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SUMMARY

The subject of this dissertation is the adsorption of methane 

and ethane on a 5A molecular sieve. An experimental method, based on the 

fixed-bed flow-cell, was developed covering a wide range of adsorbate 

partial pressures in a continuous sequence.

A Laporte type 4A molecular sieve failed to adsorbe methane or

ethane,

Single component isotherms were established for a 5A molecular 

sieve and an activated carbon at 20°C. Binary isotherms were obtained for 

the 5A molecular sieve, at high fractional saturation, at 20°C. The results 

obtained for single components agreed well with an established mathematical 

model. Single component isotherms on the activated carbon were of the 

same order as have been found by other workers.

All the single component isotherms could be expressed in terms 

of an empirical Langmuir model. None of the models used to describe the 

binary adsorption data on the 5A molecular sieve, from the single component 

model coefficients, gave satisfactory results. An empirical method was 

employed to model the binary adsorption data using single component 

empirical Langmuir models to express the isotherm of each component in 

each mixture. The Langmuir model coefficients were then expressed as a 

function of the gas phase mole fraction of the interfering species.

Adsorbent particle macro-pore spectra and volume were determined 

using mercury porosimetry. Isothermal fixed bed experiments were carried 

out, and data from the isotherm experiments were used, to obtain break

through data for single and two component mixtures over a range of component 

relative mole fractions, total adsorbate mole fraction of the total flow, 

adsorbate concentration and flow rate.
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Mathematical models, using finite difference techniques, 

were used to model the fixed bed breakthrough data. In the instances 

where the total adsorbate concentration was a significant proportion 

of the total gas phase concentration a constant flow rate through the 

bed could not be assumed. A mathematical method was developed whereby 

a bed axial flow profile was calculated and used in the solution of 

the fixed bed flow equations with excellent results. Stability 

criteria were derived for equilibrium and linear lumped parameter 

kinetic models which gave more accurate predictions of the finite 

difference step lengths and also explained instability in the equilibrium 

control model at what were previously thought to be suitable step lengths, 

An equilibrium control model was found to give good results over the 

whole range of experimental conditions.

Isothermal fixed bed experiments were carried out to determine 

the desorption kinetics of methane-ethane mixtures. A linear lumped 

parameter model was used to describe the desorption of both components.

A series of computer simulations were run, using the results from these 

experiments to examine the feasibility of using the desorption step to 

effect a further separation, especially when the initial gas feed 

contained a small fraction of ethane.
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CHAPTER ONE

INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

The recent sharp rise in crude oil prices and the subsequent increase 

in the manufacturing costs of the many products for which it is the 

starting material has stimulated research towards finding alternative 

sources of starting materials for these products. Ethylene is a product

derived from crude oil, which has a very important role as the starting

material for a large number of widely used products. Not only can ethylene 

be produced in the catalytic cracking of crude oil but also by the high 

temperature reforming of ethane. An alternative source of hydrocarbon 

starting material, which is receiving increasing attention is natural gas.

The deposits in Western Europe contain typically 3% by volume of ethane as 

well as smaller quantities of heavier hydrocarbons (1). Throughout the

rest of the world natural gas deposits containing up to 8% by volume of ethane

have been found (2). An industrial plant to manufacture a wide variety 

of hydrocarbon based products has been designed to operate on a feedstock 

of natural gas (3). Large volumes of light hydrocarbons, including 

ethane, are produced during the refining of crude oil and could be used 

as a feedstock for the production of ethylene and other more complex products.

A plant using ethane as a feedstock requires a feed as rich as 

possible in ethane to reduce plant size, pumping costs and heating costs.

The enrichment or separation of gas mixtures is normally achieved 

by low temperature (cryogenic) distillation (4), adsorption (5), or 

absorption (6). Which method is to be used is a matter to be decided by 

an economic evaluation concerned not only with the composition of the 

supply and the required concentration of the product but also on the 

sighting of the plant. The separation of a small quantity of ethane from
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a large volume flow of methane, such as natural gas, would be very 

difficult by absorption owing to the chemical and physical similarity of 

the two species involved. Cryogenic distillation requires a large 

capital outlay for compressors and heat exchange equipment. Adsorption 

is already used to remove trace impurities from natural gas. It was 

decided, therefore, that this work should concentrate on the separation 

of methane-ethane mixtures by adsorption-desorption on 5A or 4A molecular 

sieves.

Molecular sieves comprise porous aluminosilicate frameworks, as

their calcium, sodium or potassium salts, constructed from tetrahedral

units stacked to form larger polyhedra. Access to the inside of the

polyhedra is via the windows in the tetrahedra, thus limiting the size

of molecule that can enter. The window size is small (3 -1(& diameter)
owhen compared with the pore size of other adsorbents (10 - 10,000 A ;

o40 - lOOA average diameter) and can be manufactured to a specific size 

by the substitution of various cations within the structure.
QMolecular sieves (usually type 5A; "V5A diameter window) are used 

in the gas processing industry to remove water, sulphur bearing compounds, 

carbon dioxide and oxygen from natural gas (2). 4A and 5A molecular sieves 

were chosen as the adsorbents in this work as it was hoped that the small 

pore size would maximise the difference in desorption rates between molecules 

of a similar volume and shape, thereby producing a second separation on 

desorption. These molecular sieves would also eliminate the branched 

chain heavier hydrocarbons (8) present in natural gas which would produce 

unwanted compounds when the adsorbates were desorbed and processed.

The necessary first step in the research program was the study 

of gas-solid equilibrium between methane or ethane on the molecular 

sieves followed by the acquisition of binary adsorption equilibrium data.

A mathematical model had then to be found which would express the binary 

data, in a form suitable for the computer modelling of fixed bed
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breakthrough, preferably in terms of single component models only.

For simplicity, this initial investigation was carried out under 

isothermal conditions, at 20°C. As an industrial process subject to 

overall plant economic viability would be required to operate in such a 

way that the maximum use is made of an adsorbent, the single component 

and binary isotherms were determined up to a high level of adsorbent 

saturation. No work has been reported for methane as a single component 

or as binary mixtures with ethane, on molecular sieves in this region.

The acquisition of gas-solid equilibrium data has been time 

consuming, especially when more than one adsorbate is present. It was 

therefore decided to develop an experimental method, based on the fixed-bed 

flow cell, that would produce up to 10 or 12 experimental equilibrium data 

points in each run and which would be suitable for on-line computer control. 

Single component isotherms for methane and ethane were obtained using an 

activated carbon adsorbent to further test the experimental method developed, 

The next step involved the mathematical modelling of fixed-bed break through 

over a range of experimental conditions and the determination of the gas- 

solid mass transfer model which gave the best fit between experimental and 

computer model results. Desorption kinetics were then studied and a series 

of computer simulations were run to demonstrate the feasibility of a 

second separation step on desorption over a range of initial gas feed 

compositions. Although an industrial adsorption-desorption process would 

probably be non-isothermal, it was thought that the isothermal experiments 

would provide the basic data and give an indication of the feasibility of 

such a process.
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1.2 ISOTHERM EQUATIONS

The equilibrium that exists between a single adsorbate in the 

gas phase and its concentration on the surface of a solid adsorbent with 

which it is in contact varies with the gas phase concentration of the 

adsorbate and the temperature of the adsorbent as well as with the chemical 

and structural nature of the adsorbent and adsorbate. Several mathematical 

models have been proposed to describe gas-solid equilibrium for a given 

adsorbate-adsorbent system.

1.2.1 SINGLE COMPONENT MODELS

1.2.1a The Langmuir Adsorption Isotherm (8)

The model is based on the following assumptions:

1) mono-layer adsorption,

2) localised adsorption on active sites.

3) the heat of adsorption is independent of surface coverage.

Let equal the equilibrium volume of gas adsorbed per unit mass of

adsorbent at a pressure p and equal the volume of gas required to cover

unit mass of adsorbent with a complete mono-layer.

The rate of adsorption is directly proportional to:

a) the rate of collision between active sites and gas 

molecules, which is directly proportional to the pressure p,

b) the probability of striking an active site (1 - V^/V^).

c) an activation term, exp (-E^/RT) , where E^ is the 

activation energy for adsorption.
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The rate of desorption is directly proportional to:

a) the fraction of the surface that is covered, Ve/Vm.

b) an activation term, exp(- E^/RT), where E^ is the activation 

energy for desorption.

Therefore, at equilibrium:

p(l-Ve/Vm) X EXP(EA/RT) = kx(Ve/Vüi) x EXPf-E^/RT) (1.1)

where k is a constant of proportionality:

i.e. p =kxexp {AH^g/RT} (1.2)

where = E^ - E^ = heat of adsorption and is independent of surface

coverage. Therefore,

k X exp (AH^Dg/RT) = X  (1.3)

where b is a constant.

From equations 1.1 and 1.3 it can be seen that

, ^ Rate of desorption ..
^ “ Rate of absorption

Substituting equation 1.3 in equation 1.2 and rearranging gives:

By considering equation 1.5 and equation 1.4 we can see that:

a) If Rate of adsorption »  Rate of desorption, 

then Ve - Vm X b X p, and a linear isotherm results.

b) If the rate of desorption is significant when compared with the

rate of adsorption, then as the degree of coverage increases 

desorption will play an increasingly important role and the isotherm 

will be non-linear (equation 1.5).

Equation 1.5 is usually expressed as

« ■ H - r f f  '*■«
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The coefficients A and B are normally found empirically by a 

least squares fit of the model to experimental data. This form of equation 

has found wide use, describing chemisorption and physical adsorption on a 

wide variety of adsorbents (9, 10, 11, 12) . The coefficient B, expressing 

the degree of non-linearity of the isotherm, can be expressed as a function 

of temperature in an Arrhenius type of equation (13). The coefficient A, 

giving a value for the number of active sites on the surface area, is 

normally unaffected by temperature.

The simple form of the Langmuir isotherm equation is ideally suited 

to the large number of computer calculations necessary for the modelling 

of fixed-bed breakthrough.

1.2.1b Statistical Thermodynamic Model (14)

Adsorption within the regular micro-porous structure of molecular 

sieves has been described by Ruthven et al. (14), for type 4A and 5A molecular 

sieves, with the following assumptions:

1) Adsorption is not limited to active sites within each cavity.

2) there is no interchange of occluded molecules between cavities.

The sorbate molecule must obviously be small enough to enter through the 

cavity window.

The derivation of the theoretical isotherm from a simple idealised 

statistical thermodynamic analysis involves the definition of the grand 

partition function for each cavity subsystem. An expression for the average 

number of molecules in each cavity, with the use of an approximation for 

the configuration integral in terms of measurable physical properties, yields:

K X P + (KXP)2 X (1 _ ' + ... +

1 + K x P + j ,  X (K X P)2 X (1- y  ... + X (1 - - y -̂)^
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where Q has the units of molecules/cavity.

Temperature dependence is taken into account by expressing the 

Henry's Law constant K in the form of an Arrhenius equation thus :

K = Ko X exp (AHo/RT) 1.8

where AHo and Ko are determined from experimental data. The effective 

molecular volume 3 is found by curve-matching graphs of Q vs. K x P with 

as the third variable, where y is the volume of a molecular sieve cavity.

M is an integer approximation to ŷ ,̂ the saturation limit expressed as a 

whole number of molecules per cavity.

Although this form of isotherm equation has been successfully applied 

to a number of adsorbates in type 4A and 5A molecular sieves, over a wide 

range of temperatures and gas phase adsorbate concentration, up to 1 atmosphere,

(14), the computational effort required is too large for the modelling of 

fixed bed breakthrough. The model was used, however, to test the accuracy of 

the experimental method developed for the adsorption of methane and ethane, 

as single components, on 5A molecular sieve.

1.2.1c Polanyi Adsorption Potential Theory (8)

The assumptions forming the basis for this model, in its simplest 

and most often used form, are:

1) The adsorbed phase is confined within the adsorption space

between the solid surface and the gas phase.

2) The chemical potential of a point in this space is a measure of

the work done by the surface forces in bringing one molecule of 

adsorbate to this point, from a point where the forces have no 

influence.

3) The free energy change in passing from liquid to adsorbed phase

state is small compared with the change in free energy in passing 

from gas to liquid state.
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i.e. the adsorbed state is considered to behave as a liquid.

With the above assumptions and the modification of Lewis et al.

(15) , who substituted fugacity for pressure, the adsorption potential of a 

given surface for an adsorbate is given by:

R X T X In ^  1.9

The Polanyi Adsorption Potential Theory postulates that there

is a unique relationship between the adsorbed phase volume, V, and the

adsorption potential.

The most frequently used relationship is:

In V = g (R X T X In (-|̂ ) ) l.lO

Although this model involves a great deal of calculation there is a large 

amount of experimental evidence to indicate that it may be used to describe 

the adsorption of a range of similar compounds, on a given adsorbate, by a 

single relationship, over a wide range of temperature and gas phase adsorbate 

concentrations (15, 16, 17, 18). This being the case, by a series of 

strategically planned experiments, with one or two adsorbates, a relationship 

could be obtained which would provide equilibrium data over a wide range of 

components, temperature and gas phase adsorbate concentration. Data thus 

obtained could be fitted by a simpler empirical model, such as the Langmuir 

isotherm, for use in the computation of fixed bed breakthrough data.

The form of equation l.lO, modified to provide a single correlation 

for more than one single adsorbate on a particular adsorbent, is:

InV = g ( I )
fOwhere I = R x T x In (— ) 1.11

D
Lewis et al. (15) and Grant et al. (17) used the molar saturated 

liquid volume at the temperature at which the vapour pressure of the liquid 

is equal to the adsorption pressure as the correlating divisor, D.

Later, Manes and Smith (18) applied a simpler model using the normal liquid 

boiling point molar volume, with a correction factor for various adsorbates.
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Either method produces satisfactory results but the simpler model of 

Manes and Smith (18) was adopted for the work in this thesis.

1.2.2 MULTI-COMPONENT MODELS

1.2.2a The Extended Langmuir Isotherm

Provided that A% = A 2 = *"* = A^, implying a constant separation 

factor between all components, and that the adsorbed phase behaves ideally, 

then the Langmuir model for mixed adsorption can be expressed, in terms of 

the single component coefficients, as:

q. = Ai X Bi X ci
X  N 1.12

1 -f E Bi X ci 
i = 1

The above provisions are rarely met in practice but an empirical form of 

equation 1.12 can be used when the deviations from the model are small.

For a binary mixture equation 1.12 becomes

Ai X Bj X cj
1 + Bi X Cl + Bei X C2 1.13

where Be% is found by a least squares fit of experimental data to the model. 

This form of binary isotherm has been used by Thomas and Lombardi (10) for 

toluene in toluene-benzene mixtures on activated carbon.

1.2.2b The Ideal Adsorbed Solution Theory

This theory, due to Meyers and Prausnitz (20), treats the 

adsorbed state in a manner similar to Raoults Law for vapour-liquid 

equilibrium and proposes a surface potential or spreading pressure, tt, for 

each pure component, of the form:
P

—  • dp 1.14P
o

This method has successfully predicted binary adsorption equilibrium at 

equal values of the spreading pressure, tt, for all components (21).
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The amount of computation required is large and a great deal of 

experimental data at low values of p is required for the accurate 

calculation of tt. The simplest method of calculating binary equilibria 

using the Ideal Adsorbed Solution Theory is a graphical one. The assumption 

of ideal adsorbed phase behaviour limits its application, although, for 

small deviations from ideality, this theory has been used to calculate 

adsorbed phase activity coefficients (22, 23).

A simplification of the Ideal Adsorbed Solution Theory, due 

to Kidnay and Meyers (24), can be applied when the adsorbed phase 

concentration of each component is related to its spreading pressure by the 

same function, i.e. A% = A 2 . This is a necessary but not sufficient condition, 

as ideal adsorbed phase behaviour is required for an accurate description 

of binary adsorption.

1.2.2c Statistical Thermodynamic Model (25)

Ruthven et al. (25) have extended the single component model (14) 

to include binary adsorption on type A zeolites, thus:

M N .
K.1 X Px X E E (Ki X P%) X (K2 X P2 ) x (1-i x 3? " jx32)

= __________ i=l i=l ' (i - 1) : X jl 1.15
M N (K% X ?x)^ X (K2 X P2 )^ X (1-i x 3x " j % 3^)^^^

1+Kx X P 1+K2 X P2 Z 2 2.1 X j:
i=l j=l

with a similar expression for Q2.

Where i + j > 2 and i x 3% + Î % #2 ^ Y"

This model has successfully predicted binary gas-solid equilibria 

at low total sorbate concentrations but failed to give accurate results at 

high fractional saturation for methane-nitrogen mixtures on 5A molecular 

sieve (25).
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This failure was thought to be due to a change in the adsorbate 

volumes at the high pressures used (up to 30 atmospheres partial pressure 

of methane). At sufficiently low levels of adsorbate concentration, i.e. 

approx. 2-3 molecules/cavity, the terms in the summation series in 

equation 1.15 may be neglected and the equation reduces to a two component 

extended Langmuir isotherm equation. When 3̂  = 32 It has been shown that 

(25) equation 1.15 gives the same results as the Ideal Absorbed Solution Theory,

The multi component statistical thermodynamic model also assumes 

ideal adsorbed phase behaviour.

1.2.2d Polanyi Adsorption Potential Theory

Manes and Smith (18) have used the Polanyi Adsorption Potential 

Theory to predict binary adsorption on an activated carbon.

Assuming ideal adsorbed phase behaviour, at equal adsorption 

potential for a binary mixture :

5 ^  X x l n ( « 5 2 ^ ^ )  1.16Di tl D2 f2

Equation 1.16 can be solved implicitly for the adsorbed phase mole fractions, 

wX, which with the single component correlation, given by equation 1.11 

gives the multi component equilibrium adsorbed phase concentrations.

The results calculated in this manner by Manes and Smith (18) 

were typically within ±3% of the experimental values for methane-propane; 

methane-hexane on activated carbon.

Lewis et al. (19), however, using a similar procedure failed to 

obtain a satisfactory agreement between calculated and experimental values 

for relative volatility for several binary mixtures on various adsorbents.

For adsorption on activated carbon the calculated values of relative 

volatility were approximately one third the experimental values. The 

correlation was better when silica gel was the adsorbent.
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1.3 MATHEMATICAL MODELLING OF FIXED-BED BREAKTHROUGH

When an inert carrier gas, containing a proportion of an adsorbate, 

flows through a fixed-bed of adsorbent, a number of processes, either singly 

or in some combination, limit the rate at which equilibrium is attained 

between the solid and gas phases:

1) micro-pore diffusion.

2) macro-pore diffusion.

3) Surface diffusion.

4) Inter-particle mass transfer.

5) Combination of all or any of 1) - 4).

6) Axial diffusion in the gas or solid phase.

7) No resistance to mass transfer - equilibrium control.

