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The complete characterizetion of bateh adsorption from sclution. deso
rulated phenomena have been intarpreted in the light of a gonAoal equation.

tion, and
The forward

and reverse adsorpiiob-tute conslants and the sdsorptive capacity compriee the anly
mram-et.em. Where adsorplion alone i of importanoe and the desorption-rete constant can
naglecied, a simplified form of the theory results in B special rquation which tmay suffec for

moet adeorpilon purpogas,

from the data and serve ag criteria for eomparing similar aystems.

In wither case, the charasterlside parameters are determinable

The theory hee besn

confrmed by the date of various investigators taken from the literature, The parabieterd
derived fron column adeorption aro i agreement with the corresponding batah-derived
parameters. The limitations as well as ihe capabilities of the theory are pressnted; but
even whers deviptions from the assumed model exist, the resoltd ane uaeful,

1. Introduction

In earlier publications [1, 2])' the hasta was astab-
lished for characterizing adsorption from sclution io
terms of just two pararneters, namely; the adsorptive
capacity per gram of adsorhent, 9, and the specifie
adsorption-rate constant, &. The valuea of carre-
sponding parameters derived Irom bateh and from
ezolumn edsorption werg shown to be in substantial
apreement with one another, respectivaly. The
two-parameter aquations are bssed oo the assump-
tions that the adsorption step s monomolecuiar,
irreversibte, and rtate controlling. Furthermore,
the assumption of & uniform surface is tmplicit in
the theoretical treatment, gionce the differential
equationz used 1n the derivations are essentielly of
the Leogmuir iype. Although these requiraments
may not be completely applicable in any piven
instance, the equations ere still nseful insofar ns
they provide an approximation of the characteristic
parameters which may not he chtsinable by other
means. The tg;eaent. paper deals, to & considerable

extemt, with treatment of datn which fall in this
CRGegoTy.

In the more general case whera reversibility must
be rackoned with, but otherwise subject to the same

himitetions mentipned, 2 three-parameter batch
adsorption equaiion haa heen derived {2] which
includes the desorption rate constant k. For the
firet time & means i aiforded for pradicting desorp-
tion Into molvent a2 well a3 adsorption from solution
with equal fecility. Perbaps even more interesting
ia the phenomenon of resumed sorption or “‘resorp-
tion" following the interruption of an  injtial
adaorption or rption sfep. Should an initial
adaorption process, for exampla, he interrupted and
the resumption preceded by s deliberate and
sufficient lowering of the soneentration, the theorﬁ
predicta a changa te desorption in agreament wit
experienca.

1 Flgures In brackets (ndicade. the Hitoratore referances at ¢he end of this pager.
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2. Two-Parameter Batch Equation

Tha two-parameter bateh adsorption equation pre-
viously derived by integrating the irreversible rate
equation waz shown to be:
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whare:

g=the amount of solute adsorbed per gram of the
adsorbent at any time, f;
fo= the maximom value ¢ would have if all of the
adsorption sites were filled;
¢=the instantanesus solute concentration whose
1matial value is o
W=the weight of the ad=orbent;
I"=the volume of tha splution; and
F,=the specific adsorption-rate constant.

Moethods are avsilable for obtaining values of tha
purametars g and &, which give an optimam fit of eq
{t}) to the experimental data in tha general case where

.V, g, and { may sl vary from point to point.
At heat, hnwwar, they are cumberstine, and short-
cut methods will certainly be preferred wherever thay
¢an be used.

Ome such method was worked out [2) for the special
case whers both WYV and ¢ mre held constant.
Under these conditions ¢ valm s, q, and g, are deter-
mined corresponding to times #; and &, respectivaly,
such that ;=24. It was then shown that:
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s was made of eqs (2) and (3) in an exsmple
tuken from puhlisbed data of Dryden and Kay [4]
for tho adsorption of agueows keetie acid on a ateam-
activated coconut carbon. (Jood agreement was
obtained from thres independent determinations of

» and . This agreement would not have reanlied if
?Jm neglected desorption rate constant had bheen
appreciable.

Another special case whose derivation and solution
are very similar to the aforementioned method eccurs
when ¢ 18 constant providing that & second condition
is satisfied. This is the requirement that two
values of ¢ can be found, say, ¢ [(W/V),, {&):] and

WiV, sueh that (W1 L,=2(W and
;Eggg?cih.(c%nder these conditions f-]EB igulrrmg

quantity E—E: which appears so prominently in eq (1)

(3)

remaine unchanged and it fellows that
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3. Three-Parameter Equation for Baich
Adgorption

It haz also been shown [2] that whera it ia desired
to retain the desorption rate constant, f», in batch
adsorption, the integreted equation takes the form:

(M—N)—qg M-N o e
(M+N)—g M+N° (%)

whera M and & are defined ga:

(6}

wh (] o
M—N=g (53 ®

Hers again the parametiers gg, &, snd &; can bareadily
eatimated from a single batch adsorption experiment
in the special caze where g is determined as & funetion

of 2. The solution concentration is measured when ¢
takes on the valuea® i 24, 7, snd 2f. By using the
same type of reasoning whieh led to egs {2) and (3)
from eq (1), it 1= possible to show from eq (6) that

QM — (2q,— g M *— N =i, "
Equation (10) ¢an be written by inspection,

2qiM — (20— qag) (M* — N7} =gy (10)

gince it differs from eq (8) only in the subseripts.
Equationz (9) and (30 constitute a set of simul-
taneous  equatlens In two unknowns, A and
(M = N7), tor which the solution is emsly ohtained.
CUhnee these quantitics bave been found, {A+ N and
{M—N)} can readily be solved for use in eq (6).
Back substitvtion of one experimental point is
euflicient for the determinatien of &, Eguation
{8) can then be uzed to predict ¢ for all values of €.

