ABSTRACT

This report is divided into two parts. The first
part is the measurement of heats of mixing at 25°C, for )
the system carbontetrachloride-tetrachloroethylene; the
second part is thé investigation of liquid phase adsorptvion
of binary liquid mixtures, using silica gel as the adsorbent.

The heats of mixing for the system carbontetrachloride~
tesrachloroethylene were measured as a function of comp-
osition; and it is found that this system is a non-ideal
one though the deviations ifrom ideality are of smaller
order compared with those systems such.as benzene-n-pentane
and benzene—n—decane(g).

Four systems were investigated for liquid phase ad-
sorption, namely, benzene-n-hexane-silica gel, benzene-
n-heptane-silica gel, benzene-n-octane-silica gel and
benzene-n~-decane-silica gel. Adsorovtion eqdilibria of tke
systems were determined av 25°C and 1 atmosphere.

Everett's interpretation(u) was adopted; and with the
activity coefficients in the liquid phase evaluated by

Iu's met:hod(5> of extrapolation, the acvivity coefficients
in the adsorbed phasefii;and the separation factor K' were
evaluated. The results show that deviations from ideality
do exist in the adsorbed phasce and that tie chain lcngtn

of the n-alkancs has no effect on the senaration factor Y.
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NOMENCLATURE
a,b;c constants
agM molal energy of mixing, in cal./mole
Aﬁv mdlal energy of vaporization,in cal./mole
ﬁ molal enthalpy of a solution at a certain
temperature and pressure
ﬁi partial molar enthalpy of component i in
a solution
Aad heat change, in calories
IN: molal excess heat of mixing, in cal./mole
Aﬁm heat of mixing per mole of solution, in

cal./mole
Aﬁ?ﬁeal molal heat of mixing. for an ideal solution,

in cal./mole

agY enthalpy of vaporization , in cal./gm.

i current, in amperes

J the electrical equivalent of heat, 4.184 joules/cal
K separation factor for a perfect system

K!' separation factor for a real system

K1,K2,K3,K4 constants
k constant
M molecular weight of a substance, in grams

m number of grams of a substance



number of moles of a substance
refractive index of a liquid at 25°C
pressure, in mm Hg

atmospheric pressure, 760 mm Hg

the rate of heat supply to the calorimeter,
in cal./sec. _ '

resistance, in ohms

the resistance of the standard resistor, in
ohms

weight fraction

change of resistance, in ohms

molal volume of a substance .

molal volume of a liquid, in cc/mole

the potential drop across the standard re-
sistor, in volts

adsorptive capacity, in cc/gn.

weight, in grams

the mass of nitrogen adsorbed on W grams of
silica gel

mole fraction
defined as x:le
constants

éctivity coefficient

absolute magnitude of adsorption, in moles/m2



| =Xi-

8 time,in seconds

% solubility parameter

¢ density; in gm./cc..

g volume fraction

3 area oécupied per mole.of a component
s surface area of a substance, in ma/gm.
log logarithm based on e

superscripts:

° in the original solution

R liquid phase

G) . with respect to weight

9 gas phase

(NX) with respect to the number of moles
QD) with respect to volume

a in the adsorbed phase

subscripts:

i component i

R liquid

1,2 components 1 or 2



PART I

Heats of mixing of liquids



INTRODUCTION

The binary system carbontetrachloride-tetrachloro-‘
ethylene had been investigated previously(q) and was
considered "nearly ideal" because the activity coeffic-
ients evaluated from the experimental isobaric vapor- ’
liquid equilibrium data "distriputed around unity".

If this information is considered in terms of ex-
cess thermodynamic properties,

E E

BE = 6P ¢+ 7 sE

where HE is the excess enthalpy; SE is the excess entropy
and GE is the excess free energy of mixing, which is
closely related to the activity coefficients, we may
hawe_a better understanding about this system. Since
the GE evaluated from the reported experimental data are
scattering, as shown in Fig.29,P.34, it is desirable
to obtain experimental data on heats of mixins so that
the HE term will help to show whether this system is |
athermal ,regular or ideal.

Brass calorimeters of the same type as used by
Lama and Lu("3 ), were used for the measurements. This
calorimeter had been used to measure heats of mixing

for some system8(13)’(2) with ;acceptable results.



" THEORETICAL CONSIDERATIONS

The heat effect produced on mixing two pure com=—
ponents,‘under the same temperature and pressure, is
called the "integral heat of solution" or simply
"heat of mixing", which is designated as Aﬁm, This
thermal effect is stated on the basis of one mole of
the resulting solution.

For an ideal binary system, the molal enthalpy

of the solution is defined as
~ ~ n
H = x, H + % Hy 1)

where'ﬁ is the molal enthalpy of the solution; %% and
ﬁa are the molal enthalpies of the pure components 1
and 2 respectively, at the same temperature and pre-
ssure; and Xq» Xp are the mole fractions of the com-
ponents 1 and 2 respectively, in the solution.

For a real system, the heat of mixing has to be

considered, hence

a4 4 el M
where Jﬁn is the heat of mixing per mole of solution,



-l

and is considered positive for endothermic process
when heat is absorbed by the system.

If we designate the heat of mixing as the enthalpy
difference between the final and initial states of a
mole of the solufion at constant temperature‘and prege

-aure , then we have

~M e ~ o~
AH" = H =~ (n,.I H; + n, H2) (3a)
final initial
state state

applying Euler's theorem, on one mole basis,

’ﬁ = x1 E—H—- + XZ .lH__.
)n/' 2 n2

where H, and H, are defined as the partial molar
enthalpies of components 1 and 2 respectively. They
represent the change in enthalpy of a very large
quantity of the solution vhen one mole of the pure
components 1 or 2 respectively, is added at constant
temperature and pressure.

Combining (3a) and (3b),
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the heat of mixing might be expressed in terms of par-
tial molar enthalpies and molar enthalpies of the pure

components.

An excess property is defined as the difference
between the actual property and the property which one
would obtain for an ideal solution at the same condit-
ions. Therefore the excess heat of mixing is ex-

pressed as ,

HE . JEM - M (5)
real ideal

where 'ﬁE is the excess heat of mixing per mole of
solution; XﬁMreal is the molal heat of mixing for a

real system and XﬁM

jdeal is the molal heat of mixing
for an ideal solution.

From equation (5), it is obvious that the excess
molal enthalpy of mixing, ‘ﬁE , is equal to the integral
enthalpy of mixing per mole of solution, {ﬁu, because

the enthalﬁy of mixing for an ideal solution is zero.



LITERATURE SURVEY

The measurements of heats of mixing have always been
considered difficult opwrations. The use of calorimeters
is the main factor of such meaéurements. Various kinds
of calorimeters have been used by different_researchers,
and each type has been found to be successful to some
extent. Among the great number of calorimeters previous-
1y used, the main types and the more important ones are

briefly discussed below:

Adiabatic calorimeter by Bichards(6> This was used

as early as 1905. In this calorimeter the heat losses
due to radiation were minimized by keeping the temperature
of the calorimeter content at the same level as that of

the ambient atmosphere.

Special calorimeter for heats of solution and heats

of mixing This was started in 1930. A1l those used
by Caroll and Mathews(7>, by Macleod and Wilson(s) and by
Void(g) were of the various forms of the ordinary Dewar

flask type for isothermal measurements.

Calorimeter used by Scatchard et. al.(qo) In 1952,

they used the new form of externally agitated calorimeter.



It consisted of a horseshoe-shaped tube in which mercury
was used initially to separate the two components; and

was then used to enhance the mixing process.

Tsao and Smith apparatusgﬂq) A vacuum Dewar flask

was used as the body of the calorimeter. A second com-
ponent was added to thé first one by a jacketed bmrette.
This arrangement permitted very rapid end relatively ac-
curate deterginations to be carried out at constant fe&L
perature, but compensationé still had %o be made for

"radiation effects".

Calorimeter used by Hanson and Van vinkle$12)in 1960.

This was the similar type as that used by Murti anq Van
Winkle; but thermocouples were used to measure the tem-
perature variations. The mode of calculations involved
the determination of the heat capacity of the calorimeter

and contents, and seemed to yield reliable results.

Isothermal dilution calorimeter€36> This was used

by Van Ness and his co-workers in 1966, for the measure-
ment of endothermic heats of mixing. It consisted mainly
of a Dewar flask and a feed bulb. Components were fed
into the flask by using mercury displacement, and elect-

rical energy was supplied to maintain conatant temperature.



Measurements could be operated at low mole fractions and

the estimated error was only *+1%.



