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ABSTRACT

Nowadays, natural gas has become one of the nmiaseef energy in the globalization
uses. The principal constituent of natural gas éshene. Carbon dioxide is impurity in
natural gas. Separation of carbon dioxide from natgas before continues to separate
each hydrocarbon is one of the important processeatural gas processing. Membrane
is one low cost technology that gives promisingfgrenance in gas separation. The
objectives of project are to study on carbon diexahd methane permeability and
selectivity, to study on carbon dioxide separatiming inorganic membrane and to
study on membrane performance at certain operatorglitions. The experimental
works were conducted using inorganic tubular memdraodule in membrane pilot gas
to investigate permeability and selectivity for wam dioxide and methane gas
individually at different feed flowrate of 1000 mmlin, 2000 ml/min and 3000ml/min
and feed pressure of 1, 3, and 5 bars with roonpéeature. Blending gas experimental
also been conducted to study on membrane separpgdiormance and methane
recovery. As the result, it is found that high@wftate and higher pressure gave higher
permeability until reach the constant value. Rasshiow that for ideal selectivity for
CO,:CH4 was found to be range of 0.7 to 3.5. Selectivéguced as feed pressure
increase, thus reduce methane recovery in retesiigtam. At 15% carbon dioxide and
85% methane in feed concentration at 3 bar feedspre, we got 94% methane
recovery in retentate stream, which was the higiezstvery for all of experiments. We
found that increase carbon dioxide concentratiomfd5% to 30%, based on analysis,
has lower methane recovery in retentate streamthiéactonclusion, the study shows that
the natural gas separation using inorganic tubut@mbrane module has a very

promising potential to be used for carbon dioxidd emethane separation.



ACKNOWLEDGEMENT

First of all, I would like to thank to the Almightior his blessing that | can finally
complete my project. Next not to forget, | wouldkdito thank you my project
supervisor, Associate Professor Dr. Hilmi Mukhtathwhis help and guidance along the
way as the project started until the completionttd project. His knowledge and
understanding had been very helpful in the progoédbe project. Then, not to forget
Mr. Yusof, a Senior Technician of University Tekogi PETRONAS for his assistance
and help to make sure the lab equipment in gooditton and help | finish the project
as according to the schedule. Those two peoplebbad very helpful with their deep

understanding in the Membrane separation.

Also, | want to show my deepest gratitude to tHeotatory technician for their help
with the equipments, and experience. And finallyduld like to share my happiness
with family and friends who have shown their suppond encouragements along the

way | am doing my project.



CHAPTER 1: INTRODUCTION

1.1 BACKGROUND OF STUDY

Natural gas is combination of light hydrocarbonsmponents together with
inorganic compounds. Mostly methane is major coreporinydrocarbon, together
with small amount of other light hydrocarbon sushethane, propane, butane and
little small of heavy hydrocarbon. As for inorgardompound, it includes mostly
carbon dioxide gas, nitrogen gas, hydrogen sulfidger vapor and small amount of
inert gas. Different location of reservoir has eli#int value of concentration for
natural gas.

First developed membrane was in 1961. However manebarea only become
establishes and famous in research and commeririak s1980s, because of
economic downturn in 1981, while industry is loakifor new alternative that has
low cost and good performance. Before 1980s, memebmitial acceptance was
slow and limited due to unknown process designrpatar for most process, but it
also has economic risk with investment in membraesearch at the time.
Membrane has been proven that has good performargaes separation as the time

come by.



1.2 PROBLEM STATEMENT

Natural gas contains light gas, mostly methaneatghpropane and butane are also
natural gas composition. Besides, there are inaseg like carbon dioxide and
nitrogen. Carbon dioxide is the impurity in theurat gas, mostly to methane and
ethane product purity. Act as impurity in the natugas, carbon dioxide reduce the
qguality of natural gas. Besides, carbon dioxideo dlas no heating value to the
natural gas treatment process. The condition caateal gas has low heating value
in the treatment process. Heating value is the amofiheat released during the
combustion of specified amount of natural gas. Mwvee, excess carbon dioxide act
as inert gas can take capacity in pipeline instdadethane or ethane. This problem
will reduce the product quality. Carbon dioxidecatsan freeze in the pipeline and
heat exchanger surface if been send to low temperainit, that usually range of -
45°C to -60C.

Current technology used in separate carbon diokiden natural gas is amine
system. Liquid alkanoamine has performance in ddnsgrcarbon dioxide molecule
from natural gas. However, there are issues witimarsystem. It cause the foaming
problem in absorber, where require the uses offaath chemical. Another issue is
high market price which become a great deal tgpgasessing plant.

Membrane has shows positive results in separatingoa dioxide from natural gas.
It has become best alternative due to its low pebdo cost and gives promising
result in treating natural gas. Polymide membrand eellulose acetate is the
example of organic membrane that successfully @amdle medium scale of gas
stream. However, it has low selectivity and fluxemibe treated with large-scale gas

stream and become unstable when treat in high textyve.



1.3 OBEJCTIVE OF THE PROJECT

a) To study on carbon dioxide separation from natugak using inorganic
membrane

b) To study on characteristics of the inorganic meménahen treated with natural
gas on certain operating conditions.

c) To study on permeability and ideal selectivity @fflmon dioxide on inorganic
membrane

1.4 SCOPE OF STUDY

As outlined in the objectives, the purpose of thr®ject is to investigate the
performance of inorganic membrane in separate oadioxide from natural gas.
Equipment use is membrane test unit, which spedifidor the gas treating is been
used for the study. The simulation use is Natiomstrument (NI), Labview.
Parameters used in observing the membrane moddit&mpance are feed pressure,
feed flow rate and feed concentration. Transpottaggn, flux and selectivity of
inorganic membrane also been studied with treateth whose parameters.

Percentages of feed gas before and after membepaeasion also been calculated.



CHAPTER 2: LITERATURE REVIEW

2.1 NATURAL GAS

Natural gas is a subcategory of petroleum, whicmtain complex mixture of
hydrocarbon, minor inorganic compounds. Major congmt in the natural gas is
methane (Cl), while other hydrocarbon have minor amount. Th@ganic compounds
like nitrogen, carbon dioxide (GPand HS are impurities and undesirable due to no
heating value and can cause problem in gas progeg$ant aside of their hazard to
environment. The composition of the natural gasdifferent at different area of

reservoir.

The hydrocarbon like ethane, propane and butamsethydrocarbons will be use as
feed in the petrochemical industry. Currently tleendnd of the petrochemical industry
Is increasing, as the many products in the maneetreade from petrochemical product.

Below is shown the figure of natural gas compositiesult from gas chromatography
analysis, taken from Chromatography Lab, Gas PsingsPlant B (GPPB), Petronas
Gas Berhad, Kerteh, Terengganu 8h~¢bruary 2010
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Figure 2. 1: Natural gas composition analysisfrom GPPB lab

Source from Chromatography Lab, Gas Processing BI§8PPB), Petronas Gas Berhad, Kerteh , Terenggari" February 2010



2.2 CARBON DIOXIDE IN NATURAL GAS

Carbon dioxide is inert gas in the natural gasetiogr with nitrogen. Both of the gases,
nitrogen and carbon dioxide are impurities thatdothe quality of natural gas. Besides,
they are inorganic compounds, which undesirable tdueeating value and can cause
problem in gas processing plant aside of their ttaa environment. Both of gases is
having no heat value to the processing, which imitrease the consumption of the

energy needed to separate the natural gas.

