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Adsorption from seliution is o phencnenon which hes
been trested extanzively fron the eypeviventsl viewpoint
aud, slthough meny correlntions have been pade belvesn
bits of data, no gatisfactory genersl theory has bheen
offered. %his situstion is not esmenable te 2 good nader-
m%&wﬁamg of the physiecal pleture cecurripe vwhen sdgorption
fron solubion takes place. Yo truly wnderstend s physical
vhenonenon, & Tirp theoretical basis is the first requi-
5ite,.

it would be presupptucus Lo assume thal & copulete
theory of adsorption frov solution,sven for the casge of o
binsry solution on non-oleetrolyles, esn be develoved In
one plsce of work, but the problen attempled hors wes %o
forsulete & new &ﬁ?@%@%h to the sitvetion in the hope that
this approsch can be sxpanded, refined snd eventuslly lead
to a copplate theory of adsorption frop zolution.

Adeorption of zos wizburez is closely sllled to ade
sorption fron solution and, therefore, the ezlension of
~the theory o cover this phenceenon is & secondary posl.
The advenitepes of havipe ope hssic theory elueidste these
two phenonens 18 sppesrent. Hore corrslstions could be
discovered o Ilneyesse the wolue of zdsorption for both

pradenie and industrisl jntarest.
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Eipling (1) presented an ewcsllient review of the
gtetus of adsorpbion of seivtions of non-electrolytes up
to 1991, He stated vather completely the inherent diffi~
culbies in elucidebing ¢ clser pleture of adaorption from
solution, even in binery solutlons vhich are the only so-
lutions %m'%ﬁ diseussed, Kipling deploves the reluctance
of chenists to give up the sowcnlled somposite fsolherwm,

which is a surfsce pxeess isotherm. More explieitly, the

composite iscthern iz the isothers regulting frop plotiing

the term

apainst € In the above expression, V is the volume of

solubion, Cg is the inltlal concentration of eomponent i,

C iz the esuiliprivwm or fime] concentration of somponent i
ang M is the welght of adsovrbent psed,
It i3 esaily seen thet the term above can lsad Lo

either positive or negative values. This faot led to the

reulizetion thet when dealing with adsorption from solution
the degippation of %@ﬁ?@ﬁ%‘&%ﬁ soiuts 1z pesuingless.

Yany of the serly sxperiments performed in the ipnvesiie
zation of adsovpiiecn ron solution wers done over a limited
goncentrabion ranges Thls restrietion leads easily to the
congept of solvent and solute and, in foet, in the systeus

investipated thers was poeilive sdsorption of the component
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present in the swaller smount. The next step was Lo assume

that the azolvent was lnert or non-sdsorbed, leading eventu~
ally to treating the adsorption of the solute as 1f it
folloved one of the pore wall hnown gus adsorpilon lsothezms

Many syetems follow the Preundlich ecustion (2)

E o yp/®
mo S

oF

og & = log k + &
log & = dog ¥ + = log ¢ ,

for sdeovpbion of the solute up Yo & comecentrabion of U.2
molar., In the Freundlich equation %L ie the adsorption
per unit welght of edsorbenty € iz the concentretion of
the solute and &k and » are constents. The Langpuly egune-

siom (33

gy

My
4
o
E )
@ s
£

is wsuslly Tellowed to higher concentrations then is the
Freundlieh squation. |

E@ is ﬁg@ﬁwéﬁﬁ that both of the &%&V@vwﬁﬁﬁﬁﬁﬁmﬁ lead
to an adsorption thet alwwys lnoresses with Inoreasing

conventration. In luxiselible systess that is the situwtion
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up to the saturatlon point, dut in completely milscible
systens ever increasing adsorption iz never cobaerved. The
necessity of assuning thet bolh components are adserbved
wzs first stated explicitly by Willlsms (&), Bven though,
since that time, most workers have trested adsorption from
golution by sssunipe adsorption of hoith components, the
restrietion was ususlly made thet adsorviion wes nonomoleg~
ular, Willlems wes an exception to thiz generalizatlonm,
using the eguation

Eotye <1l

in vhich x and ¥y are calevisted sdsorption of components 1
and 2, axd ¥ und ¥y are the measured pure gas adsorption
of eamponents 1 and 2 at saturstion pressure. This treai~
ment does pot caleoulate the composite lgsothers bulb uwses
the composite lsothern as & startine point in the salou-
intlon of hypothetical lsothernms for composents 1 and 2,
The next approach to the problen was an srithmetiesl
trectment by Dstwald and de Izsguiree (%) who indicated the

)

composite dsotherne that wouldd resuld fros variogus copbls

2

notions of solvent and soluts lsotherns. The sspweption of
nononslecnlar adsorption wees slse mude by Oatwald and

de Izegulrre. Une of the post laportent facts shown by
Datwsld and de Izegulrre ves that oven though they, in wne

case, sseumed only solute adsorption, the conposite iscllern
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had the velues zero for moles fraction of soluts elther zero
or ongs From thelr caleulations, this elfest is shown %o
be due to the voluwe chenge that resulds when adsorpiliom
takes place. The besic epustlon vsed by Ostwald and
de Iseguirre wvas

nglxp-x} _ B

s ﬁ . 4” p
. = = 0y {1~-x) “mg:& ? (1)

in vhich ne is the tobtsl moles of solution; X sbd X sre
the nmole fractions of conponent 1, belors and aller ade
sorption, ﬁf and ﬁ% sre the nupber of noles of copponent 1
and 2 iv the sdsorbed fTile vnd n is the welght of adsurbant
Bertell and 8lean (&) sterting with the ecuabion of Ostwald
and de Izapuirre applisd the sssurption thet both components
followved @%@v%%%m%ﬁ%%m% spuntion. For the systew benzene-
ethanol on charecal, Hsrtell and Slesn ovaluated the fouy
conatants snd obtained o vather elese 1V to the experie
nanhal itsothern. The £1t wee fnmproved by Hipling end
Teater (7) who used the lemgmulr isotherm for the compousnts,
There is 2 wmarked discrepency in the individusl sonponsnt
isvtherss in These two trestnents and Eipling end Tester
have euphasized thet this diserepanty only points out that
the entire process 1s but slightly understood.

In another paper, Kipling and Tester (8) sssumed en
arustion ﬁigiim% o thet of Willlams (4}, however, ¥ipling

k4

pud Daster restricted the trestuent to povonoclenular
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pdzorpbions Thely eoustion was

or

. o B8 , 5,9 , .
in winich (ny) and (np) sare the monolayer amovnts of com=
ponents 1 and 2. The values for these monolayers are dew

%

%%%ﬁ%%ﬁ by pure goas isotherns. Bouetion (1) was covbined
with Boustion (2) to ealenlste mixed wonomolecular yapor
adsorption with sone measure of suctess. The restriction
to mongmoleculay sdsorpiion rexoves much of the value of
the treatuent,.

In the sawe paper, Elpling and Tester used o kinetlc

aprroach $o nived pes adzorption and adsorplbion from go-

lubione By esguating the retes of adsorption and desorption
for the btvo somponents, they derived the expressions for

ined pe# adgorption
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In the sbove expressiong, €y and 6y are the frastions
of the surfoee coversd by coprponents 1 and 2, py and oy
are the partisl pressures of vomponents 1 and 2 In the pas
phoge and ¥ ig a2 constent. By assvmlop Roouli's lav be=
havior or other treatvents, svelytle ezpressions can be
dovived. A4 suvgrested extension to sdsorption from 50
lubion wes pode whleh necessitoted obltaining expressions
for hests of vavorization snd mixing. Yo epplications of
this extensicon were nttenpbed.

Polanyi {9} introduced s theory of adsorption of pure
gages which did not glive an snslytical sxpression for the
igotherng but was s partisl explanstion of the sdsorption
nroesis. Hin ﬁ%ﬁﬁ?ﬁ was sdapted Lo wooonoletunler and
multimoleeular adsorption. As this theory, with modifi-
cabions, appears suited for the treailuent of zulbimclecus
izy adsorption from soluvbion it will be brielly sumseriged.
of san sdsorbent swrfuce

At eny point iz the nsighborhond
there exists an adsorptive potential €3 points having the
sane value of & form & surfzee spproxipetely warallel to

the sdsorbant w%ﬁfmﬂﬁ and bogether with the sdsorbent suye

fave enclose & volure Y. The Ponciion E(B) is assvmed &«
be tenvperature Independent. A

Given an adsorption isothern nl{u/vely the funcilon
AP con be caloulated by use of the enualions

E=nzin Z2



Eﬁwm%ﬁi

in which p iz the pressure ot which n woles of gss are
adsorbed, pe i the satursted vagpor pressure of the gss
snd ¥y 45 the liguid melar volume at the tesmperature of
the adsorpbion isotherm. The Tumetion &€ (@) being es-
tablished frosm one lsotherm, isotherms st any other tenper-
ature can be caleulated frop these Two sguations, The
stetus of this theory to 192 has been reviewed by
Brunasuer (10).

Bocently, #5111 (11) and HeMillen and Teller {12},

heve theorebically derived the exnression

p

in which 2 is the swount adsorbed ver wnit and & 42 2 con-

stants Helsey (13) derived s vore geusrsl expression

in vhieh g and n are sonstants. These exprassions are
snsiytical functions for the Folanyl sdsorpblion potentiasl
and this foct mekes the Polanyl theory mush nore abiragtive
than 3t has beene However, fev systess obey these egua-

tione snd the unsefulness of the thworeticael spurosch has
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hos been severely liwited. When s betier understanding of
the sdeorbente-adsorbate interaction is reachsad, the Polanyl
thecry will be 2 valuable besis for the predictlon of ed-
serpiion lsotherns.

