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i ABSTRACT

This work embodies the results of an investigation on
the heats of immersion of silica adsorbents in pure liquids and in
biaary liquid systems whexje benzere is preferentially adsorbed
over the entire concentrstion range from: rmixtures with various
hydrocarbon solveats. The measurements were carried out in a
metal calorimeter at 25°C and | atmosphere, to an accuracy of
within 1.1%. The apparent adsorption isotherms have also been

studied at the gsamme F and T.

On the basis of the assumption of a perfect aystem be-
baviour, it bas been shown from liquid adsarption data that the

N
separation factor K{ )

» in terms of mele fractions, depends on the
origin of the adsorbeat, in mixtures of bensene with cycichexane,

In mixtures of bensene with n-alkanes, K‘m ia independent of tha
chain length of the soivent. The surface areas of the. adsorbents
calculated from adsorption data, increased in steps of about &0 mz/ 8.

in the sequence: beamene - cyclohexane, aitrogen (B. E. T.), benzene -

ealkanes.

Heats of immersion in 8 given pure liquid vary with the
source of the sample and with the preparative conditions for a given
material, diminishing in the sequence: ethanol, water, toluene,

benzene, n-alkanes and cycichexane. For a givea adsorbent the



ii
reats of immersion in n-alkanes are csseantially the same,

Tae isotherm of the relative heat of immmersion 01 was
found to vary markedly with the scurce of the sample and with the
natare of the soivent but was unaffected by the preparative conditions

of the adsorbent. The relative heat of immersion is defined as

foliows
- o,
- (H),
0I = [~ o
where Hx is the heat of imunersion of the adsorbent in the
mixture; and

!HIO)I aad (on) 2 are the heats of immersion of the

adsorbent in the pure liquids 1 and 2, respectively.

Tae equation doveloped by Everett for perfect syatem'
was found to de adequate oaly for the prediction of the system
beazene - cyciehexane-gilicic acid (Baker Reagent). Semi-empirical
equaticns of the Laagmuir type have been proposed and used with

succese to correlate the binary data for the silica gel (Davidson 28«

200 mesh).
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The ter:n “periect inixtare” is wuued with reference 1o the special
case of @n ideal bindry mixdure wher2 the rmolar areps of tne
adsorbed species are the saxcs,

The term "Sdsorplion isotaern’ is used with references to the
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8. The terx "absolute heat o immersion” hl i9 used with re e
rence o the heat, in calories, reieased on imunersion of & unit

suriace &rea af adsordent in a liquid medium at T and P,

hi(fﬂ’z) woen based on the anit gcek 0i adsorbent deter-
mined from nit;ogen adsorption {B.E. T.); ang

hl (1) wien based oaz the uait area of adscsrbent deter-
mined by adsorption [rox: binary liqué mixtures,

3. The term "heat of immersion” HI is used with reierence o
the heatl, iz calories, releaged on immersion of 2 unit mass of

solid adsorbent in & liquid medium, at T and P.

13. The terw "isotherm of heats of immersion™ is used with reie~

rence to the acats of imumersion determined over the compilete

concantretion range at £5° C. and | atm. referred to an isothermal

equilibrium of the camponents o: a binary mixture between two

puases, one Oor more of which is present at a surface or interiace.

11. The term “relative heat of immersion" &x is used to compase ex-

perimeatal results of heats of immersion o: 2n adaosrbent in various

binary systems, Or heats of immersion of diifereat adsordbeats in

& given binary systern. It is deiined as ioilows

o

By - (H,
@ Lo
), - 5,

where (on}l 2nd (HIO)Z are the heats of immersion in the pure

élc

compoaents L anc 2, recpectively,
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VHI INTRODUCTION

The design of adsorption equipment requires knowledge
of the adsorpiion equilibrium data of the zystems undergaing such
operation. Taese daia, to be complete, should incorporate the
reiation betweon the cnmpoﬁunn of the adsorbed phase in equilibriam

with the bulk misture and the heat eifect accompaaying the operatien,

Ia the ceveolopment of tae theory of immmersion of solid
adsorbents in binary liquid mixtures, a prominent pert bas beesn
given to the adsorption of molecules on monomslecalar fllms. ifisto-
ricelly, the monommolscular theory of adsorption was first applied to
tae adsorption of gases and vapors on solid adsorbents. It so deing,
a body of terminology, equatioas, azsaraptions, and several approaches
was developed end is tn use today. any of these ideas and forms
are applied to the incuersion of sdiids in binary liquid mixtures bi
mere substitetion or by redefinition of symbols. Or, 2t other times,
& sew set of assumptions is made to apply to the liquid case, and 2
cew development precented. Further the model of monomolecular
adsorption 2ss boen extenced (1) to the determinatica of the specific
surface ares of adsorbents and, moregver, it has been shown how it is
possible to ealculate the heats of immersion of adaorbents in bisary

liquid mixtures from considerations of adsorption for perfect systems,

Most studics of heats of immaersion have been limited to

a single liqaid adsorbate. Xelatively few invessigations bave been



.2-

conceraed with 8 hoats ovolved apon sdserption of bisary liguid
mintaves sate & solid adsorbent. This is not surprising, in view
of the difficultios sacountered in this type of work and which may

be classified ints two main groups, esperimestal and iaterpretative,

In heat of imumersien calorimstry, a degassed adoorbent
is coutained ia & glass bulb. The bulb may on ocsasion {2} be parti-
ally filled with elicm in order to miaimise the effect of temperature
Ings. Tue bulb is broksn under the liguid and the heat evoived is
determiand, The rise in temperature rsages from 3 few huadredths
to 8 few teatas of & degree and is usually measured by & multiple

Jonction thermacouple oF by & thermistor,

The heat produced in the breaxing of 3 zlass bulb has been
shown by some authors (1) 10 constitute an appreciadle percentage 4
of the total hest svoived, wilie others (3] have reported s nagligidle
best change.

I‘ar pare liquids, tbhe sdsorbate is dried with an adsorbeat
prior to loading in the calorimeter {2}, and & small sinount of adsor-
bent is positioned in the calorimeter to ensurs sgainst & possible conta~

mination of the adsorbate in the calorimeter vossel {(4).

For mixtures, the adsorbate is agitated in a closed flask

with the adsorbent, then analysed and finally loaded into the calori-
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meter vessel {5}, This tschaigue, hewever useful it xay be, will
aot ascessarily prevent contamination of the sdeorbate mixture

prier to the detormination,

Shjective of This Work
The fizet phase of this werk was coacerasd with the
construction and testing of a auitadie calerimster for the detercination

of hoats of immersion of adsorbents in bisary liguid mixtures.

Secondly, in view of the impertance of liquid separation
processes bassd on adsorption and becsuss the literature is alnont
devoid of hoats of Lmmersion data of binary liquid mixtures, it was
decided to initiate au investigation of the hests of immmersion of silica
adsorbents ia binkry liguid systems, using bensene 2s a oolate. The
adsorbates ware chonen as beiag representative of two types of liquid
systems, samsely: {8) & dlasry liquid system where the molar aress of
the componants may be considered te be equal; aad (b) mixtures of a
salute with zelventz of & hocnologous series. The sdsorbents differed
{roem each mt in pore radiuns, ia susrface ares,and iz adserption

sctivity,




The followiag literatire zurvey hss besa focused mainly
on: (i} The basic thermodynamic equations that govern the adeorption
of molecules fxom a lsquid' medium onto & »0lic adsorbent s {ii) The
adsorption of water, of & selected group ol pare hydrocarbons, aad
of hydrocarbon mixtures, on silica adsorbeuts, wita refereace to

the following:

A. Equilibrium adeorption from binary liquid mixtures.
B. Heats of immersion

1. Pure ligaids

. Dinary mixtures.
. Main types of calorimeters used in tne determination

oif heats of im:neraion.

Geno:al reviews on heats of imumer 8i0n of acsorbects in
pure liquids h.ve been given by Clark and Thomas (¢), Fazouk (7)

and Chessick (8).
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A, SZLULLIBRIVM ADSORPTION F2 3L BINARY LIGUD MIKTURES

m:mummummm.waqm
mixture, in genersl, e twa componsuis may be adsorbed to differant
extasnis, 80 tadt tae concentration of camponent | relative to componsat
Z tn the dulk of the miature may changs.

For the chmhmemummﬂtﬁwymeum
adeorption, ibs process is indicated in Fig. 3

R‘,at‘ w
x* 5 ® e o
* = | N.x,

Fig. 1. Liaterial balsnce of & selid-liquid bateh adsorption precess

where X' it the number of meles adsarbad per gram of adserbent;
N~ is the number of moles ia toe aquilibriem mixtere;
N és%a&azaﬁmﬁeah%mm&mn:
%, umwctucﬂndemmulmmuﬂau:

Are the mole fractions of tae mixsures before and after

sisorpricn, respectively; and

W i3 the masas of adsorbent, in grems,

FYrom the zmteriel dalences

0 o
%a%-&ﬁ‘ (A”
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the following exprossion is cbiained

o, ©

A -xc).

“lw 3 . Nakia.xic) 3

Taus, the change in comcentration of a mixture on

mmsamamwummu«mm
from the dulk of the mixturs oxto the sdserbest,

dipling (9) snd others (1, 10) have shown that the change
in concentration of the mixture is directly properticsal 10 the Gibhs
adsorption, i,8. the excess of & given substance ia the dalk of the

WARBITS,

The magaitude for the Gibbs adserption depeads oo how
mm&&om“uwmuﬁ. end ou the portion of
n&muummﬁmdmmmunu&cbdkbdumm.
i they are comnpared with respect te tiss numbsy of moles

o o
o Nty ex9
w

5y (4)

K they are campared by weight
°, © .
@ ¥ in -5 )

% V. N
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where W° is the weight of the initial miztare;

rl° s the weight {raciion of the izitial mixture;

2 ia the welght fraction of tae equilidbrium mixture; aad

|
M‘ is the wolecular weignt of camponant i,

H&qchemm by winme
e, @ s
vV @ -8
xlma b d 16)
w. ¥

3
where V° ie the valume of tho indtinl mixtare;

ﬁ‘° 1s the volume fraction of the instial mistare;
51" ts the wolume Iraction of the equilibrium msisture; aad
s the molar volume of camponsat 1.

Since adsertents differ (n their surface ares 5‘.. it is impor-

mummmwwuwumu. aamely

" 5 (@ 5, A
“e =% <, s

The varicas sets of /"‘ Are connected {11) by the following

reiation
-'-:/4 /7;{&’::’/’7‘0) Aﬁ‘ = /7‘% ‘t ¢ &)
In & bisary systexn
70 NG M 7§
t 1 ™ 1V b
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where i aad ¥ are the mean molecular weight and the mean mole«

culer voiume of the mixture, respocsvely.

Hieelev {12} studied the 2dsorption {rom mixtares of
benzene with n-heptane on 2ilice adsorbents. Some interestiag
ccncludona inithw pRyer were that tue specific surfpce of the adsor~
Lent az deterained by liquid adzarption is not 3lways in agreement
with the value obtained oy nitrogen adsorption asd that a reduction
in pore diameter causes &z increase in tae adsorption of beazens
per unit surfaca 2rex of the adeorbent. 7The elfect of pore diameier
was confirmed 5y Jones aad Stuart {13; through measuremests on the

system denzene~cyclobesans with silica gels,

Alesiev (14) bac also shown that decrease in tae pore
size ia silica 3els causes an increase ia the sdsorytion of bencene

and nehexane vajors al low suriace coverage.

aiseiey 2ad Paviova {(19) studied tae elfect of suriace aydisrae
tion of silice gels an tue alsorption of beoasene~ n-hexane mixtares.
They foard that tiie adsorption of bensese from solution in n-aexane
diinishes in the {0llowing order: Lydrated silica gel, deaydrated
silica gel.

Jones arc Stuart {(12) and {iselev {15) stadied the eifuct of

temperatuse on adsorption from salutions, oa silicas. They found

taat the adedrtion decreases with & 716¢ in the tenperature.
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1. Ihdivideal adsorotion isotherms
e i e e e el A

Iz pzder to resolve the composite adsorption isotherm
to show tae separite adsorption of each component, Bartell agd
Sloan {16) assumed that the individual &dsorption isothermis of both

camponents fallow & Freundlich eguation,

e
L& e a e -
Ny© o= kg =, ; and Nyos kg ix) (19j

mnﬁt'uﬂ Nza are mmdw«dmm 1 et
¢ zespectinely, adsorded Per gram of adsorbent; and kl. kz.

sand - are constants,
Bartell aad Slosa obtained the following expression for

the isotherm of cencentration change,

@ .
N lll 013’ P e e e
T ‘k!‘xl) “-xl )'hz(l‘)ﬂ'!l) (i1)

3. Monomualecuiar theory

Kipling .nd Tester (17), assumed that the indivicual

adsorption isstherms followed a iLaangmuir equation

k, x,° k x°
1 31+k ¢ ¢ ek x°
3 % ™1

where Ks. e < k3 and k 4 37® constants. They obtained the following

expression,
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Py . 3 e e ) e e
) c:sgk x, {loxl).&‘ik‘ixl (l-x!}

“k.':‘za “"4“"‘1"

Wpling and Tester (17) reported tiat the individual iso-

{13)

-

N ® - x
—

therma calcnhm from Ezustions i1 and 13 revealod & wide discre~
paacy,

Altoraatively, the evaluation of Nl‘ sod Nz. reguires
another equation, tc be solved simultangously with Equation 3.

£lten (13) and Kipling (17), postulated that the surface
of the solid adsorbent is completely covered by a monolayer in adsorp-
tisa from bizary liquid mixtures. Then,

N9y N, . = 4

where éi and @2 are the arsas occupied per mole of components 1
and 2 reapsctively, {f they were adsaviad sSpaTately; and zg is the

surface ares of 1 g. of adsorbent.

Zquation 14 tu valid only if the same area of surface ig

available to both components (19},

By solvin, Ewations 3 and 14 for xl" the followicg exprese

sion is oblainnd,



éZ .

. e -« ————— - 25:}
s 1 'g_:“ S
®X, = {1 3)
’ @, - é: (G
1 + e —————— . }5_
= i
S

Nagy ant Jchay (20}, proposed 2 graphical method to
. ; . : a
determine the 2Cs0rption capacities at monolaysr coverage, (E».’i }m

and (N Za):a' in systems where the composite adsorption isotherm
has a linear section over a raage of concentration. They assumed
that }hz‘m is & lizesar fuaction of %

over the concentratics range corresponding to the linearity., Zxtra-

N id Z\i,a and ?-;;' are constint
L]
polation of the linear section of the camposite adsorption isotherm 1o

L 2 e . . 2 : . @
%y = 0 and x, = 1 gives (hx )m anc - (1\2 )m' reapectively,

i considering Nagy and Scaay’s analysis, Corniord,
Nipling and Wrigibt {21) pointed out that 2 constaant concentration on

toe suriace is only & particalar case leading to

2. {N)
-ll

d(xle} z

2

= 3 (1)

over a certain range &f coucentration in the eguilibrium binzry mixture.
Although the method is strictly valid in exceptional cases, it gives

approximate results of the thickness of the adsorbed layer,
“he isctaerms of 2dsorphion iram birary lquid mixtures
were clacussed by Ueniesslor and Howe {22) ou tac basis of the concept

of & constant relative adsorbability sxpressed in volumes.
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From Equation umamm.mw;
at equilibrium, -thcy arrived at the expression
e, ®
’l ’2 1

#° = (
1 2,zxm PO

whers V' is the adsorptive capacity in cc/g.

Y+ V* 18
} 4

Plots of {7, 553)'/ x‘(v; against ﬁl‘ resulted in straight
lines from which V' and K‘v’ were determined,

Siskova aad Erdos (23) combined the exprestion for the
ssparation factor expressed in moles, namely

. .
0, 1 (19

witk Equation 3 to yield

xx‘m 1 xzm 2, 1My
A ) o +N ("—-6%—-) (20)
1 xl K 31 24

Plots of %, (N)/ - x‘.i against }Lx(m/xl‘ resulted in

straight lnes from whaich N* and K‘m were determined,
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Cleiand {24) studied the adserptios of mixtures of beasane
with cyclohexane, bonsane with carbam tetrachloride, sad carbon tetirz-
chloride wita cycichazane, om porous (Vycor) glass. e examined the
benssne - cyciehexane system in the light of Equation 20 using his data
and those of others and jound Food agreemaent between the ssparation
factor Km) for silica gel taé Vycor giass adsorbents. However, the
molecular s7en of the adsorbate calculated using the nitrogea suriace
ares varied from 238 x 153 mz/'mdc for & silica gel t0 430 = 10° mz/

mole for Vycor glass.

Everent {1} proposed an equation simllar in form to Equatioa
18, bat expressed in terms of inoles, which ke csed 10 calculate the

adzorptive capacity N‘ and the separation factor K‘m

® 3
1 "2 1 e 1
x 9 Tal A ‘

1
From values of N. and the molar area of the adsorbdate,

the surface area of the adeorbent may de calcalated.

The assumptions involved ia the derivation of Equations
20 and 21 are: (a) :nonomolecular adsorption, (b) perfect salution~

salid interface; {¢) all adsorption sites have identical properties,
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b haltmolecalar theary
Hansen {(25) and Jones (25), supported an alternative
mechasiam for the adsorption from binary liquid mixtares asing
salid adsorbeats. Tusy assumed that the pores of the adsorbeat
are completely filled with adsorbed liquid and that the adsorption
is not ceafined to & menomolecular inyer, According to this ana~
lysis, the fallowing relationship bolds

v = Y {22}

L T a
v N P .

By Vi + N,

where ;‘ and irla are the :molal volumes of components 1 and 2;

and VP is the pore volume of the adsorbent,
Tae volumes that would be adgorbed if the adsorbent

were immersed ia components 1 aand 2 are given by the expression

v e 5N

'p 1

-

LA A (23)

where (Nl')a and (Nz‘)o are obtained in separats experiments.

Several workers (25, 26, 27) have presented experimental

evidence suppsorting the view that adeorbents have & constant volome
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aveilabie for adaorption, independent of the liquid used. It has beex
stated (25) that tuis would hald, provided that the pore diameters of
adsorbents are larger than the molecular diameters of adsorbate
components,
Three methods bave been used iz the determination of
pore valumes:
1. The adsorbent was immersed in a liquid, the sample was then
removed, dried externally with filter paper, and weighed (26, 27);
2. The sdsorbent was saturated with the vapors of & pure ligaid
(26, 27), or with the vapors of & binary liquid mixtare (27);
3.  The vapor adsorption isotherm of a Hquid was extrapolated to

saturation vapor pressure (25, 26).

