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INTRODUCTION

The three basic theories of adsorption were developed early in
the twentieth century,

Langmuir, Zsigmondy, and DeBoer proposed

the unimolecular, multimolecular, and polar theories, respectively,

All of these men agreed that the adsorbing agent had attractive forces
for the adsorbate and that the pores of the adsorbent affected the

adsorption, but they disagreed on how the adsorbate formed on the
adsorbing surface,

Adsorption in gases takes place when the

attractive forces of the adsorbent are greater than the forces that hold
the gases together,

Equilibrium is attalned in an adsorption process when the rate of
the adsorbate condensing on the adsorbent is equal to the rate of
adsorbate evaporating from the surface of the adsorbent,

Temperature,

pressure, density of the adsorbate, and heat dissipation from the
adsorbent all a.ffect the adsorption equilibrium value,

Adsorption

efficiency is controlled by the rate of flow of the adsorbate, the
adsorbent bed thickness, heat dissipation of the adsorbent, temperature,
and pressure.
Although the use of charcoal as a decolorizer for an organic
solution has been known since the fourteenth century, an acceptable

·

..2-

method of producing charcoal was not developed until the 1900*s
because of the difficulty in controlling the oxidation of the volatile
organic matter in the raw materials of active carbon,

Activated

carbon has a surface area of approximately 4 x 104 sq cm per
gram and is able to adsorb a quantity of adsorbate ranging from
half to equivalent of its own weight.

Regeneration of activated

carbon is easily accomplished through standard desorption methods,
The purpose of this investigation was to deterrnine equilibrium
data for the system air-acetone-activated carbon at temperatures of
20, 27 and

34oC,

at atmospheric pressure.

-3-

II,

LITERATURE REVIEW

The following sections contain the literature review which was
prepared from current literature prior to an investigation to
determine equilibrium data for the system air-acetone -activated
carbon,

The literature review has two major sections; the first

section discusses the phenomenon of adsorption in general, and the
second section covers the adsorption characteristics of activated
carbon,

Adsorption

The following section contains a general discussion of adsorption.
A Definition of Adsorption, "Adsorption by a solid is defined as
the phenomenon of the taking up of molecules from the gas phase or
from solution by the solid‘s surface."(1) Conversely, desorption is

the taking up of molecules from the liquid phase by the gas phase, or
the taking up of molecules from the solid‘s surface by the liquid
phase,

(19)
Physical Adsorption,

Physical adsorption, or van der

Waal*s adsorption occurs because of intermolecular forces of

..4..

attraction between the absorbent and the absorbate,

(20)

For

example, if the forces of attraction between a solid and a gas
are greater than the forces of attraction between the molecules
in the gas, the gas will condense on the solid.

Unless the

solid is highly porous, the condensed gas would remain on the

surface of the solid.

Adsorption is also increased by using a

porous adsorbent because the equilibrium vapor pressure of a
concave liquid surface of a very small radius curvature is
lower than that of a large £lat surface.

At equilibrium the

effective vapor pressure of the absorbed gas and the gas are
equal, and the adsorption can be reversed by decreasing the
pressure surrounding the absorbent.
Chemisogpiion.

Chemisorption, the second general

type of adsorption, is the result of chemical interaction between
T
the absorbent and the absorbate.

(ZG)

Chemisorption exhibits

stronger intermolecular forces of attraction than in physical
adsorption, and heat, approxirnating the heat of reaction, is
evolved during the adsorption process.

The adsorbed substance

may undergo chemical change; and, in most cases, the adsorption
is not reversible.

-5-

History of Adsorption.

Since the earlie st observations of

adsorption of gases by charcoal were made by Schule in 1773 and
Fontana in 1777, scientists have been striving to formulate a
theoretical basis for the phenomenon,

The study of these phenomena

was greatly complicated when Lowitz discovered in 1785 that charcoal
would effectively remove coloring matter from various solutions when
the coloring matter was of an organic nature,

(1)

During the first twenty years of the twentieth century several
conflicting theories of adsorption were expounded,

In 1911 Zsigmondy

advanced the capillary action theory by determining through the use of
the ultra microscope that the capillaries of silica gel were much
finer than previously believed.

He believed that adsorption was a

function of the capillary properties of the gel,

Patrick also believed

that all physical adsorption was the result of capillary condensation,
Patrick believed that the absorbent exerted strong attractive forces,
which caused the gas molecules in the vicinity to form many adsorbed
layers,

These layers were believed to be under pressure of the

attractive forces and the other adsorbed layers of molecules,
Polanyi agreed with Patrick and Zsigmondy, and he published a theory
in 1915, proposing that adsorption was a physical process, electrical
(13)
in its nature, and that the adsorbed phase was many layers thick,

-6..

Brunauer, Deming, Emmett, and Teller also proposed a
multimolecular adsorption theory.

These men believed that the

same forces which were effective in condensation were also largely
productive of the binding energy of multimolecular adsorption,(13)
Langmuir formulated a theory in 1915, proposing that adsorption
was a type of chemical combination or process, and that the
e

adsorption was unim01ecu1ar.(13*) Magnus proposed a theory of
unimolecular adsorption on the assxunption that the forces of
interaction between the surface of the adsorbent and the gas were
electrostatic in nature, and not chemical as assumed by Langmuir,
He further supposed that on the surface of the adsorbent the molecules
were like a two dimensional imperfect gas whose action conformed to
the van der Waal's equation of state.

_

DeBoer and Zwikker, and in a somewhat different form, Bradley
proposed the polarization theory.

When nonpolar molecules were

taken up on ionic adsorbents, the assumption was made that the
adsorbent in its outermost layers induced dipoles in the first layer of
molecules which were adsorbed.
in adjacent layers,

These dipoles in turn induced dipoles

Thus, by electrical attractive forces, several

layers of molecules were built up,

-7..

