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ABSTRACT 

Aal experimental pressure swing adsorption unit has been 

constructed and used to investigate the separation of carbon dioxide 

from carbon dioxide pnriched air using both an activated carbon and 

a type 5A molecular sieve adsorbent. Continuous, cyclic operation 

was achievedusing a pair of fixed bed adsorbers. At any one time 

the feed gas entered one bed at a high pressure and part of the 

purified gas was returned to the other bed at a reduced pressure 

to provide countercurrent regeneration of the adsorbent. 

The beds of adsorbent used were each nominally 0.165m diameter 

and Im. deep. Separations were carried out at approximately ambient 

temperature using air flow rates in the range 0.15 to 0.95 kg/m, 2s 

and inlet carbon dioxide concentrations'in the range 0.1 to 1.5% v/v. 

Adsorption pressures of 2 to 6.4 bar were exami ned, the desorption 

pressure being maintained throughout at essentially 1.0 bar. The 

period time was varied from 30 to 900 seconds and the revert ratio 

(i. e. the ratio of the product gas returned for desorption to the 

total feed rate to the unit) was varied from 0 to 1.0. 

The carbon dioxide separation efficiency was found to increase 

markedly as the adsorption pressure and the revert ratio were 

increased whereas it was relatively insensitive to variations in feed 

rate and, more particularly, feed concentration. The performance of 

the molecular sieve adsorbent was found to be very sensitive to the 

presence of moisture in the feed gas. In contrast the carbon dioxide 

efficiencies observed with Lhe activated carbon were unaffected by the 

presence of small amounts (circa 100 ppm) of moisture in the feed. 
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A theoretical model has been proposed for predicting the 

performance of pressure swing adsorption systems of the type 

investigated and approximate analytical equations and more precise 

numerical techniques have been established to represent its solution. 

The approximate analytical solutions were found to give close agreement 

with the more precise methods examined under conditions corresponding 

to low values of a dimensionless period time parameter. The proposed 

theoretical model incorporates an effective irean mass transfer 

coefficient to represent the diffusion process within the adsorbent 

particles. Methods for estimation of the value of this coefficient 

based on the limiting conditions of a periodic constant surface flux 

or a periodic constant surface concentration are presented. 

The experimental performance data were analysed in terms of the 

proposed analytical solution to give values of the apparent solid phase 

mass transfer coefficient for comparison with those predicted theoret- 

ically. In general the apparent experimental values were consistently 

less than the predicted values. In addition the relationship between 

the experimental and predicted coefficients was found to be dependent 

on both the nature of the adsorbent and a parameter formed by the 

product of the revert ratio and the adsorption to desorption pressure 

ratio. Empirical correlating equations which incorporate this 

dependence are presented. 
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1. INTRODUCTION 

Fixed bed adsorption represents an important industrial process 

for the separation and, more commonly, the purification of both liquid 

and gaseous mixtures. The purpose of this introduction is firstly to 

outline the main characteristics of fixed bed adsorption processes, 

with particular reference to the separation and purification of gases. 

Secondly, . it is proposed to define what is meant by the term 'pressure 

I 
swing adsorption, indicate how the process it represents differs from 

more conventional fixed bed adsorption processes, and to describe the 

general objectives ofthe -present research. 

1.1 GENER&L PRINCIPLES OF FIXED BED GAS ADSORPTION 

The process basically involves a static bed of solid adsorbent 

particles through which the gas mixture is passed, and relies on one 

or more of the components. present in the gas mixture being preferentially 

retained on the surface of the adsorbent. In the simplest case a two 

component mixture is involved, comprising a single component which is 

adsorbed (the adsorbate) and an inert component (or carrier gas) which 

is riot significantly adsorbed. As such a mixture is passed through 

the bed the concentration of the adsorbate on the adsorbent at any point 

along the bed increases progressively toward a limiting value corresponding 

to equilibrium with the mixture being fed to the bed. It follows that 

the process is inherently discontinuous and that the"feed to the bed must. 

be interrupted at appropriate intervals to allow the bed to be regenerated. 

In the majoray of commercial installations semi-continuous operation is 

normally arranged for by thd use Of at leaSt t-1-70 One bCing USCd 

adsorption whilst the other is being regenerated. 



2 

A fundamental feature of all industrial adsorption systems is that 

the interaction between the gas being adsorbed and the solid adsorbent 

is essentially physical and reversible. Furthermore, the equilibrium 

concentration of adsorbate on the solid is directly dependent on the 

molecular concentration or partial pressure of the adsorbate in the gas 

mixture and on the temperature of the adsorbent. Adsorption is favoured 

by increasing pressure and by decreasing temperature. Accordingly, the 

adsorption part of the cycle is generally carried out at as high a pressure 

and as low a temperature as is consistent with the economics of the overall 

process in which the 'adsorbers are incorporated. Conversely, regeneration 

of a bed of spent adsorbent is conventionally achieved by heating the bed 

and purging it with a low pressure gas stream that is preferably free of 

the adsorbed component or by evacuation. The actual temperatures used 

range from 150 to 350 C, mainly in accordance with the type of adsorbent 

involved, and considerable periods of time are required for the heating 

and subsequent cooling of the bed. In a typical twin bed adsorption 

unit the latter effectively control the overall cycle time for the process 

and hence the size of adsorbers required to handle a specif 'ied feed gas, 

cycle times normally being of the order of 4 to 8 hours. 

1.2 SHORT CYCLE PRESSURE SWING'ADSORPTION 

Pressure swing or 'heatless' adsorption units represent a technique 

for the operation of fixed bed adsorbers which eliminates thermal regen- 

eration and permits cycle times of 60 seconds or even less to be achieved. 

In consequence much smaller beds of adsorbent are, in principle, required 

for a eiven duty. The basic process, ý-. -hich was first 
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Skarstrom 52 in 1958, relies on regeneration of the adsorbent being 

achieved by contacting it with a gas stream containing the adsorbate at 

a partial pressure significantly less than the minimum level established 

during the adsorption part of the cycle. In practice this may be 

effected by the use of an independent purge gas which is essentially 

free of the adsorbate in question or, more commonly, by returning part 

of the product stream from the adsorption period at a reduced total 

pressure. The latter method, which represents the particular scheme 

studied in the present project, is illustrated in Figure 1. Skarstrom 

advocates the use of this technique for a wide variety of gas separation 

problems and details specific examples of its application in the context 

of gas drying and the production of oxygen enriched air. He also emphasises 

the essentially adiabatic nature of the general process which arises from 

the short cycle times involved, the heat evolved on adsorption being 

largely stored within the adsorbent to provide the necessary heat of 

desorption. 

One essential difference between this type of adsorption process 

and the more conventional systems involving thermal regeneration is 

that complete, uniform regeneration of the adsorbent is not even approached 

as a limiting condition. As a consequence, comparatively low degrees of 

product purity would be anticipated. Alternatively, since the adsorbent 

is not being utilised to the same extent as when thermally regenerated, 

the reduction in bed size for a given separation will tend to be consid- 

erably less than that indicated by the relative cycle times. Furthermore, 

a proportion of the gas being purified must be utilised as the re-eneration 

or 'revert' gas stream. This stream emerges with a higher concentration 

of the adsorbed ccoponent than that present in the original feed and, in 
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the context of gas purification, constitutes a wasti2gas from the 

process. The significance of these inherent disadvantages obviously 

depends on the nature of the particular application under consideration. 

In many situations they are more than counter-balanced by a potential 

reduction in overall power iccquirement and, more notably, by a reduction 

in capital cost due to the smaller adsorber beds and the absence of the 

ancilliary equipment necessary for heating and cooling of the beds. 

The use of pressure swing adsorbers for preliminary purification of gas 

mixtures prior to the use of thermally regenerated units can represent 

a useful cOmbin--tion of the --ain advantages of luc)Lh Lypes of adsorption 

systems. Thus Smith, Mills and liosk-, an54 have recently referred to 

the use of a two stage process for inert gas manufacture in Vnich the 

carbon dioxide content of the crude inert gas is first reduced from 

approximately 12.5% to 1.0% v/v by using a pair of beds of molecular 

sieve adsorbent operating on a3 minute pressure swing cycle with a 

feed gas pressure of nominally 7 bar. The carbon dioxide concentration 

is then further reduced to the final level required (about 10 ppm) by 

means of a thermally regenerated unit operating on a4 hour cycle, a 

significant feature of the overall process being that the purge gas for 

the pressure swing adsorption is supplied from the final purified gas 

stream. No inforination is, however, given on the quantity of purge 

gas used and the effect of this and other operating variables on the 

performance of the pressure swing unit. 

It may be noted that Whilst a considerable amount of information 

has been published on Purification and separation processes incorporating 

SIA-LOrt CYCIC tachniquea Cll-iaracLerised by r-he absence of thermai regener- 

ation, the majority of the systems described represent processes which 
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are related but not directly equivalent to that devised by Skarstrom, 

representing more sophisticated schemes which have been developed 

commercially to improve the efficiency of the basic pressure swing 

process. Thus utilisation of the adsorbent may obviously be improved 

by the use of vacuum during the desorption part of the cycle 41556 

Similarly, various methods have been suggested to reduce the losses 

associated with the pressurisation and depressurisation of the beds on 

changeover as, for example, recently described by Stewart and Heck 55 

and Doshi et all 
8 in relation to the Union Carbide process for hydrogen 

purification. A range of'isothermal' gas separation processes have 

also been developed independently on behalf of L'Air Liquid 23)17ý19 

requiring the use of multiple bed units based on complex operating 

cycles such as that illustrated in Figure 2. However, the information 

available on these and other variations of the basic pressure swing 

process is essentially in the form of Patent literature or general 

reviews of specific applications and as such includes little or no 

reference to fundamental design principles. 

1.3 INDUSTRIAL ADSORBENTS 

Whilst in principle all solids adsorb gases to some extent, only 

relatively few have sufficient adsorptive capacity to make them useful 

in commercial processes. There are essentially four main types of 

adsorbent used in the industrial purification and separation of gases, 

namely silica gel, activated alumina, activated carbon, and molecular 

sieves. All are characterised by a very high specific surface area 

(of the order of 0.5 - 1.0 x 10 
6m2 /k4y. ) which is associated w*th the 

highly porous internal structure of the adsorbent particles, but differ 
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considerably in relation to their capacity for different adsorbates 

and general selectivity. 

Of the types of adsorbent relevent to the present work, activated 

carbons have long been used for a variety of purposes mainly relating 

to the decolorising of liquid solutions and the adsorption of organic 

vapours. Detailed descriptions of the development of gas adsorbent 

carbons and their manufacture, general properties and applications are 

given by hantell 
40 

and Smisek and Cerny 53 
. The latter is a part- 

icularly comprehensive survey and includes considerable information on 

the micro-crystallineý, chemical and pore structures of activated carbons. 

In general terms the carbons used in gas adsorption are granular materials 

obtained by the carbonation, at temperatures of approximately 500 0 C' of 

either cocunut shell or various coal based materials. This is followed 

by activation of the resultant primary carbon using steam or air at 

temperatures of 800 - 950 C. The adsorptive properties of activated 

carbons are very sensitive to both the nature of the iaw material used 

and the precise conditions adopted for the carbonation and activation 

processes. In consequence a wide range of individual types and grades 

are available and direct comparison of the different carbons marketed 

by different manufacturers is difficult. 

In contrast to activated carbons, molecular sieve adsorbents 

represent a comparatively recent development in the 

adsorbents. Molecular sieve is a term which essei 

any type of adsorbent with uniform pore openings of 

to cause selective transmission of the molecules of 

to the main centres of adsorDtion on a basis nf the 

field of industrial 

ntially refers to 

a size sufficient 

a fluid mixture 

Motive size, ancl 

to a lesser degree shape, of the molecules. However, in general 
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conmercial and scientific usage the term is used to refer specifically 

to adsorbents produced by the thermal dehydration of natural and 

synthetic zeolites. Zeolitic adsorbents are crystalline alumino 

silicates which prossess open or porous anionic framevorks formed by 

SiO 4 and AlO 4 tetrahedra linked at their corners. Electrical 

neutrality is achieved by the inclusion of alkali or alkaline earth 

ions such as Na +$K+, Ca ++ 
, or Ba ++ 

and the interstitial voids contain 

water molecules which may be removed reversibly or replaced by other 

species without collapse or rearrangement of the basic structure. 

Depending on the size*of these interstitial voids, molecules may be 

adsorbed more or less readily or may be completely excluded. 

The literature devoted to the structure and general properties of 

the large number of distinct natural and synthetic zeolites is extensive. 

Particularly comprehensive surveys have been made by Barrer 1, 
who 

pioneered much of the early work in this field, and Hersch 27 From 

a commercial viewpoint the important molecular sieve adsorbents are 

the 3A, 4A, 5A and 13X types of synthetic zeolites developed by the 

Linde Company 7 Type 4A has a composition, in the fully hydrated 

"0 (Sio) 27H 0 and is prepared by state, represented by Na. 12 
(A. L 2)12 12' 2 

the crystallisation of sodium alumino silicate gels. The pores which 

open to the internal adsorption cavity of the unit cell have a diameter 

of 4.2 x 10- 10 
m. * Types 3A and 5A molecular sieves, characterised by 

pore openings of nominally 3x 10-10 and 5x 10-10m, are produced from 

the sodium zeolite by partial exchange of the sodium cation with potassium 

and calcium cations, respectively. The crystals of molecular sieve 

obtained are relatively small, 'o - 'r 

industrial purposes are formed into cylindrical or spherical granules 

by mixing them with an inert clay binder. 
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1.4 OBJECTIVES OF THE PRESENT 14ORK 

The commercial development and application of pressure swing gas 

adsorption is well advanced and various firms have long manufactured 

standard units for a limited number of common applicaticns such as gas 

drying. However, very little information is available on the general 

performance characteristics and, more particularly, the design of 

either the basic 
Ischeme 

devised by Skarstrom or the more complex 

versions developed subsequently. The overall objective of the present 

study was to help rectify, in the context of the Skarstrom. process, 

this apparent deficiency. More specifically it was intended 

1) to design and construct equipment suitable for an experimental 

investigation of the performance characteristics of a pressure swing 

adsorption unit. 

2) to examine the effect of various operating parameters, including 

the ratio of revert to feed gas flow rates, the cycle time, and the . 

ratio of adsorption to regeneration gas pressures, on the separation 

efficiency. 

3) to suggest and investigate theoretical models for predicting 

and correlating the performance of adsorption systems operating on a 

simple pressure swing basis. 

The practical objectives referred to abovp required selection of 

a particular mixture of gases and an appropriate adsorbent, or series 

of adsorbents. The use of a carbon dioxide-air system was decided on 

a basis of its direct relevance to a number of important industrial 

applications and its general convenience for experimental work on the 

scale projected. Two distinct tvDes of adsorbent were used, -a zeolytic 

molecular sieve, type 5A, and an activated carbon, both of which have 
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been reported as being particularly suitable for adsorption of 

carbon dioxide 39,58,62 It should be emphasised, however, 

-c the that the purpose of the research was primarily to invcstigat ý 

eneral characteristics of pressure swing adsorption. rat g0r -her than 

a particular system or potential application. 

During the course of the experimental work, the full significance 

of the effect of small concentrations of water vapour in the carbon 

dioxide-air mixture became apparent, particularly in relation to the 

use of a type 5A molecular sieve, and the scope of the experimental 

investigation was extended to include a preliminary study of this 

effect. 
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2. THEORETICAL ANALYSIS OF PRESSURE SWING ADSORPTION 

It should be emphasised that virtually all the theoretical studies 

of fixed bed adsorbers recorded in the literature relate to the transient 

behaviour of beds initially free of adsorbate or having a specified 

uniform concentration. Pressure swing adsorption systems involve an 

unknown initial adsorbate concentration distribution at the beginning of 

an adsorption or desorption period which will not in general be uniform, 

the concentration decreasing from the feed inlet end of the bed to the. 

product outlet as a result of the incomplete regeneration effected by the. 

counter-current purge gas flow. This gives rise to significant differ- 

ences between the general analysis of the operation of such systems and 

that of the moiýe conventional fixed bed adsorption process in which 

essentially complete regeneration of the adsorbent is achieved by 

extended heating of the bed. 

2.1 THE BASIC MODEL 

The mathematical model of pressure swing adsorption to be proposed 

incorporates the following principal. series of assumptions 

the gas mixture under consideration is composed essentially 

of an inert (i. e. non-adsorbed) component containing small concentrations 

of the component that is to be adsorbed. On this basis the total gas 

flow rate and the gas film mass transfer coefficient may be regarded as 

constants within any one adsorption or desorption period. 

ii) the accumulation of the adsorbed component in the gas mixture 

external to the adsorbent granules is negligible relative to the amount 

transferred onto the internal surface of the granules. 

iii) the contribution of axial diffusion and dispersion to the 

transfer of adsorbed component along the length of the bed of adsorbent 

may be ignored. 
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iv) the gas and solid phase conccntrations may be taken as 

constant over the cross-section of the bed, thereby inferring a 

constant packing density and the absence of any wall effects on the 

flow pattern. 

v) isothermal conditions are involved, this being from a 

practical viewpoint consistent with the consideration of dilute gas 

mixtures. 

vi) a linear adsorption isotherm relationship, 

p*=Cx (or p* =Cx+ constant) 

may be used to define the partial pressure, p*, of the adsorbate in a 

gas mixture in equilibrium with a given solid phase concentration, x. 

vii) the rate of transfer of the adsorbed cononent between the 

flowing gas mixture and the adsorbed state on the internal surface of 

the solid may be expressed in terms of the product of an overall mass 

transfer coefficient, Kg, and a driving force equivalent to the difference 

between the actual partial pressure of the adsorbate in the bulk of the 

gas mixture, p, and the mtean equilibrium partial pressure of the adsorbed 

material, p*. Thus, providing the size of the adsorbent granules is 

small enough for the change in concentration to be negligible over a 

length of bed equal to the mean diameter of the granules, 

transfer rate per unit bed volume =K9a (p-p*) 2) 

=k9a (p-p 
S) 

=ksa (p 
S-P*) 

where ps = partial pressure of the adsorbate at the 

external surface of the granule, 

k= external gas film mass transfer coefficient, 

ks= effective solid. phasc mass transfer coefficient, 
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and 11+1 
K 11ý- k 

99s 

viii) the total pressure, P, is constant during any one 

period and the pressure drop through the bed is negligible. 

ix) the changeover is instantaneous and effects of 

disturbances introduced on changeover are negligible. 

Thus considering a simple mass balance for the adsorbed 

component over an element of a fixed bed of length A7 and over a 

time interval A t, 

nett flow of adsorbate into accumulation of adsorbate 

the element within the element 

i. e. _G 
[ý p] 44 /0 brý%. I h, /' 

Pbz 
t/ 

Ma Ptlz 
11 .... 3) 

z 

The term t, ýb 
present in equation 3) direc tly represents M C) t a 

[ý-Xl 

the rate at which the adsorbed component is transferred between tile 

gaseous and adsorbed states per unit volume of the bed and hence from 

equation 2), 

i0b [Lx] 
= K. a (p -p *) kaatZ9 

and G6 
C) z T[ ý-P t 

If the assumed linear equilibrium relationship (i. e. equation 1))i-- 

introduced, these equations may be represented as a pair of simultaneous 

partial differential equations involving two dependent variables p 

and p* 

L 
bý1= 

P-p* 4) maK 
9 aC Z 

G 
P-p* .... 4a) 

PK a 9 

ß1 

t 
4 
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On the basis of G, P, C, and K9 being considered independent 

of time or position in the bed (or being used where appropriate to 

denote effective mean values), equations 4) and 4a) may be written 

in the form :- 

kel = P-P* 
C) Ic P, 

.... 5) 

13 

/-k = P-P* .... 5a) 
ý2 Ir 

where V and/A constitute reduced time a. nd distance parameters, 

respectively, defined by 

KaCL 
ag 

/'0 b 

PKaz 
and P, ý-9 

Equations 5) and 5a) are equivalent to those utilised in various 

studies of fixed bed adsorption, including those of Klotz 36 
and Hougen 

31 
and Marshall They are also directly analogous to the basic 

partial differential equations examined initially by Nusselt 46 
and 

Schumann 51 in the context of the general unsteady state heating or 

cooling of a packed bed and subsequently by a series of investigators, 

most notably Hausen ,26127 in relation to the analysis of 

periodic flow thermal regenerators. 

2.1.1 Boundary conditions 

Application of equations 5) and 5a) to the specific problem 

formed by a pressure swing process involving a pair of beds of length 

L and operating with an interval or period time I for adsorption and A 
Ir D for desorption requires the introduction of appropriate boundary 

eonditions. lhus the mean soiid phase concentration at any point in 

the bed at the beginning of an adsorption period Liust equal that at 

the end of the preceding desorption period. Similarly, the concen- 
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trations at the end of an adsorption period and at the beginning of 

the succeeding desorption period are equal. Furthermore at the 

cyclic equilibirum which is ultimately established the quantity of 

material adsorbed in one period must be equal to the quantity desorbed. 

Accordingly, 

x (z ,, 0) =x (z 

and 

D' A +ID 

6) 

x (z 
A'I A) =x (zD' 0) 

F 

where, for countercurrent flow, 

. ti ii 

Equation 6) represents the equilibrium reversal condition and 

relieson theassumptions that the changeover is instantaneous and that 

the effect of any gas held in the void space at the beginning of a 

period is negligible. This gas has to be displaced by the entering 

gas stream and will result in concentration changes taking place at 

any given point in the bed during the interval of time required for the 

entering gas stream to reach that particular point. - In general terms 

the magnitude of the effect will be directly dependent on the value of 

L/ * GM 
the hold-up parameter v I, where v= -- 

g- denotes the interstitial 
10 9 e1i 

gas velocity. This parameter representg the ratio of the time taken 

for the gas to pass through the bed to the period time and the effect 

will be small when I :: ýý L/v. It may be noted that whilst equations 

4) and 4a) can be directly applied to the analysis of conventional 

fixed bed adsorption in which accumulation of material in the external 

voids is not negligible by a simple change of variable (i. e. replacing 

t by L' =t- z/v), ýhis technique cannot acco=odate the more complex 

initial condition associated with a pressure swing system. 
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In addition to the reversal condition, the following inlet 

conditions may be defined to represent a constant inlet gas composition 

for the adsorption period and a variable inlet composition for desor- 

ption equal to that leaving the bed at any corresponding instant during, 

the adsorption period. Thus, 

for adsorption, p=p Ai zA=0,0 <t<IA 

7) 

for desorption, Dxp (L, t) z 0,0 <t PAAD 
'D 

The latter simulates the particular process involved in the 

present investigation in that it assumes that the gas Jfor regeneratiun 

is obtained as part of the product from the adsorption period. With 

the exception of this particular complication, the above reversal and 

inlet conditions are directly analogous to those used in representing 

the behaviour of thermal regenerators. 

2.1.2 Representation of overall performance 

The overall performance of a pressure swing adsorption process 

operating under the cyclic equilibrium conditions referred to 

previously may be conveniently expressed in terins of an adsorption 

efficiency, E A' defined by 

EA= 
(PAi - PAo) 
(PAi - TDi) 

where PAi = partial pressure of the component to be 

adsorbed-in the gas mixture fed to the 

process, 

integrated mean -art:; -l Ao ' PDi cl- r --- 

.... 8) 

to product and revert gas streams, respectively. 
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It may be seen that this efficiency represents the ratio of the actual 

quantity of material adsorbed to that which would be adsorbed if the 

mean partial pressure of the gas leaving the bed during the adsorption 

period were equal to the mean partial pressure of the revert gas 

used for desorption. 

Similarly, a desorption efficiency, E D' may be defined 

(pDo - PDd 
.... 8a) 

ED (PAi - PDd 

where p integrated mean partial pressure of the waste gas Do 

lEiaving the bed during the desorption Period. 

The above two efficiencies are not independent since at equilibrium 

the quantity adsorbed and the quantity desorbed must be equal over any 

two successive periods. Thus, providing the total gas flow rates are 

assumed constant over the length of the bed, a mass balance for 

the adsorbed component gives 

CAIA (P 
Ai -p Ao GDID (p 

Do - PDi) 
PAPD 9) 

and hence EA oC ED.... 10) 

where CL PAGDID 

p DGAIA 

The above efficiencies are analogous to those commonly used in 

relation to periodic flow thermal regenerators. The condition 

represented byoý= 1 is described as a balanced system for which the 

efficiency is the same for both period, i. e. EA=E 
D' For a 

pressure swing adsorption unit based on a pair of beds operating 

with the same period time i. e. IA=IDýI, as is involved in the 

current investigation, OC =1 when PAGD 

PDGA 
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On the basis of the model represented by equations 5) and 5a) 

and the boundary conditions described in Section 2.1.1, the above 

efficiencies should solely be dependent on the following four 0 

dimensionless parameters, i. e. : 

EA=f (AA"ýDTTA'T' D) 

ED= g(AAADT' ATTD ) 

= reduced length for adsorption =PK La where AA 
A gA 

GA 

reduced length for desorption =PK La 
D D. gD 

G- 
ji 

Tl reduced period for adsorption'= I'll K- C Ia 
a gA A 
/Ob 

TT Dý reduced period for desorption MaK 
gA 

CA Ia 

/Ob 

2.2 SOLUTIONS FOR LIMITING CONDITION AS PERIOD ---1*0 

It will be shown in Section 2.3 that the efficiency of a pressure 

swing unit decreases as the period time is increased. Hence in this 

present section analytical solutions will be presented for the limiting 

case as the period time tends to zero, these solutions representing 

the maximum efficiency for a given unit and given operating conditions. 

They also apply for the case xqhereTT--* 0 and 
11 

0 0, since in each A 
case the penetration of adsorbate into the adsorbent tends to zero. 

As the period time tends to zero the gas concentrations throughout 

the bed of adsorbent tend towards point values, i. e. they are independent 

of time. Such longitudinal concentration profiles are shown in Figure 

3. The zero period solutions may accordingly be obtained by considering 
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D 
Ao 

pDi 

0Z 
a) Balanced system, oiý =1 

PAiL 

t 
p 

PDO 

z 

L 

t) Ao 
PDi 

i 
b) Unbalanced system, a-' ý'-> 1 

PAi 

PD3 

I 

p PAo 

PDi 

0zL 
c) Unbalanced system, 0C, 

FIGURE 3 LONGITUDINAL CONCENTRtMON PROFILES FOR THE 

CONDITION OF PERIOD -0-0 
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a steady-state countercurrent mass transfer process involving direct 

transfer of the adsorbate between the adsorption and desorption gas 

streams via a semi-permeable membrane :- 

Feed gas 

(flow G, pressure P A-A 

Revert gas 

(flow C-D, pressure PD) 

Thus, providing the gas concentrations involved are low and the 

cross-sectional areas for flow are equal, a mass balance for the 

adsorbate gives : 

GA 
(p 

pA Ai - PAo) 

(c. f. equation 9)) 

GD 
(p 

pD Do - PDd 

Also, the rate of transfer of adsorbate per unit interfacial 

area may be equated to the product of an overall mass transfer 

coefficient and an appropriate overall mean partial pressure driving 

force, i. e. 

A (p )= Kocr AA p pA Ai - PAo 
C3 . mean 

. ... 11) 

where A represents the interfacial area for mass transfer per unit 

cross-sectional area and K 
og 

denotes, in consistent units, an overall 

coefficient formed by the separate coefficients for the adsorption and 

desorption streams : 
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1-=1+1 
K 

og 
K 

gA 
K 

gD 

Equation ll)may be applied directly to a pair of pressure swing 

adsorbers providing the membralLe transfer area for the steady-state 

countercurrent flow system, A, is used to represent the external 

surface area of the adsorbent present in either bed. It may be noted 

that whilst the total interfacial area of the pressure swing unit is 
0 

then double that of the continuous unit, the former is only effective 

for half the time. 

2.2.1. Balanced systems (G 
A/P A=G D/P D) 

For the particular case of a balanced system, corresponding to 

-f orce, G A/P AýG D/P D, 
the overall mean partial pressure driving 

A Pmean , has a constant value along the length of the unit and is 

simply given by : 

Pmean PAi - PDo ý- PAo PDi 

Hence, by substitution in equation 11), 

PAi - PAo 
=K og 

AP A 
PAi 

- PDo GA 

or, introducing the adsorption efficiency, E A' as defined by equation 8) 

EA ý- (PAi PAo) 
(p iPd Ai Di. 

then, EAK 
og 

AP 
A 

1-E 
A GA 

Thus the efficiency of a balanced pressure swing adsorption unit 

operating at period times approaching zero is given by, 

EA=ED=1. 

+11 AA AD 
12) 
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2.2.2 Unbalanced 3ystems (G 
A/P A 

ý. GD, /P 
D) 

Considering now the more general case of an unbalanced system, 

the terminal driving forces PAi - PDo and p Ao - PDi are no longer 

equal and it may readily be shown that the overall mean driving force 

incorporated in equation 11) is represented by a logarithmic mean of 

the terminal values. 

p 
(PAi - PDo) - (P ,A PDd 

inean = Lý Pim Ao 
-1 

PAi - PDo 
In 

IpAo 

- PDi 

Introducing the adsorption and desorption efficiencies into Lhis 

equation, 
(E -E pi. A D) 

(PAi - PDO 

ln 
[] 

I-E 
A 

Hence from equation 11) 

PAi - ')Ao 
K 

og 
AP 

A 
(E 

A-E D) 
(PAi 

GA 
In 

[ I-E 
D 

1-E 
A 

e. 
A 09 A In EAED GA 1-E 

D 

According to equation 10), the efficiencies EA and ED are simply 

related by E CýE Hence, eliminating E D D' 

A 0/1 09 A ln 

[ 
01- 

EA-EDý; Zý --I GA oC -E A 

Therefore by rearrangement and introduction of the reduced lengths 
4ý 

AA 

and A 
D' d-AAAD 

C/ exp LI AA +C'-//AD 
E 

AAAD 
C)ý- e xp 

AAýVAD .... 13) 
t- !j 
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A similar expression roay be obtained for the desorption 

efficiency or ED may be obtained using ED = EA 

It may be noted that equation 13) is closely analogous to 

expressions for the 'effectiweness' of countercurrent heat exchangers 

as discussed, for example, by Kreith 3 5. 

2.3 APPROXIMATE ANALYTICAL SOLUTIONS FOR FINITE PERIOD TIMES 

In presenting approximate analytical solutions for finite period 

times a further assumption is made. Thus it is assumed that the time 

dependent gas concentrations may be replaced by integrated mean values. 

