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CHAPTER

INTRODUCTION

1.1 Introduction
Hydrogen has great potential as an energy carrier. The data from multimedia

research group indicates that the over S hydrogen market is estimated at $798.1

Figure 1.1 U.S. Hydrogen market.
Source: FKU (Fuji-Keizai USA)



7 pen Market.
Source AL (Fajiceicai US )

The overall ;V : e ’- be about $368 million in
2005 and is expected to)grow at an average annual gm@h rate of 15 percent to $740
million in 2010. Europ€am, community igfunding various projects on hydrogen

production, mﬂew%mm w2717

Increased’demand for lighter ?Iels and prﬂducts a desire for hlgher-perfunnancc

esmd Tﬁﬁﬂm wﬁﬁ%aﬂﬁr}:ﬂ!ﬁ require refiners
to alter pgocessing conditions and technologies so that they can successfully meet the
demands of today’s society. These demands relate to product slate or quality, they also
have a significant impact on a valuable but often overlooked refinery by-product:
hydrogen, which is important as both a commodity and a reactant in the total refinery.
The hydrogen balance in a typical refinery is straightforward: hydrogen supplied by the
feedstock leaves in the products, by-products, and wastes. In the 1950s, catalytic
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reforming provided refiners with a relatively pure hydrogen stream as a by-product of
normal refining practice. Refiners had a ready-made source of hydrogen, which could be
used as a reagent in the chemistry of their refining schemes. In the 1990s, increasingly
demanding product specifications require more hydrogen content in the products as well
as removal of contaminants [1].

To avoid investing in a new hydrogen-producing plant, a refiner with a light

in issues:

hydrogen balance needs to consider thre
- Maximizing the hy yield

_ | finery with particular attention to the
primary source: the catalytie r

% increasing amounts of high-
performance products \\ R
- Considering the hvde®gas fagene 1\\* ogies required to convey hydrogen

from the sourceo the us€ptinder theimost-appropriate conditions [2].

= Determining the

Because of larg ogen make it is interesting

to develop hydrogen tech and and quality.

1.1.1 Technical da
Molecular weight
Boiling point |
Specific volume ./
Critical temperature Iﬂ

Critical pressure 1298 KRa
v 011817 ) HAATB A e
Flammable limit8/in air g—-?d 5 percent

R AT IR

l. 1.2 Sources of hydrogen
Gasesous hydrogen can be made using several commercially feasible processes. These

include:



Electrolysis of water

Thermal-catalytic dissociation of ammonia

Thermal-catalytic dissociation of methanol

Steam-iron conversion of reducing gas

Patial oxidation of hydrocarbon

Catalytic steam-reforming of hydrocarbons
- Catalytic steam-reforming of h

bons
i
- The water-gas process
Table 1.1 compare prodie el:huds for a typical capacity of

2,865 kg of hydrogen pe 0 5)-—
Table 1.1 Cost n/ \\
Process O onl COS!
r h&l\ cost (4
Gas Reformation

Wind Electrolysis _m
Muclear Electrolysis %

278
PV Plate Electrolysis

et 23
CPV Electrolysis
T

-—r‘.—rtfwfr

1.1.3 Uses of fiyarogen— Y]
A significant &mount gen 1s pioduced by steam reforming of

natural gas or naphtha m};l consumed in a duwmstream process. One notable example is in

the fertilizer H?«F]: m by steam reforming of
hydrocarbon ﬂ‘m ir addition an m ﬂn‘mng to produce a mixture
which a rtant area of the

Wjﬁlﬁh‘im ﬂjﬂ]?i ﬂﬂﬁo ref'meries have

refonners which produce relatively pure hydrogen for use on site by hydrogen-
consuming processes. These processes include hydrotreating, hydrodealkylation,
hydrodesulphurization, hydrogenation, and hydrocracking of heavy residues.

These processes require hydrogen of 90-99 percent purity by volume and all take
place at ambient and higher temperatures, and so do not often use cryogenic technology.
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Typical operations involved may be reforming, CO; removal by absorption and final
upgrading by methanation, and sometimes adsorption.

The bulk of the hydrogen is made at moderate purities but in vast quantities and is
consumed in situ or in downstream processing units. The hydrogen balance is one of the
fundamental parts of the make-up of a sophisticated refinery and many cryogenic
processes have been effectively utilized to remove medium purity hydrogen to improve

the hydrogen balance when refineries ore severe processing of their crudes.

hydrogen ighly varies, but have two things in
common: first, they consume mug! $ma hydrogen; secondly they require

much higher purities. i
Also many of the uid hydrogen and hence require
cryogenic technology for |

Liquid hydrogen xtemsively .in the 1950s in the USA

with encouraging results. military intentions but the results

¢ ;
were also applied by the NASA sp srogram. | he program began with conversions of

aircraft jet engines to.be f wdrogen ari d in-rocket engines of the 1970s
and 1980s which h‘F- tyCarried

- ' s jinto space. Hydrogen was

imum weight for fuel storage

advantageous as a fuel 5 its h
in the booster rockets. use of hydrogen and oxygen propellants is not without its
o

hazards, as hig IWI&;"ﬂﬂﬂTﬁ? 1986 which resulted in
the deaths of sm uts. )

h e m i f propulsion in
mckeu)ﬁ:ﬁz;] Pﬁ:&ﬁlﬁ m;]l:ﬁ? vestigated. Liquid

hydrogen can also be used as a coolant and propellant in a nuclear reactor and this energy
provides the thrust for a rocket. An extensive test programme to investigate this was
undertaken in the USA in the late 1950s. Liquid hydrogen is also used in a variety of test

programmes in atomic physics areas, but the quantities involved are much smaller than



6

the military and space programmes, In all cases, liquid hydrogen is of a very high purity,
as necessary in order to allow liquefaction without freezing problems.

High purity gaseous hydrogen is also use in some chemical and metal industries,
e.g. hydrogenation of fats and edible oils and in nickel refining [4].

There are lots of applications for hydrogen as energy-source, if people really want

to use it. The most important application for hydrogen as energy-source is the car. Cars

are very important for this new tec nig cause a lot of the carbon dioxide (CO;)
pollution is coming from the

\“ f cars in the future are driving on
hydrogen-gas instead of petrg ‘.; ssion ¢ r instead of pollution with CO,.

The hydrogen Fuel Thitidtive provides-funding to accelerate R&D of hydrogen
fuel and infrastructure teehfolfiyy, )

enable industry to make
commercialization decisiopg't a/' 50

x el cell vehicles can be available
for purchase in showrooms b I ). “Sticcess squire hydrogen production and
distribution at a price ufat j hetifive Bvith \gasoline,"as well as hydrogen fuel cell

it ! =~
vehicles that are competitiVe witl 1: -1n A —‘:‘:\\ orid vehicles.

The hydrogen-rich g# %gg sduced via reforming or gasification contains
40-70% hydrogen and a vagiety &f contan including carbon monoxide, carbon
dioxide, nitrogen, methane, water suffu and possibly tar and ash. The necessary purity

of hydrogen in a polviger ekeell is not clearly elucidated

by the percentage; ¥ > chemicals do not attect | {;i brane performance even in
large amounts, others au & all quantities. Common safe

chemicals (such as nln'ogen] are cnns:derﬁd di[utmg age,nts and must be removed simply
to reduce cuﬁe ents (such as carbon
monoxide, sul EH mtmg:n mﬂm m;Jst be almost entirely
remove oi ﬂ ﬂ' by sulfur at the

iﬂ:ﬂmﬁ aﬁdﬁ rﬂrﬁﬁmﬂ Ernfnnnatmn the

tentative mntammant targets are; <l0ppb sulfur, <l ppm carbon monoxide, <100 ppm
carbon dioxide, < | ppm ammonia, < 100 ppm non-methane hydrocarbon on a C-1 basis,
oxygen, nitrogen and argon can not exceed 2% in total, particulate levels must meet [SO
standard 14787. Future information on contaminant limits for on-board storage may add
additional constraints. By contrast, solid-oxide fuel cells (SOFCs) for stationary
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applications can accept a less pure hydrogen feed, since they are not poisoned by carbon
monoxide (CO) and can tolerate some sulfur [5].

1.1.4 Hydrogen purities and forms
Hydrogen is available in purities which broadly fall into two groups, the first
having purities up to 99.9 percent and the second greater than 99.9 per cent by volume.

The majority of hydrogen is pmd cag
consumed as soon as it is produged i ’y

This hydrogen is invariabl

urities up to 99 percent and is usually

process, e.g. ammonia synthesis.

Typlca! uses and purities are

The second category lwidrogen produoct s ta:rall:',nr for special uses such as
¢ “:-. metal oxides, research, and as
a rocket fuel. BOC limited prodaces four tyy gh-purity gases and these are

' as bottles, although research

and space exploration gStabli 15, usiliquid, hydrogen. In order to liquefy this

Pl s |
Table 1.2 Uses and purities of hytrogen—

] ks

e

Hydrogen user

T ical impurities (%)

Ammonia synthesis {77875 1._;1 o nitrogen — used in

@nn‘mnia synthesis

Approx. 1-1.5% argon +

ﬂumnﬂmwmm
”"“‘““W”‘i‘m NS NN,

Hydmtrr.alm g 90-98 Methane and other light
hydrocarbons
Methanol synthesis 65-75 Carbon oxides used in

reaction to form methanol

*85-90 percent for hydrogen recycled from ammonia purge gas recovery.



Table 1.3 Commercial grade hydrogen purities (maximum impurity level in v.p.m.).

Impurity s

N4.0 N5.0 N5.5 N6.0
Oxygen 2 | 1 0.1
Nitrogen 30 5 1 0.4
Hydrocarbons 32 | | 0.05
Carbon dioxide 0.05 0.05
Carbon monoxide 0.05
Water 0.5

Minimum hydrogen ‘ 999~ 99, 99.9999
content (mol.%) / \

* v.p.m. = ppm by volu

1.1.5 Hydrogen pug ri
The purity of the Mydgzgh availabie Sumersean have a significant effect on
the design and operation ol : .
unit. The three main hydr@ges

adsorption process, 2. selective pes

ich is generally a hydro-processing
nologies used in refineries are |.
polymer membranes, and 3. cryogenic
separation. Each of these
consequently, the p »Vqt‘v"'_f-_
purification teﬁhnologyﬂe;mn ot only on the ¢ nuacs. but also on such project

separation principle, and

\i Selecting the appropriate H;

considerations as pmcessﬁglibility, reliabil'a} and ease of future expansion. This part

reviews the pu%%ﬂhﬁ%%ﬁ}ﬁ well as other project

considerations féf these technulﬂgles General selectmn guldeltnes are presented along

- mwmﬂ TIPETTR ge

- Adsorption Process

Adsorption, as applied to gas purification, is the selective concentration of one or
more components of a gas at the surface of a microporous solid. The mixture of adsorbed
components is called the adsorbate, and the microporous solid is the adsorbent. The
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attractive forces holding the adsorbate on the adsorbent are weaker than those of
chemical bonds, and the adsorbate can generally be releases (desorbed) by raising the
temperature or reducing the partial pressure of the component in the gas phase in a
manner analogous to the stripping of an adsorbed component from solution. When an
adsorbed component react chemically with the solid, the operation is called
chemisorption and desorption is generally not possible [9].

- Membrane Process _ ' ’ly
POLYSEP™ membrari ‘“»:3 are : difference in permeation rates

between hydrogen and impUrities across a gas-permeable polymer membrane. Permeation

involves two sequential meghafism :
the membrane and then dii k‘?/{ )

have different solubi A

_4-‘.. onent must first dissolve into
neate side. Different components
(, cation’, ites. Solubility depends primarily on the

chemical composition offthe on the structure of the membrane.

Gases can have high pefical . 15 : 1 h solubility, high diffusivity, or
both. The driving force forfboth soliition and diffusion is the partial pressure difference
across the membrane betw ! ‘ﬂ, ¢ | pemmeate sides. Gases with higher
permeability, such as H,, enrich on-the permeate side of the membrane, and gases with

g 0 PEP“FH‘#‘:; f“
lower permeability enrich € non-pert e membrane because of the

py———r———=

depletion h*' th high permeat g ion of the gas to permeate

through the membra @ cons : - ponents with the highest
permeability. As a larger J‘mction of the feed gas is allowed to permeate, the relative

amount of the = | m j i;the permeate stream. In
hydrogen sepamgﬁhﬁ:mﬂ gen 1s mﬂjm lower recovery, and
lower purity hy i i ﬁj: ighe . The effeer of hydrogen purity
on mmiﬁnﬁﬁﬁm lﬂﬂﬁﬁﬂj ﬁ Elh or cryogenics
units. A f?lirly small change in hydrogen purity can change the recovery significantly as

show in Figure 1.3.
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Hydrogen Recovery vs Product Purity
Membrane System s

100

Hixdrogen Purity, %%

10 ' 90 100

Figure 1.3 Hyd embrane systems.

