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I, INTRODUCTION

Adsorption from solution has become increasingly im-
portant to chemists in recent years., This position of ine-
creased importance has emphasized the need for fundamental
knowledge of the forces of adsorption, While a great
amount of work has been done studying adsorption from so-
lution, as can be evidenced by the large number of refer-
ences in Dietz's Bibliography of Solid Adsorbentg (1),
very little has been accomplished towards understanding the
processes of adsorption.

In order to obtain a better understanding of the nature
of adsorption from solution, it is necessary to know some-
thing of the forces operating at the solid-solution inter~
face and the distance from the solid surface over which
these forces exert themselves, The great majority of the
research studying adsorption from solution has been done
with porous adsorbents such as charcocal. Whlle many of
these results are of interest with respect to the solution
of a partieular problem, they are of little or no use in
formulating a general theory of adsorption from solution.
In studies using porous adsorbents, the results have been
complicated by the fact that the physical structures of the
adsérbent were unknown and that the adsorption due to the

forces operating at the solld-solution interface could not



be separated from the caplllary cqndensatian occurring
simultaneously. In many cases, the adsorption due to capll-
lary condensation undoubtedly makes up the greater part of
the measurable adsorption. The only way to resolve these
two modes of adsorption is to use adsorbents which are known
to be non-porous. The results of the adsorption studies can
then be attributed solely to foreces operating at the solid-
solution interface, and these results will not be dependent
on the physical structure of the adsorbent.

Even 1f the physical structure of the adsorbent l1s
known, it is necessary to know something of the nature of the
surface of the adsorbent. The chemical constitution of the
surface of the adsorbent is dependent largely upon the pre-
vious treatment.@ﬁrhe chemical constitution of the surface
plays an importané part in that it is the surface layer that
influences the adsorption to a great extent, Studies of the
chemical structure of various adsorbents have recently been
made by Anderson and Emmett (2). Included in the adsorbents
studied by them was a carbon black used 1n the present re-
search. ©Such studies are sure to give great assistance in
interpreting results of adsorption studies and in formu-
lating satisfactory theories of adsorption from solution.

In order to formulate a general theory for adsorption
from solutlon, it will be necessary to obfain.data showing

the effect of adsorbate parameters on adsorption, the effect



af solvent on adsorption, and the effect of the chemical.

agture ef the surfaee of the adsorbent. While the present
work cannot hope to provida all the required information,

it is hoped that these results will show trends upon vari-
ation of chain length of the solute, variation of the
solvent, and changes in the nature of the surface of the ad~
sorbent, It is thus possible that thls work c¢an be con-
sidered with other experimental results of the same type in
attempting to formulate a theory of adsorption from solution.

Recently an excellent review article was published by
Kipling (3) concerning the adsorption of non-electrolytes
from solution., Another good review can be found in the
volume Adsorption and Chromestography by H. G. Cassidy (4).
While these reviews trace the ldeas developed concerning ad-
sorption from solution, the more important developments will
be discussed here in more detaill., It is hoped that this
discussion will enable the reader to become familiar with
the problems of adsorption from solutions and the various
attempts made by previous workers to explain the observed
results,

It was first pointed out by Williams (5) that the ad-
sorption isotherm obtained by measuring the change in cone
centration of solute after exposure to the adsorbent does
not give a true measure of the amount of solute removed

from solutions. He developed an equation that took into



account the change in volume on adsorption, thus obtaining
what may be referred to as apparent adsorption corrected
for volume change. Williams also suggested that both solute
and solvent were simultaneocusly adsorbed from solution.
Ostwald and de Izaguirre (6) later indicated that both com-
ponents of a binary liquid solution were adsorbed simul-
tanapusly. They pointed out that the isotherm obtained by
measuring the change in concentration of solute brought
about by adsorption was actually a composite of the indi-
vidual isotherms representing the adsorption of solute and
solvent respectively.

@® There have been numerous attempts made to separate such
a composite isotherm into its two individual isotherms,
However, all of these attempts have been more or less un-
satisfactory, Williams (5) attempted to obtain individual
adsorption values by measuring adsorptlon on charcoal from
the vapor phase above solutions of acetic acld in water,

He also measured the adsorption on charcoal from the binary
liquid solutions. By assuming that the same amounts of
acetic acid and water were adsorbed from the vapor phase as
from the liquid phase in equilibrium with the vapor, he was
able to calculate values of the indlvidual adsorption of
acetlic acid and water. Williams obtained the relationship

- SRR A1 (1)
*o Yo ’



where x and y grams of acetic acld and water respectively
were adsorbed at a given concentration, and x,, and Yoo
grams of acld and water respectively were adsorbed from

the pure components., Although Williams did not comment on

- this relétianship, a recent method by Kipling and Tester (7)
nakes use of gsuch an equation.

Ostwald and de Izaguirre (6) applied an arithmetical
analysis to the binary solution isotherms to establish the
shapes of the composite lsotherms when the individual iso=-
therms have various forms, They showed that "negative" ad-
sorption (preferential adsorption of the solvent) is only
possible if the solvent is adsorbed. Ostwald and de lzaguirre
developed the relation

Bﬂo“;é"x = n,s (1 -~ x) "nzs X (2)

between the binary solution isotherm and the individual ad~
sorption isothermsj here ng is the total number of moles in.
the original solution, ny® and n,® are respectively the
number of moles of components 1 and 2 adsorbed per gram of
adsorbent, and x is the mole fraction of component 1 in the
solution after adsorption, Bartell and 8locan (8) assumed
that the individual isotherms obeyed the Freundlich equa~
tion, thereby obtaining the relation

NoAX =k x® (1-x) -k, (1-x)° x (3)
m



by substituting the corresponding Freundlich expressions

for ny® and ny® in the equation of Ostwald and de Izaguirre.
Bartell and Sloan evaluated the four constants, and conse-
quently obtained the individual isotherms, by a method of
successive approximations., A similar method was used re-
cently by Kipling and Tester (9) in which they assumed that
the individual isotherms followed the Langmulr equation,
Agaln, they were able to calculate the individual adsorption
isotherms, Kipling and Tester, however, found that although
both treatments gave isotherms which appeared reasonable,
the two treatments gave isotherms which differed greatly.
Furthermore, the limiting amounts adsorbed did not agree
with results obtalned by studying adsorption of the pure
components, It thus appears that both of these methods are
inadequatae.

| An attempt was made by Dobine (10) to determine the
amount of solvent adsorbed by comparing isotherms obtained
by treating aqueous solutions of acetie acid with dry and
moist charcoal. Jones and Outridge (11) attempted to obtain
individual isotherms by measuring the total volume of liquid
adsorbed., They used two different methods, measuring the
welght inecrease when the adsorbent was equilibrated with the
vapor of the solution, and measuring the increase in weight
of adsorbent after immersion in the solution. The first
method is the technique used by Willlams (5); the second



method is similar to the method of Bachmann (12), which con-
sisted of lmmersing the adsorbent in the solution until
equilibrium was reached, then withdrawing the adsorbent and
removing excess solution by blotting before measuring the
inerease invwaight. Knowing the total volume of adsorbate
held by the adsorbent, he was able to calculate the indl-
vidual isotherms from the composite binary isotherm.
Recently Kipling and Tester (7) obtained individual
adsorption isotherms from the vapors in equilibrium with the
binary solutions, using a steam-activated charcoal adsorbent.
They then proposed a method for describing their results.
Following the treatment of Elton (13) they assumed that the
surface of the adsorbent was covered at all times by a uni-

molecular layer of adsorbate. Thus they wrote
n15A1+ ngsAg = A, (%)

where Ay and A, are the areas occupied by one mole of com-
ponents 1 and 2, and A is the total surface area of one gram

of adsorbent, This equation can also be written as

n® o, mef gy ’ (5)
0, )° (0;5)°

where (n;5)?% and (n,%)° are the amounts adsorbed from the
vapors of the pure components. This latter equation is

identical to the expression which Williams (5) deduced



experimentally. Using Equations 2 and 5, Kipling and Tester
obtained the individual isotherms, i.e., n;® and n,® as
funetions of x, the equilibrium mole fraction. The calcu~-
lated individual isotherms agreed rather well with the indi-
vidual 1sotherms obtained experimentally by adsorption from
the vapor phase.

The assumption made by Kiplling and Tester that adsorp=-
tion from solution 1s unimolecular is open to considerable
question. They Jjustify this assumption by noting that the
isotherms for the pure vapors adsorbed separately on’charu
coal obey Langmuir's equation for unimolecular adsorption.
The adsorption of gases and vapors by eharcoal, though
fairly well represented by Langmulr's equation, has never-
theless been shown to depend on a mechanism other than that
proposed by Langmuir, Pilerce, Wiley, and Smith (14) have
stated that even at low relative pressures the assumption
of monolayer adsorption is incorrect. Thelr ressons for as-
suming that capillary condensation occurs simultaneocusly
with adsorption in the first layer are based on the follow-
ing considerations: (1) excessively large surface areas
are computed on the basis of monolayer adsorption; (2) the
pore diameters that must be assumwed if adsorption 1s mono-
molecular are qulte smallj (3) volumes of adsorbates held
by a given charcoal are constant, Evidence which will be

glven later strongly suggests that all adsorption from



solution is multilayer in character, whether on porous or
non-porous adsorbents.

What appears to be a more reasonable treatment and one
more consistent with the known mechanism of vapor adsorptilon
by porous adsorbents can be based on the assumption that the
adsorption is constrained by the pore volume of the ad-

sorbent, This can be expressed as
n18V1 + naav;_p = V ’ (6)

where Vy and V; are the respective molar volumes of com-
ponents 1 and 2, and V is the pore volume of the adsorbent,

This expression can be written as

ny s ny s

+
(ﬂg_s)o (ngs)o

-

1. (5)

This equation is identical with the expression obtained by
Kipling and Tester. Thus, an analysis of a binary isotherm
using Bquations 2 and % will lead to individual isotherms
which are identical with those calculated by the method of
Kipling and Tester. As evidence that the pore-filling
mechanism ls more consistent with observed facts than the
treatment by Kipling and Tester, molar volumes calculated
from Equations 5 and 6 agree within one percent of the ac-
cepted literature values, whereas molecular areas calcu-

lated from Equations 4 and 5 are such that edgewise
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adsorption of benzene must be postulated to account for the
area of benzene in the system benzene-ethanol.

