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Far must thy researches go

Wouldst thou learn the world to know;
Thou must tempt the dark abyss .
Wouldst thou prove what being is;
Naught but firmness gains the prize,
Naught but fullness makes us wise,

Buried deep truth ever lies.

Friedrich Von Schiller
(1759 - 1805)
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ADSORPTION OF POLLUTANTS ON CHARCOAL CLOTH
IN SIMULATED GUARD FILTERS

submitted by SUBHASISH PODDER for the Degree of DOCTOR OF
PHILOSOPHY in CHEMICAL ENGINEERING - 1984

SUMMARY

The removal of toluene, tetrachloroethylene, heptane
and o-xylene from air by adsorption on activated charcoal
cloth and the subsequent regeneration of the cloth in a
stream of hot air was investigated. The above four solvents
were chosen as typical organics, due to their less hazardous
properties. They are all in reasonably common use and
relevant detailed information is readily available about
them.

The potential of charcoal cloth for use as a filter
was studied. The experimental results could be represented
by the Langmuir isotherm for the macropore region of the
cloth. The micropore region is highly dependent on the
manufacturing process due to variations in the quality of
the cloth. This variation obstructs close correlation.

The adsorbate-adsorbent mass ratio was obtained at
breakthrough, The theoretical adsorbate-adsorbent mass
ratio was calculated and gave a good approximation to
experimental values.

Equations were developed to calculate the theoretical
time required to reach an effluent concentration 10% of the
inlet solvent vapour concentration. Experiments at various
values showed reasonable correlation. The residual
activity of the charcoal cloth remained fairly constant
even after repeated regeneration.

The apparatus constructed for this study consisted
of a solvent vaporiser, an air-solvent mixing section,
a filter canister holding the cloth and a ventilated oven
for regeneration. Four different designs of canister were
tried and it has been found that perpendicular flow shows
higher adsorption capacity than parallel flow, even though
the former shows higher pressure drop.

A 0.2286 m (9") diameter canister was used to conform
to typical fume cupboard dimensions., The results were com-
pared with the 0.1524 m (6") diameter canister, and it
was concluded that the smaller canister would be
advantageous provided that the physical parameters, espec-
ially the volumetric flow rate were similar to the
conditions used in the present research.

Keywords

Charcoal Cloth, Vapour Phase Adsorption, Regeneration,
Kinetics, Carbon.



CHAPTER 1

INTRODUCTION




1i° Introduction

Charcoal cloth is an advanced form of activated
carbon, though the powdered and granular types are well
known. In addition to its efficiency as an adsorbent,
charcoal cloth can be handled more easily than the other
activated carbons. Charcoal cloth has many'applications.
One such areais the ability of charcoal cloth to adsorb
toxic vapours and thus helping to combat air'pollution.

There is plenty of literature available on granular and
powdered carbon, but the knowledge of charcoal cloth and its
behaviour towards different adsorbates is limited. This
thesis describes research carried out to extend that
knowledge.

The difference between the properties of granular carbons
and charcoal cloth are mentioned and includes results of
experiments undertaken at CDE Porton Down which investig-
ated the dynamic uptake of solvent vapours by these two
different forms of activated carbon. A general survey
of adsorption theory is thus presented followed by a
discussion of various factors affecting adsorption.

Kinetics of adsorption has been discussed in detail and
different theories to calculate. adsorption rate constant
are included. The different techniques available for
regeneration are outlined.

The performance of charcoal cloth in adsorbing toluene,
tetrachloroethylene, o-xylene and heptane vapours
from air mixtures under dynamic conditions has been studied.

Details of the rig and experimental procedures are described.



Charcoal cloth is regenerated in an oven, ﬁsing
hot air, a mass spectrometer being used to measure the
exit solvent wvapour concentration. The effect of the
number of regenerations upon the activity of charcoal
cloth is also reported.

An important objective of this work is-to design a
suitable filter canister to be used in the exit duct of
a fume cupboard. Four different types of caﬁisters have
been used in this research and their efficiencies in
the adsorption process have been experimentally determined.
The different factors important for the design are dis-
cussed along with some other workers' contribution in
this field.