EXPERIMENTAL DETATLS

\

MATERIALS

The liquid carbontetrachloride and tetrachloroethyl-
ene used in this investigation were both of spectro-grade
and were supplied by Coleman and Bell Co., Thelrefract- ‘
ive indices were measured as 1.45712 and 1.50296 for car-
bontetrachloride and tetrachloroethylene respectively,
and were considered in good agreement with the literature
(18) | ynich listed the values as 1.45704 and 1.50284 for
carbontetrachloride and tetrachloroethylene respectively.
The mﬁterials were used directly from the manufacturer

without any further purification.



PREPARATION OF THE MIXING VESSEL.

Brass mixing vessels with volumes varying frdm 10
cc to 14 cc were used for the measurement of heats of
mixing. One of ‘these mixing vessels is shown schematice
ally in Fig.1. It was divided into 2 compartments that
screwed into each other. The_two-compartments were
separated by a 0.0015 inch tin-foil diaphrgm placed in
between two teflon gaskets. Each compartment had a
f£illing opening closed by an o-ring and a brass plug. A
manganin wire was wound non—inductiveiy on the outside
surface of the lower compa?tment_to work as a heater,
and was coated with Glyptal resin. A thermistor was
cemented onto the external surface of the lower compart-
ment by using Epoxy cement. A gold-plated nail was placed
inside the mixing wessel., .

First, the mixing vessel was tested for leakage.
The‘upper compartment was filled with petroleum ether
and the upper plug was screwed in place. This was put
into a glass desiccator equipped with active silica gel
and evacuated to 10'2 mm Hg by a vacuum pump. A con-
stant weight after repeated evacuations indicated that
there was no leskage. The same procedure was performed

to test the lower compartment.
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A upper plug’
B  o-rings
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H upper compartment
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K leads of the thermistor
L the ring to join the two compartments together
N gold-plated nail

Fig. 1 The brass mixing vessel



LOADING THE MIXING VESSEL

lhen no leakage was detected, the petroleum ether
was removed and the mixing vessel was dried under vac-
wum in the desiccator for 1 hour. Then the weight of
the empty mixing vessel, together with the gold-plated
nail, was obtained from an analytical balance, reading
to 10~ gram., The upper compartmentwas filled with li-
quid component 1 and thé upper plug was quickly screwed
in. After a dry nitrogen.purge and 26 minutes' dryiné
in the desiccator, the mixing vessel and its contentsA
were weighed again. The difference of the two weigh=-
ings gave the amount of liquid component 1 in the vessel.

The same procedure was performed to obtain the weight of

liquid component 2 in the vessel.

THERMAL EQUILIBRIUM

The loaded mixing vessel was then put into the brass
jacket as shown schematically in fig.2. The Jjacket was
a long brass cylinder about 3 in. 0.D., and 24 inches in
length. Rings of styrofoam and plexiglass were used

to keep the vessel from getting into contact with the
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A to vacuun D leads of the heater
B the mixing vessel E leads of the thermistor
C solenoid F lower part of the jacket
H o-ring G upper part of the jacket
J rubber tubing used to support the mixing vessel
K brass ring for supporting the solenoid
L pieces of insulation for adjusting the proper
position of the vessel such that the solenoid
could energize the nail
M rings of plexiglass and styrofoam for keeping the

vessel from getting into contact with the jacket'

Fig. 2 The brass jacket
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jacket. Its inside wall was polished to shining and

a vacuun system was connected to the jacket so that

heat losses due to conduction, convection and radiation
were brought to a minimum. A Bolenoid was installed
outside the jacket. It was used to energize the nail

to work as a stirrer. It obtained its power supply
from four twelvé—volts lead-acid storage batteries con-
nected in series. A motor with cam-actuated shaft was
used to operate a microswitch such that 30 times per min-
ute of opening-closing operations were obtained.

The brass jacket, together with its contents, was
irmersed into a water bath. The water bath was a glass
tank of 30"x15"x20" , which was set in a wooden box,
with styrofoam lagging between them. Two immersion
heaters of 750 watts each were used to supply heat, and
four cooling coils were used for cooling. Two stirrers
provided efficient circulation throughout the bath, and a
controller was used to maintain constant temperature in
the’ bath at 25% 0,005°C. A Beckman thermometer was
used to read the temperature fluctuatién in the bath,
This fluctuation was found to be £0,005°C.  The bath
was installed in a room of 25t 1°C controlled by an
air-conditioner. At least eight hours were allowed for

reaching thermal equilibrium,.
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THE MIXING PROCESS

When thermal equilibrium was reached, as indicated
by a constant value of the thermistor resistance. The
solenoid circult was closed such that the nail inside the
mixing vessel was energized and started moving up and
down. About 2‘minutes later, the tin fo6il was broken
as indicated by point A in fig.5, in which a typical
recording chart was drawn as an illustration. When
the mixing process was started, the temperature of the
mixing vessel changed and was indicated by changes of
the thermister resistance, This was illustrated as
AD in fig.5. The thermistor circuit was shown in fig.
3, The leads from the thermistor (Th) were connected
to a Wheatstone Bridge (Tinsley & Co. type 4970). A
2-volts lead-acid storage battery was used as the pow-
er supply. WVhen the resistance of the thermistor var-
ied due to a change of temperature, the Bridge equil-
ibrium was disturbed. The output from the Vheatstone
Bridge was fed to the electronic D-C Nﬁll-Detector.

The amplified D.C. voltage drove a 50 mv. recorder with
a chart speed of one inch per minute. The sensitivity
of the circuit was such that a change of 4 mv. corres-

ponded to a change of temperature of about 0.001°C.
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As the endothermic mixing process was completed, about
10 minutes were allowed to obtain a constant "warming"

rate, as shown by DB in fig.5. ~

THE CALIERATION

About 10 minutes after the endothermic mixing pro-
cess was completed, the heater circuit was closed such
that the mixing vessel and its contents were heated up
to approximately the original temperature, indicated by
the thermistor resistance.' About 10 minutes was also
allowed to obtain a constant " cooling" rate as indic-
ated by NL in fig.5. During the heating period, the
potential drop across a standard resistor was recorded.
The heating circuit was shown in fig.4. A 6-volts
lead-acid storage battery was used as the power supply.
A variable resistor (VR) allowed adjustment of the cir-
cuit potential. The current through the heater (H)
could be calculated from the measured potential drop . .
across a standard resistor (SR). This potential drop
was determined by measuring a portion of the‘potenfial
from a volt box having a nominal ratio, Rq/(R1+R2),
of 1 to 10. The potential measurements were performed
with a k-3 - potentiometer in conjunction with a high

sensivity galvanometer; The heater resistance which’
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SR

AAAAAAAA
VAN

VR

DR

ANAAAA

300 ohms resistance
5000 ohms resistance
variable resistance
standard resistance
dummy resistor

mixing vessel heater

Fig. 4 Heater circuit

Réc

Pa

J1}—

R3 1000 ohms resistance
R4 1000 ohms resistance
Th  thermistor

Fa preamplifier

Rec recorder

Ti electric timer

Fig.3 Thermistor circuit
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included a 10 cm. of thermocouple wiﬁe No.3c, was also'
neasured on the VWheatstone Bridge.  The heating time
was measured to 0.05 seconds by a Precision electric
timer (Ti) operated by the power main supply, at a fre-
quency of 60 cycles per second, and was synchronized
with the calorimeter heater circuit.

During non-heating periods, the battery was dis-
charged through a dummy resistor (DR), which had a re-
sistance equivalent to that of the mixzing vessel heat-
er plus leads. The working cell for the potentiomet-
"er was a 2-volts, lead-acid storage battery. The stand-
ard cell was certified by the Division of Applied Phy-

sics of National Research Council of Canada.

EVLUATION OF EXPERIMENTAL DATA

The temperature change of the mixing vessel due
to the mixing process was measured in terms of resis-
tance change of the thermistor. A calibration was
performed such that a measured amount of electricity
would produce the sume resistance change. Hence by

comparison the hcat of mixing could be €aloulated.

To illustrate the evaluation of experimental data,
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in a heat of nixing ciperiment



«20=

a tyvical experimental recording for endothermic syst-
exs was shown in fig.5. At zero time, the nail Qas en-
ergized to move up and down inside the mixing vessel.
Por the first two minutes, the resistance of the therm-
istor decreased slightly due to the stirring effect
before the foil was broken and before the mixing was
started. At point A, the foil was broken and mixing |
process began. The system cooled down and hence the
resistance increased rapidly. When mixing was com-
pleted, the temperature began to increase at a const-
ant rate and hence the decrease of'resistance was

linear, shown as DB.