The limiting cases where thls treatment falls to hold
should be pointed out, Wherever the pore radii are the same
order of magnitude as the molecular radii, the volume of ad-
sorbate will cease to be constant, due to incomplete filling
of the pores. The steric effects of these small pore radii
have been discussed in detail by Brunauer (15). When the
pore radil are small, Equation 6 no longer holds and this
treatment breaks down. It should be borne in mind that ad-
sorption from saturated vapors differs from adsorption from
solution in an important respect. In the adsorption from
saturated vapors, there is, in addition to the adsorption
at the solid-liquid interface, adsorption at the liquid-
vapor interface. Therefore, great caution must be exercised
in comparing adsorption from solution with adsorption from
saturated vapors. Only when the area of the liquld~vapor
interface is negligibly small compared to the surface area
of the adsorbent can the two modes of adsorption be con-
gsldered the same., This condition 1s generally satisfied by
porous adsorbents. However, when the pore radii become
‘largar, the liquid-vapor interface can no longer be neglect-
ed and the effects of the adsorption at this interface must

be considered,



11

If it were possible to measure the absolute amount of
solute and solvent adsorbed, 1t would be possible to de~
termine the distance from the surface that the adsorptive
foreces extended over, In the absence of such measurements,
it is still possible in some instances to infer such distances,
Until recently adsorption from solution was considered to be
unimolecular., Investigation of immisecible binary systems on
non-~-porous adsorbents have shown S-shaped 1lsotherms. R. S,
Hansen (16) has demonstrated the existence of multilayer ad-
sorption in such systems. An argument has been presented
by Fu, Hansen, and Bartell (17) to show that adsorption
from the miscible system butyrie acid-water on graphite is
multimolecular. Thelr argument was based upon consideration
of activity coefficients calculated for adsorbed layers in
this system., They found a sharp break in the plot of the
logarithm of the activity coefficlent of the surface layer
versus the logarithm of the surface molality, which they
identified with completion of the first adsorbed layer.
Recently Craig (18) has shown multilayer adsorption occurr-
ing with the miscible system butyrie acid-water on the non-
porous adsorbent Graphon. The adsorption of butyric acid
exceeded the amount that conld be placed in a eclose-packed
monolayer of butyric acid molecules, This is the only
instance where multilayer adsorption has been proven for

miscible binary systems.
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One of the most successful approaches in considering
forces arising from the solid surface is the Polanyl po~-
tential theory (19) of adsorption. Polanyl assumed that
surfaces of equlpotentlal enclosed volume increments with
the surface. & g and E,,, the adsorption potentials for

the solute and solvent respectively, are given by

£ 0
g = R In pg
Pg
and
EleTlnE_,:' ’
Pi

where pg and psy are ‘the raapective partial pressuresAof so=-
lute and solvent, and pg° and p;° are the respective satu~
ratad vapor pressures of solute and solvent at the temper-
ature T, Thus, Eg and & 1 ¢an be determined from adsorp-
tion measurements;on pure solute and pure solvent vapors,
For slightly misecible binary systems, the adsorption po-

tential is given by

’

€=1Rr 1n %?

where C is the concentration of solute and Cg¢ is the satu=-
ration concentration of solute. The potential for displace-

ment of solvent by solute is glven by

£=€g 081

5
-
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where Vg and Vy; are the molar volumes of solute and solvent
respectively, Thus, the adsorption of solute, g, from a bina-
ry liguid solution in solvent, 1, can be calculated at any
temperature from a knowledge of the pure gas isotherms of sol=-
ute and solvent. The second term on the right is included
because Polanyl reallzed that the solvent also had a poslitive
adsorption potential and that solute could only be adsorbed
at the expense of removing solvent from the adsorbent. The
Polanyl treatment, as applied to adsorption from solution,

is not general in that the equations are not symmetric to
interchange of solute and solvent., This inconsistency has
been pointed out by Hansen and Fackler (20),

The term C/Cy, called the reduced concentration, which
appears in the term representing the work of removing solute
from solution, has considerable significance in adsorption
from slightly miscible binary solutions. The reduced concen-
tration 1s a good approximation to the solute actlvity, and
the amount adsorbed can be more easily correlated when cone-
gsldered as a function of the reduced concentration instead
of the molar concentration, Craig (18) has shown that the
adsorption isotherms of the aliphatie acids from agueous so=-
Jution are nearly congruent functions of the reduced concen-
tration. This conclusion had previously been reached by
Hansen (16) for the adsorption of valeric and caproic acids

from water and also for the adsorption of aniline and phenol
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from water.

A large portion of the investigations of adsorption
from binary liquld systems covered only the very dillute
concentration ranges. When these investigations were
carried out over the entire concentration range for miscible
systems, it was found that the adsorption reached a maximum
and then decreased until it reached zero as the concen=-
tration approached that of pure solute. In many cases the
isotherms crossed the concentration axis at some inter-
mediate point, gilving what is frequently called "negative"
adsorption of the solute. Of course, in a binary miscible
system the terms solute and solvent lose their usual meaning,
as either component could be considered as solvent, It is
customary to refer to the component as solute whose positive
adsorption is being measured. Heymann and Boye (21) dis-
cussed two types of binary solution isothermsj one type
being where one component showed positive adsorption over
the entire concentration range, the other type being iso-
therms which crossed the concentration axis at an intermedi-
ate point, showing positive adsorption of one component at
low concentration of that component and negative adsorption
at high concentrations of that component., Bartell and
Scheffler (22) studied the adsorption of the aliphatic alco-
hols from benzene solution. Using a silica adsorbent they

found that methancl was positively adsorbed over the entire
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concentration range, whereas the longer chain homologs gave
sigmoid isotherms, the amount of alcohol adsorbed decreasing
as the molecular weight increased. Using a charcocal adsorbe
ent they found that benzene was preferentially adsorbed over
the greater portion of the concentration range, the order of
alecohol adsorption being the same as on silica. These re-~
sults are in agréement with the conclusion that silica 1s a
more polar adsorbent than charcoal. Bartell and Lloyd (23)
demonstrated the effect of surface properties of the adsorb-
ent upon the shape of the binary isctherms. They subjected

a charcoal to different types of activaetion and then determi-
ned the isotherms for the system benzene-ethanol., Depending
on the method of activation, they obtained i1sotherms which
showed preferential adsorption of benzene, isotherms which
showed preferential adsorption of ethancl, and isotherms
with intermediate behavior. Elton (24) discussed the thermo-
dynamic requirements for complete preferential adsorption
and purported to show that if both components of a binary so~
lution have poaitiva adsorption potentials, complete prefere
entigl adsorption cannot occur, He alsc stated that nega-
tive adsorption potentials are unlikely from kinetie con-
siderations, leading to the conclusion that sigmoid-shaped
isotherms should almost inveriably be found. The fact that
isotherms showing complete preferentlal adsorption are fre-

quently found indicates that Elton's explanation is incomplete.
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Doss and Rao (25) have suggested that sigmoid-shaped
lsotherms are caused by the preferential adsorption of a
complex of intermediate composition. The complex adsorbed
should have the composition corresponding to the solution
concentration at the point where the isotherm crosses the
concentration axis. For pyridine-water solutions they
found a complex corresponding to C H.N*H,0 and for acetone-
water mixtures a complex corresponding to (CHﬁ)gO-Hao.
Venkatanarasimhacher and Doss (26) studied adsorption from
the miscible system pyridine-ethanol on silica gel. They
obtained a sigmoid isotherm which cut the concentration
axis at 78.5 weight per cent pyridine. They attributed
this sigmoid isotherm to preferentisl adsorption of the com~
plex corresponding to 205ﬂ3N~Et0H. The results of studles
by Bartell and Lloyd (23) would indicate that this expla=-
nation 1s Incorrect, as Bartell and Lloyd obtained isotherms
which crossed the concentration axis at different points,
depending upon the activetion to which the charcoal was sube
jecteds This point will be discussed further elsewhere in
this thesis.,

Reo and Jatkar (27) in further studies on binary liquid
mixtures have identified the maxima and minima in the iso-
therms with complex formation. It seems reasonable that

failure of complex formation as an explanation for the
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inversion peointd would indicate fallure of this argument as
an explanation of maxima and minima. This point will also
be discussed further elsevhere in this thesis,
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II., OBJECTIVES

The long range objective of this research was to
assist in the formulation of a satisfactory general theory
of adsorption from solution, With this in mind, the
investigation of the adsorption of some normal paraffin
hydrocarbons and cyclohexane from methanol and ethanol so-
lutions by three non-porous carbon adsorbents was under-
taken with the following immediate objectivess

To investigate whether the adsorption is determi-
ned only by the forces at the solid-soclution inter-
face, or whether the adsorption is affected by the
work required to transfer the aésarbed molecules from
the bulk solution to the surface phase.

To determine the effect of chain length on the ad-
adsorption of a homologous series, and to attempt to
infer from this effect the orientation of the adsorbed
molecules,

To examine the isotherms of the partly miscible
binary systems for multilayer adsorption, and to de-
termine if a treatment could be developed to indicate
the thickness of the adsorbed layers and the nature of
the adsorption potentlals as a function of dlstance

from the surface,
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To examine the isotherms of the miscible systems
for sigmold character, and to determine if the inter-
section of the 1sotherms with the concentration axis
may be due to the establishment of a preferred mole-
cular structure, whether 1t can be attributed to
certain areas of the adsorbent possessing properties
different from the rest of the surface, or whether
it can be due merely to the nature of the adsorption
potentials of solute and solvent,

To examine the 1sotherms of the miscible systems
for evidence that would indicate the existence of
multilayer adsorption in these systems.

To compere the adsorption on the different ad-
sorbents in an attempt to determine the effect of the
chemical composition of the surface upon the adsorptive
properties of these carbon adsorbents,

And, finally, to determine whether the géneral-
izations developed from studying the adsorption of
the aliphatic acids and alcohols from aqueous so-
lutions were due to the peculiar nature of the solvent,
or whether these generalizations have universal appli-

cation to adsorption from solution.
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III, MATERIALS AND APPARATUS

As Adsorbents

In order to avoid caplllary condensation and other
effects cansed by porous adsorbents, the adsorbents chosen
for this work were non-porous, In this way the results ob-
tained could be expected to depend only upon the forces
acting at the solid~liquid interface and not upon the physi-
cal &tructure of the adsorbent, The three carbon blacks
selected had previously been shown to be non-porocus by
virtue of agreement between surface areas obtained by
nitrogen adsorption and by electron microscopy.

The adsorbents were subjected to high temperature
evacuation to remove volatlile impurities. The adsorbents
were placed in a quartz flask which was connected to a
vacuum pump. The flask was then heated in an electric muf=-
fle furnace at a temperature of 1000°C. for a period of 24
hours, After treatment the adsorbents were stored in
glass-stoppered flasks., Following is a description of the
adsorbents usedt

"1, heron-¢

| A pelletized medlum-processing channel carbon
black, obtalned from Godfrey L. Cabot, Inec., The
surface area of this adsorbent was 114.0 square

meters per gram.
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2, Graphon
A partially graphitized channel carbon black,
prepared from Spheron~6 by heating in an induction
furnace at 3200°C, The surface area was 78.7
square meters per gram,

3+ DAG-l

A defloceulated artificlal graphite, obtained
from the Acheson Colloid Corporation. The surface
ares was 102.% square meters per gram.

The surface areas listed for these adsorbents were de=-
termined by W. V, Fackler, Jr, and 8. D. Christian, The
determinations were made previous to this work, but since
the adsorbents used in these studies were identical with
the adsorbents on which the surface area determinations were
made, it is felt that the values quoted are valid. The sure
face areas were determined by the low-temperature nitrogen

adsorption method of Brunauer, Emmett, and Teller (28).

B, Chemicals

1. Alcohols
Methanol, reagent grade, obtained from the
General Chemical éempany, New York, New York, was
purified by distillation. Methanol was distilled
in five different batches, the bolling range for

each bateh falling within the range 6u,76~64%,86°C.,
corrected to 760 mm Hg.
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Ethanol, commercial grade absolute, was puri-
fied by the method of Lund and Bjerrum (29). Two
batches of ethanol were purified, the two boiling
ranges falling within 78.62-78.70°C., corrected to
760 mm. Hg.

