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QUANTITATIVE THEORY AND. EXPERIMENTAL RESULTS

' Burke: Baker, IIIT anhd Rdbert L. Plgford
Department of Chemical Englneerlng
and Lawrence Radiation Laboratory
University of California
Berkeley, California 94720

July 1970

ABSTRACT

A theoretical explanation for cyéling zone adSorption, a wave-propa-
gational sepération process)given.a gualitative explénatidn in an earlier article,
is preéented;: Experimental results confirming the thebiétical predictions are
also included.E It is found that in addition to accountghg'for the.separation
effect the theory predicts the effeét can be amplifiéabtﬁrough the interaction
of the concentration and progressing thermal waves. Poésible process schemes

utilizing the interaction are discussed.

INTRODUCTION

In a recént_article by Pigford, Beker, and Blum'(i969b) a qualitative
description ﬁaé presented of a cyclic fixed-bed sepafatidh'process given the
name "cycling zone adsorption.” bThe first objectiveEbf'fhis article will be
to explain the process, theotetically- This'leadS“to;certain predictions of ways
of introducing heat into the bed that will increase the concentration change.
Finally, experimental evidence of the predictions is offered.

éonsider the process shown in-Fig. la or Fig}:lb'in which a fluid having
a constant solute concentration, Vs is passed throuéh:a_bed of solid»particles.

The temperature of the bed is cyclically altered, either by heating and cooling

+Present Address: Shell 0il Co., Deer Park, Texas.
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the walls, as in Fig. la (standing thermal wave), or by using a pre-exchanger

to héat-ahd cool the input stream as in Fig. 1b (travelling thermal wave). As

explained in the earlier article

, cyclic changes in the effluent concentration

are obtained; these changes can be amplified by using a series of such columns.

MATHEMATICAL MODEL

‘The equations governing the processlgre'those for a non-isothermal, fixed-

bed system which are derivedff:dmumass and heat balances over each phase. Dis-

regarding radial gradientssinVGelocity; concentration and temperature,'the balances

for a packed column through which a solution containing a single adsbrbate is

flowing yield (Baker, 1969)

' . ' | 5
3¢, (1-a)e 3c . = (1-a)(1-e) 23g dc N
5t T 5 at';+ o S e vV, - (Bp+ DM)_;;— =0 (1)
ar PSCS(lfe) + PCeE (s 3¢8 ‘+’ o
° Pgleo Tt T o
2 h a : o
T v W .
D T az2 : prfa W |
) S * k. a .
29 € 9e _ _ 4% | . .
I p (1-e) 3t ~ 7 p (1-€)(1-a) (" - c) -3
dT B ~h a :
3ts =~ Tp c_(3-€) E ﬁ C ell1-a) (Ts - 1)
p,s s i f :
. - (1-e) o MH_, 39 | | »
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where 0 = fraction of the .packed Bed outside the adsorbent particles and
€ = fraction.by volume of immobile fluid inside the particles.

The interface between the surface of the solid and tﬁe fluid inside the
solid particles is considered ﬁo be at.equilibrium ahd is represented by an

expression of the type
a=aT,c) . S (5)

Any effect of temperature on the‘parameters has been neglécted ezcépﬁ iﬁ the
equilibrium felationship. The assﬁmption of over-all linear driving-force
relationships fér the mass transfer (Sweed and Wilhelm, 1969) may not be
precisely true in some cases and may need to be replaced by the corfesponding
radial intra-particle diffusion terms. For slow transfer,vhowever, the simpler
expressions are sufficient. : In the equations the stationafy phase is treated
in two parts, the adsorbent itself (concentration = g) and the immobile fluid
in the pores {concentration = c*), assuméd to be in local equilibrium with the
adsorbeht.

