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DISSERTATION ABSTRACT

Namec of the Student 1 ASHRAT ITUSEIN ISMAIL FATEHI

Titlc of Study : BINARY SEPARATIONS BY PRESSURE
SWING ADSORPTION PROCIESSES

Major Ficld 1 CHEMICAL ENGINEERING

Date of Degree : July 1992

Theoretical and cxperimental investigations are reported for the sorption, difTusion

and scparation of pure and binary mixtures of gascs in microporous adsorbents - 4A
zcolite and carbon molecular sieve (CMS).

A mathematical model is developed for the sorption and diffusion of binary mix-
tures of N, and O, in 4A zcolitc and CMS accounting for variable intracrystalline difTu-

sivity, non-lincar isothcrm. non isothermal adsorption and film resistance to heat and
mass transfer. The model results are cxpressed as a normalized uptake ratio versus
dimensionless time (t): the uptake ratio moves from a diffusion to an cquilibrium con-
trol rcgime as t moves (rom 0 to . In the diffusion control regime the uptake ratio
was found to decrease with Biot number independent of pressure for e constant difTu-

sivity case, but is highly dependent on both pressurc and composition for the variable
difTusivity casc.

Theorctical adsorption and desorption curves arc modelled for axial dispersion and
ccll modcl adsorbers, for equilibrium and non-cquilibrium systems having non lincar
Langmuir type of isothcrms. As represcntative systems cthylenc-helium and methanc
-helium on SA zcolite arc selected for the cquilibrium systems and cthylene-helium on
4A 7eolite and oxygen-helium ori CMS for the non-cquilibrium systems. The time to
change the dimensionless exit concentration level between 0.99 and 0.01 (1494, ) is
chosen as the criterion to {ind a correspondence between the Peclet number in the axial
dispersion model and N, the number of cells in the ccll model. Computations were per-
formed to estimate tgq9_q0 fOr all the systcms by both models for various values of the
non-lincarity parameter A. [For both the equilibrium and the non cquilibrium processes
the ratio of Pcclet number changes from a value of 2 at low 2. to unity when A is high
(A = 0.85) during adsorption. IHowever, this ratio can be taken as 2 during desorption.

Uptake measurements of sorption and diffusion of mcthanc and nitrogen on the
CMS sample arc performed on a volumctric apparatus to determine the kinctic and
¢quilibrium paramcters for use in the mathematical modclling of the pressure swing
adsorption (PSA) cxperiments. The results, explaincd by a diffusion mechanism
hypothesis, are inconsistent with available chromatographic data for nitrogen on the
CMS sample (methane is too slow to measure). The results can be explained by a pres-
cnce of a barrier resistance along with the dilfusion mechanism. The analysis of the
results show consistency with the resistance measured by chromatographic method and

X1X



90% of the uptake curve from the volumetric experiments. This represents the barrier
resistance, while the difTusional resistance can only be obtained from the volumetric
apparatus at large times. The activation cncrgies for overcoming the barricr resistance
arc found to be 13.97 and 8.11 kcal/mole for methanc and nitrogen respectively. The
activation energics for the diffusional resistance can bc measured only for methane and
is found to be 12.56 kcal/mole. These are much greater than values reported in the lit-
craturc indicating a porc opening somewhat less than 4 A for this sample

Ixperimental study for enriching methane in two modecl fecd mixtures (40% and
% nitrogen in methane), similar to important industrial gas strcams in Saudi Arabia,
is donc on a two column PSA unit using CMS and 4A zcolite and on a single column
PSA unit using 4A zcolite. Exit high pressurc product or vacuum are used as purge
gas in the 2 column unit while methane or helium or vacuum are used as purge in the
singlc column unit respectively. No significant enrichment is obtained in the two col-
umn unit with 4A zeolitc but exit mole fraction from 48% up to 75% methane is
obtaincd with CMS depending on the cycle time for 2 high L/v ratio of 69. In single
column unit with 4A zeolite exit methane mole fraction reached up to 84% with heclium
as purge and a desorption period thrice the adsorption step.

A linear driving force (I.LDT) kinetic PSA model with binary Langmuir isotherm, is
solved by orthogonal collocation method to predict the results of two column and sin-
gle column experiments. [For 4A zeolite it is not possible to predict a priori the outlet
concentrations using available literature data. Using 33% and 20% of the theoretical Q
valucs for CH, and N, respectively, a rcasonable fit is obtained. This suggests that the

D /r? values used for both sorbates is higher than the reported litcrature values. Theo-

retical studics are performed to establish desirable DD /r? for thesc sorbates in order to

achicve better scparation. This could possibly be donc by tailoring the pore size distri-
bution.

The studies involving the CMS indicate that a totally difTferent rate factor and
trend is observed in LD approximation. This difference is a reflection of the barrier
resistance mechanism.

DOCTOR OF PHILOSOPHY DEGREE
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
Dhahran, Saudi Arabia
July 1992
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Separation processes represent the bulk of downstream opcrations in most
chemical and pharmaccutical industrics since products obtained through reac-
tions or synthesis arc either contaminated or form bulk mixtures with the reac-
tants. The refinement processes which follow are relatively simple for heteroge-
ncous vis a vis the homogencous mixtures, but arc usually cnergy intensive.
Economy is the key factor in sclection of such a process. Ongoing rescarch and
development, however, docs improve and alter the ~conomic viability of a pro-
cess, thereby making it more competitive or attractive. Gas scparation proccsscs
arc among those witnessing significant innovations. Scparation at ambient temp-
cratures, by prefercntial adsorption of certain components from mixtures is gain-
ing ground over the cstablished energy intensive processes like liquefaction and
cryogenic distillation. Better understanding and cfficicnt operation of adsorptive

separation processes will lead to wider applications.

Gas scparation processes arc cither used for purification purposcs, the aim
of which is to remove or reduce an undesirable component from a stream with-
out recovery, or bulk separation in which the feed is divided into two (or more)

fractions of different compositions where both the fractions contain recoverable
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products. Earlicr applications were mainly used for purification, such as removal
of hydrogen sulfide, mercaptans and moisture from gas strcams. Bulk scpara-
tions arc more recent developments. The process scheme used in this separation
differs due to obvious reasons, but the underlying general principles of design
and opcration remain similar. Initial applications were §cparalion of lincar

paraffins from branched and cyclic isomers and rccovery of aromatic hydrocar-

bhons.

An cconomical process requires an adsorbent with high sclectivity, large
capacity and long life. Sclcctivity usually depends on steric propertics adsorp-
tion kinetics and or adsorption equilibrium. The steric property allows only lim-
ited specific constituents of the mixture to penctrate the adsorbent. This is usu-
ally the case when the size of the constituent molecuies differs largely. Kinetic
sclectivity is the ratio of diffusive resistances of the adsorbing specics. Selectiv-
ity in adsorption cquilibrium can be defined analogous to that in distillation as

follows

q,/C,
a,, = ———— I.1
AD q[;/cn ( )

where q and C refer to the concentrations in the adsorbed and fluid phases
respectively. o, is dependent on the adsorbent used. The separation character-
.istics, whether equilibrium or Kinctic, are dependent on the gases to be scparated

and the adsorbent used. Hcnce , a gas mixture can be separated in different
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ways depending on the adsorbent used. As an example, a nitrogen oxygen mix-
turc scparated on SA zeolite results in oxygen as the product duc to a higher
cquilibrium adsorption of nitrogen while the same mixture separated on CMS
results in nitrogen as the product duc to faster diffusion of oxygen. The former
is an cquilibrium scparation while the latter is a kinetic scparation. Processes

bascd on cquilibium scparation are widespread in applications.

1.2 A brief overview of modelling Pressure Swing Adsorption (PSA) Scparation

Processes

A detailed view of a typical adsorption column is shown in Fig. 1.1. The
pellet, which form the packed bed, concists of microporous crystals bound
together. The macroporc between the crystals is also shown. In any sorption
process there are two phases, the fluid phase consisting of the adsorbates and
the solid phasc consisting of porous adsorbent. The adsorbates have to penctrate
the film, macroporcs and micropores before sorption occurs on the surface of the
adsorbent crystal and same holds for desorption. These resistances coupled with
sorption affinity arc specific characteristics of the componcnt and adsorbent
under consideration. The differences in these characteristics between various
gas solid pair form the basis of adsorptive scparation processes. The principle

underlying any adsorptive scparation is the appropriate cxploitation of these

characteristics.
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The first step in development of an industrial process is to obtain the
adsorption Kinetics and adsorption cquilibrium parameters for the system. This
is culled cither from a litcrature scarch or experimentally determined. The latter
is often preferred as cach production batch of the adsorbent has a property vari-

ation to the cxtent of 5 to 10 percent even with good quality control.

Industrial processes arc normally scaled either based on results from a pilot
plant data or from a simulation study of the proccss using an zippropriate
model. The two main approaches to simulation of PSA processcs arc the rigor-
ous and the simplified model. A rigorous modcl considers the individual rate
processes governing the micropore, macropore and film resistance for the pellet
along with the axial dispersion modcl for flow through the packed bed. Solution
of such a model involves cxtensive computations and is quitc expensive. An
alternate and widely used mecthod is the simplificd model obtained by replacing
the mass balancc cquations within the particle by a simplificd approximate

cxpression relating the overall uptake rate and the bulk flow concentration:

oq . -

L =r(qd -7)

ot

These arc referred to as driving force approximations, since the rate is

cxpressed as a function of overall driving force. In most applications, the signif-

icant resistance is the micropore diffusion for which f is a function of the parti-
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cle diffusion time constant D/r>.  The first and the most popular approximation
derived by Gluckauf (1) was lincar and is referred to as the Lincar Driving
Force (I.LDF) approximation:

Joq _ 15D -
—(.)-t‘—"';z—(q q)

For cyclic operations this is valid for Dt/r* values > 0.1. The factor of 15 is
valid for a spherical particle. This approximation derived for a step change
boundary condition was extended for cyclic boundary conditions by Nakao and
Suzuki(2) and furthur studicd for a PSA process by Raghavan et al(3). Both
studics involved comparing the solution obtained by both the rigorous and LDF
model. A variable LDF factor Q was used for the cyclic process instcad of the
constant 15 derived by Gluckauf. The results, as shown in Fig. 1.2, indicated

that Q is a function of dimensionless half cycle time, Dt ,/ r* and is also consis-

tent with Gluckauf’s result. This approach reduces the complexity associated
with modclling within the particle. For flow through the bed two typical models
arc the axial dispersed flow or mixed cells in scrics, the former being more rcalis-

tic in formulation while the latter is easier to solve mathematically.

This gives a brief overview underlining the modelling of a binary gas scpara-
tion process using PSA scparation technique. Elaborate cxplanations of these

‘principles and techniques arc found in the literature (4,5).



1.3 Cyclic Separation Processes :

Large scale adsorption processes are in operation cither as cyclic batch Sys-

tems in which the adsorbent bed is alternately saturated and regenerated in a

cyclic manner or as continuous flow systems which arc normally counter current

contactors between the feed and the adsorbent. Cyclic batch systems are pre-

ferred where the scparation factor is high and mass transfer resistance is low

duc to their low capital cost.

All cyclic separation processes undergo alternate loading and regeneration

phases but differ on the method of regencration as follows:

1)

2)

Thermal swing @ The bed is regenerated by raising the temperature usu-
ally by passing a prcheated gas. The cffect of temperature is indicated in
Fig. 1.3. Although being the oldest and the most completely developed
method, this is a relatively slow process and is used mainly for purifica-
tion purposcs.

Pressurc swing : A widely used method of regencration because of the
simplicity and easc of operation. The total pressurc of the system is
reduced thereby reducing the solid phase concentration as indicated in
Fig. 1.3. This method is quite flexible in terms of process modification
but modelling this process is quite difficult and complex.

Purge gas stripping: Regeneration of the bed is done by purging the col-
umn with a nonadsorbing carricr gas at cssentially constant temperature

and pressure. This method is applicd in chromatographic separations.
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4.) Displacement desorption @ Adsorbed material is displaced by another

specics in the adsorbent.

Each of these methods have their own merits. Much used industrially is the
pressure swing method which is widely applied and had its beginning when
Skarstrom dcveloped the “Heatless drier” for air drying which was a two bed
PSA system(6). Although use of PSA systems have increased rapidly, theoreti-
cal studics have been limited. Most studics till recently were based on cquil-
brium sclectivity. Kinctic separation, a process more complex to model, is now
being studicd for oxygen-nitrogen scparation on carbon molecular sicves. The
rate process is cither lumped (7) or solved for each resistance (8). A typical PSA
simulation flowchart, being developed by the BOC group, and titled Dynamic
Adsorption Process Simulator (DAPS) is shown in Fig 1.4 (9) indicating the
organization of the various parameters such as rate processes, cquilibrium isot-
herms, cycle scquencing, and cnergy equations in order to obtain purity, yield
and material balance. This is being developed with the broad aim of creating a
general purpose type of computer modcel and physical property databases for
PSA process and research engineers to devclop, design and optimize their PSA
process. Mathematical modcl of a PSA process consists of numcrous differential
cquations, normally stiff in character, which consumes a lot of CPU time. A
paradox of a rigorous model PSA simulation is that it takes less time experimen-
-tally to run a few hundred cycles than to simulate the same. The way to go

about this is to go for fast and easy solutions based on lumped parameter mod-
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cls, although non reliable at times. Although simulation of PSA is plagued with

these problems, it is an important avenue to the understanding of the PSA pro-

CCSSCS

1.4 Qutline of the present study:

The present study is towards adsorptive separation of binary gas mixtures.
The first part consists of fundamental studies rclated to binary gas scparations,
while the latter part consists of studics related to PSA experiments and simula-
tion using modcl binary gas mixtures of 8% and 40% nitrogen in methanc.
These mixtures are representatives of natural gas (SAUDI ARAMCO) and
industrial (SAUDI METHANOL) gas streams in the Kingdom of Saudi Arabia.
A major usc of the gas strecam containing 40% nitrogen in mcthane is for heat-
ing purposcs but prior to this it is cssential to increase the methanc concentra-
tion to 80%, gencrally referred to as “pipeline quality”. Two methods of
cnriching such strcams in mecthanc is cither an cnergy intensive liquefaction pro-
cess or a capital intensive PSA process involving kinetic separation. The former

is in usc while the latter is vet to be studicd and used on commercial scale.

In the following chapter, the dynamic behaviour of an adsorbent crystal and
pellet separating a binary gas mixture under rcalistic conditions is studicd theo-
retically. A mathematical model is developed for the sorption and diffusion by

considering the nonlincarity of the adsorption isotherm and concentration
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dependence of diffusvity. Uptake rates arc studied as a function of pressure and
Biot number under cases of constant and varying diffusivitics. In case of pellet
where both micropore and macropore diffusion resistances co-cxist, this is stud-

icd only to a limited extent.

In chapter 3 the adsorption column dynamics is studicd using the quasicon-
tinuum axial dispersed plug flow model and discrete ccll approach model.
Adsorption and desorption curves are generated for cquilibrium and non equi-
librium systems having Langmuir type of isotherm. Ethylene-helium and meth-
anc helium on zcolite 5A represent the cquilibrium case while cthylenc-helium
on 4A zcolite and oxygen-helium on carbon molecular sieve represent non-equi-
librium case. The breakthru curves are analysed for a corrclation between the

peclet number and number of cells in the two models respectively.

In chapter 4 theorctical and experimental studies of sorption of methane
and nitrogen on carbon molccular sieves and zeolite 4A are reported in order to
obtain the adsorption equilibrium and kinetic paramcters. The cxperimental
studics arc performed using volumetric and gravimetric techniques and results
arc compared with the litcrature and in particular the results obtained from the
chromatographic study of Zahur(10). These paramcters arc needed in the simu-

lation of PSA process scparating the binary mixture on the above mentioned

adsorbents.
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Chapter S onward forms the latter part of the dissertation where PSA as a
adsorptive scparation process is studied cxperimentally and numerically. In
chapter 5, PSA separation of two model methanc-nitrogen mixtures on carbon
molecular sicve using two columns is studicd experimentally. Also a simulation
of the cntirc process is done using a suitable model and results are compared

with the experimental data.

In chapter 6 the above model mixtures arc separated by PSA 'proccss on
zcolite 4A using cither two columns or a single column. The advantage of using
a singlc column is the flexibility of using unsymmetric sequencing of PSA opera-
tion. Simulation is donc for both cascs using a suitablc model and results are

compared with the experimental data.
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CHAPTER 2

ADSORPTIVE DIFFUSION OF BINARY MIXTURES
IN MICROPOROUS CRYSTALS

2.1 INTRODUCTION

Adsorption is a widely used technique for gas separation(l). A varicty of
methods for using the adsorption techniques have been studied and put to use.
Pressure swing adsorption is quite common among them(2). A relatively simple
process, this is carricd out using a packed bed consisting of adsorbent pellets.
These pellets consists of microporous crystals typically zcolites, molecular sieves
ctc. which are binded together. A typical bed, pellet and crystal representation
was given in Figure [.1. A crystal is a basic unit where the actual process of
adsorption occurs. These crystals are of regular molecular structure character-
ized in size and shape by the clements forming them. The size of a commercially
“available zcolite crystal is between 0.5 - 5.0 microns and the lattice parameter of
its structurc is about 12 A ; hence the smallest crystal contains thousands of
cavitics, thereby justifying the diffusive transport within the crystals. Diffusion
is the only internal resistance to mass transfer in the crystal. There can be exter-
nal film mass and hcat transfer resistance in case the crystal is suspended by

itself in a gas strcam.

16
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The relative adsorption of a specics in a gas mixture on the crystal depends

on diffcrent factors such as:

a) the size of gas molccule and size of crystals. If the size of the gas molccule
is larger than the crystal opening no adsorption can occur for that specics.
This is rcferred to as a steric separation.

b) adsorption affinity. If a particular specics is more strongly adsorbed, then
at cquilibrium it will have a higher solid phase concentration. This is referred
to as an cquilibrium separation.

c) diffusion characteristics. If the relative diffusion rates arc quite different

then this is referred to as a kinctic separation.

In practicc when a mixture of gases have to be separated, sclection of an
adsorbent is basced on the idea of steric separaticn which in most cases reduce
the system cffectively to a binary one. For a binary system cither (b) or (¢) may
be applied depending on the requirements. An example of such a binary scpara-
tion is of oxygen and nitrogen in air. Nitrogen is more strongly adsorbed at
cquilibrium in casc of 4A and 5/\. zeolite while oxygen is a faster diffusing spec-
ics in 4A zcolite only. In SA both oxygen and nitrogen have almost the same dif-
fusion rates. In casc of carbon molecular sicve (CMS) the cquilibrium capacitics
are same for both but oxygen is the faster diffusing species(3,4). Order of magni-

tude of the cquilibrium and kinctic parameters for these cases arc:

D ~

_l ~ D
Nz P 02

In 5A zeolite K, < K 7'”’
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In 4A zeolite K, < K _2403 > %|N2
’ D D
In CMS K, = K, o, > > ?|N2
h r

The interaction of kinetics and cquilibrium is clear from the above schemes.
Qualitative conclusions are difficult to make while quantitative conclusions need
a proper modelling and solution of such systems. The objective of thi§ study is
to simulate the adsorption of a nitrogen-oxygen mixturc on a 4A zcolite and
CMS crystal under various practical conditions using a generalized model and

note the cffect on the adsorption sclectivity.

2.2 LITERATURE REVIEW

Mathematical models for diffusion and their analytical solution and approx-
~imate solutions were presented by Crank (5) carly in 1956. His work involved
mainly onc component systems. With the advances of computing devices,
numerical solution of diffusion models were preferred since they arc easier to
obtain or in some cases the only way. The commonly used numerical methods
for solving the partial differcntial equations of diffusion arc finite diffcrence or
latelv by collocation methods(6). For purc component sorption in a micropo-

rous spherical crystal, the diffusive transport equation under isothcrmal condi-

tions is given by
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dq o 1 dfop 9
P ar{’ % G 2.1

For the case of constant diffusivity, which is a rcasonable approximation for

small uptake rates the equation is

aq dFq , 2 &

A =D (2 =2

a D, [ o rar 2.2)
['he initial and boundary conditions are as follows

I.C.: q(r 0)=q,,

B.C.: q(r..t) =q,. (Qﬂ) =0

The analytical solution for this case as well as scveral other cases such as
sorption from a finitc volume of gas phasc is available in Crank(5). Approxi-
matc short and long time solutions have also been deduced. For a large step
change the diffusivity changes with the concentration as proposed by Darken(7).
Garg and Ruthvcﬁ(S) studicd the casc when diffusivity varies with concentra-
tion bascd on Darken’s relation and the adsorption cquilibrium isotherm is
Langmuir type. According to Darken’s rclation, the diffusivity cxpression and

the diffusive transport equation are as follows:

)
b=, L 2.3)

The relation as applied to Langmuir type isotherm results as
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D =D, {l - (2.4)

and substitution in the diffusion equation Icads to

e e | @9

A similar analysis was reported by Kocirik ct al(9). When a large step
change occurs, therc is a possibility that the temperature in the microporous
crystal may increase to an extent leading to nonisothcrmal conditions. In such a

casc an additional heat balance

cquation nceds to be solved. Also the adsorption equilibrium constant and the
diffusivity will be a function of temperaturc. Ruthven and Lee(10) have studied
such a situation wherein it is assumed that the temperature of the particle is

constant throughout but diffcrent from the surroundings.

The above models are for sorption of a single component or a sccond inert
component which docs not affect the sorption rate. In casc of both components
being adsorbed or external mass transfer being significant, the model cquations
should be solved for the binary system. The model for the binary system is simi-
lar to that for the onc component system cxcept that the equilibrium rclation is
modified through a mixture isotherm. For the case of two component system the
Langmuir adsorption isothcrm can be written as

9 _ ba Py
q. T+b0P, +0,p, (2.6)




b, P,
1+ b, + bl

Hencee the diffusion cquations arc coupled through the cquilibrium relation-
ship. Duc to the complexity of the problem, diffusion in mixed adsorbed phasc
has been studied only to a limited extent.A theoretical study of diffusion in a
binary adsorbed phase has been done by Round, Newton and Habgood(11) and
independently reported by Karger and Bulow(12). In case of co-diffusion where
both the components are competitively adsorbed the faster diffusing species is
adsorbed initially and reaches a maximum after which it partially desorbs in
favour of slower diffusing specics to reach an cquilibrium value lower than the
maximum. Such bchaviour has been observed for sorption of Nitrogen - Meth-
anc on 4A zcolite (13). A conclusion from this review is that although cxtensive
work has been donc for onc component sorption in a microporous crystal, the
binary system analysis rcmain elusive to a great extent. The present work is
undertaken to model a binary adsorptive scparation under various conditions.
The analysis is based on a ratio, which is a normalized uptake of individual

components.

2.3 MATHEMATICAL MODEL FOR ADSORPTION IN A CRYSTAL.

A mathematical model for sorption of a binary gas mixturc on a micropo-
rous crystal under certain valid assumptions is developed for the most general

condition, and solved for various limiting cascs. The esscntial assumptions arc
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the spherical nature of the crystal, occurrence of radial micropore diffusion only
and step change in the gas phase. The conditions arising for which the model is
developed are variable intracrystalline diffusivity, non lincar isotherm, non
isothermal conditions and film resistance to heat and mass transfor. Following

is a step by step development of the model presented for various cascs.

Case I : Constant intracrystalline diffusivity, step change at surface, lincar isot-
herm, isothermal conditions. The equations governing the diffusion process is

written for a component as follows:

Mass balance

Since the intracrystalline diffusivity is constant, it can be written for ecach

componcnt as follows:

Mass balances

ot ﬂrz r ar

M -y {azq" 4—3@-]
A

—ag"— = D,,[azq“ + Eaﬁ]
ot P r or

Initial conditions:

r =9 = 0



At r =r

Boundary conditions:

Atr=20

dq, _ fqy _

ar or

n

Equilibrium rclationships:

q:\ = KI\PA ' q:! = K“Pn

Defining the following dimensionless paramecters :

q q
Q/\:_{\' Qn"‘_.ﬁ
qa n
Dot
R=2XL 6 =22
Ty

The above cquations can be reduced to the f()llow'ing :

aQ/\ — aZQA + i aQA
at IR? R 4R
0Qy _ Dy | #Q, . 2 Q4
I5)s D, | ar? R 4R

LC:Q,=Q,=0

B.Cs:AtR =0

}

Q2.7)

(2.8)

2.9)

(2.10)
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aQ, _ dQ,

R IR
AtR = |
Qy=0Q,=1

To cvaluate the uptake ratio the following procedure is adopted

1
q,rdr . JQ,R¥dR
MA_'! " - KAIA ‘t‘; " 211
M, KiPy | ) (2.11)
anrzdr anR dR
0 4]
Decfinc the normalised uptake ratio(NUR) as:
M, Kly | _ }?w, O 212
K,P, M, (2.12)

Y W,Q,
i

where W's are the Gaussian Quadrature Weights at seven spccific points and

Q’s arc the corresponding concentrations.

Case (II) : Constant intracrystalline diffusivity, mass transfer resistance at

the surlace, lincar isotherm, isothermal.

The governing equations arc same as for case I except for the boundary con-

ditions, given by Equation (2.8) which are rewritten as follows:

Atr=r,



aq
) A
Dy ar

=k{q, - qa)

aq .
D, ?rl—‘ =k {q n qn}

Using the dimensionless number,

kr
D,

Bi, = Bi =
the result is :

AtR =1

2Q,
R

Bi {I — Q)

Q, D, .
AR (] -
R p, Q)

(2.13)

(2.14)

(2.15)

(2.16)

Case III : Casc I and Casc IT with non lincar isotherm (Langmuir isot-

herm). The governing equations arc the samc except for the boundary condi-

tions at the surface.
Alr = T

q;\_ b, I’

qa A LA
q. P+ b, P+ b Py

i;‘_ _ b, P,
q, I + b/\p/\ + b P

n°n

2.17)

(2.18)
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The right hand side values of the above cquations are constant. Defining the
dimensionless variables as in Casc I, the dimensionless equations and B.C.’s for

both casc 1 and Il remain the same.

The uptake ratio in this casc is :

lo {
jq,\ P dr b p jQA R?dR
A [} — ATA O
_t = = 2.19)
M g b D, ! (
B an l’z dr BB J'Qn R2 dRr .
0 1]

[ M, ] [x,,p,,] _ywo,

: (2.20)
K.P, M ¥ W0,
1

B

Case IV : Variable Diffusivity, ID_is concentration dependent as follows:

3
D, = b, Sk i:;

where D, is the limiting diffusivity. In case.of a lincar isotherm, q = KP

dinP _ 1
ding

therefore D, is independent of concentration. For a binary Langmuir isothcerm

the dependency is given by
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With Q, = =2 and Q, = % the governing dimensionless equations are :
' C [e

A <

1-Q,  7Q, , 1

[(l - Qn)

T170,-qQ, m | 1-Q,-Q, IR

1= QA azQu + 1 azQ,\

I—'(\)/\-_Qn (‘)R2 l_Q/\_-Qn (7R2

BCs:AtR =1

) b, P

Q, = Ua - ': A -— = constant
q. I +b,P, +b,l,
: b, P

Q, = 9 _ B_B = constant

—q-:- - ] + bAPA + bBPB

The modified definition of Q,, Q, affects the uptake ratio as follows :

0 1
fair?dr [Q,R*dR
My _ 2 =3
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0 0

7

&'Q,
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Case V : Casc IV with mass transfer resistance on the surface. The relevant B.