B. HEATS OF IMMERSION

The preblem of abtainiay thermodynamic data for the |
immersion of a eolid in a liquid medium miy be approached by
studying the heat effect Rccampanying the process. The heat of ime
mersion {s the amouat of heat libersted when a unit mass of the soklid

is izomersed in a liquid medium,

1. Pure iiguids

The heat of immersion ia currently explained (n terms

of surface energy changes that take place when a degassed inert _
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salid is immersed in a liguid, the solid-liquid interface replacisg
the solid surince.

The thermodynamic expression waich goveras the prao-
cess ointmmrsioa of a aclid ia 2 pure liquid is givea, by convention,
as the difference betwesa the final state and the initial state. Accor-
dingly, the value of the heat of immersian is exprossed by the

following equation

o
51 ® h“_ - h.' (25)

wherse h: is the heat of immersion of & unit surface ares of the salid
in a pure liquid; andg
h‘ L and h. are the enthalpies of the unit area soclid-liquid
iaterface and degsssed salid, respectively,

At constant pressure, the relaticnship betweea the change in eathalpy

4L and the chasge in iniornai energy A€ is

Ak = A€ +PAvY {26)

the walue cl the volume change Av is very small {28), hence

0

b € {7

and the chaange in entbalpy is equal to the change ia internat energy.
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2. Purity of materiais

Several workers (2, 4, 23, 29) have pointed out the need
for purity of sdsorbates. Trace quantities of water in bensens, for
instance, may dogble the th of immezrsion of the adsorbent ().
Bartell and Suggis {2) deweloped a tachnique for drying pure liguid
adsorbates, They dispersed an smount of adsorbent, identical in
preparation to the sample, in the pare liguid adsorbate prior to the
actual determinstion., Trace amounts of water that conld have diffused
into the calorimeter veseel after it was loaded, and comtaminsted the

adsorbate wore thus eliminated,

Alec, tus adsorbeant must be cleaned and prepared in a
reproducible state. Cuibertaom amd Winters (30) developed the teche
nique of using ssmpies sealed under vacuum. Rasouk {7) and Lx Ports
{31) showed that the hast svolwed using asn-svacsatsd sdsovbenis i
low, and that the need to displace air {=om the uduoibm surface in.
creases the time roquired for the heat evc.ution and this in turn re-

duces the accuracy of the measarement,

b. Effect of degaesing texperature

Tre role of degassing texmperature ou the heat of immer~
sloa {s difficult to ussess. There is experimental evideace to indicate
& variation of the heet of imunersion with degessing texporature, of a

particalar silica adsorbent,in water (3, 32-35), Ia goneral, the heat
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of immersion remting constant in the degassing temperature range
between 20 and 110°C for some saxapies and between 20 and 189° =
for others. Abowve this limisg it incroases, resches & maximom and
then docrnm. B bas beea suggested (3) trat this variation is dus
to the om of two processes: (s} water being lost reversibly
duriag degassing kod then regained duriag immersion; and (b) water
being lost irreversibly irom the peiat of view of the duratica of a

calorimetric measurement,

Simmilar data have been reported for the immersion of
silica adsorbents in bensene (4, 38), n~cezane {37) and a-heptane
{26).

Davintioas from this genersl psitern have been pressated
for the immersion of some samples of quarts in water (34) and for
silicas in cyclohexane (4), whers the heats of immersion nmtn'

constant over wide ranges of degassing temperature.

c. Effect of pasticle sise

| Often, another factor, other than the degassing tempera~
ture, makes difficult the interpretation of heat of immersion data.
Several workers {33, 35) list naay contridbuters to experimental
evidence showing that at a given degacsing temperature, the heats of

fmmersion of silica in waser PeT unit of nitrogen surface ares h: (rzz)
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appareatly decresse with insreasing mitrogen surface ares é‘ﬁi T
2
A similar effect has boea raported for the immersion of silices in

a-hexane (37

d. Effect of adsoraate

T32 activities of silica adeorbents in terme of heats of
immersion ia pure liquids have been determined by several workers
{2, 4, 34, 36). The results showed that values for water were
greater fhan theoe for bensene, which i tarn were greater than vaiues

for n-alkanes,
&, Dipary id Mixtures

Bartell and Fu (38) studied the heats of immersion of &
carbon of unspecified surface area in & series of binary nixtares,
They postulated that if both components are adsorbed from a bizary
mixtuzre, the heat evoived must be due to the combined effect of

both Hquids*.

- The role of temperature on the heats of immersion of 3
charcoal adsorbeat in aquecus solutions of a-propyl alcohal were
studied by Runov and co-workers (3%), They found no significant
difference, within the accuracy of the moasuremaents, between dota

obtained at 23°C and 50°C,
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Young sud co-workers {S) measured the heats of immer-
sion of grapim iz agueous solutions of a-Sutyl alcabcl. It wes pose
sulatad that the heat of irmmerzion of the solid edsorbent in the hinary
liquid mixture, hx, may be considered a3 the resulis of two effects:
{a) Heat of wetting, h”, the energy chanzes that iake place when the
solid-liquid interface replaces the salid surface; and {b) Heat of
dilutica, h . dae to the changes in concentration of the mixture.

Thua, the expression for the heat of Lumersion is as follows

by s B 4 Ba (28)

Young and co-workers {5) concidered the surface of the
adeorbent to he homegeneous and to be covered by & monalayer of
adserbed malecales; and that the “interaction between molecules in
the bulk solution was the samme as for the adserbed layer sud thus.
was 20t included in the heat of immaersicar, They derived an squatica
for the heat of immersion in & blaary liguid mixmé. whica may be
writtan a» follows

H o= 8 ml")l + (1 -8) (x“’)z +H (29)
where 8 is the fraction of the surface of the adsorbest covered with

firet layer of adsorbed moleculss; and

H is the heat of dilution effect in cal. per gram of

dil,
adsozbent,
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It was shown that there it gJood agreement between the
experimental values of the heats of iminersion of graphon in aqueoas

sclutions of n~butyl alcohol and those calculated from Equation 29,

Smirnova et al, {40) mensured tae heats of immergion
of aluminum oxide in mixtures of n-heptane with bensene, cyciohexane
and cyclohezens, From these measurements and studies of the
adsorption isatherms of vapors and mixtures of the pure components,
the authors suggested 2 possidle arrangement of the molecules of
these hydrocarbous on the surface of the adsorbent and calculated

their molecular characteristics.

Everett {1) considered the caze of a perfect system,

where

. a2, o , 0 .

goeox EO Y O - ), (30)

Combining with Equation Z1, he obtained

e e 7,0 o,
ae xS (1% ¢ x.C 0. s (L=x,") [(57)) - (Hp), |
o S W B 2 e e 1
! <oy

{31}
Taus, the heat of immersion of an adzorbent in a binary
liguid mixture may be readily determined from the heats of imumercioca

in the two pure cowmponents and the separation factor .«;(N’ .
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Equation 31 may be lested by arranging in the form

- AN) e
. - HI - (Hx 32 ) o x, (32
1 ), - L T BN R x, ®

Eecent mexsurements include those of Billst 2ad co-
workers (41} on the heats of immersion of a charcoal in mixtures
of beazene with cyclohexane. They reported that the experizaental

values are ic good agreement with those calculated from Zquation 31,

3. iain Types of Calorimeters Used in the Determination of ieats

of Immersion

FHeats of immmersion may be determined in calorimeters
aimilar to thase used for determining heats of mixing of liquids,
Among the number ¢f calorimeters previously ueed, suffice it to-
montioa the maia types, and ihe more important ones in chronological

order,

- Boyd and Jarkins (42), in 1942, used an 8%0-cc. Dewar
flask provided with a 36-junction thermocouple for measuring the
change of temperature on immersion. The adsorbent was contained ia

evacuated glass bulbs.,

Hutchinson (43), in 1947, used a calorimeter similar in
most respects to tha: used by Boyd and Harkins {42}, except that a

thermistor was iacorporated to messure texperature changes.,
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Bartell and 3uggist (&), ia 1554, ured a twin metal

calorimeter siinilasr to fhel upec By itag: suil co-wOrkers {e),

Cva mgF L gme - A RS D u o Ye s N R
7 =ioaesls ol cilalion of sali solutivasz.

‘Z'wé DI2L0U6 have Lean useg {0r toentactiag the
50l gample wilh tue liguic medium, The fira? consiste of
pouring the adgorbent into the liquid from an isolated coatinsr,
The second consisis in Sreaking a glass buls conziniag the adsure
beat ander the Liguid surface, Nowaisys, neat of imunersion
celorimeiry makes uge, eacluzively, ol e tecanique of breaking
& glase bulb conikining the evacuateg wledrient, undeér the surface

of tae liguid.



EXFERDMENTAL DETALLS

A, MATERIALS

1. Gases

ke nitrogen was oi the “dry" grade with a miatmum
purity of 9. ¥9%. The helium conformed to the specifications of
tae U.S. Bureau of kiines for grade "A" heliam, the purity of
which was 99.993%. They were passed through a column packed

with activated silica gel in order to rexmove traces of water.

2. Adzorbents

The adsordents were prepared from 2 commercial

silica gel (2J-. 0 mesn, Lavidson) oblained from Fisher Scieatific

Co., aud from & Feagent grade silicic acid obdtained from J. T.

Baker Chem:cal Co,
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2, Treatineat of adsarbents with aAgzegus solutions of nitric acid

ranpies 0 <0 0 20 gram: o sdaordent were digestad

2:1 by volumue, folgwes Uy #n extraction with

e

with nitric £cid &
ait7ic acid 1110 2od tnen witn four lit-es o: disrilies water oRT

Luring toe waskiag, waich was done in a Buchner

(/3]
&y
o
H
e
.
B
tl
w
e
o
r\

funnel, the dGzgsoents were always water waier. “asking was

followad by drying in an oves at 143° 2 fap 2o hours.,

Folivwing this treatment, e silicic acid samples
were ground ialo {ine particles, iz a glass mortar, The very
finely divided particles were separated by sedimentation o the
sarroles in 200 cc. of distilied water, awing & one~liter graduated
cylinder sitring vertically. The portion of the stnple rematning
tu guspension 4ii2r one midate was diecarded; the residue wag dried

in the oven &t 152° O,

b.  Therreai degussing o the san le: a: recuced pitzenres

The apparatis for d2zassing acsoruents at reduced

pressures is showa in Fig. 2 aua schezaticaily ia rFig. 3,

The agpnaratas consiats of Llase arupoules {4} costaining

Rl -

tae adsorbent, & ;las: manifold () 1L fla moL_. lize, g tasgerit roe

controlled oven {7}, twa triz cosoles Uy linsid nitrogen (S, & Piran.

3 ey om A s TN L TN e Sie i e R N o~
nead (L), a Panniay hexd (17, & Dlrdai~ oo ipe vaciam gaage (G),
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2 vacuam purep {H}, and suitable conuections.

Ths traps served two purposes, usamely, (1) conden-
sing the watar wapor zesulﬁng irom the degasaing of the adsorbeants
and (2) trapping pasticlies of the adsorbent blown off the glass am-

-

poules during evacustion.

Fortions of 0.8 grarm of a batch of adsorbest were
placed in pyrex-glsss ampoules, which were then joined on to the
glass manifold mounted inside the temperatare-controlled oven. :
The adsorbent was degassed for at least 40 hours at 140°C and at &
pressure of 3 x 10’5 mm. of mercary, After wkich period the amn-

poules were sealed off uader vacuum with 2 blow torch. The ampoules

wers then stored in a desiccator with activated silica gel.

¢. Surface area by B.E. T, method

Adaorption messurements wers made 5y admittiag
aitrogen into an evacuated chamber containing the idaorbcnt; the
amount adsorbed was determined gravimetrically with a McBain

balance.

Adeorption Balance

A photograph (Fig. 4) shows the assembly used in the
determiantion of surface area by aitrogen adsorption. The same

assembly is shown schematically in Fig. 5. The salid adsocbent
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was contained ja a ligai quarix bucket {i), which was suspeadec
irom & calibrated quarctz s::;‘inz by a rlsss fizre, These parte

were enclosed in 3 cybndrical Pyrex slazs container (B} with an
cutnide diameter of 1 1/4 in,, an overail netght of 5¢ in., with a
cunical tapered joiat on w_;.. {97 tae purpows of loacing and unloatiing

the bucket,

1

The acsarition columa was commected I 2 vliuums
maaiiold {C) consisting of a Imercury inanometer (L), a Peoniag
heae (Z}, a Firani head {7}, a Firani-Tenning type vacaam zeuge {G),
& trap cooled by liguid nitrogen (H), two nitrogea-reservoir lasks (B,
an ol diflusion pumg {(J), anc suitadle cenasctions and ¥iopcocks.
Besides, the apraratus was equipped wilh an sxternal furnace {&)

counected to & terxperstusa controlier {Lie

Legassing temperstares were mezsured using an irone
constantan thermocousie glaced in coutact with toe axternal zuriace
of the column aund pOsilionec betwessn e Sucket and the heater, Foe

tential measu: en.ents were made wits & Rel potentiometer,

The balasce had a sensitivity o/ ahout ! min. extenaioa
per my. and & capacity of <00 my. “@Fing exienzions and mercury
manomeler pressure rzadings were reaciiy cotermined to 3.51 rm,
using a cathetometer (..}, The BCouraly o tae redding was, however,

@i the order of 0,35 wm.
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Procedure

A sample of the adsorbeat, aboct 200 mg, was weighed
in the calibrated bucket and degassed at & high temperature to an
altimate pressure of less thaa 20’4 mm., of mercary. The stopcocks
coanecting tos gsystems to the vAcuum purnp were then closed and
the furnaice removed from around the coalumn, As the columsn cooled
down, it was immaersed in liquid nitrogen to a Meight of about 5 inches
above the pm.‘ The reading of the spring extension was then recorded.
Next, n.trogen was admitted into the calumn till the pressure was of
s {ew mm. of mercury, and the manometer reading and spring exten-
sion reading were noted. These readiags were mmade frequently uatil
constancy wos oltained. The time ior cbtaiaing equilibrium varied
from 15 to &0 minutes, depanding on the pressure, more Himse being
required at higher pressares. Successive admissions of nitro;@
were made till aufficient poiats for the isothezrmm had been obtaized,
The suriace area was determined frown 4 to five points on the isotherm
in the relative presaure range P/Po between 5.02 and O, 14, where
P = 76.0 cm of mercury. A complete isotherm took about 10
additions of nitrogen. The recults of theze moasurements are ziven

in Appendix 1.




Calcalations

ihe oethed of Brunaver, Smumet and Teller {B.E, T.}
was used o ¢veluaie 1@ area &f the zdsorbecis {rom the sitrogen
adsoiplion dule. T:ze axpression of tie 2, E. T. theory ia terms of

mass of adsosrbale is

P/¥ 1 c-1 P
= e 2 L 2 33)
w*q -B/P_) ‘m "m 2

whaTe ’11‘-", in grams, is the mass of nitrogen adsorded at an eguili-
briurc pressure P and tamperature T; a2ad
Wm. in grams, is the maes of nitrogen adsorbed on W grams

of adsorent at moaolayer coverage.

The terms \,’:’m ane ¢ were evaluated {rom a plot of the
left hand side of Lguation 33 against tie relnlive préssure 2/ E-"a.
The molecular ares oi the adaorbed nitrozen st «195°C was taken as

z
16.24° (z8).

. é -
Tae area of the adeorhent és' inm /g., is then

97,6 x 107 x w_ W
" - y e
5 28,016 x W = 348l =7 (34)

LS -
where 37.6 x 19° is the molar area of altroger ia m' /mole; aad

28.012 is the ;eolecular weiyit of nitrogen.
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d. Total Pore Volume

Tae pore volame V? ia cc./g. was determined by extra-

polating the isotherm P/Po « 1.0, Thus,

(Intercqpt) P/Pa c 1
Vp = Pg e {33}

where px is the density of liquid nitrogen at <195°C,, 0,808 g/ cc.

®. ‘Weight losses on Gegssing 2t rodaced pressures

Weight lozses of three adav:beats were determined gravi-
metrically with the & cBain dbalance 25 a function of degassing tempe-
rature.,

In separate experiments, two samples of silica gel and a
sample of silicic acid were evacuated in the McBain balasce for several
kours at room temperature until constancy was odtained, Then tue
weight of the residue (WQ) wWas noted, Following this treatment, exch
sample was s.bjected to thermal degassing at various temperatures,
the temperatise range being Letween 22 and 506° . Weigat losses
were calculated from: tne weigat of the resicue (w‘) 8t the tempe.atuse
under study and the weight of the resicue at 2:* L., according to tke
expression
100 (w® - wh

w®

loszes (wt¥) = {36)




f{, Prosertios of adsorbents

The physical apgearance of the sammples of silica gel
end of silicic 2cid varied considerably. Comgparing the two silica
surfacee, tae silicic acid samples were vory white whareas tha

silica gol zampler were thz grey in colour,

Az optical microscopic examination of the sdacrhents,
Fige. baand 6b {came agnification), revealed thas the silicic acid
conzisted of Qualy divided particles. In tais connection it it worth
meationing thal 2 great ceel of care Lad to se taken in hoodling tuis
sample in order to prevent it from spresding throughout the evacu-
ating apparatus, The silica gel, on the otuer hand, consisted of

particles with a lazge spread in their particie size.

£ lizt of the adsorbents which bave been studied is givea
iz Table 1 zlong with the soaking period, the suriace area (B. E. T.)
and the pore velume. These values refer to samples which were de-
gassed uader vacuum ia the temperature range between 143 and 275% Z.
Soaking the adsorbent in the preseace of nitric acid solutions ang
distilled water prior to degassing decreaszed the surface area; the
longer the period of sozking, the emaller the surface area. The effact
of soaking oa the Zore volume was found to be alymost nil, In the case
of a silica soaxed for a period of 40 Qays, the surface arez was S60 mz'/g.

and the pore volume was 0,38 cc./g. Joaking a silica for 7 mentas




| gl
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Zasle !