Hydrocarbons

Octane, pure grade, was obtained from Phillips
Petroleum Company, Bartlesville, Oklahoma, The
octane was shaken with portions of concentrated
sulfuric acid until there was no eoloration of the
aclid layer, then washed with redistilled water and
sodium carbonate solution. Excess water was re-
moved by shaking with sodium hydroxlde pellets.
The octane was then dried by storage over sodium
and subsequently distilled, The boiling range,
corrected to 760 mm., Hg was 125%,88-126,00°C,

Decane, Eastman Kodak white label grade, was
purified in the same manner as the octane, The
decane used in the methanol solutions had a boil-
ing range of 17%,10-174,33°C., corrected to 760
mm. Hg, The decane used in the ethanol solutions
was distilled over sodium and had a corrected
boiling range of 174.33-174.34°C,

Dodecane, Eastman Kodak practical grade, was

subjected to the same treatment as octane. The
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dodecane was dried with sodium and then distilled
over sodium. The corrected boiling range was
216.52-216,77°C,

Cyelohexane, commercial grade, was obtained
from the DuPont Chemical Company. It was puri-
fied in the same manner as the othef hydrocarbons.
The eyclohexane was drled over sodium and distilled
over sodium. The corrected boiling range was
80.72-80,85°C,

All distillations were carried out using a thirty-
plate Oldershaw distilling column, operating at a reflux

ratio of ten to one.
Cs. Eguipment

1., Distilling Column
A thirty-plate, vacuum-jacketed, Oldershaw
distilling column was used for all distillations.
This was equipped with a liquid~dividing still
head operated by a Flexopulse automatic timer.
The characteristicsof this type column have been
determined by Collins and Lantz (30).
2e terferometer
A Rayleigh interference refractometer, ob~-
tained from Adam Hilger, Ltd., London was used

for analyses. One-centimeter cells made of fused
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quartz held the liguids. The cells were equipped
with covers carved from Teflon. The covers were
made in such s manner that mercury seals could be
formed to prevent evaporation of the liquids.

The interferometer was placed in an air-thermo-
stated box, a temperature of 25.0 + 0.1°C, being
maintained by a Precision Scientific Company
*Merc-to-Merce” thermoregulator,

The adsorption tubes were shaken by a motor
driven shaker in an alr-thermostated box. The
temperature of the box was maintained at 25.0
0.1°C, by a Precision Scientific Company "Merc-
to-Merce" thermoregulator.

Adsorption Tubes
Adsorption tubes were made from 15 x 125 mm,.

Pyrex test tubes. The test tubes were heated and

drawn to & fine tip after introduction of adsorbent

into the tubes. Pipets with drawn out tips were
used to £1ill the adsorption tubes. After the
liquid was added the adsorption tubes were sealed
off by means of a micro torch. In some cases, 10
mls glass-stoppered volumetric flasks were used,
these being sealed by palnting the tops with
paraffin wax.
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IV. METHOD OF PROCEDURE

A, Preparation of Solutions

All solutions were prepared at 25°C. in 50 cc. glass=-
stoppered volumetrie flasks, Each solution was made up by
weight and by ?olume, all concentrations being given as
moles per liter at 25°C, The procedure in making up so-
lutions consisted of weighing the amount of hydrocarbon,
then adding alcchol to the mark while the solution was
kept at 25”6. in a water baths The solution was then
welghed so that the welghts of both solute and solvent were
known iﬁ addition to the total volume of the solution. All
weights were corrected to the weight in vseuo before the
concentrations were calculated.

In general, from eight to thirteen solutions were pre-
pared for each system studied, more solutions being used
for the miscible systems., In determining the interfero-
metriec calibration curve for each system, pairs of solutions
vwere required whose indices of refraction were very nearly
the same since only small refractive index differenceé
could be measured on the interferometer, For certain
systems this required solutions in addition to those pre-
pared for the adsorption studlesi in these cases the so-

lutions were made up by weight only, 10 ces volumetrie
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flasks being used for these solutions,
Be. Determination of Interferometric Calibration Curves

In order to measure concentration changes with the
interferometer it was necessary to construct a calibration
curve for each system. The calibration curve related the
measured refractive index change, AR, to the corresponding
concentration change, 4C. The AR values were obtained by
subtracting from the observed interferometer readings the
interferometer readings obtained when pure solvent was in
both sides of the cell. A pair of solutions was compared
in the interferometer and the ratio of AR to difference of
weight per cent solute was plotted against the average
weight per cent of the solutions. This procedure was fol-
lowed using pairs of solutions covering the entire concen-
tration range, A plot was then made of weight per cent
hydrocarbon against the molar concentration of hydrocarbon.
S8lopes were obtained from this graph for every point of the
ealibration curve., BEach point on the calibration curve was
then multiplied by the corresponding slope of the weight
per cent versus concentration curve. This procedure gave
the desired AR/AC against molar concentration graph. This
rather lengthy procedure was followed because the weight
per cent concentrations were known more accurately than the

molar concentrations of the solutions,
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Cs Procedure for Measuring Adsorption

The general procedure for adsorption measurements cone-
sisted of adding a measured volume of solution to a welghed
amount of adsorbent and then shaking the adsorption tubes
in a mechanical shaker at 25°C. for a period of at least
24 hours, Some of the determinations were made using a
10 cce glass-stoppered volumetrie flask as an adsorption
tube, this being sealed by painting around the stopper with
paraffin wax. The flasks were welighed before and after
adding the adsorbent, the solutions added by a volumetrie
pipet. This type of adsorption tube was satisfactory for
dilute solutions of hydrocarbons in alcohols,

A more satisfactory type of adsorption tube was made
by heating a 15 x 125 mm, Pyrex test tube and drawing it
out to a fine tip after the adsorbent had been weighed into
the tube. The .solution was added by means of a pipet with
the tip drawn out so that it could be inserted into the
drawn out neck of the adsorption tube., These pipets wvere
calibrated before uses After the solution was added to the
adsorption tube the neck of the tube was heated to seal off
the tube., The tubes were then shaken in the mechanical
shaker.

After the adsorption tubes had been shaken for a period

of at least 24 hours, the tubes were centrifuged and the
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supernatant liguld withdrawn with a syringe. This solution
was then placed in one side of the interferometer cell.

The originial solution was placed in the other side of the
cell and the two solutions compared in the interferometer.
By means of the calibration curve the interferometer
reading was converted to a concentration change. The
amount of eitherveamponent adsorbed, as surface excess of
that component, could then be calculated from the change

in concentration brought about by adsorption. If the slope
of the calibration curve at any point was so great that
different values were obtained at initial and final concen-
trations, after the first approximate change in concen-
tfatien had been determined a second value was read from
the callbration curve at the mean concentration, so that
the AR/AC value used in the final caleulation of the concen-
tration change was the mean value of the solutions being
compared.

The 24 hour period of shaking was chosen in accord
with studies on rates of equilibrium made by Craig (18) on
adsorption from aguecus solutions of acids and alcchols.
His studies showed that a period of 24 hours was more than
sufficient for the attainment of equlilibrium. The amount
of adsorbent used in each determination varied widely,
ranging from 0.1 gram to 1 gram. The amount of adsorbent

used depended upon the amount adsorbed and the calibration
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curve for the system. In general, interferometer readings
of 100 to 200 were sought in order to obtain greater ac-
curacys The amount of adsorbent used was chosen in an
attempt to keep the interferometer reading within this
range. The volume of solution added in most cases was
five milliliters, although a volume of ten milliliters was
usedlseveral times with solutions near the solubility
limit. ,

The results were calculated as VAC/m versus some
function of the concentration, where V is the volume of
the solution in miililitars, AC 1s the measured change in
concentration in moles per liter, and m 1s the weight of
adsorbent in grams. For the slightly miscible systems re=
duced concentrations were used as ordinates, reduced concen-
trations being the concentration of sclute in the equi~
librium solution divided by the concentration of solute in
a saturated solution. The abseclssa values were expressed

a8 millimoles adsorbed per gram of adsorbent,
D. Method of Determining Solubilities

In the course of this work 1t was necessary to measure
the saturation solubilities of the various hydrocarbons in
methanol. The general procedure was to prepare a saturated

solution of hydrocarbon in alcohol and to compare this satu-
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saturated solution interferometrically with a solution of
known concentration, The saturated solutions were prepared
- in two different ways. In one method methanol was shaken
with an excess of hydrocarbon in an air bath thermostated
at 25.,0°C. In the other method a slight excess of hydro-~
carbon was shaken with methanol at an elevated temperature
until miscibility oeccurred; the solution was then placed

in a water bath at 25.0°C. until phase separation occurred,
After equilibration in the water bath, the methanol phase
was removed with a capillary syringe and placed in one side
of an interferometer cell; a solution of known concen-
tration was placed in the other side of tlie cell and the
AR determined.

From an extrapolation of the interferometric cali-
bration curve the concentration of the saturated solution
could be caleulated. The interferometrie calibration
curves for the normal aliphatie hydrocarbons in methanol
were all straight lines so that no difficulty was encounter-
ed in extrapolating to higher concentrations. The call-
bration curve for the system cyclohexane-methanol had
slight curvature in the vicinity of the saturation solu-
bility of cyclohexane in methanolj for this reason a dif-
ferent technique was used 1n'analysis of the saturated co=-
lution, A portion of the methanol phase was withdrawn and

weighed, then the saturated solution dilﬁted with a welghed
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amount of methanol., The resulting solution was then compared
interferometrically with a standard solution of known cone
centration. As a cheeck on this method, the dilutions were
carried out such that the resulting solutions were quite

far apart in concentration. Each of these solutions was
compared with a different standard solution, the agreement
being better than one part in three hundred. All solu-
bility determinations were made in triplicate except in the
case of octane-methanol where duplicate determinations

gave agreement to one part in a thousand,
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V. EXPERIMENTAL RESULTS

A, Adsorption of Aliphati¢ Hydrocarbons

from Methanol Solutions

The results of measurements of adsorption of three
normal aliphatiec hydrocarbons and one cyeclie aliphatie
hydrocarbon from methanol solutions are presented in Tables
1A through 4C. The results for the normal hydrocarbons
are given in Tables 1 - 33 the results for the cyclie hydro-
carbons are given in Table 4. The letters A, B, and C
given with the table numbers refer to the three adsorbents
used in these measurements, these being Spheron-6, Graphon,
and DAG~]l respectively.

In these tables, C is the concentration of hydrocarbon
in moles per liter at 25°C., V is the volume of solution
in milliliters equilibrated with m grams of adsorbent.