C.’s at the surface are

dq .
b, ~ fk{q,\—' q/\}

3

D, f{%“ =k {q'y — q,)

oy [ %A _ QA} (225
%%8 - %ﬁ Bi {%:‘- - Q,\} (2.26)

Case VI : Casc 1 to V with constant particle temperature different from the gas
phase temperature. Additional cquations for energy balance will be solved in

this casc using a dimensionless temperature defined as follows:

T (2.28)
where
T, - adsorbed phasc temperature
T — gas phasc temperature

The heat balance cquation can be written as:

v () o () )-
r»,{ ( Anmrp)mﬂ.((7r (-8 0y (5) )=

r-ry
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Jar s .
PG + ha(T, = T,) (2.29)
where L C. T, =T

The dimensionless form of the above equation is :

T (- Al D aQ —All D aQ
%!_ _ X 2 .A)qs AT ( . A) + [ = B nT ( B - (2.30)
2 T, Dysy VAR Sy AH, | Dy, VIR Sy

Y

3R Bor -y
ps(’s I)A.To

where

., T-
D,, - nA_Tncxp{R,lA_ -'l—‘} (2.31)

2.4 RESULTS AND DISCUSSION

The above mentioned cases were studied for two adsorption systems viz.
0,, N, mixturc on 4A zcolite and carbon molecular sicves. These systems are
representative for air separation processes by pressure swing adsorption. The rel-
cvant parameters uscd for numerical computations are given in Table 2.1.

Analysis of the modcls was donc by solving the partial differential cquations,
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using collocation technique and IMSL Gear’s routine for solving stiff ordinary
differential cquations. The resultant solutions were obtained in the form of semi
logarithmic plots. The normalized uptake ratio, as defined carlicr, was plotted

on the linear scale versus the dimensionless time using logarithmic scale.

The normalised uptake ratio is a mcasurce of the sclectivity. The ultimate
cquilibrium valuc of this ratio is unity but when kinctics is controlling the
adsorption, this indicates the prefcrence for the faster diffusing specics.-Figs. 2.1

to 2.5 are typical plots generated for certain limiting cases described carlier.

Consider the most simplc model with lincar isotherm, fixed diffusivity and a
step change occurring in the gas phase on the surface of the gas film or at the
crystal surface in absence of mass transfer resistance. Fig. 2.1 and Fig. 2.2
shows the uptake curves from the solution of this model as applied to 0, - N,
mixture on CMS and 4A zcolite respectively. The film resistance is character-
ized by the Biot number, whose decreasing value indicates higher mass transfer
resistance. As éxpcctcd the normalised uptake ratio is dircctly proportional to
the diffusivity ratio of the two species i.c. the diffusional time constants of the
two specics. With decreasing Biot number, which significs a higher film resis-
tance as compared to the internal diffusion resistance, the initial normalized
uptake ratio decreases. Since mass transfer and diffusive resistance are additive,
increasc in the former decreascs the effect of the latter hence the normalised

uptake ratio decrcases with increase in the mass transfer resistance significd by

decreasing Biot number. Although individual uptakes may be affected with
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pressure and composition the ratio remains independent of these parameters.
The above analysis is valid for a non-lincar isothcrm as mentioned previously.
Although the analysis for cxternal mass transfer is donc with a range of Biot
number, the lowest physical valuc of this number is approximately 500, so that
it can be assumed that zeolites and molecular sicve crystals are free of external

mass transfer resistance.

In casc of a large step change in the pressure the diffusivity becomes con-
centration dependent. Casc 1V and V arc models in which the diffusivity is a
function of the solid phase in accordance with Darken’s relationship. Similar
semi logarithmic plots (Figs. 2.3 and 2.4) for thcse cases shows that NUR is a
strong function of pressurc as well as composition. The mass transfer cffect,
though not physically realizable, is significant. Incrcased nitrogen composition
reduces the NUR since it is the slower diffusing species. This effect is more
prominent at high pressurcs. These effects are observed, in case of diffusivity
being a function of solid phasc composition, because coupling of cquations is no
longer limited to the crystal surface i.e. in the boundary conditions, but is now

inherent in the mass balance equations within the crystals.

Large step change can lead to a temperature rise in the crystal giving rise to

Casc VI i.c. non isothcrmal model. Qualitatively it can be concluded that due to

the small size of the crystal and a low value of % the temperature risc is mar-

ginal. This casc was solved and corresponding semi log plot is shown in Fig. 2.5,

which indicates that cven under a severe heat transfer conditions, the maximum



rise in temperaturc is about 12° C.

2.5 CONCLUSIONS

The simulation study of a binary gas mixturc adsorbed on the crystal under
variety of conditions was performed by developing a generalised model. Various
limiting conditions and paramecters likely to affect the process were considered.
Various conclusions were drawn from this study based on the initial nérmalized
uptake ratio(NUR). This decreases when the mass transfer resistance is signifi-
cant. Also it is a function of diffusivity ratio in various adsorbents. It is inde-
pendent of pressure, composition and non-lincarity under conditions of fixed dif-
fusivity. and is greatly dependent of pressure and composition, under conditions

of concentration dependent diffusivity.
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Table 2.1

Parameters used in the Computations

Adsorbent

Temperature

Equilibrium constant for N,
Equilibrium constant for O,
Diffusional time constant for O,

Diffusional time constant for N,

Carbon molccular sicve
45 °C

9.25

8.9

3728 x 10" sec’

1171 x 10 sec!

Adsorhent
Temperature

FEquilibrium constant for O,
Equilibrium constant for N,
Diffusional time constant for O,

Diffusional time constant for N,

Zcolite 4A
45 °C

2.032

5.663

I x 10 sec’

1.6 x 10° sec?
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Fig. 2.1 Plot of Normalized Uptake Ratio with Dimensionless
Time on CMS. Constant Diffusivity Case ( Parameter is
Biot No. of O,, Doz/DNz = 31.82)
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Time on CMS. Constant Diffusivity Case ( Parameter is
Biot No. of O, D, /D, = 62.5)
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CHAPTER 3

THEORETICAL STUDY OF NONLINEAR ISOTHERMAL PACKED BED
ADSORBERS: COMPARISON OF PECLET AND CELL NUMBERS.

3.1 Introduction

Transport and flow modecls describing packed bed behaviour in reactors
have many similaritics. Two distinct approaches are observed, the qua:qi contin-
uum dispersed plug flow model or the discrete cell approach model. Within each
of the model systems, a subdivision into an cquilibrium process or a non-equilib-
rium process is feasible, the latter duc to mass transfer limitations. Further,
modcls may involve linear or non-lincar adsorption cquilibria. The major differ-
cnce between the adsorption and reaction processes is that adsorption is tran-

sicnt whereas the reaction process tends to be steady state.

In 1982, Hlavacck (1) reviewed fixed bed reactor models and classificd them
into cight categorics prescenting typical heat and mass balance expressions. The
mass balance reactor modcls of Hlavacek (some titles revised) are presented in
Table 3.1 together with the analog mass balance adsorber modcls. Like Hlava-
cck we observe that the first four models A-D arc bascd on the quasicontinuum
approach while modcls E-H follow the cell description approach. In reviewing

these models, we will primarily restrict our comments to the adsorber models.

40
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Modecl A, the simplest, cntitled the piston flow model in reaction or equilib-
rium modecl in adsorption, considers only a convective mechanism of mass trans-
fer neglecting gas to particle transport resistances or the cffect of the dispersion
process. The model is useful in estimating gross systcm behaviour. This equilib-
rium model has been recently revisited by Basmadjian and coworkers (2-5) who
discuss separation of non-lincar isotherms, and is also cxtensively used in pres-

sure swing adsorption studics (6-10).

Inclusion of the dispersion cffects gives Model B. This is a boundary value
problem, requiring the assignment of the proper boundary conditions, the gen-
cral consensus being that the constant flux Danckwert boundary conditions are
the most reliable. Coppoela and LeVan (11,12) discuss this model for adsorption
in shallow and decep beds for both Langmuir and Frcundlich isotherms. The
width of the mass transfer zone at breakthrough decreases as the nonlinearity of
the isotherm incrcases , until cventually the width becomes zcro, as the isot-
herms approach irreversible isotherm behaviour. For deep beds breakthrough
curves arc shown to be much sharper than corresponding constant pattern pro-
files, especially for very favourable isothcrms, as a result of the change in the
velocity of the fluid phasc concentration wave during breakthrough. Hlaveek
(1) notes that the dispersed model, in reactors, failed to predict multiple propa-

gating fronts, a concept that is worth cxamination in adsorption studics.

In model C, dispersion has been deleted and replaced by an overall mass

transfer cocfficent (gas to particle only in Hlavacek’s case). For transfer of
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solute to solid particle four ratc mechanisms have been identified; diffusion from
bulk fluid phase to adsorbent, diffusion within the pores of the adsor-
bent(macropore diffusion), surface or micropore diffusion and the kinctic rate of
adsorption at the phase boundary. Breakthrough curves have been developed
where cach of the mechanisms control, where a combination of mechanisms con-
trol, and where the mechanisms have been combined into a lumped parameter

lincar driving force approximation for cither lincar or non linear equilibrium

(13-29).

Modecl D, the most complicated of the quasicontinuum models includes both
dispersion and an overall mass transfer coefficent. The model is solved for the
combined individual resistances or [frequently the dispersion cocfficient is
lumiped into a lincar driving force approximation (30-41). Also, frequently a
step change boundary condition is substituted for the Danckwert’s boundary
condition presumably for long beds having a constant pattern solution or for

case of analytic solution where the latter criterion is satisficd.

The empty volume between the catalyst or adsorbent particles can be con-
sidered as a perfectly mixed ccll. Accordingly the mixing ccll model is a good
approximation of dispersion phenomena occurring in a packed bed, and for an
infinitc number of mixers the piston flow description results. Hlavacek reports
four finite stage models in the reaction literaturc (models E to H) but only two

of these models appear to have been used in the adsorption ficld.



43

The simplest adsorption mixing cell model, model E has no fluid to particle
transport effects, and is simply an cquilibrium model, first derived by Martin
and Svnge (42) and uscd cxtensively in chromatography by Giddings (44) . The
cquivalence of the discrete and continuous representations of a chromatographic
system has been discussed by many authors. For a lincar cquilibrium system
only. N the number of cells, and the axial Peclet number are related by cxpres-
sion (N =Pc/2)(for example sce Villermaux (43) ). Cheng and Hill (50) usc the
lincar cquilibrium cell model to describe a PSA unit. The nonlincar equilibrium
modcl has been discussed by Rodrigues and coworkers (47-49) using the Lang-
muir amd BET isotherms. They show that thc mass transfer zone width
decrecases as both the non-lincarily increases at a constant loading, or as the
loading increases for the same nonlincarity, giving a longer time to rcach a fixed
breakthrough point for favourable isotherms. Also, as the number of cclls are
increased |, favourable isotherms approach plug flow and unfavourable isotherms
decrease to a constant mass transfer zonc width. Wicke (55) indicates that the
- depth of penctration of the longitudinal back diffusion is only a fraction of the
pellet diameter cven at low Reynolds number and it diminishes rapidly with
increasing flow rate. Hlavacck (1) states that the addition of the sccond deriva-
tive term to describe the dispersion effccts creates difficulty in kinetics since the
model predicts backmixing, and that bascd on present experimental results the

mixing ccll model is a more physically sound description of a truc mechanism of

mass transfer.
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If we have backflow between ncighbouring stages, a mixing cell model with
axial backflow, like model F, can bc developed, but this does not appear to have
been used in adsorption literature. In case of appreciable temperature gradient
along the column length axial backflow may become important and under such

circumstances this maodel would be uscful.

Model G involves the addition of mass transfer resistances in the cell model.
For lincar isotherms the number of cells N is still cquivalent to Pe/2 in the dis-
persion model with the mass transfer zone width adjusted for the extra mass
transfer resistances (43) . Rodrigucs ct al (47-49) have shown the cffect of mass
transfer alone or in combination with pelict diffusion, for the favourable non lin-
car isothcrm for the breakthrough curves. Do (53) has modclled fixed bed
adsorbers with rectangular adsorption isotherm using N =Pe¢/2 to relate the

number of cells to the dispersion cffects.

For gascous systcms, if the empty ccll volume between adsorbent particles is
considered a perfectly mixed cell, the number of cclls N can be related to the
length of the bed L and the diameter of the particles d, by the equation (N = L/
d) providing thc particle Reynolds number is greater than about 8 (45). Ikeda
(46) has used this principle to model non-isothermal adsorption columns using
the cell principle. Friday and LeVan (53) usc a stage model, which is closely
rclated to the cell model to model hot gas purge regeneration of adsorption beds.
l;inally Chirara and Kondo (51) divide PSA adsorption column into N cells and

usc a STOP-GO mcthod to modcl the system, in which flow between cells is
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stopped for a time increment At during which an amount adsorbed is calculated
using a standard rate expression. Subscequently the pressure is calculated and an

overall mass balance performed.

3.2 Mathematical Model

The modcl cquations of the axial dispersed plug flow model and that of the
cell model for both the equilibrium process and the non-cquilibrium process is
outlined below with the following assumptions:

(1) The fced consists of a small concentration of a single adsorbable
component in an incrt carrier.

(2) The system is isothermal with negligible pressure drop through the
adsorbent beds.

(3) The cquilibrium isotherm is represented by a Langmuir cxpression.
Equilibrium Process

With the above assumptions the axially dispersed flow model equations can
bc written as:

Fluid phase:

A+

1 = = = - 0 (3.0

, °Cy,  8Cy , €, | () 3, _
az

Adsorption cquilibrium :
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D - PGy
a1+ bC, (3.2)

Boundary conditions:

aC
D —A = —uyC -C
. It 0 { Alz‘_r AIM} (3.3)
aC, _
= ;.-l._“ . (3.4)
with (:"I,,—n“ = C,, (adsorption) 3.5)

= 0 (dcsorption)
The cell modcl cquations are
Fluid phasc:

dCy, (1-) dq,, _ u(Cuiy — Cy)
dt ¥ A dt Az (3.6)

- Adsorption cquilibrium:

q./\i — bC,
q, I+ bC, (3.7)

Boundary condition:

Cliy = Can (adsorption) (3.8)

0 (desorption)

Non Equilibrium Process
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For both models, a solid phase LDF approximation can be included to
account for non-cquilibrium process as follows:
day

a - K@ an) (3.9)

Equations 3.1 to 3.9 can be reduced to dimensionless form by the introduction

of the following paramecters:

C q ul z
y = AL WY = AL s Pe = . = £
q ‘ (:An , l qAn ° l)o § l

The resulting cquations are :

B A T T JONTY\
Pe a? B A = > (3.10)
Wo— i3
'= 9% , (3.11)
-1 dP - -
To o = {Phoo- 7%} (3.12)
ob _
_&.;_Ll = (3.13)
with
D) - I (adsorption) (3.14)
-

=0 (desorption)
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dd. d\.
Rt N i

dr & N {Pp =Py} (3.15)
LY Py W

v ¢ [(I-k—)\(b‘\i) ' (3.16)
®l.., = 1 (adsorption) (3.17)

= (desorption)

For both processes the initial conditions are

D=

0 (adsorption) (3.1%)

1 (desorption)

¢ =W =0 implics an initially clcan bed and ® = v = 1 implics initially

saturated bed at equilibrium with feed concentration

The axially dispersed plug flow modcl equations were solved using orthogo-

nal collocation( Raghavan ct al(56) ). All cquations werc solved by Gear's

- mcthod using the IMSL package.

3.3 Results and Discussion:

Numerical simulations were performed for the gencration of breakthrough
curves by the axial dispersed plug flow model and the cell model for sorption of
mcthanc and cthylene on SA zeolite (equilibrium process), and for cthylcne on
4A zcolite and oxygen on carbon molccular sicves(CMS) (non-cquilibrium pro-

cess) (helium is employed as a carrier gas). Previous studics of hydrocarbons in
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4A and SA zcolites (20,57,58,59) and oxygen in CMS (60) have shown that in

4A zcolite and in carbon molecular sicves intracrystalline diffusional resistance
is high and likely to be rate controlling whereas in the wider lattice of the 5A
zeolite the intracrystalline diffusion is rapid and the sorption is likely to be mac-
ropore diffusion controlled (59) . The chosen systems th.crcforc cover both

cxtremes of micropore and macropore diffusion control.

The revelant data for all the systems are given in Table 3.2. The time
between the dimensionless concentration level of 0.99 and 0.01 (x,,, ,,) Was cho-
sen as the criterion to find a correspondence between the Peclet number (1auD)
in the axial dispersed plug flow model and N of the ccll modcl. For cxample for
the same t,,,., the adsorption and desorption curves for 2 = 0.5 have been com-
parcd for both the models for oxygen on CMS in Figure 3.1. It may be observed

that the generated curves for both models are coincidental for the same 1., -

The simulation runs were performed to find out t,,, ,,, for all the systems by

" both models for the various values of nonlincar parameter 2.

Figures 3.2 & 3.3 show the plot of 1,,,_,, Vs. Peclet number or N for adsorp-
tion and desorption of methane and ethylenc on SA system for various values of
» using the axial dispersed plug flow model and cell maodel for an cquilibrium
process. It may be noted that the 1, is different for adsorption and desorp-
tion cxcept when A =0 which corresponds to a lincar isotherm. This difference

can clearly be obscrved for ethylenc on 5A at A= 0.92 in Figure 3.3. In the casc
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of adsorption of mcthane on 5A zeolite it may be observed from Figure 3.2A
that for the same value of Peclet number or N, 1, ,, dccreases with the

increase in the value of the nonlinear parameter A. For the casc of desorption

(Figure 3.2B) 1,,,_,, increascs with increase in A.

Figures 3.4 & 3.5 show the plot of 1, .. vs. Pcclet number or N for adsorp-
tion and desorption of oxygen on carbon molecular sieves and cthylenc on 4A
respectively for different values of A using the axial dispersed plug ﬂ(;w modecl
and cell model for a non cquilbrium process. For adsorption on the carbon
molccular sicves, the mass transfer zonc width first decreases and then increases
as the non-linearity is incrcased ( Sce Figures 3.4A and 3.4B ). However for the
cthylene 4A system the width increases as A increases (Figure 3.5A). The reason
is that for the carbon molecular sicve the non-lincarity phenomena are initially
controfling, and subscquently the rate phenomena control as A is increased,
whercas for cthylene 4A the ratc is so slow it dominates throughout. For
desorption the trends arc similar to those described for the cquilibrium process;

however the extent of the breakthrough curve which is measured by «,,,,,, is dif-

ferent being larger for the non-cquilibrium process ( Sce Figures 3.4C and 3.5B).

From Figure 3.2 to 3.5 plots may be obtained for the number of cells vs.
Peclet number for the various cases considered. Such plots are shown in Figures
3.6 & 3.7 for methanc on 5A and oxygen on carbon molccular sieves respec-
tivcly. For the casc of methane on 5A zeolite (equilibrium process), it may be

obscrved from Figure 3.6 that during adsorption the ratio of Peclet number to N
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shifts from a value of 2 at A = 0 to unity when A is high. On the other hand this
ratio is 2 for desorption and is independent of . Ruthven (54) reported a ratio
of Peclet number:N of 2 for lincar systems (A=0) and thercfore the present study
is consistent in this rcgard. Further, it may be considered that for all liquids
where 23 1.0 the ratio of Peclet number to N should be taken as unity for

adsorption and 2 for desorption.

Figurc 3.7 shows the plot of N vs. Peclet number for oxygen on carbon
molccular sicves (non cquilibrium process). The trend is similiar to that
observed for the equilibrium process. Similiar plots for cthylene on 4A zcolite
were obtained but due to very high mass transfer resistance 1,4, ,, Was not
affected by axial dispersion and thercfore even onc cell was found sufficent for

such a process.

Carc should be exercised in the specification of the mass transfer zone width
in dealing with non-lincar phcnomena. A general rule is that the mass transfer
" zone width must be greater than the A valucs involved i.c. for a 2 value of 0.99 a
mass transfer zone width of 1., .., Should bc used to characterize. Otherwise
erroncous results may occur. However with larger valucs of &, accurate inter-

pretation of results may be difficult due to tailing cffects.

The results of this study will be uscful for the simulation of adsorption sys-
tem which nceds repetitive calculation (e.g. Pressure swing adsorption, counter-

current adsorption ctc.). A detailed axial dispersion model solution takes
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cxceedingly long computational times which now may be reduced by use of cell

models ( using the right no. of cclls) which takes relatively shorter times.

3.4 Conclusions

The cquivalent Peclet and cell numbers associated with a definitive mass
transfer zone width 1,,,_,, for both equilibrium and non-cquilibrium processes
have been evaluated for packed bed adsorbers having non-linear isotherm. For
both the cquilibrium and non-cquilibrium processcs, the ratio of Peclet number
to N changes from a value of 2 at low A (lincar isothcrm) to unity when A is high
(> = 0.85) during adsorption. Howcver, this ratio can be taken as 2 for all val-

ues of 2 during dcsorption.

Hence we deduce that for liquids where A= 1.0, the ratio of Peclet number

to N should be taken as 1.0 during adsorption, and 2.0 during desorption.
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Table 3.2:Parameters used in the Computations
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Common Paramecters:

Bed voidage

Non lincarity Paramcter
Pcclet Number

Number of Cells

Temperature

Specific Parameters:

Fecd Methane
Gas -Helium
Adsorbent 5A

(bq,) 46.4
Length/Velocity --

(scc)

k (o)

(cm/scc)

2...30
25°C ( Ambient)

Ethylene Ethylene
-Helium -Helium
SA 4A
10463 571

5.64 6.18

o0 0.001

Oxygen
-Helium

CMS
9.25
25

0.555
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CHAPTER 4

EQUILIBRIUM AND KINETICS OF SORPTION OF NITROGEN AND
METHANE ON ZEOLITE 4A AND CARBON MOLECULAR SIEVES

4.1 Introduction

The microporous adsorbents used in practical sorption processes are the tra-
ditional oncs such as activated carbon, silica gel and the recently developed crys-
tallinc aluminosilicates or zeolites and carbon molecular sieves. A fundamental
differcnce among them is pore size distribution which is sprcad over a few ang-
stroms in the former while there is virtually no pore size distribution in the latter
two. The micropore size in a zcolitic adsorbent is controlled by the crystal struc-
ture. A wide distribution in pore sizc results in little sclectivity in adsorption of
molccules of diffcrent sizes. Carbon molecular sicve, a coal based adsorbent pre-
parced to circumvent the limitation of activated carbon, has a narrow distribu-

tion- of pore size. The pore size ranges from 4 to 9 Angstroms.

The present chapter comprises a literature search and experiments to obtain
the valucs of the equilibrium and kinctic parameters needed in the simulation of
PSA separation of methanc-nitrogen mixture on zcolite 4A and carbon molecu-
lar sicve. Since zcolite 4A is a standardized édsorbcnt the values arc culled from
a litcrature scarch. In the case of carbon molecular sicve, due to difficulty in
reproducibility of production batches, cxperimental dctermination of data is
preferable. The literature is limited to individual batch data.
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4.2 Equilibrium and kinetic parameters for zeolite 4A

Adsorption cquilibrium and kinctic parameters for zeolite 4A have been
obtained by many workers (1-7), and the parameters to be used for the purposc
of simulation in the subsequent chapters will be through the literature review of
these studics. These parameters are presented mostly as grabhical results. The

cquilibrium data obtaincd by these workers are summarized in Fig 4.1 for nitro-
gen and Fig 4.2 for methane which are plots of K, vs. % in semi logarithmic

coordinates. The data have been regressed to give

Ky, = 0.0206 cxp(3720/RT)
Ken, = 0.0345¢xp(3789/RT)

The sorption kinctic parameters such as zeolitic diffusivity and activation
energy for nitrogen and mcthane as reported by various workers are tabulated
in Table 4.1. Although the diffusivity valucs are varying for various authors, the

diffusional time constant values are similar at 300 ° K.

4.3 Experimental techniques for sorption and equilibrium data:

The most common methods used for determination of adsorption equilib-

rium and kinetics are:

1.) Volumetric method



2.) Gravimetric method, and
3.) Chromatographic mcthod

A briel description of these methods which were used in this study is presented.

4.3.1 Volumetric method

The constant volume experimental set up of Abdul-Rchman(8) is used for
uptake measurements. It consists of a cylindrical cell containing z;dsorl)cnt
immersed in a constant temperature bath. A thermocouple close to the centre of
the cell measures the temperature. The cell is connected to a serics of cmpty
cylinders through manual and control valves. The pressure in two of the cells
can be monitored continuously via an clectronic manometer. For uptake meas-
urcments the adsorbed cell pressure is continuously recorded on a strip chart

rccorder.

The cell is loaded with a known weight of the adsorbent. Regeneration of

“the adsorbent CMS is done at 80 ° C under a vacuum of approximately 10?

torr. A differential step change is made by loading a known amount of pressur-
ized adsorbate gas into this degassed and cvacuated cell. The pressure drop is
recorded continuously on a strip chart until there is equilibrium between the gas
and the solid phasc. Each step constitutes a data point in the isotherm. Analy-

sis of the variation of pressure with time cnables the kinetics to be established.
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4.3.2 Gravimetric method

Uptake rate is measured gravimetrically using a Cahn RG recording clectro-

balance similar to that used by Loughlin(9).

The Cahn clectrobalance is a precision instrument capablc of continuously

monitoring the weight changes as small as 107 gm. The balance has a loading
loop and a tare loop. The balance can be operated under cither atmospheric or
vacuum conditions. A vibration frec mounting of the balance is essential. The
output from the balance is recorded continuously on a strip chart recorder. The
hangdown tube which contained the balance pan is immersed in a water bath
maintained at constant temperaturc. A high vacuum is maintained in the sys-
tem by an Edwards diffusion pumping unit prior to the adsorption steps. A
vacuum of 2 x 10° mbar was achicved during regeneration of the adsorbent

CMS at a temperature of 80 ° C. The weight of the adsorbate for a stcp change

is rccorded continuously with time.

433 Chromatographic Method

A standard chromatographic method was used by Zahur(10). An cxperi-
mental sct up capablc of injccting a step as well as pulsc input to a packed col-
umn is uscd. The output strecam is analysed with a GOWMAC 10-454 Thermal
Conductivity Dctcctor(TCD) block. The rcference gas stream, helium, also
serves as the carrier strcam thereby climinating flow fluctuations. The output

from the TCD detector is obtained on a chart recorder and analysed further.
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4.4 Equilibrium Results for Carbon Molecular Sieves:

Equilibrium data available in the literature for sorption in CMS are lim-
ited(11,12, 13). In addition, the data obtained by each author is limited to the
specific CMS batch used in cach particular study. However variations in cqui-
librium data between batches do not appear to be significant. CMS is a coal or
polymer adsorbent and docs not have a standard pore structure like zeolite
adsorbents. The macropore size distribution for the CMS batch used in this
study was mcasurcd by mcrcury porosimetry and the results are presented in
Fig 4-3. The mean macropore radius was approximately 10,000 A and the mac-
ropore volume is 275 mm*/gm. Porosity does not give the micropore distribution;

typical estimates of this arc 4-9 angstroms.

