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Abstract:

The sorption isotherms of benzene and water on silica gel and the modification of each of these
isotherms by the presence of varying amounts of the other vapor as a poison were studied in an effort to
differentiate between adsorption and absorption in the sorption process.

From the modification of the curves in the presence of increasing amounts of poison, it was concluded
that the sorption of water on silica gel is due to Capillary condensation and the Sorption of benzene on
silica gel is due to monolayer adsorption followed by capillary condensation.

The apparatus and the techniques employed in running the isotherms are described. It is believed that
these techniques can be extended to the study of systems other than that studied by us.
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The sorpbion isotheyms of benzene g yr"@,j&ér on silica gel &nd the
medi_fiqatiori of each of these isotherms bythe _preseﬁgg of varying amounts
of the other vapor as & poison werestud:,edin an. Efiﬁ'alﬁ’cs éiffeye_ntiaté :
bf;{:we;.ex'l.ad&*,or"ptiqn. ,ar;d.ébsozption in 'the gorption 'p‘.:c.’c,;cgeé;?s‘.

From the modification of the r'c'u,xiw‘res in:the pi‘*é.semé of _:fﬂcréa?sing
amounts of pmis‘ién »- 1% wag concluded that the sorption of watér on sii:i;cal~
gel is due to capillary condensation and“she "‘sqrp‘cvlioﬁ of"béziﬁzgme i.o;a
gilice gel 15 due to monolayer ‘adsox:ption followed by eapillgizr ‘condensge
'tic;m‘-' .. _ _ o ‘ | |

The sppavetus end the technigques employed in running the isotherms
are described.,,, I‘b is bei;i'eire&. 'b%l_é.t these techniques can be extended. to

the study of systems other then that studied by us.
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II. INTRODUCTION

Al’th_ough the phenomenon of gorpbtion was first observed wore tha':a
100 years ago, atbempts ‘to explain the process g_uapﬁiﬁaﬁively have been
more recenbt. - .

e

The berms “"sorption", adsorpﬁmn ', end. abéorp’cion” nave been used
by various authors often withoub 'adequate difiniﬁ:ion or discerimination.
As wuged in this discussion “'adsorphion” will'refer only to the h@lding‘.
of molecules of & vapor or ga8 Bt @ _'S'ilrfaéee "Aosorption” ,_f:fill r'efér 0o
the taking up .of such wolecules hy other processes as, fow.;- example; by
capillary condenéai;ioﬁ-@ :The moye gér;@:ggl term "sorption® will be used
where Ai't is inad..v,is_aiaiél or mmecesséxy to di's‘.c}‘l‘iminaﬁe between the mechs
| am./sms by which Sorbs;'bjer molecules a;“c;e_ I;eié;a: .~Ex1;e:t’imentél d’sita, in general,
prqﬁide.infc}mation only as to the ntotai amcimt'éf-' vapor or gas retained,
'by “che sorbent without providing infc:fmad:ww about the relaﬁz,‘ve conbied -
buticm of the adsorptlve and absarptive processes» In d:LSGussing such
data J.’u is cons:Ldered preferable o use the noncommtal 'sorption” unless
there is redpon to specify one of these ‘wechanisms «

~—

LITERATURE SURVEY

Empiriosat Ir;tgmréﬁa’cp‘,mg

’éﬁe of -bhé fivst eméiricél equations for the éex*nfien ise’che‘rm Tl
developed 'by Freundllch (23)0):1 a ‘pvfely enmlrical bagis. The Freundlich
Equatwn 2 whiCh. makes no assv_mptlons abo% %he mechamsm of aox:pt:_ong

can be written in the following forxm
l
Cx ' : %ﬁ. ke B | (1)
) whe*re m 18 ‘the ved gh*{; of subgtance so;rbed_ per gram of sorbent and ¢ is




i
equilibiium concentrition of s‘ox'b%i*bea
If the equaﬁion is written in the'following wﬂ&;
log %/m = log k+1/n log ¢ (2)

and, log x/m is plotted agams’s log ¢ on ;rectangular coordinate paper
and & stx‘a:x.gh‘b 1n,ne can be fithed to *che expermemal datea, then & and
i/n ey be évaluated for the ,s,_gyrste;a.. §a,nc;g g §traight iine 18 obbained
only foy the fi'rsﬁ'pﬁart of the- sarp%ion isotherm, the use of the
Freundlich equat:,on ig 1:1m:.’ced Bo sorpt:uon at low pressures«

Pelunyi (23) formulated 8 compresSed film-ﬁheory o explaln gorption.
According %o Polanyi, a 'bhick compressed film was formed on *bhe surface
of the éorben‘aq The compressed £ilm -theo:cy assmeo‘t the exighance of
ltmg range atiractive forces vhich extended out From the surface of the
sorbent and put the aﬁsor%eﬂ gag or. Vapor under pressuves whlch auld
amounﬁ o as much 28 37,000 atmosyheres nead the surface of the $olid.
The compress;ed £iln theory has béen largely shandoned becauge it hag
been shown that the forces actiﬁg betyeen molecules are of very.éhorﬁ
vr'anga and ncapable af eyertmg high pressures over considerable digtances.,

Theoretical In’cerpre‘ha‘bn.ons

The first Sab:v_sfae’c.wy quantl'tative expression dervived from assunp-
tions concerning 'Lhe mechanism of adsomtzp,en wag ‘that of ’Langmulr(llt)
Langmuix cmnc’.!.ucied that wheén sdsowption cceurs it is- due to the gecumlas’
tion of molecules m.a gurface layer. . Unless theé moleciles whi.ch gtrike
a 8olid Surface reébound eleastical of there is a higher concentration of

‘ molgpmes, on the gurface of .the -sorbent than in the gas, Studies ghowed.




- 6 -
thot 2 large px*oportion of *%she gaa m@iecules ﬁi..eikmg & surface cm nm& '
rebound elasticailyb '

If o represenw %he aumber of gfsm molecuj,e:s stx*imug each sqaa:ce
centimeter of surface per second, e re@resen“os the :cracti,on of molecules '
which condense upon shriking the gurface :an&@represems the fraction
of surface whieh is bave, fhe rate of condensation 1y equal tostL.ccem
The vate of e'vapora"cioﬁ of moleculés from the surface is equal %o the |
product of vy, the rate at which the molgeules would evaporate if ‘the
surface vere coripletely éovered » and.g- 4, the fraction of gurface c‘zmvérée‘t«

A equilibrium

e AK AR Yy (3)
Forbhermors ' ‘
G+ =1 | (1)

Therefo;'e }
Sy = W ' ' . (5)

e quanﬁ,t.ty@l i8 a meajure of the amoun’o of gas sdsorbed., At low
pregsures the amount of adgorbed gas is 'DI‘OpOI“b:LQnal £0 'bhe pI‘ESSmiJ:C’Ga A“o
low temperdtures the value of vy is gsma;l.l and, ‘the adsorption 1§ large il 4
nearly independent 9£’ the pressure, AL higher tempexfa’oure$ “the vélve Qf |
vi iz lavge and 'l-;hé amount of adsovpbicn ;?;s Eniall and 'px;opoﬁi;onal £6
the pressﬁre. - _ |

The uend,eney of & gas +,o ‘be adsox'beé" i dekei—*minéd by Vi the vake
of evaporation fmm the surface 3oy dépends on ‘the magnitude of the

foreed acting "be*zween the solid and the aﬂsor‘bed subsﬁam;e,«




e

Thé; forces acting belween the sui{*:_ﬁ‘ace of the gorbent ané the Tirsb
iaye‘_r of adgorbed molecules are usuallﬁr mich greater then thoggé acting
'bet“v‘reeﬁ two layers of gasv méleq:uﬂ.e’s,‘ Théreforé P th’é r‘aiie of evapmeation'
| from g second o higher layer ‘Will he go rapid that emly & monomoleculsy
layer WiL be forméd if :part of the sor‘ben,‘b‘*s surface ig. 8111 wneovered.

The goiption igothermg obbaingd when nonpolar Substances é:ee gorbed |
'on chayeoal are cur‘vw which are satisfaewrily d.escri’bed by the Lang»
maly equati om It is generally belmevcd that these cuives represent
._monolayer adsorptlonv _ |

With other sorbents and SQrbates :.sothems of & stmk::.ngly du’f’é;ren'h
ap‘peamnee ax-e obtained, In the :Lw plessure pOI'”Llon of ‘the curve thelr
— appearemce is’ much Like 'Lhat of the Langmmr iso’c.hem; At h:egher partial
pressures of sorbate , vhere the Langmuiz curve is appraachmg asymptobls
celly a limiting véalue, SOﬁe- curves sxrins réther sharply up;fafmd forming
the Well Imotm sééhét;gfaa iéothé;_rm‘ "IE‘ is also observed that when ‘degoirps
tion as.weli as soxpﬁiexx-iéotﬁems are TR on." guch systems, tﬁeré ig a .
typical hys%eresis cyele, ‘ |
| It lS apparen'b ﬁha’u Langmuir‘s hy;pothesia tha,t adsomtion régults
in the formation of a manolayer cannob sa.c:.gfac*bom;yg explain Jﬁhes o -
phenomezia even if it :'?.S.-'exfended £0 the eéﬁéidefatién o:'E‘. patees of ;vary-
mg act:;.vity on dlf‘i’erenn porbions of the surface. | o

Much of the veeent mrk on so:@hwn has ’been base:l on one o ‘the
other of two likely. ez_c_planaclon#u __Emept and hig coworkers have based

' %heir explénatibn largely on the sgsumpbion of multileyer formation.,

~
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Others have preférred the explanation that tlziésé eurves dve du'e. té MONO=
layer formation follcwéd by capillé,ry eondensatilon.