Most of the theoretical work has been done on the adsorption

of gases, but the greatest volume of industrial adsorbents are
employed in the adsorption of solutions,
The more important adsorption theories listed in the preceeding
paragraphs will be discussed more fully on the following pages of
this literature review.
Theory of Adsorption. The following section contains a brief
review of the major adsorption theories,
Langmuir Theory,

Langmuir believed that the forces

acting in adsorption were similar to the forces involved in
chemical combination,

He hypothesized that the forces acting

in ordinary chemical combinations ‘would be due to very strong
deviations of the orbits of the outer electrons in the atomic
structure, while the forces acting adsorption would be due to
comparatively small deviatior1s,(14) Langmuir believed that
the elementary spaces of residual valency existed on the
surface of the crystal, and that the adsorptive forces were
concentrated at these points,

He believed that adsorption

consisted of the fixation of the adsorbed atoms in the elementary
spaces for a certain time period,

Langmuir assunned that these

points of residual valency could only hold one molecule or atom,

$81

and, therefore, the adsorbed layer of atoms or molecules
could only be one unit deep,

Thus, the forces between the

atoms on the surface of adsorbent and the atoms of the
adsorbed substance decreased rapidly with the distance
between the atoms,

Lastly, Langmuir assuxned that equilibrium

was established between adsorption and desorption og the surface
of the crystal,
From these assumptions Langmuir developed the following
equation:
-6 3V

+ xßv

where:
·9- us fraction of surface covered
o< an fraction of molecules which adhere to surface after

striking the surface of the adsorbent
Au: total number of molecules or atoms coming in contact
with surface of the adsorbent
V sz total number of molecules or atoms striking the surface
of the adsorbent,
This equation may also be written in the following manner:
-6-

3where:

-•$X us

constant giving the ratio between the fraction of

the atoms or molecules striking the surface of the
adsorbent and adhering to. the surface of the adsorbent
to the total number of atoms or molecules striking the
surface of the adsorbents,

..9-

Langmuir‘s equations for a gas adsorption is simplified to the
following form:

X -· Téléwhere:
X ¤ adsorbed mass per unit surface
A and B

sz constants

P s partial pressure of the gas adsorbate.
Experimental verification obtained by Langmuir in a series

of tests on gases at relatively low pressures on plane surfaces {mica,
glass, and platinum) proved to be in better agreement than when the
exponential empirical equation was used,

However, at higher

pressures experimental values were not in as good agreement. Recent
experimental work by A. C. Hanson verified these results, and the
equation was found to accurate up to 200 mm of vapor pressure on
plane surfaces,

(6)

Gibbs Equation,

Using thermodynamic reasoning Gibbs attempted

to get a theoretical basis for the adsorption and developed an equation
which stated that for every change in surface tension with volume, the
osmotic pressure must change with the surface, assuming that the
change in surface changed the concentration.

Thus, if the surface

tension was lowered, as the concentration increased, positive

-10;
A

adsorption took place,

Unfortunately, nothing is known of the surface

tension at an interface of a solid and a liquid,

As this condition takes

place in ordinary adsorption processes, it is not possible to apply
Gibb's adsorption equation,
Exponential Empirical Equation,

Attempts were made to apply

the mass law to obtain a proportion between the“·pressure of an
adsorbed gas and the concentration of the solid adsorbent after Gibb's
had developed his thermodynamic theory,

It was found that curves

concave to the concentration axis were obtained when the amount
adsorbed on the surface versus concentration of solution curves were
plotted,

Because of this occurrence Freundlich revived the

exponential equation of Van Bemmelen, ·This equation is as followsz

x

-

KCu

where:
X an amount adsorbed per gram of adsorbent, gm/gm

C an concentration of adsorbate in solution, gm/ 1

K, n an constants, which vary with the adsorbent and adsorbate.
Adsorption involves the distribution between two phases; and,
in accordance with Henry‘s Law, the amount of adsorbate adsorbed by
a given weight of adsorbent wbuld be directly proportional to the
equilibrium pressure,

This relationship does not apply for adsorption

-11..

at low concentration and, in some instances, does not apply at low
pressure and concentrations,

For these reasons it was assumed

that Henry's Law was the limiting value toward which the systems
tend.

(13)

The exponential equation was meant to apply to that portion of
the adsorption isotherm beyond the region of Henry's Law,
However, the formula is purely empirical and cannot cover this

entire isothermal range,

In many cases the experimental data do

not conform to empirical formula,
Capillary-Condensation Theory,

Scientists had been aware for

many years that the vapor pressure over the meniscus of a liquid in
a narrow cagillary was lower than the vapor pressure of the liquid at
the same temperature outside of the capillary, providing that the
liquid in the capillary wet the walls of the capillary and formed a
concave meniscus,

(10)

Kelvin, Zsigmondy, Foster, and other

scientists tried to explain adsorption by applying the capillarycondensation theory,
The capillary-condensation theory was weakened by evidence

submitted by Patrick, Preston, and Owen showing that adsorbed
gases behave similarly above and below their critical temperature,

..12,:

According to the capil1ary—condensation theory the adsorbent would
contract since the tension of the liquid meniscus would tend to pull
the walls together.

However, it was found that the "porous"

adsorbent expanded following the adsorption of gas.
When the pressure of the gas phase approaches the saturation
pressure, capillary condensation in the liquid state is probably an
important factor if the adsorbent is pcrous.

However, the concept

no longer applies at pressures of Z0 to 50 per cent of saturation
pressure and when the gases are above the critical temperature or
are adsorbed on plane surfaces.(15)
Multimolecular Theory. For most adsorbents, the adsorption
isotherm of gases at temperatures near-their condensation temperature
are divided into two regions:

one at low pressures, concave toward the

pressure axis, and the second high pressures, convex toward the
pressure axis.

Two explanations for the convex position are:

(1)

the condensation in the adsorbent capillaries of molecular dimension,
assuming that the condensation can occur at pressures far below the
vapor pressure of the liquid, and (Z) the formation of molecular layers.

-13..

Brunauer, Emmett, and Teller derived an isothermal equation
for multimolecular layers that is similar to Langmuir*s equation for
unimolecular adsorption,
alpsel

This equation is as follows:

I blßlc-E/RT

where:

al s constant
p

es pressure

el an constant
s

an surface area covered by layer number one

e

s natural logbase

E

es heat of adsorption from layer number one

R

su gas constant

T

an absolute temperature,

This equation appears to represent the general shape of the actual
risotherm.