Polanyi (1) spplied his theory of gas adsorpbion to
adsorvbion of 2lizhtly soluble substences from selubion.
It is espily shown thet this extension 1z not general.
Polenyits basic scouation for adsorption from golution is

in zodern potetion
Ta€y «T2€y = Ty BT In gy

in vhich ay is the asetivity of couponent 1 referred to &
standard shete of pure copponent 1. By exsetly parallel
erguments it follows thet

%‘iﬁg w Vn& g ® “”“a B Jnoag
and therefore
%mg* in By = m’%’% In gy =

This is lwvossible, since both gy and sy heve wnity as
upper bounds, and Ui &m@‘%g sre both positive, This re-
sbricbion surphasizes the Linltations Lo slighitly solvble
subatances, which reduce the valve of the epproaseh of
Polanyle

it is evident thet no satisflactory trestument of sde

sovrtion Irop soelution hes besn ot fordh so far. The



10

theories dizeuvssed pbove Just tey So expladn the enperi-
mentel resulis of adsorpticn bul noe effort hes %wwﬁ sgdle
to prediet adsorption frop solution. This shsenus 1s one
vhich should be corrected snd as will be seen later, an

effort hez boen pads to alleviate this situwetion.
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 hg the cbjective of this problem is to caleulate and
to cheol sxperizentslly sdsoyption frow soluticon end frem

gas mixtures, the pure gas adoorption isotherms obleined

were mede with the seme naterisis as were the adsorption

frow seluticon isotherme, run by Cralg (19) and Hansen (16,

- The wveter used was tap distilled wster

whieh wes then redistilied frow slialine permsnganate 0=

Jution and stored in gtandsrd toper pyrex botlles. |
(b}

Hansen (16}, To 100 mle of coumereisl absolute sloohol

11ls The ethapol used was prepared

was added 10 g. of wagnesive twnings snd 0.1 g. of lodine
grystals. This sixture was refluxed for several hours.
Then sbout one liter of sbsolule slechol vwas added and row-

fluzed overvight. It wae then 4istilled through a 30 plabte

Gldershav colunmn ot e relluw ratic of 1011,

after the Tirst distillation, more sicelol wes added
to the residue and anocther bateh wes distilled off, Doth
batehes were zized togethey. ‘

Boiling Point {eorrected to 740 Wiy }
Pirst bateh 78.02-78,69% G4



Second bateh 7846578, 70 Lo
(e} Pro
Craig (15} Chepically puvre propanol-l, obleined from

l=le The provencl«l was purified by

€olurbie Orpanie Chenienls Qoupany, Colunbia, South
Coaraling, was redisbilisd. 4 constant Dolling widdle pore
tion, thrse-fifths of the total Liguld,was retalned fop
Por uwse, The boiling point, corrected to 760 mm. was
§7.6% €
(d)
(1%}, Butanol.l, obbained frop Coluxbie Organic Chemieculs

snol-ls The butanclel wose purified by Creig

Compeny, was waler extracted sand the water yich porlion
d1lstiliads Prop pertiel distillation & butenel-1l rich

phase e obteined and thiz phuase was dried over caleium

sulphate and then distilled frow megnesivm butozide pre-

pared in & manver sluilar o the serunesive ethoxide used
to purily the ethancl. Yhe bolling polint, corrseted to
F60 mme was 118.28-118,30° G,

Hansem {16). The starting material wes about 1700 al, of

The eyelohexnne wae purified by

eyelohexsne obteined frew B 1. dvPont de Bewours Compsuy.
This wes washed with redistlillied water and sodimw carbone
ate zolubion., Sedlow hydrozide pellets were sdded to ree
nove sxeess waler. 4after thres hours, the cyclshexane was
decanted snd allovwed to stand over sodluw metel for 12

hobrs,. The gyelobexsne was decsnted off and distillied
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horough & 30 plate Oldershay eolusn with & rellux ratic
of 19:1. The bolling point corrected to 760 mm, was
0. 72-80,85% G,

Spneron-t 18 a pelletized furnsce

black mede by the Godivey L, Cubot Cowpany, Doston, lassew

chusebts. The Spheron~b was hested to 960° C in vecuum
for 24 hours, then stored in covered mason Jurs. 7The
sanples vsed for the sdsorption of waler, propancl-l and
butanol~l were from a bateh wveed by Craig (15) for his
sointion isotherms. The sasples used for the adsorpiion
of ethenol and eyelonexens were from & bateh used by
Hansen {16)e

(bl awt. DAG-1 is a defloseculsted artifical
grarhite produe
The DiG-1 was hested to %30° In vaocue for 2k hours and

ad by the Acheson Collelids Corporation.

stored in covered mapon Jors.
Bs  Adsorption Hessurspenbs

The gee adeorption iscitheres were debtersined grevie
metrically weing 2 napnebicelly conpensated balsnee of the
type deseribed by Bldwaerds and Baldwin (17}, The balance
was enclosed io o senled gloss eysten. Yapor was 1otro-
duced into thiz systen through o aldesyr which led to &

pulk condaining the licwid vhose vapor wss belng adsorbed.
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The pressure ot which sdsorption cocwared was the vapor
pressure of the liguld at the temperature of this bulb.
Apnrozivately @w% ge afizorbent wee placed in 5 platinue
vucket which was suspended {rom one ary of the balanee;
the othey ars of the balance was counterveighted with
platinw wires The adsorbent and the reservoir bulh were

thernostatted independently, the adsorbent st 29.00 &

0,02 €y the bulb reserveir at the tawperaiure necessary
for desired pressure to within G,1° €, Pressures vere
computed frop peagsored buld tenperstures using vopoy
presgure data fron the Internstional Critieal Tabvless In
the cszse of butanol-l this involved exbrepolation of

measurad date, for the lovest tenperature st which vapor

pressure dabe was piven was 20° G,

The balence was ealibrated by mesns of 2 sel of ealils
brated welghts, %The plot of pililigrens welghit sgeinst
williswperes current in the seolencid was perfectly linssy
throughout the venge used 1o this work. Cheehs were pade
to Lirdt out 47 the welght of the sdsorbent chagnpged the
galibration of the balsnce. Vhen 1 prom welghts were afw-
fized to the arms of the bolanes, nv thonge in talibretion
eould be detecteds Uhe accursey of the balance used was
3.01 nilligrem, which corresponds to less then 0,001 milll-
wole of adsorbete. The sensitivity of the belance in the

rung was about 1.8 millipgress to 1 2illisnpers.
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The mepnet used ves an Alnleo VII eylindery 1 2ilil-
neter in dlameter and 1% millimsters long. The solencid
sonsisted of 2000 turns of Formver coonbed B, and 8. lo. 28
coprer wire in o length of 7Y% nillizeters, 4 series of
decades adlustable to 10 ohms was in serless with the sols-
noid,s Also in series elrenld were s 10 cohy Helipod awd o L
oo stendard resistor. The potential drop seross the stan-
dard resistor wee messured with g Bubicon type ¥ precision
%@%&ﬁ@iﬁ%&ﬁ@?w The potentizl in the solencid eireuilt was
18 wolts, furnished by three 6 wolt dry cells in serles. A4

sehematic diasgran of the spvoretue 45 shown in Fipure l.
€ Temperature Controls

As stated above, the tevperature of the sdsorbent wasg
neld st ﬁﬁﬁ + 0,02 € The bath tenpersture inte which the
gidears sondteining the sdserbent bueket was controlled by
means of & Hagne-set thervoregulator, controlling an
gleetronie relay vhich In turn scluated an infra«yed laup
whiegh shone Into the water bath from the sides The side of
the tube conbulning the sdsorbent bucket was voversd with
aluminus foll to prevent any exbtranecus hesbing of the
gaunples The bath woe stirred by meeps of o magnetic stimer.

The temperature of the ressrvolr bwulb wes controiled
by controlling the temperature of the bath inte which the
bulb vas lusersed. UThe bath Lempercture was regulated by
a thyatron sontrolled hester operated by the elreuit shoun
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Figure 2,
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shus of nlehrone wire placed In the botten of the bathe
Stirving wes accopplished with 2 two biade poddle siirver
which waz run fast emough to cause evident turbulence on
the top of the bath liguid, Trichlorcethylene pade an
sreellent beth ligunid cnd was alse used as the liguld in
the dry-les«epoled oubter bath. 7The lmner bath contalineyr
wae a Dewver flssk to pininize the healt leslk,. The entire

reeervolir buld cooling beth is shown in Filgure I

P  Besulis

The sdsorvbion resulte obiained with the apporains de-
sepibed above are given in Tables 1-7, The smoothed inow
therms used in the esloulationg are shown in Pigures b1,
Prioy %o the yas adsorption mpeasursvents the adsorbenis
ware ontppssed at 2%° € for 12 hours. The surlsce ares of
the adsorbents sy deterrined by the Bronsver<lpmeti-Teller
method using nitropen sdsorption was Lik sguare vebers per
gren for the Spherou-é and 102.% sguars weters per gran fov
the DAG-1.

