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Effect of Temperature on Adsorption Behavior of Alumina from Two

Binary Liquid Mixtures
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Composite adsorption isotherms of cyclohexane-benzene
and benzene—dioxane mixtures on alumina at 20, 30, and
40 °C have been determined. The adsorption data have
been used for calculating the surface activity coefficients
at different temperatures, and from the latter the excess
surface entropy values have been derived.

Adsorption behavior of several binary solutions on alumina
and silica surfaces has been investigated extensively in the past
but these studies have been devoted either to the estimation
of surface area or to finding out the preferential adsorption of
one of the components of the mixture on the solid (7-4). In
most of these studies, the adsorption measurement had gen-
erally been made at one temperature only. It was, therefore,
considered worthwhile to determine adsorption data at three
temperatures and examine the effect of temperature on the
adsorption behavior. The two mixtures chosen for this study
are benzene-cyclohexane and benzene—dioxane. These sys-
tems have been used extensively for evaluation of various
thermodynamic properties in recent studies (5-8). Though
these solutions do not exhibit ideal solution behavior, the de-
viation from such character is not significant. In fact, the use
of equations derived for ideal solutions can indicate the nonideal
characteristics of a binary solution. The adsorption data have
been employed to calculate the surface activity coefficients, and
from the latter the surface entropy parameters have been de-
rived.

Theory

Writing the thermodynamic potentials of the components in
the surface phase (o) and the bulk phase (/) and equating the
two at equilibrium with appropriate standard states, one can
show that
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After suitable rearrangement of the above equations it follows
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The above equations can then be solved after expressing the
surface areas of the adsorbates and the surface activity
coefficients as functions of the composition in the surface
phase, which in turn are related to the butk composition of the
liquid mixture.
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For a binary solution with components / and /, the surface
mole fraction can be expressed as
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p here represents the activity coefficients, A is the cross-sec-
tional area of the adsorbate, v is the interfacial tension, R is
the gas constant, T is the temperature, and K, is a constant.
This is the most general form of adsorption isotherm which
depends on the following factors: (i) the activity coefficient ratio
(p,'/p,Y) in the bulk liquid phase, (i} the activity coefficient ratio
(p,7/p,") in the surface phase, (jii) the magnitude of the term
exp(YA, - YA)/RT, which may be considered to be the dif-
ference in the adsorption potentials of the two components, and
(iv) the magnitude of the term (A, - A,)y/RT, which may be
considered to represent the variation of surface energy with the
composition of the bulk solution.

Of these factors, the activity coefficient ratio (p,'/p,") in the
bulk liquid influences the nature of the isotherm profoundly.
When the surface phase can be considered to be ideal and A,
= A = A, the term K, equals exp(y, - 7,)A/RT and is closely
similar to the surface enrichment factor. Under these condi-
tions, the free liquid surface and the adsorbed phase in contact
with an inert solid can be compared directly (7). Using Young's
equation

Yis = Ysv ~ Yuy €0s 0 (8)

and the assumption that § = 0 for both liquids and for the
solution, one can show that

(vl = Gy = (rs)i ~ (vis) 9)

It follows from the above discussion that if adsorption at these
surfaces can be expressed in terms of unit surface, then the
curves for the two surfaces must nearly be identical, except
that one is turned 180° with respect to the other around the
composition axis. This has been found to be free for a limited
number of systems (7).

When the solutions behave in a nonideal manner, two dif-
ferent approaches have been suggested. The first is due to
Schay and Nagy (2), who have shown that if m g of solid having
a specific surface area S are equilibrated with n, mol of binary
solution, then
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where Ax/!'Is the change In the mole fraction of component due
to adsorption. This equation is analogous to the Gibbs ad-
sorption isotherm for the free liquid surface. From the above
equation, it can be shown that

dina (11)

Further the surface composition x;° can be written in terms of
the amount of adsorption (n,Ax,"/m) thus