Since the separation effeét in the process depends on a cyclic alteration
in the phase equiiibrium rathef than on any rate differences,_ﬁhe apprbach taken
in this study was first to design what.is a good process based on the equili-

brium theory; assuming that rates of exchange are very high, and then to develop

'the mass'and heat relationships for the general case in which rates may be impof—

tant. If it is assumed that at any point in the column the solid and fluid

phases are in equilibrium, i.e., ¢ = ¢ and TS = T, and that axial dispersion

and heat of adsorption effects may be”neglected, an analytic solution to the

simplified equations_is possible. This is presented below. (The Freundlich
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isotherm,
o % k .
g=A(c); 0< k<1 - (6)

will be used later in Eq. (5) éince it will apply to the experimental system
discussed below.)
Using dimensionless dependent variables, the equations, which have been

simplified using the above assumptions,

Jlo, loa 8y, 3 _ _la o 3g,dT
{l + o £ A a .(_l"'e) pS (ac)] Bt + Vv az - = o (1—8) ps (aTS)(at) (7)

3t T Y%n 5z

Assuming that the temperature of the column is changed by changing the

temperature of the feéd'stream,'the boundary conditions are

C = C0 ; 2=0,1t >0

=3
i

T, *+ (TH - Ty)salwt); z =0, ¢ >0

i.e., the inlet témperature is cycled in a square wave of frequency w/2m

cycles/see. The solution to equation 8 is

T - T, = (Tﬁ - Ty) salut - wz/uth) , : - (9)

representing the propagation of temperature through the bed as a traveling wave

- of velocity Uy If the column is heated and cooled through the walls, this

0
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natural thermal velocit& is overridden; then a standing téﬁperature wave is

- 00

produced ‘and, ‘effectively, L N

The occurrence of the independent variables in the combination t - z_/uth

suggesﬁs a .change to the new independent variables

T=1% - Z/uth

L =2
(qp_)
10 1-o s v 4 dc dc
[1+ =€+ =—(1-€ — - ] £ 4 v &£
o o a¢ uth_ 9T 37
3(qp ) '
1
=5 0e0) 5 G - - Qo
: “g .

with the boundary and forcing conditions:

c:cO;C_‘—'b, 7T>IO

L=
]

T, +.(TH - TO) sq{lwt) 3 T=0,T1T>0

Using the method of characteristics as in Pigford et al.(1969a), Eq. (10)

is equivalent to the pair of ordinary equations

< - a = -de (11a,b)
17y g de 2o oy alapg) v 1-0 () ¢ 8(apg) dT
o a o dc Uy a BTS at

Solutions to Eq. (1la) are lines in the T - { charactéristics. Solutioms to
Eq. (11b), yielding c as a function of T, are valid only along these charac-

teristics. If the temperature is constant (3T/3T = 0), the solution to Eq. (11b) is
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l-0 _. h o l-a o _ : '
[1+35F e - (v/ug)le + =2 (1€) o q = constant . (12)
Thus, ¢ remains constant along a characteristic, except when the temperature

changes. When the temperature is switched, the concentrétion changes can be

expressed as - .

e 2e (vfug ) ey y = ) + 22 (1) p_ (ay,y - ) =0 , (13)

from Eq. (12), where i-1 refers to conditions before the switch and i to con-
ditions afterwards.

Defining the concentration velocity as

(c,1) = - Y — S
ule T, 1-a }é_@_‘_ (1-€) ps(Bq/ac) |

Equation (11a) cen be expressed as

at o uth

showing that the slope of a characteristic path line depends both on temperature

and local concéntration.
LINEAR ISOTHERM:
In the event k = 1, i.e., if the Freundlich isotherm is straight, u,

is concentratioh—independent. Equation (13) reduceé-tg“ 

¢ u L -
i _ cpi-1 ~ "th (16)

c. - -1 -o=1 C o
i-1 v

Yeoi T Yn
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Since in nearly all adsorption systems solute is rejected from the solid when

the system temperature is raised, ucC.< ucH and

A solution for this lineéf‘case is shown in Fig. 2.

When & éharacteristic péSses fromia warm reéion into a cold one, the
concentration along it changes by the ratio, Q. When é characteristic pasées
from a cold.fegidﬁ into a ﬁéfm one, the éoncéntréﬁion'qﬁﬁnges by the ratio
Q - 1.