The VAC/m values, in millimoles of hydrocarbon per gram of
adsorbent, represent surface excesses of hydrocarbon per
gram of adsorbent, The /3(V) values, in millimoles of
hydrocarbon per square centimeter of surface area, repre~
sent surface excesses of hydrocarbon per unit area of sure
face, obtained from the VAC/m values by dividing by the
surface area of the adsorbent., These /5(v) surface excesses

are of the type discussed by Guggenheilm and Adam (31).
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Table 1A

Adsorption of Octane from Methanol on Spheron-6

c ¢/Co e /55 10°
(moles/1.) (millimoles/g.) (millimoles/cm.a)
0.0457 0.036 0.03% 0,031
«1126 .088 .076 » 067
«2379 186 +136 .119
+3496 273 .186 163
691 +366 .221 <194
.5851 56 .251 .220
7174 + 560 «313 275
+ 8411 +656 «339 «297
« 9635 « 752 Ll «387
1.080 <842 536 470
1.232 961 1,42 1.25
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Table 1B

Adsorption of Octane from Methanol on Graphon

¢ ¢/Co Eﬁ& VAT
(moles/1.) | (millimoles/g.) (millimolea/am.z)
0.0453 0,035 0,048 0,061
.107% .08 .080 .102
.2319 181 156 198
02355 .18% .162 .206
.3449 .269 .201 .255
L6k .366 .264 .335
.5822 RN 296 0376
.7157 .558 .343 136
L8374 .653 A15 .527
.9557 45 61 .585
1,086 847 .709 +900

1,232 . 961 1.25 1.59
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Table 1C

Adsorption of Octane from Methanol on DAG~1

¢ ¢/Co e /3y 10°
(moles/1.) (millimoles/g.) (millimoles/hm.a)
0.0684% 0,053 0.033 0.032
L1113 .087 .059 .058
1117 .087 .059 .058
.2383 .186 120 117
14035 .315 .183 179
L5867 458 .218 .213
L7565 .590 .247 241
9572 747 .291 .284
1,068 .833 .332 324
1.21% o M7 w469 1458
1,240 .967 .531

o Sl
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Table 24

Adsorption of Decane from Methanol on Spheron-6

c C/Co us /2% 10°
{moles/1.) (millimoles/g.) (millimoles/cm.z)
0.0176 0,031 0.03% 0,030
<0542 «096 .080 | .070
090k 161 116 102
«1932 o3l 172 .151
.2784 496 236 207
«3699 «659 «318 «279
4708 .839 55 .399
14920 «877 +527 J62

« 5407 « 963 1.21 1.06
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Table 2B

Adsorption of Decane from Methanol on Graphon

c ¢/Co —y /3% 10°
(moles/1.) (millimoles/g.) (millimoles cm.z)
0.0128 0,023 0,032 0,041
« 0489 . 087 +099 «126
. 093k +166 « 146 .185
+1892 «337 «187 237
.2966 .528 .240 .305
4073 . 726 +350 RIS
L1739 « Bl RTX! .588
L4977 +887 +582 «739

.5382 .959 1.19 1.52
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Table 2C

Adsorotion of Decane from Methanol on DAG-1

¢ ¢/Co 1 /2% 10°
(moles/l.) (millimoles/g.) (millimoles/cm.z)

0.0158 0.028 0,03k 0.033
055k .099 07N ,072
. 0957 170 +«101 099
1914 341 .138 .135
.2908 518 .182 .178
RIS .738 .268 .262
4886 .870 .338 .330
5079 .905 .39 .385
.5380 .958 .560 o547
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Table 34

Adsorption of Dodecane from Methanol on Spheron-6

c C/Co Eﬁ& /2y 10°
(moles/L.) (millimoles/g,) (millimoles/cm. )
0.0137 0,051 0,048 0. 042
#0141 052 « 049 <043
.0258 .096 .087 .076
L0452 .168 .121 .106
L0610 .226 L140 | .123
.0963 .357 173 .152
+1269 471 209 183
.1586 .588 Lak2 212
.1969 .730 .291 .255
« 2294 »851 0397 «348

o 2474 «918 1.01 »888
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Table 3B

Adsorption of Dodecane from Methanol on Graphon

c C/Co T /235 10°
(moles/1.) (millimoles/g.) (millimoiea/cm.a)
0,007 0,027 0.058 0,074
.015% ,057 .106 .135
.0185  .069 .118 150
. 0226 . 084 .122 155
. 0269 .100 .126 160
. 0543 .201 .167 .212
o 09l «350 «19% 246
+1293 o179 «211 + 268
«1655 61k 252 «320
<193k 717 324 L1
02238 «830 33 550
.2386 .885 .505 641
2438 <904 565 .718

«2522 » 935 «787 »999
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Table 3C

Adsorption of Dodecane from Methanol on DAG-1

c ¢/Co e /2% 10°
(moles/1.) (millimoles/g.) (millimoles/cm.z)
0.0102 0.038 0.045 0, Oltls
. 0265 «098 . 096 » 0%
« 0271 «101 «102 «100
0440 .163 «117 .11k
0627 0232 «135 132
1116 ol .168 . 164
. 1756 .651 .232 .227
« 1764 » 654 222 .217
«2117 «785 «298 0291
«2279 . 845 +328 «320
2482 « 921 «391 .382
«2512 932 401 392

e 2614 »970 . 502 190
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Table WA

Adsorption of Cyclohexane from Methanol on Spheron-6

c ¢/Co e /235 10°
(moles/1.) (millimoles/g.) (millimoles/bm.a)

0.3590 0,108 0.047 0,041

« 7207 217 102 « 089
1.263 .381 181 .159
1.797 542 277 o243
2.33% » 704 LH15 + 364
2.709 817 « 546 479
3.062 « 923 .881 «773

3.19% +963 1.60 1.41
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Table 4B

Adsorption of Cyclohexane from Methanol on Graphon

c C/Co e /2y 10°
(moles/1.) (millimoles/g.) (millimoles/cm.z)
0.358% 0,108 0,043 0,05%
7222 «218 «098 124
1,265 «381 .17k «221
1.781 +537 «293 372
24333 .703 +530 «673
2,665 .803 41 .941
3.067 +925 1l.32 1.67
34210 « 968 2420 2.79




Table L

Adsorption of Cyelohexane from Methanol on DAG-1

c ¢/Co e /29 10°
(moles/1.) (millimoles/g.) (millimolea/bm.z)

0.3613 0,109 0.023 0.022

«3619 « 109 « 026 .025

« 7249 «219 077 .075
1.270 +383 140 137
1.805 . 5l +200 .195
2434k 707 327 319
2,724 .821 A16 JL+06
3.089 «931 «598 . 584
3.275% « 987 + 961 .938
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To define /ﬁ(v)'it 18 necessary to consider two portions
of solution of exactly the same volumej the first portion
contains unit area of surface, the second portion is in
the interior of the solution. /3¢V) is then the number of
moles of component 2 In the first portion in excess of the
nunmber of moles of component 2 in the second portion.

No aetivity data were available for these systems;
however, the absolute activity of the hydrocarbon is
approximeted by the C/bg‘value, Because the activity of
the hydrocarbon in a saturated solution of hydrocarbon in
methanol is not equal to the activity of pure hydrocardon,
but instead equal to the activity in a solution of hydro-
carbon saturated with methanol, the less soluble methanol
is in hydrocarbon the better approximation C/Cq is to the
hydrocarbon activity.

B. Adsorption of Aliphatic Hydrocarbons
from Ethanol Solutlons

The results of measurements of adsorption of two
normal aliphatic hydrocarbons and one cyeclic aliphatie
hydrocarbon from ethanol solutlons are presented in Tables
5A through 7C. The results for the normal hydrocarbons are
given in Tables 5 and 63 the results for the cyclic hydro-

carbon are given in Table 7. The letters A, B; and C refer
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Table 5A

Adsorption of Decane from Ethanol on Spheron-6é

vac 6
c Mole Fraction m /5CV)x 10

o 2
(moles/1.) Decane (millimole/g.) (millimole/cm. )

0.1928 0,012 0,075 0.066
3917 .025 .128 .112
7912 . 053 .182 .160

1,207 . 086 .220 .193

1,602 122 246 .216

1,994 .163 «258 .226

2,402 .213 254 | .223

2,821 .272 .232 204

34233 347 .190 167

3.662 439 .129 113

4,056 . 549 .058 .051

4475 694 .011 .010

b, 894 « 386 ~.013 -.011
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Table B

Adsorption of Decane from Ethanol on Graphon

¢ Mole Fraction Eﬁg /§(V)x 106
(moles/1.) Decane (millimole/g.) (millimole/cm.z)

0,1933 0,012 0.093 0.118
«3887 « 024 o147 .187
L7845 .052 .209 .265
1,188 .08k «239 .306
1.600 121 266 «338
2,004 .165 .286 .363
2,411 »215 «287 +364
2,821 .273 .275 «349
34234 «347 $227 .288
3.661 437 <167 .212
4,059 o542 .090 o1k
4,472 734 .032 Okl

4,891 .883 . 004 . 005




Table 5C

Adsorption of Decane from Ethanol on DAG-1l

yac 6
c Mole Fraction m /§(v)x 10

(moles/1,) Decane (millimole/g.) (millimolq/cm.z)

0.1963 0,012 0.063 0.062
.3975 .025 .096 L 0%
7995 + 05 W145 <142

1.211 .086 .160 .156

1.612 123 ¢ 165 .161

2,019 .167 174 .170

2,426 .216 .171 .167

2,846 «278 148 145

3.25% «351 «115 <112

3,668 1439 .059 ,058

4,065 <549 .030 .029

4475 69 .005 .005

).5.' 893 ;878 -—.099 bt 909
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Table 6A

Adsorption of Dodecane from Ethanol on Spheron-6

vac 6
C Mole Praction m /§CV)X 10

2
(moles/1.) Dodecane (millimole/g.) (millimole/cm. )

0.0728 0. 00k 0,062 0,05k
L1544 . 009 .101 .089
L1545 .009 .102 ,089
.3165 .020 <146 .128
«6806 «O6 «210 .184

1.002 071 262 +230

1,718 J143 .372 .326

2,050 .186 .385 .338

2.418 o244 «359 <315

2,757 .306 .300 .263

2,772 «309 «286 «251

3,119 .392 .178 .156

3.650 «571 .031 .027

4,197 . 863 ~.018 ~+016
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Table 6B

Adsorption of Dodecane from Ethanol on Graphon

ZQQ (v) 6
c Mole Fraction m /2% 10

2
(moles/1.) Dodecane (millimoles/g.) (millimoles/cm. )

0.0649 0,004 0.087 0.110
.1439 .010 .128 .163
1460 010 .132 .168
«3045 .019 .162 +206
6742 .06 «238 .302
» 989 .070 «283 «359

1.362 .105 350 by

1,713 o143 402 511

2,009 .180 120 ¢533

24375 .236 .380 483

2.385 .237 .369 2469

2.729 301 «313 «398

3.101 .388 o194 246

3.107 +»390 .195 248

3.639 « 567 . 060 .076

3.643 «569 . 059 075

3.645 « 571 . 066 « 08k

4,194  W861 .002 .003

b o194 «861 «002 +003
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Table 6C

Adsorption of Dodecane from Ethanol on DAG-l

Yot 6
¢ Mole Fraction m /3¢ 10

2
(moles/1.) Dodecane (millimoles/g.) (millimoles/cm. )