Patricl; (9:1%18) and. coworkers s working on the Sdrptlan of vaporsi
on silica ge:L explalned, the curves which they found em the bas:.s of $c>1u«-.
tion of the vapors scx»bed in the regidual water of hé gei foll@*we:i by
cepz.llary condensation, The sorpbion; according to Patrick, depenc_ls ‘
only on the structuve of thé péres of the siliea ‘gel.and i;he:;c'el 18 no
chemical in”ceraaci‘;ion behrea’:h the sorbén'h and sorbate .~.‘

After a corrraction is made for “bhe vapor digsolved in the residual
Wwater, che relatioaship beﬁween the valume of vapoyr sorbed sl the :pras fure
”'ca;n be exp:z'esaed by the following eduation: ‘ o

| Wa/. (6
where v is the veolime va“\ra;por in ee. goybed per gram of gel, P g the. '
: e‘qju.i;l_;ibrium pressure » Z?o is ‘hhe satumﬁiori, pressure and o :z.s the 'surfac,fa
“tengion, K end n ave constantes ' |
When vork:.ng xm,h Substances 1lke butane, which 1s :.nseluble in
water, no correction has to be aBdé fér. -%he vapoyr dissolved in the
residual w&ter ofh ‘the s.ilic'a gel.; The valumes off d:uf’i‘eren’c va:g:oxs sovbcﬁ
by & sample of gilica.gel. agree clcas.ely afheyr carrec"omns hav@ bezen '
wade for the golubility in vesidusl water.
Cohen(T8) hos advenced a hypothesis to aceount for the hysteresiy
Whlch :,s observed when so:@’cz.on and desorption isothermy ave plo*c'{,eda He
gugeests that the sorption proc*.esp :mvcalves caaclensa'bmn occurx*mg aleng

the walls of the interdtices.in.an. aputlar ring, while aesarptwn ocours
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from & hemis;phericéi méniscus ‘

relating condensaticn préssure aud caps.llary radiugs

i Fr g .20 cos® »
Py o R *-(T}.‘f

here Pp ig the ﬁaturafci@n vapcf pregsure, Pr is the pressure of the va}gc‘:xx'

in equlllbrimn with liqu:w. condensed in ceapillaries of ra&iusﬂ oCig

the surface tension of the liquid, V'-is the ‘molal volume, and® iz the
contach angley According o Cohen Elésd:éptic‘n follows the Relvin equétion
while sorption is described: by the sams ta:q,ua;l:ion modified by the cmissien -
of the numerical faetor 24 | | |

Cohan slgo coneluded that no hysteresis would oceur in capillaries

having @ diameter of less than four molecular dismeterds From his assumps

tions regarding hy’s%eresis » Cohan concluded that sorption is due to the
formation of a monomolecular leyer on the sufface of the serben’u Followed
by caplllaz:y condensation: _ .

Finémsm; Guesy and McIntosh(:lﬁ‘} 5 Wworking on the sorpbion of x-faflzeﬁ
on. carbon di/sraé;arae&'fbhé- monolayer £ovmation, which they concludéd was
-negli"gi"bﬂ;e for the :particﬁlar systen wnder congideration, and applied
Cohan‘s equa’ca,oa 5o, calcul':vhe the n.cea. of ‘thé carbon a8 ’c.he arga of 4 _,
system of ca.pmllamew -

Deviations f‘x'om 'bhe Langmuir igotherm have been explained by some
investlgators on the bagls of the fom«ti@n 6f mulbimolecular layevs of

gorbate on the surface of the swbenhu : :anauer » Enmett and Teller ,( 2

- Working with_ ‘the sorption of ca::'bon mem;tide on ivon ammonig catalyﬁ”cs‘,; L




.10 .
&evelbped.iﬁgheir "Point B" wethod for"d‘téﬁemﬁnning the point on the isotherm
corresponding to the Formation of & monemoleculer layer. They. esloulabed
the a:ceas of the catalys ta From their megsurements, and checked fthg ealeus
1a’céd areas with ’che;sse obi:amed frow he ‘sorption of pitrogen anﬁ frgon
on 'the game caﬁa&ys*&s@ ‘I’he max i devia*hion from the calcul&&*ceé mean
‘ﬂreas was less than fmve ey een*h, |
A quanulta'{::we équa.m.on was 1a ar &ex-wed by anauer, Fxmneu: and
Teller(E ) to expléin the fomnatmn off mltim@lecul@r layerd. ‘I‘hzr.s eqy,a-«;
tion, which 1§ a gene.cg;;ZBt._,on of the Laszgmuir equa‘bion s makes the; ,fob«
1mn.ng asﬁumpﬁmns' | N
(1) The rate of condensa’ua.f:m on the bare é“uzface is equel a{,
eqml:,brium o the vate of &*iram:faumn i‘ram -i:he Tivet la,fes:u
(2) A eqmlihmvm the rate of condensatlon on ‘bm_o of the :E';«;a:‘s‘aﬁ
layer is equal tothe rate of évaporation fvom the sepond layex
(3) This arguinent can e gxﬁen@eé."m inelude =y infinite mmbeg of
layevs, | | ,
(L) The heat of adsézfp’r.ion of the seéond layer i,s équal to the heat
of adsom‘ba.on ef 'the thivd layo,::‘ a.nd each su’bﬁ guent layer:
(5} The heat of' aﬂser;g‘b:v.on rbf e&ch of these layeve 1% equal + 6 the
' ‘.-hea:a of liquefaction, o

. fMhe égnation obbained was the following:
Ty 6F ‘ 7
“{Fo E) [l+‘(‘w:t.) e 8)

vhere v ig the tobal v&lvme of vipor se:abed P vm is the volume neaeasary

Vo

Por a compléte monomolecylsr layer, Plig the pressure, By 18 Yhe saturabion
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- Vapor pressure and c iz & consbant:
In order to evaludte ¢, the equation is wriften in the following

“Formi

it

et e T (9}

" 15 plowbed sgalngh P/Pn,. A straleht line sheuld be obbained

with an intevcept equal ¥o L/vye and 6 glope equal 0 €j¢};i§:%%m |

Tt was fotmd, thsh . thig ﬁqua;him '_aéa?si no agree weiLl with, expeyinental
results when B/Po apbrosches wnity. The oxdgined equa&mn is :ﬁas'a:i o -
the premise thet an infinite numﬁer of monolayers are formed as the conw-
densation preséure i epporached. The sssumption was theh misde his o
finite, vather than jf;z,f;;ni*teg nunber of layérs tre foymed. Wien & parée
meter "n', which veprésents the avwber of layewrs c:."“apa'blé‘ of formation,
zls dnhroduced the 'aquaﬁicén becomes s

¥ = YmeX rl“*(l’l'l'l) R nxm"ﬁl ] L b
I RECEI AT S Y

where x ¢quils P/Po
. When curves yépresenting various values of Jshicgvparatﬁeter axe plotbed

and. compared with e:;iag:é:‘,mental. data a,égmd £it is obtained ~i:o_ values of
B/P, to the order of 045 _ :

The limitastions a;; ‘the fini%é lgyer theory, accerding ho Brunaver,
Eymett é.na. Teller arve the fdlléx-r:mg: ' '

(1) Tmen n eqials 1 the equstlon réluces to the Lengmiir equetion,
T (2) then n equaté infinity the equation becomes mimiler to cquation

(o) | | |
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When Brunduer, et and Teller's equation was applicd o Ssshaped
’ isotherms and the Veém.é;{:'é obtained for the akéa of 'ﬁ:he‘ gurface weye comw
pared with the results ob’ca,we& by the- “Poin’c B" me{.hoa. y ‘the vegults
seldom daf’fex‘ed, by mcrc bhan bwélve pefcem,,

Whén .Isothems wére mm 'W‘Zl.’bh. charcoal a8 the sorbenm am Swghaped
igotherns were obbained, Langmu:.r 'bype‘ "isotherms were O"\'La:med and, ’bhe. :
aren of the SOx‘bepv:. could e evaluateé‘_ by véing equation (11_) and, let‘hing:
d ecmal L. L

