will lead to the determination of 'the best operating |
condition for the adsorption system. The adsorption performariée 1s evaluated in term
of productivity, purity, and recovery. The performance of the adsorption system can
be evaluated from parametric analysis study. The most impoi‘cant parameters to be
studied are temperature, pressure, flow rate, and concentration. Unfortunately, the

parametric analysis study for CO,/CHy4 separation is very rare. Only Kapoor and
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Yang, (1989) have performed parametric analysis study for CO,/CH, separation.
However, their study is only limited to carbon molecular sieve. For that reason, it is
important to study a detail parametric analysis of adsorptlon system in order to
understand the effect of pressure, cycle time, concentration, and temperature to purity

and recovery.
1.8 Objective of Study

The objectives of the research are:

1. To undertake screening studies of some potential adsorbents for CO, removal from
natural gas.

2. To perform parametric analysis on selected adsorbent in order to study the effect of

operating parameters to the performance of the process.
1.9 Scope of Study

Since natural . gas contains approximately 95% methane and little amount of.
ethane, propane, butane, and other impurities, therefore, in this study, methane is
selected as the only éomponent to represent natural gas.

There are many types of adsorbents that are commercially available. However,
there are only few adsorbents that are claimed as capable to effectively separate CO,
from natural gas. These adsorbents are 4A zeolite, SA zeolite, 13X zeolite and carbon
molecular sieve. Only these adsorbents will be used in this study.

Generally, the best adsorbent is selected based on seleclivity and capacity. In
order to determine selectivity and capacity, Henry’s constant and diffusivity
information are required. These data can be obtained from adsorptlon isotherm and
kinetic measurements. Even though there are many methods available for adsorption
isotherm measurement, gravimetric method is used in this work due to its better
accuracy. '

Many parameters could be used in the parametric analysis. Only bulk separation .

is considered in this work (more than 10% of CO,). In this stady only the effect of
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pressure, concentration, flow rate and regeneration temperature are selected due to
their vital contribution for separation performance. In order to study the effect of the
selected operating condition the other variable should be set ﬁ"to a certain fix value.
The concentration and flow rate effect study is performed at ambient temperature and A
pressure. In adsorption study, the separation performance is evaluated based on purity
and recovery of ‘the product, whereby for regeneration temperature effect study,
productivity is selected to determine the separation performance. The concentration

and flow rate effect study is performed at ambient temperature and pressure.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Adsorption process has become increasingly popular as an alternative solution for
natural gas separation from CO,. Since natural gas consists of many components, as .
shown in Table 1.1, the adsorption process - become more ccemplicated. In order to
simplify the study and due to its abundance in natural gas, approxrmately 95%, CH4
has been chosen by many researchers to represent natural gas (Rolniak and
Kobayashi, 1980; Hernandez et al., 1997; Nodzenki, 1998; Pakseresh et al., 2002).

An optimum design of adsorption process is a complex task including selection of
the best adsorbent type and operating condition. In this chapter, potential adsorbents
for CO,/CHy, separation that have been used by other researchers are reviewed. The
effect of operating conditions to the adsorption performance is also be reviewed in
this chapter. .

Selection of suitable adsorbent for CO,/CHy, separation is very important since the
primary requirements for an economic separation process is an adsorbent with high
capacity and selectivity (Ruthven, 1988) Most researchers are concern in exploring -
the adsorption properties parameters of each gas on certain adsorbent Among the
Important parameters are Henry’s law constant maximum capacrty and drffusrvrty
(Yang, 2002). These parameters are requrred to determine the selectivity of the
adsorbent to be applied for CO,/CHy separation. In this chapter, the adsorption
characteristic of potential adsorbents for CO,/CHy4 separation is reviewed. The'
reviews are not only focused on the adsorption of CO,/CH4 mixture but also the
adsorption of CO, or CH, individually even for different separation purposes, such as
the adsorption of CO, for air purification. The adsorptlon studies of other gasses will
not be discussed here.,

Many combinations of the operating conditions can be uuhzed to obtain good

separation performance. The performance of a system normally can be analyzed
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based on purity, recovery, productisfity, breakthrohgh time and depletion time.
However, most of the researchers determine the performance of a system based on
purity and recovery. Since published literatures on parametric analysis of CO,/CH,4
adsorption system are very scarce, therefore the parametric an’;‘llysis_studies for other
adsorption systems are discussed here. Even though certain parameters are affected in
other systems but it is not necessarily applicable to CO,/CHy system. However, the
review will still provide sufﬁment information to identify the operating condition that
required optimization. The review is mainly focused on the effect of operating

conditions to the process performance.

2.2 Carbon Dioxide Adsorption

The adsorption of CO, on activated carbon was studied by Triebe and Tezel
(1995) by chromatographic method. The adsorption 1sotherm in their study was based
on Henry’s model where the pressure increased linearly with the capacity. The main
objective of their study was to remove CO; from air. The result of their study is
shown in Table 2.1. It is observed that the Henry’s constant obtained in their study is
smaller than the adsorption of CO, on other adsorbents that used the same method.
However, the adsorbent capacity was not reported in their literature.

Sriwardane et al. (1999) investigated CO, adsorption from flue gas. In their study,
the adsorption isotherms of CO; on 13X zeolite and activated sarbon were measured
by volumetric method. The results of their experiments are shown in Table 2.1. Even
though activated carbon has higher maximum capacity than 13X zeolite, but the
capacity of 13X zeolite is higher at pressure less than 250 psi.

Beside the adsorption isotherm measurements, Sriwardane et al. (1999) also |
measured the desorption isotherm. The capacity of the adsorbents was also calculated .
from higher to lower pressure. The pressure reduction forced some of the gases to be
desorbed. It is observed that the desorption isotherm curve of 13X zeolite overlappes
with its adsorption isotherm curve. This situation indicates that the adsorption is
reversible. On the other hand, the CO; desorption isotherm curve for activated carbon

does not overlap with its adsorption isotherm curve, thus indicating that the CO, is
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still trapped on the adsorbent even at ambient pressure. However; the activated carbon
can still be regenerated by vacuuming the sample to 5x’10'5 Torr.

Ding et al. (1999) conducted an experiment to study the equilibrium and kinetics
of CO, adsorption on hydrotalcite at high temperature. The experiment gave more
emphasis on CO, adsorption for steam reforming process. The measurement condition
was chosen at the steam reforming temperature, at 753 K, and the measurement was
performed by using dynamic column breakthrough method. The adsorption capacity
was calculated from the inlet flow rate and break through time. The Langmuir model
was used to describe the adsorption isotherm. Even though this technique is rarely
used in adsorption isotherm measurements but it was adequate for their purpose
(Ruthven, 1988; Staudt and Keller, 2002). The results indicate that hydrotalcite is
suitable adsorbent for steam reforming process. The adsorbent maximum capacity at
753 K is 0.58 mol/kg. Nevertheless, in natural gas purification, the adsorption is only
performed at ambient temperature since at high temperature the édsorption capacity |
can be reduced (Ruthven, 1988;:- Ruthven et al. 1994; Yang, 1987). A major.
disadvantage of hydrotalcite adsorbent is due to its strong adsorption, WhICh requires
tremendously high energy to regenerate the column. -

Harlick et al. (2004) performed adsorbent screening study to select the best .
adsorbent for carbon dioxide removal from nitrogen using zeolite based adsorbents.
The adsorbents that they studied were 5A, 13X, NaY, NaY-10, H-Y-5, H-Y-30, H-Y-
80, HiSiv 1000, H-ZSM-5-80, H-ZSM-5- 280, and HiSiv 3000. In their study, several
adsorption parameters were considered such as the Henry’s Law constant, heat of
adsorption and pure component adsorption capacity. The measurements were
performed by volumetrlc method at temperature above 100°C. The heat of adsorptlon .
was calculated by usmg equation 3.2 and was extrapolated to determine Henry S
constant at ambient temperature.

The results of the experiment show that 5A and 13X zeolite has the highest
Henry’s constant and heat of adsorption among other adsorbents. Based on the pure
component adsorption capacity, 13X zeolite has higher capacity compared to other
adsorbents, thus Was selected as the most suitable adsorbents for CO,/N, separation.»

Unfortunately in their study, the adsorption isotherm measurement was only
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measured for pressure below 2 bar. In this pressure region, the adsorption isotherm

follows Henry’s model. Most of the adsorbents have not yet reached the adsorption

saturation yet at 2 bar pressure, thus the maximum capacity of the adsorbent cannot |
be determined. Henry’s constant, heat of adsorption and capacity of 5A and 13X

zeolite are shown'in Table 2.1.

- Hyung-wong et al. (2004) studied equilibrium and kinetic of CO, adsorption on
4A and CaX zeolite. The measurement was performed by gravimetric method and the .
results are shown in Table 2.1. The adsorption isotherm shows that the adsorbent is
already saturated at 0.8 bar pressure. The adsorption isotherm of 4A zeolite follows
Langmuir-Freindlich type while CaX zeolite follows Langmuir type. Their study has
shown that 4A zeolite has higher capacity than CaX zeolite.

2.3 Methane Adsorption

Chihara et al. ('1978) investigated the diffusivities of carbon molecular sieve for
neon, argon, krypton, xenon, nitrogen, methane ethylene, ethane propylene propane,
n-butane, and benzene on CMS. The purpose of the study was %o analyse the viability
of natural gas component separation based on diffusivities. The measurement was
performed by chromatographic method and the results are shown in Table 2.1.. In
their study the adsorption isotherm of CH, on CMS follows Henry’s model.

Tezel and Apolonatos (1992) performed adsorption equilibrium measurement of
CHs, CO and N, gases on 4A zeohte 5A zeolite and H- mordenite by
chromatographic method. The purpose of the study was to determine the adsorption
characteristic of those adsorbent and to study the viability of separating those gases.
The adsorption isotherm was also determined in Henry’s law region. The Henry’s
constant and heat of adsorption were determined in their study. Their experiment was
performed at 263 to 333 K The results of the study are shown in Table 2.1. From the
results, H-mordenite has a far higher Henry’s constant value ompared to the other
two adsorbents.

Triebe and Tezel (1996) studied the adsorption of methane, ethane, and ethylene

on H-mordenite, 13X, 4A, and SA zeolites, The main objective of their study was to
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evaluate the viability of separating ethylene from light hydrocarbons. The adsorption
isotherm was performed by chromatographic method at temperatures 233 to 473 K.
The adsorption isotherm from this experiment follows Henry’s model. The:result of
the experiment for CH4 adsorption is given in Table 2.1.

Herbst and Harting (2002) measured the adsorption isotherm of supercritical fluid
of argon, methane and nitrogen on activated carbon. The measurement was performed
at pressure up to 500 bar by gravimetric method.” The adsorption isotherm fit well
with three parameter isothermal equation. The results show that the adsorption
capacity of CH, decreases at very high pressure (higher than 60 bar). The contribution
of the adsorbate volume was neglected in their study. Even though the volume of the
adsorbate, attached to the adsorbent, was very small but at very high pressure the
buoyancy effect is significant thus the measured weight is less than the actual weight.
Detail explanation on the parameters considered ‘In the adsorption isotherm A
measurement calculation for gravimetric method is given in chapter 3. Adsorption
isotherm measurement that neglects the contribution of the adsorbate volume is
known as Gibbs excess adsorptlon isotherm. On the other hdl’ld the real adsorption
isotherm that considers the effect of the adsorbate volume is known as absolute
adsorption isotherm. Except in very extreme pressure, the absolute adsorption is
equal to Gibbs excess adsorption. Most of the adsorption 1sotherms discussed in this 4
review are based on Gibbs excess adsorption isotherm.

Dreisbach et al. (2002) calculated the maximum adsorption capacity of CHy on .
activated carbon using data from Herbst and Harting (2002), Wthh is based on the
absolute adsorption isotherm. The adsorption 1sotherm can be well represented by
Langmuir type isotherm. The maximum adsorption capacity of CHy on activated
carbon that is based on absolute adsorption isotherm is 9 mmol/g. The result from this
experiment is given in Table 2.1.

Jayaraman (2003) studied the adsorption study on clipnotilblite, a varian of
natural zeolite, for CH4/N, separation. Beside pure clipnotilolite, ion exchanged
clipnotilolite were also studied. Among the exchange ion used were Mg, Ca, Na, K,
and Li. The adsorption 1sotherm and kinetic of CH, and N on clipnotilolite were

measured by volumetric method. The adsorption isotherm fit well with Langmuir'
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model. The results of the adsorption isotherm and kinetic measurement are shown in
Table 2.1. However, a major disadvantage of using natural mineral as an adsorbent is
the property of adsorbent depends on the location where the adsorbent is taken

(Ruthven, 1988). In their study, the clipnotilolite was obtained from Spokane, USA.
2.4 Carbon Dioxide and Methane Adsorption

Rolniak and Kobayashi (1980) used chromatography method to measure the
adsorption isotherm of pure methane and several methane-carbon dioxide mixtures on
5A and 13X zeolites. The measurement were performed at ambient temperature and
at pressure up to 70 bar. The adsorption isotherm follows _Rdthven’s model. The
results of these measurements are given in Table 2.1, From the result, it is observed
that the capacity of CO, adsorbed on 13X zeolite is shght'y higher than the SA
zeolite. However, the Henry’s constant for both components was not determined in
their study. For pure CH, adsorption, the experiment showed that the adsorption
capacity of 13X zeolite was almost similar to 5A zeolite for pressuré less than 30 bar.
At 40 bar, 5A zeolite was already saturated with' CH,, while for 13X zeolite the
adsorbent was not saturated even at 70 bar.

The binary adsorption mixture was performed from> 0.77% to 5% CO,
composition in the mixture. The result shows that at higher C0); concentration in the
mixture, more CO, is adsorbed. At 5% CO; concentration in the mixture, the CO,
adsorption capacity was only 5% different from a pure CO,. It can be concluded that
the presence of CHy in the mixture gives no significance effect to the adsorption
capacity of CO, on 5A and 13X zeolites. The binary adsor}ﬁtion isotherm follows |
Ruthven’s model. ‘

Haq and Ruthven (1985) studied the adsorption of CH4, CO,, N», and O in 4A
and 5A zeolites by chromatographic method. The main purpose of the study was to
identify the possibility of separating air and CH4/N, mixtures at ambijent condition.
The adsorption isotherm parameter was presented in terms of Henry’s constant ahd
heat of adsorption.. Similar to other chromatographic ‘methods, the adsorption

isotherm was measured in Henry’s law region. In their study, Haq and Ruthven did
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not produce any adsorption isotherm curves, therefore, the maximum capacity of the
adsorbent cannot be determined. Beside the Henry’s constant and heat of adsorption,
they also studied the diffusivity coefficient for both adsorbents. However, the
diffusivity coefficient for CO, and CHy on SA zeolite cannot be calculated easily by
chromatographic method since the diffusion was too rapid. The results of the
experiment are shown in Table 2.1.

Dexin and Youfan (1987) studied the coadsorption of CH,, C,Hg, and CO; in 4A
zeolite. The coadsorption breakthrough curves of those components were predicted
theoretically by simulation and verified 'experimentally. The prediction was based on
Ideal Adsorbed Solution Theory (IAST) method using single component adsorption
isotherm data. The result shows that IAST model give good agreement with
experimental data. The single component adsorption isotherm was obtained by'
gravimetric method at 30°C and can fit well with Langmuir model. The result of
single component adsorption isotherm is shown in Ta.ble 2.1.

Beside those molecular sieve zeolites, carbon molecular sieve (CMS) also shows
good potential to be used for CO, separation from natural gas. Kapoor and Yang
(1989) identified potential application of carbon molecular sieve for CO,/CH, -
separation. The adsorption isotherm and kinetic measurement were performed .by
volumetric method and the result are shown in Table 2.1, The adsbrption isotherm
shows good conformation with Langmuir model. It can be observed that the
adsorption was based on kinetic mechanism since CO, diffuse 140 times faster than
CHa. The adsorbent has an enormous potential to be applied ‘for landfill gas which
contains 50% each of COz/CH4 and tertiary oil recovery which contains 80% COz and
20% CHy. The dynamlc adsorption studies using this adsorbent show that 90% purity
of CH4 can be obtamed from 50% each of COz/CH4 mixtures.

Vyas et al. (1994) studied the development of carbon molecular sieve (CMS);
which was developed from- coconut shell involving three main steps; pre-treatment,
carbonization, and activation. The sample was characterized by BET, X-ray
diffraction and scanning electron’ mlcroscope Four samples were produced in this
experiment namely Gl to G4. The samples were used for adsorpnon isotherm and

kinetic measurement of CO,, Csz, C3H6, CH,, 02, and N,. The results of the
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measurements are shown in Table 2.1. The adsorption isotherm follows Dubinin-
Astakhov model.

The adsorption of methane, ethane, ethylene and carbon dioxide on silicalite-1.
were investaged 'by Chaudary and Mayadevi (1996). The adsorption isotherm was
measured by gravimetric method and the result is shown in Table 2.1. The Dubinin-
Polanyi model fits the adsorption isotherm of CH, at 305 K; the Freundlich is found -
to fit the adsorption isotherm data of CH4 at 353 K and CO; at 353 K; and the
adsorption isotherm of CO; at 305 K follows Langmuir m.odel Due to its shape
selectivity, Slllcahte I could be a potential adsorbent for CO,/CH,4 separation.
However, this type of adsorbent is a newly developed material and not commercxally
available in the market.

Hernandez et al. (1997) studied adsorption of CO,, CH4, and N, in natural
zeolites. The adsorptlon isotherm measurement was performed by using volumetrlc
method at 17°C. They used erionite, mordenite and chpnotllohte as the adsorbents
The results indicate that erionite has the highest capacity among those adsorbents for
both CO, and CH, adsorption. The adsorption capacity of CO, by natural zeolites in
this research was also compared with the adsorption capacity of commercial activated
carbon. The adsorption isotherm shows good conformation with Sips and Langmuir 4
isotherm models. The adsorption of natural zeolite shows a higher capacity compared
to the adsorption of commercial activated carbon because the surface of activated
carbon is non-polar. Unfortunately, .similar to hydrotalcite, the properties of the
zeolite can vary depending on geographical location. The origin of the adsorbents
used in their experiment was not mentioned.