Higher hydrogen #6cq : > membrane area be provided.
The membrane area required w,
increases exponentially at Lig ! v The performance of a specific
membrane system, that is, the recovery versus the product purity for a given feedstock, is
primarily dependent o 0]

; d system pressure levels are fixed

syse and is largely independent
of the absolute pressi * __"‘“‘__;# is inversely proportional to
the feed pressure. Hen athe I.IJ the permeate, even though

the permeate flow is sma'ller is often preferahle: when the objective is to achieve the

‘“"“"“"""’““ﬂ"lﬁtl’.‘lﬂﬂﬂiﬂtl’]ﬂ‘i
émsm URAI) B Lo e

volatility) of the feed components. Hydrogen has a high relative volatility compared with
hydrocarbons. The process condenses the required amount of feed impurities by cooling
the feed stream against the warming product and tail-gas streams in brazed aluminum
multi-pass heat exchangers. The refrigeration required for the process is obtained by
Joule-Thomson refrigeration, which is derived from throttling the condensed liquid
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hydrocarbons. Additional refrigeration, if required, can be obtained by external
refrigeration packages or by turbo expansion of the hydrogen product. The partial
condensation process is normally applied to hydrogen-hydrocarbon separations. The feed
needs to be pretreated to remove water and other components that could freeze in the
system. The pretreated feed at high pressure, 300 to 1,200 psig, is cooled against a stream
leaving the cryogenic unit to a temperature at which the majority of the C2+
hydrocarbons condense. The two-ph i ' eam is sent to a separator where the Hj-CHy

vapor stream is taken overhead and \‘ 3 : to a temperature low enough to give
the desired hydrogen purity, Fhe '. oled : ed to another separator, and the
hydrogen product is taken Overhead. Before leaving the cryogenic unit, the hydrogen is

-

heated by heat exchange zgaifsiftlic \ e from the first separator and the
feed. The liquid CHy fromhie 5 /} &\\Q:N ded to a suitable pressure so that

. ngoh-methatie s from the first separator. Additional
cooling is provided byfexpanding pari \ arbons product, if necessary.
Thus, the cryogenic umf typical { three products: a high purity
hydrogen stream, a me ¥ & ‘\ pressure, and C2+ hydrocarbons
product, which may be two as !' By dditional separators, additional products,
such as ethane-propane and LPC P : also be produced. If the feed stream does
not contain sufficient, hy ns to’ achie pecgssary cooling by the Joule-

it will vaporize against t

Thomson effect alcr. e additiona ‘ '.ﬂ ovided by expansion of the
hydrogen product or a pickage ly at 5 to -40°F [2].
This research stlli;dles the sultablc condition for hydrogen purification by

::‘:::;:.:mmﬁm TN G o g
i | iﬁﬁﬁﬁ“ﬁﬂw Sio k1151
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1.2 Objective and scope of the research
1.2.1 Objective

a) To find out the best condition and suitable adsorbent for hydrogen purification
by adsorption process.

diesthe- suit: le/é for hydrogen purification by

adsorption system. The ygi neters suell A5 typéiof adsorbents, temperature, size
. '-.“.- —-“""‘1-.,_

of adsorbents, an inlet_pee®iuel wliv b e

adsorbents were studied

b) To study gas adsorption properties of zeolite 3A, 4A, 5A, 13X and beta.
\ M

1.2.2 Scope of the
This research s

mand zeolite and the life time of

8 )
 AUEINENINYINS
AR TN TN



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Gas separation by adsorption process

Separation may be defined as a process that transforms a mixture of substances
into two or more products that differ from each other in composition. The process is
difficult to achieve because it is the OpF site of mixing, a process favored by the second

law of thermodynamics. Conseguent e/ S€parasion steps often account for the major
production costs in chemicab.and petroct m&ﬁe& Separation also plays a key
role in chemistry and relatedeseieitific| disciphmes. Through the endeavor of human
¥ in -‘i str

N

on processes and laboratory
its structure. The forces acting
\\k\ .

at the surface are unse when the solid 15 exposed to a gas, the gas

molecules will form bouds This phenomenon is termed

adsorption.

Adsorptive gas separatiga eSS an ‘Be divided into two types: bulk
separation and purification. The _, & adsorption of a significant fraction, 10%
by weight or more ageg Keller's de offi a gas stream, whereas in

_
purification less thdi710% by i i to be adsorbed. Such a
differentiation is usefulﬁcau ey pm%s cycles are used for different

types of separation. ‘a Y

Puriﬁmﬁ.wlm.ﬂwr%qmﬂﬁjm gas, olefin-containing

cracked gas, synfliesis gas and other industrial gases; hydrogen purification; sweetening
: ¢ a v/ :
M AR TAIRYS N WP M
of oxyge ni air, 3 m of oxygen and
nitrogen from air, separation of n-paraffins from iso-paraffins and aromatics, and
hydrogen from industrial gases. Molecular-sieve zeolites and activated carbon are the
major sorbents used. However, the molecular-sieving property is not used in most of the

commercial processes where zeolites are used. The separation is based on differences in

equilibrium isotherms, and the slow intracrystalline diffusion is actually detrimental to
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separation. The molecular-sieving property is used in only three known commercial

processes:
a) n- and iso-paraffin separation using 5A zeolite
b) Drying of various gas streams using zeolites

¢) Nitrogen production from air usi olecular-sieve carbon

The two former separations on selective molecular exclusion,
whereas the latter is the onl ' ing di pore diffusivity.
Fixed-bed adsorbegs.é

exception of the Purasi

commercial processes with the
ed and products, dual-bed or
multibed systems are ugh adsorption regeneration
cycles. Although the opgf cf se, the system as whole is a

continuous one that is Gpegatedin'a. stéady state, Based on the method of sorbent
regeneration and the mec] gmber of process cycles and

combinations of cycles ha

a) Thermal-swing adsorptiof : &' cycle, the bed is regenerated by raising

the temperatuce. ] aising the temperature is by
purging the -Ymﬂf dldest and most completely
developed adso

step, the length cach cycle usually ranges fmm@everal hours to over a day. In

::::.:&;ﬂﬂﬁmﬂrf fW‘EI"Jm:““ o
b) jﬂcm e -qm%qwma Hﬂ:umpllshﬂd by

e cycle time is short, usually in minutes or even

slow and often rate-limiting

seconds, due to the possibility of rapid pressure reduction. Though ideally suited
for bulk separations, this cycle can be used for purifications as well. An
increasing number of purification processes are being switched from temperature
swing to this cycle, and an increasing number of bulk separation processes are
being developed using this cycle. This is the youngest basic cycle and also the



c)

d)
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most flexible one in terms of process modification. Unlike the temperature-swing
and other cycles, many new applications are possible with the pressure-swing

cycle. This cycle is also the most difficult and complex to model,

Inert purge: This cycle is similar to the temperature-swing cycle except that
preheating of the purge gas is not required. Usually a fraction of the light product
(raffinate) is used as the inert purge gas.

. ical chromatography has been an
appealing tool for aigé-scale separafion” smany years. Only recently have

commercial attempts 2p§

Aing aft &¢] g- \\‘i\\ ese two processes have yel

to find a commerCialfay / ere are still ongoing research

activities, and fugfe afy o ;\*‘:\“\ estion.

Moving-bed and#si

Gas chromatography: The

Parametric pu

: In these processes the gas

mixture and solid Sor} -._- contatted \: ountercurrent movement. Thus,

unlike the temperaturé~ and pressuce g processes, the process is truly steady

state in that the flow ratesand com ns of all streams entering and leavin
-—,rﬂwﬁk' & ¢

the adsorben ';- d

s Sy plicity, a further advantage
of the movingabex

u sec inventory of adsorbent.

This research Sﬂillﬁ the condition am:l adsorben are suitable for hydrogen

purification by y adsorbing impurities
molecules on am mzﬂr icl'is cooled by a cryogen,
typicall
light p

Hﬁ ,q]t.ru a&mm s anﬁ-% Ei;f;;] a ressure drop for
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Construction and Operation

This process employs compressors to control the feed gas (hydrogen, HP
industrial grade 99.99%) to an acceptable pressure. The feed gas was pre-treated by silica
gel before passing the 2 columns made from stainless steel filled with alumina and zeolite
dipped in liquid nitrogen bath. Gases will now either condense or be adsorbed by the
large surface of the molecular sieve. Then the purified gas will pass the water bath to
adjust the temperature before filling i
(99.999%). \

In the regeneration,

cylinders as ultra high purity hydrogen

eated to 300 °C for zeolite and

u@a&: in the molecular sieve. It

—
180°C for alumina to drive 6ff gliest

takes typically 3 hours to ‘PIT/

2.2 Industrial sorbents

In principle, all nu€ropbry 1§ I | as sorbents for gas purification
and separation. For exampl€, 4o calgined clays, iron oxide, calcined
bauxite, and the like have = ¢ four sorbents to be discussed
here, however, are those With/Well-gafitrall Aigh microporosity, and are produced
in large quantities. Table 2.1°p i £ a pers e of the relative amounts used and the
major gas separations performes sir
mid-1970s, will al v Be_disc ssed because of s uniqde/ability to perform kinetic

dition to developed since about the

separation based on Y :nt gas molecules.

ﬂ'lJEl’J“ﬂWlﬁWEl']ﬂ‘i
ammmm AN Y
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Table 2.1 Application and annual productions of major industrial sorbents.

Sorbent Annual U.S. production® Major uses for gas sorption

2.1.1 Activated carbon 90,000 (major) Removal of nonpolar gases and organic
vapors (e.g., solvents, gasoline vapor,
odors, toxic and radioactive gases); H,
purification; etc.

-~ il

Synthetic Tl'lﬂj mg; H; purification; air purification; air
~ | “&tl{m separations based on molecular
Natural L inory .
\ d shap (e.g., n- and iso-paraffins,
.;l\*; s, etc.); gas chromatography

2.2.3 Silica gel \ gas chromatography

2.2.4 Activated alumina as chromatography
a Late 1970s figure in m Th \\\ ed as sorbent is indicated in
parentheses.
b Worldwide total figure.

2.2.1 Activated'C

e

Manufacturing P
The manufacture and use of activated carbon date back to the nineteenth century.

e 071101 1111 (A 13111
A R

peat, cnals. petroleum coke, bones, coconut shell, and fruit nuts. Anthracite and
bituminous coals have been the major sources. Starting with the initial pores present in
the raw material, more pores, with desired size distributions, are created by the so-called
activation process. After initial treatment and palletizing, one activation process involves
carbonization at 400-500°C to eliminate the bulk of the volatile matter, and then partial



gasification at 800-1,000°C to develop the porosity and surface area. A mild oxidizing
gas such as CO,, steam, or flue gas is used in the gasification step because the intrinsic
surface reaction rate is much slower than the pore diffusion rate, thereby assuring the
uniform development of pores throughout the pellet. The activation process is usually
carried out in fixed beds, but in recent years fluidized beds have also been used. The
activated carbon created by this activation process is used primarily for gas and vapor

adsorption processes. The other activatips that is used commercially depends on

the action of inorganic additives & ) de hydrate the cellulosic materials and,

simultaneously, to prevent_shrinkage ization. Lignin, usually the raw
material that is blended witli Gclivaiors st -..,_'-"-v-w'-m- ic acid, zinc chloride, potassium
sulfide, or potassium thigeye 7 Jch ORI Ntemperatures up to 900°C. The

product, usually in powdge™o; sed for aqu .0r gas purposes. The inorganic

content, generally in the range

Surface Properties for
The unique sur
sorbents, is that its surface is

oxide groups and inorganic impls

in contrast to the other major
igh Iy polar as a result of the surface
e property gives activated carbon the

Y
a) It is the only cglme o pm’f@'l separation and purification
processes without pgliring prior striwnl moisture removal, such as is needed in

e RUSIENTHEINT

b) Because uf its large accessible internal susface, it adsorbsg more nonpolar and
AV SAE o). b e
of 'methane adsorbed by activated carbon at | atmosphere (atm) and room
temperature is approximately twice that adsorbed by an equal weight of molecular
sieve 5A (Figure 2.1)

following advantages;
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¢) The heat of adsorption, or bond strength, is generally lower on activated carbon
than on other sorbents. Consequently, stripping of the adsorbed molecules is
easier and results in lower energy requirements for regeneration of the sorbent.

It is not correct, however, to regard activated carbon as hydrophobic. The
equilibrium sorption of water vapor on an anthracite-derived activated carbon is
compared with that of other sorbents in Figure 2.2. The sorption of water vapor on
activated carbon follows a Type Visathéani(according to the BDDT classification) due

oridensatior ssfhigropores. Activated carbon is used,
nonetheless, in processes dealingwith humid w

organic and nonpﬂiar C

7N
W&k

and water solution because the

orb more strongly, and hence

o
-

(=1
o

Lal

AMCENT ALSOREFD, LM/GN

2.92

1000

ﬂw EJW%W'EHT]‘?
m.mww@ﬁ%fm:m’ﬁw o)



20

I

Aedyoipian, by fL 000 ke ateuhent
g

\\\\1: ospheric air at 25°C on (A)

Figure 2.2 Equilibriu
alumina (granular); (Byalu

\ D) SA zeolite; (E) activated
carbon. The vapor pressufc apl (

Attempts have bétn made. to, i -t \ ‘*‘- ce of activated carbon chemically
for special applications. . ' 1 m operations have been limited to
liquid-phase applications. In gas-plasc appi , It has been shown that by increasing
the polarity of the surface, the a -'ul W

(below 4 Torr at 25°C; e

il = pstaiiinn? A ——— a—

por adsorbed at low relative pressures
sased. For example, Walker
and co-workers showed 2
carbon after surface ox,alion by HNO5"Exchange of
Na, K, Ca) on the oxidizetl garbon further incpeased the moisture capacity at low vapor

el 4 S A 9t o

regenerated at f40°C, in contrast E) tempemtures over 350°C requlred for zeolite

" RRIANN I UANAINYAY

Pore Structure of Activated Carbon

Activated carbons are characterized by a large surface area between 300 and
2,500 m%g, as measured by the BET method, which is the largest among all sorbents.
Commercial grades of activated carbon are designated for either gas phase or liquid phase

“wapor adsorption by activated

urface H-ions by cations (Li,

of adsorbates, depending on its application. A majority of the pore volume is near or
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larger than 30 A in diameter in carbons for liquid phase adsorbate, whereas the pores of
carbons for gas-phase adsorbate are mostly in the range from 10 A to 25 A in diameter.
Carbons for liquid phase adsorbate need large pores because of the large size of many
dissolved adsorbates, and the slower diffusion in liquid than in gas for the same size
molecules.

A polymodal pore-size distribution is generally found in activated carbon. The
pore structure may be picmred as ha ‘Qt many small pores branching off from large
ones, which are open through tk ‘H“\ H\\ f

transport pores; the smaller gnes; wi

) e large pores are called feeder or
besfitad-end, are called adsorption pores.
Puce_and Applied Chemistry (IUPAC)

) into macropores (d > 500 A),
mesopores (20 A < d < 504 /// j € Q‘ ) A). The cumulative pore-volume

/ .-r’ \‘?\\

l. ated carbon is shown, along
‘;\\ \l‘ ostly submicron in size, and

According to the Intern: ....n--!-;. of

classification, the pores s
distribution of the fine poges

with four other sorbentsffin Lig

their total volume amoungéto & fifictiof o s\\ ie fine pores.

ACTIVATED CARSCN

Figure 2.3 Pore-size distribution for activated carbon, silica gel, activated alumina, two

molecular-sieve carbons, and zeolite SA.