Byateresis on Jdesorption spreared neplipidle in the

sase ol &wﬁ@ﬁﬁww sropanel-l, butanolel and eycishexsne on
dpheronw6, In the case of propanclel oo DAl-1 the hystere-
gis wa extrepely spall. The sdsorpbion-desorpbion isother

of veler on Spheron-t shoved an apvrecisble hysterssis aver

the ontire reduvced pressure rangs. The spount of hysteresis
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Pigure 3, Reservoir Bulb Bath.
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Table 1

Adsorstion of Weter Vapor by Suhoroned

Adsorpiion Besorption

Beduced Reduced ,
Proseure Wiiiidnolen/ Ca Presuure Hillimolas/ Ha

0. 08 2,013 G887 1e5%k
JO7% « Ol £833 1,530
s 99 062 ] i»%%%
ﬂ}@% «n%%ﬁ a’?é’ﬁ Lo
201 «217 525 1ol

ﬂgﬁ% + 585 1316
5k 2522 1.201
499 Ji169 1,031
s 2370 0,812
o ??g m&% {3& %g}ﬁ

900 174 04348
<So2 126 0,225
1.102 060 00136




Table 2

Adsorption of FPropanolsl Vapor by Spheron~b

Adsorption

Beduced v Hodueed
Pressure Millimoles/g. Pregsure %éiiﬁﬁwiﬁﬁfﬁw
0.102 + 968 3&??%
w%%% mﬁ%% 1»?&%
5? -0k 1153
75 a??ﬁ %,ﬁﬁ?
«693 +691 G Py
+H65 mﬁﬁﬁ Ga 791
o781 438 (1o 7B
+867 «%ﬁ% G667
1.02% « 365 3. B79
1,058 mﬁﬁg aﬁ%&%
1,139 171 (£
1526 076 z}ﬁ:i%g,




Table 3

Adsorption of Bubanol-l Yayor by Spheron«b

Adsorpbion Pesorption
Reduced

Progsure Hililnoles/s. Millimoles/g.

ﬁw@lﬁ %»%?? ﬁwy}ﬁ 1&%3?
wﬁﬁv{} » ﬁl}? wiﬂ{}”%‘ Lo i‘;%
053 157 681 0,588
108 280 60l 0,761
ﬂgﬁﬁ' #3«3? wﬁgg} ﬁﬁﬂ.%

« 206 w-@% s 410 0300
292 g2 «05% D200
393 .582
9% 663
» 60D 766

w?@% w@?ﬁ

« 988
1130
3279
Eg%hﬁ




Tebie b

Adsorotion of Yater Yapor by Dilel

Adaorstion besorption

heduesd Reduced | |
Pregsure Millinoles g Presgsure Hilllneoles/g.

8,081 0,018 0,600 1.652
£ 100 + 028 ﬁmﬁ%@ TebMd
s2dl 936

#3220 :ﬁ%ﬁ
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Teblie %

Lbsorplion of Propenvlei Vapor by -1

ﬁﬁ%@?@%ﬁ%@‘

Heduced ; Heduced
Pressure Hillizolesn/g. Presgure Millimoles/g.

Resoryblion

Oy 2 2.23% 0,966 1,796
+ D80 332 +927 1669
wiﬁ% &“3? ﬁ%%@ gﬂﬁ?@

wgﬁg m%%ﬁ &@%ﬁ le%ﬁ

L 251 +518 » 719 0,979
w'?% m&gﬁ ﬂﬁ@& #zxﬁ
W77 ‘ 028

W u{%ﬁ
@ %ﬁ 91 s il w70
# 727

5693 « St
753 L 106 «£78
.852 1,303 .60k
w%%& 3000 @gﬁﬁ
02
s251

wﬁ%ﬁ Jw&?%
» 989 1.85%6
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Fable &

Adsorption of Bthanol Vapor by Spheron-b

Adsorption Dasorption
Reduced | Raduoed
Frespure Hillizmoles/c. Presgure Millisoles/g.
0,049 0,115 793 1,502
057 159 «?2@ 1e391
» 095 * ?’%‘E’ 1.208
o ATHL 2B #613 1.211
» 205 « B0 1e 1,150
.207 V43 436 1.03%
«291 « 703 wﬁ % 3878
m?ﬁ%% 3 2‘:3‘% 2«%& &@é
18 - 936 oIk 0,513
78 1.018
® i@”ﬁ?@ Ls a6z
« B0 1190
el 1:320
.86 1ihas
<8k2 gzﬁi
397 3«@@3

« 302 1.6%6
« 736 1.920




Tebls 7

Ldgorytion of Cyclchexsne Vepor on Spheron-H

Ldserpiion Bmsorption

Hoduoed _ Reduoed
Pressure Hillizeles u. Pressure Hillimoles/p.
D053, 0,268 0, 76k 3,968
» 100 «339 Ol «703
» 188 2340 + 503 » 586
+ 400 mﬁi’fﬁ@ w0 2L
30 R 296 8
» 518 « 203 W 397
*ﬁﬁﬁ 57 + DF9 + 317
~501 066 091 @,::ﬁ’;fg
» 60 - 758 +O29 #2216
« 709 » 506
» 750 +S 99
830 1077
+ 578 L4437
» 926 2,096
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was pearly U.2 millisoles per gren over the range

- %% 0.7y the difference decressing to 0.1 milli-

moles per gram at ?% = 0,1 and 0.9 The adsorpiion iso-
Fy

thery shown vas used in the salevlationsy iV lay batwesn

the isotherms reported by dnderson znd Buomebdd: (19) fow

Suheron~b asud Sphoron-b oubgassed at 500 O to 10000 Q.

The hysteresis for the sdsorpbion of water on DAG-1
wag extrene, in faet, 1% vas loposzible Yo desorbe mueh of
the adsorbed waler. One axplapaiion for this vheponenn is
thet the adsorption which takes place at a gﬁ of 0,976 is
not an setual sdsorniion of the water but 3&2%%@ the water
poes between the lavers of the preyhite and forms apn lnler
#bitial comprund, The Scheron~6 1z mot & grephite struetnwm
andls therefore, there ls no possibllity of the formatlon of
an interstitial conpound, Jeray 4i0Trection powder piotures
of the DAG-1 before and efter sdsorptlion showed no change
in the € sxis, In azpreemsat with this, the results of
Honnig (20) on the take up of bronine by graphlie also
ghowed no Indication of o ¢henge In the € axle, Porsstion
of Interstitial compounds ds, therefore, vet o ressonable
explanation of the hysberesisy lennig's hole or nlerosore
theory appeers %o be the dbest ewplanstion avellable, and

it is not porticularly satisfying.
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v, THEORY
Ae Adsorption from Soluvtion

Az bae besn mentioned before, the mrineipal efforis
of this work will be to further the understending of ad-
gorption frox solution and xliso to sebke 1t possible to pre-
ﬁi@% adsorption fron solution bhaving only pure gas adsorpiion

ealoelating wixed ges 180e-

data. The lopisel extension of
therns wes slzo made. The theory developed s expinined
in detaili.

Oonsider a s0lid sdsorbent in equilidbrium with o bi~
nayy llguid solution of cowponents 1 end 2, et A9 be an
infinitesivel wolune inerepent enclesed betwesn two equl-
d+ id o hssuning &4 Lo be

potential surfzces ¢ and

beotween wobterinl

inveriant, the condifions Tor egullibrium
in A¢ and in the bulk solution follows frow the invarie
anes in the tobal free energy under constrained inlinie

tesipal rasy transfer. These conditions give
’F « 3 » {Med = Mab) d g 4 {;Mgm“ﬂi;&g@} S Had ¢
subject to the consbraint
Sad Wﬁm.§$¢s Big %§g¢ S ngg .m

Prov the vsusl legranpisn multipller approsgh it Toellows

thet



in which g and ‘“‘%;f% are the eherienl potential and
partisl molay wolupe of component 1 at the position ¢
and Mgy, i the chemienl potentisl of copponent 1 in the

bull solution.

The asctivity of compomnent 1 42 defined by
«3},@
Mg =Alg ¢+ HY In ag 5
Therefore

Ui = AMib ® g~ M'ip + RE in ;;g%% - (%)

in whdeh the petivity aid iz veferred to pure llould cope
ponent 1 6t ¢ end a3p to pure liguid 1 in the bulk
solution. Trop Bowatione {3) and (&) 1% follows that

Fia ’b’
% [ 5 '@;f’ & % " Bie )
Mgg = Map + BE In m = w%* (Mag ~May+8Y n.$ } I
@1t ‘%fﬁ ' %g@
Lk g

Big JRay = (Mg = Mapd= 8llag=tap ) (o
ezp Rk w5 #
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rrodicted adsorption 1 therefor

I

-w%%w (m:tm Wé%m) dd

o ¥
in wiieh Vo and ¥y, erve the moler volumes at ¢ and in
the bullk respectivelys The velue of %Qﬁ is found by
Cgraphical integration,

It should be noticed that, 1f £ ,{ ¢} happens to be
of the form %%; a8 would be expected Tfrom the trestoent
of H111 (11) end MeMillan snd Teller (12) then f£{¢ ) bew
coues exp ﬂ%% Wners %;w~%% {(Ey «a K} Because of the
nature of G{x19 )y x¢ will nlwmys be greater or always
less than xyy 8o that lnversion of adsorplion appears %o
be Ilmpossible in this case. IF the form of E4(¢ 3 follows
the treatvent of Halsey (13) and the velues of n are not
the same for two components, inversion of the adsorpiion
igothery 12 poszible. The wpozsiblility of uwsing snslybtical
forpe for &,(¢) mppears attreetive, but no satisfactory
fonetion has ver beon develtved.