It is noﬁ;clear why there is an éptimum cYciing frequency. If the fre-
quency is too iow, there will be too mény characteriéﬁicévundergoing né tem-
perature changé_and the fluid.will leave the column at the feed conceﬁtration,

- If the frequency is too high, too many characteristics will undergo two

temperature changes and again emerge with concentration,VyO; To find the optimum,

the concentrations are avefaged over each half cycle and the average separation
factor, a_ , is computed. The fractions (ab + cd)/ad and bc/ad must be found

from the slopés of the charaéteristics in the figure. These are

be
be-q L . L
S ST N [ S S
for T 1 > = = T T ,
ab + cd . e T CH T
o -~ 9 Y %n Ys Y

Cepd = cg (10) + ¢g &7 - @ = ¢ (2-0)

li
o

s
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.va E‘(ch)“ 2-q
av - (c¢,? qQ °

"R

Therefore' aév.:has a.gonstant.optimum.value'ip this fange and a lower value for
frequencies outside of this range.
‘For the multiple*zohea,:the samé'solution'ﬁolaékfor the individual
zones as shown'invfig. 3. Iﬁ the figure;.phase lag wéé?chosen to be T and
the frequency;chosen so that w/w = l/(l/ucc _ 1/uth);}_¢he frﬁctions ab/ac
and bc/ac are similar to the previous case. This results in the differéncej

equations

<ch >n - <c2 )n—l (1-9) + <ch >n—l Q_ e ) o (17a)
(e, >n_='v<c,a>n__l e s o am)

2

wvhere n is the zone number, the boundary conditions béing

(e, ) = e , - ’ . v: = . ' (18)
which, inserted in Eq. (17a), results in
n-1 o

<ch )n = [1 + (]_..Q) ZQi] CO = [2 - Qn] CO , ) | (19) |

i=0
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and

o - 2-9
av,n n

. (20)
- | -

This predicts that as n + ®, all of the solute introduced with the feed comes
out during the hbt cycle énd that thé_effluent during:thevcold cycle has zero
conéentrétion; The average cbﬁcentration dﬁring the h&t éycle must be limited
to twice thé féed conceﬁtration, but thefe is no limitation to the peak value
of the concentrafidh. | | |

.This1is one obvious defect of the linéar—isotherm‘assumption. Physically,
the preferential isotherm for any éysteﬁ must go ﬁo zero, both at. zero solute
concentration and at 100 per cgnt-solute, so that no iéotherm can remain linear
over the whole range of concentration. “ |

qu 'ufh-= ©, i.e., for standing thermal waves, Eq. (20) is the same
result that was obtained forfthe‘batch form of directéﬁode-(jacketed column)
parametric pumping by Pigford et-al. (1969a). For pafa@efric pumping, n réfers
not to zone nuﬁﬁér but tb the”numbérvof fléw-revefsa1 cycles experienced by one
zone. The impoftant differenée to.bevnoted is thatviﬁ cycling zoné adsorptioﬁ,

production is realized at fluid velocity v, whereas in'the comparable para-

metric pumping experiment there was no feed and therefore no production.

NON-LINEAR IsofHERM:'

Using the féct'that é rémains consﬁént.along a characterisﬁic between
temperature éwitches,’Eqs.'(6)'aﬁd (i3) are solved aﬁ.each temperature switch,
using a non-linear, élgebraic5 robt—finding'proéedUre sﬁéh és Newton's method,
to give boundary éonditioné along the (g-axis at thevbeginniﬁg of each half
cycle. For Eq. (11a) the feed cbnditién at =0 »isvthe‘othef required boun-
dary condition. This is.similar tovthe standard isothermal'non—linear adsorption

problem treated by Goldstein (1953).
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Since the characteristics are'concentration—dependenf theré will be
regions of shérp»"shock—wavé' concentration fronts, and of diffuse fronts called
"simple waves." ‘The results for a s1ngle—zone column are shown in Fig. 4. A

shock wave occurs.in the cold half-cycle when fluid of lower concentration,

c; < &g, is being. dlsplaced by Teed, ¢ = & The shock velotity (Baker, 1969) is
X,
Lo, 1 1.yt S ’
u, =v/fl+ ¢+ . (1-€)m, 1——_—-§—] - (21)

where i refers to cold half-cycle parameters, m = (pé/A)cé"k, and ¥ = c/co.
A simple wave occurs during the hot half-cycle vwhen fluid of higher concen-

tration, Ci > co’is‘beinngisﬁlaoéd”by‘feed; ' The concentrations are

r > T/é(yi); c = c; (22)
(t/g)-(1 + 1; € - =12
- (24

/(1) < T < T/gly)s e = ma(iehmy, /e 0 °
. i ’ '

where

_ _ ' k.-1
gly) =1+ o, ¥ l‘“ (1-e) k.m.y, 1 Y
¢ TR i 7

and i refers to the hot half-cycle paraméters.‘
- In the multiple zone arrangement, as these long sections of lean and '
enriched fiuid_are sent.through successive colﬁmns, shock waves remain rela-