It also gives reasonable values for the average heat of

adsorption in the first layer and the volume of gas required bo form

a unimolecular layer on the adsorbent,(15)

.. 14-

A more general equation which was applicable to all types
of adsorption, unimolecular, polymolecular, high pressure, and
low pressure, was developed in 1940,
Vmcx

V g

1·==

1-(H

pf

This equation is as follows:
1}+1l

1+(c— ”1):¤”lQ-$11}+

where:

v an volume of gas adsorbed
vm s volume of gas necessary to form a unimolecular layer
c

an

constant

(
n an number of layers of molecules
x sc P/Po
where:

P an pressure of gas
an saturation pressure,

P
°

Brunauer, Deming, and Teller considered this multimolecular
layer theory superior to the cap‘illa1'y—c0udensa.tion theory because

it included the following types of adsorption: (1) unimolecular
adsorption on free surfaces, (Z) multimolecular adsorption on free
surfaces, and (3) the adsorption taking place in capillaries,

The

capillary-condensation theory covers only the last of these types,
Also, the present theory is supplemented by an isotherm equation;

all five types of adsorption isotherms and can be tested experimenta11y,(‘161

..15-

According to the theory of multimolecular adsorption, physical
adsorption of gases and vapors in the first layer is determined by
the net heat of adsorption and by the surface of the adsorbent, The
important factor is not the nature of the adsorbent, but the extent
of the surface

area,(16)

The surface area of the adsorbent can be

determined by visual and adsorption means, rates of solution, heats
of wetting, permeability and heat conductivity, optical methods, and
X-ray diffraction, (16)
Mixed Adsorption, The mixed adsorption process has been divided
into three parts, single adsorbent and a mixture of gases, one adsorbate
and a mixture of adsorbents, and rnixed adsorbates and mixed adsorbents,
Sen(16) noted that the state of adsorbed gases is similar to that of a gas
under high pressure,
When a curve is made plotting the amount of gas adsorbed per unit
of pressure, EQ, versus the pressure, _p, the following four sections
are observed:
(1)

The first section describes E12 increasing with p according

to the relation:

xl p an mlp +
(Z)

C1

The second section shows no relationship between _x!_p and

p., and it serves to connect sections one and three,

-16..

(3)

The third section describes EL? varying with np according

to the relation:
x/p
(4)
log of

E

=

-mZp

+

cz.

The fourth section shows that the log of E versus the
give a straight lines inclined to one another with increasing

slope s,
These equations have given fair agreement with experimental data
over the entire pressure range.
Sen suggested that the variation of the adsorption of a gas may
be considered as a variation of its density in the adsorption layer
under high pressure, and the behavior of the adsorption isotherms
is probably due to a. mobile monolayer of molecules under high
pressure.
·

(16)

Hysteresis. It has been found that although adsorptiondesorption curves should theoretically coincide, in practice they do
not; and the re sulting phenomena is called hysteresis,

(11)

The

hysteresis phenomena is associated with capillary condensation,
The proposed theories have been divided into three groups which are
(1) the incomplete wetting theory, (Z) the constricted neck theory,
and«(3) the open pore theory.

The incomplete wetting theory assuxxxes that the hysteresis is
~

caused by the vapor pressure of a liquid filling a capillary being

- 17 -

greater than the vapor pressure of a capillary being emptied,

This

occurrence is due to the lessening of the curvature of the liquid
during the filling of the capillary because of incomplete wetting, (16)
Kraemer and McBain suggested that cavities with constricted
necks are responsible for hysteresis,(I6)

During adsorption the

vapor pressure is determined in a larger diameter than in desorption,
The open pore theory suggests that there may be a delay in the
formation of a meniscus during adsorption,

All of these theories

are generally accepted, but it is felt that the latter theory is the most
important factor in causing the hysteresis,
Controlling Factors in Adsorption, The following paragraphs
contain the independent variables which must be considered in the
formulation of any adsorption process,
Boiling Point of Adsorbate, A comparison of the volume of
different gases adsorbed by a given weight of an adsorbate at
constant temperature and pressure reveals that adsorption

increases as the boiling point of the gas increases and also with
an increase in the critical temperature of the adsorbate,{13)
Temperature. At constant pressure the amount of adsorption

decreases as the temperature increases.

Although there are a

few exceptions to this rule due to chemical reactions , dissociation,
or cracking in chemisorption, the rule is very rarely broken in

-13-

gas phase physical adsorption,

In liquid phase adsorption an

increase in the temperature will increase the rate of adsorption
because the viscosity will be decreased and the rate of
diffusion will be increased,
An elevation of temperature will not only decrease the
equilibrium value, but it will also decrease the efficiency of
adsorption, the concentration of the adsorbate on the adsorbent
at the break point, and the entire efficiency curve,

(Z) Ai

typical adsorption curve is shown in Figure 1, page 19, on
which the adsorption efficiency is represented by the graphical
value nf AB [AC,
Density of Adsorbate,

At ccmstant temperature the amount

of adsorption decreases as the density of the adsorbate decreases,
Therefore, desorption may be accomplished by passing a gas

containing no adsorbate in it through the adsorbent bed,
Mesh Size,

(3)

Although the granular dimensions of the

adsorbent have no influence on the equilibrium value, the break
point concentration will decrease as the adsorbent becomes
coarser, (3)
Bed Thicknesg,

Efficiency and the break-point concentration

Of the adsorbate on the adsorbent increase as the bed thickness
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of the adsorbent increases.