In the avent that only the value of ¢ is desirel
in A given inetanee, it i= only Decessary Lo determina
{A—N% from eqgs (W) m&v (10} for use in sg {R).
Tha quantity (M*—N) is given (aeccording to
Cramer’s Tule) by the ratio:
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Consider the example (Dryden and Eay's Run
#201) already ecited for the twu-.paramet.er equation
for purposes of illustration comperison. The
smeunts of aceiic acid adsorhed per gram of charcosl
are ropeated in table 1 corresponding to the messurad
golution concentrations. If, arbitrarily, ¢ and 7 are
tﬁen aa 1) min and 15 min, respmtivei , 1t lollows
that

¢:==0.3533

qg-g:'ﬂ.dﬁﬁ?

a1 ='D.5I]33 .

Substitution of thess values in eqs (2 and (10)
resulis in AF—N'=0.63065 so from eq (5},

fp=0.627 meg-g~L,

To continue with the illustration,

M=0.848 Thus, M- N=0.566 and M} N=1.130,
By substituting g, and Af back into eq (73, it can be
verified that b/8=0.00147. Thiz con that
the d ticn rate constant is, indeed, very small
compared with &. One of the edsorption points,
say, ¢=0.3533 for (=10 may now be substituted
back i eq {8} tosolve for &y, The two rate constanis
are

k=257 ml-meq~l.min—! iy =0.00524 min-!

T Bimoe tha three o t paTametors mupt e evaloated [rorm the oapetl-
mental points, 1o kg than theee polots sca Tequired, The use ofﬁ:nraamu
afords & of Bexibilicy in the chedea of deta,  The only restrietbon 1s that
i, alth 1t in imibbe for 2i=4, In tha latter meteora, the mintmm of
theee points = , o] carsa, resolt,
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and eq {6}, in this particular instance, redness to:

0,566 —¢
T () 5] g 00
1.130—¢
TannE 1. Ihto of bafch edeorptiom Rum WE0S
{ I anvd Koy}

Hestle pield: Covimgt charoml:
a1 ml W=ing
a0 T ml=E By sza: (f o IC)

rators: 30 °C

Bt raka: 400 Fpda

] | 2 g
mn | mepmbT | mapart
W6 | ol | 0653
15,4 185 L33
0. ¢ e L4887
. & 065 , 533
45 & 0147 . 5300
ad. ¢ L4 , 5533

It should he pointed out that the value of 0.627
obtainad here for g, 15 about 10 percent higher than
. the corresponding value previously cited [2] for the
simpler case where irreversibility was assumed.
Thi= (present} value is, mereover, consistent with
independent ¢ determinations of (1666 and 0.641 for
eombinatione of é=15 with j=2¢{=30 and for f==10
with =30, reepectively. The value of 2.57 for Ik
compares well with the corresponding value from the
Lwo-paramater aguation.

4. Application of Batch Adsorption Theory
fox Ditferent ?qluaso;fcﬂ

A 1844 publication by W. G, Buriers [4] afforded
the opportunity to iest the applicability of oq (1}
andfor eg (B} to the case whera the initial concen-
tretion differed from batch to bateh.

Acetic neid was adsorbed on pulverized “Norit™
charcoal at 25 °C with continnous sgitation for
periods of 2 hr, The volume of solution was held
constant at 5) ¢’ while the weight of the carbon
and the initial concentration of acid were varied in
arcordanse with table 2 which al=c lists the corre-
eponding velues for the amounts of aeetic aeid
adsorbed per gram. The experimental data of tabla
2 gra raproduced direetly {rom the first two columne
of Burgers’ Tableau [, Tableow If, et Tableaw TIf.
In the estimation of g, and &, through the appli-

TarLy 4,

cation of aqa (4) and (5), the valua of 2.024 mM.g?
wase selected for ¢ corresponding to (W) 1),=0.04
g-em~ {i.e., Wo=2.0 p) and the cnrrasl{:indjn% value
of (s): was, consaquently, 02779 mM-cm~. No
measureinent was available for ¢, corrasponding to
01580 mM-cm~? for {?&): and (W1 =002 g-cm™3.
However, a conventional plot of Lhe data by Burgers
showad very little ecatier of the points, hahce an
interpolation was made between the close neighboring
values resulting in g =1.688 mM.g.