Sx,' + AjnoAx/'/m)

x° = (12)
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It is, therefore, possible to calculate p;” from
(vi - MA/RT (13)
the last two terms being from eq 11 and 12, respectively. To

np°=Ina'-Inx°-

obtain v, - ¥ a graphical integration method can be adopted
in eq 11.
The second approach is that of Everett (4), where

noAx'/m = (n°/m¥x° - x) (14)

and, if the ratio of activity coefficients (p,"/p,)/(0,"/p,°) in eq 4
and 5 can be approximated to unity, then
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From eq 14 and 15, it follows that
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From the above two equations, it follows that
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The activity coefficients then can be calculated from the last
equation. On replacing the x,° and p,’ values of the two models
in the equation given earlier (7), one can express the excess
surface entropy values
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Table I. Physical Properties of the Solvents Used®

temp, solv
property  °C cyclohexane benzene dioxane
bp, °C 80.0 at 745 79.2 at 740 100.5 at 744
torr (80.08) torr (79.25) torr (100.63)
7% g/cm? 30 0.76926 0.86843 0.85504
(0.76928) (0.86845) (0.85500)
v,° dyn/ 20 24.96 28.90 33.70
cm (24.90) (28.86) (83.70)
30 23.82 27.60 32.23
(23.81) (27.58) (32.20)
40 22.59 26.36 30.86
(22.61) (26.37) (30.88)
®Values in parantheses indicate literature values. °Density.
¢Surface tension.
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Figure 1. Composite adsorption isotherms of benzene—~cyclohexane
on alumina.

Experimental Section

The alumina used was of E-Merck grade and standarized for
use in chromatography. The solid samples were washed 4-5
times with conductivity water, dried for 24 h at 150 °C, and
powdered thoroughly each time before addition of solvents; the
solids were dried overnight at 120 °C. The surface area of the
solid was 65 m?/g determined by the BET (N,) adsorption me-
thod.

The solvents were purified according to standard procedure
and their purities were checked from boiling point, surface
tension, and density values (Table I). The details of the ad-
sorption method have been described elsewhere (6) and will
not be dealt with here. Since highly precise adsorption data
were to be obtained, special care was taken to maintain the
temperature accurate to £0.2 °C in the thermostat where the
ampules containing the solid and liquid were kept. Similar care
was taken during measurement. The interferometer cell was
kept at the same temperature and even the tubes used for
transferring liquids from ampules to the cell.

Results and Discussion

The composite adsorption isotherms of benzene-cyclo-
hexane and benzene—-dloxane systems are presented in Figures
1 and 2, respectively. The X axis represents n,Ax,'/m and the
Y axis indicates x;. In all the cases n,Ax,'/m values decrease
with rise in temperature. Such variation is normal, because with
rise in temperature, the organic adsorbate will tend to leave the
solid surface due to the rise in thermal kinetic energy. This
effect becomes more pronounced in benzene-dioxane than in



20 Journal of Chemical and Engineering Data, Vol. 30, No. 1, 1985

X

0 e 04 56 58 10

Figure 2. Composite adsorption isotherms of benzene-dioxane on
alumina.

Table II. Amount of Adsorbate on Alumina Surface (mol/g
X 104

E and SN model

BET
soln method 20°C 30 °C 40 °C
benzene-cyclohexane 3.80 4.10 422 435 (E)
5.80 553 5.30 (SN)
benzene-dioxane 3.96 4.70 511 5.32 (E)
8.75 7.25 5.79 (SN)

benzene-cyclohexane. The difference in the ny,Ax,'/m values
between any two temperatures is more than 5 times greater
in benzene-dioxane than in benzene—cyclohexane. In fact, the
effect of temperature on the adsorption of the latter system is
insignificant. Similar remarkable changes were found in the
cyclohexane—dioxane system (8). In both systems, component
1, i.e., benzene, is the preferentially adsorbed component.

The n? adsorbed values obtained from the two models are
tabulated in Table I1 and compared with values obtained by
using the BET (N,) method. It can be observed that values
derived from Everett’s model are fairly comparable to the BET
(N,) valus, especially in the benzene—cyclohexane system. The
SN model gives values which are quite different from that of
the BET (N;) method. The order of deviation in the first set
(Everett's model and the BET method) is ~10% while it is
~30% in the second set (SN model and BET values) for the
benzene—cyciohexane system. However, both modeis (Everett
and SN) show wide varlation from the BET value in the benz-
ene—-dioxane system. Such variations are probably due to the
fact that benzene—cyclohexane possesses more ideal charac-
teristics than the benzene—dioxane mixture. The benzene-di-
oxane system tends to show even multilayer formation, indi-
cating thereby greater specificity of interaction between dioxane
and the surface sites on alumina, the interaction forces ex-
tending to multilayers.