The adsorption kinetic of CO,;, CH4, and N, on activated carbon was
experimentally investigated by Dreisbach et al. (1998). The kinetic measurement was
performed by. gravimetric method. Instead of measuring the di'ffusivity of the gas, the
adsorptlon kinetic of the gases was investigated and compareo with the time required
for each gas to be adsorbed until the equilibrium condition was reached I mmol/g.
The result show that CH, diffused faster than CO;. Methane reached adsorption

equilibrium within 605 seconds wnile CO; required 1222 seconds to reach
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equilibrium. However, their study was not concerned with the adsorption isotherm ’
measurement of the gases. The result of the measurement is shown in Table 2 1.

Nodzenski (1998) studied the adsorption- of CO,/CH,4 separation on activated
carbon. His experiment was conducted by using volumetric method at pressure up to
60 bar and at two different temperatures, 288 and 298 K. The adsorption isotherm .
was described by thermal sorption equation in virial form. The result of the
experiment is shown in Table 2.1. In comparison to molecular sieve adsorbents, |
activated carbon is not size selective for the éeparation of corn‘ponentsl. The pore size
distribution of activated carbon is very wide. This condition is the main disadvantage
of utilising activated carbon for naturél gas puriﬁcatibn. Since natural gas comprises
many gases, instead of adsorbing CO, alone, other gases also will be adsorbed by the
activated carbon.” This will reduce the CO, adsorbiflg capélcity of the adsorbent
(Ruthven, 2005).

Pakseresht et al. (2002) conducted an equilibrium isotherm study on SA zeolite. In
this experimént, the measurement was perfohned for CO, CO,, CHy, and CyH4 by
volumetric method. The adéorption isotherm data show good agreement with Sips and
Langmuir model. The adsorption isotherm data show that 5A zeolite has high
potential to be utilised for CO,/CH, separation since CO, capacity on SA zeolite is
three times higher then CHy. The adsofption capacity for CO; is already saturated at
20 bar while the adsorption capacity for CH,4 has not reached saturation even at 80 -
bar. The result of this experiment is'giveri in Table 2.1. ‘ , |

Harlick and Tezel, (2002) investigated the separation of CO,, CH,, and N, gas on
ZSM-5 with a Si0,/Al,05 ratio of 280. Both binary and pure adsorption isotherms of
those gases were measured by chromatographic method. The\ pure isotherm follows
Langmuir isotherm and the binary isotherm fitted well with Ideal Adsorption Solution
Theory (IAST). It was very difficult to predict the maximum adsorption capacity
since the Aadsorption isotherm measurement was performed at pressure below 1 bar.
The result from this experiment is given in Table 2.1. Similar to silicalite-1, the ZSM-
5 used in this work was custom made and hot commercially available in the market

The binary adsorption measuremént of CO, and CH, show that the CH4'

adsorption capacity reduced significantly as the CO, composition in the mixtures
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increase. On the other hand, the CO, adsorption capac.it.y did not change significantly
as the CHs composition increased. This happens because CO, isb very dominant and
controls the adsorption isotherm of the binary system. Carbon dioxide and methane
also competes to be adsorbed on the cationic site within the adsorbent structures.
Carbon dioxide has higher polarity than CH,, therefore it adsorbed stronger than CH,
(Harlick and Tezel, 2002).

All the adsorption isotherm and kinetic studies are summarized in Table 2.1. All .
the Henry’s constant in Table 2.1 were measured at 298 K or extrapolated to 298 K.
Only the adsorption isotherm and kinetics parameter of CO; and CHj, are shown here.

All the adsorption isotherm and kinetic studies are summarilzed in Table 2.1. All
the Henry’s contant in Table 2.1 were measured at 298 K or extrapolated to 298 K.

Despite the adsorption measurements were also available for other gasses, only the

adsorption isotherm and kinetics parameter of CO, and CHg4 are shown here.
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Table 2.1 Summary of the literatures on adsorption-kinetic and equilibrium studies.

) . Henry's Henry's : ) Diffusion
No Researchers Year Measurement Adsorbent. Adsorbate constant constant Capacity | Diffusivity Diffusivity Time Adsorption
. ) Constant Isotherm
Method {Dimensionless) {mmol/gribar) | (mmolig) {cm?¥s) Ratio (1/s) model
Chihara ;
1 etal. 1978 | Chromatographic CMS CH. - - - 1.3x10™ - Henry's
2 Rolniak 1980 | Chromatographic 5A Zeolite CO, ) 0.342 - ) 4.20 - - - Ruthven
Kobayashi CH, 1.114 - 3.50 - - - Ruthven
13X Zeolite CO; 0.261 - 5.00 - - - Ruthven
CH, 1.599 - - - - - Ruthven
3 Haq 1985 | Chromatographic 5A Zeolite CO, 0.007 - - - - - Henry's
Ruthven CH, 0.036 - - - - - Henry's
4 Haq 1985 | Chromatographic 4A Zeolite CO, 0.002 - - 1.5x10°® - - Henry's
Ruthven CH, 0.031 - - 4.47x10°® - . Henry's
5 Dexin 1987 Gravimetric 4A Zeolite CH, - 1.43 1.33 1.08x107 - S - Langmuir
Youfan CO; - 35.97 3.48 2.24x107 - - Langmuir
6 Yang 1988 Volumetric CMS CH. - 6.13 3.15 - - 5x10°® Langmuir
Cco, ; 1.17 1.92 ; ; 9x10* Langmuir
7 Tezel 1992 | Chromatographic 4A Zeolite CH, 0.093 - - - - - Henry's
Apolonatos ' 5A Zeolite CH, 0.036 - - - - - Henry's
H-mordenite CH. 2.889 - - - - - Henry's
8 Vyas 1994 Volumetric CMS G1 CO; - - 1.41 - 3.7 - Dubinin Astakhov
et al CH, - - 0.40 - 4.2 - Dubinin Astakhov
CMS G4 CO; - - 2.05 - 10 - Dubinin Astakhov
CH, - - 0.40 - 12 = Dubinin Astakhov
Activated
9 Triebe 1995 | Chromatographic carbon CO, 0.006 - - - - - Henry's
Tezel - - - Henry's
10 Triebe 1996 | Chromatographic 13X Zeolite CH, 0.043 - - - - - Henry's
Tezel CaX CH, 0.090 - - - - - Henry's
4A Zeolite CH, 0.098 - - - - - Henry's
5A Zeolite CH, 0.038 - - - - - Henry's
1" Chaudary 1996 Gravimetric Silicalite 1 CO,; - 0.59 1.90 - - - Henry's
_<_m<m.am<_. CH, - - 1.20 - - - Langmuir




. .’u.,mc,_o.wg m:Sz.SQ of the literatures on adsorption kinetic and e

quilibrium studies (continued).

. . Henry's - Henry's - Diffusion
No. | Researchers Year Measurement Adsorbent Adsorbate constant constant Capacity Difusifity | Diffusifity Time Adsorption
. ' Constant :
Method (Dimensionless) (mmoligr/bar) | (mmolig) (cm?s) Ratio (1/s) Isotherm model
12 Hernandez 1997 Volumetric Erionite CO, - 0.10 3.04 - - - Dubinin-polanyi
etal. - Mordenite CO, - 0.14 1.91 - - - Langmuir and Sips
Clipnotilolite CO, - 0.19 1.77 - - - Langmuir and Sips
Erionite CH, - - 0.60 - - - Langmuir and Sips
: Mordenite CH, - - 0.40 - - - Langmuir and Sips
Clipnotilolite CH, - - 0.30 - - - Langmuir and Sips
Activated
13 Dreisbach 1998 Gravimetric carbon CO, - - - - - - Langmuir and Sips
et al. CH, - - - - - - Not determined
Activated
14 Nodzenki 1998 Volumetric carbon CO, - - 7.14 - - -. Not determined
Virial Thermal
CH, - - 1.79 - - - sorption
: Virial Thermal
15 Ding 1999 Dynamic Hydrotalcite ) CO;, - - 0.58 - - - sorption
) Column . .
Breakthrough - - - Langmuir
16 Sriwardani 1999 Volumetric 13X Zeolite CO; - - 6.50 Langmuir
Activated
et al. carbon CO, - - 8.00 - - - Not determined
Activated
17 Herbst 2002 Gravimetric carbon CH, - - 8.70 - - - Not determined
Harling - - 8.70 Three parameter
Activated -
18 Dreisbach 2002 Gravimetric carbon CH, - -0.57 10.79 Three parameter
etal - - 10.79 Langmuir
19 Pakseresh 2002 Volumetric 5A Zeolite CO, - 0.08 3.90 Langmuir
et al. _ CH, - 0.01 2.03 . - - Langmuir and Sips
20 Harlick 2002 O:_.OB,m”omBuZo ZSM-5-280 Co, 2.996 - 4.30 - - - Langmuir and Sips
Tezel CH, 0.724 - 4.60 - - - Langmuir




Table 2.1 Summary of the literatures on adsorption kinetic and e

quilibrium studies (continued).

) ] Henry's Henry's Diffusion
No Researchers Year Measurement Adsorbent Adsorbate constant constant Capacity Difusifity Diffusifity Time Adsorption
Constant
Method (Dimensionless) (mmoligr/bar) | (mmolig) {cm?s) Ratio (1/s) Isotherm model
21 Hyungwong 2004 Gravimetric 4A Zeolite CO, - 5.06 - - - Langmuir
. Langmuir-
et al. CaX CO, - 24.94 3.24 - - 3.64x10° Freundlich
Purified
22 Jayaraman 2004 Volumetric clipnotilolite CH, - 1.85 - - - 3.74x10°° Langmuir
Mg-
etal. clionotilolite CH. - 3 1.94 - 2x10° - - Langmuir
Ca-
clipnotilolite CH, - 0.25 - 6x10° - - Langmuir
Na-
clipnotilolite CH, - 0.05 - 1.1x10° - - Langmuir
K- .
clipnotilolite CH. - 0.80 - 4.1x10™ - - Langmuir
- -
clipnotilolite CH. - 0.80 - 5.8x10* - - Langmuir
Li-
. clipnotilolite CH. - 2.12 - 3.2x10? - - Langmuir
Mg/Ca
(20/80)
clipnotilolite CH. - 1.87 - 3.8x10™ S - Langmuir
Mg/Ca
(50/50) _
clipnotilolite CH. - 1.12 - 6.5x10™ - - Langmuir
Mg/Ca
(80/20)
clipnotilolite CH; - 2.00 - 6.5x10° - - Langmuir
- K/Na (20/80) - :
clipnotilolite CH, - 1.63 - 6.9x10° - - Langmuir
K/Na (50/50)
clipnotilolite " CH, - 2.07 - 1.4x10™ - - Langmuir
K/Na (80/20) )
clipnotilolite CH, - 1.87 - 2.2x10™ - - Langmuir
Mg/Na
(20/80) .
clipnotilolite CH, - 0.79 - 3.2x10™ - - Langmuir
Mg/Na
(50/50) .
clipnotilolite CH, - 0.70 - 4.5x10° - - Langmuir
Mg/Na ]
(80/20)
clipnotilolite CH. - 1.85 - 9.x10° - - Langmuir
23 Harlick 2004 Volumetric 5A Zeolite CO, - 586.19 - 2.x10° - - Langmuir
- Tezel 13X Zeolite CO; - 254.86 3.20 - - Henry's




Several conclusions can be withdrawn from Table 2.1. The Henry s constant obtained
from chromatographic method has different unit compared to other measurement
methods. The adsorption isotherm in chromatographic method is expressed as the
adsorbate concentration in adsorbent against concentration of the adsorbate in gas phase.
In chromatographic method, the Henry’s constant was obtained from the analytical.
solution of Laplace domain and has no unit. Detail calculation procedures -of
chromatographic method are available in many literatures and also in adsorption
handbooks such as by Do, (1998). It is not possible to convert the Henry’s constant
obtained from other methods to dimensionless form since information of the pore volume
of the adsorbent, which is required to calculate the concentiation of the adsorbate in
adsorbent phase, are not provided by the literature. Therefore, it is very dificult to-
compare the results performed by chromatographic method to other measurement
methods.

Based on Table 2.1, the adsorption measurement performed by the same method can
give different results. This can be observed from the result given by Tezel and
Apolonatos, (1992) and Haq and Ruthven, (1985) for the measurement of Henry’s
constant of CHy4 adsorption on 4A zeolite. The Henry’s constant obtained by Tezel and
Apolonatos was three times higher thén the Henry’s constant obtained by Haq and
Ruthven. Another example is the results produced by Pakseresh et al., (2002) and Herlick
and Tezel, (2004) for the measurement of Henry’s constant of CO, adsorption on 5A
zeolite by volumetric method. Harlick and Tezel performed the experiment at
temperatures above 100°C and Henry’s constant obtained from the measurement was
extrapolated to ambient temperature. The result shows that the Henry’s constant ratio
obtained from Herlick and Tezel measurement was 750 times higher than the result
obtained by Pakseresh et al. This shows that ferripérature has significant contribution to
the adsorption measurement. Extrapolation from different operating condition may give
different result. ‘ |

Equilibrium and kinetic information are required in order to determine the meéhanism
controls the adsorption process. The parameters required to determine the adsorption
mechanism are the Henry’constant, maximum capacity and diffusivity (Yang, 2002;

Ruthven, 1988). From Table 2.1, it can be observed that only Kapoor and Yang, (1989),

34



Dreisbach et al. (2002), and Hyungwong et al.(2004) have calculated all three variables.
Among them only Kapoor and Yang, (1989) calculated those parameters for both CO,
and CH4 adsorption on CMS . Similar measurement for zeolite based materials have not
been explored so far.

Gravimetric method, especially with the availability of magnetic suspension balance,
provides more accurate result compared to other adsorption isotherm measﬁrement
methods. The comparison of the adsorption measurement methods is given in Chapter 1.
It can be observed from Table 2.1 that, despite its potential application, the measurement
of zeolite based materials for CO; and CH, adsorption using gravimetric adsorption
isotherm measurement is very rare. Most of the studies were fecused on activated carbon
adsorption. Based on the current literature in gravimetric measurement, the best
adsorbent for CO,/CH;, separation has not yet been identified.

From Table 2.1, most of the adsorbents measufed by chromatographic method follow
Henry’s isotherm. This is because the measurement was performed at low pressure. At
low pressure, Henry’s law is dominant whereby additional pressure will linearly increase
the adsorbent capacity. Most of the measurements that were performed by volumetric or
chromatographic method follow Langmuir isotherm. In some cases, the adsorption
isotherm not only follows langmuir isotherm but also can be represented by Sips equation
as well (Hernandez et al. 1997 and Pakseresh at al. 2002). Some other adsorption
isotherm model such as Dubinin-Polanyi, Ruthven, and three parameter model were also
used but to a lesser extent. , |

All the adsorbents given in Table 2.1 have the potential to be.used in CO,/CH,
separation. However, based on technical and economical considerations, not all of the:
adsorbents are suitable for commercial applica’tion. Natural zeolites such as mordenite,
clipnotilolite, erionite, and hydrotalcite are not suitable for large scale commercial
application because the physical properties of the vproducts are not homogeneous aﬁd
depend on the geographical location of origin (Ruthven, '1988). Availability of the
adsorbent material is also an important consideration in commercial application.
Therefore, despite their potential application, custom mades material that are not'
commercially available such as ZSM 5-280 and silica-1 are not suitable for commercial

application. Although activated carbon has high adsorption capacity, it is not shape
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selective adsorbent. Therefore activated carbon is capable .of adsorbing most of the
components in natural gas, hence reducing the adsoxptlon capacity for CO,. Based on the
above reasons, only 4 of the adsorbents are identified as potential adsorbents for

CO,/CH, separation, namely 4A zeolite, SA zeolite, 13X zeolite, and CMS.
2.5 Parametric Study

Basmadjian, (1975) was among the earliest researcher who investigated the effect of
operating conditions on process performance. He studied the effect of regeneration
temperature on cooling down period. The adsorption and regeneration of CQ, adsoxptlon-
in He carrier gas on SA zeolite was studied. He found that long cooling down period was
the major disadvantage of Temperature Swing Adsorptior: (TSA) process. Higher
regeneration temperature resulted in longer éooling down pericd. He suggested that under

the following criteria, the cooling down step is not required.

n .
PSP g ey 5 CPe | 2.1

Y Cpe oy, Cp,
where hf, Y, Cps, Cpg, and n, are equilibrium amount at feed temperature, mole fraction
of adsorbate in the fluid phase, heat capacity of solid, heat capacity of the carrier- gas,
equilibrium amount at characteristic temperature (T,) repectively. The characteristic
temperature (7},) can be obtained from the equation given below:

n,AH

T, =Th, - (2.2)
o CPg(” /vp)-Cp,

where AH is the heat adsorptxon However, equatlon 2.1 neglccts the contribution of the
adsorbate heat capacity. The adsorbate heat capacity should be included at higher
concentration, such as in bulk separation since the effect of adsorbate concentration can
be very high.

Cen and Yang, (1986) studied the bulk separation of a five-component mixtures of
coal gasification product on activated carbon. The components were CO, CO,, CHs, Hz,
and H,S. The main Ob_]CC'[lVC of their study was to obtain pure H; product with low
concentration of CO, and H,S from the product of a steam reformer. The effect of the end

pressure of blow down step, feed flow rate, and feed p'ressurq to the product purity were
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also studied. The results show that at lower pressure of blow down step, the pro'dud

purity and recovery increased. The pressure effect study, except for H,S, shows that the

purity of the product increased as the pressure increased. A similar pattem was also
observed in flow rate effect study. Except for HyS, the purity of all other four components

increased as the flow rate increased.

Kapoor and Yang, (1989) investigated the séparation of COz/CH4‘mixtures on CMS.
The study shows that the separation was based on kinetic mechanism where CO;, diffused
faster than CH4 onto CMS. The effect of cycle time, feed. pressure, and evacuation
pressure to CHy purity and recovery were studied. They found that there was an optimal
cycle time that yielded maximum purity and recovery. Longer cycle time gave enough
time for both components to reach equilibrium, thus the kinetic separation cannot be
achieved. On the other hand, at shorter cycle time, the CO, was not completely adsorbed,
thus the CHy4 product had high concentration of COa. A similar trend was also observed
for the effec‘t of pressure to purity and recovery. High purity and recovery were observed
at optimum pressure condition. The evacuation pressure study shows that lower
evacuation pressure produced high purity product without significant changesl in
recovery. The separation had successfully achieved 90% of CH, purity and over 90% of
CHs recovery at feed throughput of 140L/h/kg sorbent at ambient temperature and
pressure.

