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ABSTRACT
The purpose of this study was to investigate a new
model for the prediction of adsorption isotherms at
various temperatures from known data at a given temper¬
ature.

The systems under study consisted either of

pure methane, pure n-butane, or mixtures thereof on
Columbia Grade G activated charcoal.
The proposed model is
A

n+

nx

= Vn

where x represents an active center, n represents the
number of these centers, and A represents the adsorbate.
This model assumes that no dissociation occurs upon
adsorption.
o

Isotherm data were determined at 27 C for pure
butane, pure methane, and three binary mixtures consisting
of 0.537, 1.436, and 2.998 mole percent butane in methane.
On the basis of the proposed model, an expression for
the equilibrium constant was written employing n as defined
above and a constant L, the total number of active sites
on the surface.

The value of n for methane was found to

be 1 while while L was found to be 2.9 moles of sites per
100 moles charcoal.

A satisfactory corresponding value

for butane, however, was not found.

Because of the greater

adsorption capacity of butane, the value of 2.9 for L
appeared to be too small.

This apparent variation of L
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was explained by the forces of interaction involved.

The

forces between the adsorbed butane molecules and those
in the gas phase appeared to be comparable to those
between butane and charcoal, which resulted in a
clustering effect of adsorbed molecules.
Two mechanisms for adsorption of butane, therefore,
are presented.

These are
Br -t- rx
mBr+ Brxr

z
=

Brxr
(Br)m(Brxr)

The first equation is identical to the original model
while the latter states that for every butane molecule
adsorbed on r sites, a maximum of m additional butane
molecules may be attracted to the adsorbed molecule to
form a cluster.

It is likely that the former mechanism

dominates at higher temperatures while the latter dominates
at lower temperatures.

INTRODUCTION
Historical Background
The phenomenon of adsorption was first described
by C, W. Scheele in 1773.and by Abbe F. Fontana in 1777The first systematic investigation, however, was
performed when T. de Saussure measured the adsorption
of various gases upon a selected group of adsorbents.
Since that time additional studies have been undertaken
to attempt to explain this phenomenon.
The early contributions of Freundlich,Langmuir, and
Polanyi have been the basis for many current attempts to
theoretically explain the mechanism of adsorption.

The

Freundlich equation (5)* also known as the classical
equation, is strictly empirical.

It does not explain the

adsorption mechanism, but it simply gives an accurate
analytical expression when it is obeyed.

This equation

may be expressed as follows:
va = kp1//n

(A)

where va is the volume of adsorbed gas, k is a constant,
p is the equilibrium pressure and n is a number greater
than one.

When applicable, this equation is usually

most successfully employed at intermediate pressures.
Perhaps the single most important equation in the
adsorption field is that of Langmuir (10).

In contrast

to the Freundlich equation, the Langmuir equation
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attempts to theoretically explain the mechanism of
adsorption.

This equation may be expressed as follows:
• va = vm c p

(B)
1 + c p
where vm

is the volume of adsorbed gas required to form

a complete unimolecular layer on the adsorbent, and c is
the adsorption coefficient and a function only of
temperature.

Langmuir made two simplifying assumptions

in the process of ..deriving his equation.

He assumed

that only negligible forces of interaction existed between
the adsorbed molecules.

His second assumption stated that

no multimolecular layers were formed during the process.
The equation is capable of describing adsorption.data over
the complete pressure range when applicable to the
particular system under study.

Langmuir theorized that

a gas molecule striking the surface of an adsorbent
could either remain on the surface for.a period of time
or be elastically reflected with no exchange of energy
occurring.

Furthermore,

he theorized that at equilibrium

the rate of molecules striking and adhering to the surface
was equal to the rate of previously joined molecules leaving
the surface.

Langmuir's equation may apply to both

physical and chemical adsorption.
Polanyi (.12) on the other hand, believed that the
adsorption process was multimolecular.

His concept

is known as the potential theory.

He defined the potential

as that work done by adsorption forces when bringing a
molecule from the gas phase to a point near the adsorbent.
According to Polanyi, the gas surrounding the adsorbent
was strongly pulled toward the solid by forces exerted on
the gas.

This gas was deposited on the surface in many

layers.

His concept further stipulated that these layers

were compressed because of the attractive force of the
surface and the layers themselves.

Compression was

said to greatest on the first layer while each succeeding
layer became less compressed.

Polanyi's theory demonstrates

the dependence of adsorption on temperature.

However, the

theory does not-relate pressure to adsorption and, therefore,
is of .limited value.

The theory

is concerned only with

physical adsorption.

Polanyi and Goldmann (6) later

modified the theory to also apply to monomolecular films.
A more recent theory was presented by Brunauer,
Emmett, and Teller (4).

This is commonly known as the

BET equation or multilayer theory.

The BET theory is

essentially a generalization of.the unimolecular theory
of Langmuir.

The assumptions state that the rate of

evaporation of the molecules from the surface layers is
equal to the rate of condensation on the bare surface.

It

is further assumed that for each additional layer the rate
of evaporation equals the rate of condensation from the
layer covering it.

The heat of adsorption for all layers

excluding the surface layer is assumed to be equal to the
heat of liquefaction of the total adsorbate.

Therefore,

the van der Waals forces of the adsorbent affects only the
surface layer.

The resulting equation for an infinite

number of adsorbed layers is
P
V(PQ-P)

vmc

+

(c-l)p
VmCPo

where p0 is the saturation pressure of the adsorbate
gas and c is a constant exponentially related to the
heat of adsorption and liquefaction of the adsorbate.

(C)
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THEORETICAL TREATMENT OF THE PROBLEM
Within recent years too few attempts have been made
to corelate adsorption data of hydrocarbons on charcoal.

A

recent paper, however, was presented by. Koble and Corrigan
(9) concerning the adsorption of various hydrocarbons on
activated charcoal.
Koble and Corrigan assumed that adsorption took place
as a chemical reaction between the active centers of the
adsorbent and the adsorbate.

They presented as an example

the following equation.
A2

+

2x

CD

= 2 (Ax)

Equation 1 represents a symmetrical dissociation of
a diatomic molecule.
x.

An active center is represented by

Writing the equilibrium constant Kc for equation 1,

they obtained the following expression.