Assuming plug flow, isothermal operation and a constant cross- 

sectional area for flow within the bed, a gas-solid phase rate equation, a 

mass balance over a section of the bed and a gas-solid equilibrium 

relationship provide a set of 3 equations to be solved to give bed exit 

breakthrough data, (see Chapter 5.1.1). Analytical solutions for all the 

above constraints, and several of the possible combinations, have been 

obtained when the flow rate through the bed was constant and a simple, 

single component gas-solid equilibrium relationship obtained (8, 26, 27).

In the situation where the adsorbate is a significant proportion 

of the total flow, the flow rate along the bed axis is not constant and no 

analytical solution is possible unless an expression is found relating 

the change in axial flow rate with bed axial position and time. Such an 

expression, if one could be derived, would be complex and make the solution 

of the fixed-bed breakthrough equations very difficult.

Asymptotic, or constant pattern, solutions have been obtained 

for many of the listed cases for both single component and binary adsorption 

(8, 28, 29, 30, 31) .
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Numerical methods, using finite difference approximations for 

the partial derivatives, have been used to solve the fixed-bed breakthrough 

equations (27, 32).

Although it might have been possible to use an -asymptotic 

approximation to the bed axial flow profile, it was decided to use finite 

difference methods to solve the fixed-bed breakthrough partial differential 

equations as this method offered greater flexibility.

By solving a mass balance over the whole bed, at the end of 

each time-step, the inlet gas flow rate can be calculated. For a short bed 

length, such that the flow profile is predominantly due to adsorption, 

one can assume a fractional axial flow profile identical to the fractional 

axial total adsorbate concentration profile (Chapter 5). This formed the 

basis of the mathematical modelling of fixed-bed breakthrough to include 

cases when the adsorbate was a significant proportion of the total flow.

1.4 EXPERIMENTAL METHODS

Three methods are generally used for the acquisition of gas-solid 

equilibrium data.

1.4.1 Gravimetric Method (17, 31, 32)

This method involves the direct measurement of the increase in 

weight of a sample of adsorbent, at a constant temperature, exposed to an 

adsorbate, at constant pressure. A buoyancy correction is often required.

1.4.2 volumetric Method (15, 22, 23)

The gas phase pressure is recorded when a measured volume of 

adsorbate is added to a cell containing adsorbent, at constant temperature. 

The difference between the amount of gas added to the cell and the amount 

present in the gas phase, calculated from the measured pressure, gives the 

amount adsorbed. A correction for adsorbed phase volume may be necessary.
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1.4.3 Fixed-bed Flow Cell (26, 33, 34)

Adsorbate and carrier gas, at constant pressure, are passed 

over a fixed bed of adsorbent, at constant temperature. The cell effluent 

is monitored until breakthrough is complete. The difference between the 

amount of adsorbate flowing into and out of the cell gives the amount 

adsorbed and accumulated within the bed. A correction for the adsorbate 

volume and the adsorbate accumulated within the pellet macro-pores and 

the intergranular voids is not normally necessary as the total voidage is 

a small proportion of the total flow through the cell (Chapter 4.1.3).

As one of the objectives of this work was to obtain and model 

the fixed-bed breakthrough of methane-ethane mixtures, the fixed-bed 

flow cell was a natural choice as a basis for the experimental method 

that was developed. This method is easier to run at high pressure than 

the gravimetric method and the most suitable method for computer control.
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CHAPTER TWO

APPARATUS AND EXPERIMENTAL

2.1 Introduction

Previous work using the fixed-bed flow-cell has involved single 

experiments, performed at one set of experimental conditions (26, 33, 34).

An extension of this method was envisaged that could be used to cover a 

range of gas phase concentrations, enabling several points on the isotherm 

to be obtained in one experiment. As a preliminary step towards the control 

of the experiment and on-line data analysis by computer, the integration of 

the gas chromatograms obtained from the analysis of the bed effluent were 

performed on a Digital Equipment Corporation P.D.P.8 computer. Complete 

on-line data analysis was not possible as the P.D.P.8 store was not large 

enough to hold the data analysis program. It was therefore necessary to 

produce a punched paper tape of the chromatogram peak areas and run the 

data analysis program on the University I.C.L.-450 computer. It was thought 

unwise to install computer control of the adsorption cell pressure and gas 

sampling at this stage, as a degree of manual control was thought necessary 

when testing a new experimental technique.

2.2 Apparatus

Equipment designations refer to Figure 1. The extension to the 

fixed-bed flow-cell method was as follows: when breakthrough of all species 

was complete at the initial pressure, rather than starting a new experiment 

with fresh adsorbent and a different adsorbate concentration, the concentration 

of adsorbate was increased by raising the gas pressure in the flow cell, 4, 

by means of the cylinder-head pressure regulator, PRl, on the gas sample 

cylinder, 1. Cell effluent analysis continued as the adsorbate 

concentration was increased, after completion of each breakthrough, in a 

series of step changes in cell pressure to within approximately 80% of the
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sample cylinder pressure.

Outlet flow rate was set by a needle valve, VIO, and measured 

by a bubble flow meter, FM, The pressure in the sample loop and upstream 

of the outlet flow control valve was maintained constant by a chromatography 

grade pressure regulator, PR2. The pressure in the sample loop was maintained 

constant at 28 psig. to match the carrier gas pressure at the chromatography 

column inlet, to minimise flow surges and injection peaks. A high pressure 

needle valve, V9, was used as a pressure reducing value, upstream from 

the outlet pressure regulator, PR2, to prevent the upstream pressure 

exceeding the maximum operating pressure of the pressure regulator, at high 

adsorption cell pressures (greater than 200 psig.).

All pipework downstream from the change over valve, Vll, with the
1 1exception of the connections between V9 and V13, was of 16" O.D. x 32" I.D. 

stainless steel, to withstand the high temperature regeneration - high 

pressure adsorption cycles and to minimise the apparatus dead time.

The flexibility of the tubing allowed 'in situ' regeneration of the adsorbent 

by moving the adsorption tube between the water bath, 2, and the regeneration
3furnace, 5. All other pipework was h" O.D. x T^" I. D. copper pipe.

All pipe joints were braaed or soldered, depending on their maximum

operating temperature, except for the minimum number of joints required for

the removal of the adsorption tube, valves and pressure gauges. The
3_adsorption cell was an 18" length of h'* O.D. x 16" I.D. stainless steel tube. 

The ends were plugged with glass wool and any dead space remaining after 

the addition of the adsorbent was filled with 30-60 mesh glass beads. All 

materials for high temperature duty were tested, before use, in a furnace 

at 500°C. Vacuum for regeneration, VS, was provided by means of an oil 

diffusion pump, with an extra condenser packed with copper gauze to eliminate 

oil carry-over, backed by an Edwards Rotary Vacuum Pump. The adsorption 

cell was immersed in a continuously stirred, lagged water bath, 2. The 

water bath temperature was maintained constant by means of a Fisons
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Fi-monitor Regulator and Red Rod immersion heaters, at 20°C ± 0.05°C as 

measured by a mercury in glass thermometer, Tl. When the adsorption tube 

was placed in the water bath the excess piping, approximately 2' long, was 

coiled, 3, and immersed in the bath to preheat the inlet gas stream.

The regeneration furnace temperature was controlled with a Pye-Ether 

Mini Temperature Regulator, 6, using a chromed-alumed thermocouple, T2, 

without cold junction compensation. After 12 hours regeneration under vacuum 

overnight, the furnace was automatically switched off using an electric 

time switch, 7, which simultaneously connected the laboratory compressed 

air supply, CA, to the base of the furnace by means of a solenoid valve,

VI2. The adsorbent bed was therefore cool and ready for use the next 

morning.

Adsorption cell effluent was sampled using a Pye six port rotary sampling 

valve, V13, with a 0.5 cm^ sample loop, 8.

2.3 Gas Sample Analysis

Gas-solid chromatography, based on a Pye 104 unit, was used to
3

analyse the adsorption cell effluent gas samples. A 4' x 16" I.D. column 

containing 80-120 mesh uncoated Porasil B glass beads was used at a 

temperature of 50°C with a carrier gas flow rate of 70 cm^/min. at an inlet 

pressure of 28 psig. An identical flow rate was applied to the reference 

side of the katharometer detector, which was maintained at a temperature 

of 200°C with a supply current of typically 160 ma. Helium was used as the 

carrier gas for the adsorption experiments and the chromatography. Neither 

methane nor ethane peaks were symmetrical and the addition of 3% w/w dinonyl 

phthalate to the solid phase made no improvement.

The separation obtained in the two component analysis was adequate.

Figure 2, except in cases of relative adsorbate concentrations requiring 

attenuation switching.
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Although, in the case of single component experiments, it would 

have been possible to pass the adsorption cell effluent directly through 

a calibrated katherometer, it was decided to use the chromatographic 

analysis to test the peak integration and data analysis programs for systems 

that had already been described.

2.4 Data Link to the P.P.P.8 Computer

A block diagram of the data link to the P.P.P.8 computer is given 

in Figure 3. Katherometer output signals were supplied to the P.P.P.8 

computer by means of voltage signals in the range 0 - 4 . 8  volts, proportional 

to the percentage full scale deflection, obtained from the recorder slide- 

wire, which were fed into the computer analogue to digital convertor (A.P.O.).

Peak height samples were taken every 200 ms. after a 0.25% full scale 

deflection threshold had been exceeded, which was detected in a free 

running loop. This rate of sampling gave approximately 40 data points for 

the response to either component. Sampling at a faster rate did not alter 

the values of the peak areas obtained until samples were taken at 60 ms. 

intervals at which point samples were lost owing to aliasing. To avoid any 

possibility of aliasing the data were integrated by Simpsons Rule at the 

end of the sampling sequence. A flow diagram and listing of the P.P.P.8 

data acquisition program are given in Appendix 1.

Sample peak areas were reproducible to ± 0.14% for ten replicate 

samples. Peak areas calculated by on-line computer were in good agreement 

with those calculated manually (Figure 4) . In the case of two component 

analysis the 0.25% full scale deflection threshold was used to distinguish 

between the sample peaks. In the worst case the 0.25% full scale deflection 

threshold represented approximately 5% of the maximum peak height, but in 

most cases was approximately 0.5% of the maximum peak height. Although 

difficult to calculate accurately, the error due to the threshold was thought 

to be negligible.
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A digital input push-button switch and digital output light were 

installed near the apparatus gas sampling valve so that the data 

acquisition program could be started and stopped by external command 

and a visible indication of the receipt of the commands was available.

2.5 Automatic Attenuation Switching

In order that two component experiments could be performed with a 

total adsorbate mole fraction of ethane less than 0.1, a series of tests 

were carried out to investigate the feasibility of switching katherometer 

output attenuation resistors by commands from the P.O.P.8 computer, 

triggered by the 0.25% full scale deflection threshold between sample peaks.

The circuit employed is shown in Figure 5. Single pole change over 

reed switches, R1 - R4, with gold plated contacts were used for their 

high speed of operation. To avoid thermoelectric effects, switch contacts 

were included in the zero volts line.

SI was the attenuation selector supplied with the instrument and S2 

a single pole 12 way switch connected in parallel with SI to select the 

second attenuation setting. There was no offset after switching between 

the two attenuation values set by SI and S2. However, when operating the 

pairs of switches so that contact was either make before break or break 

before make, a spike of up to 10% full scale deflection occurred on the 

recorder as the contacts were broken. The decay time of the spike was 

such that accurate analysis of methane-ethane mixtures, where a change of 

attenuation was required, was not possible as the spike persisted for 

longer than the maximum obtainable separation time between peaks. Nevertheless, 

it was thought that this system could be used successfully when the 

separation time between peaks was greater than approximately 20 s.
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2.6 Calibration

The katherometer responses to methane and ethane were found by 

injecting 0.1 - 1.0 cm^ samples of each gas. A linear relationship was 

found between gas volume and peak area, calculated by on-line computer, 

for both gases over the range investigated (Figure 6). A katherometer 

response check was performed at the end of each experiment by connecting 

the appropriate gas cylinder upstream from PR2 and taking a 0.5 cm^ sample.

Pressure gauges PI and P2 were calibrated using a Budenburg Standard 

Test Gauge, before and halfway through the series of experiments. The 

pressure drop across the adsorption cell was found to be negligible over 

the range of flow rates used throughout the experiments.

2.7 Determination of Apparatus Dead Time

The apparatus dead time was determined with the adsorption cell 

packed with 30-60 mesh glass beads. The bed effluent response was sampled 

at 30 s intervals after changing from pure helium to a low mole fraction 

methane-helium mixture at the initial pressure to be used in the isotherm 

experiments. The same outlet flow rate was used as that for the isotherm 

experiments. The gas phase fractional breakthrough obtained at the bed exit 

is shown in Figure 7.

Integration of 1- fractional breakthrough versus time, by Simpsons 

Rule, gave the apparatus dead time. The determination was carried out in 

triplicate and repeated halfway through the series of experiments.

An average of the six values , 1.61 min, was used in the data analysis 

computer program.

2.8 Materials

The gases were supplied by Air Products Limited at the following 

stated purities;

helium - 99.99 %

methane - 99.9 %
ethane - 99.7 %
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The methane and ethane purities were checked quantitatively by 

gas-solid chromatography and qualitatively by mass spectrometer. No 

contaminents could be detected in the methane. Ethane was found to contain 

approximately 0.2% by volume of methane. Throughout this work pure ethane 

refers to ethane at 99.8% containing methane at 0.2% approximately. This 

level of impurity was not detected at the katherometer output attenuations 

used in any of the experiments carried out.

The molecular sieve adsorbents were supplied by Laporte Industries

Limited as 1mm - 2mm spherical pellets, made from lym - 5ym molecular sieve

crystals with approximately 20% by weight of binder, calcined at 650°C.

The pellets were crushed in a ball mill and sieved to produce a 30 - 44 mesh

cut. The activated carbon adsorbent was supplied by The Lancashire Chemical

Company Ltd., in a wide size range, A 30 - 44 mesh cut was obtained by

sieving. A visual inspection showed that the 30 - 44 mesh cut 5A molecular

sieve pellet and activated carbon particles were similar in shape. Both 5A

molecular sieve and activated carbon macro-pore spectra and volume were

determined using a Carlo Irba 1500 Mercury Porosimeter. Pore diameters down 
oto 50A could be determined. A mercury compressibility correction was applied. 

Calculations were performed using a computer program from the literature (35), 

A typical porosimeter chart and calculated results are shown in Figure 8 and 

Table 1 respectively.

For 5A molecular sieve;
oAverage pore diameter = 603A

Total pore volume ; E = 0.322 cm^/qm
MACRO

For the activated carbon;
oAverage pore diameter = 962A

Total pore volume ; E = 0.282 cm^/qm.
MACRO
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The virtual absence of hysteresis in the porosimeter chart.

Figure 8, shows the lack of pores having narrower necks than bodies.

The chart for the activated carbon showed only slightly more hysterisis.

Adsorbent bed bulk densities for 5A molecular sieve and activated 

carbon were determined by measuring the length of a packed bed of adsorbent 

(after tapping), of known weight, in a h" O.D. x 16 I.D. glass tube.

The average of 5 results for each adsorbent, corrected for weight

loss on regeneration, were:

5A molecular sieve: = 0.734 gm/cm^bulk
activated carbon: P, = 0.494 gm/cm^bulk

2.9 Gas Sample Preparation

Prior to the series of experiments, sample gas cylinder feed lines 

were flushed to remove water vapour and the whole apparatus was evacuated for 

48 hrs. Whenever a gas sample was made-up the sample cylinder feed lines were 

flushed and the sample cylinder evacuated for 12 hrs.

Samples were made-up as follows:

a) V3 was closed, VI opened and the sample cylinder filled with

methane and/or ethane to the required pressure.

b) VI was closed, V2 opened and the cylinder filled with helium

to the required pressure.

c) V2 and V5 were then closed.

The sample was then analysed to obtain the best katherometer output 

attenuation settings.

2.10 Adsorbent Regeneration

A weighed sample of adsorbent was placed in the adsorption cell 

which was put into the regeneration furnace. A slow helium purge was passed 

through the apparatus until the regeneration temperature had been reached, 

typically 45 min. The helium supply was then switched off (V2) and, with
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V9 closed, the adsorption cell was evacuated for 12 hrs as described 

previously, (Section 2.2 of this Chapter).

2.11 Adsorbent Weight Loss on Regeneration

Both the 5A molecular sieve and the activated carbon were tested 

for weight loss at their respective regeneration temperatures. Samples were 

analysed in triplicate, in two batches at an interval of 10 days, with no 

significant change in the percentage weight loss obtained. The average 

figures used in subsequent calculations were:

5A molecular sieve: 5.10% @ 450°C

activated carbon: 11.00% @ 250^0

2.12 Experimental Procedure

It has been shown that the adsorption equilibrium of binary mixtures 

is independent of the order of contact of the adsorbates for a variety of 

gases and vapours on several adsorbents (19, 23) . Methane-ethane mixtures 

have not, however, been investigated for the dependence of adsorption 

equilibrium on the order of contact but as the molecules are simple and 

non-polar, it was assumed that no such dependence existed on 5A molecular sieve

After the adsorbent had been regenerated and cooled, the adsorption 

cell was placed in the water bath, the vacuum switched off and the apparatus 

pressure tested to 1000 psig. with helium. The helium pressure was then 

lowered to that required for the first adsorption step and the flow rate set 

by VlO and measured by the bubble flow meter, FM. The preheater coil was 

placed in the water bath and helium passed through the apparatus for 2 hrs. 

to ensure that the adsorbent bed was at the temperature of the water bath.

The gas chromatography unit was switched on and allowed to warm up. The peak 

height data acquisition and integration program was loaded into Real Time 

Focal K on the P.D.P.8 computer. This modification of Real Time Focal had
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the equals sign suppressed to make its output format compatible with 

the ICL-450 input format.