The equilibrium value is not

affected by the thiclmess of the adsorbent bed,

There is a

minimum bed thickness, variable with flow rate of the
adsorbate, below which there is no break point,
Rate of Flow of the Adsorbate, Increasing the rate of
flow of the adsorbate will decrease the efficiency of adsorption,

but it will have no effect on the equilibrium value.
Heat Dissipation, The heat evolved must be removed to

obtain maximum adsorption efficiency and the highest
equilibrium value, as previously explained,

In liquid phase

adsorption the heat adsorbed by the liquid stream is usually
sufficient to cool the adsorbent,

However, in gas phase

adsorption at atrnospheric pressure it is necessary to provide
some other means of cooling the ads01·bent,(4) If equilibrium
adsorption data is desired in a dynamic adsorption process,

the flow of gas through the adsorbent will be sufficient to cool
the adsorbent to optimum operating temperatures,

Nature of Adsorbent.

The break point, the equilibriurn

value, and the efficiency must be simultaneously considered
when choosing an adsorbent for an adsorption p1'OCCSS,(4) Each

of these indices may vary with the process and the adsorbent

'

..21-

For example, the saturation value of activated carbon for
water vapor is much higher than the saturation values for
most other adsorbents,

However, because of its low

efficiency, this adsorbent is not economically feasible for
industrial water vaPor removal.

The names activated carbon

and silica gel refer to a whole field of adsorbents, and each
variety of both fields must be considered in the choosing of
T

an adsorbent.
Nature of Adsorbate. The degree of adsorption of an
adsorbate varies with each different adsorbent,

Therefore,

selective adsorption is possible; during the first sages of
the adsorption process several components of the adsorbate
are adsorbed.

However, as the adsorption continues the less

strongly held components are adsorbed until, in the final sage,

only one component is adsorbed by the adsorbent .

(17)

In single

component adsorption the best adsorbent is chosen initially to
adsorb the adsorbate.
Regeneration of Adsorbents. The following paragraphs conain

a discussion on the regeneration of adsorbents•
Vapor Phase.

Desorption in the vapor phase may be

accomplished through two methods:

the passing of hot gases

-33-

over the adsorbent and the placing of a vacuum on the adsorbent,

(18)

In the former method the vapor pressure of the adsorbate is
increased, the adsorbate evaporates out of the adsorbate, and
is carried away by the hot gases,

Recovery of the adsorbate

is performed through the use of an inert gas or the use of steam
and the subsequent condensation of the steam after it is passed
through the adsorbent•
Liquid Phase, Desorption in the liquid phase is accomplished
by the draining of the adsorptiou equipment and the subsequent
extraction of the adsorbate by the use of a suitable solvent,

(5)

The remainder of the adsorbate and solvent on the surface of
the adsorbent can be removed by the application of heat.

The

forces of attraction for the adsorbate by the adsorbent is not
large for equilibrium values.

However, as the desorption

increases, the forces of attraction holding the remaining
adsorbate grow stronger,

Complete recovery of the adsorbate

is not economically feasible because too much heat would be
required to drive all of the adsorbate out of the adsorbent.

-23-

Activated Carbon

The following paragraphs contain a discussion of the history,
preparation, nature, regeneration, and uses of activated carbon,
History. According to Kauch the ability of charcoal to remove
(7)
color from a solution was known in the fourteenth century,
However, the first recorded information was published by Lowitz
in 1785,

Later, in 1811 Figuier discovered that bone char was

more effective than charcoal in the decolorization of solutions.
Immediately thereafter the sugar industry began to purify its
products using bone char.
For almost a century bone char was exclusively used as the
only decolorizer.

The preparation of activated carbon required

much more process control than did bone char, and adequate
instrumentation was not available until modern times.

About 1900

Ostrejko developed a successful process of controlled oxidation for
the production of activated carbon, and he also de signed adequate
(7)
equipment for the process.

The first activated carbon, Eponit,

was commercially produced in Eurjpe in 1909,

Activated carbon

was produced first in America in 1913 under the trade name of
Filtchar,

Extensive use and publicity was achieved in World War I

-2,4..

when activated carbon was used in gas masks for protection against
some poisonous gases,

Following the war most of the present day

uses of activated carbon were rapidly developed by American and
European engineers,
Preparation,

The most widely used raw materials for the

preparation of activated carbon are wood, sawdust, peat, lignite,
and pulp mill wastes.

The first stage of the process is the

carbonization at temperatures below 600oC in the absence of air,
After the carbonization has been completed the charcoal is treated
at temperatures greater than 6000C to remove volatile organic matter
which has filled the pores of the carbon,(8)
Nature of Active Carbon Surface,

Because of the porous nature

of active carbon, it is not possible to directly determine its surface
area,

However, data obtained using adsorptive and thermal methods

indicate that the surface area ranges between Z x 104 and 6 x

cm per gm,

(8),

104

sq

The surface of the carbon is believed to be composed

of active centers which cause the phenomenon of adsorption to take
place,

This theory has been discussed previously.

Regeneration, In gaseous adsorption activated carbon is regenerated
by passing low pressure steam over the carbon bed.
regeneration has been previously discussed„

The theory of
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LJ_s_e_s,

Activated carbon is principally used for industrial

solvent recovery.

Other uses include odor removal in industrial

plants, the separation of precious metals from solutions, the
decolorization of solutions, the manufacture of certain medicinal
preparations, and the purification of drinking water,

(9)
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HI.

EXPTAL

The following sections contain the purpose of this investigation,
·

the plan of experimentation, the materials and apparatus, the
method of procedure, and the data and results used or obtained in

the execution of this investigation,

Purpose of Investigation

The purpose of this investigation was ho determine equilibrium

data for the system air-acetone-activated carbon at temperatures
of 20, 27, and 34 °C at atmospheric pressure.

Plan of Efperimentation

The following paragraphs contain the plan of experimentation

which was used to carry out this investigation,

The plan of

investigation has been divided into two sections, construction of the
apparatus and experimental work,
Construction of Apparatus,

The apparatus used in this

investigation consisted of four basic units; a. constant temperature
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bath for the acetone vapor, an instrument board for the drying and
the measuring of the flow of air, a quartz spring, for measuring
the equilibriurn content of acetone in activated carbon, a pyrex glass
column in which the, quartz spring was suspended, and a condensing

and collection unit for the acetone vapors.