An anslogous tresteent uweing an aves constraint ine-
stesd of 2 volure congbreint could be mede, This syrea
constreint Sreetpent nust of sourse be subleet to the va~
1341ty of the sssumplions zentioned above, Itg wtility is
in the trestoent of passes whieh give wlnolseular ad-

soretion isotherns smd, therefore, is elosely ellisd Lo the
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garliey trestoents of adsorplion from solubion.

Bs Adsorption of Hixed Gopes

“he theory as adapted ¥o nixed gas edasorptlon nust be
modified to inelude the fundaupental differences betveen ade
gorption fropn solution snd adsorstion of wized gaves. In
adgorption fros selution the dengibty of the material supr~
rounding the sdsorbent is practieally constant out to and
ineluding the bulk sclubtion. Az shown by Lowey and
Olmstead (21), vhen a gas 18 adsorbed at s toeuperature
well below its eritical tesversture there is a rather
sharp ¢henge in the density of the adsorbed gas, frop the
liguid demsity next to the surface of the adsorbent, to the
gas density. The point at which this change tekes place
is designated as § . and as adsorption is & surface ex-
sessy; ¢ ... I8 the 1imit of integration in the determi-
nation of the amount of pas sdsorbed, Thus the esvatlon
for the adsorption of coxponent 1 is

=t Eig
= ] - i ~ @’“ﬁ d mex o
o ¢ -

% )
“he tern %ﬁﬁ is negilgible g the wvalue of the molay
g

volupe of the gas Is laree,

¢§m%x is the wolune corresponding to the greatest
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distonce from the adsorbent surfsee at which the adsorpbive
forees are cepable of liguedying the gas belng sdsorbed.
For e single conponent gna this can be establizhed in

prineivie s the solution of the eguation
¢
Migp =~ Mg =8
and for s syster of binsry nixed geses on adsorption is
il - u,g?*ﬁgiﬂz* “UNgi =0

From the definition of the chemicel potential given serlier
it foilovs that

Poe 3 4 %pl«E o + BF 1n %%ghg = 0,

Gs Discpssion of dssunptions

“he limitabions of the three basic assumpltions ine
eluded in this development sre the cauges of the limitations
inhersnt in the theorys & diseussion of the validity of
the sgsupptlong should peint out these 1indtetions, howe
aever, the vary nature of nost assveptions pust lesd to the
goncivsion that the serecsent of theory vwith experipent is
the best check of the sccoureey of the sssumpitions. In the
assunptions need in the theory developsd here, the Tirst
one 1s o part of the besle foundatlon of the theovy, the

last twe are necessery besauge of the laprsctiecalliity of
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messuring the portisl nolar volumes in the sdsorbed phase
and the sebiviiy scoeflTicients in the adsorbed phase.
As the sgsveption thet the difference in the reference

staten f8 egual to the Folanyl adsorption potentisl is

fundamental to the theory, the moture of E{(¢) is an im-
porbent consideration. UThe elearest Indicetion of the
sature of € (¢ 18 contained in Hill's paper (11).
Basieallys €(¢) is atiributed to the tobal ven der Weal's
attraction betveen a molecule ip the sdsorplion region and
21l of the nmolecules in g seni-infinite slad of adsorbent,
Betvesn ssth voleeule in the slab and the moleculs in the

adgorpblon region there exists an intercction energy of

the form <& , » being the distanse between interacting

26
mmﬁmmf Integrating this over the slab %o o total
interaction energy of the forp ,;g s Where % is the distance
of the adsorbed moleecule from "%;gxé@ slab, this distsnce belng
proportionsl %o ¢« HiLL, in his tresiuent, included o
ters o correct for the intersstion of the poleenles in
the adserved phase, bul this teym chonged only the value
ef the § 1o the tetel fiatersctlon wnoergy,.

The bazle vaen der Waal's intersciion, i cocurring
theough 2 diglectyice, can be shoun by & triviel vodifiestion
Favil

pond Inversely on the squere of the dlelectrie constant,

wg and Wilzon (22) to des

of the trestuent given by

e
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which would lead to the zane dependence on the part of
€ (). This would have ne offect on the form of & ()
in single component adsorpiion, bt eouvld in privnedple
cause € 4{ P} to vary, st fixed ¢, with eonposition of
material encloszed between ¢ and the adsorbent surfeee in
multicomponent adsorption. One considerstion whieh lessens
the effect of the dlelsctrie constant upon €{(¢) is pre
sent vhen orientation of the sdszorbed nolecules takes place.
When the position of the dipoles is fixed, the dislectrie
congtent is proportionsl %o the souere of the refractive in-
gex and, therefore, does not chenge mueh with composition.
The partisl molar volunes of substances in the nelighbor-
hood of an sdesorbent surface wight 440%er from thelyr values
in bullk solution of the same conposition becsuse of orlentw-
ation and compression due o the sdsorption potantisl, For
Ilgulds well below critieal temperatures and under the ef-
foet of noderate adsorption potentials, deviatlons from
bulk goiutien should be ninor. In the case of the activity
coefficlents of the components, strong osrisntation may sliep
the iantersebion betweon the components., %This orisntetion
would deopend strenzly upon the dipole mopents of the cope
wonents and especially upon the polar chorseter of the adw
sorbents, With son-polar sdscrbents and nodernte asdsorptisn
potentinle, 1t 1 Lelt that the varistion of the setivity

goslficlients shovld be nepligible.
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V. TREATHENT OF DaT4 AND CORCIUBIONS

be Hebthod of €oirulstion

The experinentel datsa ueed in the calevlations were

oif the sweoth eurves drewn through the ade

points plcked
sion lsotherss shown in Figuvres b «~ 10, The ed-

sorption izotherms were chosen instesd of the descrption
igotherns becspse the method used by Craig (1%) and Hensen
{16} in obtaining the adsorption Trow solutlion dats indl-
gated this trestaent, 7The adsorbent sawple was pubt inte

g known selutlon wnd after eguillbrivs was reached, the
resulibing solution was snplyped., The points thel resuiled
in an insresse of the nole fraction of water could be con-
slderad 4o have resuvited fron the descrpiion of waler.
Howvever, In no euse vwhere there was desorption of water

ves the mole fraection of the water grester than 0.7,

Prov this considerstion iv appesrs ressoneble to belleve
that the likelihood of the adsorbent Jinibielly beconming

sabursted with walter snd then desorbing to equilibriam is

prall. The feet thet eouilibrioe in solution sdsorption
wag resched in tvo nipvtes, whieh wes the shortest possi-
ble time in vwhich ¢ wmessurevent gould be mede, is anciher
polnt againet the Jdesorption proceis.

(ther dots needed Yo vopplete the enleulations are the

setivity coefTieienty and the nolar volumes of the binery
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MILLIMOLES ADSORBED PER GRAM
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Figure 4. Adsorption of Water on Spheron-6 at 25°C,
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S ADSORBED PER GRAM

MILLIMOLE

Figure

Adsorption of Propanol-l on Spheron-6 at

25°C.
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MILLIMOLES ADSORBED PER GRAM

1.0

: v ) ¢ T o [+
Figure 6. A4dsorption of Butanol-l on Spheron-6 at 25°C.
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Figure 7. Adsorption of Water on DAG-1 azt 25°C,
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Figure 8.
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Adsorption of Propanol-1 on DAG-1 at 25°C,
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Adsorption of Ethanol on Spheron-b6 at 25%C.
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Figure 10. Adsorption of Cyclohexane on Spheron-6 at 25°C,
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solvtions used, The gystens chosen were those for vhich
the necessayy inforoetion vas availsbie. Yhe polar volw

umeg for the weber-provancl-l systen and the water-bubspel-l

ayster wars calovnlated Ifrom the sity data ler these
gysiens glven in the Interseational Critical Tobles, %The
density date for the sthonolesyoloheznpe systen was calouw

lated fros date obtained by Hansen (16}, who pade up 50

wle mamples, and welghed the sxount of the conponents.
Phe datn while not extrewely precise gsve every indiecation
that the zolar volupe wag a linear funection of the mole
fraction. For the systen nilrogen-oxvgen st 78.2% K.,
which was the systen studied by Arnold (23), & linear
function of wmole fraction was assumed, whieh 15 resson-
sble in view of the nearly ideal behavior of this systen,
Arpeld wmede & rather complete and exeeting study of the
sdeorption of the gas mixture of oxyren snd piltrogen sl
V842% Koy and his isotherms vwere wsed to compare with
gnlevleted pes pixture sdoorption.

The eotivity coelficlents wsed were obtained from

varions gsourcas. Astivity deie for the veber-propenol-l
gysten were obioined by Miller (2k). 7The watsr-bubtanol-l
syshbon wes studied by Bendsll end Weber (25} and by

tier,

Butier, Thopson end Maclomnan (26). The work of B

Thonaon apd Haclennan wasg done st 25° €, whilch wes the

benparature neesded for the present work and wes thersfors
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useds The data of Hsndell and Websr were telken &t 30% G,
hut checked ¢losely the dats uged, The setivily for the
ethanolesyoicheyans systen wvas token ITron the owel of
Vashburn and Handor? (27). A1) the systems mentioned
above deviaste prestly from idealityy in Tael the watere
butenol-l sysbtenm heg o large repion of lomuisedibility. In
conparison with these, secording to Dodge end Davis (28)
the oxyvzen-nitrozen systen at 8% X iz almost idesl.