Bilch odeorplion dota for acetic ocid on " Nori"

[W. 3}, Burgerch
Exrch rletertnitiathon tnd sdrrbed pobk wt 33 °0 sdlh =20 om god f= 2,0 hr, bot
with ko) comonobrislinns pnd adsorbenl wekghts o indicated,
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Equation (4) yielded gg=2.1 snd this was retained
for n=e with the three-parameter equation, While a
somewhat lower valun than 6.0 wea obtained from
eq (5) for &), this value was tested along with an
estimate for by such that bk, =002,

Although Jengthy optimizing techniques are avail-
able [or abtaining & “hest™ fit of the parameters in
eqs (31, no improvement was sought in this appli-
cation. The purpose was to show that the apresmeant
i= reasrnably close betwern calenlated and experi-
mental values of ¢ despite the use of these rounded
off first estinates of ¢, &, and k.. This comparison
is shown m the last two colwnmns of table 3, The
first two columns identify the points, while the
intermediate columns list the v&[lljms eomputed for
the component parts of eqe (68} Eor
determination,

each

Adsprption eateulations from the doba of feble £

Etinsbeed e of 2.1, 80, At G2 foe the pacacmters gy, b, a0 k), respectively, were used in the Attog of eq {6).
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5, Analysis and Comparison of Parameters
from Column and Batch Adsorption

An cxemple hay already been given in an earlier
paper [2] of the application of the present adsorption
theory to a batch adsorption tun described by Dry-
den snd Eavy [3). That run was part of & wealth
of experimental data contained in the Ph.D}. Thesis
of C. E. Dryden {8}, An interpretation of the re-
tults of that data in the light of the present theory
can now be readily made. Dryden's experiments
constated of =ome 20-0dd column adserptions (atatic
bed experiments), a somewhat shorter series of
column  desorptions, neerly 20 batch adsorptiona,
and 7 butch desorptions.  All runs were carvied out
at 30 °C using mectic acid together with & steamn-
activated coconut carborn. .

In the column adsorption experiments, a 4-fold
variation in columnn beight weas wsed from 1un to
run. Extreme values of volume-flow rate varied
over & 20-fold range. Four U8, Standard sieve
sizes of chareosl were 13ed ran%'ing from (8 an 100
te (40 on 80). Twe levelz of initial acetic aeid
cuncﬂNntmtinn wera employed; namely, .10 N and
0.al N

In the batch sdsorption experiments, the rate of
agitation was varied from O to 400 rpm of msegnetic
stirring, The sieve fractions range from (8 on 10
to (30 on 100) in five steps. Water-wetted chareos
was comparcd with the customary initially dry
material. The two levels of initial acetie scid con-
centration used were 0.02 & and 0.10 N,

5.1 Paroameters Derived from Colomn Adserption
Rune

For each of the column adsorption cxperiments a
semilogarithmic plot of (e} —1 against throughpat,
¥, was made in order to determine Lhe chavaereriatic
parameters, ¢ and k. Thiz iz in accordance with
the equation

& Vg ey
In - 1)_. v v

which had been derived and tested in earlier work
[1]. In eq (11, V ia the volume-velocity; # is the
mass of adsorbent ?st-mam frotn the point at which
effluent i= collected; and % is the throuchput or
cumulative volume of solution which hns passed
that point since the start.

The initial (low throughput) points of the curves
were not u=cd in fitting to the linear requirement of
eq (11). The substitution of splution for the water
used to settle the columns iz not, strictly speaking,
u piston-displacement-like process. Conseguentiy,
the early valnes of ¢ should be abnormally low re-
sufting m initially high velues for {gfej—1. This
phenomenon has bean observed in other wock [2],
s welll. The valuea of the parameters ¢ snd I
conzequontly determined from the final poiots of
anch 1'}101; are chown in table 4 along with the condi-
tions applicabls to each ron,

(1}

TanlE 4, Characlerizsfic parameters defermined from columan
adsarpiian s perimends

Bomilts are baged an (ke stath-led data (O . E. Drrdon] B adetle acld ab cexonul
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a, Kgreement With Theary

The moat significant result which i3 immediately
evident from table 4 is the degree of agreement
amonyg the compuied values of g, The spread in
sisve siges corresponds to o range in mean particls
diameter from about 360 to nearly 2200 microns.
The inilisl concenbrtion varics over thrae-fold.
The wolocity of flow raonges from 332 ml-min™? io
64.6 mi-min~'. The weizht of adsorbent varies
bebwoeen about 15.5 o and 80 . Yet, notwithsband-
ing the interplay of these factors, for the results of
the 18 rung at which g="0.10, there yielded o mesn
EuE value of 1.264 meqg g with a standard deviation
nf 0.263.

b, Anomalous Efeqls

A closer serutiny of table 4 diseloses several
interesting facts,  The cxcellent data make ik
possible to discern “sccond order™ effects which
cannot be interpreted in the light of the present
simplificd theory.