Different with nitrogen, carbon dioxide is the haltaus gas, which can cause problems
in the gas processing plant if no separation of 685 be done. Can freeze in heat
exchanger and make corrosion. In the gas progegsamt, there is one unit called low
temperature separation unit, where the demethawizeimn, function is to separate
methane from ethane and heavier hydrocarbon, pladeel temperature for the heat
exchanger in this unit can reach up to -60 deg@gupropane refrigerant. At this low
temperature, water vapor and £Will freeze in the heat exchanger. The formatién o
solid in the heat exchanger will close the surfacea of braze-plate aluminum in the
heat exchanger. The effect of this phenomena, darbeagze-plate aluminum, and low
production because of low feed gas enter the pkontthis problem, it can be detected
by checking the pressure difference across theehetianger. The possible action to be
taken in order to remove the solid €@ heat exchanger is by doing the thawing.
Beside, at the pipeline of the gas, freezing sGl@} also can happen along the pipeline,
due to low temperature of the unit. Heat exchamgegas processing plant, or usually

known as cold box, has cold temperature down t6G4mtil -60°C.

Next, CQ is among methane and ethane composition. If the SQhot properly
removed from the natural gas, it will end up in hagte and ethane product. This will
reduce the quality of the product and excess cadiaxide in pipeline for the transfer,

act as inert gas can take capacity in pipelineeassof methane or ethane.



2.3. INORGANIC MEMBRANE

Membrane has two types of classes which are deesebnane and porous membrane.
Dense membrane is solid layer of metal with norepsr structure. While porous
membrane has porous wall, which has variety of psmapes. Another type of
membrane is asymmetric membrane, which actualtpmsbination of dense and porous
structure. Usually, dense membrane as the maim, laye porous membrane at the top

as support. Basically this type or support poroesnforane is metal-oxide.

Types of microporous membrane are non-crystallwealy amorphous), zeolite types
and crystalline (non-zeolites type). For the noystalline, it formed by silica or carbon
membrane and it has very low of porosity. For taelites type, it is in MFI type, from
silicalite type. Its permeance value is lower themorphous membrane. While for
crystalline, it has wide pore and good stabilitiz packing formed with very small
particle diameter (1 — 2nm). Membrane with wide go@nd good stability is very

difficult to be made from zeolite.

Permeation means the penetration of permeatel{gaisi, or solid) through solid layer.
The grade of transmissibility is called permeaypilivhich depends on many things,
such as time, type of permeate, operating cond{temperature, pressure, pH, velocity,
flowrate), membrane thickness and area size. Péenoedhe substance get through the
membrane, will migrate from high concentration olivent, to lower concentration area.

There are three types of permeation process, tittldiscuss below.

1. Sorption
-it happen on the surface of membrane, where ga/sgmr, dissolved chemical
adsorbed at the surface of membrane

2. Diffusion
-it happen when the permeate penetrates througheuhembrane pores

3. Desorption

-the adsorbate leaves the membrane a gas.



2.4. MEMBRANE MODULE FOR GAS SEPARATION

2.4.1. Spiral Wound module

Spiral module consists of four sheets wrapped afaurcentral core of a perforated
collecting tube. Its concept is a house inside tahshell. Sour natural gas enter left end
of shell, then enter the fed channel, will flowdbgh this channel in axial direction of
spiral until reach the right end. Here, it callesl saveet natural gas or retentate. The
process of permeation happened on the surfaceeahédmbrane inside the feed channel.
Acid gas as permeate, flow through permeate chating@lerforated collecting tube.
Below shown the spiral-wound elements and its abBefrgure and gas flow path for

spiral-wound module.

Figure 2. 2: Spiral-wound elements and assembly
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2.4.2. Hollow fiber module

Hollow fiber module consist of bundle of very smdihmeter hollow fibers. The design
of module reassembles shell and tube heat exchaRgeusand of fine tubes are bound
together at each end into a tube sheet, which wodrdy metal shell. Sour natural gas
enter the equipment from the bottom, flowing insitte equipment while acid gas
diffuses through very thin membrane, and exit d@tdmo while the sweet natural gas exit
at the top of equipment. Hollow fiber is known te baving large surface area of
membrane, which in this case, it can up to 3086 ¥t Besides, other advantages of this
module are low pumping power, very high packingsitgn and ability to achieve high
concentrations in the retentate.

Figure 2. 3: Example of hollow fiber module

11



2.4.3. Tubular membrane module

Tubular membranes operate in tangential, or crasg-fdesign where process fluid is
pumped along the membrane surface in a sweeping &gtion. Several tubular
membranes arranged as in a shell and tube typeeRehainger. The membrane is cast
on the inside surface of a porous tube. These -flmssvelocities minimize the
formation of a concentration polarization layer i@ membrane surface, promoting
high and stable flux and easy cleaning. The adgastaf this module are low fouling,

easy cleaning and high transmembrane pressures.

Figure 2. 4: Example of tubular membrane module

12



2.5. CURRENT TECHNOLOGY AND PROBLEMS

2.5.1. Amine System

Amine system is mostly used in large-gas streamtpbecause of its capability to
absorb acid gas (GPfrom natural gas greatly at high pressure (3®B&3). Separation
of CO, from gas stream by alkanoamines is exothermictimmacAmine itself has
groups, which are primary amine, secondary amimktartiary amine. Different amine
has different reaction rates with respect to sévefaacid gases and has different

sensitivities with respect to solvent stability armfrosion factors.

a. Primary amine (monoethanol amine, MEA, and digy@ouhe, DGA)
MEA is the cheapest amine, and has lowest moleawsaght. This group can
absorb CO2 in low pressure condition due to ité m&action of energy.

b. Secondary amine (diethanolamine, DEA and di-siogeopine, DIPA)
Heat of reaction is lower than primary amine

c. Tertiary amine (triethanolamine, TEA and methyltdanolamine, MDEA)
Lowest heat of reaction, low tendency to degrad@epitoduct and more easy to

regenerate

Absorption using amine system, liquid amine anduratgas (gas stream) will have
contact by countercurrent flow in the absorber.uxatgas will enter absorber from
bottom, flow up and leaves at the top column wiigjaid amine will enter the absorbers
at the top, flow down, and rich amine will leavas bottom column with C£and HS
into the regeneration system afterward. In themegsion system, CCand HS will be

separate and send into incinerator to be burn.

The problems or issues with amine system are itkenharice is very high, foaming
problem in absorber and amine loss in the systeam®perational side of view, amine
system can lead to extensive of foaming in the geisl removal unit, which require to
have antifoam injection into the system. This issae increase the operational cost in

purchasing antifoam in order to control foamingafing can decrease the absorption

13



process in the absorber, due to less contact dacgurarea of countercurrent flow.
Amine losses to system are common problem in gasepsing plant, which it affects in
reducing concentration or strength of the aminetaie level of amine strength and
concentration is needed to extract the,@&@d HS into certain specifications. Every
time capacity is reduce, additional amount of antmieed to be top up into the system.
This can increase the cost of purchase the neweamisome period of time. Based on
current market, the price of amine is very expemsdepends on the group and type of
amine use for the plant. The upper level of amineug, the strong the amine in
absorption and the higher price is. Different tygenatural gas field that has different

carbon dioxide concentration may use different typamine group.

2.5.2. Physical Solution Absorption

The process is according to Henry's Law, which delseon pressure and temperature
and CQ in higher partial pressure. Typical solvent isegel (dimethylether of
polyethylene glycol). Selexol has been used sifi9 1o sweeten natural gas, both for
bulk CQ, removal and 5 removal. Absorption takes place at low tempeea(Qr -

(0]
5 C). Desorption of the rich Selexol solvent can beoanplished either by letting down
the pressure (C{emoval) or by stripping with air, inert gas oraste Additionally, the
low absorption temperature used requires that #am Isolvent be returned to the

absorber via a refrigeration unit. Absorption ot hydrocarbon in refinery plant is

drawback of this process.