The limiting Henry constants K, as mcasured chromatographically, volu-
metrically and gravimectrically for the sorption of N, and CH, arc reported in
Table 4.2 and are plotted on an Arrhenius plot in Fig. 4.4. Sorption of methane
is higher by a factor of about 6 at room temperature decreasing as the tempera-
ture rises to about 1.5 @ 420 K. The limiting hcats of sorption ( —AH,) are
2.94 and 5.585 kcal/mole for N, and CH, respectively, similar to values reported

in literature (scc Table 4.2).

The adsorption isotherms at 25 °C were measured up to 10 atmospheres for

both N, and CH,. The results arc presented in Figs 4.5 and 4.6 respectively
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together with the optimal Langmuir constants determined from the expression

4 - _bP
q, I +bP

Reasonable agreement between data and the Langmuir fit may be observed.

The cquilibrium data obtained in this work is compared to literature values
in Table 4.4. For N,, the K values and for N, and CH, the b and q_ values
determined here are comparable to reported values in the literature. Although

there is no Kp value reported for CH, in the litcrature, the fact that the Lang-

muir constants b and q_ arc similar indicates that the K, values arc comparable.

4.5 Kinetic results for the carbon mulecular sieves

Representative uptake curves for the sorption of nitrogen and methanc on
CMS in volumctric apparatus arc presented in Figs. 4.7 and 4.8. Detail on the
actual cxperiments is provided in thc appendices A.i.4, Runs 1-27. Carbon
molccular sieve particles are known to be composed of microporous particles
within a macroporous matrix. Accordingly two kinctic resistances can be identi-
fied, namcly transport through the macropores followed by transport in the
microporous matrix. The solution of of this dual kinetic problem was first
developed by Ruckenstein ct al(15) for a constant pressure system . This was

simplificd by Lece(16) who also derived thc constant volume system solution
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(Ruthven(17), pg 184). Ruthven ct al(11) further simplificd Lee's solution to
allow for sudden significant uptake in the macropores before any diffusion into
the micropores occurs. Typical results measured by these authors is shown in
IFig. 4.9 together with the theoretical results based on a sudden sharp uptake by
the macropore followed by slow diffusion in the micropores. A fractional uptake
of 15 and 20% may be observed to occur at time zero in their work which is
characteristic of rapid adsorption on thc macropore walls. The uptake curves
obscrved in this work (Figs. 4.7, 4.8) do not cxhibit any sudden shax:p uptake
likc that obscrved by Ruthven ct al(11). An alternate modcl is required to

cxplain the data found for the specific carbon molecular sicve used in this work.

The first model examined was that of standard Fickian diffusion in a sphere
for a constant volume apparatus as derived by Crank(18; Pg 93). This model is
not applicable as may be obscrved by cxamining Figs. 4.7 and 4.8 where the
cxperimental data traverses the different finite volume uptake curves. The dual
resistance constant volume model of Lee(15) was next cxamined and the results
~arc shown in Fig. 4.10. Again no satisfactory match of thcory and data was

observed. This exhausted the known diffusion phenomena for carbon molecular

sicves.

The uptake curves for methane at 25 ° C is plotted semilogarithimically in
Figs. 4.11. This experiment took two wecks to measurc but it is observed that
for 90% of the uptake over a period of three days the fractional uptake is linear.

Further data for different temperatures for both nitrogen and methane is pre-
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sented in Figs. 4.12 and 4.13 and all arc lincar for an uptake of 90%. Between
90 and 100% somc curvature is obscrved (sce Fig. 4.14). The detailed data for
these runs in addition to further measurcments is presented in appendix A.l.4.

The facts that these plots are lincar initially suggesis a rate law is limiting.

In the analysis of sorption on zcolites Karger and co-workers have shown
that a barrier resistance cxists at the surface, followed by diffusion within the
crystal (19,20,21). The particular carbon molecular sieve sample used in this
work appears to have similar Kinetic characteristics, i.c. transport primarily con-
trolicd by a barrier resistance at the surface followed by diffusion. For 90% of
the uptake the primary mechanism appcars to be the barrier resistance. The

appropriate sorption model for the system with the following assumption is then:

(1) Finitc systcm volume

(2) Existence of barrier resistance at the surface.

(3) Subsequent diffusion in a spherical microporous system by Fick's law

(4) Isothermal

(5) Constant diffusivity over the incremental step change in concentration.

(6) Small step changes in concentration from C, to C,, and adsorbing to a

final pressurc C.

The relevant equations are then
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U _pfoq 20
at D[—%+—~i] (4.1)
or r or
_{7&(0 t) =0 (4.2)
ar '
dq _ .
Dc-(—h_—(rs,l) = k,{a () — qr.t)} (4.3)

where k, is the barrier resistance in cm/s.

In the latter equation the expression for q (t) derived from an overall bal-
ance on the gas phase volume, viz
vooq(r,t \
4nr:Nch qg: )dt = V{C(0') - C(t)} (4.4)
0 C

/

where N is the number of crystallite particles and

q'() = K C() (4.5)
~The initial condition is q(r,0) = K C(0").

Also, C(07) = C,, C(0") = C,, and C(ow) = C,_.

This system of equations was solved by Huang and Li(22) who studied the
ion cxchange Kinctics for calcium radiotracer in a baich system. However,
instcad of a barricr resistance, they postulated a film resistance at the surface

for their systcm. The solution is
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M) $ 6Ca(l +a)
M(0) 51 (9 +a’g) +90)07 ~ (6 +a)agll +a’g!

exp(—gl T) (4.6)

where g_ arc the non-zero roots of the cquation

tan 3 — ag’
I 2g“ 4.7)
g, (€ — Dag, +3C
and
1k, _ D¢t vV . -
{ = D, T= rf and a = VK, arc dimensionless groups. { In Huang and

Li's work is dcfined as rk/K D, because equation 4.3 in their paper is
defined in terms of bulk phase concentration. T is the usual dimensionless time

group and a is the usual paramcter that cnables the total fractional uptake U to

be calculated from

M(w) _ |

S V7, S s (4-8)

where M(0) is the mass added at time zcro and M() is the mass adsorbed by

“the sampl¢ at final stcady state.

C represents the relative importance of the barrier resistance and the diffu-
sional resistance inside the microporous particle. Small values of { implics that
the resistance inside the particle is insignificant and the adsorption rate is con-
trolled by the barricr resistance. Large valucs of £ imply that the mechanism of
intraparticle resistance is the rate controlling step; as {~ o0, the cquation simpli-

fics to that given by Crank for intraparticle diffusion(18;Pg. 93).
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M(t) _ &  6a(l +a)
M(0) & (9+9a +a’gd)

exp(—g. T) (4.9)

where g, are the non-zero roots of the equation

tang, 3

= 4.10
g, 3+ag’ (4.10)

Huang and Li (22) solved cquation 4.6 for various values of { and U. The

smallest value of { used by them is 1.0. For this case their 'plots of

In(l - m((g) vs. T are all lincar over the entirc range, similar to the plots

shown in Figurcs 4.11, 4.12 and 4.13. The limiting values of { for film resistance

for their work is probably 1/K_but for a barrier resistance this could be much

1
lower. The conclusion of semilogarithimic plots of (l ——&—(E}%—) being linear

versus T would still be valid. As C incrcases, Huang and Li’s plot become non
lincar in the short time region and lincar in the long time region similar to that

~shown in the Fig. 4.14. For {> 4, the point of curvature is above values of

(l - ﬁl\/%(% > 0.1 which is not what is observed in this study suggesting that

the appropriate value of  is somewhere between 0 and 4. At long times the

solution of cquation 4.6 reduces to the first term and becomes

M) _ 6L’a(l +a)
M(0)  (9+a’gl+90)— (6 +a)agl +a’g

zexp(—g; T) (a.i1)

1

with g, given by
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tang, 3 — og] -
- 2 (4.12)
& (€ = Dag;+3¢
So a semilogarithimic plot of (I - rl;/l% versus t has an intercept of
6C%a(l +a) (4.13)
(94 ’gl +9a) — (6 + a)agl +a’g)
and a slope of
—g’D Jr? (4.14)

Knowing a, we can solve equations 4.12 and 4.13 for { and g, and hence obtain

D /r? from cquation 4.14.

An alternative procedure is to usc a lumped parameter model for the initia!
region where the barricr resistance is dominant. For this system, the overall
mass balance equations and initial conditions are

vdam _ _ydom _
S odt dt =

(4.15)

where
i=kfa —q)
with

C(0) =C,, C(0") =C,, C(®)=C,
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q'() = K,C(t) and q(t) = K,C'(1)

Substituting

RY, dC(y) _ Aj

= i (4.16)

= AkK (C-C) (4.17)
In the casc of a finite volume system, the initial and final concentrations
C, C,,q; and q, arc constant, but C’ varics during the adsoption step. The

overall concentration in the gas and solid phases may be related at any instant

of time by

V(C, - C)=V.(q —q,)
V(C,—-C,.) = V.(q, — q,) (4.18)
vV(C-C,) =Vs('q,,—q)

Physically these cquations indicate that what has been transferred from the gas
phasc must be in the solid phase. Substituting in the mass balance equation

gives

dC Ak Kp
- 25N g+ Cc - C :
5 v (1+a)( ) (4.19)
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Ak /1+a _
- (= )(C C.) (4.20)

Solving using the initial and final conditions gives

In[ C-cC, AK, /1+a (4.21)
G-C )7 "V g )t
In terms of fractional uptake this reduces to

'“[1 - ﬂ] _ Ak, Ltay, (4.22)
M V, a
so that semilogarithimic plots for a volumetric system have a slope

o

Ak, /1+a
k, = —= ) 4.23
Y \'A i (4.23)
The volumetric slopc k, was extracted from the initial rate dawa data and is

tabulated in Table 4.3 for the different temperatures for methanc and nitrogen.

Zahur(10) also mecasurcd thc transport ratc of nitrogen into the carbon
“molecular sieve particles used in the study. Using a chromatographic method, he
abstracted the rate constant from the sccond moment cquation

O'ZL DL € 1

- + .
iy [—c kK, (4.24)

where k_ is the chromatographic rate constant. The rates measured for nitrogen
are also reported in Table 4.3 as k.. In his study Zahur used crushed particles of

approximately 0.0425 cm whereas the volumetric measurement were carried out
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on particles of 0.233 cm. Uptake rates of mecthanc via chromatography was too
slow to measurc on the carbon molccular sicve particles used in this study. The

surface resistance from the volumetric and chromatographic data were calcu-

lated using the equations

“kvdp,
k= 6(1 + a) (4.23)
kdy, '
k= — (4.26)

The resulting data is tabulated in Tablc 4.3 and is plotted in Fig 4.15. The
volumetric and chromatographic data arc obscrved to be in good agreement,
and although differcnt particle sizes have been used in the two mcthods. This

indicates that surface resistance controls the rate constants and are independent

of r’. The surface resistance may be correlated by an expression of the form

k, = k'mexp(—%)

and the best fit lines arc shown in Fig 4.15 with the data. The high valucs of the
activation cnergy E of 8.11 kcal/mol and 13.96 kcal/mol for nitrogen and meth-
anc respectively indicate that this is an activated process rather than a normal
diffusion process. The activation cnergics are compared with the diffusional acti-
vation cnergics against Van der Waals diameter for diffusion in 4A and S5A
zeolites and SA carbon molccular sieves as presented by Ruthven(17) in Fig 4.16

and against the isoteric heat of adsorption presented by Chihara ct al (15) in Fig
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4.17. The conclusion from these comparisons appcars to be that the carbon
molccular sicve used in this study has a pore opening somewhat smaller than 4A
which appears to be the cause of the high activation cnergy needed for the
transport process. For comparison of uptake rate in sec” with literature valucs,
the ratc constant k may be defined analogous to the literature as

k=15 D,

r2

<

and for this study as

6k .
k = 1‘ with dp = (0.233 cm.
C

P

Values of k so calculated arc presented in Table 4.4 for both methanc and nitro-
gen and the measured rates in this study are the jowest reported. This is consis-

tent with a smaller porc opcning carbon molecular sicve as noted above. The
Dc/rf values for methanc and nitrogen arc tabulated in Table 4.5. These are
calulated from cquations 4.12, 4.13, 4.14. The temperaturc dependcncy of- Dc/r:

for methane is plotted in Fig 4.18. An activation energy of 12.563 Kcal/mol is

close to that obtained for the barrier rcsistance.

4.6 Conclusions

The carbon molecular sieve sample used in this study has similar equilib-

rium propertics to samples reported in the literature but has significantly differ-
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ent kinctic propertics. The equilibrium of nitrogen and methanc is Langmuir like

having similar Henry constants and saturation values to other samples.

The kinetics do not appear to be diffusionally controlled as rcported by
other workers. Further the rates arc significantly slower indicating that the
microporc opening may be less than 4A. A coupled rcsistanéc mcchanism com-
prising a dominant barricr resistance on the surface and a micropore diffusion
resistance within the crystal is proposcd to model the uptake data. Subse-
quently a diffusional resistance appears to control the adsorption rate. The
obscrved phenomena arc similar to Huang and Li’'s model with their film resis-

tance replaced by a barricr resistance.
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TABLE 4.2 Summary of the Henry Constant Mcasurements lor

the Sorption of Nitrogen and Mcthanc on CMS

Temp. K, K, *10° —-Al,
K Chromat. Vol Grav. kcal/mole
Nitrogen
283 14.4
15.8
29% 7.58 10.25
10.48
298.5 10.47
323 7.38 6.693 5.39 60 2.94
6.675 5.31
6.40
348 6.15
352 4.25
4.34
4.51
353 6.16 4.22 3.69
3.76
375 5.24
' 3.90
Mecthanc
297.7 46.83
323 28.5
351.4 16.09 4.337 5.585
400 4.49
420 3.29
5.104
Note : (i) Regression Corrcelation Cocfficient for Nitrogen Data is 0.906

Regression Correlation Cocfficient for Mcthane Data is 0.9914
(2) Q st -RT values reported by Chihara ct al for CMS(14).
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TABLE 4.3 Summary of the Rate Data Measurements for

the Sorption of Nitrogen and Methane on CMS

92

Temp. Volumetric Chromat.
E
k, * 10? k, * 10° k.*10°  k*10° k', * 10°
K s! cm/s s cm/s cm/s kcal/mol
Nitrogen
298 0.151 0.371
323 0.36 [.0 2.1 1.49
0.34 0.947
348 3.18 2.25
352 0.87 2.66 34.37 8.11
0.87 2.66
0.87 2.66
353 0.968 2.97 3.645 2.58
373 3.645 4.59
420 9.5 32.3
Methane
k, * 10° k, * 10°
~297.7 0.212 0.27
323 0.61 0.936
3514 1.8 3.977 3247 13.96
400 30 90.55
420 65. 209.46
55.7 179.53
Note :  (1a) Correlation coefficient for k, for N, is r =0.95

(Ib) Correlation coefficient for k, for CH, is r=0.9936
(2) k, = T(I—(v\’é&— with d, = 0.233 cm, V, = 39.17 cm®, V = 668.2 cm®

—p s 4
\"

except for 297.7 °K, CH, data where V = 1046.2 em®

(3) k, = kd /6 with d, = 0.0425cm.
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Activation encrgy of diffusion in micropore, £, (kcul/mol)

Fig 4.17
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Isosteric heat of adsorption, Qs¢ (kcal/mol)

Correlation of activation energy for this work and activation
encrgy for micropore diffusion reported in the literature with

* -isoteric heat of adsorption {Data abstracted from Chihara, K. ct al,

AICHE Journal 24, 243(1978)}
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CHAPTER 5
PSA SEPARATION OF METHANE - NITROGEN MIXTURES
ON CARBON MOLECULAR SIEVES

5.1 Introduction

Pressure swing adsorption processes arc widely used for gas scparation.
Among the most frequent bulk applications arc oxygen nitrogen separation from
air, paraffin mixturc separation, removal of trace gases such as oxidcsh of nitro-
gen or hydrogen sulfide from bulk gas strecams and air drying. Another potential
application in the oil refining industry is cnrichment of associated gas, essen-
tially a methanc nitrogen mixture with the objective of reducing N, content.
PSA scparation for this mixture is primarily effected by kinctic sclectivity since
cquilibrium sclectivity yiclds a product richer in nitrogen, which is less strongly
adsorbed than methanc while steric selectivity is applicable only in case of mol-

ccules quite different in size.

Kinetic separation is -achieved, in principle, by virtue of differcnce in diffu-
sion rates which is higher for nitrogen, a smaller molecule, as compared to meth-
anc. Although simple in principle, it is a difficult scparation in practice since
the absolute valuc of the diffusional time constants are quitc low and hence
large column length to velocity ratio and adsorption time arc required to achieve
the objective. Another factor is thc adverse cquilibrium sclectivity towards

mecthanc thereby reducing the separation cfficiency. The choice of adsorbent
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with this pas mixture is between 4A zcolite, which has a pore opening sufficient
to give a different diffusion resistance to nitrogen and methane, and carbon
molccular sicve (CMS), a carbon bascd adsorbent tailored to a specific narrow
pore size distribution for obtaining high sclectivity. A further advantage of CMS
is that it is far less hydrophilic than 4A zcolite. In this chapter a bricf review of
PSA processes using CMS is presented. This is followed by experimental PSA
results obtained for two model gas methane nitrogen mixtures (8% and 40%
nitrogen in methanc) under various conditions of flowrates, prcssurc,'purge to
feed ratio and cycle time. The results are interpreted using the dynamic PSA

model of Hassan(1).
5.2 Literature Review

Activated carbon was long known for its sicving propertics but successful
control of its pore size distribution was only achicved in mid 70’s by Walker et
al.(2) and Jungsten(3). This helped in devcloping processes based on the prop-
_erty of molecules selectively penetrating the sieves. The difference in ability of
cach gas to penctrate the adsorbent is the basis of kinetic sclectivity. Carbon
molccular sicves arc mainly used for obtaining nitrogen from air through a
kinctic separation in which oxygen diffuses faster leaving high purity nitrogen as
a product using PSA processcs, and they have been studied quite extensively
(4-7,9-11) for this scparation. Hassan ct al.(4) obtained an efficient kinetic sep-
aration with a high pressure nitrogen product with 1-2 % residual oxygen. Also

a simplified dynamic model for the PSA process was developed based on the lin-
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carized mass transfer rate cxpression and binary Langmuir cquilibrium. Con-
stant pressure was assumed during adsorption and desorption steps but varia-
tion in velocity due to adsorption was considered. Later the cycle was modified
to include pressure cqualization and no purge (5). Ruthven and Farooq(6) stud-
icd air separation on CMS and 4A zcolite achicving a good scparation on both
adsorbents.  Kapoor and Yang(7) studied the kinetic scparation of another
important model mixturc of methanc and carbon dioxide, similar to landfill gas,
using carbon molecular sicve, the advantage of this separation being th'z.1t carbon
dioxide diffuses faster and adsorbs more strongly than mcthanc. Nitrogen meth-
anc mixture scparation using the PSA process has been studied by Kadlec and
Turnock(R) on SA zeolite using a periodic sorption process based on cquilibrium
sclectivity. Recently Acklcy and Yang(9) studied the kinctic scparation of meth-
anc and nitrogen on CMS using a single column PSA unit using a 50/50 feed
mixturc. Purity up to R0% was obtaincd. Vacuum dcsorption was uscd.

Zahur(10) studied oxygen nitrogen separation on the same CMS batch used in

the present study. High purity N, (residual O,=2% ) product was obtained

indicating a good kinctic scparation.
5.3 Theoretical Modeling and Simulation

A simple two bed PSA process (sce Fig 5.1) operated in a cyclic manner as

shown in Fig 5.2 comprises four basic steps:
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1.) High pressure fecd flows through bed 2 where the faster diffusing ( or
morc strongly adsorbed ) specics is preferentially removed leaving a
raffinate strcam richer in the other specics. A fraction of the raffinate

is lct down to a lower pressure for purging bed 1.

2.) Bed 1 is pressuriscd with the feed at high pressurc while bed 2 is depres-
surised in the reverse direction to a lower operating pressure (atmos-

pheric). Neither product or purge strcam flows during this step.
3.) Step 1 repeated with bed 1 and bed 2 reversed.

4.) Step 2 repeated with bed | and bed 2 reversed.

For the simulation of a kinctic scparation process the two main approaches
are the rigorous pore diffusion model as presented by Raghavan et al.(11), Shin
and Knaebel(12) and Farooq and Ruthven(13), or the lincar driving force
approximation(LDF) modecl as prescented by Hassan ct al.(4,5), Kapoor and
~Yang(7) and Farooq and Ruthven(14). The pore diffusion model is quite rigor-
ous and closer to reality but is quite cumbersome 1o solve particularly for a new
system while the LDF model is casier to solve and gives recasonably good results.
For the simulation of mcthane nitrogen separation on carbon molecular sieve
the model developed by Hassan et al.(4), for use in nitrogen separation from air
on CMS, is employed with the following general assumptions:

- (1) The system is assumed isothermal with total pressure remaining con-

stant throughout the high pressure and low pressure operations ( Steps 1

and 3).



(2)

(4

(5)
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The flow velocity varics during the adsorption and dcsorption steps
along the bed as dectermined by the mass balance.
The flow pattern is described by the axial dispersed plug flow model
The cquilibrium relationships for both methane and nitrogen are of the
binary Langmuir type.
The mass transfer rates arc represented by lincar driving force rate
expressions and the rate cocfficients arc taken to be the same for both
high pressure and low pressure steps. This is a reasonable asisumption
when the mass transfer rate is controlled by micropore diffusion which

may be concentration dependent or where a barrier resistance cxists.

For the blowdown step, the following approximations arc introduccd

(H

(2)

The gas phasc mole fractions at the end of the blowdown step remain
the same at each and cvery position in the bed as was prevailing at the
end of the preceding high pressure flow adsorption step but the total
pressurc is reduced instantancously from the high pressure Py, to the
purge pressure Py

The solid phasc concentrations are assumed to remain frozen during this

step.

For the pressurization step, the following approximations arc introduced:

NO

During pressurization by the fecd, the fluid phascs remaining in the bed

from the preceding low pressure purge flow operation arc pushed in
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plug flow towards the closed end of the bed through a fraction of the
length given by (1 — P,/P,;). The rest of the length of bed is filled with

pressurised feed. This was also observed by Fernandez and Kenney(15).
(2) The solid phase concentrations remain unchanged at the values prevail-

ing at the end of the preeeding low pressure purge flow.

Subject to these assumptions the dynamic behaviour of the system may be

described by the following sct of equations (A for Methane and B for Nitrogen):
Step 1: High pressure flow in bed 2 and low pressure (purge) flow in bed 1.

External fluid phasc in bed 2:

e Fe aC v, 1.0
fq/\z — Dy, - v, - +Cy 2+(l r) (-]\Az =0 (5.1)
ot * 522 0z 0z £ Gt
OCM OZCBZ aCm aVz I-g an
~ + +C + L =9 5.
2% Dy, o V2 3z B2 5 ( e ) ot (52)
C,, + Cy, = C,p = constant (5.3)

Adding cquations (5.1) and (5.2) and considering cquation (5.3) gives

C avz + ( l-t:)anz + (l'e)aqnz =0

"oz ¢ ' ot g ot

(5.4)



Solid phasc in bed 2:

0q .
(—;i\z =Ky (94, = Gp))
0q .
(7tm = ky(Q ', — dy)
q. = b,dxsCas
A2 I +b,C,, +5,C,
Q= by QpsCna

[ +b,C,, + b,C

B2

Boundary conditions:

D aC"H = —v,[C,,l C,,l
1.2 62 oo 11 A2 7m0 A2 20 ;]
oC,,
(-,’Z lz-l. - 0
External fluid phasc in bed I:
0C,, 52C oC ov 1-e . 0q
D AL g AL 4 L4 Al
a L 2 Vi 0z Ci 0z ( € ) ot 0

19

(5.5)

(5.6)

(5.7

(5.8)

(5.9)

(5.10)
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2

aCm J Gy 3Cm a\'l I-¢, 99

- =D + +C + B =

at Mo, (> M oz ( a0 -1
C,, + G, = C,, = constant (5.12)

Adding cquations (5.10) and (5.11) and considering equation (5.12) gives

a\'l l-¢ aq,\l + I-¢ aqm

)

C 'y + =
oz ¢ = Ot ( € ) ot 0 , (5.13)

Solid phasc in bed I:

aq .
(—3:\' =Ky (Q 0 — dy) (5.14)
TR (5.15)
ot B oB B D0
where,
q. = badasCai
M I+ bACAl + bl}(:l)l
(5.16)
q. = 0505sCy
" l + b/\C:Al + bBCBl
Boundary conditions:
aCAI ,
DI,I —E—I = —VL [CAllz-— 6" - CA]I7,= o ;] (Sl—/)

2=0
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where,
C,\,lr o C,\,lz__l,_pgpl. (5.18)
aCAI
AL =0
. IZ”L (5.19)

The initial conditions for the startup of the cyclic opcration were both beds
saturated at their respective pressures, i.c. bed 2 at high pressure and.bcd I at
low pressure. The concentration of the gas phase in both the columns is at feed
conditions but at thc column pressurc while the corresponding solid phase con-

centration is given by the Langmuir isothcrm.
Step 2: Blowdown of bed 2 and pressurizativn of bed 1.

These conditions arc not solved in the model but implemented according to

the approximations stated carlier.

" Steps 3 and 4 are cssentially the same cxcept for the reversed flow direc-

tions.

The above equations are written in dimensionless form ( scec Appendix A-3)
and solved by the method of orthogonal collocation to give the velocity as well
as the gas and solid phase concentration profiles as a function of dimensionless

bed distance for the rcal time simulation.
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The essential parameters in the model are the axial dispersion coefficients,
D, , thc Langmuir constants b,, b, q,, q;, and the ratc constants k, , k, . The
axial dispersion cocfficicnt is calculated according to the following cquation sug-

gested by Ruthven(16).

D, = 0.7* D, + 0.5 *2*R v, (5.20)

The Langmuir constants b,, by, q,. q, arc determined by experimentally gravi-
metric and volumetric methods. Literature data are not used duc to the non
uniformity in CMS synthesis. The data so obtained is presented in Table 5.1.
The other cssential parameter in the model is the rate cocfficient in thc mass
transfer rate cxpression given by (5.14) and (5.15). This is a simplificd cxpres-
sion tumping the mass balance within the particle by an overall uptake. Gener-
ally in a practical kinctic separation process the fluid film resistance and macro-
pore resistance are not significant as compared to the micropore diffusion hence
this rate cocfficient is normally expressed as a function of the diffusional time

_constant:
k = Q— (5.21)

The factor Q was generally taken as 15 for most applications following Glue-
kauf’s study(17), although this was derived for an isolated particle and only
valid for Dt/r* > 0.1. Applicability of Q, known as the LDF approximation, to

cyclic sorption process was studicd by Nakao and Suzuki(18) who concluded
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that the factor was cycle time dependent and had a valuc of 15 at Dt/r? = 0.1.
Raghavan ct al(11) studied this factor for a PSA application and concluded
that it depended on cycle time and to a lesser extent on the degree of non-linear-
ity of the isotherm and the naturc of the diffusion mechanism. The valuc of Q
varicd from 40 at low cycle times to less than 15 at large cycle times. The
results of these studics are shown in Fig 1.2. Recently Buzanowaski and
Yang(19,20) presented the LDF approximation as a sum of two terms. The scc-
ond term was added to account for the cycle timec variations. The usc of this

approximation is cumbersome.