Construction work

consisted of the assembling of adequate piping for the transportation

of the gas phase, building of the instrument board, construction of a
foundation and base plates for the glass colunm, and the connection
of the four basic units of the experimental apparatus for continuous
operation,
Experimental Work,

The experimental work for this investigation

consisted of placing activated carbon samples in the air-acetone vapor

phase,

From the composition of the vapor phase and the weight of

acetone adsorbed by the activated carbon, the relation between

composition of the vapor and the weight of material adsorbed per gram
of activated carbon was deterrnined,

Materials

The following paragraphs contain a list of the materials used in
this investigation,
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Acetone,

Type N, F, lot No 90777,

Obtained from J, T, Baker

Chemical Company, Phillipsburg, New Jersey,

Used as the

adsorbate.

Air, Compressed, Dried with molecular sieves to a humidity
of 0, 0030 to 0, 0035 pound of water per pound of dry air,

Obtained

from compressed air lines of Department of Chemical Engineering,
Virginia Polytechnic Institute.

Used as, the carrier for adsorbate,

Carbon, Activated, Trade name "Cliff Char", R-10-30 mesh,

type granular,

Obtained from Cliffs Dow Chemical Company,

Marquette, Michigan.

Used as the adsorbent.

Molecular Sieves, Type 5A, lot No 4524, size 1/16 inch pellets,
Manufactured and distributed by Linde Air Products Company,
Tonowanda Laboratory, Tonowanda, New York,

Used to dry air,

Apparatus

The following paragraphs contain a list of the apparatus used
in this investigation,

Adapter,

Catalog No 1-025, inner angle 105 degree, wall

thickuess 1 mm,

Obtained from Fisher Scientific Company,

Silver Spring, Maryland.

Used to collect condensed acetone.

..30-

Balance, Analücal, Chain-O-Matic, model No 220-D, serial
No M-16011, capacity 200 gm, sensitivity 'i 0, 0001 gm,
from Voland and Sons, Inc. , New Rochelle, New York,

Obtained
Used to

weigh samples of adsorbent,
Base, Unitized Bath, Catalog No. 15-44-5, 12 inch base,
material of construction steel,

Obtained from Fisher Scientific

Company, Silver Spring Maryland.

Used as foundation for constant

temperature bath,
Board, Instruzment, Two feet square, made from 1-1/ 4 inch

angle iron and one inch pine,

Manufactucred in Chernical Engineering

Shop, Virginia Polytechnic Institute.

Used to support rotameter and

air drier,
Bucket, Quartz, Roughly hernispherical, 3/4 inch diameter,
1 /2 inch deep,

Manufactured and distributed by Houston Technical

Laboratories, Houston, Texas.

Used to hold the activated carbon

in the acetone Vapor phase.
Cathetometer.

Catalog No 12-620, vertical or horizontal, 40 cm

scale readible by vernier to 0, 1 mm, telescope manifies ZOX at
30 cm and 8X at infinity, rninimurn focus, distance 30 cm,
Phipps and Bird Inc. , Richmond, Virginia,
change in length of the quartz spring,

Obtained

Used to determine the
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Condenser, Allihm Catalog No 7-730, 1-1/2 inch diameter,
12 inch long.

Obtained from Fisher Scientific Company, Silver

Spring, Maryland, Used to condense acetone vapor,
Control Unit, Unitized Bath. Type electronic, Catalog No
15-445-45, 115 volt, 50-60 cycle AC,

Obtained from Fisher

Scientific Company, Silver Spring, Maryland,

Used to control

temperature of constant temperature bath,

Flanges. For two and three inch pyrex glass colurrm, material
of construction cast iron,
Hatboro, Pennsylvania,

Obtained from Sentinel Glass Company,

Used to connect pyrex glass colmnn,

Gas Diffuser Stone. Catalog No ll-139, 7/8 inch sperical shape,
Obtained from Fisher Scientific Company, Silver Spring, Maryland,
Used to diffuse air through acetone in constant temperature bath,
Gaskets, Teflon,

Teflon Type T, clip on model, style four,

5/ 16 inch thick, three inch diameter,
Company, Hatboro, Pennsylvania,
Gaskets, Teflon,

Obtained from Sentinel Glass

Used to seal pyrex glass column,

Teflon type T, clip on model, style three,

1/4 inch thick, two inch diameter,

Obtained from Sentinel Glass

Company, Hatboro, Pennsylvania,

Used to seal pyrex glass colusmn,

Glass Column, Eex,

Trade name "Double Tough", inside

diameter three inch, length 12 inch, side neck two inch diameter,
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length four inch from centerline of main column, centerline of neck
four inch from top of column.

Obtained from Sentinel Glass Company,

Hatboro, Pennsylvania, Used to contain quartz spring and acetone
vapor,
Glass Column, Eyrex,

Trade name "Double Tough", inside

diameter three inch, length 10 inch,
Company, Hatboro, Pennsylvania,

Obtained from Sentinel Glass

Used to contain quartz spring

and acetone vapor,
Glass, Tubing, Code No 234570, outside diameter 57 mm, wall

thickness Z. 4 mm.
Corning, New York,

Mxnufactured by Corning Glass Company,
U
Used air drier colunm,

Glassware, Laboratory, Assorted Laboratory glassware such as

Obtained from

flasks, erlenmeyer flasks and graduated cylinders,
Fisher Scientific Comcpany, Silver Spring, Maryland,

Used to hold

acetone, dry molecular sieves, and other miscellaneous materials,
Hardware, Laboratory, As sorted laboratory hardware such as

ring stand, clamps, condenser tubing, and corks,

Obtained from

Fisher Scientific Company, Silver Spring, Maryland.

Used to

support condenser, connect condenser tubing, carry condenser water,
and close off process from atxnosphere.
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Insulation, Glass wool, one inch thick, 2 feet square,

from Blacksburg Lurnber Company, Bltcksburg, Virginia,

Obtained

Used to
J

insulate the apparatus surrounding conditions.
Jar, Unitized Bath, Catalog No 11-823, 12 inch diameter, 12
inch height,
Maryland,

Obtained from Fisher Scientific Company, Silver Spring,
Used to hold water for constant temperature bath,

Molded Insert, Asbestos, for three and two inch pyrex flanges,
Obtained from Sentinel Glass Company, Hatboro, Pennsylvania.