14



2.5.3. Solid Physical Adsorption

This process consists of two major steps, whichaasorption and desorption. The
adsorption controls the technical feasibility stapd desorption control the economic
feasibility step. The main advantage of this psscéhan absorption process is the
process is simple and energy efficient operatiahrageneration. This can be achieving
with pressure or temperature swing cycle. The pnynmaaterial is using zeolites or

molecular sieve. However, this system cannot halad{ge concentration of GOn gas

stream.

2.5.4. Membrane

Separation membranes are thin barriers that al@@ctve permeation of certain gases.
They are predominately based on polymeric materMiBsmbranes for gas separation
are usually formed as hollow fibers arranged inttitee-and-shell configuration, or as
flat sheets, which are typically packaged as spwaind modules. The membrane
process also has been widely used on the commerabd for hydrogen recovery from
purge gases in ammonia synthesis, refinery andralaggas dehydration, sour gas

removal from natural gas, and nitrogen productromfair.

Membrane can be use to separate high concentrafi@tid gas from hydrocarbon

gases. The process is involving the permeatiortiof gas through the membrane. It use
large pressure drop as the driving force, to sépgarmeate (acid gas) from retentate
(natural gas). The process is simple but it reqlarge amount of horsepower and

compressor if acid gas must be recompressed fposkd (after separation)

The commercial membranes for CEeparation are mainly prepared from cellulose

acetate, polysulfone, and polyimide which are oigamembranes. However, this
organic membrane cannot handle large concentrafi@0O, in gas stream and unstable

when treating in high temperature.

15



25.5. Summary Advantages and Disadvantages of Amine System and

Membrane System

Technology

Advantages

Disadvantages

Amine System

d

extreme operating condition

Can operate at high an

Foaming Problem

Good performance in
treating high concentration
of natural gas

Loss of concentration in
system and has

environmental impact

Can absorb carbon dioxide

in high perofrmance

High price and amine

regeneration cost

Membrane System

Cost benefit : low cost

Commen&hbrane
cannot operate at high or

extreme operating conditign

Lack of mechanical

complex

Low flux in treating high

concentration of natural ge

1S

No phase change involve

and low environmental

impact

Fragile and unstable with

chemical attack and heav

hydrocarbon
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2.6. LATEST RESEARCHS ON NATURAL GASTREATING USING
MEMBRANES

2.6.1. POLYETHER BASED BLOCK COPOLYMER MEMBRANES

In this research, it presented a polyether basgohaeted block copolymer system as
soft segment combine with short monodisperse ddanas a hard segment. Polyether
and especially poly(ethylene oxide) (PEO) and pwoiydylene oxide) (PPO) based
segmented block copolymers are very well known tfair high CQ permeability
combined with a high Cglight gas selectivity, but most (commercially) dable block
copolymers have incomplete phase separation betteeroft and hard blocks in the
polymer leading to reduced performance.

Block copolymer has been used in investigationscéwsbon dioxide removal from light
gas. It consists of an alternating series of exglaff segment, dominant phase for gas
permeation and crystallizable hard segment fomgghanical stability. The type of soft
and hard segment can be chosen independentlyndkes them a versatile instrument

to tune the properties of gas separation membranes.

This research study on the effect of the lengtthefPEO soft segment, the type of soft
segment (PPO vs. PEO) and the use of a mixturbesettwo different types of soft

segment. For the first experiment, The p@rmeability increases with increasing PEO
soft segment length and the polymers show an iserea gas permeability with

increasing temperature.

For second experiment which study on type of sefjnsent (PPO vs PEO), the
permeability of the PPO based block copolymers ifacor 4{5 higher than the

permeability of the PEO based block copolymerssTdan be attributed to the extra
methyl side group in PPO compared to PEO, whichvgrs close chain packing

(leading to soft phase crystallization), thus iasiag the free volume and gas

permeability.
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2.6.2. Thermal Rearranged Membrane

The new plastic membrane permits carbon dioxide @hers small molecules to go
through hour-glass shaped pores within it while edipg natural gas (methane)
movement through. This thermal rearranged plastarksv four times better than
membranes at separating the carbon dioxide. Issfaund that by Dr. Hom Bum Park
that this TR act quicker in separating the carbmxide. Beside than that, this new
membrane also can tolerate 600 degree Fahrenhaithvibe able to transformed the

material into the better performing membrane.
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2.7. FUNDAMENTAL OF TRANSPORT MECHANISM IN MEMBRANE
SEPARATION PROCESS

There are three types of transport mechanisms,hndrie Knudsen diffusion, molecular
sieving and solution-diffusion. Based on Knudsdfudion, separation is achieved if the
free path of molecules is large relative to the meme pore radius. It is based on the
inverse square root ratio of two molecular weightsume that gas mixture only consist
of two type of molecules. The process is limitedsystems with large values for the

molecular weight ratio (Jennifer Chih-Yi Chen, 2p02

For the molecular sieving, the separation happevieesh based on molecular size and
membrane pore size. Smaller molecules have higififelsion rates. This can happen
when sufficient driving force applied. The main iation is that condensable gases
cause fouling, and alter the structure of the memdiJennifer Chih-Yi Chen, 2002)

Solution-diffusion separation is based on both lstity and mobility factors. It is the
most commonly used model in describing gas tratsparon-porous membranes and it
is applied in our studies. (Jennifer Chih-Yi Ch2002)

Upstream Upstream Upstream
" D )
. s . Transient gap
= S # s apening in
K ./ . S A matrix
ONZ AR
| e o "_.a'.—~—~._,_‘ - o - .y
| NI [ ! i = i )
# P = i L J o=
{-\ - N ——— - J
Pl e | }‘\ \ .
~ pDownstream Downestromm o
Downstr eam
1. Enudsen diffusion 2. Molecular sieving 3. Solution Diffusion

Figure 2. 5: General transport mechanismsfor gas separations using membranes
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The upstream gas, which has a pressurplofcomes in contact with the membrane
interface. With a driving force (e.g.,chemical putal, concentration gradient, etc.), the
permeate gas forms a concentration profile acrbgs membrane with respect to
membrane thickness, The normalized flux is gas flow rate divided lhe tmembrane

surface area and it is denoted\#s Separation of the gas mixture is achieved whaan o
of the components interacts more strongly with thembrane material or, in other

words, diffuses faster through the membrane.

Among the three solution-diffusion stages, theusifbn step is the slowest; hence, it is

the rate determining step in permeation. (Jen@fgh-Yi Chen, 2002)

The relationship between the linear fldxand the driving force is:

J = -A(dX/dx) (Equation 2. 1)
Where A= some phenomenological coefficient,
X = potential, and

x denotes the space coordinate measured normal settien.

To describe gas diffusion in the membrane, or knawfick’s first law:

J = -D(dC/dx) (Equation 2. 2)
where D = diffusion coefficient,

Xin Equation 1 now defines concentration and is tethasC

When the solubility of a penetrant gas in a polymeufficiently low, the concentration

of the penetrant is proportional to the vapor pressf penetrant in polymer.