(2)

(Cx) (P^2^
Letting L be the total concentration of active centers
or
(3)

C

A2

" V2

l/2

(L)(KCPA2)

w
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They then transposed the above to the more general form
L'K'(pA)n
CA

(5)
1 + K'(pA)n

where L' and K' were said to be related to the more basic
constants L and Kc.

The equation was rearranged to give

the linear form
log (1/CA - l/L1)

=

n log (l/pA) +■ log (1/L'K') (6)

The quantity (l/CA - l/L1) was plotted against l/pA
until a proper choice of L' gave a straight line.
data of Ray and Box (13) were used in these plots.

The
Methane,

ethane, propane, ethylene, propylene, and butane were
treated in this manner.

The value of L1 was found to be

independent of temperature for each individual gas.

L',

however, varied among the various gases.
The resulting values of L' and n are given in Table 1.

Table 1_
Variation of n and L'

Gas
Methane
Ethane
Propane
Ethylene
Propylene

Nearest Fraction-n
1
2/3
!//
2/3

1/2

L'
6.25
7-94
7.40
10.30
8.94

The value 2/3 signifies, for example, that apparently two
active groups in an ethane molecule are adsorbed on a
surface site so that two ethane molecules form three A2*
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links with the surface.

It will be noticed that a decrease

in the value of n occurs when passing from methane to ethane
and to propane.

Likewise, n decreases from methane to

ethylene and to propylene.

The decrease of n, however,

does not continue for butane as would be expected.
value of n was found to be 1.

The

This indicates that it

satisfies Langmuir's equation since equation 5 reduces
to such.

Leland and Holmes (11),however, found the value

of n = 1 for butane unsatisfactory for reproducing 100°P
data from 200°F data.
The purpose of this work, therefore, was to investigate
a new model to determine if such a value for butane could
be found which would allow the prediction of butane isotherms
at various temperatures from a single butane isotherm at
a known temperature.

The model
An + nx

=

Anxn

(7)

was proposed by this author in conjunction with T. W.
Leland.

In constrast to equation 1, this model assumes

that no dissociation occurs upon adsorption.

In other

words, n active centers of A combine with n active sites
of the adsorbent.

A molecule may also have more than

one active center.
Writing the equilibrium constant, one obtains

Ka

(8)
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where a is the activity of each component expressed as the
following:
ax

=

(L-nN)
L

(9)

x

P

(10)

Anxn = (nN/L)

(11)

a

An =

a

N represents the number of molecules of a particular gas
adsorbed on the solid surface, while V represents the
activity coefficient of the respective components,
represents the partial pressure of the gas A.

p

The

expression nN refers to the total number of occupied
sites.
Substituting equations

,

9

10, and 11 into equation 8

gives for a pure gas

(nN/L) Jf
A x

K,

n n

(12)
P (L-nN)

L
Likewise, if the adsorbate is composed of a binary mixture
of A and B, the above yields for A

MA/L)

If A-n

x

n

(13)
PA L-nN^-rNg

L
and similarly for B

n
dx)n
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<Ka>B

=(rVL>*B 2? ^2?

(14)

L-nNA-rNB

pB

L
where A and B do not interact, and r is related to n as
shown in the following

for a binary system.

An+nx

z

Anxn

(15)

Br+rx

= Brxr

(16)

Since this work concerned butane and methane, the
above becomes respectively
B

r+

rx r Brxr

Mn-|- nx

=

(17)
(18)

Mnxn

Equation 12 may be rearranged to yield
n log

(1-nN/L) + log

(KaL)

=

log (nN/p)

(19)

which is similar to an equation obtained in the deri¬
vation of the Williams-Henry equation.

The Williams-

Henry equation attempts also to describe adsorption
isotherm data.

According to Brunauer (2), this deri¬

vation of the Williams-Henry equation includes
n log (l-v/vm)

+ log

(bvm)

=

log (v/p)

The similarity between equations 19 and 20 is apparent
since L, the number of active sites on the surface,

(20)
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corresponds to v , the volume of gas required to form a
unimolecular layer on the surface.

nN, the number of

occupied sites, corresponds to v, the volume of gas
adsorbed.

K„d. and b are both constants which are functions

of only temperature.
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EXPERIMENTAL APPARATUS
The experimental apparatus for the determination
of isotherms describing mixtures of methane and butane
may be divided into the following divisions: Adsorption
system, constant temperature bath, degassing heater,
high vacuum apparatus, cathetometer, differential pressure
cell, and mixing system.

The following paragraphs cover,

in turn, these items.
Adsorption System
As shown in figure 1, the glass adsorption system
consisted of.a removable samble bomb (SB), an adsorption
cell (A), a blank cell

(B),

and two gas measuring pipettes

(AP,BP) which joined the adsorption and blank cells
respectively.

The adsorption and blank cells were each connected

to a differential pressure cell (DP).

The former was also

connected to a mercury manometer (EM) to determine the
adsorption equilibrium pressure.

A manifold (M) was connected

to a second mercury manometer (MM) which was used to read
pipette pressure.

This manifold also joined the system to

a high vacuum source (HV).

A quartz■spring (S) with a

sensitivity of O.76IO mm/mg and a quartz bucket (QB)
containing the adsorbent were placed in the adsorption
cell.

The spring was hung on a glass hook which was joined

to a male portion of a ground glass joint.

The female

portion was joined to the top of the adsorption cell.

The

FIGURE I ADSORPTION SYSTEM
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calibrated adsorption and blank pipettes were connected to
separate mercury reservoirs (MR).

These pipettes were each

marked with two reference points to measure and displace
with mercury a predetermined volume of gas into both cells
for each point of the isotherm.

The manifold and equilibrium

manometers had their reference sides joined to a constant
vacuum to permit absolute readings at all times.

In

addition, the equilibrium manometer was joined to a leveling
bulb to permit adjustment of the mercury leg on the cell
side of the manometer.
cell volume.

This assured a constant adsorption

Apiezon T type stopcock grease was used on

all movable ground joints while Apiezon hard wax type W
was used on all permanent Joints.
Constant Temperature Bath
.A constant temperature bath surrounded the adsorption
system with the exception of the two manometers and the
two mercury resevoirs.

The bath consisted of two heaters

constructed of high resistance nichrome wire on asbestos
supports.
heater.