Mathematical models have been developed to express
the equilibrium data and to calculate the adsorption
capacity and adsorption rate constants. Number of
layers of charcoal cloth has been related to the
breakthrough time when effluent concentration reaches 10%
of inlet solvent vapour concentration. An equation has
been developed to calculate the minimum length of
charcoal cloth necessary to have a particular effluent
concentration.

Finally, a detailed discussion is included to explain
some of the deviations from ideal values in relation to
the experimental results. Suggestions for future work
in this direction make up the concluding chapter of this

thesis.



CHAPTER 2

LITERATURE SURVEY




2 Literature Survey

2.1 Brief History

Carbon has been known throughout history as an adsorbent,
its usage dating back centuries before Christ (1). The
ancient Hindus filtered their water with charcoal.  In the
thirteenth century sugar solutions were purified using
carbon materials.Scheele (2) discovered that gases were
adsorbed onto carbon and the decolourizing properties of
activated charcoal were noted by Lowitz (3) some twelve
years later. Early in the nineteenth century, powdered
bone char was used as a purifying agent in the sugar
industry. Bone char was initially discarded when it
became saturated, but later regenerated when it became
scarce. Late in the nineteenth century coconut char was
found to have gas adsorbing powers (2) and it was about
the same time Stenhouse (4) produced a decolourizing
carbon by heating a mixture of tar, flour and magnesium
carbonate. The development of more modern commercial
activated carbons started at the beginning of the twentieth
century. It involved selective oxidation of carbonaceous
materials using carbon dioxide at elevated temperature,
and in another process such materials were treated with
metallic chlorides.

More recently, since 1970, Maggs (5) and the Ministry
of Defence have developed a manufacturing process which
produces a highly adsorptive charcoal in the form of

charcoal cloth.



2.2 Manufacture of Activated Carbon

Activated charcoal has been manufactured from many
cellulosic materials (2), the most popular present day
starting materials are lignite, animal bones, coconut
shells and wood. Activated charcoal cannot be described
as a single chemical entity and must only be used as a
general term. A typical variation is between manufacture
of charcoal from coconut shells which produées a charcoal
for gas adsorption, while bone char is more suitable for
decolourization.

The manufacturing process of activated charcoal can
take one of two forms, carbonisation of the base material,
followed by oxidation or chemical dehydration of the
carbonised intermediate. In the first instance, the base
material is carbonised, in the absence of air, at about
200°C to 600°C. The resultant char is then oxidised at
between 800°C and 950°C using steam or carbon dioxide.
Alternatively, the carbonaceous base material is chemically
dehydrated and charred at between 200°C to 650°C using
dehydrating agents such as zinc chloride, sulphuric and
phosphoric acid. Both of these methods yield highly
porous charcoal and are currently used extensively in
industry. A current list of activated charcoals is
presented by Hassler (132).

2.3 Manufacture of Charcoal Cloth

Bailey and Maggs (5) have used a combination of
both the oxidation and chemical dehydration methods to
produce a reasonably strong, flexible charcoal cloth
from viscose rayon. The rayon cloth is first socaked with

a mixture of Lewis acids which are halides of zinc,
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magnesium, calcium, aluminium or iron. The Lewis acid
solution should normally have a concentration of between
1 and 30% by weight of the Lewis acid. The temperature
and concentration of the Lewis acid solution are both
kept as low as consistent with a useful level of incor-
poration for a reasonable contact time. For some coated
fibrous carbohydrates, such as viscose rayon cloths
coated with ureaformaldehyde resin to give crease resis-
tance, it may be necessary to use concentrations at the
upper end of the range and temperatures of up to about
100°C. Considerable care is taken to optimise the extent
of contact of the fibres with Lewis acid.

When a fibrous carbohvdrate is dried after contact
with the Lewis acid solution, it is generally found that
adjacent fibres are weakly attached to one another
possibly due to formation of a 'gel' type of structure on
the fibre surface during contact with the Lewis acid
solution. The resulting stiffness in the treated carbo-
hydrate must be removed by flexing the dried material if
good flexibility is to be obtained in the activated fibrous
carbon finally produced. Flexing may be adequately
achieved by manual working to restore suppleness or by a
variety of mechanical treatments. A useful way is to
pass the fibrous material around a smooth surfaced edge
so that its direction changes fairly sharply and
flexibility is restored.