C=S*p (Equation 2. 3)

Where S = solubility coefficient

p = vapor pressure of penetrant
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At steady state, the permeation of gas A througmbmane defined as:

Pa = Na/ [(p1-p2)/1] (Equation 2. 4)
WherePa - permeatiomate of gas A
Na = membrane surface area

| = membrane thickness

If Henry's law applies, thers is constant at a given temperature and s®.isThe
permeability coefficientP, can also be defined as

P=D*S (Equation 2. 5)

The diffusion coefficient,D, is a kinetic term governed by the amount of eyerg
necessary for a particular penetrant to execuiéfuside jump through the polymer and
the intrinsic degree of segmental packing in thérimarhe solubility coefficientS, is a
thermodynamic term that depends on factors suctoadensibility of the penetrant,
interactions between the polymer and penetranttlam@mount of penetrant-scale non-

equilibrium excess volume in glassy polymers. (Feni€Chih-Yi Chen, 2002)

For a binary gas mixture permeating through a pelymembrane, the selectivity of a
polymer membrane towards two different penetrargega A and B, is commonly
expressed in terms of the ideal selectivity or ligemmselectivity, g. (Jennifer Chih-
Yi Chen, 2002)

When the downstream pressure is negligible relatvihe upstream pressurggaan

be written as the ratio of permeabilities:
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aag = Pa/Ps (Equation 2. 6)

Substitute the above equation with diffusivity aadubility terms,

aas =(Da/Dg)(Sa/Sg) (Equation 2.7)

Where DA/DB is the ratio of the concentration-averaged diffnscoefficients of
penetrants A

and B, and is referred to as the membrane’s’dwitisselectivity”. SA/SB is the ratio of
solubility coefficients of penetrants A and B, aisdcalled the”solubility selectivity”
(Jennifer Chih-Yi Chen, 2002).
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CHAPTER 3: METHODOLOGY

3.1 MATERIALS

3.1.1.

3.1.2.

Methane

Methane is the lightest hydrocarbon, but most efrthtural gas composition
iIs methane. At room temperature and standard pesssoethane is a
colorless, odorless gas; the smell characteridtioatural gas as used in
homes is an artificial safety measure caused byatitition of an odorant,
often methanethiol or ethanethiol. Methane is rm{ctsubstance, however
it is highly flammable. Methane is also an asphgkiand may displace

oxygen in an enclosed space

Carbon Dioxide

CO; is an acidic oxide: an aqueous solution turnsugrirom blue to pink. It

iIs the anhydride of carbonic acid, an acid whichumstable in aqueous
solution, from which it cannot be concentrated, ©® toxic in higher

concentrations: 1% (10,000 ppm) will make some f[eedpel drowsy.

Concentrations of 7% to 10% cause dizziness, héadatsual and hearing

dysfunction and unconsciousness within a few mmtaean hour
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3.2EQUIPMENT

3.2.1. MembranePilot Gasor Membrane Separation Test Unit

Name of equipment use is Membrane Test Unit. Thisis from Singapore
product. Consists of four types of membrane modutesntified as tubular,
hollow fiber, spiral wound and flat sheet membramedule. There is one
more module which use for research and developmenbrane called R &
D module. All of the feed flowrate, compositionmeerature and pressure
are controlled and determined using software namt@Nal Instrument (NI)
Labview, which is installed in the computer, nexttlhe equipmentrubular

membrane module is used, as it is ceramic and parmambrane.

3.3EXPERIMENT

3.3.1 Permeability test for methane and carbon dioxide
The reasons for these two tests are:
3.3.1.1. To study permeability and selectivity of carbon e
and methane in tubular membrane module.
3.3.1.2. To make hypothesis on membrane module performance

when treating one type of gas.

3.3.2 Conduct experiment on parameter

3.3.2.1. Carbon dioxide concentration in feed
3.3.2.2. Feed flowrate
3.3.2.3. Operating pressure

These types of parameters have effect on gas sepaaifferent parameter value will
affect the gas separation in module. This is whegedo the study on carbon dioxide
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performance of the membrane module

separation from methane, with different changingrapeeters to evaluate the

Table 3. 1. CO, permeability test on flowrate of 1000 ml/min

CO, Permeability Test
Feed Feed
type Pressure, bar  Total Flowrate ml/nin
1 1 1000
2 3 1000
3 5 1000

Repeat experiment with listed pressure, but usifigrdnt total flowrate, which here is
CO; flowrate at 2000 ml/min and 3000 ml/min

Table 3. 2: CH,4 permeability test on flowrate of 2000 ml/min

CH, Permeability Test
Feed Feed
type Pressure, bar  Total Flowrate ml/nin
1 1 1000
2 3 1000
3 5 1000

Table 3. 3: Gasblending with 15% CO, and 85% CH,4 with 2000 ml/min flowr ate
at different pressure

Feed Feed Pressure, Total Flowrate

type bar ml/min CO2/CHA4 ratio
1 3 2000 15% CO2 : 85 % CH@
2 5 2000 15% CO2 : 85 % CH@
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Table 3. 4 : Gas blending with 30% CO, and 70% CH,4with 2000 ml/min flowrate
at different pressure

Feed Feed Pressure, Total Flowrate

type bar ml/min CO2/CHA4 ratio
1 3 2000 30% CO2 : 70% CH4
2 5 2000 30% CO2 : 70% CH4

3.4PROCEDURES

34.1. Equipment Start-up
1. Turn on the computer that is linked to the system
2. Open software ‘National Instrument (NI), Labviewi the start-up
menu
3. Do line tracing including checking the valve pasiing mode on the
overall equipment condition before proceed to mtxge.
4. Click on which module that need to use. In thiscedure, the tubular

membrane module has been choosing.

34.2. Running the Experiment
1. Set membrane 1, tubular membrane module on operatithe Labview
software
2. Perform line tracing and necessary valve positigrerercise to ensure
the flow of feed gas into the membrane is not aleséd
3. Make sure valve positioning for tubular membraneestable below. Be
in mind that we are conducting Tubular Membrane u@dso other

modules valve positioning should be close.
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Table 3. 5: Valve Positioning for Tubular Membrane M odule

Line Open Close
Feed Veed Vifeed Vl(heater)in Vl(heater)out Vr&d(feed)
Retentate \ébular—ret SVlA(retentates) Vr&d—ret, SVlB(retentate)
Vl(retentate)vent
Permeate Mbular-per V1(permeate)vent Vigdpern  SViapermeate)
S\/1B(permeate)

. Set the flow of each gases (carbon dioxide and amethin accordance to
the mass flow controller setting (MFC)

Note the gas inlet temperature. Only turn on thatdreif conducted the
experiment under elevated temperature.

. Turn on vacuum pump to ensure all gas are cleamd fjas analyzer
and cooling chamber into vent

. To run data, go to top left corner of applicationdaclick “Run
Continuously” button. Be note that all data is mekcm an Excel file the
minute “Run” mode is selected. Experiment data niestetrieved and

save after each experiment set.

8. Gas pressure can be set up and detect manuallysiaomgas vessel.

Repeat the procedure from 1 until 9 for other membérmodule by

changing membrane module operation and valve nuntper
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3.4.3.

3.4.4.

A

1.

Equipment Shut Down

Turn off heater if used

Set flow of all gases to zero value in NI (Labview)

Close gas vessel valves

Monitor temperature of the outlet temperature of deaving the

equipment. If temperature is lower than 300C, st water circulation

by close \iaiermanually and turn off vacuum pump.

Save and print all experiment data in pen drivek&laure there is no
data record in saved in the computer hard disk.

Shut down the computer

Purging the System

Purging the system can be done before experimemt st after

experiment done

2.

Make sure the valve positioning is same as runrimg experiment

procedure

3.

N o o &

Turn on the vacuum pump

Introduce compressed air into the equipment foess\minutes.
Stop nitrogen gas supply

Stop vacuum pump after nitrogen supply stop a while

Close all valves
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3.4.5. Process Schematic of Experimental Apparatus

Figure 3.1: Process Schematic of Experimental Apparatusin handling

experiment
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CHAPTER 4: RESULT AND DISCUSSION

All of important parameter needed to test in expent has been tested, like
permeability test, feed composition test, feed fle test and feed pressure test. For the
permeability test, gas methane ({ldnd carbon dioxide (C{phas been used in tubular

membrane module.

Permeability test and blending test experimentsehbgen done in order to find
permeability and selectivity of carbon dioxide amémbrane. For all of experiments,

the temperature is fixed to room temperature, @5E.

4.1 PERMEABILITY TEST
Permeability test for both gases has been donedwree times at same condition to

find the stable data.