Used

to give tight fit between flange and glass column,
Spring, Quartz, With hook end attachments.

Manufactured and

distributed by Houston Technical Laboratories, Houston, Texas,

Used

to weigh activated carbon samples while suspended in an acetone vapor,
ätaid:

angle iron,

Dimensions 6 x 8-1/2 x 8-1/2, and made from 7/8 inch

Constructed in Chemical Engineering Shop, Virginia

Polytechnic Institute, Blacksburg, Virginia.

Used as a foundation for

the pyrex glass column.
Thermometer,
1oC,

Catalog No 14-985, range-20 to 110oC, subdivision

length 205 mm, calibrated for 76 mfm immersion.

Fisher Scientific Company, Silver Spring, Maryland.
temperature in glass column.

Obtained from

Used to measure

_
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Thermometer, Catalog No 14-990-5, range 0 to 230oF,
subdivision

2°F, length
12 inch, calibrated for 76 mm immersion.

Obtained from Fisher Scientific Company, Silver Spring, Maryland,
Used to measure temperature in conshmt temperature bath,
Thermoregjilator, Unitized Bath, Mercury, Adjustable,
catalog No 15-440-35 sensitivity i 0.

1oF,

Obtained from Fisher

Scientific Company, Silver Spring, Maryland,

Used to control

temperature in constant temperature kath,
Valve, Reducing, Nullmatic, model No 4050, serial No 19117,
Obtained from Moore Products Company, Philadelphia, Pennsylvania,

Used to reduce air pressure to slightly above atrnospheric pressure.
Weights, Analytical, Analytical balance weights, code No 61-A,
100 gm combined weight, staiuless steel.

Obtained from Voland and

Sons, Incorporated, New Rochelle, New York,

Used to weigh samples

of adsorbent.

Method of Procedure

The following section contains in detail the procedure used in

carrying out this investigation. All designations refer to Figure ZA,
page 35.
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Calibration of Quartz Spring,

To calibrate the quartz spring,

the spring E and the bucket Q were placedon the steel rod spring
support Q in the pyrex glass column LJ.

The length of the spring

then measured with a cathetometer
I and the empty bucket ä was
to the nearest 0, 01 centimeter. The bucket äwas then loaded
with weights varying from 0, 25 grams to 4, 0 grams, and the total

spring length for each weight was measured with the cathetometer,
To determine the effect of a temperature change on the length of
the cathetometer acetone vapor at 5o°c was passed through the

glass column LJ with the quartz spring T and the bucket E empty,
The length of the quartz spring T was thenumeasured at this
temperature,
Calibration of Rotameter.

To calibrate the rotameter L dry

air was passed through the air drier I;_Iand into a wet test meter
which recorded the quantity of air flow.

For rotameter readings

of nine, 11, 13, and 15, 0,50 cubic feet of air was passed through
the rotameter E,

For rotameter readings of three, five, and seven

O, Z5 cubic feet of air was passed through the rotameter L,

The time

for each rotameter reading was recorded and also the temperature,

From this data the flow of dry air per xmit time could be calculated,
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Operating Procedure,

To conduct a test, a sample of activated

carbon of approximately one gram was weighed in a stoppered weigh

bottle on the analytical balance.

A Z50 ml sarnple of acetone was

placed in the erlenmeyer flask E in the constant temperature bath 1.:,

Valve E and valve E were opened and valves E and E were adjusted
until a constant reading of 13 was maintained on the rotameter Ä,

The

temperature controller on the constant temperature bath I; was
adjusted until the desired temperature wassconstant on thermometer
E

in the vpyrex glass column Q. When the cathetometer recorded a

constant length for the quartz spring T, valve 1 was closed and valve
5

was opened,

The experiment was allowed to procede with no

changes until the length of the quartz spring

remained constant,

At

this time the level of the water acetone mixhire in the graduated

cylinder 5-. in the ice bath E was recorded. The test run was measured
for a time period of 30 minutes at which time the change of the level in
the graduated cylinder 5 was recorded.
of the quarz

Alto, at this time the length

spring E Was measured,

At the completion of the te st the quartz spring T and the quartz

bucket §_ were removed from the glass column
started.

and another sample
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Data and Results

The following section contains the data and results obtained in
this investigation,
Calibration Data.

The data taken for the calibration of the

quartz spring are shown in Table H, page 39,

The calibration

curve for the quartz spring is shown on Figure Z, page 40.

V

'I'he

data taken for the calibration of the air rotameter are shown in
Table III, page 41.

The calibration curve for the air rotameter is

shown on Figure 3, page 42.
Data and Results. The data and results obtained in this
investigation are shown in Table IV, page 43,
in graphical form on Figure 4, page 44,

_

The results are shown
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II

Q _1—;_u_c_1§_t_ Attached

Buckct

Reading
Top
cm

No

Spring

of Spring

.
‘

Bottom
. am

cm

cm

°F

1

mpty

39.67

20.38

19.29 A

0.00

811

2

0,25

39.67

20.27

10.hO

0.11

8h

3

9.50

39.67

20.17

19.50

0.21

81.

11

0.75

39.67

20.06

19.61

0.32

811

5

1.00

3'167

19.95

19.72

0.113

811

6

1.50

32.67

19.711

19.93

0.61

81

7

2.00

39.67

19.52

20.15 [

0.86

81

8

2.59

39.67

19.32

20.35

1.06

811

9

3.00

39.67

19.1.1

2C.5Ö

1.27

811

39.67

18.90

20.77

1.118

811

10
ll

11.00

32.67

18.60

20.98

1.69

811

12
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39.71-
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19.29
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112

‘

.
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Sample Calculations

No calculations were made during this investigation which
merit discussion in this section,
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IV,

DISCUSSION

The following section contains a discussion of 1·esults, the

recommendations, and the lirnitations for this investigation,

Discussion of Results

The following paragraphs contain a discussion of the results
obtained from this investigation,
Calibration of the Quartz Spring,
calibrated at

84OF

The quartz spring was

by measuring the elongation of the quartz spring

with a cathetometer after different known weights were placed in
the quartz bucket.