During the calibration the starting point was at
point B, shown in fig.5. Current was supplied to the
heater such that the temperature would go back to app-
roximately the original temperature, point C. At
this point the heater was turned off and the system

cooled down at a constant rate, shown as CL, in fig.5.

The increment of resistance during the run was
ARq, which was calculated by extrapolating the two
rating pexiods AD and BD. It could be proved(39)

that EF represented the best estimation of the act-
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ual AR1. EF was obtained by using P, the mid-point
of DA, for the extrapolation of BD and AF. For the
same reason, MN was estimated as the actual decreased
resistance AR2 during the calibration, in which heat

!

was supplied through the heater.

The heat supplied to the calorimefer was calculated
by using Joule's Law :

\')
S>2

where 23  is the rate of heat supplied to the

calorimeter (cal./sec.)

\') is the'potential drop across the standard
resistor (volts)

R is the resistance of the standard
resistor (ohms)

Ry is the resistance of the vessel heater
(ohms)

J is the electrical equivalent of heat
(4.184 joules/cal.)
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An alternative method could be used for the elec-
trical calibration. This was shown in fig.6. The
same principle as discussed previously was used; except
that after the mixing process, the system was allowed
to come back to the original temperature. Then heat
was supplied toAGause approximately the same amcunt of .
temperature change indicated by the resistance change
of the thermistor and thus enabled the calculation of
the heats of mixing. This method required much more
time because about 8 hours were required for the sys-
tem to come back to the original temperature. But
this method served as a sténd-by method to ensure a

calibration for a mixing process.
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SAMPLE CALCULATION

Run No.5 was taken as an example to illustrate the pro-

cedures of calculations.

WEIGHINGS
A
B

body of vessel + lower DPlUZ eccscesesssss82.4255 gn.

1

C&I‘bontet. +Aoooo-oooooo-oooooo-o-.o..'9305049 gmo
upper plllg .l..O.........I...I...O........'..15.6520 gm.
C = tetrachloroethylene + upper plug + B ...718.6334 gn.

Cal‘bonte'bra(:hloride = B hnd A oooooo-ooooooooo-1008796 Smo‘
tetrachloroethylene = C - B - upper plug .... 9.6965 gn.

substances  carbontet.| tetrachloro. total
liquid used (gm) 10.8796 9,6965
M.Wt. (gm) 15%.8%8 165.848
gm. moles of 0.07073 0.05846 0.12919
liguid used :
density (gm/cc) 1.58429 1.61446
volume (cc) 6.8672 6.0060 12.8732
x, mole fr. 0.5474 0.4526 - 1.0000
g, vol. fr. 0.5334 0.4666 1.0000
Xq%X5 0.2478
dﬂﬁa . 0.2489
cc/mole 99.647
]




ELECTRICAL CALIBRATION

e“heating time ....‘0...'.0.....00000000000.062.7 Sec.
VS = voltage drop across the standard resistor 4,1867 volts

RS = standard reSistor ....iciceiecececenese 39.492 ohms

R = miXing Vessel heater Seese0s000000000 0 130651 Ohms
1

J
i = Gurrent = VS/RB = 4oq867/390492 ®s 000000 001060 ampo

dQ = calories supplied by the heater
J .2 '
e S 1
3

AR2 = change of resistance in calibration .. 12.21 ohms

= 1/4.184 @& 0000 000¢0r00000000000200000O0GCES 00259

Re .0.......00000000.....O........ 202990 ca10

AR1 = change of resistance in the run ...... 10.83 ohms
aH = heat absorbed during mixing process

R
1

d s 10.83/12.21 2.2990 co00se0 o0 2.0392 alo
—x; 49 = (10.83/12.21) ( ) o

IN: L. heat of mixing per mole of mixture 15.78 cal/M.
aH"/%,X5 = 15.78/0.4287 +vreeninneraeananns 63,70 cal/M.



SOLUBILITY PARAMETER

The solubility parameter of tetrachloroethylene was
calculated by using enerpy of vaporization data(qa),
at 25°C. . '
tetrachloroethylene
MViE. = 165.848 gn.

¢ = 1.01446 gm./cc.
°H§5 = 57.1 cal./¢nm.
6Es =~ aHY5 = (57.1)(165.848) = 9469.9 cal./mole

Ve - ”‘”t/? . = 165.848/1.61446 = 102.7266 cc./mole
N | )
= = 9469.9/102.7266 = 92.2 cal./cc.

£ ,

6, = }A'Ev- - [92.2 = 9.60
A ‘ ‘

carbontetrachloride

The solubility parameter of carbontetrachloride was

calculated by using equation (9):
~ ~/
B - Wy (6 - )2 4o

where afifl &« 15.78 cal./mole
Vo  «102.7266 cc./mole

$2 = 9.60
Bab, =0.2489

therefore 5‘ - 8.81
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RESULTS

The heats of mixing values obtained at 25°C for
the binary system carbontetrachloride~tetrachloro-
ethylene ' are listed in Table 1 and are presented .

graphically in fig.7.



Table 1

HEATS OF MIXING AT 25°C

SYSTEM CARBONTETRACHLORIDE(1)-TETRACHLOROETHYLENE(Z)

Run No. X4 A'ii,Mexlzrt:. sa A'ﬁMcalc .
cal/mole cal/mole

1 0.1188 5.10 8.90 6.64

2 0.1803 7.57 8.88 - 9.23
3 0.3226 12.26 8.85 13.76

4 0.4556 15.30 8.82 15.73

5 0.5474 15.78 8.81 15.79

6 0.7091 14,96 8.76 13.27

7 0.7987 12.26 8.74 10.40

8 0.9040 7.28 8.70 5.65
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Table 2

VALUES OF SOLUBILITY PARAMETER OF CARBONTETRACHLORIDE

. OBTAINED FROM VARIOUS METHODS(17)

Method used Solubility parameter, S, ‘
Heat of vaporization 8.62
Hildebrand rule 8.6
Internal pressure 8.9
Crictical constants 8.4

Surface tension 8.65
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fig.7 Heats of mixing data at 25°C for the systenm

carbontetrachloride-tetrachloroethylene.



DISCUSSIONS

As indicated in fig.?7, the values of heats of
mixing for the liquid binary system carbontetrachloride*
tetrachloroethylene are small compared with those systems
such as benzene-n-pentane and benzene-ndecane(2>, which
vere found to have values for heats of mixing in the i'..
order of 250 cal./mole. /

Although small in magnitude, the heats of mixing
data obtained are self-conéistent. When the excess
free energy of mixing is calculated by using the vapor-
liquid equilibrium data; and compared with the excess
enthalpy of mixing, which is equal to the integral
enthalpy of mixin@,as shown in fig.29, it is obvious
that 'ﬁE is not equal to EE for this system; and
that the!value of '§E is not very small ( in the
order of 100 c2l./mole ). This suggests that this
system is not very ideal, and the imperfectness is due
to both the effects of heats of mixing and of entropy

of mixing. -

Hildebrand(16) defined a factor called solubility

parameter, in terms of energy of vaporization:



3=

§ = (A'i:v./%;;)']/2 (7)

where 4E' is the molal energy of vaporization at zero
pressure, in cal/mole,

V, 1is the molal volume of the liquid,in cc/mole,
is the solubility parameter of the pure

substance.

He also related the solubility parameters of the
pure components .0f a mixture with the molal energy of

mixing. For a binary mixture, the relation is: N

sEY - T, (S5m0 0 B8y | @)

where (ﬁm is the energy of mixing per mole of mixture,
? is the molal volume of the mixture,
5, , o2 are the solubility parameters of pure
components 1 and 2 respectively,
¢, , 4, are~ the volume fractions of components

1 and 2 respecti&ely.

When the volume change on mixing is small, the

energy of mixing may be expressed by the heat of mixing,



as a close approximation. Hénce,

Aim = {rvm ( 81"52 )2 ¢1¢2 . (9)

where the Kﬁm is the molal enthalpy of mixing.

Using equation (9) , the experimental data of KﬁM

were used, together with the solubility parameter of ‘i..

?

tetrachloroethylene,éz, v(calculated by using equation 7
as shown in the sample calculation), %o predict §;, the
solubility parameter of carbontetrachloride. The
calculated values ofS1 are listed in Table 1. They

~ were found in good agreement with existing values(q7)

as shown in Table 2.