4.1.1 CO, Permeability Test

CO, permeability test with different feed flow ratesaime feed pressure

1. 1 bar feed pressure
2. 3 bar feed pressure
3. 5 bar feed pressure
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CO:z Permeability with 1 bar Pressure
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Figure4-1: CO, Permeability with different flow rate and 1 bar feed pressure

Figure 4.1 shows higher permeability value of 3@@ifimin of feed flowrate than 2000
ml/min and 1000 ml/min at same pressure (1 bar)tidy we found that higher feed
flowrate give higher permeability. This supportlgudsen Diffusion theory, where the
free path of molecule is large relative to the meanb pore radius. Increasing number
of carbon dioxide in the feed allow much more moledo pass through membrane as

long as membrane pore radius still allow molecalpass through it.

CO:z Permeability with 3 bar Pressure
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Figure4-2: CO, Permeability with different flowrate and 3 bar feed pressure
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Figure 4.2 shows higher permeability obtain whesdfpressure is increase to 3 bars for
3 types of feed flowrates. From the graph, bothO26®min and 3000 ml/min do not
has very obvious different in permeability, wher&as1000 ml/min is low permeability
than others. But still, in this graph, increasiegd flowrate and feed flowrate has higher
permeability. However, as it reaching certain puessand time, the permeability will

remain constant and stable because it is not arliimee.

CO:z Permeability with 5 bar Pressure
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0.0002
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1 2 3 45 6 7 8 910111213141516
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Figure 4-3: CO, Permeability with different flowrate and 5 bar feed pressure

Figure 4.3 shows the same trend as figure 4.2jthalearly shows here that, at feed
pressure of 5 bars for both 2000 ml/min and 3000mml experiment, the trends has
same value. This because of as pressure incrediseeach the membrane limit, the
permeability will not increase anymore. It remasiconstant value, as the permeation
still happen, but the molecule is permeating thfoogembrane in slow speed. We can
say that the porous or path way of membrane ponegssted with molecules, due to

higher flowrate and higher pressure as drivingddor permeation.
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CQO, permeability comparison between feed pressurdesdiflowrate.

0.0018
0.0016
0.0014
0.0012

0.001

Permeabhility

CO:z Permeability with different
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0.0006 -

0.0004 -
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Pressure
/"_ —
r ; A ——1 bar
// == 3 bar
= — 5bar
e
1000 2000 3000

Feed flowrate, ml/min

Figure4-4: CO, Permeability at different pressure at increasing feed flowrate

Figure 4.4 shows 3 different pressures graph witlreiasing feed flowrate. As from
above trending, as feed flowrate increasing, thienpability is increasing. Same goes to
increasing feed pressure. However, 5 bar feed predsas lower permeability than 3
bar pressure with increasing flowrate from 2000mim/ until 300 ml/min. it shows that
with 2000 ml/min and 3000 ml/min at 5 bar presstiie,membrane pore is ingested and
full with molecules. It cannot increase permeatiate but constantly allow molecule to
permeate through it. Whereas, for 3 bar presswa famore permeation rate than 5 bar.
Theoretically increasing pressure will both permiggband selectivity although it give
higher driving force to allow higher permeation. tBwith increasing feed flowrate,

lower pressure (3 bars) gave higher permeabilay thigh pressure (5 bars)
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4.1.2 CH,4 Permeability Test

CH, permeability test with different feed pressuresamne feed flowrate. Graphs below

show the comparison between same flowrate butfateint pressure

CHa4 permeability with 1000 ml/min

0.0005
0.00045 -
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0.00035
0.0003
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0.0002

0.00015 == 3 bar

0.0001 45 har
0.00005 |
0 T

Permeability

12 3456 7 8 910111213141516

Time,min

Figure4-5: CH,4 Permeability with different pressure at 1000 ml/min flowr ate

Figure 4.5 shows that at 1000 ml/min feed flowr&8t&ars and 5 bars feed pressure has
same permeability, while for 1 bar pressure, hagiopermeability. All of them have
stable permeability across the membrane. It sebatsass increasing feed pressure, it
increase the permeability, but until reach its fjnaind the permeability will become
constant. With the ingested molecule in membrarregdue to high feed flowrate, it
deny higher permeation rate, but allow slow andstamt permeation of molecule
through membrane. The higher driving force herdifferent pressure across membrane

cannot increase permeability of methane.
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4.1.3 CO, and CH4 permeability comparison

Below show the graphs that compare the carbon dioxiermeability and methane
permeability. Since 2000 ml/min and 3000 ml/mimudthane permeability give almost

the same pattern, only one pattern has been tremred h

CO2z and CHa Permeability Comparisonin 1
bar feed pressure

0.001
0.0009 [ S e —
0.0008 : e s
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—&—1000 ml/min of CO2

=2 000 ml/min of CO2

Permeability,
cm3.cm/cm2.Pa.s

2000 ml/min of CO2

1 2 3 4 5 6 7 8 9 10111213141516

Time, min

Figure4-6 : CO, and CH,4 permeability comparison at 1 bar feed pressure

Figure 4.6 indicate that higher flowrate (3000 mi)nhas higher permeability than
other flowrates. From the graph, methane perméabali 1000 ml/min has higher
permeability than 1000 ml/min and 2000 ml/min ofbman dioxide permeability. At 1
bar feed pressure, low different pressure acrossbrene may lower the carbon dioxide
permeability at 1000 ml/min and 2000 ml/min thantma@e permeability. Insufficient
driving force may have denied molecular sievingotigevhere smaller molecules have

higher diffusion rates.
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CO:z and CHa Permeability Comparisonin 3
bar feed pressure
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Figure4-7: CO, and CH,4 permeability comparison at 3 bar feed pressure

Figure 4.7 show that methane has lower permealbilay carbon dioxide at 3 bar feed
pressure. It also show that higher flowrate hasdrgermeability for carbon dioxide
permeability than methane, although for 2000 ml/mid 3000 ml/min do not show
much different in permeability value. From this ginawe can say that carbon dioxide
has higher permeability value than methane. Foddorental transport theory using
molecular sieving transport, it says that small@aoules have higher diffusion rates
and this can happen when sufficient driving forggplied. This is at 3 bars feed
pressure, carbon dioxide has higher permeabildy thethane, which is carbon dioxide

molecule is smaller than methane.
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CO2 and CH4 Permeability Comparison in 5
bar feed pressure
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Figure4-8: CO, and CH,4 permeability comparison at 3 bar feed pressure

Figure 4.8 show the same trend and almost have saine as Figure 4.7. Carbon
dioxide permeability is higher than methane permigablt supports the molecular

sieving theory that smaller molecules have higliéungion rates.
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4.1.4 1deal Selectivity of methane and dioxide
The formula of calculation ideal selectivity of tuar membrane for both gases is same
as Equation 2.6 and shown below:

aas= Pa/Ps

Where P, is permeability of CQ while Pg is permeability of Chl with respect to
operating condition.

Table4-1: Ideal selectivity of different pressure at different flowrate

1 bar 0.727 0.883 2.314
3 bar 1.763 3.542 3.870
5 bar 1.773 3.390 3.405

Table 4.1 as per above is the average value oftsetg at different feed pressure and
feed flowrate.
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Ideal Selectivity for 1000ml/min
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Figure4-9: CO,/CH, selectivity with different pressureat 1000 ml/min

Figure 4.9 give us three type selectivity of diffier feed pressure. 1 bar feed pressure
has lowest permeability while 3 bars and 5 bard f@essure seem look alike, although
from table 4.1; average selectivity for 5 bars $laghtly highest value than 3 bars. From

these results, the carbon dioxide permeates A 77#faster than methane.