EFFELT OF SCAXKING ON SU RFACE AREA

AND PURZ YOLUME OF AUSORBENTS

Adsorbeat Seaking Leg. Temp, = vp
period *C E(ZNZ’ << /5.
daye m /g,

5. Gel A°8 - 148 736 -

3. Gel Ao'** - 0y 666 .36

S. Gel AL** i7 ets 5%6 -

S. Gel AZ“ i8 FA 587 -

S. Gel &3” 28 148 375 -

. Gel A‘&_“ 0 148 560 G.38

S. Gel AS“ 24t 158 483 3.37

5. Acid Bl“* 3 ars 366 3.37

S, Aclg 52” a8 1:9 348 -

b 8% received irom supplier

s sodxecd io aitric acid solutions and in distilled water

3% soared in distilled water ounly
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. A . 2,
decreased the surilkce 8rea 10 <83 m i, asd the pore volume to
0.37 cc./g. Tae silica gel Ao s beiore digesiion with nitric acid,

sad a pore valume of 0. 36 cc. /5.

Tae resalts of pore size analysiz shown in Table 2
revealed that 2 nzxge pezéenugo of tae volume of silicic acid ade
sorbent is in the macropore region, that iz, in pores that nave
radii gresater than 100 Ao. whereas ia the silica gel adsorbeats
thers are virtually no pores preseat with radii greater than 100 a°
azd oaly @ very smell percentage betwees 27 and 160 A° radius.

Fig. 7 showe that the preierred aicropore radius of silicic acid

B, e about 40 &°,

A summary of the resulis showing the effect of degassing
temperature on the suriace area of silica adeorbents, is given ia
Table 3. T.:# results ovtained indicate that the suriace arcas of Qxe
three adsorbents listed in Table 5, each one subjected to differeut
treatment, did not vary siganiZicantly ia the temperature range netwesn

148 and 256° . Detweea 256~ 481°C, the decrease in sariace area

variod over the narrow range of <.2 o 2, 6%,

Toble = shows the results of weigut loss aunalysis on three
; . - ¢
acaorbeats ranging in suridce area (B, E.T.) from 34810 730 m' /g.
Fig. & shows a plot of weight loss of variouz adsorbents as a function

0! degawsing teinperature. The welynt loszes are coen to depead oo
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Table 2

POROSIMETRY DETERMINATION ON
VARIOUS ADSORBENTS BY “EARCURY INJECTION

Courtesy of the Bureau of Mines - Fuels Divisica

Adsorbent A, A, Ag B,
fs(NZ). mz/g. 560 482 348
{Deg. Temp, 240°3) {ia duplicate)
Fressure Pore Cuxulative FPore Valume
Applied Radius cc/g.
Pes.i.a. a9
18 56,0300 - 0 ] -
68 14,700 0 .01 .61 o
118 8,500 0 .02 .01 9
318 3,200 0 .02 .02 .81
1,000 1,000 0 92 4 .03
2,000 590 0 .02 .02 .05
3,000 330 - - - -
4, 000 259 - - | - -
5, 300 200 0 .02 .02 i £
10, 000 ' 100 .01 32 .03 .15
20, 009 50 .01 03 .93 o 2%
30, 000 33 .03 .93 .08 « 36
40, 000 25 .03 24 .06 « 37

58,600 20 ) 3] .05 30
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EFFECT OF DEGASSING TEMPERATURE ON
SURFACE AREA OF VARIOUS ADSORBENTS

-39 .

Table 3

Adsorbent

Degassing Temp,
*C
148
218
256
266
275
429
438
471
47¢

481

A

o

736

M

686

596

600

572
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EFFECT OF DEGASSING TEMPERATURE ON
WEIGHT LOSSES OF VARIOUS ADSORBENTS

Adaorbqnt _ Ao A!
Zsn ;) m/g. 730 680
Degassing Temp, weight Josses
*C (%)
22 - -
70 0.00 6.90
182 0.90 ¢.07
105 - -
113 6.14G 0.33
131 0.08 2.22
148 - -
184 - -
212 - 0.69%
264 - -
309 - -
322 1.74 .04
361 - -
438 2.65% i.86
471 - -

492 3.12 3.39

&0



ARSRor LA e 5 TSN el

o 4] -

N
)

P4 e o
= s &
o exna e

TYINEN IS

S Y Iy L PR T T I TR M N L N TR PRSI AL

(|
40

<8
9
3

£CO
o’

o
L
[ A

S0

D

[ o e me g
ad RS R at!
A RS

temperature on weight losses of various

Fig. 8 Effect of degassing

adsorbents



- 2l -

the degascing temperature, but show little variation from adserbent

to adsorbent, The¢ meguitude of tre weigal losses {i.e, water losses)

per 10U°C ia the intesval 150 - 492° U is in good agreament with taet

calculated for a zilica gel with & surince area (8.2, 7.) of 206 - 250

"

in e taterval 130 « TU0?0 {36}, v.9% and 3,82 2. water/100 g,

[)

adsarbent/104° L, respectively. Detwosn I and about 15° O the
weight losges dic axi exceed 3,29,
3. Liguids

Tae liat of pure liquids usec in this study {2 givesn in

mo /g,

Table 5 together with their grade, purity,asd a comparison of measured

and literatare values of their refractive index at 25°(.
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Table 5

PURE LIQUIDS

Compound - Grade Minimums Refractive Index at 25°C
::::;?% ) Experimental iis, (45)
nepentane Pure 99 1.35478 1.3547%
a-hexane Research 9%.9 i.37230 1.37226
a~heptane Ressarch 99.9 1,38525 1.38517
n-octans Fare %9 i.39532 1.39505
aedecase Puzre 3% 1.40975 1.40967
a~-tridecane Pure 99 1.42368 1,423%
Beasene Spectrograde 99 1.49787 1.4979%
Toluene Research 99.9 1.49411 1,49413
Cyclokexane Spectrograde 39 1.42333 1.42354
Histayl slcouol  Spectrograde 99 1.3267" 1.32669
E£thyl alcohol Pure Absolute 9% 1.35918 1.35914
Propanol-2 Spectrograde 99 1.37500 ' 1.3749
Water Redistilled 1.3325" 1.33250

2 Determined with en Abbe - 3L, Baasch and Lomb refractometer,

e The hydrocarbons were treated with activated silice gel to
remove traces of water. The alcohols were used without further

purificatica.

*  supplier’s data
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a, Dehydratioa of hydrocarbons

Traces of water in pure hydrocarbons were removed
undes 2 dry-nitrogen atmosphere in a dry-box (48}, by selective

adsorption of water on activated silica gel.

About 3 grams of activated silica gel were addecd to a
{lask contairing 50 <<. of & pure hydrocarbon, stirred vigorously
for about 2 minutes, and then the liquid was decanted ianto another
flask, the process being repeated three times, The hydrocarben
was transferzred into a dried 50-cc. brass-storage vessel, waich
was then centrifuged for about 10 minutes, at 10,000 R.F. 2., in
order to separate the solid particles in suspension. Finally, the

storage vessel wae stored in a desiccator with activated silica gel,

The procedure used for drying a storage vessel is

similar to that outlined for drying a mixing cell, on page 70.

b, Preparation of binary liquid mixtures

| Under a nitrogen atmosphere in the dry box, a predeter-
mined volume of the iess volatile component was measured into a
dried and preweighed weighing-vessel with the aid of a hypodermic
syringe. The vessel with its contents was weighed before the addition

of a calculated amount of the more volatile component. After this




the weight of the veszel with both components wag recorded and

the contents were mixed by shaking.

c. Analysis of mixtures

a&m:ea were analyzed by measurement of their
refractive indices in a Frecision Refractometer, and values were
determined to 0.90001, The accauracy of reading was, however,
of the order of 0.00003, A precision temperatere controller was
used to keep the temperaturs of the iastzument at 25, 30 + 0.02°C,
in order to obtain the ultimate accuracy. The refractometer was
located {n a room where the temperature was controlled at 25 +

0. 3°C.

Frior to the determination of the compositicn of the
mixture by means of the refractometer, calibration charts were:
obtained by determination of the refractive indices .d mixtures of
koown compositicn. The composition of mixtures were determined
analytically by weighing the samples® 0.1 mg. Tables in Appendix 2

show the composition-refractive indices of the calibrations.

d. Correlation of Refractive Index Data o!f Binary Systems

In order to obtain analytical expressions to represent

the dats, an empirical equation of the form proposed by rracek acd



Van Ness (47) ¢o repracent beats of mixing data for aicobal-aromatic

bindry syetems was used, In terme of refractive indices it ts as

icllows

=2 =5 » 3 " 37)

S -~ ‘ 1 - Xz oo e
®p
= o

N A T T 38

where x, and z, are tae mole fractious of comnponents 1
aad 2, respectively;
B and B are constanis for tbe perticular system

considered, at 25°{; and
(n;;olla.nii (nL °} 2 Bre the refractive iadices of pure come

poaents 1 and 2, respecnively.

Fige. 9 and 10 show the gdots of *y xz,:”as*: versus x,. R was found

that ouly 2 ¢coustaats were required for an aioquate Tepresentation of

the experimeontal data using Equation 37,

The series for the binary systems may be conveniently
represeated oy

x}. {} » xl)

TER 5
= = B B % {3%)

LI
&

where B = 3 -3 anc

b L AL B!
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Table & contains the values of the constants B and

B'' determined by least square fikings of the systems studied,

An attempt was rmade to employ volume fraction yl
ir.stud_oi mole iraction ) in Equation 39. Literature values
indicate that the maximum devistion of the molecular volume of
the mixtare {rom the additivity rule is about G, 7% for the systems
beazene-cyclohexane (i8), bensene - normal hexane {1 5}, and
benzene - normal heptane (48). It is assumed in the calcuiation of
ﬂl taat the additivity rule holds in the case of binary mixtures of

bensene with normal octane and benzens with normal decane.

It was foand that for mixtures of benzene wita cycio-
hexane, the foliowing two constant equation may be used for repre-

senting the data

> 3 =D QL’I }11 (46)
in which _
x, Vv

gy = — = - (41)

xl Vl+(l-x‘)V2

where Vl and 72 are the molar volumes of the pure components 1 and
2, regpectively. The mixtures of benzene with normal alkanes require
only one constant. Thxe average difference between the calculated and

experimentail 3 valaes, uring either Lguation 39 or Equation 49, is

of the zame order of accuracy 2s tae refractometer readings.



CONSTANTE UF EQUATION 39 FOR THE REFRACTIVE
INDICE: OF ~INTURES OF BENZENE WIiTH

B=ALKANES AND BENZENE WITH CYCILUHEXANE, AT 23°2,

Miixtre
£1) {2) -8B ALl
Benzene- a<Hexane 21.266 7.9218
Beasene- a-Heptane 19.160 8.7143
Benszene a~Tctane 18.277 9. 3461
Benzene a-Decane 17. 944 10.961
Benzene o=Cyclohexane 37. 299 6.8000C

Table 7
CONSTANTS OF EQUATION 40 FUR TEE REFRACTIVE

INDICES 3F #:Ix

"

URES OF BENIENE W

2-ALKXANES AND BENZENE WITH CY CLUHEXANE, AT 23°C.
~adxture
N (< - )
Senpene- a-iHexune 96,4 -
Benzene- n-iieptane 75.¢ -
Beacene- n-Octane 67.6 -
Eengene- a-Leczne 59.9 -

Benzene- Cyclohexane 65. 4 -11.8




B. ADBORFTICN FRUM BINARY LIGUDD MIXTURES

The measurements of adsorption from binary liquid
mixtures on solid adsorbents were carried out in the following way:
& previously prepared mixture of knows coraposition was addad to
the sdsorbent, weighed iata 2 12-zc brass adsorptiom cell, The
cell was sealed, weighed again to obtaia the weight of the mixture,
and allowed to eguilibrate in a2 constant temperafure bath coatralled
within 0,305°C at about 25° C. i4iuing of the contents was effected
by shaiing the cell vigorouely for one minule every calf-hour, aad
after four hours, it was centrifuged aand the equilibrium mixtare
anklyzed. Pertinent details of the experimental procedure for
€rying aaod loading the adsorption cell, 2ad for analyzing the equili-

briem mixture are as described in Pp. 70 aad 77,

The refractive iodex of the s2urple of unkaowa conpogie
tion was determined at 25°C., The campozition of the mixture was
caiculated from equation 39 by substituting the experimeatally deter-
mined valye of R and then solving the =quetion for the positive

sGuAre root of xl.

The apparent 2650 *piion per gram of adsorbent ':LI(“)

was obtained from: the relation




05240

", ©
e N (x! -xle)
5" - = )

and plotted against the equilibriwun concealzation of benzena.

The rumber of millimcles N> adsorbed per gram of
adsorbent, and the separation factor 5;{}5} were determined accor=
ding to Equation 21 from plots of x}"' {a- xl"'y/x:m 2gainst the
equilibrium concentration of benzene ::le, assuming a perfect

system,

The suriace areas por gram of adsorbent, determinad
from liquid adsorption data Z, (L) vere calculated assuming a
value of él = §Z =2 241 x 103 mz/mole fos the benzene-cyclohexane
system (1). The same molar area was assumed for the bensoneen~

alkanes system.
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& CALOPRIMETER APPARATUS

The calorimeters reviewed in Section IX have heen
used primarily for the determination of heat of iramersion of
adsorbents in pure liquids. A sericus sheortcoming in these
desigas is the rélagively large contribution, of the heat of breike
ing the buldb containing the adsorbent, to the total heat evolved,
Although this prodlem seems to have been solved by the intzo~
duction of & new design of glass duld {3} with a nezligible beat
sffect on bresking, there still remains the problem that would
be created by the possible contamination of a binary liquid mixture
prior to the determination. Obviously, the technique of continuous
drying prior to the determination 28 used for the pure components
(4} is not satisfactory because the concentration of the mixture
would change on adsorption. Besides, another problem of practical
importance is the large volume of liguid required in most calorie
maeters for a single determination. 'I‘hiq varied from 133 cc. {2)

to 800 cc. (421.

The calorimeter described in this section has several
uaique advantages for the determination of heats of immersion of

adsorbeats in liquid mixtures; in order of importance,these aze:
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€}) The conitamination of the adsorbate with water vapor prior
to the determination is avoided,
{2} The heat associated with the breaking of the foil separating

the compartments of the mixing cell is negligible,
Other desirable features ot the calorimeter are:

{1} The desiga of the stirring mechanism makes it possible to
sccomodate several calorimeter jackets in the thermostatic
bath.

{2} The brass jackets, unlike pyrex glass jackets, are easy to

lond asd unload,

In addition to these, there are other advantages which are shared

by other calorimetazs:

(1) »aes losses to the outside are avoided,
(2) Small temperature changes may be measured accurately.

{3) Caly small volumes of liquid are reguired for a determisation,

- On the other hand, the heat of immersion determination
in this calorimeter has no appareant dicadvantage that is not shared
by other calorimeters. Of these common disadvantages, only ome
seems to be sigaificant, namely, the time required for the adequate

preparation of the mixing cell aad the adsorbates.
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1. General description

Beiore descridbing in detail eack component of the caloe

rimeter, a brief general deacription of the assembly, shown in
Fige. 1] and 12, is given,

The calorimeter is similar iz some respects to that used
by Cheeseman and Whitaker (49) for the msasurements of heats of
rmixiag of binary liquid systems,

The apparatas consists essentially of 3 mixing cell in
which the adsorbent and the adsorbate are iscisted, from each other
by a tin foil diaphragm, aad from tihe surrocundings by O-rings and
plugs. A heater and a thermistor on the cell provide means of adding
measured enezgy to the cell &nd contente, aad of determining tempera~
ture changes, respectively. The mixing cell is placed in a brass ,
Jacket, and this in turn is submerged in a thermostatic hath contwallad
witbin 0,005°C., at about 25°C. The apparatus was located in & room

where the temperature was controlled witkin 1°C at about 25°C.

£a outlet tube on the jacket is provided for obtataing high
vacuum around the mixing cell. The electrical leads are brought out

by means of a zoanector in the jacket.
The contents of the cell are brought into contact by tze
breaking of the diaphragm. The breaking of the diaphragm and the

stirring of the ceil are effected by a goid plated nail placed originally
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in the larger compartment and which is made to operate under the

in.luence of an exterzal coil.

4. Construction details

a. ;-.ﬂxiy Lell

A sketch of the cell is showsn in Fig. 13,

The mixing cells were cylindrical brass vessels ranging
from 3 to 15 ml. in total volume. Each cell had two compartments
held together by a union; and isolated {rom 2ach other by means of
a0.0015" tin foil diaphragm, placed between two 0.010" tefloa
gasikets. A filling openiag was provided for each compartment and
sealed by an O-ring and a brass phag. Several small compartments

wbre made in order to vary the volume ratio in a cell,

The larger compartments of the mixing vessels were |
each provided with a thermister temperature sensing element and
with a heater. Thermistors (ranging in resistance from 559 ohms
to 2200 ohms at 25°C) were cemented on to the external surface
with Epoxy cement; and the heaters {rangiag in resistance from 132
ohmas to 21 oims) were wound aon-inductively {from Manganin wire,

on the external surface with Glyptal resin,
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b. Jackes

4 pnotograph of the calorimeter jacket is shown in Fig.
1l. A szetca of tne same jacset is shown in Fig, 14, It was cone
struciec from ¢ i/8" U, L, brass tube wita & wall taicknees of i/8v,

1ae lower enc of the tube was closed by 2 braes Cisk and the upPpe T

part of the tube Wi wroviced with 3 ilange,

The lid 9f the jacket was providec witk a flange. Two
openings oa e Lic aliowed Coanection of tie jacxet 10 the vacuurm
2nc to the elsctronic sysiems. Tae vaceumn outle: wae made of a
5/8" 5.0, copper tube, about & lony, zuldered into aa opening o
the flange, .. multizle woint hermetid swil, costaimag & electrical
leads was soldeied into the other ogeniay to allow electrical counec-
tions irom toe joset 10 the outeice., 1ne electrical Jesss at the
hermetic seal were clectrically iasulater wigs Zlyptal resin, and
ieolated from: the water bath oy medar o 2 2 /4" oil, copper tube

Loluered Concsniric o Ine CONRECIdT vnto fhe hd,

Ihe iuterior of the jacket was ceadered aiy sight a4
Water-proof Ly means o aa S~ring, siing oaa ceclanjgular Jrocve
made in the lower Zlange. Lompression o) tae v=riag between upper

aadl lowes {lauges was atleined by &pdying & Li=pound torguae en four

sealing bolts,
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c. Lol
4 sistch of the coil is presented in Fig. 15.