The most recent simulation study of Farooq and Ruthven(21) comprised
solving a kinctically controlled PSA system for a binary Langmuir system with
full binary diffusion equations, accounting for the concentration dependency of
micropore diffusion. A kcy conclusion of their study was that a constant diffu-
sivity diffusion model, with calibrated effective diffusivitics, provides no further
improvement over the constant diffusivity LDF model with calibrated Q values.
This conclusion along with advantage of computation time places the LDF

modecl as a preferable alternative.

For the present study the values of the barrier and diffusional resistance
were cxperimentally determined and reported in Chapter 4. The overall rate
constant was determined from these combined resistances using cquation 4.25.
TFhe overall resistance used in the simulation are given in Table 5.1. For com-

parison with the standard Q factor in the PSA modecl, a new factor @ is defined
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as follows :

O =Q/15 (5.22)

which is a function of dimensionless cycle time 0_ defined as follows:

0, =kt,/15=Dt,/r (5.23)
The solution of these modecl equations is discussed later in the chapter.
5.4 Apparatus:

A schematic diagram of the two column PSA unit is shown in Fig. 5.1 and
details of instrument spccifications are listed in Appendix A-2. The two stain-
less steel columns (internal dia. 3.45 cm, length 51 cm.) were packed with a
known amount of carbon molecular sicves (Table 5.1). Both the columns are
connccted at onc end by 1/4 “ stainless stecl(SS) tubing through a pair of three
way solenoid valves, onc for introduction of the feed stream to cither of the col-
~umns and the other for releasing the purge stream from cither of the columns.
The feed gas flow is monitored by an clectronic mass flow indicator and control-
fer from the high pressure cylinder. The purge gas, apart from a portion going to
the sampling loop for analysis, flows to the flarc system through a mass flow
indicator. At the other cnd of cach column the product stream is divided into
two parts, onc part going to the other column as a purge gas through a two way
solenoid valve and a manual control valve, and the other to the flarc system and

the sampling loop through a solenoid valve and a mass flow indicator. Scquen-
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tial switching of the two and three way solenoid valves was controlled by an
Xanadu universal programmable timer. The flow rates of feed, product and
purge strcams were monitored and controlled using Matheson flow indicators
and controllers and the corresponding continuous output obtaincd on strip chart
recorders. Typical outputs are shown in Figs. 5.3 and 5.4. Pressure was moni-
tored by an Edwards clectronic manometer through a transducer. The product
and purge strcam werce analysed by withdrawing gas samples through a manual
sampling loop on Gow Mac gas chromatograph. A 20 % chromosorB column
along with a Thermal Conductivity Detector was used and a typical output

from the Hewlett Packard Integrator is shown in Fig. 5.5.

5.5 Procedure

The packed columns were purged overnight with helium flowing through it
to remove the adsorbed gases. The experiments were performed with two model
feeds ( 40% and 8% nitrogen in methane) and in accordance with the two bed
PSA cycle consisting of adsorption, blowdown, desorption and pressurisation
steps described in detail later in the chapter. The feed rate control valve was
fully open since the pressure was controlled. Feed was introduced at high pres-
surc in onc column while the other column was dcsorbed, in most of the runs,
by blowdown and purging, at atmospheric pressure, with a part of the product
stream. Continuous methanc or nitrogen analysis, highly desirable, was not pos-
sible and accordingly the product and purge strcam were analysed intcrmittently

using the gas chromatograph. The actual concentration was corrected bascd on
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a previous calibration. Sampling time was limited to onc sample every 2-3 min-
utes; hence a sample was taken 2 scc prior to the end of adsorption or desorp-
tion step. In case of short cycle time a sample was analysed once cvery 3 - 4
cycles. Duc to these limitations the results were studied for cyclic steady state
conditions, however, somec samples were analysed during the initial unsteady
state period. In some cases samples were also analysed for the complete duration

of the cycle after the cyclic steady statc conditions were reached.

Flow rates did not reach stcady values for the adsorption and desorption
step in case of short cycle time of 60 sec but was steady for larger cycle time of
300 scc. and above. At cyclic steady state conditions a concentration profile for
the duration of a cycle was obtained to account for the concentration variation
during the course of the cycle. The data and parameters uscd in the experi-
ments are listed in Table 5.1. The raw data obtained from the experimental runs

is listed in Appendix A.1.1.

5.6 Restlts and Discussion

A summary of the experiments performed on the column PSA units is pre-
scnicd in Table 5.2. The cssential paramcters for cach block of runs are tabu-
lated. The essential parameters in PSA that affect the separation arc the cycle
time, length to velocity ratio, high to low pressure ratio, and purge to feed ratio.

The present experimental data was studied for different L/v ratios, purge to feed
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ratios and cycle time since the results of a trial run indicated that high pressure
did not af; fect the separation significantly. For this reason the pressure ratio was
kept at 3 to 1. for all the runs. Runs 1-6, 7-12, 13-24 and 25 arc four scts of
experiments with different operating conditions. The cffect of cycle time on the
exit methane concentration was studicd in each sct with the remaining opcrating
conditions fixed at tabulated valucs. In the first sct of 6 experiments (Runs 1-6)
with L/v,, &= 25 it was observed that at a low cycle time (60 scc) the exit meth-
anc concentration was lower than the fecd but with increasing cycle time the
methanc concentration increascd to reach an optimum at 180 scc. This bechav-
iour is expected in a kinctic scparation as increased time for sorption initially
lcads to increcascd sorption of the faster diffusing specics but further time
increase results in competitive diffusion of the slower diffusing species. In the
next sct (Runs 7-12) the inlet velocity during adsorption was reduced i.c.
/v, ¥ 40 and thc purge to fced ratio was incrcased as compared to the earlier
sct. Both these factors improved the scparation as expected. Also the optimum
. cycle time was higher at 240 scc (Run 11) with a higher concentration. In the
third sct of experiments (Runs 13-24), the velocity was further reduced so that
L/v,, = 69 and the purge to feed ratio was slightly less than the second set. The
cxit mcthane concentration in this set spanned from 48 % at a cycle time of 60
scc(Run 13) to an optimum of 76 % at 540 scc (Run 21). A comparison of
Runs 5,10,16 which have the same cycle time indicates an optimum L/v,, cxists.
Run 25 was done with a limiting low velocity, for the cxisting cxperimental

sctup, and also at a low purge to feed ratio compared to all the carlier sets. The
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cxit concentration was the same as Run 22, which has the same cycle time, indi-
cating that a lower purge is offset by a higher L/v,, ratio. The purge concentra-
tion was also mcasured in this run and it showed a concentration higher than
the feed, which is not expected in a casc when the product concentration is
higher than the feed. This was attributed to the sampling time and is discussed
later. Runs 26-30 were performed with the other model feed (8% nitrogen in
methane) with the same operating parameters as Run 25 and the trend was sim-
ilar to the carlicr scts. The optimum cycle timec was 720 sec. The purg'c concen-

tration is higher than the feed in these cases also.

The sampling of product and purge was limited to a maximum of onc per
cycle for cycle times greater than 240 scc and onc per 3-4 cycles for shorter cycle
times. The exit concentration presented in Table 5.2, were measured 2 seconds
prior to the end of the sorption step to provide the best available concentration
mecasurement for each step. In order to ascertain the behaviour of the exit con-
centration profile at cyclic steady state typical product and purge profiles, dur-
" ing the course of a cycle, for cycle times of 100 scc (Run 26) and 600 sec (Run
25) were measured and are shown in Figs 5.6 and 5.7 respectively. The purge
concentration for the 100 scc cycle oscillated about the feed level while the prod-
uct concentration oscillated below the feed level and vice versa for the 600 sec
cycle. The concentration at half cycle, at 288 scc for the 600 sec cycle, matched
the tabulated sample value and is also higher than the feed at that instant. This
cxplains the unusual purge concentration observed. Note that the average purge

concentration is approximately 53%.
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The discussion so far has been limited to the cyclic steady state experimental
conditions but the concentrations were also measured prior to reaching these
conditions. The experimental product and purge concentration profile along
with the simulated theoretical curves (discussed later) as a function of the num-

ber of cycles for various runs arc shown in different figures as follows :

(1) Runs [-6 in Fig. 5.8 (product only)

(2) Runs 7-12 in Fig. 5.9 (product only)

(3) Runs 13-18 in Fig. 5.10 (product only)
(4) Runs 19-24 in Fig. 5.11 (product only)
(5) Run 25 in Fig. 5.12 (product and purgc)
(6) Runs 26-30 in Fig. 5.13 (product only)
(7Y Runs 26-30 in Fig. 5.14 (purge only)

A gencral observation from these figurces is that the cxit concentration, ini-

tially at feed conditions, moves monotonically to the steady state conditions. In
all the runs the s.tca(ly statc conditions were reached in 8 to 12 cycles. The
cyclic steady state product concentration for the four scts of cxperiments (Runs
1-6, 7-12, 13-24, 26-30) comprising both modcl feeds are plotted along with the

theoretical curves, discussed later, as a function of cycle time in Fig 5.15.

The simulation studics for the experiments discussed above were performed

based on thc mathematical model described carlier in the chapter. Five point
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orthogonal collocation technique was used and the corresponding ordinary dif-
ferential cquations werce solved using Gear’s method. The theorctical curves
obtained were plotted along with the experimental data. The main parameters
needed for the model were the dispersion cocfficients, adsorption cquilibrium
constants and mass transfer ratc constants. The dispersion cocfficients were
computed through a corrclation described carlier while the equilibrium and mass
transfer rate constants were experimentally determined and the data is presented
in Table 5.1. The mass transfer ratc constants tabulated were determined
experimentally from the volumetric uptake rates in a particle subjected to a step
change boundary condition. The basis for using these rate constants for a cyclic

PSA process comes from previous studics and the discussion of this follows.

The mass transfer rate process in an adsorption process is described by
cither a rigorous porc model or a simplificd expression relating the uptake in a
particlc to the bulk flow concentration. The approaches for the latter method,
reviewed by Yang(22), arc the two term driving force, lincar driving force or the
non lincar driving forcc approximation. Two term as well as the lincar driving
force approximation were suggested by Gluckauf and resulted from the solution
of thc uptake rate in a spherical particle for different increases in bulk phase
concentration. The solution for Dt/r* > 0.1 is
n’D

2 *
Fale S (q — @) + (l ——;—%) %—- + higher derivatives (5.24)

(a3
£
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This is the two term approximation and it simplifics to the lincar driving force
(LDF) approximation if the conditions in the interior are close to cquilibrium
(for large D or at long time) as

&g _ 15D, .
T @ - (5.25)

The term 15D/r? is the mass transfer rate constant cquivalent to the value tabu-
lated in Table 5.1. This approximation predicts lower uptakes if thé amount
adsorbed is small. For a step function change in concentration Vermuclen(23)
derived the following non lincar approximation:

e 2 *2 =2

@ _mD (" - 7q)

a-5 = (5.26)

This approximation is good for a steep isotherm. Among the approximations,
LLDF is sufficicnt in most cascs. The applicability of the LDF mass transfer
rate approximation to a cyclic process was studied by Nakao and Suzuki(18) by
comparing the uptake in a spherical particle under cyclic step change in gas
phasc concentration using the rigorous and LDF models. It was observed that
the factor Q was a function of cycle time as shown in Fig. 1.2 and was 15 for
conditions close to thosc specified by Gluckauf. This was further studied for
application to a PSA process by Raghavan ct al.(11). This was to account for
the interactions in a packed bed which may be absent for an isolated particle.

The result is also shown in the same figure and it indicates that at a lower
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dimensionless half cycle time (0.1 to 1 x 10*) the value of Q increases and levels
off at 30 at approximatcly a half cycle time of 0.01. This establishes that the
tabulated ratc constants equivalent to 15D/r’, arc good for a basis in PSA

modelling but may nced adjustment to correlate the data.

Simulation of Runs 13-24 was performed using the lincar driving force rate
constants tabulated in Table 5.1. This is cquivalent of Q = 15 or ® = 1. This
set of runs was chosen duc to a wide span of of cxit methanc concentration
obtained by just varying the cycle time. The corresponding result is plotted in
Fig. 5.16, thc curve with legend 1/1. The legend signifies @ used for methane
and nitrogen respectively. The simulated concentration is much lower than the
experimental results and not sensitive to cycle time. The next step was to assume
that (@ varics as cycle time similar to Q. With this assumption and for a typical
adsorption step of 234 sec (cycle time of 540 sec) the Q value for methane and
nitrogen according to Raghvan’s Plot (Fig. 1.3) is 30 and 15 respectively. The
corresponding @ is 2 and 1 respectively. The dimensionless half cycle time for
these points is 6.9 x 10”° and 0.014. These factors did not vield satisfactory
results. Indeed valucs of @ of 10 and 20 for both mcthanc and nitrogen, as
shown by the curves 10/10 and 20/20, predicted the results at specific cycle
times but not in gencral. The trend among these curves shows that a higher
value of the factor predicted accurately at a higher cycle time. This was con-
trary to the carlier studies discussed above in which Q decreased with cycle

time. The factor, @, for nitrogen was more sensitive as compared to methane
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since varying the factor for mcthanc between | and 125 had no significant effect
on the predictions while varying it for nitrogen between 1 and 30 was sufficient
to predict the results satisfactorily except for shorter cycle times. It may be
noted that for all positive values of @ the lowest predicted concentration limits
to the feed concentration. The F]owcr limit of @ was retained as unity for this
recason. In this model an increasc in @ physically mecans a lower mass transfer
resistance.  Since the predicted concentration were lower than cxpected for
methane the obvious deduction was to increase the theorctical mcthz;nc resis-
tance or decreasc the theorctical nitrogen resistance. These two alternatives were
cxamined by fixing the nitrogen factor at a specific value and varving the factor
for methane and vice versa. The first alternative is represented by the M/24
curve where the factor for methane was varied from 1075 to 125 in accordance
with Suzuki ct al’s plot and for nitrogen fixed at 24. From the curve it is evident
that the predictions were not satisfactory. The sccond alternative was repre-
sented by I/N curve where @ for methane was retained as 1 since it had no sig-
nificant effcct on the cycle time and for nitrogen it was varied from | to 30 to
correlate satisfactorily except for shorter cycle times. The experimental data
obtained at shorter cycle times arc expected to be under unstcady and develop-
ing conditions and hence not reliable for correlation purposes. This shows up in

the tabulated results of Runs 7,8,13,14 and 26.

The value of ® for Runs 13-24 and the corresponding cyclic stcady state

concentrations for this set arc tabulated in Table 5.2. The results are also plot-
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ted in Figs. 5.10, 5.11 and 5.16 and a good fit is observed. These values for ¢

were usced for other data sets (Runs 1-6, 7-12, 25, 26-30) and the corresponding
cyclic stecady statc concentration are also tabulated in Table 5.2. The theoretical
concentration curves so obtained are plotted with the corresponding cxperimen-
tal data in Figs. 5.8 to 5.15 for the runs in which the product concentration is
morc than the feed concentration. Purge concentration is plotted for Runs 25-30
since it was only mecasured for these runs. A plot of ® for both methanc and
nitrogen versus dimensionless half cycle time in Fig 5.17 indicatces a liﬁcar rela-
tionship for values of {_ greater than 0.0045. The minimum value of @ used
was I. The dimensionless half cycle time was calculated according to cquation
5.23. The LDF factor Q, used by Suzuki and Raghavan and its cquivalent in
the present study [5*® were plotted as a function of the dimensionless half
cycle time in Fig 5.18. The unusual behaviour of the present results arc obvious
and indicates that the controlling mechanism is not only an internal diffusion
process. This is consistent with the results of the adsorption uptake experiments
which indicate that the controlling mechanism is a barrier resistance coupled

with micropore diffusion.

The thcoretical curves plotted along with the cxperimental data as a func-
tion of cycles clapsed in Figs 5.8-5.15 arc consistent with the cxperimental data.
The theoretical concentrations for Runs 13-24 fits the data quite well cxcept for
shorter cycle times while deviations in case of other scts are obscrved because of

a common @ used for all sets, assuming it to be a cycle time dependent parame-
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ter. The trend was acceptable for the entire range of data and no unusual
behaviour was obscrved. The deviations were also noticeable duc to the magnif-
icd scale for individual scts. The cyclic steady state data plotted collectively on
Fig 5.15 shows that the predicted results scems quite reasonable. Plot of con-
centration as a function of L/v,, ratio with cycle time as a parameter is shown in
Fig 5.19. The cxperimental and theorctical results do not show the same trend.

The experimental data indicates an optimum L/v,, for each cycle time while the
simulated results predicts a monotonic increase with L/v,, and is in agrn*:cment'at
L/v,, of 68.7. A possiblc rcason for such a bchavior is the assumption that @ is
only a function of cycle time. Since b was corrclated based on runs with L/v, of
68.7 agrees with the experimental data it is likely that @ is a coupled function of
cycle time and L/v,. No functionality was obtained duc to lack of sufficient
data and back up from litcraturc. Qualitatively variation in cvcle time and L/v,

have opposing effects on the adsorption and desorption steps; hence an optimum

is expected in these paramcters.

Typical theoretical gas and solid phase concentration profile and the velocity
profilc as a function of time (No. of cycles) and also as a function of dimension-
less distance are plotted in Figs. 5.20-5.27. These results were obtained during
the simulation of Run 21. Fig 5.20 shows the gas phase mecthane concentration
at the end of the adsorption step along the column for specific cycles while Fig
5.21 shows thc same at specific locations in the column with time. A monotoni-

cally incrcasing profile is obscrved along the column which reaches the cyclic
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steady state in 4-5 cycles. Fig 5.22 shows the solid phasc methane concentration
at the end of the adsorption step along the column for specific cycles while Fig
5.23 shows the same at specific locations in the column with time. A reduction
in concentration from the initial saturated condition, higher at the entrance than
the exit, is scen. This is expected since the saturated conditions are not reached
during cycling. The solid and gas phase mcthanc concentration are in tunc along
the length of the column. Fig 5.24 and 5.25 show similar plots for the solid
phase nitrogen concentration at the end of adsorption step. In this.case the
reduction in concentration is less near the cntirance and more towards the exit
which is cxpected due to the corresponding gas phase profilc. Fig 5.26 shows
the normalized velacity profile at the end of the adsorption step along the length
of the column for different cycles while Fig 5.27 shows the same with time at
specific locations in the column. The reduction in velocity duc to adsorption is

cvident and the profile reaches stcady state in 4-5 cyclcs.

The velocity used in the experiment was the limiting value for the existing
L /vy, ratio. The only other way to increase the L/v, ratio is by using a longer
column. The purge to feed ratio used was also on the high side and further
increasc renders thc process impractical. An alternative method is to have
uncqual sorption time cither by using more than two columns or on a single col-

umn set up. These modifications could lead to higher product concentrations of

mcthane.
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5.7 Conclusions

Experimental PSA studies were done with two model methane nitrogen
feeds (8% and 40% nitrogen in mcthane) using a two column sct up with car-
bon molecular sicves. A four step PSA cycle was used. Exit methane concentra-
tion spanncd from 48% to 76% for the 60% feed and up tob 96% for the 92%
fecd. An optimum cycle time as well as L/ v, ratio was obscrved for a set of

operating conditions.

Simulation studies to interprct the experimental results were done with an
LDF dynamic modecl. The parameters for the simulation were experimentally
determined. Corrclation of data based on the micropore diffusion LDF approxi-
mation, Q, was not possiblc but with an equivalent factor 15*® based on a
dual resistance model the results were in fair agreement in licu of the simplified
modcl. This factor increased lincarly for dimensionless half cycle time >
0.0045. The hypothesis of barrier resistance control rather than micropore dif-
fusion control gives significantly diffcrent results for the LDF parameter. Cor-

rclation results were consistent with cycle time but not with L/ v,,. A possible

rcason is that ® is a coupled function of cycle time and L/ v,
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Table 5.1
Experimental Conditions and Parameters used

in the simulation for two column PSA Unit.

I‘ced gas composition, cither 60°%CH, , 40%N,
or 92%CH,, 8%N,

Column length (two column unit) Sl cm
Cross scctional arca 9.35 cm?
Bed voidage 0.4
Adsorbent Carbon molccular sicve
Amount in each column 360 grams
Particle size 3.18 mm pelicts
Equilibrium constant for CH, 54.14
Equilibrium constant for N, 9.88
Saturation concentration for CH, 0.00255 mole

c
Saturation concentration for N, 0.00182 m03c
Barricr Resistance for CH, 4.82 x lO'(’cr:cc"
Barrier Resistance for N, 9.99 x 10* scc”
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Fig 5.1 Schematic Diagram of (he Two Column PSA Experimental Unit
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CHAPTER 6
PSA SEPARATION OF METHANE - NITROGEN
MIXTURES ON ZEOLITE 4A

6.1 Introduction

Kinctic scparation is achicved, in principle, by virtuc of difference in diffu-
sion rates which is higher for nitrogen as compared to methane in 4A zeolite.
Although simple in principle it is a difficult separation in practice. The only
kinctic PSA separation using zcolitc 4A that is studicd in the litcrature is air
scparation. In case of nitrogen methane mixture no previous study has been
donc using 4A zcolitc but some study has been reported using carbon molecular
sicve as presented in the earlicr chapter. An advantage of 4A zcolite over carbon
molccular sicve is the uniformity of pore opening leading to better selectivity. In
this chapter a brief rcview of PSA processes using 4A zcolitc is presented fol-
lowed by PSA cxperiments performed using model methane nitrogen mixtures
" under various conditions of flowrates, pressure, purge to feed ratio and cycle
time. Also an existing kinetically based separation model is applied to fit the

cxperimental data.

6.2 Literature Review

Kinctic scparation of binary mixtures using PSA has been studied and

cxploited in a limitcd way. The earliest study on the concept for producing
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nitrogen from air using zeolite 4A came from Keller as a patent (1). Scparation
of air using molecular sieve carbon (MSC) is an example of commercialization of
a kinctic scparation process(2). Shin and Knaebel studicd nitrogen scparation
from air with 4A zcolitc thcoretically(3) and tested the modcl with experiments
on air separation using sicve RS-10 (4). Kceller and Yang(5) c*pcrimentally stud-
icd the separation of nitrogen from air with 4A zeolite with regards to improving
the nitrogen recovery by introducing a delay step, cocurrent and counter current
blowdown. Kapoor and Yang (6) studied the Kinetic separation of landfill gas
into methane and carbon dioxide by MSC. Zahur (7) studicd air separation with
4A zcolite to rccover both oxygen and nitrogen by adjusting the operating
paramcters. It is cvident from this briel review that most cxperimental and theo-
retical studics on 4A zcolite are dedicated to air scparation and till date no
cxperimental or thcoretical study on mcthane - nitrogen scparation with 4A

zeolite has becn donc.
6.3 Theoretical Modeling and Simulation

For the simulation of a kinctic separation process the two main approaches
are the rigorous pore diffusion model as presented by Raghavan ct al.(8), Shin
and Knacbel(3) and Farooq and Ruthven(9), or the lincar driving force(LDF)
modcl approximation as presented by Hassan et al.(10,11), Kapoor and Yang(6)
and Farooq and Ruthven(12). The pore diffusion model is quitc rigorous and

closer to reality but is quite cumbersome to solve particularly for a ncw system
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while the LDF model is casicr to solve and gives reasonably good results. For
the simulation of mcthane nitrogen separation on 4A zcolite the model devel-

oped by Hassan ct al.(10), for use in nitrogen scparation from air on MSC has

been used.

The model equations were formulated in chapter 5, were written in a dimen-
sionless form (scc Appendix A.3) and solved by the method of orthogonal collo-

cation to give the velocity as well as the gas and solid phasc concentration pro-

files as a function of dimensionless bed distance for the real time simulation.

The essential parameters in the model are axial dispersion coefficient, D, ,

the Langmuir constants b, by q,,, q,, and the lincar driving constants k, , k, .
The axial dispersion cocfficient is calculated using cquation 5.20. The Langmuir
constants werc cstimated in Chapter 4. It is worthwhile to mention that
although the Henry law constant for methane and nitrogen arc reported in the
literature, the fit to a Langmuir isotherm is not exact and hence these values
~ were used as a guidelinc for simulation studies and modificd within limits. The

ratio of K, : Ky, was retained as 3 as obscrved in the reported data.

Onc of the key parameter in a kinetic separation simulation is the estima-

tion of lincar driving force (LDF) constants k¢, and k. This LDF constant is

a lumped paramecter of thc various resistances added together. Assuming that
micropore diffusion controls the process, the LDF approximation for a compo-

nent A is written as



174

The value of Q, was obtaincd by Gluckauf(13) to be 15 for the spherical
diffusion in a sphere for a step change boundary conditions. Later this was
modificd, for cyclic adsorption processes through a study of a single particle
under cyclic boundary conditions, by Nakao and Suzuki(14). They ol;servcd a
cycle time dependency and conclude that a value of 15 is only truc for the casc
when 0, the half cycle time, is close to 0.1. This study was done on single com-
ponent adsorption. For low cycle time, the value of Q was as high as 100 while
the lower limit was about n?. Lately Buzanowaski and Yang(15,16) presented
the LDF approximation as a sum of two terms. The sccond term was added to

account for the cycle time variations. In the present study the Q parameter for

both components was taken as 15 based on Gluekauf’s approximation to begin

... with and subsequently adjusted.

6.4 Apparatus
6.4.1 Two Column PSA unit.

The two column unit described in Chapter 5 was used for the experiments.
The only obvious modifaction was to pack it with 4A zcolite rather than CMS.

Details on thc columns arc given in Table 6.1.
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6.4.2 Description of a Single column PSA unit.

A schematic diagram of a single column PSA unit is shown in Fig. 6.1. The
stainless steel column (dia. 3.45 cm, length 35 cm.) was packed with Lindc 4A
zeolite. The column was connccted at onc end by 1/4 ” SS tubing fhrough a
three way solenoid valve for introduction of the the high pressure feed stream to
the column and release of thc blowdown and purge. The feed gas enters
through an electronic mass flow indicator and controller from the high pressure
cylinder. At the other cnd of each column a three way solenoid valve either
directs the product to the the flare system through a sampling loop, or intro-

duces a purge gas through an clectronic mass flow indicator and controller and

a two way solenoid valve.