The pipework from the sample cylinder to Vll was flushed out via 

V8 at a pressure, P2, equal to that of the helium carrier gas, PI. Before 

changing over to the gas sample, a number of bed effluent samples were 

analysed, without using the peak area integration program, to ensure that 

regeneration was complete and that no impurities were being desorbed by the 

carrier gas. The peak area integration program was started, Vll switched 

to connect the sample cylinder to the adsorption cell and the first effluent 

sample taken. The helium supply was switched off. Adsorption cell effluent 

samples were then taken and analysed at 30s intervals for single component 

experiments and 60s intervals for binary adsorption experiments, until 

breakthrough of all the adsorbate species was complete. At this point the 

adsorption cell pressure and therefore the adsorbate partial pressure was 

increased by means of PRl. Bed effluent samples were subsequently taken and 

analysed as before. The gas phase adsorbate concentration fell to a constant 

level and then rose again during breakthrough. The experiment continued in a 

series of pressure steps up to a maximum of 1000 psig. As the adsorption 

cell pressure was increased above 150 psig., valve V9 was adjusted to 

maintain P3 below 150 psig. The maximum operating pressure of PR2 was 200 psig, 

Typical adsorbent bed outlet adsorbate fractional breakthrough, calculated 

inlet flow rate (for single component only, as binary adsorption results 

were almost identical) and calculated rates of sorption, for a series of 

pressure steps, are given for single component and binary adsorption in 

Figures 9 to 13. The sample and calculated data points have been joined 

together for ease of representation. Ambient temperature and pressure were 

measured during the experiment and the outlet flow rate was measured at the 

end of the experiment.
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2.13 Variation in Outlet Flowrate with Adsorbate Concentration

In order that high gas phase concentrations of adsorbate could 

be investigated, while at the same time keeping the total gas phase pressure 

in the adsorption cell to a reasonable level, gas phase mole fractions 

of adsorbate up to 0.55 were used. This meant that the amount adsorbed 

could be a significant proportion of the total flow and hence the inlet 

flowrate would vary with the rate of sorption (see Figures 10 and 11) .

The outlet flowrate, set initially with pure helium, was found 

to vary with gas phase composition at a constant setting of VlO. Consideration 

of the isothermal flow through an orifice with a constant discharge 

coefficient indicated that the outlet volumetric flowrate should decrease 

with an increase in the gas phase density, or in this case, an increase in 

adsorbate concentration (36).

However, the gas phase volumetric flowrate was found to increase 

with adsorbate concentration (Figure 14). Nevertheless, by consideration 

of the rate of fluid flow through a variable area flowmeter with a 

constant annulus area and float characteristics it is possible to see that 

a gas of higher density but lower viscosity can flow at a higher volumetric 

flowrate than a less dense gas of higher viscosity (37). At one atmosphere 

pressure and 20°C the viscosity of helium, methane and ethane are:

2 X 10  ̂N 1.1 x 10  ̂ 1.2 X 10  ̂N^|k\'’̂  respectively ,

As the viscosity of helium, the least dense gas, is approximately twice 

that of either methane or ethane it was thought that the increase in outlet 

gas phase volumetric flowrate with increasing concentration of adsorbate 

was due to the decrease in gas viscosity producing an increase in the 

effective discharge coefficient of the outlet flow control valve.

Rather than attempt to model this behaviour in terms of a 

mathematical expression based on gas flow through an orifice, an empirical 

relationship was obtained from the experimental data obtained from the 

isotherm experiments. A least squares straight line fit through the origin
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was obtained to the data in Figure 14.

Fo—- = 0.35 X Y ... 2.1Fo T
INITIAL

where Fo and Fo represent the outlet gas phase flowrate at any time, t,
INITIAL

and that set initially using helium. is the mole fraction of total 

adsorbate in the outlet flow. Although there is some error involved with 

this model the simple expression was thought adequate as the fractional 

increases in flow rate were small and the breakthrough of adsorbates 

lasted a relatively short period of time.
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CHAPTER THREE 

ADSORPTION DATA ANALYSIS PROGRAM

A fully annotated computer program listing, flow diagram and typical 

results for binary adsorption are given in Appendix 2.

3.1 Data Input

The basic input data file was created on the I.C.L.-450 computer 

from the punched tape of experimental peak areas. The additional data 

required was added after file creation.

3.2 Calculation Sequence

The gas phase mole fractions of each component were calculated 

assuming a linear relationship between chromatogram peak area and gas volume 

for each adsorbate (Figure 6).

The apparatus dead time was calculated, taking into account the 

increased dead volume due to the macro pore volume of the adsorbent. As the

average diameter of the adsorbent pellet macro-pores ((O) 600 R) was at least

two orders of magnitude larger than the molecular diameter of either

adsorbate ((O) 5A) and was of the same order of magnitude as the mean free 

path of the gas phase components ((O), SOoE at 50 psig and 20^C (39)), it was 

decided to include the pellet macro-pore volume in the total bed voidage 

(see chapter 5.1.5) .

The apparatus dead volume, with non-porous glass beads instead of 

adsorbent, was calculated thus : dead time = 1.61 min. at a flowrate of

0.97 X 10“  ̂ mol/min and 64.7 psig. At this pressure, assuming ideal gas
— I f  obehaviour, the gas density is 1.97 x 10 gmol/cm ,

. . dead volume = ^ —  = 7.94 cm^. 3.11.97 X 10”^

. . dead time with adsorbent in tube = 1.61 x ^ ^MACRO ^ 3.2a
7.94

The dead time for flowrates other than that at which the apparatus was
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calibrated is given by:

de ad time _ (deadtime at 0.97 x 10 ^gmol/min.) x 0.97 x 10 ^ 3.2bExperimental molar flowrate 

Adsorption cell outlet gas phase fractional responses were calculated, 

Initial and final outlet molar flowrates were calculated, assuming ideal 

gas behaviour.

The next section calculates the instantaneous rates of sorption and 

inlet flowrate at each sample time. Using a side-stream to represent the 

amount of adsorbate adsorbed and accumulated:

F_

y1 I

2^1

ADSORBENT BED

Xl

X2

1^0

Y 2 o

A mass balance over the adsorbent bed for component 1 gives:

?! X + Fo X ^ 1^0

Similarly for component 2;

DT .. __ DT

3.3

X Y = Xg + F X —  2 I 2 o 60 " 2'o 3.4

An overall mass balance yields: 

+ (Xj + X,) X ^ 3.5

Assuming a linear relationship between the fractional increase in outlet 

flowrate and the total adsorbate fractional breakthrough (Chapter 2.13) 

and putting

DF = F - F
f i n S l  i n Ît i a l

3.6

one obtains

F = F o o X (1 + DFx ( Y + Y )/2) 3.7 
1 o 2 0

INITIAL
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DTPutting F X —  = F ... 3.8o dO

and substituting equation 3.5 in equation 3.3 and rearranging gives;

X (1 - lY^) - % 2 X ^Y^ = Fx ( ^Y^ - jY^) 3.9

Substituting equation 3.5 in equation 3.4 gives;

- Xj X + Xj (1 - = Fx ( - jŶ ) 3.10

Multiplying equation 3.9 by ^Y^ and equation 3.10 by (1 - ^Y^), adding

the resulting equations and further algebraic manipulation yields:

FX ( (,Y; _ Ŷ̂ ) X ^Y^ + (,Y; - Ŷ̂ ) X (1 - lY;) ) 3.11
2 - (1 - ;Y;) X (1 - - jY^ X ^Y^

Substituting equation 3.11 in equation 3.9 gives:

Xl = FX ( (lY; - lY^) + X2 X lY;)
(1 - jYj)

Therefore, using equations 3.11, 3.12 and 3.5 the instantaneous rates of 

sorption and inlet flow rate may be calculated.

The amount of each component adsorbed during each pressure step 

was calculated by integrating the instantaneous rates of sorption for each 

pressure step, using Simpsons Rule. A correction was applied to the amount 

adsorbed in the first pressure step to account for the apparatus dead time.

Account was taken of an experimental flow rate different from that at which

the dead time was determined. The total amount adsorbed at each pressure 

step was calculated by summing the amounts adsorbed up to and including that 

step.

The next section of the program calculated the gas phase densities 

and fugacities at their partial pressure in the adsorption cell via the 

subroutine EXEC. This subroutine selected which method was to be used for 

the calculation. For partial pressures greater than 1 atmosphere the Benedict, 

Ruben and Webb equation of state (40) was used to calculate the adsorbate

density and fugacity in subroutine HPFUG. For partial pressures



— 32 —

less than 1 atmosphere ideal gas behaviour was assumed for the calculation 

of gas phase density and accentric factors (41) used for the calculation of 

fugacity in subroutine LPFUG.

Adsorbate 'liquid' molar volumes were calculated within subroutine 

EXEC, using the model of Cook and Basmadjian (42) for use in the Polanyi 

Adsorption Potential Theory correlation.

The molar volume of methane and ethane as a function of temperature 

and partial pressure versus temperature data required for Clausius-Clapeyron 

plots were obtained from the literature (39) . Clausius-Clapeyron plots 

of pressure-temperature data for single components were required to determine:

a) the temperature at which the 'liquid' adsorbate pressure is equal to 

the adsorbate partial pressure, (required for the Cook and Basmadjian 

model for adsorbate 'liquid' molar volume).

b) the pressure that the 'liquid' adsorbate would exert at the adsorption 

temperature (used to calculate f° for the Polanyi Adsorption Potential).

In the case of ethane the value of f° was calculated using the Benedict, 

Ruben and Webb equation of state. The adsorbed phase 'liquid' partial 

pressure of methane, at the adsorption temperature of 20°C, was above the 

maximum pressure that could be used accurately with the Benedict, Ruben and 

Webb equation of state and the adsorbed phase fugacity was calculated using 

a fugacity coefficient (43) .

Subroutine SOLVE was then called which, in the case of single component 

isotherms, calculated the Polanyi Adsorption Potential (equation 1.11) and 

for the binary adsorption isotherm experiments the adsorbate mole fraction 

of methane was calculated (equation 1.16). The main program was then 

re-entered and the results written.
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CHAPTER FOUR

ADSORPTION ISOTHERM EXPERIMENTAL RESULTS AND MATHEMATICAL MODELLING

4.1 SINGLE COMPONENT ADSORPTION ISOTHERM RESULTS

4.1.1 On 4A molecular sieve

Three experiments were performed with pure methane, pure ethane and 

a methane-ethane mixture at 20°C. The experimental conditions were the same 

as those for the first three pressure steps in experiments 2, 6 and 9 given 

in Tables 3, 7 and 10 respectively.

In no case was there significant adsorption. In all cases breakthrough, 

at the initial pressure, was similar to that obtained for the determination 

of the apparatus dead time, within experimental error. A subsequent increase 

in pressure produced very small but measurable adsorption possibly due to 

adsorption on the external surfaces of the molecular sieve crystals and on 

the binder.

Prior to these experiments, Laporte Industries were of the opinion (44) 

that there might be some difficulty in adsorbing ethane on their 4A molecular 

sieve owing to a window shrinkage of approximately 5% in each linear 

dimension, at the pellet calcining temperature of 650°C. As was evident 

from the results of the above experiments neither methane nor ethane were 

adsorbed within the 4A molecular sieve crystals. As the critical diameter 

of the adsorbates are nearly equal it is not surprising that neither species 

was adsorbed.

4.1.2 On 5A molecular sieve

Two experiments were carried out with pure methane as the adsorbate 

and one with pure ethane. Experimental conditions and results are given 

in Tables 3, 4 and 6.
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4.1.2a Methane

The results for the low mole fraction and high mole fraction of 

adsorbate in the total adsorption cell gas phase give a single isotherm, 

shown in Figure 15. The isotherm was in good agreement with the single 

component Statistical Thermodynamic model over the whole range of adsorbate 

concentrations. The parameters for this model are given in Table 11.

The small error between the model and experimental data was thought to 

be due to;

1) The approximate value for the percentage binder used in making

the pellets, as quoted by the manufacturer.

2) Experimental error due to:

a) errors in the Simpsons Rule integration of the experimental

data in the data analysis program (Appendix 2). This was

likely to have been greatest for the binary adsorption experiments 

when samples were analysed at 60s intervals.

b) errors in the operation and reading of pressure gauges.

c) temperature differences between the water bath and the adsorbent.

d) variations in the ambient conditions during the experiments.

e) errors in the operation of the peak height integration program 

(Appendix 1).

The local error included in the use of Simpson's Rule was much less 

than would have been encountered if the Trapezoidal Rule had been 

used for the integration of the experimental data and approximately 

the same as that involved with the use of the more complex Milne's 

or Adam's Method (45). The errors listed in 2b to 2e above were 

minimised by the design and/or calibration of the relevant pieces 

of equipment.

3) errors in the model parameters.
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There did not appear to be any significant effect of pressure 

on the molecular volume up to an adsorbate partial pressure of 550 psig.

The experimental isotherm could also be expressed in terms of an 

empirical single component Langmuir model over the whole range of adsorbate 

concentrations. The constants for this model, calculated by a least squares 

fit to experimental data, are given in Table 12.

4.1.2b Ethane

The results of this experiment formed a single isotherm with data 

interpolated from the work of Antonson and Dffianoff (12) and were well 

represented by both the single component Statistical Thermodynamic and empirical 

Langmuir models over the whole range of adsorbate concentrations, see 

Figure 15. Tables 11 and 12 give the various model parameters. The error 

between the Statistical Thermodynamic model aid the experimental isotherm was 

thought to be due to the same reasons as were given in the previous section 

(4.1.2a). Again there was no evidence of a significant reduction in molecular 

volume with increased pressure.

The single component isotherms on 5A molecular sieve show the 

saturation limit for each adsorbate.

4.1.3 Polanyi Adsorption Potential Theory.

No unique relationship was found between adsorbate volume and Polanyi 

Adsorption Potential for methane and ethane on the 5A molecular sieve 

(Figure 17). A similar result was obtained by Lederman and Williams (46) 

for the adsorption of methane and nitrogen on 5A molecular sieve.

Inaccuracies in this, the simplest form of the Polanyi Adsorption Potential 

Theory, could result from a number of sources;

a) an inaccurate value for the free energy change on adsorption.

b) an inappropriate correlating divisor.

c) an inaccurate value for the adsorbate volume.
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Initially a correction was applied to the isotherm results to 

account for the adsorbate accumulated within the pellet macro-pores and 

intergranular voids. It was found, however, that the correction was very 

small; at a partial pressure of methane of 550 psig. the correction was less 

than 0 .1 % and was therefore ignored.

Adsorption within molecular sieves is thought to occur both at active 

sites and by occlusion within the sieve cavity. This assumption has formed 

the basis of the Statistical Thermodynamic model. The two modes of adsorption, 

especially at high fractional saturation, would lead to an adsorbate whose 

average density and free energy do not correspond to those of the adsorbed 

'liquid' state used in the version of the Polanyi Adsorption Potential used 

in this work. This would account for any or all of the possible errors listed 

previously. No other form of the Polanyi Adsorption Theory could be used to 

account for two modes of adsorption.

4.1.4 On Activated Carbon

Two experiments were performed with pure methane as the adsorbate and 

one with pure ethane. Experimental conditions and results are given in 

Tables 2, 5 and 7.

4.1.4a Methane

The results for the low and high mole fraction of adsorbate give a 

single isotherm (Figure 16). A single component empirical Langmuir model gave 

a good representation of the results. The model coefficients, obtained by a 

least squares fit of the model to experimental data, are given in Table 12.

4.1.4b Ethane

The experimental data were well represented by a single component empirical 

Langmuir model (Figure 16). Table 12 lists the model coefficients obtained by 

a least squares fit.

In contrast to the adsorption of methane and ethane on 5A molecular 
sieve, the experimental isotherms on activated carbon showed no saturation limit.
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at similar adsorbate concentrations, due to their higher adsorption capacity. 

The values obtained were of a similar magnitude as has been found on an 

activated carbon at 20°C, by Szepezy and Illes (47).

4.1.5 Polanyi Adsorption Potential Theory.

A unique relationship was found between adsorbate volume and the 

Polanyi Adsorption Potential for methane and ethane on the activated carbon 

(Figure 17). In this case, therefore, the assumption of 'liquid' adsorbate 

behaviour would appear to be correct.

4.1.6 Conclusions.

The results demonstrated the ability of the experimental method to 

obtain gas-solid equilibrium data over a wide range of adsorbate concentrations 

and mole fractions of the total gas phase composition, in a small number of 

experiments.

The accuracy of the mathematical model used to calculate the gas-solid 

equilibrium data from experimental breakthrough data, over a range of adsorbate 

mole fractions of the total gas phase composition was shown in the case of 

5A molecular sieve by the good agreement with the Statistical Thermodynamic 

model.

The simplest form of the Polanyi Adsorption Potential Theory, assuming 

'liquid' adsorbate behaviour, as modified by Lewis et al. (15) and Grant and 

Manes (13) can be applied to the adsorption of methane and ethane, as a single 

component, on the activated carbon used in this work. The assumption of 

liquid like behaviour of the adsorbed species appears not to apply when the 

adsorbent is a 5A molecular sieve where the correlation between adsorbed 

phase volume and the Polanyi Adsorption Potential is not unique.
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The adsorption of methane and ethane, as single components, on 

both 5A molecular sieve and the activated carbon, was well represented by an 

empirical single component Langmuir model over a wide range of adsorbate 

concentrations.

4.2 BINARY ADSORPTION ISOTHERM RESULTS ON 5A MOLECULAR SIEVE.

Figure 12 shows the fractional gas phase response at the adsorbent 

bed exit for a typical example of two component adsorption. The inhibition 

of the weakly adsorbed species by the more strongly adsorbed component was 

demonstrated by the desorption of a proportion of the less strongly adsorbed 

species during the period between its breakthrough and the breakthrough of 

the stronger adsorbed component. This phenomenon has been demonstrated by 

Thomas and Lombardi (10) and Gariepy and Zwiebel (48). After complete 

breakthrough at the initial pressure, the gas phase pressure and hence the 

adsorbate partial pressures were increased. As can be seen from Figure 12 

the bed effluent concentration of both species fell, rose to a constant 

value which persisted until breakthrough of the more strongly adsorbed 

component occurred. Experimental conditions and results for the binary 

adsorption of methane and ethane on 5A molecular sieve are given in 

Tables 8, 9 and 10.

The isotherms obtained are shown in Figure 18 together with the pure 

component data. Mutual inhibition between the adsorbed species can be seen 

as the amount of each component adsorbed (at the same gas phase concentration 

of that component) decreased with an increase in the gas phase concentration 

of the second adsorbate.
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4.3

MATHEMATICAL MODELLING OF THE BINARY ADSORPTION ISOTHERMS ON 5A MOLECULAR SIEVE,

4.3.1 The Extended Empirical Langmuir Equation.

An extended empirical Langmuir model (equation 1.7) was used to 

represent the binary adsorption isotherms using the coefficients obtained 

from the single component isotherms.

Figure 19 shows the poor fit obtained with this model, especially 

in the case of methane. No Langmuir correlation exists with respect to 

ethane gas phase mole fraction for the adsorption of methane. In the case 

of the adsorption of ethane, although no single relationship was found between 

the degree of inhibition and the gas phase concentration of methane, there is 

a trend showing a dependence on both the gas phase concentration of methane 

and the mole fraction of ethane. The higher the mole fraction of ethane the 

less the inhibition due to the gas phase mole fraction of methane.

A modified extended empirical Langmuir equation (equation 1.8) was 

used to express the binary adsorption isotherms. The results obtained were 

similar to those for the previous model.

4.3.2 Kidnay-Meyers Model.

The results obtained using this model are shown in Figure 20.