Carbonisation is carried out at 250°C by heating in
an inert atmosphere. The properties of the fibrous carbon

may be influenced by the rate of heating. Slow heating

10



rates over wide temperature ranges have generally been
advocated although the authors (6) indicated that slow
heating rates between 280° and 320° are beneficial.
Finally, oxidation in an activation furnace at 900°C in
the stream of activating gas, usually steam or carbon

dioxide, providesactivated charcoal cloth.

2.4 Advantages of Charcoal Cloth over 3ranular Charcoal

Work carried out by Smith and Davies at C.D.E.
Porton Down indicates that charcoal cloth adéorbs more
solvent vapour per unit weight than granular charcoal
(7-11) . Charcoal cloth has a marked advantage over the
granular charcoal when humid conditions are examined (12).
Smith and Davies (7-11) reported that the adsorptive
capacity is reduced under humid conditions but the
deterioration is much more exhibited in granular charcoal.

Charcoal cloth can be more easily handled and has
less deterioration during handling than granular charcoal.
The mass transfer zone is smaller for adsorption onto
charcoal cloth as opposed to granular carbon. Dorman
and Maggs (l14) reported that a high rate of interaction
by the small mass transfer zone is due to the very small
'granule size' of the cloth filaments - approximately

14 um in diameter - comprising the threads.

11



Average Average
Weight Adsorption
Condi- Uptake Rate
Solvent tions Charcoal Type (%) (kmol s 7)
e charesal Cloth 58.2 9.14 % 10'2
R el Granular Charcoal 34.8 9.14 x 10
(CgHsCL) a0y gy Charcoal Cloth 44.7 8.73 x 108
Granular Charcoal 16.0 11.79 x 108
bry Charcoal Cloth 46.7 8.11 x 10‘3
Chlopbforn Granular Charcoal 21.8 8.13 x 10
(CHC1,) s0s gy  Charcoal Cloth 85 9.29 x 1078
Granular Charcoal 2.4 8.62 x 10~8
P Charcoal Cloth 52.1 6.10 x 10-2
Trichloroethylene Granular Charcoal 30.5 7 Ol 10
(C,HC1,) s0s gy Charcoal Cloth 18.6 6.27 x 1078
Granular Charcoal 4.7 5.98 x 1078
Dry Charcoal Cloth 61.0 4.60 x 1078
Carbon Granular Charcoal 29.5 5.32 x 109
Tetrachloride
(ccl,) g0y gy Charcoal Cloth 15.6 4.73 x 108
Granular Charcocal 1.7 4.43 x 10~8
Charcoal Cloth 56.1 11.07 x 1078
Penthrane oxy Granular Charcoal 33.3 10.58 x 108
(CHCL,, .CF, .OCH,))
g0z gy Charcoal Cloth 32.5 10.28 x 10~8
Granular Charcoal 2 10.64 x l0‘8
Table 2.1 Average percentage weight uptakes and adsorption

rates for the dynamic adsorption of particular

solvents on charcoal cloth and granular charcoal

under dry conditions and at 80%relative humidity

(13)




2.5 Properties of Charcoal Cloth

The properties of charcoal cloth have been determined
and extensively studied at C.D.E. Porton Down. The cloth
properties will depend on the sub-microscopic pore structure
which in turn may vary with the carbonising treatment as
well as the time of subsequent activation and the temper-
ature at which it is carried out. Since the raw material
is a viscose rayon fabric, the thread and filament
diameters may vary. Consequently, the cloth strength,
flexibility and surface density will alter. The properties

of charcoal cloth are summarized in Table 2.2 .

Surface Density Q.10 = 0.1% qu{Q
Bulk Density 250 - 300 kgm >
Cloth Weight > 0.11 kg m 2
Specific Surface Area 1.3 % 106m2kw_l
Air-flow Resistance l4m H,0 e s'l]ayer-l
Thermal Conductivity 0.08 watts m + KL
Electrical Conductivity 20 - 50 o}mramﬁme-l
Heat of Wetting 0.063 J kg“%benzene}

wooon " 0.025 .J kg'}silicone)

Table 2.2 Properties of charcoal cloth (13)

2.6 Applications of Charcoal Cloth

The main non-military demand for charcoal cloth is
a limited use by the health service where cloth pads are
used for dressing wounds. Typical uses include the
application to ulcerated legs, faecal fistulae and

athlete's foot. The patient's odour bandage can be re-used

i3
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provided that soiling has not occurred.