The surface activity coefficients calculated according to the
Everett and SN modeis are shown in Figures 3 and 4, respec-
tively, for the benzene-cyciohexane and benzene-dioxane
systems. In order to avoid too much data, values at only one
temperature are piotted. It will be observed that while the
surface mole fractions (x,°) calculated by the two methods differ
considerably for the same buik composition, the plots of the log
p,° vs. x;7 in the figures agree reasonably well. Those based
on the SN approach are somewhat larger than the corre-
sponding Everett values. Here also it was observed that tem-
perature in this range has but little effect on the nature of the
surtface layer in the case of benzene—cyclohexane. In the case
of adsorption from the benzene-dioxane system, similar
agreement is observed. When benzene—cyciohexane solutions
are employed, the activity coefficient of benzene in the surface
phase remains more or less constant over a wide composition
range (x “(benzene) = 0-0.8) while that of cyciohexane does
not, except at 40 °C. On the other hand, in the case of
benzene—dioxane, it is the surface activity coefficlent of dioxane
which remains constant over a wide composition while that for
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Flgure 3. Surface activity coefficient for benzene—cycliohexane on
alumina.
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Figure 4. Surface activity coefficient for benzene—dioxane on alumina.

benzene changes rapidly as composition is changed. Thus, the
preferential nature of adsorbate is clearly brought out by the
estimation of p,” as a function of surface composition.

The excess surface entropy has been computed from the
following equation:

’ 9
S =-2 x,”[ 3BT In p,")x,”] 21

=1
A plot of RT log p;° vs. T on the basis of both models yielded
a cluster of points falrly closely distributed about a single curve
as the temperature was changed from 20 to 40 °C. Thus, the

log p,° could be considered to be independent of temperature
in this temperature range. The excess surface entropy,
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Figure 5. Excess surface entropy (S¢°) vs. surface mole fraction (x %)
of benzene-dioxane on alumina.

therefore, reduces simply to -RY_x,° In p,° and, when piotted
as a function of composition (x;°), should yield a simple curve
with one maximum. The curves obtained according to the S¢”
values of two models are shown in Figure 5. Although the
actual values from the two models are different, the natures of
the curves are similar.

Conclusion

The adsorption of both benzene—cyclohexane and benzene—
dioxane solutions decreases with a rise in the temperature
range from 20 to 40 °C. This effect is more pronounced (~5
times) in benzene-dioxane than in benzene—cyclohexane.
Benzene—-cyclohexane solutions show multilayer adsorption.

The surface activity coefficients are independent of temperature
in this temperature range.

Glossary

surface phase
bulk liquid
component 1
component 2
total amount of liquid mixture
change in mole fraction due to adsorption
mass of the solid
thermodynamic activity
specific surface area of solid
surface area of adsorbate
excess surface entropy
temperature
gas constant
Everett’s model
Schay and Nagy’'s model!
surface activity coefficient
surface mole fraction
surface tension
Registry No. Alumina, 1344-28-1; benzene, 71-43-2; cyclohexane,
110-82-7; dioxane, 123-91-1.
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Measurement of the Volumetric Properties of Sulfur Hexafluoride
from 260 to 340 K at Pressures to 2.5 MPa
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The volumetric properties of sulfur hexafiuoride are
determined experimentally by a Burnett apparatus at 260,
285, 315, and 340 K at pressures to 2.5 MPa.
Compression factors are caiculated by fitting
simultaneously the isothermal pressure serles to the
Burnett relation and the virlal equation. The calculated
second virlal coetficlents agree well with avallable data
from the Iiterature. Densitles and compression factors at
Integral pressures are calculated from the experimental
data. The purity of the gas Is 99.7%.

Burnett Apparatus

The gas-phase PVT properties are obtained by the Burnett
method (7) in which only temperature and pressure measure-
ments are required. The apparatus is identical with the one
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described by Fredenslund et al. (2) and Mollerup and Angselo (3).
The Burnett cell consists of two thick-walled vessels of un-
specified volume, here approximately 125 and 275 cm?, con-
nected to each other by means of an expansion vaive. The
Burnett cell is located in a thermostat and the larger volume
connected to the pressure measuring system by means of a
diaphragm differential pressure indicator. The pressure is
measured on either an oil dead-weight piston gauge or an air
dead-weight piston gauge depending upon the pressure range.

The larger vessel in the Burnett apparatus is evacuated and
filled with the gas or gas mixture to be studied, and the smaller
vessel is evacuated and kept under high vacuum. After iso-
thermal conditions are obtained, the temperature and pressure
are measured. The valve on the vent line to the vacuum sys-
tem is closed and the expansion valve is then opened, and the
pressure is allowed to equalize between the two vessels. The
temperature and pressure are measured again after isothermal
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