However, when using the average value (8.804) of
the calculated values, together with the sanme 82 (9.6Q2),
equation (9) gives values of iﬁM close to the experi-
mental data but - with some discrepancy, as shown in

fig.8. This serves as a test of the applicability
of equation (9).
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Heats of mixing values predicted by using
solubility parameters for the system:
carbontetracholride~tetrachloroethylene.
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mixing for carbontectrachloride- tetra-
chloroethylene, at 25° C. -



PART II

LIQUID PHASE ADSORPTION
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INTRODUCTION

In interpreting the thermodymanic properties of
real systems it is convenient to establish an "ideal" o
or '"perfect" reference behaviour; deviations from
perfect behaviour are then described in terms either
of activity coefficients or of the closely related
excess functions. For the studies of liquid phase
adsorption, if a simple molecular model is taken as a
reference system, then a study of deviations from it

can lead to a clearer understanding of the real systenm.

For liquid phase adsorption, so far the measuring
of activity coefficients in adsorbed liquid phases is
still in a preliminary stege, and few suitable data
are available for analysis. A consistent theoretical
basis for the study of adsorption from solutions has
been developed by Everett(u). Lu and Lama(33) made
a study on the system benzene-cyclohexane-silica gel.
Basing on the model c¢f a perfect solution in contact
with a Langmuir-type adsorbing surface as proposed by
Everett(q}, deviations were described by evaluating the
activity coefficients of the components in the adsorbed

phase. Separation factor K' was evaluated, with con-



sideration of deviations in both the bulk liquid phase
and the adsorbed phase. '

For the system which Iu and Lama has studied, both
benzene and cyclohexane are of approximately the same
molecular size, such that the modes of being adsorbed
to the surface are similar. With chain molecules
such as n-hexane, n-heptane, n-octane and n~-decane,
the modes of being adsorbed to surfaces would be dif-
ferent from one another and would be different from
benzene. Therefore an investigation on other systems
with different molecular sizes will enable us to under-
stand more about the adsorbed phase, and also provides
a good means for testing the physical model and theor-
etical interpretation Lu and Lama have adopted. The
systems benzene-n hexane~silica gel, benzene-n heptane-
silica gel, benzene-n octane-silica gel and benzene-

n decane-silica gel are chosen for this investigation.
Benzene serves as a solvent, and the solutes are of
different chain 1engtﬁ} and all these n-alkanes are of
different molecular size from benzene, which is aromatic.
It is expected that this investigation will enable us
toimow more about the effect of chain length, as well

as molecular shape, when molecules are adsorbed to

surfaces.
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LITERATURE SURVEY

When liquid phase adsorption occurs on the surface
of a solid adsorbent, we consider the equilibrium be-

tween the bulk liquid phase and the adsorbed phase,

x5 ol bulk liquid
x: n” adsorbed phase

75777 saservens

where, there is n“ moles of solution in_the adsorbed
phase and nd moles of solution in the liquid phase.
The mole fraction of component 1 at the liquid phase
is xf and the mole fraction of component 1 at the
adsorbed phase is x:' : and the adsorption occurs on
m grams of adsorbent. If we start with n° moles of
solution of composition x:,xg, and end up with an

equilibrium situation, then

n® = nt + ¥ (10a)




From a material balance of component 1,
a’xy = o7 x§ + n? x:(;' ' (10b)
Combining (10a) and (10b),

° o _X% a
m

m

Kipling(19) and otherg<4)’(20) showed that the
change of concentration of the bulk liquid due to ad-
sorption, (x?] - xf]‘) was directly poportional to the
Gibbs adsorption, e.i. the excess of a given substance
in the bulk of the mixture.

The magnitude of the Gibbs adsorption depends on
how the concentration in the mixture is expressed, and
on the portion of mixture on the surfade of the adsorb;
ent and in the bulk being compared.

If they are compared with respect to the number of
moles,

ng) - ° ( xz - xf‘) (12)

i

If théy are compared by weighbt,



(~] 0 L
W (r, =T4)
m M, ’
If they are compared by volume,
[} © o 1
V(gy=5%6,)
V) - Ik I (1)
n V1

where,
W® is the weight of the initial mixture

T, is the weight fraction of the initial mixture

r% is the weight fraction of the equilibrium mixture
M, is the molecular weight of component 4

v° is the volume of the initial mixture

¢;vis the volume fraction of the initial mixture

é% is the volume fraction of the equilibrium mixture

V,1 ig the molar volume of component 1

Since adsorbents differ in their surface &area s,
it is impoxrtant to obtain the absolute magnitude of the
adsorption, that is,

. ()

(15)
L, .




(@)
(&) T
™ 5. (16)
(V)
W X
= ‘ (17)
r, 5.
where T UKD X S A 7" vy (18)

Kiselev(12> studied the adsorption from mixtures
of benzene-n-heptane on silica adsorbents. It was
found that the specific surface of the adsorbent deter-
mined by liquid adsorption did not always agree with
those data obtained from nitrogen adsorption. Kiselev
also found that a reduction in pore dismeter caused
an increase’ipkthe adsorption of benzene per unit sur-
face areéqégnfifmed by Jones and Stuart(aa) through
measurements on the system benzene-cyclohexane with
silica gel.

Kiselev(22> also showed that a decrease in the
pore size in silica gels caused an increase in the ad-

sorption qf benzene and n-heptane vapor at low surface

coverage.
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Kiselev and Pavlovaca#)'studied the effect of sur-
face hydration of silica gels on the adsorption of
benzene-n-heptane mixtures. It was found that with
hydrated silica gels the adsorption of benzene from.
solution in n-hexane was better than the adsorption

on dehydrated gels.

Jones and Stuart(®3) and Kiselev(2¥) gtudied the

effect of temperature on adsorption from solutions, on -

silicas. It was found that the adsorption decreased 'I.

with a rise in temperature.

On binary liquid mixture adsorptions Bartell and
Sloan(as) assumed that the individual adsorption isoth-
erms of both components follow a Freundlich equation:

o .

Mk, D o (19)
m 1 1
ng . (D |
g = Xy (x3) (20)
so as to resolve the composite adsorption isotherm, .

which showed the separate adsorption of each component.
n, and n, are the number of moles of components 1 and 2

respectively, adsorbed on m grams of adsorbent; and

Kgy Koy X, p are constants.



 With this assumption, an expression for the isoth~

erm of concentration change was obtained:

n°(x:-x%)

ok
T k) () - kb (=) (@)

Kipling and Tester(26) reached an expression:

0 ,.° R '3 L J'd '}
n (xq-x1) 3 K5k3x1 (ﬂ-xq) _ 1{41{4_::,I (1-x1) (22)
m kg% 14k, (1-x1)

with the assumption that the individual adsorption
isotherms followed a Langmuir equation:
2

n k., X
1. K3_3 1 (23)
m 1+k3x1

1 .
k, x
I St S (24)

o5
n W Tk

where K3, Ku, k5 and k4 were constants.

It was reported(28) that the individual isotherms




calculated from equations (21) and (22) revealed a

wide discrepancy.

Elton(27) and Kipling(26) came up to the expression

i

g, B W
X, + 5 X
x =T — (25)
1 - X
-b-—ii—-x

This was based on the postulation that the surface of
the solid adsorbent was completely covered by a mono-

layer in adsorption from binary liquid mixtures, where

‘ n n
- — &+ =23, (26)

§1and.§zwere the areas occupied per mole of components
1 and 2 respectively, if they were adsorbed separately.
ZS was the surface area of 1 gram of adsorbent. Equation

(25) was resulted by solving equations (11) and (26).

Schiessler and Rowe(28) gave a discussion of the
adsorption isotherns from binary liquid mixtures. The
discussion was based on the concept of constant re-

lative adsorbability expressed in volumes.




~445=

-0
(0 #1 %

2
47 42 (27)

A material balance of component 1 together with equat-

ion (27) gave

2 ’5# ’65 1 o~
g, = _Jﬂ— ( ) ) + Vv (28)

where frﬁas the adsorptive capacity in cc/gm. Plots
z .

of ( #8485 V4 xgv) against df resulted in straight

lines and v”and KV) could ve determined.

Siskova and Erdos(29) combined the expression

for the separation factor expressed in moles, namely

7 }cl .
kM o 2 (29)
x5 *4 |

equation (29) with equation (3) yield

X%N) . X'&IN) o , KcN) 1 } (30)
= - +
1-x% k¥ X2 m ()

plots of ng)l/(1-xf) against ng>/xf' resulted in
straight lines from which n/m and K(N) was determined.