The equations relating gas and solid phase adsorbate concentrations were 

those derived by Thomas and Lombardi (10) using the single component empirical 

Langmuir coefficients:

AcA^ X B^ X 1 X IjL + (L - X B 2 X 0 2]
q =     4.2 ̂ l + B ^ x  i + B ^ x C 2

with a similar expression for q^.

Once again the fit obtained was poor and the trends were similar 

to those obtained with the extended empirical Langmuir model.



— 40 —

4.3.3 Two Component Statistical Thermodynamic Model.

The parameters used in this equation (1.10) were those used 

for the single component models given in Table 11. The comparison between 

model and experimental results is shown in Figure 21. Again, no single 

relationship was found between the inhibition in the adsorbed phase concentration 

of one component and the gas phase concentration of the other. However, 

unlike the other models investigated, there is a similar trend in the results 

for both adsorbates. The inhibition in the adsorbed phase concentration is 

a function of the gas phase concentration of the second species but decreases 

with an increase in the gas phase mole fraction of the adsorbate under 

consideration. The calculated solid phase adsorbate concentration of ethane 

was less than the experimental value in all cases, except that for 0.903 mole 

fraction of methane where the fit was good. In the case of methane, the 

calculated adsorbed phase concentration was generally greater than the 

experimental data.

4.3.2 Polanyi Adsorption Potential Theory

An attempt to use the Polanyi Adsorption Potential Theory to 

predict the binary adsorption equilibrium after the manner of Grant and Manes 

(14), produced results which underestimated the adsorbed phase mole fraction 

of methane by approximately 50%. A bad correlation between experiment and 

theory was to be expected in the light of the single component correlations 

obtained on the 5A molecular sieve. However there did appear to be an 

almost constant relationship between the calculated and experimental values 

for the adsorbed phase mole fraction of methane (Figure 22). This is 

possibly a fortuitous correlation and should be approached with caution in 

the absence of any further experimental evidence.

4.4 Conclusions.

There is no 'a priori* method of predicting binary adsorption 

equilibrium of methane and ethane (over the range of gas phase adsorbate
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concentrations studied) on a 5A molecular sieve from the single 

component isotherm coefficients. Although the criterion that the empirical 

Langmuir coefficients (equation 1.5) Aj and are approximately equal for 

the system studied is satisfied, the extended empirical Langmuir and 

Kidnay and Meyers models did not accurately predict the experimental binary 

equilibrium data. This criterion is necessary but not sufficient to 

ensure a good fit between the model and experimental data as adsorbed phase 

ideality is assumed in both models.

The two component Statistical Thermodynamic model gave better 

results in terms of the trends in the predicted results but the fit to 

experimental data was bad in most cases. Work done previously, using 

molecular sieves, where any of the above models have been used successfully, 

has been carried out at low fractional saturation (24, 25).

Under such circumstances inter-adsorbate fcxœes are negligible 

and the adsorbed phase can be treated as an ideal mixture. The simplest 

form of the Polanyi Adsorption Potential Theory cannot be used to describe 

the binary equilibrium data in this work as it assumes a liquid-like 

adsorbate under circumstances where adsorption is taking place in two modes.

All of the models discussed in this section assume ideal 

adsorbed phase behaviour in the binary state. One may therefore conclude 

that, under conditions of high fractional saturation, where both modes of 

adsorption exist within a molecular sieve cavity, the adsorbed phase does 

not behave as an ideal mixture and that its density and free energy cannot 

be calculated in terms .of a 'liquid' adsorbed state.

There is no simple 'a posteriori' method for predicting the 

binary adsorption equilibrium found in these experiments, using the models 

investigated, based on the single component isotherm coefficients.
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As can be seen from Figures 19, 20 and 21, the binary adsorption 

equilibrium of methane and ethane at high fractional saturation on a 5A 

molecular sieve, is a function not only of the gas phase concentration of 

the interfering species but also the mole fraction of the adsorbate under 

consideration. Such dependence would be difficult to express in terms of 

modified forms of the models already discussed and would probably produce 

mathematical expressions requiring a large amount of calculation. This 

would render the mathematical modelling of fixed bed breakthrough prohibitively 

lengthy.

4.5 Modified Coefficient Single Component Empirical Langmuir Model.

In order to be able to express the experimental single and binary 

adsorption equilibrium data in a simple mathematical model suitable for 

the computer modelling of fixed bed breakthrough, it was decided to express 

the isotherm for each component in every mixture as a single component 

empirical Langmuir model. Table 12 lists the results of a least squares fit 

of such a model to experimental data. It was found possible to express the 

single component empirical Langmuir model coefficients as a function of the 

gas phase mole fraction of that component in the total adsorbate.

As would be expected, the value of A% decreased with increasing 

gas phase adsorbate mole fraction of ethane, as the amount of molecular 

sieve cavity available for the adsorption of methane was reduced by the 

increasing relative amount of ethane present. Similarly A 2 decreased with 

increasing adsorbate gas phase mole fraction of methane. It was also 

assumed that:

1) when Yl =0; A% = 0

2) when Y 2 =0; A 2 = 0

Cl <̂2where y, =     ... 4.3 and y. =     ... 4.41 Cl + C2 2 Cl + C2
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The model that gave the best representation of the coefficients 

and Ag as a function of and y^ respectively was a Langmuir type 

equation of the form:

A I 1 + X yi

and
A ^ x  y2 

^ 1 + X Y2

A very good fit was obtained, as can be seen in Figures 23 and 24.

An expression relating B^ and B2 to Y\ and y2 respectively presented 

a more difficult problem. For the case of B^ expressed as a function of y^ 

polynomial expressions up to 4th order were tried but were no improvement 

on the least squares straight line fit shown in Figure 23. Good results 

were obtained in the mathematical modelling of the breakthrough of methane 

in all the adsorption and desorption experiments. However, when a similar 

model was used to exq>ress B2 as a function of y2 significant 'tailing' in 

the computed breakthrough data occurred at values of yt. less than 0.1.

It was therefore necessary to obtain a value for B2 at a value of Y2 

as close to zero as possible. As has been explained earlier (Chapter 2.5) 

it was impossible to carry out binary adsorption isotherm experiments in 

this region. However, as can be seen in Figure 21 the two component 

Statistical Thermodynamic model gave good results for ethane at a low mole 

fraction of that component. A value for B2 of 124.1 x 10^ cm^/gmol. 

with Yl ~ 0.01 was therefore obtained from a least squares fit of the single 

component empirical Langmuir isotherm model to the ethane results obtained 

from the two component Statistical Thermodynamic model using Yl ~ 0.01 over 

the range of binary adsorption total adsorbate concentrations used in the 

binary isotherm experiments (Tables 8, 9 and 10). The value for A 2 obtained 

at the same time (0.4 x 10  ̂gmol/gm) was in good agreement with the model 

used for A2 as a function of y 2 shown in Figure 24. A Langmuir type equation 

was then used to express B 2 as a function of y%. A reasonable fit was
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obtained, as can be seen in Figure 24 and good results were obtained 

in the mathematical modelling of the breakthrough of ethane in all the 

adsorption and desorption experiments.

A comparison between the experimental binary adsorption equilibrium 

data and the modified coefficient single component empirical Langmuir 

model is given in Figure 25. As can be seen a good fit is obtained 

between the model and experimental data over the range of gas phase 

adsorbate concentrations investigated. The isotherm equations derived 

were as follows:

X c
4.7

where

A. =_ 0.00035 X Yi
1.0 - 0.8801 X Yj 4.8

and

= 46970.0 - 42600.0 x 4.9

Similarly:

=
A 2 X B 2 X Cg 
1 + B2 X c 2 4.10

where
0.02951 X
1.0 + 10.6 X ?2

4.11

B^ = 124.1 X 10̂ + - ^2 ^ 4532.0 x lo'
(1 + y- X 44.52)

4.12
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CHAPTER FIVE

MATHEMATICAL MODELLING OF FIXED-BED BREAKTHROUGH

5.1.1 Derivation of Equations

Assuming plug flow, no axial diffusion and a constant bed 

voidage and cross-sectional area, a mass balance across an element of the 

bed gives:

H- dz

u X ax X E X c u x a x x E x c  + (u X ax X E X c) x dzd Z

Generally:

INPUT - OUTPUT = ACCUMULATION + LOSS BY SORPTION 

Considering the fluid and solid phases together:

5.1

INPUT - OUTPUT = - T—  (u X ax X E X c) x dzd z 5.2

ACCUMULATION = —  (p x q) x ax x —  (E x ax x c) x dz 5.3d t BED dt

LOSS BY SORPTION = O 5.4

Combining equations 5.2, 5.3 and 5.4 in the form of equation 5.1 gives:

9 (u X c) 
9 z

BED 9q
E ^ at 5.5

As has been discussed in Chapter 1.1, it had been decided to 

attempt to model fixed-bed breakthrough in cases where the amount of adsorbate 

was a considerable proportion of the total flow. It was therefore 

inappropriate to assume that the linear flowrate along the adsorbent bed 

axis was constant. Equation 5.5 was therefore expanded thus:



3c 
* * 3z

3u
t + = ^ 3 %
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PBED 3q
E ^ at 5.6

5.1.2 Mass Transfer Rate Controlling Mechanism.

As the experimental breakthrough of both adsorbates was rapid 

(Figures 31 to 41 incl.), it appeared reasonable to assume that there was 

negligible resistance to mass transfer, either from gas to solid phase 

or within the adsorbent particle. In order to justify this assumption 

breakthrough data was generated assuming various forms of the mass transfer 

rate controlling mechanism, using the experimental conditions of 

experiment No.5 (Table 6) for ethane on 5A molecular sieve.

5.1.2a Micro-pore Diffusion Control.

At low gas phase concentrations of ethane, (5 x 10  ̂gmol/cm^), 

adsorption into a 5A molecular sieve has been shown to be controlled by 

the rate of diffusion of the gas phase adsorbate through the adsorbent 

micro-pores (12). In this case:

9 q 
3t

where D^ is the micro-pore diffusivity. Rosen (49) has solved equation 5.5

with a mass transfer mechanism given by equation 5.7 assuming a linear

isotherm with spherical adsorbent particles and a concentration independent

diffusion coefficient. By the following change of variables in equation 5.5,

t - z/u for t and z x (l-E)/u x E for z, Rosen (50) was able to simplify

the equations describing fixed bed breakthrough for intra-particle diffusion

mass transfer with or without an external gas-solid mass transfer

resistance. Lengthy mathematical manipulation yielded a series of

breakthrough curves with y, 0 and t as parameters, where ;

y (bedlength parameter) = 3 x D , x (1-E) x A x B x &./E x U x v^.m/s
0 (film resistance parameter) = E x u/& x hga % (1-E) and

T (time parameter) = 2 x E x ( (u x t/% ) - 1) /3 x (1-E) x A x B
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Breakthrough data, using the experimental conditions of experiment 5

(Table 6) were generated from Rosen's work, modified for a non-linear

isotherm and non-spherical adsorbent particle geometry (12). The same
k 1literature source was used to obtain a value for Dm ; 5.0 x 10“ s”

r2
at 20°C. The results are given in Figure 27 using a value of y = 3.0 

(Figure 26) calculated from the experimental conditions of experiment 5 

(Table 6), where 0 = 0 .

5.1.2b Surface Diffusion Control

The mass transfer rate from gas to solid phase can be limited by the 

rate at which adsorbed molecules move from the external surface of an 

adsorbent to its interior structure. This process is described mathematically 

by an equation similar to equation 5.7:

9t z - I? * 37 X ) ... 5.8

where Dg is the surface diffusion coefficient. No values for the surface

diffusion coefficient of ethane on 5A molecular sieve were found in the

literature but it would appear (51) that a surface diffusion coefficient is

approximately one order of magnitude larger than the relevant micro-pore

diffusion coefficient. A value of ^  = 5.0 x 10  ̂ s ^was therefore usedr
to generate breakthrough data for the experimental conditions of experiment 

No. 5 (Table 6) assuming surface diffusion control. Again, the results are 

shown in Figure 27, using a value of y = 30 (Figure 26) and 0 = 0 .

5.1.2c Gas Phase Mass Transfer Control

In this case the overall rate of adsorption is limited by the transfer 

of adsorbate between the bulk of the fluid phase and the outer surfaces of 

the adsorbent particles. The rate of mass transfer is given in the 

classical form involving a driving force between the bulk fluid and the 

adsorbent particle surface.
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therefore

9t = hgx(c* 1 - c ,) ... 5.9z z-1 z-1

where c* is the gas phase adsorbate concentration existing at the adsorbent 

surface in equilibrium with the pellet average adsorbate concentration.

A mass transfer film resistance, kga , was calculated (52) from the 

conditions obtaining in experiment 5 (Table 6), assuming laminar flow, 

using a gas phase diffusion coefficient calculated by the method of Wilke 

and Lee (53). The modified Reynolds Number (—^^^)for experiment 5 was 

0.21, well in the laminar region (54). The value of kga obtained was 

45.045 s ^, which gave a value of 0 = 0.0028 for the Rosen Film Resistance 

parameter.

5.1.2d Conclusions

The results obtained for micro-pore and surface diffusion control, 

using Rosen's model (49), modified for non-linear equilibrium and non-spherical 

adsorbent particle geometry gave slower breakthrough of ethane than the 

experimental result, (Figure 27). This indicates that the experimental rate 

of diffusion was much faster than that obtained from the literature at a 

lower gas phase concentration of ethane. A strong positive dependence of 

the rate of diffusion on adsorbate concentration has been reported for ethane 

and other hydrocarbons on type A zeolites, although some evidence to the contrary 

also exists (11, 12, 13, 55). It would therefore appear that a very fast 

rate of micro-pore and/or surface diffusion obtained under the experimental 

conditions of this work.

A comparison of the breakthrough curves calculated by Rosen, given in 

Figure 26, for constant values of the bed length parameter y, shows the very 

small influence that gas phase mass transfer resistance has on the breakthrough, 

even at the high value of y that would be required to duplicate the experimental 

results, for the value of 0 = 0.0028, calculated for the conditions of 

experiment No.5. It was therefore concluded that the resistance tq mass 

transfer in the gas phase could be ignored throughout this work.
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It was impossible to show conclusively that micro-pore and/or 

surface diffusion did not control the rate of adsorption in experiment No.5. 

However, as the experimental rate of diffusion was very high and an 

equilibrium control model gave good results under all the experimental 

conditions it was thought reasonable to assume that there was no resistance 

to mass transfer within the adsorbent pellet and hence that equilibrium 

control existed under all the experimental conditions.

5.1.3 Finite Difference Approximations

The following approximations to the partial derivatives in equation 5.6

were obtained using finite difference techniques. A central difference

approximation to the axial linear flowrate gradient was used for maximum

accuracy. Backward difference approximations were used for the rates of

change of gas phase adsorbate concentration with axial position and time

so that a simple explicit solution for c ̂  could be obtained and the

previously calculated value of could be included for maximum accuracy.z-1
A backward difference in both time and axial position was used to approximate

to the rate of change of adsorbent adsorbate concentration with time so as to

avoid the use of which would produce a quadratic expression in to be

solved at each bed position. Also, for reasons given in the next section

(5.1.4) the following approximation was made:

t t- At cu - u ... 5.10z z

therefore :

9c

9c 
9 t

t- At t „t .
X (°z - °z-Az ) ... 5.11

Az

t , t- At t- At.
^z ^ ^z+ Az_____ ^z- Az ... 5.12

2 X Az

t t- At
^z ' z ... 5.13

At
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and
 ̂t t-At

9q
at

^z-Az ^z ... 5.14
At

for equilibrium control.

5.1.4 Boundary Conditions

Inlet adsorbate gas phase concentrations and were obtained 

from the experimental conditions and were available for all t. The effect 

of a non-step change in inlet adsorbate gas phase concentration is discussed 

in section 5 of this chapter. The adsorbate bed outlet molar flowrate, 

^În i t IAL' set initially with pure carrier gas passing through the bed.

The change in outlet molar flowrate and therefore the linear axial 

flowrate was modelled using equation 2.1, which in finite difference form 

gives:

t t=o t t
° = 0.35 X ^  x ( ^  + — — ) ••*

where ;

Y,̂  _ I I  2 1 ... 5.16
 ̂T

The inlet adsorbate gas phase molar ■ flowrate after each time step 

was calculated using the same method as used in the Adsorption Data Analysis 

Program via equations 3.11, 3.12 and 3.5 where :

Y =I I  1_I_ ... 5.17
^T

and

I'̂ o I'̂ o ... 5.18
cT

with similar expressions for C2 . Therefore was calculated and converted

to the linear interstitial velocity thus :

Fo ... 5.19u — II c X E X axT
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where ax is the adsorption cell cross sectional area given by

ax = .. 5.20

However, as outlet gas phase adsorbate concentrations were only available 

at t- At, u^ calculated by equation 5,19 is u^ Similarly u^, calculated

by equations 5.15 and 5.16 is also at time t-At. At sufficiently small 

values of At this approximation was thought to be sufficient for an accurate 

solution to the finite difference equations,

5.1.5 Bed Axial Flow Profile

Having obtained values for the inlet and outlet linear interstitial 

flowrate boundary conditions, at each time step, it was necessary to find an 

expression for the change with bed axial position.

As the pressure drop across the bed had been shown to be small, 

then the change in linear interstitial axial flowrate must have been due to 

adsorption. Therefore, one could assume that the flowrate would remain 

constant when the gas phase adsorbate concentration was constant along the 

bed axis. Similarly, the gas phase adsorbate concentration and flowrate 

must change at the same fractional rate in the adsorption zones.

Figure 26 shows the equal fractional axial adsorbate concentration 

and flowrate given by equations 5.21, 5,22 and 5,23 which follow.

For one or two components, putting

+ 2^1 - l"o - 2 %  —  5.21
t‘ tand DU = u^ - u ... 5.22I o

then
t t 'DU , t t t- t c or)

"z “ "o -"5? ^ 'i°z + 2=Z - 1=0 - 2=0 > ••• 5.23

Hence a bed axial interstitial flowrate profile was calculated for all z 

before the calculation of the adsorbate axial concentration profile. 

Therefore by substitution equations 5,11 to 5,14 in equation 5,6 and using 

the axial interstitial flow profile calculated by equations 5.21, 5,22 and
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5.23 and finally rearranging, an explicit solution for either or

was obtained thus;at t«t+At,2 z

t-At At t-At X X  t PbED
t _ ^z ^ Az *  ^z-Az ̂ z * E ... 5.24

where
A t t t-At c o r

= %2_AZ - ••• 5.25

assuming equilibrium control.

Also, ^
A X B X 0 ,

V z  = 1 + B x  ••• 5.26
^z-Az

and
t — Att-At A X B X 0■.... z

The Langmuir coefficients A and B were calculated using the modified 

coefficient single component Langmuir model given in equations 4.8, 4.9, 4.11 

and 4.12.

A computer program was written to solve the above set of equations to 

generate fixed bed breakthrough data for single component or binary adsorption. 