Parametric analysis of thermal swing cycle for multicomponent adsorption was
reported by Huang et al. (1989). They investigated the adsorption of ethane, propane, and
their mixtures on activated carbon. The effects of several parameters in adsorption and
regeneration steps were studied. In the adsorption step, the effect of carrier gas, feed
concentration, velocity, pressure, and initial bed temperature to break through time were
investigated. The results show that helium was relatively unadsorbed thus more suifable
to be used as regenerant compare to nitrogen. At higher concentration of more strongly -
adsorbed component (in this case propane) the break through time reduced significantly.
Similar trend was also observed for the effect of velocity and pressure. Higher propane
velocity and partial pressure reduced the breakthrough time significantly whereby initial

bed temperature did not give any significant impact to the breakthrough time.
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For regenération study, Huang et al. (1989) studied the effect of purge gas, regenerant
velocity, regeneratioh terr'lp'erature, and initial bed loading to depletion time. Depletion
time in regeneration study is similar to breakthrough time in adsorption study, which is
defined by Schork, (1986) as the time required to clean minimal 99% of the adsorbate on
the adsorbent. It was shown that nitrogen can regenerate the bed faster than helium due to
its higher heat capacity. At higher regenerant velocity, the depletion time decreased. The
depletion time was also reduced as the regenerant temperature increased. It was observed
that the depletion time was not significantly affected by the initial loading. The effect of
regeneration temperature to the energy requirement was also studied. The energy
requirement consists of the energy required to blow the purge gas and the energy required
by the heater to increase the bed and purge gas temperatures. At high temperature, energy |
required by the heater increased but the energy required to blow the gas decreased since
the column was regenerated faster. An optimum temperature that yielded minimum
energy requirement was also observed.

Farooq and Ruthven, (1992) studied the production of nitrogen via air adsorption on
CMS. The pressure effect to nitrogen’ purity and recovery was analyzed. The result
concluded that as the pressure increased, the nitrogen purity increased, while the recovery
decreased. At 6 bar, the nitrogen purity can reach 97 % while the recovery was only 40%.
Since the air price is very cheap, this low recovery is acceptable.

Diagne et al. (1995) studied the separation of CO; from air on 13X zeolite. The effect
of several operating procedures such as feed concentration, stripping reflux ratio, and the
ratio of adsorption to purging pressure were experimentally investigated. Their finding
shows that higher CO, concentration reduces air purity. Reflux ratio is the ratio of the
product that is being used to regenerate the column to the total product. An optimal reflux -
ratio was observed at 0.6-0.8 with maximum air purity achievable to 99%..The product
purity was significantly improved for pressure ratio below 5. At pressure ratio above 5,
the purity of the product only increased slightly. This observation was rnamly due to the
adsorption characteristic that followed Langmuir equation. However, after the adsorption
plateau was reached further pressure increment did not significantly increase the "

adsorption capacity.
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Fatehi et al. (1995) studied the separation of 60%-40% and 92%-8% of methane-
nitrogen mixtures on CMS. Their studies were focused on the effect of cycle time,
velocity and purge to feed ratio to methane purity in the product. At 60% methane
concentration in the feed, a product purity up to 76% methane was obtainable, whereby at
92% methane concentration the product purity can reach up to 98%. An optimum
velocity and cycle time were obtained for a set of operating conditions. One cycle
consists of a series of following steps i.e. feed, blow down, purge, and repressurization.
The effect of purge to feed ratio cannot be observed since most of the cycle time was also
changed when the purge to feed ratio was varied. |

The sensitivity of adsorption capacity on temperature was investigated by Talu
et al. ( 1996) The research was performed for air separation on 5A zeolite. The results
indicate that the adsorbent capacity was reduced by 25% with 20°C temperature
increment. In this system, the cooling down period was unavoidable.

The effect of adsorption pressure and composition on methane purity, for CH4/N,
separation on CMS was studied by Warmuzinki and Sodzawiczny, (1998). They obtained
an optimum pressure and feed compositioh that yielded highest methane purity. At higher
CHs composition in the feed, the purity of the methane decreased as the pressure
increased. However for less than 20% CH, concentration in the feed, the methane purity
was increased as the pressure increased.

Doong and Propsner, (1998) published an experimental study of the effect of process
symmetry on oxygen purity for air separation on 5A zeolite. In their study, two beds were
used with one for adsorption while anothel for regeneration. Both éxperimental 'an(l
simulation results indicated that the product purity was significantly reduced when there
was more than 10% cycle time difference between the adsorpticn and regeneration step.

Silva et al. (2000) studied the separation of n-paraffin and iso- paraffin by 5A zeolite.
n-parafin was adsorbed on the adsorbent due to its smaller molecular size while the
branched isomers were excluded. The effect of purge to feed mole ratio on 1so-paraﬁn
purity and recovery was also analyzed. The purity of 1so-parafl'm increased as the purge
to feed ratio was increased. .At a purge to feed ratio of 0.25, punty of iso-paraffin reached

100 % while the recovery was 70%.
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Waldron and Sircar, (2000) carried out research on PSA process for the production of
high purity hydrogen from binary hydrogen/methane mixture on activated carbon. The
influences of several variables such as feed pressure, feed composition, and purge gas
pressure on purity and recovery were investigated. They concluded that the H,
productivity increases as the pressure increases. There was also an optimum pressure
range that gave highest recovery. Hj recovery was not significantly affected by the feed
composition but the productivity increased significantly as the H, composition in the feed -
was increased. Both productivity and recovery of H, were reduced as the purge gas
pressure increased.

The performance of PSA process for oxygen separation from air by using 13X zeolite
was investigated by Shin et al. (2000). The effect of pressurization step time’ and
equalization step time to oxygen productivity and recovery were analyzed in this study.
This experiment was performed at 3.2 atm and the result shows thét as the pressurization
step time increases, the productivity and recovery of the oxygen increase. However, after
certain pressurization time, the recovery and productivity practrcal]y remain constant.
The oxygen recovery remains constant after 30 seconds while the oxygen productivity
remains constant after 40 seconds. The effect of equalization step time shows similar
behavior with the effect of pressure step time.

Mendes et al. (2001) also investigated the oXygen separation from air. In their study,
5A zeolite was used as the adsorbent. The effects of adsorption pressure, purge and
product flow rate, and cycle time on oxygen purity and reccvery were evaluated. The
results show that both oxygen purity and recovery decreases as the adsorption pressure
increases. On the other harrd, the product purity decreases while the recovery increases as
the flow rate increases. A similar trend was also observed in cycle time effect study. As
the cycle time increases, the product purity decreases while the recovery increases. In.'
purge flow rate effect study, the result shows that both product purity and recovery
decrease as the purge flow rate increases.

The adsorption performance of a ternary mixture of benzene, toluene, and p-xylene
on activated carbon was studied by Daeho Ko et al. (2001). The influence of purge gas
temperature to depletion time, cyclic operating step time, purge gas consumption, and

regeneration energy requirement were the main concern in their study. They found that
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high purge gas temperature yields high roll-up and short depletion time. Roll-up
condition means the situation where the flow rate of the adsorbed component at
regeneration step is higher than the flow rate of the component at adsorption. This
condition basically exists in initial period of regeneration step and the flow rate is
eventually reduced to zero with time. The cyclic operating step time is mainly mﬂuenced
by the time required to cool down the bed. The cool down time increases as the purge
temperature increases. Based on equation 2. 1, at temperatures below 415 K the bed does
not require cooling down. Both purge gas and regeneration energy required decrease as
the regeneration temperature increases. The energy requirements consist of energy
required to blow the purge gas and energy required by the heatcr to increase the purge gas
and the bed temperature. However at more than 415 K, the decrement of the regeneration
energy is not significant. _

Serbezov, (2001) studied the effect of adsorption pressure on the length of Mass
Transfer Zone (MTZ). The MTZ is the zone where the adsorption takes place. It has a
trailing edge where the adsorbent is already equilibrated and a leading edge where the
adsorbent is still unutilized. However, the MTZ cannot be measured directly and can only
be predicted by modeling. In PSA, the initial MTZ is generated at pressurization step. By
increasing the pressure as rapid as possible, the initial MTZ length can be reduced. Even
though the pressurization step has significant effect on MTZ length, the adsorption
pressure itself has no significant effect on the MTZ length. Nevertheless, it is not
common to analyze the performance of the system based on MTZ in industrial
application.

Cruz et al. (2002) developed model for oxygen separation from air on a commercially
available molecular sieve. The effect of pressure, pressurlzatron time, adsorption time,
adsorbent size and bed temperature on purity and recovery were simulated. The
simulation results show that, pressure increment leads to an enhancement of process
performance, since purity increases while recovery remains 'unehanged. However, the
purity increment was more significant at lower pressure. A similar trend was also
observed in the pressurization time effect study. The increment of pressurization time
decreases oxygen purity. However, an optimum pressurization time that yielded,highest

recovery was observed. For adsorption time effect study, an optimal adsorption time that
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yielded highest purity and recovery was observed. The adsorbent size effect is
conversely related to the effect of pressure drop. As pressure drop increases the adsorbent |
size decreases. The simulation results also show that as the pressure drop increased,
oxygen purity increases while the fecovery decreases. Similar to the results of
Basmadjian, (1975), Huang and Fair, (1989) and Talu, (1996), the purity and recovery of
the bed decreases as the bed temperature increases. Therefore, increasing the overall heat
transfer of the bed can increase the purity of the product.

Carbon dioxide removal from flue gas by adsorption on 13X zeolite was investigated.
by Gomes and Yee, (2002). The effect of feed flow rate, process cycle time, and inert
composition in the feed on purity and recovery were analyzed. The study shows that the
feed flow rate and the inert gas composition affect the purity and recovery in a similar
trend. Increasing the flow rate or composition of inert gas in the feed leads to a decrease
on N, purity but an increase on N, recovery. The cycle time effect study shows that as the
cycle time increase the purity also increases with a slight decrease in recovery.

Similar to Gomes and Yee (2002), rémoval of CO; from air by PSA was also studied
by Fang et al. (2003). The adsorption was also performed on 13X zeolite and the effect of
cycle time, ratio of regenerant to feed velocity, velocity of regenerant and pressure ratio
on air purity was analyzed. The study shows that the purity of the product remained
constant before the cycle time reached 20 minutes. After the <ycle time has reached 20
minutes, the purity of the air decreased significantly. Based on the velocity ratio effect
study, the air purity increases as the ratio of regenerant to feed velocity decreases. The
increment was more obvious at lower velocity ratio. The regenerant velocity ratio effect
study shows that, at a constant velocity ratio, the increment of regenerant velocity
significantly reduced the air purity. The pressure ratio affects air purity inthe ‘same patern
as velocity ratio. The increase in the pressure ratio conduces to an increase in air purity.

Yuwen et al. (2004) performed an experimental study of oxygen production from air
by adsorption. 4In this study, 5A zeolite was selected as the adsorbent. The effect of )
adsorption pressure and purge gas quantity to oxygen productivity and purity were
investigated. They identified that the oxygen productivity remam constant for the whole
operating condition. However, an optimal operating pressure was observed at 18- 2.1 bar:

Neither higher nor lower pressure from this range will reduce the oxygen purity. They
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also found that the higher purge gas quantity increases the product purity but reduces the
oxygen productivity since more oxygen is used to regenerate the column.

Chou and Chen (2004) studied the separation of CO, from flue gas by using 13X
zeolite. The influence of cocurrent depressurization time, continuous feed time, and feed
pressure to purity and recovery were analyzed in this experiment. Cocurrent
depressurization is similar with blow down step except the flow direction is mhne with
the feed direction. The result indicated that the purity of the product increases as the
cocurrent depressurization time increases. On the other hand, the recovery decreases as
the cocurrent depressurization time increases. Continuous feed time has the same effect
on purity and recovery as cocurrent depresurrization time. As the continuous feed time
increases, flue gas purity increases but the recovery decreases. Based on the pressure
study, the pressure increment leads to an increase in purity but a decrease .in recovery.
Nevertheless, at pressure higher than 1.5 bar both purity and recovery are constant.

Clausse et al. (2004) investigated the separation of C,H,, CO,, and N; on activated
carbon. Ethane and cabon dioxide was coadsorbed in this experiment and pure N, was
produced. The effect of initial bed temperature and feed temperature to breakthrough
time were studied. The experimental results indicate that the initial bed temperature tend
to reduce the breakthrough time while the feed temperature practically does not affect the
breakthrough time.

Jee et al. (2004) studied oxygen puriﬁcatioﬁ from a ternary mikture of Oy, Ny, and Ar
by adsorption on CMS. The effect of nitrogen composition on oxygen purity and
recovery was studied. Based on this experiment, as the nitrogen composition in the
mixture increases, the oxygen purity decreases  without any significant changes on |
OXygen recovery. '

A summary of the review on parametrlc analysis in adsorptlon system and operatmg

conditions is given in Table 2.2.
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Table 2.2 Summary of the literature on

parametric analysis study.

.Researchers

No Year | Adsorbent Adsorbate | Operating Parameter Performance Criteria Operating Parameter influences
. o . The cooling down period increases as the
Basmadjian 1975 | 5A Zeolite CO, 1.Temperature Cooling time regeneration temperature increases
Cen 1986 | Activated CO, 1.Pressure Purity Except for H,S, the purity increases as the
Yang carbon CoO Recovery pressure increases
CH, 2.Flow rate Purity Except for H,S, the purity increases as the flow
H,S Recovery rate increases
3. Blowdown Pressure Purity The purity and recovery increase as the.
Recovery blowdown pressure reduces
: Helium has shorter preakthrough tirme compare to
Huang & 1989 | Activated CoHg 1. Carrier gas Breakthrough time nitrogen.
The breakthrough time will increase as the key
Fair carbon CaHg 2. Feed concentration Breakthrough time component concentration increases
_ , The breakthrough time will increase as the key
3. Velocity Breakthrough time component velocity increases
Initial bed temperature gives no significant effect
4. Initial bed temperature: Breakthrough time to break through time
The breakthrough time will increase as the key
5. Bed pressure Breakthrough time component partial pressure increases .
Nitrogen has shorter depletion time compare to
6. Regenerant Depletion time helium .
The depletion time will increase as the regenerant
7. Regenerant velocity Depletion time velocity increases
8. Regeneration , The depletion time will increase as the regenerant
temperature -Depletion time temperature increases .
Initial bed loading has no significant effect to
9. Initial bed loading Depletion time depletion time
Kapoor 1989 CMS CO, 1.Cycle time Purity An optimum cycle time which yielded higher
Yang CH, Recovery purity and recovery was observed.
, 2. Pressure Purity An optimum pressure which yielded higher purity.
Recovery and recovery was observed
3.Evacuation Pressure Purity Purity increases while recovery remains constant
r Recovery as the evacuation pressure decreases
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Table N..w Summary of the :8383 on parametric analysis study (continued).

No | Researchers | Year | Adsorbent | Adsorbate Operating Parameter Performance Criteria Operating Parameter Influences
5 | Farooq 1992 CMS Air 1. Pressure Purity Purity increases while the recovery decreases
Ruthven Recovery as the pressure increases .
13X Purity decreases as the adsorbate concentration
6 | Diagne et al. 1995 Zeolite CO, 1. Feed concentration Purity increases .
An optimum striping reflux ratio that yielded
m Air 2. Stripping reflux ratio Purity higher purity was observed
A, 3. Pressure ratio Purity Purity increases as the pressure increases:
B, at pressure ratio above 5, the purity increment is
e ‘ : not significant. -
7 | Fatehi et al. 1995 CMS CH, 1. Concentration Purity Purity increases as the concentration increases
An optimum cycle time that yielded higher purity
: 2.Half cycle time Purity was observed
, An optimum velocity that yielded higher purity was
3.Velocity Purity observed _ _
4.Purge to feed ratio Purity Purge to feed ratio effect can not be observed
Adsorbent capacity decreases as bed
8 | Talu et al. 1996 | 5A Zeolite Air 1. Temperature Capacity temperature increases
9 | Doong 1998 1. Process Symmetry Purity Purity decreases significantly for more than
Propsner 5A Zeolite Air : 10% step time difference,
10 | Warmuzinki 1998 CMS CH, 1.Adsorption Pressure Purity An optimum pressure that yielded higher purity d
Sodzawicny N, Recovery and recovery was observe
2. Concentration Purity An optimum concentration that yielded higher-
- - Recovery purity and recovery was observed
Activated An optimum pressure that yielded higher recovery
11 | Waldron 2000 carbon H, 1.Pressure Recovery was observed _
Sircar CH, Productivity Productivity increases as pressure increases
2.Composition Recovery Productivity increases, recovery remains.
Productivity constant as the composition increases
3.Purge gas pressure Recovery Purity and recovery increase as purge
Productivity gas pressure increases
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Table 2.2 Summary of the literature on parametric anal

3

ysis study (continued).