Scquential switching of the two and thrce way solenoid valves was control-
led by Xanadu universal programmable timer. The flow rates of feed, product
and purge streams were monitored and controlled using Matheson flow indica-
tors and controllers and the corresponding continuous output obtained on strip
chart recorders. The product and purge stream were analysed by withdrawing
gas samples through a manual sampling loop on Gow Mac gas chromatograph
;"md the output obtained through Hewlett Packard Integrator. Details of the

instrument specifications are listed in Appendix A.2.
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6.5. Procedure
6.5.1 Two Column Unit:

The packed columns were regenerated overnight at 150° C with helium flow-
ing through it to remove the adsorbed moisture (x22%). The experiments were
performed with two model fecds ( 40% and 8% nitrogen in methanc) and in
accordance with the usual two bed four step PSA cycle described in the earlier
chapter. Fecd was introduced at high pressurc in onc column while the other
column was decsorbed, in most of the runs, by blowdown and purging with a
part of the product strcam at atmospheric pressure. In some of the runs vacuum
blowdown and purge was used. Continuous methanc or nitrogen analysis,
although very much desired, was not possible and as a result the product and
purge strcam were analysed intermittently. Sampling time was limited to one
" every 2-3 minutes; hence only one sample was taken at a time when the sorp-
tion step was about to end i.c. 2 sec prior to the end of adsorption or desorp-
tion step. In case of short cycle time a sample was analysed once every 3 - 4
cycles. Sampling was not done for the vacuum desorption step. The nccessary
data and paramcters used in the experiments arc listed in Table 6.1. The raw

data obtained from the cxperimental runs are listed in Appendix A.1.
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6.5.2 Single column Unit:

The packed column was regencrated overnight at 150° C with helium flow
to remove the adsorbed moisture (*22%). The experiments were performed
with two model feeds ( 40% and 8% nitrogen in methanc) and in accordance
with thc usual one bed PSA cycle. Feed was introduced at high pressure from
the bottom of the column while the top of the column was shut during pressuri-
zation step and open during the adsorption step to withdraw the produ‘ct. Dur-
ing blowdown the bottom of column is either opened to atmosphere or vacuum
while the top of the column is shut. In casc of atmospheric purge, gas is intro-
duced from the top while the bottom is open to atmosphcrrc. In case of vacuum
purging thc condition is same as blowdown. The product and purge stream
were analysed periodically. Sampling time was limited to one every 2-3 minutes.
A sample was taken 2 scc prior to the end of adsorption or desorption step. In
casc of short cyclc time a sample was analysed once every 3 - 4 cycles. Sam-
_pling of the purge was not done for the vacuum desorption step. The necessary
data and paramcters uscd in the experiments are listed in Table 6.1. The raw

data obtained from the experimental runs is listed in Appendix A.1.

6.6 Results and Discussion

PSA experiments were performed in two column as well as single column
units with the basic objective of reducing nitrogen in the high pressure product

strcam. The experiments were done in the two column sct up initially and later
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followed with single column unit. Although a continuous mcthane analysis for
the product and purge was desirable, the analysis in the present study was inter-
mittent as it was donc by gas chromatograph. Duc to this limitation the results
were studied for cyclic steady state conditions; however, samplcs were also anal-
yscd during the initial unstecady state period. In some cascs-samplcs were also
analysed for the complete duration of the cycle after the cyclic steady state con-
ditions were reached. The raw experimental data is presented in Appendix A.l.
A summary of of the two column experiments is presented in Table 6.2. The
cssential parameters studied along with the cyclic stcady state concentration as
well as maximum concentration during the cycle arc presented. The maximum
conccntration during the course of a cycle at cyclic stcady state, when measured,
is shown in the last column of the Table and it is tabulated as the steady state
concentration otherwisc. Runs [-24 werc performed at ambicnt temperature
and Runs 25, 26 at 90°C . A genceral obscrvation for all the runs indicate that
exit methane concentration is closc to as well as less than the feed concentration.
" This indicated that there was practically no separation and the cffect of varying
paramcters such as cycle time (Run 1-6), purge to feed ratio ( Runs 2-4 and 7-9)

also had practically no effect on the separation. Different velocities i.e. different

L ratio and pressure also has no effect on the separation. The rcasons that
v
H

lead to such behaviour are :

-
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1.) Kinclics is favouring nitrogen which is diffusing faster than methane
while equilibrium is favouring mecthanc which is more strongly
adsorbed. This opposing behaviour reduces the separation sclectivity.

Similar situation is obscrved in casc of air scparation on zcolite 4A.

2)) High pressurce cxit strcam used as a low pressure purge is not rich
cnough in mcthanc to clean the other column of nitrogen and this spiral-

ing effect tends to lower separation efficiency.

3.) The adsorption and desorption time are always the same for a two col-
umn system duc to symmetry of operations and this limitation is a

handicap in system where the adsorption and dcsorption times are dif-

ferent.

The first rcason is ruled out since in casc of a kinctic scparation with
increasing cycle time there should be a rise in methanc exit concentration till an
~optimum is reached after which there will be a decline. This bchaviour can be
cxplained because more nitrogen diffuses with increascd time to the limit when
sufficient methane starts diffusing and getting adsorbed. This was not observed
as indicated by Runs 1-6. The second recason was ruled out from the results of
Runs 24-26. In these runs the columns were saturated with pure methane prior
to cycling thereby maintaining a high concentration of methane in the purge
strcam for the ﬁrst few cycles but the cyclic stcady state concentration was no

different from the earlier case. Vacuum purging was not uscd for the two col-
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umn unit since it reduces to two single column sctup in series but with a limita-
tion of cqual adsorption and desorption time. This alternative was cxplored on
the single column unit later on. Since no separation had been obtained on the
two column units, single column cxperiments were performed to study the effect
of the different adsorption and purge times, and the effccf of purc gases as

purge and vacuum purge.

Results of the single column PSA experiments are summarized in ’i‘ablc 6.3.
The objective of these experiments were to study the cffect of methane, helium
and vacuum purging as well as different adsorption and purge duration on the
mcthane nitrogen scparation. Runs 1-4 were pcrformcd using mcthanc as a
purge gas. In Run 1 the overall concentration of mcthane entering the column,
60% in the feed and pure methane in the purge, is about 73%. A cyclic stcady
state cxit concentration of 82% (Run 1) and a pcak concentration of 94%
implics an effective enrichment of morc than v9%. Also for Runs 2-4 a similar
~ calculation indicates that enrichment occurs. Use of methane as a purge gas
confirms that separation is viable provided better desorption of nitrogen is
achieved. Since methane is the desired end product, use of purc methane as
purge is not of much importance. The other alternative was to use helium, an
inert gas, as a purge. Runs 5-24, 43-45 wcre donc using helium as a purge gas
under various operating conditions. Run 5 was done under conditions of equal
adsorption andn purge duration using helium as a purge. No enrichment of meth-

ane was observed. In Run 6, the purge period is thrice the adsorption time and
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also the latter is same as Run 5 as the cycle time is doubled. A 7% increase in
thc mecthane concentration is observed. A loﬁgcr period for purging the bed is
nceded because of two factors. First, the diffusion favours nitrogen while equi-
librium favours mecthane but this is true also for oxygen nitrogen separation on
zcolite 4A and yet it is possible to scparate them with syrﬁmctric operations.
This is duc to the sccond rcason namcly that the absolute value of the adsorp-
tion cquilibrium constants for methane and nitrogen arc much higher than

nitrogen and oxygen and hence a larger amount of these species are adsorbed.

Improvement in the separation due to a longer purge duration was further
refined by merging the pressure and adsorption step which in cffect gives more
time for the adsorption step. Runs(7-24) were performed with this option. Runs
7-13 indicates for the effect of cycle time showing the expected gradual increase
in mcthane concentration till an optimum of 77% (Run 1) is achicved and then
a drop further on. Comparison of Runs 9-11 and 14-16 indicatc that a higher
~ pressure ratio is not favourable. From Runs 7-13 and Runs 21-24 the expected

improvement in concentration due to a higher L/v, for the same purge flow rate

was obscrved. The purge to fecd ratio is different in the two cases.

Another alternative to inert gas purging was vacuum. Although this process
implics an cxtra energy input it is used as a viable alternative when high pres-
surc product used as a purge stream is not sufficient to clean the bed. Runs

25-42 were performed with vacuum purge. Runs 21-24 and 25-29 indicate the
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relative performance of the incrt gas and vacuum purging. Vacuum purging,
although less cfficient, is preferable to incrt gas purging since the latter intro-
duces an extra component in the mixturc. With the exception of cycle time
there is a negligibic cffect of pressure (Runs 26-27 and 31-32) or L/ v, (Runs

30-33 and 34-36) on the cxit concentration.

Runs 41-45 were done for thc model feed containing 92% mecthane in nitro-
gen. Obscrvations were similar to those obtained above. The cxp;zrimental
results from two column and single column units were quite apart. There was
depletion from 60% in feed to 55% in product in the former and cnrichment up

to 82% in thc latter.

Simulation and corrclation of this diverse cxperimental data was done using
the mathematical model described carlier in the chapter which was solved using
orthogonal collocation. The paramcters necded for this dynamic model were the
axial dispersion cocfficicnt, adsorption equilibrium as wecll as the mass transfer
coefficicnts. For a start these were either computed through correlations (e.g.
D, ) described carlier or taken from literature ( D/r’,b,q,), as presented in
Chapter 4, and listed in Table 6.1. The mass transfer coefficients for the solid
phasc were described by the linear driving forcc approximation and is related to
the diffusional time constant as Q D/r’>, where Q is a function of dimensionless
cycle time and was described carlier. This parameter varies with cycle time and

is adjusted for each cycle time. Simulation using the above data was performed
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based on Run 4 of the single column experiment. Two column experiments were
not chosen because of poor separation. Result of the simulation indicated a 95
% cxit concentration as compared to the 78% in the experiment suggesting that

the mode! cannot be uscd as a predictive tool based on litcrature data as stated.

The difference in the simulated and experimental results makes it necessary
to review the the assumptions and the approximations in the model and also the
paramcter data taken from literature. The approximation of frozen so‘lid phase
concentration during pressurization and blowdown, although more valid for
shorter cycle times, was introduced for simplifying thc modcl. Assumption of
Langmuir isothcrm as a non lincar equilibrium relationship for methane and
nitrogen is for the sake of convenience and is reasonablc. The mass transfer
rates represented by linear driving force approximation is a simplification of the
rigorous pore diffusion model and mass transfer thercin is a function of the con-
trolling micropore diffusion resistance. The equilibrium and kinetic parameters
_ for methanc and nitrogen on the zeolite 4A sample used in the experiments were
not experimentally dctermined but were abstracted from the literature, from the
range of valucs, as presented in Chapter 4. These valucs were used as a guide-
line to begin with and are subject to change within practical limits. From the
discussion it is evident that in order to corrclate the data, with this simplified
model, the effcct of essential parameters necd to be tested. Among the parame-

ters L/v,, and dispersion cocfficient are fixed in the model and hence the remain-

ing parameters that can be adjusted are the adsorption equilibrium constants



and mass transfer rate constants.

The cffect of varying Q for each component, keeping the D/r? fixed, in the

mass transfer rate constant, Q D/r?, was studicd for Run 4. The cquilibrium
constants for methane and nitrogen were fixed at 27 and 9 respectively and Q
factor, obtained from Fig 1.2, were 45 and 15 according to Suzuki’s plot and 30
and 15 according to Hassan ct al’s plot for an adsorption step of 24 seconds.
The cxit concentration, shown in Table 6.4 for these conditions is 94% and is
far greater than the experimental value of 78%. The simulated exit concentra-

tion, by varying Q, from 1 to 15 and the Q,, :Q,, ratio from 1 to 6, are also

shown in the Table 6.4. This data is plotted in Fig. 6.2. The expcrimental and
simulated data arc in good agrecement for the following combination

1.) QNz = 2 and a wide range of Qc"4

2) Qg Ry, at 5 and Qy from 2 to 15.

Cliy

1) Q

C”4:52N2 at 6 and QN2 from 2 to 6.

Since only © factors were varicd a definitc combination cannot be made at

this stage, however it is clear that Qs a sensitive parameter. A further study

of the cffect of equilibrium constants and the behaviour of these combinations
on the simulation of the other runs both on single as well as two column units is

necessary prior to any conclusions.

-
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It is cvident from the above results that Q’s are lower than the litcrature
values. An alternative is to use lower values 6f adsorption equilibrium constant,
hereafter referred to as K. Table 6.5 illustrates the effect of reducing the values
of K from 27 and 9 to 3 and | for mcthane and nitrogen respectively. For this

casc Q. is between 10 and 15 and the mcthane to nitrogen Q ratio in the range

of 1 to 3 results in good agreement between experiment and simulation. This
data is plotted alongside the carlier data in Fig. 6.2 and the complementary

cffect of mass transfer and equilibrium is evident.

The simulation was further studied for scveral combination of K values and

Q ratios with Q= 3 and the data is presented in Table 6.6. Q, was kept 3

and not 15 because the latter is not acceptable for the two column simuiation, as
discussed later. The above study establishes the acceptable range of the K and
Q valuces for further correlation of different runs with varying L /v, and D,
valucs but the same cycle time. The three set of options for fitting the experi-

" mental data of Run 4 are :

(1) Equilibrium constants at the reported values of 27 and 9 for methane and

nitrogen respectively and Q, = 2 and a widc range of Qy, value.

(2) Equilibrium constants at a low value of 3 and | for mcthanc and nitrogen

respectively and Qy, = Qey, = 15

" (3) Equilibrium constants at the reported values of 27 and 9 for methane and

nitrogen respectively and Qy, ~ 15 and Qey, =75
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In order to sclect a sct of optimized paramcters for correlating the other
data, the first option is most suited for the following reasons. The second option
implics a lower cquilibrium adsorption, a possibility when pores are blocked or
the sicve has some moisture due to improper regeneration. This was not the case
since fresh zeolite was regencrated at 200 °C with helium. The third option is an
cffective reduction in the mass transfer resistance to methanc( higher Q ), based
on the literaturc data, while the first option is an increase in the mass transfer
resistance to nitrogen. The latter is more likely cither duc to coupling effect of a
binary mixture or somc unaccounted resistance. Also the value of Q is based on
a study of single component diffusion in a spherical particlc(13). The third
option doecs not yield acceptable results for two column simulation as discussed
later. The first option was henceforth used as a basis for optimizing the param-

clers.

The paramcter Q,, is the critical paramcter and was the criteria for opti-
.. mization. With Q, at 15 and varying Q , from 2 to I5, Runs -3 of the sin-

gle column experiments werc simulated and the results form a part of Table 6.7.
The K values were fixed at 24 and 8, although onc set was tested for a different

K value(27:9). Simulation with values of Q, = 10,15 and Q. = 50, 55,75

were also performed for reasons to follow and these are in good agreement with
the cxpcrimcntél data. The Root Mean Sum of Square(SS) for each combina-

tion is obtained and is plotted only for the case when all parameters are fixed
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cxcept Q.. The plot in Fig 6.3 gocs through a minima at QN2 = 3. The simula-
tion was also performed for Runs 19, 16, 20, 23 of the two column experiments

with QN: = 3,4.5,and 15 and the results arc presented in Table 6.8. The results

arc in good agreement for the first two values but lead to unacceptable results

for Q. =15 and Qg = 75. This lcads to the conclusion that although
QNz = |5 is the literaturc supported value, it is not applicable and instead a

lower value of QNz = 3 is appropriate for the diversc expcrimental results.

The low valuc of 3 for Q is justificd by the fact that the D/r’ values for

the 4A zcolitc were abstracted from litcrature (Table 4.1) and not mecasured for
the current study. A glance at Table 4.1 indicates a wide variation in these val-
ucs obtained by different workers. The abstracted valuc is on the higher side
and if the actual sample valuc is lower it would result in a higher Q value in the

results.

Simulation was restricted to these runs since the Q value for different cycle
time had to be optimized separately and fitted with the data making it a repeat
cxercise. The program based on thc model presented in the carlier section was
not applicable in case of vacuum desorption as well as threc component system
with helium as inert. However the main objective of simulating the diverse data

under different conditions using the same model and parameters was achieved.
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The cxperimental and simulated product concentration is shown in Fig 6.4
for Run 4 (singlc column). The modcl shows a lag in in rcaching the cvclic

steady state (after 5 cycles experimentally) but considering the simplification in

the model this is a satisfactory fit.

The gas phase profile for methane and the solid phase profile for methane
and nitrogen at the end of the adsorption step, in a single column experiment
(Run 4), arc shown in Figs 6.5 to 6.10 respectively. The K and Q vaiues were
fixed at 27 and 15 for methane and 9 and 3 for nitrogen respectively for these
plots. Figs 6.5 to 6.7 are plots of the axial profiles of the gas and solid phase for
mcthanc and nitrogen at different cycles during the course of thc cxperiment
while Figs 6.8 to 6.10 arc plots of the gas and solid phase profiles for methane
and nitrogen, at specific locations in the column, with progressing cycles during
the course of the experiment. The solid phase solution is only for the interior

points. The initial saturated bed condition is obvious from the uniform concen-

~_tration in the solid phase and the gas phase at the feed concentration through-

out the column. The gas phase profilcs are shown in Figs 6.5 and 6.8. Axial pro-
file in Fig 6.5 indicates a breakthru half way down the column with a slight dip
close to the entrance and a steady rise towards the exit with regard to methane
concentration. The slight dip could be either due to more nitrogen in the gas
phasc as a result of displacement dcsorption or a numerical offset. Approach to
cyclic steady stéte conditions also is cvident. The solid phase concentration pro-

files of mcthane and nitrogen indicates the transition from saturation at the
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start to the cyclic steady state conditions. Equilibrium concentration in the solid
phasc exists at zero time and drops with cyclihg for both for methane and nitro-
gen indicating the unstcady conditions prevailing during the adsorption step. In
casc of nitrogen (Figs 6.7 and 6.10) it drops both with time and distance but
reaches cyclic stcady state conditions in 10 cycles and has a lower value ncar the
cxit coressponding to a low gas phasc concentration. In case of mcthane (Figs
6.6 and 6.9) it drops initially both with time and distance but increases later on
to values both lower and higher than the initial saturation. This is consistent
with the higher gas phase concentration ncar the exit. Cyclic steady state condi-
tions are rcached more slowly as compared to nitrogen duc to slower diffusion

and stronger adsorption.

Ths simulation was not performed for runs with helium and vacuum purg-
ing sincc thc model is not applicable to these cascs. In casc of inert gas purging
along with two adsorbable componcnts, the system is a two transition system
~_with two individual mass transfer zones and the modecl required is beyond the
scope of the present study but a recommendation for future study. In case of
vacuum purging sincc there is no purge gas cntering the bed from one end and
the gas in the bed is being removed through vacuum at the other end, the fluid
phasc mass balance and the boundary conditions for the blowdown and purge
step of the present model necds to be changed. The pressurc drop across the
bed will be of tﬁc same order of magnitude as the absolute pressurc lcading to
variable pressure during the course of the purge step. Also the approximations

introduced during blowdown are not applicable duc to variable pressure.
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Simulation of the one and two column experiment resulted in the linear
driving force parameter, , for nitrogen to be lower than expected by a factor
of 5. This reduccs Q to a corrclative tool rather than a predictive tool. A reason
for this could be a higher value of the D/r? for the 4A zeolite, used in the experi-
ment, than the available litcrature data. A rccommendation in this context is
to measure the diffusional time constant of nitrogen and mcthanc in this partic-

ular zcolite sample after which further comments on Q can be made.

The present study was done on a two column unit without much success: a
good degree of separation was obtained on single column by using different step
duration, vacuum and incrt gas purging. The other way to obtain a higher
purity is to cither use multiple columns, thrce and more, and manipulate the

opcration for a longer purge step to adsorption time ratio.

6.7 Conclusions

Experimental PSA studies were done scparatcly on single and two column
units packed with zeolite 4A adsorbent. Two model methane nitrogen feeds (8%
and 40% nitrogen in methane) were studied. In the two column experiments a
four stecp PSA cycle was used with a portion of high pressure product as purge
gas. Expcri‘mcnts were performed at ambient temperature with the exception of
of two runs at 90 ° C. No significant scparation was achicved even with limiting

valucs of L/v,, purge to feed ratio. It was concluded that the desorption time
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was insufficient. Unequal sorption time was not possible with two column oper-
ations; hence single column experiments were berfomcd in the usual 4 step cycle.
Purc mcthane was uscd as the purge gas. An cffective enrichment of 21% was
obtained (with 60% mecthane feed). Expcriments with uncqual adsorption and
desorption time with helium as well as vacuum purging were performed.
Helium purge pushed concentration up to 85% whilc vacuum desorption was
less cffective and the concentration reached 74%. For the 92% feed the concen-

trations achieved were 96.5% and 95.5% respectively.

Simulation studies to interpret the sclected cxperimental results were done
with an LDF kinetic modcl. Simulation with vacuum desorption and helium
purging were not considered due to non applicability of thc modcl at present.
The LDF approximation based on microporc diffusion time constant, obtained
from litcrature, predicted a very high concentration (> 94%). The effects of

modifying the cquilibrium and kinetic parameter was studied and the LDF fac-

~tor for nitrogen, QNz , was found to be most sensitivc. An optimised low value

of 3 (instead of 15) correlated the diverse results in acceptable limits. The low

value suggests a lower diffusional time constant data than in the literature for

this particular sample.
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Table 6.1

Experimental Conditions and Parameters

used in the simulation for two column

and single column PSA Unit.

Feed gas composition

Column length (two column unit)
Column length (single column unit)
Cross scctional arca of both units
Bed voidage

Adsorbent

Amount in cach column of two column unit
(before regencration)

Amount in singlc column unit
(before rcgenceration)

Particle size

Equilibrium constant for CH,
Equilibrium constant for N,

Saturation constant for CH, & N,
Diffusional time constant for CH, (D/r))

Diffusional time constant for N, (D/r?

60%CH, , 40%N,
92%CH,, 8%N,
S5l em

35cm

9.35 ¢cm?
04 .
4A zcolite

430 grams
292 grams

3.18 mm pcllets
24

8

0.005 mole
cm®

6.28 x 10" sec’

5.52% 107 sec’
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Table 6.4 : Simulated exit concentration in a single column experiment

as a function of Q factor of nitrogen and methane.

Run No. 14

Feed velocity = 0.95 cm/sec

Purge to feed ratio = (.74

Ken, * Ky, =27:9

Expt. exit concn. = (.78

Ratio of Qe Qy,
o, |1 i 2 I 3 | 4 l 5 l 6
I 0.70 0.70 0.71 0.71 0.72 0.72
2 0.77 0.79 0.80 0.81 0.80 0.79
3 0.82 0.85 0.85 0.83 0.81 0.79
4 0.86 0.38 0.87 0.84 0.81 - 0.78
5 0.89 0.89 0.88 0.85 0.81 0.77
6 0.90 0.90 0.89 0.86 0.81 0.77
8 0.92 0.92 0.90 0.87 0.81 0.75
10 0.94 0.94 0.92 0.88 0.81 0.75
15 0.95 0.96 0.94 0.90 0.82 - 0.73
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Table 6.5 : Simulated exit concentration in a single column experiment

as a function of Q factor of nitrogen and methane.

Run No. 14

Feed velocity = 0.95 cm/sec

Purge to feed ratio = 0.74

Ken, * Ky, =3:1

Expt. exit concn. = 0.78

Ratio of Q, Q.
Qy, I l 2 ' 3 I 4 | 5 I 6
7 0.71 0.72 0.72 0.74 0.75 0.75
10 0.74 0.76 0.78 0.79 0.80 0.81
3 0.77 0.80 0.82 0.83 0.83 0.82
15 0.78 0.82 0.84 0.85 0.84 0.82
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Table 6.6 : Simulated exit concentration in a single column

experiment as a function of Henry Law constants and Q

factor of nitrogen and methane.

Run No. 14
Feed velocity = 0.95 cm/sec
Purge to feed ratio = (.74
Expt. exit concn. = (.78
Henry Law Ratio of
constant Qcy, - Q
at 25 C with Q, =3
Ky, Ken, 3 4 5
5 15 0.81 0.82 0.82
6 18 0.83 0.83 0.82 .
7 21 0.84 0.84 0.82
8 24 0.85 0.84 0.82
9 27 0.85 0.85 0.83
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Table 6.7 : Experimental and simulated exit concentration

in a single column along with sum of squares

Run No. 4 i 3 2

vel (em/sec) 0.95 1.26 1.57 - 0.58
Purge/feed ratio 0.74 0.93 0.45 203

Exptl. exit concn. 0.78 0.82 0.77 0.98

Qe : Oy, Ken, : Ky, Simulated exit concn. sse
15:2 24:8 0.78 0.81 0.68 0.84 0.213
15:3 24:8 0.2 0.86 0.76 0.87 0.144
15:4.5 24:8 0.86 0.91 0.84 0.92 0.172
15:4.5 279 0.87 091 0.834 0.91 0.183
15:7.5 24:8 0.92 0.95 0.90 0.94 0.254
15:15 24:8 0.95 0.97 0.95 0.97 0.303
50:10 24:3 0.81 0.88 0.80 0.33 0.142
55:10 24:8 0.78 0.85 0.76 0.85 0.157
75:15 2438 081 088 079 088  0.140

Varee :
@ SS = Z[ A expt 1]
CA.lhcory
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Table 6.8 : Experimental and simulated exit concentration in a

two column unit along with sum of squares

Run No. 19 16 20 23
vel(cm/sec) 1.31 0.93 0.76 0.67
Purge/feed ratio 0.88 1.24 1.24 0.93
Exptl. concn. 0.56 056 053 054
Q1 Qy, KKy, Simulated exit concn. sse
15:3 24:8 0.49 0.49 0.49 0.51 0.225
15:4.5 24:8 0.57 0.57 0.58 0.59 0.120
75:15 24:8 0.21 0.20 0.20 0.24 321
V[ c ,
@ SS = Z[ A, expt 1
CA,lhcory
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The conclusions of the present study can be summarized as follows:

)

2)

For a microporous crystal adsorbing binary gas mixture under varicty of
conditions, the simulation studics with a gencralised model, considering
the various limiting conditions and parameters likely to affect the pro-
cess, indicates that the initial normalized uptake ratio of the two gases
decrcases in case of significant mass transfer resistance. Also it is a
function of diffusivity ratio in various adsorbents. 1t is independent of
pressure, composition and non-lincarity under conditions of fixed diffu-
sivity, but is greatly dependent of pressurc and composition, under con-

ditions of concentration dependent diffusivity.

The cquivalent Peclet and cell numbers associated with a dcfinitive mass
transfer zonc wi(l.th Tog9. 001 TOT both cquilibrium and non-cquilibrium
processes have been evaluated for packed bed adsorbers having non-lin-
ear isotherm. For both the cquilibrium and non-cquilibrium processes,
the ratio of Peclet number to N changes from a value of 2 at low A (lin-
car isotherm) to unity when A is high (A = 0.85) during adsorption.
Hnwcvcf, this ratio can be taken as 2 for all values of A during dcsorp-

tion. Hence we deduce that for liquids where A= 1.0, the ratio of Peclet
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218
number to N should be taken as 1.0 during adsorption, and 2.0 during

desorption.

Uplake mecasurcments were performed using volumetric and gravimetric
methods with the objective of determining the adsorption cquilibrium
and kinctic paramecters in the carbon molecular sieve sample. The cqui-
librium data obtaincd comparcd well with the literature. For the kinct-
ics, the uptake curves, obtained by the volumetric method, exhibited a
behaviour other than the usual two resistance model, micropore - mac-
ropore, or the Fickian diffusion in finitc volume. The bechaviour of the
uptake was similar to that exhibitcd by a particle with barrier resistance
on the surface and a diffusion resistance within. The barricr resistance
was dominant up to 90% of the uptake. Overall mass transfer rate con-

stantls were obtained.

Experimental PSA studics were done with two model methanc nitrogen
feeds ( 8% and 40% nitrogen in mcthane) using a two column set up
with carbon molccular sicves. A four step PSA cycle was used. Exit
mcthane concentration spanned from 48% to 76% for the 60% fced
and upto 96% for the 92% fecd. An optimum cycle time as well as L/
v,, ratio was obscrved for a sct of operating conditions. Simulation
studics to interpret the experimental rcsults were done with an LDF
dynamié model. The parameters for the simulation were experimentally

determined. Correlation of data bascd on thc micropore diffusion LDF
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approximation, Q, was not possible but with an cquivalent factor,
15*®@ , the results were in fair agreement in licu of the simplified
model. This factor increased lincarly for dimcensionless half cycle time
> (.0045. A hypothcsis for such a bchaviour was attributed to a bar-
rier resistance for the mass transfer step. Corrclation results were con-

sistent with cycle time but not with L/ v,,. A possible reason could

have been that @ was a coupled function of cycle time and L/ v,,.