The setual csleouvlations were made in the fullowing

mamer. fron the experimental sdsorption isothers, points

wore taken and a plot of () versus ¥ wes wede, In
all the saleulations @ was in wnits of subie nilliseters
at the liguid density of the zubstanee whose vepor wus
adsorbad. SBuch plots were made for both conponents of the

ayster beline studied, For the two copponsut polnts of

k23

goual @ were ﬁ&kﬁﬁ and the guantity leog exp

tabulated a8 & funetion of f. Using the gebivity dats a

plot was nade of log 24 versus x, x being the mole
fp

fraction of ﬂﬂm%@mﬁmﬁ 4s  The moler volume datas woe used
to make & graph of %” varsus %y » Prop these last two

graphs, & plot ol ?ﬁ veraus &mg ves sonstructed,
&@

Yo csloulate an adsorption noint copresponding to s

certain bulk solutlon, the value of leg =& Tor the bulk
Gz

golubion wee added to eseh value in the 1ist of the
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funetion log mg&( - *E@) nis nevw table of wvelues is
a 1ist of the values of the functiam log mﬁf 88 &

. . : Bag ,
Punction of P in the adsorbed phase. From the graph nen-

L ; X
tioned above, a list of the values of the fﬁm&@i@ﬁ,%i ag

& function of # for the adsorbed phese ves wade. The

Ry , , . , .
value @f‘g% for the bulk soiubion was subtracted from the
%3 terms for the adsorbed phase snd s graph wae made of
v
Ry e . w l o T
(@w) -\F yorsus P, Thiz plot was grazhicnlly in-

B L .

tagrated to obbain the

corresvonding to the bulk

egullibriur concantration.

When sdsorption of gaz mixtures is to be culeulsted
the velues of g%%mﬁ;éﬁ‘ are plotted against B ‘Xﬁ order

to obtain the value for #,., the function

#y{=€q ¢ BY In %iZ ¥ o4 mpls EL4BY Ingr™ % }
ig plotted sgalinst £ and the walue of @ whﬁm'%h@ above
funetion erosses the gzero axls 1s the wvalive of § .
This value of § is the upper ldewit of the integrstion
when the gregh of £ 15 inberreted and the velus oblained

7
by lntepration iz the apount of adsorpbion at the vedueed

’ ) ~ ﬁ

pressure of the ges phase, The valuve of log Mﬁzav
%W

tially lg coleulated Trom the partisl %&%%wur@ﬁ of the

inde

eopponents in the gss mizture; however, V, and ¥, are the

liquid molay wolumes of the conpousuls.



B, Coleulated Adsorstion fron Bolution

de

Uging the theory and methed of caleulstion previcusly
cutlined, the sdsorption isotherms for the fellowing

systens were caloulstel; water-proponcl-l on Sphorvon-b,

waber-butanolel on Spheron~t, water-propancl«l on DAG-l,

and ethmnol-vyclohexene on Spheyon-b, These isotherns
are shown in Flreres 11-1%. The cirecies on the sgueous
systens are the expevimental date of Craig (1%) and the
gireles on tha ethanpletyolchexsne systen svre the axperie
neptal date of Heosen (16). The originel theory waes used
to eanlenlate the 801id 1lines for the weler-propencl-l and
the water-butenolel sdeorption on Spheroné,

The ecaleulsted fsotherme ave seen to be in guelitstive
spresvent with experimentsl resulis except in the case of
the water-butanel~1 systen. As the ourves of ( %&% - %ﬁ% 5
versus @ are essentislly different in the four ﬁ?é@%%%g &
represontative ¢ueve is shown for sach systen. Thess srs
given in Figwres 1%-18. 1% ls these cuwrves whleh zive &
physliesl pleture of the adsorvtion process and some vether
surorising effects aye cpporent. In the adsorption iso-
therms of wter-propanol-1l and weter-butencle-l on Spheron
-8 the physicel picture led to o wodifiscation of the

theory.
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Figure 11, Adsorption of Propanol-l from Aqueous
Solution by Spheron=6 at 25°C,
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Figure 12, Adsorption of Butanol-l from Aqueous
Solution by Spheron=-56 at 25°C.
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Figure 14. Adsorption of Cyclohexane from Ethanol
Solution by Spheron-6 at 25°C,
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The Tirst case Lo be discussed 1y the sdseorypbion of

¥
shows that there is & conceptrstion of propanel-l st all

o %y ®
water and propesnol-l on Dil-1l., The (@%% - (Eé)%iﬁ%?%@

valuas of £ oub to the soint vhere bulk eoncentretion is
resched, This Tfollows logically from the shape of the ade
sorption isotherms of water und propanol-l on D=l The
sdsorption of the water 1 e¢ very sligh® that the £(H)
for water hes no effect when cmmpared with that for pro-

panolels VWhen the theorstical iszsothers ls coppared with

the acbtual, the observetion is wade thal the adsorpiion

caleulsted iz too large. Trounle szperienced in obtaining

the adsorpiion lsothere of water, coupled with the ive

reversibility of the ilsothers mekes this systen ope in
which sgreepent sould be sxpected to be poors The shape
of the esleulated lscthers agrees with the shape of the
exverixentel isothers giving support %o the theory.

The edsorption isotherm of walter propanci-l by
Evheron-t i3 one in which an inversion cecours. The caloue
luted isothers s in ousllteiive sud rough guantitalive
arrecnent with the thooretical. iWhen Figure 1% i ez~
spined, certain peevlarities in the behavior of this
systom beconme appsrent. Figure 19 indicates that up to
# of Qﬁrﬁmmﬁy the adsorbed vhase ig alwost pre valer and
beyond this point the aleshol eonceptrabes, Assuning thet

the sduorbed phase 1z pure waler and usiag the 1iguid
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density of weter, the mesn area per waler molecule can be
eplewleted and was found to be 17.1 2?@ According bo
Prunaner (10, p 274%) the avez of & wabter molecule is
llwﬁ,ggg the shoerved uwster adsorption therefore is nore
than U of the valuve eorvesponding to o conplete water
FOROLEYEr.

Wabter and bubanol-l %r@imaﬁ conrletely nipeible and
the lisotherw shown ipn Fipgure 12 48 the isothern Ifrom the
wabter rieh phase. The wole fraction of butanol-l corres-

gronding to saburstion concentration le 0.0188. Az is
&y

. e % Yereus

g surve for the water-bulanol-1 syster is sinilay Yo the

seen from Figure 16, the shape of the

(%—% p - (m%*) . curve for the waler-propanol-l systen.

7
ihe conposition of the cdsorbed phose iz apsin slpost

pure water up to a 3 of E% m%aﬁ The situation in the
weter-butanclel ease iz different for @ > 20 %mma ne

there ere dlsoontinuities in the :g?)ﬁmkgﬁ B curve re-
sulting from the Tormetion of the %@%ﬁm&ﬁwi rich phabe.

The sdsorption {sotherm caleulsted from the original theory
s given by the selld Line ivn Plgure 12. 7The sgreenent

with experivent i sxcellent at high redueed concenivetlon,

Wt et lov reduced concentration the salevisted adsorption

is wueh too lowe In Taot, the ¢aleulsted adsorpition iso=

therr hes o positive curveture at 21l setivities, whille
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the ezperimental sdsorption isothern le sigmeld in shupe,
The wodified theory ap deseribed inter lmproves the sgree-
nents

The sdsorvtion isothers of the sthanolegyelohezane
syster on Syheron~6 is given in Plgure 1k, One unususl
aepent of this lsotheys iz the positive curvature of the
isothersm ot lov mole {raction of eyelchezane. The dabs
of Hensen {16) zlso indiecste this behavier although in &
Jess pronounced menner. This behevior is wumsual as
vrasticelly all sdsorvtion frop soliutions are concave Lo

ward the zero axis ot the ends. %@@(fﬁ) - (ﬁﬁ)
7 e »

¥
versug J vplot for this systen (Figure 18) is wmost wmsuel;
for 0 <@ <28 mmmg there is o concentrstion of eyoloe
hexane, lor 20 < § < 8 %%mﬁ there is a conpentratlon of
ethenol sand Tor § D> 4% @&% there g gsgein & concentyretion
of ethonol. In splite of thls conplicated zitustion, the
exloulated adsorpticn Izothern sgress guslitatively with
the experimental: the position of the inversion point
ehasks closselyi at both ends, hovever, the absolube walve

of the sploulsated isothers 1s ton great.