The coil was made of insulated copper wire No., 2488 5
wotnd om 3 8p00i 0 give about 35 ohms. The 8p00! was constructed
of srass cylinder with plexiglass sides, and was waterproofed with

Glyptal resin.

The coil was supported arcusd tae Jacket by means of 2
brass ring bolted slightly onto tae Jacket, exd was inaulated from

tae supporting ring aznd from the Jackels with styrofoams.
d. Water Bath
Fig. 11 shows the thermostatically coatrolled water bath.

It consisted of 2 30" x 15" x 20+ glass tank set in 2 wooden
box with Styrofoams lagging betwoen thein, Temperature conivol was
attained by & mercury glass regulator coupled with a "‘Tru:istor"
Relay and was within 0,005°C. The texperature fluctuations in the
bath were notec oa a Beckxan thermoaometer. Two stirrers proviced
efficient circulation taroughout the bath to assure uniformily of tempe~
rature,

rieating was accomplished by means of two 120 vait, 753

watt izomersion heaters. Cooliog was cifected by means of four coaliag
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colls which were vertically mounted, two on either side of each

stirrer, close to the corners of the tank,

The tank was also equipped with a brass supporting
frame for the calorimeter jackeis. It consisted of a 9v x 9 x 9*»

frame work on which were welded four 2 1/8" L I, bress ringa.

e. Vacuum system

A photograph of the calorimeter vacuum systew: is

shown ia Fig. 11.

Yacuum was attained by mesna of & high vacuum puemp,
mechanical sad diffusion type, with a capacity of 609 litres per
minute at 18'4 mm. of Hg. The Vacuum punp was connected to the
pumpiag line through a metal to glass aeal, The pumping line wae
provided with a Vacustat gauge, 2 traps cocled by liquid nitrogen,
a four-outlet manifoid and suitable counections. The traps were
used to protect the system from mercury vapor and to condense

Vapors escaping during evacuatioa,

The calorimeter jackets were connected to the outlets
of the marnifeld by means of rubber sleeves, 2.54 cm. O.D. and

well thickness of 0.82 cm.

f. Thermistor Circuit

The temperature measuring circuit is shown in Fig. 16.
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The temperature .cmges were medsured with tue aid
of 2 Wasatstone bridge circuit, the therrmistor {Th) being included
in one of the arms of the bridge, A 2-valtlsad-acid (Vi) atorage
battery was used as the power supply ior the bridze circuit. This
arrangement includec 2 raéiatance of 23, 5600 ohms counected in
series with tae power supply in order to keep tae current flowing
through the taermistor at about 30 p amp., aod thus prevent an
undesizabl. dissipationof heat by the thermistor, A 40-chm standard
resistor ER1 inthe circuit allowed the curremt flowing through the

thermistor to he csecked from time to time with a K-3 potentiomaeter,

When the resistance of the thermistor varied due toa
change of temperature, the bridge equilibrium was disturbed. The
output from: the Wheatstone bridge was fed to the Electronic Dl
Null-Detecter shown in Fiz, 12. The amplified D. C. voltage dtowa
2 50 mv. recorder with a chart spsed of one inch per mitute, The
sengitivity of the circuit is sach that a change of 4 mv. correspands
to a change of temgerature of about 0.0Gi°C, The sensitivity of the
system coxld bé varied from about 0.2 to 4 v, per 0.001°C. The
aest effect was followed by the change 0f thernistor resistance with

time, using the recorder as a null instrument,
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g+ FHealer circuit

The circuit for measuring the electrical energy euprlied

to the calorimeter is shown in Fig. 17.

A b-volt 1ud~§cid storage battery (Va; was used as tne
power supply for ihe heater circuit. 4 variabie resistor (V3) allowed
adjustment of the circuit potential, The curreat through the heater
(R H )o of the order of 5.1 amperes, was calculated {rom the potential
drop across & circuit with a standard resistor (SR Z). This potential
drop was determined by measuriag a postion of the potential from a
volt box baving a nominal ratio I'\l/(ftl + k,) of 1t010. The potential
mesdsurements were made with a <3 potentiometer in conjunction
with a highe-sensitivity g§alvacometer. Frovisions were made for
measuring the resistance of the atandard resistor on the Whuzstoae
bridge. The heater resistance which included 10 cm. of thermocsuple
wire No. 3¢, was &30 measured og the Wheatstone bridge. The
heating time was measured to } 0.935 sec. by & Frecision electric
timer (T) operated {rom the power mains at a frequency of 60 cycles/sec.

aod syachronized with the calorimeter heater circuit.

During noz-aeating periods, the battery was discharged
through a dummy resistor (D. R.) whick bad a resistance equivalent

to that of the mixiug cell heater pius leacs, The working cell for the
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potenticmeter was 2 2-volt, lead-acid etoraze battery, The standard
cell was certiiied by the Division of Applied Physics of the National

Research Council of Canada,

Ceansctions made in the cirsaif, using biading posts BP,
allowed the resistecces of the standzrd resistor (SR2), the leads,
the switches, the volt box, and the equivalent of all these to be meague
red on the Wheatstone bridge. The equivaient resistance of this

circait, designated hereafter as standard resistor (SR Z)c. is given

23 {ollcws
1 . i . 1 {42)
sts)c (R.l + 5.2) + (RS + 2‘:‘;) SR« + leads
i = 1 . 1
(SRZ)C {300.00 + 278).5) + 0,220 $9. 041
{SR ?.)c = 3v.492 ohuns
B' pn = [ AANAA - - B. P. C
‘ ER2 + leads ‘]
R3 f";;; 1§
nm ]
AAA A

where SR. + leads to vinding posts 8 and T = 40.021 ohme;

(Rx + 32} is the total resistance of the volt-box = {300.50

+ 2701.90) shms; aad

Ve

(!‘-.3 + R }is the vosistance of the lecds ane switches =
5
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h, Coil cireait

The conaecticns io the cail aro schematically outlined
in Fig, i3,

Four, twelve-vuoll, lead-acid storage batteries connected
in series were used as the power supply for the coil. A motor with

cam-actuated shaft, was used t0 operate & microswitch, which in

turn opened and closad the circuit about 3¢ times per minute.

3. Freparation of the mixing cell and testing for leaks

The following procedure was asopted for preparing a

calorimeter vessel and testing fa~ leaks,

5} The mixing cell was carefully cleansd, assembled, and cegacsed
for 10 hours 2t roons temperatare o 13-2 mm, iig.
i)y it wes tested for leaks. This was accamplished by first filling
the smaller compartment with petrcleum ether and then sealing
it, while the larger compartmeat was left open, The csll was then
1

weighed, placed in & vacuam desiccator for 15 minutes at 10~

mm, of Hg., and weighed again,

Vraen Lo 1086 in weighi o evacuating was greater than
3 or £ mg,, ta2 evacuating process was repeated for 15 minutes.
A farther loss in welght of 2 to 4 =xg. was indicative of a lowking

ceil, The cell was then re-zssexbled with new teflon gasikets,
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new diaphragm and new D-ringe, and tae procedure was repeated,
The larger compartment was tested for leaks by using a similar
procedure, except that the petroleum ether was weighed in the

larger cempartment, leaving the sralier compartment open.

After testing for leaks, the mixing cell was driod, using the
aseembly shown on Figs., 2 and 3. 7This ascembly consisted of

a vacuum pamp {I), a Vacustat gauge (J), two tzaps cocled by
liquid nitregen (i), & metal desiccator (L) &nd suitable comnece
tions. The cooled traps serve two surposes: they condense
water and hwdzrocarbou vapors resslting from the dryiag of the
cell, aad protect the vacuum puaxp and the metal destccator from
the mercury vaper in the Vacustat gauge.

Tue cell was placed in the metal desiccator ars this was
svacuated to better than lt‘).3 mm. of Hg. fox about 3 hoors, At
the end of this period, the cell was removed {rom the desiccator
aad the fallowing weights were noted: the upper plug with J-ring;
the 1Mr plug with 0-ring; the nail, and the rest, It was found
that the componeats of the cell did not iacrease in weight in the

tizne required for weighbing.

Next, the cell was placed again in the metal desiccator and eva~

cuated at 16-3 mm., of Hg. for about 5 hours.
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Subsegquently, the ampnlc containing the silica adsorbent

and the containers holding the dekydrated hydrocarbon or

the biaary liguid mixture, t0 e used in the hest of invnersion
experiment, were placed in the dry box.

Xieanwhile, the dry box was conditioned by placiag activated
silica gel inside and sliowing & stresm of dry aitrogen to

flow iato and out of it. Tho stream of dry sitrogen was passed
throegh towere packed with eciivated silica gel prior to and
after its admission to the dry box.

Followiag the evacustion, the brass desiccator was removed
from the vacaum system, with the mixing cell in it under
vacuam. This was accomplished by cloking the stopcock in
the line to the upper flanye of the Jesiccator, and then sliding
down the rubber siceve which connected the desiccatar to 4
the vacuam system. Then, the dry box was opeaed and the
desiccator placed in it. The dry Yox was closed, and nitrogen
was allowed to flow for another 45 minutes., After this, tha

nitrogen stream was replaced by one of belium.

R Lo:dg’ the calorimneter

This operatioa comprised escentially three phases: the

first one was the weighing of the adsorbate and the adsorbent in tie
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mixing cell, the second was the posikioning of the cell in tae Jacket,
and the third was 12 inounting of tae calorimerer jacket with its

contenis in the waics 2ath. The procedurt was os icliows:

The tip of the zlass anmpouie centaining the adsorbeat
wae cut off anc pars of the sampie was Quickly iransierred into the
sinaller compartmeat of the cell, under 2 helium atmogphere in e
dry cox. The celi was then closed, withdrawn from: the dry-box and
weighed to 3.1 mg. Jader wimilar conditions, a pure liguid or 2
2ipary lquid misture was weighed ints ine larger campartment, which
coataiaed 2 goid-plated pail. Excess liguid was partially blowa aff
with 2 stresm of dry-xitrogen Lupdnging on the cealing J-ring of the
larger compariment, and the rercainder wes completely removed at
a pressure of 19‘2 mm. of Fg., The cell was re-weighed and this

reading was the mezasure of the weight of the cell asd its cantesnts,

Afterwascs, the cell was rositicned in a bress jackes,
wits the emalier compertment S2cing downwards. Tais posilicning was
accezsary in ATTLT tG casure the complete immersica of the sample
of adsorpeat in tre liguid mediwm. .\ coll-loider made of § /27 LI,
bre.es pipe, about 4 1/2" long, was uged to support the mixing cell
inzide the jacket, Rings of Styrafoam: azd Flexi-glass wers used to

k23p the celi-hgider from touching either the cell or the czlorimeter
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jucket. Shert circuiting was prevented by rajising and rotating the
cell-kolder from ity initial poeitioa until all leads were straignt

and clear from each other,

The jacket war closed, submerged in the coastant tempe-
ratere bath, 2sd svacuated 1o a preseure of lecs thas 10°° mm. of

Hg. The water bathk was coatralled to+ 0,005°C,
8. Heat effects

&, Immersiva af & s0lid ia & licaic medium

The experimental procedure zsed for measaring the heat

of immersion was ag follows:

The batteries in the thermistor and heater circuits were
allowed to discharge for about 16 hours to encure stable conditions at
the Toginning of the yun., The batteries in the heater circuit were

dischhrged through 2 dummy resistance until required for calibration,

The cell ond its contents were allowed to reach thermmal
squilibrium with the b=th, Due to the hizh vacuum inside the jacket,

at leazt one ni;lhi was required,

Eefore starting sn experuzient, the resistance of the
thermistor was read a2t 30-:mminute intervels until either & aegligible

2rift or no drifi was odtained, Then the gold-plated nzil, initially

B,
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piaced in 126 larger compartment, was eaergized by the external
solenoid at ¢8 valre,with about 30 oa~off intervels per minute, to
rupture the diapbrag and 16 a8t the calorimeter vesgel contents
during the rua. The change of thermistor resiztance with time was
recorded. |

iGae senaitivity of the aystem could be varied from run
to run 8ad during the run, if necesstry, {rom about 2 to 40 mv,
per 0.01°C., oa the recorder chart, During the elactrical czlibrae
tion, the wariable zésisiances were uicd to rebelance the bridge
coatisually using the recorder &3 a nuii ingtrument. This procedure
aliowed an expaansion of the recorder scale and, in addition, ainie

mized errors resulting from unbalancing (59).

# typical piot of thermistor resistance versus time is
raprodaced in Fig, 13, for the immeorsica of & sample of silica gel

‘ - < s - o
A, s & mixtere of bensens and cyciokexase,moie fraction = X, =
. »

)

0.2478.

Tae tia foil diaphragm was broken at 2. The evolution
of heat, period B, was comploted ix about 3 minutes. After the
resietance of tho thermistor had indicatad a regular increase in its
value, CD, the cglorimetes was allowed, without stirring, to reach

thermal equilibrium with the bath. The coil was then energized and

the change of thermistor resistance with time due to the stirring effect
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{micas any beat loss to the bath) was followed for about 10 minutes,
shown as pericd EF. In genoral, this effect was found to be aboxt
8.2085°C. per minute. Electrical eaergy was then supplied, ¥,
to dnphcgts the change of resistance that eccurred during the im-

mersion period,

During the hesting period, the potential drop E across
the standard resistor {SR Z)C Was measured several times. After
the heater was turned off, the mixing cell was aliowed to come to
& steady-state and the final rating period, GiH, was established.
The {inal rating period lasted about 13 minutes. The accumulated
heating time within 0.05 sec. was read directly from the electric

timer at the end of each calibration.

Next, the cell was removed from the bath and weigm
to check for losses. Then, it was centrifuged at about 10,000
R.F.., for about five minutes to remove the eolids in suspension.
It was found that the temperature rize on centrifuging, indicated
by the thermistor resistance, was of the order of 1°C. Finally, the
cell was placed 2gain in the water bath for one hour in order to
regain thermal squilibrium, and the equilibrium mixture was then

analyzed with the refractameter.




Ine graphical method indicated in Fig. 183 was caed
to determine the cuantity of heat QI releaszed on immersion. The
corrected temperatire rise wae obtained by the exirapolation of
the jatial and the fin3l rating periocds to the time when the resis-
tance of the tiermisior is equal io the average oi the values, at
the beginning aac &t tae encd of the inumervion period {51), The
vertical cistance Vi was selected as the quantity correspoading
10 the correciec temperature rise. Tue teinperature rise for the
o3 0rity of the experimeonts wae of the vrder of 5.2 to U.4° C,
Ibe pertineai daia and consglete set o) calcilations for this rao

are presested s appendin 7,

~

The heat %4 released on wminersion of ¥ grams of a

. o - s . o
solid adsorbent in v moles of a liquid of “oinposition Xy ani

. e
equilibriam cOmpoEition x,  was calculated izom the equation

N

T
vy T o e 43
i S 4 {43)

where 16 tae armount o1 electrical euor

- ’ Ces o~ : - e ? . ¥
Loy ev lh@ gorrectes chin e 37t eraiistor resisiance
i
oy e A S g et Cems eme g TN - - . - ey
Aol L€ Ol Ll eidaly ben Ok Rg IO
> : % . . ®apet Ao N 4. e - 3 - — .
S ol T o relltn codn e v e 4o resistance

. e . L e P . e . .
CLloly el ciocirieal e lii-a Bl A 6.2 8,
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The amount of electrical energy supplied to the calari-

meter, in calories, was found from Joule's equation

Fr t
H
Q= 3 {44}
where 1 is the current flowing through the heater of ressistance

RH‘ in amperes;
t is the heatiag time, in sec.; and

J is the electrical equivalest of heat, (4.18 ' joules/cal.)

The beat of immersion, in cal./g. of adsorbent, is

H. 5 e (‘55’
B, A of liquids

The procedure for lozding the calorimeter, bringing about
mixing, performing the electrical calidbration of the system and cale
culating the total chaage of resistance of the thermistor on mixing,
were essentially the same as that for the heats of immersion experi-

maents. However, it should be mentioned that:

i} the alcohols and hydracarbons were used without
purification,
ii) the calorimetersz were loaded under atemoepheric
conditions.
iif} whenever the mixing of liquids caused 2 temperatars

drop in the calorimeter, heat wae supplied to the
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calorimeter heater after a regular decrease of the
thermistor zesistance was indicated and until the

thermistor resistance approached its original value.

Tha heat of mixing tweo pure liguids, AHM, expreaged

in terms of caiories per mole of mixture is given by the expression

} 3
M _ g

N1+3\'2

al

{46}

where ™ is the heat evolved or absorbad on mixing, in cal.}
Nl is the aumber of moles of liquid 1; and

Na is the number of moies of liquid 2

When N° moles of 2 binary liquid mixture are mixed with one of the

Pureé components, the beat of mixing per mole of the resulting binary
mixture may be calculated by the equation

. . M L6 .0
mf‘» s = + ‘Aﬂh‘) x N : 47
N.

where (a4™)° is the heat of mixing of the binary mixture; and
N¢ is the number of moles of the resulting binary

mixtare.
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T, CALORIMETER PERFORMANCE AND PRECISION: HEATS

OF MIXING OF ALCOHOLS WiTh WATER

* Since much of this study was concerned with the expe-
rimental characteristics of the calorimeter, the firat results ob-
taiaed were mmedsures of the precision and reproducibility of the

results,

A=z indication of the reliability of tho calorimeter was
obtained, by comparing results on heats of mixing meascrements
of alcohols with water at 25°C., with results of previous investie
zmr.o

The heats of mixing values obtained for the following
systems:

Methanal -  water

Ewhanol water

Propaaol-2« weater

are given in Appendix 3. The data are compared with values available

in the literature and presented graphically in Figs. 19-22., Tae
results of thesd meazurements have been presented and discussed

olsewhere {52},
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Vapor space in the calorimeter resuking from the con-
tractios of volume during the mixing process was smali, and maxie-
mum errors regulting {rom possible evaporation were estimated as

follows:
Methanol - <water 0.24%

Etbanol - watsr 0,60%

Propanocl « 2 - waster 1.4 %

Errors due to heat exchange with the surroundings ard to other

mersurements amounstad to 1. 1%.