Separate powerstats were provided for each
One heater was an on-off type, while the other was

a continuous one.

The on-off heater was controlled by a

Micro-Set Thermo-Regulator and an Electronic Relay control
box.

The resulting bath was able to maintain a constant

temperature varying not more than *0.1° C.

The system

was insulated with two inches of Zerolite while a fan
maintained circulation within the bath.
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Degassing Heater
„

A heater of nichrome wire on asbestos card was mounted

in sheet aluminum around the adsorption cell to degas the
charcoal sample.

The heater was designed to allow it to

be moved vertically along the cell.

This permitted the

heater to be lowered around the sample during degassing
and raised out of the cathetometer line of sight after
heating.
High Vacuum
A vacuum source capable of achieving 10“^ mm of
mercury was obtained by using a Welch forepump coupled
with a mercury diffusion pump.

A mercury diffusion pump

was selected in preference to an oil type in order to
avoid oil oxidation problems.

A McLeod gage was used

to determine the pressure of the system.

A liquid

nitrogen cold trap was employed to prevent emitted
mercury vapor from the diffusion pump from entering the
adsorption system.
Cathetometer
A cathetometer capable of reading to 0.01 mm was
used to accurately determine both spring elogation and
manometer readings.

Spring measurements were performed

by placing the cross hair of the cathetometer at the
edge of the hooks joining either side of the quartz spring.
The cross hair was placed at the top of the mercury
meniscus when taking manometer measurements.

1
Differential Pressure Cell
. A differential pressure cell, figure 2, was used to
indicate the pressure difference between the adsorption
and blank cells.

This system consisted of.two identical

stainless steel bellows (B) mounted on a brass platform.
These were joined to the . adsorption and blank cells by the
copper tubing (T).

A linear variable differential

transformer (DT) was mounted on the platform (A) , while
the core of the transformer was joined to each of the two
bellows by the connecting rods (R).

This transformer

consisted of two separate windings and was wound l80°
out of phase.

An increase in the pressure of either

cell caused its ^corresponding bellow to expand and to
thereby force the core of the transformer to be displaced
a corresponding Increment.

The resulting change in

output voltage from the transformer indicated the pressure
difference between the two cells.
The voltage of the output or secondary of the
transformer was read on an AC mill!voltmeter.

The

excitation for the input or primary of the transformer
was provided by a variable oscillator.

A maximum DP cell

sensitivity,of 11.0 millivolts per millimeter was
obtained by adjusting the variable oscillator for an
output of 7-9 kilocycles.
The DP cell was originally designed to permit one
to directly read the pressure difference between the
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SECTION A-A

FIGURE 2

DP CELL
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blank and adsorption cells from the millivoltmeter with
the aid of calibration graphs.

The calibration of the

DP cell was accomplished by plotting the pressure in
millimeters versus the corresponding millivolt reading
to yield an expected straight line.

A single straight

line was obtained by increasing the blank cell pressure
while maintaining a constant pressure in the adsorption
cell.

However,.other straight lines were also obtained

which corresponded to different constant adsorption cell
pressures.

These lines were for all practical purposes

parallel to each other.

Unfortunately, however, these

lines did not remain stationary; they would shift with
time to either the right or to the left.

Moreover, it

was also noticed that parts of the calibration line would
shift while other segments would remain in their original
position.

Because of this shifting, it was impossible to

read directly the pressure difference between the two
cells using the calibration curves.

The DP cell, therefore.,

was used as a differential pressure indicator only.

In

other words, no calibration curves were used to read the
pressure difference.

The procedure section describes the

method of determining the blank cell pressure using this
method.
Mixing System
The apparatus for mixing samples of methane and
butane is shown in figure 3*

The system consisted of a

glass manifold (0) opening to a methane cylinder (MC),
a butane cylinder (BC)r a vacuum source (.VS), a manometer
(E), and a sample mixing bomb (SB).

The two stopcocks in

the manifold were of the three way variety.

21

FIGURE 3

MIXING

SYSTEM
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EXPERIMENTAL PROCEDURE
Gas Mixing
Butane and methane were mixed using the method of
partial pressures.
for non-ideality.

Z factors were determined to correct
The system in figure 3 was first

evacuated and then isolated from the vacuum source.

The

system was purged with butane and evacuated again.
Butane was again introduced into the system until the
manometer read approximately the predetermined pressure.
The exact position was accurately determined with the
cathetometer,,

The sample bomb was then closed,and the

remaining butane was evacuated.
with methane and again evacuated.

The system was then purged
Methane was again

introduced into the system and the sample bomb was opened.
Methane was added until the total pressure of both methane
and butane was approximately ten pounds.

The final reading

of the manometer was determined with the cathetometer.

The

sample bomb was closed and removed from the mixing apparatus.
It was then shaken to allow the glass beads within the
bomb to mix the gases, and it was joined to the adsorption
apparatus.
Degassing
The degassing heater was vertically positioned around
the charcoal sample which had been in equilibrium with
the atmosphere.

The sample was then exposed to a vacuum

23
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of 10 ^ millimeters of mercury, and the degassing heater
was adjusted to 400°C.
400°C for four hours.

The sample was allowed to heat at
The length of the spring was read

both before and after heating in order to determine the
loss in weight of the sample.

Since the weight of the

charcoal in equilibrium with the atmosphere was previously
determined on an analytical balance, the true weight of the
charcoal was then known.
Charging the Pipettes
The entire system maintained at 27°C was subjected
to high vacuum.

The adsorption and blank cells were

isolated from the system by closing the stopcocks between
the two cells and their respective pipette chambers.

The

binary mixture was charged directly from the gas mixing
sample bomb to the manifold and the pipettes as seen in
figure 1.

The introduced gas was allowed to come to

thermal equilibrium in the air bath.

Thermal equilibrium

was assumed when the pressure as read on manometer (.MM)
became constant.

The mercury in the two reservoirs was

adjusted to the lower marked levels on the pipettes, and
the pressure was recorded from the manifold manometer.
Charging the Cells
The stopcocks separating the two pipettes from the
manifold were closed, and the two other stopcocks were
opened to the adsorption and blank cells.

The mercury

was then simultaneously raised in the two pipettes to prevent

a large pressure differential across the DP cell and
was placed at the top reference marks.