A fully annotated program listing, flowsheet and typical results for binary 

adsorption are given in Appendix 3.

5.1.6 Calculation Sequence.

The experimental breakthrough chromatogram peak areas and katherometer 

response checks were read in together with the other necessary data. Adsorbate 

gas phase inlet mole fractions, concentrations and outlet initial 

molar flowrate were calculated assuming ideal gas behaviour, the maximum 

adsorbate gas phase partial pressure in all the breakthrough experiments was

1.5 atmospheres.
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The adsorbent bed intergranular voidage E was calculated fromIG
the measured bulk density and the pellet density thus :

E = 1.0 - ^BULK ... 5.28
IG PPELLET

where p for 5A molecular sieve = 1.14 gm/cm^ (12). The pellet density
V K  I 11 I p . X

for the activated carbon adsorbent was calculated from equation 5.28,

using the value of p obtained by experiment, and assuming that E for theBULK jQ
activated carbon was equal to that for 5A molecular sieve, as the particle 

size and shape were similar (Chapter 2.8). As has been discussed in 

Chapter 3.2 the total bed voidage E was to include the macro-pore voidage 

obtained from the mercury porosimeter experiments.

Therefore :

E = E +  E x p  ... 5.29IG MACRO BED
The adsorbent bed length was calculated from the weight of adsorbent used, 

the bulk density and the adsorption cell dimensions, thus:

n _ WT ... 5.30

4

The change in dead time with the weight of adsorbent was taken into account 

(equation 3.2a). The apparatus dead time was corrected for flowrates other 

than that at which the dead time was calculated (equation 3.2b).

5.2 Single Component Breakthrough

The single component breakthrough from the first pressure steps 

in the isotherm experiments No.l - 6 were studied. For experimental conditions 

see Tables 2 - 7 .

The finite difference equations were solved in the following

sequence :

a) Set t = t + At

b) Set z = 2 (z = 1 contained the boundary conditions)
t—dtc) Calculate u

O and I
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t“dtd) Calculate u for Z = 2 to bed exit (Z=NZ).
z

e) Calculate Aqẑ
f) Calculate c ̂z
g) Set Z = Z+1

h) Return to e) until the solution reaches the bed exit (Z=NZ) .

i) Return to a) until complete breakthrough.

For the first time step a linear axial interstitial flow profile 

was used, given by:

- r  -  - r  •

Figure 28 shows how this linear profile differs from the equal axial 

concentration and flowrate profile.

Considerable difficulty was encountered when solving the above sequence 

of equations and a total lack of stability was found at what appeared to be 

appropriate values for AZ and At.

5.2.1 Stability and Convergence.

In the following sections a stable solution is taken as being one which 

makes physical sense, i.e. a positive gas phase adsorbate concentration of a 

maximum value of the same order as the maximum experimental value.

Convergence is used with its normal meaning. It has been shown previously 

(55, 56) that, for stability, in its strict sense, the speed of calculation 

of a hyperbolic partial differential equation, of the type derived for 

fixed bed adsorption, expressed as A z / A t  must be greater than the speed of 

the calculated or experimental breakthrough. The solution will converge as 

A z / A t  is further increased.

5.2.1a Equilibrium Control Model.

The speed of the solution for the experimental results was obtained 

from the breakthrough data as,

1  ... 5.320.5
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where ^ is the time for 50% breakthrough.

The experimental data from experiment No.2 (Table 3) was used for the 

work on stability and convergence, including a ramp input gas phase adsorbate 

concentration change (see section 5.5 of this chapter).

In this case:

I = 42.3 cm. tg  ̂= 7.25 min.

This gives a solution velocity of 0.0973 cm/s.

To ensure an accurate calculation 1,000 length intervals were used, 

therefore: AZ = 0.0423 cm.

hence; At < § ^ 5 0  =

However, with values of At of 0.25, 0.5 and 1.0 seconds the calculated 

breakthrough data were very unstable, often being large and negative.

A stable solution, which was in very good agreement with the experimental 

data (Figure 32), was obtained at At = 2.0s, which diverged slowly as At 

was increased to 10 s. It was therefore obvious that, in the case of an 

equilibrium control model, the usual stability criterion was inappropriate.

A criterion for obtaining a stable, converged calculated solution, in terms 

of the ratio At/Az was obtained from equation 5.24, as follows.

For the solution, at any axial position Z, to make physical sense,

> O ... 5.33z ^

For all but the most extraordinary circumstances the denominator of 

equation 5.24 is always positive. Therefore, applying the criterion of 

equation 5.33 to the numerator of equation 5.24 yields

t-At , At t-At t ^ A t ^BULK ... 5.34o + —  X U  X c % Aq X — -—z Az z z-Az z E
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For the worst case, i.e. a maximum value of Aq^, from equation

«  %:_AZ ••• 5.35

therefore

^ 4  = V az ••• 5.36

which, from equation 5.25 becomes

A X B X c^ .
^^z = — b " X C't "  ' ••• 5.37

z-Az

The criterion in equation 5.33 is most likely to be broken when O.

In which case,

B X . «  1 ... 5.38z-Az

Therefore equation 5.37 becomes:

Aq^ = A X B X c^ . ... 5.39z z-Az

Also, for a stable, converged solution

ct = ct , = ct-At ... 5.40z z-Az z

Therefore, substituting equation 5.39 in equation 5.34 and using equation

5.40,

1 +  —  X At ^ A X B a —  ... 5.41Az z E

which, on rearranging, yields,
t-At

Az _̂z_____________  ... 5,42
^  ^ a  X B X - 1

In the case of methane or ethane on either absorbent,

A X B X ^BULK »  1 ... 5.43

Therefore
yt-At

Az ^ z ______ • •. 5,44
At ' A X B xPbulK

~ E —
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AzAgain, for the worst case, i.e. the minimum value of —  ,

t-At ^ INITIAL ... 5.45
z àx X E X T

Therefore, substituting equation 5.45 in equation 5.44, gives:

Az ^ INITIAL__________________
" A X B X X E X as x,%p

E
which leaves:

Az ^°INITIM._____________  ... 5.47
At " A X B X X ax X »,

This gives a criterion for Az/At based on measurable quantities.

In the case of methane (experiment No. 2):

F,̂ INITIAL
X = 0.591

Also:

^BED = 0.732 gm/cm^

E = 0.588

A^ = 2.963 X 10”  ̂gmol/gm

B^ = 7.125 X 10^ cm^/g mol

Substituting these values in equation 5.44 gives

Az ^ 0.591
At " 2.962 X 7.125 x 0.732

• Az.*. ^  4: 0.0205 cm/s. ... 5.48

This is approximately one fifth of the experimental solution 

velocity of 0.0973 cm/s. Hence, for a value of Az = 0.0423 cm.

At > § 3 #  = 2.085 s

This is in good agreement with the value of At, found by trial and 

error, that gave a stable, converged solution, i.e. unstable at At = 1 s 

but stable at At = 2 s. As the criterion given in equation 5.47 gives a 

value of At greater than a given value, then the most accurate solution
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should be found, for a given Az, with At just greater than this value. 

Otherwise, having found the critical ratio Az/At, the values of Az and At 

should be reduced, maintaining the ratio until the solution converges.

The criterion was applied to all the single component fixed bed 

experimental breakthrough data obtained from the first pressure steps in 

experiments 1 - 6  and was found to give a stable, convergent solution in 

all cases. The value for Az/At found from the experimental solution 

velocity was always higher than that derived above and always produced 

instability.

5.2.1b Linear Lumped Parameter Model.

Similar reasoning to that used in the previous section (5.2.1a) was 

employed to determine a stability criterion when the rate of mass transfer 

from gas to solid phase could be described by a linear lumped parameter 

model.

In this case:

Aq^ = ^  X - qt]At ) ... 5.49

therefore:
Al ______ ^°INITIAL

h X A X B xp X ax X cBED T

Again, the results from experiment No. 2 were used, with a value of h = 0.1, 

which was found by trial and error to give results in good agreement with the 

experimental data.

Hence :
0.591

^ 0.1 X 2.963 X 2.125 x 0.732 " 0.427 cm

Good agreement was found between this criterion and a trial and error

solution. With At = 0.5 s:
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stability was found with Az = 0.2 cm, and instability found when 

Az = 0.4 cm. The solution was found to converge with a value of 

At = 2.0s, giving a calculated approximate solution velocity of = 0.1 cm/s

This is in good agreement with the criterion of Courant, Friedrichs and 

Levy (55, 56) when compared with the experimentally derived velocity of 

0.0973 cm/s.

5.2.2 The Effect of Various Bed Axial Flow Profiles

and the Mole Fraction of Adsorbate in the Total Gas Phase.

The first pressure step of Experiments 1, 4 and 5 were used in 

the following comparisons, assuming equilibrium gas-solid mass transfer 

control, and using a ramp input gas phase adsorbate concentration change 

at the bed inlet.

5.2.2a No Axial Flow Profile.

The linear interstitial flowrate along the adsorbent bed axis was 

taken as the initial outlet velocity. Such an assumption, at a high mole 

fraction of adsorbate in the total flow (0.537) led to serious errors in the 

calculated breakthrough data, as can be seen in Figure 31. This effect 

decreased with decreasing mole fraction of adsorbate in the total flow, as is 

shown in Figures 31, 34 and 35.

5.2.2b Linear Axial Flow Profile.

This assun^tion gave better results than using no axial flow profile 

but significant errors occurred at the completion of breakthrough, leading 

to a more unstable solution as the mole fraction of adsorbate in the total flow 

increased (Figures 31, 34 and 35).
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5.2.2c Equal Fractional Axial Concentration and Flow Profiles.

This model gave the best results (Figures 31, 34, 35) and was 

subsequently used, with success, over a wide range of adsorbate mole fractions 

of the total flow for both single component and binary adsorption.

5.2.3 The Effect of the Change in Outlet Flowrate with Gas Phase Composition.

As has been discussed in Chapter 2.13 the outlet gas flowrate changed 

with gas phase composition and was modelled as shown in Figure 14 and 

equation 2.1.

5.2.3a Equilibrium Model.

As the breakthrough of the adsorbate lasted typically only 60 s, with 

this model for gas-solid mass transfer, the effect of the change in outlet 

flowrate with gas phase composition made no significant difference to the 

solution of the fixed bed breakthrough equations over the range of gas phase 

compositions studied.

5.2.3b Linear Lumped Parameter Model

The use of this model with h = 0.01 in equation 5,46 produced 

adsorbate breakthrough which lasted over a period of approximately 15 minutes 

when used with the experimental conditions of the first pressure step of 

experiment No. 1. Consequently the change in outlet flowrate with gas 

phase composition made a difference to the mathematical model solution for 

fixed bed breakthrough. Figure 29 shows the results obtained with and 

without the effect of the change in outlet flowrate included in the mathematical 

model.

Therefore, in cases when the outlet flowrate changes with outlet 

gas phase concentration and the breakthrough curve is diffuse, a model for 

the change in outlet flowrate with gas phase concentration should be 

included in any mathematical model of fixed bed breakthrough. Failure to 

do so would result in erroneous values for any parameter in the model of
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gas-solid mass transfer obtained by fitting experimental data to a 

mathematical model.

5.2.4 The Effect of a Non-step Change in Inlet Adsorbate Concentration.

As can be seen from Figure 7 the change in adsorbate gas phase 

concentration, when gas samples were switched at VII, lasted 90 s at the 

sample point, with the adsorption cell packed with glass beads. It was 

thought that this spending of the inlet adsorbate concentration step change 

was due to the vena contracta formed when gas flowed through the small 

bore of VII into the larger connecting pipe work. Axial diffusion was not 

thought to play a significant part in this phenomenon as the adsorbate 

breakthrough in all of the first pressure steps in experiments 1 - 9  was 

very sharp, being consistent with equilibrium gas-solid mass transfer control 

The adsorbent bed inlet would therefore experience a change in gas phase 

adsorbate concentration similar in shape to that shown in Figure 7. A number 

of computer simulations were run, using the data of the first pressure step 

of experiment No, 1 assuming equilibrium control, A finite difference 

approximation to a ramp input was used where the inlet adsorbate gas phase 

concentration was increased from zero to the final value in a series of 

equal steps. Figure 30 shows the results obtained for a ramp input lasting 

for various periods of time. Although the ramp input lasting 90 s produced 

only a small change in the mathematical model, it was included in all the 

computer simulations of single and binary adsorption. Where flowrates other 

than that at which the 90 s ramp input was altered in inverse proportion 

to the flowrate.

5.3 Results,

Computer simulations were run, employing the finite difference 

techniques discussed earlier in this chapter, for single component 

breakthrough for the first pressure steps in experiments 1 - 6 ,  with methane 

and ethane on 5A molecular sieve and the activated carbon, A 90 s ramp
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change in gas phase inlet concentration, equal fractional axial gas 

phase adsorbate concentration and flowrate profiles and a model for the 

change in outlet flowrate with bed exit gas phase composition were included. 

Equilibrium control of the gas-solid mass transfer rate was assumed.

Figures 31 - 36 show the good agreement between the model and experimental 

results. For the sake of clarity, in all the figures showing fixed bed 

breakthrough experimental data, some data points have been omitted in 

the region of constant composition. The region of constant composition 

is between the breakthrough of the two species for binary adsorption or 

after complete breakthrough in the case of single component adsorption.

5.4 Conclusions

With negligible pressure drop across the adsorbent bed, the axial 

flowrate profile, for cases where the adsorbate was a significant fraction 

of the total flow, is well represented by assuming identical axial fractional 

gas phase adsorbate concentration and flow profiles.

The equilibrium control model provided a good model for the gas- 

solid mass transfer under the experimental conditions employed.

Care should be taken when assuming a step change in inlet gas phase 

concentration and a suitable model employed in the cases where non-step 

changes occur. Any change in outlet flowrate with gas phase composition 

will have a more pronounced effect the more diffuse the breakthrough of 

the adsorbed species. In the case of equilibrium control, the classical 

stability criterion for the choice of Az/At for the numerical solution of 

the finite difference equations involved in fixed bed adsorption is 

inappropriate.

A criterion for predicting a suitable Az/At ratio was obtained, 

by considering the physical reality of the calculated gas phase adsorbate 

concentration, which provided stable, converged solutions in all cases.

When considering a linear lumped parameter mass transfer model, the 

classical criterion for Az/At gives good results. However, by similar
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reasoning as was used in the case of equilibrium control, values for Az 

and hence At were successfully obtained.

5.5 Binary Adsorption Breakthrough

From the shape of the experimental breakthrough data for binary 

adsorption on a 5A molecular sieve, it was decided to use an equilibrium 

gas-solid mass transfer model. A problem arose, however, inasmuch as the 

use of equation 5.44 to predict a value for Az/At gave different results 

for each component. This is because the expression contains the empirical 

Langmuir coefficients A and B. For the case of methane and ethane on a 

5A molecular sieve:

At, = ,^2 ^ |2. . 18 ... 5.51

using a constant value for Az.

It was thought more economical (in computer time) to use a constant 

Az and two separate values for At. Az/At, was chosen, using equation 5.44 

with a value for Az which gave a converged solution for methane as a single 

component. Equation 5.51 was then used to calculate At^ as:

At^ = 18 X Atj ... 5.52

The same finite difference mathematical model was used as had 

been used successfully for single component adsorption, but with the following 

alteration in procedure (required to accommodate the differing values of 

Atĵ  and At^) . The finite difference equations were solved for methane, 

along the whole bed-length, for 18 time steps, each of value At^, followed 

by a single time step for ethane, of value Atg along the whole bed length.

The mutual interference of the adsorbates with their solid surface equilibrium 

concentrations was calculated, using the most recent value of the gas phase 

concentration of each species at each bed axial position, substituted in the 

modified coefficient single component empirical Langmuir model (Equations 4.7 

to 4.12). The bed axial flow profile was calculated before each methane time 

step.
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The values of At^ and At^ were calculated using the values for 

the Langmuir coefficients A andBfor both methane and ethane, assuming that 

they were single components. One might expect, therefore, that the solution 

could have become unstable as A and B varied as the relative gas phase 

concentrations of each component changed (see equations 4.8, 4.9, 4.11 and 

4.12). There was, however, no evidence of such instability. This was 

thought to be due to the fact that, for either component, as A decreased so 

B increased and therefore the product A x B remained within a range of values 

that gave a stable solution.

5.6 Results

The first pressure steps in experiments 7 - 9  were modelled.

The comparisons between the experimental and computer model results are 

shown in Figures 37, 38 and 39, covering a range of mole fractions of ethane 

in the adsorbate and mole fractions of the total adsorbate in the total flow. 

Experiments 10 - 13 were modelled, covering two flowrates at two values of 

the total adsorbate concentration. The experimental conditions are given 

in Tables 13 - 16 and the results are shown in Figures 40 and 41.

5.7 Conclusions

An equilibrium gas-solid mass transfer model gave a good representation 

of binary adsorption on 5A molecular sieve over the range of experimental 

conditions studied. The modified coefficient single component empirical 

Langmuir model gave a good representation of the mutual interference of the 

adsorbed species on 5A molecular sieve.

The use of two different time steps can be successfully accommodated 

in a finite difference mathematical model of binary adsorption with 

equilibrium control.
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CHAPTER SIX

THE DESORPTION SEPARATION OF BINARY MIXTURES ON 5A MOLECULAR SIEVE

6.1 Introduction

Table 17 shows the mole fraction of methane in the adsorbed phase 

on a 5A molecular sieve for various mole fractions of methane in the gas 

phase, at a constant gas phase concentration of ethane. The same gas phase 

concentration of ethane was used as that employed in the series of experiments 

reported in section 6.3 of this chapter. The adsorbed phase concentrations 

were calculated using the modified coefficient single component empirical 

Langmuir model developed for the adsorption of methane-ethane mixtures on 

5A molecular sieve (Chapter 4, Section 5) . As can be seen from Table 17 , 

the mole fraction of methane in the adsorbed phase increases with an increase 

in gas phase mole fraction of methane. At high gas phase mole fractions of 

methane its adsorbed phase mole fraction becomes large compared with that 

of ethane. For a gas feed similar in composition to a British natural gas 

(3% v/v ethane) the adsorbed phase mole fraction of methane is 0.31.

The simple desorption of a bed of 5A molecular sieve in equilibrium with such 

a feed would produce an effluent gas that may require further enrichment to 

produce an ethane feed suitable for subsequent processing. It was therefore 

decided to undertake a preliminary investigation of the desorption kinetics 

of me thane-ethane mixtures from a 5A molecular sieve with a view to 

effecting a further separation. As with the adsorption experiments, those 

concerned with desorption were performed under isothermal conditions.