tively sharp but the simple waves become moie and more diffuse. Since the
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- concentration differences are being progressively inc?eééed, this effect is
amplified as the éeparation progresses.' Eventually tﬁévleading—edge of the
simple wave 6feftakes the shock wave and diminisheS.thejbeak concentration.
This is what keeps the conceﬁtratiqn peak from 5ecomingiinfinite. ‘A general
solution for' n zones in_the non-linear case would be:difficult but the dual-
zone case 1is éhown in Fig. k. :Zone 2 has received the effluenfvfrom zone 1,

cf. Fig. 2.

AMPLIFICATIONABY ADJUSTING THE THERMAL'WAVE VELOCITYf~

One nofes.that the‘COégentrafionvshift relationship, Eq. (13), depends
on u, . Suppbseva thermal wgvé of arbitrary‘veldcityjébuldbbé imposed on the
system, overfidiné the natural thermal wave; as in the standing wave case. Some
experimental proposals for this will be disguséed later.' For linear isotherms .

(uc not dependent on y): '

A. Ebr’ uth >'.u_cH > gcc. .
‘ yi +.0; (iv= édld, i—i‘= hot) (cold'wgvgj
and
¥, > o (i.: hot,'i4l,; cold) (hot_wave)
as
.uth_+ ucH > us vy g 0
- B, Fé? ucH > ucc > LV
y; > 05 (1= hot, i-1 = cold) (co;d Vévé)
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and

¥, = (1= cold, i-1 = hot) (hot wave)

as

L c __H '

'-uth‘+ u-c <u,, Yi—l_# 0 1
These relatienéhips are-shoﬁn'in Fig..5 ont - z;coordihdtes;ffCom-
bining these two cases,

. H s
C. Fér Up 2 Uy 28, . S P -

,yi +0 (cold wave)
"y, ** (hot wave) ,

.as in‘Fig. SQ ;As befere, theepredicfidhs'of‘en iefihite eoneehtration is a
limitation of the'iinear”isothefm§‘a coﬁeideration ef'the noﬁ;iineaficese-shows
that the simple wave will overtake the shoek wave and keep the maximum con-
ceﬁtratibn fiﬁite.

Tﬁe prediction of this iargevamplification.-in‘the‘separetion effect,
caused by thevihteraction.of the:thermal and.concentrefiqn waves as their velo-
cities approach the same value; is-eimilaf to the compression effect first |
reported by Zhukhovitskil et al (1951) in the process he called "chromather-
mography." There, a conventional gas chromatograph was modifled by hav1ng a
mobile external furnace.> The furnace produced a travelllng temperature gra-

dlent and moved along the column at such a speed that each solute to be
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separated héd its concentration at the coldest tempefature smaller than the
furnace vélocitj'but that at thefhgttest temperétufe greater than the furnace
velocity. Thus‘fhe peak for each solute tended.to bebcompressedvaround a par-
ticular temperﬁture for which the concentration velocity was equal to thé fuf—
nace vélocity. In this way, a concentration of solute in excess of the input
concentration;wés produced as well as a separation ffom the other solutes
(Tudge, 1961 and Ohline and De Ford, 1963).

There has been noveffoff so far to test the'traVélliné wave effect in
cycling.zone-adsorptioh. ste(of an external fﬁrnace_is probably not praétical
for full-scalé pfocesses as liquid-solid sysﬁems; eveh though it‘héé worked in.
the chromathermography process for gas—éélid apalyfiéal séalelsystems

(Zhukhovitskii, 1960). Alternate schemes of either slowing down the natural

thermal wave (by adding wall heat capacitance) or speeding up the concentration

ﬁave (by adding inert solia) shsuld be'tfiéd.

It is i@portant to hote thét, in a sense, the multiple zone version 6f
cycling éone adsorption is a finite-zone approximatiqn of the smooth travelling-
wave efféct. Eaéh zone is cycled radians»(bne-half cycle) out of phase with

the preceding zone; the effect'is_to produce a stair—step £hermal wave which

moves through the zones. For a constant total length; as the length of the indi-

vidual zones decreases the number of zones increases, In the limit, the stair-
step wave becomes a smooth travelling thérmal wave having'a veiocity equal to
the concentratidn velocity. Thus, cycliné zone adsorption, with use of inter-
column exchangérs is a physiéally practigal way of implementing the thermal wave

propagational-efféct.