Cleland(Bo) studied the adsorption of mixtures of
benzene with cyclohexane, benzene with carbontetraﬁhlor—
ide, and carbontetrachloride with cyclohexane, on poIous
(Vycor) glass. He used his own data and some data
from others and found good agreement between the sep-
aration factor K(N) for silica gel and for Vycor glass
adsorbents. But these two substances had different
molar area from nitrogen adsorption|calculations.

It was found to be 230 103 m2/mole for silica gel and
430 103 m2/ mole for Vycor.glass.

Everett(u)proposed an equation similar in form
to Equation (30), but expressed in terms of moles,
which he used to calculate the adsorptive capacity
N°(=n"/m) and the separation factor g(9. This

will be discussed again in the fpllowing section.



THEORETICAL CONSIDERATIONS

Basing on the assumptions: (1) monomolecular ad-
sorption; (2) peffect solution-solid interface; (3)
all adsorption sites have identical properties,

Everett(u) derived an equation:

(]

quz m | 9 | 1
5 ( xq + ——) (31)
( £—1 ) no K=-1
m

b

where.xf, x5 are the mole fractions of component 1

and 2 respectively, of the equilibrium

solution;

n’ is the number of moles of solution before
adsorption;

Ax,f~ is equal to x:-x,f by definition; and
x% is the mole fraction of component 1
of the original solution;

m is the weight of adsorbent in grams;

n” is the number of moles of solution in

the adsorbed phase;

K is the separation factor.




If x% xé / (n°-§1') is plbtted.against xg , & straight
line would be obtained; mhe intercept of the stfaight
line will give —%}(-ﬁgq— ) and the slope will give m/n%
By solving two simultanueous equations, n and K can be
evaluated. '

In interpreting the thermodynamic properties of
real systems it is convenient to establish an ideal
reference behavior; deviations fron ideal behavior are
then described in terms of activity coefficient or of
the closely related excess.functions.

Equation (31) governs an jdeal model, therefore it
is desirable to evaluate the deviations so that real

systems can be described. Everett(51) derived an ex-

pression for equilibrium liquid phase adsorption:

2 R : ! Q
o X4 X5 7Y )ér
ln}’aux:ln( L % 2.y j ;22) ax, (32a)
: X2 X1 ¥4 2"% 1
g 2 | S Azxx
1nY, = X, 1n ( ) - |1n (=2 1y dx
! 2 x,] X§ 72 J xc% XQ 2 <32b)

where ¢ denotes adsorbed phase and £ denotes liquid phase.
Therefore the activity coefficients of the compon-

ents in the adsorbed phase can be evaluated, provided

o
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the data for the necessary terms are available.
The composn.t:.ons -in the adsorbed phase can be

evaluated in terms of xﬁ, n and B , by the expression:

o 2 n° '
To derive Equation (33), we define
2 o 2 . , -
ax; = X4 = X4 | (34)
o o T
n n, - n
then, ax} = —- - S
n°® n?
o £ o0 0 ¢
r° n®
[ [
n,ln-n(n,]-n,] )
= n° nt
o @ o R o
_ n,n - nn, n
ot ol n?

-

i} (n1+n1) n - (n 1) n, n

- n n¥ pR
T i R« g
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. n, _ n, ) n
n© nf n°
nG"
2N
= (x-x3) —
2 n’
rearranging, x‘fl— = x,f + AX, (=) (33)
n

The liquid solutions under investigation were not
ideal ones. The deviations from an ideal model can
be expressed in terms of activity coefficients. These
activity coefflclents at the required conditions cannot
be obtained in. llterature, therefore Lu's method(aa) of
extrapolatlng activity coeff1c1ents in liquid phase was
adopted. It was shown that over a moderate temperature
range the relative partial molal hea?b of solution at a
constant ligquid composition varies linearly with tem-
perature, and the logarithm of the liquid;coéfficient,
lnxx, at a given composition should involve three tem-
perature terms of the form a + b/T + ¢ 1n T. Hence
if the available data of lnrnare not given at the des-
ired conditions, extrapolation tan be performed to ob-

tain by using three sets of vapor-liquid equilibrium

data, or by using two sets of vapor-liquid equilibrium



=51

\

data together with values of heats of mixing of the
liquid components. It was found (33) that for the
system benzene-cyclohexane at 25°C, same values

were obtained when extrapolated: (1) with 2 sets of
heats of mixing éata and 1 set of vapor-liquid equil-
ibrium data: (2) with 1 set of heats of mixing data
and 2 sets of vapor-liquid equilibrium data.

Once the compositions f:and xg'in the adsorbed
phase are evaluated, the separation factor, K, can be
corrected for a real system by considering deviations
from the ideal one estimated by equation (37).

If simple chemical equilibrium principles are in-‘

tuitively applied to the phase-exchange reaction,
o 2 2 o '
(1) + (@) == (1) + (2 (35)

where (1) and (2) denote concentrations of components
1 énd 2 respectively; and ¢, £ denote the adsorbed phase
and liquid phase The equilibrium constant will be

' V4

X X
Kaod_"2_ ‘ (36)

2 ol
X9 *2

'

This expression of K has the same form as the
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" geparation factor " in the vapor-liquid equilibrium

of a perfect solution:

jn _2419
e H
N e

and therefore the K of equation (36) is also denoted as -

a separation factor.

In discussion of physico-chemical equilibrium,
activity coefficients are often introduced as guantities
by which individual concentration terms have to be mul-
tiplied to maintain the validity of the law of mass
action. On this basis we might write down the general
form of equation (36), for equilibrium between components
14 and 2 in the liquid £ and adsorbed ¢- phases, .

o g R
o oo Y1 R Yo 7)

5 ¥ x5 Y3

Hence K' in equation (37) is the corrected separation
factor for real systems while the K in equation (36)

is the separation factor for perfect systems only.




Applying Gibbs Duhem equation to the adsorbed phase,

g a : , . A .
X4 dln)’f{-&- xg dlnY‘2 = 0 , S 4, 4 I

, c”
integrating, ln)’z = Jx: dln (lé) + constant
4|

integrating by parts and setting the lower limit of-
the integration to x4 = O, we have

o~

o~ X .
ln)"; = x?l' ln (%) - J 1ln (?;]) clx,I - (37a)
o
in particular, integrating from x‘i,'-o to :q-1, | ’ ‘
J 1n ( ) ax3 0 ' (37v)
0

multiply the logarithm of eq.(37) by dx‘f.l' and integrate,

X3 x‘
Jl ( 1xgx2) axy = J ?rg) & + x% 1n K' (37¢)
X% 4

(] [+

substituting eq.(37b) into eq..(3‘7c),

| & %2 B
1n X' = Jln (—1——-2—2—) 1 (374)
' x5 %3 ¥}

0

This provides a convenient way to calculate K'.



EXPERIMENTAL DETAILS

MATERIALS .

Gases
The nitrogen was of the "dry" grade with a minimum
purity of 99.99%§ffhe helium conformed to the specific-

ations of the U.S.Bureau of Mines for grade "A" helium,

~

the purity of which was 99.995%, They were passed
through a column packed with activated silica gel in

order to remove traces of water.

Adsorbent

The adsorbent was prepared from 2 commercial silica
gel (20-200 mesh, Davison) obtained from Fisher Scien~-
tific Co. Samples of 20 to 50 grams of adsorbent were
digested with nitric acid(34> 1 : 1 by volume, followed
by an extraction with nitric acid 1:10 and then with
four litres of distilled water per gram of sample. During
the washing, which was done in a Buchner funnel, the ad-
sorbent was always kept under water. Washing was foll-
owed by dr&ing in an oven at 140°C for 24 hours.