The leveling

bulb on the equilibrium manometer was also adjusted to
bring the mercury.to its reference mark at the same
time.

Pressure was used to raise the mercury from its

first reference point to the.second reference point.
Atmospheric pressure was sufficient for a maximum cell
pressure of 220 mm Hg.

For a cell pressure greater than

220 mm Hg, compressed nitrogen at low pressures was
used to raise the mercury levels.
Initial Data Point
A minimum of three hours was allowed for the charcoal
to come to equilibrium in the gas system.

Equilibrium

was assumed attained when no change of spring length
or adsorption cell pressure occurred.

The adsorption

cell pressure was read on the equilibrium manometer.
The blank, cell pressure was.obtained by recording the
millivolt reading of the .DP cell, . opening the blank cell
to the pipette and manifold, and allowing additional
gas from the sample bomb to enter the blank cell until
the DP cell showed the identical reading as recorded
previously.

The blank cell pressure was then read from

manometer (MM), and the first point of the isotherm was
determined.
Subsequent Data Points
.To acquire additional points for the isotherm, the
adsorbent was again subjected to high vacuum and degassed

at 400°C.

However, after the initial degassing at 400°C

for four hours, the subsequent degassing periods required
only one hour.

Additional points of the isotherm.were

acquired with the identical procedure as described above.
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DISCUSSION OP RESULTS
In order to determine satisfactory values of r and
n for butane and methane, isotherms were obtained for
pure butane, pure methane, and mixtures of the two on
Columbia Grade G activated charcoal at 27°C.
Choosing n equal to one., equation 12 can be rearranged
to yield
k

A PA

NA

1 + KA
which is Langmuir's equation.

L

(21)
p

A

Further rearranging and

placing in logarithmic form results in a linear equation
having a slope of L and an intercept of l/LK or
log (1/NA - 1/L) =

log (1/p) + log (l/LK)

(22)

Figure 4 is a plot of equation 22 using the data of
pure methane.

Values of L were assumed until a straight

line was obtained.

A value of L = 2.9 moles of sites per

100 moles of charcoal was found to satisfy this condition.
This compares with the value of 6.25 for L' obtained by
Koble and Corrigan for Columbia Grade L activated

charcoal.

It will be noticed that the necessary requirement that the
slope be equal to 1 is also satisfied by L = 2.9.
An attempt was then made to determine the corresponding
value of r for butane.

As pointed out previously, Koble

and Corrigan's work shows that r has a value of 1 for
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butane at a temperature of 200°F.

To determine the

validity of this value at 80.6°F (.27°C), equation 22 was
again employed.

Kembell, Rideal, and Guggenheim (7) have

reported that the value of L is dependent only on the nature
of the surface and is independent of the nature of the
adsorbing gas.

Therefore., the value of 2.9 for L was used

to determine the value of r for pure butane.

It is obvious

from Table 2 that r is not equal to 1 since all values of
the quantity (1/N^-1/L) are negative except one.
Table 2
Variation of (1/N&-1/L) with Pressure
Pressure
Zl/L)
mm
(100 atoms charcoal)(moles gas ads)-'*'(moles sites)
0.3521
-0.0994
-0.1429
-0.1572
-O.1667

0.50
6.94
17.04
25.87
35.43

An effort was then made to solve for r directly by
using the binary mixture adsorption data (Appendix F, Table
9).

Since it has been found that n = 1, equation 13 as

applied to methane could be directly solved for r giving
r = l/NB[L-NM(l+l/(Ka)MpM)
Referring to Appendix F, Table 10, it is seen that the
values for r obtained are not consistant but possess a
wide range of variance.

(23)
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In the derivation of equation 23, it was assumed that
the activity coefficients originally found in equation 13
were equal to 1.

This is identical as saying that the

occupancy of sites by adsorbed molecules does not hinder
the adsorption by adjacent active sites.

This would be

expecially valid at low pressures since fewer sites are
occupied.
An investigation, nevertheless, was made using the
activity coefficients as found in equation 34.

The

coefficients were defined as
log %

log

y

(24)
o

V

-

X

(25)

x )

r r

where X refers to the mole fraction and A is a constant
dependent upon temperature.

Substituting equation 24 and

25 into equation 12 for pure butane and placing in
logarithmic form gives equation 26, or
2
r
N-B
(L-rNB)
'L-rNB\
log J
p
= A I
I - r1

B

“[

- log
r

NBL

The above equation is linear and has a slope of A with an
intercept of log (Ka)B/r.

A value of A was not found since

a straight line was obtained for any value of r chosen
(Appendix F, Figure 9).

The choice of r, however., was

limited to only small values which approached zero.
larger value would have caused the quantity (L-rN )

A
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to have a negative value.
Another approach considered that L was a function of
the adsorbate.

Equation 12 for pure butane was placed in

the form
1
u
&

J

(L-rNB)r

"l

PQ

log

=

log

+ log
1

u

i—1

(27)
1

1

l

1

p

which has a slope of 1 and an intercept of log[rN /(Ka)g|.
No combination of L and r was found which gave a straight
line whose slope was equal to 1.
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CONCLUSIONS
The failure to obtain a satisfactory value for r
does not appear to be caused by either an incorrect
definition of the activity coefficients or the assumption
that they are equal to unity.

Examination of equation

26, for example, demonstrates that the value of A has
no effect on the quantity (L-rN-g) .

This quantity points

out that the value of 2.9 for L is too small because of
the large value of Ng obtained when butane is considered.
As Indicated before, the activity coefficient tends to
correct for any active site blockage on the adsorbent
by adsorbed moledules located on adjacent active sites.
In other words, the activity coefficient corrects for
an apparent decrease in the value of L.

The results of

this work, however, reveal an apparent increase of L
with butane adsorption.

Therefore, the use of the

activity coefficients will not correct the apparent
increase in L.
The apparent increase in the value of L may be
explained by the attractive forces between butane molecules
as compared with those between butane and charcoal.

The

forces between the adsorbed butane molecules and those in
the gas phase appears to be comparable to those between
the butane and charcoal.
therefore, tends to adsorb
a monolayer is completed.

Each adsorbed butane molecule,
rother butane molecules before
According to Brunauer (3),

the shape of the pure butane isotherm of figure 7
indicates that a multilayer on a complete monolayer is
not obtained.