A comparison of RBon #55 with #60, of #83 with
#61, und of #84 with #02 eugpest that the effeet of
a thrae.dold increasc in the mitial concentration, e,
other things being equal, resulted in an ineresse
in g of about one-and-one-kalf-dold. Tl con
TEﬂ{ﬁ]}' be exploined ns a departure from idenlized
Langmuir behavior. The Langmuir model iimplies
a uniform sucface. If this is only approximated,
then the number of adsnrbing gites (& mmessure of
qu) which eould be eapable of participating in the
case of & much greater initisl conceniration of
solute would incluée some portions of the surfacs
requiring higher activation enevgies. I, moreover,
adsorption }l:l-mcrbmlml more slowly ab those latier
sttes, it would result in a lower overall k, value.
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and (3} to determine g and & :

_ 0,060[0,258(3,268) 1]
30 5 0803, D68) — 0,490 -1 0. 258

n I:D.ZEE- 0.245(0.5562)

=262 1meq.g-?

0.262--0.245
YT (00306} (3001 — 11.8562)

If owe bhad chosen the 15 and 20-min pointe ioetead,
the computsation for g, would have becn:
_ 0n0403[0.245(3.268)—1]
9™ .0483(3.268) — 0.444 1-0.295

k

=8.50ml-meq-min~"'.

0.259 moaq-g~1

In general, the greater timc inlervals were eon-
sistontly chosen and were considercd most reliable.

Tante 5. —Dale of baich gdserplion Run #eer

[, E. Twyden]
Coogrud chareesl:
=100 -_— 7
Bieve gize: [Bm L0k

Agatle aeid:
Velin i
A

'T[!m iernligoe: 3 o0
tirring Tole; 400 epan

Another “second order” effect ap

= to he
ther things

. Enaannt in considering flow rates.

eing equal, an inersase in velocity results in a lower

value for g, and a higher valne for &, 88 can be seen
from table 4. This behavior would be expected
bared om diffusion eonsiderations which have been
entirely neglectad in the development of the present
simplified theory. The greater the flow rate he-

£ C T
min meg-ma-1 | megd
LIS 0. 0L 1. 2
i - . 2x3
o 9] - ]|
Hp . ANKEL -]
EL 8] - ]
b 1} - 4B L]
.81 - ]

w - Dok -

comezs, the more difficult it is ta insure 2
of soluta to all of the abeorbing wites.

qleJ‘al ATCEES
hu=, the

computed value of g, based nupon experimenta at the
highar flow rates wronbd be underestimated. This ren-
soning 13 conestent with overestimated values for k.

The variation in ateve size (particle diameter} has

* aliost a nepligible effect npon ¢ althougl its in-

fluence on & is quite pronouncad. These compari-
song are portrayed quite sirikingly i fgure 1.
Phenomena such as the ven{ amall dependence of ¢
on particle size nre of particular intersst in confirming
the physicel significance of the darived parameters.
Capacity for adsorption, like purface aremn, iz a

. uentity messurable only at the molecular lewvel.

he process of subdividing a highly porcus particle
crestea very little sdditionsl surface not already
aceesaible to a molecule.

5.2 Parametsrs Derived From Batch Adsorption Runs

The quantities @ and & wers caloulated from the
dats of each of tha batch adsorpiion runs reported.
In general, eqs {2) and (3) were employed for this
purpose, the fact having been established that the
dlesorption rate constant & was negligibly small com-
pared with & .

Ae an exarmple to illugtrate the procedure, the data

and calenlations for Bateh #221 aoe typi

These

data sre given i table 5. Tha 30 and 60-min points

curreap-ondirﬁ

¢gu, respectiv

to 0.245 and 0. 258 meq.g™ for ¢, and
. were pelected for use with eqgs {20
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While it is possible to utibze eqgs {9) and {10)
for determining the parameters in sccordance with
the weneral adsorption equation as previously
illuatrated, this practice iz only required when the
desorption rate constant, k., i appreciable relstive
to k. The simpler method shown here will be
preferred wherever it can be used.

In like manner, values for g and *, were deter-
mined for all of the batch experiments. These
resulta are grouped =0 as to bring out moat effectively
the possible influence of each of the faetors studied
such ss rate of stirring, sieve size, cte.

a. Initialiy Dry Verson Prowatted Adesrbent

A few betch runs were deseribed in Dryden’s
Thesiz [5] in which the adsorbent had hesn pre-
soaked in waler prier to contact with the acetic
acid sohrtion:. It was hoped to ascertain whether

reagsking had aoy effect upon the adsorption.
t now appents clear, n Light of the present theur{,
that the prawstted adsorhent gave rise to g, and %
values whiel fell in line with those from the initially
dry adeorbent. These results are shown in table 6.

he volume of the solutions were 100 ml und the
initial concentration of acatic acid was 0.03 meqg.ml~'.
There was n slight dilution effect cnuse-dml:éy the
water contained in tha presosked samples ns reflocted
by the increase in V' and docrease in ¢, However,
this was limited to 10 percent in all cases snd is seen




to have a minor effect at most compared with the
influence of changes in W,

The values of g, and of £, of course, should be
congtant if the ideal conditions sssomed in the
derivation of the theory were closely approximated.
The observed trend, attributsble to the increase in
the WV ratio, is undoubtedly cansed by u depuriure
from these conditions.