As explained earlier (Chapter 2) it was impracticable to perform 

binary adsorption experiments at gas phase mole fractions of ethane less 

than 0.1. It was therefore decided to perform experiments at equal gas phase 

mole fractions of methane and ethane in order to determine their desorption 

kinetics and to run computer simulations over a range of gas phase 

compositions using the kinetic data thus acquired.
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No reference could be found in the literature to the desorption 

kinetics of methane from any adsorbent. Studies have been made of the 

desorption of ethane from 4A molecular sieves under conditions where micro

pore diffusion mass transfer control obtains (13, 57, 58). The desorption 

rate of ethane from a 4A molecular sieve was found to be the same as for 

adsorption (57) for a small change in adsorbate concentration. For larger 

changes in ethane concentration, desorption has been found to be slower than 

adsorption on a 4A molecular sieve (13). There is also conflicting evidence 

concerning the concentration dependence of diffusivity for adsorption of 

other low molecular weight hydrocarbons on this type of zeolite (11, 57, 58, 

13, 12). Crank (59) has shown that it is possible to have adsorption and 

desorption processes occurring at different rates when the diffusion 

coefficient is a function of concentration.

No work has been reported on the change in surface or micro-pore 

diffusivity with changes in the relative concentrations of adsorbates in 

binary fixed bed adsorption or desorption.

6.2 Experimental

Three experiments were performed under identical conditions 

(Table 18), with the exception that the helium carrier gas was reconnected 

to the bed inlet after 5, 10 and 15 minutes respectively.

6.3 Results

The results are shown in Figures 42, 43 and 44. The increase in gas 

phase bed outlet fractional response immediately after the start of 

desorption in experiment No.16 (Figure 44) was due to an initial mis-match 

of pressures which was immediately rectified. In all cases the rate of 

desorption was slower than the rate of adsorption for both ethane and methane. 

The rate of desorption of methane was much faster than the rate of desorption 

of ethane.
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6.4.1 Mathematical Modelling of the Experimental Adsorption-Desorption Cycles.

The adsorption of both components was modelled using the same techniques 

and computer program (Appendix 3) as described through Chapter 5, using an 

equilibrium mass transfer model. As it had already been demonstrated 

(Chapter 5, Section 1.2c) that gas-solid mass transfer was not the rate 

limiting step under the experimental conditions used in this work (and an 

equilibrium control model gave a very poor fit to the experimental data) 

it was decided to describe the desorption kinetics of both adsorbates in 

terms of a linear lumped parameter model (Chapter 5, Section 2.1b). It was 

hoped that this model would provide a simple but sufficiently accurate 

description of the effects of surface and/or micro-pore diffusion representing 

a considerable saving in computing effort when compared with the analytical 

solutions (Chapter 5, Section 1.2a and b).

The computer program for adsorption (Appendix 3) was modified for 

use in the modelling of fixed-bed desorption in the following ways:

a) after a given period of time, or complete breakthrough of both species, 

a ramp decrease in inlet gas phase concentration was applied at the bed 

inlet, (the reverse of the initial adsorption ramp (Chapter 5, Section 2.4), 

until the gas phase inlet concentration reached a constant zero level.

b) Adsorption or desorption kinetics were applied depending whether the 

change in solid phase adsorbate concentration was positive or negative.

c) the program was halted when the bed outlet gas phase fractional response
-2had fallen below 10

Time and axial bed length increments used in the desorption section 

were chosen according to the criterion developed in Chapter 5, Section 2.1b.

6.4.2 Results

A least squares fit of the experimental results to model data for 

the desorption section of the complete adsorption-desorption cycle (Figure 43) 

gave the following values for the linear lumped parameters used in the
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subsequent mathematical modelling of desorption kinetics; to an accuracy 

of 1 significant figure :
-1h^ = 0.5 s

-1h = 0.005 s2
Further accuracy was not thought to be warranted as the model was 

relatively insensitive to the value of the parameter h and this preliminary 

investigation was limited to 3 experiments.

The values of h obtained from experiment No. 16 (Figure 44) , were 

used to model the experiments carried out at shorter adsorption times 

(Figures 42 and 43). As the adsorption time decreased so the solid phase 

ethane concentration over the majority of the desorption period was less 

than that at which h-2 had been calculated and the fit of the mathematical 

model to experimental data became worse.

6.4.3 Conclusions

A linear lumped parameter approximation to the desorption kinèticè 

of methane from a 5A molecular sieve gave good agreement between a 

mathematical model and experimental results over the range of experimental 

conditions used. In the case of the desorption of ethane from a 5A molecular 

sieve the rate of desorption was dependent on the adsorbate concentration.

A linear lumped parameter model, with a constant value of h, only gave an 

accurate desorption of the desorption kinetics of ethane for the experimental 

conditions under which it was determined.

6.5.1 The Computer Simulations of Adsorption-Desorption Cycles

Computer simulations were run using the four values of the gas phase 

mole fraction of methane given in Table 17. As it had been shown that the 

desorption rate of ethane depended on the solid phase concentration of 

ethane (Chapter 6, Section 4.3) it was decided to use an inlet gas phase 

concentration of ethane equal to that used in experiment No. 16 from which 

the kinetic parameter h2 had been calculated. As the rate of desorption
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of methane was very fast it was thought that the kinetic parameter, h,, 

could be used over a wide range of conditions without serious error. The 

conditions used in the computer simulations are given in Tables 19-22 

inclusive. Adsorption was stopped and desorption initiated by pure carrier 

gas at a time found by subtracting 1.5 x (the breakthrough time for methane) 

from the breakthrough time for ethane.

6.5.2 Results

The results of the four computer simulations are shown in 

Figures 45 to 48 inclusive.

6.5.3 Conclusions

In all cases the very fast rate of desorption of methane allowed 

a complete separation of the methane and ethane adsorbed on the 5A molecular 

sieve under conditions of equilibrium mass transfer control of adsorption 

and isothermal operation. The decrease in ethane capacity was approximately 

10-15% of the equilibrium value.

There are therefore three strategies for the operation of an adsorber

to separate or enrich ethane-methane mixtures on 5A molecular sieves assuming

that a fuller study of the desorption kinetics and the complete adsorption- 

desorption cycle under non-isothermal conditions confirms the results of this 

preliminary investigation.

1) Simple adsorption - desorption.

2) Adsorption followed by desorption during the initial period

in which the bed effluent containing methane is discarded.

3) Adsorption followed by desorption initiated at a time when

all the methane is desorbed before the breakthrough of ethane.

The method chosen will depend on the composition of the feed, the 

ethane purity required and overall plant cost optimisation.
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Although, in the above adsorption-desorption cycles, desorption 

has been carried out by elution with an inert carrier gas, similar results, 

but with a faster desorption of the ethane could be obtained using pressure 

and/or temperature swing desorption after the methane has been swept out 

by the inert carrier. It might be possible to affect the complete 

separation of methane and ethane using pressure and/or temperature swing 

desorption only.

SUGGESTIONS FOR FURTHER WORK

1) The addition of computer control to the existing data acquisition

program.

2) The development of an analytical technique that could provide more

data points and hence improve the accuracy of the Simpsons Rule method 

for integration. A more rapid method would also be required when

species are used that have a large retention volume when analysed by

gas chromatography.

3) The adaptation of the method developed for permanent gases to

include the vapours of liquids.

4) The extension of the modified coefficient single component empirical

Langmuir model to tertiary and higher mixtures and to non-isothermal 

data.

5) A study of the non-isothermal adsorption-desorption separation of

methane-ethane mixtures on 5A molecular sieves and a process 

optimisation study.

6) The development of mathematical models for pressure swing desorption

and sorption in large beds with appreciable pressure drop, using 

the technique developed for calculating the inlet flowrate boundary 

condition.
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NOMENCLATURE

A = coefficient in empirical Langmuir Equation gmol/gm,

A* = coefficient in modified coefficient empirical Langmuir equation

gmol/gm.

a = particle surface area cm^,

ax = cross-sectional area of flow cell cm^,

B = coefficient in empirical Langmuir equation cm^/gmol.

B* = coefficient in modified coefficient empirical Langmuir equation

cm^/gmol,

B^ = empirical coefficient in extended empirical Langmuir equation

cm^/gmol.

c = gas phase concentration gmol/cm^.

D = correlating divisor in Polanyi Adsorption Potential Theory.

D = Micro-pore diffusion coefficient cm^/s.m
D = Surface diffusion coefficient cm^/s.s
DT = Time interval between bed exit gas sample analyses s.

d = diameter of flow cell cm.

E^^ = Intergranular voidage.

E = Adsorbent macro-pore voidage.MACRO
E = total bed voidage.

F = molar flowrate gmol/min.

f = gas phase fugacity atm.

f° = fugacity of adsorbed * liquid' at adsorption temperature atm.
* 2h = kinetic parameter in linear lumped parameter model s .
-1  , qhg = kinetic parameter in gas phase mass transfer model s gm/cm^.

I = Polanyi Adsorption Potential gmol °K/cm^.

= Henry's Law Constant molecules/cavity torr

K = Henry's Law Constant molecules/cavity torr
-1kga = Mass transfer film resistance s .

Z = adsorbent bed length cm.
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P = adsorbate partial pressure torr

p = pressure in adsorption cell psig,

Q = molecular sieve adsorbate concentration molecules/cavity

q = solid phase adsorbate concentration gmol/gm

R = gas law constant

r = 5A molecular sieve crystal equivalent radius cm

T = temperature °K

t = time s

t = time for —  = 0,5 s0.5
u = linear interstitial fluid velocity cm/s

Y = adsorbate volume cm^/gm.

WT = weight of adsorbent gm

X = instantaneous rate of sorption gmol/min

wx = adsorbed phase mole fraction

Y = mole fraction of adsorbate in total gas phase

y = gas phase mole fraction of component in total adsorbate

B = effective molecular volume cm^

Y = effective volume of molecular sieve cavity cm^

0 = film resistance parameter (Rosen) dimensionless E x U/£ x kga

X (1 - E)

y = bed length parameter (Rosen) dimensionless x 3 x (1 - E)

X A X B X £/E X u X r^

T = time parameter (Rosen) dimensionless 2 x E x (|u x t/&| -1)

/3 X (1 - E) X A X B 

At = time step in finite difference approximation s

Az = bed length step in finite difference approximation cm

TT = surface potential or spreading pressure dynes/cm
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BULK

PELLET

bulk density of adsorbent bed gm/cm^ 

adsorbent pellet density gm/cm^ 

kinematic viscosity cm^/s

SUBSCRIPTS

1

2

T

TG

I

O

methane

ethane

methane + ethane 

methane + ethane + carrier gas 

adsorbent bed inlet 

adsorbent bed inlet.
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EXPERIMENT NO. 1

SYSTEM: HL^HANÜ ON ACTIVATED CARBON

A D S O R B A T E  M . F .  IN  T O T A L  F L O W :  0 . 5 5 7

M . F .  M E T H A N E  IN A D S O R B A T E :  1 . 0

A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0 ° C  

W E I G H T  O F  A D S O R B E N T :  5 . 7 0 ?  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 $ . 5  cm /m±n 

F I N A L  O U T L E T  F L O W R A T E :  2 7 . 5  c n ? / m i n

p
p s i g . g m o l / g m  X 1 0 ’'^ 3  5g m o l / c m  x l O cm^ / g mX 10?

g m o l . ° K  
/ c m  3

5 0 .0 15 .79 9 . 8 8 8 .5 5 56 .66

100 .0 1 9 . 8 5 1 7 .5 9 1 0 .7 2 29.21

150 .0 2 2 . 4 2 2 5 .5 5 12.11 2 6 . 4 1

200 .0 2 5 .76 5 5 .1 7 15.91 2 4 . 5 6

500 .0 29 .62 4 8 . 9 7 1 5 .9 9 2 1 . 4 2

4 0 0 . 0 51.71 6 5 .0 0 1 7 .1 2 19.51

6 0 0 . 0 55.59 9 7 .7 5 1 8 . 0 3 1 6 . 5 1

8 0 0 . 0 5 4 . 8 2 1 5 1 .5 1 8 . 8 0 1 4 . 1 8

1000 .0 56 .28 1 6 6 . 1 1 9 .5 9 1 2 .55

TABLE.2



EXPERIMENT NO. 2

S Y S T E M :  METHANE ON 5A MOLEGULiVR SIEVE 

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 5 5 3

M . F .  M E T H A N E  IN A D S O R B A T E :  1 . 0

0
A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0  0

W E I G H T  O F  A D S O R B E N T :  5 . 5 1 4  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 7 . 4  c m ® / m i n

p
p s i g . g  m o l / g m  X 1 0

5
g m o l / c m  x l O c m  / g m

X 1 0 ?

'  I,
g  m o l . ° K  
/ c m 3

5 0 .0 1 1 . 0 8 1 0 . 1 8 5 . 9 8 3 5 . 4 5

1 0 0 . 0 17.00 1 8 . 1 2 9 . 1 8 2 8 . 9 8

1 5 0 . 0 1 9 . 2 5 2 6 . 1 4 1 0 . 5 8 2 6 . 1 8

2 5 0 . 0 2 2 . 1 8 4 4 . 2 8 1 1 . 9 8 2 2 .5 2

4 0 0 . 0 2 4 . 6 1 6 6 . 9 8 1 5 .2 9 19 .09

6 0 0 . 0 2 6 . 0 7 1 0 0 . 8 1 4 . 0 8 1 6 . 0 9

8 0 0 . 0 2 6 . 9 5 1 5 5 . 6 1 4 . 5 5 1 5 . 9 6

1 0 0 0 . 0 2 7 . 3 6 17 1 .4 1 4 . 7 7 12.51

TABLE 3



EXPERIMENT NO. 5

S Y S T E M ;  METEL^NE ON 5 A  MOLECULAR SIEVE 

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 1 2 9

M . F .  M E T H A N E  IN A D S O R B A T E :  1 * 0

0
A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0  C 

W E I G H T  O F  A D S O R B E N T :  5 * 5 1 4  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 5 * 5  c m ® / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

p
p s i g . g m o l / g m  X 1 0 5g m o l / c m  x l O cm® / g m  

X 1 0 ?
g m o l , ° K  
/ c m 3

5 0 .0 5 . 4 7 1 . 6 4 ' 1 . 8 7 4 7 . 6 4

1 0 0 . 0 7 . 1 7 4 . 2 2 5 . 8 7 4 0 . 2 8

1 5 0 . 0 9 . 0 2 6 . 0 6 4 . 8 6 5 7 . 4 6

2 0 0 . 0 1 0 . 8 5 7 . 9 1 5 . 8 5 5 5 .59

5 0 0 . 0 1 5 . 6 2 1 1 . 6 2 7 . 5 5 5 2 . 4 0

4 0 0 . 0 1 4 . 2 5 1 5 .5 4 7 .71 50 .27

TABLE 4



EXPERIMENT NO. 4

SYSTEM: M E T H M E  ON ACTIVATED CARBON

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 1 2 9

M . F .  M E T H A N E  IN  A D S O R B A T E :  1 . 0

A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0  0

W E I G H T  O F  A D S O R B E N T :  2 , 5 2 4

I N I T I A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m * / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

p
p s i g . g m o l / g m  X 10 ^"^3- 5 g m o l / c m  x l O

Vi
c m ® / g m  
X 1 0 ?

Ii
g m o l , ° K  
/ c m 3

5 0 .0 7 . 5 4 2 . 5 7 ' 4 . 0 7 4 4 .7 5

1 0 0 . 0 1 0 . 0 7 4 . 2 2 5 . 4 4 4 0 . 2 8

1 5 0 . 0 1 2 . 5 4 6 . 0 6 6 . 6 6 5 7 . 1 8

2 0 0 . 0 1 5 . 9 9 7 . 9 1 7 .5 4 55 .25

5 00 .0 1 6 . 0 4 1 1 . 6 2 8 . 8 6 5 2 . 4 0

4 0 0 . 0 1 8 . 0 4 1 5 .5 4 9 .7 4 5 0 .27

TABLE 5



EXPERIMENT NO. 5

SYSTEM: E T H M E  ON 5A MOLECULAR SIEVE

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 0 9 8 8

M . F .  M E T H A N E  IN A D S O R B A T E :  0 . 0

A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0 °C

W E I G H T  O F  A D S O R B E N T :  1 . 0 5 0  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ^ / m i n

p
p s i g . 4g m o l / g m  X 10

c
2 =  3- 5 

g m o l / c m  x l O
V2

c m ^ / g m  
X 1 0 ?

g m o l . ^ K  
/ c m  3

5 0 .0 1 8 . 0 0 1 . 8 1 ' 9 . 9 0 2 0 .8 6

1 0 0 .0 20 .49 5 . 2 1 1 1 . 2 8 1 7 . 8 5

1 5 0 .0 2 1 .54 4 . 6 5 1 1 .5 2 15.91

2 0 0 . 0 22 .27 6 . 0 8 1 2 .1 5 14.51

2 5 8 .0 25 .00 7 .7 5 1 2 . 7 6 15 .2 5

5 05 .0 25 .27 9 .0 5 1 5 .0 5 12 .45

4 0 0 . 0 25 .78 1 1 .8 8 1 5 .6 2 1 1 . 0 6

500 .0 2 4 . 0 5 1 4 . 8 5 1 4 . 0 1 9 .9 4

6 0 0 . 0 2 4 . 2 9 1 7 .8 2 1 4 . 5 5 9 * 0 2

8 0 0 . 0 2 4 . 5 4 25 .91 1 4 . 8 7 7 . 5 8

T A B L E  6



EXPERIMENT NO. 6

S Y S T E M :  E T H A N E  O N  A C T I V A T E D  C A R B O N  

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 0 9 8 8

M . F .  M E T H A N E  IN A D S O R B A T E :  0 . 0

A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0 ° G

W E I G H T  O F  A D S O R B E N T :  1 . 1 ? 5  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 3 . 5  c m ® / m i n  

F I N A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

P
p s i g .

^2 , 
g m o l / g m  X 10

c2 r 5  

g m o l / c m  x l O
^2 

cnP / g m  
X  1 0 ?