Following this treatment, the very fine particles




were separated by sedimentation of the samples in 900
cc of distilled water, using a one-litre graduated cyl-
inder sitting vertically. The portion of the sample
renaining in susgension after one minute was discard-
ed; the residue was dried in the oven at 140°C. |
Thermal degassing of the sémples at reduced pres—
sures was performed. The apparatus for this purpose
was shown schematically in Fig.9. The apparatus con-
sisted of glass ampoules (A) containing the adsorbent,
a glass manifold (B) in the vacuum line, a temperature-
controlled oven (C), two traps cooled by liquid nitro-
gen (K), a Pirani head (E), a Penning head (F), & .
Pirani-Penning type vacuum gauge (G), & vacuum pump (H)
and suitable connections. The traps served two pur-
poses, mamely, (1) condensing the water vapor resulting
from the degassing of the adsorbent; and (2) trapping
'~ particles of the adsorbent blown off the glass ampoules
during evacuation. Portions of approximately 3 grams
of adsorbent were placed in pyrex-glass ampoules, which
were then joined onto the glass manifold mounted inside
the temperature-controlled oven. The adsorbent was
degassed for at least 40 hours at 140°C and at a pres-
sure of 3x10’5.mm Hg, after which period the ampoules
were then stored in a desiccator with activated silica

gel.
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C
A GLASS AMPOULES 'E PIRANT HEAD
B GLASS MANIFOLD F PENNING HEAD
C OVEN | G PIRANI-PENNING VACUUM GAUGE
K COLD TRAPS H VACUUM PUMP

Fig.9 The degassing oven



Liquids
The liquids used in this study are listed in

Pable (3), together with their grade and purity. A
comparison of measured and literature values of their
refractive indices at 25’0 is also described. The
hydrocarbons were dehydrated in the following procedures:
about 3 grans of activated -silica gel was added to &
flask containing 50 cc of a pure hydrocarbon, stirred
vigorously for about 2 minutes, end then the liquid
was decanted into another flask,; the process being re-
peated 3 times. The hydrocarbon was transferred into
a dry 50 cc brass storuge vessel, which was then cent-
rifured for about 10 minutes, at 10,000 R.P.lM., in
order.to separate the solid particles in suspeﬁsion.
Iinally, the storage vessel was stored in a desiccator

with activated silica gzel.

Preparation of binary nixturcs

The preparation of a binary mixture was performed
in a dry box under & helium atmosphere. The dehydrated
reugents were taken out of the storage vessel by using
a hypodermic syringe and were discharged into a 25 cc
volumatic ;lask. The amount of each component which

had been used to make up the mixture was obtained from ,




Gomgound

n-hexane
n-heptane
n-octane
n-decane

benzene

Table 3

PHYSICAL PROPERTIES OF PURE LIQUIDS

Minimum* e
Grade purity Refractive index (25°C)
(mole %) Expt. 11§18
Research 99,9 1.37232 1.37226
Research 99,9 1.38528 1.38517
Pure 99 1.39540 1.39505
Pure 99 1.40972 1.40967
Spectro- 99 1.49785% 1.49790
grade

* pBSupplier's data




weighing. After both components were loaded into the
flask, the flask was gently shaken for 2 minutes to‘:
ensure complete mixing. The mixture was ready for
the loading of an adsorption vessel. It was important

!

that the mixture was made up shortly before loading

the adsorption vessel to minimize the change of compos-

ition due to evaporization.

Loading the adsorption vessel

The structure of an adsorption vessel was the same
as that of a mixing vessel as shown in fig.1, except
that no tin-foil was necessary for separating the two
compaitments. A dry adsorption vessel was first weigh-
ed and then was put in a brass desiccator, which was

connected to a vacuuwn system to be evacuated to '10"3
mm Hg. The brass desiccator was shown schematically

in fig.10, together with the vacuum systen. When the
vacuum in the system reached '10"3 mn Hg read from a
vacustat gauge, the valve on the desiccator was closed
and the desiccator together witp the adsorption vessel
inside were put in the dry box. Inside the dry box,
an ampoule of silica gel and a prepared hinary liquid
mixture were ready for loading. Under the helium at-

mosphere, the desiccator was opened. The ampoule was
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broken and the silica gel was transferred to the adsorp=-
tion veséel. The plugs were tightly closed. Tﬁé dry
box was opened and the vessel was weighed again so as

to obtain the weight of the silica gel which had been
put into the vessel. The vessel was put in the brass
desiccator again, which was evacuated to ’IO'3 mm Hg.

The desiccator and the vessel were re-opened in the '
dry box under a helium atmosphere, and the vessel was
loaded with the prepaied binary liquid mixture. The
plugs were re-closéd andxtﬁe excess liquid was blown
off with a streum of helium gas. The dry box was open-
ed snd the vessel was weighed again so as to obtain

the amount of liquid mixture used.

Fauilibrium adsorotion

The vessel was put in the brass jacket as shown in
Fig. 2, and the jucket wus immersed into the water bath
at'25320.005°0 us described on page /4 . ilo evacua-
tion was parformcd because iU Wus not necessary. At
leust 4 hours were allowed for equilibrium adsorption
and the vesscl wuas vigorously shuken cvery half an hour

to ensure good mixing of the contenvs.
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Analysis of the equilibrium liquid mixture

After 4 hours, the mixing vessel was taken out and
centrifuged for 5 minutes at 10,000 R.P.M., to separate
the solid particles in suspension.  The liquid compo-
sition was analysed by a Precision Refractometer. The
refractometer was a Baufch and Lemb Abbe-3 type, capable
of determining values to 0.00001. The accuracy of read-
ings was of the order of 0.00003. A precision ten-
perature controller was used to keep the temperature
of the instrument at 25:0.02 C. The refractometer
was located in a room where the temperature was control-
led at 25%0.5 C.

Calibration curves of the refractive indices for
the systems under investigation was obtainable in the
1iterature(35). A few checking runs showed that
experimental data agreed very well with the literature
ones, as shown in fig.28. The values from the liter-

t/

ature are listed in Tables 3 and 4,

Surface area of silica gel

The measurement of the surface area of the silica
zel was performed with a B.E.T. gravimetric apparatus,

schematically shown in fig. ‘1. A light quartz bucket
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benzene(1)-n hexane(2)

Table 4a

CALIBRATION DATA ON REFRACTIVE INDICES(3)

X4

0.0245
0.0665
0.1616
0.1943
0.3%86
0.4894
0.6482
0.7936
0.9500

Iy

1.57423
1.37765
1.38587
1.38876
1.40272
1.41935
1.43954
1.46090
1.48821

%4

0.0266
0.0632
0.0925
0.1193
0.1920
0.3452
0.4932
0.6420
0.79%
0.9501
0.1012*
0.2215*
0.43357*
0.6750*

expcrimental data by the author

benzene(1)-n heptane(2)

225"
1.38750
1.38918
1.39109
1.39288
1.39799
1.41014
1.42400
1. 44061
1.46214
1.48789
1.39185*
1.40046*
1.41788*
1.44408°



Table 4b .

\

CALIBRATION DATA ON REFRACTIVE INDICES(>>)

benzene(1)-n octane(2)

X4

0.029%
0.0531
'0.1031
0.1175
0.1296
0.2087
0.3450
0.4990
0.5770
0.6405
0.8004
0.9468

25°
Dp

1.59676
1.39796
1.40053
1.40152
1.40200
1.40662
1.41565
1.42808
1.43552
1.44223
1.46257
1.48711

benzene(1)~n decane

%1

0.0384
0.0648
0.1698
0.2426
0.2527
0.3683
0.4232
0.5000
0.6059
0.6461
0.6995
0.8305
0.9u84

25°
)

1.41105
1.41196
1.41591
1.41910
1.41956

1.42545

1.42873
1.43376
1.44198
1.44562
1.45098
1.46703
1.48684
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(A) was suspended from a calibrated quartz spring, by

a glass fibre. These parts were enclosed in a cylin-
drical Pyrex glass column (B) with an outside diametér.
of 1 % in., an overall height of 54 in.,'with a con-
ical tapered joint on top, for the purpose.of loading
and unloading the bucket. The adsorption column was
connected to a mercury manometer (D), a Penning head
(E), a Pirani head (¥) with a Pirani-Penning type va-
cuum gauge , a trap cooled by liquid nitrogen (H),
two nitrogen-reservoir flasks (I), an oil diffusion

pump and suitable connections and stopcocks. A »
novable external furnace (K) connected to a temperature
controller was used to maintain isothermal condi-
tions. Degassing temperature was measured by using

an iron-constantan thermocouple placed between the heat-
er and the external surface of the column. Potential
measuremnents were made with a K-35 potentiometer. This
McBain balance had a sensitivity of about 1 mm extension
per mg., and a capacity of 400 mg. Spring extensions
and mercury mwnometer pressure readings were readily
determined to 0.01 mm by using a cathetometer .

The precision of thc¢ reading was of the order of 0.05 mm.

A sample of about 200 mg. was weighed in the cal-




ibrated bucket and was degassed at 140°C to an ultimate
pressure of less than 10~% mm Hg. The stopcock con-
nectiné the system to the vacuum pump was then closed
and the furnace was removed from the column. As the
column cooled dan, it was immersed in liquid nitrogen
to a height of about 5 inches abbve the bucket. The
reading of the spring extension was then recorded. Next,
nitrogen was admitted into the column till the pressure
was of a few nm Hg, and the manometer reading and spring
extension were recorded. These readings were made
frequently until constancy was obtained. The time ne=- |
cessary for obtaining equilibrium varied from 15 to 60
ninutes, depending on the pressure; and more fime was
required at higher pressures. Successive admissions

of nitrogen were made £ill sufficient points for .the

calculation were obtained.