TapLe . Bolch comparrsons: e constyuences of prewelitng
and the effect of poryging the amoun! of adaorbent

HAlewt size: (B oo Wbk Elirrsng roter 400 ¥
‘Temperatore; 30 *C i

W v & I L
+ =i ang. sl mal-g-1 mi-taeg=-min—
Lo 100 0 [T 1l
T 1% s T 3,04
50 1 @ 555 3.
o s - AT 4, 45
o [T @ 421 b, G
0.0 1 @ -] B, W

L. Effact of WV

The effect of WV is equivnlent to the effect of W
in this work since ¥V was held constant at 100 ml.
{Runz #236 and #238, alone, had slighuy higher
values because of presosking.) Tables G and 7 show
the resulte of inecrcusing adsorbent waight. The
ezsential distinetion hetween the two tables iz ihe
sleva sizes although these differences arc not pro-
nounced because the sizes are close together. A
miore searching comparisen of the affect of sieve sizes
iz taken ap later. The imﬂurtant point here is that
the valua determined [or the parameter g decrenass
with increasing W. Both tablea confirm that &
i0-fold changa in W results in ahout a 3-fold cbhange
in ;. The parameter &, is also affeceisd by & change
in W. As g decrcases, &, increases, It is about
tWice a3 senzitive a8 gy, Toraover, ta changes in W,

TabLE T. Bateh comparizor: sffect of WiV

YV =HN) ml SLbT| ries U] rpm
i Tl Eimhzne: (12 on 1%]
Tewpsrature: 0
Foo Mo W g kL
|l Tl

2188 ]fﬂ “1{1573 ; ]
206 &0 . 582 .M
2l 5D 182 B Lg
215 LR -eTl 138

c. Effect of Stirring Rates

The rate of stirring was varied in threc steps from
0 ta 400 rpra within each of two sets of experiments,
The seis differcd from one another in regard to sieve
gize. The resulte ara shown in tables 8-a and &b,
Within sach set thers is no apparent corrclation of
parameters with stirring rate.  The observed spread
in values of §, are entirely within sxperimental srror.
The same iz true for &,, except perhaps for the unusu-
ally high value obtained in fam #200. No ransom
can be found for this singular snomaly.

TapLw B DBalch comperison: effect of slivring rofe

17w 1 mL Wby
=il 03 meg-mi=1 "Tamperature; 3 "0
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i 1 o ag! LT
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d, Fffer ol Infhial Concentration

The inBuence of £ on the resulis of batch adeorp-
tion are strikingly similar to those for colurom.
Althiouph only two batch runa were made at g=0.10,
these are sufhicient for comparison purposes.  Tahles
O-a and 9-b compare these balches (Runa #202 and
#215) with other batch tuns which differcd only
with respect to initial concentration. The ¢, values
of 1.425 and 1.201 meq-g~" obtamied in Runs #202
and #215, respectively, compare well with 1.264
meqﬁ“, the average of the 18 colvmn tuns pra-
vionzly computed for the same initisl concentration.
While &, saems to be more sensitive o Tariations in
conditions than does g, its magnitude is also ron-
sistent with ithe corresponding column results.

Tt 18 intorpeting that a threefold incresse in in-
itial concentration from (.03 to 0.10 meqml—* {as
geen i tables P—a and B-b) resulted In nearly &
three-fold ineresse in go. However, st higher initial
concantrations the offest was much less pronounced.
Thiz can be aeen from table 4 by comparing Hun
#55 with Run #60; Run #53 with Run #01; and Eun
#34 with Run #92. lo each of these comparisons
whera factore other than ¢ were cssentially con-
stant, the initial eoncentration ineressed from 0.10
ko 0.31 meq-ml=’; vet the increass in g, was limited
to ghbout 50 percent.

TABLE 9. Batch comparicon: effect of o
=L mlL Stirelng Tate: W rpm
‘Tampersfure: 300

Run Ma, 1 'l kL
-
Wi g Elpwm slea (5 0m 10}
] ]| et el
b | 13 ml;qﬁg_ I
b i} 1] 1.433 A
W=hig Hleva aize: (1Z0m 16}
au 3 0. 42 219
213 -1 1.201 0505

620

+h

£




a. Fiacl of Sieve Size

The influenee of particle size on the parameters
derived from the tch adsorption cxperiments
confirma the findings of the column rums. Very
little, if any, change in ¢ is evident from table 10-h,
although the sieve size ranges in five s from (H
on 10} through {20 on 100}, other fuctors being con-
stant, At the same time, however, the accomnpeny-
ing value of % inoreased markedly with decreasing
particle size. Tables 10—, 10, and 10-d show
the samp lack of dependency of although only
two riuna ware available for comparison in sach case.