[
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EXPERIMENTAL SYSTEM
To demonstrate the process, the éepération of acetic acid from water on
- activatéd carbqﬁ was selected because the shift of thebéquiiibrium distributibn
relationship with temperature and the intra—particle'masé_tranSfer rate were
reasonably lafge: Also,_effluent concentratiqnsucould:easily be monitored con-
tinuously using én eléctrical conducti?ify cell énd iﬁtérmittantly:checked by
acid-base titfation.' The préféréntial adsorption‘iséthérﬁs were determined and

fitted to a Freundlich isotherm;'the_parameters are shoﬂn‘in Table I.

Tablé_l. Freundlich Equilibrium Distribution._Parametersa

Temperature, °C | - A Lo k
v 3.646 0.3052
60 | ©3.019 SR 0.4119

%The units of A - are (moles/liter dry'carbon)-(litérs/méle)k§ k has no units. -

The strong curvature of the isotherms required the non-linear analysis
presented earlier. The esséntial parameters of thé.bed,are presented in

Table IT.
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Mesh sizé;

20-40 50-140 Units

StructuralvdénSify; ps 1.728 . .1,820 g/cm3
Particle density,'ps . €  0.8018 ;_037822 g/cm>
Intraparticle _ : | : B

void fraction,le 0.5360 045702 -

‘ Inﬁerpaftiélea ' R

void fraction, a .438-.473 426,443 -
Particle diaméﬁef, dp_- A,h20-.8hl ;i057.297 | mm
Heat capacity;b,Cé 0.25 . ;_0}25 . cal/g-°C

®Depending on particular experiment.

bSupplied by manufacturer.

THE EXPERIMENTAL APPARATUS: -

The aﬁparatus can .be divided into sections:

The column section had‘various'arrangements'to test several process

ideas as shown inIFig;.6. Each glésé column was l.9ldm'By'26 cm and was packed

at the top and bottom with 0.l-cm glass spheres for floﬁ'distribution. Poly=-

urethane foam insulation ﬁés used, limiting the radialbheat-loss’to about 10%

of that supplied to the bed. The watér jackets-were standard laboratory con-

denser jackets. The pre—exchéngers_were-similar to the columns but were 12.5 cm

long and were packed with glass spheres. The feed was taken from a 13-gal.

reservoir which was pressurized with air when gravity feed provided insufficient

flow.
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The thermal-forcing section produced square temperature waves using a
system of hot and cold water reservoirs and solenoid values. Frequency and
phase were varied manually and with,a‘repeat4cycle timer. -

The measurement system monitored temperature'uSingjthermocouples in the

inlet and outlet streams and effluent concentration using an electrical con-

ductivity fldﬁ ée1l and bridgé;circuiffi The effluent-was cooled to a'constant'
temperature before passing_thfqugh,the cell. Because of the non-linear con-
ductivity-concenﬁfation rélationship, intefmittent sé&pling and acid-base titra-
tion was alsb”uséd. ‘Aieragé'concentrations were detérmiﬁéd by planimeter inte-

gration.

EXPERIMENTALYRESULTSQ

The éxpefimental results are presented here to Show the feasibility of
the pfocess gnd tﬁe enhanced separétion gained‘ﬁy mulﬁiple zoning. The non-
linear, equilibrium theory is a?plied'to the fine carbon particles (50-1h0.meSh)
to determine‘tonwhat-eXtent the observed céncéntratidniwaie distortion can be

accounted for.

SINGLE ZONE EXPERIMENTS:

The sipgle-zone'experiment showﬁ in Fig. T with the temperature profile
of Fig. 11 is:the base-expéiiment:with*whichwothers ére”compared. The peak‘valﬁes
are somewhat overestimated by the;théory; thié may be dﬁe_to a deactivation of
the carbon after repeated cyciing. Séﬁe.dispersion ié also evident; this is due
to an intra~particle, diffusion—limitedwﬁaSS transfervfésistance. Two rather
obvious results, observed but not illustrated, are that incfeasiné thé:ampli—
tude of the témperature’shift increaseé the separation;and that inc?easing the

particle size decreases the concentration maxima.
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FigurevS illustrates two important considerations:in the deéign of a
cycliﬁg zone adsorption procéss. |