This simplification is incorporated in the derivation in the form of 

the assumed equivalence :- 

f 132 dp* ln 
p2 

p- P* pp 
Pi .... 14) 

where p denotes the actual partial pressure of adsorbed component in 

the bulk of the gas phase, p being the integrated mean over a full 

period, and p, * and P2* represent the equilibrium partial pressures 

corresponding to the concentration of adsorbed component on the solid 

adsorbent at the beginning and end of the period, respectively. 

Whilst the above equivalence has been assumed to apply at all points 

along the beds for both adsorption and desorption, it is strictly 

valid only when p=p=p Ai and p=P-P Di and even the latter does 

not apply if the composition of the revert gas is dependent on that. 

leaving the adsorption stage. of the process. 
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It is evident that for a given system operating under given 

conditions there will be some constant value of the partial pressure 

which will precisely represent the effects of the actual variation 

in the parEial pressure that occurs in any one period. The extent 

of the errors introduced by the above assumption will therefore be 

dependent on the difference between this effective mean and the 

integrated mean value, p. Whilst it is not possible to specify 

quantitatively the conditions under which this difference will be 

significant, the error introduced will be small when the variation 

of the actual partial pressures at all points along the bed during 

a period is small. Accordingally the proposed equations are likely 

to be most reliable when M relatively short period times are 

involved and when the slope of the equilibrium isotherm, C, is 

small i. e. at low reduced periods, and (ii) when there are significant 

differences between p and p* at the ends of the periods. 

GA 
Z- 

Thus, consider a pair 

of pressure swing adsorber 

beds as shown operating 

with a finite period time, 

IA=ID=1. 

) Di 
For the adsorption period, 

application of a mass balance 

over a differential element at the to2 of the beds gives: 

K- aL (p *)dt = 
PB Ld : <A = 

PB L dp A* "A Ai - PA 
M 

aa 
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where Kg A 
denotes the overall mass transfer coefficient for adsorption, 

including any solid phase transfer resistance, and pA* represents the 

partial pressure of adsorbate in equilibrium with the mean adsorbent 

concentration xA in accordance with the assumed linear isotherm, p=Cx. 

It is assumed that the same isotherm applies during both the adsorption 

and desorption periods i. e. CA 'ý CD 'ý C. The more general case, 

corresponding to CA CD , and the circilm tances under which this 

assumption would not be appropriate will be discussed subsequently 

(see P-31). 

Since PAi is constant the above equation may be rearranged and 

integrated over the time interval I. Accordingly, 

/- 1) 
Kg aCI Ma dp* 

7A=ApA 
B Ai - PAX 

i. e. TT 
"ý = In PAi PA*l 

P* PAi A2 15) 

where p* and pf are the P: quilibrium partial pressures of the Al A2 

adsorbate at the top of the bed at the beginning and end of the 

adsorption period, respectively. 

Similarly for the desorption period, still considering the top 

of the pair of beds, 
L dp* 

-KaL (p* -p) dt 
/0 BD 

gD D Do Mac 

KaCIMr2 dp* 
i. e. T'D ý- gD 

/0 B-a 
=) 

PDo 
Dp 

D 

Simple evaluation of the integral present in this equation is 

not possible if strict allowance is to be made for the fact that p Do 

varies with time. However, on the basis of the assumption represented 

by equation 14) it may be replaced by a constant value, PDo' which is 
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equivalent to the mean partial pressure of the adsorbate in the outlet 

gas over the entire desorption period. 

p P* i. e. 1TD ý In Do DI 

L PDo PD*2 

Thus, introducing the reversal condition in the form 

x Al ý XD2 and xA2 = xD, 

e. 
P* = P* and p* = p* Al D2 A2 Dl 

16) 

equation 16) may be rewritten for the periodic equilibrium state as 

P. P* j 
Do A2 

D . 11 [- P* PDo Al .... 17) 

Accordingly, from equations 15) and 17), 

(e 
TTA_l) 

(e TTD_l) 
P* A2 - P*l A (e TTA +TID 

(PAl - PDo 
.... 18) 

In an entirely analogous manner an equivalent expression may be 

established at any point in the beds. At the bottom of the beds : 

Tj A 
-1) (e F D_l) 

A2 Al =L 'rjT A+-p D (PAo - PDd 
(e .... 19) 

Now the mass balance for the adsorption period, for example, 

may be expressed in the form 

L (P*2 - PA*l)mean (PAi - PAo )GAI= PB A 
pAcMa 

e. (p* 
FT A (p p A2 - PA*l )mean 
AA Ai - Ad .... 20) 

The relationship between. the overall mean difference 

by (p* -- and the corresponding differences at the top and A2 'DA*l) mean C, 
bottom of the pair of beds is essentially dependent on whether the 
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I system is balanced or unbalanced. These conditions will therefore 

be examined in turn. 

2.3.1 Balanced systems (G 
A/P A=G D/P D) 

In the case of a balanced system the overall driving is the (D 

same throughout the length of the beds. Accordingly, the driving 

force at the top of the unit (i. e. p Ai - PDo ) is equal to that at 

the bottom (i. e. PAo - pDi ) and hence from equations 18) and 19), 

(P*, - Pý, )__, 
_ - (e 

TIA_l) 
(eff D_l ) (P. -- p- A 

'fil iju 

(e 
TTA+qD_l) 

(e 
TTA_I) 

(e 
U D_l) (PAi-pDi ) (I-E) 

ýTAJTD_ 
(e 

where E=EA ý- E 
D' 

Thus from equation 20), 

(PAi-PAo) ýA I 
=. 

IOB L (e 
TTA_I) 

(e 
TT D 

-1) (PAi-pDd (1-E) 
pAc 

(e 
11 A+FTD_I) 

E AA (e 
F A_, ) (e 

FT D_l) 
T-7F T TA 

I 

(eTT A+FT D_l) 

I 

or, 
E=I 

!! 
-A (coth Ff A/2 + coth 

R D/2) 
[ 

2A A 21) 

For a symmetrical system, such that TTA ýFT D =TT andAA =AD =A 

equation 21) reduces to 
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E=I 
1-T co th (TT/2) 

A 
+1 

which is identical with the equation proposed by Tipler 57 

for the efficiency of a symmetrical thermal regenerator. 

Consistency with the zero period equation 

As I-T APo and TT ýý 0, equation 21) reduces to 

21a) 

E=I I+. 1+ 
AA AD 

which was established as equation 11") in Section 2.2.1 for the case 

of zero period. 

Finally, asTT---ip-O equation 21a) reduces to the well known 

limiting equation for thermal regenerators, 

A 
A+2 

2.3.2 Unbalanced systems (G j* G A/P Aý D/P D 

On the basis of the assumed linear equilibrium isotherm the 

mean differences between pA* and PI over the entire length of the 2 Al 

bed, i. e. (p* may be taken as a logarithmic mean of the A2 - PAL mean' 

terminal values represented by equations 18) and 19) (see Appendix 

Accordingly, 

(P* - P* )mean = (e 
TTA_l) 

(e 
TT D_I) 

A2 Al . 
rFA+Tl D_ Plm 

(e 1) 

2Ap lm 
(ccithT'A/2 + cotliTTD/2) 
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where Lp 
lm. again denotes the log mean of the terminal driving forces: - 

Plm = 
(Pai - PDo) - (PAo - PDi) 

ln P-Ai - PDo 

PAo - PDi 

On this basis (p* may be eliminated from the mass balance A2 - ')A*l)mean 

for the adsorption period, equation 20), to give 

2A Plm TTA (cothTIA/2 + cothTTD/2) PAi-PAo AA 

Now, 
p 

Im . 
EA-E D) 

(PAi-PDd 

PAi - PAo (PAi - PAo )'In 
1-E A 

In 
OC -E 

22) 

- &_ -E A] AA' 
(coth7 

A 
/2+co thn D 

/2) .... 23) ln 
A)j 

. &-(eA -1) EA 
(0ý eB -1) 

where 
cc -1 -AA cothT7 A/2+cothTTD/2) 

Cc TTA 

23a) 

Similar expressions may be readily obtained in terms of the desorption 

efficiency, E 
D' 

e. g. ln F I-E 
D Cý -1) AD- (coth TIA/2+cothTID/2) 

.... 23b) 
E 

D] TTD 

/ 

but in Dractice having obtained E it foilot-ysa that E ýA 
4ý AD= 
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Consistency with the zerv r_euluceu' period equation 

Considering the application of equation 23a) under conditions 

when TTA and TT 0, 

-1). 
AAJ 

22 rff-A + rr 
D 

o-, -i) 
AA. & D 

oý 
AD 

+AA 

OCAAAD and hence, E exp 06 A 

-AA+o-, 
AD c 

FA% "-I 

I &C AA AD ! LC 1 
C)ý exp LAA+&AD 

[ 

Oý 

11 

which confirms the earlier result (equation 13)) for the limiting 

condition of zero period. 

Allowance for unequal isothem slopes 

The derivation of equations 23), 23a) and 23b) incorporates the 

assumption that the same linear adsorption isotherm applies for both 

the adsorption and desorption periods i. e. CA=cD-C. This 

assumption would not be appropriate if the mean temperature of the 

adsorbent was significantly different for the two periods due to 

hysteresis effects. Similarly any appreciable adsorption of air 

could result in a deterioration in the equilibrium adsorption of 

carbon dioxide, the magnitude of the effect being dependent on the 

pressure involved and hence differing for adsorption and desorption. 

The previous derivation may, however, be readily extended to allow 

for the values of cAD- Lhe sawe- by replacing che and C not bein, 

equilibrium partial pressures p* and p* throughout by the products AD 
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CAx and CDx , respectively, noting that the reversal condition no 

longer corresponds to p* Al and PD*2 PA*2 p*l but still applies in 
D 

the basic fom : - 

xAl m xD2 and Y-A2 = xDl 

Accordingly.. 

for the top of the beds 

x (e 
TTA_l) 

(e 
I-T D 

-1) 
PAi - PDo 

xA2- Al 
(e TT A+ 1f D_l) CA CD 

.... 24) 

(c. f. equation 19)) 

and, for the bottom of the beds : 

= 
(e 1) (e 

XA2- Al 

ITA -R D-1) PAo PDi 

TT A+-Tr D_ CA CD 

] 

.... 24a) 
(e 

(c. f. equation 20)) 

Again using a logarithmic mean of the terminal driving forces, 

now represented by PAi/C 
- 

PDo/C 
and PAo/C 

- 
PDi/C to give the ADA D' 0 

mean difference between -KA2 and x A, over the entire length of the bed 

it follows that, 

2ýP lm 

-- 

TIA 
(cotli 

TI A/ 2 A- coth 
17D/ 

2) 
PAUC 

A- 
PAo/CA AA 

At this point in the modified derivation it is convenient to 

re-define the adsorption and desorption efficiencies according to 

the expressions 

1)A 
I Ai - 

PAo 

EA 
FAi - ýDi * CA/C 

D 

PDo 
- PDi 

E 
D 

PAi c - PDi * D/C A 

25) 

25a) 
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On this basis equations directly comparable to equations 23), 23a) 

and 23b) may be established. 

Thus, in terms of the adsorption efficiency El, A 
2 
C, 

0ý, - A/C D* 17,. ý TTA TIA/ TITD/ 
ln 

OL (I-EI) (o(-- C A/C-) A A* 
(coth 2-1-co th 2) 

L 'A' -I Ii 

re 'a 
or EA C4 ý 

(&L e A/C D) 

where 
(C, -7 -CA/c D) 

AA 
.-- (C 

TTA TTD 
Iß 

1 
011 , 

: iý 
AI/(c oth 

/2+coth /2) 

and, similarly, in terms of the desorption efficiency E' D 

2 

ln 

D D/CA 1- &- E' 

2.4 NU14ERICAL SOLUTIONS 

In order to test the validity of the equations proposed for 

... 26b) 

estimating the performance of a given pressure swing adsorption unit 

and to quantify the general conclusions described above, a more 

rigorous method of solution of the basic -model was required. TT070 

such methods were in fact developed, one of which gives a direct 

solution of equations 5) and 5a) for the conditions corresponding to 

the periodic equilibrium state and a ccordingly forms a closed solution 

26) 

26a) 

c TTD T A/ 11 D/ 6 (coth 2+coth 2) 
cv- cla-y AD 
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technique. The second method developed represents a digital computer 

simulation, involving repeated cycling of the system until the final 

equilibrium state is established, and may therefore be described as an 

open solution. 

The closed solution method involves a semi-analytical approach 

which necessitates the assumption of a constant inlet concentration 

during both the adsorption and desorption periods. Consequently it 

represents the time dependent inlet partial pressures during desorption 

by a single mean value. This approximation is not required in the 

_application of the open solution method. 

2.4.1 Closed solution (semi-analytical) 

The solution of the problem formed by equations 5) and 5a) subject 

to a constant inlet gas composition and a uniform initial adsorbent 

concentration distribution, as originally obtained by Nusselt 
46 

in the context of the analogous heat transfer problem, may be represented 

by 

u=e- 
Zý 

Of 
e10 (21-ý7V dtA ... 27) 

and q= 1-e- /" 

oj 

z 
e- 

ltý 
10 (2 I-JT'C ). dr, ... 27a) 

where u and q represent reduced gas and equilibrium solid phase partial 

pressures defined by, 

PAi -p PAi -Cx 
U= and q 

PAi - PDi PAi - PDi 

Equation 27a)gives q as a function of the reduced time parameter, 

Z- However, using the basic differential equations in the form, 
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u r- u-qq 

it may be established that 

-C /-x + 
u-q=c10 (21 Tý V) 

and hence, /-k 

u=e10 (2 +e+ 
Of 

e 

(1 
0 

(2 Fý dpý 

... 2F)) 

v -P 
-ý 1 29) qe+ 

Of 
e 

which represents q as a function of the reduced distance parameter, 

at any given value of V 

Equations 27)and 29) represent the solution of equations 28)for 

an adsorption process subject to the conditions 

pý PAi i. e. u=0 for P=O, all Tý 

x= PDi /c i. e. q=1 for 0, all 

For the corresponding desorption process, 

p PDi i. e. u=I for /-A = 0, all 

x PAi /c i. e. q=0 for Z=0, all 

and the solutions may be obtained directly from equations 27)and 29) 

by simple change of variable i. e. introducing v= 1-u and w= l-q- 

However, equation 29) (and the correspondingequation for 

desorption) may be used as a basis for the solution of the present 

problem in which q and w at'Cý= 0 are unknown functions of ý-13 

aifferin'g for adsorption and desorption but related by the reversal 

condition. The method involves a semi-analytical technique similar 

to that utilised by Hausen 26 in the context of the analogous heat 

transfer problem. 
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a) Solution to stepped 

initial distribution 

b) Initial distribution as 

represented in terms of 

a series of fractional 

pulses 

C) Initial distribution 

corresponding to a 

single unit pulse 

A 
/-k 

q2 
3 q q3 

lq4, 

01. p 
AA 

A 
= 

d) Solution to initial 

di stribution as 

represented by c) 

above (the 'pulse' 

function) 0 
ý. k 

FIGURE 4 REDUCED SOLID PHASE CONCENTRATION DISTRIBUTIONS 

AS INVOLVED IN CLOSED SOLUTION TECHNIQUE 

AA 

Al ll.. A 
_ 
q2 

___ 

Aq3 Aq 
41 
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Thus considering, for example, the adsorption period let the bed 

be divided into a series of N discrete elements of reduced length 

On the basis of equation 29)the solution for the stepped initial 

concentration illustrated in Figure 4a is given by, 

e-v 
Fl, 

e 
L Of 

Let the numerical value of the latter be approximated by a series of 

mid-ordinates values ql, q 2' q3 etc., as shown in Figure 4b, which 

represent the actual reduced solid concentration distribution as 

being constant within any one element. 

For an initial distribution corresponding to a single rectangular 

pulse of unit height and width AA as shown in Figure 4c, the 

solution is given by the difference between the solutions for unit 

steps originating at ýA =A andk), = A +A A. Accordingly it may be 

represented, as illustrated in Figure 4d, in terms of a series of inid- 

ordinate values of a 'pulse function', A q, given by 

,Aq, = qI3, Aq2=q2- ql, Aq3=q3-q2 etc. 

Now the initial condition of the bed in the case of a pressure swing 

adsorber may be considered as a series of fractional rectangular 

pulses, with pulse heights corresponding to the mid-ordinate values 

of the unknown initial distribution i. e. X 
ol' 

x 
o2' 

x 
o3 etc. 

Therefore the overall solution in terms of mid-ordinate values of the 

reduced equilibrium solid phase concentration distribution at any 

specified value of-Lý e. g. Tý = TTA' as represented by X fl .Xf2' Xf 3 

etc. may be obtained by appropriate combination of the solutions for 

the individual pulses. 

Thus the contributions made by the individual pulses may be 
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represented as follows : - 

origin ýk =0 ýk 
Pulse 

I 

height x 
01 

x 
o2 

Position 

2AA 

x o3 

/2 
OV 

Aq100..... 

'ýLk 
= 16A /2 Xol. Aq2 Xo2 *Aq, 0' ..... 

)L, k = 5L\A /2 Xol. q3 Xo2 q2 Xo3* q, ..... 

/-k = (2N-1)AA /2 x01. qII x 
o2* 

Aq 
N-1 x 

o3* q N-2 

and hence the combined solutions, corresponding to the required final 

distribut-ion, are gi-ven UY 

/2, x fl = X01. q, 

3 /2, x f2 = xol.. q2+ X02* q, 
30) 

ýA. =5AA /23, X f3 = X01. Aq3+ X02' Aq2+ Xo3 .Aq1 

(2N-1) /2, X fN = X01. AqN+ Xo2* A qN-1+X 
o3 *A q N-2 

x 
oN' 

A ql. 

Exactly the same analysis may be applied to the desoVption process 

using the dependent variable w= I-q to give a further set of equations 

relating the mid-ordinate values representing the initial distribution 

(i. e. X' etc. ) to those representing the final distribution 
ol' 

Xo2' Xo3 

(i. e. X'I, ' X1 etc. ). Thus f Xf2' f3 

/A =AAjX? 
= XI ýw 

2 fI 01' 1 

=3 AA 
.3 xi :ý xt Aw+ xi Aw 

2 f2 ol* 2 o2* 1 

Xf'3 = Xo'l'ý W3 +Xo2*AW2 'ý Xo'3* Awl 
2 

(2N-I)AA 
'XfN ý Xo'l' 6 WN + Xo2* lqN-1 + Xo3*'ý WN-2+-XON*'ý Wl 

2 
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However, for the final periodic equilibrium state the reversal condition 

gives, 

X1 = 1-x xv I-x 1-x fl. oN" f2 oN-l' 
Xf'N-1 

o2 

xt = 1-x fN 01 

and X' = l-x' t 
01 LN' 

Xo2 '-XfN-'L' XoN-I Xf2 

X1 1-x 
oN fl 

Accordingly the above set of equatioqs for the desorption period may 

be re-written in the form 

AA, (I-X (1-X w 2 oN fN 1, 

3AA (1-X (1 -x A (1 2 oN-1 fN 2 fN-1 1, 

5 AA , (I-X (1-X w+ (i-x w+ (1-X 2 oN-2 fN 3 fN-1 2 fN-2 

(2N-1)AA (1-x (1-X 2 01 fN)*6 N+ 
(1-XfN-1)* 

N-1 

(1-x 
fN-2) w N-2 ..... q-(I-X fl wI 

Providing that the pulse functions Aq and Aw are first evaluated 

using equation 29), equations 30)and 31)form a series of 2N simultaneous 

algebraic equations which may be solved to give the unknown mid-ordinates 

x 
OV 

x 
o2-' 

x 
o3 - .. x 

oN and X fl$ Xf2$ Xf3 ****' XfN* These represent 

the required initial and final equilibrium solid concentrations and may. 

readily be used to give the adsorption (or desorption) efficiency. 

Thus if Xf-x0 denotes the difference between the integrated mean 

final and initial distributions corresponding to the mean difference 

in actual solid concentrations (x 
A2 - xAl) 

mean' 
xf- XO C (x 

A2 -x Ad 
(PAi - PDO 

By mass balance for the adsorption period, 

31 )'- 
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44G I 
-T-- (PAi - 13AO) =L /OB (x A2 -x Ad A 

(P 
D Ai - PAo 
ýIX L /OB 

(PAi - PDi) 44 GA Ic 
(X x0 

E. AA (X x f) TTA 
As mentioned previously the above procedure is based on that 

32) 

suggested by Hausen for predicting the performance of thermal regenerators. 

The original application of the method incorporated manual solution of 

the simultaneous equa. tions involved, having first evaluated the coef- 

ficients present in the equations by a series of graphical integrations, 

and was consequently rather tedious. The accuracy obtainable 

therefore tended to be limited by the need to minimise the number of 

bed elements considered. In the present case a digital computer 

program was successfully developed to facilitate repeated application 

of the method. A detailed description of this program is presented 

in Appendix II. 

2.4.2 Open solution (direct simulation) 

The characteristics of the hyperbolic system of partial differential 

equations represented by equations 5) and 5a) correspond to the basic 

co-ordinates ýA and T Accordingly they may be a)lved, as discussed 

by Lapidus 38 
and McGreavy et a, 

44 by either direct numerical 

integration using, for example, one of the various Runga-Kutta methods, 

or by finite difference techniques based on the use of Euler trapezoidal 

formulae. The more complex boundary conditions involved in the 

pressure swing system do not introduce any significant difficulties 

as compared with the application of such methods to 'single blow' 
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transfer processes and the digital computer simulation of periodic 

flow thermal regenerators has been described by various investigators, 

notably Willmott 
66 

Lamberrson 
37 

and Butterfield et al 
9 

Thus, for example, the derivatives present in equations 5) and 5a) 

may be replaced in accordance with the trapezoidal rule, 

P 
r+ l, s Pr, s 

=1 A r+l, s 
+ jr, s_ 

and 

P* 

_r, _s+l__- 
Pr*, s =IP 

P* 
A r, s+ -1 r, s 

where r denotes the number of positional incremcnts, s denotes thc 

number of time increments, and A /-k and A ltý represent the sizes 

of these increments, respectively. 

Now from equations 5)and 6ý 

P* p 

Ir, 

s 

ýr 

,sr, 
s 

and 
P* 

P* 
r, s= 

Pr, s - r, s etc. 

Hence, by substitution in the trapezoidal formulae given previously, 

p 
2- Ap+A AA (P* + P* r+l, s 2+Ar, s 2+A r+l, s r, s 

and 

i. e. p r+l, s 
Ap +A (p* + P*, )I... 33) 1 r, s 2 r+l, s rs 

P* P* + -e (p +P r, s+l 2+ Tý r, s 2+ A 'tý r, s+l r, s 

P* B p* +B (p +P* r, s+l I r, s 2 r, s+l r, s) 
34) 

If P, is defined arbitrarily for all values of r at the beginning ý'O 

of the first adsorption period, equation 33) may be used directly to 
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give p r, 0 
for r = 1,2 M (M denoting the total number of positional 

increments i. e. Mi%, Lk 
AA) knowing PO, O = PAi' 

For s=l, p* may be obtained from equation 34) using p 0, I0,1= PO, O 

p Alternatively as D is constant the result may be obta-; P-ed Ai' Ai w 

more precisely from the integrated form of equation 5a) :- 

ln 
PAi - Pýo 

1 1. 

PAi - PO*, O 35) 

For s=l,. r=]. p* can be calculated, knowing p*,, 9p and 1*1 0 0,1 

p* ý1'0, Pj'O USiUg equaLions 33') and 34) cordbined in the general form, 

P* (B +B+Bp+AB p*_ +ABp 
r, s+l 1 r, s 2pr, s 2 r, s 22r1, s+1 12 r-l, s+ly 

(1-A 
2B 2) ... 36) 

pl, l then being obtained by means of equation 33). 

The alternate use of equations 36) and 33) may be continued for 

r=2,3 N. Similarly, by first establishing values for p* . s=2,3,.. N 
O's 

(where N denotes the total number of time increments i. e. NAV =TT A) 

using equations 34) or 35), this procedure may be repeated for each 

successive time increment to give ultimately the required final 

equilibrium solid phase concentration distribution i. e. p* , r=0,1,2, .. M. 
r, N. 

At this stage the changeover process is simulated by using the 

distribution calculated for the end of the first adsorption period to 

give the equilibrium solid concentration distribution at the start of 

the first desorption period, allowing for the reversal of the direction 

, 
of gas flow. The calculation sequence applied during adsorption is 

then repeated using, the same number of increments and the specified 

reduced parameters for desorption i. e. TT 
D andA D* It is not 

necessary to assume that the partial pressure of the adsorbate 
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present in the gas entering the bed during desorption (i. e. p) is 
Di 

constant, the inlet condition readily being arranged to correspond 

to the gas used for desorption having the same composition as that 

leaving the bed during the adsorption process : 

p O, s (desorprcion)' *ý Pll, s (adsorption) xp D/P A'. s= 0,1,. .N 

Introduction of this condition prevents the use of equation 35) as 

an alternative to equation 34)but in all other respects the simulation 

procedures for the adsorption and desorption processes are identical.. 

Having completed a single cycle, involving two successive periods, C) 

the entire procedure -may be continued until the periodic equilibril, im 

state is achieved, corresponding to the same quantity of adsorbate 

being transferred during the adsorption and desorption periods. For 

all but the first adsorption period, the initial equilibrium solid 

phase concentration distribution is related to that obtained at the 

end of the preceding period. 

A copy of the Fortran program developed to permit application of 

the above technique is given in Appendix I! together with -- block 
0 

diagrara illustrating the overall sequence of calculation. It may be 

noted that the basic procedure is very similar to that described by 

Willmott (loc cit) in the context of predicting the performance of 

thermal regenerators. 

2.5 COMPARISON OF SOLUTIONS 

In allowing for the gas used for desorption having an effective 

parrial pressure which is direct! -%, dept-ndent on that of the 

leaving the adsorption stage, the open solution technique represents 

a more complete version of the basic inodel than does the closed 
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solution. Both in turn are more rigorous than the approximate 

analytical solution proposed, although their accuracy will obviously 

be related to the number and size of the finite increments involved. 

Accordingly the three methods were evaluated numerically for a variety 0 

of conditions to establish : 

a) the stability and convergence characteristics of the 

two relatively rigorous methods examined. 

b) the effect, in the confext of these two methods, of 

replacing the variable composition of the gas used for 

desorption. by a constant mean value. 

the range of conditions under which the simplifying 

assumptions made in deriving the approximate analytical 

solutions are valid. 

Detailed results obtained in relation to the convergence and 

stability of the numerical methods are presented in Appendix II. 

In general terms both the open and closed methods could readily by 

handled by the available computing facilities + 
to give adsorption 

efficiencies for a range of values of the four reduced parameters. 

The open method was found to converge more rapidly than the closed 

method as the increment size was reduced as illustrated in Appendix 

II, Figure 4 It was, however, more restricted in relation to 

the range of parameters that could be used with a given number of 

distance and time increments, due to the inherent instability of 

the method when applied under conditions corresponding to negative 

values of the coefficients AI and B1 present in equations 33) and 

34), respectively, As a m4rching technique was used in progr=ing 

Basically a 1905 ICL machine with 16K storage. 
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the open method, the storage requirements tended to be less than for 

the closed method, a two dimensional array being necessary in the 

latter for storage of the coefficients of the simultaneous equations 

involved (i. e. equations 30) and 31)). The closed method basically 

gave shorter execution titnes, but the open method was readily improved 

in this respect by starting with an estimate of the final equilibrium 

solid concentration distribution rather than a uniform initial 

distribution corresponding to an adsorbate free bed. 

A series of values of the adsorption efficiency calculated for 

a variety of reduced parameters are presented in Table 1, in 

which E AO ,E AC and E AA 
denote the efficiencies predicted using ýhe 

open, closed and simplified analytical solutions, respectively. 

They permit the following ccnclusions to be drawn :- 

i) At reduced periods of 2 and less the difference between 

the results given by the open and closed methods are not significant 

bearing in mind the relatively slow convergence characteristics of 

the latter. At higher reduced periods small but significant 

discrepancies are apparent which largely represent the effect of 

using a constant revert gas composition rather than one reflecting 

the instantaneous product composition, E AC being consistently' 

greater than E AO' 

ii) As the reduced period time is increased the differences 

between E and either E or E' increase rapidly, the values of E becoming AA AC AO AA 
Irogressively more conservative as the reduced period is increased 

above 0.5. 

2.6 THE OVFRALL TRANSFER COEFFICIENT 

The rate of adsorption of a component of a gas mixture on a solid 
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TT o. 5 

I 

A- A 
AD E AO E Ac E AA 

10 1 . 98984 . 98935 . 98903 

io 2 . 98514 . 98457 . 98404 

10 5 . 95722 . 95625 . 95487 

10 8 . 89672 . 89464 . 89268 

10 12 . 76389 . 75855 . 75745 

5 o. 5 . 90260 . 90247 . 89959 

5 1 . 88730 . 88708 . 88397 

5 2.5 . 83202 . 83131 . 82775 

5 4 . 76450 . 76311 . 751063 

5 6 . 66405 . 66211 . 65944 

2.5- 0.25 . 69411 . 69402 . 69078 

2.5 0.5 . 67868 . 67861 . 67527 
2.5 1.25 . 63216 . 63161 . 62816 
2.5 2.0 . 58549' . 58449 . 58117 
2.5 3.0 . 52490 . 52356 . 52065 

E AO Open solution method (digital computer simulation) 

E AC Closed soultion method (semi-arialytical) 

E AA Approximate analytical solution 

. CABLE 1 COMPARISON OF CALCULATED ADSORPTION EFFICIENCIES 
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1-TA ý TTD = 2.0 

AA AD E Ao E AC E AA 

10.0 1.0 . 98651 . 98695 . 97067 

10.0 2. o . 98134 . 98175 . 96161 

10.0 5.0 . 95180 . 95213 . 91952 

10.0 8.0 . 89028 . 89025 . 85093 

5.0 12.0 . 75729 . 75630 . 72718 

5.0 0.5 . 87403 . 87825 . 83483 

5. o 1.0 . 86029 . 86394 . 81764 

5. o 2.5 . 80950 . 81184 . 76086 

5.0 . 74667 . 69855 

5.0 6. o . 65261 . 65284 . 61292 

2.5 0.25 . 63158 . 63859 . 60099 

2.5 o. 5 . 62086 . 62707 . 58799 

2.5 2. o . 54958 . 55258 . 5788 

2.5 3.0 . 49970 . 50133 . 46434 

TT A ý-- TTD = 5.0 

AA AD E AO 
1E 

AC E AA 

10.0 1.0 . 95526 . 96178 . 84498 
10.0 2. o . 95-096 . 95647 . 82789 

10.0 5.0 . 92173 . 92549 . 77087 
10.0 8.0 . 86293 . 86546 . 70754 
10.0 12.0 . 74153 . 74231 . 61983 

5.0 0.5 . 71948 . 74300 . 61376 

5.0 1.0 . 71661 . 73712 . 60037 

5.0 2.5 . 69650 . 71000 . 56053 

5.0 4.0 . 66169 . 67028 . 52169 

TABLE 1 (continued) 
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adsorbent can be described superficially in terms of a three step 

mechanism. Thus the component must initially be transferred from 

the bulk of the gas stream to the ext: ernal surface of the adsorbent 

particles, then to the adsorption sites distributed throughout the 

internal surface of the adsorbent, and finally the component has to 

be transferred from the gas phase adjacent to an adsorption site to 

the adsorbed state on the solid surface. However, under most 

conditions appropriate to the operation of fixed bed adsorbers it 

is reasonable to assume that the latter is sufficiently fast for 

equilibrium conditions to be obtained at the adsorption sites. 