No | Researchers | Year | Adsorbent Adsorbate Operating Parameter Performance Criteria Operating Parameter Influences
12 | Mendes etal. | 2000 | 5A Zeolite Air 1. Pressure Purity Purity and recovery decrease as the .
Regovery pressure increases
2.Flowrate Purity Recovery increases while purity
: Recovery decreases as flow rate increases
3.Purge flow rate- Purity Purity and recovery decrease as the purge
_ Recovery flow rate decreases
- 4. Cycle time Purity Purity decreases while recovery
Recovery increases as the cycle time increases
. Depletion time decreases as the purge gas
13 | Ko etal. 2001 | Activated Benzene | 1.Purge gas temperature Depletion time temperature increases .
) Cyclic time increases as the purge gas -
carbon Toluene Cyclic time temperature increases
: Purge gas consumption decreases as the purge
p-xylene Purge gas consumption gas temperature increases
Energy requirement decreases as the purge gas
_Energy requirement temperature increases
Length of MTZ increases as the adsorbent
14 | Serbezov 2001 | (modeling) (modeling) | 1.Adsorbent Selectivity Length of MTZ selectivity increases: , ,
however, if the selectivity is higher than eight, The
length of MTZ is constant :
Adsorption pressure has no significant effect o
2. Adsorption pressure Length of MTZ the length of MTZ .
Length of MTZ decrease as pressurization time
3. Pressurization time Length of MTZ increases
15 | Cruz et al. 2002 CMS N, 1.Pressure Purity Purity increases while recovery remains
Recovery constant as the pressure increases
Purity decreases as the pressurization time
2.Pressurization time Purity increases;
an optimum pressurization time that yielded
: Recovery _higher recovery was observed .
3.Adsorption time Purity An optimum adsorption time value that yielded
Recovery optimum purity and recovery was observed




Table 2.2 Summary of the literature on parametric ana

lysis study (continued).

No | Researchers | Year | Adsorbent Adsorbate Operating Parameter Performance Criteria Operating Parameter Influences
15 | Cruz mwm_. 2002 . 4.Adsorbent size Purity Purity decreases while recovery
. .. Recovery increases as the adsorbent size increases
5.Bed temperature Purity Purity and recovery decrease as the bed
Recovery temperature decreases
, 13X o
16 | Gomes 2002 Zeolite CO; 1.Flow rate Purity Purity decreases while recovery
Yee Recovery increases as the flow rate increases
) 2. Cycie time Purity Purity increases whiie recovery
Recovery decreases as the cycle time increases
3. Inert gas content Purity . Purity decreases while the recovery
_ Recovery - increases as the inert gas composition increases
13X
17 | Fang et al. 2003 Zeolite CO, 1.Cycle time Purity Cycle time has no significant effect to purity;
. i however, after 20 minutes purity will decrease
: significantly :
2.Ratio of regenerant to Purity decreases as the ratio of regenerant to
feed velocity Purity feed velocity decreases
. Purity decreases as the regenerant velocity
3.Regenerant velocity Purity increases
4.Pressure ratio Purity Purity decreases as the pressure ratio increases
Feed temperature has no significant effect on
18 | Clausse etal. | 2004 | Activated CO, 1.Feed temperature Breakthrough time - break through time
Breakthrough time decreases as initial bed
carbon C,H, 2.Initial bed temperature temperature increases
: 13X 1.Cocurrent
19 | Chou 2004 zeolite CO, depressurization time Purity Purity increases while recovery decreases
Chen Recovery as the cocurent depressurization time increases
2.Cycle time Purity Purity increases while recovery
Recovery decreases as the cycle time increases
Purity increases while recovery decrease as the
3.Feed pressure Purity pressure increases;
however, at pressures higher than 1.5 bar both
Recovery purity and recovery are constant
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Table 2.2 Summary of the literature on

parametric analysis study (continued)

No Researchers Year Adsorbent Adsorbate Operating Parameter Performance Criteria Operating Parameter Influences
_ An optimum pressure that yielded higher purity
20 | Yuwen et al. 2005 | 5A Zeolite N, 1.Pressure Productivity was observed.
Purity Pressure has no significant effect on productivity
2.Purge quantity Productivity Purity increases while productivity
; Purity decreases as the purge gas quantity decreases
21 | Jee et al. 2004 CMS N, 1.N, composition Purity Purity decreases while the recovery remains
Recovery constant as N, composition increases
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From Table 2.2, it is noticed that the parametric sfudy of CHy/CO, adsorption is very
scarce. Up till now only Kapoor and Yang (1989) studied parametric analy31s of
CO,/CH4 adsorption on CMS. The separation in their system was based on kinetic
mechanism. Beside CMS, zeolite based adsorbent such as 4A, 5A and 13X zeolite show
good potential as the adsorbent for CO,/CHjy separation. The parametric study on other
adsorption syétem not necessarily gives similar pattern. Therefore, the parametric study
of CO,/CHy is vital to identify the best adsorbent.

Based on Table 2.2, it can be concluded that some parameters can be optimized in_
order to obtain the optimum operating condition for better performance, while others only
show pattern. For example, Cen and Yang, (2006) who studied the effect of blow down
pressure on purity and recovery found that lower blow down pressure will increase purity
and recovery. In this case, higher purity and recovery can be achleved by simply reducmg
the blow down pressure. On the other hand, Kapoor and Yang, (1989) investigated the
effect of pressure on purity and recovery. They found that there is a certain pressure that.
can yield higher purity and recovery. Determination of that pressure value is very
important in order to obtain optimum system performance. Ths performance of a system
can -be evaluated based on purity, recovery, capacity, breakthrough time, and
productivity. However, most of researchers evaluated the system performance based on
purity and recovery. _

The effect of an operating condition to purity and recovery can have opposite result.
Farooq and Ruthven, (1992) analyzed the effect of adsorption pressure on purity and
recovery. Based on their study, purity of the product is increases while recovery
decreases as pressure increases. In a natural gas purification system, the CO, content
should be lower than 2%. Based on Farooq and Ruthven result, the purity of natural gas
can be increased by applying high adsorption pressure. However, purity increment aﬁer.
the CO; concentration in the stream has been reduced to less than 2% is no longer
required. Any pressure increment after this purity level will only reduce the recovery of
natural gas. Based on the above case, an optimum operating condition that yields high
recovery at acceptable purity has to be determined. -

Among those operating conditions studied so far, some operating éonditibns have an

optimum value that yield better system performance. Amohg those operating conditions
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that could have an optimum value are. pressure, flow rate, composition, cycle time,
temperature, purge gas pressure, purge quantity, evacuation pressure, and stripping reflux
ratio. The cycle time and velocity depends on the adsorption flow rate. Higher adsorption-
flow rate will reduce the cycle time and increase the velocity. Therefore, the effect of
cycle time and velocity on the system performance can also be studied by analyzing the
effect of the flow rate to the system performance. The effects of purge gas pressure,

purge quantity, evacuation pressure, and stripping reflux on purity for CO,/ CH,
adsorption are also important. However, these parameters are not within the scope of the
study here. Therefore, in this research only the effect of pressure, flow rate, composition,

and temperature on purity and recovery are studied.
2.6 Concluding Remarks

From the review of adsorption isotherm and kinetic measurements of CO, and CH4 ‘

the following conclusions can be withdrawn:

1. The adsorption isotherm data from chromatographic method for the same
adsorbent and operating condition may give different results from other methods.

2. The measurements performed by the same researchers can give different results
due to different of operating condition.

3. Only Kapoor and Yang, (1989) have measured the most important adeorption
isotherm parameters, which are Henry S constant, maximum capamty, and
dlfleSlVlty for CO, and CH4 separatlon However, their study was limited to
carbon molecular sieve.

4. Gravimetric adsorption isotherm measurement for zeolite based material are vefy
scarce. |

5. Most of the measurement performed by chromatographic method follows Henry s
isotherm while the measurement performed by other method follows Langmuir
model. ' ‘

6. 4A, 5A, 13X zeolite, and CMS have been claimed to be most suitable for COz/ ,
CHj, separation.

Based on the parametric studies, the following conclusions can be withdrawn:
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Only Kapoor and Yang, (1989) have performed parametric analysis for CO,/CH,.
Most of the parametric studies analyze the process performance based on product
purity and recovery.

Only the effect of pressure, composition, flow rate and temperature are the rﬁost

important parameters that require optimization
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CHAPTER 3
THEORY

3.1 Introduction

The operating condition of an adsorption separation depends on the adsorption
mechanism. An understanding of the adsorption mechanism will provide some guidance
for optimization the system. The three basic mechanisms of adsorption separation are
equilibrium, kinetic, and steric. Almost all adsorption processes in the industry are based
on equilibrium mechanism and only few are based on kinetic mechanism. Since steric
mechanism is rarely utilized in industry, this work also will only concern on the
equilibrium and kinetic mechanisms.

The equilibrium mechaﬁism is based on the adsorption capacity difference of the
adsorbent. The information regarding the adsorption capacity can be determined from the
adsorption isotherm curve. Several models have been developed to predict the adsorption
isotherm data. Among the favourite equations are Langmuir, Freundlich, Sips, Redlich -
and Peterson, Dubinin-Polanyi and Dubinin-Raduskhevich. These adsorption isotherms
will be explained in the next section. These equations are not available in binary or
multicomponent adsorption due to the occurrence of adsorption gompetition between the
adsorbate. Langmuir and Sips proposed a multicomponent adsorption isotherm models,
which give good prediction for multlcomponent adsorption. The Langmuir and Sips
multicomponent adsorption isotherm will be discussed in this chapter.

There are many methods to measure the adsorption isotherm. The comparisons of the
various methods have been discussed in chapter 1. Desplte its complexity, MSB
gravimetric adsorption isotherm measurement method shows more accurate result
compared to other method. The prmcxple of MSB gravimetric measurement will be
discussed in chapter 4.

In kinetic based mechanism, separation is based on the adsorption rate differences of
the various adsorbates in the mixture onto the adsorbent surface. The adsorption rate is

generally determined by mass transfer resistance (diffusidn) compared to surface
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adsorption itself. Based on the adsorbent pore size, there are two types of diffusibh;
macropore and micropore diffusion. Detail explanation of both types is given in this
chapter.

Selectivity is the most important consideration for the selection of the best adsorbent
for CO,/ CH, separation. Selectivity can be divided into two tyves, kinetic selectivity and
equilibrium selectivity. Nevertheless, capacity also plays an important role in adsorbent’
screening especially at high Henry’s constant ratio. Detail explanation of select1v1ty and
capacity for adsorbent screenmg will be discussed in the last part of this chapter.

4

3.2 Adsorption Type

Adsorption separation exploits the ability of certain solids to preferentlally'
concentrate specific substance onto their surface. There are two distinguished adsorption
types. The first type is phy51cal adsorption or van der Waals adsorption. This type of
adsorptlon is reversible and occurs as the result of van der Waals interaction between
molecules of the solid and the adsorbed substance. When the intermolecular forces
between solid and gas is greater than the interaction between molecules of the gas itself,
the gas will condense upon the surface of the solid. The condensation process will be
followed by a heat release. The adsorbed gas does not go through the crystal lattice of the
adsorbent but remain upon the surface (Yang, 1987).

Another adsorption type is chemical adsorption, also called as actlvated adsorption.
This type of adsorption occurs as the result of chemical interaction between the gas and
the adsorbent. The heat liberated in this type is much hlgher compare to physxcal‘
adsorptlon The process is irreversible and the regeneration of the original substance will
often be found to undergone chemical structure changes. Chemical adsorption is
generally present in cataly51s (Yang, 1987) _ ‘

In industrial application, most of the adsorption separatlon is based on physical
adsorption mechanism. Three distinguished physical adsorpticn mechanisms are steric,
kinetic and equilibrium mechanisms. In steric mechanism, separation is performed due to
the molecular sieving property of the adsorbent. In this case, big molecules are excluded

and only small and properly shaped molecules can diffuse into the adsorbent. However,
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in industrial applications, adsorption process based on steric mechanism is very rare. In
kinetic mechanism, the séparation by the kinetic mechanism is determined by diffusion
rates difference among the adsorbate molecules to diffuse into the adsorbent. Most of the
adsorption separation processes are based upon equilibrium mechanism. In equilibrium
mechanism, the separation is achieved by capacity difference. Equilibrium and kinetic

mechanism will be discussed in further detail in the following section (Yang, 1987).
3.3 Adsorption Equilibrium

In the equilibrium adsorption process, the adsorbent and the surrounding fluid
reached equilibrium after sufficient contact time. In the correspondmg state, the adsorbed
amount is determined from the adsorption isotherm curve as shown in Figure 1.6.
Adsorption isotherm can be described in many forms. Some of them are described by
simplification of physical phenomena while -others are purely empirical correlations.
More number of the empirical parameters usually gives better fit to the experimental data,
However, empirical equations do not have any practical significance since they can only
be used for the range of variables where the parameters have been regressed. An
overview of some single component and multi component adsorptlon 1sothe1ms will be

given in the following sections.
3.3.1 Single Component Adsorption Isotherm

For single component system, Brunauer classified the adsg)rption isotherm into five
different types as shown in Figure 3.1 '(Ruthven et al, 1994). Many adsorption
equilibrium models have been developed to predict these adsorptlon isotherms. At higher
concentration, the adsorption isotherm becomes curved while at low concentration' it
becomes a stralght line. In PSA system, the adsorption isotherni generally follows type I
and II. For physical adsorption in microporous materials, such as zeolite and carbon
molecular sieve, where the saturation limit depends on occupation of all surface sites,
type I is commonly applied. A material such as activated alumina and silica gel generally

shows type II behaviour. This isotherm type can be represented by BET equation. The
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BET model is generally used to measure the surface area of adsorbent by adsorption of
mtrogen at 77 K. The adsorption of hydrophoblc materlal such as activated carbon is
commonly represented by type III. This type corresponds to the situation where the
sorbate-surface interaction is higher than the sorbate-sorbate interaction. The adsorption
of macro or mesoporous material can be predicted accurately by type I\‘/ while the

adsorption of non porous material with high uniformity can be accurately predicted by

type V.

I Il i v \

- L~

10 10 - 10 110 10
P/Ps

Amount adsorbed

Figure 3.1 Brunauer adsorption isotherm classifications (Ruthven et al., 1994). -

The  adsorbed layer at the adsorbent ;surface may 'be regarded as a distinct
thermodynamic phase. The equilibrium relationships generally approach a linear line at
relatively low concentrations (Henry’s law). All isotherms have to meet Henry’s law at
low concentration. Henry s law is a fundamental test for adsorption isotherm
thermodynamic consistency. At low concentration, the.adsorbed amount (¢) is directly
proportional with concentration (C) for liquid system or pressure (P) for gas system, and
can be written as:

g=KPorg=K'C 3.1
The proportlonahty constant (K or K ) is referred as Henry’s constant. The temperature
dependence of this constant is shown in the following equation:

K’ =Ko e™RT (32)'
where AH and Ko’ are the heat of adsorption and pre-eksponenrial factor respectxvely
(Ruthven et al., 1994). .

Based on dynamic equilibrium of the adsorption and desorption rates, Langmuir

(1916) present theoretical adsorption isotherm model as written below.
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l._, bP

3.3
q, 1+bP 5-3)

where g, is the maximum capacity and b is the equilibrium constant, which is directly -
related to Henry’s constant .by the following equation: ' '
K=bg, (3.4)

Langmuir isotherm is classified as type 1 in Brunauer classification. Most of the gas
adsorption applications usually fit this type of adsorption. The Langmuir model can often
be used to represent the adsorption isotherm for microperous adsorbents. At low
concentration the Langmulr equation will reduce to Henry’s law (Ruthven et al, 1994).

Beside Langmuir isotherm, Freundhch (1926) proposed a simple empirical 1sotherm-
model as shown below:

g =bP" n>j (3.5)

Freundlich’s model is based on the distribution of affinity among the surface adsorption
sites, but it is probably better regarded as an empirical equation where b and n are
empirical fitted constants that depend on temperature. Nevertheless, Freundlich isotherm |
does not reduce to Henry’s law at low concentration. Therefore this equatlon is
thermodynamically i 1ncon31stent

For better flexibility, Sips (1948) combine Langmuir and Freundlich equations to

yield:
q KP]/II
7. 1+ kP G-

Unfortunately, this equation also does not confirmed with Henry’s law at low
concentration. Redlich and Peterson (1959) proposed another combined form as in the

following equation:

i:i{/ ’ (3.7)
q, 1+bP"" _

This equation agrees with Langmuir equation at high pressure and with Henry’s equation
at low pressure (Mohd Shariff, 1995).

Langmuir and Freundlich are. the most commonly observed isotherms for
microporous adsorbent where monolayer adsorption is dominant. For multilayer

adsorption, BET model is most suitable to predict multilayer adsorption which generally
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utilized to predict adsorption isotherm for alumina and silica gel. The BET equation is
written as: |

q _ b(P/P) (3.8)
9, (I=P/F)1-P/P +bP/P) .

where P is the saturation vapour pressure.

All of the isotherms described above vare based on surface éd‘sorption. Polanyi (1.932')
deri\}ed adsorption isotherm based on pore filling model. In the pore filling model, it is
assumed that adsorption takes place by attractive forces from the wall surrounding the.
micropores and the adsorbate molecules that start filling the pores volumetrically. In this
approach, the adsorption equilibrium relation can be expressed in the form of adsdrption
potential (A) according to following equation:

W=g/p=1(4) | (3.9)
where W is the volume of micropore filled by the adsorbate, 4 is the adsorption potential
and pis the density of adsorbed phase. The adsorption potential is defined as the work
required to remove an adsorbate moleculé from the adsorbed phase to the vapour phase
and can be expressed as:

A = -RT In(P/Py) (3.10)

The adsorbed amount as function of pressure can be determined by the correlation
between the adsorption potential (4) and the volume of micropore filled by the adsorbate
(W). The correlation is called the adsorption characterlstlc curve which was originally
introduced by Polany1 (1914) and Berenyi (1920). Two of the best equations to determine
the adsorption characteristic curve are Dubinin-Radushkevich and Dubinin-Astakov
equations. .