1) In this exaﬁple of a highly non-linear system, the wave velocities
are very»differént in.thé three éoﬁéentration ranges. Tﬁus_thé greater the
separétion one'is able to obtaiﬁ in the system; the largér ﬁill be the difference
in concentratibn.velocities during each half’cycle, Thié_suggests that some
recycle arrangement may be necessary iﬁ thesé cases.“ |

2) In fhis system;‘the isotherms.at fhé uppe? aﬁd lbwer temperatures
intersect at about 5-N. One observes that the separation deéreases rapldly as
the feéd approaches this concentration. This is analégéus to an azeotrope in
_distillatioﬁ and_plaéeé an upper limit on the qoncenﬁféﬁion that can be achieved
using this adsorbent. |

The resulfs in Fig. 9 substantiate fhe prédiétion of an optimal éycling
frequéncy, ﬁhich produces the maximum average separation factor. Thé effect
of the limitation in mass—tranSfer rate is aléo evident in the attenuation of
the peak separation factof; this is not predicted by eaﬁilibrium theory.

The coméarison of temperature résponse-for the standing and travelling
wave experimepts is shown in Fig. 10. The slight atfénuétion in the outlet ampli-
tude is éaused by radial heat loss..'The curvature in the outlet response is
almost entirely owing‘to curvature in the inlet respéhée; little thermal dis-
persion took ﬁlace. Only the hot wavé is showﬁ; the-éqld wave is simply the
inverse. Tﬁe prédicted curves are plotted from Eq. (9) yith Uy calculated from
the heat capacities and densities of the solid, liquid, and glass wall; the

heat loss is not considered. Figure 10 shows the effluent concentration histofy;



W

-15- | UCRL-19945

The thermal—fgrcing section produced square temﬁerature waves using a
system of hot and cold Water reservoirs and solenoid falués. Frequency and‘
phase were varied manually and with a repeat-cycle timer.

The measurement system monitored temperature_ﬁéing‘thermocduples in the
inlet and outlet streams and effluent concentration uging én electrical con-
ductivity fldw>ééll and bridge circuit.. The effluent-ﬁ§s cooled to avconstant_
temperature béfore passing through the cell. Because Qf_the non-linear con-
ductivity-concentration relationship, intermittent sampling and acid-base titra-
tion was also uééd.' AQerage concentrations were détermiﬁéd by.plénimeter inte-

gration.

EXPERIMENTAL RESULTS:

The expérimental results are presented here to shbv the feasibility of
the process and the enhanced separation. gained Ey mulﬁiple zoning.v The non-
linear, equilibrium theory is applied to the fine carboﬁ,particles (50-140 mesh)-
to determine to what extent the observed concentratidnivave distdrtion can be

accounted for. 

SINGLE ZONE EXPERIMENTS:

" The sihgie-Zone'experiment showﬁ in Pig. T with the temperature profile
of Fig. 11 is the base-expeiimentvwith*whichwothers are'gompared. The peak valﬁes
are somewhat overestimated by the theory; this may bé due to a deactivation of
the carbon_after repeated cyciing. Soﬁe disPersion.is élso evident; this is due
to an intra-particle, diffusion-limitgdwméssvtransfe? fe3i§tance. Two,father
obvious results, observed but not illusfrated, are that increasing'théramplib
tude of the témperature éhift increases the sepafatiﬁﬁyand that incfeasiﬁg the

particle size decreases the concentration mexima.
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Figure 8 illustrates two-important'considerafionslin the deéign of a
cycling zone aasorption process,

1) Iﬁ this exaﬁple of a'highly non-linear system, the wave velocities
are very differént in the three conéentrafion rangeé. 'Thﬁs the greater the
separation one is able to obtain in the syétem; the larger,ﬁill be the difference
in concenfration velocities during each half'cycle. Thié suggests that some
recycle arrangement may be necessary in thésé cases..  A |

2) In ﬁhis system,bﬁhe isotherms:at the upper and lower temperatures
intersect at'@bdﬁf 5-N. One obser&es that the separation decreases rapidly as
the feed approéches this concentration. This is analég;us to an azeotrope in
distillation.ahd_plaées an upper limit on the concenfréﬁiqn that can be achieved
using this adsdfbent.