Calibration of the quartz spring was carried

out with the apparatus assembled for adsorption testing, as shown
in Figure Z, page 40,

To determine the effect of temperature on

the length of the quartz spring, the adsorption column was heated
to 112oF, and the length of the quartz spring was measured,

It

was found that the quartz spring had the same length that it had at

84oF.
Regeneration of Adsorbent. Several test with the activated

carbon taken from the container proved unsuccessful because of the
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lack of adsorption,

It was found that it was necessary to regenerate

the activated carbon in the ultraviolet oven for 15 rninutes before
adsorption occurred,
Air Pressure Control, The pressure reducing valve and the
Houston micro valve were not able to maintain a constant flow
Ä
pressure of dry air through the air rotameter, the air flow varying
Ü- 0, 002 cubic feet per rninute.

Correction every two minutes was

necessary to control the air pressure, which tended to drift upward
during a test run,
Air Drying,

The air used as a carrier for the acetone was

dried with molecular sieves in a glass tube,

In order to assure

activation of the molecular sieves, it was necessary to reactivate the
molecular sieves in the ultraviolet oven after each test,

An

indicating air drier, such as drierite, which could be regenerated
would have been a better drying agent,

Coloring of Liquid Acetone. During initial testing black coloring
was observed in the liquid acetone,

This contamination was removed

by wrapping the rubber stoppers with polyethylene.
Temperature Control, The following paragraphs describe
describe temperature control problems encountered during this

inve stigation,

[

.
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Temperatures Below Room Temperature,

The air-acetone

mixture was prepared by varying the amount of air being bypassed around the acetone.

Although this air was cooled by

pas sing it through a copper tubing coil in the constant temperature
bath, it was more difficult to control the temperature for an airacetone rnixture than to control the temperature when all of the
air was bubbled through the acetone,

Constant temperatures

below room temperature in the adsorption colurnn were finally
obtained by placing ice on the base of the colurnn and varying
the temperature of the constant temperature bath,

Temperatures Above Room Temperatur-e. It was not
possible to obtain equilibrium data at temperatures above the
temperature of the room using the apparatus shown in Figure ZA,

page 35,

Although excessive insulation was placed around the

adsorption colurnn and the tubing from the constant temperature
bath to the adsorption coluxrm, a 5°C temperature drop was
observed from the bath to the column when a constant temperature
of so°c was maintained in the coluum.

Also, in order to heat the

column to 500C, acetone vapor condensed on the quartz spring
and dropped into the quartz bucket filled with activated carbon,
making the determination of adsorption data inaccurate.

It was

felt that better temperature control could have been obtained
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through the use of molded nylon adsorption column caps in place
l

of the steel adsorption column caps, which were used.

The

temperature of the adsorbate could have been more easily
controlled by preheating the adsorption column with insulated
heating wires, controlled by a rheostat, and by moving the
constant temperature bath closer to the adsorption column.
Because the temperature control obtained was unacceptable when
copper tubing was used, the copper tubing was replaced with
tygon tubing,
Variation of Quartz Spring Leni in Euilibrium Determination,
The length of the quartz spring was found to vary i 0, 01 centimeter
during the 30 rninute equilibrium testingperiod,

It is believed that

this variation may have occurred because the quartz bucket was not
porous, because in the adsorption of the bottom layer of the activated
carbon acetoue vapor had to pass through saturated activated carbon
countercurrent to the flow of the adsorbate,

Better adsorption would

be obtained using a porous screen bucket, which would provide
adsorption from all sides,

A porous screen bucket would also allow

flow of the adsorbate through the adsorbent.
Sample Size.

The sample size of the adsorbent, activated carbon,

ranged from 0. 95 to 1,45 grams,

An error of

i

O, 01 centimeters on

the cathetometer was equivalent to 0, 023 grams, which would give a
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two per cent error in the carbon weight.

Also, the average volume

of the acetoue collected in the graduated cylinder was 5, 0 milliliters,
An error of i 0, 5 milliliters would give a 10 per cent error in the
volume, and a 20 per cent error would be obtained in the weight ratio

of acetoue to dry air.

It is felt that more reliable data would be

obtained by using a larger sample size of adsorbent, in the range of
50 grams,
Equilibrium data.

Equilibrium data for the system air·-acetoue-·

activated carbon was obtained at temperatures of 20, 27, and 34°C.
As shown on Figure 4, page 44, there wa: no differentation of the
equilibrium data for the three temperature:.

All of the tests appeared

to be correlated and applicable to one curve,

Theoretically adsorption

should increase as the temperature decreases because of the decreased
vapor pressure of the adsorbate.

It is believed that this increased

adsorption was not observed for two reasons:

(1) the temperature

range was not large enough to produce a significant difference in
adsorption, and (2) possible experimental errors previously discussed
could have influenced the data obtained,
However, at all of the temperature: adsorption increases as the
concentration of the acetoue in the air increases.

This adsorption

characteristic is expected; as the Vapor pressure of the adsorbate
increases, the amount of acetone in the adsorbent necessary to
come to equilibrium with this increased pressure will also increase.
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Recommendations

The following section contains the recommendations made from
experience gained in carrying out this investigation, A
Sample Size, It is recommended that further work done in this
be done with much larger sample sizes, in the range of fifty grams,
It is felt that the present sample size of 1, 50 grams gives too great
a possibility for large errors.
Materials of Construction.

It is recommended that molded

nylon caps be used on the adsorption column.

The present use of

steel caps gives too much heat transfer and causes difficulty in
controlling temperature,
Position of Apparatus,

During the experimental work the constant

temperature bath was three feet from the adsorption coluxnn,

It is

believed that better temperature control would be obtained if the
constant temperature bath were moved adjacent to the adsorption
column,
Air Drying Agent,

Molecular sieves were used as the drying

agent for air in this experimental work, and there was no positive
method of determining if the molecular sieves were saturated with
water vapor,

It is suggested that an indicating drying agent, such as

drierite, be used to dry air in future experimental work,

-53..