Dubinin-Radushkevich equation is derived by assummg a Gaussmn distribution type

for the characteristic curve. The equation is written as:

W=W,exp (-kd’) : 3. 11)
This equation is then generalized by Dubinin and Astakhov mto the following form;
W=W,exp (-(4/E)) (3.12)

where £ is the characteristic. energy of adsorption , k and » are the empirical constant
(Suzuki, 1990).
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3.3.2 Multicomponent Adsorption

In adsorption of CO,/CH, mixture, the adsorption isotherm becomes more
complex since two or more adsorbates have the possibility to occupy the same adsorption
sites. For binary mixtures at a given partial pressure, the quantity of mixtures adsorbed
will be lower than single component system at the same partial pressure. A useful
approximation like the single component Langmuir model is given by the following
equation:

9, _ k,P,
Qons 14k P, +K, P,

(3.13)

where k4 and kg respectlvely are the Henry’s constant for component A and B
respectively, P4 and Py respectively is partial pressure for component A and B
respectively, andg, _ , is maximum capacity of component. A be adsorbed. Sips equation
can also give good prediction for multicomponent system bu1 the disadvantage of this

equation is the empirical data that fit the equation have only little theoretical basis. The

Sips equation for multlcomponent system is given below.

qA _ kPl/nA
qma‘A 1+k Pl/nA k PI/nB

(3.14)

where ny and np are empirical constants for ‘component A and B respectively. Other
multicomponent adsorptlon equatlon such as Ideal Adsorbed Solution Theory (IAST),
Vacancy Solution Theory (VST), and extended Dubinin- -Radushkevich equation are also
present. However, because of mathematical simplicity, extended Langmuxr and SlpS |

equatlon has been widely used for adsorption de51gn (Ruthven, 1988).
3.4 Adsorption Kinetic
Most of the adsorption process is based on equilibrium separation, however, kinetic

separation also plays an important role. Kmetlc separation is based on the adsorption rate

difference among the adsorbates. The most 1mportant kinetic separation in industrial
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application is nitrogen production from air by using carbon molecular sieve. This method
able to produce 99 % purity of nitrogen. The rate of physwal adsorption is usually
determined by the dlfﬁlSlOl’l limitation rather than the surfdce adsorption itself. The
diffusion mechanism depends on the mass transfer resistance from the adsorbent pore
structure (Ruthven, 1988).

3.4.1 Adsorbent Pore Structure

Adsorbent can be divided into homogeneous and composite types based on pore
structure type. In the homogeneous adsorbent, pore structure is similar through out the
entire particle. Among the homogenous adsorbents are silica gel, activated carbon and
activated alumina. On the other hand, the composite adsorbent is formed by aggregation
of micropore in the particles. Commercial adsorbents in this class are peletted zeolites
and carbon molecular sieve. The pore structure of the composite adsorbent consists of
microporous voids in the crystals and intercrystaline macroporcus v01ds within the pellet

Composite adsorbent has three distinct mass transfer resistances that are macropore
diffusion, micropore diffusion and external film. The illustration of these mass transfer
resistances is shown in Figure 3.2. Microporous crystal has pore diameter smaller than
20A (Ruthven, 1988).

Microporous
Crystals

Intercrystatlin
Macropores

External Idealized
Fluid Film - Representation
{uniform sphericol
crystallites )

Figure 3.2 Mass transfer resistances (Ruthven, 1988).
Practically, the mass transfer in external fluid j 1s very small, therefore the adsorption

will be very rapid. The adsorption/desorption rate will be controlled by either micropore

diffusion or macropore diffusion. (Ruthven et al., 1994).
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3.4.2 Macropore Diffusion

There are four different diffusion mechaﬁisms within a macropore which are bulk
diffusion, Poiseuille diffusion, Waals diffusion, and surface diffusio_q. Bulk diffusion is
the dominant mechanism where the pore diameter is lafger than the mean free path. Mean
free path is the average distance that an adsorbate can travel before being adsorbed (C.R.
Nave, 2006). The bulk diffusion (D,) can be calculated according to the following
equation

T1.7
D, =0.0018583 —— - (3.15)

Po QM
where ¢ is the molecular dlameter Qis the dimensionless function that can be found in
Table B-2 of Bird et al. (1960) and M is the molecular weight (Do, 1998).

Knudsen diffusion (Dg) depends on the coalition between the pore wall and the
diffusing adsorbate. It is significant at low pressure and in small pores where the mean
free path is equal to or greater than the pore diameter. Knudsen diffusion is independent
of pressure and only changes weakly with temperature. Km‘ldsen diffusion is best
described by the following relationship

2r |8RT '
=— |— 3.16
=3V g (3.16)
where r is the pore diameter. Generally, both mechanisms are always occur together. The
combined diffusivity (D,) is described in the following equation.

“DL;DLKWLDLW (3.17)

There is also possible diffusion contribution from Poiseuille diffusion, which only

significant at large pores and at high -pressures. This diffusion is usually present in

pressurisation step in PSA. The diffusion contribution is directly additive to the combined

diffusivity from Bulk and Knudsen diffusion. The Poisuille diffusion (Dp) is given by the
following equation ‘

Dp = Pr¥/Su | (3.18)

where p is the gas viscosity.
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In the bulk, Knudsen, and Poiseuille diffusion, the adsorbates diffuse through the pore |
central region. In the case where the adsorbed phase is sufficiently mobile, there may be
additional contribution from surface diffusion through the adsorbed layer on the pore
wall. Any such contribution is directly additive to the previous combined diffusion.
Surface diffusion is an activated process and in many way‘s similar to micropore

diffusion, which will be discussed in the next section.
3.4.3 Micropore Diffusion.

Micropore diffusion occurs in the pores of dimensions comparable to the diameter of
the diffusing molecules. In micropore diffusion, the diffusing molecule never escapes the
adsorbent force field. In such small pores, it is difficult to differentiate between the
adsorbed molecules and the gaseous molecule in the central of the pore. It is preferable
that the entire gas molecules within the microparticle are considered as the adsorbed
phase. '

In the microporous adsorption process, the adsorbent surfice concentration is time
dependent. The adsorbent diffusivity is usually determined from the s\o-called}upta’ke
curve. Uptake curve contains information of the adsorbed amount as functions of time.’
The uptake curve is obtained by dividing the adsorbed amount at specific time (M) to the

adsorbed amount at equilibrium (M) and plot against time®>, The example of uptake

curve is illustrated in Figure 3.3 (Kapoor and Yang, 1989; Keller and Staudt, 2005).

‘® CO5
4 CHgq

o 1 1 . 1
o 8 ns 16 24
TIME, min

Figure 3.3 Typical uptake curve (Kapoor and Yang, 1989).
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The diffusivity is calculated from the adsorbed amount as function of time M;. The
uptake curve is expressed in the following equation:
M : 6 ® e—-nzzrchl/rzc
{

=l-—> 5 - (3.19)

n

n=1
where ¢, ¢, and D, are microporous radius, time, and micopore diffusion respectively.
There are two other simplified approaches to calculate the diffusivity. For fractional

uptake <15%, the diffusivity can be calculated from the equation below:

M, 6 [Du
M -_rzc pu : - (3.20)
For fractional uptake >70%, following equation will be used:
M, 6 ;}ZDCt
o TR ) 62D

As an activated process, micropore diffusion (D) is strongly dependent on temperature
and pressure. The dependence usually follows an Arrhenius form as shown in the
equation below '

) N
d nPe_/:/,n

D=D,
dlng

(3.22)

where E is diffusion activation energy and D, is pre-exponential factor. The activation
energy in small pore is higher than in larger pore adsorbent. The energy barrier is mainly
due to repulsive interaction associated with molecule passing through the pofe. _

Therefore, bigger molecular diameter will require higher activation energy.
3.5 Adsorbent Selection

For certain separation" purposes, some adsorbents may be identified as suitable
material. Preliminéry selection can done using on the visual comparison of adsc;rption
isotherm or uptake curve. However, visual inspection can be rhisleading sometimes and
does not quantify the effectiveness of the separation. Two parameters are normally used

to evaluate the effectiveness of the adsorption namely selectivity and capacity (Yang,A
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2002). Information regarding the capacity of the adsorbent can be obtained from the
adsorption isotherm as discussed in the adsorption equilibrium section. |

The selectivity of an adsorbent depends on its separation m_eéhanism. The simplified
selectivity in PSA is defined as follows:

_A_4 B
% 4, H

p (3.23)

where «ais the selectivity, x is the mole fraction of component 1 or 2 on adsorbent
surface and y is the corresponding mole fraction in gaseous phase. Even though this
parameter can be extended to other isotherm mode,'it is preferable to use Langmuir
isotherm model due to its simplicity and can give réasonable accuracy (Yang, 2002). By

utilizing equation 3. 23, for Langrriuir equation, this selectivity can be written as:
ap =—L o (3.24)

where «; and K are the equilibrium seléctivity and Hehry’s law constant respectively.
For kinetic separation, the adsorption is performed only at short period to ensure the
slower diffusion component does not have enough time to diffuse completely. For a short
separation time the adsorbed amount will follow equation 3.20. For Langmuir adsorption
isotherm, by substituting equation 3.3 in equation 3.20, the following equation is

obtained:

__KP 6D
"1 P\ D,

(3.25)

Habgood (1958) expressed the selectivity for kinetic separation as the product -of
Henry’s constant ratio and the square root of the divusivity ratio. Thus, the kinetic

separation factor is given by the equation below

'

o =K D (3.26)
KZ DZ ’

High selectivity adsorbent is usually selected as the main parameter to be considered
for adsorbent selection. The selectivity can be inform of kinetic or equilibrium selectivity.
However, under certain circumstances high capacity adsorbent is more important. For

higher value of Henry’s constant ratio, at the same partial pressure of adsorbate, the
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contribution of weaker adsorbed component in the adsorption is small (kP4 >>kgPp).
This situation can be observed from the equation below. |

94 _ k4P ~ kaPy
max a4 1tk Py+kpPy  1+k,P,

(3.25)

4 _ kg Py

= ~ (3.26)
Do LHE P, + kg Py

It is very clear that at higher Henry’s constant ratio the adsorption can be classified as
single component adsorption and component B can be assumed as unadsorbed or inert.
Unfortunately, to date, no single literature defines the Henry’s constant ratio limit. Under

this circumstance high capacity adsorbent is preferable.
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CHAPTER 4
RESEARCH METHODOLOGY

4.1 Introduction

The research methodology consists of two major parts. The first part is the adsorption
isotherm and kinetic measurements. The objective of the measurements is to select the
best adsorbent for CO2/CHj separation. Four potential adsorbent for CO,/CH, separation
were subjected to the measurement namely 4A zeolite, 5A zeolite, 13X zeolite, and
carbon molecular sieve. The outcome of the measurements was data of mass of the
adsorbed gas as function of pressure and time. This data can be further analyzed to
calculate the equilibrium or kinetiq selectivity and capacity which generally used as
adsorbent screening criteria. In this work, the adsorption isotherm and kinetic
measurements were performed using Magnetic Suspension Balance (MSB) whlch is
based on gravimetric method.

The second part of this work is the dynamic studies of the best adsorbent selected
from the first part. The main objective of the dynamic study is to observed the effect of
re;generation temperature, feed composition, feed flow rate, and pressure on product ( in
this case CH4) purity, recovery and prodﬁctivity. The recovery and productivity were
calculated based on the flow meter at the column outlet, while the purity ot: the product
was analyzed using Gas Chromatograph (GC). The dynamic ‘studies were carried out
using Gas Adsorption Column Unit (GACU) developed in house. All the measurémeﬁt
for both parts were performed twice with deviation less than 5%. Example of the result .
reproducibility is given in appendix C. |

All.the adsorbent used in this experiment has 1 fnm diameter. Carbon molecular sieve
was supplied by Takeda Chemical Company, Japan while the zeolites were supplied by
Zeochem, Switzerland. For adsorption 1sotherm measurement approx1mately 5 g of the
adsorbent was required while for dynamic studies approximately 250 g of adsorbent was
required. The porosity of 4A zeolite, SA zeolite, 13X zeolite and carbon molecular 51eve ,
respectively are 0.71, 0.72, 0.72 and 0.23. The samples of the adsorbents used in this -

experiment are shown in Figure 4.1 to 4 4.
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Figure 4.2 Sample of 5A zeolite.

13X Zeolite |

4.3 Sample of 13X zeolite.

66



Carbon Molecular Sieve
MS

4.4 Sample of carbon molecular sieve (CMS).
4.2 Adsorption Isotherm and Kinetic Study

The adsorption isotherm and kinetic measurements are performed in order to
determine the best adsorbent for CO,/CH,4 separation. MSB gravimetric method is
preferred for adsorption isotherm and kinetic measurements since it can produce accurate
result, even though it is expensive and more complex. The adsorption isotherm and
kinetic measurements are performed by using Rubotherm gravimetric adsorption
isotherm unit. The unit consists of two major components, which are the Magnetic
Suspension Balances (MSB) unit and the gas-dosing unit. The gas-dosing unit governs
the amount and pressure of the gas in the system while the adsorption isotherm and
kinetics are obtained from the magnetic suspension balance unit. Details on the
Rubotherm gravimetric adsorption isotherm unit are given in appendix A. The schematic
diagram and picture of Rubotherm gravimetric adsorption measurement unit are shown in

Figure 4.5 and 4.6 below:

67



Magnetic

—) Suspension [—————————————n
I Balances (MSB) ) :
t
|
: | Gas Inlet
! ' i
! I
! I
- ! |
[ 1
; !
= )
s [ !
! AutomaticGas |
e [ Dosing | Gas Outlet
)
| : Legends:
! '
|
[
1 .
X : @Jhermocouple
1
| . Pressure
. | ®:
| Vacuum Outlet Transducer
______________ [ ) ® . Flowmeter

Figure 4.6 Rubotherm gravimetric adsorption measurement unit.

Rubotherm gravimetric measurement principle is based on the force balance between
the weight of the system (F) and the buoyancy force (F3). The weight of the system (Fy)
is comprised of the weight of sample container, adsorbent, and adsorbate as given in the
equation 4.1 below

Fyq= (msctms+my)g 4.1)
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where mgc, mg, my, and g are mass of sample container, mass of adsorbent, mass of
adsorbate, and gravity constant respectively. An illustration of the gravimetric

measurement principle is given in Figure 4.7.

ﬁFTOT

Adsorbate

A
L, FA
Sample Container

Figure 4.7 Ilustration of principle of gravimetric measurements.

The buoyancy force (Fj) tends to lift the sar‘hplle thus giving an opposite effect from thev
weight of the system. The principle of buoyancy effect is based on Archimedes law
which can be expressed as in equation 4.2 below
| Fo=(Vsc+Vs+Vp(T.P) g | (42)
where Ve, Vs, ¥V, and p© are volume of sample container, volume of adsorbent, volume of
adsorbate and gravity constant respectlvely
The total force from MSB (Fror) can be easily calculated from the balances reading and
can be expressed as in equation 4.3 below
Fror =mpug=Fs-Fy=((msctmstmy)- VsctVstV)p(TP)} g (4.3)
where mp, is the mass balances reading. Equatlon 4.3 can be simplified into equation 4.4
below , |
Mpq =(msc+mgtmy)- (V sctVstVy)p(T,P) (4.4)
The main objective of adsorption isotherm measurement is to measure the mass of

adsorbate (m,). Other parameters, such as the mass and volume of the sample and sample -



container, can be determined from blank measurement and buoyancy measurement.
Therefore, the MSB gravimetric measurement involves three procedures as follows:
a) Blank measurement | ' 7
b) Buoyancy nieasurement
¢) Adsorption isotherm and kinetic measurement

The principle of each step is given in the following section.
4.2.1 Blank Measurement

This measurement has to be performed only once after the installation of the
equipment to determine the mass and volume of the sample container. This measurefnent
is performed by measuring the mass of the empty sample container at different gas
densities. It is preferable to use an inert gas suchas helium or nitrogen for this
measurement. In this work, nitrogen was used for the blank measurement.

The data required to determine the mass and volume of Sample container are the
weight of the balance (mBAL) as function of pressure (P) and 1v=mperature (T) of the gas.
Normally, this experiment is performed by using nitrogen, even though it is also possible
to use other gas. .

This measurement was performed by measuring the weight of the empty sample.
container at different gas densities. The density (o) of the gas can be calculated using
equation of State (EOS) or measured directly from MSB. For ideal gas, the den31ty of the

gas can be calculated by the following equation:

MP
_ , 4.5)
Y | (4.5)

where M, R, and Z are molar mass of the gas, ideal gas constant, and compressibility of
the gas respectively. |

By using titanium sinker, the density of the gas can also be calculated simultaneously
with the adsorption measurement. The sinker is a hollow cylinder that has a known mass.
By measuring the weight of the sinker at specific pressure, the mass of the gas inside the

sinker can be calculated. The density of the gas can be calculated by following equation.
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gas

v gas

p:

(4.6)

where p, m_, ,v,, respectively are density of the gas, mass of the gas inside the sinker,
p gas gas p . y g g

and volume of the gas inside the sinker.

The experiment was performed by increasing the pressure stepwise from vacuum

condition to a maximum of 60 bar with increment varying from 2 to 10 bar while keeping

the temperature constant at 298K. At each pressure step, the weight of empty sample |

container measured by the balances was recorded and the gas density was calculated by

equation 4.6. The weight of the empty sample container was then plotted against the

density of gas as shown in Figure 4.8.

balance reading mg,, gl

v

7.55
®  measured mass of empty
® sample container
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~
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Figure 4.8 Typical result from blank measurement experiment.

The weight of the sample container recorded by the balances reduces as the pressure

increases due to the buoyancy forces acting on the sample container. The buoyancy force"

(F) acts on any body which is located in a gas or liquid atmosphere and it is proportional

with density (p) and volume of sample container (Vs¢) of the body and also the gravity

constant (g).

Fp=pVscg

4.7)
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R

Figure 4.12 Gas Adsorption Column Unit (GACU)

4.3.1 Regeneration Temperature Variation Experiment

Prior to the regeneration experiment, the adsorption column was introduced with 50-
50 mixture of CH4/CO, mixtures at a rate of 2 NL/min until the adsorbent is saturated.
The adsorbent is considered saturated when the outlet composition reaches 50% for both
gases as indicated by the GC. The flow rate (2 NL/min) was selected since at higher flow
rate the break through was very fast and it was difficult to observe from the GC. At lower
flow rate the flow meter reading is less accurate because the accuracy of the flow meter is
1% of the maximum scale.