Methanol-water: Heats of mixing of methanol and water

have deen previcusly reported in the literature. Bose (53) made his
measerements at &, 19,62 and 42.37°C; Ocon and Tadoads (54}, at
16.9, 35.4 and 53.5°C; and Katavame (55) at 5, 20, 35 and 50°C,
Graphicaily interpolated values from theee sets at 25°C are plotted
in Figure !9. Receatly, Beajamin and Bengoan {56) reported their
measuroments st 25°C which are also plotted in 7ig. 19. The values
obtiined ia thiz iavestigation are, in general, somewhat smaller than

these of Benjamin and Beason but higher than those of Katayama.

Fig. 20 showse that there is good agreement batween the
experimental valusa obtained in this investigation and those recom-
mended {or this system: at 25°C by th M. B. &. (57). The average

deviation is of 1.4 %,
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Fig. 19 Heats of mixing. System: icethyl alcohol ~water at 25°C
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Ztoanol-water: Dose {53} measured the neats of mixing of ethansd

and water at &, 17.33° and $2.95°C,, and Bosjsekovic and Grumbe
{33} reportec valuos from U to 18C° ¢ at 1o-degree tutervale., Cragpni-
cally isterpolated valses 51 25°C from these two seots are compezed
with tae values obtained ia this favestigation in Figure Z21. At low
mole fraction of aicokol, the values obtaized in this study sgree well
with thoss of Sose, bat at high mole fractions of alcohol, the values
obiained in this investigation agree well with those of Roajnakovic

aad Grumbe,

Propanci-i-water: HZatayama (55) messured the beats of midag of

propaacl-2 and water at 20° L and caicuintod heats of mixing values
from J to 80°C at 10-degree intervals from the exparimental Sent
capacity valzes for the system. Grapaically interpolated values at
25°C are plotted in Fig. 22. Dimmliang and iange (59) determined
the integral heats of dilution for the aystem at 25°C, These values
were ased to ovaluate the heats of mrixing valaes which are also
plotted in Fig. 22, The values obtained in this study agree well wizh

the interpolated values of Katayama.

The hests of mixing values for ineothanol and water can Se

representad by a third-arder < constants .iargules equation
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xl xz

=A+B{1-3:=1}+C(E-Zx’z-‘ri')(}-Zx {48:

1} Y

with values of «750.9, =401.3, ~495.3, and «142.5 cal, /mole for
the constznts A, B, Cand D respectively, The heats of mixing data
for ethanol and water and for proranci-2 and water cannoi be repreé-
aecated 2z well by the Margulea aguation with the same aumber of

constants,

The partial molal enthalpies of water in methanol, etbanol
and propanol 2 at isfinite dilution of witer increase with the n:glecular
weight of the alcohol and are -683, -400 and + 400 cal./male, respec-
tively, The partial molal enthalpies of alcohals in water at infinite
dilution of alcohal decrease with the malecular weight of alcouolis and
are -1703, -2300 and ~3200 cal. /mole for methanol, ethanol and
propancl-2, respectively., Recently, Avevard and lawrence {60} have
reported values of -1756 and ~2390 cal./maie for the partial maisl
enthalpies of methanol end ethanol ia water at iafinite dilution of alcehol,

respectively.
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Al RESULTS
L S e Y

The rescits are presented and discussed separately ia
two secticns: A} The equilibriwn adsorption; and B) The heats of
tmmersion of adsorbents in pure liguids and in binary liquid mix-

Ies.

An error snalyais of the data ic given in each section,

immediately aiter the presentation of the rasuits.
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A. ZQULLIBRIUL: ADSORPTION DETEFMINATIONS

i. Prezestaiion of results

The resuits of the equilibrium adsorption determina~
tions of biasry mixtares on silica gel Ao’ aad silicic acid Bl are

given in Appeadix 4,

Tae temperatare of 140°C was chosenbr degassing
since the adsorbents zhowed very slight decrease in weight below
150°C, suggenting that only physically adsorbed water is removed,
This view finds support in findings, through measurements of water
adsorption {61) and heats of immersicn {35), of 2 lack of structural
changes of seome silicas between 20 and aboat 150°C,

Tae datz were correlated according to Equation 21,
Fige. 23-25 show the walues of x,* x,%/x ™ sgaiace x,* for the
various systoms otudied, The plots ar ali iinear. The values of the
cangtants ia EqQuation 21 were determ ned by the metﬁod of lenst
sQuares and sre shown in Table 8. The 2verage doviation betwaeen the
cxportmoan.i dams and the calculated values of xle {1- x .’/xi &) are
given in calumn 3 of Table 8. Values of the apparent adsorption ¥ l(N’,
calculated from these oquations at a sumber of mole fractions, were

used to construct the curves in Fig. 26.
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o Benzen2(l)-n-alkanes (2) S.Gel Ag
© Benzenz(l) cyclohexane (2) S. Gel Ag

® Benzene(l) cyclohexane(2) S. Acid B,
— Calculated

Fig. 26 Composite ad}orptica tzotherms at 25°C,
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The surface areas per gram of adsorbent, determined

from liquid adsorption data .2‘ s Were calculated assuming a

(L)
value of §1 = §?. = 241 x 103 mz/mole for the benzene-cyclohexane
system (1). The same value was assumed for the benzene - n-a2liane

systems.

The separation factors and surface areas {rom liquid
adsorption are 2hown in Table § together with the nitrogen suriace
area values. Tizo values for the two binary systems swdied bere are
siven in Past I of the table, Part i gives values for mixtures, calcu~
lated from available data for mixtures of benzene with cyciohexane,
on same silica adsorbents ranging in nitrogen surface area from 150

It should de pointed out that one of the original assumptions
in the derivation of Equation 21 is that the mixtures are ideal. This
aszumption has not dbeen fully justified in this study because the measure-
ments of the aeats of mixing of benzene with cyclohexane and of benzene
with n-alkanes presented in Appendix & indicate that the mixtures are
non-~ideal.

Fig. 27 shows the values of ﬂle (1 -lle)/xl(v) against ﬂle
for the various systems studied. The separation factors &(V) and the
monolayer volumes v® are shown in Table 10 together with the total

pPore volume of the adsorbents as determined from adsorption of niiro-
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8Cr
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60r Cdlculated

© Benzene (i)-n-Alkane (2)

O Benzene (I} cyclohexane (2)
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@ Benzene (1) cyclohexane (2)

S. Gel A,

. S. Gel ‘Ag

¥ig. 27 Adsorptioa at é5° g,
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gen. The average dcwiauan between t:e experimental data and the
calculated values of #,° (1 - ﬁ/xlv is given in column 3 of

Table 10.

2. Error analysis

The accuracy of the presently reported values of kl(m

is limited, primarily, by the experimental precision in the datermi~

nation of the concentration of the equilibrium mixture.

Tae accuracy of the composition of binary liquid mix-
tures determined by measurement of the refractive index is given
in Fig. 28 a3 3 function of benzene mole fraction in the mixture,
It is seen that the accuracy veries fram system to system, according
to the difference in the refractive indices of the pure campoaeats,

and within the same system a3 a function of camposition.

The accuracy of the values of % xz/x‘(m were calculated
and their magnitudes are indicated in the graphs of the composite
adsorption isotherms. An example of calculation is presentsd below
for the adsorpticn of mixtures of beazene with cyclohexane on silica

L]
gl Ao




Estimated accuracy of benzene

x 1004

mole fractioh in mixture

i

6 : Benzene (!)- n- hexane (2)

T, - n- heptane(2)
8: - n-octane (2)
Cy: " cyclohexane (2)

-n-decane (2)

H 1 .2

i ] ]

0.2 C4 06 08 10
% ( Eenzene mole fraction in the mixture)

Fig. 28 Accuracy of liquid composition determination from Refractive

index measurements
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% x5 weighte
(g. /mole}
0.0953 & 0. 63%) 68.4 ¢+ 2.0%) 2
9.2331 {4 0.21%) 128 ¢ 1.25) 3
9.5%01 ¢ 0.07%) 277 ¢ 2.4%) 2
0.7372 {2 0.04%) 325 (¢ 2.1%) 2
0.8659 & 0.04%) 395 (+ 3.6%) 1

In colummns 1 and 2 of this table are givean values afx,e

e e, (N
and :l xz 4 }‘l( 3, respectively, with their corresponding uncer-
tainties. I column 3 are preseanted the weights, for the different
values of xla xz'/xlim with a weight of 1 asaigned to xl‘ x;/ :&!(m

= 395,

N)

The average deviation of the values of xle xz°/ Xl‘ is

equal to the summation of the products of their uncertainties and

their weights divided by the number of weighted ocbservations:

* + o - ) 2
Av.D. = 2x2.0+3x1 2+2xf04+2x2 l+1336_2‘0% 49

From the least square fitting, the {ollowing values wezre

obtained for the constants of equation 21

e &Ny D' = 39.9

"

1/N* D = 410
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The sccuracy of the values of x" and :iiN) was then calculated,
assuming: a} that the chosen value of él 2 Qz = 241 x10°

mz/ mole represents the true molar area of the different adsorbates
on 3 monolayer; b) that the mixtures are ideal; and c) that the

adsorbent bas a2 homogenedous surface,

Thexn,
A i .y IOle
N = 0 * 000245 @ 2.37) e

The surface aresz is:

=,.

L) = 0-00244 x 241 10 = 588 (¢ 2.3% m°/g.

r'or the separatioa fsctor,

4190

nos l+———3a.9

= 14,3 (¢ 4.0%)

Iz the system beazene- n-alkanes - silica gel Ao',ahe g

average deviation calculated fram Equation 49,is smaller than that

betweea the experimental values of xla Q- X, °)/xl‘m and those

calculated from Equationél, 1.1% and 3.54, respectively. Heace,

the latter was used to estimate the uncertainties in é.”_) and ; ‘M.

3. Liscussion of Results

The investigation on the adsorption of binary liquid mix-
tures on the adsorbents may be interpreted to a first approximation

from the viewpoint of the monomelecular model of liquid adsorpiian.




Figa., €2-27 show ihat tae adaorption of benseae on
Dotz adsoroents iz grewter than that &f (e solven:, iadependean: af
the method chosen o express the magnitude of the appareas ad-
sorpiion. When the apparent adsorption is plotted in terms of
g./mole (Figs. 23-25j, ihe eqailibrium between the concentrations
of the bulk and on the suriace is shown to cepend oa the origin of
the adsorbent. Un tie other hand, Fig. 25 shows that {07 n-alkanes
in mixtares with enzens, the composits adsorption isothsrm ia
Guite insensitive to the salveat Over the range of the experiental

work covered in this study.
The da of part I in Table 9 indicate:

(i} A dependence of the separation factor on the adsore
bate system for & given adisorbent. Thus, on ailica gel Ac'. tho
values of (N is lower for the system: bsnzene- n-alzanes than for

the system benzene - cyclosexane; and

{ii) A dependence of the separation factor on the source
of the adsorbent for & given adsorbate systom. Thuas, [or mixtures
of benzene with cyclohexane, the value of &(N) is higher for silicic
acid thin for silice gel, It is possible, that differences in the
structures of the adsorbente (33, 3%} may have same bearing on the

results obtained in adsorption from biaary liguid mixtures,
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A comparison of :{‘m velues {or the benzene-cyclohexane
syatem in silica gel Ag',and taose in Fart I in Table §, indicate 3
satisfactory agreement for silica gel and porous glass; the differences
in the vai-.:es heing attributed to the accuracy of the determinations

anc to different treatment of the adsaorbents,

A consistent tread in the values 97 the surfzce area deter-
mined irom tike adsorption of mixtures of benzene with cyclohexane
is obeserved, the B . E. T, values are about & mz,/g. larger than those
iquid & 3 The relati aiy =
from liquid adasoerpiion. he relationsaip between é‘ (L and » mz’

in mz/"g. may be writiea ae foliows

; - he - < = ) = - 81
Benzene - cyclohexane - silicas S(L)a S(NZ} 84

(=0}
v the gther hand, the B, E,7, value for Ao' is smaller
than that cdbtrined {rom the adsorption of mixtures of benzene with
a-alkanes, by about 70 mz/g.
The discrepancy ia the two sots of velueg obtained for tue
surface area determination from binary liquid adsorption data may
arise {rom ssverkl causes, nakmely, tae mixtures are not idedl in the

bulle, 2nd may not behave 3 ideal mixtures on the suriace; the

molecular areas or the surface of the adsorbents mmay not be 241 = 133
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mz/molc. and they may not se idensical; e surface of the adsor=
beat may aot be homogeaeous ; and finally, the adsorbed species
may 2ot be restricted 1o & single layer of molecales. All these
eifects will roflect chaages in the calculated valuesp of the suriace
area of adsorhents. In view of the nature of the assumptions in~
valved acd the geacril camplexity of the phenomienca, the extent

of the Qiscrepaacy is 8ot very larae in ceterminations of this type.
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B. THE HEATS OF IMMERSION

1. Preaentation of Results

a, Pure ¢carrgonents

o

ine heats of immerszion of various silica adsorbents in
aine purs adseorbates are shown in Table 11 along wit: their respec-

tive sarface areas {B.E. T. )\

All the adsorbents but two were degassed at 140°C and 2t
seduced pressures. Sample Aia Was ihe same as ﬁ‘. but Cegassing

was eifectec st 140°C and atmospheric pressure. Sample A A was

ib
obtained by deactivating AI wita 3. 8%, by weight, of water vapor,

The hests of immorsion per unit surface ares, f.e.

H O Y
o 1 ] o 1 '
g T = Y e T = =
- -“‘2' .‘u}

are compared in Tadle 12. The ligures in pazontuoeses reier to values

of hx° calculated irom surface arsas determined by adsorption of

binary liquic mistures of benzene and cyclosoxane, The relatisaship

between the nitrogen suriace 2rea én(x‘a ; acd the benzene - cyclohsxane
"2
suridce ares -iﬂ... X in mzig.. being
=t ;T"‘Nz’ - 80 {50)
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b. Binary mixturss

A total of five binary systems in nine adsorbents were
made at the fallowing conditions: degassing temperature of 148°C,,
calorimeter temperature of 25 + 0.2°C,, adaorbate to adsorbent
ratio of 0.066 t0 3.777 racles/g. Under these conditions the core
rected temperature rise in the calorimeter varied between 0.1 and
0.6 of a degree centigrade, and in the majority of the experiments
Xl':}’ xlo.

Two adsorbents from different scurces aave been studied,

namely, (i) & Commerical Silica gel, and (ii) Silicic acid. In addition,

data have been obtained with deactivated samples of silica gel,

¥ive binary liquid mixtures have been studied, aamely,
(a) Bensene~cyclohexane; (b) Beasene- n~hexane; (c) Bensene~ n-
bspians; (d) Bemsene- n-octan® and {e) Sensene- n-decane,

The systems tested are summarized in Table 13.

A preliminary experiment on the heat of immersion of
silica gel Az in & mixture of n-hexane with n-decans {n-hexane mole
fractiom = 0.4971) has shown identical results for the mixture as {or

the pure componeats.
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Table 13

SUMMARY OF BINARY SYSTEMS TESTED IN

HEATS OF IMMERSION MEASUREMENTS

Adsordbent State of the adsorbent Adsorbate
Silicic Acid BZ degassed under vacuum EBensene-cyclohexane
Silica Gel As degassed ander vacuam Benzene-cyclobexane
Silice Gel Ay degassed under vacuum Beaszene-cyclohexane
Silica Gel A“ dezassed in the oven at Benzene-cyclohexans

140°C
Silica Gel A!b coataining 3, 3% of HZO Benzene~cyclohexane
Silica Gel Al' Az. A 4 degassed uader vacuum Beasene~ n-hexane
Silica Gel AZ degassed under vacuum Benzene~ a-heptane
Silica Gel AZ’ A 4 degassed under vacuum _ Bensene- a-octane
Silica Gel A degassed under vacoum Bensene- an«decans

4b
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A typical heat of imunereion isotherm is shown in Fig.

29 for the sysiomn benzene~cyclobexane-silica gel A_. The isothemn

3‘
exhibits & steep Tise ia the dilated bensens regios, then the siops
of the curve decresses rapidly, azd ultimately the curve tends to

fAatien off.

The data collected in these determinations are shown ia
Appendix 5, The resalts obtained on the heats of immersion of
various adsorents in binary liquid mixtures were compared by de~

fining & relative heat of irupersion 9,, as follows,

x.
Moo (1),
¥ ° i 1 > (52)
(1), - @,

From the tabulated data, tie relative beat of immersica

9, values were avtained sad plotted as & fanction of x, * in Figs. 30 -

1
33. The values of Bl czicuiated from Equation 32 are shown ia drokea

lines.

2. Errorasmslysis

The sources of error in hest of imrnersion calorimetry
are: a} The uncertsinty in the correction for the heat evoived in
breaking and pierciag the diaphragm; bd) The contamination of the
adsorbate; <) Tie vaporization of volatile liquid; d) Others. These

sources of exrzor will be discussed individuaily in the following para-

graphs,
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Fig. 29 lsctherm of heats of immersion at 25°C, System: Benaene -

cyclohexane - silica gel A.3
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8. Heat of breaking and _piercing the éiap‘anjz_a_a_

Wher fails were brokea in blank tests using the same
liquid in both compartiients of tae mixiag cell, oo heat effect due

to this ection was cetected,

b, Clomtaminalion of the adecriate

The eiiect of iraces of water in the adsorbete on heals

of immersios of silica gal A, in beazeze iy shown in Table 14,

The resalts indicate that tse heats of Lmmeraton of silica
gel A3 are apprecizbly lasger in the adsorbate containiag traces of
water than in the dry sample. Thus, while the value for bensene
“as received was i3.8 cal./g., saccesaive immersions of severai
portions of silica gel in the sazuple of benazene resulting from: the
{izst Lmmersion gave ezsentially the sane value, namely, 13.3
cal./g. Whea tae éry senzene resulting from the fourth immers sion
Was saturated in the preseance of water vapor, and then coatacted
with silica gel, the heat of immersion was of 16.5 cal./g. eace,
it can be coacluced that the adsorbate may be Gohycrated by wsing

activated silica gel as a erying agesnt.

