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ABSTRACT

A theoreticel study has been made of tho adsorption ¢f
one component from a gas stream flowing through a large adiabatic
fized bed. Asymptotic zalutions were obinined under the assumpticn
that the adsorption occurs in two distinct mass transfer zcnes moving
through the bed, one after the cther, as observed by Leavitt {1).
Breakthrough concentration ard temperature profiles calculated from
these solutions are in reasonably good agreement with the experimental
results of Leavitt on the aciahatic fixed bed adsorpticn of COZ on
molecular sieves. It was also found that the asymptotic solutions
to the first mass transfer zone exist for most linear and favorable
adsorption isotherms concerned, and that they are always useful in

predicting large adiabatic fixed bed performance even when the second

mase transfer zone does not attzin 2 constant pattern state.
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I NNTRODUCTION

An important chemical engineering cporation i that in
which a cortain fluid is paseed through 2 stationary bed for the
purpsse of removing from 18, or adding to i¢, one o more chemical
substences. The purification of gases by pSseing thom throvgh a
bed of activated charccal or melecular sieve adsorbent is an
important application of this unit operation {2). In general, it is
most economical to conduct this sorption process in semi-continucus
arrangement in which the solid phase is present as a fixed bed of
granular particles. The fluid phaee passes through the interstices
of this bed for an cxtended period of time. A schematic diagram of
a typical iixed_ bed system is shown in Fig. 1. The coancentration
gradients in the fluid and solid pheses display a transient behavicr,
and their evolution depends upon the pertinant material and energy
balances, rates and squilibria. For the design of efficient fixed beds,
it i desirable to have a background of theory to predict bed perfor-
mance from & knowledge of the characteristics and behavior of the
individual system variables such as {uid and solid phase diffusivities,
cdsorptdon equilibrium dats, particle and bed dimonsions, ctc., all
of which affect the overall adsorption. The principal aim in predicting
bed performance is to establish the precise time at which the effluent

reaches a certain adsorbate concentration level buyoad which it is
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undesivzable to continze cpozating the bed. At this point the feed

stream ie diverted ¢o & secend bed while the first adsocher io

subjected to regeneration by thermal or other moana,

This ""breakthrough' time of the adsorbats can be calcye

lated for any lovel, once the concentration prefiles ave known a8 &

function of time and position. A rigorous tred

trnent of the problem
includes a consideraticn of sndial and axial disperelon in the fuid
phase as well as taking into account the heat effects associated with
the adsorption process (3). The resulting est of partial differential
equations describing bed performance is, howaver, not readily

ameanable to aaalytical sclutioa.

in the relatively simple case of isothermal adsorption
fvom a gas feed containing coly ons adsorbable compenent, much has
becn dene in the way of predicting bed performance {4). A a high

feed comcentration, however, the adeorpticn process is complicated

by the non-linear adsorption eguilibrium relationship nnd temporatnze

changes in the bed due to the incemplets removal of the heat of adporpe

tion and the difference betwesna feed and ivdtial bed temperatures,
When adocorption occurs in & small-diometer fixed bed, the heat that
is gensrzated is readily conducted cut through the bed wall; thus the

ded may be nearly iscthermal. In a large-diameter, industrial-scale
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bed, howover, the heat that is genorated in the bed io not easily
conducted to the wall 3 such conducticn wmay in foct be nogligible.
Ac a reculs, the beat genorated in the bed is cither carried eway
é by ges flow through the bed of is stored in the bed, The bed
temperature may rise significently, affecting the course of the
edsorption step (). The governing partial differentinl cquations

for the adisbasic fixed bed adsorption are, in general, nonlinscar,

since the rate law for adsorption is usually 2 non-linear function
of concentration and temperatare (2). Although no analyticel

solution to these differential equations hes been obtained, it i3

often ueeful to derive asymptotic golutions using siimplifying 28«
sumptions based on experimental cheervations in long adiabatic
fixed bed. These solutions may serve 28 2 good approximation to
actunl bed performance if the fixed bed is not very short (5). Itis
the purpoee of thie study to investigete thess asymptetic solutions

and their existence.
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2 LITERATURE

SURVEY

A cozefol atudy of tho Meoraturs roveals that very listle
ic known ebout none-iscthermal fized bed adsorption. Thie is due

to the mothematicel complesity of the problem.

Even in the ioothermal caee, en angiytical sclution can
be obteined only when the adseszption iectherm conceorncd is eithsy

lincar or of & Langm

air type nen-linsar form, and axiel dispersicn
io ignored {6, 7). Since meny adeorpiion iestherme do not conform
to either of these cases, ressarchers in this field have been forced
to confine their attention ¢ an even more spacialised model or
asymptotic case, such as the noadispersive equilibrium model {8}

or constant pattezn prefile case (9).

In isothermal fized bed adsorpticon, it has been recegnized
that axizl diffusion and mass transfer resistance bave 2 similar
effect ca bed performance. They cause & spreading of the adsordate
{rout as it pacsey down the fixed bed, that is, both oxjal diffusion and
mags transfer rosistance exe “'dispersive force ' {4, al}. Om the
cthor herd, in tho cboence of axial éiffusion and muos tronsfor sooloe -
tance, it has been chowa by De Veult {8} thas if the adecrpion {cotherm
concarned is " favorable ¢ {see Fig. 6) - {.e. the cecond derivative

nf the golid phege concentration of the adeorbute with respact to the
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eguilibrium finid pht.se concontration is alwaye negative, the bed
cencentyation profile will become increasingly shorp and approach

& step function a8 & limit., Whoereas this effect e moet proncunced

in nondispersive equilibrinm oporations, i8¢ alsd coccurs in the proe-
scnce of disporeive forces. Thuo the sharpening effect noted during
adsorption of an adsorbate with e "favorable ' isctherin opposes the
dispereive effect of mass tzancfor resistance and axlel diffusion. In
an initielly valformiy locaded fixed bed fod at constant zate and comi~
position, these opposing tendencies witimately came to balance, and
the adsorbate {rent travels down the bed without change in shaps (4).
This type of behavior is very much easior ¢0 treat mathematically
since the invariance of the coacentration prefile allows the elimination
of time as an indspendent variable and resuits in a considerable simplie
fication of the pertinent differential egustions. In fact, when the axial
distance iz the only independent variable, the mathematical formulation
of the problsm ie reduced to a set of ordinary differential equations.
For this reascn, the constant pattern assumption is used in most casos

of practical importance,

fn jsethormel Gued bed adeczpticn of sn adenurdate with a
favorable isctherm, ths exictence cf the asymptotic seiutone, which

predict such constant pattorn profiles, has been proved mathematically
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by Lightfoot and Ceoney (12) Although the constent pattern is an
aoymptotic profile whick is, strictly speaking, obtained only at

dietancaes far o

moved fzom the entzance of the bed, it hes, nevor-
theless, boon ostablished by Lapidus and Rosen §5) thet such a
constant pattern ie quickly reached fnsids the bed and may, thores
fore, be used in design calculation with gesd accuracy unless the

bed is vory shest, However, if the sdscrption isotherm concernsd

1o lHnear or of the unfavorable type, the constant patiera profile is
never soached, simce the linsar adsorption isctherm has no effect
en the shape of the adeorbats prefile, and the unfavorable cne hag

the same effect aa the maes transfer resistance and axial diffusicn

{6). In this case, the adsorbate profile will become increasingly
diffuse as it travels down the fixsd bed. Therefore, in iscthermal
fized bed adsorpiion, the asymptotic prafile exicts only when the

adsorption isstherm conceraed is of the favorsble type.

For the case of & high feed cencentration, Bowen and

Donald (13) observed experimentally that the adeorbate concentration
profile in a fixed bed ie no longer 8 simple sigmeidal shaps ao is
1oually cbgorved in the ipothormal cnea. They detected threo diffe-

rent mass tranefor sonss with the middie ons nearly at equilibriam,
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Thio i believed ¢o be caused by the effect ¢f ¢(smperature variation
cn the concentration profile due to the iazgs amounts of heat which
can be generated by the procoss of adsorption when the fead concen-

¢ration i high.