0.0777 0,004 0.070 0.068
+1579 »009 «097 « 095
+1660 .010 « 097 «095
+3356 021 121 .118
«6910 « O47 « 149 146
+6893 o O47 . 154 «150

l.022 073 »193 +188

1.029 074 » 190 .186

1.377 «106 21k «209

1.72% o Lkt »216 .211

2,083 +191 «193 .188

2,785 312 «127 Jd2%

34653 572 015 .015

L"il?é » 863 ~e 016 hat ] 016




52
Table 74

Adsorption of Cyclohexane from Ethanol on Spheron-6é

; . ‘ m (v) 6
¢ Mole Fraction n /2 "% 10

- 2
(moles/1,) Cyclohexane A* (millimoles/g.) (millimoles/cm. )

0.3588 0.022 0,120 0.012 0.011

+3658 .022 .120 .010 .008

. 7203 . Ol .233 .028 .025
1okl .092 1493 . 056 « 049
2.177 145 696 .088 . 077
2,182 146 699 .072 .063
2,192 .203 .805 .097 .085
3.632 . 264 .862 111 .097
4.377 +333 900 .100 .088
5,113 408 L924 ,085 .075
5,852 91 <40 .059 .052
64591 .582 « 949 .015 .013
7,346 688,955 -.029 -.025
8,078 .802  .962 2063 -.055
84817 931 <978 -4 051 - 045
8481k <931 978 ' 048 - 042

*Activity of cyelohexane calculated from data of Washburn
and Handorf (32).
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Table 7B

Adsorption of Cyclohexane from Ethanol on Graphon

- Yac , 6
¢ Mole Fraction n /2y 10

, 2
(moles/l.,) Cyclohexane A* (millimoles/g.) (millimoles/cm. )

0.3593 0,022 0,120 0.012 0,015
.3653 022,120 .013 ,017
.7230 JO45 241 .025 .032
1.449 «093 J+98 « Ol6 +058
2.18% 146 «699 . 066 « 084
2.910 203,805 .088 112
2,916 .203 .805 .081 .103
3.624 «263 .861 . 092 «117
3.636 264 .86k .091 .116
4,370 332,899 .103 .131
4,378 0333 .900 .113 itk
5,105 J07 L2k .121 .15k
5. 841 490 « 940 .121 <154
- 64577 581 » 49 +105 133
64580 581 949 .100 .127
7.335 687 955 .061 .077
84066 799 .961 .020 .025

8.806 L929  .977 . 00k .005

*jotivity of cyclohexane calculated from data of Washburn
and Handorf (32).
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Table 7C

Adsorption of Cyclohexane from Ethanol on DAG-1

vac 6
¢  Mole Fraetion m /ﬁ(v)x 10

2
(moles/1l.) Cyclohexane A* (millimoles/g.) (millimoles/cm, )

0.365% 0.022 0,120 6.007 0.007

7259 L5 241 .013 .013
2.190 o147 » 700 . 052 .051
2,920  .203  .805 .066 . 06k
3.642 265 864 .065 063
4,389 +334% 901 . 071 . 069
5,12k 410,925 .061 , 060
5,857 H9L 940 057 .056
5,855 291 L940 .030 .029
6.593 584 L949 .015 .015
7.343 687 955 ~.01% -0k
8,073 ,801 « 961 -, 05k -+053
8.813 931 .978 -.058 -.057

*Activity of cyclohexane calculated from data of Washburn
and Handorf (32).
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to the three adsorbents used in these measurements, these
being Spheron-6, Graphon, and DAG-l respectively.

In these tables, C is the concentration of hydrocarbon
in moles per liter at 25°C,, A 1s the activity of hydro-
carbon referred to the pure companent at 25°C. As in the
previous section, the VAC/m values are surface excesses of
hydrocarbon in millimoles per gram of adsorbent and the
/3Y) yalues are surface excesses of hydrocarbon in milli-
moles per square centimeter of surface,

Activity data were not available for the decane and
dodecane systemsj activity data for the system cyclohexane-
ethanol system were calculated from partial pressure data

of Washburn and Handorf (32).
Ce Solubilities

The solubllities of the aliphatie hydroecarbons in
methanol that were determined during the course of the
work are llsted in Teble 8,

Values for the solubllity of decane and cyclohexane

in methanol were not recorded in the literature.
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Table 8

Bolubility of Hydroecarbons in Methanol

Solute Temperature Molarity Weight # Solute Mole
Fraction
Octane 25,0 1.282  19.25 0,0627%
Decane 25,0 0.5613 10,25 .0251
Dodecane 25,0 0.2696  5.883 ,0116
Cyclohexane 25,0 3.317 36,057 .177°

8Value of 0,06 + ,005 interpolated from data of L.
31@8, Ghﬂm.*m""m __3., 112 (1951)-

bValue of 36.7% interpalated from data of D, C. Jones
and 8, Amstelly J. Chem. Soc. 1930, 1316.

- ®Yalue of 0.18 + 0,005 interpolated from data of L.
B8ieg, Cheme.-Ing.-Tech. 23, 112 (1951).
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VI. DISCUSSION

A, BEvaluation of Experimental Data

One of the sources of error in the present work was
the uncertainty in the interferometrie analyses. While
the interferometer can be read with a reproducibility of
about one scale division with aqueous systems, the repro=-
ducibllity was conslderably poorer with the solutions used
in the present work. The solutions used here were character-
ized by having large temperature coefficlents of the indices
of refraction. These large temperature coefficients caused
the interferometer readings to fluctuate as the temperature
of the air bath varied within the 1limits of the temperature
control, The precision of réading the interferometer was
about three scale divisions,

A source of error often found in interferometriec
analyses 1s caused by shifts in the coloration of the inter-
ference fringes. These band shifts are due to optical dis-
persion and occur only st large AR values, The presence of
these band shifts was usually detected when the interfer-
ometric calibration curve was being determined, since the
AR values were frequently guite large in these determinations,
It is believed that no error in this work was the result of
band shifts, In determining the 1sotherms the AR values
 wera usually kept below 3003 band shifts in the systems
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used were absent with AR values of less than 400 or 500.
The values of the interferometer readings with the
pure components in both sides of the cells, called the zero
readings, were another source of uncertalnty. As stated by
Craig (18), the zero readings varied too greatly to be ex-

plainable on the basis of the different indices of re-
fraction of the various components., With the partly misci-
ble systems the zero readings for pure solvent were used at
all concentrations, For the misclble systems the zero
readings were determined for both pure components, and the
zero readings for the intermediate points were calculated
on the basis of linear variation of zero readings with con-
centration of solute.
8ince the interferometric calibration curves for the

various systems are not shown, it 1s desirable to indicate
the sensitivity of the systems to interferometric analysis,
The sensitivity is directly proportional to the value of
AR/AC. The range of these AR/AC values, in scale divisions
of the interferometer per millimole change in hydrocarbon
concentration, are given below for the various binary
systems:

Octane -~ Methanol

Decane-Methanol

Dodecane - Methanol

Decane - Ethanol

Cyelohexane - Methanol

Dodecane - Ethanol
Cyelohexane - Ethanol

ol Qe
5 & » &
A0 NSNS
1 11 | I |
WwosfFn Og
s & ® 9
OeHFEFQO o~

*
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It 1s apparent that the sensitivity varied considerably
from system to system,

Probably one of the chief sources of error in this
work was the concentration change resulting from evapor-
ation of solution. This difficulty arose from the fact
that no sultable stopcock greases were avallable for use
with hydrocarbon-aleohol mixtures., The best method for
sealing the standard solutions consisted of inverting a
test tube over the neck of the volumetric flask, then paint-
ing paraffin wax around the body of the flask where the test
tube rested,

While it was previously stated that the temperature of
the air bath enclosing the’meehanical shaker wes maintained
at 25.0 + 0,1°C,, the temperature inside the adsorption
tubes has been found (18) to be up to 0.5°C. higher., This
higher temperature 1is presumably due to friction of the
liquid and adsorbent being shaken against the walls of the
adsorption tubes. It is probable that if a water bath had
been used instead of an alr bath this temperature differ-
ential could have been considerably lessened and possibly
eliminated entirely. After removal of the adsorption tubes
from the mechanical shaker the tubes were placed in a
centrifuge for a period of about one minute, While the
‘temperature of the room was fairly constant at 24,5°C,.,

this short exposure to room temperature added some
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uncertainty to the temperature at which the adsorption
equilibrium was reached.

The surface areas used in the calculation of the /§(v)
surface excesses were determined by the low-temperature
nitrogen adsorption method of Brunauer, Emmett, and Teller
(28), Surface area values obtained by this technique are

considered precise to about two percent,
Be. Significance of Reduced Concentrations

The isotherms for partly miscible binary systems can
be conveniently compared when the amount adsorbed is plotted
as a function of C/Co, the reduced concentration, When the
nature of the surface phase 1s considered, two pictures ap=-
pear to be reasonable. One may consider the adsorbed solute
molecules to be concentrated at the surface as pure solute;
the other alternative would be to consider the adsorbed
solute saturated with solvent. If the adsorbate 1s concen-
trated as solute saturated with solvent, then the work re-
quired to transfer one mole of solute from bulk solution to
the surface phase is given by RT 1n Co/C. In this case, it
¢can be seen that the reduced concentration 1s directly re-
lated to the work of adsorption. At large reduced concen=
trations the work necessary to transfer solute from bulk
solution to the surface phase is relatively sméll, which

makes the steep rise of the isotherms at these large reduced
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concentrations reasonable, If thé solute is concentrated
at the surface as pure solute, instead of solute saturated
with solvent, then the work required to transfer solute
from bulk solution to surface phase i1s -RT 1ln e, where a 1is
the absolute aectivity of the solute in bulk solution, As
previously stated, the lower the solubility of solvent in
solute, the better approximation C/Cy is to the absolute
activity of the solute.

Craig (18) has found that the adsorption of the normal
aliphatie acids from dilute aqueous solution on several
non-porous adsorbents was dependent only upon the reduced
concentration for the slightly miscible acids and the activi-
ty for the misclble acids. For the normal aliphatic alco~
hols he found a slight, but systematic, deviation from
‘congruency when the adsorption was plotted against C/Cy, or
the activity. The isotherms obtained in the present re-
search were not congruent functions of the reduced concen=-
tration, but instead showed systematip deviations from

CONgruency.

Ce The Form of the Isotherms of
the Partly Misclible Systems

When the adsorption of the hydrocarbons from methanol
solution is plotted as a function of the reduced concen-

tration, it 1s noted that in all cases the isotherms rise
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rather steeply as the reduced concentration approaches
unity. This rapid rise suggests that the adsorption is
gtrongly dependent upon the work required to remove the
solute from bulk solution and transfer it to the solid-
solution interfacej since the work required to transfer
solute from bulk solution to the surface phase is pro-
portional to the logarithm of the reduced concentration as
the reduced ccneentration épproaches unity the work required
decreases rapidly.