Expcrimental PSA studies were done separately on single and two col-
umn units packed with zcolite 4A adsorbent. Two model methane nitro-
gen feeds (8% and 40% nitrogen in methanc) were studied. In the two
column experiments a four step PSA cycle was used with a portion of
high pressure product as purge gas. Experiments were performed at
ambient temperaturc with the exception of two runs at 90 ° C. No sig-

nificant scparation was achicved cven with limiting valucs of L/v,, and

purge to feed ratio. It was concluded that thc desorption time was
insufficent. Unecqual sorption time was not possible with two column
o‘pcrations; hence single column cxperiments were perfomed in the usual
4 step cycle. Pure methane was used as the purge gas. An cffective
enrichment of 9% was obtained(with 60% methane feed). Experiments
with uncqual adsorption and desorption time with hclium as well as
vacuum purging were performed. Helium purge pushed concentration
up to 85% while vacuum desorption was less effective and the concen-

tration rcached 74%. For the 92% feed the concentrations achieved
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were 96.5% and 95.5% respectively. Simulation studics to interpret the
sclected experimental results were done with an LDF dynamic model.
Expcriments with vacuum desorption and helium purging were not con-
sidercd duc to non applicability of thc model. The LDF approximation
based on micropore diffusion time constant, obtained from litcrature,
predicted a very high concentration (> 94%). The cffects of modifying
the cquilibrium and Kkinetic paramcter was studicd and the LDF factor

for nitrogen, QNz , was found to be most sensitive. An optimised low

valuc of 3 (instcad of 15) correlated the diverse results in acceptable lim-
its. Thc low valuc is attributed to a low diffusional time constant in the

sample.

7.2 RECOMMENDATIONS FOR FURTHER STUDY:

1)

2.)

3)

Simulation studies of the crystal and the pelict adsorbing a binary gas
mixtures under cyclic boundary conditions using a generalised model,
should be investigated. This study is uscful for obtaining the lincar driv-
ing force correlations.

Application of the cell in series model in PSA simulation as an alterna-
tive to the widely used axial dispersion model.

Analogous study to that of Nakao and Suzuki should be done for a bar-
rier resistance particle to determine the variation of ® with dimension-

less half cycle time.
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5)

6.)

7.)
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221

Experimental study of the sorption characteristics of lﬁcthane and nitro-
gen in the present zeolitc 4A sample to determine the equilibrium and
kinetic parameters.

Experimental PSA study of methanc nitrogen separation on CMS, on
single column apparatus, similar to the present study done with 4A zeol-
ite, with uncqual step duration to enhance methanc in the product. Vac-
uum purging option can also be studied. Similar study using multi col-
umn sct up is a logical and uscful extension. .

Modify thc adsorbent, both CMS and zeolite 4A, to obtain a more
cffective separation.

Study the PSA simulation on CMS to check for the dependency of the
® factor on the L/v ratio.

Madecl the pressurisation and blowdown steps in a PSA simulation;
solve them and compare the rcsults with the present model of a PSA

simulation.
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NOMENCLATURE

external surface of the catalyst particle

cxternal surface area per unit volume of the particle

cquilibrium constant

sorbatc concentration in gas phase of component A

sorbate concentration in gas phasc for component A and B in
bed i

concentration of component i in the gas phasc or cell i, on cata-
lyst surface -

concentration of component i in the gas phase in celi k, on cata-
lyst surface in cell k.

particle diameter

micropore diffusivit.y

micropore diffusivity of component A,B
intracrystalline diffusivity

axial diffusivity

Knudsen diffusivity

axial dispersion coefficent (for flow in bed 1.bed 2)
molccular diffusivity

limiting intracrystalline diffusivity
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P(Py,,Py)
PPy

Pc

pore diffusivity

rate constant

barrier rate constant

surface rate constant

adsorption cquilibrium constant (for A, B), ( = b q_)
axial coordinate for rcactors

length of catalytic or adsorbent bed

total column pressurc (during adsorption, desorption)
partial pressure (of A, B)

Peclet Number

average solid phase concentration (of component A in bed 1)
solid phase concentration, initial and final

average solid phase concentration in particics.
cquilibrium solid phase concentration

adsorbed phase concentration

cquilibrium adsorbed phasc concentration

saturation adsorbed phase concentration

radius vector in crystal
radius vector in pellet

radius of the crystal
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R(c,T) surface reaction rate expressions
R(C;’T)’R(Ci‘s’Ti.s)’R(Cis’Tis) "

R, radius of the pelict

S bed cross scctional arca

t time

T, tempcrature of solid phase

T, temperature of gas phase

u,u, interstitial velocity, for bed i

ASAS interstitial velocity, high and low pressure

volume of cell
mole fraction of tracc component

z axial distance coordinate

GREEK LETTERS

o . dimensionless group ( ku/L)

Upp scparation factor

4] capacity parameter

B modified separation factor

Ba.Be paramcter in equation(1) Appendix A.3
Y eri : critical feed to purge ratio

At time step

Az cell length
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porosity of the adsorbent particle
bed voidage
non lincarity paramcter
dimensionless distance
dimcnsionlcss time
dimensionlcss gas phase concentration
dimensionless rate factor
dimensionless solid phase concentration

Gluckauf’s approximation factor
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APPENDIX A.1.1

RAW DATA FOR TWO COLUMN PSA EXPERIMENTS
WITH CARBON MOLECULAR SIEVES



Run Nos.
Datc

1-6

228

10 Feb 90

The following process variable arc held constant for the cycle time listed below:

Packing in the column
Feed flow rate
Product flow rate
Purgc flow rate
High pressurc

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Tempcerature

CMS

1.35
0.39
0.91
44.]
14.7
60

2.01

SLPM
SLPM -
SLPM
psia
psia
%CH4
cm/scc

Part of product

2.02

Saturated with feed

26

1:4:1:4 (pgss:adsorption:blowdown:pu rge)

Concentrations arc measured 2 scc before the end of adsorption step.

Cycle time

No. of
cycles

60 sec

Outlet product
concentration

(mole % mecthanc)

61.19
61.53
60.98
60.60
60.42
60.26
60.23
60.01
60.15
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Cycle time : 100 sec
No. of Outlet product
cycles concentration

(molc % methane)

0 59.97

2 62.83

7 63.77

9 63.78

14 63.81

17 63.88

20 63.84

23 63.85
Cycle time : 120 sec
No. of Outlet product
cycles concentration

(molc % methane)

60.24
63.39
64.16
64.42
64.42
64.40
13 64.43

oD

Cycle time : 180 sec

No. of Outlet product
cycles concentration
(mole % methane)

61.53
64.54
65.41
65.81
65.98
66.13
66.21

ONDWN=—O



10
12

66.25
66.22

230
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Cycle time : 240 sec
No. of Outlet product
cycles concentration

(mole % methanc)

60.12
64.90
65.23
65.51
65.53
65.58
65.77
65.59

NN WO

—=

Cycle time : 300 sec

No. of Outlet product
cycles concentration
(mole % mecthane)

60.15
63.82
64.61
65.10
65.20
65.31
65.44
65.34
65.35

O~IAA N B IR =D



Run Naos.
Datc

232

7-12
12 Feb 90

The following process variable are held constant for the cycle times listed below:

Packing in the column
Fecd flow rate
Product flow rate
Purge flow rate
High pressurc

Low pressure

Feed concentration
Vclocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

CMS

0.87 SLPM
0.19 SLPM -
0.66 SLPM
44.1 psia
14.7 psia

60 %CH4
1.29 cmy/sec
Part of product
2.28

Saturated with feced
1:4:1:4

26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

0
3
6
9
13
16
20
25
29
33
43
53

60 sec

Outlet product
concentration
(mole % mecthanc)

59.85
56.03
53.44
50.05
48.85
52.62
48.59
47.28
47.31
46.96
46.26
46.32
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Cycle time : 120 sec
No. of Outlet product
cycles concentration

(mole % methanc)

59.73
56.10
57.35
57.73
57.52
57.98
57.86
57.79

O ~NnNnL=—O

— g
S

Cycle time : 180 sec

No. of Outlet product
cycles concentration
(mole % mcthane)

0 59.92
1 64.24
2 65.77
3 66.35
4 66.54
6 66.57
8 66.62
10 66.70 -
14 66.80
15 67.38
16 67.10
I8 67.42
21 66.98
24 66.76
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Cycle time T 240 sec
No. of Outlet product
cycles concentration

(mole % methanc)

=~
[

60.07
67.24
68.93
69.84
69.84
69.84
69.80
69.75
69.830

RV~ -

— o
9 -

Cycle time : 300 sec

No. of Outlet product
cycles concentration
(mole % mcthanc)

0 60.07
1 66.77
2 67.95
3 68.33
4 68.46
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Cycle time : 360 sec
No. of Outlet product
cycles concentration

(mole % mcthanc)

0 60.14
1 66.30
2 67.12
4 67.61
10 69.22
12 67.84
13 67.87
14 67.85

15 67.39



Run Nos.
Datc

The following process variables are held constant for the cycle times listed below:

Packing in the column
Feed flow rate
Product flow rate
Purge flow rate
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Tempcrature

13-24
19 Feb 90

CMS

0.50 SLPM
0.05 SLPM
0.35 SLPM
44.1 psia
14.7 psia

60 %CH4
0.74 cmy/sec
Part of product
2.1

Saturated with feed
1:4:1:4

26 C

Concentrations arc measured 2 sec before the end of adsorption step.

Cycle time

No. of
cvcles

20
27
34

sec

Outlet product
concentration
(mole % mecthanc)

59.38
59.45
52.56
48.27
48.10
48.12

236
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Cycle time : 120 sec
No. of Outlet product
cycles concentration

(mole % methanc)

59.80
62.58
57.53
57.87
57.37
58.46
5791

O~ NnWw=—O

Cycle time : 180 sec

No. of . Outlet product
cycles concentration
(mole % mecthanc)

59.43
65.14
64.59
64.79
64.65
64.88
64.74
65.30
64.72

LA N WN=—O

—
L

Cycle time : 240 sec

No. of Outlet product
cycles concentration
(mole % methanc)

60.03
61.39
63.08
63.90
64.38
64.35

AN N W=



64.39
64.47
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Cycle time : 300 sec
No. of Outlet product
cycles concentration

(mole % mcthanc)

0 59.97

I 65.41

5 68.45

6 68.45

7 68.45
Cycle time 1 360 sec
No. of Outlet product
cycles concentration

(mole % methanc)

60.11
69.17
71.09
71.52
71.66
69.49
71.95
71.71
71.71

LW —=O

Sow
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Cycle time : 420 sec

No. of Outlet product
cycles concentration

(mole % mecthanc)

60.77
71.13
72.82
73.21
73.30
68.89
73.40
73.34
73.45
74.30
74.34
1 73.76
13 74.38
14 74.43
16 74.45
17 74.39

XN NBBRVN=O

Cycle time : 480 sec

No. of Outlet product
cycles concentration
(mole % methanc)

60.04
72.81
74.74
75.16
75.29
75.36
75.33
75.33

NS nNEWN—O
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Cycle time 1 540 sec
No. of Outlet product
cycles concentration

(mole % mecthane)

60.38
73.68
75.38
75.69
75.75
75.85
75.83
75.84

NN A W=D

Cycle time : 600 sec

No. of Outlet product
cycles concentration
(mole % mecthanc)

59.66
73.08
74.00
75.18
73.94
75.24
75.35
73.95
75.30
75.36
74.03
75.34

LN VW=D

Cycle time : 660 sec

No. of Outlet product
cycles : concentration
(mole % methanc)

0 59.84
0 74.02
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73.02
73.42
74.61
73.32
74.59
73.17
74.69
73.34
74.70
73.25
74.72
74.81
74.836
73.32
74.85
10 74.86
11 74.34
12 74.93
13 74.95

ORI N NE R WWNN ——

Cycle time : 720 sec

No. of Outlet product
cycles concentration
(mole % methanc)

59.57
73.48
72.64
72.84
73.84
72.78
74.14
74.35
72.717
74.20
74.27

SOVXRRWNIN~—OD



Run No.
Date
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25
5 Mar 90

The following process variables arc held constant for the cycle time listed below:

Packing in thc column
Feed flow rate
Product flow rate
Purgce flow rate
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

CMS

0.42 SLPM
0.03 SLPM -
0.25 SLPM
44.1 psia
14.7 psia

60 %CH4
0.62 cm/sec
Part of product
1.79

Saturated with feed
1:4:1:4

26 C

Concentrations are mcasured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

0
!

1.5(*)
2

2.5(*)
3

O~

10
12
(*) other bed

600

sec

Outlet product Outlet purge
concentration concentration
(mole % methanc) (molc % methane)
59.52 59.91

70.22 61.35

71.86 63.04

73.38 61.77

73.36 63.81

74.40 62.18

74.75 62.31

74.90 62.41

75.01 62.84

75.15 63.16

75.21 62.12

75.21 63.21
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Time Product Purge

during cycle concentration concentration

scc (mole % methanc) (mole % mcthanc)
0 75.40 61.52

60 73.93 52.85

120 72.06 45.86

180 74.85 52.57

240 76.833 56.93

298 76.69 59.81

300 76.63 60.35

360 75.41 52.84

420 72.46 47.77

480 74.29 54.14

540 76.07 58.54

598 75.40 61.28

600 75.40 61.52
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Run Nos. : 26-30
Date : 14 Mar 90

The following process variables are held constant for the cycle times listed below:

Packing in thc column : CMS

Feed flow rate : 0.42 SLPM
Product flow ratc : 0.03 SLPM -
Purge flow rate : 025 - SLPM
High pressure 1 441 psia
Low pressurc : 147 psia
Feed concentration 1 60 %CH4
Velocity 1 0.62 cm/scc
Purge gas : Part of product
Purge to Feed ratio 1 2.02

Initial condition : Saturated with feed
Step duration : 1414
Tempcrature 126 C

Concentrations are mecasured 2 scc before the end of adsorption step.

Cycle time : 100 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % methanc) (mole % methane)
0 92.36 92.36
| 92.15 93.76
3 90.03 92.55
5 89.33 92.03
8 89.23 90.52
13 38.23 91.10
17 87.94 90.97
19 87.78 91.17
21 87.76 90.85
24 87.70 90.88
26 : 88.15 90.52
29 87.68 90.87
31 87.55 90.86
33 87.63 90.84
36 87.70 90.96
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Time Product Purge
during cycle concentration concentration
scc (mole % methanc) (mole % methanc)
0 87.70 90.96
10 87.69 93.29
20 87.29 93.17
30 87.43 92.64
40 87.77 91.71
50 87.70 90.96
60 86.96 93.41
70 86.66 93.16
80 86.82 92.63
90 87.58 91.44
100 87.70 90.96
Cycle time : 300 sec
No. of Outlet product Outlet purge
cycles concentration “concentration
(molc % mecthanc) (mole % mcthane)
0 92.40 92.85
1 93.24 90.72
2 93.75 90.19
3 94.04 89.90
5 94.22 89.77
7 94.29 89.77
gt 93.90 89.77
Cycle time : 600 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(molc % mcthane) (mole % methane)
0 91.71 91.54
0 95.39 89.27
I 94.76 91.03
1 95.56 91.15
2 95.53 91.04
2 95.68 91.90
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3 95.80 91.22
4 96.00 91.28
19 96.16 92.18
20 96.15 92.20
Cycle time : 720 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mecthanc) (mole % mcthanc)
0 91.97 92.02
0 95.51 91.09
| 95.31 91.95
| 95.77 92.63
2 95.96 92.13
2 95.90 93.09
3 96.09 92.28
4 96.18 92.40
6 96.23 792.51
7 96.02 93.38
9 96.25 92.65
10 96.25 92.70
Cycle time : 840 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % methane) (mole % methane)
0 91.95 92.95
0 95.33 91.27
1 95.03 92.62
1 95.36 92.15
2 95.57 92.97
2 95.39 92.25
3 95.66 93.08
3 95.42 92.37
4 95.70 93.16
5 95.76 92.46
1 95.45 93.59
12 95.79 92.95
13 95.79 92.92
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RAW DATA FOR TWO COLUMN PSA EXPERIMENTS
WITH 4A ZEOLITE



Run Nos.
Datc

1-6

28 Jul 90
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The following process variables arc held constant for the cycle times listed below:

Packing in the column
Feed flow rate
Product flow rate
Purgce flow rate
High pressure

Low pressure

Feced concentration
Velocity

Purge gas

Purge to Feced ratio
Initial condition
Step duration
Temperature

Zcolite 4A

0.42 SLPM
0.06 SLPM
0.30 SLPM
44.1 psia
14.7 psia

60 %CH4
0.62 cm/scc

Part of product

2.14

Saturatcd with feed
1:4:1:4 (press.:adsorp.:blowdown:purgc)
26 C

Concentrations arc measured 2 scc before the end of adsorption step.

Cycle time

No. of
cycles

30

seC

Outlet product
concentration

(mole % methane)

60.52
60.37
59.36
56.49
55.39
54.95
54.75
54.62
54.63
54.59
54.68
54.56

Outlet purge
concentration
(mole % methane)

60.56
60.96
60.95
60.88
60.93
60.38
60.87
60.82
60.86
60.80
61.06
60.85



250

Cycle time : 60 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mcthane) (mole % mecthanc)
0.0 59.97 60.23
1.0 59.90 61.10
5.0 57.56 61.05
10.0 54.55 60.90
15.0 53.52 60.89
19.0 53.25 60.82
24.0 53.52 60.89
28.0 53.06 60.82
320 53.05 60.89
38.0 53.02 60.80
47.0 53.05 60.85
Cycle time : 90 sec
No. of Outlct product Outlet purge
cycles concentration concentration
(mole % mcthanc) (mole % mcthanc)
0.0 60.21 60.31
1.0 60.23 61.09
4.0 57.46 60.90
7.0 55.15 60.72
10.0 54.40 60.15
13.0 54.07 60.69
16.0 53.92 60.66
19.0 53.84 60.23
23.0 53.27 60.65
26.0 53.75 60.65
29.0 53.78 60.65
30.5 54.89 59.38
34.0 53.72 60.66

20.0 53.79 60.73
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Cycle time : 120 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mcthanc) (molc % mecthanc)
0.0 59.87 60.24
1.0 59.57 61.16
3.0 57.14 60.96
5.0 55.78 60.78
7.0 55.24 60.51
10.0 55.08 60.64
12.0 54.96 60.64
14.0 54.94 60.53
17.0 55.01 60.65
19.0 55.00 60.66
Cycle time : 180 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mecth2nc) (mole % mcthanc)
0.0 60.53 60.59
1.0 59.64 61.01 -
3.0 58.52 60.62
5.0 58.40 60.60
7.0 58.29 60.59
9.0 58.27 60.58
11.0 58.31 60.63



Cycle time : 240 sec

No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mcthane) (mole % mcthane)

0.0 60.54 60.96

1.0 60.05 59.07

2.0 60.35 59.02

4.0 60.51 59.06

5.0 60.57 59.16

6.0 60.58 59.78

1.5 59.01 58.63

16.0 60.56 59.16



Run Nos. 79
Datce : 7T Aug90

The following proccss variables are held constant for the cycle times listed below:

Packing in the column 1 Zecolite 4A

Feed flow rate : 042 SLPM
Product flow rate : 0.05 SLPM
Purge flow rate : 0.24 SLPM
High pressure 1 44,1 psia
Low pressure : 147 psia
Feed concentration : 60 %CH4
Velocity : 0.62 cmysec
Purge gas : Part of product
Purge to Fced ratio : L71

Initial condition : Saturated with feed
Step duration : 1414
Temperature : 26 C

Concentrations arc mcasured 2 scc before the end of adsorption step.

Cycle time : 60 sec
No. of Outlet product Outlct purgc
cycles concentration concentration
(mole % mcthane) (mole % methanc)
0.0 60.64 60.71 -
1.0 60.58 61.16
5.0 59.04 61.14
9.0 56.63 60.99
14.0 55.29 61.09
18.0 54.86 60.96
22.0 54.62 60.92
26.0 54.51 60.92
38.0 54.31 60.91
42.0 54.31 60.93
46.0 54.29 60.90
50.0 54.26 60.92
53.5 53.42 60.50
62.0 54.22 60.93
71.0 54.18 60.89
4.0 54.14 60.88
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No. of
cycles
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90

120

54.13
54.10
54.12

sec

Outlet product
concentration
(mole % mcthanc)

60.12
59.96
57.60
54.90
53.55
53.16
52.99
52.84
52.86
52.75
53.42

sec

Outlet product
concentration
(mole % methanc)

60.48
60.48
58.40
56.44
55.06
54.64
54.54
54.35
54.26
54.20
54.10
54.12
53.52
54.05

254

60.88
60.85
60.84

Outlet purge
concentration
(mole % mcthanc)

60.10
61.22
61.15
60.99
60.96
60.88
61.04
60.90
60.87

~60.84

39.9%

Outlet purge
concentration
(mole % methanc)

60.49
61.21
61.09
60.96
60.86
60.82
60.83
60.82
60.81
60.78
60.78
60.78
59.13
60.75



Run Nos. : 10-12
Date : 18 Aug 90

The following process variables arc held constant for the cycle times listed below:

Packing in the column 1 Zcolitc 4A

Feed flow rate : 036 SLPM
Product flow rate : 0.03 SLPM
Purge flow rate 1 0.26 SLPM
High pressure 1 441 psia
Low pressure : 147 psia
Fecd concentration : 92 %CH4
Velocity : 0.53 cm/scc
Purge gas : Part of product
Purge to Fced ratio T 217

Initial condition . Saturated with feed
Step duration : 14014
Temperature : 26 C

Concentrations arc measured 2 sec before the end of adsorption step.

Cycle time : 60 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mecthanc) (mole % mecthanc)
0.0 92.43 . 92.50
1.0 92.36 92.66
5.0 91.37 92.69
9.0 90.65 92.66
13.0 90.39 92.66
17.0 90.27 92.66
21.0 90.23 92.74
27.0 90.24 92.64
33.0 90.23 92.67
37.0 90.22 92.65
44.5 90.53 92.58
77.0 90.21 92.68
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Cycle time : 90 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % methane) (mole % methanc)
0.0 92.36 92.44
1.0 92.34 92.81
4.0 91.39 92.69
7.0 90.57 92.65
10.0 90.29 92.63
13.0 90.17 92.64
16.0 90.12 92.63
26.0 90.12 92.64
29.0 90.07 93.65
35.0 90.08 92.64
127.0 90.12 92.62
148.5 90.53 92.49
Cycle time : 120 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mecthanc) (mole % mcthanc)
0.0 92.38 92.45
1.0 92.41 92.73
3.0 91.85 92.67
5.0 91.39 92.66
8.0 91.08 92.61
11.0 91.01 92.61
70.0 90.96 92.61
72.0 90.91 92.58
75.5 90.57 92.04



Run Nos.
Date
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13-14
20 Aug 90

The following process variables are held constant for the cycle times listed below:

Packing in the column
Feed flow rate
Product flow rate
Purge flow rate
High pressurc

Low pressure

Fecd concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

Zcolitc 4A

0.80 SLPM
0.13 SLPM -
0.58 SLPM
44.1 psia
14.7 psia

92 %CH4
1.19 cm/scc
Part of product
2.17

Saturated with feed
1:4:1:4

26 C

Concentrations arc measured 2 scc before the end of adsorption step.

Cycle time

No. of
cycles

0
|
8

5
2

(N e

Cycle time

No. of
cycles

12
34

30

60

sec
Outlet product Outlet purge
concentration concentration
(mole % methanc) (mole % mcthane)
92.48 92.55
92.51 92.74
91:18 92.65
90.88 92.67
90.85 92.68

sec
Outlet product Outlet purge
concentration concentration
(mole % methane) (mole % methane)
92.56 92.64
92.49 92.76
91.31 92.66
90.93 92.69
90.94 92.69
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Run No. 15
Datc : 18 Scp 90

The following process variables are held constant for the cycle time listed below:

Packing in the column 1 Zecolitc 4A

Feed flow rate 1 0.67 SLPM
Product flow rate : 0.10 SLPM -
Purge flow rate : 0.49 SLPM
High pressurc : 58.8 psia
Low pressure 1149 psia
Feed concentration 1 60 %CH4
Velocity > 075 cmy/sec
Purge gas : Part of product
Purge to Fced ratio 1 292

Initial condition : Saturated with feed
Step duration : 1:4:14
Tempcerature : 26 C

Concentrations arc measured 2 sec before the end of adsorption step.

Cycle time : 30 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % methane) (mole % mcthane)
1 60.64 61.31
5 56.44 61.04
It 54.85 60.93
15 54.67 60.91
19 54.66 60.91
24 54.60 61.05
33 54.59 61.12
43 54.59 60.93
Time during Product Purge
the cycle Concentration Concentration
scC (mole % methanc) (mole % methane)
S 54.42 60.99
10 54.42 61.08
20 54.53 61.03
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Run Nos. : 16-18
Datce : 24 Sep 90

The following process variables arc held constant for the cycle times listed below:

Packing in the column 1 Zeolite 4A

Feed flow rate : 042 SLPM
Product flow rate : 010 SLPM -
Purge flow rate ’ : 0.26 SLPM
High pressure 1 294 psia
Low pressure 1 147 psia
Feed concentration : 60 %CH4
Velocity : 094 cm/sec
Purge gas : Part of product
Purge to Feed ratio : 1.24

Initial condition : Saturated with feced
Step duration 1 14:1:4
Temperature 1 26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time : 60 sec

No. of Outlet product Outlet purge
cycles concentration concentration

(mole % mcthanc) (mole % mcthane)

0 60.61 60.72

l 60.12 61.19

5 57.28 61.20

12 56.20 61.20

17 56.09 61.21
22 56.17 61.33
27 56.09 61.17

32 56.11 61.19
Time during Product Purge

the cycle Concentration Concentration
scc (mole % mecthane) (mole % methanc)
5 56.12 60.99

10 56.74 61.12

20 56.21 61.17
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Cycle time 190 sec

No. of Outlet product Outlet purge
cycles concentration concentration

(mole % methane) (mole % methanc)

0 60.67 60.79

I 59.97 61.26

4 58.57 61.30

8 57.95 61.27

11 57.92 61.28

16 57.88 61.22

19 58.02 61.27

R 57.85 61.26
Time during Product Purge

the cycle concentration concentration
sec (molc % mcthanc) (mole % mcthanc)
5 57.24 61.17

10 56.77 61.17

20 56.28 “61.30

30 56.98 61.34

40 57.37 61.32

Cycle time : 40 sec

No. of Outlet product Outlet purge
cycles concentration concentration

(mole % mcthane) (mole % methane)

0 60.65 60.78

] 59.75 61.08

6 58.10 61.04

15 56.71 61.05

24 56.53 61.15

36 56.53 61.07

Time during Product Purge

the cycle concentration concentration

scc (mole % methane) (mole % methane)
5 56.87 60.92

10 56.78 61.10

15 - 61.02



Run No.
Datc
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19
25 Sep 90

The following process variables arc held constant for the cycle time listed below:

Packing in the column
Feed flow rate
Product flow rate
Purge flow ratc
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Fceed ratio
Initial condition
Step duration
Tempcerature

Zceolite 4A

0.59 SLPM
0.10 SLPM -
0.26 SLPM
29.4 psia
14.7 psia

60 %CH4
1.31 cm/scc
Part of product
0.88

Saturated with feed
1:4:1:4

26 C

Concentrations are mcasured 2 sec before the end of adsorption step.