In a preceding paper [2]. the ndsorbent invelved
was & service bons char which had been subjected
te numercus cyales of adsorption, ]]]Jﬂrl-iﬂ-l desorption,
drying, and kilning. Itz prior history may have
been reflected in its dependence of g on sieve size
in contrast with the present study. This vory
point waa Jiscussed in some detail at thet time,
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6. Adsorption—Desorption—Resorption

Much haa been written in the proceding sections
of this paper reparding the limitations of the present
theory. Examples have been given and comparisens
maede showing the extent of departure from ideal
conformity with the mode!l &zsumed, although
plausible explanations were offered for moat of the
obzerved discrepancies. Dlespite these shartcoinimgs,
the theory hae inuch to recommend it including
applications which have not heretofore been dis-
cussed. Onoe such epplication i= in desorption. It
iz clear, of course, that the simplified two-parameter
equalion cannot be used in this application, since
it neglects entirely the desorption rate constant,

bz, Furthermore, it would be extremely desirable
to be able to use only one equation for both adsorption
and desocption.

The diffcrence between the two processes should
be reflected only in the boundary conditions. In
the derivation u% the a.dsm];ll;iun equation the initial
conditions required all of the adsorbable species to
be in tha aclution phase. Conversely, for desorption
the adsorbable species initially would be entirely
in the adsorbed phase. To proceed one atep further,
it might he stipulated that both adscrption and
desorption shoyld be considered, from this point of
view, 83 specisl case= of an initial cendition where
somae of the sdeorbable species mn;]; exist in golution
while the remainder is adsorbed.  The process which
would subsequently take place might either be ad-
sorption or desorption, depending upon the levels
of the interrelated variables. These various eoncepts
may be reconciled by use of the term “resorption”™
to define this resumed sorplion process, .

In the original derivation of eq (6}, the quantztly
¢y wis defined as the concentration of the adsorbable
soluie before any adsorption had taken place. For
the genersl ease [apphcable as well in the original
cagal, o should be redefined as follows:

gy=the concentration that would exist at any time
if all of the adsorbable species were assumed
Lo be in the solution phase.

Two new symbols ean now be defined as ¢, and ¢ to
correspond  to the concentration and the mnount
adsorbed per gram, respectively, which exist st the
onset of v sorplion process.

Since the conservation equation holds under all
conditions, it follows here that

T

ﬂu=% i+t (12}

and the geneval form of the integrated equation
lecories

"'
{M’—M-—-g:{M—M—q[E-z(?)m-.r a3
(M+Ny—¢ (M+N)—g
while M and Af?— N* reisin their definitions az given
by eqe (7) and (4], respectively.

It 13 seen that the only difference between eq {13}
snd eq (8) s the appourance of ¢ In muserator and
dememinator of the coefficient of ¢, Refcrence to
2 {12) confirms that for an sdsorption process g,=0
and g,—¢;.  Under these conditions eq (13} reduces
to eq (6) as a special case. For a desorption process
where the sdsorbent containing adsorbate is added
tu pure solvent, ¢r vanishes and eq (12} shows that
Ve/W=g;. Obviously, ip any case, it is always
true that "2 g Sinee g s different from zero in
this instance {Sﬂﬁﬂrptiﬂn}, eq {13) would apply.
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6.1. Desoplion

The consequence of subtracting ¢ from the
numergtor and depominator of the coefficient of ¢

ineq (13 can im})&rt- A negative value to this fhctor
which immediately identifies the proccss as one of
desorption.  If is instmychive to consider the bateh

desorpiion data of tehle 11 as an example of the
usa of ey {13) in this capacity. The table ¢contains
the datn collected by Dryden in Run #224,

Amount of aestie aeid preadasrbed on the char-

ool e e e e T.26 meq
Welght of wet chareosl ____ ________ . ____.__. 3 036
Weight of dry ehareoal (WY ________________ 5 22 ¢
Differanse {arsumed to be exoess watery . ____ 252 ml
Water added______________________________ 10000 ml
Total water present, (V3o ___________________ 102,52 ml

71.26 _ 7.20
=g gy 0L mea BT 6=

=0.07061 meq-ml™.

While it is possible, analytically, te solve the de-
sorptlon squation using & method based on the same
princiglea as in the caze of adsorption, it 1= con-
giderably more involved. 1t is ext.rameiy sanaltive
hoth to the accuracy of each of the thres or four
messurad points ueed, as well as to the zliphtest
departure from the sssumed model. For thesa
reasons the usefulness of this method for determin-
ing the parameters is purely academie,

TanlE 11. Do of bateh deampiion Hun #3845

I E. Deyden)

Aeatic meM:
Hilrring rede: 400 rpm

Cosanul fharean]:
Alrwe: Siee: [Ham HE

Tem pecature: 40 °C

3 ] ¥
ot g mL mag -t
14 o, HAE L 14
2 A4 LILG
8] - 1. 088
4.4 s 1.y
a4 - LA 0,
] ] - ab
g | s .pi2
130 - (R - T
-8} N i -y
ana L[R2 .A33
6.0 N CHLd
8o 0 . (X . A

For the axample used in this illustration, & teason-
ably fair agreement with the desorption data can
be cbtained using the approximate values:

$r=2.0meqg-g~*

E=1.0mlmeg "' min-!