Assuming the cross-sectional area of a normal hydro-
carbon molecuie to be 20.5 square Angstroms, the quantity
of hydrocarbon required to fill a close-packed monolayer of
hydrocarbon with the longitudinal axlis of the molecule per=-
pendicular to the surface would be 0.92k millimoles per
gram on Spheron-6, 0,638 millimoles per gram on Graphon,
and 0,830 millimoles per gram on DAG-l. This cross-section-
al area is that found for the normal aliphatic acids (33);
1t’is believed that this value 1s a good approximation to
the area of the normal hydrocarbon molecules if orlented
perpendicular to the surface., This area then represents
the minimum area which could be occupied by a hydrocarbon
molecule, Since these are maximum amounts of normal hydroe
carbon that could be placed in a monolayer, these values
will also serve as maximum values for cyclohexane, which

would undoubtedly have a larger c¢ross-sectional area.
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Comparing these maximum amounts of solute with the measured
surface excesses as tabulated in Tables 1 to 4, it can be
seen that these maxima are exceeded by the measured values

for the fallewing'systemsz

Spheron- Graphon DAG-1
Cyclohexane~Methanol Cyelohexana-Methanol Cyclohexane~
: Methanol
Octane~Methanol Octane-Methanol
Decane-Methanol Decane-Methanol
Dodecane~Methanol Dodecane~Methanol

While the measured surface excesses of the normal hydro-
carbons have not exceeded the maxima on the adsorbent DAG-1,
the isotherms on DAG~l show the same steep rise as with the
other adsorbents, and the surface excesses would probably
exceed the calculated maxima at highaf reduced concentrations.
For the systems enumerated above multilayer adsorption is
definitely proven, while multilayer adsorption of the normal
hydrocarbons on DAG-l 1s strongly suggested.

Many previous workers have explained adsorption measure-
ments in terms of the Langmuir equation. The eguation, pro-
posed by Langmuir (34%) in 1915 on the assumption that the
gaseous molecules were non-interacting and that the adsorp-

tion was unimolecular, is of the form

0= r?s;, (1)
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where @ 1s the fraction of the surface covered at the pres-
sure py and b 1s a constant related to the molecular heat
of adsorption and the temperature. The isotherms for the
hydrocarbon-methanol systems were found to fit the Langmuir
equation quite well up to C/Co=0.3. In this case the
Langmuir equationwas used in the slightly modified form

C
n= c (2)
l1+8 o

where n is the amount adsorbed, a is the amount in a com-
plete monolayer, § has the same significance as b in Equa~
tion 1. This agreement suggested that the data could be
treated with a Langmuir equation to cover the adsorption
up to the completion of the first layer.

To deseribe adsorption beyond this first layer, 1t was
thought reasonable to employ the Polanyl treatment, using
the analytical form of the Polanyl potential derived by
~ H111 (35). The potential energy of interaction induced by

' a temporary dipole in a polarizable molecule is of the form

Ezi{%,

where k 1is proportional to the produet of the polarizabili-
ties of the interacting molecules, and r 1s the intermo-
lecular distance. If this interaction exists between a

molecule in the adsorption region and all the molecules in
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a semi-infinite slab of adsorbent, integration over the

slab gives

AU =

i

for the change in chemical potential of a pure liquid com-
ponent brought about by introduetion of a semi-infinite
slab of adsorbent at a distance Z2 from the liquid component,
k' is proportional to the product of the polarizability of
the liquid and the difference in polarizability between the
11qu1d‘component and the solid adsorbent.

In the adsorption of single component gases, these
considerations lead immedlately to an adsorption isotherm

of the form

o
RT In ‘%‘ = ﬁ? ’ (3)

where n is the number of moles adsorbed at the pressure P,
and P° is the saturated vapor pressure. The left hand side
of Equation 3 is simply AM , and n = ZA/v, where A is the
surface area of the adsorbent and v the molar volume of the
liquified adsorbate. The adsorbed material 13 assumed to
be in the liguid state.

In adsorption from solution the corresponding tran-
sition to the adsorption isotherm 1s not so clear cut,
Consider a s0lid adsorbent in equilibrium with a binary

liquid solution. Let A9 be a volume increment between two
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equipotential surfaces @ and 4 + af. If AP 15 assumed
invariant, the conditions for equilibrium between material
in bulk solution and in Af follow from the invariance of
the total free energy under constrained infinitesimal mass

transfer. These conditions lead to
| SF=-0= (Mg = Hap) Jnm +(Map - M2p) ang
subjeet to the condition that
Sap=0-= Vig Jnm + Vaggngg .

Using the Lagrangian multiplier treatment, it follows that

Mg - Hip Mg - Hop o - A, )
Vig V2

where Mjg and V, are the chemical potential and partial

molar volume of component i at the position @, and M 4y 1s

the chemical potential of component i1 in bulk solution.
The activity of component 1 is defined by

0
)‘1”}A1+RT1nai ’
which leads to
0

“;}ﬁ “‘Fib"")‘gﬂ"}‘ib"'n‘r 1n %%% ’ (5)

where aip is referred to the pure liquid component 1 at @
and a4y 18 referred to pure liquid component i in bulk so-

lution. From Equations &% and 5, it follows that
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© 0 Y Y._i_ﬁ o 0 ap
”1.@"”1b*RTm§‘§”vzﬂ(Fzﬁ‘“zb+mln;‘;f)

and

] Q 1] 0
M0.%p o LSap Fab) m i Fapn Fand g
820 @b RT

where o = Viwgg. The following assumption is now madet

o o
Mg = Myp = - € 1(2), the Polanyil potential of component

i at #. Equation 6 can now be written as

E,.(8) -a .0
Y T L =
o BT . (7

The quantity E;(ﬂ) - a €,(P) is known as the effective
potential and will be denoted by € . The previous treat-
ment was outlined by Hansen and Fackler (20).

7

Lot V= ayg  myp , 20 €209 (8)

axp 82b
V is a monotonically increasing function of a;p for fixed
#3 Cigy the concentration of component 1 at @, 1s a mono-
tonieally increasing function of a g, hence of ¥ and asye
The nature of the funetional dependence of C;g on ag gnd
X1 is importantj if the ratio a = Vyp / V,g 1s large
(as in the cases under discussion), C;4 varies but slightly

with X419 and a; ¢ when these quantities are larger than 0.7,
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If C:' is the concentration of hydrocarbon saturated with
alcohol and af the corresponding hydrocarbon activity, then
for a;g)ag, Cig may be approximated with only slight error
by Cf'.

At a given ajyy, let @* be that value of § for which
aip = ag. 1f €/RT 1s of the form K/ﬂ3(35), then a,g is a
monotonically decreasing function of @, so that for g £ 2%,
ai @ ;.af, Cig = Cf'. For § ) g%, aig < af, Cig < C:, where
C: is the concentration of hydroearbon in alcohol saturated
with hydrocarbon, If the mutual solubilities are small,
Cf may be assumed negligible compared to C:', and the ad-

sorption (subject to approximations outlined is

0
Rearranging Equation 8 and setting § = @%, ajg = ay,

0
azg = ap, we obtain (after taking logarithms)
0

o az E (ﬂ*)
Ina; = Inagy, + ¢ In _°  + .
b &2p RT

' o
Now if the mutual solubllity is small, ap/azp = l. There-
0
fore, 1n(ap/azy) may be neglected in first approximation.
Further, & (9)/RT is assumed of the form K/ﬁ3 (35). Hence,

to first approximation
0

ai_ = K
mm 73 (9)
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permitting calculation of @*. It was found that the po-
tential of the form K/ﬁ3 did not satisfactorily describe
the adsorbtion in the immediate vicinity of the surface.
It was this failure that led to the use of the Langmuir

equation in attempting to describe the adsorption in the
first layer.

In the treatment used here, it was assumed that the
adsorption inside the volume fo, enclosed by an equl-
potential surface, was governed by Equation 2, It was
further assumed that outside the volume @y the adsorption

was pgoverned by Equation (9), which was used in the form

mmfe=_K , (10)

T

where § 1s the total volume adsorbed at the reduced concen-
tration C/Cos If nj} is the number of moles of hydrocarbon
between Py and ¥ then we have the relationship

8
vt X

§=fo+nv, +n; "Ay ¥ 11

? H'H ¥ PH X A ! (11)

where QH and v, are the partial molar volumes of hydro-
carbon and alecchol respectively, and xz is the mole fraction
of alcohol in the volume between Pg and . If 1t is further
assumed that the hydrocarbon 1s concentrated at the surface
as hydrocarbon saturated with alecohol, then the last term

in Bquation 11 can be dropped because of the low solubilities
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of methanol in the hydrocarbons studied. The values of nﬁ

were obtained from the relation

né = Eﬁg - nﬁ ’ (12)

where ny was obtained from Equation 2, and VAC/m is the
measured surface excess,

The values of a and p from Equation 2 were evaluated

by plotting ggg?m against C/C, for reduced concentrations
ranging from O to 0.39., The values of a and B were ob-
tained from the slopes and intercepts of the straight line
plots, Evaluation of these two constants allowed the calcu-
lation of ng from Equation 2. Substituting the value of @
obtained from Equation 11 into Equation 10 led to the

expression

In 22 = @wnﬁ? s v Po C B, (12)
This equation expresses the adsorption for @ 7 fo, Equa-
tion 2 governing the adsorption for @ { @p. To evaluate K
and Py for a given system, néVH was plotted agalnst 1:1"1/3
(gﬁ) . T?isbest stralght line was drawnj the slope was
equal to K and the intercept was ~@p. This procedure
was followed to obtain values for a, By K and @, for the
normal hydrocarbon systems, The values of these constants

are shown in Table 9.
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Table 9

Constants Obtained from Analytical Treatment of Isotherms

of the Partly Miscible Systems

K(emz/ga) Golccs/g.) a(m.moles/g.) B

System

Octane~-Spheron-6 9.062x10"3 0.0430 0.565 1.75
Decane~Spheron~6 .165x10“3 0550 316 3.57
Dodecane-Spheron-6 .181x10"3 » 0607 «262 5.19
Octane-Graphon .099x10~3 L0425 415 3ol
Decane~Graphon .242x10"3 . 0662 «281 6.0%
Dodecane-~Graphon .295x10'3 «0710 0229 13.6%
Octane-DAG-1 ,010x10 > 0243 350 3.00
Decane~-DAG-1 .035310-3 .0330 «240 4,88
Dodecane-DAG-1 .096x10 0 .0515 221 7,07
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The graphs showing the agreement between the calculated
isotherms and the experimental results are shown in Figures
1 to 3.

In determining the constants for the isotherms of
cyclohexane, a different method was used to obtain the
values of a and B. These isotherms were nearly linear at
low reduced concentrations, making determination of the con-
stants o and § in the usual manner difficult. At low re-
duced concentrations, the Langmuir equation can be reduced
to

nwsg.; ' (13)

the quantity p(C/Co) in the denominator of the usual expres-
sion being negligibly small compared to unity. Therefore,
to obtain values for a and f, the limiting slopes of the
isotherms as the reduced concentration approaches zero were
determined. From Equation 13 1t can be seen that the limit-
ing slope is equal to the produet op. The value of p was
arbitrarily selected as one, a being equal to the slope.