In & near-adiabstic lavgs fized bed Loavite (1) cbserved
that the adsorpticn occurs in two distinct mass transfer cones that
move through the bed, one after the cther, with the middle zone at
equilibrium. He also propossd o calculation methed for the detar-
mination of the transfer sone epecd and middle sone conditions, but
gave no soluticns to the concentration and temperature profiles that
aze useful in calculating the zene longth and the breakthrough time

when the coancentration profiles are not very sharp.

Three non-anslyticai methods for treating adiabatic fixed
bod adecorption may be mentioned: Hougon and Marshall {10} propozed
& graphical metzod of soluticn for the cass of arbitrary adsorption
{zotherme and negligible axial dispersion. But this is a lengthy trisl
apd error method. A numerical scheme, known as the method of
characteristic, was presented by Acrives (2} for handling the gsams
problem, For the very epecial cese of nondispersive equilibrium
oporaticn: negligible axisl mase éiffusion and heat conduction, sud
negligible resistances to mass and heat transfer between solid and
fluid phases, Lighticot (4) euggested a simple tricl and error numerical

method for the determination of the concantration and temperature prafiles.
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I MATHEMATICAL MODEL OF
ADIABATEIC FINED BED ADEORP TION

n order ¢o describe the fized bed operation quantitatively,
we must decided upon & goometrical model to represent the actual
gystam, and then set up dlfferential eguations, and initizl and boundary
conditions based upon this model to provide a mathematical description
of the syestem. & may be easily shown, however, that the detailed
behavior &f such & system is ¢too complicated to pormit quantitative
description, and we therefore muet sot up o simplified model which
is simple encugh to permit analysis but reaiistic encugh to provide

useful resulte.
i. The Dynamics of Fized Bed Adsorpion

The dynamics of an adsorption process are defined by threo
trangport processes, These are the rates of transfer of momentum,
mace and energy. DHut if we assums plug flow and neglect the effect

of pressure drop, there is no need to consider the momentum transfer.

The types of maces transfer present in 2 fized bed system
are pumerous and of varying importance depsnding on the operating

conditicns and phyesical configuration. These include {14, 15):

a) Bulk flow in conjunction with an axial pressure gradient.
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b) Filen diffusion. Transport between the bulk fluid phase
and the fuld phage in close prozimity of the external

calid suzface in cenjuncticn with & concentration gradient,

¢} Fluid-phage pore diffusion. Transport inside the pore
space of the salid in conjunction with an internal concene

tration gradieat,

d) Adsorption process or phase change. Transport betwaen
the fluid phase ia close proximity of the solid suriace and

the solid surface.

e) Solid-phass internal diffusion. Diffasion in a mobile,
edsosbed phase covering the pore surface of a porous
golid in conjunctios with & concentration gradient of the

adcorbed sclule.

f) Axial and radial transport in the bulk fluid phase as &

result of diffusioa and turbuience.

All of the transport mechanisme listed above could be signi-
ficant in the overall moedel with the possible exception of items (@} and
(), since the rate of curince edoorption ie vsuzlly very fost cempared
to the rate of mass transfer (15), and item ({} might be neglected

compared to item (a} at high flow rates £3}.

’J
4
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The typos of energy transport mechaniom which might bo

expected in a fixed bed gyotem are fisds
&) Bulk trapsport with the flow.

b} Bulk transport in conjunction with the mass transpors

between the fluid and colid phases.
¢) Coavoctive transport between the fiuid and solid phrsaes.

d) Axial and raedial conduction and convection in the fluid

phase.
e) Axial and radisl conduction in the bulk sclid phase.
£) Radial conduction within the solid particles.

g) Radial conduction and convection in the vicinity of the

eystem boundaries.

Items {d) and {e) are ususlly negligible cempared to item (&).
The rates of items (c) and ({) are fast compared to that of item o).
As a result, the local temperature differeace between the fluid and
solid phages could be emall (16). Further, ons might neglect the effect

of item (g} in & large-diameter or inpulated fixed bed.

In desczibing the fixed bed adsorption procesnes, the signie

ficant indepemient variables are:
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aj} Time
b) Axial bed position
) tc) R&ﬁi&l bm& pwi%iom
é; 3?..&@51@ g;wumem m-mm &h;:w‘ -mml é;.rt..ikcnié

The mﬁmcizs&l dawmd@m mrma as ﬁ:ms%mw ai nma ami gmm%@za
are:

. @) Cas phago concentration

£} Sclid phase mwm@' B

g) Geas phasge wmmmgg L

b) Solid F&;ﬁ i@ra@m o
The other mﬁéﬁiaé._am cez\erﬁiiabiepgm:jeré.f m.ch as compenent
identity, E@a& and 'imt{a}. conditions, and may b'é mséd to vary the syatem.
2. Dorivation of Differential Equations

The above list of veriables appears to be quite formidable,

In thic study, & cimplified mathematical model with only two indepeadent
variables is uaed - the time and the axial bed pesition. This medel
introduces a number of simplificetions in that it ascumes plug flow
through the bed, and neglects the variation of the dependent variables
with radial position, Furthermore, the following assumptions are

mede in the derivation of the aquations.



a) The fixed bed is initially uniforzaly loaded,

b) The feed conditions are constant, ard there is only

one adscrbable compoaent in the feed.

¢) Prescure drop inside the bed is smmall and the ideal

gas law applios to the fluid phase.

d) M=ass trensisr rats contrels the everall adeorption,

and the combined resistance to diffusion, consisting

ef both the external surface film and an intzaparticle
resistance, is considered together as a diffusiocnal
recistance, expressible in the ususl manner of the

mass transfer Y film Y theory,

e) Heat transfer rate between the solid and fluld phases
iz so fast that the local temperatures of the two phases

are egsentially tho same,

£) Heat losa through the bed wall is negligible {adiabatic bed).

g) The carrier gas flow rate and bed porosity are essentially

congtant throughout the bed,

in ¢rder to degcribe thic model system cuantitatively, it io

necessary to derive partial differential equations relating the compositicn

and temperature in each phase with positicn in the bed and time; we shall
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) coe that these are expressiens of conservaticn of mess and energy.

To imtegrato these difforentinl equaticas ws sholl nesd, in additien

to icteiel and boundery conditions, oxpressions for the equilibrium

distribution of the adgerbats between the sollid ard gas phases, and

for tho rate of trancfer of tho adeorbate betwesn phases,

We may derive thess censervation eguations by makiag

T e R T S e R S i S

maes and cnergy balances over & column segment of length As,

as chown in Figure 2. The mass balanceo for tho adsorbate is given by

2
Gy Gy ] ,
STTUOTRIND - ﬂ - ﬂ“’ o M !
55 Pg® =) 7=5 - ?° =) ds¢
Y % 52 '
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FIG. 2. SEGMENT OF FIXED BED FOR THE

FORMULATION OF MASS AND ENERGY

BALANCES
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Equaticans (1) and {2) are then eransformed, aftera twicee-zepeated

appiicatien of the mean valne theorzem, to yields

..quff?i Dﬁs &ﬁ&%&ﬁﬁﬁcg v+ W An L8
ag'ley '§ ©8 g9, €0 3¢ a8 ®b iim", g9 _
{3)
53
E) Cg% e ., 2% 2
e | amemmiile © 7, s ) AG Af @ e fep B % ¥} Az &t
o8 L-¥ * 3 ghe, ¢Ie0 2t ggﬁ? 8 % 8 g ees, gIsee
{4y .
where gn <%ED %‘.B wﬁi.o B@UUE <a2

gl<t‘° g"’ t'"a gnel<gz

Aﬁmazwmn \\

At s &zctx

Ve now divide by {43 at), lst B, Bq 0 and tz-—»en. This leads to

¢he following differential equations

5 ¥ DYy 4 2 .

ﬁﬁioy -an am“’ at {éng‘&.pbW)cG )
H

2 Gy g 2Ty

aﬁ(lov Kaﬁi‘l"a%(ep@&ig-ﬁ»%ﬁﬂpmg (6}

These two egustions &r¢ supplemented by the rate eguation, which

cccording to asoumpticn {8} can be writien 8o
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%%%mma‘%ww@b )
In order to reducs the number of dependont varisbles, reference states
for the enthalipics are dofined as followes

a) The adseszbate and cerrier gas as gases at 0°F and P,

b} The zdecrbent ao & colid at 0°F ard P.