22

2.2.2 Zeolites
Zeolites are crystalline aluminosilicates of alkali or alkali earth elements such as
sodium, potassium, and calcium, represented by the stoichiometry:

Mnl(AIO;)(Si02),]Z-H;0

Where x and y are integers with y/x equal to or greater than 1, n is the valence of

aluminum atoms, each ha n-_..-‘* arge of-=i=THE wa ter molecules can be removed
with ease upon heat and cwe
with a void fraction beg

which are usually intercafifiecté:

altered aluminosilicate skeleton
hias a regular structure of cages,
ch gage. The cages can imbide or

occlude large amounts ol of water. The size of the window

apertures, which can be copfro \\ number of cations, ranges from
3 A to 10 A. The sorption fa) %’ " \ ity because of the size of the
aperture (and to a lesser extent be 1_‘ g su 1 operty in the cages) — hence the
name molecule sieve. Haidias - o

At least f‘nrty species _#9- fucally ring zeolites have been found. The
principal ones e DALSWOLGH0) ;  gmelinite,(Na;,
Ca)ALSiy02(6H;0); V— 8i0:4(6.66H,0);  levynite,
CaAl;Si30,4(5H,0); faujasite, (Na;,Ca,Mg,K, ﬂhlﬂ 50,2(7H,0). More than 150
types of zeolites have beed sunthesized; theyape designated by a letter or group of letters

e . TATLEED D FHE P RS R el procen o

synthetic zeoliteS'tarted with the suoiessful dwelf.ﬂment of low-tem Q})emture (25-100°C)

M. NN 137X AT 2 N
amorphous solids. Two comprehensive monographs, by Barrer and Breck, deal with all

aspects of zeolites.
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— 3
£ z§ol‘i$ ﬂn‘k:tme: (a) sodalite cage, or truncated
“dinit _g%?l”;'i% “'i'fli\fﬁu" of types X and Y, or faugjasite;
are 1 e 1
6AC3ZE, m@m, and 32 11 sites per unit cell).

70 4
e LS —

octahedron; (b) type A

(d) cation sites in type A d twelve 11 sites per unit cell; (e)

cation sites in types X and Y

e

B £

Figure 2.5 Structure of beta zeolite
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Structures and Cation Sites

The primary structural units of zeolites are the tetrahedral of silicon and
aluminum, SiO4 and AlO,. These units are assembled into secondary polyhedral building
units such as cubes, hexagonal prisms, octahedral, and truncated octahedral. The silicon
and aluminum atoms, located at the corners of the polyhedral, are joined by a shared
oxygen. The final zeolite structure consists of assemblages of the secondary units in a

regular three-dimensional crysmllin gwork. The ratio Si/Al is commonly one to

five. The aluminum atom can b¢ placed by silicon in some zeolites,

thereby reducing the number ¢ can also be exchanged. The inner
atoms in the windows are 0XVgcn.#he size of the Windows depends, then, on the number
of oxygen atoms in the ri or twelve. The aperture size, as

well as the adsorptive prg / // { \\\?\ ‘ \ ‘ flec by th:.'. number and type of

exchanged cations. A desgiptit \ ¢ given only for the zeolites

important in gas separagion, I \\
Zeolite A The structiira .' zeolit

the truncated octahedron, shown in Figure 2:4(a). ' thit is also called sodalite cage, as
sodalite is formed by directly th
member rings of the sodalite uaits ca

units. The four-membg

s well as in Types X and Y, is

ember rings of the units. The four-
ed through four-member rings of the
n also be linked through four-
3 w}b. I “ AF - -
member rings of the trits. ° sdalite units can also be linked
through four-member pef 1gure 2.4(b);
unit cell of Type zeolit€, s shown in this%igure, contains 24 tetrahedral, 12A10,4 and

12 SiO4. When uﬁlﬁ qlﬂ mﬁu E,le ﬁd in the central cage or

cavity of the unﬂ'lﬂell, and in the eight smaller sodalite cages. Thg free diameter in the

ot Q%) BT VG R BN HE e o

apertures ‘With a minimum diameter of 4.4 A. There are twelve negative charges to be

4sms, as shown In hich is Type A zeolite. The

balanced by cations in each unit cell. The most probable locations for the cations are
indicated in Figure 2.4(d). Type I is at the center of the six-member ring, thus at one of
the eight corners of the cavity. Type II is at the eight-member aperture, directly
obstructing the entrance. Type IIl is near the four-member ring inside the cavity. Type A
zeolites are synthesized in the sodium form, with 12 sodium cations occupying all eight
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sites in [ and three sites in II, plus one site in III. This is the commercial Type 4A zeolite,
with an effective aperture size of 3.8 A. The sodium form can be replaced by various
other cations or by a hydrogen ion. The commercial Type 3A zeolite is formed by
exchanging Na™ with K*, resulting in a smaller effective aperture size due to the large K*.
The aperture size of the sodium form can also be increased by exchanging Na" with Ca*
or Mg*?, since 2 Na" are replaced by one bivalent cation. The form of the exchanged Ca*

or Mg*? is Type 5A with rather unobstn - d larger apertures.

| \

Framework
Space Group:
Cell Parameters:
a=11919
a = 90.000#

Framework density
(FDs;):

Topological density: 0.533333

Ring sizes (# T-sto -
ing sizes ( 5 7]

Channel system:
Secondary Building ynlts. 8 or 4-4 or ﬁ-2 or6or 1-4-1 or 4

- I.mﬂnummmm vn3

prisms, as shown in the unit cell in Figure 2.4(c). Each unit cell contains 192 (Si,Al)O;4
tetrahedral. The number of aluminum ions per unit cell varies from 96 to 77 for Type X
zeolite, and from 76 to 48 for Type Y zeolite. This framework has the largest central
cavity volume of any known zeolite, amounting to about 50% void fraction in the
dehydrated form. A unit cell, when fully hydrated, contains approximately 235 water
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molecules, mostly in the supercage, The aperture is formed by the twelve-member
oxygen rings with a free diameter of approximately 7.4 A. Three major locations for the
cations are indicated in Figure 2.6(e). The locations are: center of the six-member prism
(I) and opposite to | in the sodalite cage (I'); similar to I and I' but further from the
central cavity (Il and II'); and at the twelve-member aperture (III and III'). The
commercial 10X zeolite contains Ca*” as the major cation, and Na" is the major cation for

Framework

Space Group:

Cell Parameters:
a=24345 ¢
a = 90.000°
Volume =
Rpis =
Framework density
(FDs;):
Topological de ILF
Ring sizes (# T-aton s} 12 6 4

Elli‘:fﬂ]ﬂﬂ..mﬂ?ﬂlﬂﬁ Al @!ﬂﬂ
e ARHARTRUNIN INY TN

Bﬂa zeolite Crystallographic faulting in zeolite structures affects both the
catalytic and sorption properties, and can greatly complicate attempts at structural
characterization. A near extreme example of stacking disorder is provided by zeolite beta,
a large pore, high-silica zeolite that was first reported in 1967. Zeolite beta can be
regarded as a highly intergrown hybrid of two distinct, but closely related structures that
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both have fully three-dimensional pore systems with 12-rings as the minimum
constricting apertures. One end member, polymorph A, forms an enantiomorphic pair,
space group symmetries P4_122 and P4_322, with a = 1.25 nm, ¢ = 2.66 nm. Polymorph
B is achiral, space group C2/c witha = 1.76 nm, b= 1.78 nm, ¢ = 1.44 nm, = 114.5
circ. Both structures are constructed from the same centrosymmetric tertiary building unit
(TBU), arranged in layers that, successively, interconnect in either a left- (L) or a right-
(R) handed fashion. Polymorph A represe

LLLL...) stacking. Polymorph B \‘

5 an uninterrupted sequence of RRRR... (or
E"‘-\;xi Ites, o RLRL... stacking sequence. The TBU
has no intrinsic prefetence n‘. mode oL edfnection, enabling both to occur with
almost equal probability in Zéolile-beta, givingrise Lo ear random extent of interplanar
stacking faults and, to a less -
The faulting does not signs
tortuosity of the pore conngét

s terminated by hydroxyl groups.

> ssible pore volume, but influences the
g th \\\ \ | e high stacking fault densities
give rise to complex péWwdg ay diffraction (P: atterns for zeolite beta materials
that comprise both sharg ting recursive relations between
possible stacking sequen :alculated as a function of faulting
probability. Reasonable agre XD profiles is observed for a 60%
ence, suggesting a slight preference for

polymorph B. The f'
construct other frame works 175 :j

Framework j 1

Space Group: ¢ aPh22

Ceilrnmﬂuﬂqwﬂﬂjw31ﬂ‘j

632A  b=12632A c=26186A

am&»&mwwm«amaﬂ

Volume = 4178.43 A}
R.m,s — 0.0022

s
faulting probability in the chira
! ite beta can also be used to

Framework density

15.3 T/1000 A®
(FDg;):
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Topological density:  TD, = 805 TD = 0.704545
Ring sizes (# T-atoms) 12 6 5 4

Channel system: 3-dimensional
Secondary Building Units: combinations only

Source : International Zeolite Association (IZA)

Manufacture Procedure and Appl 'I'\‘ i1/ Aas Separation

Commercial zeolite_pell re made€an™the following sequence: synthesis,
palletizing, and calcination. Many alkali me -hydroxXides and raw materials containing
silica and alumina can be
Na;0-Al,05-5i0,-H;0 sysi
Y, are as follows;

ynthesis. The steps involving the
izing zeolites of types A, X and

NaOH (aq) + NaAI(OH)4(al

22 25°C
_— ¢
[Nay(AIO2)x(SiOs). . "‘."és-:-x e

T2 = 25-1755C) il
- _—

— ! ‘f_

Na,[(A10)«(S1 ‘;i"

The first step invalves, gel formation detween sodium hydroxide, sodium silicate,

i ,;ﬂ LU DIDUWI I FRTe. e s i pobosly

formed by the I}rmenxatmn of ﬂle silicate ami aluminate specﬁj_ by a condensation-

o 1AM L LA L R G

the comp@sition
. Type 4A zeolite, 2/2/35
2. Type X zeolite, 3.6/3/144

3. Type Y zeolite, 8/20/320
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The gels are crystallized in a closed hydrothermal system at temperatures between
25°C and 175°C. Higher temperatures upto 300°C are used in some cases. The time for
crystallization ranges from a few hours to several days.

The crystals formed are cubic single crystals with sizes ranging from | to 10
microns. For example, the commercial 5A zeolite contains cubic crystals with a mean
size slightly greater than 2 microns. (The largest crystal synthesized is near 100 microns.)
Types 3A and 5A zeolites are formed, iy ion exchange in the crystallization step by

adding aqueous solutions of pota salts, respectively. The crystals, after

and palletized with or without a
binder amounting to less than 26 leis, The binder has a negligibly small

\\\

165 of the major commercial zeolite

ity for the adsorptiog
:f:ms in thepallﬂir;t; : / / / )\"\*.-"‘\

calcination at about 600°C, are"

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ
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Table 2.2 Characteristic of major synthetic zeolite sorbents.

Nominal Bulk density’, Water"
Zeolite type Major cation

aperture size, A Ib/ft’ capacity, wt%
3A (Linde) K 3 40 20.0
3A (Davidson) K 3 46 21.0

4A (Linde) Na | 22.0

4A (Davidson) Na 23.0
5A (Linde) Ca 21.5
5A (Davidson) Ca 21.7
10X (Linde) Ca 31.6
13X (Linde) Na 28.5
13X (Davidson) Na 295

Beta (Zeochem) Na=2< 7.6x¢ 415 5y S50 : "
oy ———————— .

- -
*Based on 1/16 inch peﬁs or bes

®The dried sorbent mntalqs < 1.5 weight-pe rgent water in Linde products and 1.5 weight-

m"""”**ﬁ'iﬂ%%mwmn‘i
i BT ST O o & VRS 0 B v o

adsmbad In principle, any mixture containing gases from different groups can be
separated by molecular sieving. Many of the important zeolite-based gas separation
processes currently practiced in industry, however, are not based on molecular-sieving

action. They are based on the different equilibrium amounts adsorbed, of the constituents
in the mixture. The important gas separation processes using zeolite sorbents are: air
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n-paraffins from branched-chain and cyclic hydrocarbons, aromatic hydrocarbon
separation, and drying. Except for the n-paraffin and aromatics separations, these
processes employ the preferential adsorption of certain components. For example,
nitrogen is preferentially adsorbed over oxygen (by approximately threefold in 5A
zeolite) as a result of its quadruple moment, which forms a strong bond with the polar
surface.

2.2.3 Silica Gel

Silica gel is one of the
network of spherical partigl
methods, which result in

s silica. It is a rigid, continuous
e are a number of preparation

Manufacturing Procedu; \
Commercially, siligd gg \
mineral acid such as s ghyd ?\ \ )

dispersion of finely dividéd parti€les ofhyd
W J_; :’ \

sy

b Ju‘ '

sudlum silicate solution with a
caction produces a concentrated
_ a‘ wn as silica hydrosol or silicic

acid:

Na,Si0; + 2HCI + nH,0 % == 0,.nH,0 + H,0

5
)

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ



Molecular size increasing —
He, Ne, Ar, CO Kr, Xe C;H,
H;. O, N,, CH, nC.H,y
NH;, HyO C;H, nC,H,,
CH,OH
ﬁt lirmat for cﬂlm .'CLI.HH
Ca- and Ba- CHy;NH; |  ac
mordenites and C'H,L‘l C.H,ﬂ
levynite about | CH,Br | C,H,Br
here (38A) | CO, C,H,OH
Type 5 C;H, C,H,NH,
Cs, CH,Q,
CH,Br,
Size limit for Na- CHF,C
mordenite and Linde | CHF,
sicve 4A about here | (CH,),NH
(=40 A) CH,I
Type 4 ByH,
Size limit for Ca-rich
chabazite, Linde sieve
5A, Ba-zeolitc and
gmelinite about here
(=49 A)
3
Type !

1, 3, S-triethyl
benzene

L3456
7.8, 13,14, 15,
16-decahydro-
chrysene

(n-C,Fo)yN

ct
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The hydrosol, on standing, polymerizes into a white jellylike precipitate, which is
silica gel. The resulting gel is washed, dried and activated. Various silica gels with a wide
range of properties such as surface area, pore volume and strength can be made by
varying the silica concentration, temperature, pH and activation temperature. Two typical
types of silica gel are known as regular-density and low-density silica gels, although they
have the same densities (true and bulk). The regular-density gel has a surface area of 750-
850 mzfg and an average pore diam ef 26 A, whereas the respective values for the

by

low-density gel are 300-350m’ e micropore volume of the regular-

density gel is shown in Fig

Silica gel, along with aclivate ' alg i . w::-,z-;‘ able sorbent for drying because
of its high surface areas and | 5. Silica gel contains 4-6% “water”
by weight, which is the mgaSuged #i6ss o ign _“. 1. "This so-called water is essentially a
monolayer of hydroxyl grefip toms on the surface, forming the
silanol, Si-O-H, groups

by infrared and near-inf]

has been extensively studied
5 it is a good infrared window

and hence suitable for thesg \eése Studies on the interaction of water
on silicas were reviewed by Klier #ng Ze 3-'-“: er. At a low surface coverage, evidence
shows that the water molecule is bomnd o thesilinol group “oxygen down”

At higher covemages, droger nding wilhﬂ clusters of water becomes
predominant, with a bon:hfs ngth or heat o{jdsnrptlun approaching of water vapor on

silica gel is aﬁﬁm W%ﬁ %:ﬁlf]ﬁ %ne as that on activated

alumina. The refatively low heat of adsnrptmn and consequently, weakly held water are

MY 1400 08 PN (10 0

water vapor are considerable higher. A lower heat of adsorption is also desirable in
separation processes because the temperature rise resulting ﬁ-ﬁm adsorption lowers the
adsorption capacity, and a detrimental temperature drop occurs during desorption or
regeneration. (Zeolites, however, the advantage of higher water capacities at low relative

pressures; hence they are used at high temperatures.)
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The equilibrium water sorption capacity at 25°C for the regular-density gel is
shown in Figure 2.2. The water capacity for the low-density gel is substantially lower.