Cassicl®) nas putempted to Justify the Brunsusy, Brmett and Teller

concept by mesng of g thermodynémic approach. He has explained the pregs

ence of liqui& 18yers -exarting & pressure less than the éaturaﬁidn'
pressure of the Yiquids Thede liquid layers can éxist, sccording to
Cadgle, if their f’rée» e‘nezfg# is less %haxzfﬁﬁat of the Bulk 1z.qmc1 il
the free ;enéx;,g;_y of *&h‘@- Iiquid .layéwé 18 lesg than that of the bull liguid
the as".sum'pﬁion that they ave iden-&icél! is gontradictedf;

Casgie claims Lo overcome thie eéxﬁ@é,&ie”uiom He adsumes that the
enﬁrc;:py of the _moiecif.leaf'in thé Iiquid ‘famu is incx‘eaééq by ﬁaim%ian;_. It
‘ ;Ls,this itz‘cre',aﬁj’e:"in entyopy,. correspon&iﬁg’ to the decrédse iﬁfr‘eﬁ Snersy
yhich pevinits bhe I1GHd Lajess bo exiet velow the satuvation vpoT.
pressures o ' -

The in¢rease :"Lri éntrépj ig braugﬁt about by the moleeiles in the
liguid state .Lnte v*caangm g i ch molecules sa:cbed on low engrgy sidés to
give an. en%mopy ef m:.x:.nge Ii is 'bhls e:ﬂ‘l:-x’opv of mizxing uh&’ﬁ meked posm_

dible the condensacleg ‘of modecules in me i:.cmm Fowpm :m the pre%nc.e of‘
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molecules on 1ov energy site.a at preusurcs 1655 thes -ahe sa’auramc:n
presgure of the :La.qul,@a‘, A '
Asguming that milsimolecular sorption oécﬁrs’ on localized sites,
Cgvss::,e derives the 'E’cl..owj,ng? equatlon fd. the sorption isotherm:

A= B ow LAz
(590 - 15’)95“21 ,..,3} Pch '

where A equala the wurber of molee, of puve tlouid gorbed per unlt mass

off solid;,_' P eguals 'ish(:’": 'presswe » Po. enu‘a'.‘é;’ the saburation vapor jpwessua;fé'ﬂ
B equels .,he mmbey of localized sites pey miit mass of sol:,cl, a:a&,ﬁ is &

constant, This equation 18 identical dn fc:m wlbh tha'c derived by Brun~

auer, Bumett and. Teller (10) for SOI’puILO]l it b the f‘om&Lion of an inPindte

numbez* of‘ layers.
Another equatién Tor & sorption 1,scthem wag derived by Havkins am
gural11,12)s |
Havlking and Jurd first dev:él'oped an wbgalube me}%ﬁod for ﬁha detverminas
tion of the ares G:E’" & £inely divided solids If & swell crygbal shieh 4,55
nmporovs is quspenéed in the saturated vepor of & Liquid 1t becomes
coated. with.a. sorbed, film, If the 1:.qu16, gives a Zero conbtach hugle tm.h.
the golid the r:serbad, £ilm thickens mml; at equilibriuvm, 1té surface |
. energy ‘becomes eg_ual 40, that of the liquid in 'bv.lks _
y The system is all@ved co ‘tome o equlllbmum in $ens1'biv<= Calo,ci-*
mete;t' Bind ‘thea uhé“ crcystal s @Y’oppe(ih' into. ’c’.&m Vi -THe' change. A
| ene:egy which occua:s is.due +to the disappewr;ma@ of The surface of the :
sorbed. films | LE: the .auxv“ace energy per unlk m’ea of* the liguid ie Tmmm

*she' gurface aréa of. the crystal can be ﬁgmzd by dividing the total enevgy




o il e

¢hange by the sux*face enérgy per univb areaa .

The equa“smon for the So.f'p’hlon s.so{,hem devej.ped by ﬂarkms and Jura

is:
| gP/P WB A/v2 - - (12)

where ? ig {:he pressura of 'b'h.a sorbm:e, CE’O m ite saturstion va;pov :e_a:t'éssv-
gure, v ig the VOlwne of sorbate so:cbeé‘. ana 13 and A are consténtss

Ir log P/Po ig plo-b*bed against :L/v2 3 st.oa:ugh*b line %8 obbained
'. and <A is :i:ts slopea The vela’c:.onsh:.p betweea A ancl the avea of the
sérben*t is e |
T 1;@\2 S (13}
where E ig the area of the scrbent and, & 165 & eons’ban't which c‘:‘.epends on
the :part:.cular \rapor, '

- k may ‘be evaluated for g ipart;(.cuiar va:gnr by use o:C the absalute

method s 7 is found Por 8 regular crysbil and, A ig cal’c:ula*heéta The Va;.l.ue

. of k is ‘then obbained Prom equation {1 3}5 .

The sres of @ po*rous sola.d i obtam<a& by caiculatmg A for tfe

$;VS‘L€.\.1 undey consid,ﬁm-f::.on and by usn.ng 'th$ value of A ana. 'bhe mlue of .

1: for the vapo;r- being sorbeci » whileh was fo’tmd by ‘the abSolute me’ahad,

.'b@ eélcula'be the Emaa of 'bhe sorbem s, equawon (13)

When the a:cea of &g soiic't is obtame& by the II&‘*"klnS Bl Jura me‘bhocl

no ‘assump’o ons are macle gbout the molecular area of' the scwbate g The
Brunguer, Emmett and Teller equation (11) csn be wded to f‘md, the pain’a

on ‘the swmt;on ;Lscthem qorreaponding 'to *che ‘FOI‘IHEJEILOIL of 2} vneno&ayer,

. If theé nuber ,off -molacules in e monalaygﬁr, i8 c:alculaﬁe_g from the welght .

of vagow s::rb,éd,' and #n arda is aséigneﬂ. to each molecule, thé aed of'

‘the gorbent can be Founds
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Although, the Harkins and Jura method makes no adsvmpuions gbont -
the area_mcumed by a..:s@rlga*ce molecule &nd the Bmau'e;m Emmem and.
Teller nethod, agpigns & definite ayea ) eéc"h,f gorbabe m@ieeuie, Byeas
_ mb”caixled for the tame aorbenﬁ by 'bm:h mei;hezis .,vz'e in #loge agreemenb,
&iv:mgsnon (3‘5 } has conipared. “bhe Bmmaue;r, Eﬁmeﬁ't aml Teller 1sochem
w;th ‘the . Hark:;ns ami Jura isotherm, | Efe has shovm: that the mathematical |
agreement ‘bebpeen - the tvo sox@tiw nsothems 38 e"ﬁremely good. !l‘hg O
- s’cams in the Bwnauer » Bmett ana *l’aller Eqﬁabﬂ.@n can be rela{:ed. ba ‘the
cans*tzan’ss dn the Hém:ms and J‘ura eguaaiom Beweea ‘P/PQ valvey oﬁ? O 07‘
o 050, data which aheys the anauex’;- Emme-&t gnd Teller equa“awn gilse
obeys the Harking and ‘Jura eq,ua:clon; with & .devi'ationr of a‘beut:t 3%3 wh,mh
is bhe Limit of édccuracy in the evalua’ozop of the consténts in *bhé Gibbg
equa‘bj.en i’or sorptl on on gol 16. suvfaces, the - eq,ua’cioxi pon whic:h thie Hage
king and Jura igobhern 1s baged.: ‘ , o
Brungner, Deming, Damng and. ‘I'ellef( 3) have extended. the Brunauer ¥
» Bomett and Tellen egua*%z;s;an_-ha covgr.s,gotﬁggms which the Ermauezfg,@mnaﬁfq
| sind ‘méile:e ew&m doéé'; not goveys '. "”The"léme'nsian é:evers: |
(1) fihe cages vheve the hest of sox@’cmn of the Fivst layer i
smallcr ﬁhan ‘the heat of hquefactﬂ.on » Gnd
(2) the cages. where the capilisries of the sorbent are COIKM].E’DGJ,J
Pilied and the hea*& of sor;gtion in the legt layer is: greater -
, than the heat of 1iquei'acﬁioms , ' N ‘ |
sndeyson (L) pas: exbended the véngs of the B?m;aﬁe@'.ﬁmnér‘w ol
Teller equation to velabive pressurey 8¢ high as 0,70 He has deived ...

an equition similsw to 4he Brunkuev, Bmmet end Teller equation with |
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one exception. He has asgumed that the hegt of gorption of the second
0 ninth.: layers 15 léss than the heat. of liquéfgetion. _

A further modification of the Brunauer, Emmett and Teller eqaé*%;z:.pn
by Anderson asgumes that, for poroué substances, the sres of the ‘smxrfg.cez
layer available to mo,lécuies in each éubs‘gquém: layer deeresses. When
this céncep'c is applied instcad of the conecept of the :forma'bicm,- of &
finite number of 1ay.ex*s" v‘riri:h e?qu‘ai :é‘eréaéz the rimge of '”ohe Brunaver,
Emmett and Te*le::' equaﬁ,iou cén be umended t0 relative presmures or 04 98«