Cycle time : 60

No. of
cycles

Ccuwn—Co

14
26

sec

Outlet product Outlet purge
concentration concentration
(mole % mecthanc) (mole % mecthane)
60.69 60.77

60.57 61.41

57.10 61.25

56.43 61.24

56.32 61.26

56.25 61.56

56.25 61.21
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20-21
25 Sep 90

The following process variables are held constant for the cycle times listed below:

Packing in the column
Feed flow rate
Product flow rate
Purge flow rate
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Fced ratio
Initial condition
Step duration
Temperature

Zcolitc 4A

0.34 SLPM
0.05 SLPM -
0.21 SLPM
294 psia
14.7 psia

60 %CH4

0.76 cm/sec
Part of product

1.24 ,
Saturated with feed
1:4:1:4

26 C

Concentrations are mecasurcd 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

Time during
the cycle .
sec

5
10
20

60

sec

Outlet product Outlet purge
concentration concentration
(mole % mcthane) (mole % methanc)
60.65 60.72

60.66 61.07

59.64 61.07

57.48 61.06

55.94 61.05

54.46 61.00

53.85 60.97

53.52 61.03

53.34 61.00

Product Purge
concentration concentration
(mole % mcthane) (mole % methane)
53.72 60.91

53.64 60.98

53.28 61.03
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Cycle time : 90 sec
No. of Outlet product Outlct purge
cycles concentration concentration
(mole % mcthanc) (mole % mcthane)

0 60.47 60.60

1 60.46 61.19

4 59.61 61.19

7 57.48 61.18

11 55.74 . 61.17

14 55.08 61.13
26 53.92 61.12
49 53.51 61.10
66 53.31 61.08
Time during Product Purge
the cycle concentration concentration
sec (mole % mecthanc) (molc % mcthanc)
5 53.53 60.85

10 53.70 " 61.07
20 53.95 61.19
30 53.86 61.14

40 53.47 61.13



Run No.
Date

The following process variables are held constant for the cycle time listed below:

Packing in the column
Fced flow rate
Product flow rate
Purge flow rate
High pressure

Low pressure

Feed concentration
Vclocity

Purgc gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

22
26 Scp 90

Zcolitc 4A

0.34 SLPM
0.05 SLPM
0.21 SLPM
44.1 psia
14.7 psia
60 %CH4
0.51 cm/scc
Part of product
1.85

Saturated with feed
1:4:1:4

26 C

Concentrations are measured 2 scc before the end of adsorption step.

Cycle time

No. of
cycles

39
55

Time during
the cycle
sec

90

sec

Outlet product Outlet purge
concentration concentration
(mole % mcthanc) (mole % mecthane)
60.38 60.51

60.49 61.24

59.79 61.08

57.51 60.98

53.44 60.88

52.99 60.81

52.87 60.83

52.80 60.81

52.66 60.81

Product Purge
concentration concentration
(mole % methanc) (mole % mcthane)
52.69 61.02

52.80 61.01

52.70 60.94

52.69 60.88

264
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23
29 Sep 90

The following process variables are held constant for the cycle time listed below:

Packing in the column
Feed flow rate
Product flow ratc
Purge flow rate
High pressure

Low pressure

Feed concentration
Purge to Feed ratio
Velocity

Purge gas

Initial condition
Step duration
Temperature

: Zcolité 4A

0.30 SLPM
0.05 SLPM -
0.14 SLPM
294 psia
14.7 psia

60 %CH4
0.93

0.67 cm/scc

Part of product
Saturated with feed
1:4:1:4

26 C

Concentrations arc measured 2 scc before the end of adsorption step.

Cycle time : 60

No. of
cycles

sec

Outlet product Outlet purge
concentration concentration
(mole % mecthanc) (mole % methane)
60.76 60.74

60.62 60.96

60.35 61.03

55.86 61.08

54.39 60.99

53.75 60.91

53.60 60.96



Run No.
Date

The following process variables are held constant for the cycle time listed below:

Packing in the column
Feed flow rate
Product flow rate
Purge flow rate
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

24
7 Oct 90

Zcolitc 4A

0.42 SLPM
0.06 SLPM
0.21 SLPM
294 psia
14.7 psia
60 %CH4
0.94 cm/sec
Part of product
1.00

Saturated with methane
1:4:1:4

26 C

Concentrations arc mecasurcd 2 scc before the end of adsorption step.

Cycle time : 60

No. of
cycles

secC

Outlet product
concentration
(mole % methanc)

99.01
89.33
79.95
73.22
67.47
64.40
62.17
59.70
57.86
56.92
55.81
55.35
54.76
53.80
53.72
53.65

Outlet purge
concentration
(mole % methane)

99.73
62.77
62.17
61.93
61.80
61.87
61.58
61.50
61.64
61.44
61.34
61.33
61.30
61.31
61.25
61.23

266



Run Nos.
Date

The following process variables arc held constant for the cycle times listed below:

Packing in thc column
Feed flow rate
Product flow rate
Purge flow ratc
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

25-26
8 Oct 90

Zcolite 4A

0.42 SLPM
0.06 SLPM .
0.24 SLPM
294 psia
14.7 psia

60 %CH4
0.94 cm/sec
Part of product
1.14

Saturated with methane
1:4:1:4

90 C

Conccentrations arc mcasured 2 sec before the end of adsorption step.

Cycle time : 30

No. of
cycles

16

37
58

231
259
270
279

sec

Outlet product Outlet purge
concentration concentration
(mole % methanc) (mole % methanc)
99.99 63.96

92.10 61.97

74.76 61.67

65.48 61.40

59.38 61.31

56.46 61.20

55.48 61.15

54.53 61.12

54.43 61.12

54.45 61.10

54.42 61.13
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Cycle time : 60 sec
No. of Outlet product Outlet purge
cycles concentration concentration
(mole % mecthane) (mole % mcthane)
1 ' 91.33 67.15
5 90.22 63.58
9 74.78 62.73
13 66.71 62.29
17 62.74 62.04
21 60.31 61.92
28 58.74 61.70
35 57.89 61.67

43 57.39 61.66



APPENDIX A.1.3

RAW DATA FOR SINGLE COLUMN PSA EXPERIMENTS
WITH 4A ZEOLITE



Run No.
Date

The following process variables are held constant for the cycle time listed below:

1
15 Oct 90

Single column

Packing in the column 1 Zcolite 4A

Feed flow rate ¢ 0.5659 SLPM.
Purge flow rate : 0262 SLPM
High pressure : 294 psia

Low pressure 1 147 psia

Fecd concentration : 60 %CH4
Velocity ¢ 1.26 cm/scc
Purge gas : Pure methane
Purge to Feed ratio : 0926

Initial condition : Saturated with feed
Step duration : L:4:1:4 (press:adsorp:blowdown:purge)
Tempcrature 1 26 C

Concentrations arc mcasured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

60 sec

Outlet product
concentration
(mole % methane)

60.87
71.38
78.33
79.08
81.61
81.81
82.54
82.73
82.57
81.64

270
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Time during Outlet product Time during Outlet purge
the cycle concentration the cycle concentration
scc (mole % methanc) sec (mole % methane)
8 77.14 5 59.95
12 94.42 11 60.05
15 91.92 14 59.83
18 89.11 37 59.93
23 84.92 40 60.39

45 61.15

50 61.51

53 59.97

60 60.91



Run No.
Date

272

2
15 Oct 90

The following process variables are held constant for the cycle time listed below:

Single column

Packing in the column
Feed flow rate

Purge flow rate

High pressure

Low pressure

Fecd concentration

Velocity
Purge gas

Purge to Feed ratio
Initial condition
Step duration

Temperature

Zcolite 4A
0..2579 SLPM
0.262 SLPM
294 psia
14.7 psia
: 60 %CH4
: 0.58 cm/scc
: Pure methane
2.032
Saturated with feed
1:4:1:4
26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

Time during
the cycle
sec

8
10
18
23

60 sec

Outlet product No of Outlet purge
concentration cycles concentration
(mole % methanc) (mole % methane)
94.52 40 64.21
97.35 74 66.45
97.92 87 64.33
98.23 94 62.11
98.44
98.82
Outlet product Time during Outlet purge
concentration the cycle concentration
(mole % methanc) sec (molc % mcthane)
98.76 40 69.92
98.82 42 68.04
98.71 45 63.57
98.62 47 67.27

50 66.60

60 66.85



Run No.
Date

273

3
16 Oct 90

The following process variables arc held constant for the cycle time listed below:

Singlc column

Packing in the column
Feed flow rate

Purge flow rate

High pressure

Low pressure

Feed concentration

Velocity
Purge gas

Purge to Feed ratio
Initial condition
Step duration

Temperature

Zeolite 4A
0.7059 SLPM.
0.158 SLPM
294 psia
14.7 psia

60 %CH4
1.57 cm/sec
Pure methane
0.448

Saturated with fecd
1:4:1:4

26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

60 sec

Outlet product
concentration
(mole % methane)

59.69
71.06
76.83
76.91
77.41
77.15
73.91
76.69
77.32
72.57
77.05
76.30
77.32

No of Outlet purge
cycles concentration

74
36
98

(mole % methane)

60.43
60.59
60.45



Time during Outlet product

the cycle
scc

13
18
23
30

concentration
(mole % mecthanc)

68.50
64.63
71.14
75.36

Time during
the cycle
sec

40
45
53

274

Outlet purge
concentration
(mole % mecthane)

62.03
61.75
60.97



Run No.
Date

The following process variables are held constant for the cycle time listed below:

Single column

Packing in th
Fecd flow rat

¢ column
e

Purge flow rate
High pressure

Low pressure

Feed concentration

Velocity
Purge gas

Purge to Feed ratio
Initial condition
Step duration

Temperature

4
20 Oct 90

Zcolite 4A
0.4259 SLPM.
0.158 SLPM
294 psia
14.7 psia

60 %CH4
0.95 cm/sec
Pure mecthane
0.7419
Saturated with fecd
1:4:1:4

26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

60 sec

QOutlet product
concentration
(mole % mecthane)

60.87
67.98
74.16
76.09
77.48

No of Outlet purge
cycles concentration
(mole % methane)
| 59.23
9 60.36
Time during Qutlet purge
the cycle concentration
sec (mole % methane)
31 60.61
33 62.24
35 60.39
40 62.97
41 60.75
45 63.09
53 63.11
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Run No.
Datc

The following process variables are held constant for the cycle time listed below:

Single column

Packing in the column
Fced flow rate

Purge flow ratc

High pressurc

Low pressure
Feed concent
Velocity
Purge gas

ration

Purge to Fced ratio
Initial condition
Step duration

Temperature

5
20 Oct 90

Zcolite 4A
0.4259 SLPM.
0.230 SLPM
29.4 psia
14.7 psia

60 %CH4
0.95 cm/sec
Pure helium

1.08

Saturated with feed
1:4:1:4

26 C

Concentrations are mcasured 2 sec before the end of -adsorption step.

Cycle time

No. of
cycles

19
26
32
39
43

60 sec

Outlet product No of Outlet purge
concentration cycles concentration
(mole % methanc) (moie % methanc)
58.43 3 61.26

62.07 11 62.43

60.36 19 62.41

58.59 26 62.29

57.42 33 62.23

55.76 39 63.25

55.71 43 62.04

276



Run No.
Date

277

6
21 Oct 90

The following process variables are held constant for the cycle time listed below:

Singlc colum

n

Packing in the column

Fced flow ra

te

Purge flow ratc
High pressure
Low pressure

IFeed concentration

Velocity
Purge gas

Purge to Fced ratio
Initial condition
Step duration

Tempcrature

Zeolite 4A
0.4259 SLPM.
0.230 SLPM
294 psia
14.7 psia

60 %CH4
0.95 cm/sec
Pure helium

1.08

Saturated with feed
1:2:1:6

26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

120 sec

Outlet product
concentration
(mole % methane)

47.37
48.82
50.53
53.19
58.04
58.84
59.45
59.41
60.07
60.32
60.18
59.94

No of Outlet purge
cycles concentration
(mole % methane)

1 52.82

3 51.52

5 51.88

7 52.61

9 53.12

13 54.19
27 55.77
31 57.83
35 55.98
39 56.14
72 56.24

113 56.53
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Time during Outlet product Time during Outlct purge
the cycle concentration the cycle concentration
sec (mole % methanc) sec - (molc % methane)
20 62.26 50 63.45
24 48.93 55 63.99
25 50.67 60 63.68
30 56.84 65 71.91

72 63.96

80 61.58

90 59.90

100 58.34

110 56.88
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Run Nos. : 7-13
Date : 24 Oct 90

The following process variables are held constant for the cycle times listed below:

Single column

Packing in the column : Zcolite 4A

Feed flow rate ¢ 05659 SLPM.
Purge flow rate : 0.230 SLPM
High pressurc 1 294 psia

Low pressure : 147 psia

Fecd concentration : 60 %CH4
Vcelocity : 126 cm/scc
Purge gas : Pure helium

Purge to Feed ratio : 03813

Initial condition : Saturated with feed
Step duration 1 3:1:6 (adsorp:blowdown:purge)
Temperature : 26 C

Conccentrations arc measured 2 sec before the end of adsorption step.

Cycle time : 120 sec
No. of Outlet product No of Outlet purge
cycles concentration cycles concentration
(mole % methane) (mole % methane)
4 51.73 1 , 57.66
12 53.77 4 53.58
18 56.14 12 53.87
32 59.76 18 54.74
88 63.19 32 56.09
110 63.97 90 57.38
262 64.08 110 57.55
262 57.84
Time during Outlet product Time during Outlet purge
the cycle concentration the cycle concentration
sec (mole % methane) sec (mole % methane)
15 52.40 55 62.82
20 56.24 60 63.41
25 59.77 65 63.30

30 62.51 75 63.29



Cycle time

No. of
cycles

I
3
6

23

47

64

Time during
the cycle
sec

25
30
35
4]
43

Cycle time

No. of
cycles

150

Outlet product

concentration

(mole % mecthanc)

63.37
62.15
63.82
69.00
70.05
70.02

Outlet product

concentration

(mole % mecthane)

64.44
66.15
67.71
69.37
70.63

180

Outlet product

concentration

(mole % mcthane)

73.54
73.37
73.80
73.66
73.87

30

100
110

sec

No of
cycles

ANww—

Time during
the cycle
sec

sec

No of
cycles

62.18
60.80
59.65
58.44

Outlet purge
concentration

(molc % methane)

52.03
52.23
53.84
57.07
57.14

Outlet purge
concentration

- (molc % methane)

62.06
62.44
62.73
61.66
60.66
60.28
58.71
57.39

Outlet purge
concentration

(mole % methane)

56.54
56.44
56.41
56.65
56.70

280
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Cycle time ¢ 210 sec

No. of Outlet product No of Outlet purge

cycles concentration cycles concentration
(mole % methane) (mole % mcthanc)

20 72.61 20 56.70

22 75.94 22 55.52

24 76.48 24 57.01

26 76.73 26 56.69

28 76.68 28 57.00

30 76.59 30 56.71

34 76.61 34 56.64

36 76.52 36 56.59

38 76.62 38 56.55

Cycle time : 240 sec

No. of Outlet product No of Outlet purge

cycles concentration cycles concentration
(mole % mcthanc) - (mole % mcthane)

i 84.33 | 46.83

2 76.64 2 48.76

3 75.32 3 50.25

4 75.53 4 51.82

6 75.82 6 53.11

8 76.67 8 54.18

17 71.35 17 56.03

24 71.55 24 56.36

27 77.81 27 56.43

34 77.52 34 57.08

Cycle time : 270 sec

No. of Outlet product No of Outlet purge

cycles concentration cycles concentration
(mole % methane) (mole % mcthane)

11 - 76.53 11 56.80

13 76.88 13 56.25

25 76.86 25 56.38

28 76.89 28 56.68

36 76.95



Time during Outlet product

the cycle
scc

65
70
75

Cycle time

No. of
cycles

25
27

concentration
(mole % methane)

77.32
77.60
77.33

300 sec
Outlet product No of
concentration cycles
(mole % mecthane)
75.65 1
75.61 2
75.60 25
75.62 27

Outlet purge
concentration
(mole % methanc)

56.60
56.50
56.32
56.21

282



Run Nos.
Datc

283

14-16
29 Oct 90

The following process variables are held constant for the cycle times listed below:

Single column
Packing in thc column
Feed flow rate

Purge flow ratc

High pressure

Low pressurc

Feed concentration

Velocity
Purge gas

Purge to Feed ratio
Initial condition
Step duration

Temperature

Zcolite 4A
0.8459 SLPM
0.230 SLPM
44.1 psia
14.7 psia
60 %CH4
1.26 cm/scc
Pure helium
0.816

Saturated with fced
3:1:6

26 C

Concentrations arc measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

Eowvnw—

240 sec

Outlet product
concentration
(mole % methane)

74.04
73.32
73.44
73.68
73.69
73.77

No of Outlet purge
cycles concentration
(mole % methane)
53.89
54.85
55.08
55.31
55.36
10 55.88
12 5591
13 55.97
15 56.02
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Time during Outlet product
the cycle concentration

sec (mole % methane)

50 74.16

55 74.54

60 74.44

65 73.96

Cycle time : 180 sec

No. of Outlet product No of Outlet purge
cycles concentration cycles concentration

(mole % methanc) (mole % methane)

1 79.58 1 51.72

2 74.08 2 50.32

3 72.41 3 50.67

4 72.11 4 51.29

8 72.52 8 53.56

12 73.02 12 - 54.86

15 73.25 15 55.07
Time during Outlet product Time during Outlet purge
the cycle concentration the cycle concentration
47 71.72 173 54.94
Cycle time : 210 sec

No. of Outlet product No of Outlet purge
cycles concentration cycles concentration
(mole % methane) (molc % methane)

1 79.65 1 47.83

2 74.09 2 48.95

3 72.86 3 49.26

6 72.98 6 52.47

9 73.50 9 53.96
31 74.03 31 55.86



Run Nos.
Date

The following process variables are held constant for the cycle times listed below:

Single columi
Packing in th

17-20
31 Oct 90

)
¢ column . Zcolite 4A

Feced flow rate : 0.5939 SLPM.
Purge flow ratc : 0230 SLPM
High pressure 1 441 psia
Low pressure 1 14.7 psia
Feed concentration : 60 %CH4
Velocity : 0.88 cm/scc
Purge gas : Pure helium
Purge to Fced ratio : 1162

Initial condition . Saturated with feed
Step duration : 316
Temperature : 26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

Time during
the cycle
sec

63

210 sec
Outlet product No of Outlet purge
concentration cycles concentration
(mole % methanc) (molc % methane)
72.77 I 56.70
73.40 2 56.79
73.65 3 57.01
73.69 31 56.56
73.94 32 56.89
74.10
74.08

Outlet product
concentration
(mole % methane)

74.45

285



Cycle time : 240 sec
No. of Outlet product No of
cycles concentration cycles
(mole % mcthane)
1 76.26 |
3 76.32 2
6 76.40 3
6
10
Time during Outlet product
the cycle concentration
scc (molc % mcthanc)
72 76.55
Cycle time : 270 sec
No. of Outlet product No of
cycles concentration cycles
(mole % mcthanc)
| 77.05 I
9 77.49 9
10
Time during Outlet product Time during
the cycle concentration the cycle
sec (mole % methanc) scc

75 77.26

286

Outlet purge
concentration
(mole % methanc)

56.27
56.32
56.26
56.49
57.006

- Outlet purge

concentration
(mole % mcthane)

56.93
57.10
57.30

Outlet purge
concentration
(mole % methane)



Cycle time

No. of
cycles

—

Time during
the cycle
scc

80
85
90

300 sec

Outlet product No of
concentration cycles
(molc % methane)
77.88 1
77.83 2

4

5

Outlet product
concentration
(mole % methanc)

77.90
7791
17.74

Outlct purge
concentration
(mole % methane)

57.68
57.34
57.25
57.15
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Run Nos. : 21-24
Date : 3 Nov90

The following process variables are held constant for the cycle times listed below:

Single column

Packing in the column 1 Zcolite 4A

FFeed flow rate : 03979 SLPM -
Purge flow rate : 0230 SLPM
High pressure _ : 294 psia
Low pressure 1 147 psia
Feed concentration : 60 %CH4
Velocity : 0.88 cm/scc
Purge gas : Pure helium
Purge to Feced ratio : 1156

Initial condition : Saturated with feed
Step duration : 36
Temperature : 26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time : 300 sec
No. of Outlet product No of Outlet purge
cycles concentration cycles concentration
(mole % mecthanc) (mole % mcthane)
l 63.11 | 45.28
2 70.29 2 48.70
3 65.76 3 50.80
4 52.20

Time during Outlet product
the cycle concentration
sec (mole % methane)

91 75.06



Cycle time

No. of
cycles

N =

Cycle time

No. of
cycles

I

2

4
26
27
39

Time during
the cycle
scc

110
115
120

360 sec
Outlet product No of -
concentration cycles
(mole % mecthane)
79.47 1
79.50 2
79.93 3
80.72 4

420 sec

Outlet product No of
concentration cycles
(mole % mcthane)

85.99
80.34
80.84
82.37
82.47
22.28

BN s -

Outlet product
concentration
(molc % mcthanc)

82.54
82.63
82.51 .

Outlet purge
concentration
(mole % mecthanc)

53.24
54.10
54.97
55.50

Outlet purgé
concentration
(molc % methanc)

45.09
53.40
54.54

- 58.25

57.74



Cycle time

No. of
cycles

1
10
17
23

Time during
the cycle
sec

110

390 sec

Outlet product No of
concentration cycles
(mole % mcthane)

81.78 1
82.44 10
82.36 17
82.67

Outlet product Time during
concentration the cycle
(molc % mcthanc) sec

82.36

290

Outlet purge
concentration
(mole % mcthane)

57.47
57.80
58.04

Outlet purge
concentration
(mole % methane)



Run Nos.
Date

291

25-29
6 Nov 90

The following process variablcs are held constant for the cycle times listed below:

Single column
Packing in the column
Fced flow rate

Purge flow rate

High pressure

Low pressurc

Feed concentration

Velocity
Purge gas

Purge to Feed ratio
Initial condition
Step duration

Tempcerature

Zeolite 4A

0.3979 SLPM-

- SLPM

294 psia

0.1 psia

60 %CH4

0.88 cm/scc .

- ( Vacuum to < 10 mm Hg)
Saturated with feed

3:1:6

26 C

Concentrations arc measurcd 2 scc before the end of adsorption step.

Cycle time

No. of
cycles

00 LA o DD =

Time during
the cycle
scc

55
60
71

240 sec

Outlet product
concentration
(mole % methane)

72.41
72.17
72.50
72.64
72.83

Outlet product
concentration
(mole % methanc)

70.17
70.93
72.88
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Cycle time ¢ 300 sec
No. of Outlet product
cycles concentration
(mole % methanc)

1 7291

2 73.85

12 74.17

14 74.18

Time during Outlet product
the cycle concentration

scc (mole % mecthane)
79 73.98

80 73.97

82 74.02

83 74.16

Cycle time : 330 sec
No. of Outlet product
cycles concentration

(mole % mcthane)

I 74.20

2 74.22
Time during Outlet product
the cycle concentration
sec (mole % methanc)
80 74.13
85 74.30
90 74.32

97 74.25



Cycle time

No. of
cycles

O 0 W N -

Cycle time

No. of
cycles

OO\ BN -

Time during
the cycle
scc

101

Cycle time

No. of
cycles

00 Bl —

Time during
the cycle
scc

330 sec (repeat run)

Outlet product
concentration
(mole % mcthane)

73.27
73.62
73.86
74.35
74.28

360 sec

Outlet product
concentration
(mole % methane)

74.31
74.38
74.29
74.43
74.56
74.55

Outlet product
concentration
(mole % mecthanc)

74.54

390 sec
Outlet product
concentration
(mole % methane)
74.23
74.19
74.21
74.21

Outlet product
concentration
(mole % methane)

293
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100 74.56
110 74.38



Run Nos.
Date

295

30-33
7 Nov 90

The following process variables are held constant for the cycle times listed below:

Single column

Packing in th

¢ column 1 Zcolitc 4A

Feed flow rate : 05939 SLPM-

Purge flow rate To- SLPM

High pressure t 441 psia

Low pressure : 0.1 psia

Feed concentration : 60 %CH4

Velocity : 0.88 cmy/scc .

Purge gas

Purge to Feed ratio

Initial conditi

-.( Vacuum to < 10 mm Hg)

on : Saturated with feed

Step duration : 316

Tempcrature

26 C

Concentrations arc measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

NN DN -

Time during
the cycle
sec

Cycle time

300 sec

Outlet product
concentration
(mole % mecthane)

56.26
69.29
73.05
73.90
73.85

Outlet product
concentration
(mole % methane)

73.19
73.54
73.67
713.77
73.74

330 sec



No. of
cycles

1
5

Time during
the cycle
sec

Q2
{7
92

Cycle time

No. of
cycles

DN —

6
11
13
23

Time during
the cycle
sec

55
60
68
73

Cycle time

No. of
cycles

10

Outlet product
concentration
(mole % methane)

73.48
73.66

Outlict product
concentration
(mole % mcthanc)

73.81
73.836
73.81

270 sec

Outlet product
concentration
(mole % methane)

71.59
72.70
72.12
72.22
73.81
73.26
73.44

Outlet product
concentration
(mole % mcthane)

71.19
73.42
72.87
72.26

420 sec
Outlet product
concentration
(molc % mcthane)

72.10
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Run Nos.
Date

297

34-36
10 Nov 90

The following process variables are held constant for the cycle times listed below:

Single column

Packing in the column 1 Zeolite 4A

Fecd flow rate : 0.83459 SLPM

Purge flow rate Do SLPM

High pressure 1441 psia

Low pressure : 0.1 psia

Feed concentration : 60 %CH4

Velocity : 1.26 cmy/scc

Purge gas - ( Vacuum to < 10 mm Hg)

Purge to Feed ratio

on Saturated with {ced

Initial conditi
Step duration : 316
Temperature : 26 C

Concentrations are measured 2 sec before the end of adsorption step.

Cycle time

No. of
cycles

2
20

Time during
the cycle
sec

50
35
60
70
80
104
110

360 sec

Outlet product
concentration
(mole % methane)

68.59
68.69

Outlet product
concentration
(mole % mecthane)

72.59
72.30
72.64
72.30
71.46
68.62
67.45



Cycle time

No. of
cycles

2

S

10

I
Time during

the cycle
scc

50
55
60

Cycle time

No. of
cycles

|
6
7

Time during
the cycle
sec

40
50
55

240 sec

Outlet product
concentration
(mole % mcthanc)

70.45
71.74
72.00
72.00

Outlct product
concentration
(mole % methanc)

71.84
72.17
72.07

210 sec

Outlet product
concentration
(molc % methane)

72.06
72.13
72.06

Outlet product
concentration
(mole % methane)

72.40
71.76
71.99
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Run Nos.
Date

299

37-40
10 Nov 90

The following process variables are held constant for the cycle times listed below:

Single column
Packing in the column
[Feed flow rate
Purge flow rate
High pressure

Low pressure

Feed concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

Zcolite 4A
0.5659 SLPM

- SLPM

294 psia

0.1 psia

60 “%CH4
1.26 cm;sec

- ( Vacuum to < [0 mm Hg)

Saturated with feed
3:1:6
26 C

Concentrations are measured 2 scc before the end of adsorption step.