Ideal Selectivity for 2000 ml/min
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Figure 4-10: CO,/CH,4 selectivity with different pressure at 2000 ml/min
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Figure 4.10 give us the same trend of selectivitlyib different value from Figure 4.9.
Higher feed flowrate give higher selectivity vallr comparison, from Table 4.1, 3
bars feed pressure has higher average selectihaty 5 bar pressure. From this graph,
carbon dioxide permeates 0.883 to 3.542 fasteriethane.

Ideal Selectivity for 3000 ml/min

Idea Selectivity

12 3 4 5 6 7 8 910111213 141516

Time, min

Figure4-11: CO,/CH, selectivity with different pressure at 3000 ml/min

Figure 4.11 show the stable selectivity for 3 bangl 5 bars feed pressure. All of

selectivity has slightly higher value than Figur&0} but still 3 bars feed pressure has
the higher selectivity over 5 bars feed pressurandy due to membrane reach it

limitation for both permeability and selectivity,ased on these 3 feed pressures.
Membrane has the higher permeability and selegtiait3 bars feed pressure, where
higher driving force or higher feed pressures doimp@rove selectivity. Higher pressure

is used, the selectivity will become lower or reelsicwhere it give other molecules to

past thru the membrane.
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4.2 BLENDING GAS OF METHANE AND CARBON DIOXIDE IN FEED
COMPOSITION

In order to calculate the composition of retentatd permeate, | calculated the number
of mole for feed stream and permeate stream. Fh@mamber of mol for each stream,
we can find the amount percentages of methane arltbre dioxide gas inside each
stream. Figure 4.12 below shows how much methaoevesy we got in retentate

stream and the composition of permeate stream gdeseparation.

Feed Tubular Membrane AP C%ET%ET?J-GC H
(15% CO=, 85% CHX) ) T— 27degC (4.9% 2. 75 1% CH<)
- _ _ F = 2000ml ./ min N _ -
NVCCL =0.0125 P=3bar }vEC: =0 0[329;
MNew. = 0.1036 MNeu. = 0.05832

Permeate

(26 7% CO=2, 73.3% CH-)
Nee. =0.0165
MNewm. = 0.0453

Figure4-12 : Block diagram of blending gas separ ation

Figure 4.12 show the example of experiment at apgygressure of 3 bar, with feed
flowrate of 2000 ml/min on 15% CQand 85% CH concentration in feed. By the
figure, we has achieve high methane recovery antate stream, up to 95% purity of

methane, with 5 % of impurity of carbon dioxide.
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4.2.1 Feed Composition of 15% Carbon Dioxide gaswith different Feed
Pressure

Below shows the tables of composition percenta@®@® ml/min at 15 % CO
concentration in feed at 3 bar feed pressure dvat feed pressure.

Table4-2: Composition in each stream for 15% CO, and 85% CH, asfeed
concentration at 3 bar feed pressure

composition %
Feed Permeate Retentate
Time, min cCoO2 CH4 cCoO2 CH4 cCoO2 CH4
1 15.8% 84.2% 27.5% 72.6% 11.1% 88.9%
2 15.8% 84.2% 27.3% 72.7% 4.9% 95.1%
3 15.8% 84.2% 27.0% 73.0% 5.1% 94.9%
4 15.8% 84.2% 26.9% 73.1% 5.3% Q4. 7%
5 15.8% 84.2% 26.7% 73.3% 4.9% 95.1%
[ 15.8% 84.2% 26.6% 73.4% 5.7% 94.3%
rd 15.9% 84.1% 26.5% 73.5% 5.7% 94.3%
8 15.8% 84.2% 26.3% 73.7% 5.7% 94.3%
9 15.9% 84.1% 26.3% 73.8% 6.0% 94.0%
10 15.8% 84.2% 26.1% 74.0% 6.1% 93.9%
11 15.9% 84.1% 26.0% 74.0% 5.7% 94.3%
12 15.9% 84.1% 25.8% 74.2% 6.6% 93.4%
13 15.9% 84.1% 25.6% 74.4% 6.6% 93.4%
14 15.9% 84.1% 25.5% 74.5% 6.2% 93.8%
15 15.9% 84.1% 25.3% 74.7% 6.6% 93.4%
16 15.9% 84.1% 25_._:?_:% 74.8% 6.7% 93.3%

Table 4.2 shows high carbon dioxide permeabilityptwsmeate stream, where at the
retentate stream, only 5 % to 7 % of carbon dioxéfie This has give higher methane

recovery in retentate stream, which almost 94%eobver methane. This can be support
by Figure 4.2 and Table 4.1 where at 3 bars feedspire; it has high permeability and

high selectivity for carbon dioxide. So it permeatarbon dioxide with easy and repels
methane out.
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Table 4-3 : Composition in each stream for 15% CO, and 85% CH, asfeed
concentration at 5 bar feed pressure

composition %
Feed Permeate Retentate
Time,min CO2 CH4 CO2 CH4 CcO2 CH4
1 15.8% 84.2% 22.4% 77.6% 11.6% 88.4%
2 15.8% 84.2% 25.2% 74.8% 11.6% 88.4%
3 15.8% 84.2% 25.1% 74.9% 11.6% 88.4%
4 15.9% 84.1% 25.1% 74.9% 11.7% 88.3%
5 15.8% 84.2% 24.9% 75.1% 11.6% 88.4%
6 15.9% 84.1% 25.2% 74.8% 11.6% 88.4%
7 15.8% 84.2% 24.9% 75.1% 11.6% 88.4%
8 15.8% 84.2% 25.0% 75.0% 11.7% 88.3%
9 15.8% 84.2% 25.2% 74.8% 11.6% 88.4%
10 15.8% 84.2% 24.9% 75.1% 11.7% 88.4%
11 15.9% 84.1% 25.1% 74.9% 11.7% 88.3%
12 15.8% 84.2% 25.1% 74.9% 11.7% 88.3%
13 15.8% 84.2% 25.0% 75.0% 11.7% 88.3%
14 15.8% 84.2% 24.9% 75.1% 11.7% 88.3%
15 15.8% 84.2% 25.0% 75.0% 11.7% 88.3%
16 15.9% 84.1% 25.0% 75.0% 11.7% 88.3%

Table 4.3 shows the composition for all streamhwii®% carbon dioxide and 85%
methane as feed composition at 5 bars. Lookingeatiata calculated methane recovery
in retentate stream only improve 3% and have cadioride impurity of 11.6%. if
compare with table 4.2, this experiment has lowethane recovery at higher pressure.
By using data of table 4.1, higher feed pressu2080 ml/min will has low selectivity
than 3bar pressure. Low selectivity effect in mpeemeation of methane, which reduce

the methane recovery in retentate stream.
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4.2.2 Feed Composition of 30% Carbon Dioxide gaswith different Feed Pressure

Below shows the tables of composition percenta@®@® ml/min at 30 % CO
concentration in feed at 3 bar feed pressure dvat feed pressure.