P:.cke’c(m) bas assimed that Lhe :grabablll‘uy of egoape of molecules
from the nth gorbed layér decreases Ex- 'mom'e O:E‘ the surface ‘becomes cove—m&
with n layers, 'l"he :B:mm:mer, “Emmett and F’eller’ equation’ adsumes . that ’uhe
rate of evaporation from ‘the nth sor‘bed 1ayer is 1nde1:enden’c of ’uhe |
| nunber of layers: on- any adjacent elemen‘u of surfacei

By making 'thlo"asswptiﬂn ; - Pickett shows that the pores of the
gorbent are completed fiiled. at the é@fpration Vapor pressure. Piéke‘fot;g
equation 18 in good agreement.vith experimental deta for the entire rarige
of relative vapor fpre'éis#rés% if the aséuiap’qian"i;s made that the ‘éi‘zé
digtribution of the iaxgér,gépiiﬁife;ric;s 4.3 exponential. '

Schull ‘(217) has gpplied g 'c,:om”bii;ed.”mulﬁ;i ayer &nd capilla:s:y cmrzu
densation ‘theory introduced by Wheelér 4o detemne pore glze dig Tsribu’cians
from sofiation data. _Wheéler's Theory céxybé; mimamma' by the fdi;ox»xing

equation; ' ' - ' IR
: . +
= YT / (RsT)a 1.-(1‘) dr (1)

where Vg 8 the volume of gas sorbed ar sa‘uurat on vapor pressube, v is

the volume of gas gorbéd at presgure P, R 18 the corrected Kelvin radiug,




i is ‘the multllayex' 'bh:.clmess at P and, I.(r)df ig the 'bo“bal leng“th of
;gores w:.i,h mdli betwreen r and ¥ clm

Poz'e gize df strlbu‘cions were obw:a.ned by platt:ung vs - v‘ o:E' -hhe ex~

pemmental iso’chem agains’d 'hhe Kelvn.n radius Re The pore size dis’cr:.bu»v,

*i;lon was assumed o be Gaussz.an and. a series of ,s’candard’. iéo’uhems we:ce

plothed for viarious mean pore glzes. The experimental ilsotherm was coms

pared with the standard isobherms &nd the porg size distribubtion obtain< .

&d.,

The mean porc ai ameters of a sex'ies of, .a.l.llca and. sil:.canalumlna
gels Were calcu.Lated b‘y Schull 5. Elkin and Ross (aa)from the Wheeler equas
tion and f’rom ‘the speélfic m:n.cor'pore volumes of the g@lSd The results
obtainéd were. in good agreement and, aﬂcordmg ”co the authoz's, the
g Wheeler equatlon seems to be valid at least for the matemals studiem
Kistler, F:.sc*.her and Freeman(l?’)h,ave studied. *bhe sorption of vapors
_ J'on smlica gel, Tb.ree samplea of ailiea ge.!. were made S:Lmultamously, '
a feft in contact with wa-hem Eor ”uhe same length of time, &nd “ohen o'\.meé,
'differently, The varn.mﬁ on m the gels 5. accord:.ng to the authors, was
due to the differences in compression of the stmcture an drymg, When
sorptn.on isothems were z'un on the thx'ee gel samples d:,fferenﬁ amoum;s :
of vapors Were porbed. | '

Kistlem 7 Eis&cher and. Fz'eeman explaln the sox:pt:.on on the b:lSlS of
capillaxy eondenaa‘tlon, The dmf*’erences in the isotherms are sag.d to be
due 0o differen‘h pore g8ilze dlstz'ibuuons.

The authors cr:.-bicn.ze the Brunauer, Enhnett and Taller concept of




2218 =
muitilajer formation and point out that; if sorption occurd in layers ,,'
the first layer is "held on the surface o:E‘ the sorbent more gtrongly than
the gecond layer is held to the FLrst layer. If this is the cage, they
say, the vapor pressurée of the se;zond.,'iayex’ will be greater than the
VEpOr pressure of" the first 1ayei' aﬁd 1f any portion of the surfade of
the sorb,eﬁ’u 18 baze thée sécond layer will distill over into the Tivat
layer, |

Iﬁstlerl,. Figcher and. Fréeman have developed én equatién for the Hmbnc&
: mol,ecular gorphtion accompanying capillivy condeéenssbion. |

Anderson and Ha.ll(z) have compared, Anderson's ‘equakion m:hh the
Kis%;ler, Fischer and Freeman equetions It i interesting 1;0 no*he -ﬁhat )
while one assuies mtm::.layer Formabion only and the other assumes mcmo-»
layer formabion And capmllary condensatwn » the arves of s:.lma gel samples
calcula'bed vy b@th equa_’o::.om: weye In éxcellent agrecment
OBJECTIVES ' |

Thig work was undertaken to eomribute o the body of fun&amenta..
lmowleage from whlch a satisfactory theory of the mechanism of soxfp‘twn
may eventually be dev;sed* Among the reqmremeni:s for the aevelopmem; of
this theory is a method vhich will permi® the evaluation of the roles OF :
sdsorption and absorption in the sorption prqges's.

In pureuit of a method which would dlfferem:late between adsmx*pbn.on
and absorpt:.on &b was planned ‘to invemigate the successive so@tlon oi‘
two vapors on tl_?.e Hame su;ﬁfacea The sys*bem ¢hogen for m*xrest:.ga’cian was
| silica geﬁ;uWa‘uéreé‘b,enzenéa. This systen ‘_fgas Selected beepuse it wag desived
that one of the lighids be polaw and. ohe nonpolar, and *tha-b'oné e moye

| : :




| m9- .
stronély sorbed than bhe oﬁhér¢ Informablen qu avallsbls frqm-the 1ltera»
ture to ghow ‘that thi* system would fullel our requlremeatsq '
It was believed that modlflcatlon of'%he sorpbion 1$oﬁhérm'5%ieaéh
vapor by'varying amcunﬁs of the other would permit estmmatlon of ﬁhe corL

%rlbutlon of adgsorption and abscrptlan £6. at leagt one of these ;sotherms.
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EXPERTVEVEAL
The silica gell uded in these eméﬁiﬁﬁeﬁ*é was 'pre:paréd By s:l;iéhtly
moaifying a procedure used by Kistler 2 Z;T'1 shﬂr and Preemmn(]‘B)
| A solution of water glags was dllu'bed to & specific gravity of L 18
Speciflc sravity measurements were nmde- w:x:hh 8 Westphal balanceén ;An
equal volmme of N meetic acid was added emd thée solution was filtered
rapidly. ‘I!ﬁe f‘n.ltmte ttas collected in a .pé:raﬁ'fined erystallizing dish
and. aliove& +0 gé':i‘m Thé gel was :t',horéﬁghly ‘vfiashe@ with digtilled watex
and allowed $0 dry ‘o oneuthira its orlginal wed gh”cg A,:E'i,ea:' élrying; “bhe .
Silmca gel WS exid:i zed :E'o:c five hours m:bh nl'bflc ac:.d vapoL and. then
washed with 95% e%:hy,L glcohol, The silwa gél was thén placed in 4 vacum
furnaee and dried overnight al 1560 and & pressure oi‘ about 10 milli-
: mefcers . Thée silica gel wag ‘then -'br_oken mtc gmll pleces, velghed, and
sed. '! |
Benz,éhé _ _
'I‘he behZéne used in the, so.rptio‘n studiés vag prepared by Mr. Robert
Crowe by carefuily fad‘.stillmg 5 sample of Bokers e, Ps ’uhlojphene free
benzens under anhydmus conditions., -
The-water used in all the sdrptibn'A studies ﬁa'st'aonaucﬁivity weber
vhich was prepaved by ::'edls'hllling regul%r dis sil’l ed water from an’

alkaline solu'b:.on of potésgium pamangana’ceo




. Mexeury .
' C: P, redlstilled mercgry was. néfé&. R all parts of the Pesrgon gaugé.?

= 8L -

APPARATUE. -

High Yecuum Systen

;
. The high vacuum sygtem (Figure 1) consisted of the Tollowing com=

ponen‘bs ;.

@

{2)
(8}

()
(5)
(6)
(7)

~Fdi-éa-pmp .
The fors-pump wes & Cen@eaﬂwa;- pump Filled with Cenco Hyvac

-

pIl,

Mercury Diffusion Pump

Hea«%er

A 550 Wkl aeal.ex‘ fras uged to hea,b the mercury in the mé:fcury

diffusion pump.

Capillary Ledk -

Mgrq:_ux?y Beal . ‘

Meleod Gauge |

Dry :ﬁae .Ll‘afp
The @W ice t rap hwd a *’tandard. tapér conneation on she bottom

%o facilitabe the f??TlOVﬂj- ‘of condensed vapors,

gorpﬁmzw S’ystem .