Therefore, wo have

T T
H ct AT+ {1 - C'.dT=yC T+{l- c wT2C T
e -~ i -9 b V¥ Coa (i -y} = Cop
(2] o
{8)
T T W
- ¢ [ ]
Hj = cwa-r-@w Cp&d'r-t- AHEW |
(+] [+ o ‘
_ )
= ec?3+wcms'r+ WAH (L)) 1

1t should be noted that AH' and AH are functions of both W and T. According
to Equations (8) and (9), and the ideal gas iaw, Equations {5), (6) and (7)

may then be writien as

y QW €P 9 4 P 2Y
Gbaﬁ | y ¥ 0 ae* R ae('r-a»%oa R a:s‘T&-d%O aﬁs)
€10)
b
. (CW,T}_& a(WaH), o AT 2{C, W T)
cbam Ff.»y'pb 2¢ G gwaﬁ'% ot
c T
e P 3 3 3T, _
+ == 57 e ~ 5 Ko 7 (11
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oW kao o Wb
e, ST = = gTags! (32)

The boundory and initial conditions for Equstions {10), {11) and {L2) ava

Was W, T= '}."&,

A Pl v {Wi, Tgb atz=0 {23}
Equaticns {10}, {kl)am‘v‘. {12) together with the boundary and initial con-
diticns {13) and (14), and adsorption equilibrium equation y#¥ = y& (W, Th
describe the dysamic behavier of sdiabatic fized adsorption under ase
sumpticas made. The third term in Eq. (10) and the fifth term in Eq. {11}
represent the gas phase accumulation of the adsorbate and energy rese
pectively and are asually negligible comparzed to other terms. The last
¢corme in Equations (10) aad {31) represent th_e axial diffesion and come
duction, and are sigrificant only when the bulk flow rats is very low £33,
In o small particlie bed with low bulk flow rates, vy is nearly equal to y®
due to high mess transfer rates or to long residence time {15). Conage
guently the maee transier equation {12) drops out in thie special case,
ard the two phases are assumed egsentially at equilibriam. This simplie
fication ia {requently applied in the mathematical analysis of g&s chromde

trography.

i
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IV ASYMPTOTIC SOLUTIONS TO
ADIABATIC FIXED BED ADSORP TION

Thers sesms to bo no mathematical method available for
seiving Equations {86}, (11} and {i2) anslyticelly, mairly because of
the non-linearity of thope cquations. In this chapler, only some

asymptetic sclutions will be investigated.
1. Aesymptotic Behavior of Adiabatic Fized Bed Adsorption

Leavitt {1), Bowen and Donzid {13) obeerved three distinct
masgs transfer sones with the middlie cne nearly at equilibrium in an
adeorber taking & high concentration fead. It is unlikely, therefore,
that any theory based on the assumption of 2 single sigmoidal concen
tzation or temperature profile will be successful in prediciing the
porformeance of edeorbors taking a higk concentration feed, mainly

bocause the effect of tho heat of adsorption cannct be overlocked,

The existence of these zones may be explained as followa:
4p adeorption procesads in an adiabatic fixed bed, temperature peaks
will develop. Afler the penk temperature reaches ite meximum value,
the length of the region which is at this maximum temperature will
begin to expand in tho direction of flow continucuely. Therefore, it

io not pocesible for the entire temperature profile in the bed to reach
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o conetant pattern. Since tho tempesatuzre and adsosbats concenird-
tions in both phases axo not independent of each other, the adcorbato
ccacontration profiles will not reach constant patterns oither as far
ac the entire prefiles in the bed axs concorned, However, when the
length of the maximum temperature reglon i8 lomg enough, itis likely
that the adsozbals concentrations ia both phases will geach an equili-
brium condition in that region. With this middie zene at equilibrium,
it is possible for the temperature aad cencentration profiles in the

other two zones balsss snd piter the middle smone to asymptotically

approach constent patterns under cortain conditicne which will bs

discussed later. The concentration and tsmperature profiles in each

msss transfer sone will then travel along the bed withoat change in !
chaps. Fusthermoze, slnce the temperature and adsorbata coacan-
trations in both phasee &re dependent of cach other, these consiant

pattern profiles in the 82Imns mMasod transfer sone must travel along

the bed at the same spsed, Otherwise the constant patterns could not
be maintained. However, it ic not NECELRBALY for the twe mass transfor

ponee to have the same gpeed.

it sgomb, thoreford, reaconable to postulate ﬁa.mrmpwuc:

conceatratic and tempsrature preiiles, 8o shown ta Figure 3, which
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nold provided the fixed bed is long oo cugh., All tho shapes of the
concentratien and tempezature prefiles i both tho first and secend
ma06 ¢rancier scnes are independent of time, But the distance
betwaen these two zones may vary with time, oven while the middle
gono is essentially at oquilibrium,
2, Asymptotic Sclutions

t4) Evaluation of the Middle Zone Conditions and Tranefer

Zone Speeds
Each mass transfer zone epeed and middle zone conditicns

can be easily determined through use of mase and ensrgy balances
between £, and . for the fizst transfor zone and between 3, and

3

mz' for the second transfer zone as shown in Fig. 3. Accumulaticn

of the adsorbate in both phages per unit time per unit cross~-gectional

ares acrose the first trensfor zomne is glven by

Ve 3 -
Gb(l"yz - £-73)aa CﬁpngZ’g’gng)"' pb(WZ.W3) {15}
where § io the firet transier noae speed. Accumulation of enezgy in
both phases per unit time per unit crosse-sectional arca across the

Girct trancfer sene to given byl
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wo relations and Equations (8) aud (%), it follows that

Feom thoee ¢
¥ v g v ol
= & 3 . " er 2 3
b e %gi’?z 1eyy by (W, = Wb+ =% éTz”" 460 " T, T 260)
Cor2Tz Sz’
- o o '!" ™
= @b ¢ i - W-;, le Vg ¥ 1 [@‘ &E'Ia ﬁvg&ﬁﬂ} E C ( T3§

®»}
C T c T
2 _%2_.3-—)} {17)

QW2 T2" G 3“%%’] "rzwe T+ 460

Similarly for the second transfer mond, We have

-1
= 4% .2 ) (W = W, & == ( 14 )
G, -y, -7, Py (W) = Wal ¥ 7K VT4 460~ T, + 469

11

¢
!
4
;
v
’

sgb(..!.z;ﬁ?_l ng%((w AR - W,8H,) + C, L ATy = To

! ep Soaa™y  Sppate z-z
+{Ch1 "1 % "cpazwz'ra’] R s T, %u’) (16)

where B'is the second transfer sono speed. Values of ¥ WZ‘ TZ‘
B apd B can be determined from Equations (17) and {18), and adsorption

oquilibrium equation ¥5 © VAl (Wa. TZ} if feed and initizl conditions ars

nown.
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{B) Cecncentration and Temperature Gradients

Once the middie cone conditions and gono opeed are known,
we maoy proceed to calculate the concentration and tempezatere prciiies
of each transfor sone separately. The following derivaticns are only
for the first transfer zone. Since the procedure is entirely the same

for the second transfer scae, it will not be repeated here,

Under our constant pattern profile assumption the following

relations must be true

(22 e (Z) =(2=) =8 (19)
aty. ot 2t o

Integrating the above equations, yields

fl {y) = =z-=pt {1%a)
£,4W) = =~ Bt {19b)
fg('r) z ge=pt £19¢)

It foliows that y, W and T are functions of {z - ft) only. Let

x = g~ B¢ T {20}
Then
E A gv , 9% ay
(==} == (=52 =52
&, Cinsin o5 ¢ (4929
¢ :

2 dy 2% _ g%
(;—%»ﬁmﬁau)m p ==
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Similarly, for the functions W and T we have

oW aw oW
SO = -p S
2]