Barrer 2, For example, clearly established this in an invest- 

igation of the adsorption of various hydrocarbons on molecular sieve 

adsorbents. In contrast neither the resistance to the transfer of 

material to the external surface of the adsorbent granules nor the 

resistance within the granules themselves can generally be neglected. 

The resistance at the external granule surface is conventionally 

represented in terms of a gas film mass transfer coefficient, kg$ for 

which numerous correlations have been proposed (see Section 4.. 2-2). 

However, the basic model for pressure swing adsorption described 

in Section 2.1 also represents the intragranular resistance in terms 

of a constant solid phase transfer coefficient, ks In view of the 

essentially unsteady state nature of the process this forms a signif- 

icant and questionable assumption. It is therefore necessary to 

examine the validity of this concept in the context of pressure swing 

adsorption and to establish means of predicting values of ks from the 

basic physical properties of the system under investigation. it Will 

be assumed for this purpose that the adsorbent granules may be 

treated as uniform spheres. 
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2.6.1 Representation. of transfer processes in porous adsorbents 

The following are the principle mechanisms generally considered 

relevant 
30 

to the transport of material within a porous solid 

i) Normal bulk diffusion and/or Knudsen diffusion in the 

gas pores. 

ii) Surface diffusion in the adsorbed phase on the pore walls. 

iii) Capillary flow of the condensed phase. 

iv) Bulk flow under the influence of an external pressure 

gradient. 

Capillary flow of the condensed phase may become important at 

high relative pressures corresponding to the onset of c&pillary 

condensation 
22 but will not be significant at the low partial 

pressures inolved in the present work. Bulk flow is not normally 

considered to be of any importance but could conceivably be relevant 

in the particular context of very short cycle pressure swing systems 

in which the adsorbent is subject to rapid and substantial changes 

in total pressure. It will, however, be assumed, in common with 

apparently all previous studies of fixed bed adsorption, that the 

dominant transport mechanisms are potentially those of bulk diffusion 

and/or Knudsen diffusion in the gas pores and surface diffusion. 

The process of surface diffusion is associated with the fact that 

molecules adsorbed on a solid surface exhibit considerable mobility 

and that this tends to produce a net transport of material over the 

surface in the direction of decreasing surface concentration. 

Unfortunately there are no simple methods available for the prediction 

of surface diffusion coeffieients although values may, in principle, 

be obtained on a basis of absolute reaction rate theory by considering 

the process as one of activated diffusion or rsite-hopping, 61 
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10 
However, on evidence such as that provided by Carmen who 

examined surface and gas pore diffusion in silica and carbon adsorbents, 

it is usually considered that surface diffusien is essentially 

negligible when the extent of adsorption is less than the mono-layer 

capacity of the adsorbent. Since this corresponds to the region 

involved in the present study, surface diffusion will be ignored in 

analysing the experimental results obtained. If may, however, be 

noted that as surface diffusion acts in parallel with diffusion in 

the gas pores, its effect is to increase the rate of transfer above 

that predicted by sole consideration of gas pore diffusion. 

The processes associated with gas pore diffusion, which may be 

of a normal molecular, Knudsen, or transitional nature, can be 

represented quantitatively in terms of Fick's law, 

eID grad pi 

RT ... 37) 

where J represents the local flux (relative to the average molar 

velocity), based on the total cross-sectional area of the, granule, 

D the appropriate diffusion coefficient, and 
ý- 

a geometric factor 

which reflects the effects of tortuosity and constriction associated 

with the complex and irregular nature of the pore structure. The 

flux J is equivalent to that referred to fixed co-ordinates, N, under 

the conditions of low concentration of the diffusing component 

involved in the present investigation. On this basis transient 

diffusion within a spherical adsorbent particle may be represented, 

in accordance with a mass balance over a differential element within 

the granule, by : 

D 
xi m pi + pi ep j2p 0 

RT 2rr RT c) tm0t 
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where DM =ep 'ý' D, repiesents a modified diffusion coefficient. 

Thus, incorporating the assumed linear equilibrium relationship 

between the gas at any point in the adsorbent and the adjacent solid 

phase concentration, 

pi 
Dmr2ý pi 

t c (ep + /0 pRT )r2 ýr 
I 

c) r]... 38) 
lb C 

or, 

ýýPj De2ý 
pi 

c) tr2. br 
[r 

br... 38a) 

wbere De constitutes an overall effective difusivity defined 

by, D 

ee+ PpRT 
pmac 

In relation to the above equations the processes of bulk and 

39) 

Knudsen diffusion differ with respect to the magnitude of the diffusion 

coeffi cient and, to a less extent, the geometric factor 7' 
. For 

bulk diffusion in a binary gas mixture the diffusion coefficient may 

readily be predicted on a basis of modern kinetic theory P0 
1ý 

although experimental values are available for a large number of 

common gas mixture's 
47 It is necessarily independent of the 

size and structure of the gas pores. In contrast Knudsen diffusion, 

which is an essentially slower process, occurs when the pore diameter 

is small relative to the mean free path of the diffusing molecules, 

the nett transport being controlled by collisions between the gas 

molecules and the pore walls. For a porous solid containing long, 

straight pores of circular cross-section the diffusion coefficient is 

given by 4r 
m JýR 

TM D= DI, = --y- m 
a 40) 
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where r denotes the mean pore radius and corresponds, according to 
m 

the simple parallel pore model suggested by Wheeler 
64 

to the 

a cylindrical capillary having the same surface to volume radius Of 

radius as the solid particle, 
2e 

i. e. rP m slop 41) 

It may be noted that the Knudsen diffusion coefficient is 

pressure independent, whereas the normial bulk diffusivity is invetsdly 

proportional to the total pressure of tile gas mixture. 

Various simple theories have been proposed, as described by 

Peterson 
48 for predicting values of the geometric factor, 

Thus for example, Bruggemann suggests a value of e 
0.5 

P 

Under conditLonE involving a relatively narrow pore size distribution 

and when either Knudsen or bulk diffusion is controlling such a 

formula permitsquite reliable estimation of gas pore diffusion rates. 

In relation to industrial adsorbents, hoý-,, ever, cuch conditions do 

not generally apply and the estimation of diffusion rates is subject 

to far greater uncertainty. Thus in addition to containing a wide 

range of pore sizes, the pore size distribution is likely to be 

such as to make the use of a single mean pore radius in equation 40) 

very suspect (see Section 4.2.2). 

2.6.2 The effective solid phase mass transfer coefficient, k 
s 

Rigorous analytical solution of equation 38a) for the complex, 

implicit boundary conditions that apply to an adsorbent granule 

within a pressure swing unit is not practicable. Limiting solutions 

may, however, be obtained by considering an isolated granule subject 

to periodic surface concentration conditions that approximate those 
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actually occuring In the pressure swing system. Two such approx- 

imations will now be considered, each giving rise to a representative 

mean transfer coefficient corresponding to a specified period time. 

Evaluation of k for constant surface flux 

Hausen 
26 

has examined the problem of predicting a mean solid 

phase transfer coefficient in relation to the performance character- 

istics of thermal regenerators. His approach was based on the 

transient diffusion of heat in a solid packing element subject to a 

periodic change in surface temperature defined by a constant heat 

flux condition, the latter corresponding to the assumption of a 

constant longitudinal gas temperature gradient within any one period. 

The solutions obtained were used to express the packing heat transfer 

coefficient in terms of two functions, 0 and F. The resultant 

correlating equations are given below together with definitions of 

0 and F as used by Hausen and as deduced by the author for the 

analogous pressure swing adsorption problem. 

0=0.1-0.00143 F (for F -c-- 20) 42) 

and 0.357 
0 *ý i (3.0 + F) 

Heat transfer 

(for F ;; -" 20) 

Mass transfer 

where, dp2d 

C/- pDeI 

42a) 

k0 DI, 

hdkRT 
pps 
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arid, lip = packing heat transfer 

coefficient 

solid phase mass transfer 

coefficient 

thermal conductivity DM = modified diffusion 

coefficient 

C/Lp = thermal diffusivity effective diffusion 

coefficient 

The assumption of a constant surface flux has been shown 

to be a reasonable representation of the situation prevailing in 

long regenerators (i. e A ý> 2) providing the water equivalent TT 
of the gas passed per unit time is the same for both periods. 

The latter corresponds to a balanced system if equal periods are 

considered, although Hausen suggests that equations 42) and 42a) 

should constitute good approximations even for systems characterised 

by an 'appreciable' degree of unbalance. : Willmott 
67 

has 

recently investigated the effect of non-linearities in regenerator 

systems by comparing the results given using Hausen's formulae in 

conjunction with a 2-D thermal regenerator model analogous to that 

described in Section ý. l. with a 3-D digital computer simulation. 

The results presented are restricted to balanced systeirs, but show 

that Hausen's approach tends to overestimate the efficiency by 

predicting values of hP that are in effect too large. They also 

confirm that the error increases as 
A 

decreases. 
TT 

Evaluation of k- for constant surface concentration 

An alternative basis to that adopted by Hausen is to consider 

the surface concentration (or adsorbate partial pressure) to be 

constant within any one period rather than being defined by a 

constant surface flux condition. Miilst obviously representing 



55 

a considerable oversimplification, it is potentially more compatible 

with the approximate analytical solutions proposed in Section 2.3. 

in which the partial pressure of the adsorbate in the gas present 

at any point in the bed is expressed in terms of a time-mean value 

i. e. pA or p D' 
A soluticn to the problem of transient conduction 

in a finite slab subject to a surface temperature which varies 

between two prescribed limits according to a repeated square wave 

has been described by Carslaw and Jaeger 11 This solution may 

readily be transcribed to spherical co-ordinates and the otherwise 

analogous mass transfer problem represented by equation 39) and an 

external surface boundary condition defined by :- 

Pi=P, ý,, MI -< t --- MI +I 

d 
r= p/ 2' 

P' = PR' mI +I-t --ml + 21 

(wher e in has the values 0,2,4,6, ,.. ) 

The solution for the ultimate periodic equilibrium corresponding to 

m oa , which is independent of the initial condition at m= 

may be written :- 
Co 

pi -p+dp 
(_I)n+l, in 2n11' r ... 43) 

PA - PD rdp 

LJ n 
where ee 

1-en 

and On 4. D 
en 

2 T-r 2 

d2 
P 

The above equaLlun applies specifically to the adsorption period. 
It is however, subject to the assumption that the effective diffusivity, 
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is the same for both adsorption and desorption, this assumption 
e 

being strictly valid only if the diffusion process i3 independent 

of the total pressure (i. e. Knudsen diffusion is controlling) and 

the isotherm slope, C, is the same for both periods. These 

restrictions are, incidentally, al--o involved in -the application 

of the constant surface flux model referred to previously. 

Equation 43) may be integrated to give the mean partiaý 

pressure of the adsorbate over the granule radius, p*. 

P* - PD 6 
PA - PD TT 2n2 

of 

dp /2 
4 

where p* (=Cx) =2 

Defining a solid phase transfer coefficient at any instant 

during the adsorption period, k', by 
s 

k' a It /Op dp*, 
sp 

(PA - P*) *'mc* 

the mean transfer coefficient over a period, ks, is given by :- 

p P* 
kI k'. dt 

10 p ln _A1 ssaMCp P* 0paA2 

where p*, p* represent the mean partial pressures of the adsorbate 12 

in the granule at t=0 and t=I, respectively. 

At t=0, ý (t) e 
'j nI 

Lo III 

. .. 43a) 

44) 

and, at t (t) =I"I 
1 
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Thus, substituting the values of p* and p* given by equation 1.2 

43a) in equation 44t n[ tk) nI 
ksapMaCIIn2 1+e LO n-I ln 

/0 pn 

nF 1 n* L 1+e n 45) 

An identical result is obtained by similar treatment of the desorption 

period. It shows that the solid phase transfer coefficient is 

independent of the partial pressure maintained at the solid surface 

i. e. is independent of longitudinal position. The dimensionless 

group 
E has the same-form as the reduced period time, TT 

, the DrODerties 

of the bed of adsorbent being replaced by -hose of the individual 

particles forming the bed. 

Comparison of the limiting k values 

The values of the effective solid phase mass transfer coefficients 

suggested by the limiting conditions of constant surface flux and 

constant surface concentration (i. e. equations 42), 42a) and 45)) are, 

at first sight, not directly comparable. However, 

6kSapMaCIkSRTdpapM aC 
I -D, 4 

/Op DM R T/Op. * dp 

If it is assumed that 
/0 pRT ýý> ep, from equation 30,, ) 
Mc 

a 
MaC 3) 

m 

R T/O 
p 

and thus, noting that for a spherical particle ap 
6/ 

d 

k RT dTI 
6 -I-P x 2* 

Dmd2 

p 
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!C CW- O/F 

4Dn2 Tf 
2 

e Also, 2 
/F 

p 

Accordingly, both equations 42)/42a) and 45) represent the solid 

phase transfer coefficient, ks, in terms- of a Sherwood modulus 

(i. e. 0) Mich is solely a function of the 'Fick' modulus (i. e. F). 

io PR 
T 

The necessary assuntion of MC >ý-; -e 
p 

(which is numerically 

valid in most practical situations) indicates that the simple analogy 

between heat and mass transfer introduced in suggesting the mass 

transfer forms of Ilausen's equations is not rigorous under the conditions 

of diffusion and adsorption within a porous solid. 

On the above basis a direct, general comparison of the numerical 

values of the coefficients given by the two models may be obtained. 

Such a comparison is shown in Figure 5 in which the predicted values 

of the Sherwood modulus, together with their relative values, are 

represented as functions of the Fick modulus. The comparison snows 

that at low values of F, corresponding to very high period times, the 

ratio approaches a limiting value of essentially 1.5. A similar 

limiting value arises, for example, in comparing heat transfer 

coefficients calculated for uniform heat flux and uniform wall 
63 

temperature for rod-like flow inside tubes At very high 
d2 

values of DpI, outside the range covered bY Figure 5, the ratio 
e 

should approach unity. However, for values of the parameter in 

the range 20 - 10,000, which includes the range covered in the 

present study, the ratio is approximately constant and equal to 

1.7 :ý0.05. It is probable that the true value of the solid phase 

transfer coefficient lies between the limits constituted by the 

constant surface concentration and constant flux conditions. 
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The experimental results obtained in the present investigation 

have been analysed in terms of the lower solid phase transfer coef- 

ficient corresponding to the assumption of constant surface 

concentration within each period. 
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This section of the thesis is devoted exclusively to the basic 

experimental work done on pressure swing adsorption, incorporating 

the erection, comin-issioni-ng and operation of a twin-bed pressure 

swing adsorption unit. However, the performance of any type of 

adsorption process is obvicusly very dependent upon the nature and 

general physical state of the adsorbent used. Accordingly it was 

necessary to evaluate a wide range of properties of the particular 

adsorbents involved in the main project, including their equilibrium 

adsorption characteristics. This work and the results obtained are 

described in Appendix III. 

3.1 EXPERIMENTAL EQUIPNENT 

The scale and general nature of the experimental plant were 

selected to permit the study of pressure swing adsorption under 

conditions that directly represented those applying to a small 

industrial scale unit, thereby facilitating application of the 

results obtained to the design of such units. Accordingly, a 

pair of existing cylindrical pressure vessels nominally 0.15m. 

diameter and designed to hold approximately lm. depth of packing 

were adopted for use as the main adsorbers. On the basis of a 

superficial gas velocity of 0.02 m/sec. (i. e. un 40 ft/min. 1, as 

suggested for example by Hersh 
27, 

these vessels were suitable 

for a maximum total gas flow of the order of 0.01 st. m3 /sec. To 

avoid the cost of providing a compressor to handle such a flow, the 

experimental unit was designed to use part of the output of one of 

the main compressed air plants serving the Chemical Engineering 

building as the inert carrier gas. The compressor involved is a 
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two-stage, 4 cylinder oil free unit supplied by Wlilliams and James 

Ltd. to deliver a maximum of 0.069 st. m3 /sec. at pressures of up 

to 7.8 bar. 

3.1.1 Process flow description 

Referring to the outline process flow diagram, Figure 6, 

compressed air passed first to an air receiver of nominally 1.5 

3 
st. m capacity (item 1) via a 'Norgren' compressed air regulator 

(item R2) and then through a small pressure swing adsorption drier 

(item 2). The latter is a standard '1!. V. 2' twin-tower unit 

supplied by W. C. Holmes Ltd., packed with a total of 12.5 kg. of 

activated alumina, which reduced the moisture content of the 

compressed air from in excess of 3,000 ppm to about 100 ppm. 

Further drying of the air was then achievedin a single tower 

'Oriad 50E' alumina dryer (item 3), again supplied by W. C. Holmes, 

with provision for thermal regeneration of the adsorbent at temper- 

ature s of up to 2000C. It was obviously not possible to reactivate 

this single tower unit without interrupting the compressed air supply 

to the experimental adsorbers. However, its high adsorbent capacity 

(approximately 25 kg. ) together with the relatively low moisture of 

the air leaving the pressure swing drier permitted continuous 

operation for periods of 10-15 days without reactivation. The initial 

compressed air regulator was used to minimise the pressure fluctuations 

associated with the operaýion of the main compressor, which was 

controlled to cut on and off at pressure5of nominally 7.0 and 7.8 bar, 

respectively. The effect of the regulator was to some degree enhanced 

by the buffer vessel although the prime function of the latter was to 
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reduce the effect of the periodic downstream pressure variations 

resulting from the changeover of the experimental adsorbers. To 

assist operation of the adsorption dryers the pressure in the buffer 

vessel and the two drying units was controlled at a pressure of 

approximately 7.0 bar, irrespective of that required for the feed 

to the experimcntal adsorption unit. To allow for initial 

stabilisation of the air drying system and purging of the associated 

pipework during start-up, the compressed air leaving the Oriad dryer 

could be directed to the atmosphere via a by-pass valve, 'rotameter' 

and silencer. The by-pass rotameter covered a flow rnnge of 0.002 

to 0.02 St. M3 /sec. and was used to establish the approximate flow 

required prior to putting the experimental adsorbers on stream. 

The carbon dioxide feed was obtained from a manifold connected 

to a maximum of four standard cylinders, each containing nominally 

23 kg. of liquid carbon dioxide at pressures of up to 60 bar. On 

leaving the manifold the carbon dioxide was vapourised, its pressure 

regulated to 20-25 bar, and its flow measured usl-ng one of two small 

Fischer and Porter 'flowraters' connected in parallel before being 

injected into the compressed air flov, passing to the experimental 

adsorbers. Control of the carbon dioxide flow was simply achieved 

by small needle valves integral with the two flowrators, the regulated 

upstream pressure giving critical 'flow conditions across the valves. 

The pressure of the carbon dioxide-air mixture entering the main 

adsorbers (item 5) was adjusted to the desired operating value by 

means of a second 'Norgren' regulator (item R2), the mixture then Cý 
being diverted to the top of one of the two beds via a 1.9 cm. 

'Trist-Lucifer' two-way solenoid valve (item SVI or SV2). At any 
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one time the air-carbon dioxide mixture passed down through one bed 

and left through a non-return valve (item NR1 or NR2) before its 

pressure was dropped to essentially I bar by means of the main 

control valve (item M). The non-return valves, which were supplied 

by Bells Asbestos Ltd., were a 0.023 m. (1.0 ins. ) flap valve with 

an 'o-ring' seal whilst the main control valve was a diaphragm 

operated 'Hammel-Dahl' plug valve manufactured by J. Blakeborough 

and Sons Ltd. and fitted with a 'No. 1' spline trim (flow coefficient 

0.63). The latter was originally intended for use as an automatic 

pressure control valv. e. Due, however, to the large periodic pressure 

fluctuations observed on changeover this was found to be impracticable 

and it was used throughout as a manually operated flow control valve, 

with the upstream pressure being controlled by the regulator referred 

to previously (i. e. item R2). 

Under most operating conditions part of the low pressure gas flow 

leaving the main control valve, constituting the product stream, was 

vented to the atmosphere via one of two 'Gapmeter' type flow indicators 

arranged in parallel. The latter, manufactured by Platon Controls 

Ltd., enabled flows in the ranges 0.00047 to 0.0047 and 0.0016 to 

0.016 st. m3 /sec. to be measured to an accuracy of approximately 

2.5%, of the full range values. The remainder of the gas leaving the 

main control valve, the revert gas stream, passed through a second 

non-return valve (item NR3 or NR4) to the bottom of the second bed 

and left via a second solenoid valve (item SV3 or SV4) before 

passing through one of three Gapmeters and again being vented to 

atmosphere. The three Capmeters used incorporated two units 

identical to those used for the measurement of the product gas flow 

together with one covering a range of 0.00024 to 0.0024 st. m 
3 /secc. 



66 

r ': a total otE four non-retUrR valves and four su- 'vv By use oi lulio;. d a! 

arranged as shown in Figure 6, operation of the solenoid valves 

being controlled by a 'Duoset' twin electronic timer, the feed gas 

could be passe"' through either of the two beds for a period of Lime 

within the range 30 to 900 secs. whilsL the other was being regenerated 

by the revert gas stream. At the end of the preset period time the 

gas flows were automatically switched and the cycle of operations 

repeated indefinitely. 

The pressures established during the adsorption and desorption 

periods were measured by means of two '4 ins. Budenberg' gauges each 

covering a range of I to 10 bar, one being connected to the feed 

line upstream of the solenoid valves SVl and SV2 whilst the other 

was located in the product/revert line downstream of the main control 

valve. A small pressure gauge was also connected to the space 

immediately above each bed to provide a direct check on the pressures 

indicated by the larger gauges and to assist in general pressure 

testing. 

The general layout of the plant is illustrated by the photographs 

presented in Figures 7,7a and 7b-The majority of the items of equipment, 

including the buffer vessel, the two drying units and most of the'main 

compressed air pipework, were constructed of mild steel. The main 

pipework was 2.5 cm. O. D., thereby ensuring negligible pressure 

drops, although the short sections connecting the changeover valves 

at the top and bottom of the main adsorbers were formed of 1.9 cm. 

(42") N. B. copper tubing. 4 
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FIGURE 7b GElNERNL ARRAN'MaM OF THE EXPERIYEMAL UNIT 

69 



70 

3.1.2 The experimental adsorbers 

As indicated previously, the main experimental adsorber beds 

were not specifically designed for the present project. They were 

originally used in a programme of experimental work on heat transfer 

in packed beds and their design and detailed construction has been 

43 described by jJcDonald The main sections were formed by 

two identical flanged, 5 S. W. G. mild steel cylinders, 0.163 m. O. D., 

with an overall length between flanges of 0.965 m. As may be seen 

from Figure 8, each cylinder was provided with flanged 'top-hat' 

sections at top and bottom fitted with 3.8 cm. (11") N. B. connections 

for the inlet and outlet gas streams. The adsorbent was supported 

by a 30 mesh steel gauze on a 10 S. W. G. perforated plate, the latter 

resting on a cross formed by two 3.8 cm. x 0.48 cm. mild steel 

plates. At the top of the bed a similar arrangement was used to 

retain the bcd, the periphery of both the gauze and the perforated 

plate being clamped between three pairs of triangular lugs. The 

beds were designed to a hydraulic test pressure of 13.5 bar and were 

not lagged. 

Each bed was provided with a total of nine tappings for the C 

insertion of thermocouples and/or gas sample connections, seven 

of which were located at intervals over the main packed section. 

On one of the beds (bed 'A') these tappings are fitted, as illustrated 

in Figure 8, with both gas sample connections and copper-constantin 

thermocouples. 'rhe latter are contained in closed sheaths formed of 

small bore copper tubing, the potentials developed being recorded 

on a 'Kent' Multilec multichannel, millivolt recorder arranged, in 

conjunction with a manual switching device, to permit simultaneous 
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measurement of the temperatures at a series of pairs of adjacent 

points within the bed. The lengths of the thermocouple sheaths 

were initially adjusted so that the temperatures were measured at 

approximately the centre of the bed. 

The second bed (bed 'B') was simply fitted with gas sample 

connections, the sample connections for both beds being formed by 

short lengths of 0.635 cm. (I") N. B. copper tubing fitted with the 4 

female halves of 'I" B. S. P. t snap-on compressed air couplings 

supplied by Pneumatic Controls Ltd. A short length of flexible. 

P. V. C. tubing fitted. with the male halves of one such coupling was 

used to direct the flow of gas from any given sample point to the 

analysis equipment. This system avoided the use of a manifold 

arrangement and the consequent problems associated with the purging 

of 'dead pockets'. 

3.1.3 Carbon dioxide analysis 

Carbon dioxide concentrations were measured by means of a Grubb 

parsons Model SB2 Infra Red Gas Analyser (I. R. G. A. ). Carbon dioxide 

exhibits a particularly high intensity absorption band and infra red 

gas analysis provides a sensitive analytical technique, readily 

adapted for continuous analysis and with a potentially very high 

speed response. The basic principle involved is that of observing 

the difference between the absorption of infra-red radiation in 

a reference tube containing a non-absorbing gas, such as nitrogen, 

and that in a tube through which the gas mixture to be analysed is 

passed. Thus radiation from a nichrome heater is reflected into 

the two tubes, which are arranged in parallel, and thence to a pair 

of enclosed 'absorbi, ng' vessels which are filled with the gas to be 
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detected. A rotating shutter allows light to pass intermittently 

but simultaneously through the two tubes and a heating effect is 

produced in each of the enclosed vessels. The latter are separated 

by a thin metal diaphragm which, in combination with an adjacent 

metal plate, forms an electrical condenser. Any deformation of 

the thin diaphragm resulting from a pressure difference between the 

two receiving vessels causes a variation of this capacity which is 

then amplified electronically. 

The Model SB2 I. R. G. A., as used in. the present project, was a 

three range instrument incorporating three separate sample tubes 

with lengths in the ratios 100: 10: 1 designed to cover carbon 

dioxide concentration ranges of 0 -0.01,0-0.1 and 0-1 % v/v, 

respectively, at the standard sensitivity setting. By stepwise 

reduction of the sensitivity of the amplifier carbon dioxide 

concentrations of up to approximately 8% v/v could be measured 

directly. During normal operation the sample gas was passed 

through one of the three tubes whilst the remainder were simultan- 

eously purged with dry nitrogen, nitrogen being passed through all 

three tubes when setting the zero. 

The output signal from the amplifier was indicated on a built 

in galvonometer with a scale of 0- 50 milliamp. and, prior to first 

using the instrument, it was necessary to establish calibration 

curves for each of the three sample tubes. For this purpose a 

series of carbon dioxide - nitrogen mixtures of known composition 

were produced by continuous mixing of measured flows of the two 

pure gases and directed through the I. R. G. A. The system used, 

which is illustrated in Figure 9, incorporated a Fischer and Porter 

flowrator with a range of 0- 150 st. cm 
3 /sec. for measurement of 
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the nitrogen flow. The relatively small carbon dioxide flows 

involved were measured by means of either a soap film meter or, 

alternatively, a capillary flow meter previously calibrated by 

water displacement. The calibration curves obtained at the standard 

sensitiviLy setting are reproduced in Figure 9a, which also includes 

the factors evaluated to allow for the use of the other sensitivity 

settings available. No significant differences were observed 

between the characteristics of the three different tubes, although 

the accuracy of the calibration method over the lowest concentration 

range (0 to 0.01 % v/v) was very limited. 

The Lnstrument incorporates a simple internal calibration device, 

based on adjusting the sensitivity of the instrument to give a 

specified output signal (the 'wire reading') when a standard obstruction 

is placed in the path of the infra red radiation passing through the 

sample tubes whilst they are being purged with nitrogen. This device 

was used to check the operation of the I. R. G. A. prior to the analysis 

of each series of samples from the plant. However, the basic 

calibration procedure referred to above was also applied at intervals 

of 2-3 weeks to check and, if necessary, correct the wire reading 

for the effects of long term changes in sensitivity associated mainly 

with the slow penetration of absorbing gases from the atmosphere into 

the reference tube. 

Whilst the standard SB2 I. R. G. A. has a time constant of 20 secs. 

ýo FSD, this had been reduced in the particular instrument used to 

the order of 1 sec. at the expense of a decrease in the stability of 

the output signal. Accordingly the speed of response of the 

instrument was basically. controlled by time required to purge the 

sample tubes and associated fittings. The manufacturers recommend 
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a minimum sample flow of four times the volume of the sample tube 

per minute, corresponding to a flow of approximately 7 st. cm 
3 /sec. 

for the largest of the three tubes. The carbon dioxide concentration 

indicated is independent of flow providing that there is no appreciable 

build-up of pressure in the sample tube and a standard saliple flow 

rate of nominally 15 st. cm 
3 /sec. was adopted. This gave a maximum 

overall response time of less than 10 sec. without introducing a 

significant pressure drop even when the smallest tube was being used. 

3.1.4 Water vapour ana&is 

The moisture content of the compressed air stream passing to 

the experimental adsorbers, which became particularly relevant as 

the effect of the presence of water vapour on the adsorption of 

carbon dioxide on the molecular sieve adsorbent was made apparent, 

was measured by means of a 'Thermodew' dewpointmeter manufactured 

by Shaw Moisture Meters Ltd. and a 'Model 179' Beckmann Electrolytic 

Hygrometer. 