The sorptw on’ systen (Figure 2) consisted of the following components:

(x)

Reservems

o veservoLns were made by %eslmg the. bo’m‘iem of 19/38 atanda,ra

ﬂqapa# pyrER Joints and eonnesting fhe 'bc:bpst"i:o ‘the Tebt of the




HIGH TACPUM SYSTEM



‘SORPTIOH SYSTEM M D PEARSON GAUGE

)



®

)

systen %hv‘ough high vacutm s“aopicocks. The fes«arvaz.rs yere f;L.Lled.

'w:u.th the lmqm.ds which xvare ne be sorbeda

(2)

Sor;ptwn Chéwher

The sorptwn chamber wa,, wade by fsealmg, the ‘cop and. hobtbon
of.‘ 8 29/2;& s,-tandard 'bape:c’ pyrex Jﬂl“‘l‘['} and. connecting it to tl_zé
systen with ‘high vacuum stngqacla th:mugh & §ide fum,

Quar*cg: Spiral S

| The quartg =y z'ai wa‘s; hoo'ls:iaé.":%é B, Ebzﬁper Wixfe' in the ép&*j;a‘ti@n

epsevolys Ib Wol pyepared’ foilosmng B pmczecmre ‘by McB‘un

and Bak.c'( 16)

‘A quartz raa wi'bb, a- dimmeter m“ 3 5 mms Was draxm into xmieaméms
writh d»ameners of appremmzmely +3 WM, A i‘z.lamenb ‘ghout 100 cnu
4 in ':Length was wound dround & graphite rod 1 ems in dipmeter N

. by meéng of an oxygen blowboreh, UThe ends of the Spiral ere

bent o ';E‘oxm:i hooks and a 30 mgs weight was ‘placed on one ené
The wei ght:ed swoﬁ ral was then hested &t 300° for tuej.ve hov,.es.

Plaﬁ:.num Buc.;:e’c

The plabinum bucket was shaped by molding & piece of plabinum

Poil arouid the end of & pentils The bucket whs ther trimed
.aﬁd two holes yere punched ia the “top. A plece of platlnim,

wive Wézé bu*"d through '%:heﬁ hoiés T gerve &8 & bail, the‘hucké'b
wes filled with & semple of ;f,r;z‘t‘i:i.é‘a; ‘gel énd hooked to the |

bottom of the quartz SpizEls
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The mespuring instruments weve those nged to detexmine the :prss;ﬁux‘e

Iaﬁt which sorption took placé and the welght of natérial Sorbed. They

consisted of the following:

(1)

Pearsoq Gauge( 9)

The Pearson Gange (Figure 2) was. esgentially an I_fee’oﬁ‘be: mong=

- miter (9, b) with the addition of & capillavy lez (y) and &

platinum point {p) in one of the sxms (&)~ This point permithed
pregise ad,;u%-’cmen’s of ‘the mercury 1evc1 in thet amm. A (a)
va$ keph 8t a veference pressure and arm (b) was open to the
vest of e AyStem. . o

The mereury ervéi in arm (a} was. main,’cained at the tip of reférfx.\
énce voint (p)¢ An ine x‘éas’e in presgure in arm (v) camsed its
mercury level to £all, and & volume of mercury egu:élﬁ te that
displaced in amm {b) rose in mé caplllary {yde .

The watio of the helghts :m s, ) m&ceixﬂllafy {y) for the

same volumz of mercury was inversely proportionel to the squave

.of the rsdil of. (b} end (¥). Becausge the radiuws of (b) was
- greater than the radius of {y), a decrease in -bhe he:.ghs of

‘the wereury coluym in (b}, camsed a greater rise of the percury

. cotums dn () ,

Cathetometer

'.L‘he cathetometer ysed 4o measure the elongation of the q;uartz

: spmal could be vead %o 5 micrens and éstingbed Lo Qs 5 m:u,t:;fons,

"l‘he re@d:.ags ’ezrez*e reproducible to one micron, and gince ‘i..he ,




(3)

(L)

(5)

(6)

n 28

aceuracy of the meeisumement‘s fas Limited by the e‘mcu&c"ady af

-the Pearson gavge , 4_1, was assumeﬂ that L?ne aceuracy af ’Lho

caﬁlzeuomc*!*er was adéquatea
Thermostat
An alr %hermogtat was uged in the running of all imotherms:
Ik congigted of the following pa,_r{;;_é::
(a) Cabines |
| The ingide d:?men‘éi ons Qf‘- the -éabine &re:re 12 x 12 :xu 18‘: :
'inch‘ésa *T’he izmer bo&c Waq separa{,ed ,ﬁ‘rom 'thfﬁ ouLen: b:sr &
iayez* of rac? itool, msula*uian. The insﬂlde wag poa&ég‘t wg:LLh
21 1:wer m aluminum pa:.n'b/ 50 rvedude the logs of heat.
Holes weve é{mllecl through i*he back of hé box %o admm
| glass uablng connectlons. AT measuremEnts Wére made'
.*bhﬁough 8 glass window in the fronb of the ea’bmem
'I’hexm::nregula“so:e

A bime{;a‘i 1i¢ thermoregplator vas used.

ercult

A vacuum tube clrcult (Fig,me 3) 6eve;]oped in this Lgboratory
Was é;nployed.w

Heater _

The heater nsed ves e 25 wabh heater Which vas shielded to pre-
vent direct heating of the sowpkion »apparétﬁs by whdtations

A fan, s the matoxr of which Was maunied. on %he outside of the

~1:hemncs ua;t and. -the blede wi uhm +he cabinet of he,(;,,;z;}z.emmtat,
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THEBMOSTAT CIRCUIT

HO volts

IgM J D

TIgure 3
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was used to éixcula_a.ﬁe *hhé aa,:m |
ASSEMBLY AND TESTING OF THE APPARATUS

The Pearson Gauvge and mrp-bion's:fs%em were blown in this .ia’bewwxy
from ﬂayrex glass, Afgey t};e dyatem traé blcvm; 1t trad cléanad sith &n.c;hrm
ma*i,e eléaning solution, ringed U:n,th Wa%ef aml aueton@ and i.her tir:,ed by
passing axcurrent of dry &iy thmugh ﬁ:t,

The sygtem was “then evacuated by means of the Génco pump agic‘i “c.eles‘béc"_i
for pinholes with a gpark coil léak chasger, ~ When ‘thé pinholes frere 'sea;‘j.éd.g
the System wos. 'u:}.aced in ‘the rbhemastéff«éma eonnected 4o “she high va\::uum
sy&tems The says’cem Was hen fllled with mex'cuzy, geuled dnd evaeuatecl. |
The high vacuum syétem, dead ‘ended, ; atiained pressured of ieig uh'an Hexd
migron, The éntive ap}_alax'atg‘s" ias. tho“reughly evaeuate‘d. and -gtbained prege
;u"res of less -ﬁhaﬁ $01. mieror, The Pearson gauge snd Sorphlon system weve
then cut off from the High vacuun system and slloved o stand evacusted,
‘Whe.n,' P&H@ﬁ‘é’f}'o‘-ea:l; "lleai‘r:age- inko the f,ays:’aeﬁi‘x%ﬁs‘ brovght down to 1888 thén .7
microns Pér h,avru uhf‘ Systém was agaumed to be bight enough f@r mmmng
sarp’cn.on :z.so’chemm

CALTBRATION OF APPAJRATUS

Peareon Gavee L

The s:}stem Wag evdeuated. -Alr wag then let into %,n,e ca:pgll'wy of
the Pearson Gauge through a 1@&1: » and ‘the meyeury bmught up to ite ralfs
erence level in the feference arm! The vefereace arm Was sealed off
from ‘tHe other arm {the pressure arm) by closing & high vaéuum.gjtbpgocli_g

The cathetometer as thén focused en. the top of the WETCULY golimn ir; the
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pressure arm, The height 'of the _éa{;@é-;m'{n’e:ﬁé} and the lie.igﬁt 6f .~t~,;'ue
mercury colums in’ the cath’etomefer wér'elbot‘h reporded,

Water vapor was deb imo 'bhe Sysbem from the wak er"résé'r*kr;oﬁ.n?ﬂ ‘.Phe-, :
height of the mereury level fin the_ refezmc’:e arm was broﬁght haek ‘*cc the |
reflerence point by :@aﬁiéiiy eir‘azcuatinm*hhé a:a?@iil"afy;l I‘ine adgum*cme) 5
were made with the leveling bulb, The ctec.reaseé in the height of the mews
cury columm was read with the ca’sheto;ne‘,er. ‘T‘his was eriual w the pfesm
aure in that afm The corresponding incredsé in the he:r.ght of the mcr-w
eury columm in the ceplllary wad read by megns of a millimétey sczzle.