Table4-4: Composition in each stream for 30% CO, and 70% CH, asfeed
concentration at 3 bar feed pressure

compaosition %
Feed Permeate Retentate

Time,min COo2 CH4 co2 CH4 cCo2 CH4
1 32.7% 67.3% 28.0% T2.0% 28.4% 71.6%

2 29.9% 70.1% 28.1% 71.9% 25.5% 74.5%

3 29.9% F0.1% 28.1% 71.9% 25.4% F4.6%%

4 30.0% F0.0% 28.2% 71.8% 25.4% F4.6%%

5 30.0% F0.0% 28.3% T1.7% 25.4% F4.6%

5] 30.0% F0.0% 28.3% T1.7% 25.3% F4.7%

7 30.0% 70.0% 28.3% TL.7% 25.4% 74.6%

8 30.0% 70.0% 28.4% 71.6% 25.3% T4.7%

9 20.0% 70.0% 28.4% 71.6% 25.3% 74.7%

10 20.0% 70.0% 28.4% 71.6% 25.3% 74.7%

11 20.0% 70.0% 28.5% 71.5% 25.3% 74.7%

12 30.0% 70.0% 28.5% 71.5% 25.2% F4.8%

13 30.0% 70.0% 28.5% 71.5% 25.3% FA.7%

14 30.0% 70.0% 28.5% 71.5% 25.2% 74.8%

15 20.0% 70.0% 28.6% 71.4% 25.2% 74.8%

i 16 30.0% F0.0% 28.6% T1.4% 25.2% FT4.8%

Table 4.4 shows improvement in methane recovergrailit increase methane purity
from 70% to 74% with impurity of 26%. With high coentration of carbon dioxide in

feed concentration, the membrane seems to onlyseparate carbon dioxide molecule
up to 5%. Increasing amount of molecule in feed rhaye reduced the free path of
carbon dioxide free path to permeate through mengbrAs lot of molecules inside the
membrane pore, the pore becomes ingested andithlimolecules. This may reduce or

lower the permeation rate of molecules through nramd The permeation still happen,
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but in slow speed due to low free path of moleeud small space of molecules pore, as

it transport theory is based on Knudsen Diffusion.

Beside, the methane composition in permeate atsease than feed composition, as the

selectivity is reducing as impurity concentrationrease.

Table 4-5 : Composition in each stream for 30% CO, and 70% CH4 asfeed
concentration at 5 bar feed pressure

compaosition %
Feed Permeate Retentate

Time,min Cio2 CHa cO2 CHa CO2 CHa
1 20.2% 69.8% 31.9% 68.1% 26.1% 73.9%

2 30.2% 69.8% 33.9% 66.1% 268.1% 73.9%

3 30.2% 69.8% 34.1% 65.9% 26.1% 73.9%

4 20.2% 69.8% 3. 7% 65.3% 26.1% 73.9%

5 30.2% 69.8% 34.5% 65.5% 26.1% 73.9%

& 20.2% 69.8% 233.9% 66.1% 26.1% 73.9%

7 30.1% 69.9% 34.0% 66.0% 26.1% Ta4.0%

8 30.1% 569.9% 34.0% 66.0% 26.0% Ta4.0%

9 20.2% 69.8%% 234.7% 65.2% 26.0% TA.0%

10 30.1% 569.9% 34.4% 65.6% 26.0% Ta4.0%

11 30.1% 59.9% 34.4% 65.6% 26.1% 73.9%

12 30.1% 569.9% 34.5% 65.5% 26.0% Ta4.0%

13 20.1% 69.9% 234.5% 65.5% 26.0% 74.0%

14 230.1% 69.9% 234.5% 65.5% 26.0% TA.0%

15 20.1% 69.9% 234.5% 65.5% 26.0% 74.0%

b 16 30.1% 69.9% 34.5% 65.5% 26.0% Ta4.0%

Table 4.5 shows methane recovery in retentaterstiear4%, increase 4% than feed
composition, while it has higher carbon dioxide pasition in permeate stream. It is
known that, when feed pressure is increased, thteane recovery in residue stream
should be increased. This mean carbon dioxide ergown permeate stream is
increased. This is due to higher pressure givetgrehiving force across membrane.
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This give high permeability to carbon dioxide andthane to separated thru membrane.

As known, usually, when permeability is high, tledestivity will be low or reduce.

If we compare table 4.4 and table 4.5, both givearme methane recovery in retentate
stream, around 74%, which only increase 4% fromharet composition in feed.

However, the permeation of carbon dioxide into peEata stream for table 4.5 is higher
than table 4.4, and also has low methane recoVéeycan conclude for this comparison
that, at high carbon dioxide concentration, higkdf@ressure give high permeation rate
for carbon dioxide to past through membrane. Highsgure will be increase the

different pressure between feed pressures and p&messsure, and become sufficient

driving force to separate carbon dioxide.
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CHAPTER 5: CONCLUSION

The separation of carbon dioxide from methane ry ¢ballenging in term of process

and technology. Experiments result show that men#rnarocess has a promising
technology to be used for carbon dioxide and mettemparation. From the result and
discussion, we found that higher feed flowrate aigher feed pressure gave higher
permeability, but it gave almost same permeabu#iue for feed pressure at 3 and 5
bars. This is because of membrane permeabilityidinear with increasing pressure

and it will be a constant value once it reach itsithtion. This is due to constant

permeation transport, using Knudsen Diffusion, amnynmolecules in stream have

reduced the free path of molecule relative to meamémpore size in permeating through
membrane. Carbon dioxide has higher selectivity threethane, average value of 3.5
which mean that carbon dioxide permeate through Inn@ne 3.5 faster than methane.
Found that selectivity both gases reduced as feesspre increased. As we know, as
pressure increase, both permeability and selegtlMatrease, with give us higher driving
force which increase permeation rate of both gases.

Blending gas experiment using different feed cotregion and feed pressure as the
operating parameter gave us some interesting seAtlt15% carbon dioxide and 85%
methane in feed concentration at 3 bar feed presswe got 94% methane recovery in
retentate stream, which was the highest recoverglfmf experiments. We found that
increase carbon dioxide concentration from 15%0% 3based on analysis, has lower
methane recovery in retentate stream. Based on demudiffusion, as many of

molecule in the stream, the free path of molecsileeduced, relatively with membrane
pore. Pores become ingested with lots of permeatiolgcules, effect in slow speed of

permeation rate.
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From here, the first objective is to study permkgband selectivity of carbon dioxide
and methane is achieved. Second objective is tystm carbon dioxide separation
using inorganic membrane is achieved during blendest, where there is carbon
dioxide been separated when blend with methankpwgh only slightly amount of
carbon dioxide be separated at certain operatiranpeters. Last objective is to study on
membrane performance in separation at certain tpgraondition also has been
achieved. It is found that at 15% carbon dioxidel &% methane at 3 bars feed
pressure of 2000 ml/min, the methane recovery ashilghest, with up to 94% purity.
The purity can be increase by doing multi-stagednembrane system, or the residue

(retentate) stream is supply to amine system.

Recommendations for project improvement and futuoek are

1. Use temperature as one the manipulating parammreexperiment and membrane
research for this project

2. Exposed and supply membrane module with desiredogdeng period of time
such as one hour per experiment in order make sgpamore stable and get a
good data

3. Use known membrane materials, or develop personajanic membrane where

student can fully understand the characteristidh®imembrane material
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MILESTONES FOR FYP Il
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FLOW OF THE PROCEDURES IN DOING THE EXPERIMENT

Equipment Run Stop Save and Purging Equipment

Startup Experiment experiment print result equipment shutdown
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PICTURES OF THE LAB EQUIPMENT

Membrane Separation Pilot

55 Tubular Membrane Module



Table of permeability test carbon dioxide in tulbbuteembrane module

TABLE OF THE PERMEABILITY TEST RESULT

r RETENTATE \ PERMEATE \
Flowrate (ml/min) | Flowrate (ml/min) Flowrate (mil/min)

3.33 | 98.30 1074.27 0.00 92.29 9.38 961.18 95.07 6.60

327 | 97.21 1074.25 0.00 58.06 | 43.61 954.00 79.16 22.50

324 | 96.31 1074.15 0.00 -0.10 | 101.77 942.45 45.13 56.53

3.20 | 94.92 1074.73 0.00 -0.10 | 101.77 945.13 25.06 76.61

3.15 | 93.59 1074.53 0.00 -0.10 | 101.77 954.32 14.48 87.18

Table of permeability test methane in tubular meanbrmodule
Retentate Retentate Permeate Permeate