The 'Thermodew' incorporates a thermo-electrically cooled mirror, 

the current required for cooling the mirror being switched by light C) 

reflected onto a photocell whenever dew is formed on the mirror 

surface. At equilibrium, when the mirror surface alternates 

between the 'dew' and 'no dew' conditions, the measured temperature 

of the mirror corresponds to the dewpoint of the air passing over 

its surface. The dewpoint is indicated directly on a scale of 

either -60 to -200C or -20 to +200C, although the performance of 

the instrument was found to be suspect over the lower of these two 

ranges. Furthermore the thermoelectric cooling was found to give 
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a minimum mirror temperature of about -25'JC, corresponding to a 

water vapour concentration of 600 ppm, using the recommended 

sample flow of 8 st. cm. 
3 /sec. The response of the instrument, 

generally less than 60 secs. was largely dependent on the purging 

of the sample head and hence on the sample flow rate. High initial 

sample flow rates (up to 160 st. cm 
3 /sec. ) could be used to reduce 

the response time but this further limited the thermo-electric 

cooling capacity and therefore the minimum dewpoint obtainable. 

The 'Beckmann' electrolytic hygrometer involves the use of a 

pair of platinum electrodes embedded in a thin film of partially 

hydrated phosphorous pentoxide. Water vapour in the air passing 

through the instrument is absorbed by the phosphorous pentoxide 

and is dissociated by means of a d. c. voltage applied to the 

platinum electrodes. The current produced by the dissociation 

process, which is directly proportional to the number of water 

molecules dissociated, is read directly on a galvonometer calibrated 

to give the water vapour content for a sample flow of 1.67 cm 
3 /sec. 

at 200C and I bar. Any one of five ranges, covering an overall 

concentration range of 0 to 1,000 p. p. m. v/v, may readily be selected. 

The hygrometer is not suitable for the measurement of moisture contents 

in excess of 1,000 p. p. m. (i. e. a dewpoint of -20 
0Q due to loss of 

the phosphorous pentoxide coating. Also, its response time is large, 

particularly when low level measurements are being made, 30 minutes 

or more being required to reach 90% of the true value. 

No attempt was made to develop an independent, primary calibration 

: the two moisture. analysers used. Regular cross method for either of 

calibration using air containing of the order of 500 p. p. m. water 

vapour was, however, found to be a satisfactory method for checking 
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for any marked losses in sensitivi, ty. Such losses were, in the 

case of the 'Thermodew' , mainly due to the accummulation of dust 

on the mirror surface, whilst the hygrometer was subject to the loss 

of the hygroscopic coating mentioned previously. The latter was 

accelerated by prolonged operation at moisture contents approaching 

the recoimuended upper limit and by accidental exposure to the 

atmosphere, and necessitated occasional reactivation of the electro- 

lytic cell unit. 

The majority of the results obtained in the analysis of samples 

taken from the plant. were based on the use of the Beckmann hygrometer. 

However, even using a freshly reactivated cell, the accuracy of this 

instrument at very low moisture contents was suspect. Thus the 

passage of dry nitrogen through the hygrometer via a silica gel 

dessicant for periods of up to 10-12 hours did not reduce the 

indicated moisture content below 2-3 ppm. The water vapour concen- 

trations quoted for plant samples containing less than 20 ppm may 

therefore be considered conservative. This would also tend to 

result from using the instrument for alternate inlet and product 

gas analysis, the response to upward changes in water vapour 

concentration being very much faster than for downward change. s at 

all levels. 

3.1.5 Gas sampling 

In addition to the series of gas sample points provided in each 

of the two beds, tappings were also provided for the continuous 

sampling of the feed, product or purge gas mixtures. Three separate 

sample lines were used for the latter and an additional line was used 

for all of the samples taken from either of the beds. Each sample 
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line was formed of 0.635 cm. (1, ") H. B. copper tubing and each was 

A terminated by a B. S. P. ' snap-on compressed air coupling. 

short length of P. V. C. hose readily permitted any one of the four 

sample lines to be connected to the I. R. G. A. via the sample flow- 

meter. The latter was a Fischer and Porter 'flowrator' with a 

range of 0 to 32 st. cm 
3 /sec., and was connected in parallel with 

a similar but larger bypass 'flowmeter (range 0 to 150 st. cm 
3 

sec. ) 

To reduce sampling lags the location of the tappings for the feed, 

product and purge gas samples and the positioning of the I. R. G. A. 

were arranged to miniýiise the overall length of the sample lines. 

A total sample gas flow of approximately 50 st. cm 
3 /sec. was maint- 

ained, corresponding to a maximum holdup (in the purge gas sample 

line) of the order of 5 secs. and forming less than 1% of the total 

normal flow to the experimental adsorbers. To permit an essentially 

steady sample flow to be obtained from the beds during consecutive 

adsorption and desorption periods, a pair of small solenoid. valves 

were included in the bed sample line. These valves, which were 

operated in conjunction with the main changeover valves, diverted 

the sample flow through one of two needle valves ad usted at the 

outset to give the appropriate pressure drops. 

The above relates basically to the sampling arrangements for 

carbon dioxide analysis. Sampling of the feed gas stream for 

moisture analysis was achieved via a sample point located immediately 

after the Oriad dryer, a sample point also being provided for occas- 

ional checks on the performance of the "III. V. 2 dryer. Provision for 

sampling the product gas stream was made by the inclusion of a T- 

piece, and appropriate isolating cocks, in the main product sample 

line leading to the I. R. G. A. All the sample lines were again 
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formed of 0.635 cm. N. B. copper tubing. As snap-on couplings 

fusion of water vapour could not be used due to the potential dif. 

from the atmosphere into the samples, screwed copper connections 

and short lengths of small bore 'Teflon' tubing were used to direct 

the sample flow to the analysers. 

3.2 EXPERINENTIýL PROCEDURE 

3.2.1 General operating procedure 

on starting up the experimental plant compressed air was initally 

passed through the air drying section of the plant and then vented to 

atmosphere via the by-pass valve and rotameter at a rate nominally 

equal to the intended feed rate to the experimental adsorbers. The 

moisture content of the air leaving the drying section was monitored 

continuously and the injection of carbon dioxide commenced as the 

desired degree of 'drying out' was approached. When the concentration 

of carbon dioxide in the by-pass stream was at the required level, 

the by-pass valve was closed and tile air-carbon dioxide mixture diverted 

to the experimental adsorbers by simultaneously supplying power to the 

solenoid valves on top of the adsorbers. The feed rate to the adsor- 

bers and inlet pressure were then adjusted to the desired values, the 

revert flow fixed, and the timer for the solenoid valves set to give 

the required period time. The carbon dioxide concentration of the 

feed gas at the inlet to the adsorbers was recorded over all interval 

of about 15 minutes and any necessary adjustments to the carbon 

dioxide flow made. Recording of the product / carbon dioxide 

concentration was then commenced and the run continued with regular 

1. ogging of the following principle operating conditions 
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Adsorption pressure 

Desorption pressure 

Purge gas flow rate 

Period time 

Carbon dioxide flow rate 

Inlet/product moisture content 

Any small degree of 'unbalance', covering discrepancies of up 

to approximately 5% in the values observed from one period to the 

next, were allowed for simply by averaging each pair of values 

obtained. When larger discrepancies were observed, most commonly 

due to imperfect closure of one or more of the changeover valves, 

the run was terminated and the results discounted. 

Under normal conditions each run was continued until equilibrium 

conditions were established, attainment of 'steady state' conditions 

obviously being of fundamental importance in relation to the production 

of reproducible and meaningful results. The general procedure 

adopted was to continuously record the product composition throughout 

the settling down period until it was judged to be essentially 

constant. The mid-period product concentration was then noted and 

the run continued for at least one hour. If no significant 

variation occurred during the time, that is a change in the indicated 

I. R. G. A. reading of less than nominally 1% of the full scale deflec- 

tion, equilibrium conditions were assumed. It may be noted that the 

plant was run continuously, 24 hours per day, for 5 days a week to 

M, inimise the proportion of the total operating time devoted to the 

initial start-up. In consequence it was frequently possible to 

confirm directly the absence of significant changes in the carbon 
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dioxide concentration of the product over periods of 12-16 hours 

cont-Inuous operation. The carbon dioxide mass balances evaluated 

for each run did not, incidentally, provide a satisfactory test for 

equilibrium, particularly when relatively high separation efficiencies 

were involved. 

Having established that equilibrium conditions had been attained, 

the carbon dioxide concentrations present in the inlet, product and 

purge gas streams were measured in turn.. The product and purge gas 

compositions were each recorded over two successive periods, repro- 

ductions of typical concentration-time profiles being included in 

Figure '10. Due to fluctuaLions in the pressure of the compressed 

air entering the buffer vessel, associated with the on-off control 

of the compressor, the air flow to the adsorbers and hence the 

inlet carbon dioxide concentration tended to rise and fall over a 

10 - 15 minute. cycle. The extent of this variation was dependent 

to some degree on the particular operating conditions involved but 

was genera Ily reflected by a maximum deviation from the mean value 

of 5%. To establish the mean value, the carbon dioxide concentr-- 

ation was recorded over an approximate period of time immediately 

before and after the analysis of the samples of the product and 

purge gases. This variation of the inlet concentration did not 

give rise to any corresponding variations in the purge and product 

gas compositions. The cycHc changes in the air flow rate were 

also largely eliminated by the action of the pressure regulator 

upstream of the experimental adsorber.. and by the adsorbers them- 

selves, the flow rates as measured by the purge and product gapmeters 

bei. ag constant to within 1 or 27. over successive periods. 
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The variations in the composition and flow of the gas fed to 0 

the adsorbers due to the operation of the compressor should be dis" 

tinguished from those produced by the pressurisation of the adsorbers 

at the end of each desorption period. In terms of the inlet carbon 

dioxide concentration, the effect of the latter was very sensitive to 

the point at which the carbon dioxide was injected. Thus injection 

of the carbon dioxide immediately before the buffer vessel gave an 

inlet concentration which was essentially constant during any one 

period. However, for the vast majo rity of the experimental runs 

carried out the*flow of carbon dioxide, which was independent of 

the pressure in the plant, was introduced immediately before the 

Oriad dryer as described in Section 3.1.1. This resulted in an 

inlet concentration which, as illustrated in Figure 10, was not 

strictly uniform within each period but avoided the problems encount- 

ered when carbon dioxide was injected before the buffer vessel due 

to the large time lags involved in the establishment of the required 

level of carbon dioxide concentration on start-up etc. 

It way be noted that whilst the inlet concentration variation 

during any one period was markedly dependent on the point of injection, 

this was not significantly reflected in the product and purge gas 

concentration profiles. 

The performance of the experimental adsorbers was basically 

represented in terms of the overall mean inlet carbon dioxide 

concentration and the associated mean purge and product compositions, 

from which either the adsorption or desorption efficiencies (E 
A or 

ED) could be evaluated for each run in accordance with equations 8) 

or 8a). The mean inlet concentration was simply obtained by direct 

visual inspection of the recorder chart. Under many operating 
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conditions, however, the product and more particularly the purge gas 

concentration varied widely during the course of a period and the 

determination of appropriate mean values necessitated the use of 

graphical. integration. The latter was facilitated by the fact 

that the shape of the concentration Drofiles for both the purge and 

product gases, as illustrated in Figure 10, was found tc be essentially 

independent of the operating conditions involved although the range of 

values within any one period varied widely. It was also observed 

that the mid-period concentrations were consistently less than 5% 

higher than the integrated mean values. 

Referring to Figure 10, the recorded output from the I. R. C. A. 

was of doubtful significance during the first 10-20 seconds after 

changeover, reflecting a combination of the lags in the gas sampling 

and analysis system together with any actual changes in the compo- 

sition of the gas mixtuce in the plant. In the absence of hold-up 

effects in the plant itself or delays associated with the gas analysis, 

the concentration - time profiles observed at period times of 120 

seconds and less may be 'idealised' by assuming the concentration to 

be constant during the initial part of the period, as shown by the 

dotted lines incorporated in Figures 10a and 10b. When modified in 

this way the profiles conform to the pattern observed when longer 

period times were involved. Wbilst the integrated mean product 

conpositions, as based on the actual recorded outputs from the I. R. G. A. 

were inevitably greater than those indicated by such modified traces 

the differences were generally small and barely significant. In the 

case of the purge gas composition the differences were at times more 

pronounced, particualarly when the plant was operated at low revert 

ratios, due to the greater effects of hold-up in the experimental 
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adsorbers and the difficulties experienced in maintaining a high 

sample flow rate. Accordi. ngly the adsorption efficiency, E A' 

evaluated using the product rather than the purge gas composition, 

was adopted to represent the performance of plant, use of the mean 

purge composition being essentially restricted to the calculation 

of material balances. 

The hold-up of gas in the free *space present in the experimental 

adsorbersland, more particularly, the difference in the quantity of 

gas held during the adsorption and desorption periods, also resulted 

in finite delays in the establishment of steady flow and pressure 

conditions. The adsorption and desorption pressures were restored 

to their set values within 5- 10 seconds after changeover, although 

the former was subject to small variations (less than ý 2%) consistent 

with the more significant pressure fluctuations in the buffer vessel 

due to the operation of the compressor. The desorption pressure was 

maintained throughout at essentially atmospheric pressure, no signif- 

icant backpressure being observed in any of the experimental runs 

except during the short interval after changeover. Whilst the pressures 

in the adsorber beds were quickly restored after changeover, the indi- 

cated flow rates of the product and purge gas mixtures leaving the unit 

were somewhat slower to reach a steady value. Due to the release of 

pressure on switching from adsorption to desorption an interval of 10 

- 20 secs. was required for the flows to fall to within 5% of the final 

rates. As the flow rates were off scale during the first part of this 

interval the values recorded were simply based on the steady flow 

rates observed in the latter. part of each period. The potential 

discrepancy introduced in this way is reflected by the 'hold-up' 

parameters evaluated for each run as the ratio of the quantity of gas 
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held in the frec space present in the beds of adsorbent and assoc- 

iated pipework to the quantity passed through the beds per period. 

Problems associated with the hold-up of gas in the beds also 

restricted the formulation of precise material balances. However 

the successive pressurisation and depressurisation of the beds 

tended to counterbalance each other in this respect and reproducible 

balances were obtained using'the steady flow rates observed in 

conjunction with the mean product, purge and feed gas compositions. 

Runs exhibiting gross discrepancies in relation to such balances 

(outside the limits +. 7.5% based on the flow of carbon dioxide in 

the inlet air stream) were rejected. 

3.2.2 Range of conditions investigated 

Appart from preliminary runs designed to test the general 

operational characteristics of the experimental equipment, the 

investigation involved three distinct series of runs each 

corresponding to the use of a different bed of adsorbent. The 

initial series were carried out using activated carbon '208 C, 

whilst the second and third series both involved a type 5A zeolytic 

molecular sieve (M. S. T5A), the adsorptive and general physical 

properties of these adsorbents being described in Appendix III. 

In each case the adsorbers were filled to the level of the Upper 

retaining gauze, corresponding to a bed depth of nominally 1 m. 

The general range of conditions investigated, which was essen- 

tially common to the three separate series of runs performed, is 

summarised in the following table. 
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TABLE 2 Range of experimental conditions investigated 

Feedrate 0.15 to 0.95 kg/m 2s 

Revert ratio *0 to 1 

Adsorption pressure I to 6.4 bar 

Period time 30 to 900 s 

Inlet CO 2 concentration 0.1 to 1.5% v/v 

Desorption pressure 1 bar 

Bed depth IM 

Mass of adsorbent per bed 

Activated carbon 208 C 7.5 kg 

Molecular sieve M. S. T5A 11.5 kg 

Inlet air temperature 22 (± 2) C 

* Ratio of the purge to product gas flow rates 

The main operating variables were the period time, the inlet 

gas flowrate and carbon dioxide concentration, the adsorption pressure 

and the revert ratio. However in view of their number, a complete 

investigation of their individual and combined effects was not 

practicable and a high proportion of the experimental work was 

restricted to variation of the adsorption pressure and the revert 

ratio, both of which were found to have a pronounced effect on the 

separation efficiency. The inlet carbon dioxide concentration, 

the feed rate and the period time were observed to be generally less 

important and were therefore subject to less attention. 

To Lry and ensure diar the effect of varying any one parameter 

was not confused with any progressive deterioration of the adsorbent 
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or any other systematic error,. such as might conceivably be introduced 

by failure to establish. equilibrium conditions, the operating cond- 

itions were varied in an essentially random manner. In addition a 

number of arbitrarily selected 'standard' runs were repeated at 

intervals throughout the life of any one pztrticular bed of adsorbent 

to provide a check on the general reproducibility of the experimental 

results. 

one important operating parameter not referred to in Table 2 

is the moisture content of the air fed to the experimental adsorbers, 

the values involved being described in the context of the cverall 

results obtained during the course of each individual series. 

3.3 EXPERIMENTAL RESULTS 

3.3.1 Overall adsorption efficiencies 

Activated carbon 208 CA total of 51 runs (numbered in sequence 

1C to 51C, inclusive) were satisfactorily completed using this adsor- 

bent, involving a total of approximately 450 hours continuous operation. 

The results obtained are summarised in Figures 11 to 13 and Appendi-': 

IV, Table 1, the former illustrating the observed effects of the main 

operating variables on the carbon dioxide adsorption efficiency. As 

may be seen from the tabulated results, attemptsto maintain a constant 

inlet composition of nominally 0.45% v/v for many of the runs were not 

very successful. Fortunately, 'as shown in Figure 13, the adsorption 

efficiency appeared to be largely independent of this variable over 

the-range investigated. 

Throughout this initial series of runs the air entering the 

experinental adsorbers was consistently in the range 50 - 100 pp-, n 
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and little or no change in the separation of carbon dioxide was observed 

due to the accumulation of moisture in the beds, or any other progressive 

deterioration in the activity of the adsorbent. Thus the efficiencies 

of 93.3,93.6 and 91.5% evaluated for runs 13C, 31C and 51C, respectively, 

all carried out under essentially identical conditions, suggest a small 

but barely significant reduction in performance. 

Molecular sieve A- 'wet' 

The activated carbon was replaced by a molecular sieve type 5A 

adsorbent (M. S. T5A) and a further series of runs initiated. After 

several weeks operation with the new adsorbent it became evident, 

however, that the performance of the unit in terms of carbon dioxide 

separation was deteriorating. This was associated with the build up 

of moisture in the beds and samples of adsorbent were taken from 

near the top and bottom of the beds and their water contents estimated 

by drying under vacuum to constant weight-and by use of the 'Karl 

Fischer' method. The techniques used for both sampling and analysis 

were of very limited accuracy but indicated moisture contents of 

the order of 3% w/w at each end of the bed. 

Accordingly the results obtained previously were discarded and 

further runs were performed only after improving the efficiency of 

the air drying system to an extent which enabled water vapour con- 

centrations of consistently less than 15 ppm to be maintained at the 

inlet to the beds. This was basically achieved by raising the 

regencration temperature used for the Oriad dryer (by means of improved 

thermal insulation) and by increasing the M. V. 2, purge gas flow rate. 

Greater care was also taken to avoid the admission of wet air on start- 

up and during shutdown. 
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On the above basis a number of runs were carried out using 'wet' 

beds of molecular sieve adsorbent (runs 44 to 95), the overall results. 

obtained being presented in Figures 14 and 15a and Appendix IV, 

Table 2. During these runs the performance of the beds appeared to 

remain constant in terms of the general consistency and rep'roducibility 

of the derived experimental efficiencies. This is, for example, 

illustrated by the adsorption efficiencies observed for runs 44,47, 

80 and 95 (94.2,94.5,93.9 and 95.4%), runs 50 and 92 (69.9. and 

71.3%) and runs 79 and 93 (91.8 and 90.1%). In attempting to extend 

this series of runs Lo include the use of high inlet gas flow rates, 

however, the drying capacity of the M. V. 2 unit was inadvertently 

exceeded and during the course of runs 96 to 102 the inlet moisture 

content rose from 12 ppm to approximately 1600-1800 ppm. operation 

with this, high inlet moisture content continued up to and including 

run 113, after. which the Oriad dryer was reactivated and the M. V. 2 

unit 'dried out' in a prolonged run at a reduced feed rate (run 114). 

Further runs (115 to 133, inclusive) were then performed under a 

variety of conditions with inlet moisture contents of less than 20 

PPM. The results obtained during the entire sequence of runs 

starting with run 96 are included in Appendix IV, Table 2. Whilst 

they clearly demonstrate the pronounced effect of the presence of 

water vapour on the separation of carbon dioxide, as illustrated in 

Figure 15b, they are otherwise of limited value due to the unknown 

and varying moisture content of the adsorbent. However, as may be 

seen from Figure 15b, tile condition of the beds was apparently 

constant after run 114 and the results obtained subsequently may be 

used to demonstrate the general effects of the inlet carbon dioxide 
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concentration and the feed rate. The latter are represented in 

Figure 16, which also shows the effect of the change in t: he condition 

of the beds during runs 96 to 114 on the efficiencies observed at a 

series of different revert ratios. It may be noted that attempts 

to correlate and analyse the results obtained using the 'wet' 

molecular sieve adsorbent (see Section 4.3) were essentially restricted 

to those given by runs 44 to 95. These particular runs involved a 

total operating time of 470 hours, as compared with 320 and 400 hours 

for runs 1 to 44 and 96 to 133, respectively. 

Molecular Sieve-5A - 'dry' 

In order to observe the performance of the molecular sieve adsor- 

bent in the absence of the adverse effects associated with the presence 

of water, the 'wet' molecular sieve was replaced by fresh beds of the 

same material. The adsorbent was quickly transferred from the air- 

tight containers in Vaich it was supplied by the manufacturers to the 

adsorbers, the beds being immediately sealed and then purged with dry 

nitrogen via temporary connections to the sample points at the top and 

bottom of each bed to avoid uptake of moisture from the atmosphere. 

Similar precautions were taken on 'topping up' the beds after the short 

period of operation used to consolidate the packing and samples of the 

adsorbent taken at this stage indicated the presence of less than 0.1% 

moisture. 

A total of 65 runs (150 to 216, inclusive) were carried out using 

the 'dry' molecular sieve beds, corresponding to 930 hours operation. 

The overall results obtained are summarised in Appendix IV, Table 3, 

the effects of the main op(ýrating variables being shown in Figures 

17 to 20a. With the exception of the final run, in which the 

compressed air drying system was deliberately bypassed, all these runs 
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involved inict moisture contents. of not greater than 15 ppm and no 

apparent change in the condition of the beds was observed. Thus 

runs 156,184,201 and 215, all carried out under essentially the 

same conditions, gave adsorption efficiencies of 86.7,85.7,85.8 

and 85.1% respectively. In contrast during the final run (see 

Appendix IV, Table 5), which also involved the same operating con- 

ditions apart from the moisture content of the inlet air, the 

efficiency was observed to fall progressively to 54.8% after 302 

hours operation. 

It may be noted that the tabulated results for both the 'wet' 

and the 'dry' molecular sieve include the moisture contents of the 

inlet and product gas streams. However in the absence of corresp- 

onding data for the purge gas, which would have enabled a component 

mass balance to be evaluated, these values do not give any measure 

of the rate of accumulation of moisture in the beds. 

3.2.4 Longitudinal temperature and concentration variations 

As described in Section 3.1.2., provision was made for the 

measurement of the carbon dioxide concentration of the gas stream 

at various points along the lengths of the beds of adsorbent. As 

only a single gas sample could be analysed at any one time the 

procedure was rather protracted and the analysis of the gas from any 

given sample point was, in principle, subject to possible disturbances 

introduced by the sampling of the previous point. Thus having 

established equilibrium conditions and measured the purge, product and 

mean feed compositions the I. R. C. A. was connected to the top sample 

point on one of the two beds (normally bed 'A') and a sample passed 
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continuously through the I. R. G. A. over two. or more successive 

adsorption-desorption periods. This was then repeated for each 

sample point along the length of the bed. Allowing for the time 

involved in changing from one sample point to the next, including 

-ments to the I. R. G. A., at least one hour was any necessary adjust 

required to obtain a complete set of concentration profiles when the 

'standard' 120 second period time was involved. A comparison of 

the product concentration observed after taking the final sample with 

that recorded at the outset was used to demonstrate that no significant 

change in performance had occurred due to the sampling procedure. A 

check was also made to ensure that the values of the main operating 4D 

variables, including the mean feed concentration, had remained 

essentially constant. 

Longitudinal concentration profiles, incorporating the local 

variation in concentration within a period, were obtained in this way 

for a limited number of the runs performed. Typical results are 

presented in detail in Appendix IV, Tables 6a - 6k, in the form of 

the partial pressures of carbon dioxide at points along the length of 

the bed and time intervals of 0,1/4,1/2,31/4 and I where I denotes 

the relevant period time. The values used to represent the carbon 

dioxide partial pressure at the start of any one period are of limited 

significance, being based on the idealised versions of the recorded 

output from the I. R. G. A. referred to previously. Because of diffi- 

culties experienced due to the tendency for the gas sample tappings 

to become blocked by adsorbent particles, which were particularly 

acute in the case of the activated carbon beds, consistent results 

were only obtained for the beds of molecular sieve adsorbent. Typical 
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profiles measured for both the 'wet' and 'dry' M. S. T. S. A. (runs 68 

and 201) are presented in graphical form in Figures 21 and 22. 

The latter represent the carbor. dioxide partial pressure primarily 

as a function of longitudinal position, the partial pressure-time 

variations observed at the inlet, outlet and centre of the bed being 

illustrated in Figures 21a and 22a. Although not obtained under 

comparable operating conditions, these particular runs both involved 

essentially the same level of efficiency. The longitudinal partial 

pressure profiles observed at mid-period are also reproduced for 

selected runs involving the 'dry' M. S. T. S. A. adsorbent in Figures 

23,24 and 25 to give a direct indication of the effects of different 

operating conditions. 

In addition to the concentration of carbon dioxide present in 

the gas stream at different points along the length of the beds 

measurements were also made of the corresponding 'gas' temperatures$ 

although the actual values observed represent in principle some 

temperature lying between that of the bulk gas stream and the surface 

of the adsorbent. granules. This was in practice reflected by the 

small but significant variations (of the order of 10C or less) 

observed in the temperatures recorded at a particular point in the bed 

over successive cycles and which were attributed to movement of the 

adsorbent granules surrounding the tip of the thermocouple on change- 

over. Similarly whilst smooth profiles were consistently recorded 

for the temperature-time variations within any one period, the longi- 

tudinal profiles frequently contained obvious irregularities when 

assessed in terms of the potential accuracy of the thermocouples used 

(within the range :ý0.20C). Early attempts to ensure that the EIT 

generated was solely dependent on the bulk gas temperature, includin 
.09 
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the use of small perforated enclosures to cover the tips of the 

thermocouples, were not successful. However the main objective 

of the measurements was to establish the extent of. any gross 

deviations from isothermal operation and in this respect the 

imp recise nature of the values obtained to represent the gas 

temperature does not destroy their significance. Temperature 

profiles were not measured for all of the runs performed but values 

were obtained for those runs for which gas samples were taken from 

the bed for carbon dioxide analysis and are tabulated with the results 

given by the latter in Appendix IV. The gas temperatures observed 

during runs 68 and 201 are also reproduced in full in Figures 21,21a 

and 22,22a for direct comparison with the corresponding carbon dioxide 

partial pressure variations. The general effects of different operating 

conditions on the deviations from isothermal behaviour is summarised 

for a large number of the runs performed using the 'dry' M. S. T. S. A. 

adsorbent in Appendix IV, Table 7, which represents the mid-period 

temperatures at the top, cen . tre and bottom of the bed for both adsorption 

and desorption. 

I 
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4. DISCUSSION AND ANALYSIS OF RESULTS 

The results obtained from the present work fall into two distinct 

categories, namely those produced directly as experimental data and 

those obtained in attempting to relate the observed performance to 

the general theoretical analysis proposed in Section 2. Accordingly, 

this section contains a discussion of the basic experimental data 

followed by an examination of factors involved in their analysis and, 

finally, a discussion of the resultant comparison of predicted and 

experimental performance. 

4.1 BASIC EXPERINENTAL DATA 

The main experimental results obtained are those relating to 

the overall degree of carbon dioxide separation as represented by 

the adsorption efficiency, E and the observed effects of the range A' 

of process variables examined. A general discussion of these results 

will be presented initially followed by an examination of the relatively 

limited data obtained by measurement of the longitudinal temperature 

and carbon dioxide concentration variations. 

4.1.1 Adsorption efficiency 

A brief examination of the results predicted in Section 2.5 on 

the basis of the proposed model for pressure swing adsorption indicates 

that the adsorption efficiency would be expected to increase as the 

reduced period, 
TT 

, is decreased and as the reduced length, A 
, and 

the degree of balance, ce- , are increased. Referring to the basic 

definitions of these parameters, it would therefore be anticipated 

that the efficiency would be increased by reducing the perin-d tim-p 

thegas feed rate and the adsorption isotherm slope and by increasing 
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the adsorption pressure and the revert ratio. In principle, on the 

assumed basis of a linear equilibrium isotherm, the efficiency should 

be independent of the concentration of carbon dioxide in the feed. 

Effect of revert ratio and adsorption pressure The experimentally 

observed effects of these variables, which effectively control the 

degree of unbalance, Cy-, were similar for all three beds of adsorbent 

investigated and exhibited the expected general trends. Thus, as 

illustrated in Figures 11,14 and 17 the adsorption efficiency was 

found to increase markedly as both the revert ratio and the adsorption 

press ure were increased over the ranges investigated. For industrial 

application a low revert ratio, preferably less than 0.3, is obviously 

desirable. At such values the adsorption efficiency of the unit 

studied was relatively low but increased almost linearly as the 

adsorption pressure was increased with no apparent, tendency to 'level- 

off'. For the higher pressures used (5.1 and 6.4 bar) the efficiency 

was particularly sensitive to revert ratio over the range 0 to approx- 

imately 0.5, increasing the revert ratio above 0.5 producing relatively. 

little improvement. As pointed out by Skarstrom 
52 

material balance 

considerations necessitate a'minimum' revert ratio for complete 

'separation equal to the ratio of the desorption to adsorption pressures. 

However, Skarstrom also suggested that no separation would be obtained 

at revert ratios less than this minimum and that a complete separation 

would be eventually observed for all values greater than the minimum. 

This was not confirmed by the present study, the adsorption efficiency 

being essentially a continuous function of revert ratio. 