The .Lmrease in the helght of the mercury fm the capillery per millimeter
off ;pressure was ’chen caleulated,

The sbove procédure Was repested At V&i“i@‘tl‘i;“ presiures fnd thé yesults
gveragéds - The good sgreemen'b gmorig the x’esuli,s 2 ‘the c’iif'ferem, prags
sures indicated that *l;he tubing in arm (b) wis uniform, |

- Qua,vtz Ba.Lcmce

The quartz spiral was sus;pended ém a otk ccppev wire and ishe plat-
inum hueket was Susfpendgd on the bct'bem,_ef the spirals Tllej cathetometer
wag focussed on the bucket and the -height of the cathetometer ivas. recorded.,
A 10 miiligram welght was added to the bucket znd the elongation éf -i;he .
spiral was meagured by fefocusmng the ea‘bhetometer on the dame nolrrh o,
the bucket and recording the new hal{rht- The dlffemme b@tWeen h.ﬁl(” frwc
raaamgs vas edual to *Lbe e.Longatwn Of the £ pmrai due %o am inereaﬁ'é
in welght of 10 mill;grams;a, The weigh'c ne,cés'sai’y ta cause an elongation,
of one micron Ve ﬁalc‘uia*bed.,; |

The pfocedu]:‘e was repegted and *bhe resulbs were aversged.




Themosta“ _ ‘
| 'Fhe follom.ng method Was used uo set 'bh@ *bhexmastats A thermo«
zne‘t:e:c’ gradua%ec‘i in fifths of degraeg was ung in the themosﬁm‘ ”he
emperamure wag brought up to 30.0 degweéa and, the ﬁ ermaregulamor Wwas

used to burn off the hes -ber ' .

- The temperamrce was read 'bo 23 -centh of B deg;ree and. usumly ra~
maingd conbant a,b 30;0 nl éegxee« | |

I5 was Foun& necessary to adjust Lhe %hermspﬁam bef@re the sta*h -
of each 1sothenm?‘ J
PROCEDURE | |

The following pracedure va$ uhed In the xuaniﬁg of & Sorption igow
thern in these expelumenﬁso. | |

The eni&re Syﬁtﬁm"waé eVacu&ted for at leas% £¢ve h@uvs bafgra s
rum whe be,gu.n—?- The t‘vxemogiaﬁ was ad. diusted w 3040 d.egreea and. the
 presdure of the sys’cem was che;cked w,th the MeLeod Gauge £6 de%emme
whe'bher any leal:s had developeds -

The Peafﬁgn Gauge snd, gorphion system yeve Lhea turned off fvam
‘the hish vacuum.SJsﬁem by closing %he apﬁcaprxate high Vacuum stopceaks
{A, B, Cye Bir was admithed to the ca@illavy e %hraugh 8 lé&k‘ua%mﬁ
the 1ev¢l of the mercuvy in the.refewence amm just touched the tip a?
the :pleca of 'olatmum Jive sealed into J'sb,e am, fine adjustments tere
wade Wi‘l:h 'the 1evelmg »bL.'}_b. ‘I’he z'ei‘ez-ence am W“‘%S ealeé’. oﬂ‘f from the
pressure anm~through g h¢gh vacuum stanvack, The camhﬁtomeber Waﬁ then,

~focu5$ed.en the bucke% of the quarh? baldace and, 1b% helghk weeorae&,




“ lgj-; o
iy pw*"ion of the mpa:t:* being sorae& was then adm:n,t eé. inte lef,-:- ‘
S;rgtem frowm ibe :c'eaermi:z' by ‘turning the sto;peocl\: Lm'yzg.l -l_me vapor slowly
, le‘;;l;@d ing Gare was *{:a-l{e‘m not "L:t—.;'a open the s'h;::pcoc‘:k' enough :i?;oz"ﬁhe Vapor
to ;surge ln"GE} the sys aemp | | | |
Jﬁecwusa ea.flu—;r Ob e:::*vatmns mamd hhé:b it took the sw;%em a‘e
1§§ﬂ$u i;wenw mﬁmﬁe& ta come w equli_.bfwm after vapor W'as &d.deiJL the
system was glven bwenty minutes to come Yo eguilzr.bqs'iim and. thé:‘a:"bhe
tred.ght of Vapor sorbed and the pressu:ﬂé were measuiec‘is .
’I’he We,ngm of mmr sorbeci was obtgined ’by measumam "ch,e elcnga, S0,
c::f‘ -t.he quarba mlra,L, ‘Dhcz :refex’eace polat on the plcm,mum burzkei; tras -
aopmachﬁd aj,xmys fwo“n, bhe same d.i‘f’ec’mq in oxﬂer m ellm_x.naw
greors which would be -c.ausec'& by the 'bag:h,ash in the ea"che“comete:t: Seiey.
A ser:les of ca’;i:he’comeﬁer readings wer'é éi’wam n‘;re,laen and a*fei*ageé,. The
presw e WS maasu red’ ‘bJ pa'v’“’cml, Ly e*zacua’sm e capillaey a:‘c:ra'v,ntﬁ
the levei of *he WerCULy ,;m the s eg‘effez‘mé‘ amxrasagam “ab ”o;:ae referénce
@oini.:."'{f‘.iﬂa Za@justmenté- weve mde ’wi»i;h"i':he i.evel_iné“é&lm ‘l‘mﬁ 'Qreé‘smfe .
"in the 'syﬁ“tém Wé meas,u red by the chéfge ;,»r' the height oi'" the mércury in
'!:he mmd,la-f*y« L ' |
Beeause oi‘ i.he :Lmﬁoed, wpaclty of be fﬁ‘a_ﬁ‘ué‘m Gauge :s::: was e
essary to clwaﬂge the refewanee presmwe d::tr* ng the xms in wd,e.f -‘uo '
com:pleﬁe t’be :Lsoi:.he:cmsq AT, auah wimes the fefefeﬂce axm vas epene& te
th,e presr:ure g and the pressu_ce in the gauge equ&hzed.» Tlﬁe z*exerenc_e
arm was ~uheu again sealed off from uhe n“espvrc_ arm av& the levei of 1ts
T3 ,
mercury colu;trm hroug hfa %o ’ohe refewme paint, Tm.s prmcefmxa pmvqul

& néw base Trom r»rh”ch the hen.ght of the memux*z; 41t the cap:;.lmry eould
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be messured. The botal pressure was taken ae the sus of il fucvements
including those prior to the establishment of the new base, A

Measurements wére ontinued wd & predsure close 46 the equilis
brivin vepor presiure vWag reached,

Whén & poifon wes used the poison Wes Pirt sorbed and 1be weighb
and presgure mehsuved. The régular $ex*3,:>"l»mn lgotherm wad then run aid -
the weight and pregéure of the vafoy 'é&rbéd weird obtainéd by #ubtracting
the welght énd pressure of the polson fmm the total velght and predsure

in the system sfter sach yeading.
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'I‘EE} IRATA ANB DISGU$$IO'\T

THE DATA |
The énrp{;;on of benzene and Watex’ on sztlt?.csa gei &l 300 werd S‘Gud:r.ed,
The medlfica:&ion of the igobthérng of each substance by the preéence of
_vazy%ng smounts of the other vapor vwad invegtigated, The Amnd,:z,fy:_;ng
: vapbﬁ wag eoné;idéred the poldon in é&eh; cage. | |
 The velults of the sorpbion of benzeéne on silica gel are given in
feble I and the reswlb of the Sorption of waber on silica gel in Tabie
1z, | |
| The amount of vapor gorbed m:-s expressed as the wéight per unit
veight of silica gel (x/m). The preseuve i expressed &f the fraction
of the "sa-bu:?aisien vopoy pressure (P/Pe} - o
The following ;E’o:t%iml}a Was w.seé. to ‘¢é1ciﬁj.jﬁte it/m:

ca*uhgtometer f?gﬂlng zg2.8 . s/

The cathetometer reading was div::,déa by two to caleulate the elonga«
sion of the gpiral in wmillimeters, This velue wos multiplicd by 22»:.8:} |
the sezrsiﬁiviﬁy of the spirel in milligrsms per mitlimeter, to obtéin
‘the welght of material, sorbecl, .ec/m vag com;pute& by dividing 'Lhe maz,ghb
of ma-Lema‘l gorbed by 6043, the weigh‘{; of 'Lhé gorbent in milligvems s

The formila used to obbain F/Pe for benzens Was:

capiilary dz.splacemem, - PP
T 1509 % 1382 /Po

e ::zapg:llan:‘y displacement was &i?vi&,ad,' Jy 15:9 ko obtein the prése

gure in the system, "’he pressure was cl:w;cled. by 3.18 2, the satuvgbion

vapoy pressure of henzene in mlln,metex's ais 300




TABIE I,

SORPTION OF BENZENE ON SILICA GEL

1

!
i

[

_Ia _Ib - Ir . IIT - s Ivb
I _mn=0 (x/m)g =20 [x/m)a =0.0212 | (x/m)p =0.023%4] (x/m)q =0.1267|(x/m),=0.1270
| _x/m P/Po | x/m | P/Po! x/m P[P | x/m | P/Py | x/m | P[Py | x/m P[Py

