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CYCLING ZOWE ADSORPTION, A NEW SEPARATION FROCESS
. Robert L. Pigford, Burke Baker III, and Dwain E. Blum®
' Depaftmenp of Chemical Engineering and
R ‘ Lavrence Radiation Laboratory

University of California.
Berkeley, California 94720

ABSTRACT

Cyclic>changes in conceﬁtration are produced in a fluid §hichvflowS
through a fixed bed of solid adsérbent owing t§ temperature cycling’df the
bed. The produbt'stream is collected separately duringrthe.pefiéas of posi--
tive énd negafive devia£ioﬁs from‘thé feedvcompoéition. The separation is
increased by using separéte zones in series, thg temperature changes in
adjacent zones being out of phase.‘ Thélseparation is governed byvthe wave

propagation properties of the beds.
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INTRODUCTION
| Development of continuous.countercurrent processes for the separétion

of gases or iiduids by adsorptién or‘chromatography has had only partial suc-
cess OWing to the mgéhanical problems iﬁ?olved iﬁ‘the movement of settled beds
of solid particles. Fixed—bed Qperation has'héd to be intermittent owing to
the reguired regenératibn of thevsolid'after it becomes saturéted with the
feed\miXture.

t._YRecently, attention has turned tO'éycling operation.of fixed beds,
éspecially infﬁhé papers by Wilhelm and his co-workers (1966, 1968) where
"Parametric pumping" has been described énd shown to lead to»lé?ge separaﬁion
» factors;‘ Similaf fesulté were described earlier by Bohfer (1965) and.
Skarstrom (1959),and more recently by Jénczéwski and M&efs (1968). 1In ail'of
thesé'procesées there is a periddic reversal of the fluid‘Velocity in,éhase»
witH‘impdsed‘changes in a_fhefmoaynamic potential, usually owiné}to'pressure
or temperature. ‘it has been suggested (Wilhelm,zRice,bﬁolké; and Sweed, 1968)
fhét the separation results from a cquplihg inithe'équations of ﬁranéport.
ﬁetﬁeen the c&qles of flow and temperature or pressure to produce large chariges
in .fluid . composition. | |

.>in the‘bther hand, it appears likely that flOW reversalvis not neces-
sary to produce a-sgparatiOn. Indeed; it ma& be a disadvantage Bécause of the
limitétiohs on production rates whiéh it imposes. Iqtroduétion.of pressure. or
temperatufe’cycles inté a fixed béd without simultaneous flow reversals may
pot produce the same stead& st;te~gradients of composition along-a column as
iﬁ pérametriévpumping but will le§d to cycling chénges in the composition of

fluid inside and leaving the bed which can be used to advantage. The cycling
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changes are propagated through the adsorbent bed as waves and, by setting cycle
times and times of passage of fluid through the bed at optimum values the

. \ .
amplitude of the concentration waves can be made large. Because of the ability
of different solid materials, such as physical adsorbents, ion exchange resins, -
or special chromatographic materials, to differentiate between wide ranges of
components in gases or liquids, many applications of such processing methods
suggest themselves. . No batch-type regeneration of sdlid is needed and the

heat requirements may not be excessive.

PROCESS DESCRIPTION
Consider the fixed-bed pfocess illustrated in Pig. 1, in which a fluid
having a constant solute concentration, Yo is passed into a bed of solid

parﬁiclés. The system Is held at a constant low temper ture, TC. After a

long time, the effluent solute concentration must eventually become Ve It

AN . . . ¢

“at this time, the temperature is raised to T solute which was previously

H,
stored on the solid is now expelled into the fluid; the effluent has a solute

concentration Yy, for some time, depending on the relative volumetric ratios

of fluid and solid and on the equilibrium distribution coefficient. Finally,

m

the concertration returns to yf._ How if the temperature is decreaséd to T

c’ 
the solid takes_upisolute-f}om the fluid; and the deplefed effluent solute |
ééncentraﬁion becomes Yy After avcertain period, the concentration agaip
retﬁrﬁs to yf and the cycle must repeated. If parallel twin columns are
used, as in Fig. 2,_ohe exactly one—ha1f>cycle.out of phase-vithvthe'other,_av
separation can be achieved by periodically switching fheioutput of eacﬂ colunn

as shown in the figure. The result is continuous production of two-stream

£

of different concentrations, one higher and one lower ihan that of the fes
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It can be shown that the process has an optimum pycle time which
depends on the time of passage of a wave of fluid concenﬁration thropgh the
" bed; this is analogous to the optimum flow—temperature phase relatiqnéhip'of
‘parametric pumping. |