2.2.4 Activated Alumina

Activated alumina is one of the solids having the greatest affinity for water. An
important industrial application for activated alumina continues to be the drying of gases
and liquids, because of its hydrophilic property and large surface area. The term activated

Manufacturing Procedure:

Commercial produgii®n 4§ ¢xvl .. y. thetmal dehydration or activation of
aluminum trihydrate, Al(QH); \\- ‘1 lorm, which is still widely used, is
made from Bayer a-trihydsfile . the Bayer process for aqueous
caustic extraction of al A fire ‘ r te, in the form of gibbsite, is
heated or activated in ai !?; i n. - line y/n-alumina with a minor

amount of boehmite, and
trihydrate is heated very rapidly;

higher surface area, 300-350 m® _ Lo
(typically 6%), is :_g,- :
there is a considerablc/bun
form of activated alumg is mad

alumina in the form of gibbsite

Am,phnnﬁ,ﬂtuﬁl’ﬂﬂﬂﬂﬁ'%lﬂ’]ﬂ‘i

The major use of activated @lumina as amsorbent is in @rying. It also finds
applicafoh {Alchlofkigrsohyd 4 pdried 14 of il ek Gt ban be dricd by
activated %Iumma includes: Ar, He, Ha, low alkanes (mainly C1-C3) and hydrocarbons,
Cl;, HCI, SO;, NH3, and Freon fluorochloralkanes, It has been especially important in the
drying of hydrocarbons produced by the thermal cracking of petroleum fractions. It,

ely 250 mzfg Alternatively, the

.-:p

purity in these products, besides water

an amorphous alumina with a

¢ is shown in Figure 2.3, but
&t than 50 A. A highly impure
i activ%:m of bauxite, which contains

however, suffers a loss of adsorption capacity with prolonged use as a result of coking



35

and contamination. This is a common problem for all sorbents. The moisture content can

be reduced to below | ppm using activated alumina in suitable designed adsorbers.

2.3 Selection of Sorbent

The selection of a proper sorbent for a given separation is a complex problem.
The predominant scientific basis for sorbent selection is the equilibrium isotherm. The
equilibrium isotherms of all constituents in the gas mixture, in the pressure and

temperature range of operation, must be J considered. As a first and possibly

oversimplified approximation, the pure-gas may be considered additive to yield
the adsorption from a mixtus thﬁ, the following factors that are
important to the design of on . imated:

\\\ luge and pressure range.

1. Capacity of the sqi

2. The method of sgfbent rofene "’F ample, thermal or pressure swing and
the magnitude of tl

3. The length of the witiss
4. The product purities.

The LUB is dpproXimate
Vv Y | A
the mass transfer zore:| 1 bythe equilibrium isotherm. A
sharp concentration fmm. or a short LUB, 1s desired betﬁsc it results in a high sorbent
productivity as well as a highsproduct purity. o

consicb SIS QI B ST AR T mectioned, acivatd

carbon is the onl?lcummmial sorbent used for wetéas stream pmc&&sing. (A predryer is

SR GO T SRR Y G rin = -

important] consideration in the processing of hydmmimmaining gases. Coke is
formed catalytically, and zeolites are excellent catalysts for these reactions. Pore-size

oncentration wavefront, or

distribution can play a role in the LUB, but not as importance role as that of the
equilibrium isotherm, since the commercial sorbent pellets are designed to minimize the
pore-diffusion resistance. Kinetic separation that is, separation based on the difference
between pore diffusivities of two gases has found only one application: the production of
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nitrogen from air by molecular sieve carbon. Dehydration of cracked gases with 3A
zeolite and the separation of normal and iso-paraffins with 5A zeolite are based on
selective molecular exclusion. All other commercial processes are based on the
equilibrium isotherms. Temperature for activation and regeneration of the sorbent should
also be considered. A high temperature of nearly 300°C is required for zeolites, whereas
activated carbon usually requires the lowest temperature for regeneration.

The total void space in the bed, jwhich varies with the sorbents, is also an
important factor. A low void space

igh product recoveries since the gas

x\ 1l
mixture remaining the void spaee.in the sat el is usually not recovered as a useful
product. Silica gel and actiVated alwming have the 10West void fraction, usually slightly
below 70%; activated carboadseelighest void ffaction, at nearly 80%.

2.4 Effect of moleculas r dso _ \

Molecular sievi 5 is caused by the size and/or

shape differences betwee urba:e molecule [14].
In order to correfate ‘ or pore size of a zeolite with the
dimensional parameters of vay - 4t€ folec -\ a scale of molecular dimensions
was established. In early experi e :
diameter of the adsorbate molegule; Thi
molecular shape, bongd distances. bond angles. and van“def Waals radii. It was observed
that certain moleculeS4e ff‘

of the zeolite crystal. E“ improved treatment of this blem, Kington and MacLeod

flar size was based upon the equilibrium

ed at by calculation using the known
than the known aperture size

have utilized the gﬁlhsmnﬁﬂlnﬂtlc diameter®/

The efi24vida sige Hiatzboht GolobiG sidv Jalbe determined from the

sizes of muleculﬂs which are or aregnot adsorbed.under a given get of conditions. For

e ARG T TS L8 YA o vty i

nitrogen s not adsorbed over long periods of time. At these temperatures, nitrogen
diffusion is so slow that true equilibrium cannot be attained.
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The Kinetic Diameter
For spherical and nonpolar molecules the potential energy of interaction. @ (r) is
well described by the Lennard-Jones potential

@ (r) = 4€ [(o/r)"* - (o/r)]

h are characteristic of the molecular species

and are determined from secondivirial \¢o¢liiCiehis. At large separations the attractive
component, (o/r)°, is domunant. and oribes™ the induced dipole-induced dipole
interaction. At small separations.d
the potential equals 0 the dia S
intermolecular distance of@l0se€8 ;.‘

kinetic energy. The maxi

epulsive-eamponents is dominant (Fig. 2.5). When
"\\\ etic or collision diameter is the
\ \\ olecules colliding with zero initial

Il
L

Il-h
r

e EMEANENNEND . e
= RN DIMNBI AN AR, . e

dimensions for sphericaj molecules are given by the value of ry. For diatomic
molecules, ry;, is based upon the van der Waals length, and represents the molecule in all
orientations. For long molecules, such as hydrocarbons, the dimension is the minimum
cross-sectional diameter. It is preferred to use o values obtained from minimum cross-

sectional diameters for more complex molecules, such as n-paraffins.
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For polar molecules, the Stockmayer potential function is widely used for
describing the interaction between molecules for which dipole-quadrupole interactions
are not important. Values of the parameter o determined for certain polar molecules have
been used. Kihara's data were used for spherocylindrical and ellipsoidal molecules (H;
and N).

Table 2.4 lists molecular dimensions calculated from Pauling along with ry, and

o , the minimum kinetic diameter. | wex molecules, the minimum equilibrium

rption phenomena indicate that the
in computing o. For example, the
Lennard-Jones approach gives a.va = -m;-. CO; and 3.64 for N;. Under
£04h “There fore, the minimum equilibrium
dimension of 3.7 A was yset Omputels alue 0 "- A. The o values for H,O and
NH; were obtained from dat€ given by the Stockn: tentlal
eter, with the apparent pore
diameter of various zeolifes £z 4 \ has a pore iamieter of 4.2 A as determined by

structural analysis. This cofpare: ith the o valug of 4.3 for n-paraffins and 4.4 A

for CF,Cl; which is adsorbedét g # 50°C: Phus, the apparent pore size of CaA varies
form 4.2-4.4 A. NaA adsorbs C,IH fowiyiand CH,, 0 =3.9 and 3.8 A, respectively. At
low temperatures, it dpes “adsorb Ng. T pgre diameter is 3.6 to 4.0 A,

depending on -5 ; € explan E‘Ja has been based upon a
process of activated di that thermal vibration of the

oxygen ions, and caimns m the zeolite latll(:c surrounding the apertures is responsible

= ﬂﬁﬁl’&ﬂﬂﬂﬁﬂﬂﬂﬂ‘i
QW’W&NﬂﬁﬂJ UAIINYAY



Table 2.4 Dimensions for various molecules.

Pauling Lennard-Jones
length (A) Width (A) rmin (A) a(A)*
He ~3 3.0 2.6
H: il 24 3.24 2.89
Ne 32 3.08 275
Ar e 3.84 34
0; \) 3.46
N2 3.64
Kr 3.6
Xe 3.96
NO 3.17
N:0 43 33
co b (o 3.76
CO, g * 33
Ch ¢ 38 32
Br, 3.9 35
H,0 °. 2.65
NH; 2.6
S0; 3.6
CHs4 3.8
C;H; 33

= ﬂumwamwmm 2
Hmﬂlmmmfummmm

H,S 4.36 4 3.6
CSs; 4 3.6
CF:Cl, 5 4.4

CCly 6.65 3.9
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Pauling Lennard-Jones
length (A) Width (A) rmin (A) o (A)*

is0-C4Hq 5.6 5

Butene-1 5.1 45
CF,4 49 5.28 4.7
SFs 5.8 6.18 5.5
Meopentane 6.2
(CsHo)sN 8.1

(CoFs)NCsF, 7.7
(CaFahsN 10.2
Benzene 5.85
(CoHs)sN 78
Cyclohexane \ 6

* Kinetic diameter, o calélila AT . oss-sectional diameter.

&
]

AULINENINYINS
AR TN TN
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— (C4FqlsN
10 —
§ —
(CaHg)sN
4F )INC,F
7
g
E : m Propane
E E A 4, 50, S‘m'
T
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3u -4 E ‘ﬂ
H
|2 gl niweng
zls| & 2|8l 2| 5 : N g
T (- (A) 1 aﬂ

Figure 2.7 Chart showing a correlation between effective pore size of various zeolites in
equilibrium adsorption over temperatures of 77° to 420°K (indicated by - - -), with the
kinetic diameters of various molecules as determined from the L-J potential relation.
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2.5 Literature Review

In 2008, Thiti L. and Tharapong V. studied suitable condition for separation of
moisture from ethanol in gas phase by zeolite 3A and 4A at atmosphere. The ratio of
zeolite 3A and 4A was investigated. The feed gas is 95%wt EtOH in moisture. They
found that 100% of 3A provides the best result. The suitable condition is 90°C, flowrates
I mUmin [11]. .

In 2006, Peiyuan Li and
kinetic separation potentis
: CO; has the highest adsorption,
Mo and CHy4 has good equilibrium
Hasand CH4/O; systems and is the

concentration pulse chrome
followed by CHj, N; and @
separation factors. This
lowest for N2/O; system. ation factors are very small at
d 0,/CO; can be separated in
kinetic processes with réfisofable separation factors at mperatures lower than 31.9°C.
Both equilibrium and kinegic

(8.

high temperatures for 4l

@ as column temperature increases

In 2006, Simone Caw:n, s studied adsorption-based process for

removal of carbon digxic ogen from Ic edifim natural gas flowrates. The

layered pressure swilis ff composed of a zeolite 13X

followed by a layer nﬂa.rbu .'ExEnmcnts were performed in a
single-column LPSA unig The effect of tunwraturc and ratios of adsorbent layer were

studied. The fﬁ q.ﬂ Efcf% W Hqﬂﬁy of 86.0% with 52.6%

recovery was obfdined at ambient temperature while 88.8% purity with 66.2% recovery

MO MR (140 N 1R M

13X layers [13].

In 2005, José A. Delgado and colleagues studied the adsorption equilibrium
isotherms of CO;, CH4 an N; on Na- and H-mordenite at three temperatures (279, 293
and 308 K) for pressures up to 2 MPa. For Na-mordenite, the selectivity order is: carbon
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dioxide 3> methane > nitrogen. The selectivity order is the same for H-mordenite. The
selectivity ratio CO2/CHy is smaller than CHy/N,. The adsorption capacity for CHy and
N; is recovered with vacuum in both adsorbents, whereas this does not apply to CO; for
Na-mordenite [16].

In 1999, S. E. Iyuke and colleagues studied Sn-activated carbon (Sn-AC) in
pressure swing adsorption (PSA) system in the purification of hydrogen for PEM fuel cell

pure and the impregnat€d acuvi \ \\ vely. The use of AC-SnO; in
adsorbing CO proved séper} ‘ \b\
PSA system [10].

as used for H; purification in a

In 1991, Shang=BindLiufay -~ e ermal stability of zeolite beta
by '*Xe NMR and adséfpti \ in correlation with data from
X-ray diffraction and *'2 i \?
different calcination and deh¥drafia ere examined. Minor destruction of the
crystalline framework resulting f

experiments. Samples subject to

n processes has been found for samples
treated at a temperaturé 4

T X

Iﬂ 2
ﬂ‘lJEl’J‘VIEWlﬁWEI']ﬂ‘i

’Q‘mﬁﬂﬂ‘im UANINYAY



CHAPTER III
EXPERIMENTAL

This research studies hydrogen purification by adsorption process. The factors
that would be studied are type of zeolite, temperature, bead size, inlet pressure and the
ratio of adsorbent (zeolite and alumina). The life time of the zeolite is also studied. The
detail of experimental apparatus an re shown below.

3.1 Material and equipme t

3.1.1 Chemicals__ "
1. Hydrogen UHP /
2. Hydrogen (industrial gl
3. Standard mixed gas
Standard mi
60% H;. They were mix

by gas chromatography.
Preparation of standard mixes

03, 10% CH,, 10% N; and
ere analyzed the concentration

"
Af =

80

) Ny
~ S| | RE=

5 [ 1SS

- Cylinder preparation P
Valve CGA 350 ‘was put uf_gylinder 29.5 L. Then the
cylinder was purged ‘ayith t

Lo

aku m respectively. This cycle
was done 3 times tugeﬂr with Heated at 70°C. The tnl&eri«nd is 1.5 hours. After that
moisture in the cylinder was.checked to be legs;than 5 ppm.