Ï2
g m o l . ° K  
/ c m 3

5 0 . 0 2 7 . 9 5 1 . 8 1 1 5 . 5 8 ’ 2 0 . 8 6

1 0 0 . 0 5 1 . 5 1 5 . 2 1 1 7 . 5 4 1 7 . 8 5

1 5 0 .0 5 5 . 7 5 4 : 6 5 1 8 . 0 5 1 5 . 9 1

2 0 0 . 0 5 5 . 5 1 6 . 0 8 1 9 . 2 4 1 4 . 5 1

2 5 0 . 0 5 6 . 5 1 7 . 7 5 2 0 . 2 5 1 5 . 2 5

5 0 0 . 0 5 7 . 6 4 9 . 0 5 2 1 . 1 1 1 2 . 4 5

4 0 0 . 0 5 9 . 1 5 1 1 . 8 8 2 2 . 4 0 1 1 . 0 6

6 0 0 . 0 4 0 . 9 6 1 7 . 8 2 2 4 . 2 0 9 . 0 2

8 0 0 . 0 4 2 . 4 5 2 5 . 9 1 2 5 .6 8 7 . 5 8

TABLE 7



EXPERIMENT NO. 7

SYSTEM: METHANE-ETHANE ON 5A MOLECULAR SIEVE

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 2 0 5

M . F .  M E T H A N E  IN A D S O R B A T E :  0 . 8 2 9

A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0 ° C

W E I G H T  O F  A D S O R B E N T :  2 . 4 0 0  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 5 . 5  c m ® / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 6 . 4  c m ® / m i n

P
psig.

q
g mol/gm 

1

4X 10 
2

g mol/cm 
1

x l O
2

3 ,cm /gm 
X 10?

g mol.^K 
/cm3

50.0 2 . 4 5 11.02 5.11 0 . 6 4 ' 7 . 4 5 2 5 . 7 7

1 0 0 . 0 5.65 1 5 . 1 5 5 . 5 5 1 . 1 4 9 . 2 7 2 2 . 6 2

1 5 0 . 0 4 . 5 6 14.44 7.98 1 . 6 4 1 0 . 5 9 2 0 . 6 5

2 5 0 . 0 5.28 1 5 . 5 4 12.87 2 . 6 5 1 1 . 4 5 1 8 . 0 4

400.0 . 6 . 5 6 1 6 . 0 1 2 0 . 2 9 4 . 1 8 1 2 . 4 4 1 5 . 5 1

TABLE 8



EXPERIMENT NO. 8

SYSTEM: METHANE-ETHME ON 5A MOLECULAR SIEVE

A D S O R B A T E  M . F .  IN T O T A L  F L O W :  0 . 0 8 2

M . F .  M E T H A N E  IN A D S O R B A T E :  0 . 5 9 7

0
A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0  0

W E I G H T  O F  A D S O R B E N T :  0 . 7 5 5  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 p . 4  c m ® / m i n  

F I N A L  O U T L E T  F L O W R A T E :  2 5 . 4  c m ® / m i n

p
p s i g . g m o l /  

1

q 4
g m  X 10 

2
g m o l / c m  

1 2

V t
cm® / g m  
X 1 0 ?

I  T
g m o l . ^ K  
/ c m 3

5 0 .0 1 . 1 2 15.42 0 . 8 9 0 . 6 1 8 . 0 1 2 6 . 4 8

1 0 0 . 0 1 . 5 9 16.82 1 . 5 9 1.07 1 0 . 0 5 2 5 . 4 2

1 5 0 .0 1 . 5 9 1 8 . 6 0 2 . 2 9 1 . 5 4 1 1 . 1 5 2 1 . 4 7

25 0 .0 2.11 2 1 . 2 5 5.67 2 . 4 8 1 2 . 8 9 1 8 . 9 5

50 0 .0 . 5 .17 2 4 . 0 5 7 . 2 5 4 . 8 7 1 4 . 7 1 1 5 . 5 5

TABLE 9



EXPERIMENT NO. 9

SYSTEM: METHAN£-ETH.\N£ ON 5A MOLECULAR SIEVE

A D S O R B A T E  M . F .  I N  T O T A L  F L O W :  0 . 2 7 0

M . F .  M E T H A N E  IN  A D S O R B A T E :  0 . 9 0 2

0
A D S O R P T I O N  T E M P E R A T U R E :  2 0 . 0  C

W E I G H T  O F  A D S O R B E N T :  0 . 7 5 8  g m

I N I T I A L  O U T L E T  F L O W R A T E :  2 $ . 4  c m * / m i n

F I N A L  O U T L E T  F L O W R A T E :  2 6 . 4  c m ® / m i n

p
psig.

q
g mol/gm X 10 

1 2

Pj:
g mol/cm^xlO 

1 2

Vt 
cm® / gm
X 10?

.I t
g mol.^K 
/cm3

70 .0

150.0
500.0

500.0

4.45  8.51 

6 .82  10.65  

9 .9 6  12.25  

12.60 12.99

5.66  0*61 

12.01 1.29 
22.59 2 .45  

36.54 5.88

7 .15

9 .6 7

12 .52

14.51

25.59

21.57

17.85

15.22

TABLE 10
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STATISTICAL THERMODYNAMIC MODEL CONSTANTS

METHANE ETHANE
K o 6 . 0 x 1 0 " ^ 7 . 7 x 1 0 ^ molecule/cavity tbrr_

A  H o 5 . 1 6 * 6 kcal/g mol

7 7 . 0 9 0 . 0  : A® /g mol

1 molecule/cavity=0.50mmol/gm anhydrous 5A
molecular sieve crystal

Volume of a 5A molecular sieve cavity
^ - 7 7 6

TABLE 11



SINGLE COMPONENT EMPIRICAL LANGMUIR MODEL CONSTANTS

on 5A sieve . A 6 .mol/gm x10^ , B om^/g mblxlO'^ .
100#Methane 29.65 0.7415
90 *2^ ethane

Methane 19.58 0.4773
Ethane 14.47 22.427

82.9#Methane - ‘

Methane 8.84 1.221
Ethane 17.45 27.563

59.)#Methane
Methane 4.57 2.754
Ethane 22.75 14.891

100#Ethane 25,59 12.400

on activated
carbon

100#Methane 39.00 6,287
100#Ethane 44.50 67.870

TABLE 12
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EXPERIMENT NO.10

SYSTEM: METHANE ETHANE ON 5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.0129 

M.F. METHANE IN ADSORBATE: 0.743 

ADSORPTION TEMPERATURE: 20.0 C 

WEIGHT OF ADSORBENT: 3.022 gm

INITIAL OUTLET FLOWPATE: 187.0 cm^/min

FINAL OUTLET FLOWRATE:

ADSORPTION CELL TOTAL PRESSURE: 50.0 psig

GAS PHASE ADSORBATE CONCENTRATIONS AT BED INLET 
c -METHANE c -ETHANEI I  2 t

0. 222 0.0767 g mol/ciÂiO

TABLE 13



EXPERIMENT NO.11

SYSTEM; METHANE ETHANE ON 5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.0129

M.F. METHANE IN ADSORBATE: 0.743

ADSORPTION TEMPERATURE: 20.0°C

WEIGHT OF ADSORBENT: 3.022 gm

INITIAL OUTLET FLOWRATE: 100.0 cmf/min

FINAL OUTLET FLOWRATE:

ADSORPTION CELL TOTAL PRESSURE: 50.0 psig

GAS PHASE ADSORBATE CONCENTRATIONS AT BED INLET 
c -METHANE c -ETHANE1 Ï 2 X

0.222 0.0767 g mol/crr?KlÔ

TABLE 14



EXPERIMENT NO. 12

SYSTEM: METHANE ETHANE ON 5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.185

M.F. METHANE IN ADSORBATE: 0.856

ADSORPTION TEMPERATURE: 20.0° C

WEIGHT OF ADSORBENT: 3.022 gm

I N I T I A L  OUTLET FLOWPATE: 200.0 cm^/min'

F I N A L  OUTLET FLOWRATE:

ADSORPTION CELL TOTAL PRESSURE: 50.0 psig

GAS PHASE ADSORBATE CONCENTRATIONS AT BED INLET 
c -METHANE c -ETHANEt I  2 X

3. 6 5 0. 61 g mol/cm^lO*

TABLE. 15



EXPERIMENT NO.13

SYSTEM: METHANE ETHANE ON 5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.185 

M.F. METHANE IN ADSORBATE: 0.856

ADSORPTION TEMPERATURE: 20.(f C

W E I G H T  O F  ADSORBENT: 3 . 0 2 2  g m  

INITIAL OUTLET FLOWPATE: 100.0 cn?/min 

FINAL OUTLET FLOWRATE:
ADSORPTION CELL TOTAL PRESSURE: 50.0 psig
^AS PHASE ADSORBATE CONCENTRATIONS AT BED INLET 

c -METHANE c -ETHANE1 X  2 1,
3.6 5 0. 61 g mol/cn?xlO^

TABLE 16
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GAS PHASE ADSORBED PHASE
CONCENTRATION 

METHANE ETHANE
MOLE FRACTION 

METHANE
MOLE FRACTION 

ETHANE
%mol/cm *10*

15.07 0.445 0.97 0.31
14.19 0.44 6 0.90 0.67
1.39 0.446 0.75 0.87
0.UU5 0.446 0.50 0.97

T A B L E . 1 7



EXPERIMENT NO. 14,15,16

SYSTEM; N E T H A N E - O N  5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.055

M.F. METHANE IN ADSORBATE: 0.555

ADSORPTION TEMPERATURE: 20.0*0

WEIGHT or ADSORBENT: 1.105 gm

INITIAL OUTLET FLOWPATE: 50.0 cm*/ min

FINAL OUTLET FLOWRATE: 50.0 cm*/ min

ADSORPTION CELL TOTAL PRESSURE: 50.5 psig.

GAS PHASE ADSORBATE CONCENTRATIONS AT BED INLET 
c -METHANE c -ETHANE

0.556 0.466 g mol/cm*x10 *

TABLE 18
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c

COMPUTER SIMULATION NO.l

S Y S T E M ;  HüTHANE-ETHANE ON 5A MOLECULAH SIEVE 

A D S O R B A T E  M . F .  IN T O T A L  F L O W ;  0 . 1  

M . F .  M E T H A N E  IN A D S O R B A T E :  0 . 9 7

ADSORPTION TEMPERATURE: 2 0 . 0 * 0

W E I G H T  O F  A D S O R B E N T :  1 . 1 0 5  g m  '

I N I T I A L  O U T L E T  F L O W R A T E :  5 0 . 0  c m ^ / m i n  

F I N A L  O U T L E T  F L O W R A T E :  5 0 . 0  c m  / m i n

ADSORPTION CELL TOTAL PRESSURE SlO.Opsig

GAS PHASE ADSORBATE CONCENTRATION AT BED INLET 
c -m e t h a n e  -ETHANE

2 ^ 3 615.07 0.466 gmol/cmxlO

TABLE 19



COMPUTER SIMULATION NO.2

SYSTEM: METHANE-ETHANE ON 5A MOLECULAR SIEVE

ADSORBATE M.F. IN TOTAL FLOW: 0.1

M.F. METHANE IN ADSORBATE: 0.9

ADSORPTION TEMPERATURE: 20.0®C

WEIGHT OF ADSORBENT: 1.105 gm '

INITIAL OUTLET FLOWRATE: 50.0 cm*/min '

FINAL OUTLET FLOWRATE: 50.0 cm*/min

ADSORPTION CELL TOTAL PRESSURE: 153.0 psig

GAS PHASE ADSORBATE CONCENTRATION AT BED INLET: 
c -METHANE c -ETHANEIX 2 1

4.19 0.44 5 gmol/cmiklO'

TABLE 20



COMPUTER SIMULATION NO.3

SYSTEM; METHANE-ETHANE ON 5A MOLECULAR SIEVE 

ADSORBATE M.F. IN TOTAL FLOW: 0.1

M.F. METHANE IN ADSORBATE: 0.75

ADSORPTION TEMPERATURE: 20.0°C

WEIGHT OF ADSORBENT: 1.105 gm '

INITIAL OUTLET FLOWRATE: 50.0 cm"*/min '

FINAL OUTLET FLOWRATE: 50.0 cm*'/min

ADSORPTION CELL TOTAL PRESSURE: 60.0 psig

CAS PHASE ADSORBATE CONCENTRATION AT BED INLET:
c -METHANE c -ETHANE11 2 X

1.39 O.U96 gmol/cnixlO*

TABLE 21



COMPUTER SIMULATION NO.4

SYSTEM; METHANE-ETHANE ON 5A MOLECULAR SIEVE 

ADSORBATE M.F. IN TOTAL FLOW: q .1

M.F. METHANE IN ADSORBATE: 0.5

ADSORPTION TEMPERATURE: 20.0°C

WEIGHT OF ADSORBENT: i.i05 gm

INITIAL OUTLET FLOWRATE: 50.0 cmVmin

FINAL OUTLET FLOWRATE: 50.0 cmVmin

ADSORPTION CELL "TOTAL PRESSURE: 30.0 psig

CAS PHASE ADSORBATE CONCENTRATION AT BED INLET: 
c -METHANE c -ETHANEIX 2 1

3 50.466 0. 466 gmol/cmx.10

’ABLE 2 2
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APPENDIX ONE



APPENDIX 1

REAL-TIM.L Pi->K HEIGHT DaTA ACQUISITION PPQGR.\M

LINE DIAGRAM

YESI NO --
IS DIGITAL 
INPUT PLAG 
SET?

I

"no

NO

NO

"n o"

START
f
SET TIME FLAGS
SWITCH OFF LIGHT 
-IS DIGITAL INPUT FLAG SET?
[-YES 
SWITCH ON LIGHT 
'WAIT 10 SECONDS 
-REVD A.D.G.
rIS SAMPLE ABOVE THRESHOLD? 
rYES
-IS SAMPLE TIME INTERVAL FLAG SET? 
YES
-INCREMENT STORE ADDRESS,READ A.D.G 
IfAND STORE VaLUE
rIS K.LE.O?
YES

-IS SAiSPLE B.ELO.' THRESHOLD?
- YES
SET K-STORE ADDRESS

- IS DIGITjAL INPUT FLAG SET?
YES
PERFORM SiMPoONS RULE INTEGRATION 
ON VALUES IN STORES 1-K
IS K THE FINAL STORE ADDRESS?

- NO
INTEGRATE SECOND PEAK FROM STORES 
K-FINAL
.vRITE RESULTS

- RETURN TO WAIT FOR NEXT SAMPLE
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APPENDIX TWO



APPENDIX 2

LINE DIAGRAM OF ADSORPTION DATA ANANYSIS PROGRAM

MAIN PROGRAM

NO

f

a

START
-READ AND WRITE DATA
-CALCULATE GAS PHASE MOL FRACTIONS
-CALCULATE OUTLET INITIAL AND FINAL 
TOTAL MOLAR FLOWRATES
-CALCULATE OUTLET GAS PHASE FRACTIONAL 
RESPONSES
-CALCULATE OUTLET MOLAR FLOWRATE 
-CALCULATE INSTANTANEOUS SORPTION RATES
f-CALCULATE INLET MOLAR FLOWRATE 
-WRITE RESULTS
-HAS ALL DATA BEEN PROCESSED?
-YES

-INTGRATE SORPTION RATES USING 
SIMPSONS RULE FOR EACH GAS PHASE TOTAL 
PRESSURE
-HAS ALL DATA BEEN PROCESSED?
-YES
-CORRECT FIRST VALUE FOR EACH ADSORBATE 
FOR APPARATUS DEAD TIME

^CALCULATE AMMOUNT ADSORBED AND 
ACCUMULATED FOR EACH ADSORBATE 
AT EACH GAS PHASE PRESSURE
-WRITE RESULTS
-CALL SUBROUTINE EXEC

f
-WRITE GAS PHASE DENSITIES 
-WRITE MOLS ADSORBED
-CALCULATEvAND WRITE ADSORBATE MOL
FRACTION METHANE



MAIN PROGRAM-CONTINUED

-CALCULATE AND WRITE MOLS ADSORBED 
PER GRAM OF ADSORBENT
-CALCULATE AND WRITE GRAMS ADSORBED 
PER GRAM OF ADSORBENT
-CALCULATE AND WRITE SEPARATION 
FACTOR W.R.T. ETHANE
-CALCULATE AND WRITE ADSORBATE VOLUMES 
AND TOTAL ADSORBATE VOLUME PER GRAM 
OF ADSORBENT
rHAS ALL DATA BEEN PROCESSED? 
hYES

STOP



SUBROUTINE EXEC

ST (\RT

----1— -V
NO

CALL SUBROUTINE 
HPEUG ----

NO
CALL SUBROUTINE 

HPEUG-----

NO
CALL SUBROUTINE 

HPFUG-----

ICALCULATE METHANE DENSITY AND FUG AC IT Y
Mis METHANE PARTIAL PR.GSSURE.LT.1 ATM.? 
-YES
CALL SUBROUTINE LPFUG
CALCULATE ETHANE DENSITY AND 
FUG AC IT Y
IS ETHANE PARTIAL PRESSURE.LT.1ATM.? 
YES
-CALL SUBROUTINE LPFUG
-CALCULATE EXTRAPOLATED VAPOUR 
PRESSURE OF 'LIQUID* ABSORBATES 
AT ADSORPTION TET^PERATURE USING 
CLAUSIUS-CLAPETRON EQUATION
CALCULATE METHANE EXTRAPOLATED 
'LIQUID* ADSORBATE FUGACITY USING 

I FUGACITY RATIOS
■ CALCULATE ETHANE EXTRAPOLATED 
'LIQUID* ADSORBATE FUGACITY

-IS 'LIQUID* ADSORBATE FUGACITY.LT. 
1ATM.?
YES

h CALL SUBROUTINE LPFUG
» CALCULATE 'LIQUID* ADSORBATE 
TEMPERATURE AT WHICH ITS VAPOUR 
PRESSURE=ADSORPTION PRESSURE USING 
CLAUSIUS-CLAPEYRON EQUATION
CALCULATE MOLAR VOLUME OF 'LIQUID* 
ADSORBATE AT THIS TEMPERATURE 
USING COOK-BASMADJIAN MODEL
CALL SUBROUTINE SOLVE 

RETURN



SUBROUTINE HPFUG

START
-CALCULATE MIXTURE OR SINGLE 
COMPONENT CONSTANTS
-CALCULATE INITIAL ESTIMATE OF 
GAS PHASE DENSITY
^CALCULATE DENSITY USING NEWTON- 
RAPHESON METHOD
-CALCULATE GAS PHASE FUGACITY

RETURN



SUBROUTINE LPFUG

START
-CALCULATE ACCENTRIC FACTORS
-CALCULATE GAS PHASE DENSITY 
.ASSUMING IDEAL GAS BEHAVIOUR
hCALCULATE GAS PHASE FUGACITY

RETURN



SUBROUTINE SOLVE

START
-CALCULATE THEORETICAL ADSORBED PHASE 
MOL FRACTIONS FROM POLANYI POTENTIAL 
THEORY USING FALSE POSITION
-CALCULATE POLANYI ADSORPTION 
POTENTIAL

RETURN
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—  z  o 1— O Z H 1— 1 - K K X X X X X O X G IL G G
Il u  H Z Il O z 1—1 1-4 t—11-4 l-H 1-4 1-H1-H G 1-H Il II Il II

%  O O -  X C: G G G G G G G G G d G C'O •'-1 ^  0-4
> 1 - 0 u >  K U 3 3  3 3 3 3 3 3 3 3 3 G G G G

rr, X.'