,

It is likely

therefore, that a clustering

effect occurs before a monolayer is completed.

In other

words, small multilayer or multimolecular groups are
formed by the attractive forces between butane molecules
before a complete monolayer can be formed by the less
attractive forces.
Two mechanisms of adsorption, therefore, appear to
be present.

These may be expressed as
Br + rx

mBr 4*

BJOXJO

r

-

(28)

Brxr

(Bp)m(BpXp)

Equation 28 is identical to equation 17.

(29)
Equation 29,

however, states that for every butane molecule adsorbed
on r sites, a maximum of m additional butane molecules
may be attracted to the adsorbed molecule to form a
cluster.

Writing the expression for the equilibrium

constant of equation 29 where " refers to said equation
yields

(30)

The activities are expressed as
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m

V

N

“

B"

(32)

x

®r r

mNg1
NB"

a

(33)

(Br)m(Brxr) =
m

V

where Ng1 is the number of molecules adsorbed by the
mechanism of equation 28, and Ng"
by equation 29.

The sum of Ng

1

is the number adsorbed

and Ng" is the quantity

Ng as defined in equation 14,

Substituting into equation

30 yields

V

OW : !
m

(p)

(34)

m

v-Vj

If the quantity Ng'/Ng" is defined as d, then equation
34 can be rearranged to give

1
d

z

1
+

m

m(p)m(Ka)g'1

which may be evaluated by determining butane isotherms
at several temperatures.
The previous discussion indicates the potential
value of the theory as originally presented.

Additional

butane isotherms, however, must be obtained at other
temperatures to determine if the proposed theory and its

modifications can be considered valid.

If the theory

is found valid,.it is easily applied to binary mixtures
of noninteracting components as shown by equations 13
and 14.

In addition, the evaluation of m and d would

allow predictions of adsorption data at any temperatures.
Prom the results of both this work and that of
Koble and Corrigan, it is likely that the mechanism
represented by equation 28 predominates at higher
temperatures since the data which they examined were at
200°P.

On the other hand, the method of equation 29

appears to predominate at lower temperatures since the
butane data of figure 7 were obtained at 8o.6°P.
It will be noticed that the above theory does not
assume that one type of active site exists on the solid
for methane while another type exists for butane.

This

is in agreement with Kembell, Rideal, and Guggenheim as
mentioned before.
Finally, the BET equation as considered in the
introduction can be rearranged to give

where K = p0/p.

It is seen that equation 36 experiences

the same difficulty as equation 12 and its variations
when describing the butane isotherm.

Table 3 shows

that the quantity (l-l/K) is very nearly unity for each
considered point of the butane isotherm.

To avoid

Table 3
Variation of (l-l/K) with Pressure
Pressure
Atm

l-l/K

1-30/K

0.0006

0.999
0.996
0.991
0.986
0.982

0.980
0.892
0.736
0.598
0.451

0.0091
0.0224
0.0340
0.0465

obtaining a negative quantity, vm which again corresponds
to L must be, of course, greater than (l-l/K)v.

It is

evident that the term l/K must then be larger if the
equation is to be considered valid for butane.

Table 3

also shows the effect of increasing l/K by a factor of
30.

This, in effect, indicates that the saturation

pressure is less during the adsorption process.

In

other words, the adsorption in multimolecular groups
cannot be considered as a solution of butane molecules.
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APPENDIX A
Source of Equipment
Bellows

Robertshaw-Pulton
Pulton Sylphon Division
Knoxville, Tennessee
Reference Line 364

Cathetometer

Gaertner Manufacturing Company
Chicago, Illinois
Catalogue Number M930-342

Differential Transformer

Schaevitz Engineering
Pennsauken, New Jersey
Type Number 100 MS-L

Diffusion Pump

Scientific Glass Blowing Company
Houston, Texas

Me Leod Gage

Scientific Glass Blowing Company
Houston, Texas

Oscillator

Hewlett Packard
Palo Alto, California
Model 200 CD/CDR

Quartz Spring
Bucket
Fibers

Worden Laboratories
Houston, Texas

Vacuum Porepump
Voltmeter

-W. M. Welch Manufacturing
Chicago 10, Illinois
Ballantine Laboratories, Inc.
Boonton, New Jersey
Model 320

B1
APPENDIX B
Determination of Moles Adsorbed
Mixtures of methane and butane encountered in this
work were considered ideal since no equilibrium pressures
over

525

mm of mercury were obtained and since the

resulting Z factors were very nearly equal to 1 (0.998).
The ideal gas law was, therefore, employed to determine
the number of moles of butane and methane adsorbed on the
charcoal sample.

If the pipette volumes and cell volumes

had been equal, and if the dead volumes had been equal to
zero, the number of moles adsorbed at equilibrium would
had been indicated directly from the difference in pressure
between the cells.

The volumes, however, were not equal,

and the dead volumes did exist.

The equation, therefore,

was modified.
Since both pipettes were initially evacuated and
the temperature of the system remained constant, the
derivation proceeded as follows:
Upon charging the pipettes, the pressures were equal
and,
moles in ads pipette +• dead volume

-

+■i£~/

moles in blank pipette+ dead volume = 7?g Transferring the mixture from the pipettes to the
cells,

B2
moles not adsorbed in ads cell + dead vol

= 7^-

B-3

*?T

8-9

moles not adsorbed in blank cell + dead vol

Since the change in the number of moles in the gas
phase between those in the adsorption cell and those in
the respective pipette plus dead volume was the amount
adsorbed, equation B-l minus equation B-3 yields

- 7?T(V/)P

~

(VA + VAD) %

No charcoal was present in the blank cell.

Therefore,

the number of moles in this cell including dead volume
was equal to that in the corresponding pipettes and dead
volume.

Equation B-2 equals equation B-4.

£-6
and

3-7
Substituting equation B-7 into equation B-5 yields

/o

~7rr ( y* +

8-8

7

/

or since

87~

-

/% p Aft(/■ Ifip

(V/)P +- V/)/?

l+

f Vgj?