Time CH4 Feed Feed | Feed | Feed Feed (2) | Feed(2) Feed (2) | DP (2) (2) Retentate | Retentate | Retentate | (2) (2) Permeate | Permeate | Permeate
Stamp Flowrate CH4 CO2 02 Pressure Pressure Temperature Flowrate (2) Flowrate Pressure (2) CH4 (2) co2 (2) 02 Flowrate Pressure (2) CH4 (2) cO2 (2) 02
5:39;’(;3 -296.25 96.35 0 0 0.48 0.4 26.9 1252 36.64 0 0.57 72.55 15.25 0.05 914 0.41 45.34 7.95 0.06
5:39;11-\2 -296.25 96.28 0 0 0.48 0.4 27 1252 36.67 0 0.57 72.22 15.18 0.05 1246 0.41 45.16 7.88 0.06
5:395!’\2 -296.25 96.31 0 0 0.48 0.4 27 1252 36.93 0 0.57 70.38 14.64 0.05 1245 0.41 43.44 7.61 0.06
5:39;’31’\2 -296.25 96.26 0 0 0.48 0.4 27 1253 36.93 0 0.57 70.34 14.61 0.05 1245 0.41 43.36 7.65 0.06
5393’\; -296.25 96.26 0 0 0.48 0.4 27 1253 36.93 0 0.57 70.23 14.62 0.05 1246 0.41 43.29 7.6 0.05
5:40;(1)\;) -296.25 96.23 0 0 0.48 0.4 27.1 1252 37.31 0 0.57 68.9 14.06 0.05 1245 0.41 42.34 7.31 0.05
5:40;(1)\2 -296.25 96.23 0 0 0.48 0.4 26.9 1252 37.31 0 0.57 68.87 14.05 0.05 1245 0.41 42.28 7.3 0.05
5:40;’(3 -296.25 96.27 0 0 0.48 0.4 27 1254 37.34 0 0.57 68.87 13.99 0.05 1245 0.41 42.32 7.25 0.05
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5:40:30

PM -296.25 96.18 0.48 0.4 27.1 1253 | 37.72 0.57 68.84 13.37 0.05 1246 0.41 43.01 6.98 0.05
5:40:31

PM -296.25 96.18 0.48 0.4 27.2 1253 | 37.72 0.57 68.89 13.37 0.05 1246 0.41 43.11 6.92 0.05
5:40:32

PM -296.25 96.21 0.48 0.4 27.1 1253 | 37.72 0.57 68.9 13.4 0.05 1246 0.41 43.13 6.96 0.05
5:41:00

PM -296.25 96.1 0.48 0.4 27.2 1254 | 38.13 0.57 70.22 12.69 0.05 1247 0.41 45.47 6.53 0.06
5:41:01

PM -296.25 96.15 0.48 0.4 27.4 1253 | 38.13 0.57 70.26 12.66 0.05 1247 0.41 45.57 6.49 0.06
5:41:02

PM -296.25 96.14 0.48 0.4 27.3 1253 | 38.13 0.57 70.34 12.61 0.05 1246 0.41 45.71 6.51 0.06
5:41:30

PM -296.25 96.14 0.48 0.4 27.3 1253 | 38.51 0.57 72.25 11.92 0.05 1247 0.41 48.77 6.09 0.06
5:41:31

PM -296.25 96.15 0.48 0.4 27.2 1254 | 38.51 0.57 72.36 11.86 0.05 1246 0.41 48.93 6.07 0.06
5:41:32

PM -296.25 96.1 0.48 0.4 27.3 1254 | 38.55 0.57 72.46 11.87 0.05 1247 0.41 49.01 6.09 0.06
5:42:00

PM -296.25 96.07 0.48 0.4 27.4 1254 38.9 0.57 74.58 11.01 0.05 1247 0.41 52.39 5.6 0.06
5:42:01

PM -296.57 96.01 0.48 0.4 27.4 1254 | 38.93 0.57 74.65 11.01 0.05 1247 0.41 52.45 5.61 0.06
5:42:02

PM -296.25 96.07 0.48 0.4 27.4 1255 | 38.93 0.57 74.73 10.96 0.05 1247 0.41 52.61 5.56 0.06
5:42:30

PM -296.25 96.01 0.48 0.4 27.6 1254 | 39.34 0.57 77.02 10.13 0.05 1249 0.41 56.12 5.11 0.06
5:42:31

PM -296.25 95.99 0.48 0.4 27.5 1255 | 39.34 0.57 77.11 10.12 0.05 1247 0.41 56.12 5.12 0.06
5:42:32

PM -296.25 96.04 0.48 0.4 27.5 1255 | 39.37 0.57 77.17 10.1 0.05 1248 0.41 56.24 5.12 0.06
5:43:00

PM -296.25 95.92 0.48 0.4 27.4 1254 | 39.72 0.57 79.15 9.42 0.05 1247 0.41 59.58 4.7 0.06
5:43:01

PM -296.25 95.99 0.48 0.4 27.6 1254 | 39.75 0.57 79.25 9.41 0.05 1247 0.41 59.67 4.68 0.06
5:43:02

PM -296.25 95.94 0.48 0.4 27.5 1254 | 39.75 0.57 79.37 9.33 0.05 1247 0.41 59.8 4.66 0.06
5:43:30

PM -296.25 95.89 0.48 0.4 27.6 1255 40.1 0.57 81.15 8.71 0.05 1248 0.41 62.57 4.34 0.06
5:43:31

PM -296.57 95.92 0.48 0.4 27.7 1254 | 40.13 0.57 81.26 8.68 0.05 1248 0.41 62.71 4.27 0.06
5:43:32

PM -296.25 95.87 0.48 0.4 27.5 1254 | 40.13 0.57 81.32 8.7 0.05 1247 0.41 62.76 4.32 0.06
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Table of Feed Concentration Selectivity

Separation Factor for Feed Concentration

1;10

1,5

1;3.5

1;2

2.7156 0.3682 2.6440 0.3782 0.6050 1.6529 0.4896 2.0425

2.6599 0.3760 2.1165 0.4725 0.5802 1.7237 0.5028 1.9887

2.5891 0.3862 1.7526 0.5706 0.5668 1.7642 0.5364 1.8641

2.4721 0.4045 1.5057 0.6641 0.5589 1.7893 0.6204 1.6119

2.3640 0.4230 1.3461 0.7429 0.5602 1.7851 0.7336 1.3631

Table of Feed Flowrate Selectivity
Separation Factor for Feed Flowrate
500ml/min 1000ml/min 2000ml/min 3000ml/min

2.026024 | 0.493578 | 2.904425 | 0.344302 | 1.577966 | 0.633727 | 0.310135 | 3.224404
2.074048 | 0.482149 | 2.791927 | 0.358176 | 1.703746 | 0.586942 | 0.579164 | 1.726626
2.135745 | 0.468221 | 2.645279 | 0.378032 | 1.801049 | 0.555232 | 0.741081 | 1.349381
2.190512 | 0.456514 | 2.306402 | 0.433576 | 1.858428 | 0.538089 | 0.856587 | 1.167423
2.241699 | 0.44609 | 1.888485 | 0.529525 | 1.886787 | 0.530002 | 1.014359 | 0.985844
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Table of Feed Pressure Selectivity

Separation Factor for Feed Pressure

3 bar

5 bar

6 bar

9 bar

0.556583

1.796677

0.960836

1.040761

0.996471

1.003541

1.034109

0.967016

0.732622

1.36496

0.97354

1.027179

1.003904

0.996112

1.030468

0.970433

0.83917

1.191654

0.988121

1.012022

1.00718

0.992871

1.020906

0.979522

0.895785

1.116339

0.992359

1.0077

1.008331

0.991738

1.014712

0.985502

0.926174

1.079711

0.991448

1.008626

1.008295

0.991774

1.014611

0.9856
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Gas Membrane Separation Unit Control from computer
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