The selected composition 50-50 mixture of CH4/CO, was selected since it was also
used by other researchers such as Kapoor and Yang (1989) in their dynamic study. The
adsorption bed was initially heated up to the desired temperature by the heating jacket
and trace heater. The selected regenerant temperatures are 23, 50, 70, 100, 150°C. In this

research air was chosen as the regenerant. After the bed has reached the set temperature,
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5 NL of air was passed counter currently through the column :o0 regenerate the column.
Counter current regeneration cleans the adsorbent better compared to the cocurrent
regeneration (Ruthven, 1988). The regeneration ié considered completed when out'l.et _
flow rate is equal to the pure air flow rate. '

To sfudy the effect of temperature on adsorption performance, adsorption step was
performed after the regeneration step. Once the bed temperature has cooled down to
ambient temperature, 2 NL/min of 50-50 of CH4/CO; mixture was introduced into the
column.. The adsorption stép was stopped after the adsorbent was saturated ie. when the
inlet and outlet composition were equal. From the hot ga.s regeneration experiment, it was
determined that the best temp to regenerate the column is at ambient temperature. For

subsequent dynamic studies, the column was regenerated at ambient temperature.
4.3.2 Composition Variation Experiment

Prior performing this experiment, the bed was regenerated by flowing 5 NL/min of air
at ambient temperature through the column for about 30 minutes. This regeneration
condition was selected according to the regeneration stud'y which indi;:étes that 29
minutes are required to regenerate the column at ambient temperature. After the column
was completely regenerated, 5 NL/min mixture of CO,/CH, was introduced to the
column until the column saturated. The composition of the mixture was varied from 10% -
CO; until 90% CO, with 10% increment. The outlet flow rate of the column was
continuously monitored from the outlet flow meter FI 06. The outlet flow rate
information is required for recovery calculation.

* The outlet gas was analyzed by GC for every two minutes. The GC reading is crucial
for product purity information. After the column has reached sitturation, the column was
regenerated again in order to be used for the next adsorption experiment at different
composition.

The total flow rate of 5 NL/min was selected since at differént flow rate it is difficult
to vary the composition. For examplé if the total flow rate at 7 NL/min is used, at 10%
CO; composition, a flow rate of 0.7 NL/min of CO; and 6.3 NL/min of CH4 will be

required. Since the maximum flow rate of this flow meter is 5 NL/min therefore it is |
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impossible to obtain 6.3 NL/min of CHy. On the other hand, at 3 NL/min the flow rate of
CO, requireci is 0.3 NL/min and CHy is 2.7 NL/min. Since the accuracy of the flow meter
is 1% full scale, therefore at 0.3 NL/min the error can be as big as 16.67%. Nevertheless |
in this work 3 and 7 NL/min total flow rate were also used for certain composition in

order to study the effect of composition at different flow rate.
4.3.3 Flow Rate Variation Experiment

Similar to previous experiments, the column was regenerated first by flowing 5.
NL/min of air at ambient temperéture for about 30 minutes. This experiment was
performed at ambient pressure and at 50-50 CO,/CH,4 mixture. After the column has been
completely regenerated, 1 NL/min of 50-50 mixture of COZ/CH4 was fed to the column
until the column was saturated. The column outlet flow rate was monitored continuously
by flow meter FI 07. The product purity was analyzed .every two minutes by GC. After
the eolumn has reached saturation, another regeneration step was performed in order to
clean the column for the next adsorption step at different flow rate. The flow rate was
varied from 1 to 5 NL/min by adjusting the flow controller FIC2 and FI03. Nevertheless,
in this work, 30% and 70% NL/min composition were also used for certain flow rate in

order to study the effect of flow rate at different composition.
4.3.4 Pressure Variation Experiment

The column was first prepared for this experiment by regeﬁerating as in previous
experiments. After the column has been completely regenerated, 50-50 of CO,/CH,4
mixture at 2 NL/min was injected to the column at 2 bar pressure. At higher pressure, the
column will reach saturation faster because large amount of gas enters the column.
Therefore, in order to avoid rapid saturationi of the column, the inlet ﬂow rate was
selected as low as possible. However, at 2 NL/min a longer time is required to pressurize
the main column. Therefore, the second column was used to pressurize the main column
by filling up the second column at double of the desired pressure. Once the pressure of

the second column has reached double of the desired pressure, then the valve connecting
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to the first column was opened. The gas ﬂowed from the first column while the
compressor was still compressing the gas until the pressure of the second column is
reduced and equalize to the pressure in the first column as required. The system was then
connected to the GC by opening valve V50. The outlet gas was sampled every two
minutes and the composition was analyzed by an on-line GC. After the column was
saturated, another regeneration step was performed in order to prepare the column for the

next adsorption step at different pressure. The pressure was varizd from 2 to 20 bar.

4.3.5. Recovery Calculation

- The recovery of CH4 can be calculated from the column outlet flow rate, which can

be illustrated as in Figure 4.13 below.
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Outlet { |
Flow rate 1 : 2 : 3

(NL/min) ! : |
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7 | | A
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Figure 4.13 The pattern of column outlet flow rate.

Three distinct zones are present as shown in Figure 4:13. At Zone 1, both COz. and
CH, are adsorbed and only a small amount of CHy passes through the column. At Zone 2,
CHy4 has already completely passed through the column while CO; is still being adsorbed.
In this zone, the real separation process happens since the entire CHy has passed throuéh
the column while CO, is still retarded. The CHy purity will be calculated from the GC

reading in this zone. At zone 3, both gasses have already passed through the column and
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the adsorption process has to be terminated. The variable X, Y, and Z and AH in the
figure above is the flow rates of small amount of CH, which pass through the column, the
flow rate of CHa, the flow rate of CH4 and CO,, the flow rate of CO, respectively. In
industrial applications, the adsorption process is terminated when the outlet flow rate
contains 5% of CO; of inlet flow rate (Treyball, 1998). The time when the outlet flow -
rate contains 5% of CO; of inlet flow rate is called the break through time (t,). This is the
stopping criteria used in this work. In Figure 4.13 above, the breakthrough time is
achieved at Y+0.05AH. The CHy recovery (%) can be calculated by equation 4.16
(Leuvenspiel, 1967). ’

Mol of CH exit the column
Mol CH, enter the column

Recovery (%) =

For ideal gas, the molar ratio is equal to volume ratio. Therefore, equation 4.16 above can

be replaced by equation 4.17 below.

Volume of CH , exit the column

Recovery (%) = X 100% 4.17)

Volume CH , enter the column

Volume of CHy entering the column can be calculated by equation 4.18 below
- Volume of CHy enter the column = Y'x tyxCH, Purity (4.18)
where Y and ¢, are flow rate of CHy and break through time. Volume of CHj that exit the
column is calculated based on the area under the curve as shown in Figure 4.14 below.
Outlet

F_Iow rate
(NL/min)

..............

t,. Time (s)

Figure 4.14 The pattern of column outlet flow rate for calculation of volume CHy exit the
column.

The area under the curve can be calculated by Simpson’s rule.
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F+2F;+1+2F+2+2F+3+ +2F,_ +F,
2

where F; is the data of flow rate number i, n is total data, At is the time between the ﬂow

Area = nAt (4.19)

rate data taken. In this work, the flow rate data was taken every second thus Af equal to 1
second. Substituting equation 4.18 and 4.19 into equation 4.17, a new expression for

recovery is obtained as given below.

+2F 3 +..+2F, |+ F))

(F; +2F,, +2F, n
nX 100% (4.20)

i+2

Y X t, X CH, Purity

Recovery (%) =

4.3.6 Purity Calculation

The purity of CHy in the column outlet can be calculated by equation 4.21. 4
CHj purity (%) = 100% - (% CO,) 421
The percentage of CO, can be calculated from GC calibration curve at low product
concentration is given in appendix D. From calibration curve, the % CO; is given by 7
x107 (Area CO; ).Therefore, CHy purity can be calculated using the following equation:
CHy purity (%) = 100% - (7.10” x Area CO,) (4.22)

4.3.7 Productivity Calculation

- The adsorbent productivity can be calculated by equation 4.23 (Waldron and Sircar,
2000). ‘

Volume of CH, exit the column
Total cycle time

Adsorbent Productivity = (4.23)
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CHAPTER 5
RESULTS AND DISCUSSIONS

5.1 Introduction

The results and discussion chapter is divided into three sections. The first section
gives emphasis on the results from adsorption isotherm and kinetic experiments. The
objectives of this section are to obtain and analyse Henry’s constant, adsorbent capacity

and diffusivity ratio which will be used for adsorbent screening. The second section

~ covers the selection of the adsorbents for CO,/CH, separation based on the adsorbent

selectivity and capacity. Finally, the third focuses on the analysis of the effect of
regeneration temperature, pressure, flow rate and composition to product (CHy) purity,

productivity, and recovery in the dynamic studies.

5.2 Adsorption Isotherm of CO; and CH,

In the equilibrium-based adsorption studies, information obtained from the adsorption
isotherms is very crucial for adsorbent selections. The adsorption isotherm for CO, and
CHs on 4A, 5A, 13X zeolite and carbon molecular sieve (CMS) are shown in Figure 5.1

and 5.2 respectively.
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Figure 5.1 Adsorption isotherms of CO,.
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Figure 5.2 Adsorption isotherms of CH,,

The results show that the adsorption isotherms for all adsorbents follow type 1 in
Brunauer adsorption isotherm criteria (refer to Figure 3.1). For all adsorbents, the
adsorption capacity of CO; is higher than CH,. A comparison between all the adsorbents
shows that 13X zeolite has the biggest capacity for both CO, and CH,. The adsorbent
capacity increases as the surface area of adsorbent increases. The data of the adsorbent

surface area is given in Table 5.1 below.

Table 5.1 Adsorbent surface area.

Surface Area
NO | Adsorbent (m’/g)
1 13 X zeolite 651
2 5A zeolite 528.35
3 4A zeolite 40.6
4 CMS 248

From the curves shown in Figure 5.1, it can be observed that the adsorption isotherm of
CO; on CMS is decreasing slightly after the adsorption capacity reaches a maximum
value.

Other researchers have also indicated that the adsorption capacity of CO, is higher
than CH, in all the adsorbents that they have studied (Hernandez et al, 1997; Chaudary
and Mahadevi, 1996; Harlick and Tezel, 2002; Nodzenki, 1998; Rolniak and Kobayashi,
1980; Pakseresh et al, 2002, Dexin and Youfan, 1987, Kapoor and Yang, 1989).

However, the value of adsorption capacity obtained in this research is different with the
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capacity observed from other research groups as given in Table 2.1 (Harlick et al. 2004;
Rolniak and Kobayashi, 1980; Haq and Ruthven, 1985; Tezel and Apolonatos, 1992.
Triebe and Tezel, 1996; Pakseresh et al. 2002; Kovach et al. 1998; Dexin and Youfan,
1987 and Kapoor and Yang, 1989). The difference is mainly due to different
measurement method or different measurement conditions. To the best of author’s
knowledge, no other researchers have studied the adsorption of CO, and CHy4 on the'
selected adsorbents using magnetic suspension balances.

The adsorption capacity decreases at high pressure, especially for adsorption capacity
of C02 on carbon molecular sieve. Other researchers also have similar observation for
COz adsorption on activated carbon (Herbs and Harting, 2002, Dreisbach et al, 2002,
Keller and Staudt, 2005). The observation is more obvious at higher pressure since at
higher pressure the buoyancy force acting on the adsorbate volume is no longer
negligible (please refer to equation 4.3). The observation is also more obvious for CO,
adsorption compare to CH, adsorption since the density of CO, is higher than CHj.

There are two forces involved in physical adsorption namely van der Waals and
electrosfatic forces. Van der Waals force is always present in any adsorbent-adsorbate
system while electro static force is only present in adsorbent which has an ionic structure
such as zeolite. (Ruthven, 1988, Yang, 2002). The adsorption of CO; is higher than CH4
for all adsorbents. This phenomenon can be e_:xplained from the forces involved in the
physical adsorption; Zeolite adsorbents have highly polar surface that tends to attract
polar molecules due to electro static force. Since CO, has higher polarity compared to ’
CHs, therefore CO, is more strongly adsorbed. In addition to the electro static force, on
zeolite adsorbent, van der Waals force also contributes in the adsorption process. On the
other hand, CMS has non-polar surface, therefore, the adsorption is controlled by van der
Waals force only. The van der Waals force increases significantly as the adsorbate radius -
decreasgs. Since the diameter of CO, is smaller than CH, (3.3 Aand 3.8 A respectively)
therefofe CO; is more strongly adsorbed on CMS compared to CHj.

The higher adsorption of CO; than CH, in all of the adsorbents could_also be due to
the surface loading. The same adsorbent surfac'é area can accommodate more CO,, which
is a smaller molecule than CHy. Figure 5.3 give good illustration of this condition. The

diameter of the white ball in Figure 5.3 is smaller than the black one. It can be observéd :
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that the same area of square can accommodate more white balls than the black balls
[Ruthven,1988].

Figure 5.3 Adsorbate loading comparison on an adsorbent surface.

In comparison to CMS adsorbent, the adsorption force in zeolitic adsorbent is higher
since the adsorption force in zeolite adsorbent not only involved with van der Waals force
but also the eleetrostatic force. On zeolite, the electrostatic force increases as the ndmber
of exchangeable cation per cell increases. Both 4A and 5A zeolite have 12 exchangeable “
cation per cell while 13X zeolite has 10 exchangeable cation. Based on electrostatic force
only, the adsorption fdrce on 4A zeolite ie stronger than the adsorption fdrce on 13X
zeolite. Nevertheless, from Figures 5.1 and 5.2, it is obvious 'th_af the adsorption capacity
of CMS and 13X zeolite is higher than 4A zeolite. Therefore, it is confirmed that the
capacity is not significantly affected by the adsorption force tut mainly depends on the
surface area of the adsorbent. From Flgure 5.1 and 5.2 and Table 5.1, it can be observed _.
that the adsorption capacity increases as the adsorbent surface area increases. This is due
to higher surface area provide more space for the adsorbate to attach.

The adsorption isotherm curves in Flgures 5.1 and 5.2 indicate type I in Brunauer
adsorptlon isotherm criteria. This confirms that a mlcroporous adsorptlon took place. In
microporous adsorption, several correlations claimed to fit well with the ﬁrst type of the
adsorption isotherm. Among the popular equations suitable for microporous adsorbent
are Langmuir, Freundlich, Sips, Redlich and Peterson, Dubinin- Radsushkevic and
Dubinin-Astakhov (Ruthven, 1988; Ruthven et al, 1994; Yang, 1987, Mohd Shariff, -
1995). Detail equations are given in Chapter 3 The parameters for these equations are.' '
regressed by-using curve fitting tools in Matlab software and given in Tables 5.2 to 5.5

below.
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Table 5.2 Langmuir adsorption isotherm parameters.

No | Adsorbent | Adsorbate gs b Accuracy (%)
1 4A Zeolite CO, 353 | 2.14 99.30
2 5A Zeolite CO, 4.31 | 3.11 . 99.53
3 13X Zeclite CO, 5.70 | 2.37 99.70
4 CMS CO, |[366] 1.11 99.37
5 4A Zeolite CH, 1.94 | 0.08 99.90
6 5A Zeolite CH, 299 | 0.20 99.88
7 13X Zeolite CH, 3.47 | 0.16 99.94
8 CMS CH, |507]002 96.95
Table 5.3 Freundlich adsorption isotherm parameters.
No | Adsorbent | Adsorbate b n Accuracy (%)
1 4A Zeolite CO, 2.71 13.34 99.16
2 | BA Zeolite CO,; 3.53 17.57 99.61
3 13X Zeolite CO, 450 | 15.02 99.00
4 CMS | CO, 2.50 9.93 95.25
5 4A Zeolite CH, 0.42 3.01 99.71
6 S5A Zeolite CH, 1.43 6.01 99.57
<7 13X Zeolite CH,4 1.42 5.01 99.18
8 CMS CH, 0.19 1.53 95.03
Table 5.4 Sips édsorption isotherm parameters.
No | Adsorbent | Adsorbate [ g, K n Accuracy (%)
1 4A Zeolite CO, 378 | 198 | 182 | = 99.83
2 5A Zeolite CO, 461 270 | 2.08 99.99
3 13X Zeolite CO, 593 | 2.30 1.53 99.97
4 CMS CO, 3.67 | 1.12 1.01 99.22
5 4A Zeolite CH, 227 | 130 | 0.10 99.96
6 5A Zeolite CH, 290 | 014 | 084 99.99
7 13X Zeolite CH, 3.28 | 0.08 | 0.75 99.99
8 CMS CH, 272 10001} 043 | 99.77
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Table 5.5 Redlich and Peterson adsorption isotherm parameters

No | Adsorbent | Adsorbate | g, a K n Accuracy (%)
1 4A Zeolite CO, 3.81 | 345 4.24 1.04 99.86

2 5A Zeolite | . CO, 6.09 | 4.22 6.65 |.1.03 99.96

3 | 13X Zeolite CO, 412 | 4.27 3.67 1.03 99.94

4 CMS - CO; 3.72 | 1.01 0.98 |0.99 99.41

5 4A Zeolite CH, 3.42 | 0.12 0.60 1.31 99.87

6 5A Zeolite CH, 3.63 | 0.14 0.14 | 0.96 99.90

7 | 13X Zeolite CH,4 3.74 | 0.1 0.08 |0.92 100.00

8 CMS CH, 3.40 | 0.02 | 0.001 | 0.31 99.31 .

Dubinin-Radsushkevic and Dubinin-Astakhov equation parameters cannot be
determined for this adsorption system since the calculation requires saturation vapour
pressure of adsorbate at the temperature where the adéorption isotherm is developed. In
this case, the adsorption isotherm was developed at 298K. Since the critical temperature
of CHy is below 298 K, the saturation vapour pressure at 298 K does not exist.

From Tables 5.2 to 5.5 above, it can be observed that almost all of the equations can
fit well with the experimental adsorption isotherms with the accuracy greater than 99%,
except for CMS where the accuracy is greater than 95%. From Figure 5.1, it can be
observed that CMS capacify for CHy4 adsorption is higher than 13X zeolite. Nevertheless,
it is noticed from Figure 5.1 that the CMS is only achieved 50% of its maximum capacity
(2.5 mmol/g) at 60 bar. This low capacity increment explains the reason why the Henry’s
constant for CH4 adsorption on CMS is very low. Due to its high capacity, CMS can be
potentially used for CH, storage. However, this property is not useful for CO,/CH,
separation since high CH, capacity can reduce the adsorbent selectivity. ‘

For selectivity calculation, due to its accuracy, Langmuir equation is preferred by
many researchers (Ruthven, 1988; Yang, 2002; Ruthven et al., 1994). Selectivity
calculation, as given by equation 3.24, requires information regarding Henry’s constant
value (K). The K value can be determined from the slope of the adsorption isotherm -

curve as the pressure approaches to zero. At this pressure, Langmuir equation. becomes:
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The Henry’s constant (K) can be obtained from the product of ¢, multiplied by 4. The
Henry’s constant and the maximum capacity (¢me) of all the adsorbent are shown in
Table 5.6 below. These parameters will be used to determine the most suitable adsorbent
for CO,/CHj separation. The selection of adsorbent is discussed in the following section.