OB

to
pump

O Q W >

QUARTZ BUCKET
PYREX CONTAINER
MANIFOLD

MERCURY
MANOMETER

MERCURY SEALED
GAS REGULATOR

ST = e RS B ©

PENNINS HEAD
PIRANI HEAD

COLD TRAPS
NITROGEN RESERVOIR
FURNACE

Fig.11 The nitrogen adsorption apparatus



~69=

The B.E.T. methodcqu)

The method of Brunauer, Eumel and Teller was used to
evaluate the surface area of the silica gel from the
nitrogen adsorption data. The expression of the

B.E.T. theory in terms of mass of adsorbate is

p/p, . c-1 p
W"(']-p/g) W C ! WC b (39)

where WY in grams, is the mass of nitrogen adsorbed
at an equilibrium pressure p and temperature T;
W ,in grams, is the mass of nitrogen adsorbed.
on W grams of silica gel at monolayer cover-
age;
C, is a constant;

P, is atmospheric pressure, 760 mm Hg.

The terms wm and C were evaluated from a plot of
the left hand side of equation (39) against the re-
lative pressure p/p,. The molar area of the ad-
sorbed nitrogen at -195°C was taken as 16.2 K(BB).

The surface area of the adsorbent,Zs, in ma/gm.,
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was expressed as:

97.6 102 W W
Zs = o = 34—8"-2

28.016 W

where 97.6 was the molar area of nitrogen in mz/mole

and 28.016 was the molecular weight of nitrogen.




Sample calculation

A sample calculation of the surface area of silica

gel is presented as the following:

Calibration of the quartz spring

length of spring without weight 56.640 cn
weight added on the spring 0.292% gnm
length of spring with weight 67.045 cm
extension ' 30.395 cm _
extension factor = 30.395/0.2924 | 0.1040 cm/mg
Experimental data
degassing pressure 10"4 nm Hg
degassing temperature 140°C
(nins) tenstl gt SPT Mim He)
0 36,640 0
0 (gel 59.546 Y
4o 23964 61.614 1.64
80 62.0%6 3.78
140 62.600 6.88
200 62.781 9.7
260 | 65.278 19.76°
220 63.565 26.68
380 64,324 41.11



Calculations

Using equation (39),

p (em) L (em) W' (gm)  p/p,
1.64 2.068  0,1989 0.02157
3.78  2.490 . 0.2394  0.04974
6.88 3.054  0.2937 = 0.09053
9.79 3.235  0.3111  0.12882

19.76  3.732  0.3589 0.26000

26.68 4.019  0.3865 0.35105

41,11 4.778  0.4595 0,54092

p/Po .

W(1-p/p)

0.97843
0.95026
0.90947
0.87119

0.,74000 -

0.64895
0.45908

p/p

-»/p, W(-p/n)

0.01108
0.02186

0.03%289

0.04753

0.09790
0.13997
0.25644

was plotted against .p/R,, as shown in fig.12.

The intercept obtained from Fig.12 was 0.314, which

was 1/ wm Cc

(c-1)/wmc, according to equation (39).

Using the values of the intercept and the slope,
C and wm were evaluated;

112.0096

C =

W = 0.2843

m

; and the slope was 3%4.857, which was



Using the readings of the quartz spring length and
the calculated extension factor, we evaluated W, the

weight of silica gel used ,

W o 59.546 - 36,640
0.17080

= 202027 gmo

and hence

0.2843
Zs = 3481 575055

= 449,29 ma/gm.

which was the surface area of the silica gel under

investigation.



201

1.6

R
Wi~ P/R)

Fig.12 Surface area measurement,

p/p, |
a plot of wo—(q_p/w vs p/po




PRESENTATION OF RESULTS

The compositions of the starting liquid solution
were obtained from weighing. They were designated as
x7 in Tables 5,6,7 and 8.

The amount of silica gel used in each experiment
was obtained by weighing and was designated as m in
Tables 5,6,7 and 8.

The amount of mixture used in each experiment
was calculated and was designated as n® in Tables
5,6,7 end 8.

Ixisting data were available(35) for the ca1ibrat-
ion of refractive indices for the working systems. & |
checking points were performed and good agreement was
obtained , as shown in Table # and fig. 2&.  Calibrat-
ion curves were prepared on large charts by using
these data, as listed in Tables 4w and 44 .

The equilibrium liquid compositions were read on
the calibration curves and the values were shown in
Tables 5,6,7 and 8, under the column x%.

Plots of (xfi xg)/(n" %—‘Q-) against xfi were made
and n” ,K were evaluated as shown in fig. 13,14,15 and
16.
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By using equation (33): xg' = xﬁ + Axf ( n/n%),
the compositions of the solution in the adsorbed phase,
xz} were calculated and listed in Tables 5,6,7 and 8.
Phase equilibrium curves :-are shown in fig. 17,18,19
and 20. |

The liquid activity coefficients of the componenﬁs
were evaluated at 25°C, as showm in Appendix I;  lists
of the values are showﬁ in Tables 5,6 .7 dnd 8,

By using equation (32), the activity coefficients
of the components at the adsorbeﬁ phase were evaluated.
Results are listed in Tables 5,6 and 7; and were also
shown graphically in fig. 21,22 and 23.

Vith enough information, the separation factor K'
for real systems, were'evaluated and -.are reported in
Tables 5,6 and 7. The evaluation of the K' values

was based on eguation (37d).



SAMPLE CALCULATION

To illustrate the calculating procedures, the

evaluation of a point for the system benzene-n-hep-

tane-silica gel was taken as an example.

Veighings

adsorption vessel ' 121.6593 gn.
silica gel added ‘ 123.7720 gn.
nixture added, 132.1142 gm.
silica gel used o 2.1127 gn.
mixture used 8.3422 gm.

Mixture preparation

bottle 23%.9070 gn.
benzene added 27.7385 gn.
n-heptane added " %8.6931 gm.
benzene used 3.8315 gm.

n-heptane used 10.9546 gn.
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Lvaluation of the composition of the liquid mixture

Substance M.Wt. gm. Moles x (mole fr.)

benzens 78.108 3.8315 0.04905 - 0.3097 -

n-heptane 100.198 10.9546 0.10933 0.6903
14,7861 0.15838 1.0000

molecular weight of mixture = 14.7864/0.15858 :

= 93.3584 gm.
moles of mixture used = 8.3422/93.3584 = 0.08926 moles

n%s evaluation

Samples of the equilibrium solution were taken out
and the readings on the refractometer were:
118.44, 118.50, 118.46, 118.47 : average 118.47

Therefore the refractive index was n%s = 1.40416

x% = 0.2704 This was read on the calibration curve

corresponding to the value of hgs =1 . 40416
The curve was plotted on a large chart |

and was not shown in this thésis.



J ] o _ £
bxq = Xq = ¥q

= 0,3097 - 0.2704

= 0.0393
x% x5 (0.3097) (0.6903)
z = = 118.684
ax4 (0.08936)(0.0393)/2.1127

Trom the plot on Fig. 14 we obtained:

2 (—1—)
T K- = intercept = 41.4

- m . "
== slope = 284.1

Solving the above simultaneous equations, we obtained:
K = 7086
% = 0.007436

Hence x,]"’ could be calculated:

xJ = x7 + (x - x3) (/)
= 0.2704 + (0.3097-0.2704)(0.08936/0,007436)
= 0.7429

x;'. 1 - f: = 1 - 0.7427 = 0.2573



£ £
From Appendix I , we had X1 = 1.37% Xa = 1.049

Then the activity coefficients in the adsorbed'phase
could be calculated,

] x‘q- a-'
T xX X

-~
In¥, = x7 1n (—
= x5 x{ ¥ A in

= 0.0555

the detailed calculations was shown in Appendix II.

Using the same procedures , we had

1n y",] _ 0.0666

Finally, using graphical integration as shown in
Appendix II ,

o LR

' 0'
1n K' --Jln (=2 X3 ¥ yaxg
X3 X3 1]

0
= 1.7910
K' = 5.99
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DISCUSSIONS

The values of the separation factor K' evaluated

in this investigation are:

5.78 for the system benzene~n-hexane-silica gel
5.99 for the system benzene-n-heptane-silica gel

5.88 for the system benzene-n-octane-silica gel

This indicates that the difference of molecular
size on these n-alkanes has little effect on the sep-
aration factor K'. Hence this leads to a suggestion
that the adsorption of these n-alkanes on silica gel
is independent of their chain lengths. Also this
helps us to understand that the molecules of these
n-alkanes are adsorbed onto the surface of the silica
gel in such a manner that the point of contact is .
likely to be the two ends of the open chain. With a
molecule of closed chain such as cyclohexane, the
manner of being adsorbed is different and hence the
reported K' was 10.47(35), which is very different from
5.78,5.99 or 5.88.