(2%, . 4T 2% 4T
g’ = éx’ a%“ﬁﬁzz

By these transfermotions, Equaticns (10}, (31) and (32) can be reduced

to the following ordinary differential equations:

dW eP d D 4
Gbcim e y) Bloy gzt Rdx‘ﬂ-%ﬂ’] Rm‘w@wﬁ’ =0 {21
C.T a{c_wT) N
og a (WAEH) aT
dex e B e, T ax  t Py Cpe St
c T
aw k».&p yEey {23}

dx pbh T + 460

Since the constant pattern profiles can ealy be approached for large
distances (as s+ <} or for large times {as t+ o), the boundary and

initial conditions {13} and (14) reduce to the following conditions:

T o® V":’,” W ‘QJB“ T F{‘:b an &= ‘”‘(Z ﬁt)’ —— - OO Qa‘iv}
) t = 0
g 00
y= Yy, We W,, T Ty B8x Hz-ft} = — {25}
t-» 0
% in middle zens

I
:
W
L
)
S
;
v

3



e G Qe R e

D y -
R{T+ 460) dx“c'bexay l-y, Bley

v 26 o

Eqguetions {21}, (22} and {23}, tegether with boundary conditions (24)
and {25}, and pertinent adoorption equilibrium eguation describe the

asymptctic behavior of adiabatic fixed bed adsorption under assumptions made.

Equaticns {21} and {22} can be casily intecgrated once. The
second integraticn is usually mere difficult and will be discussed in

greater detail in the subsequent gection, Integrating Equations (21)

aml (22) cace with the aid of boundary condition (24}, we cbizin

PD__ dy

PR T+%60-T3-i~%

(26)

y y
) - Bl (W W,) 4 S (X 2 9)]

aT c T C_.T,
~E&. B2 2. _ g py, (WAH - W AH )+ p c:pa (T, = T,) 1

K‘c'l-xrzﬁb(l-y I'YS

cC 7T C_.T

ks 4 ¢ r B& .M
WaT )+ "% (57550 T3+%@b {27}

oy (CWT - C g

Equation (23) may also be formelly mggmwd, yielding

W
Bp, R
b T + 460 —
n o= D i e et d%’l{ o 4 "}'{ - V‘? 28
= TERT g (W)= ¢ (W) (28)
Ve

where W is defined such that We W as 2= 0. Acympiotic concentrations
and tamperature profiles can be obtained from Equations (26} (27) and {28}

and the adgorption eguilibrium equation, Variocus special selutions will be
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discussed in section {C}.

The evaluation of W in Ig. {28) requires some discussicns

Izs value can in prizciple be determined through use of 2 material
balance for the adsorbate over the entire fized bed {17). Assuming
that tho constant paticrn profiles begin o develop at the atert of the

cperaticn, we have the fellowing conservation equation for the adsors

bate:
y y ” o
2 3 _
G, €1_?a " Tey, dt=p | (WeWj)dss €lo,y = pggv3) ds (29
L+ o

where W = ’Wg atz= 0,

Since the gas phase accurxnulation i usually amall, we may neglect
the last term of Eq. {&9). Furthserz, it fcllcwe from Equaticn {28) that
W is & functica of [:s'. + @ Q?‘?)] or [a - Pty g ﬁ?)} ealy. Equaticn {29)
may therefore be written in the following form:
o)

¥, Y. -
Gbek-vz ‘a»y3

(WeW)d [x+ 0] (30

-pe+ g (W)
Refereing to Flg. 42, wo sce that
o0 W

(W o W3) d[z&-&- g ('ﬁ;)] & e {W'»'e-‘!a) [-QZ\M’ 4 (“T{')] + G{w) aw

pe+ @ (W) w

3

{31)
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. Substituting this relation into Equation {30), yields

We
g% - 73 g = (wew.) [Bt-8 W)+ g (W) aw} {32
Gh l-y, Koys' ®y 3 [ﬁ,% : ]
Wy

Since ¢ io large, W° approaches Wz and Eg. {32} becomss

W

2 G v b
; y  a -] 0 o 2 - 3
g (W) dW = (W, W,) § (W) o ﬁg,% Toy,

)-B (W= W)l ¢

W.’:‘;

{33)
Frem Eq. {17}, we see that the right hand side of Eq. {33) is squal to
gero, if we neglect the ges phase accamulation term. It followe then,

that

Wz
i — g(wy aw (34)
W, W
el 3
'Wg

This is the equation uped for evaluating 8 (W) provided Eq. {28) can be

8
a
b
i

]
&
i

a
i
it
I
£l
ki
i

PR

B
t’:‘gg

integrated enalytically, Since x= # (W) - § (W), Eq. (34) may also be

put into the following form:

Gl e TN T e
S R TR S SRR

=AW = 0 (28}

£
h2d
<5

PR B M AR A S
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if Equation (28) cannot be integrated analytically we may use Eq. {35) ¢o
cotimate the value f W. Referring to Fig. 4 Eg. (35) moans that the
arca A should be equal to the area B, In &ae special cace where the curve
W vs. = ic symmetric with respect to the point W = (W, + WE.’)/Z, we have
W e @,‘é’v’a + Wg)/a, Although the curve W vs. = ie not necepsarily syme
metric with respsct to that point, somse w%ho&m {4, 11) have adopted this

simplification in thelr treatment of the iscthermal case,

{C) Special Soluticns
We now carry cut the second integration of Equations (26) and
{27) by introducing additicnal simplifying 2ssumptions.
Case (a). Negligible Axial Mass Diffnsion and Heat Conduction
D=9 K=0, k= finive)

Frem Equetions {26} and {27), we have

Y. Vi
Yy 3 . . € P Vi . 3 \
c‘b(!oy’loys) B | oy (W= Wb+ = 1571750 T3+4603'J”° (36)

-_Bﬁé..}- - B I w B -
4] Pb {WaH TngAHS) % f’lb cpm {T T3-)

¢ T C_,T
b p (C_WT = wopye SERaT L BRSOy oo (37
b g pald 373 T YT+ a60 T, 4607 y
-

LR PIF



i we neglect the torms of gas phase accumulation of the adsorbate

and eaergy in Eguations (36) and (37) then these eguations can be
simplified to the following forms:

~¥-§ = cW+d

e {38)

Ta {a% (1 -y (WaH- W,AH ) + T, [Gb Cogs™ By (1=¥5)(C ¢ cmws)]}x

¢ -1
{Gb Cwoﬁpbéiaygg [(3W+ Cpgwf' (Cw-cm) W]} {39)
where
e :
c= "a?; {40) '
V3 "
d= - W {41) -
| g V3 G"o 3

s = - AT g
Further, if CW CP& = constant, or (CEm Gpg’ W <<Cp$ then Equation

(39) can be reduced to a linear form between T and W:

T

i

e W4 ¢ {42}

where

Boy, -y} &H

e = TR R {43}
i o @ ik ) - L Yac
Gp Cpg = Boy ey (G pr V3l
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B oy, (2=y,) WobH,

f= 'E
% G s B Py (i - ‘?33 éﬁpg‘@- C@g %?3?

I is seea then that the relations among y/it-v}, W, end T are all

lincar provided AH is censtant,

The cenceantration profile W as & functicn of = can be cal-
culated from Equations (28}, (36) and {37), and the pertinent adsorption
equilibrinm equatica. In general Bhuation {28} has o be integrated
graphically or pumericaily, mainly because of the expoaoential tempse
rature dependence of the equilibrium ae shown, for example, by

Lengmuir's adeozpton isotherm {18).
1 .