O  O  O Z
d
G

O n-H 04 00 ii"' X X co •>. o i>4 oo IJ“.' — X X
P OOoo oo oo oo oo oo oo oo 4-4"■çr G 4"
O o o o o o o o o o o o o c o o
O o o o C' o o o o o o o o o G o o



G
3
Z v H

d v-4 N
G N /-s 1
d 1 X
P N

A

iH

OO 1-4 X
OO A M

P d 1
G Z z N
OO O

G
Z 1-4 A

Z 1—1 N
M O X I X 1 Z

G G OOX
1-4 OO G G > 1-4 CM
II G O X G 1 •wx

z : G OOd X A G
G N x-s X

G • > L L 3 Z *w* X dz d O O + N
*. Z X G 1-4 CM X 1 3 D 3

1-4 O •'X. G G X X N Q d O
II 1—1 X Z x-N X — 1 3 A 1-1 G + G

G X O X—s .r-s H d G G O •w * G X—% G
3 X Z Z Z 3 G d O A X—S •W Q P
d o w À G 0 0 X—s z X A z A

G G 3 o o 1-4 C'4 0 0 O x ^ X-S x-s

G d II II CO Z > Z 1-4 Z  Z 1-4 Z
Z 1-4 G G G O p •w * •W*

OO O G G X CM > X  X > 1-H
0 0 d d x-S .—s d Z G G 1 S-X 1 •w *

CM <r 3 d X G G + d G Z X > 1-H G G 1-4 G  3
G «t X X 1—4 z + N X X M X O

G G X X G 1-4 04 0 z 3 X G 1-H X •«-r d d •w» d  G
- < r G G S-x ■W 1-4 d 3 Z Z  M N •w G G S-X G G

1-H G Z > > X > X G o A A A Q  O A P  P
G X •w ' •w •w ü l 1 1-4 o o Q 3 G 1-4 X“S X—4. 3 d  d 3 d  A

OO X—s A X G z Z G Z •W Z  r II II II II Il T-4
0 4 c o O d Ü "' 1—4 0 ' 1-4 X t—1 d Z O > ^  l l
t H 04 Z Z G 1-4 X O > V s d 3 z 1—4 X  Z Z z Z Z  I I

v 4 G V G 1-4 O A A 1—4 G 1— o o X +
- r - OO d G O G G G X G % 1-4 > > X X  X 1-4 ^  z

X X d II d II II X X d II Z Z 1 d G % <3 I l II II •w * •W

G Z G G X—s. Z ■w XX X Z d 3 3 04 G Z 3 d Z  I I G Lu G G G  X
G G G G H 4 G G V X II I % G 3 1—« d G 3 Z z X X X X X 3
X X 3 X d X X X (- w G X X W 3 G G C d d d d d  O
1—1 G Z z 1—t G d d II II II G D G G -r-^ X G G G G G  3
G G d o G O •W o G G II G 3 04 d Z X C L_ •w •w O O  D D P  G
3 3 3 D Q  > - 3 3 3  G Q G N N Q 3 d d G O  a > > d d  d d d  G

w  3 3  3  3  3  3  3

O
O  O  O  o

04 CO ÜO X X CCi c? o -rH I>4 CO Ü"
ir.' uO ÜO IT' ÜO ÜO ü" X X X' X X' X'o o o o o o o o o o o o c-o o o o o o c- o o o o o o

Cl X œ O' o CM oo \n0 Xi X  X' X  X  X  X  Xo o o o or, r. o o•w' o o oo o o o o o o o o



GG
CO
OO
GG
G

G00 d1
G G
> O
t-H CO O
O d

o O G
sO o O
A k- % d

3 G
G d

Z G G
3

X X XV O
G OOLL -

X z
d o O z
G 00 G
Q CL X G
d Z d
+ 1-HG G
-~- OO X
Z Z d

Z Z o G
tH z 3 Q
•w z z l-H 3 d
G II II co d À
X Z Z yH 1-H 3 O
d Il 11 O OO Z
G X*. G G OOZ + HH

C z z G d X
d X oo oo
'W XH X G G d a HH

■w w X G + G
G G X  z p

Z X X  3 *- z X î G
W d d  O 3 o Q UT' z 3
X G G 3  O hH oo O G
3 D D G G X D O G 3 cr
O d d G G X d C'
3 "-X IX w X O C'O OO
G o oo + G D
G X p  C9 oo d Z d •xH

II T-4 1-4 t-4 3 X II 1-4 1-4
xs 1*4 iH G Z Oz G m. •K X G u II 2 1 G X  U
^  3 'O O <0 -0 d O il 1-4 G z Z 40 Z 3
Z Z •w- SX SX G G z + Z O Z 1 Z
►H 1-HG G G G O 1-H HH o G Q HH + H-

3  X  X X X X G OO O  . d X z t ~ p  X G z X
O Z 1-H 1-4 1-4 1-H X G X  II z II II CO 1 z Z SX Z
G O G X X X Z O o  II y o et! G II C D Il o II G O
G 3 3 3 3  3 Z o 1: z 3 Z Z '00 o d co 3 HH L

GX
d

iOGG
G
G
X3O

P ë
X
d
GP

d G 
d

O  >
D  
d 
G 
Q

OO

X  
d 
G 
d 
G 
G 
d

G O 
G

Z

S ë
o G 
G G

i t3  C

GO
>

D
d

h
X
d

X
d
%
X

zo
G
G

P O

3 3 3 3

■>0 X G* O'- O
X X X fs P OOO  O  O  O  O  OO  O  O  O  O  O

X  00 «t il".' <1 X oo 0  o
oo oo p  co co co p  co 0
o  o  o  o  o  o  o  o  o
o  o  o  o  o  o  o  o  o

z
d
G
!vcG

3 3 3 3

X p If? 
O'- O' G O'- O  O  O  O  O  O  O  O



illX
<LP
XO
COQ
<L

GVG
<ro
GAz
Xod

00 G•'V C
X  A 
D .

i S
xs *

o
A

G

d
3
G
A
Z
h-
O
du
o
A

O

A

CO
w

3
d

D
Z
d

QHH
3
O

O
z
d

CO
G
d

X
z
G<
XoG

G

X
1-4 ^ 4 s CO X*N

1-4 .. x-s X H G Z X-s G CO G
1—4 X z z  z 1—1 O G p
•w 1-4 W X X HH G CMd X
G G •w * G iH 1-4 HH X O X X—s + NX*

X G X G •w» II II co G 3 G X OO x-s CO
d X d X CO G G z G 3 O P G P
X  d G d co p u O G Z 3 d d
Q G U G X d p CO G O 1-4

d  D d D X + G G Uj 1—4 > G x-s NX* X X
+ d + d p x-s G d > CO 3 3 G

1 T 1 A 1-H T -' X OO O O irH X-s p V V
1—4 If—'s vH 1 s - ' ■W d HH G O O G 1-4 1-4 d G .HS r s 1 -4 M:i 6

1 -f 1—4 Z Z COco % > Z 0" O O O •SX* "SX" N ^ Z G G •w* 1*4 co
1*4 .s 0-4 p p G z 3  P 1-4 1-4 Z 3 co V 4" CO A A
•w 1-4 *W X G G d d d X d V V G O P s X r l X P x-s H S

CO •w CO •W •s-x •SX» CO co X X x-s x-s OO > G d G 3 •w NH d u -J
Q CO D oo X CO CO . r . d o G X A •r4 X X X-s COOO
d  O d c 04 Z P P r l O G Z Z X-s G s—X G CO X 1—4 ÜO P p M:' 1—4 X
•w ' d •W d d d 04 X G *w 3 3 2) X X X V X d d X •W SX
il II II II X II II G o. G 1-H 3  O O CO 1—4 i*H 1—4 oo 1-H II II r l oooo

.i-N x-s X-s II II X—s X*S u X X O II O G G G G p H-s r v p p
1—4 1-4 irH 1-4 G z Z z 1sC' "0 d d > G HH X II II G O >0 MOd MO G G sC d  d

m. .H z ■w r l G ooG s«x NX* II NX* II II
T -* 1—1 0-4 X 04 04 G G H -1 G G 3  G COp t*hX G G G G G G t H X G 1-H X
*w W •W N-x t H •W *w X X X 3 3 d T H  d G SmX*w* X X X X Z X 'w '- —- k- X k-
CO oo oo OO oo co z ►H l-H G G G G G 3 3 HH HH HH HH •t HH coCO HH 3 3
o D D Q O p p G G d d O o II d o O G G G G X G p p G P P
d d d d O p d d 3 3 3 3 3  Z p G 3 G G 3 3 3 3 3 3 d d 3 d d

X

3  3  3  3  3  3 3  3  3

40 X  P  O  C* TH i>4 (û |j”i <1O"' <y- o- i> o o o o o o oo o o o T-4 r i  *rH  r i  r *  r l  r iO o o o c* o o o o o o
X  co •> o  sH CM oo üi o  X  p  o o  THo *w O' t H  r l  iH  iH  r l  t H  r l  tH  t H  r l  C'4 X
T"* -l-H  T-4 T-4 t H  1—f T—f 1—4 1 -4  T-4 1—4 i —4 1—4 i —4o o o o o  o o o o o o o o o o



\noo
LJOdG

3OGG
G
dX\ O  

•10 X 
Q

1 5
Gl ZCO O

G
\D

CO
G
d
>G
G
X

O

X
s

G
G
D
COco
G
G
G

X
Z
GO 

G
Q CO Cû 

. Z  
MO d\ tH

- GCO uo
MO  ̂w  V  Oii

X
X

m
œ
G

\
G
X
d
Cù
GO
COO
d

\

X
G

\
G
d

XHH
Z

XlH
G

G
d

X
X

\ h- O G X _l \ \
o z ■3 d

X d \ \ U X s Z Z
G z P oXS co I L CO X co Z Z

X G G z •s. X
S X G co G X z cd

4- 3 V O G 3  d \ H H G oo J
o X X Z Z X _J o

O G O H H d CO G \ z z
X À X \ Z X G CO Z
O x s z •3 G G Cd d X G G
o  G d G P u G G G X z X h-

d G o Z 3 1- G d d
G tH x -s > d z G CO\ U p G G
•> S X G G U d X COG z 3 3
G co G >3 X G Z o O O

p X O X G u Z G G X-sz co U
O d Z Z P O G X X o p I L x - s G X *s

S X 1*4 X OO H H > G H H X H H d V X
X X X G G x -s p 1— X G X z X X X X X X
X O xs O O G d co G G O Z \ o G z Z
3 t H Z Z H H G CO G H H G >  d  o G G
D S X G G X X-v G G d CO O X H H G G H H H H

d >  3 > > •SX* G Z h - G COG p 3  G X p  CMp d
- o X A A CO G d O G P G z O Z T H z 1*4

*rH G G o X -s X -s P 1 -4 X—s X -S O OOX G d O d G CDd  G d G
H O A G G G d s-X o OO G CO G _J H H

3 xs G + CO \ \ \ \ P \ Z O U \ \
P T H  _j LU 1—4 X H—s P X—s d <1 O d Z 3
d O OO G d coG 1 -4 CO V X X X X X X

O X x s COOO x -s X G s X. X X \ X Z \ \ X X
X oo P P 1 -4 G Z
X co X d d •w * X 1—4 \ \
*rH c II II COiH X X X O X X X X X X X X X _J X _l

X d U P .  G 1—4 1 -4 1 1 -4 1—4 X 1 -4 1—4 1 -4 1—4 \ 1 -4 1*4 T H  c 1*4 d
MOG II < 1 G G d < ' 3 SwX Sw% •w " M il •WNXX s—/" "W •w * •w * •wz •W ZSX X S X Z II s- z X X X O X X X X X X co X X X X H H

G 1—4 u G w 1—4 X 1— G 1—d  d d p d d  d - s  ^ d d d d d  G d G
X > G f- X •w * <3 X X z z Z Z Z Z ^ z Z Z p z z Z z
H H S X G M Z COooX w Z G G G G G X 2e co G G G I L  G G G G
G G G G O P p Z G O O O O O O T H  O . O O O O o O O
3 H H oo 3  O d d d  3  U G LL G I L G G G O G G G \ G G G G

t -H t H 1 -4 1—4

co O X CO4 " ÜO MO X OO O O 1—4 'N
1—4 1—4 O O > o O o O O O 1 -4 1 -» 1*4

▼H 1 -4 l 4 1 -4 1 -4 1—4 1—4

z
d
G

iM CO ÜOsC X co '?• o  TH co 4" ÜO J—. <1 X co O tH Cl co ÜO
CM «N (M C-4 iN M CI co co coco coco G co co co co 4̂ *!t «t <t 4"^4 1—4 1^ 1*4 1*4 1*4 tH 1*4 1—4 1-4 1*4
O O O O o o ■w* o o •w' G o c o O O o o o o O



X
\ CM
F- v-4

LN z G
tH G
G  P

G
3
OO
P
d G

4" d
X F-
3  Z 3
X 3 I-
<1 X
X
M 3
3 3 \

1 G  G
% \ Z Z

Q X s <I d
G G ro ro I  I
X z  . .X  X
d  oo s co G \ G
_l G Kf G Z  s Z
3  .  s  . s  4-
Z X M ' \ \
3  X n  G s 'N
O s G OO X TH
O G d  s G
d  Z \ X \

U d  G G X \
D O X Z Z G
Z X X d  P G Z
d  G X G P d

G Z X P G X
P O  G GO  X
G Z \ Z O OO G
P s OO P Z
G G 's. P d
O G X \ d
OO p  . . G
C G \ X Z O
d  O X w . X

OO G Z X
X P O *' G C<
Z d  Z P Z X \
3  X G d  P
O Z p  X G Z
Z w U G X P O
Z o  o  G G X G OO .
d  OO oo z  o  G O G CM

G O OO X X Z T H
w OO d  Z c  d  o  3  G
X ̂  G O d  P d  G s

X Z OO G G O \
•v, OO .3  d  X  OO O >

Z M G O O d  OO Z
LJ th o  rs d  3  P O G
P G > X Lu. G . d  HHh-

G O O X 3  ^  G G s ^  O LL G (.N X d  G
Z G OO OO G O  Z  Z G \ G X O th Lu d  P Z

OO d  Z G G . d  ^  d  ^  0"' G d  . 00 ^  . GO  G G d
d  X d  G G X d C IX  — X - 'd Z G  rc G X G OO - d  O X
G X X O O 3  3  TH H «f X 4" X d  O . O -s O G \ G OO X
G G X O G G G . G X Z CO Z . Z O G X G P G
d  Z G G G CO Z I.N iN X G ■'t Z Z 3  OO d

X X V r l tH OO G ■' s S . S d
\ \ d  d  \ \ - G G d  -  ̂ 'M s \ X ru \ \

s u u G G ^X  . CO s CO 3  X X n  X s X s «t - .
X X X X ^  X X X -H X -S' X X G X X G X . X X \
X X X \ \ X X .  X s  X .  \ X V .  X X X M X X s

Ut ^  u. Ut sj u, % ts . S. .  .  .  \  .  tt* U  T H  .  .
X X \ G G G

% % % % -% -%  M % X utX >X . X Z X Z X X \ X s X X CM
n r lr lr lr tttr ltH N tr ir ltr lL jT H 't. r l \ r l <}" r l r l (% r< r l . r l  \ r l r l r l

s.' Stf S»u 1̂  u.% ^  LU "uf s/ 'u' UtU» "st" sf "W ^  LU Su* LXJ
K - h - F - H  F—  th- P I— •-'h- . F—  t I—  i>î F—  F- F—  F- F—  h  t F—  Z  F—  F—  .
d  d  d  d  CM d  iN d  ^  d  F- d  OO d  CO d  th <t LU d  G d  d  CM d  d  d  d  N
Z Z Z Z Z -  Z u. r  z  G z  G z  G z  Z Z Z th r  X Z Z G
G G G G G G G G X G G G o  G o  G . G G G G G G I- G G O P
0  3  0  0  P 3  CO 3  X O G 3  Z 3  Z 3  \ 3  3  3  3  . 3  G 3  3  h- Z
G G G G 'h G 'h G u. Lu G G G G G G G G LL \ G IL G OO G

\ Z
dX X OO

X X G P
u tu Z X G\ \ 3 F-t/s G G F- d drs Z Z G G

sO HH HH G
F- F- G F- Z

OO G d
1-4 "-q <r. LU G Z 3
G G G d 3
OO G G 00 Z d•W Cvi . Z Z HH

1^ «N d d X Z P
X G TH p OO 3 X Z
X  P G d d
t. CO X X G cri\ ■s SH O 3 G pX s d d 1- 3 G

G  X X  G G d Z p
CO X G
G \ s F— F- G 3
P \ d d Z F- CO
G  d d P
1 p d  G G Z G d
Z  d F- Z Z X 3  -
d  P d  d d 3 F-
G P  X X oo G Z
3 F— F— G IL
3 3 X  U G 3 3
1- 3  Z Z F— Z
d G Z
Z  G 5 u G G G d
3 X G  O O I- Z
G F- X d HH \
X F- Z Z G
3  d ^  3 3 3 P X

G d  MH HH 3 G X
Z  G G  F- F- G 1-
3  P G  G G G d \
G P  G G G

p 4-UT' <' X OO 0 O 1 - 4 C'4 <00 UT' X' X CO '0\
1—4 1 -4 1 - 4  f 4 t H 1—4 1 - 4 p 'N C-4 '>4 '>4 C'4 C'4 C'4 CM CM
1 - 4  1 -4 t H  1 -4 t H l 4 1 - 4 1 - 4 1 -4 t H 1 - 4 1—4 1 - 4 1 - 4 1 - 4  1 - 4

MO X OO 0 o CM CO U"' X X CO c r O T H  C'4 oo
« t UT* UT' UT' U“ UT' UT' uo UO UT' UT' X' X' X' X' X'

i 4  t -4 1 - 4 1 - 4 1 -4 1—* 1 - 4 1 - 4 1 - 4 1 - 4 r l  y— 1—4 1 - 4  1 - 1 1 -  1—4O O o o O O O O O O O O O O O O O O



(/}
LJ

03
z \
LUCi
O 1—1 

3 3
LU
0:'

G Q
Z

c 3 X
I \
CL

Cl
J
z

co Z
<I
O

o:*
LU
Z

LL 3
O C

1-4
3
■3

Z K >
o Z
h-t lL et
H H <L
<t O Cl 3

Cl V O
3 Ll Z

X-S CJi Z CO
Ll 3 O Z h—
U C 1—t i—H . Z
O O H co CO Z <L Z HH
o CL z Z CL LU 1- O Z
c:' CL et 1- K <1 Cl o
ÜL O O 0? <L <L G' > t—t

Ll co LU CI' 1—1K O h"
> L-i Z lJ Ix »-' > Z O

LU<r LlI al Q X O H 1—4<r
t- Z 3 et cr U <t 1-4 3 et

t—1 O O O G' 1-4lxCL K > 3 co Ll!G* 3  <r G'
•w 3 z co </} et Lx O Cl
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