V&±¥&2-\ ft
Vp y/

25-9

B3
Modifying,
'VAPP VA»\

V#/>

/FT
/■

v-

_ (V±>_-J^\ ~\f,

J I fa + )/#£ JJ [ &

VAP +VA£>

3-/0

^ep^Pso
and

/FT

-

+(&.)(Vg +V0O)AP #-/!

where
CL ~

J- =

VAP + V/)D

B-/Z

V&/> T4* Vfi>£>

&-/3

VA + VPP

Y&+ V/?/>

The adsorption and blank cell volumes vary slightly
with pressure differences across the cells.

Since one

bellow is connected to each cell, a pressure difference
causes one bellow to expand and the other to contract.
This expansion and contraction of the bellows accounts for
cell volume changes.

As a result, a as defined above is a

constant, but b is a variable depending onAP.

Cl
APPENDIX C
Calibration Data
Pipette Volume
The blank and adsorption pipettes were filled with
mercury to their top reference points.

The mercury was

then lowered to the bottom reference marks, collected,
and weighed on an analytical balance.

Knowing the

density of the mercury at room temperature of 27° C,
the volume of each pipette was found.
Table 4
Calibration of Adsorption Pipette
Weight of beaker Weight of beaker 4- mercury Weight of mercury
(Grams)
(Grams)
(Grams)
Trial 1
29.6211
29.6226

29.6237
29.6247
29.6301
29.6265

29.6274
29.6289
29.6333

186.5806

189.5952
187.7804
189.9204
188.8203
182.6395
164.8654
178.0352
112.5167

156.9595
159.9726
158.1567

160.2957
159.1902
153.0130
135.2380
148.4063
82.8834
Total: 1314.1154

Trial 2
29.6228
29.6230
29.6292
29.6293
29.6304
29.6397
29.6386

29.6309
29.6390

199.1503

169.5275
158.2498

187.8728
181.8472

152.2180

186.8684

157.2391
156.5515
152.6575

186.1819

182.2772
189.3397
191.9718
74.6902

159.7011

162.3409
45.0512
Total:

C2
1313.8710 gm

Average:

13.530

Density of mercury at 2J°C:

gm/ml

Volume of adsorption pipette:
1313.8710/13.530= 97.108 cc
Table 5,
Calibration of Blank Pipette
Weight of beaker
(drams)

Weight of beaker+ mercury
(Grams)

Weight of mercury
(Grams)

Trial 1

29.6521

154.2381
175.3288
178.4655
178.9113
182.9494
191.9623
181.2042

29.6407

168.5965

29.6376

139.2282
60.6801

29.6226
29.6246
29.6455
29.6384
29.6500

29.6395

29.6421

124.6155
145.7042

148.8200
149.2729
153.2904
162.3228

151.5521
138.9558
109.5906
31.0380

Total: 1315.1623
Trial 2
29.6324
29.6346
29.6440
29.6427
29.6443
29.6469

170.0176

29.6471

186.8980

29.6497
29.6504

189.4420

172.6573
157.5080

184.8718
172.0495
183.3952
165.1050

140.3852
143.0227
127.8640
155.2291
142.4052
153.7483
157.2509
159.7923
135.4546
Total: T3T5".'152'3'

Average: 1315.1573 gm
Volume of blank pipette:
1315.1573/13.530= 97.203 cc
Dead Volume
The blank and adsorption dead volumes were also

C3
calibrated with mercury.

The weight of the withdrawn

mercury from each completely filled volume was determined
on an analytical balance (8).
Weight of weighing bottle + mercury
Weight of weighing bottle
Weight of mercury in grams

56.943
16.896
40.047

54.846
16.421
38•425

2.988 2.840

Therefore, the volumes are: (cc)
Spring Constant

The spring constant was determined with the aid of
calibrated platinum weights.

Four weights increasing in

size were hung in turn on the spring, and the resulting
elongation was observed in an evacuated cell.
Table 6
Determination of Spring Constant
Weight Cathetometer Reading
(mm)
(Grams)
0.0441
0.0694
0.0940
0.1176

984.56
965.46
946.91
929.10

Elongation
(mm)
19.25
18.73
17.95

Weight mm/mg
(Grams)
0.0253
0.0246
0.0236

0.7609
0.76I4

0.7606

Average : O.76IO mm/mg
Volume Change with Pressure Difference
When a pressure difference exists across the differential
pressure cell, there will also be a volume change due to the
expansion and contraction of the bellows.

The volume of one

cell will increase while the volume of the other will
decrease.

With a pressure difference of 40.8 mm of mercury

C4
between the cells, a deflection of 0.45 mm was determined
with the cathetometer.

The effective area of the bellows

was found to be 1.23 square inches (8).

Therefore, the

volume change with pressure difference was found as
follows:
0.45/40.8 = 0.0011 mm/mm Hg

and
2

Av = (1.23 in2)(2.54 cm/in)(l.1x10“3mm/mg)
- 0.00872 cc/mm Hg

Adsorption and Blank Cell Volumes
The adsorption and blank cell volumes were determined
by transferring measured quantities of gas from the
pipettes to the corresponding cells.

The equilibrium

manometer was placed on its reference mark and the
adsorption cell pressure was read.

The blank cell

pressure was determined as discussed in the procedure
section.

The number of transferred moles were constant

and the temperature was also held constant.

The pipette

volumes, the dead volumes, the pipette pressures, and the
cell pressures were known.

Therefore, the cell volumes

were determined as follows:

<vAP*VAD>Pp = <VA -aV

+

VA =.78.62 cc

VPA

C5
and
(vBP+VBD>Pp = (V

AV+VBD)PB

VB = 78.04 cc

Dl
APPENDIX D
Sample Calculations
Volume of Charcoal, Bucket, Hook, and Spring
An estimate of the volume of charcoal used was made
as follows:
=
=
=
=
=
=

density of packed charcoal
volume of 1.0 gm
pore volume
(l4)
40$ voids
(l4) 0.40x1.82
volume of charcoal
or density of carbon 1.0/0.49
volume of 0.0810 gm of charcoal
0 .0 810/2.04

0.55
1.82
0.60
0.73
0.49
2.04

gm/cc
cc
cc
cc
cc
cc

= 0.0397 CC

The handbook value for the density of amorphous
carbon of 1.8 to 2.1 gm/cc is in.agreement with the above
value.