“oarvs AU INENIRYINT

Carbon dibxide 250.846 g. carbnn mnnox:de 159.652 g, melhane 91.439¢,,

nitroge mm thﬂlﬂ respectively by
gravimetgic m en the cylinder was ro Inutes

- Gas analysis
Analyze the concentration of hydrogen, nitrogen, methane, carbon monoxide by
gas chromatography
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GC condition

Instrument 3 Gas Chromatography (Shimatsu model GC14A)
Detector A TCD @ 70 mA

Carrier : Ar

Flowrates : 300 kPa

Column 2 Molecular Sieve 5A, 80/100, 3 m x 1/8" SS
Column temperature : 80°C

Injection temperature :
Detector temperature :
Sample volume

Analyze the concentration g
GC condition
Instrument
Detector
Carrier
Flowrates

model GC 14B)

Column 3 : ._--5—-6-'.-.:?_
Column temperature
Injection temperatu {,
Detector temperature : 7

Sample volume II]I I cc.

s sﬂdy&mﬂm WD, co.e
&maﬁﬁi‘mummmaa

m 03+/-0.06% CO in N,
d) 10.10+/-0.01% CHy in Ar
e) 9.955+/-0.01% CO; in N,
The concentration of raw material gas is shown in the table 3.1.
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Table 3.1 Composition of standard mixed gas.

component concentration (%)
hydrogen 59.8%
nitrogen 10.0%
Carbon monoxide 10.1%
methane 10.1%
Carbon dioxide 9.9%

4, Adsorbent

The adsorbents agg
Bead sizes are 1 — 2 nu
(Al:03) were used in this
are listed in Table 3.2 -3 @

wand Beta from Zeochem Co.,Ltd.
silica gel (Si0;) and alumina
mie of the relevant properties of molecular sieves

e of zeolites.

Table 3.2 Properties oiZe ‘\\ source: Zeochem Co.,Ltd.
Subject Value
Chemical name 4404 L6Na;0-Al,05-2.0510,-4.5H,0

Structure Type \

Major Cation v _—-__+ K
Pore Size :

Tapped bulk density, EN'

ISO 787-11 ¢ o o

(4 [ =y
Bead s rom e 1T 18 1T S 255

adsorptioh capacity,
@20°C/50%rh/24h

Residual water content, % 1.5
550°C as shipped




Subject Unit Value
Heat of adsorption kl/kg 4200
water
Specific heat (approx) klkg 1.07
ko
Regeneration temperature 200-300
recommended

Table 3.3 Properties of Zeg Rrw-s. _ﬂaum: Zeochem Co.,Ltd.

Subject

Chemical name 03 ﬂSiﬂz*tLSHzD

Structure Type A

Major Cation ' "4 Na'

Pore Size 4

Tapped bulk density, EN IS@ J % Kg'n 720

787-11

Bead size nominal 2.5-5

Crush strength 70

Equilibrium water m_'_ = —=|;-.1 "min

capacity, @20°C/50% r-’h :

Residual water content, : 50°C % BT

as shipped (¢ 1 I {I "‘g 31 E!aqﬁ’m Elqg;

Heat of adsorptiop ‘ 2

F= o/

Eﬁ'ﬁmﬁ_ﬂ% 1.0

Regeneration temperature c 250-300

recommended
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Table 3.4 Properties of Zeolite 5A source: Zeochem Co.,Ltd.

Subject Unit Value
Chemical name N 0.7Ca0-0.30Na,0-Al,04-2.05i0,-4.5H,0
Structure Type N A
Major Cation N Ca™
Pore Size A 5
Tapped bulk density, EN Kg/i 720
ISO 787-11
Bead size nominal ' ' 2.5-5
Crush strength D 70
Equilibrium water \ 22 min
adsorption capacity, i >
@20°C/50%rh/24h :
Residual water conten e .5 max
550°C as shipped N "ﬁ?‘
Heat of adsorption k/kgs = 4200
Specific heat (approx) AL TR 1.07
Regeneration tem 0-300
recommended

i
Table 3.5 Properties of Zéolite 13X source: Zeochem Co.,Ltd.
f LA S 0
s £ 3 N R TINET ge

Chemical name Y . ¢N Na;0-A1;03-2.438i0,+6.0H,0
Major Cation N Na
Pore Size A 10
Tapped bulk density, EN I1SO Kg/m’ 650
787-11
Bead size nominal mm 1-2 2.5-5




Subject Unit Value
Crush strength N 20 70
Equilibrium water adsorption wt% 26
capacity, @20°C/50%rh/24h
Residual water content, 550°C % 1.5
as shipped
Heat of adsorption k{I;’E‘, / 4200
Specific heat (approx) -:'.:':_J_c.ﬂ‘kgjc *_-":f.- 1.07
Regeneration temperature 1____.--'; °C{ —  280-300
recommended / 7‘ / k =
77/
Table 3.6 Properties of betaZegli / - -_,-':" ‘lsnun:e: Zeochem Co.,Ltd.
Subject 4 Uﬁit_r‘ i\ Value
Chemical name *:;z I;fq g?:ﬁ,Smai).(ﬂ.ﬁ-lD]AIzD;.(].3-
AR 10)P 1500.7-15)Mx0y.(70-97)SiO;
Structure Type !;':’;;.-‘N R 71 ¢ - BEA B
Major Cation TR Na'
Pore Size A il ; = N6k .4/5.5%5.5
SI02/A1203, mol raties. 2055
Crystal size, SEM 4 o U <os -

AUYINYNINYINS

.ﬂmﬂqﬁwﬂ.

Figure 3.1 Zeolite A molecular structure

Figure 3.2 Zeolite X

molecular structure

49
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The structure of z

degree. The scatterin

degree, and 0.15 mm,

N; adsorption-desorption
e

distribution of the adsorbents wers p: using a BEL Japan, BELSORP- mini

0

for 3 hours before each

[
1 Purification gjﬁ’ﬂj ‘y] EJ (ﬂ j’ﬂ E.I f] ﬂ j

3.1.2 Equipments ¢
ati

Set of hydrogen gurific

QIR0 NN INYIAY

Steel tube containing the adsorbent

N process consis

= Liquid nitrogen tank
= Pressure gauge
* Bomb
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In lab scale, set of hydrogen purification process was decreased around 10 times
from industrial process. It consisted of purifier unit (to control temperature of adsorption
process), water bath (to adjust the temperature of output gas). A cylinder of raw material
gas and a vacuum pumping system connected to the molecular sieve tube. The Figure 3.4
displays the connections between the zeolite tube, the vacuum pump, the raw material

gas, and the open air. The most relevant aspects are labeled. Figure 3.5 shows the zeolite
tube apparatus.

Buffer tank

F k-.- - "' 'r 7. ot |
A '*}'153 )
Flgurﬁ'ﬁi—fha experiment process
..-.-_-_,.-""___.rr"f :;{"'.j‘ F

outlet

v/

3 tube

Figure 3.5 Tube apparatus
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As the experiment progress, all molecular sieves are put sequentially inside the
tube shown in Figure 3.5 and covered each layer with a thin steel sieve to prevent mixing
of each. The dimension of tube is 1.3 cm. x 12 cm. Volume is 15.9 cm’. The first tube
was packed with silica gel. The second and the third were packed with zeolite and
alumina with the controlled ratio. Both second and third tubes were dipped in liquid
nitrogen tank or ice bath or ambient depending on selected temperature. The inlet

After vacuum process the ra atefsel@®S was released pass all 3 columns and
water bath before collecting into bemb. Ve ated at 55°C to warm gas which

2 Gas chromatograpl .

Gas chromatograghy dnvBlves a sample beitlg vapourised and injected onto the
head of the chromatographic o “sample is sported through the column by
the flow of inert, gaseous m r—— o. The tolumn itself contains a stationary phase
which is a microscopic layer of Hguid ¢

iid OF polymer on an inert solid support. The
- LA L
instrument used to pesformy hromatogr:

ion is called a gas chromatograph
(also: aerograph, f aratory tn th L'j below gas chromatograph
instruments were used ﬁ anal m

S AN HNTNYING

2. Shimatsu m
3. Agil

e ENER S0l um Inenay
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Figure 3.6 Gas Chromatography | fZ/ Figure 3.7 Gas Chromatograph
(Agilent 6890 N ) H’,{Shlmatsu model GC 14B)

Recurder

Carriar gas

Flg.;_l& 38 Schematm dtassram ofa Eas_ﬂhgyjnamgraph
Yy A

Instrumental t.:u:‘:mpm:um:nl&-J e

a) Carrier Gas

b) Flow Controller
c) Injectdr Port
4)) E5umh

e)q Detector

f) Recorder

The details of main components are below.
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a) Carrier gas
The carrier gas must be chemically inert. Commonly used gases include nitrogen,

helium, argon, and carbon dioxide. The choice of carrier gas is often dependant upon the

type of detector which is used. The carrier gas system also contains a molecular sieve to

. remove water and other impurities. In this experiment argon, nitrogen and helium were

used as carrier gases.

b) Columns
There are two general typ
tubular). In this experime

and capillary (also known as open
lumns were used as below.

1) Molecular Si used to separate hydrogen,
carbon mono

2) Porapak Q, 8 i to separate carbon dioxide at
Yolevel.

3) 5x1/8” H par - carbon monoxide and methane at
ppm level

4) Porapak S was u diokide at ppm level.

3) 25 mx0.53 mm Pora "’f;_gg Y25 separate carbon dioxide at ppm level.

6) 39 m x 0.53mim : abafe. ¢arbon monoxide, methane,
nitrogen, Jf—_ ‘f“

)
C) Detectors

S W.I.M“mw 0 mm ,x;:‘.‘;f,i‘ff'::: Gion
d““‘“ﬁ”ﬁ‘“faﬂmzu URIANYIAY

a}

Thermal conductivity detector (TCD)

In this experiment, a thermal conductivity detector (TCD) was use to
detect hydrogen, carbon monoxide, methane, carbon dioxide, nitrogen at
%level. This detector senses changes in the thermal conductivity of the

column effluent and compares it to a reference flow of carrier gas. Since most
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compounds have a thermal conductivity much less than that of the common
carrier gases of helium or hydrogen (Argon was used in this experiment),
when an analyte elutes from the column, the effluent thermal conductivity is
reduced and produces a detectable signal.
b) Flame ionization detector (FID)
A flame ionization detector (FID) was used for trace analysis of carbon

monoxide, carbon dioxidg ‘ , ’ e. The gas sample is separated on the
column and passed Vo
converts the carbgn’ -? o1 dioxide to methane

st in the presence of hydrogen, which

¢) Helium ionization de SCID
A helium jg 7 was use to analyze impurities in
hydrogen L. trial grade (oxygen, nitrogen, carbon monoxide,
carbon dioxide 4
a radioactive soufce .
atoms by bog ! 3

GC's column t§

) is an ion detector which uses
active source ionizes helium
As components elute from the
ions, which then ionize the
components. The ins
of the detector. The g

urrent, which is the signal output
sntration of the component, the more ions
are Pl'ﬂdl.l Cel, &

3.2 Experiment
3.2.1 H}'dmgenmuriﬁmtinn
a) Col

s B TENENINGINT

- Heat the zeohtes at 300°C for 3 howrs and cool dayn at 100°C farsl hour. Keep in the
wic® T AN I NNV IN 1N 2

- Heat thésteel pipe at 170°C, 10 minutes before packing the adsorbents.

- Weight the silica gel 12 g. and fill in the first tube.

- Weight the alumina, the zeolite at the selected ratio. Then fill sequentially in the second
and the third tube.
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b) Hydrogen purification
- Vacuum the bomb 1000 CC. until the pressure inside the bomb is -20 bar g.
- Connect the set of the apparatus as the figure 3.4. The valve of the bomb still in closed.
- Purge the H; UHP pass the system except the bomb. Check the leak point by the snoop,
seal them when found. Then vent the purged gas and vacuum the system until the
pressure is -30 bar g. Repeat 3 times.
- Keep warm water at 55°C in the
- Put liquid nitrogen or ice or noth
- Open valve of the bomb. _~ :
- Release the raw material gas passes

Wait for 10 minutes.

- The inlet pressure was cog 10, 15, 20 barg.

Whll:h were packed with the

\\\\
P

\\\ \ erature and was collected in

\\ ated at 10 barg.
3.2.2 Outlet gas analysis

- The %level of hydrager ogen, carbon nd garbon dioxide were analyzed
by gas chromatogray

- The raw material gas ywa
selected type of molecular gi€vgs
- The outlet gas floweddas
the bomb.
- Close valve of the bomb

g« d-the con le:" n item 3.1.1 (raw material

analysis) y
- ppm level of carbon @ude and methane \w:re analyzed by gas chromatography. The

m"‘“""_{”""ﬂ‘ﬂ"ﬂ’[l NENTNYINT

ol g mn*ifﬂ‘ﬁ‘ﬁﬂ’ﬁ‘wﬁﬁ“ﬁ‘ﬁ”’

Porapak S
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- The standard gases are from Thai Industrial Gases (Public) Co.Ltd.
1. Hz UHP (99.9995%)

2. 1.992+/-0.003% N3 in Ar

3. 1.04+/-0.002% CO in N2

4. 1.6+/-0.1ppm CO; in N,

5. 200+/1ppm CH, in N;

3.2.3 Study factors that affect I purification process.
- The type of zeolite. The zeglites were used #ah#€ Study are 3A, 4A, SA, 13X and beta.

- The temperature at purify tapkisw
- The bead size of zeolites _ Sy
- The ratio of the aluminaz€0 ninal \w k3:3:4.5 g. and 2.5:7:2.5 g.

ied at ambieat (25°C) , 0°C and -196°C.

- The inlet pressure is varigé apS /i

3.2.4 Study life tim
- Calcine zeolite at 300°C,
- Feed raw material gas passe,

dsilica gel at 180°C 3 hours.

- Analyze the outlet gas.

- Repeat again 3 ti 9y
- Compare the concentTalioi-of oUHEr

3.2.5 Compare ml'r best condition to prmnt company condition

;:ﬂzz::m?mmwmm
o TR ‘S“tu BNy ay-

Inlet pressum 15 barg 140 bar g
Temperature : -196°C -196°C
Pellet size i 2.5-5 mm. 2.5-5 mm.