Table 5.6 Henry’s constant and maximum capacity.

Adsorbent | Kco, | Ken, | dmaxco, Fmax CH,
4A 8.04 0.16 3.55 1.89

5A 15.08 | 0.60 4.26 3.00
13X 14,58 | 0.53 5.69 3.50
CcMSs 4.16 0.09 3.65 . 5.47

5.3 Adsorption Kinetic Measurement

In kinetic based adsorption, the adsorbent screening is done based on the

diffusivity ratio, which can be calculated from the uptake curve. The uptake curves

provides the information regarding the fractional uptake (ﬁ) as function of time. The
m

fractional uptake itself is a fraction of the time-dependent adsorbed amount (m;) fraction
to the adsorbed amount at equilibrium (m.). The uptake curves for this experiment are

shown in Figures 5.4 to 5.7.

Uptake Curve for Zeolite 4A
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Figure 5.4 Uptake curve for 4A zeolite.
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From the uptake curves, it is found that all the adsorbents adsorbed CO, rapidly. For
at the . :
5A and 13X Zeolite, both CO, and CH,4 are adsorbed quickly thus the uptake curves
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Figure 5.9 Binary adsorption isotherm curve for 5A zeolite.
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Figure 5.10 Binary adsorption isotherm curves for 13X zeolite.
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Figure 5.11 Binary adsorption isotherm curve for CMS.

The binary Langmuir adsorption isotherm shows that at higher CO, composition the
adsorption capacity of CHjy is reduced and the value approaches zero. This is due to lower
Henry’s constant of CH4 than the Henry’s constant of CO,, as given in Table 5.6. Since
CH, capacity approaches zero at very high CO, concentration, therefore it is no longer
required to emphasis on the selectivity for bulk separation. During bulk separation, CO,
adsorption capacity is more important than equilibrium selectivity.

Among those adsorbents, CMS shows the best selectivity with selectivity value of
379.07. Despite its large selectivity factor, the adsorption capacity of CMS is smaller than
13X zeolite as given in Table 5.8. Therefore CMS is only suitable for purification
purposes. For bulk separation of CO,/CHj, high capacity adsorbent is more important.
Zeolite 13X is used for the dynamic adsorption studies since it has the highest CO,

adsorption capacity.
5.5 Dynamic Adsorption Study
The main purpose of the dynamic study is to the study the effect of regeneration

temperature, feed composition, feed flow rate, and pressure to the performance of the

system. Except for regeneration temperature study, the performance of the system is
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evaluated based ubon product purity and recovery. For regeneration temperature effect

study, the performance of the system is evaluated based on adsorbent productivity. Detail

explanation and calculation regarding recovery, purity and productivity is' given in

chapter 4. Result and discussions of the dynamic studies will be discussed in the

following sections.

5.5.1 Effect of Regeneration Temperature

Some adsorbents require high temperature regeneration condition which consumes

higher energy and requires a longer cooling down period. Consequently, these conditions

causes additional cost for energy requirement and reduce the productivity of the bed. In

this regeneration study, the effect of regeneration temperature to productivity is also

observed. The result of the experiment is shown in Table 5.9 below.

Table 5.9 The effect of regene'ration temperature. to productiviiy.

Regeneration | Time to Reach { Cool | Regeneration | Adsorption | Total Productivity
Down '
No | Temperature Temperature Time Time ' Time Time
(OC) (min) (hr) (min) (5) (hr) (LCH,/kghr)
i 25 0 0 29 476 | 0.62 | 139.08
2 50 15 2.5 27 478 3.65 23.56
3 75 23 4 20 475 9.1 9.39
4 100 30 6 12 482 9.52 9.11
5 150 41 8 12 490 | 10.49 8.4
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Figure 5.12 The effect of regeneration temperature to productivity.

It can be observed that at higher temperature, the total regeneration time of the
column is also longer. A major portion of the total regeneration time is the time to cool
down the column. Since adsorption is an exothermic process, high temperature can
reduce the capacity of the column. Therefore, the column has to be cooled down first
before conducting the next adsorption step. The higher the regeneration temperature, the
longer the cooling down time, thus reduces the productivity of the adsorbent. However,
at high temperature the column can be regenerated quickly.

The productivity of the column decreases rapidly as the temperature increases. It is
observed that at ambient temperature the productivity of the column is higher than at
other temperature. The productivity was calculated as the product (CH,) obtained per
cycle time per kg adsorbent [Waldron and Sircar, 2000]. After each regeneration step, an
adsorption test was performed in order to check the purity of the product as a result of the
previous regeneration. The purity of the product remains constant at 99.8 % for all
regeneration temperatures. The adsorption time for all regeneration temperature is
similar. This indicates that the adsorption capacity is not significantly affected by the

regeneration temperature.
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The results obtained from these experiments are significantly different from ‘the
research by Talu et al. (1996) which was focused on air separation of using SA zeolite.
Their result indicated that a change in regeneratlon temperature (+ 20°C) will increase _.
the adsorbent capacity by 25%. On the other hand, Huang and Fair (1989) in their studles
on the effect of temperature studies in adsorptxon of ethane and propane mixture using
activated carbon found a similar trend with the result obtained rom this work. At higher
regeneration temperature, the regeneration time is faster but a ionger time is required to
cool down the column.

The results of the experiments indicate that the adsorptior: of CO, is best when the
column’ was regenerated by ambient gas stripping only. The prodﬁctivity of the adsorbent
at ambient temperature is better compafed to higher temperature since the cooling down
is not required. Column insulation is importént to maintain column temperature and
prevent heat loss but it has the opposite effect for cooling process.

In these experiments, the regeneration step was terminated when the outlet flow rate '
was equal to the pure air inlet flow rate which is 5 NL/min. ‘At'the initial step of the
regeneration, the outlet flow rate was higher than the pure air inlet flow rate since the air
is also carry the adsorbate. The column is considered clean from the adsorbate when the

air flow rate is reduced to the pure air flow rate (Huang and Fair, i989).
5.5.2. Effect of Composition

The composition variation study in this work was only performed for high CO,
concentration feed only. The dynamic adsorption apparatus used in this research is only
sensitive for measurement up to 10%. It is not accurate enough to be used for purification
purposes, which requires accuracy more than 95%. The CO, co;r:nposition in the feed used
in this study was varied from 10 to 90%. | |

The accuracy of the flow meter uséd in this experiment is 1%. of full scale. At 1
NL/min, an error of 10% is introduced into the flow meter reading. Generally, the
statistical acceptance criterion for the error introduced by measurement is only 5%
(Montgomery, 2005). If the total flow rate exceeded 7 NL/miq, it would be difficult to

analyze the CHy4 purity since the breakthrough time would be tremendously fast, while
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the GC requires minimum, of two minutes pefform the analysis. In this work a suitable‘
flow rate that compromised between measurement error and ease of purity analysis need

to be determined. It was found that at 4-6 NL/min the measurement can be performed
with good accuracy and the product purity can still be analyzed. Finally a flow rate of 5

NL/min was determined as the most suitable flow rate with reasonable error of

measurement. The flow rate was adjusted by setting the percentage of valve opening at

the flow controller. Since the flow meter of each gas has § NL/miln flow rate at maximum

opening, thus the composition of the feed is similar to the percentage of valve opening.

The experimental result of the variation composition is shown in Table 5.10.

Table 5.10 The result of variation of composition,

No | Flowrate | CO,Composition Recovery | Purity
(NL/min) (%) (%) (%)
1 5 10 93.75 99.72
2 20 92.08 99.89
3 30 91.55 99.89
4 40 88.68 99.89
5 50 85.28 99.9
6 -70 81.52 *
7 90 64.84 *
8 3 30 94.16 99.86
9 40 92.34 99.73
10 50 90.16 99.81
11 60 87.11 99.71
12 70 82.95 99.48
13 7 30 90.37 99.33
14 40 89.82 98.92
15 50 88.08 *
16 60 ' 85.36 v
17 70 82.00 *

* : The CH, purity cannot be analyzed dué to fast breakthrough of GC
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Figure 5.13 The result of variation of composition to product purity
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Figure 5.14 The results of variation of composition to product recovery

The results indicate that variation of composition. The variation of composition does
not affect product purity but affect the recovery. The recovery of CHy is reduced at high
CO, compoéition. However, the findings of Waldron and Sircar (2000) and Diaggne et al.
(1995) show that the product purity decreases as the amounf of strongly adsorbed
component amount increases. However, their studies were performed on different
separation system. Waldron and Sircar studied the separation of CH4 and H, while
Diagne et al. studied the separation of N and O, in air. On the other hand, the study on
recovery shows good agreement with the results from Dong (1998), Waldron and Sircar

(2000) and Diaggne et al. (1995). Even though none of them studied similar adsorption
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systems but the some trend of tend decreasing recovery with increasing amount of
strongly adsorbed component were also observed.

The reason for the constant purity is not well understood. There is a high possibility
that this is due to fast diffusivity of CO, on 13X zeolite. At high diffusivity, there is a
small possibility that small portion of the CO, can pass through the column unadsorbed
via the void. However, this hypothesis has ﬁot been proven.

At higher CO; composition, the amount of adsorbed CH4 is reduced because the
adsorbent site that used to adsorb CHy is now occupied by COs. Therefore, the capacity
of 13X zeolite to adsorb CO, is increase. This finding is confirmed with the binary-
Langmuir adsorption shown in Figure 5.10. The reduction of CH4 capacity on 13X
zeolite, at high CO; composition, leads to early Vbreakthrough on the adsorption. Since
recovery is calculated based on CHy produced at the CO, breakthrough time therefore

early breakthrough will lead to recovery reduction.
5.5.3 Effect of Flow Rate

Flow rate selection is very important not only for equilibrium-based 'adsorption but -
also for kinetic-based adsorption. For equilibrium based separation, proper selection of
flow rafe is vital to énsure sufficient time for the adsorption to occur. For kinetic based
adsorption, flow rate will determine the selectivity of the adsorbent. In this study, 50%
CO; and 50% CH,4 was used. |

Table 5.11 The results of variation of flow rate.

010)
No Compo;ition Flowrate Recovery . Purity

(%) . (NL/min) (%) (%)
1 30 3 94.16 99.86
2 4 93.58 .99.69
3 6 92.40 99.40
4 7 90.37 99.33
5 50 2 87.36 99.84
6 4 88.17 99.90
7 6 88.99 '99.75
8 8 87.27 *
9 10 89.75 *
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CO,
No Composition Flowrate | Recovery | Purity
(%) (NL/min) (%) (%)
10 70 3 82.95 99.48
11 4 82.42 99.67
12 6 83.44 *
13 7 82.00 *

* : The CH, purity cannot be analyzed due to fast breakthrough of GC
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Figure 5.15 The results of variation of flow rate to recovery.
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Figure 5.16 The results of variation of flow rate to purity.

No specific pattern of recovery as function of flow rate was observed. However the
purity of the product seems to be unaffected by flow rate since a similar purity was
observed at all flow rate and CO, composition at approximately 99.5 % purity. The
findings of this experiment differs from the results of Mendes et al. (2001) and Gomes
and Yee, (2002). Their studies showed that the product purity decreases and recovery

increases as the product flow rate increases. However, their studies were not for the
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separation CO,/CH, on 13X zeolite. Mendes et al. (2001) studied air separation by SA
zeolite while Gomes and Yee (2002) studied the separation of CO, in flue ‘gas by 13X
zeolite. ' |

At higher flow rate, the residence time of the feed gas in the column was reduced thus
there was only short time available for the adsbrbent to adsorb the gas. At total flow rate
of 8 NL/min, the product purity cannot be analyzed by GC. The GC requires 2 minutes to «
analyse the gas composition whereby the adsorbent was already saturated at less than 2

minutes.
5.5.4 Effect of Pressure

It is preferable to perform adsorption at high pressure since at high pressure more gas |
can be adsorbed and higher product purify can be obtained. However, at high pressufe, |
adsorption of valuable component also inéreased thus reducing the recovery. This
experiment was performed using a 50-50 of CO,/CH, mixture. This composition was
selected since in most cases the composition- of CO, in naturalb gas is lower than 50%. If
good séparation can be achieved at 50-50 of CO,/CH4 mixture, the system will also give
good separation for lower CO, concentration. In order to reduce early breakthrough the
gas flow rate was selected as minimum as possible. Therefore, in this experiment 1
NL/min flow rate was chosen for each gas. The experiment was also conducted at 2
NL/min flow rate but the breakthrough was véry fast thus no résult can be obtained. Thé
result of the study is giveﬁ in Table 5.12 below.

Table 5.12 The results of pressure variation experiment.

Pressure | Recovery | Purity

No (bar) (%) (%)
1 2.2 93.92 99.92
2 38 - 86.55 99.92
3 7.3 72.32 99.90

* : The CH, purity or recovery cannot be analyzed due to fast breakthrough of GC
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Figure 5.17 Pressure variation effect on purity and recovery.

From Table 5.12, it can be observed that purity nearly remained unaffected for the
whole range of the experiments. The experimental results are in good agreement with
Huang and Fair (1989). The purity of methane in the product remains constant for the
whole range of experiment. The purity trend differs from the findings by Yang (1989),
Ruthven et al. (1994), Waldron and Sircar (2000), Warmuzinski and Sodzawiczny
(1999), Gomez and Yee (2002), and Chuo and Chen (2004). The main reason why the
purity remains constant for the whole pressure range is due to fast diffusivity of CO; on
13X zeolite. At high diffusivity, it is imposible for any amount of CO; can pass through
the column unadsorbed. At higher pressure the diffusivity of the gas is faster thus ensure |
almost all the CO, adsorbed in the adsorbent. However, at pressure higher than 7.3 bar,
recovery and purity can not be predicted since the breakthrough was very fast.

At high pressure the amount of CH4 adsorbed also increases therefore recovery
decreases. This observation is in good agreement with Huang and Fair (1989) at low
pressure region. However, as the pressure increased they found that recovery becomes
constant and not affected by pressure. In this experiment the constant recovery region

was not detected because of rapid saturation of the adsorbent at high pressure.
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- CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

From the experimental result obtain in this work several general conclusions can be

drawn as follows:

1. 13X zeolite is the most suitable adsorbent for bulk separation of CO; while CMS is
more suitable for natural gas purification from COs.

2. The regeneration of CO; is best performed by ambient temperature gas stripping
Only since high temperature will reduce productivity.

3. Lower CO, composition in the feed mixture can increase CH, recovery without
significant effect on purity. |

4. Flow rate changes does not significantly affect purity and recovery.

5. No significant result was observed for pressure variation stu(l}; due to rapid
breakthrough.

6.1.1 Adsorption Isotherm of CO, and CH,4

Adsorption isotherm and kinetic measurement were performed in order to select the
best adsorbent for CO,/ CHjy separation. The equilibrium and kinetic parameters of four
potential adsorbents for CO,/ CHy separation, which are 4A zeolite, 5A zeolite, 13X
zeolite, and carbon molecular sieve were evaluated and compared. The selection criteria
were mainly based on adsorbent capacity and selectivity.

The adsorption isotherm data show that the adsorption capacity of CO, is always
higher than CH,4 for all adsorbents. This is because CO; has smaller molecular size
compared to CHs. Smaller molecular size gives stronger van der Waals force. Further
more, at the same adsorbent surface area, more gases of smaller molecule size can be
accommodated compared to bigger molecule size. .

The larger the surface area, more CO, and CHy can be adsorbed. This is becauS‘e of
higher surface area provides more space for the adsorbate to attach. The order of the

adsorbents based on the surface area from lar'gef to smaller is 13X zeolite> 5A zeolite>
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CMS> 4A zeolite. However, the adsorbent surface area not the only parameter that
determine adsorption capacity. Electrostatic forces also plays an important role to
influence the adsorption capacity value. Even though CMS has higher surface area
compare to 4A zeolite but 4A zeolite has higher CO, capaci'ty‘ due to the influence of
electrostatic force. The result indicated that 13X zeolite has the highest capacity for both
CO; and CHy adsorption.

All of the adsorption isotherm curves indicate a type I in Brunauer adsorption
isotherm criteria thus confirming that microporous adsorption occurs. The experimental
adsorption isotherms can fit well with well-known adsorption isotherm models for
micropoyous adsorbent such as Langmuir, Freundlich, Sips, Redlich and Peterson with
the accuracy greater than 99%, except for CMS where the accuracy is greater than 95%.

The diffusivity of theb gas increases as the adsorbent pore size increases or the
adsorbate molecular size decreases. The molecular size of CO; is smaller than the pbre
size of all the adsorbent thus promoting fast mass transfer of CO; to the adsorbent active
sites. On the other hand, the adsorption of CHy on 4A zeolite and CMS requires longer
time since the pore size is approximately the same as CH; molecular size. For 5A and
13X Zeolites, both CO, and CHy are adsorbed quickly thus the uptake curves almost
overlap each other. _ |

The adsorption selectivity is calculated based on Henry’s law constant and diffusivity
ratio which can be determined from adsorption isotherm and uptake curve. The
selectivity calculation indicate that CMS has higher seleciivity compared to other
adsorbents, which are more suitable for removal of CO, from natural gas. The select1v1ty
of CMS adsorbent is based on kinetic selectivity.