The typé;of operation illustrated in Figp i will be feferredrto aéva
'singlé¥stage>or Single—zohe précéss. The separation factors which can be
achiéved.may bevinteresting if thé phaﬁge in the adsorption equilibrium dis-
tribution'coeffiéient is great enough'ﬁeﬁween'thé lbw and the high temperatures,
.but tﬁe Separatiohs are not as great aS'can»bé obtained after several‘repeatedb
'cygiésfﬁith a parametric pump.

| vTﬁé separation can be-improved'coﬁsidérablj,’hOwever, by operating -

L fwﬁ_or'ﬁorelsingle zénés'in.sériés,'the temperature éhangés in each.zone being
aihéif'cyélé buf of‘phasé with those in the adjacent zonéég as illustrated in
Figg 3. The inérease in the‘sepérationzfactor obtained in'this way can‘be
‘éalcuiatéd by methoés analogous to those used by ?igford, Baker,'ahd Blum (1969).
The feéUlt.shows thaf thevSeparation factor'for_ n zones should be ‘the same
as that obtained after n Dbatch cycles in the direct mode of parametric
pumbing;- The advantage of:the cycling zone adsorber is, howéver; that it
operates without flow reversal‘aﬁd,therefore pfoduces enrichéa and depieted
products continuously. The theory shows that oéeration of-é parametrié pump
with positive feed and continuous withdrawal will severely impair the 5epara4
tion.factors.

The question of heating and cooling these adsbfbent béds is .an important
ohe.v The direct mode of operafioﬁ'illustrated in Fig. 1l is oné in which there

is a standing temperatufe wave within the bed. Such operation méy not. .be
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practical»on.a cormercial scale,1however, owing to fhe'thermal resistance of
the packed bed ilself. ‘There is another method of heatihg and cooling the
solid in which there occufs a tra&élling wave of temperature changés tﬂat
moves through the bed owing to the fluia Velécity. This occurs'when the
column is insulated and the inpuf flgid stream is alternately heatea and
cooled in ordinary heat exchangers located outside the packed bed, as in-
Fig. ﬁ. Wave fronts sepafatiﬂg.ﬁot and céld fluid.travel through the bed at
a speed detefmined by the.ratio of ‘the volumetric heat capacities of the flowing
and statibnary'phases.‘ For a liquid-solid system this speed is about one half
the fluid vélocity; for a gas-solid system the thermal velocity may be thrée
"~ orders of magnitude smalier.' If the time of passage of the fﬁermalvwave
'through the bed is less than one half'tﬁe cycle time, as is easy to échieve
with liguid-solid gystems, the separation will be as good as if the heat trans-
fer ha@ occurred through the walls. In féct, a slight improvement occurs.
Furthermore, the excéilent heat transfer into and out of the solid particles
‘themselves pro%iées an.effiéiént energy transport meéhgnism.' This, then, is
travelling—Wave.heating.énd cooling and is a second mode of operation of the
cycliﬁg zone adsorber. |

N Theré is a complication in the use of multiple zoﬁes Vith fhe;travelling
wave modé because of the requirement that'adjacent‘zones be'but of phase in
theirvtemperature cycles{ If the thermal wave vélocity is?greéter than the
wave velocity of fluid coﬁcenfratibn changes, as with liquid-solid systems,
the thermal %ave will emérge_from one zone before it can prgperly be put'intq:
the ﬁéxt-zone downstregm. The condition can be corrected by using interstage

heaters or coolers or by using insulated heat regenerators to delay the thermal
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waves»untfl they are needed for proper temperature-concentration phasing.