Alumina:Zeolite:Alumina (wt) : 45345 4.5:3:4.5 kg
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- Analyze outlet gas (ppm level of Ny, O3, CO, CO;, CHa) by gas chromatography.
GC condition

Instrument (Gas Chromatography (Agilent 6890 N )

Detector - HID

Carrier ; He

Flowrates

Column : 25mx0.53r nd Q and 30 m x 0.53 mm Molsieve SA

AULINENINYINS
ARIAATAUNNING 1A Y



CHAPTER IV
RESULTS AND DISCUSSION

This experiment studies hydrogen purification by adsorption. The factors that
were studied are type of zeolite, temperature, bead size, initial pressure and the ratio of

zeolite and alumina. The life time of the zeolite is also studied.

4.1 Characterization of adsorbe W/
The commercial adsorbents i«:&;&ﬁmem are silica gel, activated
perol zeclite (3A, 44 j3X and beta). In order to verify
; "l:ﬁ'}\ compared with the reference
lation Structure Commission ([ZA-SC).
g x-ray diffractometer (Rigaku

4A, 4A (factory) 5A, beta and
which correspondent to their

alumina and 5 different 4
types of zeolite, the X
patterns collected by 1
XRD spectrum of zeolit
D/MAX-2200 Ultima™).
13X exist in the respec

structural units.

") Intensity (a.u.)

Figure 4.1 XRD spectrum of zeolite 3A, 4A, 4A factory, 5A.
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XRD spectrum of zeolites
i beta
Eu N _..J‘L ~
2
2
=
13X
40 S0

Surface area of zegiftefl Izanti -b&afivas ‘{"‘ by BEL Japan, BELSORP-
mini instrument. The safiplgé were fiéréatment|at 800°C for 3 hours. It is unable to

analyze surface of zeolite#3AfG because the pore size of these

zeolites are too small to adsofp Ne Sticlace § . m olite 13X and beta are 531 and 681

( } respectively. Nz adsu piion-desorpi ptherms of 13X and beta zeolite are

showed in Figure 4.

0 02 04 06 08 1 1.2
p/p0

Figure 4.3 N; adsorption-desorption isotherms of 13X and beta zeolite.
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4.2 Effect of molecular sieve (zeolite)

Effect of molecular sieve (zeolite) was determined by using the standard mixed
gas (10.1% CO, 9.9% CO,, 10.1% CHs, 10.0% Na, 59.8% H;) flows though hydrogen
purification system. The condition is shown as below. The obtained results are shown in
the table 4.1.

Feed gas : standard mixed gas
Zeolite 3A, 4A, 5A, 13X and beta

Inlet pressure

Temperature
Pellet size
Alumina : Zeolite : Alumi

Table 4.1 Concentration of ¢ 13X, beta/-196°C/10 barg)

Molecular Numb 24, (N: 0 € CO,

e o) Total

0 100

3A 1.1 100

0.6 100

. 0 100

~E g . o

F_E 910 6.0 29 b 517 1.3 100

' g 0.3 100

ﬂuummmwmm 08 100

| Wi 910 60 38 513 100

NRINIRINTINENAY

935 46 100

beta 2"’ 93.7 4.6 1.7 277 0 100

avg 93.6 4.6 1.7 278 0 100




62

100

l 20

80

g 70
60 @3 3A
'ﬂ'g 50 W 4A
=~ 40 O sA
30 013X
20 W beta

10

0

coz pncHA | f N2

e~

Figure 4.4 Concentration of Quiput gas (7 eul@, 13X, beta/-196°C/10 barg).
.

Table 4.2 %Adsorpiieft by zéyfite , x %.and beta (-196°C/10 barg)

Molecular sieve / m LN, NS .

NS AN N

3A 400 S220dg2.00N TN, N9 99.9%
4A 8 740 99.7% 100%
5A 99.9%
99.9%

100.0%

3

N2 co CH4 coz
adsorbate

Figure 4.5 %Adsorption by zeolite 3A, 4A, 5A, 13X and beta (-196°C/10 barg).
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Purity of hydrogen when using zeolite 3A, 4A, 5A, 13X and beta as adsorbent are
91.3, 91.7, 91.1, 91.0, 93.6% respectively, comparing to 59.8% of inlet standard mixed
gas. CO, were adsorbed more than CHs > CO > N3 in all type of zeolites. This result
corresponds to Peiyuan Li which reported beta zeolite can adsorb CO; > CHy > N, > O,
[8]. Gas adsorption ability of each zeolite from this experiment is shown below.
N»  beta>4A >3A=5A> 13X
CO beta®4A4 3 3A>5A> 13X
: 13X > 5A

= > 13X

Beta is a good adsorbeai Refer to kinetic diameter theory CO,
CO;, CHs, N> which has g jefitlie"dratnete . "'ﬁ*:-- .30, 3.80 and 3.64 A respectively
(Table 4.3). It seems apps [1ic »a pore diameter of 4 A. This is
of 4A for CO, CO;, CHy, Ny is
it beta zeolite which has pore
It for adsorption of CO, CO,,

at affects the adsorption ability.

compared well to this expgfi
better than 3A, 5A and
diameter of 7.6x6.4 andy5.545

CHjs, N3. The result showsg#tha uf@
The other factors are zeolit ire ani

\

nil

; u on area. The nitrogen adsorption
e.results are 681 (m’g™") and 531 (m’g™")
tiun ability for N; of beta
')

#s C usﬁ to be a representative for the

analysis was done for zeolite be & &

respectively which ~_~u s
zeolite is better than 2¢

According to lh& results,

next experiments.

N; 4.1 3 4.09 364

co 4.2 &7 4.25 3.76
CO, 5.1 37 3.30
CH, 4.2 4.25 3.80

* Kinetic diameter, o calculated from the minimum equilibrium cross-sectional diameter.



4.3 Effect of the temperature
Effect of temperature was determined by using the following conditions. The
results are shown in the table 4.4.

Feed gas . standard mixed gas

Zeolite : Beta

Initial pressure : 10 barg

Temperature -196°C, 0°C, ambient (25°C)

Pellet size
Alumina ; Zeolite : Aluminafg )~

Molecular Number
) C€O,(%) Total

sieve run

Beta 1™ 0 100
-196°C ™ 0 100

avg 0 100
Beta " 6.6 100
0°C 2™ 73 100

avg 7.0 100
Beta * 7.9 100
ambient 2™ 7.6 100

avg 7.8 100

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ
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100

80
i w0
; 70

0
'Eg 50 @ ambient
5% . m 0ot
E 0 0-1960C

m ——
§  10]

o

H2 /{}H co2
Figure 4.6 Concentration of 4 a Zeohel-196°C, 0°C, ambient/10 barg).

The purity of h e us u\}Q ite at -196°C, 0°C, ambient are

93.6%, 62.3%, 61.6% res The rasirl \} x_\: s obviously better than at 0°C
and ambient. Beta 2sfngt. ‘h\ u at 0°C and ambient, only CO;
will be adsorbed. The pufity o gen-at 0’ \ k tér than at ambient (25°C). This

can be concluded that degfeaging the perature > gas-solid system at a constant
pressure will increase the qus

v— JJ

This is becaus%as

| ith cooled surfaces, lose a
significant amount of theli.!]wnnal energy to the cooled surface. In general it may be said

that the thc Tjﬂ mnst entirely by the
temperature of the last surface ere e gas mnlecu[e desnrbed from. If a surface is

intenti m ﬁiﬂ' 77K), all gas
molacuH m m mem :1 ndensed on this
surface. These gas molecules will literally freeze, transforming from a gas to a solid. As
solid material, these condensed gases are capture [15]. Table 4.5 shows boiling and
melting point of CO, CO,, CHs, N2 and H; respectively. At -196°C, solid property of CO;
is more than CHy and liquid property of CO is more than N, which correspond to the

results that CO; can be adsorped more than CH; > CO > N,. According to the result
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decreasing the temperature will increase gas adsorption. This corresponds to Vithitsan's
experiment which reported that adsorption of moisture on zeolite 3A at 90°C is better
than 110°C [11] and Peiyuan Li which reported that with beta zeolite, the kinetic
separation factors are very small at high temperatures for all system studied (CH4/N,,
CH4/O3, Ny/O3, Na/CO;,, 02/CO3) [8].

Table 4.5 boiling and melting point of €0, [ 0D,, CHa, N; and H;

Gas type Boiling point °C) Meltinghaint (°C) State at -196°C
co : T liquid
CO, solid
CH, solid
N, liquid

H; Eas
maolecules in
the gus phase
desvrhed
molecule

e T mmfﬁ:mmﬂmi;mt

the specu-.s of gas, the temperature of the cryo-surface and the heat of adsorption.

From the temperature study, the temperature of -196°C was chosen for the next

experiments.
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4.4 Effect of the inlet pressure
Effect of the initial pressure was determined by using the following conditions.
The results are shown in the table 4.6.

Feed gas : standard mixed gas
Zeolite ~ Beta
Inlet pressure : 5, 10, 15, 20 barg

Temperature : -196°C
Pellet size )
Alumina : Zeolite : Aluminz

b TS
Table 4.6 Concentration of / { f i \\Q\\x °C/5, 10, 15, 20 barg)

m) CO;(ppm) Total

'Muhcular Number . //I;

5 barg 0.4 100
2" 0.6 100

avg 0.5 100

10barg 1" 100
™ 100

avg 100

15barg = 1.3 100
™ 1.0 100

avg 1.2 100

20barg 1" 627 1.0 100
zuﬂummmwmm T

547 100

Q“M&Nﬂ‘iﬁu umawmaa
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% mol)

oS BEEASB3EBRE

soncentration of output gas

Figure 4.8 Concentration. ok gas (Lietazelite/-196°C/ 5, 10, 15, 20 barg).

Purity of hydro il be fincredsed v ing the inlet pressure. The
purity of hydrogen at 5, 1041 g af .8 .9, 90.6% respectively. This is
explained by the adsorptiongtimge. 2 quﬂ. r
there is much time for ddsofption.

K’f* 2ds 4
reported that adsorption offifng tf

¥
.ai-'?-‘

rate is also low. Therefore,
Vithitsan's experiment which
LmL/min. is better than 2 mL/min

[11].

The adsorption prassurc .. ed by either available feed pressure or the
required product pressure. JJ suge'is always preferred for high
hydrogen recovery and 6V Avestmen B hydrogen is decreased.

In this expenm@, the pu am%ﬂ barg are not much different.

To increase the productivity,  pressure 10 bar g Yyas chosen for the next experiments.

ﬂumwﬂmwmm

4.5 Effect of thefpellet size

B 6T NTe1 00 4w i

a high percentage of the crystalline zeolite together with the necessary amount of an inert
binder. The effect of pellet size was studied by using the 2.5-5 mm. and 1-2 mm. of
zeolite 3A. The condition is below. The results are shown in the table 4.7.

Feed gas : standard mixed gas

Zeolite : 3A
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Initial pressure 3 10 barg
Temperature - -196°C
Pellet size : 2.5-5 mm., 1-2 mm.

Alumina : Zeolite : Alumina (g.) 3 45:3:45

Table 4.7 Concentration of output gas (2.5 mm.,1-2 mm. of zeolite 3A/-196°C/10 barg)

Molecular #

H (%) | €Q\%) C co Total

- == 1 (%) \ J ,/ H, (ppm) ) (ppm) To
Beta = = o 278 0 100
(2.5-5 o™ 1 277 0 100
) avg \\M 78 0 100
IA 1* \ d 34 0 100
(2.5-5 g™ 1.1 100
mm) avg 0.6 100
3A T 04 100
(1-2mm) 2™ 1.8 100
avg 1.1 100

oEy. &
S

=)

SRS A

NN

LB 4 598

EA SN S

2)
ﬁn.mm
2D &

Figure 4.9 Concentration of output gas (2.5 mm.,1-2 mm. of ziolite 3A/-196°C/10 barg).



70

Purity of hydrogen when use 2.5-5 mm. and 1-2 mm. of zeolite 3A, -196°C are
91.3% and 91.0% respectively. The results are not much different. This is because
adsorption is a matter of pore filling. The external surface area which takes a few percent
of the total area doesn’t play an important role in adsorption for this case.

4.6 Effect of ratio between alumina and zeolite

hydrogen. Effect of ratio betwge luming lite was studies. The condition is
following. The results are shawr

Feed gas standaid mixed gas

Zeolite type
Inlet pressure
Temperature
Pellet size
Adsorbent ratio
Alumina:Zeolite:Alumina

Table 4.8 Concentra ;‘5-’;'

Hina and zeolite.
Molecular Ratio(al 3
Shontar: Rutio(slanglly: g 5. CH, CO,
sieve mﬁte'llnmin..} Total

£ run %) U m) (ppm)
wﬂuﬂmashdsm?tﬁi’ _

““aﬁ‘i”aﬂnﬁ;u?ﬁmqﬂmé’m "

87.7 1361 100
3A (0:12:0) 2“ 87.8 1.3 4.7 1377 0 100

avg 87.8 7.3 4.7 1369 0 100

. iy 92.0 5.7 24 370 0.1 100
Alumina  (6:0:6) 2 92.1 5.4 2.4 322 0.1 100
avg 92.1 5.6 24 346 0.1 100
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Molecular | Ratio (alumina:
H; N; co CH, co,
sieve zeolite: alumina) Total
run (%) (%) (%) (ppm) (ppm)
(g.)
" 935 46 1.7 278 0 100
(4.5:3:4.5) >
2 93.7 4.6 1.7 277 0 100
1.7 278 ] 100
beta
1.7 380 1] 100
(2.5:7:2.5) o 17 292 0 100
SR T 336 0 100
w913 . 434 0 100
(4:5:3:4.5) %3 461 1.1 100
‘ 448 06 100
3A .y
_ 691 0 100
(2.5:7:2.5) [ 698 46 3. 746 1 100
ayg 719 0.5 100
i
100
8
g
3
'5; mbeta |
40 _ m3A
h_ 4 r_ O alumina
=
o el I
H2 N2 co cBa  CO2 s
AURIANNIURWIIVIEIQE
q

Figure 4.10 Concentration of output gas (zeolite 3A, beta, alumina (12g.)/-196°C/10
barg.).
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cencentration of output
gas (% mal}

o0
a0
80
T0
50
50
40
30
20
10

o

H2 h2 co CHa coz
WW

, Lf, na)(2.6:72.5)

f’f-“f Hz.E:?:z.H-'.i

& (aluming beta-akemina)4 5
O {ahurmiina 24 adumina )i _ H _‘h
Ry

Figure 4.11 Concentration g tput gas ( —JY-. be a/alumina:zeolite; 9:3, 5:7/-
196°C/10 barg).