The remaining volumes are as follows:

spring 0.0135 gm/ 2.65 gm/cc
hook 0.0034 gm/ 2.65 gm/cc
bucket 0.0172 gm/ 2.65 gm/cc

= 0.0051 cc
= 0.0013 cc
= O.OO65 cc

Therefore, the total volume occupied in the
adsorption cell is O.O526 cc.

Bouyance Correction
The buoyancy for air, for example, was determined
from the weight of the displaced gas.

For the above

volume of O.O526 cc at 27°C and pressure p, the weight
was found as follows:
28.97
22.4x103

x

273
300

x

p
760

0.8154 x 10'7(p) gm

x

O.O526 z

D2
Charcoal Weight In a Vacuum
The weight of the adsorbent before degassing was not
the true weight of the charcoal.

To determine this true

value, the contraction of the quartz spring upon heating
the sample was recorded.

Since a portion of the adsorbed

gas was removed when exposed to a high vacuum and the
remainder was removed when heat was applied, the first
cathetometer reading was made before vacuum was applied.
The final reading was recorded after heating.
Weight of sample in equilibrium with the atmosphere
0.0810 gm
Cathetometer reading before degassing

106.48 mm

Cathetometer reading after degassing

102.74 mm

Spring contraction 3*74

11111

j,

Buoyancy force of the atmosphere
( 0.8154 x 10“')(760) - 0.6197 x 10“ mig
Loss of weight upon degassing
Corrected weight loss

3.74mm/0.76lmm/mg = 4..915mg

4.915mg + 0.06 mg = 4.975 mg

Resulting weight of sample
0.0810 gm - 0.005 gm = O.760 gm
An additional correction was necessary.

Since mercury

was present in the:system, the weight of the . sample .as
found above included the weight of the adsorbed mercury.
Browning, et _al. (l) reported 0.60 mg of mercury vapor at
27°C adsorbed per gram of activated charcoal.
Degassed weight of charcoal
Adsorbed mercury weight
Accurate weight of charcoal

0.0760 gm
0,00006 gm
0.0759 gm

D3
Constants for Equation B-ll
Equation B-ll may be written as follows:

A sn —

X,

=

(x'-J)

s

/f2

A*

+
(

D-3

+

(CL) ( l/g + IStfQ

Because of the variation of

£>-3

and VB, Kq and K2 are

functions of the pressure difference between the two cells
as discussed in Appendix B.
.Table 7 lists values of
AP

and Kg as a function of

which are used to plot figure 5Table 7
Calculations of Kj_ and Kp

AP

AV

VB+VBD

mm

cc

cc

VA+VAD

b

b-a

-K-ixlO7

KgxlO7

cc

0 0.0000 80.880 81.608 1.0090 0.00847 0.6618 43.256
10 0.0872 80.067 81.521 1.0068 0.00627 0.27136 43.302
20 0.1744 81.054 81.434 1.0047 o.oo4i6 0.18024 43.349
a = 1.00053

In addition,
RT

=

82.06 x 760 x 300 = 1.871 x 10~7

Calculation of Binary Adsorption Experimental Data
For 2.998 mole percent butane, P = 60.03 mm
From figure 5,

Kq = -0.3188 x 10”7
K2 = 43.2794 x 10“7

0.381

FIGURE 5

1

1

1

1

VARIATION OF K, AND

1

1

143.39

D5
Substituting into equation D-3*

A/TL

^

-

f, 3/e&)(/

o. 03 ) + C93'27?)0 f7)(s; o*/)*/ff.JfX/O1

The weight of each component adsorbed is determined
from the calculated molecular weight.

• Art8 + A

£>-V

A/n M ” A/?*#/tyff

O-S

Since the spring elongation was 0.50 mm, the weight
of gas adsorbed is

0, £0/a 7(0/
Solving

D-4

®

O, (aS?A/&

jtHI

for ng and substituting in D-5> one obtains

nM or

/ri M

= -d

W7W* =0?<?,9?x/e'’’')SJ:JZ
7- (/& 09) A
A/rfy A
-

/,/870

S

X/O ~

p.eoos x/o~s

The above quantities of adsorbed methane and butane
have not yet been corrected for buoyancy since .. the composition
of the.gas in equilibrium with the adsorbent was unknown.
The calculations, therefore, proceeded as follows.
The number of moles of gas transferred to the

D6
adsorption pipette is

^

'

% (& *f?T

r

SZ.J-OV X/O

The total number of entering moles at a pressure of
52.63 mm Hg is

(fJ.SO? X/O'7)(SS.63) S 23,/S?A'/O’S
The total number of entering butane moles is
/7tA

-

4. 0299S

=

gQ /£*?
-S

713

*

0.aw2/ X/o

The total number of entering methane moles is
£Q./S92

X/o“s- 43992

X/o

27.3/ST?X/O "^

The.number of remaining butane moles in the gas phase
at adsorption equilibrium is

o. 3 f 92 A 70 "s- 4 e OOS x/o ~S = Ot 0937 X70 's
The number of remaining methane moles in the gas phase
at adsorption equilibrium is

2 7, 3/SO ^/0~S- 7.7370 X/0>26. /2&O X/O'S
The total number of moles in ..the gas phase is
2.6.723 0

X /0~s -h O.0737X/o~* = 2S, 77/7A7o~'

D7
The total number of grams in the gas phase is
/3 X S8./2. y rns/tnA'*0

O. OyS’T

-S

2.Cs./A807/O X A&>.&/^^£y//n*>/e - ¥/?, 093X/t>~
To At/.' *2 /' £33 X/a
The correction due to buoyancy is

42/. 633

x

2.0, /70

273

.0526 {>o,o3

y

s

300 2^,47/a -76O

O, 0027X/0

The corrected spring reading is

0. 6570 //a~S

/*

0.002 7 7/0~3 = 0.6S~97//0 3^m

Substituting the corrected value into

D-5

yields

2a 72^ ~ A 7306 7 /o'3'
A Tig

~ 0.80*33 7 /*>~^

The corrected number of butane moles remaining in
the gas phase is

0,8492 X /0~s

-

0,30937/0~5

=

0,0349

The number of methane moles remaining is

27 3/SO 7/0

'*5'