Iz the course of this investization, it was found also,
that tie preseace af traces of water in benzene increased the time
required far the heat evolution, nence, the accuracy of the moasure-

ments was reduced.
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Table 14

EFFECT OF TRACES OF WATER IN THE
ADSOKBATE ON HEATS OF DQAMERSION

OF SILICA GEL Az IN BENZENE

Adaorbate - on
cal. /x.
First immersion 13.8

(“as received™)

Second immersion 13,3
Third immersion 13.3
Fourth immersion 13.4
Fifta immersion

(saturated with water) 16.5
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¢. Vaporisation of volatile liguid

ks order to be reasonably certain of the accaracy of the
data, measurements were taken with different ratios of Z‘€°/ % for
pure liquids, Since the magnitude of the error involved oa immere
sion is a functioa of the vépor space, it should be possible to satia
mate the approximats error if several void spaces were used, K
the results using two or more ratios of 2\’9/ ¥ were within experie
mental reproducibility, it could be safely assumed taat no correce
tions are necessary. In Table 1S, data are given for the heat of
immersion of 2 zilica gel Ala in water, in hensene and in cyclo-
hexane as a function of N°/W. The data show that the heat of immera
sion obtained using different ratios of Ha/ ¥ ares essentially the
szme for each adsorbate. Therefore. it can be concluded that the
correction for the vaporization of the sdsorbate inside the mixing |

cell is negligible,

' i

d. :Jther errors

Voltage measurements +  0.08
Resistance meazurements +  0.01
Time meagurements + 0.08
MBSE mel surements + 0.04
ieat transfer to surroundings + 1.09
Vaporization and condensation effects nii
Total 1.14%

|+
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w

Az
0.9435
3.4571
0.236%
1.5861
0.6323

0.3062
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Table 15

HEATS OF D4MERSION QOF SILICA GEL &*a IN

PURE LIQUIDS AS A FUNCTION OF NO/W

x>

{nnclecl

D.78468
©.78815
2.556%6
9.089011
2.093710
g9.13181
2.07912%

2.078543

No/w

!nuﬂcszi.)

3.8317
1.724
2.356
0.05612
0.1482
G.4305
0.04989

0.1331

-5&°
(cal{g.z
24.1
23. 8
23.8
13.4
13.2
13. 4
6.1

6.1

Adsorbate

Water
Water
Water
Benzene
Benzens
Bengene
Cyclohexane

Cyclohexane
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The gncertdinty in the meaasured hegts of immersion

-

is then sbout 1.1%,

3., Heat of dilulicn on immersion

Tuis ofact would ariee out o the son~ideal behaviows

of the bindry mistures used in this icvestigaticn. From aun enthalpy

balance,
57 e M.o| sl sua 3
By * % tar™)® - (an™) J ¢ 8% e - an™ ;53
whaere ) a3t 1% the heat of dilution oa Lmmersion, in csi,
per gram of adsordeat;
(&i—i;":'} ® s e muoial eathalpy of the equilidrium mixtre,
in cal./mole;
(&5 °  was for twe initial mixtare, in cal. /male; and

(QHM} b that {or the mixture on the surface, in cal. /mole.

Zguation 13 has three unsnowns: i W and (Aﬂ"h)a.

<id,*

This implies 1nat o Jrcer to estiindte 3 value of M,

asl. it is necezsary

1o essume & Wochamsm for the 8Gearption areceas.

Laicuietions of f1,,4, rom Lquation 53 usiag the manclayer
- -
aad the multimglecular models 0 adearytion are presented ia Tavle 16
tor the immuersion @f silica gel Az in mixtures of benzene with cyclo-

bexage. A sample of calculations is given in Appendix 7.
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The averzge uacertainty introduced by the heat of di-
iution, in tae vaiues of the heat of wetting, may be expressed as
foliows,

= (H e ;’E".x;i/n {5"2}

9 Gide

where a is the aumber of coservations.

According to the three sets of calculations presented
in Table 16, the average uacertaioty is of the order of 1.5 to 3. 35,
with a maximum ancertsinty of 4. 5%. These calcclations, however,

mast be taken with caution, in view of the assumptions tavolved in
their estimation,
The varicus errors in the datermination of the heat of

immeresion coanbine with the uncertainty due to the heat of diluition

on immersion, to produce ar estimated error in the heats of wetting

values of the order of «3,8 to 4, 3%,

3. Discussion of Resulits

a. Heats of immersion of silicas in pure liquids

A comparison of the resulta prosented in Table 1l shows
that the heats of immersion of a given adsorbent in ethanal and in
water are higher than in hydrocarbons, the values for the n-alkanes

being independent of chain lengih. Determination of the effect of
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sdaorbent activity on heats of immersion revealed: {a) that in &
given liquid, velner for the evacusied adsorbents were groater
than those for the adsorbents comtainiag small quantities of water;
and (b) that tho decroase in the heats of imrnersion of deactivated

adsorbents with respact to the evacusted sdsorbents dizainish in
the sequence: wster, bensens, cyclokexans,

Ths date of Teble 12 show good agreemsent for the
abeclute heat & immersion hl" of silica gel in pure companests.
I the case of silicic acid B, the values “hxbmz) in bensene and
in cyclohexans are oaly about 8% lower thas thuose of the silics gel
adsorbents but the corresponding velue of h:mz) ia water is about
33% higher for silicic scid. This difiereace may be attribated to
different origins of the sdsorbents and may be cosnected with diffe-

rences in the struckare (33, 35) of the samples under investigation.

Cowparing the results obixined on the absalute heats of
immszsion of diffsrent adsorbsuts in 8 particular adsorbate, it
sesms that the values based an the surface area determined from ade
sorption of bisary liquid mixtures of bensens with: cyclohexans hl’(i-)
form a more consistent set than those calculated from the altrogea
suriace ares, for exareple, the valae of A o for silica gel ia

1 {x,)
k4
bansens is 7. 8% isrger than that of silicic acid whereas the difference
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in h;( L values for these adsorbests in the s&me adsorbate is only

‘. 4%‘

b. Heats of irnmersicn of silicas in mixtures of beazene with cyclo.

hexane

womparison cf the relative heats of immersion for the
four fine-pore samples of silica 8ol in Fig. 30 shows that there is
20 noticeable differeace between activated and deactivated adsoarbent
data. 0@ the region where xl'> 0.2 tae values of Ox are in agreement
with those predicted from Zguation 32 with a separation factor : (n}
= 14.2, but for velass of x"< 0.2, tse experimental values of e,
fall below the predicted values. In thie region, resuits may be ap-

proximated by Lquation 32 with a vaiue of K‘M = 8,

On the basis of these results it is tempting to conclude
that the deviations of the sxperimental data from the predictad wlues
WAy be attridbuted mainly to the non-ideal behaviour of the birm oy
liquid system. However, Fig. 31 shows that the data for the sammple
of silicic acid is ia excellent agreement wits the predicted values

using & separation factor K(m = 20, aver ths entire concentration
range.
The different adsorptive beaaviour of silica gel and silicic

2cid with mixtures of bensene and cyclonemne is emphasized in Fig.

32. 1t is cbserved from the isotherms of relative heats of immmergion
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Fig. 30 Relative heats of immersion at 25° C, System: Bengene -
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Fig. 31 Relative heats of immersion at 25°C, System: Benzene -
cyclohexane - silicic acid BZ
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Fig. 32 Relative heats of immersion at 25°C, Systerr:: Beazene -
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of the evacuated 2dsorbents, that at a Ziven vajue of xle. the relz-
tive heat of iounereion for silicic acid iz higher than for silica gel,
The diiference between the two isctherms is more evident in the

3.4, thus, &t xle = 3,3% values of 01 far silica

22! and for silicic acid are 0.&8 and 2.3z, roespectively, whereas,

. e
region wheres x,
4

at xle 3.5, the Slifersace between the determined values of &

for both adsorbents is negligidle,

I

€. heats of iromersion 3f gilice §8i i oistures of benzene with

nealeanas

The aeats of immersion of silica gel in mixtares of hensene
with n-alkanes may give some information as to the effect of the chain
leagth when considered in the light of the monalayer theory of adserption

for perfect systems, wherein hi is gjiven by Zquation 31.

Tae aaulogous s2ries oi n-alkaaes in mixtures with Lea~

zene form aa lnterasting group for ine joilowing reasons:

{e The reats ol bmmersion of silica gol in n-alkaanes ace
ceseatizlly the same

il. A prelimisary experiment oo the heat of immersissn of
silica gel in & saixtare 9l n-hexane with a-decane (n-
Lgsdne make [raction of .47 01) has showwn icentical

Tesuils for the mixiure as [oo tac pure componeats; and
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tii. The equilibrium adsorption data for the mixtures
of benzeae with n-alkanes may be represeated by

Zgquation 2] with & coastant separation factor.

Trus, it may be expected that the heats of immersion
of silica gel ia the four bﬁuriea would not depend on the n-slkane
solvent.
® for the systems

Fig. 33 is a plot 0of 3 _against x

1 1
studisd., It is evidext thas there is 2 signiilcaat variation of the
isotherm of the heat of irnmeresion with the aoalvent, At correspone
ding moale [ractions of benxene in the oquilibrium mixtures, the
relative heats of immersion are higher, the smaller the molecule

of the salvent n-alikane, this eifect being more pronounced at lower

values of xl".

It is not possible to offer a ve:y plausible explaaation

ofi the dependence of & on the solveat and rence, of the failure of

I
Equation 32 to give an adequate representation of the data, Of
couree, it is likely that the nssumptiona of 8 constant separation

factor K(N)

and quonolayer coverage may oot be true {0z these binacy
systems, adsorbed on the silica gel used in this study. It seems that
a satisfactory explacation of the effect of the :olvent in liquid phase

adgsorption will be forthcoming only with a more detailed study simed

specially at tais problem.
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Fig. 33 Relative n2ats of immersion at 25°C, System: Bensene -
n-alkanes - silica gel
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é. Semi-cgﬁtleal corrcm criteria

In the remaining part of this discussion are shown the
rescits of several efforts aimed at correlating the heat of iromersion
data of silica gel in binary liquid syetems using equations of the
Langmuir type,

The fact that the heats of immersion of silica gei in
mixtures of benszene with n-alkane decrease with increasing molecular
volume of the salvent suggests that an alternative correlation is pos-
sible between 0‘ and the concentration of the equilibrium mixture
expressed in terms of volume fraction. Tuis plot is shown in Fig. 34.
Evidently, there is & general upward displacement of the isotherms;
the effect of using volume fractions § to express the concentration of

the equilibrium mixture being to bring the isotherms closer together,

Waen the comparison af the heais of immersion for mixe

tures of benzens with n-alkanes is ::ade in terms of ‘l.' where

EI‘ = ~ —
BIVZ-P {L - Ox) Vl

it iz seen in Fig. 35 that, at a given value of ile. Ox' ia 2 constant
{or all the systems studied. An expression analogous to a langmuir

equetion may be used to represent adeguitely the combined isotherm,
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nealkanes - silica gel
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Fig. 3¢ Relative heats of immersion at 25°C. 3System: Benaene -




-131 -

e \f\_‘ 7
R Q7

/e

T 5%

i

B ENA I

S
Ay .

DR AR

m e ey i e e N
W - . i -
L S L._._‘

- . LIPS

e

it oad

T AL

4w T
5y 99 AR TR SR
- 2o~
~ - A i
o e 9 gq . Wie..o e
n [ 2NTSR
E ~ '\‘ R, - . ~1 1l 0»/
Y o N v e k—/
. Ol gae
S N e A )
o
I
~ ~ S NN

LSRN

Fig. 35 Corrected relative heats of immersion at 25°C. System:

Benzene - n-alkanes - silica gel




. .us-u

e 132 -
¢
' 7
K {55)
P=-9 = e
4 1 -ﬁz
In terms ofBI. Equation 55 becomes
8, v g°
11 w .} 1
1-9 T N ~ . Py (56’
3 ‘JZ 18

where X a 20,

Solving Zquation 56 for H, gives,

v, /¥, [ 1S, - :59.18,°
le Hza + ¥ 2 L IN 1 1 ‘2] 1 (57
L+(20 V,/V, - 1} §,

Upon coamparing the experimental data in Appendix 5 with
the values of Hx calculated using Equation 57, it is found that this

latter repregents the heats of immersion within 3%,

The possibility that, increasing bhindrance in the pores of
the adsorbent ig partly responsibie for the decrease in heats of ime
mersion of silice gel in binary liquid mixtures of bengene with a-alkaaes,
as the solute ascends the hamologous series, has been coneldered. A
plot is given in Fig. 36 of Ct/ﬁle againet Gx for the evacusted adsorbents
immersed in binary liquid mixtures, including the system benzene-

cyclohexane - silica gel. Linear relatioms, except at high values of ar
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are cbtained for each systom; Extrapolation of the lines in Fig. 36
to Ozs 1 reveals that the value of jile 21 whick the maximum valse of
the heat of immezzion occurs (ﬁle)c will vary depending on tae aature

of the solvent.
The values of {F ‘e)c for the different bivary adsorvate

systems are givea below,

fdsozrbate systexc i l.,c

Bensgene - cyclohexane 0.45%

Bengene - n-hexane 0.37
Benweng - n-heptane 0.37
Benzene - n-octane 9,45
Benzene - n-decane 8.56
In Fig. 37 thers have been plotted values of 8, l.gl") c,/,@x‘

sgainst 6, fox all the eat of immersion daw of evacuated silica gel in
binary mixtares, in the range of ﬁl‘ betwean 0. 01 and ui:‘)c. Whea
the points near Gl = 1.0 are disregarded, the data of Fig. 37 may be
considered to fall on a atraight line, the equation of which is
01 ml e)n
g,°

where X! z 4,1.

2 K'e (K'e 1) al {58)
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Rearrsaging Equation 55 and sdalving for 81 gives:

P
o '8

t g:asc + €K’ - x, ;lc

{59)

It is found that for the immereion of silica gel iz the

=

various binary systems studied, the values of H. calculated from

Equation 59 are within 2 S of the experimentally determined dats,

over the range of ﬂ-‘x‘ between 3.01 and (ﬂxe)c.



1.

Adsorpent

-137 -

X CONTLUSIONS

SQUILIBAIUS: AUSORE TION

The data iaken sbow thal the separation iactor &ii\i) io tae
acdsorplion ol benzene {rom mixtares with cyclohexane
diminizhse iu the foliowing order:

Freiforred
Miicropore

o

K(N) = .
s(Nz)fm /& Fadius, A

silicic acid £3,06 348 40

silica gel 1¢,2 oo 20

The difference in the sdsarytion progerties of the adsorbents
used in thiz investigation may be attributed to differeat origics

of tae samples,

In the adsorption of nuxtures of Yenzene with nealkases on silica
$0l, the solvant L85 00 effect on tae sejaration Sacior Py ).

3 Lor e adsorytion from tinary Mguid

The sepazation factor &
mixtures on silica gel diminisaes in the {ollowing ordes: beazene e~

cyclotexane, heazene- nealkanes,

The suriace ayea ol adsardents caliulnted srom the adaorption
dat {0; mixstures Of benzens with cyclohexane are 87 mz/x.

lower tzan the surface area determined by aitrogen adsorption,
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The surface 2rez cf 2 sﬁmp!e of eilica gel calculated from the
adsorption data for mixtures of beasene with n-alkanes is 70
ma/g. sigher taan the scrface area detarmised by nitrogen ad-

sorption,

HEATE OF DeMERSION

A calorizeter has beea constructed ané put into operation suce
cessafolly for the measurements of heats of immersion of silica
adeorbents in pure cumponeats and in liguid mixtures.

Heats of immersion for silica gel containing smali quantities of
water are markedly iower than those of the evacuated adsordent

in pure components.

Absolute hezts of lromersion of zilica and silicic acid aze found

to be in good agresment for benzecae erd cyclohexane. In watey,
however, the value for the silicic acid is 32% higher than that af
silica gel. |

Arong tae systems investigated only taat of beazene - cyclohexane -
-umg acid yieid values, in agreement with those predicted by
iZquation 31 for periect systems.,

Tae reiative haats of imumersion in wixtures of bensene with cyclo-
aexans sihww uo ¢bservable difference, within the concentration

investigated, vetweea activated and deactivated adsorbents.
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In mixtures of benzene ﬁth cyclehexane, the relative neats
of immerzion of silicic acid are greater thaa those of silica
gel.

The reiative heats of immersion of silica gel in mixtures of
bensene wita n-alkanes decrease with increasing length of the
n~alkane chain,

Semil-empirical correlations have been obtained {or the heats

of immersion of sidica gel in binary liquid mixtures,

JTHERS

Correlations are presented for the refractive index of mixtures
of hydrocarbons.

The keats of mixing of water with mathyl aleokol, ethyl alcohal,
and isopropyl alcohol at 25°C, were determined a3 part of the
program for testing the reliahilisy of thp caicria;ater.

The heals of mixing of benzene with a-pentzne, n-decane, and
n-trida;ane at s, were determiasd, in an effort io secure
information about the benaviour of mixtures of benzene with g-
alkanes,

Lorrelations are presented for tae heats of raixing of benzene

with n-alkanes and benzene with cyclonexane,
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A3 SUGGESTIONS FOR FURTEEER WORK

The heats of immersion of silicic acid in mixtures of benzene
with nealkanse should be studied 2o extend the measurements

of silica gel in theae binary systems, In this way the effect of
incr;raaed pore diameter on the acats of immersion could be
deduced,

it is suggested that the eiiect of degassing temperature on the
heats of iinmereion of silicas in bisary liquid mixtures be
studied. In this masner the validity of the monomolecelar model
could be tested further.

It is suggestad that the effect of temporature on the heats of im-
mersion of silica adsorbents in binsry liquid mixtures be studjed.
Work also should be undertaken in the vapor adsorption of hydro-
carboaz ¢s zilica adsorbents to agcertain the feasibility of calcu-

e mdiecular areas oi the adsorbates on the surface of the

7y
.g:f.
£
(3]
B
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Table 17

Sample: Silica gel A° Sample: Silica gei Ao

Amount of sample 2 224.1 mg. Amocunt of sample = 183.¢ mge.