2
) k 2Tm_R(T+460) o an’ ¥ )
¥ Pe N R(T+460) | W_ =W

Anslytical integration of Equation (28) hie 80 {ar been found possible

only for the foliowing special casel

(T & 460} W i
i v Volmer's isctherm (46)

y <1

4 = conotant

¢ = ¢ = constentor (G . - c yw KLG
G ‘ (Cpa = Cps! ¥ Spe

Negligible gas phase accumulation of the adsorbate and energy
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The procedure for this case is as follows. Substituting Equations (38},

{42} and (46) into Equation {28} and carzying cut the integraticn we cobiain

for this special cage

. PR [ 2
T = ngp-;ﬂwmm«[ﬁmmw - BW - C)
E < ) v
(= Bl (2AVB 8, L pw|-g @) “n
& 2afg BAWeB¢ [§
whoers
A = be+e {47a)
B = a'cebd-f« 460 (47b)
C = a'd {47c)
qa = B®+a4ac {474)
vio e oefed
Q = afe - a(f+ 460) = &2 "bfi : éibe (47e)
atbdae
E = &°€§+460)-m {476)
bea
Fo® Fere )

The integration constant § (‘é_f} cen be calculated from Equations {34) ard

(47}, The recultis




giw) = @%R §Q¢-§@¢Q%m
ZAK&FQW&QWBB 24 [a 24 g

} [qamvoﬁ» R gAW-B-G

- (2AWoBa @J % g«é% 2. 28, [gmw.m /@ {2AW-B+ /@
&

W 2

- (2AW- B+ @] -(Qln A} WoA FWS

Ws

Case (b}, Negligible Mass Transfer Resistancs and Axial Heat

Conduction {y= v%, K= 0, D>0)

The mase transfor eguation {28) drope out, and we are left with

Eguations (26) and {37}, and the relation y= y%. Formally integrating

Equaticn (26), yields

¥
¥
P ¥ 3 _

xm = D{(Twéop [c‘b(n_y-lnva)-@%m - W,)
v i

Yﬁ

BeP 37 3

-l vy Sl i) dy

3

TRerd

_ _— W_o+ W, T.4+ T
y = y3{W, T) & yo {

{<8)

¢
{

;
"
LN
i
’
1

(4%

{50)
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L Wt Wy
The last relation holds since for 22 0, W W= 5 - and
- Tg + Ts
cengequently fram Equation {42) T = 3 « Tho integration of

Eq. {49) may be cazried cut graphically or numerically with the aid

ef Eq. (37} and edscrption equilibrium data.
Case {c). Negligible Mass Trensfor Resistance and Axial Mass

Diffasion {y= y35, D= 0, K> 0}

The mass transfer equation (28} drope ocut agalin, and we are
left with Eguaticns (27) and (36), and the relation y= y*. [ntegrating

Equation (27), yields

. T
c.T C 31‘3
z = K G.b(-m--l =y o —m——-l -7, }- 8 %(WAH-W3AH3)+ prpBQT-T3)
T
ep ST CopaTy )| T
+ gy (c%w'r-cpwwgfzg) ¢ S (i Tt =) aT (51)
where T cen be obteined from the following relation
pR LRy - o (T, T = yo (il T) (522
y = {5 + T o & o) @ YR (W, Thm Y T—
i Yo 1 ¥3 ) Y2 i Vs é
L. W+ W,
fenin, thic relation holde since for == 0, We W £ - > =~ and {rom
¥ y
Equation (38), 3 & (qeim + mmiom)/(rom—m 4+ —==—). The intogration
E-yz l--\ir3 k-ya k-ya

NI S
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of Equation {51) may bo carried out graphicaily or numorically with
the aid of Bquation {36) and adeorpticn equilibrium data. Substituting
the rosalte together with the relation y = y® {W, T) ianto Eq. {36}
gives the conceatratien profile v as & fonction of x.

Case {d). Negligible Mags Trancfer Resistance

{y = y% D> 0, K> 0) Applicable to Beds of Small
Particles With Low Gas Flow Ratss

The governing equations for this cace are Eguations {26)

and {27) and y = y® (W T). Dividing Equation (27) by (26), yiclds

ax | { PD j (Eﬂf..-f&&li,g (WAH- W AH )+ p C (T .,'zgf
& mmrang (B T-y T -y, Py S UM N T AL R U
C T € .T
eEP 373 %
+ g, (C o WT = O g Wy T+ 1 (340 - T, + 460 ’] = «

y y -t

4 3. - 2 S
G 355 l-ya) P [“’b‘w Wt =g 75 T3+460)H
{53}

it chould be noted that Equation (53) is indeterminate at y = ¥, and Yyo since
both dy/dx end dT/dx in Equations (26) and {27} vanish at these points,
Menece there is difficulty in starting the integratioa from the poing ¥y OF Vge
A simplified method for reselving thio gituation o to use the following

approximate relaticn:
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Wyt W T,+ T v Vs
2”3 , 2 !
| We T s == asy =

& ° & v €§°% leyy 3/530% leyg

b4

Thic relation i estimated from Equations {26) and (27) and by neglecting

the axial diffusion and conduction, and ths gae phise accumuiation of the
adsorbate and ensrgy. Integrating Eq. (53] numerically with the aid of
gdsorption equilibrivm data and the boundary condition (54), and then sub-

otituting the rosuite togother with the ralaticn y = y2 (W, T) into Eguatien

{49), we caa calculate the comceniration profile y as a {unctien of = for

E this caze.

Cage {(e). Finits Mase Transfer Registance and Neon-gero Axial Mass
E* Diffueion and Heat Conduction (k= finite, D> 0, K> 0) -

This is the most gane:al cage under the assumptions made and
the governing ecuaticas are Equations (23}, (26} and {27). From theseo

eguations ws havo

2
8 Vs
dy Py R{T¢ 460) ,
aw = Dk&(yﬁ-y’{ = } {‘&b (-L“V -«---3_ ) - Bp, (W= W,)
- ¥
Lerp Y 3
e e i T, 460 Dl (55}

. lp, R{T+ 460} ¢ T G .T
at _ Fey g 53
3 uabi = il o b L E o
3V © PREa(yo-y} G (o= o= = B | gy, (WAH- W AH)

P C%T CppBTS
- L K T e Si rstne— - b
(.-Em {7 Tgb + Py, (Cpm'?& fA cpa WL T, ) 4 = )

*&*pb

(50)
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Both Equations {55) and {56) are indetozeninate 8t W= Wa and WB’.

Tho approzimate boundary condition {54) used in cese (d) can be
appiied heze. Numerlcal intogration, such a3 the mothod of Runge-
Kutto cusethisd sule for & systemm {sse Appeadiz), is necded for

sclving Equations {55} and {56} to chialn

y & £, (@ {57)

T = ﬁg ¥y ¢58)

The cencentration profile W as @ function of z can then be calculated
from Equations (28), (57) and (58) and the pertinent adsorpticn equilie

brium eguatica.
3, Existeace of Asymptotic Sclutions

There are somd limits to the conditions under which the
asymptotic sclutiens exist and theso will now be discussed in some

detail,

The canditions for the existence of the first constant pattsrn
trancfor sone may be found by exarnining under what conditicns solue
ticns of Equations (23), {26) and (27) con satisly the boundary cenditicns
(24} and {25}, The coms nrgusasnt epplies to the secend constant pattern
sranefer sene. I chould be notsd that sithough Equaticns (23}, (26} and

(27) already satisfy the following rolatione




° 30 =

dy _dW _ &
Vevp WeWy Tomy, e aFeo (59)
, dy _ dW _ 4T
V S ¥ Wm%?gg T&Ta, T&j:-gwmﬂ ﬁ"‘“ﬁé"ggo {60}

this doss not mean thas gelutions of Equetions {23), {26) and (27) will
saticfy boundary conditions (24) and {25), sines i otill romsins to be

proved that y = V3 88 %—~4%o° , and yey, 8 E—eoo,

In order for the solutions of Eqe. (23), (26) zud {27) ¢
satisfy boundary coanditions (24) and (25), Equations (23), (26) and (27)
must satisfy the following conditicns, in addition to conditions {59) and
{60).

dé aw a7
& <0 S5<0, FE <o, for y,<y<y, (61)

I dy/dz = £ (¥, W, T} <0 for ¥3 <Y <yz, then 1/f {y, W, T){c always
nogative for Y3 <y <’?’3: ard bascemes negative infinite as y_,. VY, and
EESS P since according to comiitions (59) and (60), dy/dx=Catyxa Yz

Yqe Now gince

; 16
Ty W, T 62)

X —» +oo, as y._w,.y3

b *OC , a Y—~—+ 3{2
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Heonce, the sclutden of dy/dz= £ {y, W, T}, oz eguivalently of Equation
(26}, satiefy comditions {24) and ¢25). The samse rensoning applies t0