The smaller the value of B chosen, the more nearly linear

is the initial portion of the calculated isotherm. However,
if B 1s ehosen too small, the value of a becomes quite large.
It was found that setting f = 1 gave values of ¢ in line
with valuesyaf a for the normal hydrocarbon. The constants

K and @y were determined in the usual manner, The values



Figure 1. Comparison of Calculated Isotherms and
Experimental Results for the Adsorption of the Normal

Hydroearbons from Methanol Solution on Spheron-6
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Fipure 2. Comparison of Caleculated Isotherms and
Experimental Results for the idsorption of the Normal
Hydrocarbons from Methancol Solution on Craphon.
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Figure 3. Comparison of Calculated Isotherms and
Experimental Results for the Adsorption of the Normal
Hydrocarbons from Methanol Solution on DAG-1,
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of the constants for cyclohexane isotherms are shown in

Table lﬂa

Table 10
Consgtants Obtained from Analytical Treatment

of Cyclohexane Isotherms

o 9

Adsorbent K(cm./ga) Po(cce/gs) a(memoles/g.) B
Spheron-6 0.0895x10™  0.0400 0.477 1.0
Graphon  0.348 x10™°  0.0665 RAN 1.0
DAG-1 0.0281x10™>  0.0238 0.240 1.0

The graph showing the agreement between the calculated
isotherms for cyclohexane and the experimental results is
shown in Figure 4. It should be pointed out that while the
treatment used here leads to continuous isotherms, there 1is
a discontinuity in the first derivative at fy, that is,
where the values of n& calculated from Equation 12 begin
to contribute to the 1sotherms.

To indicate the sensitivity of the calculated isotherms
to variation of the constants, four isotherms were calcu-
lated to show how individual variation of each constant

would affect the cslculated isotherm. These isotherms are



Figure 4, Comparison of Calculated Isotherms and
Experimental Results for the Adsorption of Cyclohexane
from Methanol Solution.
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shown in Pigure 5. The reference lisotherm is the isotherm
calculated for octane on Graphon, using the constants in
Table 9, Each of the other isotherms represents a 20 per
cent increase in one of the constantsj for instance, iso-
therm a was calculated with K' greater than K by 20 per
cent, the other three constants being the same as those
used in the reference isotherm, It can be seen that the
isotherms are most sensitive to the constants a and fg.

Since variations of the indlvidual constants affect
the calculated isdtherms in different ways, it is obviously
possible to partially offset these changes by simultaneous
variation of several of the constants. To demonstrate this,
and to see how weli a given isotherm can be fit by simul-
taneous variation of several of the constants, the constant
a in the reference isotherm was increased by 20 per cent
and the other constants varied by trial and error until the
reference isotherm was most closely approximated, The re-
sulting isotherm is compared with the reference isotherm in
Figure 6. The legend indicates the variations in the other
constants necessary to approximate the reference isothernm,
The greatest deviation from the reference isotherm was 8
per cent,

If the adsorbed hydrocarbon molecules were colled in
a spherical shape, then a¢, the monolayer concentration,

would be expected to vary as v"2/3, where v is the molar



Figure 5, Effect of Variation of Constants Upon
Caleulated Isotherms.
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Figure 6. Effect of Variation of Constants Upon
Calculated Isotherm.
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volume of hydrocarbon. Correspondingly 8¢ would be expected
to vary as v}/3 or as av. K might be expected to be pro-
portional to the difference in polarizabilities of the
hydrocarbon and alcohol molecules, as K reflects the inter=-
action between the adsorbent and the adsorbed molecules,

To test such a model, the isotherms on Spheron-6 were
studied., The isotherms were first plotted against the
solute activity, based on the standard state of solute
saturated with methanol. The following method was used to
calculate these activities. The equation ln yy = B(1-xy)"
was used to express the hydrocarbon activity coefficient,
Ygy in terms of the hydrocarbon mole fraction, Xg. The
activity is given by

X
a =g )
Yp¥y

where the superscript zeroes refer to methanol saturated

with hydrocarbon. Substituting the expression for 1ln vy
into Equation 14 and simplifying, we get

h.¢ © (¢
H  B(Xg - Xg)(2 - Xy - Xp)

a="3
Xy

. (1%)

0
Since Xy and Xy are negligibly small compared to two, they

can be neglecteds then, using the exponential expansion the
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expression

‘ X 0
a==s [+ 2B(Xy - Xg) 7 (16)
Xy
is obtained by neglecting higher terms in the expansion,

The values of B were obtained from the expression
{3 <} T ]
Ye¥yg = Ygiy (17)

obtained by considering the fact that the activity of hydro-
carbon in a saturated solution of methanol 1s the same as
the activity of hydrocarbon saturated with methanolj here
yé and Xﬁ are the activity coefficient and mole fraction

of hydroecarbon in a solution of hydroecarbon saturated with
methanol. Bubstituting eB(1-X)2 o0 vy in Equation 17

leads to the expression

0 - 2
xg oB1Xm L x! BN

which can be solved for B if the solubllitles of the com=-
ponents in each other are known. The solubility of methanol
in octane was found in the literature (36). It was found
that the mole fraction solubility of methanol in the hydro-
carbons was a linear function of the hydrocarbon chain
lengths for hexane, heptane, and octane, Therefore, the
solubllities of methanol in decane and dodecane were ob-

tained by extrapolation.
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To test the spherical model outlined above, the 1iso-
therm for decane-methanol as a function of actlvity was
analyzed to obtain the constants a, p, K and fo. The fol=-

lowing expressions were used for these constants:

a = 001)'*5 'VH‘-Z/B

-
K=3.87 x10 (vg =~ vp)

Bo= 0.0725 vy °

L]

The values of p were calculated from Equation 2 where the
activity was equal to O.4. Since the polarizabilities are
very closely approximated by the molar volumes, the differ-
ence in molar volumes was used to obtain the variation of
Ke The three isotherms obtained by this method are shown
in FPigure 7 together with the experimental results., It can
be seen that the agreement is at least qualitative, indi-
cating that the spherical model might be close to the cor-
rect picture.

The treatment proposed here seems to be capable of
fitting the «perimental isotherms with a falr degree of
success., It is not the purpose of the author, however, to
present this agreement of calculations with experiment as
evidence of proof of the suggested model., It 1s merely
intended that the model presented here be offered as a
possible explanation for the behavior of the lsotherms of
partly miscible binary systems. It is belleved, however,



Figure 7. Comparison of Experimental Results with
Isotherms Caleulated on the Basls of Spherieally Adsorbed
Molecules for the Adsorption of Normal Hydroearbons on

Spheron~6,
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that the model presented here 1s based on assumptions that
are physically tenablej and it is hoped that this treatment
will shed some light upon the mechanism of adsorption from

solution.

D The Form of the Isotherms of
the Miscible Binary Systems

The shapes of the isotherms for the miscible binary so-
lutions are fundamentally different from the shapes of the
isotherms for the partly miscible systems, Whereas the
isotherms for the partly miscible systems rise asymptotic-
ally as the reduced concentration approaches unity, the
isotherms for the miscible systems must necessarily approach
zero a8 the concentration approaches that of pure solute.
This difference in shape 1ls a necessary consequence of the
method of measuring adsorption, Since the adsorption is
measured as a surface excess, it is impossible for the sur-
face excess of solute to attain a large value when the so-
lution 1s very nearly pure solute,

As was mentioned previously, it is not the solute only
that 1s adsorbed, but also the solvent., Thls leads to two
possible types of isotherms for miscible binary systems.
After the isotherm indicating the surface excess of one com=-
ponent passes through a maximum, it can approach zero

asymptotically, or it can cross the concentration axis at
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some point and pass through a minimum before reaching zero.
The presence of such a minimum is freguently referred to as
negative adsorptions. It is evident that this latter type
isotherm, showing both a maximum and a minimum, will ocecur
when both components are adsorbed with forces comparable

in magnitude. Isotherms of both types are noted in observ=-
ing Figures 8 to 10. For all systems the isotherms on
Graphon are of the first type, showling preferential ad~
sorption of hydrocarbon throughout the entire concentration
range. All isotherms on Spheron-6 and DAG-l are of the
second type, the isotherms conteining both maxima and
minima, The conclusion can be drawn that ethanol 1s much
less strongly adsorbed on Graphon than the hydrocarbons,
while on Spheron-6 and DAG~1 ethanol is adsorbed with forces
comparable to those adsorbing the hydrocarbons.

As mentioned in the introduction, Doss and Rao (2%)
have suggested that s sigmold-shaped l1sotherm 1s due to a
preferred composition of the adsorbed layer. They identi-
fied the inversion points on their isotherms with simple
compounds having the same compositions of the inversion
points, While the findings of Bartell and Lloyd (25) would
seem to invalidate the argument of Doss, it might be inter-
esting to examine the present results. The concentrations
at which the isotherms cut the concentration axes are listed

in Table 11,



Figure 8. Adsorption of Hydrocarbons from Ethanol

Solution on Spheron=-6.
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Figure 9., Adsorption of Hydrocarbons from Ethanol

Solution on Graphon.
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Figure 10, Adsorption of Hydrocarbons from Ethanol
S8olution on DAG~1,
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Table 11

Inverslion Points for Isotherms of the Misclble Systems

Mole Fraction Mole Fraction Mole Fraction

Adsorbent Decane Dodecane Cyclohexane
Spheron~6 0,740 0,671 0,617

The aampositiaﬁ éf these inversion points do not correspond
to compounds of a simple nature., If a compound such as
decane-~ethanol were responsible for the inversion on an iso~
therm, then for the system dodecane-ethanol the inversion
point would have to be at the same mole fraction, presuming
that the same type compound would be hypothesized. On the
econtrary, it 1s observed on both Spheron-6 and DAG-1 that
the inversion points for the system dodecane-ethanol are at
smaller mole fractions than for the system decane-ethanol.
Thus, the 1sotherms on Spheron-6 and DAG-l seem to indi=-
cate that the shape of the isotherms are dependent on
phenomena other than the existence of a preferred molecular

gtructure in the adsorbed layer.
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The shapes of the lsotherms may be due to the forms
of the Polanyl potentials for the two components., If the
slcohol were adsorbed by a portion of the surface that was
covered by surface complexes of the type found by Anderson
and Emmett (2), then the adsorption potential for alcohol
would be due to a two~dimensional attracting layer. In-
tegration of this interaction energy over this two-dimen-
sional layer would lead to a potential of the form k/z“.
The effective potentlal, or the difference between the po=-
tentials of the two components, would then be of the form
k,/'Z3 - k@/ﬁn. This type of potential function will lead
to an inversion in the isotherm of the type observed, and
the point at whieh this inversion occurs 1s dependent on
the relative magnitude of k; and kj.

The maxima and minima in the 1sotherms for miscible
binary systems have also been identifled on the basis of
complex formation (27). To explain the minima in the iso-
therms of dodecane-ethanol and decane-ethanol on Spheron-6,
it would be necessary to postulate the <istence of the
complexes 7 dodecane + ethanol and 7 decanes ethanol.