2 ; 4
) By £y e BB oo
The eurves off 2] = [.2) wversus P sugpest s possi-
Tlg VWb

ble medifieation of the original theory, Dus to the
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existence of surface oxides on Spheron~é it would be

reggonsble to savume thet the water ls sopcentrated in

the immediste neighborheod of the surfees in the form of
an oriented dipele £ilm. This sigture ig supported by

rvas relerred to. Under these slrounstances the

the ov

Tollowineg sssvpptions couvid be pades
i« Tor # <20 {recion of the dinvls layer) the
Polanyi potentisl incorrestly renvesente the ad-
sorotien ¢f alechol in the presence of an oriented
dipole layer {in the sape veglom), zrd sines 1t 1o
less than AE,(B) in this regicy (€, ie the
Polanyi potential of weter, o = Vo /V,} it appears
not entirely wrsasonsble to neglest 1t entively
for # < 20,
2¢ For & > 20 wolesules ars subjected, in addition
%o thelr Polanyl potentisls, %o a potential due to
the opiented dlpele laver. Silnce the dizole densi-
by i hoown sp well as polarizedbilities and dipole
wements of selsoules lpvolved 4t sbouwld be possibls
to estimete Yhe order of mognitude of this effect.
Gonsider the adjacent diagram, °

Let ¢ be the nurdber of dipoles pey %@z

in the ordented layer, M 1 and Xy the

Gipois woment and polarizabliidy of ensh,

Mg nad oz the correspondlng gquentities for the uwolecule
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at P intersetineg with the dipels laoyer. Wikth n dipele at
Gistancs ¥ the ilntersetion energy is

ols;lm %Maug

The tobel Interseiion enerpy is then

A + oy @ ZtanBld{ztan®)

| 2 2

U s ’ ﬁo(;g,‘}-lﬁ é*a(a/u:%,}
Seos @

&

m{o(au% *}dgui) )
o Py ¢ (per moleculs)

Betting z= L1

5
ious 5 8 in mme

A= 3P/m Wo , vhere P is the meolsr polarizstion
- Rt "
M= x 10 = dipvle zmovent in Debyes

m}% % fi%‘:% e J’gzz;
2
¥ = 16 m’?«rx = 5,85 x 10" @m;m:mgm

1 erg/uolecule = JHo/b.183 2 %,@2537 enlories/nole
thare rosulis |

B.86 % m mu% + %Mﬁ
U o ‘ & #
T ZN’}} eal/nole
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Hevessary Durther dula ares

For woter, P = 3.716, Ah = 1,84

For propenolel, P = 17.577, M = 1.7
For bubanol-l, F = 22.20 A= 167 s

Bubstituting, the addiitiensl interasction energy terms ares

#

for propanol -1 Cint = oal/mole

for bubtsnol-1 Eint = asl/role,

In esleulsating &int, only the iutersetion of the dipsle
layer with %the alechol hag been considered; the inter-
setlon of this layer with water is assumed to have been
scesunted for in the messured &p(f).

Teotherns caloulnted using the wodifications in ef-
feetive adsorption potentisis outlined are shown sz dashed
1ices in Fizures 11 and 123 eorrvesponding (ﬁﬁ7 w~(§£

Tig \%)w
euryss are shown as dashed linmes in Plgures 19 and 16.
There 13 some ﬁ@%rw@@%&mﬁ in the sgresnent hebwesn theory
and experiment in the systen waler-propanol-le-Sphoren-b6,
but in the sraten water-butsnol-l-S8rheron~6 the luproves
went in sgrecvent i very proncumsed, Solubiop sdsorstion
ragults sugpest the formsticn of a bubancl~l rich phase on

top of the walter layer even at low butanol concentrations:

o

rith the diple~induced dipele intersetion enerpy cdded
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the effective adsorption potentisl iz sulflicient to ne-
eount fopr this phese theoratieally.

The wabter-proponol-1 adsorntion on DiG-1 gave no indi-
oation of spy leyering affeci, and thevelfore no correctiom
or sodification wes apniled, The sthanol-cyeloherane ade
sorption on Spheron~d is fel1 %o be too couplex to mubnlt
to the trenbrent Just deseribed, Just whet nodificstions
of the itheory should be pade to inprove the sprecment of
ezperivzent and theory arve not knowm. I% eeams lnprecti-
cable to assume ¢ systen of copnlex dipeoie-~induced dipole
intersctions as such o trestment rencves much of the

vipgor of the spprosch used.
Gs Caleulated Adsorpbion of Gaz Mixturss

The exesllent work done by Arncld (23) on the gd=-
sorpblon of mixbures of nilrogen and oxypen on anatsse, s
fors of titenive dloxide; topether with his pure gas 150w
therrs fTurnished sulfielsnt dats $o test the theowry of
mized gae adsorpbion. Plgure 19 shovs the sypevizental
and enlesleted lsotherns, Jgzreszent in thiz csse is

cuantitative as %o totel sdscrption but the ifndividunl

isotherns only shovw gualitetive sgresment, the cslouianted

sdsorption of ailtrogen being too lovw and the seleviated

‘a5

agsorphion of oxyzen too Lilgh.
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Figure 19. Adsorption Iscotherm for the Gas Mixture
Oxygen-Nitrogen on Anatase at 78.2° K.
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Gno complication in mixed gag adsorntion vhich does
not appesr in adsorviion from solution is the formelion
of & ligulde-vapor interfuce. This, of course, is wsing
the agsuption thet the edsorbed phase fo & lignid. At
the llguidevapor interfsce, due to energy requirsments,

n Will convens

the component baving lower surfsee tensio
trate; In the szygen~nitrogen syster this component is
pitrogen. This effect 1s in the right divection 1o bring
the salevlated individuel isotherpe into agreement with
the experivental isotherm,

Figure 20, the %? curves for oxygen and nitrogen,
shows thet nitrozen 1s preferentially sdsorbed on the gurs
face, but the sonposition of the adsorbed phess becomes
elnost sonstant at the point where @ eguals 12 %ﬁmg
Uging the ares of the anstase, deterwined by the Bruvsuere
ﬁﬁm%@%méﬁliﬁ% theory to be 13,8 sguore melers per gran, o
g of 4%.%5 w%ﬁﬁ wrze galouleted to be a wonolsyers This is
the thiclnens of the ouler laver of the adsorbed phase in

friehy due to surfaee tension, the nitrogen iz conven~
trated. The trestvent devised to scevunt Loy this effset
is not very ssbtisfvine bubt thers appesrs to be no nors
appropriste trectuent svallable, JAssuming the proper
desorivtion of the surfses laver Lo be obbalped by re=
gulrsd pero waristlon in free energy op lofinifesimal
£

ransfer subjeetl to s constraint of Tized total ares
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it foliows by argunents eompletely perallel to those used

in develoment of the basie theory thed

3 R
“Eiﬁﬁwﬁm@% mgg¢§%gﬁﬁ%
3‘% . , g g

in whieh 4y end 4p are the wolay aress of the two cope
ponents. How 4f the fres surface spergy of the liguide
veoor fnterface iz presuvued to vary llnearly with surfuce
eyes fraction frow thet of component 1 %o that of eow-
ponent 2 there will be, on replacing component 1 by sen
eguivelent area of componsnt 2 at this interfaee, & {ree
ge of 4( Yz ~ ¥4} in edadition to that due to

snergy char
thely difTerent adsorpbtion potentialsy accordingly it has
beon sssuned thet

w &8 m w Ea{f) + Vi

“gs = = E(B) + Yo
Y1 and ¥z being the surfsce tensions of components 1 and
2, Eg{ﬁ} and Ey(#) being thelir Polanyl adsorption po-

tentisle, Ascordingly

In the nitrogen-oxyzen systenm Ly and Ag are substantielly

ggualy setiing &y = &y = 4 there resulls
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This eouation wag then usged to cepleunlate nitrogen and
oxyeen coneentrations Iin the region,
g 55 P ﬁmﬁz

£ 4 x

{suppozedly the molecular layer bounded by the vagor phase)
while the consentrations of niiroren spd oxyren fov &@%@&
values of # were taken umnmodified frop the prior calous
lation. The modified results are shown as deshed lines

in Figures 19 and 203 the esleulated total adserption ip
st911 in excellent sereenent with thet observed bubt the

individual isotherms have heen over corrected.

Fallure of this itreatpent to ascount correctly fLov
the 1iguld vavor interfaee sdsorpbion correction is nob
eutirely surprising, for the treatment is not selfe
consistent, Thus, the correction is handled on an sres
gonstraing h&@iﬁg but the potentisls are celeunlubed on
& wolume sonstraint basis and used in the correction.

A4 more satisfactory procedure would be to infer ad-
soppiion ot the liguld-vapor interfoce fyom surface
tensions of oxygen-niirogen gsolutions, but mmfmw%mmﬁﬁﬁly

ne guch dats are asvailable st present.
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De Disoussion of Brrors

The trestment of probeble errors in the sbhove
calenlations is & rather 41f0icult subjiect to handle,
There is no obvious wor to ssbipste the change ln the
ealoulatbed adsorrbion isotherms with s change in the
priginal gas sdsorpiion lsctherms. BHecsuse of this
problem, the vater-propenolel isotherm on Sphercn-8 wos
racsloulated assuning %ﬁ@vwmrﬁ component isotherms were
in error, The broken lines in Flgure 21 shov the range
of csleuleted isotherns wagmﬁﬁiﬁg Trow assuned Aiffep-
ences in the original gas adsoypiion igotherss. The
isothere marked A was ealeulsted assuming the adserpiion
of the water wes 0,06 niliimoles higher than was actually
fourd, WYhis differsnce was limﬁawxy reduced to zers in
the range of D.2% PB/Pe O , The propunoclel ad-
sorption used to ealenlste curve A vas assuned to be
iower than thet found by using & constant smount of 0,080
for P/Pg 0.7 and & linear decvease to zers for
0.70  B/Py O |

The opposite ssovpptions were sede for caleulating

gurve Bs It i spparent thet the resulils depend clozely
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~QZ

Figure 21, Spread of Adsorption of Propaznol-l from
Aqueous Solution by Spheron-6 Assuming Errors
in Gas Adsorption Isctherms.



wpon the originel isotherns, There is no change in the
epsentiasl shepe of the izothers but there i3 & delinite
displecenent of the isothers. The spread of the lsctherns
varies frow a maximum of O.1b% milliroles per gram st the
point of the mexisumw in the adsorption lsothers to & dif-
forence of 0.08 milliscles ver gram at the point of the
mindewr in the adsorption lsothern, 4ny cther coubination
of srrors within those stated above in the originel gas
afsorpbion lsotherms will esvuse the e¢aleulsited isolherm

to lie between the broken 1llnes in Figure 21.