Under all conditions it was found that small but significant 

separations were obtained at zero revert ratio, particularly when 

using the activated carbon. These separations may be attributed 
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to the 'internal' revert flow associated with the hold-up of gas in 

the void-space within the beds. The magnitude of the effect observed 

fcr activated carbon relative to that for', M. S. T5A may be associated 

with the difference in the nature of the respective isotherms, the iso- 

therm for M. S. T5A being more 'favourable' for adsorption at low 

partial pressures and hence less favourable for desorption. 

Effect of feed concentration As may be seen from Figures 13, 

16 and 19 the effect of varying the feed concentration was also very 

similar for each of the three beds. In each case the adsorption 

efficiency appeared to be largely independent of the concentration of 

carbon dioxide in the feed. This observation was not anticipated, 

particularly in association with the markedly non-linear equilibrium 

isotherm characteristics of the M. S. T5A adsorbent, but must be 

related to the fact that the ranges of concentration examined and, 

more particularly, the maximum feed concentration used, were relatively 

small. 

Effect of period time In contrast to the effects of revert ratio, 

adsorption pressure and feed concentration, the observed effects of 

both period time and feed rate on the adsorption efficiency varied in 

accordance with the nature of the adsorbent. Thus for both the 

activated carbon 208C and the M. S. T5A 'dry' experiments, increasing 

the period time produced only a small and barely significant drop in 

efficiency, whereas for the M. S. T5A 'wet' the efficiency fell markedly 

(see Figures 13,18 and 15a, respectively). In general terms this 

would appear to indicate that the adsorptive capacity of the 208C 

and 'dry' M. S. T5A beds were both adequate, relative to the amounts 

of carbon dioxide passed per period, over the entire range of period 
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times investigated. Only at low period times was this the case in 

relation to the 'wet' M. S. T5A beds due to the adverse effect of 

the presence of moisture on the adsorptive capacityý for carbon 

dioxide. 

Effect of feed rate In relation to the effect of feed rate on 

adsorption efficiency, the 208C and the 'wet' M. S. T5A beds both 

exhibited the expected trends. Thus, as shown in Figures 12 and 16, 

the efficiency decreased provressivly as the flow was increased. 

However, for the 'dry' M. S. T5A the efficiencies observed at a flow 

of 0.55 kg/m 2s 
were consistently higher than those for flows of 

both 0.39 and 0.9 kg/m 2 
s, although the magnitude of the effect was 

small. There is no obvious explanation for this apparent anomally, 

although an analogous effect was observed in recent studies of thermal 

regenerator performance by Dermott 
16 

and Bretherton 
8 

which was 

attributed to hold-up in the void space. 

Effect of the presence of moisture in the feed gas The invest- 

igation of the effects of the operating variables referred to above 

formed one of the major original objectives of the present study. 

The potential importance of the moisture content of the feed gas as 

an operating variable was however initially underestimated, it being 

assumed that the presence of moisture would not interfere significantly 

with the adosrption of the carbon dioxide providing that its concen- 

tration level in the feed gas was substantially less than that of the 

carbon dioxide. This was essentially confirmed in relation to the 

activated carbon adsorbent, feed gas moisture contents of the order 

to 100-200 ppm (as compared-with 'normal' carbon dioxide concentration 

of approximately 4,500 ppm) having no apparent effect. . 
In the case 



119 

of M. S. T5A this was not found to. be the case, it being observed 

that the above level of moisture content resulted in a slow but 

distinct deterioration in the carbon dioxide separation efficiency 

due to presumably a progressive accumulation of moisture in the beds. 

As illustrated in Figure 15b, the effect appeared to be essentially 

reversible, prolonged operation of the bed with a 'dry' feed gas 

(<20 ppm moisture) following a period of operation with a very wet 

feed (ieC. 2000 pPm) tending to restore the original level of carbon 

dioxide separation. In carrying out the series of runs with 'dry' 

M. S. T5A the feed moisture was maintained at <20 ppm and no apparent 

interaction With the adsorption of carbon dioxide was observed. 

However, the results presented in Figure 20a, which were obtained 

at the conclusion of this series after deliberately increasing the 

E tbe-feed, confirm a pronounced detrimental effect moisture content ot 

of the presence of moisture on the adsorption of carbon dioxide. 

It may be noted that the data incorporated in Figurc 20a gives no 

indication of the rate of loss in efficiency decreasing as operation 

with the wet feed gas was continued. 

The marked difference observed between the. sensitivity of the 

208C and M. S. T5A adsorbents in the presence of moisture in the feed 

gas is in line with observations made by Major et al 
39 

on tests 

involving various activated carbon and molecular sieve adsorbents in 

which the adsorption of carbon dioxide from*air was studied in fixed 

beds subject to repeated vacuum reactivation. The rapid deterioration 

in the performance of the molecular sieve adsorbents due to the absence 

of thermal reactivation, which was subsequently confirmed by the 

investigations of Fukanaga 
21 

may be directly attributed to the 

particularly strong preferential affinity shown by molecular sieve 
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adsorbents for water vapour. From a practical viewpoint, pressure 

swing adsorption using molecular sieve adsorbents does not appear 

to be iii practicable process for the purification of. gas mixtures 

that are not essentially dry. 

Effect of the nature of the adsorbent A direct coaarison of 

the separation efficiencies obtained with the three different beds of 

adsorbent investigated is given in Figure 20b. The latter, which is 

in part based on interpolated data, compares the adsorption efficiencies 

obseýved at an adsorption pressure of 5.1 bar as a function of revert 

ratio. It emphasises the general conclusions referred to previously 

in relation to the effect of the presence of moisture on the performance 

obtained using M. S. T5A. It also indicates that whilst the 208C 

activated carbon was substantially inferior to the 'dry' M. S. T5A under 

conditions corresponding a high degree of separation, it possessed 

very similar performance characteristics to those of the 'wet' 

M. S. T5A. As activated carbons are essentially very much cheaper 

adsorbents than molecular sieves, they may be preferred for carbon 

dioxide adsorption in pressure swing systems even when a dry feed gas 

is involved. From an industrial viewpoint it may be noted that the 

general levels of separation obtained with all three beds of adsorbent 

were low under economically acceptable revert ratio conditions. 

Higher efficiencies could presumably be obtained by the use of longer 

beds and a higher adsorption - desorption pressure ratio, although 

experimental data were not obtained to confirm thi s supposition. 

4.1.2 Gas concentration and temperature variations 

Carbon diox4de partial pressure variations The long4tudi. nal 

carbon dioxide partial pressure profiles included in Figures 21 

to 25 show that the variation in carbon dioxide concentration was 
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generally smooth and progessive, showing no basic resemblence to 

the 'break through' patterns observed in thermally regenerated 

fixed bed adsorption systems. This is illustrated in Figures 

21 and 22, which represent profiles for the 'wet' and 'dry' 

M. S. T5A-beds, respectively, at intervals throughout the adsorption 

and desorption periods under conditions corresponding to similar 

separation efficiences. For the dry adsorbent the variations in 

carbon dioxide partial pressure with position (Figure 22) and 

with time (Figure 22a) are almost linear. Furthermore the range 

of variation at any point within the bed is relatively small. 

For the wet adsorbent both the degree of non-linearity and the 

variation within a period are more pronounced. The former may 

be attributed to the higher degree of unbalance involved in the 

run using wet adsorbent (ie 06= 2.55 as compared with 1.77) together 

with the fact that the distribution of adsorbed water would not be 

expected to be uniform, being higher near the top of the beds and 

thereby giving a reduced rate of carbon dioxide adsorption. The 

wider range of partial pressure variation within the period may be 

directly associated with general reduction in the adsorptive capacity 

of the M. S. T5A caused by presence of adsorbed moisture. 

As illustrated in Figures 21a and 22a, the difference between 

mid-period carbon dioxide partial pressure and the integrated time 

mean value was generally small. Accordingly, the mid-period 

profiles reproduced in Figures 23,24 and 25, closely reflect the 

corresponding mean longitudinal variations. These profiles all 

relate to the 'dry' M. S. T5A adsorbent and a2ain show tho srnnooth 

progressive pattern noted previously. The actual shapes of the 
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longitudinal partial pressure profiles were in general found to be 

very much dependent on the level of separation involved and hence 

the operating conditions, particularly as reflected by the parameter 

Ot'. Thus referring, for example, to Figure 23, a high adsorption 

efficiency, corresponding to CIL = 5.1, gave high concentration 

gradients at the top of the beds and very small gradients at the 

bottom. As the longitudinal gas concentration gradient is directly 

proportional.. to the rate of mass transfer at a given point in the 

bed, this simply indicates that the mass transfer driving force 

decreased markedly from the top to the bottom of the beds. This is 

not in any way surprising since at low absolute partial pressure 

levels the corresponding partial pressure driving forces must neces- 

sarily be small. Conversely at lower values of C, /-, as shown in 

Figures 22a and 23, the rate-of transfer increased from top to 

bottom although the extent of the variation was far less pronounced. 

This increase is superficially incompatible with the fact that for 

all values of OL the overall mean partial pressure difference, 

PA - PD' was greatest at the top of beds and most probably arises as 

a result of the non-linear equilibrium relationship involved, the 

effective solid phase transfer coefficient (which controls the overall 

transfer process) increasing as the concentration level and hence the 

isotherm slope decreases. 

The general form of the longitudinal partial pressure profiles 

observed for the 'dry' M. S. T5A at values of oe- approaching unityis 

also illustrated in Figures 24 and 25, in which the effects of different 

adsorption pressures and different feed concentrations, respectively, 

are presented. They are again characterised by the rate of transfer 

increasing from the top of the beds to the bottom despite a perceptible 
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decrease in the overall partial pressure difference. ' In addition 

they demonstrate the pronounced effect of the total adsorption pressure 

on the rate of transfer at all points in the bed and the relatively 

small effect of feed concentration. 

Temperature variations In addition to the carbon dioxide partial 

pressure variations, Figures 21 to 25, also include the corresponding 

'bed' temperature varlations. For reasons outlined in Section 3.2.4 

together with potentially large effects ari sing from the transfer of 

heat to and from the walls of the bed enclosures and the associated. 

pipework, these temperature variations are of limited significance. 

However, in general terms they indicate that the temperatures at all 

points in the bed were consistently greater during adsorption than 

desorption, the extent of the difference increasing as the degree of 

separation was increased as illustrated, for example, by the longitud- 

inal mid-period profiles reproduced in Figure 24. For runs involving 

the 'dry' M. S. T. 5A the longitudinal variations were small, suggesting 

that the bulk of the heat liberated on adsorption was mainly stored 

within the adsorbent particles and subsequently used to provide the 

heat required for desorption. Under such circum tances the process 

may be closely represented as isothermal. However, as may be seen 

from Figure 23, at large values of the parameter a4. the longitudinal 

temperature variations ware far more marked and extremes of temperature 

of the order of 10-12C above and below ambient were observed for the 

adsorption and desorption periods, respectively. In the case of the 

'wet' M. S. T5A beds the differences between the adsorption and desorption 

temperatures were, as-illustrated in Figure 21, less pronounced and 

deviations from ambient temperature were concentrated more in the 
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extreme bottom sections of the beds. The former may in part be 

attributed to the higher revert flows necessary to give the same 

degree of separation using the 'wet' adsorbent, whilst the latter 

may possibly be associated with a higher level of adsorbed moisture 

in the upper parts of the beds. 

4.2 ANALYSIS OF THE EXPERINENTAL DATA 

Equation 23) provides a direct relationship between the 

adsorption efficiency, EA, and the four dimensionless parameters, 

TTA' TT, AA andA,, which reflect the physical condition of the 
11 - 

pressure swing system. Accordingly it supplies, subject to the 

assumptions made in establishing the basic model and the simplifications 

involved'in solving the model, a basis for the correlation and analysis 

of the experimental results. In practic e the application of equation 

23) is also subject to problems involved in ascribing values to the 

above dimensionless parameters. These problems are primarily assoc- 

iated with the evaluation of the mean equilibrium isotherm slope, C, 

and the overall effective mass transfer coeffic ient, K9. 

4.2.1 The mean adsorption isotherm slope 

The basic model described in Section 2.1 incorporates the assumption 

of a linear isotherm. Reference to the experimental isotherm data for 

the adsorption of pure carbon dioxide presented in Appendix III indicates 

that this is essentially valid for activated carbon 208C over the partial 

pressure range involved in the pressure swing experinients. However this 

is not the case for the M,. S. T5A and introduces the need to select an 

appropriate basis for the evaluation of. an effective mean isotherm slope. 

The basis finally adopted involved calculation of the arithmetic average 

of the mean carbon dioxide partiaf pressures for adsorption and desorption 
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at the top and bottom of the beds. The corresponding isotherm slopes 

were then obtained from the experimental adsorption equilibrium data 

and an arithmetic average again used to give the overall mean value. 

This procedure may be shown to represent a logical basis for estimation 

of the effective isotherm --lope at a given longitudinal position in 

the system, the potential error being directly dependent on the degree 

of curvature of the isotherm over the interval pD to PA' The use of 

an arithmetic mean of the effective slopes evaluated in this way at 

the top and bottom of the beds was found to give overall mean values 

that were less than 10% lower than integrated mean values for a 

series of runs covering a wide range of carbon dioxide partial pressure 

values. 

Attempts to reduce the potential source of error represented by 

the above procedure were not considered justifiable in view of (i) 

the uncertainties involved in the extrapolation of the experimental 

isotherm data to very low partial pressures (see Appendix III), 

(ii) the deviations from isothermal behaviour observed in operating 

the pressure swing unit (a constant temperature of 20 0C was assumed 

in analysing the experimental data), and (iii) the further complications 

introduced in relation to the potential effects of the co-adsorption of 

air and water vapour (which are discussed separately in Sections 4.3.3. 

and 4.3-4). 

4.2.2 The overall effective mass transfer coefficient 

The proposed model for pressitire . swing adsorption relies on the use 

of an overall coefficient to represent the combined external gas film 

and solid phase transfer resistances. On the bas-; 
-- of the 

detailed in Section 2.6.2, numerical evaluation of the latter depends 

primarily on provision of appropriate values of the modified solid 
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phase diffusion coefficient, Dm. 

The external gas film coefficient, k 
ý-g 

A large number of corre- 

lations have been proposed for the prediction of heat and mass transfer 

coefficients between flowing fluids and stationary beds of solid 

parti-cles. 1.4ith specific reference to mass transfer coe"ficients, 

Karabelas et a, 
32 have recently investigated the use of assymtotic 

relationships for correlation purposes and list 24 previous studies. 

A comparison of the correlations proposed by 8 of these, selected as 

covering the values of Schmidt and Reynolds numbers relevant to the 

present work, is presented inFigure 26, There is no logical basis 

for assuming that any-one of these correlations is uniquely correct. 

However, in the analysis of the experimental results obtained during 

the present investigation it was found that the overall transfer process 

was largely controlled by diffusion in the solid phase, even when the 

lowest probablg! valuesof j suggested by Figure 26 were used. The D 

final selection of a correlating equation was therefore not critical 

and the following simple relationship was adopted 

R-0.5 jD ý 2.3 e 46) 

As may be seen from Figure 26, this corresponds to values j that D 

are approximately midway between those indicated by the various 

individual workers represented. 

Evaluation of the modified diffusion coefficient D The =2-=M 

modified diffusion coefficient for both the M. S. T5A and the activated 

carbon 208C adsorbents were initially evaluated assuming Knudsen 

diffusion to be controlling and applying equations 40) and 41) to 

obtain-the diffusivity, D The geometric f nctor k* 

in accordance with the simple formulae suggested by Bruggemann and . C> 

thus . 
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2.5 8e / RT 

m=e 
-ý- D'=pr 

T k 3Sp m pa... 47) 

(based on the total particle cross-section area). 

Values of Dm obtained using this equation in conjunction with 

the relevant physical properties presented in Appendix III, Table I 

are included in Table 3. 

0 TABLE 3 Modified bulk and Knudsen diffusion coefficient for CO, ) at 20 C 

DMx 10 61 

Adsorbent 
Knudsen Bulk* 

Activated carbon ý08C 0.08 6.7 

Molecular sieve T5A. 0.16 6.2 

*based on carbon dioxide/air at. total pressure 

of 1 bar 47 

The diffusion coefficients presented in this Table clearly suggest 

that Knudsen diffusion is the controlling mechanism for transport 

within the gas pores for both the M. S. T5A and the 208C. This is 

in general terms supported by the analysis of the experimental pore 

size distribution characteristics given in Appendix III, pages 7 

and-8. However, as emphasised in Section 2.6.1, equation 47) 

incorporates a very crude representation of the internal pore 

structure of these particular adsorbents. Furthermore, as discussed 

Q8 49 
recently by Younquist and Ruckenstein, the use of the various 

more sophisticated models which have been proposed for the a priori 
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prediction of diffusion rates in porous solids is. generally not 

justifiable, particularly in relation to transient diffusion in 

porous adsorbents. Accordingl y reference was made to previous 

published experimental studies in order to ascertain the potential 

errors involved in using the modified Knudsen diffusivities given 

in Table 3. 

In the case of molecular sieve adsorbents, characterised generally 

by a bi-disperse pore structure, there is considerable disagreement 

as to the relative importance of the transfer resistance within the 

actual molecular sieve crystals to that associated with the inter- 

"line macropores. Carter and Hussain 12 have presented a crysta. L 

short critical review of the available information and obtained 

experimental data for the system carbon dioxide - helium - molecular 

sieve type 4A indicating a value for DM of approximately 1.45 x 10-6 

m2 Is at 20 0C and a total pressure of 1 bar. Whilst the presence of 

air rather than helium could be expected to significantly reduce this 

value, it clearly indicates an important contribution due to bulk 

diffusion. For activated carbon adsorbants the relevant published 

data are very limited but confirm that the process generally tends 

to be controlled by Knudsen diffusion. Hoogschagen 29, for 

example, describes results obtained by Wicke and Kallenbach on 

the diffusion of carbon dioxide which correspond. to values of D 

in the range 0.03 to 0.09 x 10-6 m2 /S. I 

Accordingly analysis of the experimental data was intially based 

on the assumption of Knudsen diffusion control and the application of 

equation 47) for both''adsorbents. Subsequently the effect of 

increasing the value of D above that predicted by equation 47) was 
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examined in relation to the M. S. T5A results, a value of 1.0 x 10-6 

m2 Is at a pressure of 1 bar being taken and assumed inversely 

proportional to the total pressure. 

' TMI'SFER COEFFICIENTS AND 4.3 CORRELATION OF APPAILVNIT SOLID PHASE 

COMPARISON WITH PREDICTED VALUES 

The prediction of appropriate values of the equilibrium isotherm 

slope and, more particularly, the solid mass transfer coefficient 

are obviously subject to appreciable error. Accordingly the observed 

carbon dioxide separation efficiencies were used to evaluate, in 

conjunction with equation 23), apparent solid phase transfer coef- 

ficients (i. e. k 
sx 

) and the values obtained compared with those 

predicted theoretically (ie k 
sp 

). This not only isolates the effect 

of some of the errors present in the predicted transfer coefficients 

but provides, in principle, a more sensitive test than that represented 

by a direct comparison of predicted and experimental efficiencies. 

Thus re-arranging equation 23) in the form 

coth TTA + cothTTD 

the ratio 
AAp Alob L 

TI AGAMac 

. 
AA 

_11 2 
fcý 

TIA L-a: -J 

ln c4 -EA 
I 

c4(1-E A)] 

,, is independent of the overall 

transfer coefficient K 
gA so that the above equation may be solved for 

TTA and hence K 
gA 

(or Tf 
D and hence K 

gD 
) providing a relationship 

between TTA and TTD is assumed. FI or a solid phase controlled 

transfer process equations 42a) and 45) suggest that TT A/ TTD I 
D MA /D . Accordingly if Knudsendiffusion predominates 
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IT A -'ý TT, 
), whilst for bulk diffusion TT A TTD XP 

D/1"A* Both 

of these alternatives were incorporated in the computer' program used 

to facilitate the calculation of apparent solid phase mass transfer 

coefficients. 

4.3.1 General correlation of apparent transfer coefficients 

The results obtained, based on the assumption of a Knudsen 

diffusion controlled process and absence of effects due to co- 

adsorption of air or water vapour, are given in Appendix V, Tables 

1-3 and Figures 27 - 30. The latter, which show apparent solid 

transfer coefficients calculated from the experimental separation 

efficiencies in the form of the dimensionless parameter 

equivalent to the Sherwood number, indicaLe that the bulk of the expey. i- 

mental data may ýe roughly correlated in this way as a function 

of the parameter C/L This reflects the generally importance of 

this parameter noted qualitatively in discussing the basic experi- 

mental data. In the case of both the activated carbon adsorbent and 

the 'dry' M. S. T5A the effect of 04- is quite marked, as shown in 

Figures 27 and 28 respectively, 0 increasing as the value of (Y- is 

reduced. The spread of data at low values of cýL is large, particularly 

in the case of the dry M. S. T5A. This cannot be attributed to errors 

in the basic experimental data, although the value of 0 is apparently 

very sensitive to &. in the region 0.5 < c/- <1.5. Initially it was 

throught to be associated with the larger range of values of the Fick 

modulus F. dp2 
involved in the 'dry' M. S. T5A runs. As may be 

DeI 
seen from Appendix V, Table 1, the vast majority of the runs using 

208C involved a value of F of 53.5. For the limited data obtained at 

other values the value of 0 appears to be a direct function of F., as 

shoT, m in Figure 27a, 0 increasing as F decreases. For the 'dry' 
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M. S. T5A the spread of data at a given value of oL cannot be correlated 

in terms of F, although it may be ., oted that the general values of F 

are appreciably higher than for the 208C (ranging froin 103 to 1.779). 

The variation appeared in fact to be T,, )ore consistenly dependent on 

the adsorption pressure level involved. 
-Accordingly the molecular 

sieve data-were reprocessed in the basis of assu-ming bull-, diffusion 

in the solid phase to be controlling. The results obtained, as 

represented in Figure 29 show an improved correlation in terms of C4,., 

despite an even more rapid variation of (4 at the lower values of CY-. 

It may be noted in relation to Figure 28 and 29 that they do not 

include the results obtained at a feed rate of 0.29 kg/m, 2s 
which, as 

indicated in Section 4.1.1, corresponds to anomalous levels of 

adsorption efficiency. 

In the case of the 'u-ct' X. S. T5A as may be seen J'xo,, -a Figure 30, 

the values of 0 derived from the experimental efficiencies are also 

dependent on 01., although the trend is appreciably less pronounced. 

As with the 208C there appeared to be, as shown in Figure 30a, a 

significant dependence on the value of F, although the amount of 

pertinent data is also ver-y- limited. Both Figures 30 and 30a are 

based on the assumption of a Knudsen diffusion controlled transport 

process in the molecular sieve, the results obtained on a. basis of 

bulk diffusion givLng similar trends but showing a somewhat smaller 

scatLer when plotted against cý 

The values of 0 represented in Figures 227 30 correspond to 

solid phase mass transfer coefficients, k 
sx, 

in the range 0.02 - 
-4 2. 0.28 x 10 1--9 moles/r., i s Dar as compared with the gas filin coefficients 

determined from equation 46) of 0-. 04 - 0.17 x 1.0--9 kg moles/m 
2s bar. 
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These particular numerical va'LU--Z; relate, directly to the adsorption 

period but similar results were obtained in relation to the desorption 

period. They clearly indicate that tI ie overall mass transfer process 

was controlled throughout by transf cr within the solid phase. 

4.3.2 Comparison of apparent and I)redicted mass transfer co--fficients 

Equation 45), based on the approximation represented by a periodic 

constant surface concentration, provides a neans of predicting solid 

phase transfer coefficients for comparison with the apparent e, -, perimental 

values referred to above. However, since this equation does not 

include the parameter K it is evident that the ratio of k 
sx 

/k 
sp 

obtained in this way must be a Eunction of .. 
d This is illustrated 

in r-igure 31 for the 208C activated carbon, the ratio varying from 

nominally 0.1 to 0.4 over the range of values of cl- studied. Ideally 

of course this ratio should be constant and equal to 1.0. One -inter- 

pretation of the appreciably lower values of the apparent solid phase 

transfer coefficients observed in comparison with those predicted 

theoretically, is that tbe. values of the modified K-nudsen diffusivity 

predicted by equation 47) were of the order of 3 or 4 times too high. 

A similar conclusion may also be drawn in relation to the ldry-' 

M. S. T5A adsorbent since, as shown in Figure 32, the value of k 
sx/k sp 

was again consistently and substantially less than unity in addition 

to being markedly dependent on The values of k 
sx/k obtained 

--6 2 Sp 
by assuizing ýulk diffusion control with DM 1-- 1x1.0 m /sec were 

even smaller than that given by taking Knudsen diýffusion to be control- 

ling. On this basis the ac-sumption of Knudsen diffusion as the pr--d-- 

ominaut rate mechanism seems more appropriate, despite the improved 

correlation of 0- given by considerIng the diffusion coefficient to be 
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inversely proportional to the total pressure. This is also consistent 

with the fact that the value of 0 should theoretically increase as F 

decreases, and that the values of 0 for 208C are consistently greater 

than the values for the 'dry' M. S. T5A only if the latter are based 

on Knudsen diffusion. It may be noted these results. generally confirm 

the assumption of a negligible surface diffusion contribution, silicc 

the latter would otherwise increase the predicted solid phase transfer 

rate. They also suggest that the theoretical prediction of the 

effective solid phase transfer coefficient on tbe assumed basis of 

a constant surface concentration condition (i. e. equation 45) is more 

appropriate than that given by considering a constant surface flux 

(i. e.. equations 42) and 42a))since use of the latter would again 

give rise to a significantly lower ratio of k 
sx/k sp 

The marked dependence of both 0 and k 
sx/k sp 

on the value of C-L 

observed for both the dry M. S. T51A and thc"activated carbon j '108C 'ýs 

not suggested by the theoretical analysis of pressure swing adsorption 

presented in Section 2. Possible reasons for this deficiency are 

as follows : 

1) The parameter c/- represents the degree of unbalance of the 

system and could in principle have a pronounced effect on 

the form of the periodic surface concentration condition 

established at a given position within the bed. As indicated 

previously the apparent values of 0 derived in the present 

work were most sensitive to small variations in cý, at low 

values of this parameter. 

2) also represents the ratio of the hold-up of. gas in the 

beds for the adsorption and desorption periods. As evidence 

was obtained to suggest that hold up was a potentially a 
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7: - important factor, namely the anorolous efficiencics observed 

for the 'dryt M. S. T5A at low flow rates and the finite 

separations obtained at zero revert ratio, the relative 

values of the hold-up for the two periods could introduce 

variations not incorporated in the proposed theoretical 

model. 

3) The parameter aý, is directly dependent on the ratio of the 

adsorption to desorption pressures. Accordingly, an 

increase in adsorption pressure tends to increase the value 

of cl, . The potential effects on the equilibrium isotherm 

relationship associated with the co-adsorption of air would 

also be expected to increase directly with increasing 

adsorption pressure. In addition the forin of the proposed 

analytical equation relating adsorption efficiency to the 

physical characteristics of the system, including C4, is 

altered by the need to incorporate different value. -; of the 

mean isotherm slope for adsorption and desorption (see 

equation 26))if a significant degree of co-adsorption 

occurs. 

4) As indicated in Section 4.1, high values of o(L tend to 

correspond to high efficiencies. Factors not included 

in the model having effects that are directly dependent 

on the lcvA of separation involved may accordingly explain 

the observed importance of cC. Thus, for example, 

deviations from isothermal behaviour were found to becoma 

progressively more marked as the level of efficiency was 

increased. The principle efffect of such deviations would 

again be associated with changes in the value of the e-qui- 
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tial magnitude of which librium isotherm slope, the potent 

may be illustrated by reference to the data presented in 

Appendix III, Tables 3 and 4. As an example, the latter 

indicate that for M. S. T5A at low carbon dioxide partial 

pressures the isotherm slope at 10C is approximately 35% 

less than the value at 20C. 

5) The derived values of 0 and k 
sx/k sp 

are based on the application 

of the simplified anal, 7tical solultion to the proposed model 

forpressure swing adsorption. As indicated in. Section 2.5, 

this gives rise to conservative estimatps of the adsorpti. oa 

efficiency, the error becoming progressively more significant 

as the value of TT is increased above a figure of 0.5. 

According to the values of 
Ff incorporated in Appendix IV, 

Tables 1-3, the majority of the ruris carried out apparently 

satisfied this criteria parLicularly tlh, ose involving the 

MI. S. T5A adsorbent. However, the calculation of apparent 

experirrental transfer coefficients is sensitive to small 

errors in efficiency, particularly at high efficiency levels. 

In view of the general relationsbip between efficiency and 

the parameter o, -' noted above, such errors could in part 

explain the observed dependence of 0 aT)d k 
sx/k sp 

on CL 

4.3.3 Effect of Co-adsorptiOn of A-x'-r 

The general theoretical ana'lysis of pressure swing adsorption 

described in Section 2 was based on the assumption of an essentially 

inert carrier gas. However, isotherms obtained for the adsorDtion 

of nitrogen on activated carbon 208C and M. S. 15A iý-dicated, as 

detailcd in Appendix III,. tbat bota iiiaterials posszss roughly 

equIvalent ad-sorptive capacities foý nitrogen and carbon dioxide 
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when allowance is Rbade for their respective partial pressures in the 

experimental unit. Since the amount adsorbed at equilibrium was 

in each case a small fraction of the adsorbent motiolayer capac. ity 

this did not necessarily infer that the adsorption of nitrogen/air 

would affect the adsorption of carbon dioxide. However, whilst 

there is no directly relevant data in the normal technical literature, 

information. was obtained from Laporte Industries Ltd. which indicated 

that the equilibrium adsorption of carbon dioxide on a type 5A molec- 

ular sive from air-carbon dioxide mixtures at a total pressure of 

6.4 bar and contianing 1.2% carbon dioxide was almost 40% less than 

that indicated by the pure component isotherms. 

Attempts were made to predict the extent to which the adsorption 

of air interfered with that of the carbon dioxide using the nethod 

34 0 
suggested by Kidney and Myers in conjunction with the experimentally 

measured isotherms for pure nitrogen and pure carbon dioxide. Thc-; 

results obtained, which are briefly described in Appendix. III, indicated 

a much larger effect than that suggested by Laporte Industries and were 

apparently incompatible with the results obtained from the pressure 

swing unit. With respect to the latter it was found that the pressure 

swing adsorption theory proposed in Section 2 used in conjunction with 

the predicted co-adsorption data and the experimental adsorption 

efficiency data did not allow effective solid phase mass transfer 

coefficients to be calculated, indicating that the experimental 

efficiencies exceeded the predicted values for all positive values 

of the coefficients. Data based on the operation of the pressure 

swing adsorption unit are also presented in Appendix IIIE which 

again indicate that the method of Kidney and Myers considerably 

overestimates the effect of co-adsorption in the systems under 
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investigation. 