Thé results iniFig. 9 substantiate the prédiction of an optimal éycling
frequency, which producés.the m@iimum averagé separatién factor. The efféct
of the limitation in mass-transfer rate is éléo evident in the attenuation‘of.
the peak separation factof; this is'not predicted by ééﬁilibrium theory.

The cbmpérison of temperature résponse for the standing and travelling
wave experiments is éhown in Fig; 10. The slight attenuation in the oﬁtlet ampli-
tude is caused by radial heat loss. The éufvature ih the outlet response is
almost entirely owing to curvatufe in the inlet respoﬁée; little thermal dis-
persion took blace. Only the hot wave. is showﬁ; the‘éold.wave is simply the
inversé. Thé prédicted curves are plotted from Eq. (9) Vith Uy calculated from
the heat capacities and densities of thg solid, liquid,.and glass wall; the

heat loss is not considered. Figure 10 shows the effluent concentration history.

Q
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The estimate of U,y given above was again used for the travelling wave case.
The slightly.benéficialfeffect of having a travelling wave instead of a standing

wave can be noticed, even though'u was much larger ﬁhan the concentfation

th
velocities.

The main points to be dbéerVed are that the travelling-wave method is
efficient and the separation is as good or better than that obtained with standing

thermal waves. MoreoVer; theveffiéiency\shOuld not decrease as the diameter of

the column increases, as with external heating and_céoling.

DOUBLE—ZONE EXPERIMENTS:

| The twbjzone standiﬁg-wéve.expefiment:reportéa_By_Pigfofd'gg_gi, (1969).
is again showﬁ'in Fig. 11, this time with the eqﬁiiibriumetheofy predictions.
The correct low §dncentra£ion ié.prediéted, but the higﬁ~§oncentration peak is
narrow enoughvfo have been conéiderably modified by dispéfsion. /The fact that
the'concentrétion waves afe non—linéar (céncentratioﬁ dépéndent) ié important
here. Because the high—cohcenfration'peék from the firét_zone travels faster
than, for example, the feed concéntration, this peak éan basé through thevsecond
zone and out before the zone is réised to the high température. Thus it never
gets shifted té higher concentration. To obtain thié Shift, the cycle frequeﬂcy
for the second zone would have to be highef\than that of the first; Nevertheless,
the beneficial effect of multiple zoning is evident ff6m £he separétion factors}v

The following studies &ere made with larger particles of 20-L0 mesh

carbon. Thevprediction of én optimum cycling-frequenéy for the two-zone case
was confifmed. The prediction of an optimum in the phase iag between the tgﬁ—v
perature forcing of the two columns wﬁs also substantiated, Bakér

(1969)  showéd that the optimum phase lags giving the maximum in o and
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upk are not exactly at 180°, as expected from the linearized theory but approxi-
mate- the values-found experimehtally.b Fiﬁally, Fig. l?-shows the success of

travelling-wave forcing in the dual-zone process.

DISCUSSION AND CONCLUSTONS .

It has been demonstrated theoretically and on a“iéboratory scale that
the cycling zohé”adsorption process is féasible; Significant separations are
predicted mathémétically using ﬁhé equiiibrium theory; at least'when the iso-
therms are not too strongly curved. Signifibaﬁt but ﬁy no means complete separa-
tions were observed. Parficulérly evident was the predicted inérease in sefara—
tion power gained by using maltiple zones iﬁ.seriés. Furthermore, the_cyclic
transfer of thermél energy in and out of the zones, Vhich_is éssential to fhe
process, can be.éccbmpiished #ery efficiehtly in liquid-solid systems by the
use of_the néturél thermai,‘traveliinguwave propertiéstf the zones.:

Certain difficulties are evident. The small $hift in the equilibrium’
isotherm fér‘moderaté tempefatﬁre éhangéé indicatesvthat several zones will be
required fo'r; Sigﬁificant sepai'é.tibn. This means addii_tioz;a!l thermal fequire-—

' ments. Internal reuse of the heat is possible; the'feasibility of an inter-
stage heat regéherﬁfor-has Beeﬁ discussed by Baker (1969). The experimental -
results aﬁd pértﬁrbafidn tﬁeory predictions indicate.ﬁhat low mass~transfer
rates atténuafe the séparation'from the equilibrium theéry_predictions.v This -
means that for these infra—particlé diffusion-controlled sy§;ems, one must
éperate at low flow rates or with fine particlés, thﬁs rgséricting the through-
put possible. |