Complexes of this nature would appear to be quite unlikely.
It seems more likely that the maxima are determined solely

by the relative magnitudes of the adsorption potentlals of

the two components.
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While activity data are not available for the solutions
of decane and dodecane in ethanol, a failr approximation to
the activity curves for these hydrocarbons can be made. The
activity curves for hexene (37) and heptane (38) in ethanol
solutions rise steeply as the mole fraction of hydrocarbon
increases, The activity of heptane is 0.9 at mole fraction
0,37 8Since deviations from ideality incresse with chain
length, the activity curves for decane and dodecane can be
estimated with reasonable accuracy, for at mole fraction
0,37 the activities of decane and dodecane are constrained
to be less than 1 but greater than 0.9. The Margules equa-
tion, In vy = Bxaa, was used to establish the activity
curves at low hydrocarbon mole fractionsj v; 1s the activity
coefficient of hydrocarbon, B is a constant, and X, is the
ethanol mole fractibn. The constant B was found to vary
linearly with hydroearbon chain length in the partly misc-
ible hydrocarbon-methanol solutions. It was therefore as-
sumed that the constant B would vary in a linear manner with
chain length in the hydrocarbon-ethanol solutions. Values
of B were determined for the systems hexane~ethanol and
heptane-ethanol using the activity dataj the values of B for
the systems decane~ethanol and dodecane~ethanol were ob-
tained by extrapolatlion, The activity curves at higher
hydrocarbon concentrations were estimated, subject to the

condition that the deviation from ideality 1s greater the
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longer the chain length. Using the estimated activity
curve, the 1sotherm for the system dodecane-ethanol is
shown in Figuré 11, where the amount adsorbed is plotted
against the dodecane activity., In Figure 12 is shown the
isotherm for cyclohexane-ethancl, also plotted as a
function of the activity. At low solute activities the
isotherms resemble closely the isotherms of the partly
miseible systems. As the solute activity increases the
isotherms begin to rise steeply in the manner character-
istie of the isotherms of the partly miscible systems,
which are known to demonstrate multilayer adsorption.

Thus, although the maxima in the isotherms do not exceed a
close~packed monolayer, from the sharp increase in ad-
sorption shown by these isotherms it seems that the systems
are demonstrating multilayer adsorption. As mentioned pre-
viously, due to the nature of the measurements, the surface
excess of hydroecarbon cannot increase as the hydrocarbon
mole fraction approaches unity. The l1sotherms for the
system decane~ethanol plotted as functions of the activity
are not shown because the rise, though present, is not

nearly as pronounced as with the two systems shown,



Pigure 1l. Adsorption of Dodecane from Ethanol
Solution,.
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Figure 12. Adsorption of Cyclhexane from Ethanol
Solution.
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E. Comparison of Adsorptive Properties of
Different Carbon Adsorbents

A comparison of the adsorption isotherms determined
on different adsorbents can gilve information concerning
the nature of the surface of these adsorbents. In order
to compare the adsorbents used in the present studies, the
isotherms were plotted as /g(v) versus the reduced concen-
tration for the partly miscible systems and as /§(V) versus
solute mole fraction for the miscible systems. These plots
are shown in Figures 13 to 19 where /ECV) is the surface
excess of hydrocarbon in millimoles per square centimeter
of surface area. These plots, therefore, indicate the
amounts adsorbed on a unit surface area basis,

Examination of Figures 13 to 16 shows that for the
partly miscible systems the adsorption of hydrocarbon was
greater on Graphon than the adsorption on either Spheron-6
or DAG-l, 8ince Graphon shows no preferentlal adsorption
of ethanol from the miscible binary systems, the strong ad-
sorption of hydrocarbon on Graphon could be due to the weak
competition offered by methanol for the Graphon surface.
Comparison of the Spheron and DAG isotherms shows that the
adsorption of hydrocarbon from the partly miscible systems
is in general greater on Spheron-6 than on DAG~l, The ex-

ceptions to this, while not great, follow a definite trend.



Pigure 13. Adsorption of Octane from Methanol
Solution.
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Figure 14, Adsorption of Decane from Methanol
Solution.
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Figure 15. Adsorption of Dodecane from Methanol
Solution.
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Figure 16. Adsorption of Cyclohexane from Methanol

Solution.
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Figure 17. Adsorption of Decane from Ethanol Solution.
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Figure 18, Adsorption of Dodecane from Ethanol
Solution.



06

05

O
H

O
o

O
o

o

>, 8

(v)
I x 10 IN MILLIMOLES PER ¢m2

~» 9

0 GRAPHON

0 SPHERON

4 DAG-I

| | | | |

O.1 0.2 0.3 04 0.5

06 o7 08

MOLE FRACTION DODECANE

qeco1



Figure 19. Adsorption of Cyeclohexane from Ethanol
Solution.
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At low reduced concentrations, the adsorption of dodecane
is greater on DAG-l, and at low reduced concentrations the
adsorption of decane on Spheron-6 and DAG-1l is practically
the same, Thus bearing in mind the relative solubilities
of the hydrocarbons in methanol, it appears that at low
molar concentrations of hydrocarbon the adsorption is
greater on DAG~l than on Spheron-6, but at higher concen-
trations the reverse is true., Inspection of Figures 13 to
15 also brings out the fact that the ratio of the adsorption
on S8pheron-6 to that on DAG-1l at a fixed reduced concentra-
tion 1s greater for the system octane-methanol than for the
system dodecane-methanol. This variation in the relative
adsorptive properties of Spheron-6 and DAG~1 can be ex~
plained on the basils of the decrease of the adsorption po-
tentials as the distance from the surface increases. All
of the previous observations are reasonable if the adsorp-
tion potential between the surface and the solute decreases
more rapidly for DAG-l than for Spheron-~6., Thus, at low
concentrations the adsorbed molecules are close to the sur-
face, and the adsorption on DAG-l 1s slightly greater than
the adsorption on Spheron~6., However, at higher concen-
trations some of the adsorbed molecules are more distant
from the surface, and the rapid fall-off of the adsorption
potential of DAG~l leads to lower adsorption on DAG~l than

on Spheron-6.
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This difference in the rate of fall-off of the ad-
sorption potentials might be due to several factors,
Differences in the crystal structures of the two adsorbents
could conceivably lead to different forms for the adsorp~
tion potentials. Or, as mentioned previously, if the
energy of interaction between two polarizable molecules 1s
integrated over a semi-infinite solid, an adsorptiocn po~-
tential of the form k1/23 is obtained, where Z is the dis-
tance from the surface to the molecule, If this same inter-
action energy 1s the result of a two-dimensional layer, in-
tegration over this two-dimensional layer leads to an ad-
sorption potential of the form kg/z*o If the adsorption
potentlal for a given adsorbent was a combination of these
two potentials, that is, of the form k,_/'Z3 + ka/Z“, and if
the potential for another adsorbent was of the form
k3/23 + km/zh, it 1s evident that the rate of fall-off of
these two potentiasls would depend upon the relative magnie
tudes of the four k's. Potentlals of the types described
here wuld expluin the difference in the fall-off rates bf
the adsorption potentials for Spheron-6 and DAG-1,

Examination ofvthe miscible isotherms shown in Figures
17 to 19 shows that the adsorption on Graphon 1s again
greater than the adsorption on either Spheron-6 or DAG-1l at
all concentrations. Graphon alsc shows no preferential

adsorption of ethanol. As was previously mentioned, the
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fact that preferential adsorption of ethanol is not found
with Graphon indicates that the interaction forces be-
tween the Graphon surface and ethanol are much weaker than
the forces between the CGraphon surface and the hydrocarbons.
In studies on Spheron-6, Anderson and Emmett (2) found that
the surface of Spheron-6 contained certain oxygen complexes,
They alsc found that removal of these oxygen complexes af-
fected the adsorptive properties, the adsorption of water
vapor being considerably smaller. A reasonable explanation
for the weak adsorption of ethanol on Graphon compared to
that on Spheron~6 can be madé on the assumption that
ethanol is adsorbed on those parts of the surfaces covered
by the oxygen complexes, The oxygen complexes known to ex-
ist on Spheron-6 are probably partially or completely re=-
moved during the high~temperature graphitization process

by which Spheron-6 is converted to Graphon. Consistency
with thils explanation would regquire that the surface of
DAG~1 be partially covered with oxygen complexes of a simi-
lar nature. It thus appears that comparison of isotherms
obtained with different adsorbents can lead to qualitative
information concerning both the adsorption potentials and

the chemical nature of the surfaces.
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VII, SUMMARY

The adsorption of cyclohexane, decane, and do-
decane from methanol and ethanol solutions, and of octane
from methanol solution by the carbon black Spheron-6, the
graphitized carbon black Graphon, and the artificlal
graphite DAG-l was investigated at 25°C. Solubilities of
the hydrocarbon in methanol were determined.

All hydrocarbon-methanol systems were of limited
miseibility, and with each adsorbent the isotherms for the
adsorption of hydrocarbon were of sigmoild shape, the ad-
sorption of hydrocarbon becoming very large as the concen-
tration of hydrocarbon approached saturation.

At hydrocarbon concentrations sufficiently near satu-
ration, the adsorption of all hydrocarbons from methanol
solutions by the adsorbents Spheron-6 and Graphon was de-
monstrably multimolecular, the amount of hydrocarbon ad-
sorbed exceeding that which could beaccommodated in the
known surface area of the adsorbents even if minimum
molecular cross-sections were assumed, While this criterion
did not serve to prove multimolecular adsorption in the
case of DAG-1l, the similarity of isotherms on this adsorb-
ent to those on adsorbents with which adsorptlion is demon-
strabiy multimolecular indicates that the adsorption of

slightly soluble hydrocarbons from methanol solutions from
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DAG-1 1s also multimolecular.

In contrast to the adsorption of slightly socluble
aliphatic aleohols and aliphatie acids from aqueous so-
lutions by these same adsorbents, the adsorptions of differ-
ent hydrocarbon homologues from methanol solutions at the
same absolute hydrocarbon activity are not the same but
vary systematically along the homologous series, the lower
homologues being more extensively adsorbed at higher
activities,

The theory of adsorption from solution developed by
Hansen and Fackler 1s specilalized to slightly soluble
systems and an analytical adsorption isotherm derived. The
theory herein presented uses a Langmulr mechanism to de~
scribe adsorption in the first molecular layer and a van
der Waals force law to desceribe adsorption in higher mo-
lecular layers., The adsorption equation derived was found
to represent hydrocarbon-methanol experimental data satis-
factorily, and the constants showed a physically reasonable
variation along the homologous series.

The adsorbent Graphon was found to adsorb all hydro-
carbons positively from ethanol solutions over the entire
concentration range. The adsorbents Spheron-6 and DAG-l
led to isotherms which inverted at high hydroecarbon concen-
trations in ethanol, the ethanol being positively adsorbed

at very high hydrocarbon concentrations.
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It is shown that the adsorption of hydrocarbons from
ethanol cannot be interpreted reasonably in terms of the
complex theory of Rao, or in terms of a preferred surface
strueture, but can be Iinterpreted reasonably in terms of
surface oxide complexes and differences in fall-off laws
for van der Waals forces from infinite films and semi-
infinite slabs.

Arguments based on the comparison of isotherms for ad-
sorption of hydrocarbons from methanol and ethanol so-
lutions are presented to show that adsorption of hydro-
carbons from ethanol by the adsorbents studied is also
multimolecular.,

Comparison of the adsorption of hydrocarbons from
methanol solution on the different adsorbents showed that
the adsorptlon on Graphon was the greatest at all concen=-
trations. The difference in the adsorption on Spheron-6
and the adsorption on DAG-1l from methanol solution is ex~
plained in terms of differences in fall-off laws of the ad~-
sorption potentlals for these two adsorbents.

The preferential adsorption of ethanol from hydro-
carbon-ethanol solutions on the adsorbents Spheron-6 and
DAG-l 18 explained on the basis of surface complexes which
possess specifie affinity for aleohol molecules, The absence
of preferential adsorption of ethanol on Graphon is the re~
sult of the removal of these surface complexes during the

graphitization treatment.
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