Equations {(23) and €273

in fact, tae conditien {61} can be derived as followe: the

conditica dW/ds <@, oz cguivalently ¥ - ¥3> 0 according to Equation

{23), means thet there exiets & mass transfer driving force fop the
adgorption process (0 proceed. Tuhis is & neceasary condition. Fusther,
since the relaticas among W, y/{l - y) and T are usually almost lincar

ae chown by Equations {26) and (27) and case {a), it foliows from the

aw dy , 8T
condition = < ¢ fm'y3<y <y, that dx<e and cb;<o in the

J
£
B
e
i

eame interval Vg <V <Y+ must alse be necessary conditions.

fn the iscthermal edsorpticn caee, it has baen recognized
¢hat the ccnatant pattern concentration profile existe only when the ade

serption {sotherm concerned s of the favorable type (12). Thisis

becauee solutions of Equaticas (23) and (26) can satisiy cenditioa {61}
canly when the edeorption {gotherm concerned is favorable, However,
in the adisbatic cace, this ts aot asceseavily 80, since the temporature
variation may have & conpiderable effect on the concentration profiles.
Thore are coms tmits to the cenditicns under which two geparato

congtant pattern transf{er zcnes will arige during sdiabatic fixed bed
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cdsorptica. As menticnod bafore, the relations among v/l =9 W

end T are vouslly almost linsar. I can be casily shown that the adiae

" batic operating Hne W ve. y io always gomeowhat cencave upward, bul

the shape end position of the adisbatic eauilibrium curve, W ve. y®are,

in geaeral, strongly depeadent on the offscts of temperaturs chenges
upon the adsorption isotherm, the magnitude of the heat of adsorption,
ard the oporating conditiens. Figures 5and 6 show the various adiabatic

cporating lines and equilibricm curves obtained by assuming lMnear .

relations ameng y/{i -y)y Wand T, For Weo sz + wga/z we have

Ta {T,+ T,)/2 awﬁ‘ze-zé-—-& 3 Vi e T
2¥ '3 vETY, T Ty, Teyy C1-vp

it ie seen that the effect of temporature changes upon the adsorption

)
-
[}

il
1!
’,

teotherm has a considerable effect on the magnitude of the mass transfer
driving force (y - y¥). If the adiebatic equilibrium curve aiways lLies

to the left of the adisbatic operating line, as chown in Figures 5 ard 6,

E then {y - y*) {8 always non-negative over the range concerned, and

g conditien (61) will bo catisfied, Consequently the constant gastern
trancfer zone exicts.

A pufficicnt condition for (v - v&} >0 in the firet transfer

cone cen be derived as follows, Since we have

g (y-y% =0, at T= T, Ty (63)
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FIG. 6. ADIABATIC OPERATING LINES AND EQUILIBRIUM
CURVES IN THE SECOND TRANSFER ZONE

----- Adiabatic operoting line
————  Adiagbatic equilibrium curve

Adsorption isotherm
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then &

2
4 le=9%) 0, i T.<T<T (64
& 5 2
dT
{y = y%) will be always graator ¢han garo in the first transfer ono

(T§< T << TES. Now o2 have

4 foyrtw, @ _ & 2y° 4w 2y®
T = T - 5“3'%”,4.“6'5' Q”S%‘?’T {65)
2 2 | 2
= ;‘L% A g%.ﬁg ..q..i.i?)
e et T w at?t W
“"ﬂ[“‘?"ﬁ-—% SR AL (66)
23T |37 Swhy ) TaT ‘awz
W T

and assuming Equations (38) and (42) hold, and AH is & constant, we have )

2 -3

ﬁ.%g ..if?;[w-fw? (udk] {67a)
aT ¢ €

aw 1

T >0 (e
2

é.i’éi = 0 {67c)
aT

It fellows thon from condition (64) and Equaticas (66) to {6Tc) that 2

sufficient comdition for the firot conclant pettern transfer sone W exict ioe
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3 : 2,
2e [p el nsay] « (22 +2|222h ] L L >o
¢ ¢ 5 e e| 3TV 2 2
T w T/, e W 4
in T,<7<7T, {68)

The first term in the inequality (68) is posiiive, the third term is positive
{or most adoorption leotherms, and the last term is positive and serc for
faverable and linear adsorption icctherms respectively. R is clear then

¢that condition {68) can be satistied by favorable and lincar adsorption iso-

2
therms if the derivative (%-Z-TD) increases or decreases slightly with
W

increasing T for the same W, Figures 52 and 5b show that (y-y¥ >0in
the interval v3< ¥ <Y, when (%—E,-;)W decreases siightly with increasing
T for the same W. Volmer's isotherm (Eq. {46) ) and Langmuir isotherm
{Eq. (45) ), for example, can be shown to fulfil condition (68). It should be
pointed out, however, that condition {68) is not a necessary one in some
cases, In the most comumen case of no initial bed loading (W3 = 0), for
example the value of {y - y3) is always positive in V3 = 0 <y <Y, for
favorable and linear adsorption isotherms that may not even satis{y
condition (68). Figures 5c and 5d chow that, in this instance, the adinbeatic
equilibrium curve is by necessity to the left of the adinbatic operating line,
gince all the partinent iscthorm points through which the adigbatic cgullie

brium curve pazses lie to the left of the adiabatic operating line,
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Since the ges phaes adsorbate concentration drep aver the
seccnd transfer sons ia asually emall, it ie better to dorive a puffie
cieat condition for tho eecond consiant pattera transfer zens 8o exist
&n the following form

-2
é : .
a” (waty, g""@ = gaa“?s + maﬁ' [T«f"«e-%:- (MMJ [g%ﬁmzwﬁ J
aT 27" T y
a =4 2
] ¢ ] 3
+ (3 ['r- 0+ 54 dv;] (2
oV T
28 I7eps 2 gray -3(3—"1'-'5') L0 (69)
MY @ ¥ o ,.
where cf, ¢, 2°and £* according to Equations (38) and (42) are ” .
ﬁl
c!' = -aﬁ’- {70} '
b
ar 2 i’ (71)
4 - W
ey G 2
2 b

Bley(l-y,) aH
°' =TT -gs*%(i» 3)((: ¥C_ Wi (72)
% Spg PR -y, s pg &

)

é&"@b {1~ YZ) W?. éi—lz

2" G C -pa Pey }JEC +C W
& by T ey 5“(;”;9;; ps 72

f ¢ o o

{73)

IV
It should be noted that the term (-é-i‘}-) iz always pesitive, the tarm
T
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2
&
(-?-mviwb is always negative for favorable adsorption isotherme.
Y T

e
and the term &-3-- g.%.i.?..} ] is negative for most adeorption ioo-
T "2 ¥V ' q
_ ¥
e
therms. Since in most cases, %; {= 103, T« £8 L0, and 6 <a' <1,

it is likely that condition (69) will be satisfied by favorable adsorpiion

a
2w e
jsotherms if { ‘i } is megative, or equivalently - (-ana-z-g;) increases
T *
(”

b

with increasing T for the same Y, &

sed that condition (69) is justa sufficient condition for the

s ghown in Figure 6. Againit should

be emphasi

gecond constant pattern tzansfer zone {o exist.