The presence of dispersion, caused by the non-linear isotherms and

finite transfer rates may require recycle arrangements. One may want to collect
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the effluent only dnring ﬁhe'emergence of the'high and low peaks, returning the
rest to the feed stream to be returned to the column at the proper time in the
cycle. This would increasge equlpment and operatlng costs, however

The precticality of imp051ng_travelllng waves,on.this type of system
remains to be:demonstrated,_although it has been done-in snalytical gas chroma—‘
tography. Ifiit:should not prove to be feasible for'thermal waves, it should |
be kept in mind that the effect would occur for any intensive variable that
can shift the solid—fluld equilibrium Cerﬁain such rsriables,-for example
electrical or magnetlc fields may be easier to use as travelling waves, thus
amplifying a «sma‘ll seps.ration effect. |

Cycling ione adsorption-isian attrective proceSs which may economically
perform the intermediate scale separation‘of material wnich now mnsﬁ bevseparated

chromatographically.-
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NOMENCLATURE (Dimensionless unless specified)

A = solid—fluid equilibrlum distribution parameter, nnlts depend on function.
DM = mass molecular diffusiv1ty, em /min.
Dy, = thermal molecular diffusivity, cm /min.

Sh

eddy axial dispersion, cm2/min.-
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BH oo = diffgréntiél heat of édgorptibn; cal/mole. - |
R = gas coﬁsfant,_cal/(gmole)(°c).v. | %
T = temperature, °C. | * ?
Z = length of bed, cm. .
a = sunfacé'érea/bed volume raiio; cﬁ—l;. %
e = fluidbééﬁcéﬁtratibn, moles/liter.  %
c* = fluid QOncentfation in equilibrium with solidfphase concentration, %
moiéé/lifer.'- o . %
'h = heat'tfansfer"coefficienf; cal/kCﬁ2)~(min) (Qb){A ?
k = exponénf in Freundliéh iébtherm. | y ‘.‘  _ _ %
- - T i
Q = solidéphase conéentratibn, moles/kg dry solid. o E
t = tiﬁe,’min. | . | %
u = wave.veiocity; g
v = intersﬁitial'flﬁid velocity, cm/min. ;
y = ¢/co;'concentfati6n.iﬁ f?actions of feed coﬁéeptration. | _ %
z = aii#i'distanéé, cm; | :
a = interp;rticlé void fraction.
apk vé yh;pk/yﬁ,pk’ peag seﬁaration faétérf | %
o = (yh ,/'<y£)’ cyclé-avéraged sépafation factqr;v }
e = intra—partiCleIVOid'fracinn; | |
Py = strﬁétgrél dénsity bf_soiid; kg/qm3. ;
T = t;i/uéh, time;'éec. . ' o | ' T . %

w = frequency, radians/min.

z = distance, cm.
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SUBSCRIPTS

W refers to tube wall sufrounding the'systeﬁ.

C . = cold.

c = concentfétion?related Value.

f = feéd‘éondition. _ |

H =»hot.. | |

h = high.

i+l = conditions after a concentration chargcteristié‘éf0sses a tempefature
boundary. L

i = conditlons before a concentratlon characterlstlc érosses a temperature

boundary, 1f i = hot, i-1 = cold,(and vice versa.’

) = low,

s = golid.
th = thermal.
SUPERSCRIPTS‘
C = cold.t

H = hot;‘

s
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Fig. 5. Characteristic lines showing possible interactions between
thermal waves and concentration waves--step forcing.



~29- . | UCRL-19945. *

<y
Water jacket y2
: Column
Heating Zone 2
or water ———»
cooling
(o) .
. Zone 2 o
Y, ”} ®
- _.T
fe— Insulation
S Zone | Zone | .
Column
N ‘ .
Heating . ] = Pre-exchanger
4 ' - N . (b)
or water ——a_ - ! (c»)
cooling
y
f
’ (b)
Y2
XBL 708-1749
4
i_é

Fig. 6. Column-section arrangement for.dual—ZOne expefiments.



Normality of HAc

-30-

UCRL-19945

-——— Tﬁéofy

§ _Ex-perihent

[
/' : - Bed cooled

Fig. T. Effluent concentration profile fér a single'zone,

wave.

400 ) 800 - 1200

1600

XBL 697-962

standing thermal




UCRL-19945

thermal wave——effect of feed concentratlon
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: o . )

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting.on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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