Ey=0.045 min=.
It i3 nofewcrthy thet the magnitude of each of
these pamimetsrs is consistent with corresponding
values derived from adsorption. Equation (13]

can now he evaluated. It is first deternuned by
eq (V) that Af=213% under the conditions of the

experirnent. Next, it s ascortained by use of eq (8)
that W=1.338. The coofficient of ¢ in the exponent
Ff eq (13) can now be determined &s well as the
achor:

(M—=N)—a:
BTN

Aceordingly, the desorption equation reduces to:

0.300—g_ —-0.1864
HaT6—g 0963 &

1t can be seen that as ¢ becomes large, the right side
of the squation spprosches zero. Therefore, the
liniting value of 5 must he .80 n agreemeni
with tablo 11. At the other extreme the valee of
¢ pradicted for 1 min 18 1.33 compared with 1.190
sy seen from the table. Tha remaining descrption
experiments reportad by Drvden [5] yield reaults in
substantisl agreement with the example piven here,

€.2. Resorption

‘The ramarkable versatility of eq (13) cannot ba
fully spprecisted until some examples of reserption
are conewdered. Fortunately, it is not necessary to
redesign additional experiments to illusirate these
applicationa.

or the firat example, consider desorption Run
#224 just discozsed. ?Fhe desorption equation pre-
dicts g=0.%1 meq-g~ for =30 min. Suppose that
after desorption had progressed for 10 min, the
process were halted by physically separating the
adsorbent from solution fgr au indefinite peciod of
time. Ultimately, adsorbent and eolution could be
recombined, thue itting the desorption process
te be resumed. ference to table 11 discloses
that when =10 min, 0.912 meq-.g~' is the ohserved
valoa of ¢ which, consequently, would become the
new valoe for ¢ io the resorpiion process.  Neither
M nor & would chenge, singe the weight, voluime,
concentration, ete, were not altered. The new
coefficient of the exponential in eq (13) would be:

0.800—0.812

sate—noiz U087
while the only change in the sxponent, itsell, would
be the subastitution of (#—10% for £ Almoest by
inspection, therefore, the pew resorption equation
could ke written:

0.800—g_ =0, 13%it-10)
3.476—g 0.0437 £ .
The 30 min point is agnin caleulated to ba 051
magg~!, in agreement with the original desorption
equation.

The eamc treatment can be applied to inter-
ruptad adsorption. Consider the illustration given
earlier in connection with teble 1. If the adsorption
tud been interrupted efter baving been allowed to
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proceed for, say, 20 min, and the amount adsorbed
per pram &t that time wers considerad the new
mitiaﬁ conditipns; what would the resuliant re-
sorption eguation become? Again, M and N would
be unchenged, but now g {instend of being zero as
at the begimning of the original m?}er'imantr} would
take on the new valuc of 0.4887. Immedmtely, the
resorpiion aquation in that instance could be written:

0.566—¢

- L — 0080 (=201
11304 40.150 ¢

where the coefficient +0.150 ia determined from

0,566 —=¢f;
1.130—¢,

according to eq {13). The fact that the cosficiant
0.150 remains ter than zere shows that the
resorption in this casc i= nn adsorption procesa.

If after 20 min in this samc illustration, the
zolution had been diluted by adding water until its
volume, ¥, became, say, 500 1l the situation would
have changed considerably. Whila g would still
be 0.4667, the initial concentration e would now
become (0016635 or 0.00323 meyg-ml™'. The new
valua of & according to eq (12} would be (.00613.
It would now be possible to recompute M from eg
{7) and then to redetermine N from eq (%), The
new values would be A=097; N=0508. The
rerorption aquation would then reduce to

1.441 -q_ _ — L BRIT e — 2
T.45—¢ 0.0264e
und since the coefficient i9 now negative, the resumed
process would have chanped from adsorpiion to
desorption. Clearly, if the degree of dilution had
heenrgut- slight, the resorption would have continyed
az an adsorption process but to a diminished extont.,

It is instryctive to select the final lustration
from an experiment cited by Burgers Ei] in referring
to & paper by Freundlich [8] published ncarly &0
years ago. Freundlich compared $weo batch adsorp-
fien Tuns using 1g of blood charconl ag the adsorbent
in each run and sestic seid 2 the adzorbate. The
second run used twice the initial eoncentration, bt
only half of the volume., However, after a rensonably
long period of time, the second bateh was diluted with
an equal volume of water and stirring was continued
for an sdditionsl haur—presumahl;fg]ong enough to
re-eatablish equilibrum. Both runs ended under
comparahle conditions, yet the final solution con-
centration was slightly lowear in the sacond cxperiment
than in the first. Freundlich ignored the differanco
and used the illustration to prove the reversible
nature of adsorption. 1t should be possible in
light of the present theory to re-examine the dats

unntitatively in &n attempt to account for the
observed discrepancy.

Froundlich’s measurements are shown in table 12,
For Lie first batch, the initial value of ¢ was al=o e,
zinca ull of the acetic acid was in solution. The final

condition corresponded to a ¢ valua of 0,302 meq-g™!
a4 indicated in the last column of table 12, In Eia
gecond batch before dilution, o wea 0.1276 meg.ml—!
while after dilution, it reverted back to (.00880
meq-rl~'. The final concentration of the second
batch after dilution corresponded to gy—0.816 mn‘:ﬁ-gl:‘.