For the separation of CO,/CH,4 mixtures, binary adsorption isotherm is used since
both CO, and'CH4 components are simulta}leously adsorbed. The binary Langmuir
adsorption isotherm shows that at higher CO, composition the adsorption capacity of CH,4
is reduced and the value approaches zero. This is due lower Henry’s constant of the CHa
than the Henry’s constant of CO,. Since the CHy capacity is reduced to zero 'at high CO,
concentration, therefore the adsorption capacity of CO, in the mixture is depends solely
on the single component capacity of COs,. In this case, for bulk separation of CO,, it is

more important to select adsorbent that gives high CO, capacity rather than high
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selectivity. Therefore, 13X zeolite has been selected for the dynamic adsorption studies

since it has the higher CO; capacity among the selected adsorbents.
6.1.2 Dynamic Adsorption Study

Parametric study was performed in order to study the effect of operating par’ameters.
on product purity, recovery and productivity for COy/ CH4 separation using dynamic
adsorption unit. The operating parameters that were investigated were regeneration
temperature, composition, flow rate and pressure. The performance of the system was
analyzed based on the product purity, productivity and recovery. A

The adsorption purity of the adsorbents is not significantly affected by the
regeneration temperature. At higher regeneration temperature, a longer time is recjuired to
achieve the desired temperature and to cool down the column, thus reduc¢ the
productivity of the adsorbent. However, at high temperature the column can be ‘,
regenerated quickly. The results of the experiments indicate that the regeneration of COz
is best performed by ambient temperature gas stripping only. ’

The composition variation study indicates recovery was affected while purity was not
affected by variation of composition. The recovery of the gds 1s reduced at high CO,
composition. The results show that 13X zeohte can still be used to separate CO, from
natural gas stream even at 70% CO, with product purlty 0f 99.48% but with low recovery .
of 82.95%. | | | N

There is no specific pattern of recovery as function of flow rate. The purity of the
adsorbate is unaffected with the value of more than 99% regardless the flow rate used.
Therefore, the adsorption system still can produce good separation for the whole flow .
rate used in this experiment. The maximum flow rate used in this experiment is 10
NL/min per 200 gram of adsorbent, ,

The purity of the product remains constant for the wilole pressure range considered in
this experiment (i.e 1-7 bar). The pressure variation study indicates that as the pressure
increases the recovery of the gas decreases. At pressure higher f:han 7 bar the column was
saturated rapidly due to the small size of the column. Theref{)re it was not possible to

calculate the product purity and recovery.
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It is not well understood why purity was unaffected for thé whole operating
conditions used in this study. There is a possibility that this is due to fast diffusiviiy of
CO; on 13X zeolite. At fast diffusivity, it is impossible for any amount of CO; to pass

through the column unadsorbed.
6.2 Recommendations

6.2.1 Adsorption Isotherm of CO; and CH,

In this work only CH,4 was used to represent natural gas for this adsorption study. It is-
recommended to use real natural gas composition to observe the effect of other
component on natural gas on the adsorption process. ,

The binary adsorption isotherm used in this study was pfedi;cted based on the binai'y
Langmuir adsorption isotherm equation. It would be better if the prediction can be

confirmed by actual adsorption isotherm measurement for binary mixture.
6.2.2 Dynamic Adsorption Study

The current experimenfal studies are limited to regeneration temperature,
cpmbosition, flow rate, and pressure. It is recommended that other parameters should also
be considered such as purge gas pressure, evacuation pressure, and feed to reflux ratio.
Other than product purity and recovery it is also recommended to evaluate the system
performance by considering thermal and mechanical strength of the adsorbent as well.

The current parametric studies for pressure variation are limited to less than 7 bar to
avoid rapid saturation of the adsorbent. It is suggested that bigger columns or lower range
of mass controller to be used.

A more vigorous studies should also be considered by developing adsorption and

regeneration model for scale up purpose.
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APPENDIX A
RUBOTHERM MSB GRAVIMETRIC ADSCGRPTION UNIT

The Rubotherm MSB gravimetric adsorption unit consists of two-major components,
which are Magnetic Suspension Balances (MSB) unit and the gas-dosing unit. The
schematic apparatus for Rubotherm MSB gravimetric adsorption measurement unit is

shown in Figure A.1 below:

Magnetic
» Suspension
Balances (MSB)

Gas Inlet

Dosing

Gas Outlet

Legends:

®2Thermocouple

(P): Pressure

]
|
I
'
|
}
I
|
I
1
. |
Automatic Gas I
|
|
I
I
|
|
|
|
|
|
| Vacuum O slet Transducer

______________ ! ) ® . Flowmeter

Figure A.1 Rubotherm MSB gravimetric adsorption measurement unit.

The gas-dosing unit governs the amount and pressure of the gas in the system while
the adsorption isotherm and kinetics are obtained from the mugr‘xetic suspension balance
unit. The pressure of the system depends on the outlet pressure of the gas cylinder only -
without additional compressor. The temperature of the system is controlled by an
electrical jacket heater and internal heat exchanger. The external electrical jacket heater
can be heated up the system up to 450°C. For temperature belowv150°C, the system is
heated up by heat transfer medium through internal heat exchanger. The temperature of
heat transfer medium is controlled and pumped by JULABQ oil bath thermostat. The
output signals obtained from the apparatus are transmitted to a PC, which automatically
controls the equipment.

Gas dosing unit allows the system td perform measurement either in static or ﬂowing
condition with the pressure up to 150 bar. Detail of the gas dosing unit compartment is

given in Figure A.2.
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Figure A.2 Gas-dosing unit.

The flow of the gas is directed by eight electromagnetic shut off valves (EV1-EVS8)
according to user setting. The amount of gas injected is governed by Bronchorst mass
flow controller (FIRC-1) model F-231 M-FAA-33-Z. The measurement range of FIRC-1
is from 0 to 0.5 NL/min with 1% reading scale accuracy. The gas dosing unit can also be
used for multicomponent adsorption isotherm measurement by combining this system
with additional Gas Chromatograph. The sampling valves for multicomponent system are
controlled by FIRC-02. The pressure of the system 1s governed by pressure transducer-1
(PIRC-1) and dynamic valve-1 (DV-1) for pressure range at 20-150 bar. PIRC-2 and DV-
2 are used to control the pressure for the range between 1 to 20 bar while PIRC-2 and
vacuum pump are used to control the pressure below 1 bar. The adsorption isotherm is
measured in the static mode. In this mode, gas is injected from FIRC-1 until the desired
pressure 1s reached. Afterwards, all the valves are closed and the trapped gas 1s adsorbed
until it reaches equilibrium. |

The Magnetic Suspension Balance (MSB) is a very sensitive balance that is able to

weigh samples contactlessly with a balance located at ambient conditions. The adsorbent
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sample is located in the measuring cell and can be coupled or decoupled from the balance

by a contactless magnetic suspension coupling. The principle of the MSB unit is

illustrated in Figure A.3.

Balance

Balance connection

]

ol

o

Electromagnet

Permanent magnet

Measuring load coupling

Sample

=
> 1

L
r

" measuring

point

: rzero

L point

Measuring

Taring and Calibration

Figure A.3 Magnetic suspension balarce unit.

The electromagnet, which is attached to the bottom of the magnetic balance, may

control the suspension magnet to two different vertical positions. The suspension magnet

consists of a permanent magnet, a sensor core and a measuring load decoupling cage. The

first position is at the zero-point position (ZP) in which the suspension part suspends

alone and does not contact to the load cage. This position represents an unloaded balance

The second position is measuring-point posmon (MP), in which the suspension part

reaches a higher vertical position, thereby couples the sample to the balance and transmits

- the weight of the sample to the balance.

The density of the gas can be predicted tﬁrough Equation of State (EOS) or measured

simultaneously with the- ‘sorption measurement by using titanium sinker. This

simultaneous measurement is needed if the buoyancy effect caused by the density of the
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adsorptive fluid are large (high pressure and /or low temperatures) or for binary mixtures
where EOS can lead to in accurate predicti(')n.' After the sdrption measurement, the
titanium sinker with known mass and volume is measured together with the adsorbent
sample. From the MSB reading, the mass of the gas can be obtained thus the density also

can be calculated. The simultaneous density measurement procedures is shown in Figure
A4 below.

Measuring Taring and Caliberation Density

-Sample

Sinker

Permanent Magnet

Electromagnet

To Balance Conection

Figure A.4 Simultaneous density measurement procedures.
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APPENDIX B
GAS ADSORPTION COLUMN UNIT

The schematic diagram of the experimental apparatus for dynamic-studies is shown in
Figure B.1. The Gas Adsorption Column Unit (GACU) consists of several equipments',
instrumentations and control parts. These items are connected by 0.25 inch outside
diameter (OD) Stainless Steel 316 tubings, Swagelok fittings aﬁd valves. The adsorption
column is made from Stainless Steel (SS) 316 material with 1.5 inch internal diameter
(ID) and 30 cm long. '

Two types of adsorptior; column are available. The first type is the pressure column
which designed for pressure up to 100 bar and temperature up io 200°C. The second type
is the thermal column which is designed for pressures up to 20 bar temperatures up to
450°C. In this work, the second type was used for adsorption while the first type was used-
to build up the pressure. The length of the column can be adjusted .by varying the position
of the bed retainer at the support rod from 10 to 30 cm in height. The column is also
equipped with three K-type thérmocouples, which are positioned at three different he_ights
(approximately 10 cm against each other). |

Each column has a flow outlet point at the top for K1 and bottom for K2, which are
all connected to a valve manifold. From the valve manifold, outlet gas is passed through
gas cooler (W7) and exits through back pressure regulator (V21) to a sampling manifold.
The back pressure regulator ensures that the system pressure is sustained while enabling
the pressure to be adjusted at any value up to 100 bar. Other flow outlet points in the unit
afe located at the feed line through V47 and vent line through V49. All flow outlet lines
are lead to the sampling manifold, which has two solenoid vatves VS0 & V51 to switch -
the flow of gas from the adsorption. line or desorption line to either the GC for
compositional analysis or out to vent. Sampling in the GC can then be carried out

automatically via a gas sampling valve (GSV) at specific intervals set by the user.
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Figure B.1 The schematic diagram of gas mamoﬁmos column unit (GACU) .
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compression fitings //'—'\ +———— inleVoullet tubing

for temperature
sensors (3 pieces)
’
top flange _—" 1| - -
assembly & | ———— variable fength
. N \\ support rod
bed retainer
bed support
bottom flange
assembly fixed length
, suppott rod
‘o
gasket — =

I —_ infet/outlet tubing

Figure B.2 Cross section of adsorption column.

The feed gases for the adsorption process were nitrogen, carbon dioxide, and methane
supplied from gas cylinders. All the gas used has purity more than 99.99% and were
supplied by MOX Bhd. Flow rate of each gas is controlled automatically using dedicated
mass flow controllers. The different gas mixtur'_es were thoroughly mixed in a static mixer
(M1) before being fed to the column. The feed gas for adsorption can enter either column
(K1) from the top or column (K2) from the bottom. . , |

The flow rate of the gaées is controlled by brooks Instrument model 5851i mass flow -
controller. The range of measurement is 0-5 NL/min and the éccuracy of this controller is
+0.05 NL/min. The controller responsés less than 6 second for 0 to 100% command step
and the output signal used is 4-20 mA type. ‘

For the desorption process, either nitrogen gas from the cylinder or compressed air
can be used. In this research compressed air was used as the regenerant. Prior to the
regeneration, the compressed air was pass trough a drying column (K3) filled with silicé
to remove moisture.. Both N; ahd air flow rates are regulated manually using needle

valves (V22 and V23) and mass flow meters (FI 05 and FI 06). The gas preheater (W3) is.
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used to heat up the inlet gases to a set temperature before entering the column. Gas for
desorption enters the column counter currently with feed gés for adsorption. An external
heating jacket (W4) is provided for external heating of the column. Heat loss from the
pipelines is compensated by using trace heating (W5) wrapped around the pipe surface.
Outlet gas from the regeneration process flows through gas cooler (W8) and exit to the
vent. Altemati?ely, Vacuum pump (P2) is also available at ths vent line if the vacuufn
condition is required for the system. .

The pressure of the adsorption column is measured at the gas inlet and outlet. The
difference between these two pressure measﬁre'ments is the pressure drop of the columns.
However, in this study the pressure drop of the column was very small (< 0.1 bar) and
can not detected accurately with the pressure transducer. The pressure is measured by
Wika S10 Pressure transducer. in order to observe the pressure with higher accuracy, two
pressure'transducers with different range (high and low) were used. The working range of
the low pressure transducer is at 0-10 barg pressure while the high pressure transducer
working range is at 0-100 barg. Both pressure transducers have 0.25% of maximum scale
accuraéy and generate 4-20 mA type output signal.

The RIX micro boost compressor (P1) and the .Swagelok 4R3A back pressure
regulator valve (V22) control the pressure in the column. The gas is pressurized by RIX
micro boost compressor (P1) while the pressure itself is controlled by the Swagelok
4R3A pressure regulator valve (V22). The compressor is able {0 increase the pressure of
the mix gas up to 120 bar at 6 NL/min maximum capacity. The pressure of the system is
controlled by adjusting the spring pressure of the back pressure regulator. The .
backpressure regulator is open when the system pressure is equal to the spring pressure.
As the compressor continuously compress the gas, the pressure of the system increases
and maintained at a constant pressure. | .

In order to reduce the pressuré of the column at the reéeneration step, ILMVAC
vacuum pump MPC 201T was utilized. This vacuum pressure is able to generate ultimate
vacuum pressure below 2 mbar. The maximum allowable inlet pressure and temperature -
of the vacuum pump are 1 bar and 60°C respectively. If the system pressure is higher than

1 bar, the pressure has to be reduced first by vehting the stream by passing the vacuum
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pump. For high temperature regeneration ebxpériment, the inlet gas temperature should be
cooled down by using gas cooler W8 before entefing the vacuum pump;

The unit is equipped with pressure relief valves in order to prevent overpressure. The
pressure relief valves can be adjusted to relieve the pressure based on the pressure
requirement. In this research the pressure relieve valves-is adjusted at 100 bar. However,
this pressure value will not achieve since the maximum pressure used is only 20 bar. :

The analysis of the adsorptioh outlet composition was carried out by Perkin Elmer
Arnel-Clarus 500 gas chromatography equipped with Thermal Conductivity Detector
(TCD) and Flame Tonization Detector (FID), installed in series. In this experiment, only
the Thermal‘Conductivity Detector was used. Carboxen 1066 PLOT capillary column
was used for the stationary phase in the GC while nitrogen was used as the carrier gas in |
the gas chromatograph. The carrier gas pressure and flow rate are 20 psi and 10 NL/rﬁin
respectively. The GC oven temperature oven was 200 °C.

The purpose of analyzing the column outlet is to analyze the purity of the product and
to determine when to stop the adsorption step. The adsorption step is terminated when the -
outlet composition is already equal with the inlet corﬁposition. The CO; content of the
adsorption product is far smaller than the inlet composition. Therefore, different |
calibfation curve will be used for different analysis purpose. The calibration was
performed by injecting a knowﬁ amount of mixtures directly to the GC.

- VICI Valco instrument sampling valve is used to switch the gas sample to the gas
chromatograph. The volume of the sample loop used is 1 mi which is relatively very
small compare to the carrier gas amount ensure the sampling of the gas phase had a
negligible effect. The sampling process is governed by programmable pneumatic
controller which can be controlled from a PC by using Totalchrom Navigator Software.
Purified air or nitrogen is used as the pneumatic fluid. o

A POINTE CONTROLLER interface board for analog/digital conversion is
connecting the equipment output signal and a Hawlet Packard‘ DC 7100 CMT p'erslon"al
computer for data acquisition. The interface board is able to cé_nvert the analog signal to
12-bit digital data: SOLDAS data acquisition system is used tc? collect the 12-bit digital
data and display in online or in historical pattern. TOTALCHROM Navigator version 6.3

124



software is used for raw gas chromatography data interpretation. The interpretation

output is in the form of information of time retention and peak areas.
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APPENDIX C
THE REPRODUCIBILITY OF EXPERIMENTAL DATA

C.1 Adsorption Isotherm Measurement

Table C.1 Reproducibility for adsorption isotherm measurements of CO; on 13X zeolite.

Pressure Capacity 1 Capacity 2 Average Capacity Difference
No (bar) (mmol/gr) (mmoligr) (%)
1 1.0 4.137 4141 '
2 3.3 4.926 4947
3 52 5.142 5170
4 .7.0 5.280 5294
5 9.0 5.383 5 366 .
6 10.0 5.367 5379 0.25
7 20.4 ‘ 5612 5 632 o
8 30.2 5.703 5718 |
9 40.2 5.729 5747 :
10 50.1 5.721 5736
11 60.1 5.697 5715

The average error for other experimental data is also within 0.25%.

C.2 Parametric Analysis

Table C.2 Reproducibility for dynamic study at 30% CO; concentration and flow rate of

5 NL/min. ‘ .
Purity Recovery Purity Difference Recovery Difference
‘No (%) (%) (%) (%)
1. 99.89 " 90.56
2 99.89 88.23 - 0.005 2.64

The average error for other experimental data in parametric analysis for both purity and

recovery is below 5%.
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APPENDIX D
CALIBRATION OF GAS CHROMATOGRAPHY

D.1 GC Calibration for High CO; Content -

Table D.1 GC calibration data for high CO; content.

: No| %CO, Area
' 1 25 202,746.96
2 | 333 . 249,374.02
3 50 330,822.83
4 40 284,241.61
5 60 369,225.22
6 80 454,903.83
7 a0 491,865.43
| 100 y = 0.0002x - 23.301
; 90 R?*=0.9963 .
| o 80 : //
' E 70 - ' /4j
. S 60 e -
g 50 - /
g 40 /
O 30 e
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Figure D.1 GC Calibration curve for high COZF content.

The GC calibration equation for high percentage of CO, in outlet gas is given below:
% CO, = 0.0002 (Area)-23.301 (D.1)
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D.2 GC Calibration for Low CO, Content

Table D.2 GC calibration data for low CO; content.

No % CO, Area

| 0.02 482.4567
1 16,036.63

3 49,396.25

5 75,828.73

7 106,189.5

| D} W N =

% Carbon Dioxide

O =2 N W H O O N

y = 7TE-05x

R? = 0.9982

T T T T T

0 20000 40000 60000 80000 100000

Area

120000

Figure D.2 GC Caliberation curve for low CO; content..

The GC calibration equation for low CO, concentration in product is given below:

% CO, = 7x10”(Area)

(D.2)
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