Such regenerators would be filled with solid particles having heat capacity
'bﬁt nb mass abéorption éapacity. In this way the process would provide for
efficient reusé of the heat supplied to the feed stream. Alternatiyely; inert
.vﬁarticleé having thermal capaqity but no abéorptive ability can be mixed with
édsorbent particles in the bed itself to fetard the érogress,of the changés

in'solid temperature.

EXPERIMENTAL

Gas-Solid Systen

Single Zone r‘Standing—Wave Forcing; A 3’mole.peréent‘methane in
helium stream (léovcc)min) was fed>toia'20—cm by 1.3-cm ID bed of 12 to 30~
mesh. Pittsburgh BPL activated‘éarbon;khiCh was heated éxtgrnally'by an elec—
fricél resisténcg heater'and‘ﬁobled by vater in a jackéted column. The .

» feméefatufe'Changes in thé bea'were represeﬁted by é sine wave of iébc ampli-
tddg and 0.3k cycleS/min at a mean température of SlgC. The ﬁagimum separation
,fécﬁqfn(ﬁaximum effluentvconcentratiOn/minimum effiuent concentration) = 2.8.

The maximum methane effluent concentration = 5.3 mole percent; the minimum

‘was 1.9 mole percent.

Liquid-=Solid System

Single Zone - Standing-Wave Torcing (Fig. 5){ A 0.06L47-N aqueoué

'acetié”acid stream (7.0 cc/mih)'waslféd to a 26¥cm‘by'lacm,ID bed of 50 to
,lhO’@eshiPitﬁsbﬁrgh CAL activaﬁed'carbpn which was heated and cocled by a

wvater jacket. The temperature changes. in the bed were represented. by a square
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wave of 28°C amplitude and 0.03 cycles/min at a mean temperature of 32°C. The
maximum separationbfactor was 8.9. The maximum gcetié acid effluent concenn

tration was 0.1599-N; the'minimum was 0.0179-N.

Single Zoné —‘Travelling Wave Forcing. The above column‘was inéulated
and the water jéckét was removed. The feed stréam was heated and'coolea at
fhe same conditions before ﬁeing fed fo the COiumn.' The maximum éeparation
fac?or was 10.5. The maximum conceﬁtraiién was 0.1680-N; the minimum was

0.0160-N.

Double Zone - Standing Wave Forcing (Fig._S). . The jacketed syétem
abbve was used except that a dupliééte column was added in Sefieslwhichlwas
heated aﬁd cooled through the wallé one half cycle oﬁt‘of phaselwith the
first. 'The.méximﬁm separation faétor = 33.0. The magimUm coﬁcentration wés

0.1850-N; the minimum was 0.0056-N.

DISCUSSION.

Becaﬁse of the wave-like properties Qf the‘eqﬁations of transport
appli;able to.thg.cycling zone adsorber (figford, Baker, and Blum, 1969)
the most attractive intérpretation of the data is in terms of the behavior
of.concentration wé&es‘in the fluid ag if paséésvthrough the adsorbent bed.
‘Consider‘the:direct mode ofvoperation in which_a Zéne‘s temperature ié changed
insfaﬁtaneously.éhrOughout its length ahd siﬁusoidallyiin time. There will.
Be;afétanding'wéve_of fluid concéntration which is preéent throughout the bed.
In addition, because the fluid is moving, Qoncentratioﬁ waves tfa#élling iﬁ
" the flﬁid flow direction will also occur. If the éntering fiuid has a fixed-

composition the two waves must just cancel at the entrance. Whether they
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reinforce or cancel at the exit will depend on the ratio of the concentration
wave velocity, u, to the product of impressed freguency and length, WZ.
The fluid concentration leaving the first zone of length Z 1is given

by the egquation

a
1l +m

vyl(z,t). - Y : .
- R [sin wt - sin(wt-wZ/u)] (1)
uf ‘

where, as in our previous publication (1969),. m is a solid-to~fluid dis-

trivution coefficient on a phase volume basis and a is the change in the dis-.
i . . _v '1 ) ° .w . . )

tribution coefficient caused by the temperature sine wave. Reinforcement of the

. . . { :
standing and travelling waves occurs when length or freqguency are chosen such

thaﬁ' wZ/u  is an odd—integer mﬁltiple of T. Then the right side’ of the
equaﬁion'beéomes simplyﬂrg[a/(l + mé)] sin mt; The assumption is implied in
th? géuation that the deviations‘in‘chposition and.temperaturé are small.