If we compare the values of K, evaluated by assuming



perfect systems, with the values of K!' which were qval-'

uated with considerations of deviations,

K K'- system
9.07 5.78 benzene-n-hexane-silica gel
7.86 5.99 benzene-n-heptane-silica gel
11.46 5.88 benzene-n~octane~silica gel
' 5.32 - benzene-n~decane-silica gel

it is observed that the very di:férent values of K are
modified to values of K' which are close in magnitude. .
K' is hof evaluated for the system benzene-n-decane-
silica gel because the logxﬁ values for this system

are not available.

The evaluated logb? values, as shown graphically
in figures 21,22 and 23, together with those for the
systen benzene-cyclohexane-silica gel reported by Lu
and Lama(33), reveal a similar shape on plots of lqgfr
against x:-. These curves are different from those
for liquid phases, but they show that deviations from

ideal do exist in the adsorbed phase. However, in

q. \
the regions where X, is less than 0.4, extrapolation




i ¢
methods Lave to be used to obtain values for log)¥ - .

Therefore an improved method to obtain experimental

data in these regions is desirable.
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CONCLUSIONS

The binary liquid system carbontetrachloride-tetra—
chloroethylene is'better realized as & system close
to ideal when the heats of mixing data were evaluated
at 25“0. It .is found that the excess enthalpy of
mixing is in the order of 15 cal./mole . This result,
together with the excess free energy of mixiﬁé evaluated
from vapor-liquid equilibriﬁm data ( in the oxder of
100 cal./mole), suggests that the imperfectness of
this system is due to both the enthalpy of mixing and
the entropy of mixing.

The principle of solubility.parameter<16) is tested
with the help of the experimental aH' data for the
system carbontetrachloride-tetrachloréethylene at 25?C,
such that the solubility parameter of carbontetrachlor-

jde is obtained in good agreement with the literature(a)

For liquid phase adsorption, the activity coeffic-
ients in the adsorbed phase were evaluated for the 3
systems: benzene-n-hexane-silica gel, benzene-n-heptane=-
silica gel -and benzene-n-octane-silica gel.‘ The curves

of logkylfor these systems are similar to that for the

N
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systenm benzene-cyclohexane-silica gel, all at 25°c'. (33) )
The evaluated separation factors for these systems show
that the adsorption is independent of the chain lengths
of these n-alkanes. |
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APPENDIX I

Method of extrapolation for
activity coefficients in the liquid phase
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Purpose° For the system benzene-n-heptane, vapor-llquid
equilibrium data were available &t 60 and 80 c.
It was required that these data be extrapolated
to 25°C. |

Data: Heats of mixing data at 25°C by Jomes,H.K. D.("o)

Vapor-liquid equilibrium data at 60°C by Browncsa)
Vapor-liquid equilibrium data ab 80°C by Brown 15)

Methbd(s)éz Solving simultaneous equations:
Lq =a+bT
In Y% = ¢ + a/RT =(b/R)1n T
iny® = ¢ + a/RT =(b/R)1n T
the constants a,b and ¢ could be evaluated.
With the evaluated a,b and ¢, activity co-
efficients at 25°C could be extrapolated by
using ’

L:
1In¥¥= ¢ + a/RT =(b/R)1n T

oot
i

-

Procedures: -
‘AﬁM/que was plotted against X,. as shown
in fig.24%, so that I, and I, were obtained.
By using I, = ﬁq—ﬁa = xg ('ZaﬁM/x1x2 -Iq),
iz was evaluated, eg. ab ano.u, L, = 122.4.
Similarly we had L, = 334.0.
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InY was plotted against x,, as shown in £ig.25,26.
Values of 1nY were read at 0.1 intervals, eg. at
x4=0.4, 1n¥" = 0.1588; In¥¥= 0.1300 . This was

done in a large graph and fig.25 was used to illustrate

the procedure.

The values of the Iy, Lo, 1nY,“,lnl’§_°,ln lj,hand 1nr§°
ape listed in Table (9). Using these values, 3
simultaneous equatibns were set up, and the éonstants

a,b and c were evaluated; for example, at X, =0.4,

334,0= & + b(298)
0.1588 = ¢ + a/(1.987)(333) -(b/1.987 ) 1n(333)
0.1300. = ¢ + &/(1.987)(353) -(b/1.987) 1n(353)

solving these simultaneous equations, we obtained:

as= 1']1 059
b = 0.7696
C = 2.2“‘01

The calculated values of a,b and c were substituted
into
1y« o + 8/(1.987)(298) - (b/1.987) 1n(298)
= 0.2395

The calculated values of 1nY are. listed in Table @,
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Table 9

Extrapolation of activity coefficients for the system

benzene-n-heptane, at 25°C.

25
I4

25
Iy

0.1
- 0.2
0.3
O.4
0.5
0.6
0.7
0.8

0.9

745

570

423

334

262
190
126
7Q8

290

26.5

4.2

122.4

181.9

270.0

390.2

554

8.6

0.1588

0.1235

0.0869

0.0547

0.0283

0.0082

. bo
an;'

8o

0.0111
0,0251
0,044
0.0606
0.0903
0.1362
0.2020
0.2914

00-3920

1n¥,

0.2410
0.2040
0.1680
0.1300
0.0968
0.0617
0.0397
0.0200

0.0061

80
InY>
0.0096

0.0196

0.0372

0.0550

0.0800

0.0980

0.1680

0.2400

0.3200

25
in?,

25
Ind;

0.4339
0.363%3
0.2959
0.2393
0.1881
0.1396
0.0897
0.0493

0.0152

0.0328

0.0563

0.0790

0.1139 |

0.1736 -

0.2655

0.399%

0.5520
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Fig.24 Heats of mixing data for the system
venzene(1)-n-heptane(2), at 25°C.

A plot of Aﬁ”/x,]x2 against x4
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Fig.25 A plot of log.Y against x4 , for the
system benzene(1)-n-heptane(2),at 60°C
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Fig.26 A plot of logeY against X, for the
system benzene(1)-n-heptane(2),at 80°C.
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APPENDIX II

- The method of evaluation

of activity coefficients in the adsorbed phase
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The equations used were:

5 100 ) - j oo a5
Y ﬁ” ‘

w-%;%%w e o

The integrals were evaluated by graphical method.

Plots of
T 2 ¢
x %
1n( fx: ")  against xg
X X2 T ‘
£
1n( ) against x,
2R
were constructed, and values of
- o
"z R bl - L R
X5 e
o 1—)axy  and 1n( 2%y axf
2 2 A X1 4

were listed ianable 10

The values of ln)’,r and ln}{ evaluated were--

listed in Table 10



xp X
0.5884 0.4116
0.4270 0.5730
0.2573 0.7427
0.1268 0.8732
0.0816 0.9184
0.0658 0.9342
0.0298 0.9702
0.0132 0.9868

S

1 B84y
0.4116  0.1717
0.5730  0.2007
0.7427 0.2126
0.8732 0.1142
0.9184%  0.1271
0.9342 0.1211
0.9702 0.0926
0.9868 0.0662
Table 10

x] x5 v Y,
‘9.0745 0.9287 1.575 1.007
0.1568 0.84%22 1.479 1.021
0.2704 0.7296 1.373 1.049
0.4010 0.59%0 1.270 1.081
0.5961 0.4039 1.145 1.181
0.6612 0.3388 1.110 1.260
0.8140 0.13250 1.047 1.520
0.8930 0.1070 1.017 1.716

gkt [T g
ln(:?;gp Lln(xr ¢édﬁ°~' InY, At
-1.7623% -1.0895 0.0526 0.0257
-1.6061 -0.8151 0.1293% -q0399
-1.7700 -0.5220 0.0666 00558
-2.1701 -0.2826 0.0074 o0.388/
=2.,0630 =0.1914 0.0231 03394
-2.1116 -0.1582 0.0139 0.3293
~2.3799 -0.0770 0.0061 05932
-2.7155 -0.0360 0.0002 64§

Values for evaluating the activity

coefficients in the adsorbed phase.

System: benzene-n-heptane-silica gel