In. relation to the v. nriou. c. atterlptn made to allow- for co-adsorption 

in the analysis of the results from the pressure swing adsorption unit 

it may be noted that the potential increase in the slope of adsorption 

isotherm is not in itself very significant. Thus, as mentioned 

previously, the apparent values of Lhe reduced period, 11 
, are such 

that even doubling the isotherm slope does not have any appreciable 

effect on the derived values of ks The significant factor is that 

the effect on. the isotherm slope varies according to the total pressure, 

giving rise to different isotherm slopes for adsorption and desorption. 

It was therefore necessary to apply equation 26), which allows for 

CAC rather than equation 23) to evaluate k from the observed A D' sx 

efficiencies. Preliminary calculations showed, fcr exariple, that 

the values of k obtained from. the data for activated carbon 
sx/k sp 

208C at adsorption pressures in the range 5.1 to -6.4 bar were 

increased by a factor of almost 2 by using a value of C A/C D 
of 1.5. 

Whilst the figure of 1.5 was essentially arbritrary, its use clearly 

moved the value of ksx/k 
sp 

towards the theoretical limit of 1.0 

although the general influence of the parameter vL was not. signiiicantly 

affected. Direct experiwental measurement to give a precise indication 

of the effect of the co-adsorptior. of air on the carbon dioxide isotherm, 

which is considered to be outside the range of the present study, is 

obviousiv desirable and is being carried out as part of a separate 

project. 

In the case of the M. S. T. 5A adsorbent it was found that the 

pronounced non-linearity of the basic isotherm gave rise to severe 

difficulties in relation to the evaluation of an appropriate mean 
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isotherm slope. Thus in attempting to assess the. general offect of 

co-adsorption via the application of equation 26) in conjunction with 

the tentative equilibrium charactcrisitcs outlined in Appendix ITI, 

it was found that the results obtained using separate isotherins fo-. 

the adsorption and desorption processes were very sensitive to the 

basis adopted for evaluating the mean isothenn slopes. 

4.3.4 Effect of Co-adsorption of Water Vapour 

The results obtained in the present study clearly demonstrate 

thie, pronounced effect of the presence of water vapour on the adsorption 

of carbon dioxide on the M. S. T5A adsorbent. The strong affinity shown 

by all types of molecular sieve adsorbent for water vapour results, acs 

clearly demonstrated by Delibsso and Winnick 
15 in the water vapour 

effectively poisoning the adsorbent when non-therwally regenerated 

systems are involved. In this respect the co-adsorption of water 

differs basically from the co--adsorption of air. Thus, in contrast 

to air, adsorbed water vapour does not tend to be displaced by carbon 

dioxide nor is it readily desorbed simply by contact with gas containing 

a lower water vapour partial pressure. 

In relation to the performance of the pressure swing adsorption 

system under investigation the presence of adsorbed moisture has two 

potential effects : 

(1) Adsorbed water vapour has a marked deleterious effect on 

the equilibrium adsorption capacity of the M. S. T5A for carbon 

dioxide, as demonstrated quantitatively by the isotherm data 

presented in Appendix III, pages 18 - 20. In accordance with Cj 

the above comments on tbe general nature of the adsorption of 

water vapour on molecular sieves It is reasonable to assume that 

the effect on the equilibrium adsorption of carbon dioxide is 
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essentially the same for both adsorption and desorption. 

However, attempts made on tI )is basis to analyse the data 

obtained from the pressure swing unit using 'wet' M-S. T5A 

clearly indicated that the Yeduced equilibiruin adsorption 

capacity was insufficient to account for the lower experi- 

mental efficiencies even when an adsorbed moisture content 

of 5% was assumed. 

(3) If adsorbed water vapour does not tend to be displaced 

by carbon dioxide, the presence of water vapour molecules 

on the internal surface of the adsorbent will increase the 

mean distance from the external surface of the granules to 

which the carbon dioxide molecules must diffuse before being 

adsorbed. Accordingly the presence of adsorbed water 

vapour would be expected to directly reduce the value of 

the effective solid phase mass transfer coefficient for the 

carbon dioxide. Preliminary calculations indicated that 

the magnitude of the effect is potentially large when related 

to the significant reductions in active surface area 

associated with adsorbed moisture concentrations in the range 

1 to 5%. 

4.3.5 Suggested design procedure 

As indicated previously, the use of the effective solid phase 

transfer coefficients predicted by equation 45) in conjunction with 

the relatively simple model proposed for the pressure swing unit 

gives rise to optimistic adsorption efficiencies. In order -o 

use the simplified model for design purposes it is there, "ore 

necessary to use corrected coefficients. It is suggested that such 

coefificients should be evaluated bY using equation 45) to. give k 
I sp 
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and then correcting the value obtained in. accordmice with the general. 

empirical relationship : 

sp 
48) 

where a and b represent constants having values, based on Figures 31 

and 32, which are essentially dependent on the nature of the adsorbent 

involved as indicated below. 

ab 

Activated carbon 208-C 0.08 o. 06 

Molecular sieve M. S. T5A (dry) 0.015 0.13 

Molecular sieve M. S. T5A (wet) 0.11 0.016 

Figure 33 gives a comparison of experimental adsorption effic- 

iencies for all three beds of adsorbent examined with those predicted 

on a. basis of the above procedure. 

Accordingly a design method may be proposed involving tile. 

following principle steps. 

1) Evaluate the parameter F corresponding to the specified 

period time and incorporating the effective solid phase diffusion 

coefficient estimated in accordance with equations 39) and 47). 

i. e F=d2 
p/(D e 

I) 

where DM82.5 
10 p 

RT 
and Dp 

RT 
e 'D MC 

a3S /pp 
a 

42) Obtain the value of ksp using Figure 5 or equation 45). 

WnI 

ln n2 i. e. k 
ý=-!! 

ý-p 

sp apMaCI 
-2 
n -e 

where 0-3n 4Den2 T-T 
2 

d2 
p 
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3) Evaluate c/-,, ( an(! correct the value of I, 
sp 

in accordance with the above empirical relationship and the appropriate 

constants a and b to give ks. 

Use the corrected coefficient, k together with an estimate 

of the gas film mass transfer resistance to evaluate Uha overall trans- 

fer coefficient. Hence obtain numerical values of the reduced length 

and time parameters ) for the proposed unit. ( Jý-A' Jrý D' 
7 

A' 
TT 

Dr 

5) If the value of the reduced time parameters are low (say 

less than unity) apply equation 23) to obtain the predicted adsorption 

e "ficiency. 

i. e. oC (e 

( ce-' e8 -1) 

AA] 
(coth TTA/ 

2+ co th T'T 
1) / 2) where 

[2 
OL . -l 

TFk 

/ 
F'2ý11-il 

ýk 
(if the mean equilibrium isotherm slopes for adsorption and desorption, 

CA and CD, are not assumed to be equal reference should be made to 

equation 26) which takes care of this additional difficulty). 

For higher values of the reduced time parameters equation 23) (or 

equation 26)) may be used to provide an approximate but conservative 

estimate of the efficiency. Alternatively, a more precise estimate 

may be obtained by means of the direct digital computer simulation 

technique described in Section 2.4.2. 

It should, be emphasised that the above procedure relies on the 

applicability of the corrections made to the solid phase transfer 

coefficient in accordance with the simple linear approximation 

represented by equation 48). Due to the highly empirical nature of 
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this equation caution must obviously be exercised in its application 

to systems and operating conditions outside the range covered in thc. 

present investigation. 
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5 CONCLUSION'S 

1) A model has been proposed for predicting the. ýerformance 

of pressure siri. ng adsorption systems. SiLiple analytical equations 

and more precise numerical techniques have been e6tablished to 

represent its solution. The former have been shaý7n to give close 

agreement with the more precise solutions under conditions corres- 

ponding to low values of the reduced period, 
TI 

, such as would 

ts. tend to apply in many industrial pressure swing unit 

2) The proposed theoretical analysis is based on representing 

the diffusion process within the adsorbent particles in terins of a 

mean effective mass transfer coefficient. Methods for estimating 

the value of this coefficient based. on the assumption of a periodic 

constant surface concentration or constant surface flux condition 

are presented. 

3) Results obtained from an experinental study involving the 

separation of carbon dioxide from air using an activated carbon and 

a type 5A molecular sieve have been obtained uhich demonstrate the 

feasibility of the separation and indicate the effects of a number 

of operating variables on the degree of separation. Revert ratio 

and pressure ratio were found to be of particular importance foi- 

the range of conditions studied. 

4) The performance of the molecular sieve adsorbent was found 

to be very sensitive to the presence of MoiSLure in the feed gas and 

the results indicate that pressure S1.7ing adsorption is unlikely to 

be a practicable process for the separation of carbon dioxide from 

wet; feed streams. In contrast the carbon dioxide efficiencies 

observed w-ith activated carbon were unaffected by the presence of 

small anounts (c. 100ppin) of moisture in the feed. 
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The experimental performance dara %, Tcre analysed in. terms 

of tne proposed analytical solution to. givo values of the apparent 

solid pbase mass transfer coefficient. For all of tI ie conditions 

investig. 9ted the overall gas-solid transfer process was found to be 0 

controlled by the solid phase resistance. These apparent solid 

phase transfer coefficient-,; (ks. ) were consistently less than those 

predicted theoretically on a basis of the suggested constant surface 

concentration model (k 
sp 

). The relationship between these two 

values-was found to be primarily dependent on the anature of the 

adsorbent and the value of the parameter &L, which may be physically 

interpreted as the degree of unbalance or the ratio of the adsorption 

to desorption 'hold-ups'. 

6) The observed discrepancies betwean the predicted and 

experimental re-sults may in part be attributed to deviations from 

the basic model such as the presence of gas 'hold-up' effects, 

non-isothermal behaviour and, in the case of the molecular sieve 

adsorbent, a markedly non-linear isotherm. They are also associated 

with errors in the estimation of appropriate solid phase diffusion 

coefficients and the lack of reliable data to permit a quantitative 

allowance to be made for the co-adsorption of air. 

The effects of these various factors are incorporated in the 

following empirical correlations which yield solA. d 

pbase transfer 

coefficients (k 
S) 

to be used in conjunction with. the simplified 

analytical solution. 

Activated carbon 208C ; ks = (0. OF, + 0.06 oZ) k 
sp 

Molecular sieve M. S. T5A 

dry : 

wet : 

s= 1ý0.015 + 0.13 C, -) k 
sp 

k= (0.11 + 0.016 c4) k 
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This investigation has clearly indicated a particular need for 

direct experimental data on both the co-ad. sorption of carbon dioxide 

and air and the effective solid phase diffusion coefficients in the 

relevant industrial adsorbents. Such data are currently being 

obtained in an extension of the present study. 



154 

RE, FE RENCE S 

1 BARRER R. 11. 
Brit. Chem. Eng. 50,267 (1959) 

2 BARRER R. M. 
'The Solid Gas Interface' Ed. Arnold Ltd., 2,597 (1967) 

BARRER It. M. , COUGHLAN B. 
Proc. Conf. on Molecular Sieves, Soc. of Chem. Ind. (1968) 

4 BEDNARSKI R. M. 
U. S. Patent No. 3,498,025 (1970) 

5B IRD G 
Ph. D: Thesis, University of Bradford (1970) 

6 BRADSHAW R. D., MYERS J. E. 
A. I. Ch. E. Journal . 9,590 (1963) 

7 BRECK D. W., EVERSOLE W. G., MILTON R. H., REED T. B., THOKkS T. L. 
J. Am. Chem. Soc. 78,5963 (1956) 

BREMERTON A. 
Ph. D. Thesis, University of Bradford (1970) 

BUTTEPTIELD P., SCHOFIELD J. S., YOUNG P. A. 
J. Iron and Steel Inst. 201,497 (1963) 

10 CAMIEN P. C. 
'Flow of gases through porous media' Academic Press (1950) 

CARSLAW H. S., JAEGER J. C. 
'Conduction of Heat in Solids', Oxford Univ. Press (1947) 

1.2 CARTER J. W., MOSAIN H. 
Trans. I. Ch. E. 50,69 (1972) 

13 CHU J. C., KALIL J., WETTEROTH W. A. 
Chem. Eng. Prog. 49,141 (1.953) 



1.55 

14 DEITZ V. R., CMENTER F. G., MOLD R. G. 
Carbon 1,245 (1964) 

15 DELL'OSSO L., WINNICK J. 
Ind. Eng. Chem. Proc. D. & 8,469 (1969) 

16 DEMOTT T. 
Ph. D. Thesis, University of Bradford (1972) 

JJKY T 17 DOI. ', I'. -, TE D. , U. 
Proc. Conf. on Molecular Sieves, Soc. of Chem. Ind. (1968) 

18 DOSHI K. J., KATIRA C. 11., STEWART ll.. A. 
A. I. C. L. E. Symposium Series 67, no. 117,90 (1971) 

19 ELUAIM R. , SIMONET G. 
Genie Cbimique 103,1890 (1960) 

20 ERGUN S. 
Chem. Eng. Prog. 48,93 (1952) 

C, 

21 YUKUNAGA P., HWANG K. C., DAVIES S. 11., WINNICK J. 
Ind. Eng. Chem. Proc. D. & D. 7,269 (1968) 

22 GREGG S. J. 
'The Surface Chemistry of Solids' Chapman & Hall Ltd. (1.961) 

23 GUERIN DE MONTAGAREUIL P. , DOMINE D. 
Genie Chimique 85, no. 2,37 (1961. ) 

24 GUPTA A. S., THODOS G. 
Chem. Eng. Prog. 9,751 (1963) 

25 HAUSEN II. 
Zeit Angm. T. Matli. Ilech. 3,173 (1929) 

26 HAUSEN 11. 
Ministry of Aviation, TIL/T 5413 (1963) 

27 HERSH C. K. 
'Molecular Sieves'. Reinhold Pub. Co. (1961) 



156 

28 HOBSON M., THODOS G. 
Chem. En,, ),. Prog. 517 (19149) 

29 IIOOGSCHAGEN J. 
Ind. Eng. Chem. 47,906 (1955) 

30 HOUGEN 0. A. 
Ind. Eng. Chem 53,509 (1961) 

31 ROUGEN 0. A., IIARSHALL W. R. 
Chem. Eng. Prog. 43,197 (1947) 

32 KARABELAS A. J., WEGNER J. H., HANR&TTY T. J. 
Chem. Eng. Sci. 26,1581 (1971) 

33 KASAOKI S., NITTA K. 
Kagaku Kogaku 33,1231 (1969) 

34 KIDNEY A. J., MYERS A. L. 
A. I. Ch. E. Journal 12,981. (1966) 

35 KRE ITH F. 
'Principles of Heat Transfer' 2nd Ed., Int. TextbooL Co. (1965) 

36 KLOTZ I. M. 
Chem. Revs. 39,241 (1946) 

37 LAMBERTSON T. J. 
Trans. A. S. M. E. 159,586 (1958) 

38 1APIDUS L. 
'Digital Computation for Chemical Engineers' McGraw-Hill 
Book Co. (1962) 

39 MAJOR C. J., SOLLANTI B. J., KANER ITYER K. 
Ind. Eng.. Cham. Proc. D. & D. 4,328 (1965) 

MANTELL 
'Adsorption' 2 ed., McGraw-Hill Bcok Co. (1951) 



157 

41 MCCT ELLAN A. L., 11MMSBERGER H. F. 
Journal of Colloid and Interface Sci. ''23,577 (1.967) 

42 McCUNE L. K., WILUMM R. H. 
Ind. Eng. Cliel-a. 41,1124 (1949) 

43 McDONALD W. I. 
M. Sc. Tbesis, University of Bradford (1966) 

44 McCREAVY C. , NUS SEY C. , CRE S STATELL D. L. 
I. Ch. E. Symp. Series No. 23 (1967) 

45 14YERS A. L., PRAUSNITZ J. M. 
A. I. Ch. E. Journal 11,121 (1965) 

46 NUSSELT W. 
Zeit Ver. Dtsch. Ing. 72,1052 (1928) 

47 PERRY J. H. (ed. ) 
'Chem. Eng. Handbook', 3rd ed. McGraw-Hill Book Co. (1949) 

48 PETERSON E. E. 
'Chendcal Reaction Analysis' Prentice-Hall (1965) 

49 RUCKENSTEIN E., VAIDYANATHANI A. S., YOUNGQUIST G. R. 
Che-, n. Eiig. Sci. 26,1305 (197). ) 

50 SATTERFIELD C. H., SHERWOOD T. K. 
'The Role of Diffusion in Catalysis' Addison-Wesly Pub. Co. (1963) 

51 SCHUMANN T. E. W. 
J. Franklin Inst. 208,405 (1929) 

52 SKARSTROM C. W. 
U. S. Patent No. 2,944,627 (1960) 

53 SMISEK M., CERNY S. 
tActive Carbon - Manufacture, Properties and Applications' 
Elsevier (1970) 

54 SMITH C. R., MILLS B.., 'HOSKIN A. F. 
Paper presented at I. Ch. E. meeting, Leeds, Ncr!. (1.971) 



158 

55 STEWMIT 11. A., HE CK J. L. 
Cliem. Eng. Prog. 65,78 (1969) 

56 TAMURA T. 
Brit. Patent No. 1,258,417 (1968) 

57 TIPLER W. 
Shell Technical Report No. ICT/14 (1947) 

58 WALITR P. L., SHELEF M. 
Carbon 5,7 (1967) 

59 WASHBURN E. VI. 
. Proc. Nat. Accid. Sci. 7,115 (1921) 

60 WATSON A., IV,, Y J. 0., BUTTERWORTH B. 
Trans. Brit. Ceram. Sac. 56,37 (1957) 

61 WEAVER J. A. , METZINER A*B. 
A. i. Ch. E. Journal 12,655 (1966) 

62 WEBBER D. A. 
The Chemical Engineer Jan., 191 (1972) 

63 WELTYJ. R. , WILSON R. E. , WICKS L. E. 
'Fundamentals of Momentum, Mass and Heat Transfer' 
John Wiley & SonS Tnc. (1969) 

64 ETITEELER A. 
'Advances in Catalysis' 3,250 (1950) 

65 WIJLIUý C. R. , HOUGEN 0. A. 
Trans. A. 1. Ch. E. 39 (1943) 

66 WILUIOTT A. J. 
Int. J. Heat and Mass Transfer 7,1291 (1964) 

67 WILLMOTT A. J. 
Int. J. Heat and Mass Transfer 12,997 (1969) 

68 YOUNCQUIST C. R. 
Ind. Eng. Chem. 62, tio. 8,5"). (1970) 

C) -- 



APPENDIX I: Validity of the logarithmic mean driving force 

MPENDIX II : Numerical solutions of the basic model 

a) Application of the closed, semi-analytical 

solution 

b) Application of the open, direct simulation 

inethod 

c) Stability and convergence characteristics 

APPENDIX III : Adsorbent chazacterisation 

a) General physical properties 

b) Adsorption is6therm measurements 

APPENDIX IV : Tables of basic experimental data 

a) Overall adsorptign efficiencies 

b) Concentration and temperature profiles 

APPENDIX V Tables of calculated results 



AI -- I 

APPENDIX I 

VALIDITY OF TLlEi'LOMRITHMIC klEtli DRUVING FORCE 

(as introduced in the derivation of the approximate analytical solution) 

The derivation of equations 23), 23a) and 26), 26a) incorporate 

the assumption that the effective mean driving force for the general 

case of an unbalanced system may be represented as a logarithmic mean 

of the terminal values (p 
Ai - PDo ) and (PAo - PDi)* 

this assumption may be demonstrated as follows 

At any given point ir. PAiL 

the bed the change in the 

equilibrium partial pressure p 

of the adsorbed component 

during a period is given C3 

by, 

PAo 

PDi 

TOP L BOTTOIM 

P12 - PAL A- "Dý' 

(e 
FA 

(e 
TT D 1) wbere 

(cl A+T D 1) 

and p A-' pD mean partial pressures of the adsorbed component 

in the adsorption and desorption gas streams 

over the period. 

The mass of adsorbate transferred (luring any one period in an 

element of length A and unit cross-sectional area is therefore given 

by, G I. dpD =GA. I. dpA - 
Pb i--). 

dz 
- 

ýi - (PA '_ PD 
p Mk I 

The validity of 

Nov, 
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GA 
(p 

G 
(p p pA Ai - PA p Do - D) 

PA ý PAI - e, (p 
Do - PD) 

Thus con. siderinS for the regencration pcriod and eliminating T)A 

G 
D* 

I. dp Pb ý (p - aL p 
p -- D cm Ai Do 4' PD) *dz 

Da 

Taking C and ý as constants and integrati. ng from z=0, pD ;ý PD, ) 
to 

z L, pD PDi, 

GI 
D In pp Ai Do 'I- PDo L 

/0 b- 

PD (oc -1) (PAJ. PDo + PDj. ( Cc' 
CM 

a 

GDI cm 
a 1. ri PAi - PDo 41 

PB LP D 
(&- -1) 

[pAi. 
- (pDo - PDi) - pDi) 

or, as PAi -p Ao ý4 C>L (p 
Do - PDi) 

c (p D 
A. 

Do PDd ALý Pj(jj 

io b I' I? D (p G 
In 

Ai PDO PAo PDi PAo PDi 

GDI Pb L plm 
- kp -p := 'FD Do Di Cki 

a 

and GAIbL 
--- (T) . -- p 

Pp PIM 
pA- Ai Ao CM 

thereby. deircins t rat ing the applicnbility of a logarithmic m. Lan driving 

force. 
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APPENDIX II 

COHIPUTER SOLUTION OF THE PROPOSED 11,0DEL FOR PRE, SSURE SWING ADSORPTION 

a) Application of the closed, semi-analytical method 

The general procedure described in Section 2.4.1 was adapted 

for digital computer solution via the FORTRO program listed overleaf. 

An outline flow diagram, illustrating the main sequence of calculations, 

is presented in Figure 1. 

The program involves the use of two 1900 series Fortran library 

scientific sub-routines, F4SOLVE and F41lACC. The former gives the 

solution of a set of n simultaneous, linear equations with real coe- 

fficients ( A(I, J), B(J) ) whilst the latter provides values of the 

modified first order Bessel function 11 to a high order of accuracy. 

A list of the min syRols used in the program, incorporating the 

notation employed in Section 2.4.1, is as follows 

TERM 

Reduced length (A, AA' A D) 

Reduced period ( TI, Tj A' 
7 

D) 

Reduced longitudinal position ('p. ) 

NuMer of longitudinal strips 

Strip width 

Nurober of sub-strips 

Sub-strip width 

Sub-strip ordinate 

Mid-ordinate values of pulse function (Aq, A TeT i) 

Mid-ordinate values of reduced solid phase 

concentracions (X 
oi, 

x fi) 

P RO GlUh 
SYMBOL 

RL, RLA, RLD 

RP, PTA, RPD 

Z 

11 

RLSTEP 

ZINC 

ORD (I) 

QMIw (I) 

MWO), XAF(I) 
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MASTER HAUSEN ELLIS 
DIMENSION Q(30), W(30), ORD(30), XAO(30',, XAF(30), B(3Q), A(30,30), REINT 

C (31Y 
READ(l, l) RLA, RLR, RPA, RPR, M 

I 'FORMAT(4F0.0/1 10 
11m=1 0 
N141 
RL=RLA 
PP=RPA 
CALL POLE FUNCTION(MFlyNj-RLvR%P, W) 
VIRITE(2,5) 
W'R ITE (2,4) (J, Q (j) , J=l , N) 
RL=R[-R 
RP=RPR 
CALL POLE FUNCTIONGlM,, NRL, RPrW) 
WRITE(2,6) 
WR ITE (2,4) (J ,W (j) ,J =1 N) 
CALL PETER(A, BrN, W, Q) 
NN=N*N 
NP=N 
I 14=11 
CALL F4SOLVE(A, B, N, fv'N, NB#INtDET, ID, ITtREINI*) 
DETERM=DET*2**! D 
DO 12 J=I, IJ 

12 XAO(J)=B(J) 
DO 13 J=lrN 
XAF(J)=-0. 
DO 13 I=*], J 

13 XAF(J)=XAF(J)-i-Q(Il)*XAO(I) 
IF((-l)**N)80,80,90 

80 XAM=25. *(XAF(l)-XAO(1)+XAF(2)-XAO(2)+XAF(N)-XAO(N)-i-XAF(tý-1)-XAO(N- 
11 +18. * UA F (3) -XAO (3) +XA F (IN-2) -XAO (N -2) DO 811 J---4, N-3,2 

81 XAM=XAMi(XAF(j)"XAO(J))*32. 
DO 82 J=5, N-4,2 

82 XAM=XAM4-(XAF(J)-XAO(J))*16. 
GOTO 100 

90 XAM=25. *(XAF(l)-XAO(1)-ýXAI: (2)-XAO(2)+XAF(N)--XAO(14)+XAF(t, 4-1)-XAO(N- 
, 1))-ý18. *(XAF(3)-XAO(3))4.19. *". XAF(tl-2)-XAO(N-2))+27. *(. XAF(N-3)-XAO( 
2 N-3) +XA F (N-4) -XAO (N -1-17. *()XA F (N-5) -XA0 (N-5) 
DO 91 j= 4, N. -6,2 

91 XAtlý-. XAt. ', +(XAF(J)--XAD. (J))-ýý3?. 
DO 92 J=5,1,1-7,2 

92 XAM=XArýl-ý(XAF(J)-, vAOOJ))*416. 
100 EA=-XAM*. RLA/RPA/24. /*N 

WRITE(2,2) RLA, RLR, RPA, RPR 
WRITE(2,3) EA 
WRITE(2,7) 
WRITE(2! 8', Q XAO(J) XAF(J) J='l N) 

2 FORI'-'jAT(IliO, 5X, 4HRLA=, F8.3,5X, 4HRLR=, FS. 3,5X, 4HRPA=, F8.3,5, v,, 4[IRPR=, CF8.3) 
3 FORýIAT(////. 5X', 141', EI-FICIENC'i' = 1, F8.5) 
4 FORMiATC)OX, 13,6XPE10.44) 
5 FORMAI*(/l, 9X, ltij, 10),, 4fio(.; )) 
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6 FORMAT(//, 9, '%sIHJ, IOX, 4HP(J)) 
7 FORMAT(//, 5X, 2H J, 5X, 9HXA1141TI, 'A[-, 5X, 7[iXA, '-'ItIAL) 
8 FORtliAT(//, 5X, I2,7X, F5.4,9X#F5.4) 

STOP 
END 

SUBROUT114E POLE FUNCTION(M, N, RL*RP, Q) 
DIMENSION 0(30), ORD(30) 
RLSI EP=l". L/N 
ZSTORE=0.0 
ORD(1). --RP 
DO 110 J=1, N 
Z--RLS'FEP*(2*J -1 ) /2 
71 NC= (Z--ZSTORE) /M 
DO loo T=I, M 
BZ=ZSTORE+I*ZINC 
X=SQRT (RVI*BZ) -ýk-2. 
CALL F-41lACC(A', VALUE) 

100 ORD(I+1)=VALUE*2. *RP*EXP(X-BZ)/X 
ODD=0.0 
EVEN=0.0 
DO 101 I=2, M, 2 

101 EVEN=E-VEN+ORD(I) 
DO 102 I=3, t! -L: 2 

102 ODD=ODDq-ORD(I) 
AREAI 14C= (ORD (41 ) +4*EVEN-lr2-, vODD+ORD (M+']) *Z I NC /3. 
Q 0) =EXP (-RP) *AREAINC 
ORD (1) =ORD (14+1 

110 ZSTORE=Z 
QM=QM+EXP(-RP) 
RETURN 
END 

SUBFIOUTINE PETER (A, B, M, W, Q) 
DIMENSION A(30,30), B(30), W(30), Q(30) 
13 Cl ) =W (1 ) -1 
DO I J=2, N 
B (J ) 18 (J -1 ) +W (J 
DO 3 1=1 N 
DO 3 J=1, N 
A(I, J)=O. O 
DO 2 IJ=1, I 
I I---I+l --Ii 
J, I=N-J+2-IJ 
IF(, ], I. LE. 0) GO TO 3 

2 A(I, J)=A(I, Ji-i-W(11)*Q(JJ) 
3 CONTJNUE 

DO 4 1=1, N 
J=N+1-1 

4 A(IJ)=A(I, J) -1 
RETUPN 
END 
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Tj PROC-PAN' FLTV OLUTIDI! 

: Qý A, 

0t 11 =m 
set 'Ir-f 

RP 

ýý(J)I 
J= 

11 

PUL, 'E, FJ,, CrT`IOIT 

F-2 

V 

(-I 

--3alu 

i'ý a 

RLR1, D 
Rp PI) -TZ 

Til? 
ir, 
7111 

2valuate 7; (J), J=J,! l 

Call PULSE. Ful---Iou 

-ate coeffici. c1it., B(J) and A(! C Ilcu- J) 
for 

call PET 

Sol-je Eouat:, *Loi.,. s lor XO(J), j= 1, N, 
call FL5C)ILVE 

alatc 
inte. -, rated noan of 

TF(j) - YO(J) J=]-,!, T 

C al c u. Lat e 

Ou"Inut 7 



lal .-q, 

T- -Tt-ýT?, ': ' I: PRMPAN FLO', 7 Al 
. 
A. 'ý'P*ý 4D*- -. L -.,. 

V = .17, CLO 'T SOLUT1,01! 

ý- -'stn'rt 
1-(, ad 

I-Scit. IT (=M 

-9 Ct 

Evaluate q, (j), j=l, l 
call PUL:; E ? UNC7-'-IOIT 

RL= RLD 
Pip= TIRPI) 

Zxaluate 7; (J), J=I,: 'l 

Call . -ITLISE Ful. r-1210N 

Calcu. -, I. ate coeffici-e-ats, p , (, j) and A(I, J) 
for I=1, ', l 

call PETER, 

Solve equntion. s -Cor XO(J), j= 1,11 
call F4SCILVE 

(J) 

Exaltiaze inte.., rated noan of 
k 

X:, ý(j) 'v'OU ') ) fci- J=]-,!, T 

-: I-- -- 

Calculate EA 

u 
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continued AP', `-, NDIX IT :ý- 

SUB"- POtJTIT PIJTS FUNCTIC 

I Sot st-op lell-, th 
.I 

ZTO1 = C. 