0,0185 {0.019 | 0,0684 |0,045 | 60,0378 (0,028 |0,0526 | 0,037 [0.0450-10.029 |0.0401 |0.029
'0,0397 |0.03%4 | 0,1017 0,079 | 0.0522 |0.04% 0,082k | 0.060 |0,0873 {0,060 {0.0737 |0.054
0,0654 0,058 |0.1259 {0,158 | 60,0749 |0,056 |0,0949 | 0,091 (06,0885 [0,125 |0,0881 {0,112
0,0998 {0,071 | 0,1622 |0.237 | 0.1013 |0,096 | 0,1055 | 0.124 |0,0885 |0.193 [0,0881 |0.190 |.
0.1210 {6,134 | 0.1845 |0.328 | 0,1066 [0.112 |0,1093 | 0.169 |0.0885 [0.266 |0.0881 | 0.263
0,1494 |0,.204 (0,1883 |0.406 | 0.1200 [0.15% |0,1131 | 0.221 |0.0885 .{0.347 |0.0881 |0.355
0,1747 |0.272 | 0,1883 | 0,503 | 0.1123 [0.180 [0.1195 | 0.250 |0,0885 |0.427 {0.0881 |0.448
0:1882 {0,344 [0.1883 |0.595 | 0.1350 {0.274 | 0.1331 | 0.288 |0.0885 {0.510 |0.0881 |0.546
0,1898 |0,418 | 0.1883 [0.684 | 0.1429 |0.348 {0.1365 | 0.329 [0.0885 |0.590

0.1898 |0,.495 0.1429 {0.424% {0.1365 | 0.372 .

© 0,1898 |0.571 0.1365 | 0.460

. 0,1898 [0.652 0.1365 | 0.551

0.1898 {0,723 - E

0.1898 [0.801
0.1898 |0.868
0.1898- |0.941
0.1898 {0,993
*(x/m), equals the smount of water sorbed.
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© TABLE

II

'SORPTION OF WATER ON SILICA GEL

¥yii-b

V=2 ___ ¥-b Yi-a Vi=b YIil-p VIIT-p § VITII-Dh
: ) . . -0 . : (x/m)_ | (x/m)
g . - (x/m)g = | (x/m)g= | (x/mdos | (x/m)gs’ 1o | (=/mo.
oL (xfm)a =0 | (x/m)g =0 0.0953 0,956 0.1233 0.1230 0.188L { 0.1882
x/m_| P/Po| x/m | P/Po| x/m | P/Pyl x/m “P/Pal x/m | P/P| x/m P[Py |xh P/P.ixH P/P
{ 0,0011|0.031{0.0045|0.226 10.0015 |0.05910.0030{0.19210.0019 0.220 0.0023|0.226 010.292} 0(0.283
0.008810.1090.0136]0.293 {0.0061 |6.25110.0083|0.252|6.0185|0.320{ 0.012110.303| 0|0.590] O 0.643
0.0049 |0.222 [0.0424 {0.360 [0.0098 |6.27940.0227{0.312}0,0427|0.LOL 0.0556|0.447] 0[0.888] 010.996
0.0098 |6.260 |0.0609 [0.418 |0.0302 {0,326 |0.0458|0.366|0.074110.550 0.0767{0.574
0.022210.31510.1066 [0.569 [0.090k j0.52210.0715| 0. 545 0.0786|0.691{ 0.0802|0.682
0.0381[0.345|0.1233 |0.617 {0.1278 |0.63710.0915/ 0. 524 0.08244}0.832{ 0.0809/0.752
0.0595(0.43210.1282 |0.675 |0.1320 0.761|0.1115|0.598 0.0809{0.800
0.0680 |0.440 {6.1319 |0.728 0.1252|0.664
0.073410.455]0.1323 [0.761 0.1301|0.725
0,074k 10.462 0.1316{0.756
-1-0.076k0.472 0.1316/0.791
0.0800 [0.483 C :
0.084910.503
0.0898 |0.525
0.1259 [0.626 3
0.1301(0.718
0.2810{1.001 _
#(x/m), equals the amount of benzene sorbed. .

-gE -
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To celeulate P/Be valuss for ‘ﬂﬁéﬁiﬁe’f deothemis the sane procedirs
Wok employea b BL.8, the 85”6111:’&."61011 \fa;gor pressure in mllmmess of
water ab 300, was gzu‘b%muted far W82 . o

A typical dabs sheet iz given in Table IIL, oz all other igotherms
only the #/m e B/f, vilues ave Listed (Debics I'and T2«

The Soyphion .Lsmzhems of bemzene on. silica gel ave shom in Figuve

k., The sor:gt;ion wseohems of wa'cer on s;l.,ca, gel in Figure 5.

Sorpiion of Bensene on Silica Gel
‘Ihé iso{:hazfm o:"b-‘baine,&' for the sorption of benzene on unpoisdned,
| gilica gell (Ta) was & typlcal S-sheped isé%hemf Whén'ﬁia‘b,ér wag fivet
$<>:cbec1 on the &iliea gel to muk/m valoe oi’ 0.0212, an Srshaped lsethezm
(II() was“ Qb‘ﬁ%nﬁi *sfi-ch 8 smaller rige ;m the upper portion of bhe cvrve,
and less benzene sorbed on the sillea gels When N*Li:ffl_‘.nme wraber
(2/m = 0,2267) was. sorbed on the si‘iié‘a; gel, a ‘Langmmr isothem fav)
regulted. Whe curye d.Lél not mse agam %o gaﬁre a.n S»&shapea. J,so{,hem»
When chec:k deﬁemnatmns af‘ the' wmhems Were run the arigmal
curves weie egsaammliy ﬁuﬁlicahedq T qac:h cage uze; aumra %pre#se&i'bing
sorpta.on in the presence of Vaz:ymg amoums of waaer vapor &uplmame& |
he previov.s deﬁezwnats.ona Therefo.ce ve have nob dfaxm. sepasra,te c:vrves
but haye s:;.mply mcivded all poinks fov both m:.tial anél suhs,equenh ae’aear‘-a
ma.ﬁaﬁmns in the G,a:l;*r from which the durves were plotted, '
Tn vhe case only (curv'e IITY the smownt of yater wag nob px?eé:f,sely
that sorbed in the origiral zun., The uear ¢pincidence of these two

curves (IT end LIT) hss been taken ag verificabion of the oxiginal data.




. SORPTION OF WATER ON SILICA GEL

. PABIE III.

Ip

‘ Gath. Readins x/m '__Cap. Displacement P/Ps,
0,016 0.003 97,1 - 0,192
0.0kl 0,008 127.3 0.252
0,120 0.023 | 157.9 ‘0;3%g
0,282 ’9.0&6 185,2 0.366
6;378 _ 10.072 225.1 0,445
0,8l - 0.092 264,8 0,554
l o,;éo.“; 0,112 302.1 - 0,598
0,662 0.125 - 3358 } 0.664
_'o,gea 5.,-' 0.130 36697 B Q,7é5
0,696 0,132 EoX 0,756
0.696 6.132° 399.8 0.791

-Lg‘-
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Soprton of Water op Slllch Gel

When waber wis sorbed on izxipa;iléaﬁgi sil168 kel (V 2) o soribion oew
curred witil & F/Po of 0:14 was r‘eac'hed‘q Sorption sbarted slowly, vose
.sh.a;?pl;y' at 'P/J?é =~ 0;30 and, then 1évélé‘6’.1-qff g'x;adué,llys' j’ﬁ'i}h benzen poisén
on thé silics gel ~’(s‘e;/m = 0,0953) the glirve ééfainéa (VI=a) coincided wikh
| eurve Vet 4 AR grea“ber nmcun't of benzene (m/m = Q4 ...23_)) dét&feasec‘l |
the botal amownt of water Sorbed VELoty Hhen henzene was sorbed on milies
g,el mrhil ;::bs saturation vagolr pressure was app:;*oacherl (:?:/m % O 188&}? |
no waber was swhecl (VIEIwa) ' '

“he waber scx@mm cu:c‘ves vere vera.f;ed, in ‘the same ma.rmer &g the
benzene curves; ILSL dazza fmm ‘the :m tial and gecond run w:re:."e uaecl in |
plai"a;r.ng each SUTVEs ' o

e potats fram e which s:ms cm:z* first detexmaatmm hava
ncri; bgen ,anluded .m, %h,e, ;plctteé, data. Thefe Weye &o mény pomts f‘am