If the present theory applies to Freun s
axFariment, it ought to be possible to assign resson-
able vulues to the three parametors, g, &, and b,
consistent with resultz already discussed for simi
gyatema inder substantially the sama conditions, If
it iz estimated thet

=1.07 meq-g—!.
=300 ml-meq hr~? (0.5 mlmneq ™ min~}

ig-={!l.l]2 meg-ml™',
&y

the sorption equations applicable to both batches ara
determined as follows:

TanLe 12, Freundlich's ecperivend
W || v | ¢ e )
r | w | & | memet | meng?

Flrst baten -

Initlalstate. .. _________ Lo wna| o . 16800 i

Flnal grabe.. ... Lo| woe|=z05| o6 1, 1
Secomd Bateh

Hetaro dlntin:
Inttlalstate. _.._........_.| Lo| swel o L1376 it
Flusdetate. .27 To| e zLo i 3
ALtar fHuEIE

Loltlalstato ..., 10| MWRd ] 219 [

Finsdatee ______ .. . _....| LD| MHLD ! FRA , o6 1 B

Fur the firel bofeh:

100 1.00%1.07

M= [n.mw.na&su (1 DO s ]_4.9?5
G|

M —N"={(1.071{5.85(0H="7.362 a0, W=4.170
benee,

M-N .
mr_ +ﬂa I:]Sfb{'.
Finally, the adsorption equation takes the form:
0.805—¢ —2,50%
5 Tg5—g =005

which may be =solved for ¢ when t=20.5 hr to give
g=0.808 meq.g™! compam& with [LE22 in table 12.
For the second bateh—before dilution:

50 1.m>¢:1,n7) _
M= [G'DE+G‘IET&(1'{]““+5{}X{}.] 576 ) [=4475

M N2=(1.07}{6.850)=7.362, as before; but now
N=3.550
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. .. M-—N
s0 in this instance ML N—ﬁ.ll-i-{}, Therefore, the

adsorption equation applicable to this case becomes:

0.816—g .
5031 —g =0 H0c745

This would require that at the tims of diluiion;
namely, when {=21.0 he, the valoe of g would huve
been 0.216 meq.g™' (although it was not actoally
measured}.

For the second bateh—afler dilution: The addition
of 50 ml of water would heave the effect on Af and N
of causing them to revert back to the welues 4875
and 4.170, respectively, which applied to the first
bateh. This i= evident from the definitions of M
and of M*—N?in eqz (7) and {8). The only differ-
apce ia that ¢; would now be 0.916 meq.z~' where
originally it was zero. Therefore, the coefficient of
the exponential becomes;

0.805—0.916
B1i5—0016 015

which, being negative, means desorption. The
final rasorption equation can thersfore be written by
inspection:

0.805—g_ -
JTae—o= —0-0135e e,

The final condition after dilution and resorption was
renched 1 br later. By substitution of i=!.0 in
this equation, it is found that ¢=0.514 meqg™
which i& in good agreement with 0,816 in table 12,

7. Summary

 Batch adsorption from sclution can be character-
ized end interpreted in terms of the parameters g,

%y, and ks whozc velues best fit tha general adsorption
equation, eq (G).

In the special case whers the desorption rate con-
stunt cen be neglected, o sinplified two-parametfer
equation is adequate for adsorption. Short-cut
methods have been found for avaluating the param-
eters frotn the data:

{a} whet the adsorption i= & function of time
or

{b) when the adsorption iz a function of both
WiV and &.

Vuluea of the parametera can also be detcrmined
for the general case where tha adsorption data are
time dependent.

The charvacteristic parsmeters determined from
beteh adsorption are i agreement with correspending
values determined from column adsorption.

Some devistions in the results have been observed
in eertain instances and can be explained in terms of
a slight departure from the theorctical model,

Even the general edsorption equation, eq (63, can
be considered a8 o special case of aq (13} which,
differing only in initisl conditions but utilizing the
spme set of paramaeters, will, in fact, predict with
equal facility desorption, interrupted sorption, and
sequen kgl combinations of adsorption and deserption
as the case may Le.

8. References

[L1] W. ¥. Lochenatein, Proe. of Fifth Tesh, Scse. on Bona
Char, 253 (]1047],

[2] Ww. V. cbinatein, J. ea, HBE $8A (Phys, and Chem.)
No. 6, 503 (1962},

[3] C. E. Dryden and W. B. Kay, Ind. Eng. Chem. 4#, 2204
(L1450,

4] W, G. ]gu.r arg, Hee, Trav, Chim, &, 46 (1944).

3] C. E. Ilryden, Ph.[). thesis: The kinetiea of sorption of
acelie acid in water-carbon avatems [(The OQhio State
Univeraity, 1951},

[6] H. Fnzundll'cii, 2. Physik. Chew &%, 385 (1907,

{Paper 6T AG-248)

-