-

/806 X/0~^

/

=

26, /S44//o' *

The total number of moles is

26. A349

K/o"3

/•

O. 0347X/o~S'

-

26. /6?BX/0

m

D8

The resulting mole fractions of the gas phase are

MF

8

0. 0399X/O'*
2 6. /693X/0 ~S‘

0. 00/3

26. /3 4V X/Q~r
26. /693 X/0~s

0, 9937

The partial pressures of each gas in the mixture
are

/?A;. -

tf//*r
f 0.00/3 XhO.03) -

P^

-

(o, 9937)(60. 03 ) -

6,oQ /»

95

SK

/n

APPENDIX E
Table 8
Summary of Experimental Data
Butane:
wt
mg

BC
mg

C Wt
mg

5.2694
14.9671
18.1865
19.5795
20.6176

0.0001
0.0011
0.0027
0.0042
0.0058

5.2te
14.9682
18.1892
19.5837
20.6234

Sp
mm

P
A
mm

4.01
n.39
13-84
14.90
15.69

0.50
6.94
17.04
25.87
35.43
Methane:
P

P
M
A
mm m$t

56.53 65.94
102.46 120.24
197.24 232.57
277.61 329.12
356.80 423.86
430.46 510.87

P
B
mm

69.90
126.86
243.69
342.87
440.57

529.81

e Wt
• mm mg

OTIS
0.30
0.51
0.67
0.78
O.87

O.2365
0.3942
0.6702
0.8804
1.0250
1.1430

BC
mg

0.0030
0.0054
0.0105
0.0148
0.0191
0.0230

C Wt
mg

0.2395
0.3996
0.6807
0.8952
1.0441
1.1660

Mixtures:
•0.537 Mole Percent Butane Mixture:
P

P

mm

mm

M

50.70
103.46
172.22
236.02
340.92
424.57

A

59.55
121.08
202.78
278.63
403.38
503.68

mm

62.93
128.05
212.90
291.97
421.27
523.76

mm

O.17
0.37
0.52
O..71
0.98
1.09

Wt BC
mg' mg

0.2234 07002T
0.4862 0.0055

0.6833

0.0092

0.9330 .0.0127
1.2878 0.0184
1.4323 0.0229

C ¥t

mg

^nnv

x 10*

0.2251 126.34

0.4917 265.31
0.6925 383.17
O.9457 510.43
1.3062 694.87
I.4552 780.04

1.436 - Mole Percent Butane Mixture:
P

M
mm

49.10
102.63
170.07
345.30
419.81

P

A
mm
59.16

P

B
mm
62.95

119.85

126.88

199.33
407.35

209.90
426.54

496.56

519.16

e
mm
0..27
0,.53
0..81
1,.57
1,■ 90

Wt
mg

BC
mg

C Wt
mg

0.3548 0.0027 0.3575
0.6964 0.0055 0.7019
1.0644 0.0091 1.0735
2.0631 O.OI85 2.0816
2.4967 0.0226 2.5193

^nnw

x 10'
144.01
268.33
404.4l

755.45
902.30

E2
2.998 Mole Percent Butane Mixture:
P
M
mm
52.53
102.34
169.73
240.14
339.19
439.31

p
A
mm
50.03
117.71

194.74
296.31
395.41
514.09

p
B
mm
55V07
126.44
208.32
278.49
417.99
541.97

e
mm
O.50
0.91
1.50
2.06
2.76
3.54

Wt
mg
075570
1.1958
1.9711
2.7070
3.6268
4.6518

BC
mg
0.0027
0.0053
0.0088
0.0126
0.0179
O.O233

C Wt
Anm
x 107
mg
0.5597 198.99
1.2011 344.45
1.9799 541.63
2.7196 716.52
3•6447 917.08
4.6751 1153.90

FI
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Table 9
Summary of Experimental Results
Equilibrium
Pressure
mm

Milligrams Adsorbed
0.0759 Gram Charcoal

Pound Moles Adi
100 Pound Atom

Methane:
65.92
120.24
232.57

0.2395
0.3996

329.12

0.8952
1.0441

423.19
510.87

0.2363
0.3942
O.6715
O.8831

0.6807

1.0300

1.1660

1.1503

Butane:
0.50
6.94
17-04
25.87
35.43

5.269
14.967

1.435
4.075
4.952
5.332
5.615

18.186

19-584
20.623

Mixtures
Equilibrium
Pressure
mm
0.537 Mole Percent Butane:
59.55
121.08
202.22
278.63

403.38
503.68

Pound Moles Adsorbed
100 Pound Atom Charcoal
Methane
0.1911
0.3949
0.5770
0.7599
1.0274
1.1575

Butane
0.0088

0.0248
0.0293
0.0477
0.0721

0.0783

1.436 Mole Percent Butane:
59.16
119.85
199.37
407.35

496.56

0.1803

0.0475

0.3225

0.1021

0.4802
0.8694
1.0246

0.1598
0.3271
0.4031

F2
Equilibrium
Pressure
mm

Pound Moles Adsorbed
100 Pound Atom Charcoal

998 Mole Percent Butane
60.03
117.71
194.74
278.49

395.41
514.09

Methane

Butane

0.1868

0.1281

0.3011
0.4392
0.5433
0.6337
0.7639

0.2439
0.4178
0.5905
0.8174
1.0619

Figures 6 and 7 are plots of the methane and butane

data respectively.
data.

Figure 8 is a plot of the binary mixture

B represents the butane isotherms while M represents

the methane isotherms in the mixtures,
represented by two lines.

One mixture is

For example, the mixture

containing 1.436 mole percent butane is represented by
two solid lines, one for butane, B, and one for methane, M.
Table 10
r Values Calculated from Equation 23

Equilibrium
Pressure
mm

r

0.537 Mole Percent Butane
59-55
121.08
202.08

278.63
403.38
503.68

23.02

1.52
3.44
0.229
1.602

0.66l

1.436 Mole Percent Butane
59.16
119.85
199.37
407-35
496.56

7.170
4.683
3.372
1.113
O.556

Equilibrium
Pressure
mm

F3

r

2.998 Mole Percent Butane
60.03
117.71
194.74
278.49
395.41
514.09

2.310
2.468
1.685
1.418
1.244
1.024

Figure 9 plots the data of Table 10.

Figure 10

shows the partial pressure of butane versus moles of
butane adsorbed in the mixture.
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