Tubing. Copper tubing was used to transport the air-acetone
mixture in this investigation,

Better temperature control could

be obtained by using either tygon or polyethylene tubing,
Stoppers, Polyethylene wrapped rubber stoppers were used
in this experimental work because acetone attacked the rubber
stoppers.

It is believed that better seals would be accomplished

if neoprene stoppers were used.
Flask Size,

A 500 milliliter flask was used to hold the acetone

in the constant temperature bath,

A constant temperature could be

maintained for longer periods of time if a one or two liter flask was
r
used,
Micro Valve,

It was difficult to maintain constant pressure

during this investigation,

It is suggested that a Houston micro valve

be used in conjxmction with a pressure reducing valve in future
experimental work, so that the flow rate varied no more than
Ü- 0, 0005 cubic feet per minute.
Condenser,

It is recommended that glass tubing packed with ice

be used for condensing acetone at any test temperatures below Z5°C,
as the temperature of the tap water used in the condenser was not
low enough to condense the acetone.

”
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Acetone Collection Flask, The graduated cylinder used to
measure the amount of acetone in the air at equilibrium did not
give an accurate measurement of the volume of acetone condensed
because the graduations on the cylinder were too small,

It is

recommended that either the period of equilibrium testing be
increased or a 10 milliliter graduated cylinder be used to collect
the condensed acetone,
Thermometer. It is recommended that thermocouples be used
for recording temperature in the adsorption column,

It is felt that

accurate temperatures of the adsorbate mixture were not obtained

using a thermometer well,

A thermocouple will give actual contact

with the adsorbent gas,
Quartz Bucket, It is recommended that the bucket not be used
in any future adsorption experiments,

The bucket does not allow

the adsorbate to flow through the adsorbent and the sample sizes
are too small,

It is recommended that a fine mesh wire basket be

used in its place,
Regeneration of Adsorbate,

It is recommended that the adsorbate

be regenerated in the ultraviolet oven before use.
Elevated Temperature Control, It is recommended that strips of

insulated heating wire be used to heat the adsorption column to obtain

\
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proper temperature control at temperatures greater than room

temperature.

A rheostat could be used to control the amount of

heat transferred to the adsorption column,

If the heating strips

were used the(b1inding) glass wool insulation would not be necessary

and the elongation of the quartz spring during adsorption could be
observed.
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Limitations

The following paragraphs contain the limitations imposed on
the experimental work carried out in this investigation,
Cathetometer,

The cathetometer used in this investigation to

measure the length of the quartz spring had a 40 centimeter scale
readable to 0, 01 centimeter,

used in this investigation to be the carrier for the
éiä, The air
adsorbate had a huxnidity of 0, 0035 pound of water per pound of dry
air,

Pressure,

The pressure of the adsorption column was at atrnospheric

pressure,
Acetone, The acetone used for the adsorbate was 99 per cent

pure,
Sample Size,

The sample size of the adsorbate, activated carbon,

varied from 0, 95 to 1,45 grams,

Adsorbate, The adsorbate, activated carbon, was regenerated
in the ultraviolet oven for 15 rninutes and was "Cliff Char" brand,
Quartz Spring, The quartz spring used to measure the change in
weight of the activated carbon during adsorption had an elongation of
0,43 centimeters per gram of load, with a maximum load of

approximately 20 grams,
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Temperature,

The temperatures used in this investigation

were Z0, Z7, and 34°C,

It was not possible to use temperatures

over room temperature because of the condensation. of the adsorbent,
'

acetone,

_

Quartz Pan, The quartz pan used in this investigation was
roughly hemispherical and had a capacity of 1, 50 grams of activated
carbon,
Column Dimensions,

The colurxm used in this investigation

was 3 inches inside diameter and two feet high,
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V.

CONCLUSIONS

The adsorption of acetone vapors by acetone, using a three
inch O, D, adsorption column, atmospheric pressure, and temperatures

of 20, 27, and

34oC,

led to the following conclusions.

There was no differentation of the equilibrium data at the

1.

three test temperatures, 20, 27, and

34oC,

as all of the tests

appeared to be correlated and applicable to one curve.
2,

The temperature range,

14oC

was not large enough to

produce a significant difference in adsorption,
3.

The quartz bucket caused the acetone Vvapors to be adsorbed

by the lower layers of activated carbon to pass through the higher
layers of acetone—saturated activated carbon,
As the concentration of acetone increased in the air-acetone

4.

mixture, 0, 64 gram acetone per gram of dry air to 3, 41 gram
acetone per gram of dry air, the amount of acetone adsorbed in the
activated carbon increased, 0, 047 gram of acetone per gram of
activated carbon to 0. 275 gram of acetone per gram of activated
carbon. „
5.

Acetone condensation on the quartz spring and bucket prevented

the obtaining of equilibrium data above room temperature.
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VI,

SUMMARY

The use of activated carbon for rernoving color from organic
solutions has been known since the seventeenth century,

Industrial

use of activated carbon as an adsorbent was not possible until 1900
because of inadequate temperature control equipment.

Since that

time activated carbon has found widespread application in industrial
adsorption,
The purpose of this investigation was to determine equilibrium
data for the system air-acetone-activated carbon at temperatures of
20, 27, and

34oC

at atrnospheric pressure.

This investigation was carried out at temperatures of 20, 27,
and 340C at atmospheric pressure, using acetone as the adsorbate
and activated carbon ax the adsorbent.

The adsorption column used

was a three inch O. D. pyrex glass column.

The amount of adsorption

was determined by measuring the change in length of a calibrated
quartz spring with a cathetometer, using a constant flow rate of
adsorbate.
The results of this investigation showed that adsorption of the
acetone in activated carbon increased as the concentration of the
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acetone in air increased, and that there was no significant difference
in adsorption at the three test temperatures, 20, 27, and 34OC,

The

use of a narrow temperature range and a non—porous bucket for
holding the adsorbent is noted.

Temperatures above room temperature

were not obtainable because of acetone condensation on the quartz
spring and bucket.
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