One interesting asspeot of the treatment above iz the
varistlon in the sisze of the walter layer. Using the high
wabter sdsorpgtion lsothere and the low propenci-l isothern,
the water layer went out to g @ of 22,9 mmm3$ with the
iow water and the high propanol-l, the walue of # for the
water E%gwr Was 18.2 %%43

Flgure 22 shovs resulis of sinlilar csleulatlons fopy
the syeten butanol-l-wvaber-Spheron«f. The same errors
were azsumed Tor the weter lszotherm, snd the bubanol-l
grror ves aspumed Yo wary linesrly Trom O 2t F/Pp = 0 to
# 0,10 at P/Py = 0.9%, Curve 4 resulbts from the lowered
bubanoel-l isotherm and inersased walter isotherm, curve B
fror the ineressed bultanol-l isoitherm and lowered walter
isotherns Indlosted wabter laver voluwes are 24.1 mmmﬁ

and 1.1 m%wz respectively.
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Bs Conviuvsions

In the discussion of the conclusions which ean de
drawn frop the theory and resulis presented, the a5
sumpbion will be zade that the theory is correet. It is
correct insofer ss the ssswepbions sre correet and,

iz essentially founded on the

thereforey the discussion
beliel that the three basic sssusptions sre theoretically
sound. 48 the types of isotherms caloulsted are basig-
ally different and the resulis in £ll c¢zzes showed pood
gualitetive agreesent with experiment the theory with its
modificatio

appesrs o be s satisfeetory approaeh to

the zroblen of adsorption Trop solution and of mized gas
adgsorption.

The fivsty and probebly most cobvicus, neoney in whish
this theopy differs Trom others is in ite deseription of
the concentration sradient a3 & Tuneticn of the distanee
from the surface, and contyasts sharply with the copponent
isothepr treatment of Kipling (1), It zuet be ropenbered

thet Hdpling end obthars treabted avstens as 1 the gde
gsorption wns ponopolesulsr. o systepns were trested here
in which the pure conpuonents gave nonowoleculsr sdsorption
isotherns fron the gas state and so no deseription of the
physiesl picture of this tyue of adsorntion can be glven.

With systene in vhich the conponents show pultineleculsy
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sdsorvtion In the ges phase, there 1s no reagon 0 va-

14dity for the bsliel thet 2 ponopolecular trestment will
give 2 true definition in Jdeserlbing adsorption from 90e-
lution, Eipling's desire that the conposile lsothern be

drovped in faver of the pure conponent lsothersm has 1ittle

Poundetion in 1ight of the theory here sdwvinwed;and the
cowposite isothern is fell to be the logisal, even though
not the nost deseriptive, vay of glving the resulis of
adsorption from solublon.

The post sipnificent result of the thoory ls the cope
plete ploture of the concentration of the sovponents in
the sdsorbad phose, &wﬁ?ﬁ&ﬁ with thiz is the fact thut
this conoentretion is found by starting with the pure com=
ponent isotherms inastesd of starting with the solubion

igothern and working baehwards, Curves of the type shown

in Figures 1% « 18, which willl be ealled sonwentrption
curves, con be used to explaln the tyves of composite isow
therus resviting frow sdsorption Tron selution. The cone
contration curves are clozely reisted to the pilnt of the
term iog oxp E%méggiﬁﬁ Por the sysben. It ¢an be seen
that the shape of this Jlatter r»lot is debternined by the
vglue of the tern &1 = € e » ¥oleh will be salled the
effective adsorption potentials

in eny biperyy systen In whieh €4 » K€y 15 alvays

zositive or always negative, loversion of the ilsotherm is
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impossible. If the effective sdsorpiion potentiel iz
alwvays positive, ss is the case of water-propenol-l on
BAGeL with the slechol called component 1y the composite
isothern will show & positive adsorption of componsnt 1.
If the «ffective adsorption potential iz negative, the
isothers will show negative adsorpbiom of component l.

In every other type of effective adsorption potential,
in miselible systers, inversion wugt take place, This is
the resuld of the shape of the log g& curve, The slope
of this curve iz high Tor both low @gﬁ high mole {reetion
of component 1 snd in the inbtermediste renge hag 2 rathey
low slope. This neans that in the interpediste range the
mole froetion chenpes prestly vwith 2 elight change in Jog
é?; vwhile the opposite effect tekes place in the high andé
low wmole fraction renge. It smmel be repenbered thet the
ezsential shape of the concentration eurve does not change
snd thet the conecentration curve crosses the bulk tone
gentration line st the sewe points for all ecuilibrium
concentrations. Thus the entire concentretion pleture in
the sdsorbed phase can be estimaled rather slosely by o
imowledge of the effective asdsorstion petentisls. To dew
terpine the exect shape of the entire isothere, however,
one poet inbtegrate the concentration curves a2t o nupber

of pole frections of Yulk solution.
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The effective adsorpticn potentisis for both the
wveber-propanolel on Spheoron~b and the waterebutencl-1 on
Snheron-6 with alechol ss component 1, ave negatlve up to
g6 P of %%,%mwg This sgreement, both as Lo slgn snd point

3f sign chenpe, i & good indiestion thet the theory has

=]
fin

some definite poril, and suggests that the ¢avse of this
water laver iz probably the interpeilon of the wsiter with
the surfooe oxides on the Suheron-b, The senyle of
Svheron~t thet wes used In the adsorztion of ethunol and
eyelohexene was a recently eveounted sspple rather than
that used for the other lsolherms. Sven though ne watey
adsorption isothern wes run on this newer sample, it is

faiviy certain that less hysteresis would result on de~

sorption from this semple tham frow the older sample.
There is no obvlous veason for the bshavior of the
ethanol-gyciohexane system on Spheron-6. The formation
of & region of preferential concentration of cyelohexene
next to the sverlsce 18 exirenely pecullsyr. The siospmess
of the oyelchexsne isothers st both Jov snd high reduced
pressure iy releted Yo this behavior bubl ne explensbion

for either rhenomenen brsed on ver der WYssl's intepsctions

avpesrs possidle.
The concentration curves fovr the adscrption of the
mizture of paseousn wxyg&% snd nitrogern shovw nothing une

usunle The regultz of the ¢alenlstionsg are fairly close
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to expevinent, and when the oorrect method of applying
the surface tension wodificebion is found, agreenent
should be excellent, Mention should be made of another
ease where the surfece btension correction might spply,
which i1z the case of sdsorption from solubtion in whieh
the compoments show nononoleoulsy sdscrpblion in the gas
phese, The interfsce batween the wndsorbed ponclayer and
the tulk solution ghould be one that wonld require & sure
fece tension tresbment.

tne outetanding result of the resulis described
sbove 1s thet in sgreement with Riplinmg {1) it is clear
that one should not spesk of adsorption from golution,

ot of adsorpilon of solution.



1s b pow theorstical apovoash to sdsorption fromw 0~
Iubion snd pas nixtures iz presented.

2s  Besie assumptions ol the theery ave Tirst, that the
fifference in standerd stals %h@m&é%& pobential betveen &
gopvonant in bulk and the sase component In o given Do
sition lp the neighborhood of the adsorbent surfsce is
goual to the Polanyl adscorption potentisl ss deternined
by pure conponsnt vepor adsorptilon, apd sscond, that the
aetivity of o copponent {(referred to pure liguid some-
ponent at the position of interesi) is the sepe function
of conceniration whether in bulk or nesry the purface.
Impiieations snd probeble linitetions of these sasumpbtions
aps discusseds

3o Isotherss Tor the sdsorption of waler, sthanol, proe
panolel, butanoli-l, and eyeichexsne on the carbon blaeck
Seheron~b and for the edeorption of weber and propsnol-l
on the srtifical grephite Dil-l fron the vapor ghase at
ggﬁ & ware delerningd previmetricslly. Desorption iso-
therne were sleo deternined on 2il of the sbove sysiens

gxcapt propanol-i-alel, VYaler sbhoved 2 poderade hystar-

ol

eals on Spheron~by hysteresis of other substonces on this
adsorbent was negligible. Provenol-l thoved » #lizghi

hysterssie on DAG-ly water sdsorbed on DAG.1l could not be
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deserbed ot 25° ¢,

by The theory developed was wsed with the szperimental
gag adsorpbion isotherms to csleulste the lsotherme for
adsorpbion frov sgolutlion in the syetems waler-propenclels