Purity of hydrogen whea use 'f* ’ SA and alumina are 94.1, 87.8,
92.1 respectively. The Ao »-r-,. \\\

..... \\\\

.",—'- Beta > 3A
RTINS

ina are shown below.

v o
Alumina can aﬁ:ﬂj _ a'mrb N,, CO and CO; well.
Increasing the alumina cgaw:nt would mak CH4 adsorption much better. This result

s TS ‘ﬂch.m... i AL T bl
BN WIS P 0iAR 1110131 p

Activated alumina does not possess an ordered crystal structure and consequently
the pores are nonuniform. The distribution of the pore diameters within the adsorbent
particles may be narrow (20 to 50 A) or it may range widely (20 to several thousand A).
Hence, all molecular species, with the possible exception of high molecular weight

polymeric materials, may enter the pores. The major use of activated alumina as a sorbent
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is in drying. The moisture content can be reduced to below | ppm using activated
alumina in suitable designed adsorbers.

Zeolite molecular sieves have pores of uniform size (3A to 10A) which are
uniquely determined by the unit structure of the crystal. These pores will completely
exclude molecules which are larger than their diameter [6].

4.7 Life time of adsorbents

All adsorption systems_ar i.e. there is an adsorption cycle
followed by regeneration gycle eated use of adsorbent. In this
experiment, the thermal was_cupi / Dr régenecat ;__, and the stability period of the

zeolite was studied. Four i \ ¥C for zeolite beta and 180°C for
/i \x\i

- "\\1
condition. The results are igs 1/ &k \\\\\

Feed gas . stands ’\" ‘\\\\‘ N\

Zeolite bt \\
Initial pressure 3 .1 ;

alumina, 3 hours) are dong zated by using the following

Temperature
Pellet size
Alumina : Zeolite : Alw

ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i
ammnim AN Y
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Table 4.9 Concentration of output gas after each calcination (beta zeolite/-196°C/10

barg).
#run H;, (%) N; (%) CO(%) CH,(ppm) CO,(ppm) Total
" 93.5 4.6 1.7 278 0 100
Calcination st o~ 03,7 4.6 1.7 277 0 100
avg 93.6 4.6 1.7 278 0 100
T 91.9 ' 319 0.1 100
2™ 91.6 422 0 100
Calcination 2Znd -
3 322 0 100
avg 354 0.05 100
I 262 0 100
Calcination 3rd g™ 326 0.07 100
avg 294 0.04 100
B 264 0 100
Calcination 4th o™ 332 0 100
avg 298 0.00 100
£
g
§ . E B calcing 1
] IE ~ W calcine 2
W ~ O calcine 3
: E" O calcine 4
U B
i

1

o

R

It &Y

Figure 4.12 Concentration of output gas after each calcination (beta zeolite/-196°C/
tp

10barg).
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Hydrogen concentration of output gas after 1%, 2™, 3™, 4™ calcinations is 93.6,
92.1, 92.4, 92.5 respectively. The concentration of hydrogen after the second time of
regeneration is less that the first one around 1.6%. The concentration of hydrogen after
the 2™, 3™, 4™ of regeneration is not much different. This result corresponds to the
Shang-Bin Liu’s experiment which reported that the structure of beta zeolite is a small
destruction at 400°C [12].

4.8 Comparison the best and pre
The present and S
hydrogen (industrial grade) as aaantet gas. Theeondition is below. The results are in the

table 4.10.

' condition Factory condition
Feed gas
Zeolite 4A (Factory)
Inlet pressure 15 barg
Temperature -196°C
Pellet size 2.5-5 mm.
Alumina:Zeolite:Al ;. 4.5:3:45

]
AULINENINYINS
MR TUAMINYAE
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Table 4.10 Compare concentration of output gas by present factory condition and best

condition.
Feed Gas Condition | #run ™ i T i Total
(%) (%) (%)  (ppm) (ppm)

Factory i 90.3 6.6 3.1 482 0.9 100

Standard | Condition | 2™ 90.3 6.4 3.3 641 0.6 100

Mixed avg 90.3 32 562 0.8 100

Gas Best e ' 278 0 100

Condition | 2™ 0 100

avg 0 100

Total

) CO, H,
Feed Gas Condition | # run Impurity

(ppm) purity
’ (ppm) %)
H; Ind. i l "" 'I' 1.2459 | 9.8415  99.9990
H, Factory 1" 369 *r , 0 4.1007  99.9996
Industrial | Condition | 2™ 2086 06152 0 4.4143 99,9996
Grade avg  2.08140505761 - 0 42576  99.9996
(99.8%) [Best " 0.7716Z BADIS % 0 13648  99.9999
Condition | 2™ | 3346 0.1957 02894 - 0 1.8197  99.9998
avg ol 0 15922 99.9999

ammnmummmaﬂ

ﬂ‘lJEl’J‘VIEWlﬁWEI'm‘i
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Table 4.11 Product specification of hydrogen

Gas Typical Level Production Selling Specification
Specification
Hydrogen, Purity 99.8%min Purity 99.8%min Purity 99.8% min
industrial grade O, <200 ppm 0, < 200 ppm
(99.8%) H,0 < 200 ppm H,0 < 200 ppm
N; < 1000 ppm
Hydrogen, UHP Purity 99.999%min
(99.999%) 0; <2 ppm
H H;O <3 ppm
THC as4 = Ler as CH THC as CH, < | ppm
N; <4g
CO <0
CO; < 1g
source : Thai Industria
The hydrogen cone ing standard mixed gas as a feed
gas with the present factor : condition are 90.3% and 93.3%
respectively. When hydrogen in al pradewi sed as a feed gas with the present and

our best condition, thigyh 29§ and 99.9999% respectively.
The purity of hydm ter us .,‘:.1_5 tter than the specification.
Especially, O; and CO levels are lo aximum Iir@ of UHP H; gas specification.
This beta zeolite adsurhgn exhibits the saﬂermr property than the present factory

condition. Thﬂbﬂ EJ;% w ﬂ‘%’% w&f{];ﬂtﬁg zeolite for hydrogen

purification by dbsorption process ls beta zeolite. Thre: inlet pressure is 10 barg and the

e TN IOT A T

to 99.9999%. This would raise the product quality and make it is valuable.



CHAPTER V
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

Beta is a good adsorbent for all of studied impurity gases. The result shows that
ility. They are also zeolite structure and
adied , 0°C, ambient (25°C). Decreasing
'Q«.h

temperature would increase EHl; pusity. The ol a grate concentration of H; at -

not only pore size affects the adsorplie

surface area.  Temperature

196°C. Adsorption is an exolk fon S ’-n.,.;- casily at low temperature. At -
196°C, All gases which hay 7

mn;
literally freeze. As solid & /i ‘
éy

i -f. 5°C will condense to liquid and

ep / / 'S s are capture. Hy purity is not
much significant differencg - .2 and m pellet size of beta zeolite.
2ix

During the subsequent #tisoj
be filled and released reyérsik

i Cs bstances, the micropores can

&

N
BL

matter of pore filling and the

E
. . e
ratio of alumina:zeolite is 98. .Alg

usual surface area concepi solid adsorbents. The suitable

potential for methane adsorption

while beta zeolite has a great p CO;, Nz adsorption. The inlet pressure

was studied at 5, 10,4 e Deéreasin esgiire would increase H; purity

because there is a ;‘+ it it of 5 and 10 bar g does not
show much difference 5 H; puri ot msﬁe of 10 bar g was chosen to

increase productivity. By gus selected l:ﬂﬂditg‘l, hydrogen industrial grade was used as a

feed gas, hydnﬁ\ ?m ? zeolite was tested its
stability. After four times o tmn cycles, this adsorbent can be reused without a

w‘mﬂmmmm L8 Ehen o

application such as PEM fuel cell which needs the hydrogen with trace impurities.

5.2 Suggestion
It was concluded that beta zeolite is a good candidate for applications of hydrogen
purifications. Anyway, the test in industrial scale should be done
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APPENDIX A

1. Chromatogram of standard mixed gas.
* Reference standard 10.09 £0.010% Nz in He

82




Reference standard 10.10+0.010% CH, in Ar
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Reference standard 49.70+0.05% H; in N3

[l
]

i
2 ' d 2
2%E eI T A : %
)

i

i
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# Reference standard 10.0330.06% CO in N3

TRALYSIE PRRARMLCTER FILT &

e L —————

4

o 5 BLOPE &5
far: d niN.BYER £a03
= 3L [ STGR. TS 2.3 —
FTTEN 3 SPEER e
THALE e FOEknats I il
T T 1PE [B.HUT i
i PEOGREN FILE B -
SRIMT LEVEL DRTES-TIRTS, —t
$NEE Lag8d #4- 6,086 K O ‘
25, . ; P
FACT
wal
-l
AIRATOGRAN 1 -
i wl
B al
o
-.n‘.
al
)
-
2 e
i S
£
o o
' wd
I'.i 49 1? ) N e
ETY
U ik
a ﬂ ol
-
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" a8 e

-~

e Reference standare 9.95540.010% CO; in N;
© AEPNALYS1S BARRMETERSSRILETD7on o o iimREgRe e
FIDTH 5 “SLOPE 47
IRIFT @ NIH.AREA 5008
T.BEL 8 STOF.TH 3.5
ATTEN 5 SPEED 2
FETHODS 61 FORMATS 1
SPL.UT . 108 IS.HT 1
TINE PROGRAM FILE 8

.61  PRINT LEVELsDATES:TINES: "G

reee 3,955 4/~ 8.018 % C02 30 W2 7 EXegn1/11718 weean

CHROWATOGRAR 1

FENO TIHE
1 0.66%
2 1.Bl6

060

. bbE
CHRONATOGRAM 2
PENO TINE =
1 8.668 2
2 1.815 g
-]
TOTAL
e T
CHROMATOGRAN 3 REMORNZEL ) z
PENO TINE ARER C“é " MAnE g
; . :
1 8.668 641710 F NN T
2 1.814 = 82 TR i
. ToTAL N —————) ;
3 '_U' \Er Jak 'L lﬂ
i} - | 3
CHRONATOGRAN 4 LHENORIZEL d |
PENO TINE ﬂitEn BK 1ENO CONC -
2
i 0. r. :
2 !
|
; . w
WW’]QQTWNNWTJWEI )
6.668 642334 88,6343 2
1.813 82367 . 11,3657 E gz
TOTAL 724702 188 cRenn”

IJEMTIFICATION FILE @
ROBES 1 HIHDOW 3
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« Standard mixed gas (59.8% Hy, 10.0% Ny, 10.1% CO, 10.1% CHy, 9.5% CO,)

P ST




e Standard mixed gas (59.8% Ha, 10.0% N3, 10.1% CO, 10.1% CHy, 9.5% CO»)

1y
_f
|

=

-

o
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i'-.ﬁ_-
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2. Chromatogram of best condition at 1%, 2™, 3¢ 4% adsorption cycle.

* Reference standard 200.2+1.0 ppm CO, 200.041.0 ppm CH,, 200.141.0 ppm
C‘Uz in N2

0803192
Sstatistic Report

table: C:\HPCHEM\1\DATAND90319_2.5
ot 3‘,¢|I"I|I'.'tﬂ th: C:\HPCHEM\1\DATA\1010325
agm“m” ry pa \H A=AV N\
Method file name: €2 \HPCHE!
Run Location Inj
# o

ODSNACC-ME~1\ACC-ME~2 .M
File name Sample Name

= |
1 vial 1 08031920.0 ALVYG44
2 vial 1 08031921.0 ALVYG44
3 al:l 1 22.D ALVYG44
4 vial 1 23.0 ALVYG44
5 vial 1 24.D ALVYE44
6 vial 1 [925.D ALVYG44

o

A RN NN
TR hena e

i LT N A ... X
4 2976.14307
2984 .677
2988.66309

2991.15161
2990.35596

VbW



90

* Reference standard 1.6+0.1 ppm CO, 1.740.1 ppm CHj, 1.630.1 ppm CO; in

N2

0810100
statistic Report

table: €1 \HPCHEM\ 1\DATA\081010_0.5
S,‘,‘,.i '&ﬂﬂﬁmr; path: C:\HPCHEM\I\OATA1009261

Method file name: C 1 \HPCHEM\ 1\METHODS\ACC-ME~1\ACC-ME~2 . M
I.:l'l Location :n;j Inj. Date/Time File Hame Sample Name

........... T —— S, USRS, I —

1!"ﬁa'l ‘4 '10/2008 B2 ) mmmun D ALWAT148

-

[T

------------- r--—-—-------

;ﬁumﬁm%’wmm

: Carbon Dioxide (§ignal: FID2 H.

QW’lﬁ\mﬁN UAINGA Y

HEH'ES

H.!Hﬂ
16.45318
16.43300

[ RPN ]

Page 1



Reference standard 1.992+/-0.003% N in Ar

sLoPt 386
AlN. AREa S880
STOP.TH 12

SFPEED z
n s 61 - FORNATS L
SFL.ET 198 1%.MT 1

TINE PROGRAN FILE ®
'_i;m PRINT L:nru;ﬁtnnmth "G

TaTAL

bt P
4,378

CHRONATOGRAMN 7
PEHD TIRE

1 4.375
TOTAL

GC-Bg

13114‘? GL-Bg
4,342 ‘
CHARONATOGRAH & HENC { ;
PLHO TINE AREA hE—LD HARE
. ¢.342 18203 7L b7\ 2]
ToTAL | \
"1€+¢' o ——
.84
CHROMATOGRARN 9 —w ~ T i
PEND TIHE ! ARER . L —
W
1 4.333 “ 18186 100

- m=——— eeesssasessassea

1.694

Eﬂlﬂﬂﬂ?ﬂﬁﬂﬂ HERORIZED

qmmaiiu‘iﬁwﬁmﬁ"}ﬁ’a

CHROMATOGRAN 11 MEHMDRIZED
FEMD TINE RREA NKE I1DHO CONE HANE

1 1.593 E83ISTF Lo8

TOTAL 9203577 ige
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» Chromatogram of output gas by best condition at 1* adsorption cycle.
- Carbon monoxide, methane , carbon dioxide

0802160
Sstatistic Report

Tivia 1 110
2

: / _______
1 L0 .f.l‘
vial 1 "t
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- Hydrogen and nitrogen
FHES
SLOPE 388
NIK.ARER 5000
| BTOP.TH 12
& %E B8
Py il

ATS i

180
Tlﬂi ?lﬂi!ﬂﬂ
--i;‘.u PRINT

e

'm.u Bt Y2103
smfr AdRS U e a

TOTAL 9862243 1AA



 Cromatogram of output gas by best condition at 2™ adsorption cycle.