If ﬁﬁe fluid having compositién chaﬁges according to Eq. (1) is seﬁtax
to a second adsorption zone in which thevtemperétpre changes aré opposite to
those in the first, the fluid legving this ane will follow the equation

vyz(z"t) ~ Ve _ a

Ty, =7 v [—s;n wt + 3 sin(@t—wZ/u)J v .,f .(2)

and if the same choice is made of wZ/u, the right side of the equation

‘becomes —h[a/(l + mg

Y] sin wt or twice the amplitude obtained in the first
zone. For n zones the right side is (—l) enla/(1 + mo)]. The amplification
can be continued by the additionLof more zones, but the linear theofyfis

obviously defective when the concentrations bpecome large. The highest cycie—

averaged separation that can be accomplished is tc reduce y to zero in
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5alf'the volume of fluid and to_incréaSe it to 2ny .in the remaining.half,
just as in the batch éperation éf the parameﬁric pump atvthévsame frequency.
However, the.cycling zone adsorber accomplishés‘this separation, ﬁhile main-
taining a positive feéd of fluid;\it therefqre produces a product.

-The reason for the enhancemént of the separaﬁion in the'sgcond‘and:
‘succeeding Zones{is that it is always possible to put a fluid through a bed
véf‘adsbrbent without a change‘in the concentration prpfile whiéh the flﬁid
hés upon entering, provided the solid temperature is not changéd. The arrival
of‘thevconcentration profile at the exit méy be delayed because of the slowneés
of concentraﬁion wavéé'passing through, But undef the assumptions of the linear
equilibrium theory which we are using, the waves are nét distorted. HoweVer,
if thebtemperature of the solid is increésedvéuddenly while a ﬁave is in
transit';olute which was‘in storage on the adsorbent will be added to the
fluid, regardless.of the concentrafion it may have had alyeady. The converse
is truévfor a sudden‘feduction in température. Obviohsly the temperaturé
changes have to be timed and.phased correctly so.that coﬁpOSition changes
will Be in the right direction. The changes have to ocbur Qhén thé propér
:conceﬁtratiop waves have arrivéd~ih‘thé'pafticular zohe.

A Quanﬁifative discussion of cycling zoné adsofption,'ingluding a
discuésioh of’ﬁhe‘effeété 6f cohcenfratioh—dependéﬁt ¢quilibrium distribution
coefficieﬂts, which cause vave distrotioﬁ, and of finite mass ﬁransfer rates,

is planned for a later baper..
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NOMENCLATURE
| a = equilibrium distribution coefficient éhange, dimensionlessv
.m = equilibrium distribution coefficient, dimensionless
bﬁ = ﬁumbér of‘éycles’
 £ ? time} sec
T‘=‘temperatufe, °¢
p,ﬁ.yelocity of propagation ofvconqentration wave, em/sec
y = fluid_céncentrétion,_moles solute/mole fluiav |
Z = éblumn»lengfh, cm
im'= cfcle frequency, rad/sec
'Subsgribts
'C.= cola
“f‘= fggd
= high
H =-hof
L = low
‘n’'= zone number ‘
"o = at mean'témperature
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XBL694-2395

Fig. 1. Single—zbne, standing wave operation of c¢cycling zone adsorber. -
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T Synchronous.//”' ’ |
yan switch . 7

"First .holf_-—cycle o Second holf—cycle
' ' - XBL694-2396

Fig. 2. Single-zone, standing wave operation of cycling zone adsorber’ for .
. continuous production. ' ' '
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First half-cycle ~ Second half~cycle
| . XBL694 -2397

,_ F1g3 _Multiple—.z'one,‘standing wave operation of cycling zone adsorb_‘er.‘
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~ Fig. k. -Single-zone,travelling wave operation of cyéling. zone adsorber.
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F1g 5. Comparison of single and double—zone standlng wave operatlon for the
separatlon of acetlc a01d—water with actlvated carbon.
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