Srheronb, water<butanpl-l-Szheron-b, ethanclesyolohexanse

Spheronsb, and water-propenolslelil-1, and the results

gowpared with experimentel resulis of R P Uralpg and

Be Dy Honszen. Cood guslitetive sgrespent betwesn calouw
leated ond obeerved isotherss was obtalned for all systems
gxcert the sysbten weler-mtancl-l-Sphoron=Ge

2s The theory verpite deseription of ths adsorption pro=
pesgs in terms of concentrations of constituvents as Tunce
tiong of distanee fron the sdsorbent swrfece. In both of
the Spheron~G-wnter-glechol systens this deseription indi-
gated o nearly corplets ponopolseular layer of water in the
irmedlate nelghborhocd of the sdsorbent suwrleve, This
waber layer is sbtiributed to surface oxyeen conplezes of
the Bpheran«be

6o The theory was »odifisd to secount for van der Wasl's
intersetion betwesn zleohol wmolesuliss and an oriented
water dipole laper in the wierssicchol-fpheron-t gystens,

This nodificstion markedly izproved sgresment betvesn

i and observed selutlon sdsorption isolherms fov
both syetens and espeeislly for the systen witer-bulsnol«l

wHrharon-5,
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7s  The sdsorpiion of nitrogen and oxypen frop allropen-
oxyeen wized vapors on gnatase at 73,8° K was ealeulsted
neing pare ges isotherms of Arneld and conpured with ex-
peripental vixed gos lsotherws of the ssme worker. The
thepry predicted tolel adsorption almost exactly, but
underestivated the adsorstion of nitropen and overesti-
mated thet of oxyeen.

8« The nevessity of modifyipg the theory to asccount for
adgorstion a2t the liguidevepor interfasce formed vwhon ol
densible vapors are adscrbed on solids is volated out,
pod it is shown that this effect iz in the direction
needed to luprove resulis Iln the nitropen-oxypen-snatase
syston.

9. & rather orude podificetion of the theory lg de~
veloped te secount for sdaorvtion nt the liguid-vapoy
interfece in mized pas sdsorption snd its limitetions
discussed. The modificetion oversorrects the theory in

the nitrogen-onyren-onatase syslen.
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IXe APPEIDIZ

The nethod of caleulalion of adserption Tronm 80«
lution 48 o rathey dzvolved nrocedure snd will be de-
seribad 4in detsil. The corplete saloviation of the point
corresnonding %o 2 tuly solution of watepr-propanol-l on
Spheroneb with a mele freetion of propancl-l of 2.2 will
pe given, JIn all the esloulations the propancl-l is
gallied componsnt 1 and the water is component 2.

Figures b and % show the pure wvapor adsorption iso-
therms need in the calovistiong, The plot iz of nilll-
moles adsorbed per grav of adsorbent ss a function of the
reduced pressures 4 swooth corve ls drewn throvgh the
points and from this eurve Table £ ls constructed,

is defined asz BY 1n Po/P and P is defined as §,V where
o s millimoles edsorbed end ¥ is the millimolar volume

gf the conponent in mmm%/ﬁiiﬁimﬁlam Thie gives # the
unite of mmwﬁ
Using the (@)

styucted. From Flpure 23 the values of 4 and 5 for

dets from Table §; Figure 23 is cone

varions volues of @ sre piched off and Teble 9 is conpleted
using the values of ¥y and ¥, which were used to csleulste
F. Wigure 2% iz not vsed in the calenlations tut is ine

eluded to show a representstive curve of the funcilon

i

log szt i E%/%% 2

L]
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Table 8

Caleulation of

Brheron-6

(8

?rwyﬁmﬁiwi
‘ ﬁxﬁzm }

%&%ar

oo’ )

?»i%
21:%
27.3%
438 32,950

502 7+71
T2 Do
+619 %y%“kﬂ}*
#5677 50.85
+73%  59.13

598 &?,%ﬁ

Mﬁwg 158,80

%‘g o ?5%3“:%

0,022
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Tuble 9
Calenlation of Adzsorpbion Potentiscl Term

b o

Vy

= 2 . 2
2 1 2 ¥, g

Lo 2163 908 3775 «1612 «Le1818
7 18z2 09 2947 «112% -0 S206
10 1621 590 2483 - 832 0, 6098
1% 1367 Wkl 1833 Wil 0, 3416
20 1172 310 1289 « 117 <0, D358

1008 129 56 + 479 +0.3511

5 30 129 + 760 +0.5571
763 18 7% é@% 0, 5079
662 i1 53 618 D.4500
488 3 i2 476 0. 3459

2 0 0 32 0.2507
221 221 0,1620
137 137 0, 100k

b by $.0330
33 3l 0. 0227
20 20 0, 0147
b 1k 3+ 0107
3«3. m O @ @%@ :

% ? 0 # %ﬁgﬁéﬁ
8 8 0 D059
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Activity deta Trom the litersture ere used 0 calou-
late log ay/a, s/ Ve as o function of xy, the wols fraction

of somponent L. Table 10 shows this sebt of ealeulatlons,
he eanleviations thus far completed sre enough to complete

the wanipulation of the basic equation

ay 84 2

ax = TN

¥ & & ®
g T B P @

added the values of log 3~ '1/¥z2 2 for vericus f.
Thies gives g 1lst of the %%1@%% of log {@1faa?xf§&)ﬁ‘&$ ”
ﬁﬁmﬂﬁimm’&f‘%@ For each %ﬁ the corresponding mole fraction
gan be deternined, y

The fﬁmﬁﬁiﬁﬁ.%ﬁi&%‘ﬁé integrated is

?

s

i

s af . E
¥ B

B

ol

L

In oxder fo evaluate @%ﬁ%jﬁﬂﬁﬁﬁfglgkﬁ%% molar volume 2% &
fonetion of mols fraetion 1s needed. This function can be
ealenlsted fron density dats in the E&%@%&ﬁﬁﬁ%w i no
deneity deta ave availsble a good approximation is to age
sume the molar volume a lineey funeticon of the mole fraction
To einplify the evalustion of the integral, Table 11 is

Y1/

pade and & viot of . /V versus log 4¢/684 s a8 shown ip

Plgure 26 s aonstructed,
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Toble 10
Saloviation of Activity Function

_ § . Yy . 8y
Ky &y sy dog oy log 8, §§-3&% 8g %@%gmgﬁfgﬁ
Ba

- 0
W{% ﬁ%ﬁﬁ%@ sl LI g
Wﬁw%ﬁ?g W?{?ﬁm ﬁ 5
~0e313k 0,013
“Gu 2774 ~0,0155

A ?ﬁf‘?? ﬁ# gﬁ"f‘? W@&ﬁf&% w*fﬁw@f}i?ﬁ?
ﬁﬁ ﬁaé’iﬁ %%’{w “"%mgﬁ}‘ﬁ“? mg}wﬂﬁf%ﬁ A il 55 7,
wg 0.63% 0,984 «0.1979 ~0,0343 «0,3426  ~0.0353

b 0,657 0,908 «0,152% 0,063k «0,100% w53y D02
0,654 0,065 «0,1586 «0,0630 ~0,281%  +0,1033

D4 06803 «0.1308 ~0,0053 «0.3962  +0.,265%
8,796 0,713 »0,0991 «0,346% -0,6107 0. 5216
+2 g”%@; gﬁggg wgmgggg mgmgggg w%agéﬁg %wgggz
. wyeld wanss = LS wlly L wie ok Ty
002 0,941 0,276 ~0.0206% «0,5591 «2.3242 2,2578

oI 04991 0,218 ~0,0209 -0.6615 -2.7499  2.7290
; % U %ﬁﬁ ﬁa%i&% *@wﬁ:ﬁ%é@ mﬁ«;%ﬁ%ﬁ?ﬁ? = m:ﬁ??& 3@%%}%
06 3.000 % : e - .

wide 3y
iy 2660
83,2130

~0.1725
-1, 0913

& & W =
Load e W
£
g?;;; ?@% %
P
&
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Pable 11
Caleulation of %,/ ¥ Punction

g

W%}ﬂ glw
% Wﬁéﬁu wiifﬁa ﬁlﬁ%ﬁ
" ] 0,030 w%l%.’?w
. p # %:}%}
“ %I@ %@m m%” %é%
i -0, 0020
.5 +0,1033
0,01161 o 265k
% £,01219 to fzg,m
5 0, 01269 0, 997%
-9 0. 0130k 1. 952%
o TR , &, 01308 2.2978
F S f Lelo gwgﬁh m %a?gy@
@ g%g é«%w g%é D ngﬁﬁ 3 wﬁéﬁ%
1,00 Cedd # %3@&1 g
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Figure 26. Plot of Concentration as a Function of Distance from Surface.
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Table 12
faleulstien of Concentration with Distence from Surface

2 mmww VA R 2/ DB (x/ PP/ DD

3 1278
? W@w %%3.?%/}

‘?’@w%ﬁ?g
@*i}w%ﬁ 8
Tor356r
Rl

”@'ﬁ&ﬁﬁkfgﬁ

+0,15%%
+0, 0657
"%"ﬁ*w 6073
‘ W@*m %%%3
W G779

160 R L0700 L0009
i?é} ‘“‘&m ﬁfﬁ;?% % ﬁ{}% % o %gi}w}ﬁ?

WA Rt 0

imgiﬁmﬁ%g%? ;ﬂf }% = w“?gﬁﬁag 3&% R ‘i}mﬁ {%1,3%23% Lo ﬁm@}%‘i
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