Set Z as sto-o lon!, 3th ý: (2J*-]. )/2 

Calculat. c 7MlC! i. e. ', V, - ZSTO'RE, 

I=1 

Galculate i. e. 7-1 "I"ClE, + 

arld i. e. IR P ýý 

Obtain IT, 1 kX) 

Call 

cn-Iculate O'R! )(1+1) 

i=::: M 

I=M 

Siiar, sori rule interation to 
give mear valur-, of OTZD 

c 

I 

Calculate 
ý(Jj 

OPD(I) = ORD'%! -ý+l) I 
ZSTORE =31 

IT 

Correct 

R; u 
t 

-a rn 
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b) Application of the open, direct simulation netbod 

The basic sequence of calculations outlined in Section 2.4.2 

was incorporated in the FORTRAN prograin listed overleaf, the general. 

procedure being illustrated in the outline flow diagram presented 

in Figure 2. The equations referred to in Figure 2 are those 

presented in Section 2.4.2, modified superficially to incorporate 

the reduced concentration parameters given below. The program 

as listed includes an initial reduced solid phase concentration 

of zero. - In alternative versions aimed at minimising the program 

execution time, this was replaced by various estimates of the final 

equilibrium longitudinal concentration profile. 

TERM 

Reduced length (A, AA, A rj) 
Reduced period ( 11 , TT t,, TT 
Longitudinal increment (A), k) 

Time increment ) 

Number of longitudinal increments 

Number of time increments 

PROGM11 
SY14BOL 

RL, RLA, RID 

RP, RUIA, RPD 

ALPHA, LLPHAA, ALPHAD 

BETA, BETAA, BETAD 

R, M 

S, N 

Reduced gas phase concentration (P/pAi)' y 

Reduced equilibrium solid phase concentration (p*/p, j) X 

Total pressure for adsorption and desorption (P 
A' PD) PA, PD 
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MASTER TRAPEZOIDAL 
INTEGER R, S 
DIMENSION Y(800), X(800), YS(800)#XS((300)rYCIIJ'f(800), YF(('. )00) 
COMMON Al: A2, Bl, B2, Cl, C2, C3, C4, J1, N 
READ(1,21)PA, PD, RLA, RPA; RPD, P, LD, M. N 

21 FORMAT(6FO. 0/2I3) 
ALPHAA=RLA/2. /FLOAT(lMl=l) 
ALPHAD=RLD/2. /FLOAT(i-1=1) 
BETAA=RTA/2. /FLOAT(N=I) 
BETAD=RTI)/2. /FLOAT(N=l) 
WRITE(2,20) 

20 FORfliAT(lH'], 8H RESULTS) 
CALL ITIME(ITIMEI) 

.C 
CALCULATE CONSTANTS FOR ADSORPTION 
Al A= (1 =ALPHAA) / (1 +ALPHAA) 
A2A=ALPHAA/ (1 -, ALP[iAA) 
Bl A= (1 -B ETAA) / (1 +B ETAA) 
B2A= (BETAA) / (1 -FBETAA) 
ClA=BIA/(l-A2A*B2A) 
C2A=B2A/(l-A2A*B2A) 
C3A=A2A*B2A/(l-A2A*L32A) 
C4A=A'l Aq,, r32A/ (1 -A2A-kB2A) 

C CALCULATE CONSTANT3 FOR DESORPTION 
Al D= (I -ALPHAD) /1 +ALPHAD) 
A2D=ALPH, AD/(l+ALPrIAD) 
BlD=(*I-BETAD)/(l+BETAD) 
B2D=BETAD/(! +BETAD) 
ClD'-7BID/(l-ARD*B2D) 
C2D=B2D/(l-A2D*B2D) 
C3D=A2D*B2D/('I-A2D*B2D) 
C4D=AlD*B2D/Cl-A2D*B2D) 

C SET INITIAL CONDITIONS X(R, l) 
DO 1 R=1, M 

1 X(R)=O. O 
C START SWINGING PROCESS 

. LFLAG=O 
KOUNT=O 

5 KOUNT=KOLJNT+l 
IF(FLAG) 18,51,52 

C ADSORPTION PROCESS 
51 DO 53 S=I, N 
53 YF(S)=I. O 

IFLAG=l 
Aj=AlA 
A2---A2A 
Bl=BiA 

'3=B2A 
Cl=ClA 
C2: --C2A 
C3=C3A 
C41C4A 
CALL f, lAlN(Y,, lN,, You'r, YF) 
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C REVERSAL OF INDICES 
D0540 R=1: M 

540 XS(R)=X(, -1+1-R) 
D0550 R=l fll 

550 X(R)=XS(R) 
C IF KOUNT GREATER THAN 14AY TEST FOR CONVERGENCE 

-IF(KOUNI*-l)lc'j'. -31,32 
C REGENERATION PROCESS 
52 D054 S=1, N 
54 YF(S)=Y0UT(S)*-PD/PA 

Al=A'ID 
A2=A2D 
Bl=BlD 
B2=B2D 
Cl=ClD 
C2=C2D 
C3=C3D 
C4---C4D 
IFLAG=O 
CALL MAIN(Y, X, YOUTPYI: ) 

C REVERSAL OF INDICES 
D05400 R=1,14 

5400 YS (R) =X (M+l -R) 
D05500 R=1, M 

550 X(R)=XS(R) 
GOTO 5 

31 STOREY=YOUT(N) 
GO TO 5 

C TEST FOR CONVERGENCE 
32 IF(ABS(YOUT(N)-STOREY), LE. STOREY/1000. )GOTO 7 
6 STOREý=YOUT(H) 

GO TO 5 
c SIMPSON INTEGRATION 
7 O1)D=O. O 

EVEN=0.0 
D060 S=2, N-1.2 

60 EVEN=EVEN+YOUT(S) 
D061 S=3,14-2,2 

61 ODDlODD+YOUT(S) 
AVERAGE=YOUT(l)-4*EVENI-1-2*ODDq-YOUT(141))/(3.0-k(tý-1)) 
EFFIC=100. *(l. =AVc" 'RAGE/Y(l)) 
WRITE(2,42) AVERAG, ErEFFIC 

42 FORMATUM, 91H AVERAGE=, ElO. 4,3X, 7H EFFIC=, ES. 5) 
WRITE(2,40) 

40 FORMAT(///, 2H Sr3Xt8H YOUT(S)) 
WRI1'E(2,41)(S, YOUT(S)., S=1, N) 

41 FORMAT (1H, 13,2X, E'10.4) 
23 CALL. ITIME(ITIME2) 

ITIME2=ITIHE2-ITIMEl 
WRITE(2,200) ITIMIE2 

200 FORMAT(////: 121-1 TIME TAKEN-7-, 13) 
18 STOP 

END 
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SUBROUTINE MAIN(Y, X, YOUT, YF, ' 
--------------------------- - 
INTEGER R, S 
DIMENSION Y(800), X(800), YS(800), XS(800), YOUT(800)fYF(BOO) 
COMMON Al, A2, Bl, B2, Cl, C2, C3, C4, M, N 
S=l 
Y(1)=YF(S) 
D02 R=2s[l 

2 Y(R)=Al*Y(R-I)-i-A2*(X(R)+X(R-))) 
YOUT(l)::, Y(M) 

3 V, 01, R=l ill, 
XS(R)=X(R) 

4 YS(R)=Y(R) 

c EVALUATION OF X(l) 
Y(1)=YF(S) 
X(1)=Bl-). -XS(l )+B2*(Y (l)-l-YS(l)) 

c EVALUATION OF X(R), v, (R) 
D05 R=2, M 
X(R)=Cl*XS(R)+C2*YS(R)-ýC3-X(iZ-'i)-ýC4*Y(R-1) 

5 Y(R)=AI*Y(R-1)+A2*(X(R)+, "(R-1)) 
YOUT (S) =Y (M) 
IF(S-N) 3,6,6 

6R ET LIR N 
END 
FINIS 11 
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APP'ý', NDIX 11. FlrýIP, 7,2, ( continued 
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L-tore : ý, (-P), Y(R) 

L= 

equation 311') 

Calculate -2,1,71 
0 1-, Ua t, i On G36 an 33 

L 
zoull"i(s) = Y(,. ý) 
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C) General c2LiýrRýncc and stability cliaracteris tics 

Prior to obtaining the efficiency data presented in Sac:, -ion 2.4.3 

for -. range of values of the four reduced pat-aincters involved, various 

tests were carried out to assess the operational characteristics of 

both the open and the closed methods of solution. 

Thus, with reference to the open, direct simulation method, 

Figure 3 shows the progressive variation in product composiLion as a 

function of the total num1ber of complete adsorption/desorption cycles 

performed and illustrates the application of the test used to determine 

I. odic equilibrium rtate. The latter was based the attainment of the per- 

-he end of any onc on a simple comparison of the product composition at IL 

adsorption period (STOREY) with that at the end of the next succeeding 

adsorption period (YOIIT(N)). As may be seen a change of Icss than 

OJZ in this composition appeared to ensure a sufficiently close 

approach to equilibrium and was adopted as a general criterion. 

Whilst no formal error analysis of either method was attcm? ted, 

inspection of the basic equations involved in. the open technique 

(i. e. equations 33) and 34)) suggests that the step sizes Ap, and AIC" 

should be less than 2 if the introduction of negative coefficients is 

to be avoided. However, the v. aGt majority of the runs performed 

involver', relatively small values of the reduced length and tinie 

parameters, thereby simulating the experimental system unaer examination. 

Consequently 'this limiting increment size was not approached and Stable 

solutions Were -ýIMOSt invariably obtained, although results obtained 

using a variety of increment sizes gave definite indications that the 

method did not converge to a true solution vfficn particularly small 

nam-bers of increments were used. Typical results illustrating this 
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characteristic are reproduced* in Table 1, indicating that unacceptably 

large errors were likely to occur when significantly less than 11 C. 

tima or position increments were used. Above these values the 

computed efficiency appeared to be generally more sensitive to the 

numbcr of time rather than distance increments. TabIQ 1 also 

illustrates the general magnitude of the executiou tines involved 

and demonstrates how the nim-iber of successive adsorption/desorption 

periods prior to the attainm-ent of equil ibrium, (i. e. K. OUITT) is 

essentially independent of the number of incrernients used. The 

majority of the results presented in Section 2.4.3 were based on 

the use of 41 distance increments and 21 time incremenl: s and in- 

volved execution times in the range 30 to 120 seconds. 

The results obtained using the closed nethod of solution were 

in - , eneral terms disappointing. It was initially anticipated that 

the method would perniit a sign-ficant reduction in computing time. 

This was not found to be the case, the application of the method 

involving marginally greater time requirements than the open method 

for a given set of values of the reduced parameters and given nunibers 

of Mcrements. Furthermore whilst the method appeared to be inherently 

stable, its convergence characteristics were significantly inferior 

to those of the open inethod, In particular, the approach to a 'true' 

solution as the number of distance increments was increased was very 

much slower as illustrated in Figure 4. 

It may be noted thal, u-Itilst the use of the closed technique was 

not advantageous for the particular range of values of the reduced 

parameters relevant to the present work, preliminary 'results indicated 

tbat it could be applied successfully at la. rge values of these param-- 

eters when the open i,. icthod is basically unstable. Thus, for example, 
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the close'd technique was used to predict apparezritly correct values 

of efficiency for a series of symmetrical systcPis having reduced 

lengths and periods in the rango 150 ý- 200 and 10 -- 25, respectively. 
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APPENDIX 'LT., TABLE 1 COMMMENCE CHLUACTERISTICS OF THE OPEN 

SOLUTION I. IETHOD 

11 -- number of distance increments 

11 = number of Lilne lAicrements 

General condil. ýons 

Run A RLA( = RLD)* = 5.0, l,, PA( ---RPI)) = 0.5 

Run B RLA = 10.0, RLD = 5.0, RPA( = RPD) = 2.0 

Run A I-, un B 

14 N' TIME* KOUNT Ads. efficicncy TIME* ICOUNT Ads. efficiency 

6 6 7 69 0.7386 4 31 0.9589 

6 11 10 69 0.6678 5 31 0.9438 

6 21 1.6 69 0.6678 7 31 0.9437 

6 41 27 69 0.6678 13 31 0.9437 

6 81 35 69 0.6678 31 31 0.9437 

11 6 10 71 0.7386 4 31 0.9572 

3.1 11 1.5 71 0.6677 7 31 0.9413 

11 21 32 69 0.6677 11 31 0.9412 

11 41 51 69 0.6677 23 31 0.9412 

Il 81 90 69 0.6677 40 31 0.9412 

21 6 15 71 0.7384 7 31 0.9567 

21 11 29 71. 0.6675 12 31 0.9407 

21 21 50 71 0.6675 20 31 0.91'406 

41 97 71 0.6675 44 31 0.9406 

21 81 71 0.6675 75 31 0.9406 

411 6 26 71 0.7384 11 31 0.9566 

41 1j. 47 71 0.6675 21 31 0.9405 

41 21 96 71 0.6075 42 31 0.9405 

41 441 203 71 0.6673 107 31 0.9405 

41 81 331 71 0.6675 142 31 0.9405 

81. 1 6 49 "1 0.7384 20 4 31 0.9566 
81 11. 93 71. 0.6675 38 31 0.9405 
81 21 163 '71 0.6675 76 31 0.9404 
81 41. 2f 63 71 0.6675 - 
81 81 534 -71 

d 0.6675 296 31 0.91404 

161 21. - - - 1182 31 0.904 

)eno t C' ---' -- -_______ 



0.50 

I N 

0 

0.25 

4-3 
L) 

0 
94 

PA 

0.0 

1 
4 ,. .1 : L-, 

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

.... .... .. 11ý7 

iF 

It . 7LI -1:: If:; 
. .... .... .... .... .... .... .... .. 

.. ' It 41+ 
i+ 

ut! Ez L E 
." .I =1 

-t 'ODA Effic-ioncy ()ý 
bc =RPD) 

ILL 34 . 876? -F, 766 ri 20.5 10 - 25 0.5 0.25 . 8'? u 
io. 0 0.5 0.2- 

41 

0 15 30 

Total number of Periods i. e. 'MUNT 

BaseG for convergence tcrt a STORY/100 
b STORY11000 
c 5,201? y/locoo 

APPENDIX II, FIGURE 3 OPEN SOLUTION : ESTABLISHIlt-M OF EQ. Ull, l. BRIMj. -l 

0.9900 

0.9850 

r. 
C) 
-H 
4-) 

0 
EO 

Id 
-4 

o. -W) Soo 

ýý Filliýl --F t, TI 
t 

Gencrall conditions 

T 

11 21, PLA 10, RLD2, RPA IR PD0.5, Pý, 

t 

1-4 

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

trýt 

0 0,0011 ooluti On Lie hod 
tion Giosed so lu lu me thod 

............ . iiT Pro: posed deziýn -cu--, - ioI 
d- ocul,. tion 23 

30 0 601 

Number of ! orsituOinal "'tri-ps i. e. M 

APPENDIX II, FIGURE 4- RELATIVE COMPERGENC E CHARACTERIS TICS OF 

OPEN A. 1, ',, D CLOSED 1UTIIODS OF SOLUTION 



Aill -I 

APPEI MIX III 

ADSORBENT CllAa&CTERISATION 

The activated carbon used was manufactured by Sutcliffe Spea "n 

Ltd. 'and represents one of a standard range. of industrial adsorbents 

and catalysts markated by this company. It is produced from a 

COCOTIUt shell base and was supplied in the form of irregular particles 

of size 5- 10 mesh. The molecular sieve adsorbent was a type 5A 

material manufactured from a naturally occurring zeolytic clay by 

Laporte industries Ltd. This partIcular technical grade molecular 

s 3. eve (M. S. T5A) is no longer in production, having been wholly 

replaced by a purer grade obtained via a synthetic zeolyte (M. S. P5A). 

The technical grade material contains of the order of 107, inert 

impurities, principally iron and titanium oxides, which give rise 

to a significant loss in capacity and activity when compared With 

the pure grade. The M. S. T5A was supplied as essentially spherical 

granules, 2-3 mm diameter, containing 15 - 20/1, of an inert clay 

binder. 

a) General physical. properties 

Table I represents a summary of the various general. properties 

evaluated to characterise the physical structure of the adsorbent 

beds and the individual granules composing the beds. 

Bulk density This was simply calculated from the total volume and 

x, 7ei,,;,, ht of the adsorbent present in each bed as observed both on 

charging the beds initially and on discharging them. The figures 

included in Table I represent an average for the two beds. 
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Apparent granule density The individual M. S. T5A particles were 

essentially spherical and their overall density was accordingly 

determined by a microscopic technique in which 'L'b,,, mean diameters 

of a nuinber of selected granules were Cvalual-cd using a travelling 

microscope and used to estivate their total volume. Knowledge of 

the total weight of granules involved then. enabled the apparent 

density of the granules to be calculated. 

The part:. '. 
-cles of the activated carbon -ucre far from spherical 

and a similar technique was therefore not applicable. The figure 

quoted in Table I represents a value supplied by the manufacturer. 

The values given for the bcd voidage, the fraction of Lhe tot.,, l 

voluine of the bed that is not occupied by particles and their 

associated pores, were derived from the apparent granule and bulk 

densities. 

True granule density The densiLy of the solid forming the adsorbent 

granules was measured hy means of a Beckman Air Comparison Pykonometer 

buL using helium as the displacement fluid. In essence the method 

relies on the direct measurement of the volume of a knoun weight 

of the granules that is not occupied by the displacement fluid, it 

being assumed that the latter penetrates all the internal pores and 

is not significantly adsorbed.. 

The observed values of the true granule density, to-ether vith 0 

the corresponding apparent densities, were used to give values of 

the mean internal voidage of the individual particles of adsorbent. 

Granale size and F,; ze distribution Particle size distributions 

were obtained by means of sieve analyses carried out in accordance 

with B. S. 1796,19152, and used to -estirnate the mean siirface-to-- 

volurae dimncv,: -ýr. Size distributions as observed fox typical saruples 
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of both the molecular sieve and the activated carbon. ads orber. ts 

are represented in Figure I which demonstrate the relatively narrow 

range of sizes covered by the samples of both adsorbents, The 

overall mean granule sizes, d, quoted in Table I were evaluated 0a 

froin the sieve analysis results using an harmonic mean, the latter 

corresponding to the inean surface-to-voluma diameter, d 
sv , when 

spherical particles are imolved. 

Values of the man granule size were also estimated independently 

on the basis of a series of pressure drop experiments involving a bed 

of sample nominally 0.025m diameter and 0.30m long connected to a 

water manometer. Pressure drops were observed at a series of measured 

air f low rates in the transition region (10 -< Re -< 2PO) and values 
20 

of dP calculated usjing the Ergun equation The latter actually 

provides a correlation for pressure drop in packed beds in terms of 

the external surface area of the particles, a., calculation of the mean 

particle diameter, dp, being based A the use of the relationship 

a=6(1-e b 
Wd 

p 
This is strictly valid only for spherical parLicles 

i. e. Men dd 
p sv 

As may be seen from Table 1 the two separate methods did not 

give the same values for the -mean particle diameter, the value derived 

by sieve analysis, d being greater than that given by pressure drop 

measurementl dp, for all samples tested. In the case of the raolccular 

sieve saii., ples the differences are relatively small and probably due to 

errors a5sociated with the fact that the particles were not true 

spheres, together with errors involved in the pressure drop experiments 

due to surface roughness and wall effects. The more significant 

differe nces observed for the activatcd carbon almst certainly reflect 
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the considerable degree of irregularity involved in the shape of 

the carbon granules. In relation to the analysis of the results 

frow the pressure swing adsorption it was considered appropriate, 

bearing in mind the general analogy between monentum and mass 0 

fer in packed beds at low and moderate Reynolds numbers, to transi 

base the prediction of the external gas film coefficient on the 

mean diameters indicated by the flow experiments. However, in 

the prediction Of effective solid phase mass transfer coefficients 

the -values given by the sieve analysis were assumed to be more 

relevant. 

External surface area of granules The values of the internal 

surface area of the granules, S, included in Table 1 were based on 

low temperature nitrogen adsorption. measurements, as described on 

page AIII-16. 

Pore size and pore size distribution In an attempt to define the 

internal pore structure of the adsorbent granules, pore sizze 

distributions were measured on a limited number of samples using 

the 'llicromeritics Mercury Penetration Porosimeter' manufactured by 

Coulter Electronics Ltd. The latter represents a sophi-sticated 

inodern version, capable of operating at pressures of up to 3,000 bar, 

of the method first proposed by Washburn 
59 

in which pore size 

'ound by determining the volume penetration of distributions are f 

mercury intp the pores at a series of progressively increasing 

pressures. The general operating ptinciples and the interpretation 

of the experimental data are described in some detail by Watson 

60 
et al . 

The results obtained, which are restricted essentially to the 

Tnacroporous-transitional pore size range (i. e. pore radii :: -20R), arc, 
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reproduced in Figure 2. As may be seen, tac data -for the two samples 

of M. S. T5A tested are similar and quite distinct from those for the- 

activated carbon. The results for the IjL. S. T5A samples both exhibit 

distinct peaRs on a frequency distribution plot in the range 200 to 

500 R. 
which, when associated with the 5R apertures in the sieve 

crystals, confirm the essentially bi-disperse nature of the distribution. 

In the case of the activated carbon the main peak occurs at the lower 

limit of the mercury penetration size range and the results indicate 

a broad predominantly mono-rather than bi-disperse structure. 

L. Otal. pore volume As shown in'Table 2, the fraction of the 4- 

formed by porcs in the micropore region is significantly greater 

for the activated carbon than for the M. S. M. In both cases the 

fraction formed by large macropores (pore radius ýý-1000 R) is small, 

particularly for the molecular sieve granules. These observations 

suggest that the transfer of material at normal pressures within 

both adsorbents, especially the activated carbon, would largely be 

controlled by Knudsen diffusion. 

APPENDIX III, THLE 2 Pore structure and size characteristics 

Sam l 

I-lean 
pore 

di 

Peak 
pore 

di 

% of total pore volume 
formed by pores of radius 

p e ra us ra us 
20A 10C)OR 

M. S. T5A 125 300 80.3 5.5 
(ex. 'iqet: ' runs) 

M. S. T5A 245 360 77.8 3.8 
(ex. 'dry' runs) 

Activated carbon 235 20 52.5 21.1 
208C I I 

based on the I-rue and apparent granule densities presented in Table I. 
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b) Adsorption isotherm measurements 

The most important characteristic-cf an industrial adsorbent is 

the e-xtent and activity of its internal. surface as represented by 

the degree to which specific: adsorbates are retained at equilibrium. 

This is conventionally expressed in the form of adsorption isotherms 

and a series of such isotberms were measured with the following specific 

objectives 

a) Determinarion of quantit-a-tive data for the equilibrium 

adsorption of pure carbon dioxide on sanples representing all three 

beds investigated and covering the range of temperatures observcd in 

using the beds. The equilibrium adsorption of pure nitrogen at 

this general teniperature level was also measured to provide a basis 

for estimating the potential, co-adsorption of air in the air--carbon 

dioxide mixtures involved Jin the pressure swing. experiir'ents. 

b) Measurement of the internal surface and porosity of the 

individual adsorbent granules via nitrogen adsorption at the norinal 

boiling point of liquid nitrogen. 

C) Preliminary investigation of the effect of the presence of 

water vapour on the adsorption of carbon dioxide by the molecular 

sieve adsorbent used. 

The experimental method involved the use of a volumetric gas 

adsorption apparatus of the type used for standard B. E. T. surface. 
22 

the operation area determination A detailed description of 

and construction of the apparatus, which IS suitable for adsorption 

isotherm r.. ieasurement over a pressure range of 0.005 to 1. bar, has 

been presented by Bird Except when investigating the effect 

of the presence of water or, the adsorption of carbon dioxide., all 

samples were initially de., gassed by heating to a LcmDeraLure of 200. - 250C 
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-3 for several hours under a vacuum. of less than 0 torr. 

Pure coimonent isotherm data Jin the_Lc!. Eýerature range 0 to-. 30C 

Isotherms were measured for the adsorption of pure carbon dioxide on 

samples of activated carbon 203C and molecular sieve T5A at several 

temperatures in the range 0- 30C. The samples used were mainly 

those taken from the adsorbent as chargedto the beds (the beds in- 

volved in the 'dry' series of runs in the case of the molecular 

sieve), the results obtained being presented at the end of this 

Appendix in Tables 8- 12, These results include data obtained at 

OC on samples taken from the beds after the completion of each of 

the three series of runs, including the 'wet' molecular sieve series, 

which do not indicate eitber any significant deterioration in. the 

basic capacity of the beds during the course of the pressure s'... 1ing 

e_, --pcr=-ents or any difference between the two batches of molecular 

sieve used. Also included are isotherm data obtained at: CC using 

samples of Union Carbide 'Linde 5A' and Laporte P5A molecular sieves. 

Whilst these results indicate a somewhat lower adsorptive capacity 

than that represented by the manufacturers' data, particularly at 

low carbon dioxide pressures, they nevertheless demonstrate the 

iparlcedly inferior capacity of the T5A inaterial. 

Whilst the isotherm data presented in Tables 8- 12 incorporate 

results at carbon dioxide pressures of up to nopdnally I bar, the 

maximum partial pressures involved in the pressure swlng investigations 

were generally less than 0.1 bar. Accordingly particular emphasis, 

was placed or, the correlation of the experimental data in this low 

pressure region. In the case of the M. S. T5_ý the data obtained at 

all. temperatures were closely correlated by a Langmuir type isotherm 

equation over most of the pressure range investigated (see Figure 3a), 
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the values of the appropriate Langmuir consr-ants, being represented 

in Table 3. At the lowest precsures at which measurements were 

made, however, the results conform to a series of essentially linear 

isotherms, as illustrated in Figure 3b. The slopes of these linear 

isotherms together with the pressures above which they cease to 

apply (i. e. c and p max 
) are also included in Table 3. It may be 

rioted that the constant limiting values of the isotherm alopes do not 

correspond to those indicated by the Langnluir equation; were the 

latter valid over the entire range studied the constant c would be 

numerically equal to 1/a. 

A1"PENDIX ill, TABLE 3 Isotherm constants* for carbon dioxide - 

M. S. T5A at various temperatures 

Temperature L=gmuir. constants linear 
extra olation . 

a b xm+ c Pmax 

0 16.2 130.5 0.124 0.105 0.0054 

10 10.3 83.2 0.1235 0.16 0.0078 

20 6.23 51.8 0.1204 0.25 0.01075 

30 4.62 39.6 0.1165 0.33 0.0136 

* based on p in. bar, x in kg/kg 
* denotes adsorbate concentration corresponding 

to formation of a complete monolayer (=a/b) 

In the majority of the runs carried out on the pressure swing 

unit the inlet carbon dioxide partial pressure was in the range 0.01 

to 0.03 bar.. Ho,,, 7ever, inuch lower partial pressures were observed in 

relation to the product and particularly the revert gas streams ýýhen 

operating the unit under conditions correspondivg to high separation 

ef f iCiP-ILCies. For examp] e in a 'typica. 1 run with an adsorption 
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efficiency of 90Z the partial pressure of carb-con dioxide in the revert 

gas used for desorption would be of the order of 0.0005 bar. As- the 

minimum pressure at which reliable rebults could be obLained from 

the B. E. T. apparatu3 was in the region of 0.002 bar, it was necessary 

to extrapolate the measured isotherm data. This was dorie on the 

basis'of assuming that the linear relationship observed at pressures 0 

iiw. -ediatcly above this limit was valid at lower pressures. 

For the carbon dioYide - activated carbon system the general 

curvature of the measured isoth(--irms was, as may be seen from Figure 

much less pronounced than for the II. S. T5A and at pressures of less 

than 0.01 bar they may be simply approximated by a series of straight 

lines passing through the origin. it has been assumed Lbat this 

linear relationship, as observed experimentally at pressures down to 

0.002 bar, may be applied at all the carbon dioxide partial pressures 

involved in the pressure swing investigations. 

WPENDIX 1II, TULE 4 Isotherm slopes for CO,, - activated carbon 203C 

at various tein2eratures (valid for pressures -<p max) 

Temperature 
(C) 

O-T 
ý1.5' 25 

c 
(bar/. kg/kg) 1.13 3.11. 4.0 

pT x 
aý (b, T 0 . 05 0.08 

For both of the adsorbents studied the effects of temperature may 

be represented in terms of the Clapeyron-Clausius equation : 

i. e. ln pAna 
R, T 

whcre A 11 
a, 

the heat of adsorption, was virttla. 11. y constant over tile 
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range of pressuress examined. In the case of Lbe M. S. T5A. the value 

0fAHa was found to be equal to 33.4 i 11.5 1, J/kg mole, whilst for 

Uiý, activated carbon a value of 29.1 '-1 3.0 I-J, /kg nrole was indicated. 

The iatLer may be compared wIth the values reported by De;. t/. et 

14 
on a coconut shell activated a]. for adsorption of carbon dioxidc 

carbon of 25.9 to 29.3 kJ/kg mole, the heat of adsorption increasing 

slowly with decreasing surface coverage. In the case of molecular 

sieve type 5A, studies of. carbon dioxide adsorption on pure crystals 

gave values ranging from 30.9 to 39.7 Ri/kg mole but indicating a 
3 

rapid increase at surface coverages of less than 0.10. 

To provide a basis for the prediction of the effect of Oie 

presence of air on the adsorption of carbon dioxide, isotherms were 

also'measured at 15 and 25C for the adsorption of pure nitrogen on 

both the M. S. T5A and the activated carbon 208C. The results, which 

are detailed in Table Ila , may in each case be closely approximated 

by simple linear expressions for the pressure range investigated as 

indicated in the frollowing Table 

APPENDIX III, TABLE 5 Correlation constants for the adsorption of 

pure niLr2f,, en (corresponding to p=-ipx-. '-n') 

Temperature Adsorbent Ila n 

15 M. S. T5A 
208C 84.8 -0.02 

20 M. S. T5A 
208C 93.2 -0.03 

25 H, S. T5A 118 -0.015 
208C lis --0.034 

The constants iT. iclude-d iii the above Table. at 20C were obtained by 

interpolation using the Clapeyron Clausius equation in conjunction with 
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the heats of adsorption indicated by the experimeutal data at 15 and 

25C. The latter -uere essentially constant over the range investigated 

and equal to 25.3 and 24.1 kJ/'tlg mole for the M. S. T5A and the 20 C. 

adsorbcnts, respectively. As the experimental raeasuremcnts were 

restricted to a maximum pressure of nominally 1 bar, as commared with 

partial pressures of the air in the feed gas to the pressure swing 

adsorption unit of up to 6.4 bar, it was necessary to assume that tile 

observed linear relationships could be directly extrapolated. Some 

justification for this exists in the linearity of the isotherm data 

published by Laporte Industries Ltd for M. S. P5A at nitrogen pressures 

of tip to 3.8 bar. 

it may be noted that for both adsorbents the equilibrium adsorption 

for nitrogen at pressures in the range 1 to 6.4 bar is of the same 

order as that for carbon dioxide at pressures corresponding to those in 

the feed to the pressure swing adsorption unit. 