Even if the second coastant pattern transfer scne does not

exist, i.e., the concentration and temperature profiles in this zone
become increasingly diffuse, itis still possible for the profiles in the
fizot transfer sane to reach the agymptotic state provided the bed i
b for the equilibrium middle zone ¢o form. The asymptotic

long encug
e remain unchanged,

colutions for the first transfer sone in this cas
gince Equation (17} and the right hand side relation of Equatioa {18}
cre always truc as long as an equilibrium middle sone exists behind
¢the first trezefer wone., Thisc can be proved by making masc and GosIgy

balances between feed inlet and the middle zone as {olicwe:
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%2
v Va ¥y
3 3 EP b4 &
& LA R YR - v
% Ty " Toy, 19 7 [% LA FASS W Py “’”"a*g'-a-""’-@a'é?} ds
s .
2

o o e (W W b4+ é@ii § ¥ - V‘?’ }
b 2 R CT4460 T, 460
0
Wa Va0 T,
) &d [ oy, W =Woh ¢ T3 vl T, + Pl
.
i
: Wy 70 Ty
s sd (W-W_) ¢+ eP( 4 - T2 ) {74}
; Py 2 R 'T+460 T, 460

Wa Ty T

where &, is in the equilibrium middle sone. Applying the mean vaise

2
theorem to Eguation {74} we obtain

-3
41 Y2

2, { ) (W WH-GP( d ik )
t % I-y, leyy’ Pt Va2 R 'rg-z,%e T, + 460

§75}

where <o <s.. Smilarly, for the enorgy balence, we have
[

2t cmclTl C%sz { { ,
T”Gb(xuy! "oy Y ey L( gOHy =Wl b+ C (Ty - T,

-
sal o1 Cpaziz

€p
* wmaﬁ"“’xfz.”cp 2% 27 3,] R Q*f" + 860 T, + 4t 5! {76}

jaa g
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where 0 <z <8y i is sgen that both % ond B' aze proporticnal
to &ime. Sincs the concentraticn and temperature profiles are alwaye
assoclated together and both T and 2! must be within these profiles
no matter how large t, it fcllows that ‘s must be agual to s'. From
Equations {75) and (76} we may cbiain the sams relaticon as that en

the right hand side of Eq. (18)j. This proves that the middie zone
conditicne are not altered, and that congequently the first sone tempe-

roture and concentration profiles remain unchanged.
4, Comparison of Theory With Exporimental Rosults

The only availablo experimental results o near-adiabatic
fixed bed adzorption are those obtained by Leavitt {1). The bed in
which the edeorpiion step was carried out was camposed of activated
Linde Molecular Sieve Type 54 in the form of pellets 1/8 inch in dia=
motor aund sbout 0. 21 ioch in average length, The bed length was 5.05
£t. The wall of the adsorbent vesgel was kept near 96°F by passing
water at 96° F inte the water jacket surrounding the vessel. Strictly
speaking, the bed was notin an adiabatic cendition, but since the bed
was large, the heat loss might be negligible for short cperating times,

The cperating conditions given by Leavitd {1} arec:




D = 0.66 ft.
P e 20.6ps

& é? g?‘_—;‘ﬁa,fgﬁng

G &= 3.88 ib, mole/hr, @, °
® Q&%

am

3 & ‘ﬁan 2

W3
3

g
&
%
£

W, = 0,803381b, mole 'th.

The additional dsta needed in caleulating the concentration and tampee

ratare prefiles are as {ollows.

cma .25 B.tu./lb, °F {19)

P, = 76.7 I/, 3 €, = 0,374

& = 358 i, 2/5&. 3

€ = G,332

C .2 6.004+ 0,00045 T {2u)

{Cetezmined by
Faelas Divisien,

Dapartment of Mines
azd Techalical Surveys,

Ottaws)

C .7 %8 B.tou. /lb. mole °F (21)
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There is some uncertalnty regarding the values of AN and Ds

is obtained from & plot of ClausiueeClapeyron equation:

between 122°F and 212°F (see Figures 7 and 8). We may reasonably

2ssume that we are ia the bulk diffusion region {24), and therefore

8

k,and 1{3 may be calculated from the following equations{4).

Therafore

e 51 e
T = 3.42 1. mole/(f. ) (he.)
py = 0.00315 1b. mole/ft.°, at 150° F and 20,6 paia
B = 0.,04721b./ft. bz, at 150°F for y= 0.066

3in {Py) . A

R

i
At eyl W

2 T + 460 1.82

Dg = éi D = 0.0639 (*-5-37—-)

Z
Rk 3
el (p Sk = {0.9}) (0.9;’&“
; £
b3
5 ﬁDE
¢ = ¢
Ko * 3 ‘lne)
T 440 .21
B 3 AN et
-~£ }113 ‘: T3 )
.82

(77

(78)

(79)

(89)

{81}
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wx44, Ib.mole /lb.

8. DIFFERENTIAL HEAT OF ADSORPTION.

CO, ADSORBED _ON MOLECULAR SIEVE TYPE 5A

FiG.

iR
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i 1
k = K'},Ea % ?“::_) {323
£ =3

it follows that

1.21 1.82

+ 0, 0188 (mm22l

537 oo
T+ 460 &3

k = |0, @0835§m}

{(A) Determinztion of the Middle Zone Conditions
end Transfcr Zone Spoeds

From Equations (17) and (18) we have

V' c .7
2 BEEZ 433
l-yz !-'grz

= - {84)
W, WplH, + 0.25 (T,-91) + C W, T,

v c_.7T
2 798 B2 2
”Yz ! “?’2

——— = , , (85)
, - . - T}~ (&K ~Z1,
0.0338 - W, 025096~ T} ~{aH,+ C_T,) W, ~41.9

0.152 3

Solving Equations (84) and (85) with the aid of Figures 7 and 8 for Yoo

T?. and WZ.' wea obtain the middle zone conditione as follows

0.104

~g
v
44

perad
fl

0.08127 b, mele/lb.

13

iy
A

2

5 26
210 E

Agein from Equations (17) and (18}, we have
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g = 6.20 it he.

pt = 1.15f¢. /hy.

If the cencentration profiles are vory shaxp, thea the breakthrough

sime of tho adsorbate can be simply cbiained as follows

. B 283 5
&b =% % % ,815 hr.
¢ - 2 5.05  _ ;
&'= 5 ° Tas - A oEm

(B} Determination of the Concentration and Temperatare
Praofiles in the First Transfer Zone

For this system we may reasonsbly assume zerd axial mass
diffusicn and heat conduction {Case (8) ). Fram Equations (38}, (39)

and {28), we obtain

— 91. é ‘g
Y ® T39L.6W (86}
) 4610 - 292 WAH
T = 335-3.16C +202W(C_<-C_) (87)
2 pa P8
/v

r T + £60

w = 0,492 I N R (] &8

’ K (7% - v) (e

0, 00k27
2
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Velues of y, T and W at any = can be calculated from Eguations (83},
{66), (87) and {58) with the aid of Figeres 7 and 8. Figures 9 and 10
show the caleulated temperature and concentration profiles in the firgt
transfor zone as functione of x.

{C} Doterminktion of the Concentration and Temporatere
Profiles {n the Second Transfer Zone

rollowing the same procedure and gimilar equations as in

the previous section, we obtain

17W + 0.0945
Y ° Y7w+ 1.0945 (&9

P 3130 + 48.4 WAH (90}
= 312G -48.2(C__=~C_)W-=-12.1
P8 ¢ B2 pg)
W
T + 460
3 o 0912 B R 3%
b .09 e {o1)

(0.00338 + 0.06127)
Z

Figures 9 ang lU chow the calculated temperature and concentration

profilec in the secand transfer mone as functicnz of x'.
() Comparicon of Calculated Results Viith Experimental Reculte

The experimental results ohinincd by Leavitt are chown in

Ficrures 11 armd 12, Th» rmiddle sone conditions sre:l 'I“2 = 200°F,
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FIG. |2. MEASURED COMPOSITION OF EFFLUENT GAS
FROM ADSORBENT BED (1)
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Yz @ 0.105. The breakthrough time of the first transfer sone is about
0.7 hr. %, and the concentration and temperature profiles in this zone

are extremely sharp. Unfortunately Loavitt dees not veport his profiles

with sufficient accuracy to permita comparison with the calculated

profiles shown in Figures g and 10.

It chould be pointed cut that the comparison of calculated

results with experimental rescltz cas oaly be rough, since there is

some uncertainty regarding the values of AH and Ds' The calculsted

P

~ LA F Va = 8.104, The calculated

middle gone conditions arel 12 : =,

concentration and temperafure protiles in both tranegfor gones are very

gharp, and the breakthrough times are 0,815 hr, for the first sone,

and 4.40 hr. for the gecond zoae. AL the calculated results are in

reasonably good agreement with Leavitt's measured values. I should

be noted that the decreasing temperature after 2. 5 hr. shown in Figuze

il ig due to heat 1oss o {ie bec wall 2s pointed out by Leavitt {1).