Carbon monoxide, methane and carbon dioxide

ST . VSN

Method file name: \.Ilramm:m'w:c -ME~1\ACC-ME~2.M
R?Lnﬁt{dnm:l Inj. pate/s File Name Sample Name

Rl SRR Vi BT Y \ - WO W A adT eIl

Twlall 1 ﬁ 10/2008 7:51:07 101510.D HEAT 2
2 vial 1 0/2008 7.59:49 3

""'I"""'"""'. kg

o i -
L
-

mﬂmwmm

e @H
AT INgNa Y

2.60465

2.75388
Mean: 2.67927
s.D.: 0.10552
RSD : 3.93855
95% CI: .94810
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- Hydrogen and nitrogen
AHALYSIS PARANETER FILE 6
HITH Lo sLorE 308

LARER 5000
JP.TH 12,3

aai mﬁmmaa o3 1t GC- 48 -=--__

- e e i .l.’f.f:.'_'; -‘I-" L L‘\

L% 83250 s 53, 1708
F :5’ 2~ —isass

.fiTaL
(88,4
| 1,526

-. ﬁm.-;;uumfmmaa

rxu T W W IMO gorc  we




* Chromatogram of output gas by best condition at 3" adsorption cycle.
- Carbon monoxide, methane and carbon dioxide

0810230
Sstatistic Report

Mean:
5.0.:
m w

ﬁﬂwwa@ﬂm um'mmaﬂ

-_|.... ﬂ_
9 3994.14673
BSSEI 29 T‘ 59

Run =
NUNINYINT
statistic results for compound Carbon Dioxide not available.



- Hydrogen and nitrogen

AVALYSIS PARAMETER FILE ¢

HIBTH 5
BRIFT 3
L B
ATTEN 4
NETHODS 61

SPL.AT 100
TIHE PROGRAN FILE 0
.81 PRINT LEVEL,DATESgl

GL-82 .

CHROMATOGRAN
PLHD

t.562

l 55!
£ 3.5339 154B
B.2875

3 %972

iﬁ!l

-

-iﬁt-hf" ' :
- -~ 1,565

an mﬂizﬂwﬁwmé’ ]

(CARONATOGRAN 3 HEWORIZED

1 : ~IDND . COMC NAME
1 1,565 3851357 99,3826
2 3.94 19666 8.5071
I R 7382 9. 1983

——————————————————————

Eﬂiﬂh . A678405 | 168
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» Chromatogram of output gas by best condition at 4™ adsorption cycle.
Carbon monoxide, methane and carbon dioxide

t ! 0810250
Statistic Report

025_0.5

I\ME ME~1\ACC-ME~2 .M
Time " ~Filgane Sample Name
SN SO _ \ R Lty A
lvial 1 1 26/10/2008 A1.28:49 AV 08102500.D HEAT 4
2 vial 1 26/0/2004°11:32:31 A "08102501.D HEAT 4
Compound: Ca
Run
#
1
2
RSD * . _;:""  mm—— A
95% CI1: 2779,

sl  (signal: FI2 8, ) :

v ﬂuﬁﬁﬂﬂﬂ§W81ﬂi

- ...--- --.._.-,.“..Lp-u .

: ﬂ;ﬂlﬂﬂ
95% c1: 14.15644
statistic results for compound Carbon Dioxide not available,



- Hydrogen and nitrogen

-.;..___ _- ’-} ._ ’
IR
B %’%

':.Rl- s _.J’ .

TINE PROGRAN T

B.91 PRINT LEiELxlnI£!:r1nt
tt!”ll!! 4

_. lg;p_ .

- r}'] £ EY i

© i i,
PEMD TI
q
i 1.54% 2796
2 3.896 - tl;g;
3 B.Béd Ble8

TOTAL 3823261

St avy Ge-08
- e [

oo admas SR

§LOPL 260
NIN.ARER 5800
STOP.TN 12.5

1,343

- 1,545
|~' '

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂﬁ

ﬁﬂﬂ?ﬂﬂﬁﬁﬂ

99,2968
8.4938
#.2139



APPENDIX B

1. N;adsorption / desorption isotherm of zeolite 13X

[Adsorption / desorption isotherm]

File Name 13X(1).DAT

Date of 17/4/2009

measurement

Time of 7:14:11

measurement

COMMENTI 13X(1)

COMMENT?2

COMMENT3

COMMENT4 \k

SUB T ﬂﬂl l\\\“:_\

Vi laﬁ 3 ALV

Sample weight 100.98 [kPa]

Slﬂhﬂﬂﬁ' Whlmﬂ 0.162 l-nm:]

Dead volume

Equilibrium time

Adsorptive

Apparatus 44

temperature

Adsorption 2%

temperature

o Qs

R N Lol B (io A AIERALS A N

ADS 1 iilo
| qﬂ 0.0040601 g 0 Iﬂlg 0.000040096 | 12914

23.784

a WoB1 191 0 34.584
41 0 0.01218 0 101.28 | 0.00012026 45.351
5 0 0.0203 0 101.27 | 0.00020045 56.124
[ 0 0.0203 0 101.25 | 0.00020049 66.816
7 0 0.02842 0 101.23 | 0.00028075 T7.485
8 0| 0.036541 0 101.22 | 0.00036101 88.044
9 0 0.1015 0 101.22 00010028 98.119
10 0 0.3289 0 101.19 0.0032499 107.03

100



I o| 08161 0] 10121 ] 0.0080631 113.65
12 0| 14007 0 101.22| 0.013838 117.72
13 o 21112 0] 10121 0.02086 120.84
14 0| 39829 0| 10117|  0.039368 125.89
15 0| 56922 0 10121 0056241 128.89
16 0| 73162 0| 10117] 0.072316 131.15
17 o] 835627 0| 10116 |  0.084645 132.66
18 0] 10844 0| 10119 0.1072 135
19 0 13.39 0.1324 137.26
20 0 0.1459 13831
21 0 0.1605 139.49
2 0 0.1799 140.87
23 0 0.2216 143.73
24 0 0.2527 145.72
25 0 0.3014 148.69
26 0 0.3516 151.51
27 0 10.4015 154.36
28 0 0.4512 157.33
29 0 0.5006 160.43
30 0 0.5511 163.74
31 0 0.6006 167.18
32 0 o 0.6504 170.85
33 0] 71019 pEes : . 0.7023 174.94
34 o 7577 i 0.7497 179.05
35 of, 81055 ~ o 0.802 184.39
36 f=—3s300t 0L IOIGLL <8495 190.73
37 0 0.8901 199.17
38 0 01.02 | 4} 0.9001 20225
39 0| 95627 0| 10091 09476 226.89
40 10092 |~ 09 232.78
41 7.847 ﬁ% 254.96
42 0| 98887 0| 10085 0.9805 284.49
43 99402 " 1063 | _0.9861 3103
M REEL 100.78 332.63
DES 1§
1 0| 98574 o 10073 0.9786 303.99
2 0| 97912 o| 10076 0.9717 281.64
3 0| 9737 o 10075 0.9665 269.02
4 0| 96016 o 10073 0.9532 246.42
5 0| 95383 0| 10075 0.9467 240.11
6 0| 91636 ol 10075 0.9095 211.36

101



) 0 90.21 0 100.73 0.8956 205.39
8 0 86.934 0 100.71 0.8632 195.3
9 0 85.545 0 100.68 0.8497 192.31
10 0 81.108 0 100.72 0.8053 185.68
11 0 30.409 0 100.72 0.7983 184.8
12 0 75314 0 100.67 0.7481 179.96
13 /] 70.511 0 100.7 0.7002 176.4
14 0 65.448 0 100.68 0.6501 173
15 0 60.238 0.5989 170.25
16 0 0.5481 167.88
17 0 0.4981 165.56
18 0 0.4537 159.47
19 0 0.4492 158.59
20 0 ,m 0.3981 153.55
21 0 JWI‘ 0.3491 150.67
AT A AN ;m 02989 78
23 0 el /7 7 ofi looas |, 0.2488 144.93
- m‘mm X Y
25 0 ‘ \ 0.1491 138.41
26 0 ©0.099692 134.2
[BET plot]
File Name Zip_bag(1).DAT —
Date of P --i""" r""‘-’
measurement |
Time of (REee
measurement 74
COMMENTI 13X
COMMENT2 =
COMMENT3 ﬁ ? ﬂ_mﬁ ﬂ‘:’ﬂll P e
COMMENT4 |} dYiciyl 4 Iy (] ¢
Serial number 154 ;
Version v = v/
: turated vapor | -
Samplle weight 0z 8] pressure | 10098 [kPa]
3 Adsorption cross 2
Standard volume 9.043 [cm’] ki 0.162 [nm"]
3 . File name of
Dead volume 1298 [cm g'] vealladscrpiion
PR Wall adsorption
Equilibrium time 100 [sec] ottt
P Wall adsorption
Adsegiom o correction value 2

102



17 0.00069706
18 0.1072 0.00088909
19 0.1324 0.0011117
20 0.1459 0.0012347
21 0.1605 0.0013707

Apparatus Number of
temperature 0 14 adsorption data | 4}
Adsorption MNumber of
temperature 77 K] desorption data 25

Starting 4
point
End 17
point
Slore 0.0081965
. Z.Tlll "
Correlation :
coefficient
Vm
B BET
C
Total pore volume
 (p/po=0.989)
Average pore
diameter
No Plpo

1

2

3 =i -

4 0.00012026 BT e

5 0.00020€ " ~§ 5724 E:

6

7

8

9

10

103
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22 0.1799 0.0015567
23 0.2216 0.0019809
24 0.2527 0.0023211
25 03014 0.0029009
26 0.3516 0.0035791
27 0.4015 0.0043462
28 0.4512 0.0052264

2. N; adsorption / desorption isoth ¢

[Adsorption / desorption iso

File Name Beta ze -f'-r*u-:_j,
S 17/4/200¢
Time of
nclﬂmumnml
COMMENT?2 I J r ,\ﬂ\\‘i\‘:
COMMENT3 7 D% Tud V)
COMMENT4 7 W== W\
Seiabmamber [ 154 J P N
Version i g
Sample weight Saturated vapor | 15, 48 [kpq)
Standard volume 0.162 [nm’]
Dead volume
Equilibrium time
Adsurptﬁ

Vjem'(STP)
-1
g
1 0 0.01626 0 10127 | 0.00016056 13.505
2 0 0.01626 0 10127 | 0.00016056 24.909
3 0 0.01626 0 101.25 | 0.00016059 16.384
4 0 0.02439 0 10129 | 0.00024079 47754
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5 0 0.01626 0 101.27 | 0.00016056 59.2
6 0| 0.020325 0 101.25 |  0.00020074 70.592
7 o| 0.012195 0 101.23 [ 0.00012047 82.022
8 0 0.01626 0 101.25 | 0.00016059 93.398
9 0| 0.020325 0 101.21 | 0.00020082 104.75
10 0] 0.028455 0 10121 | 0.00028115 116.17
1 0| 0.020325 0 10121 |  0.00020082 127.48
12 0| 0.028455 0 101.21 | 0.00028115 138.68
13 0 0.12 0 101.19 0.0012454 149.2
14 0 0 101.2 0.0070697 156.65
15 0 | 101.19 0.021372 160.24
16 0 | — 101.21 0.039321 162.04
17 0 : 101.19 0.056001 163.06
18 77 1.12 0.071717 163.77
19 1.2 0.086884 164.33
20 - 16 0.107 164.9
21 2 0.1319 165.55
2 12 0.1476 165.92
23 0 _ : 01.19 0.1625 166.24
24 4594 1.19 0.1824 166.63
25 0 101.19 0.2218 167.31
26 0 25 = 0 101.2 0.2522 167.85
27 0 i ) 101.13 0.3016 168.64
28 0 3 =3 101.17 0.3513 169.4
29 0 : ' 10419 0.4011 170.18
30 ‘ 0.4513 170.95
31 0 0.5013 171.73
32 %l i 19 0.5509 172.59
33 60.784 0 101.15 0.6009 173.52
34 ' ‘_ﬁ- 65788 | o e 0L16 0.6503 174.58
5| P 0805 | |/ Bl 0.6996 175.82
6] Y o0 76.215 0 101.15 0.7535 177.62
3 _81 of> __012] 57 08024 179.75
S TR Vidkfs [ favom o
B9 0 91.199 0 10119 09013 188.81
40 0 96.374 0 101.03 0.9539 203.33
41 0 98.414 0 101.09 0.9735 215.96
42 0 100.12 0 101.02 0.9911 239.83
DES
1 0 97.549 0 101 0.9658 219.37
2 0 95.248 0 100.96 0.9434 208.26
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3 0 90.443 0 100.93 0.8961 194.19
4 0 86.207 0 100.96 0.8539 188.27
5 0 85.634 0 100.96 0.8482 187.65
6 0 80.756 0 100.96 0.7999 184.2
7 0 75.54 1] 1009 0.7487 181.61
8 0 70.37 0 100.85 0.6978 179.8
9 0 65.614 0 100.83 0.6507 178.5
10 0 60.528 0 100.81 0.6004 177.3
11 0 0 0.5498 176.29
12 0 ' 0.5 174.19
13 0 0.4485 171.58
14 0 0.3998 170.58
15 0 0.3494 169.69
16 0 0.2991 168.94
17 ' 0.2491 168.18
18 0.1992 167.37
19 0.1494 166.42
20 0.1001 165.21
[BET plot]
File Name
Date of
i 17/4/2009
l:ime of - 4:1]:34
COMMENTI
COMMENT2
COMMENT3
COMMENT4
Serial number 154 € & 'Y,
Version 'E ﬂ w g r ‘i
I

File name of

walladsorption

Wall adsorption

" correction value |

Dead volume | 12005 [cm’g’]
Equilibrium time 100 [sec]
Adsorptive N2
Apparatus
temperature 0 [C]

Wall adsorption
correction value 2

Mumber of
adsorption data

42




Adsorption
lemperature

77 [K]

desorption data

MNumber of 20

Starting
point

5

End
point

16

Slore

0.0063913

6.7173E-

Correlation
coefficient

Vm

Total pore volume
 (p/p,=0.990)

Average pore
diameter

0990

N e T e i — ¥ 1 ot —————

LA AR - AR A E AR R

=)

—
a

:

9 16
17 0.056001 0.00036381
18 0.071717 0.00047174
19 0.086884 0.00057903
20 0.107 0.00072699
21 0.1319 0.00091793
2 0.1476 0.0010434

)

U
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23 0.1625 0.0011668
24 0.1824 0.001339
25 0.2218 0.001703
26 0.2522 0.002009
27 0.3016 0.0025606
28 0.3513 0.0031968
29 0.4011 0.0039357
30 0.4513 0.0048113
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