Determination of active surface area In addition to the measurements 

made at or near airbient temperature, isotherms were obtained for pure 

nitrogen at the normal boiling point of liquid nitrogen (i. e. 78 0 1") to 

permil: estimation of the active surface area of the adsorbents used. 

Results were obtained on samples taken on charging each of the three 

beds involved in the pressure swing adsorption investigations and are 

reproduced in Table Ilb . For all three samples the experimental 

data was closely represented by the La. ngmuir isotherm equation, again 

suggesting the absence of multi-molecular layer formation. The data 

obtained on the two samples of MAU tested show a small but scarcaly 

significant difference and indicate a mean mono-layer capacity of 0.158 

. 
kg/kg. For the sample of 208C activated carbon a much higher figure 
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of 0.439 kgilkg is 3-ndicated. 

The total active surface area. of the adsorbents, S may be 

calculated directly from their monc-layer ca-aciLies providing a value r 

is assured for the cross sectional area covercd by a single nitrogen 

molecule, 47-, 
XN CF- 

i. e. Sm 
M 

where N represents the Boltzmann constant (6.023 x 1.0 2' ) and M the 

molecular weight of the adsorbate. The cross sectional area of the 

adsorbed nitrogen molecule at 78 0K has been the subject of inte-asive 

investigation and a value of 16.2 x 10- 16 
m2 is recommended by McClellan 

and Harnsberger 
41 

, values of S calculated on this basis being 

given in Table 6. 

Mcýllellan and Harnsberger also give a figure for the cross 

sectional area. of the carbon dioxide molecule of 21.8 x 10 -16 m2 at 

--77 to -80C and suggest that values at other temperatures may be 

estimated using the following general formula for predicting the molecular 

area, 

C-P = 1.09 (M/ 
N IOZ 

) 2/3 

a 

where 10 a 
denotes the density of the ads. orbate as saturated liquid at 

the relevant temperature. kssuming the ratio of the actual molecular 

area to that predicted by this equation is temperature independent (-; n 

general. 0- ý-- 0- p) , the cross sectional area cov2red by the carbon 

dioxide rolecule, at temperatures of 0,10 and 20C was estimated and 

used to calculate the active surface area of the M. S. T5A adsorbent 

from the obserjed mono-layer capacities presented in Table 3. The 

results are included in Table 6 and provide, together witi-, tile 
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linearity of the La. ngmu-ir plots, the necessary aind sufficient conditions 

for the Langmuir equation to hold. Analogous results could not be 

obtained from the carbon dioxide-activated carbon isotherms measured 

at around ambient temperature due to the more limited pressure range 

covered by the experimental data. 

APPENDIX III, TABLE 6 Active surface area 

Gross- 
sectional Activc 
area of Monolayer surface 

Adsorbent Adsorbate Temp. adsorbed capacity area 
molecule 

C 2 -16 vx 10 - kg/kg 
23 

m /kgx]O 

M. S. T5A N2 -183 16.2 0.158 548 

208C N -183 16.2 0.439 1525 
2 

IM. S. T5A CO 0 30.4 0- 12.4 517 
2 

CO 2 10 30.7 0.124 520 

CO 2 20 33.0 0.120 545 

Adsorption equilibria for wet Q. S. T5A adsorbent In the absence of 

full equilibrium data for the ternary system water-carbon dioxide- 

M. S. T5A attempts were made to measure directly the interaction betweeii 

the adsorp4-ion of carbon dio. nide and water using the available B. E. T. L- 

apparatus, despite the latter being essentially restricted to the 

measurement'of single component adsorption equilibria. Initially 

the normal thermal degassing procedure was eliminated and isotherms 

measured at OC for the adsorption of carbon dioxide on smples of the 

adsorbent of different initial moisture contents. The results obtained 

are detailed in Table 12 and indicate the general adverse effect of the 
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presence of woisture. - However,. they. do. not give a direct relationship 

bet,., 7een the adsorbed mcisture content and the equilibrium carbon dioxide 

adsorption since an unknown proportion of the -nitial moisture conLeait 

I ly desorbed in tli(--- course of the experiment as a result of was presumar. ) J. 

the low pressures involved. 

Attention was therefore concentrated on the measurement of isotherin 

dat, a for the adsorption of nitrogen on wet sanriles of the adsorbent at, 

the normal boiling point of liquid nitrogen, when it could safely be 

assumed that the moisture content of the solid would remain constant. 

The results obtained, which are presented in Table 12, were found to 

be closely represented by a Langmuir type isotherm equation over the 

pressure range investigated. Accordingly the effect o: E adsorbed 

moisture was represented in teripos of the Langinuir parameters, xM and 

b, as shoun In Figure 5a. In addition the isotherm for nitrogen 

adsorption on a dry sample of the adsorbent at 78K was observed to be 

generally similar to those measured 'for carbon dioxide adsorption at 

anibient temperatures, indicating equivalent adsorption mechanisms. 

This similarity is demonstrated by the close numerical agreement 

obtained on evaluating the specific surface of the dry adsorbent, as 

sho, vm in. Table 6. Accordingly it was assumed that the relative effect 

of the presence of -moisture on the Langmuir parameters used to describe 

carbon dioxide adsorption at ambient temperatures was the same as that 

observed for low temperature nitrogen adsorption. 

i. e., bWbw 

b CO 2bN2 

and, awa IT 
bwX 

TM%T 
-X 

a CO aNbNX 
ra N 222 

where subscript w denotes the wet adsorbent. 
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On the above basis the isotherms for carbon diox-Lde, adsorption on 

dry M. S. T5A may be corrected for the presence of a given' or assumed 

moisture content. Examples showi. ng tl le results of the application of 

such corrections to the carbon dioxide isotherm at 20. - are represented 

in Figure 5b. The latter also includes a comparison with the isotherm 

data measured by direct adsorption of carbon dioxide on a. sample of known 

initial. moisture content -uhich suggests, as would be expected, that such 

measurements underestimate the effect of adsorbed moisture on the 

adsorption of carbon dioxide. 

It should be emphasised that the above treatment of the equilibria 

established in the co-adsorption of carbon dioxide and water relies on 

the strong preferential affinity for water shoim by molecular sieve 

adsorbents in general. Accordingly the system may be justifiably 

simplified by considering adsorbed water molecules to effectively 

poison the adsorbent and not to be displaced by carbon dioxide inolecules. 

Co-adsor2tion of nitrogen and carbon dioxide. As indicated previous-ly 

(Page AIII - 16), the extent of adsorption of pure nitrogen and pure 

carbon dioxide at partial pressures appropriate to those involved in. 

the pressure swing adsorption experiments are of the saiae general 

magnitude. Efforts were therefore -i,., vde to establish data for the 

ternary systems IN 2- CO 2 -- M. S. T5A and N2- CO 2- 203C and hence provide 

a mans of allowing for the co-adsorption of air and carbon dioxide in 

the analysis of the results from the pressure swing adsorption experiments. 

It was assumed that air and nitrogen could for practical purposes be 

considered to have the sme adsorption characteristics. 

Various investigators hava proposed methods for the prediction of 

ternary adsorption equilibrium data from knowle. dge of the pure component 

isotherms, of which the a. pproach suggested by . 1Hyers and PrausniLz 
45 
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appears to be of particular rae-rit. Accordingly carboD dioxide 

adsorption isotherm data for mixtures of carbon dioxide hnd nitrogen 

at various total pressures were predicted from the available pure 

component data using this approach in the simplified form described 
34 

by Kidney and 121yers The latter relies in the pure component 

isotberms being parallel when plotted on log-log co-ordinates, this 

being essentially the case for both of the systems under examination. 

Typical results obtained for the 11. S. T5A adsorbent are illustrated in 

'Figure 6, showing a very pronounced reduction in the equilibrium 

adsorption capacity for carbon dioxide, particularly at the higher 

total pressure levels. On the basis of limited data supplied by 

Laporte Industries Ltd. on M. S. P5A material the inagnitude of the. 

effect appeared in fact to be exaggerated. Such a situation could 

arise as a result of deviations from the principle assumption included 

in the Myers and Prausnitz rrodel, namely that of ideal solution 

behaviour in the adr-orbed phase. Unfortunately the validity of this 

assumption can only be directly checked if experim-antally measured 

ternary data are available. 

The supposition that the Kidney and Myers' technique exaggerated 

the effect of the co-adsorption of nitrogen was apparently confirmed by 

the results of attempts to analyse the performance of the pressure swing 

unit in terms of the predicted co-adsorption isotherms, negative solid 

phase tr--nsfjar coefficients being indicated. In addition the form of 

the gas concentration profiles observed in some of the 'dry' M. S. T5A 

pressure swing runs permitted a direct, though approximate, estimate 

to be made of the amount of carbon dioxide adsorbed under equilibrium 

conditions whiLch again suggestad siFnificant. arrors in the application 

of the Myers and P-rausnitz model. Thus in several runs, characterised 
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generally by low adsorption efficiencies, the experimentally measured 

longitudinal gas concentration gradient was found to be constant at 

the top of the beds during both the adsorption and desorption periods, 

inferring a close approach to equilibrium. Accordingly, the mean 

solid phase concentration at the top of the bed during the desorption 

period could bc obtained from the mean partial pressure of the carbon 

dioxide in the gas leaving the bed, p Do' since desorption x-7as generally 

at a total pressure of I bar and even the Myers and Prausnitz model 

indicated only a small co-adsorption effect at this pressure. On a 

basis of assuming the mean carbon dioxide solid phase concentration 

to be the same for both periods, a single point on the co-adsorptior. 

isotherm corresponding to the carbon dioxide inlet 
, )art. Lal pressure, 

PAi' and the given total pressure could then be obtained. A number 

of results obtained in this vray are presented in Table 7 together w'. th 

the values suggesLed by the theoretical results incorporated in Figure 6. 

The data included in Table 7 clearly indicate large errors in 

the theoretically predicted isotherms even allowing for possible, 

differences in the adsorption characteristics of air and nitrogen. 

Furthermore the reduction in adsorbent capacity obtained experimentally 

is more consistent with that suggested by Laporte's data* (the latter 

corresponding to a reduction in capacity relative to the pure conponent 

isotherm of 31%). Unfortunately the results obtained experimentally 

from th2 pressure swing adsorption unit were insufficient to permit 

their direct use and too imprecise to justify the calculation and 

correlation of acti vity coefficients for use with the theoretical 

model.. Due to the absericeoflo. ngitudinal concentration profiles, the 

reuults obtained from the pressure swing adsorption experiments using 
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activated carbon 208C did not permit meaningful estimates to be madc 

of the magnitude of the co--adsorpLion effect. 

* At 220C for air/carbon dioxide/M. S. P5A at a CO 2 partial pressure 

of 0.0026 bar and a total. pressure of 6.8 ba-? 
-- the equilibrium sorbate. 

cap,, icity was found to be 0.0022 kg. /kg, compared with a value of 0.032 

hg/k- according to the single component isotlier-ii. 
ý00 
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Total CO Fractional redi-ictica in adsorbent, ty 
pressure 

P 
partlal. relative to a tot-a! pressure of 1. b;, 2- 

bar Pressul'o Theoretical. I'Y70 0 1-j. -, ', 0 11 t 11 

- (b -nx 
) ---. (ýa N 

5.1 m6 C, 65 0.155 011.6 

5.1 0- 023 0,, 65 0,,. ý2 C, - 33 

4-05 0. Ol? 0.1=11 0.27 0- -3 3 

3.05 0.013 0 70 0.25 0.31 

2.05 0.009 0.21 0.2.55 

(a) based on theoraticral co-adsorution Usolwhorm at. 1. bar 
(b) based on zurc IVO a isotherin 

'ORPT10N ON THE CO APPENDIX III, TABLE 7 EFFECT Or NITROGEN/AIR CO-P-2). c 
-=- --2 

EQUILIBRIUM ADSORPTION Ctd-. tiCl--, Y OF M. S. T5A 
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APPEINDIX III, TABT E8: ADSORPTION ISOTI-TEFUM DATA ME. CARBON DIOl'vJDE-M. S. T5A 

a) Isotherms at 0 10 ' L-Oý'and. '30 C, (based on. a sample taken prior 

0 0 

(bar) 

c 0 10 c 

(bar) (ks/kg) 

20 

(b ar) 

0 c 

(kolkg) 

30 

(bor) 

C 

0.632 0.1.32 0.303 0.124 0.329 0.1155 0.395 0.114 
0.433 0.130 0.145 0.116 0.204 0.112 0.237 0.108 
0.237 0.124 0.0791 0.1.08 0.1025 0.102 0.145 0.100 
0.1.12 0.1175 0.0382- 0.094 0.0578 0.0905 0.112 0.095 
0.0501 0.107 0.0155 0.073 0.0338 0.081 0.080 0.089 
0.0297 0.096 0.0079 0.0505 0.0251 0.071 0.0528 0.079 
0.0149 0.033 0.0062 0.040 0.01.32 0.051 0.0282 0.0605 
0.0118 0.077 0.0036 0.0218 0.0079 0.032 0.0131 0.039 
0.0066 0.059 0.0052 0.020 0-0102 0.0305 
0.0036 0.034 0.037 0.015 0.0066 0.0195 
0.0024 0.022 0.0021 0.0064 

b) Isotherms at OC for different saumles of H. S. T5A 
Saale :A- taken prior to start of run 44' 

B- taken on coaletion of run 133 
C- taken on comletion of run 216 

Sample A 
P bar Mtg/kg 

Sample B 
P bar Xlg/kg 

Sample C 
P bar Xltg/kg 

0.698 0.133 0.988 0.138 0.768 0.1375 
0.51.7 0.131 0.602 0.131 0.623 0.137 
0.205 0.123 0.230 0.128 0.291 0.129 
0.109 0.117 0.209 0.121 0.0871 0.116 
0.0506 0.107 30 0.06ý 0.108 0.0167 0.0880 
0.0159 0.0870 0.0374 0.100 0.0058 0.0572 
0.0076 0.0641 0.0118 0.0788 0.0029 0.0284 
0.0035 0.0399 0.0064 0.0587 
0.0018 0.0177 0.0034 0.0374 

0.0024 0.0221 
0.0013 0.0107 
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APPENDIX III, TABLE 9: ADSORPTION ISOTHEP31 DATA FOR CARBON DIOXIDE ON 

I 'LAPORTE' M. S. P5A AND 'UNION CARBIDE' TYPE 5A 

MOLECULAR SIEVE KC OC 

Laporte 

Px 
(bar) (kg/kg) 

Union Carbide 

Px 
(bar) (kg/kg) 

0.523 0.176 0.727 0.187 
0.204 0.169 0.514 0.1835 
0.0961 0.1625 0.295 0.179 
0.0341 0.144 0.158 0.171 
0.0158 0.125 O. iO9 0.165 
0.0008 0.096 0.0270 0.132 
0.0042 0.074 0.0133 0.109 

0.0082 0.086 
0.0021 0.031 

APPENDIX III, TABLE 10 : ADSORPTION ISOTUER14 D. 41A FOR CARBON DIOXIDE -- 

ACTIVATED CMON 208C AT 0,21.5 AND 25C* 

00 
p 
(bar) 

c 
x 
(Ig/],, g) 

21.5 C 
p 
(bar) 

x 
(kg/kg) 

25 C 
p 
(b ar) 

x 
(kg/kg) 

0.130 0.0567 0.257 0.0480 0.203 0.0371 
0.0961 0.0499 0.177 0.0375 0.0988 0.0232 
0.0745 0.0408 0.112 0.0295 0.0778 0.019 
0.0553 0.0350 0.07/35 0.020 0.0630 0.0158 
0.0413 0.0287 0.0478 0.0142 0.0489 0.0130 
0.0317 0.0236 0.0339 0.0109 0.0342 0.0096 
0.0196 0.0173 0.0241 0.0079 0.0287 0.0082 
0.0121 0.0119 0.0145 0.0051 0.0133 0.0044 
0.0075 0.0071 0.007 0.0024 0.0074 0.0023 
0.0054 0.0052 0.004 0.0014 
0.0029 0.0024 

* Based on a sample taken completing ruli 51C 
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A ENDIX ill, TABLE 1.1 : ADSORPTION ISOTHERIA D201i FOR NITROGEN PPE 

M. S. U'5A AND NITROGEIN - ACTIVATED 'CARBON 208C 

a) Isotherms ineasured at 15 and 25C 

MAU 208C 

15 0 c 25 0 c 15 0c 25 0 c 

p xxlo 
2 

p MIO 
2 

p XxIo) p xxlo 
2 

(bar) 
, 

(kg/kg) (bar) (kg/kg) (bar) (kg/kg) (bar) (kg/kg) 

0.596 0.721 0.810 0.692 0.656 0.781 0.889 0.770 
0.491 0.610 0.359 0.322 0.519 0.634 0.608 0.551 
0.363 0.452 0.213 6.1985 0.429 0.540 0.394 0.370 
0.1755 0.230 0.138 0.1175 0; 343 0.445 0.260 0.257 
0.0802 0.103 0.115 0.105 0.239 0.3095 0.169 0.167 
0.0450 0.0635 0.0527 0.0523 0.202 0.259 0.140 0.1355 

, 
0.0201 0.0321 0.0290 0.0284 0.157 0.220 0.1125 0.1035 

0.0153 0.0132 0.093 0.121 0.0755 0.0708 
0.0096 
0.0028 

0.0092 
0.0026 

0.0571 
0.0353 

0.0718 
0.0438 

0.0475 
0.0208 

0.0421 
0.0159 

0.0162. 0.0213 

Isothervis neasured at 77.31" 

M. S . T5A M. S. T5A, + 208 C 

p(bar) x(kg/kg) p(bar) x "kg/kg) p (bar) x(],, g/kg) 

0.760 0.155 0.888 0.154 0.755 0.437 
0.477 0.148 0.781 0.153 0.64-2 0.433 
0.365 0.146 0.480 0.151 0.521 0.448 
0.220 0.143 0.14-0 0.141 0.353 0.421. 
0.158 0.133 0.0633 0.125 0.213 0.414 
0.0715 0.118 0.0342 0.114 0.125 0.403 
0.0092 0.0 83 0.0026 0.1010 0.074 0.384 
0.0012 0.0703 0.0016 0.087 

,5 
0.046 0.374 

0-coll 0.0446 0.0009 0.0452 0-015 CI-337 
0.0009 0.0207 0.00025 0.0223 0.0035 0.285 

0.0022 0.188 
0-0012 0.112 
0.0006 0.0651. 

* based oii sample taken on charging beds for run 150 
* based on sample tak-cn from beds prior to run 44 

I 
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APPENDIX III, TABLE 12 '. ISOTI]ERIýiS'Yi-EAS"JPT,: I)-Tý'OR_ADI, DRPTIO14 OF NITR. OGEN' 

AIM CtMON DIO )XIDE ON W7CT ?,; 11. S. T5A 

Co, and 00C N9 at 77.3 0K 
4 

0.83% water 5.757. water I. lz w ater 2.7% water 
p Xpx p x P x 

(bar) (kg/kg) (bar) (kg/kg) (bar) (kp, /kg) (bar) ', 'k g/kg 

0.133 0.1-13 0.199 0.0613 0.812 0.1308 0.848 0.0737 
0.0801. 0.106 0.144 0.0585 0.532 0.1193 0.764 0.0744 
0.051 0.0987 0.09221 0.0526 0.442 0.11.85 1 0.533 0.0705 
0.0379 0.0921 0.0327 0.0365 0.355 0.11.72 0.451 0.0687 
0.0116 0.0645 0.0185 0.025 0.171 0.1144 0.321 0.0668 
0.065 0.0279 0.0101 0.0109 0.0901' 0.1.1.25 0.230 0.0655 

0.0355 0.1096 0.0093 0.0549 
0.0167 0.1065 0.001.4 0.0303 
0.0025 0.0612 
0.0024 0.0338 

N2 at 77.3K 

3.1% water 6.2% water 10.3% water 

p X., p x p x 

(bat) (ko,,, /kg) (bar) (kg/kg) (b ar) (kg/kg) 

0.605 0.0783 0.878 0.061.1 0.883 0.0172 
0.536 0.0779 0.757 0.0557 0.665 0.0168 
0.483 0.0773 0.672 0.053", 0.503 0.0165 
0.377 0.0752 0.480 0.0507 0.371. 0.0162 
0.309 0.0728 0.363 0.0492 0.158 0.0147 
0.220 0.0723 0.247 0.0477 
0.0039 0.0291 0.1.21 0.0462 
0.0025 0.0189 0.0165 0.0235 

0.0046 0.0121 

Dry samples allowed to adsorb moisture from the atmosphere and then 

used for isotherm measurement without being thermally degassed. 
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APPENDIX IV, TABLE 1: Activated carbon 208C - EXPERINENTAL OPERAT ING 

CONDITIONS AND OVERALL EFFICIENCIES 

General condi-tions : nominal bed depth lm 
desorption pressure 1. bar 
inlet moisture content 50-100ppm 
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__TABIE 

2: 1, j.. S. T5A 'wet' - EXPERIMENTAL OPEMTING 

CONDITIONS AND OVEMLL EFFICIENCIES 

General cciiditions : nominal bed depta lm 
desorption pressure lbar 
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APPENDIX IV, TABLE 2: M. S. T5A 'wet' - EXPERIMENTAL OPE-R-ATING 

CONDITIONS AND OVERALL EFFICIENCIES 

General conditions : nominal bed depth lm 
desorption prassure lbar 
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APPENDIX IV, TABLE 2 (continued) 
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APPENDIX IV, TABLE 3: M. S. T5A 'dry' - EXPER11, Y-INITAL OPERATING 

CONDITIONS AND OVERALL EFFICIENCIES 

General conditions : nominal bed depth Im 
desorption pressure lbar 
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APPENDIX IV, TABLE 3 (continued) 
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APPENDIX IV, TABLE 4 M. S. T5A 'wet' run 114 EFFECT OF R. EDUCED, INLET 

MOISTURE CONTENT ON CO 2 SEPARATION 

General operating conditions : Revert ratio 
Adsorption pressure 
Desorption pressure 
Feed rate 
Period time 
Nominal bed depth 

1.0 
5.1 bar 
1.0 ýar 2 0.56-0.0151,, g/m s 
120 s 
1m 

operating 
time 
(hours) 

Mean compositions 
Z V/v CO 2 

Feed Product Purge 

Water vapour 
concentrations 

(ppm) 
Feed Product 

Mass 
balance 
W 

Adsorption 
ef ficiency 

5 0.415 0.0635 0.41 310 18 +1.. 2 87.3 

9 0.395 0.057 0.405 275 - -2.5 88.1 

24 0.43 0.060 0.42 170 +2.3 88.6 

26 0.415 0.0495 0.40 160 - q-3.6 90.1 

29 0.410 0.048 0.405 145 5 +1.1 90.3 

48 0.43 0.048 0.405 44 5 +5.8 90.8 

71 0.425 0.0435 0.41 31 - +3.5 91.7 

78 0.44 0.0445 0.41 29 - +6.8 91.6 

94 0-405 0.0385 0.395 24 - +2.5 92.2 

98 0.41 0.041 0.405 26 - +1.2 91.9 
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APPEIMI11%. IV, TABLE 5 M. S. T51idry' , run 216, IEFFECT OF MEMED 

OPERATION WITH UET FEED GAS 

General operating conditions : TRevert ratio 0.33 
Adsoi: ption pressure 5.1 bar 
Desorption preosure 1.0 ýar 2 Feed rate 0.55-0.01 kg/m s 
Period time 120 s 
Nominal bed depth 1. M 

Operating 
time 
(hours) 

Mean compositions 
(% V/v CO 2 

Feed Product Purge 

Water vapour 
concentrations 

. 
(ppm) 

Feed Product 

Mass 
balance 
M 

Adsorption 
efficiency 

0* 
1 

0.42 0.075 1.07 800 +4.1 
1 
35.1 

25 0.40 0.090 1.06 1300 8 -2.5 81.7 
51 0.405 0.098 1.06 1400 7 -2.5 

1 
79.5 

72 0.395 0.109 0.96 1450 6 4.1.3 76.5 
92 0.41 0.121 1.02 1550 7 -2.0 74.8 
99 0.110 0.1.22 0.95 1600 7 +1.0 9 

SHUTDOWN 
102 0.43 0.139 0.92 1750 1.7 -1-7.4 72.2 

124 0.425 0.140 0.93 1700 8 +5.7 71.8 
130 0.43 0.144 0.96 1650 7 +3.9 71.3 
147 0.43 0.148 0.91 1700 8 4--1.0 70.3 
154 0.43 0.157 0.93 1700 6 +4.2 68.1. 
176 0.41 0.153 0.87- 1650 6 +4.9 67.6 

SIIUTDO14N 
180 0.41 0.170 0.90 1800 25 -0.3 63.7 
203 0.43 0.183 0.85 1900 10 +5.9 60.2 
234 0.445 0.203 0.87 1700 12 +5.0 59.8 
257 0.43 0.201 0.84 1700 9 +4.2 56.2 
302 0.415 0.199 0.82 1700 10 +2.6 54.8 

*Based on run 21.5 
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APPENDIX IV, TABLE Ga GAS TEMPERATURE,, AND CO, PAURTIAL 

P. P, F, SSIJFrj', PROFILES 

RIJN NO: 68 M. S. AMIENT TE14PERATURE : 20.31C 
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APPENDIX IV, TABLE 6b GAS TEMPFRIMIZE, AND CO PARTIAL Pld', ISSURE PROFILES 

RIJN INO: 1.50 10DIIENT TEMPERATURE : 23.80C 
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APPENDIX IV, TABLE 6c GAS TEMI'EMATURE AND CO, PIMIV, 

PRESSURE PROFILES 

RUN NO: 158 M. S. AMBIENT TEMPERATURE : 22.8C 
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APPENDIX IV, TABLE 6d GAS TEIMPERATURE AND_2ý2 P. V,. T'LAL PRESSURE PROFILFS 
RUN NO: 161 

-AIIBIENT TEý2ERATUILE : 24.8cC 
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APPENDIX IV, TABLE 6e GAS TEITPERATURE AND CO, PAIRMAL 

PRESSURE PROFILES 

RUN NO: 167 AUBIENT TEMPERATUTZE : 24.80C 
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ATPENDIX IV, TAb IT 
LE 6f GAS TMIPERATURE AND CO PARTIAL PRESSUU- PROFILES 

RUN NO: 173 AMBIENT UlffERATURE : 24 0c 
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APPEMIX IV, TABLE 6- GAS TF11PEPUTURZ AND CO PAI), 1.11AT, 

PRFSSURE PROFILES 

RUN NO: 178 AIMIENT TEMIPE. IZATURE : 23.2 0c 
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APPE'NDIX TV, TABLE GAS AND CO, PAJITIAL 

PRESSURE PROFILES 

RUN NO: 178 AMBIENT TEMIPEIIATURE, : 23.20C 
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APPENDIX IV, TABLE 6h GAS TEMIERATUMýý AND CO PARTIAL PRESSURE PROFILES 2- 
RUN NO: 186 AMBIE1,1T TEUPFRATURE, : 24.5 
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APPENDIX IV. 2 _TLBLE 

6i GAS MoTERATURE AINID CO 2 PARTIAL PRESSURE PROPI I., 
-ES RUN NO: 196 AMBIENT TEM'ERATURl: : 21.8 0c 
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APPENDIX IV, PABLE1 6. i- GAS TEI-PERATURTZ AND Co 1) PARTIAL PRESSURE PROFILLS 
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APPENDIX IV, TABLE 7 'DEVIATIONS FROM ISOTHERMAL OPERATION 

OBSERVED USING 'DRY' M. S. T5A ADSORBENT 

Cas Temperature 

Ambient Adsorption Desorption 

Ruu No. Temp. Top Middle Bottom Top Middle Bottom 

150 23.9 23.0 27.9 33.7 16.2 19.9 23.5 

151 23.7 25.3 25.2 25.3 21.5 21,0 21.0 

152 24.2 24.3 23.3 23.8 20.4 17.0 17.0 

154 23.8 18.7 27.0 33.5 13.0 20.9 25.8 

155 24.7 24.7 24.5 23.8 21.1 1.9.7 17.8 

156 23.8 24.8 24.6 23.8 21.5 20.1 18.3 

157 24.5 26.4 25.5 25.2 21.5 20.5 18. kL') 

58 22.8 25 24.7 23.6 22.9 21.8 19.1 

160 24.8 25.6 25.3 24.9 23.2 21.8 20.8 

185 20.6 22.8 22.6 22.5 19.7 19.1 18.7 

186 24.5 26.1. 211.9 22.6 22.5 20.0 17.0 

188 23.0 25.0 24.7 23.8 21.8 21.1 19.5 

189 24.2 26.2 26.3 25.9 22.9 22.5 21.1 

191 24.7 26.2 25.0 24.0 24.0 22.5 22.0 

195 22.7 24.1 23.6 22.9 20.1 19.0 1.6.7 

196 22.3 22.5 20,, 9 33.8 16.8 14.0 26.2 

201 22.8 23.7 24.0 23.5 20.2 1.9.5 17.8 

202 22.6 24.4 23.3 22.6 21.7 20.1 18.3 

205 21.2 2 2 .8 22.7 21.8 1.9.7 1 L8.6 16.4 

Ilid-period values referred to a-mbient: temperature 
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APPENDIX V, TABLE I: Activated carbon 208C - COMPUTED IMSULTS, 
INCLUDING PREDICTED AND EXPERIMENTAL SOLID 
PHASE TRANSFER COEFFICIENTS 

The values of the dimensionless 
and 0 are based throughout on the ap 
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APPENDTX V, TABLE 1. (contintied) 
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APPENDIX V, TABLE 2 (continued) 
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APPENDIX V, TABLE 3: M. S. T5A 'dry' - COMPUTED RESULTS INCLUDING 
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TRANSFER COEFFICIENTS 
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APPENDIX V, TABLE 3 (continued) 
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APPENDIX V, TABLE 3 (continued) 
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