A NS i

In Leavitt'o originrl papes crecentea aten A.L Ch, E. meeting, the

breakthrough time of the first transfer zone ic 0.8 hr.
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vV DISCUSSION OF RESULTS

1. Strictly speaking, constant pattern profiles are only
approached asymptotically in very long fized beds, but in practice,
they may be considered as approximate golutions to actual adiabatic

aa30rhers.

2. The breakthrough time for any adscrbate concentratien

level can be calculated from the asymptotic sclution and the height

of the fixed bed. Since it takes time for the two constant patiern
transfer zones to form and separate from each other, the break-
through time can only be approximately predicted by the asymptotic
solutions base;! on the assumption that the two constant pattern transfer
zones begin to develop at the atart of the bed operation (this assumpticn
is needed in calculating ?":", see Equation (29) ), or equivalently the
ratio of the bed length passed by the first transfer zone to that passed
by the second transfer zone is always equal to the speed ratio §/P".
However, since the speed of the second transier sone ie usually much
slower than that of the firat transfer 8Cno {1}, the error associasted
with the first zone breakthrough time predicted by the asymptotic

colution would be small, provided the fixed bed ic not very short.




3. It chould be noted that the breakthrough time can be

simply cbtained by dividing tho height of the fixed bed with the

firet transfer sone epeed if the adsorbate concentration profile
in that gone is very sharp, or if the breakthrough concentration is

defined as
Ya Yg

1
{ +
ley, 1=y,

4+
yz i °y3

Y )

Since at x= 0, or t= =, y is approximately equal to the above

value for most cases,

4, If the feed conditions happen to be the same as that of

the middle zone, then there is only one constant pattern transfer

zone in the bed, namely the first transfer zone. The asymptotic
solutions, in this cese, exist for most linear and favorable adsgorption
isotherms, and give very accurate brealkthrough times if the fixed

hed is long enough to reach its asymptotic state.
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VI CONCLUSIONS

2. ioped for the adiabatic

oparation ef & fizsd-bed adecrber, srd @wz@%ﬁc golutions t2 the
governing par

ths assumpticn ¢f two constant pattern Sransier sones as the ultie

sial differential eguatisns wese investigatsd ynder

mate dynamic behavior of the adiebatic fxed

bad adeorpiicn.

&e Thero are some limitations to the exisience of two
censtant pattern ¢ransfor gsonss. IS was founmd that the firet conciant
pattern transfer sone exiets for most insar and favorable adsorptica
jsotharms. Tho ssccad constant patisrn transfor aoae exists, ia
moss cases, when the absolute value of the derivative, (oWS/ a'r)?
of the adsorption isctherm increases with increasing T for the samse
g. Neverthelese, even if the socond constaus patitern transier zoae
doss not exist, the solutions for the firat constant pattern Sransfer
gone are ctill veelel in fixed bed deoigm work provided the bed is long
encugh for the eguilibrivm middle zone to {orm behind the first

transier pone,
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HOMENCLATURE

& e defined by Bg. (478}

& »  mase transfer area per uail volume ~f adecsbent bod,
8g. /08 Tt

aY s coaptant iz Velmsr's icotherm, Eg. (46)
B = defived by Eg. (478)
b e cosstant in Volmsr's techerm, Eg. {46)
“ s deltesd by Eq. {47¢)

C = mean hest capacity of the adsorbats as & gas betveen
0°F a2 T, B.t.6./({lb. msis) (" F}

C;a =  heat capacity of the adsorbale as & gas al temporatare
Ts B.2a. /:‘l&- mlﬂ " F)

G =  mean heat capacity of the carrioy gas dotween 0°F and T
B.t.u. /{ib, mols) {"F}

c! =  hosh capacity of the cazeler gac ot tomporatare T
B.t.%, ,"‘Wn m@ﬁ@} ta ?’

CW 2 mesn heat capacity of the gos mizture of composition ¥
bhotween 0°F end T, B.t.a. ‘{ib. mols) ("F)

cpa = heat capacity of the adsorbeng, B.t.u./{ib.}) ("F)

c «  defiped by Eq. (48}

¢! o fefined by Sg. {19}

D ¢ effective sxial diffusivity oq. ft. /b,

D e« eoffective diffusivity through the stationazy phase, s8q. f. g4

D fixed bed diameter, ft,
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defined by Eq. (41)
defined by Bq. (71)
defined by Eq. {470)
defined by Eg. {43)
defined by Eq. (72}
defined by Eq. {(47g)
defined by Eq. (44)
defined by Eq. (73}

average guperficial flow rate of the gee mixture
b, mols/(ar.} {sq. £t.)

superficial flow rate of the carrier gas
1b, mole/{br.) (8q. ft.)

enthalpy of the gas mixture, defined by Eq. (8)
B.t.u. /1b. mole

enthalpy of the adsorbent plus the sdeorbate adsorbed,
defined by Eq. (9), B.t.u./Ib. adsorbent

effective axial thermal conductivity B.t.u./(ft.) {hr.) (°F)
overall mass tranefer coefiicient £t. /hr.

gas phrse mase transfor coefiicient £&. /hr.

desorption rate constant

etationary phase mase transfor coafficient ft. /hr.

mass of adeorbate molecule
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Avogadso's pumber, molecule/lb, mole

opezating pressure of the fixed bed, paia

defined by Eq. (474}

defined by Eq. (47¢)

gas constent {paia) {cu. ft.)/{lb. mole) {* F)
temperature, °F

value of Tat x=0, °F

time, hr.

breakthrough time of the {irst transfer zone, hr.
breakthrough time of the second transfer zome, hr.

time required for the equilibrium middle zone to
form, hr.,

superficial linear velocity of the gas mizture, ft./hr.

loading of the adsorbats on the adsorbent 1b. mole/
Ib., adsorbent

lcading of the adeorbate on the adsorbent in equilibrium
with y at temperature T, 1b. mole/lb. adsorbent

value of W at x= 0, lb. mole/lb. adsorbent

lozding of the adgorbate on the adsorbent when the
adserbent surface is covered with a complete unimcle-

culer layer, Ib. meole/lb. adcorbent
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distance coordinate, defined by Eq. (20), ft.
e B¢ £,

mele fraction of ¢he adeerdats in the gas phage
valee of y &t =3 0

mele fxaction of the adsordate in the gas phase in
oquilibrium with the golid phage concentration W
at tempervaturs T

axial digtances {rom column inlet in direction of flow, {t.
defined by Eq. {75)

defined by Eq. {76)

differential heat of adsorption, B.t.u./Ib. mole

integral heat of adsorption when the loading of the
adsorbate on the adeorbent is W at temperature T,
B.t.u, /Ib, adsorbent

cendengation coafficient on the bare adsorbent surface

speed of the first canctant pattorn mass transfer sons,
ft. /hr,

speed of the socond constant pattern mans transfer sone,
£t. /hr,

fized bed porosity, cu. ft. /cu. £t.

maecrapore velume of the adsorbont, cu. 8. /cu. ft.
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Py =  bulk density of the adsorbent, b./cu. ft.

% = gas phase denelty, 1b. mele/cu, £t

Pp = adsorbent particle density, Ib./cu. £t.

B = gas phase viscosity, Ib./{ft.) (hr.)

g =  function defined by Eq. (28}

Subscripts

: = refera to the feed conditions

2 = refers to the equilibzium middle zone conditions

refers to the initial bed conditicons

LM
1]
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APPENDIX

Runmo-Kutta One Third Rule for a Systems?

For the following system

& g@, {ye To Wy

= £ 5 T, W)

1 (Al + 2 A%y + 24y 5 AY)
[
‘% (A% + 2ANT 4 24T 4 AVVT)

y{W+ b} - y{W)
T{W ¢+ h) - T (W)
hﬁé ‘V& Ta ":‘?)
hic lys Ts W)

h A‘z AT

.. h Ot A'YT
he, W+ =, y@--m-z-& o T+ =5 )

h . NLE AT
hf{é {W'?""?:, y-q.._.g.xa T,%,_‘?__)

..k At . AYT
Beg (W3, vo =g T+ 5=
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