Cycle time : 210 sec
No. of Outlet product
cycles concentration
(mole %% mcthanc)

1 71.34

3 71.51

5 69.90

6 72.30
32 72.13
Time during Outlet product

the cycle concentration
scc (mole % mcthanc)
55 71.23

63 72.29



Cycle time

No. of
cycles

K L NI -

Time during
the cycle
scc

50
65
72

Cycle time

No. of
cycles

1
2
5

Time during
the cycle
scC

74
&1

240 sec

Outlct product
concentration
(molc % mcthanc)

12.26
73.03
73.10
73.19

Outlet product
concentration
(mole % mcthanc)

12.89
712.81
73.24

270 sec

Outlet product
concentration
(mole % mcthanc)

73.46
73.59
73.69

Outlet product
concentralion
(molc % mcthanc)

73.54
73.81

300



Cycle time

No. of
cycles

O O\ Ln e

2

o}

Time during
the cycle
scc

83
90

300 sec

Outlet product
concentration
(mole % mcthanc)

71.62
73.41
73.45
73.68
73.86

Outlet product
concentration
(mole % methanc)

73.57
73.64
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Run Nos. : 41-42
Date : 11 Nov 90

The following process variables are held constant for the cycle times listed below:

Single column

Packing in the column : Zcolite 4A

Feed flow rate : 0.548 SLPM

Purge flow rate - SLPM

High pressure : 294 psia

Low pressure ¢ 0.1 psia

Fced concentration : 92 %CH4

Velocity : 122 cm/sec .
Purge gas : - (Vacuum to < 10 mm Hg)
Purge to Feed ratio T -

Initial condition : Saturated with feed

Step duration 36

Temperature 126 C

Concentrations arc measured 2 scc before the end of adsorption step.

Cycle time : 300 sec
No. of Outlet product
cycles concentration

(mole % methanc)
I 94.48
6 . 95.46
12 95.50

Time during Outlet product
the cycle concentration

sec (mole % methane)
30 93.55
50 95.04
60 95.29
60 - 95.36
70 95.30
70 95.38
70 95.42
70 95.47

80 95.55



Cycle time

No. of
cycles

O 00

Time during
the cycle
scc

70
74
77

270 sec

Outlet product
concentration
(mole % mcthanc)

95.42
95.44
95.57
95.47

Outlet product
concentration
(molc % mecthane)

95.47
95.45
95.55
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Run No.
Datc

43-45
12 Nov 90

The following process variables arc held constant for the cycle time listed below:

Single column
Packing in the column
Feed flow rate
Purge flow rate
High pressurc

Low pressure

Feced concentration
Velocity

Purge gas

Purge to Feed ratio
Initial condition
Step duration
Temperature

Zcolitc 4A

0.548 SLPM
0.230 SLPM
29.4 psia
14.7 psia

92 %CH4
1.22 cmy/sec
Pure helium
0.839

Saturated with feed
3:1:6

26 C

Concentrations are measured 2 scc before the end of adsorption step.

Cycle time
No. of Outlet product
cycles concentration

(molc % mecthane)

No of Outlet purge
cycles concentration

(mole % methanc)

3 96.04 90.53

22 96.35 91.15
22 92.07

Time during Outlet product

the cycle concentration

sec (molc % methane)

70 96.04

83 96.43



Cycle time

No. of
cycles

1
3

Time during
the cycle
sec

87
92

Cycle time

No. of
cycles

Time during
the cycle
sec

83
88

330 sec
Outlet product No of
concentration cycles
(molc % methane)
96.35 1
96.32 3

Outlet product Time during
concentration the cycle
(mole % mcthanc) scc

96.47
96.46 268
300 sec

Qutlet product No of
concentration cycles
(mole % mecthanc)
96.43 |
96.42 3
96.50 5

9

Outlet product Time during
concentration the cycle
(mole % methanc) scc

96.39 240
96.43

Outlet purge
concentration
(mole % mcthanc)

92.20
91.35

Outlet purge

concentration
(mole % mcthanc)

92.1R

Outlet purge
concentration

- (mole % mcthanc)

92.08
92.13
92.12
92.23

Outlet purge
concentration
(mole % methanc)

91.38
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APPENDIX A.1.4

RAW DATA FOR SORPTION EXPERIMENTS
WITH CARBON MOLECULAR SIEVES



Run no. 21

Datc : 21st August 1991
Adsorbent : carbon molecular sieve
Adsorbatc : nitrogen

Mcthod : volumctric
Temperature : 790¢

Weight cms : 47.4 grams

Initial ccll pressure : 0.00 psia

Step to pressure : 4.18 psia

Final ccll pressure : 3.345 psia

q 1 0.0277 moles/kg cms @ 3.345 psia
Volume ccll E : 668.21 ccms.

Cecll E isolated for cxperiment.

P(psia) Time(sccs)
0.00 0-
4.18 0+
4.00 18.5
3.97 22
3.86 40
3.75 64
3.636 100
3.58 136
3.508 172
3.47 208
3.456 226
3.38 496
3.372 656

3.345 infinity
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Run no.

Datc

Adsorbent
Adsorbatc

Mcthod
Temperature
Weight cms

Initial cell pressurc
Step to pressure
Final ccll pressure

q
Volume ccll E

: 2
: 21st August 1991
: carbon molecular sieve
: nitrogen
: volumetric
:790c¢
: 47.4 grams
: 3.345 psia
: 2.00 psia
: 2.26 psia
: 0.0191 moles/kg cms @ 2.26 psia
: 668.21 ccms.

'Cell E isolated for experiment.

P(psia)

3.345
2.0
2.036
2.074
2.102
2.134
2.174
2.191
2.205
2.246
2.256
2.26

Time(sccs)

0-
0+
12

30

48

84
120
150
186
546
906

infinity
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Run no. : 3

Date : 21st August 1991
Adsorbent : carbon molccular sicve
Adsorbate : nitrogen

Mcthod : volumetric
Temperature : 790c

Weight cms : 47.4 grams

Initial cell pressurc : 2.26 psia

Step to pressure : 1.356 psia

Final cell pressurc : 1.527 psia

q : 0.0134 moles/kg cms @ 1.527 psia
Volumce ccll E : 668.21 ccms.

Cecll E isolated for experiment.

P(psia) Time(sccs)
2.26 0-
1.356 0+
1.369 10
1.404 28
1.419 46
1.446 76
1.469 112
1.484 148
1.502 220
1.506 244
1.523 604

1.528 infinity
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Run no. 1 4

Date : 24th August 1991
Adsorbent : carbon molccular sieve
Adsorbatc : nitrogen

Mecthod : volumectric
Temperature : 500¢c

Weight cms : 47.4 grams

Initial ccll pressurc : 0.00 psia

Step to pressure : 245 psia

Final ccll pressure : 1.76 psia

q : 0.025 moles/kg cms @ 1.76 psia
Volume ccll E : 668.21 ccms.

Cecll E isolated for expcriment.

P(psia) Time(secs)

0.0 0-
2.45 0+
2.40 12
2.34 36
2.28 63
2.22 95
2.193 11
2.094 183
2.019 255
1.962 327
1.92 399
1.82 759
1.782 1119
1.769 1479
1.763 1839

1.7588 infinity
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Run no. : 5

Date : 24th August 1991
Adsorbent : carbon moleccular sieve
Adsorbatc : nitrogen

Mecthod : volumetric
Temperature : 500c

Weight cms : 474 grams

Initial ccll pressurc : 1.76 psia

Step to pressure : 1.093 psia

Final ccll pressure : 1.276 psia

q : 0.0184 moles/kg cms @ 1.276 psia
Volume ccll E 1 668.21 ccms.

Cecll E isolated for experiment.

P(psia) Time(sccs)
1.76 0-
1.093 0+
i.114 31
1.126 49
1.1404 73
1.157 109
1.1704 145
1.1932 214
1.213 290
1.24 470
1.264 990
1.2748 1350

1.2778 infinity



Run no.

Date

Adsorbent
Adsorbate

Mecthod
Temperature
Wcight cms

Initial cell pressure
Step to pressure
Final ccll pressure

q
Volume cell E

: 6
. 25th August 1991
: carbon molecular sicve
: methane
. volumetric
: 782¢
: 47.4 grams
: 0.0 psia
: 4.206 psia
: 2.17 psia
: 0.068 moles/kg cms @ 2.17 psia
1 668.21 ccms.

Cecll E isolated for experiment.

P(psia)

0.0
4.206
4.168
4.12
4.07%
4.0
3.928
3.797
3.683
3.488
3.314
3.188
3.177
3.052
2.948
2.81
2.696
2.54
2.432
2.376
2.273
2.228
2.1884
2.186
2.17

Time(sccs)

0-
0+
14
74
170
350
530
890
1250
1970
2690
3370
3410
4130
4850
5930
7010
9170
11330
13490
17810
22130
26450
30770
infinity



Run no. 7

Date : 27th 30th August 1991
Adsorbent : carbon molccular sicve
Adsorbate : methane

Mecthod : volumetric
Temperature : 50c

Wcight CMS : 47.4 grams

Initial ccll pressure @ 0.0 psia

Step to pressure 1 3.969 psia

Final cell pressurc @ 1.486 psia

q : 0.0898 moles/kg cms @ 1.486 psia
Volume ccll E : 668.21 ccms.

Cecll E isolated for experiment.

P(psia) Time(sccs)
0.0 0-
3.96 0+
3.9 270
3.74 1350
3.61 1710
3.37 3510
3.16 5310
297 7110
2.814 8910
2.68 10710
2.52 12510
245 14310
2.356 16110
2.144 20790
1.90 29790
1.71 42390
1.596 60390
1.55 78390
1.526 96390
1.51 114390

1.486 infinity
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Run no. : 8

Datc : 2nd Septecmber 1991
Adsorbent : carbon molecular sicve
Adsorbatc : mecthane

Mcthod : volumetric
Temperature 1 127 ¢

Weight CMS : 47.4 grams

Initial ccll pressurc @ 0.0 psia

Step to pressurc : 5.701 psia

Final ccll pressure @ 4.513 psia
q : 0.0347 moles/kg cms @ 4.513 psia
Volume ccll E 1 668.21 ccms.

Cell E isolated for cxperiment.

P(psia) Time(sccs)
0.0 0-
5.701 0+
5.602 33
5.38 93
5.217 153
5.090 213
4.908 333
4.792 453
4.715 573
4.666 0693
4.63 813
4.604 933
4.572 1173
4.551 1473
4.539 1773
4.520 3573

4.513 infinity
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Run no. : 9

Datc : 4th Scptember 1991
Adsorbent : carbon molccular sicve
Adsorbate : nitrogen

Mcthod : volumetric
Temperature : 147 ¢

Weight CMS : 47.4 grams

Initial cell pressure : 4.606 psia

Step to pressurc : 2.548 psia

FFinal cell pressure @ 2.636 psia

q : 0.0016 molcs/kg cms @ 2.636 psia
Volume ccll E : G6R.21 ccms.

Cell E isolated for experiment.

P(psia) Time(secs)
4.606 0-
2.548 0+
2.562 2
2.582 5
2.6 8
2.608 11
2.615 14
2.622 20)
2.625 26
2.627 41
2.632 101

2.636 infinity
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Run no. : 10

Datc : 3rd September 1991
Adsorbent : carbon molecular sicve
Adsorbatc : mcthane

Mcthod : volumetric
Tempcraturc : 147 ¢

Weight CMS : 47.4 grams

Initial ccll pressure : 0.0 psia

Step to pressure : 6.34 psia

Final ccll pressure @ 5.315 psia

q : 0.0285 moles/kg cms @ 5.315 psia
Volume ccll E . G6R.21 ccms.

Ccll E isolated for experiment.

P(psia) Time{secs)
0.0 0-
6.34 0+
6.14 35
5.97 65
5.84 95
5.743 125
5.67 55
5.56 215
5.49 265
5.44 325
5.4 400
5.375 475

5.345 655
5.315 infinity
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Run no. : 11
Date : 27th August 1991
Adsorbent : carbon molecular sicve
Adsorbatc : nitrogen
Mcthod : gravimetric
Temperature : 80c
Initial ccll pressure : 0.0 mba
Final cell pressure @ 171, mba
: 0.0178 moles/kg cms @ 171. mba
Range scale : 1 mg
Basc weight CMS 1 390.1 mgs
Wt(mgs) Time(sccs)
0.075 0-
0.137 112
0.17 188
0.20 292
0.21 344
0.228 464
0.24 584
0.255 824
0.262 1064

0.27 infinity
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Run no. : 12
Date : 27th August 1991
Adsorbent : carbon molecular sicve
Adsorbate : nitrogen
Method : gravimetric
Temperature : 80c
Initial ccll pressure : 171 mba
Final cell pressure  : 271. mba
: 0.027 moles/kg cms @ 255. mba
Range scale : 1 mg
Basc weight CMS : 390.1 mgs
Wt(mgs) Time(sccs)

0.27 0-

0.294 132

0.31 204

0.328 324

0.34 444

0.355 684

0.363 924

0.37 infinity
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Run no. : 13
Date : 28th August 1991
Adsorbent : carbon molecular sicve
Adsorbate : nitrogen
Method : gravimetric
Temperature : 80¢c¢
Initial ccll pressure : 271 mba
Final ccll pressure @ 0. mba
: 0.0 moles/kgcms @ 0. mba
Range scale : 1 mg
Basc weight CMS : 390.1 mgs
Wt(mgs) Time(sces)
0.36 0-
0.345 27
0.32 St
0.295 75
0.255 99
0.238 123
0.226 147
0.17 267
0.138 387
0.1 627
0.085 867

0.058 infinity
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Run no. : 14

Date : 28th August 1991

Adsorbent : carbon molccular sicve

Adsorbatc : nitrogen

Mcthod : gravimetric

Temperature : 50c

Initial ccll pressurc : 0. mba

Final ccll pressure  : 145. mba

q : 0.0286 moles/kg cms @ 145. mba

Range scale : Img

Basc weight CMS : 390.1 mgs

Wi(mgs) Time(sccs)

0.08 0-
0.10 86
0.124 158
0.145 230
0.2 470
0.24 710
0.275 950
0.298 1190
0.32 1430
0.335 1670
0.255 2150
0.37 2630
0.383 3590

0.390 infinity
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Run no. 1 15

Date : 3lst August 1991

Adsorbent : carbon molecular sieve

Adsorbate : nitrogen

Mcthod : gravimetric

Temperature : 50c

Initial cell pressurc : 145. mba

Final cell pressure @ 329. mba

q : 0.0537 moles/kg cms @ 329. mba

Rangc scale : I mg

Basc weight CMS 1 390.1 mgs

Wt(mgs) Time(secs)

0.328 0-
0.392 395
0.445 635
0.486 875
0.520 11is
0.54% 1355
0.569 1595
0.585 1835
0.597 2075
0.61 2555
0.625 3035
0.642 3755

0.667 inflinity
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Run no. : 16

Date BIst August 1991

Adsorbent : carbon molecular sieve

Adsorbate : nitrogen

Method : gravimetric

Temperature : 50c

Initial ccll pressurc @ 329. mba

Final ccll pressure 183. mba

: 0.0304 moles/kg cms @ 183. mba
Range scale 1l mg
Basc weight CMS : 390.1 mgs
Wt(mgs) Time(secs)

0.67 0-
0.642 240
0.595 480
0.55% 720
0.528 960
0.502 1200
0.472 1680
0.45 2160
0.422 2880
0.42 3600

0.412 infinity
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Run no. 1 17

Date : 31st August 1991

Adsorbent : carbon molecular sicve

Adsorbate : nitrogen

Mcthod : gravimetric

Tcemperature : 50c¢

Initial cell pressure : 183 mba

Final ccll pressure @ 0. mba

q : 0.0 moles/kgems @ 0. mba

Range scalc 1l mg

Basc weight CMS 1 390.1 mgs

Wit(mgs) Time(sccs)

0.41 0-
0.38 150
0.315 390
0.268 630
0.225 870
0.167 1350
0.128 1830
0.103 2310
0.080 3030
0.065 3750

0.04R infinity



324

Run no. : 18

Date : Ist September 1991

Adsorbent : carbon molecular sicve

Adsorbatc : nitrogen

Method : gravimetric

Temperature :25¢

Initial ccll pressure @ 0. mba

Final cell pressurc @ 217. mba

: 0.0742 moles/kg cms @ 217. mba
Range scale : Img
Basc weight CMS : 390.1 mgs
Wi(mgs) Time(sccs)

0.08 0-
0.105 250
0.157 490
0.20 730
0.24 970
0.275 1210
0.343 1690
0.403 2170
0.453 2650
0.500 3130
0.538 3610
0.592 4330
0.633 5050
0.675 5770
0.703 6490
0.742 7690
0.775 8890
0.795 9610
0.818 11050
0.83% 12490
0.862 15370

0.890 infinity
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Run no. : 19

Datc : Ist September 1991

Adsorbent : carbon molecular sicve

Adsarbate : nitrogen

Mcthod : gravimetric

Temperature : 25¢

Initial ccll pressurc : 237. mba

Final ccll pressurc @ 0. mba

: 0.0 moles/kg cms @ 0. mba
Range scale : 1 mg
Basc weight CMS : 390.1 mgs
Wt(megs) Time(sccs)

0.89 0-
0.867 320
0.833 560
0.783 800
0.713 1280
0.622 2000
0.570 2480
0.467 3680
0.386 4380
0.328 6080
0.280 7280
0.245 8480
0.215 9680
0.195 10880
0.177 12080
0.162 13280
0.138 14480

0.1 infinity
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Run no. : 20

Date : 2nd September 1991

Adsorbent : carbon molecular sicve

Adsorbate : nitrogen

Mcthod : gravimetric

Temperature : 10c¢

Initial cell pressure @ 0. mba

Final cell pressure @ 120. mba

q : 0.0675 moles/kg cms @ 120. mba

Range scale : 1mg

Basc weight CMS 1 390.1 mgs

Wt(mgs) Time(secs)

0.108 0-
0.144 540
0.190 1260
0.228 1980
0.263 2700
0.293 3420
0.328 4140
0.373 5220
0.425 6660
0.47 8100
0.5t 9540
0.55 11340
0.59 13140
0.64 15300
0.683 18900
0.722 22500
0.732 23700
0.775 31380
0.803 38580
0.822 45780

0.845 infinity
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Run no. : 21
Date : 3rd September 1991
Adsorbent : carbon molecular sicve
Adsorbate : nitrogen
Mcthod : gravimetric
Temperature : 10c
Initial ccll pressurc @ 120. mba
Final cell pressure @ 0. mba
: 0.0 moles/kgems @ 0. mba
Range scale 1l mg
Basc weight CMS : 390.1 mgs
Wt(mgs) Time(seccs)
0.765 0-
0.71 600
0.65 1320
0.60 2040
0.557 2760
0.520 3480
0.435 4920
04 6360
0.356 7800
0.298 9960
0.255 12120
0.22 14280
0.19 16460
0.17 18620
0.153 20780
0.13 22940
0.11 infinity
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Run no. 1 22

Date : 20th September 1991
Adsorbent : carbon molccular sieve
Adsorbate : nitrogen

Mcthod : gravimetric
Temperature :75¢

Initial ccll pressure : 0.0 mba

Final ccll pressurc @ 2259 mba
: 0.0 moles/kgcms @ 0. mba

Range scale 1 1 mg
Basc wcight CMS = 354.2 mgs
Wit(mgs) Time(secs)

0.115 0
0.125 415
0.185 895
0.223 1375
0.253 1855
0.274 2355
0.290 2815
0.312 3775
0.327 4735

0.345 infinity
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Run no. 123
Datc : 20th Septcmber 1991
Adsorbent : carbon molecular sicve
Adsorbate : nitrogen
Mecthod : gravimetric
Temperature :75¢
Initial cell pressure : 225.9 mba
Final ccll pressure @ 0.0 mba
: 0.0 moles/kgems @ 0. mba
Range scalce : 1 mg
Basc wcight CMS : 354. mgs
Wit(imgs) Time(sccs)

0.545 0

0.500 490

0.450 970

0.412 1450

0.385 1930

0.360 2410

0.344 3130

0.325 4090

0.315 5050

0.295 infinity
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Run no. 1 24
Date : 21st September 1991
Adsorbent : carbon molecular sicve
Adsorbatc : nitrogen
Mecthod : gravimetric
Temperature : 60c
Initial ccll pressure @ 0. mba
Final cell pressure @ 205.3 mba
: 0.0 moles/kg cms @ 0. mba
Range scale :Img
Basc weight CMS 1 354.2 mgs
Wi(mgs) Time(secs)

0.110 0

0.143 560

0.185 1040

0.220 1520

0.250 2000

0.285 2720

0.310 3440

0.338 4400

0.365 5600

0.381 6300

0.393 3000

0.423 infinity
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Run no. 1 25
Date : 21st Septcmber 1991
Adsorbent : carbon molecular sicve
Adsorbatc : nitrogen
Mcthod : gravimetric
Temperature : 60c
Initial ccll pressure : 205.3 mba
Final ccll pressure 0.0 mba
: 0.0 moles/kgems @ 0. mba
Range scale :Img
Base weight CMS : 354, mgs
Wi(mgs) Timc(secs)
0.623 0-
0.570 950
0.518 1670
0.480 2390
0.442 3350
0.410 4550
0.385 5750
0.368 6950
0.355 8150
0.338 10550
0.328 12950

0.313 infinity
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Run no. : 26
Datc : 22nd Scptember 1991
Adsorbent : carbon molecular sicve
Adsorbatc : nitrogen
Mecthod : gravimetric
Temperature : 40 c
Initial cell pressure : 0. mba
Final ccll pressurc @ 217.4 mba
: 0.0 moles/kgcms @ 0. mba
Range scale : 1 mg
Basc weight CMS 1 354.2 mgs
Wt(mgs) Time(sccs)

0.108 0-

0.135 300

0.175 780

0.222 1500

0.280 2700

0.330 3900

0.368 5100

0.403 6300

0.430 7740

0.493 10620

0.531 13500

0.595 20700

0.625 27900

0.640 infinity



Run no. 1 27
Date : 2l1st September 1991
Adsorbent : carbon molecular sieve
Adsorbate : nitrogen
Method : gravimetric
Temperature : 40 ¢
Initial cell pressure @ 217.4 mba
Final cell pressure @ 0. mba
: 0.0 molcs/kgems @ 0. mba
Range scale 1 mg
Rasc weight CMS 1 354.0 mgs
Wt(mgs) Time(sccs)
0.840 0-
0.805 920
0.766 1640
0.735 2360
0.688 3560
0.648 4760
0.584 7160
0.530 9560
0.490 11960
0.470 13440
0.415 19000
0.380 26200

0.345 infinity
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Run no. : 28
Date : 23rd September 1991
Adsorbent : carbon molccular sieve
Adsorbate : nitrogen
Mecthod : gravimctric
Temperature : 20¢c
Initial cell pressure @ 0.0 mba
Final cell pressure @ 203.0 mba
q : 0.0 moles/kgcms @ 0. mba
Range scale 1 mg
Base weight CMS : 354.0 mgs
Wi(mgs) Time(sccs)
0.080 0
0.105 365
0.130 845
0.172 2045
0.205 3245
0.260 5645
0.310 9805
0.410 13645
0.510 20845
0.587 28045
0.645 35245
0.692 42445
0.753 56845
0.800 71245
0.835 85645
0.857 100045

0.945 infinity



APPENDIX A2

SPECIFICATION OF APPARATUS INSTRUMENTATION
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1. Universal Programmable Timer (UPT):

Modecl No. : M78-100
Make : Electroid Company, Xanadu Division
Details

Output Channcls : 10

Cycle Duration : 10 msec to 99.9 Hours

Rclays : Teledyne P/N 601-1402, Control : 3-28 VDC,
Load : 140 VAC, 10 AMP 50/60 Hz

2. Solenoid Valves ( 2- Way and 3- Way ):

Model No.(3 way) 1 8320 AlT71
Model No.(2 way) 18223 A22
Make : ASCO, Nctherlands

Details :Compatible with the UPT Relay
Internal Pilot Operated
Piston Typc 1/4” and 3/& NPT
Rating : 140 VAC. 10 AMP 50/60 Hz



3. Gas Chromatographs: 2 Nos.

Model No. : Serics 150 with Thermal Conductivity Detector
Model No. : Scries 350 with Thermal Conductivity Detector
Makc : GOW-MAC

Details

Column uscd : 20% Chromosorb

Samplc injection : Sampling valve.

4. Integrators: 2 Nos.

Madel No. : HDP 3396 A
Make : Hewlett-Packard, USA

5. Strip Chart Recorders: 2 Nos.

Make : LINSIES, Germany

6. Data Logger:

Model No. : OM205
Make : OMEGA Engincering, USA
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7. Eletronic Manometer and Barocel Pressure Server:

Model No. : 1018C (Manomcter)

Maoadel No. : 570D-200P-3T1-H4X (Barocel)
Make : Datametrics, Edwards, USA
Details

Range : 0 - 200 psi

8. Flow Meters, Controllers and Solenoid Valves:

Model No. : 8143A Scrics Mass Flow meters (Read outs).
Model No. : 8200 Scrics Mass Flow controlicrs.

Model No. : R102-141-FC (Control sensor)

Model No. : R202-1414 (Solenoid valve)

Moadel No. : R102-1423-FM (Flow scnsor)

Make : Mathcson, USA

Details

Range :0-3SLPM., 0-10 SLLPM.

Gas : Mcthane + Nitrogen Mixture.



APPENDIX A.3

DIMENSIONLESS FORM OF THE COLLOCATION EQUATIONS
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For the high pressurc flow in bed 2 and the low pressure flow in bed 1 during the

adsorption step in bed 2 and purge step in bed 1 respectively, equations 5.1, 5.2, in the

dimensionless form as follows:
Mass balance of fluid phase in bed 2:

2
Ny _ 1 Py o Xy
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Mass balance of solid phasc in bed 2:
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Boundary conditions of bed 2:
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Velocity cxpression is given by
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Mass balance of fluid phasc in bed 1:
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Mass balancc of solid phase in bed 1:

-Y
— XA| ) Al}

Y

Al
T

ay

Bl

T

A

il

_ FarXar
L+ PaXa + By (1

)

[ Pa 1 — X,

P+ P’MXM + By (1= X,)

Boundary conditions of bed 1:
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Velocity expression is given by

v, BuXu
L = —y.a,. -Y
ax VT [ 1 + BA]XM + Bm( 1 — XAI) A}

Ba(1 — X,\\) ]
+y,.y.a,,. -Y 12
’ " { I + Bl\lxlﬂ + Bl\l( l - XAl) " ( )
Initial condtions for clecan beds:
Np(x1=0)=0, X, (x,1=0)=0, Y (x1=0)=0, ¥,(x,v=0) =0, (13)
Xulxt=0)=0, Xp(x,1=0)=0, Y, (x,1=0)=0, Y ,(x,1=0)=0, (14)

Equations I, 4 and S arc combincd and written in collocation form based on a
Legendre type polynomial to represent the trial function, the following sct of ordinary

differential equation results for the high pressure flow step in bed 2 (step 1):
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