‘r‘ n
1

vhe sozrgi‘zion of wakey on unysisoned ‘wilica gel that the idciusion of il

would have led %o ccr;fusmng
DISCUSSION |
The follgwing Pﬂiﬁcﬁi@ﬂ aénclug'iéﬁs é-r:z:“@h. respect to the systen invesw
lmgmea ware dmrm fx»om The. ey*paxks_merfsal da-t:'u ' o
% When water 18 Porbed on silwa gel no measu,rable ‘adsorption _
coeurds the teling up of water repor Lz due Pidmarily 4o ggpi_j;ﬂ
lary con@énsatimu | | |
2, In the benzens iscther the Sorption process 18 one of monclayer

edsorption Followed by copillary condensitions




winlill
It is generia.ily ossumed that the Lengmuiy ¢guation dg valid for
the fo:rma-hion of the firsi—; é,dserbed la;srem | This eguabtion requires s
steep slope of the adsorpﬂon :Z.sa herm at low P[P velues. We Q‘bserved
ng swz*pbion at loy predsures in running the water dsothermss *rhig; has
1ec1 ug to conclude -b’«w:L no :ﬁ'im“l, adgorbed 1a,ye>,e was formed. Since uo

fa.rsb J.%a,fcr WHA mmed ‘chem coulél. bc; no éemnq, or gublequent ;aye;ﬁm

'In view of %his evidence e have eoncluded z:he;t the sorption of water on

SlllCﬂ gel i du&‘“' o caplllary condeasa’swm Cur cuxves sve similer in,
$hape to the curves obtamea by .Fineman, Guést and Mczln'&oéh(m)fci‘ ‘the

sorp‘hlon of waﬁer on charcoal, Finemgn, Guést and Melrtosh concluded

. 4hat ‘the somtim of water in that ¢ape is due primavily to capillary

c:,ond,ensa-hiom

When water yHy wded as @ poilon in mymning the benzene igotherme,

the waber oceupled only the poveés of the siifce gel, not the swfacs.

Sorption of benzene in the Swsheped. pértion of the curve déereased when
w&em‘ partially £1lled the capillevies: When ihe capillaries were come
pletely filled with water theve was neo S«shaped porbion of the cur_.ve?",
only-g Langmyiy isothernm was obtalned. Sine_e ‘the Ssghaped portion, Qf
the benzene isotherm can be elimingted by £illing the poves of tHe tsiiic;a
gell with weber, and éime thlg dﬂzés’- not affect the inttiel ;-giorfsi'c:m of
‘the i‘so%h@zm,.-‘s&hiéh is‘ expla&,nea by m&ﬁ&iayer a&s’a"r’p*biéﬁg and follows,

the Langmm—r- equa i@n ’ va have concluded Ehat in the aerpt:r_on of* ?oc—:ana,om;a
on #ilica gtal, Whez'e a bypleal Seghiped ;r.sobherm is ob**a:.ne@.x *511@ me*chﬂ

avl g ;anol“vjed is ong of monolayer arl.:m:@tﬂ on follmfed oy caﬁpu.llafy




.0
.*'ei.l[-aén'

condensationy ,

| When benzene vas sorbmd. on the &il ica gel to an x/m of apprommately
0:0950, a value on the mitial portion of the benzene iso’merm, aac‘L a
watér lsotheryr was rua on the poisoned silica gel, the éum obtaingd
éoincided with the curve for water on un:é@ié@néd éiiicsa gei's, Whén henzane
waé gorbed, to an :s:/m of spproximately 04,1235, & velue on ";:hé Smsﬁa{ped

porbi.on of the curve, less sorpbion of watex' oceurred, ‘Lhan had admzcrea

on ‘the mpomonﬁsci :s“;gl:_,ca gel@ When, the 1 1:Lca ga‘&, c:omame& bénzene sc.cbpd. '

o an ;x/m of spproximgtely 0,1880 (as muqh as 1t go&l& heldy, ‘phere Was _
1o sorp‘hion of wabers These vesulbs indicate thet the, iﬁtitﬁ;ail sorption
Of benzerle on Sil.:.ea gel is independenu GE ea:p.s.llary ccsndenSatione Whe:a _
somg of the capiliairies of the sn.Lca gel were fllled. wa.’ch benzene » Jess
s_‘o’rp"l:ion Of wa.ﬁe:a »oeeum-"ed,- When the capillaries were comple’cely fn.lled
rlth éiili‘ca gel, ﬁo 50113’&:«.01& of‘ Wa'bel“ (r’api ll&ry aan&enpau.on) aaeurreda
| Thig ﬁa,i.a ggemg o verin:y our c:smalusmn. thatk the Saaha:ped pm:rbj on af
the ‘benzc.me iso’aherm is due o capﬂlary ﬂendemsat:uon, |

When benzene wag sorbed on unpoasoned s:.lics, ged, the Sasha_ped por*b:r.on
.appea:t‘ed_. o begm &b m x/m value of apprammately 0,111 The Langmuir
iso%ﬁéﬁn obtained on phisoned silics gel leveled off at an =/m of
appx'oxlmately G¢088 The a:@narent ‘differences in ﬁhe amomts ef benzene
sorbeé. in the ln:t.’u:t,al ;@orbions of bhé isotherm msy besn ‘he explamed i
re canﬁi«lem- une Walms of "r,ha cepilla'f‘mg or the silwa ge;L a** beinfa c:cavex'ed
by & momlayer ef‘ bélmene when the stax*pbion is m on, ww.po.a.soned, = ilica

gels When the camllarz.eg ave first f11l ed, with watey uheix: walls ave

una'va;glable, for the Pormation of & monolayer of sorbed benzene. The




g

o : . SR .
difference@in'%hé gmounty of bevzene gorbed in the initisl noitiong of -

aurve& X an& 2V ran Lhﬁn ba eonﬁ&aerca a;maasure of tha éﬁeaﬁ geeupied
by %he walis ﬁf ihe cap¢ila¢¢e§“_ ' |
GEm:RAL cor\rcwsxoms - 4 . | .
lg A usefuu,techﬂlque has baen devel@ned thch can’ be eytended to |
_ 1gve§ﬁ1gate ‘the rale§ Qf~ad30pptLoa_an& abgorption in the serption
process of Sysﬁsms othexr Than thode studied by us. )
2, Although it would ggem that the conglusions veached regnrding the
" gorpbion n:E-‘ benzené and wafbex' on anc-; pa%;:,cular ﬁam:ple of a’a.lma, .
gek .can bg- e“tends& to smllea gel n gener31, no such exbanﬁi&n ,
of the e@nclvswons w*ll he made untll Lha eVPerlanLa are- repeated‘
an 8 su_flelentrnumber of gilica ge1~ o peﬁmlt =} $uail$%lcél

ghudy Qf:thgixesulbsﬁ




| BIMMARY

\

1 E'he sarp’oion :Lsobhﬁms of bénzene a.ac‘L waker on g1 ilics gel ano& ahe/

2

Bu.

B4

wedification of each of *thcse 1eotherns. by 'i;he pressnee ef vammg
amounts of ‘the other vapor a8 a poison weve gtudied in an abbempt
to di F‘ferenmace betveen pdsorption and a‘bsoa:jgmon in the squmon
pProcesss ’

It was found that a MeB*a"-;FL:wﬁék:ﬁ soxption batande ‘am'cl Peérson Gauge
the running of the idotheérms, \'

The benzene on silich 'gel igotherm wag found to 1‘oe & typicel Szghiped

curve, ‘

Tt was Pound thEL for the wmter on §13ick gel Lsothemms no orption

occurred ab low presguves; sorpbion begen graduslly, rosé shivply

and, then leveled off gradually.

Fzom the shage of the water on silics ge:%i 16thern it was condluded

that the sorphien cf‘ water on &llica ge 18 'dv;é primapily to eipiliury
condengation, _ | . .
The Swshapecl pcm:wn 0 the benzene igot herm ieve-ied OFf 28" ,mc,ceasmg
amwm‘:s &f Pl son vez*e addec‘i and a L@ngww isotherm wag £ naLy |
. obtas ned,¢ _ ' , _ '
From (6) 1% e 'conéy uded, that ‘the protess of ‘Sorpuisn :E‘@:r: benzéne 1
cop.-silies gel, :LS oné of monolayew adso:ptmn Followed by eapﬂlm

condenSan 108

Waen benfzer;e,ﬂ vas used o a:poisqn'in.,m*aing, the vater igbtherms b was




 found that the curves chialnéd veve similar Yo thab of waier on uns
poisoned $ilica gei. wbdl the fmounts of ‘benzend sorbed fell on the -
@aéh&@éd Bortion éf‘%hé'bénﬁéné'isabharmﬁ'ﬁﬁan gorption of water grad -
pally decwaaSea andl fiaa_ly ﬁea$eﬁ aﬁ increaa¢ng gmotmtE of bemmaae
WeTE JuSed J .

9. Ib wes considered tha$ Bhe pheonomean @e&crmba& in (8} pravzacd cons
fizmaﬁ;on Qf the conclu31eﬂ reached (7) ascribmng bhe sorption of
pengene on 31lmca el ¢o m9n®layer sdsorpeion followed by capliiary
condensations .

10. A techniqus nas heen developad whiek should prove useful in iﬁﬁestia '
gatlong of %he relative eentri?autisms of adgorption gnd absorption

e serpblon igothemis
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