Degassiag temp. 148 °C LCegassing temp. 256 °*C
P w? P we

CIRle &l- cm, B_:-

9.75 30,9 9.54 24, 8

5.30 47,0 3.15 3.8

7.45 45,9 7.84 0.2
10.60 £3.4 12.35 43,9
13.80 56.6

Sample: Silica gel Ao Sample: Silica gel Ao

Amount of sample = 204.2 mg. Amount of sample = 256, 0 mg,

Degassing temp. 429 °cC Legassing temp. 476 °C

P w® P w?
£m. mg. Lm. =g.
0.51 25.8 .54 28.4
2.00 33,5 3.13 41.8
5.10 39.5 7.8¢ 51.0
7.65 41.4 12,35 56.5

10.45 45.0

13.00 47.4
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Table 17 {Continued)

Sample: Silica gel AQ’ Semple: Silica gel A :
Amount of samgple = 269.5 mg. Amount of sample = 2¢6.0 mg.
Degassing temy. 2006 °C Degassing temp, 218 °¢

] -

P W F . L
cIm. mi. cxa. mf.
2.84 45,3 9.5 28.2
é.04 51.6 2,80 35,3
9.67 56.4 5.10 al.4
13.17 59.7 7.65 44.3
17.75 63.3 13.45 47.1
23.77 67.9 13,90 9.3

32,51 12.8

43,69 76.8

53.02 78.4

65.45 79.0

68. 61 790 o
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Takle 17 {Continsed)

T -

Sample: Silica gei Az

Amocnt of sample = 244,7 mg.

Legassing temp,

€m.

3,54
3.13
7.“

12,35

2t¢ °*C

W‘

mg.
£8.1

31.7
43,9

Sample; Silica gel A‘

Sample: Silica gel A

Degassing temp.

F
om,

.51
2.99
5.1%
7.65
10.45

13,00

Amonat of sample = 283,.5 mg.

438

49.5
46,2
49.6
52.8

55.4

Sample: Silica gel A 2

Amcunt of sample = 250.4 mg.

Amcunt of sample = 195,99 mg,

Legassing temp.

Legassing temyp, 48f °cC
» w® P
cx. mg. £me
0.54 23.2 1.15
3.15 3.2 6.18
7.54 40.9 9.9¢
iz, 35 46.0 13,36

i38 *

wl

2g.

é5.8
33,1
36.8

38,9
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Table 17 ({Contimed)

Sampie: Silica gel A3

Ameount of sample = 248,8 mg.

Degassing temp, 62  *C
B | w®
sm. =g,
1.861 33.2
%% 33,8
8.05 43,9
16.90 46.4
13,28 48.5

Sample: :ilica gel A

4
Amount of sample = 242, 6 mg.
Degaszzing temp, 148 °¢
P w®

em. mg.

.22 31.2

5,64 36,2

9. 60 é3.3
13,03 46.4
21.72 £3.1
33.85 63.5
%0.50 68,1
58.42 74.8
71.53 75.0
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Table 17 (Continued)

Sample: Silica gel A 5 Samples ~alicicacid Bx

Amount of sample = 236,90 mige  Amount of sample = 212,1 mg.

Degaasing temp, 148 | °C Degassing temp, &5 *C
x w 2 w®s
1.45 30,1 1.84 19.9
4.26 7.9 54356 22,2
6.82 41,5 9.06 23,8
19.16 44,1 12,79 25,8
16.59 48.9 17.32 27.5
25,190 55,3 24,253 £3.8
30.70 59,7 33,29 32.7
40.00 66,7 43,51 35,7
49.57 75.4 52,49 39. 4
60.14 84.0 57.94 45,1
69.72 85.9 62. 86 49,3
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Table 17 {Coatinced}

Sample: dlicicacid B sSemzpie: Slicicacic B

1 2
Amount of sample = 175, 5 mg. £mount of sample = 274.2 mg.

Degassing temp. 471 *C T-egassing temp, 196 °*C
F | w® = w®

£3. g S5, =5

2.%4 15.5 l.44& £23.0

5.12 17.3 .47 2.1

T.73 19.13 .05 3u.2

11.26 19.7 13,89 3.8
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Appendix 2

Relractive Index of biaary mixtures
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Table 18

CALIBRATION OF REFRACTUNMETER

Beazene (1)- Cyclohexane (2)

= 2%
i D
0.0150 1,42405
3.8352 1.423%93
9.0479 1.42564
0.9667 1.42659
0.0967 1.42814
0.0974 1.42820
0.1633 1.43061
6.1580 1.43144
0.2098 1.43¢33
¢.2884 1.43893
0.3503 1. 44287
0.4295 1.44822
3.5586 1.45763
0.5970 1.46059
3.6081 1. 46141
9.7483 1. 47328
0.7553 1.47388
02,8749 1.48504
3. 9474 1. 49233

C. 9500 1.49258
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Ieble 13 {Coatinued)

CALIBRATION OF REFRACTOMETER

Benzene (l)}~nehexane {2) Benzene (1)-a-heptane {2)
és 25
) p 5 el
09,0245 1,37423 0.036¢6 1.38750
0.0663 1.37765 0.0632 1, 38918
9.1616 i.38581 6.0925 1. 39109
0.1943 1.38878 0.1193 i.39288
0.338¢ 1.40272 0.1920 1.3979%
0.4894 1.41935 0.3452 1.41014
0. 6482 1,43954 0. 4932 1.42400
0.792¢6 1.46090 0.6420 1.44061
0.9500 1.4882] 0. 7934 1.4621¢

0, 9501 1.48789
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Fadle 15 (Continued)

CALIBRATION SF REFRACTUMETER

Benzeno (1)-::-6:&& {2) Beazens {i)~a-decaas (2)
25 &5
* s 5 =
G. 0234 1.39%676 0. 9384 i.41105
0.0531 1.397%¢ 0.0648 I.42196
9,103} 1.40053 0.16%8 1.41591
F. 1175 1,40132 0, 2426 i.41910
0.1296 1.45299 3.2527 1.41956
9. 2087 1.40662 9, 3683 1,42545
0. 3450 1.43565 8.4232 1.42873
3.4990 1.42898 2, 5000 3.43376
0.57170 1.43552 J.8053 1.44198
Q. 6405 1,44223 0. 6461 1.44562
0. 38004 - 1,48d57 0.8995 1.45098
0. 9468 1.487i1 U.8365 1.46703

0. 9484 1.48684
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; Appendix 3

Heats of mixiag data

Systems: Aicohois with water




TERM N

a -ww—' .

S AT RS £ IR AR PR LT S e D,

. 8287
90,0492
. 0455
D.9674
0.8973
Q. 1253
J.14468
3.19u3
0, 2041
0, 2463

Q. 3562

0 3955

S 4643

0. 5568

3. 6598

Methanol-water

{1}

(2}

s
AW

&Y

cal.fznc&e

-45,0
~76.8
-77.3
-98.1
-130.6
«~155.3
-169.4
~189.6
-1y3.

-ZQZ. 9
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Table 19 {Continued)

HEATS OF MIXING DATA AT 25°C

5
g, 2132
$.2172
9.0367
e.68772
G. 1442
Q.2288
¢, 2861
9. 3366
0. 3468
0.4018
0. 6308
G.7189
9,731«
29,8370
@, 868«
0.8774
C. B8GT
9. P87

9.93%6

Ithanolewater

(3

{2}

~138,2

"323.6

‘7?03

~5%3.6

018-1

~14.8



Tabie 19 {Caatiaued)

HEATE OF MIXING DATA AT 25°C
Fropanol-2-water
i1} {2
! ax™
i cal, /‘mole
0.0275 -78,0
0.903%8 ~104,.8
§.0067 «152.4
9.10%5¢0 -155,5
9. 1446 144, 4
0.2874 -95.8
8. 3079 ~72.8
9.4092 ~25,9
0. 44689 =2, 78
92,5525 2.8
0. 874 3.1
0. 6529 £8,8
0, 722< 3.7
Ye 73L¥% 1.8
9, 8988 29.46
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Appendix 4
Adsorption on silicas from
bicary liguid mixtures
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Q
a
2.0515
0.1433
0. 2884
0. 6081
83,7553

0.8749

ADEGRE TION ON SILICIC ACID Bl FROM

Sds i iiar s wae ey o g esers o Cscw .
LA ALY LU MIXKTURDL AT 28°8

Zenseae (1) Cyclohexais i2)

. O ¥ y C3) ,
= {moles) i3} {oles/a. ) x 18
83,0625 0.08478 1,3776 2.5+
g.1211 0.,07526 2,1337 5.7%
8.272¢ 0.07028 1,532 0,74
D,59867 Q.0815% £,0206 0,46
09,7483 ¥.03001 2.1941 0.29
Q8716 0.08844 2.2%66 0.15%




R

o
x

3

D

0. 1433
C. 2884
C. 6C81
G, 7553

¢. 8749

ADSCRFTION ON SILICA GEL A ! Froy
: o
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Taple 21

BINARY LIQUID MINTURES AT 25°C

Eenzeas (1)-Cyclohexane (2

- -
x

1

6. 0953
0.2331
€. 59¢1
0.7372

0.865%

-
N

" {moles)

C. 07447
6. CLBG?
6.1¢C020
€. C8998

G. 08874

¥
{g.}
2. 8480

2.6838
2. 8658
2,7278

2, 7159

£
1
(mo!ea!j.) x 163




< °
1

0.0648
9.1175
9.1193
3.1816
0.2527
0.3283
0.4232
0.5774

0. 6461

0.71%4

A&Hﬁbﬁd??iﬁ?lC»JSﬂlliUk§3£Z,.ﬁc'

BINAERY L

Table 22

FROM

IQUIL WIXTURES AT 25°C

L

I

0.0246
0.0513
8.063¢
2.163¢
B.2632
8.2672
0.32'0
2,317¢
0.5884

0.6849

1\:_O

{moies)

2.04767
.04072
9.95364
2.06450
9.046%0
2.06234
2.04276
2.085932
3.06419

2.085712

w
(=)

&. 77¢1
2.8283
2,8775
2. 832¢
2. E710
Z.9349
3.6122
. 8EET

3.€373

3.235%6

Sonzene (1)-n-allznes (2)

. N)
“1 3 <cArboas ia
{moles/g.) x 18° n-zlkane

0.65 i0
0.95 ]
1.94 ?
1.31 6
1.46 1o
1.51 7
1.45 19
1.24 8
1,08 10
0.81 7
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Aggcadix ]

Heats of Immersion o adyorbeats
ia

bisary liguid mixtares



L Lt

HEATS CF IMMERSION DATA AT 25°¢C

System:: Benzene (1)-Cyclohexane (2)-Silicic Acid Bz

<]

x
1

6. 0G00
0. 06293
0. 0607
0. 1666
€. 2038
0. 3435
0. 5044
C. 7637
C. 9474

1. 0060

x
)

——————

0. 00006
C.C27C
. 0592
0. 0964
¢, 2022
0. 3416
G. 5032

¢.7632

o
zy

(m;olea)

G. 07673
C. C6351
0. 06607
&, 06697
. 11754
0.11639
C. 12165
0.1267¢
G. 15194

C. 15277

W
(g.)

C. 3560
¢, 3985
G. 1917
€. 4181
¢. 2271
G. 3044
C. 2381
G. 2049

G. 1995

€.2532

-H
I

teal. /g.}
35

4.9
5.2
6.3
7.¢
7.2
7.4
7.5
7.6

T.&
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Table 24

HEATS CF IMMERSION DATA AT 25°C

System: Benzene (1)-Cyclohexane (2)-Silica Cel AS

x ° =° ~° A
1 ' ! _ (moles) {zg.)
0. G6OG C. 6600 0.07978 0. 3351
G. 0453 6. 0441 C. 130€2 ¢, 2783
6. 0996 2. 0969 C. 12836 0, 3118
C.2132 ¢.2114 C.1163¢ 0. 2158
C. 3563 C. 3475 0. 12G86 €. 3669
C. 5586 C. 353¢ C. 08777 0.685¢
0. 7478 G. 7470 C. 12551 G. 4117
1. 9060 1. 0¢¢C C.157¢7 €. 26€5

-H
3
{cal. /g.}

3.2
€. 8
g.1
16. 1
10. €
11.1
1.3

11.3




Gystem: Basxeae {1} - Lycionexsac (I} - Silice Cul A

[
&

1
2, 9000
3.3352
Q. 0867
U.997s
S. 3367
Yo dv7e
9. 1580
B.2+78
D.%lbl
Q. 7482

1.3030

BRATES OF Leupt THRSION DATA AT 23°C

3,903
Veuw 3%
0. 3649
J.0825
0. 3873
FeGFud
¢ 33559
Vo igal
9.481%
P.T473

PRy o2

MQ

niales

é.lliB@
J.13388
9.12190
J.25308
3.09639
v.31284
9,3 3434
S.1iq2d
G.37140
J.1396%

G.13518

Y
2.}
9. 1316
v, Sels
2.4347
d. 7530
0. 5197
3,540 %
2.324¢
Yo 3487
B 3455
R.24933

dokéic

3

5

i,
€.3
7.7
$.7

¥.1

Fok
13.5
) 8
1&.9
13.2

13.3

o}
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Table 2%

HEATS OF IMMERSION DATA AT 25%C

System: Benzeae- Cyclohexane-Silica Gel

o a - )

xx . : x1 N Y ~2-1I
fealcetd, P | §mo!os§ g;.@ gal. "!E",.

Aln
8.0000 3,0008 0.10887 0.2332 6.1
9.0627 0.9549 Q. 06564 0.6274 4.8
J. 1251 g,1404 0.07945% 0.3325 10.0
08,2300 0,842 2.07032 8.4388 12.2
0.7502 D.7074 0.149861 0.8513 13.%
1.0900 1.0490 0.13188 9. 3062 13.4

A!b
0.0000 3.0000 8.07934 0.6532 6.0
$.37%% C.3725 G. 00643 de 34065 0.8
U.4984 9.4922 2.07349 U.4816 1.}
0.0176 v.6133 .075¢7 0.3934 11.4
9.8707 _ 0, 868% 0.07207 09,3053 11.4
1,0000 1.0000 3.39571% 2.7574 11,5

¢ Equilibriom mixtures were aazlyzed in an Abbe 3L, Bausch

e
and Lomb reiractometer., Fresently reportec values of xy

were clculated {rom Zquation 21, assuming the {ollowing:

;f:e (L) =

N
-\€ ) = 14,2




© e N? W -F‘I
* * {moles; &) {cai./g.)
4y
0.0900 0.9600 C.05536 3.4548 7.8
6.0245 2.0220 0.06580 9.3785 8.7
0. 0663 0. 0642 0.09567 0.2298 19,9
0. 1543 9. 1906 3.112390 8.3189 12.3
6. 3386 3.3286 0.06049 3.4598 13,4
0. 4894 0,4828 2.06364 0. 3801 13.8
0.7926 0. 7994 0.97331 3.3259 14.0
1.0000 1.0000 0.13743 5.4585 13,0
Ao
0. 0900 2.0000 0.94813 2,503 7,28
0.1680 8.1052 0.10683 3.2834 16.1
1,0000 1.0990 0.15799 3.2878 13,0
42
¢. 300 5,999 0.10833 0.2882 7.8
0.1185 5.1095 0.05742 D.4545 10,8
1.8000 1.0000 9.15280 3.4389 13,7

* n-decane value
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Tatle L&
M

HEATE OF IMGERSION DATA AT 25°C

rystessl Seazens (l)-sereptane (2)-1adics Gol A

]

> « N W I
f_g__ o moles) &1 sai, /3.

0.9633  3.3900 0.04303 3. 3487 1.8
9.8366  9.0554 3.09160 8. 20¢1 3.9
0.9925  3.0848 0. 03347 33854 13.2
0.1940  9.1889 8.10333 3.2e30 12,0
0.3452  ©.3337 3.06308 0.3239 13.1
9.4932  0.4%15 2. 10260 9. 1éde 13.4
0.6420  0.6402 2.14182 6. 286Y 3.6
9.7994 0,795 0.13390 0.1721 15.7
1.0000 1.6000 9.9¥592 9.3802 157




d. 2300
45,3282
0.9531
J. 3450
V. €949
Qq, 6495
0. 8034«
Ve 3468

1.0049

A

2
v. 0000
3.1031
Ve 1296

0.2287
1.3000

system: Zexnsene {lj-a- Sctase (2)-Zilica Gel

x

e

9, 34939
3.0226
2.050¢
G.33%2
Jot 584
8.6378
9.7%80
G. islb

1o X33

* p-hexane value

‘\,0

{moles)

V.04375
0.0427¢
0,076
0.0%571
D.29443
C.lisuy
8.0677x
C.120
0.99157

0.10889
0.04573
0, 07320
J.U5T3E
0,128

(g.)

C.2622
3,287+
Y. 3182
2.4437
.5282
9.4015
0.3627
D.23473
0.5279

23,2882
V. 33380
G.42%8
g, 3361

Jet ¥8Y

[ o d

(4] ~

L ] L] »

wWoowm 3
*

W

" pee
ta o
. .
-




Ay
0. 9850
9.0867
$.1698
2. 3683
2.500¢
5.6395
2.83a5
3. 9484

1.0000
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Table 33

Sysietn: bBenzene {l)-a-Locane jEp~sllica Cel

9.1643
8. 3681
G.4¥%3
B 6973
0.8Z%3
F, 9473

1.9948

x7

{noles}

3.94813
3.87600
0.07949
9.47553
0.39917
3.10059
0.12530
2.14289

0. 13790

Q. J4344
8.23680
g.363271

$.15280

L

fa-)

¢. 3423
2. 4489
S.43(%

V. 3475

$. %920
3, 4834
8. 308

¢.4989

-3

{cal. [
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HEATS OF MIXING, AT 25°C

Benzene with n-alkanesg

{ata on heats of mixing of the foliowing svstems {64)

Bengene~ n-Fentane
‘Ceazene- nelaczne
Benzens~ n- Tridecane

were critically reviewed and are giver in Tables 31-13,

The {ollowing equation

{60)

w23 useC successiully tc correlate this data for tue eysteas atudied,
Tris equation war also founc to be apulicabie 1o the fithag of puslished
222 on the beats of mixiag o a series of biaary wmixtures of benzeae
with normal elkanes and of benzeae wita cyciokexare. ize vaiues of
the constants and tho average deviations are yiven in ‘fable 4.,

Heats of mizing calculated, 2¢ 8 number of mole {ractioce,

-r

ig. 2%,

tyt

trox: these equations were used 10 consiruct (e curves in
The calculated valuee of % xZ/'Ah * were plotted a2z a function of x
in Fig. 39 for mixtures of benzene with nealkanes, where the experie

mental points have been omitted for the sare of clarity.

It i3 observed that the partial molal heats of diiution at

infinite dilution of benzene are the same for all the mixtures of b>enzene




Table 31

HEATS OF mIXING DATA AT 25°¢C

Bmm {1}-n-pentane {2}

. AHM'

3 cal, ‘meie
G.1516 4.8
8, 2447 i43.0
8. 3983 195.1
80,5632 33 i

2. 3668 3.1



Lt ]
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Table 32

HEATS OF MIXING DATA AT 23%C

Bencene {!}-n-decaze {2}

: S5
f}_ cal, ‘mole
°. 2283 4.5
0. 3663 227,38
C. 4835 251,23
2.6831 242, 5
2. 6913 248, 4
¢. 8088 202,3
2. 38340 £88.5

@, 3567 62,7



Sanzene {1)-n-tridecans {2}

X
¢, 2609
8.2881
2.389%
0.4153
2.5968
,8353
2. 8644
0.9643

89,9649
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Fig. 38 rieats of mixing at £5°C. .ystems: Benzene - B-pentane ;

bengene - n-decane; and benzeue - n-tridecane
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witk a-alkanes k2ving 2 chain length raaging from S ¢o 13 carbons,
samely, 1/1.400 107> = 714 cal. /mole. The average deviation is
1.1%.,

The pariial molal beata of ¢lution at infinite dilution of
n-Alkane increases as the chain leagth increases, from #39 cal, /

mole for a-pentane to 1633 cal. /mole for n-tridecase.

A similar behavior of the partial molal quantities at
infinite dilution has been reported by Utterstedt and iissen {70} for
biasry mixtares of a-alcohols witk carbon tetracalerige. They {found
that the partial molal heat of dilution at izfinite dilution of carboa
tetrachloride i3 5 X cal. /male and that the martial melal heat of
dilution at infinite cdiiution of alcobol incresses as the chair leagin
increasos. Thaere authors regarc carbon tetrachioride as "inerxt"

aclvent for the alcohols at infinite dilution.,

AR attempt was macde to use volume fraction instesad of
mole fraction in Squaiion (69). Ut was found that for all the snixturss
of benuné with nealkanes and bernzene with cyclohexane, the foliowing

oaz consiant equation may be used for representiag the data

2 AY (61)

The A' valyes cbtained are listed in Tahle 35. The average deﬁaﬁan

for a system varied from 0.5% to 2. 2%;.
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- Table 35

CONSTANTS OF £QUATION 61 FOR THE HEATS OF MIXING OF
ENZENE WITH N-ALKANES AND BENZENE WITH CYe
CLOHEXAME, AT 25°C

dxture

(1) i}
Benzeneo p-Peutane
Benszene~ ne Sesane
Senzone- p-ilexane
Beazene-« n-lHoptane
Eeczene~ neiantans
Benaséne= n- Uciane
Eenzene- c-llonane
Bengene~ n-Lecane
£eazene- n-Tridecans
denzese« neitsasecAne
Lenzene - Lyciouexane
Benzenr - Cyclonexane
Beazene -« (ycicnhexaae

Denazene o Cyclonesane

* this work

Ref,

{(®)
{85)
{6¢}
(66)
{67}
(66)
{66}
(3)
()

{67)

{65}
{¢£ 8}
(&)
{67

AN

Av.D,, &

i.7
| P

!\ilx. nn F'Y %

3.2
4.6
4.1
2.9
1.5
3.0
1.2
3.2
4.3
4.7

8.7
5.4
“.7

4ot




.12 =

Ta# hests of mixing for benzane with a-alkanes may
be represented by the universal constant 8.1236 cc/cai. or .09
cal. /cc. obtained by averaging the values of A!!, The averzge
deviation for a syastem varied from 1.2 w 3.0%, as showa in Table

3¢,
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-Table 36

T35 OF MIXBENG OF BENZENE WITH

oANSE, USING BQUATION 81 wWiITH Avs 0.1236

maaature

2}

Benzeze~
Eanivne~
Seanze e
Cenyrnew
Senpenes

Zengene-

Lerrene-
Eanzenos

DLt

(2}

a-eatane
ae~Hexan
fi= Npulne
n-zgtane
o e atare
a=- othae
nelionane

AwlRLARS

n-Tridecane

n-exnalecane

this work

Ref.

AV. Dc . f-z

todt b
-
N [

™2
.
~a

v
.
<y

vax.D.,

Fe 3

%7

&3

.
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Appendix 7

SAMPLE CALCULATION FOR

HEAT OF IM MEKSION




for the immersion of U, 4834 grams of silica gol A
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A sample calculation for heat of immersion is givos

3

in & binazy

mixture of beazene and cyclohoxane of concentration J,2478 mole

Ir&ction_benxeae. &t 25° .,

1.

Weighkinzs

&, weight of mixing cell 99, 3649

b, weight of mixing cell + silica gal 3%.6913
{in small compartment)

c. weight Of mixing cell + silica zel 10,1346
+ bindry mixiure (in large compart.
ment)

d. weight W of silica gel 0.3267

e. weight of binary mixture 3.4427

{. average molecular weight of the 82.672
binary mixture

B. birary mixture in cell 0.31422

Zstimation of the change of temmperature on immersion

a,

b.

thermistor resistance prior to the 1705.5
rupture of the diaphragm

resistance change of the thermistor 18,8
on immersion, corrected for heal

exciange with the surroundings am

for stirring

corrected final resistance of the
thermistor = (170%.5 - 18,8) ohmas= 1486,7

averazge resigtance = {1765, 5 +
1666, 7}/¢ onms = 16496.1

g.
g-
8./ mole

moles

ohms

ohms

ohme

onms



f.
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slope of the thermistor in chms/° g,
at the value of the average resistance

temperature chaange on immersion
= 18.5/63.45°C

63, 45

G.296

Electrical calibration of mixing cell and contents

a.

B

Ce

e,

thermistor resistance prior to ener- 1711.2

gizing the coil

thermistor resistance at the begin-
ning of the electrical calibration
period

resistance change of the thermistor
on calibrating, corrected for heat
exchange witi the surroundings and
ior stirring

corrected final resiatance of the
thermisgtor

average resistance = (1710,.6 +

1690, 6)/¢ onms =

slope of the thermistor in onms/°C
at the value of the average resistance

temperature change on calibrating
(<3.0/63.73)°C

potential drop (E) across the gtandurd
resistor {oR .'»:)c

resistance iRh,) of the calorimetes
heater

heating timme (t)

electrical euergy laput =

IZ xh xt
by
4,184

heat capacity of the mixing cell and
contents = {4.177,/0, 314} cai./°C

1710,

&

ZQQ o

1690.6

1700,

€3.73

6

G.31 4

3. 4685

4.177

-~ e

2. 30

ohms/° C

(1

chms

ohms

onms

ohins

ohms

oams/° ¢

volts

oaIns

sec,

cal,

cal./*C
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4., Heat evolved on immersion Ql

a. oQ, = (0.296 x 13.30) cal. = 3.937  cal.
é

b. 2lso, the heat effect on taamersion
may be ciiculated directly fromx: the
‘corrected changes of resistance of
the thermistor on immersion and on
calibzating, aand from the eiectricai

eneargy input

4. 177 cal,

70.0 o 3.926  cal,

.'.“!- = .
% 18,3 ohms x

C. the difference between the values of
2, calculated by these methods is 0.28

&

d. Heat of immersion, in calories per
gram of adsorbdbesnt,

.
w2

o

-~ = I k-4 3' 926 =
At T 0. 3267

12.0 cal, /g.

5. Determination of the equilibrium concen-
tration cf the Mnary mixture

weight of calorimeter + contents
(at the et of the experiment) 109,1415 g.

l1oszes nil
refractive index (ab) of the equili-

briam mixtare 1.43635
the concentration of the equilidrium

mixture was obizined by solving the

following eqguation for the positive
square root of Xy

» % x©
I & =57.200 + 6.8000 x.°
-x,%n8,.9 «x° w2t -0
By = 3 e - x M0 %, 1
x5 = U.2443

1




-l%-

6. ieat of diludorn sifeci

at

at

a,

at

] ; y r Mmel _a
o= aET® o aw™ RS o AR - e N

Thae heate of mivieg were salculated from data for tais

system (67) fitted into Equation &, as shows ia Appeadix &.

R Q,2478 x 0, 7522 ,
(257} = 37351375 = 0.9000557 s 3ny = 139.2 cal./mcle
xl° s D.2443 (25" a 137.9 cal./mole
Monemalecular model

2 g0, 14.2 =z 0, 2443 /3.7557
x = =

: oy *1° 1+ 14,2 5 222443

1+ <M — T A S X . 7557
%2
-.1‘ = 3,821
x* = 2,821 (ar™® = 117.1 cal./mole
2?
Ly B = ga 280 = 57580 » 495 m /e,
®{l) 5\;\2; -
5.\ vk <
L £ . 425 v = 0.00205 mole/g.
} 241 x 10
Hyp @ (137.9 - 139.2) xQolled2 gl 137.9) x 0. 00205

0. 3267

= »0,50 cal./g.

-TI;-- x *=mxlf}0=-ﬁ-.2‘§-



at
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Similariv, when

=
a Sa”'z) Hdil.
N = 3 H
241 x 10 Hy

x 100 = 4,2%

v Multimolecular model

A2
e 2 {)
xl ‘.-——-v x}il
xa' 4
| S (V, - V)
i+ 2 1 x}\'(N)
i
P
(Nj

The value of X was calculated {rom Equation 21 for

1

silica gel Ao' in mixtuzres of benzene with cyciohexane

corrected for the differences in surfzce area of samples

A ' and A
o 3
e e
. } -
(N) ¥ G-x7 495
» = e * 58
30.9+ 410 X,
where 495 and 586 are the = o szmples A, and A,
a{i.} 3 1

respectively

x () _  0.2443 . 0.7557 5 495
1 T 30,9+ 410 x 0, 2443 * Tgh

z 0.00119 mole/g.

108, 744

0.2443 + x 0.00119
Xl:a. - 0.37 = 0.559
(108.744 - 89.401)
1+ 037 x 0.00:19
x, 2 = 0,859 (a5 = 190.3 cal. /mole




{1379 = 139, 2) x S:lle2

Y.kl cale/ g

[~ 2]

~{

9. 3267

+ {196,3-137,9) x 9. 00378
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THERMISTORS
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Trermistors are thermally sensitive resistors whose

resistance decreases expoaentially with increased temperature,

BQ/T - 1/TS)

£
-’-—;- = e (62)
where R is the thermistor resistance, in obms, at temnpe-

rature T *iK;
F is tae thermistor resistance, in ohms, at tempe-
o, .
rature T °*«K; and

£ is the work faaction, in *X.

Uver 2 limited temperature raage, § may be considered

coastant and may be used in Equation 62 i07 interpolation puzrposes,

An important distinction between thermistors and other
resistance materials is the extreme sensitivity of thermistors to
relative minute changes of temperature. The change of thermistor
resistance with temperature is obtained by differentiating £quation
62 with respect to T,

% .o
{T)
The temperature coefficient of resistance {a) is the ratio

of ¢K/dT to the resistance af the thermistor at a specified temperature,

L49R B
d

T > (64)

[ -]
[
) o



Table 37 shows ihe values of £ determined by the least square
techalque ivom calibraticas of thermistor resistance as 2 function
of temperature, in tao temperature range berween 24 snd 29°C

in steps of abour 1%, Alao shown o the same table are the values

of & at £3°C



Thermistor
No,

1

2

THERMISTOR CHARACTERISTICS

Resistance a2 25°C B a

ohms *% ohms/ 100 ohms/°* C
| $78.% 3402 3.827
1036.6 i3 3.3%
2099.1 3503 3. 940
1836.2 3446 3.876
1935,2 343% 3.868
1839.8 3490 3.885
1024.1 3449 3.88
1987.5 3258 3,665
1052.1 3460

3.892
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Appexdix ¥
st of
Lguipment ite:ng
and

s.anujacturer or supplier




i.

&

b.

[ 2%

d.

f.

h,

- 1Y% -

ITEM

Chemicals

Silica gel, Davidazon
28+230 mesh,

Silicic acid, 'Saker
Analysed*® Reagent,

GaAsee

Senszene, (yclohexane,
Methyl alcohol, Isepropyl
alcobol, Spectroquality
Reagent, 99 mole %.

Ethyl alcobol, Pure
Absalute’, 99 male %.

n'P“m, ﬂﬁom,
a-Decane, n-Tridecanse,
Fare Jrade’, 99 mole %,

n-Hexane, a-Heptane,
Tolusene, Ressarch Grade,
99,9 male %,

Nitric Acid, Reagent,

#ANUFACTURER OR SUPFLIER

Fisher Scieatific Co., Ltd.,
Feir Lawn, N,.J.

Baker Chemical Co.,
Piillipsburg, N.J.

Unien Carbide 1.td.,
lLinde Gases Division,
Jthawa, Catario,

Matheson, Colemman and Bell,
Norwood (Ciacinnati),
Qkdo,

Consalidated Alcohols 1td.,
P.O, Box 372, Terminal "A",
Toroate, Ontario,

Phillips Petroleum Co.,
Special Products Division,
Bartlesville, Oklahoma.

Phillips Petroleum Co.,
Special Products Division,
Bartlesville, Oklahoma.

The lMcArthmr Chemical Co,, 1.8d.,
Montreal, (uebec.

Thermal degassing of adsorbents

b.

Co

oven, temperature con-
trolled within 2°C., Cat,
No. ‘3‘265‘1.

Pirani and Penning heads.

Yacuwmn pump, High Vacu-
um, »Mechanical and Liffu-

sion Type, Two stage,
Welch Duo~Seal,
Cat. Mo, 1-102V1

Fisher icientific Co., 1.td,

Edwards High Vacuum Canmada itd.,
P.C. Box 15. Bnrmm' wntarto,

Fisher Scientific Co., 1.td.



- 195 -

ITE

Suriace Area Jeasurements

1.

Refractive Index Adeasurements

Quartz springs and quarts
pans.

Pirani and Penning heads.

FPirani-Feaning Type,
Gauge iModel &,
Vacaum pump Cat., No,
l-lozc vl .

Temperature Coniroiler
Type ¥ T 2004 RE/S2C,

Cathetometesr Cat. No.
2807,

a. FPrecision Refractometer,
Qt. N°. 33-45-030

b. Haake Ultratherm Pump,

c. Centrifuge, Internaticnal
Clinicel imodel, Cat. No.
5‘!31.

d. Balance Gramatic, preci-
sion of + 0.1 mg., Cat,
NO‘ 3*9194 )\ 3-

Mixing Cells

‘. Q-tingt.

b. Tin foil and teflon.

MANUFACTURER DR SUPFLIER

Vorden lLaboratory,
695 Rocky River,
Huston £7, Texas,

Edwards High Vacuum.
Edwards High Vacuum,

Fisher Scientific Co., Ltd.

Puillips Electronics Equipment 1td,,

5800 Cote de Liesse Road,
xontreal, Qusbec,

¥Wild of “anade Ltd.,
881 Lady Ellen Place,
Otte. ., Imtario,

Bausch and Lomb,
Jptical Company,
Rochester 2, N. Y.

Fisher Scientific Co., Ltd,

Fisher >cientific Co., 1.td.

Fisher scientific Co,, itd.

Frecision Rubber Product Ce.,
Ste Therese de Blainville, Quebec.

Canus Zquipment Ltd.,
340 Gh»d‘tm AV‘- *
Ottawa 2, Ontario.




5.

1.
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ITE

Mixiag Cells {Continued)

¢. Thermistors, Veco,
Cat. No. 32A12, 31A2,
32A75.

d. Manganin wire, size 26,
adout 1.1 chms/foot.

Jacketls

a. Hermetic seals, Cat.

No. 405/8/C.

Thermostatic Bath

a.

b.

(-

d.

Thermoresgulator, Roto-
stat, Differecxtial, {at,
No. 1 5’&30‘!5-

Transistor Relay, Cat,
No. 13-991-80-V2,

Stirrers, hsavy duty,
varisble speed, non-
sparking.

Heaters, Lnznereion,
750 watta, Cat. No,
11-463-5?4.

Calorimeter Yacuum System

MANUFACTURER O SUPPLIEER

b,

Ce

Vacuum pump.
hetal to gluas seal.

Vacustat 2G, range i to
10”3 mm/Hg.

Rocke Interastional Corp.,
13 Esst 40th Street,
New York 16, N. Y.

Hawkesbury Wire Co., Ltid.,
Hawkesbury, Ounltario,

Quality Hermetice Ltd,,
45 Hollinger Rd.,
Toronto, Ontario.

Fisaer Scientific Co., 1.td,

Fisher Scientific Co., Ltd,

Canadian laborstory Supplies, 1¢d.,
Toresteo, Cutario.

Fisher Scientific To., Lid,

Fisher scientific Co., 1id.

The U, ii. Johns Glass Co., 184,,
2193 Brosdview Avenue,
Toronte §, Ontario,

Edwerds High Vacuum,
Canada 1td,




9.

10.

lll

ITE»:

Thermistor Circuit

b.

Ce

4.

Wheatstone bridge
SI {(Q 4970.

&e-volt batteries, 'Lxide
Type', Cat. No., 52819,

K = 3 Potentiometer,

Rlectroaic .. Null
Letector, <at. iNoO.
58341,

Recorder, Speedomax M,
respouse tizne: 1 sec,,
chart speed: 60 in, /hr.

Heater (ircuit

a.

b.

<.

a.

b.

Volt bax, Cat. No. 83417

Caivanometer, type SR4,
sensitivity: 200 mm/pa.

FPrecision ¢lectric timer.

Stacdarnd cell, satuzated
type 1149,

Connectors.

Coil circuit

Bodine »iator, type M
NYCT L3k,

Microswitch, 104
£25/250 VAC, lLicom
l l - 2040

MANUFACTURER OR SUPPLIZR

Tingley Instruments,
Emith Falis, Ontario,

neyee Supplies Co,, 1.2d.,
8¢ Bayview Road,
Sttawez, Untario.

l.eeds and Northrup Canada 1td.,
465 Victoria Avenue,
5t. Lamber, Moatreal, Cuebec.

leeds and Northrup of Caoada 1 td.

ioeds and Northrup of Canade itd,

Leatral icientific o, of Canada 1 td.,
Jttaws, Ontario,

Tiasley histrumsents Led.,
Seaith Failg, Untario,

Frecigion sHcieatific Co,,

"~ Chicage, il

Tinsley nstruments Ltd.

Cesco £lectronics Ltd.,
1300 larling Aveoue,
Ottawa, Ontario.

Foxbore Co.,
¥Faoubore, Mass,

iicom, Chicago, Hl.