Surgical masks containing charcoal cloth are
comfortable, have a low breathing resistance and adsorb
odour and vapours. Halothane protection is afforded to
operating department staff; medical staff can inspect
and dress wounds and mortuary staff can benefit from the
odour adsorbing properties (15).

Charcoal cloth is used in air filtration devices.

It can reduce-802 gas released into the atmosphere from
combustion processes. Sulphur dioxide is a harmful

vapour, especially when it reacts with atmospheric moisture
to produce sulphuric acid and causes acid rainfall. Using
charcoal cloth, sulphur might be recovered as a by-product
and used again;

The same is true for solvents. The cost of solvents
has steadily increased and great savings can be made in
using efficient solvent recovery equipment. Emission of
organic vapours from industrial and commercial sources
is a contributor to photochemical smog and nuisance
odours. Charcoal cloth can be used to trap those Qapours
and to purify the atmospheric air. The adsorption rate of
various pollutant vapours in fume cupboard exit gases,
their adsorption kinetics and the adsorption capacity of
charcoal cloth for different vapours are the main technical
objectives of this research programme. Particular attention
is to be paid to the configuration of the charcoal cloth

as a filter element for fume cupboards.

1%



CHAPTER 3

ADSORPTION THEORY
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3 Adsorption Theory

Adsorption is a process whereby vapour and liguid
molecules adhere to a solid surface as a result of.inter-
molecular or chemical forces. It is a spontaneous, exo-
thermic process and is accompanied by a reduction in the free
energy of the system as well as a decrease in entropy. The
degree of adsorption depends on the nature and character
of the adsorbate (the component fluid which is removed
from the carrier stream) - adsorbent (solid surface) system (104

The adsorbent is made up of numerous fine pores, which
vary dgreatly between adsorbents which generally have.a high
surface area per unit weight. For example, active carbons

5 and 1.20 x 10°% m%/kq

have surface areas between 1.00 x 10
in commercial adsorption processes.
Equilibrium and kinetic data are needed to design

adsorption units and data for the life of the adsorbent

is also required if the adsorptive system is a regenerative
one. If equilibrium data is not available, it can be
determined from theoretical isotherms which have been
postulated (106), and the better known isotherms are
described in this chapter. The equilibrium distribution
of adsorbate molecules between the adsorbent surface and
vapour phase depends on a number of factors and their
influence upon the effectiveness and efficiency of
adsorption are discussed below. Adsorption mechanism

and its thermodynamic analysis is included. The theory of
rate constant and its calculation are outlined,and finally,
the general theory related to regeneration and different

methods of adsorbent regeneration are discussed.

17



e Adsorption Isotherm

3.1.1 Introduction

Adsorption in a solid-liquid or solid-gas system
results in the removal of solutes from liquid or gaseous
medium and their concentration at the surface of the
solid,until such time as the concentration cf the solute
left behind is in a dynamic equilibrium with' that at'the.
surface. At this position of equilibrium, there is a
defined distribution of solute between the bulk of the
solute and the solid adsorbent. The distribution ratio
is a measure of the position of equilibrium in the
adsorption process. It may be a function of the concen-
tration of the solute, the concentration and nature of
competing solutes or the temperature etc. of the solution.

The preferred form for depicting this distribution
is to express the quantity of solute adsorbed per unit
weight of solid adsorbent as a function of solute
concentration at fixed temperature. An expression of this
type is termed as adsorption isotherm. The adsorption
isotherm is a functional expression for the variation of
adsorption with concentration of adsorbate in bulk at
constant temperature (16) .

There are several theories and equations describing
the quantitative relationship between adsorbates and
adsorbents. The bulk of published experimental data
pertaining to adsorption represents equilibrium measure-

ments. Numerous empirical and theoretical approaches
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have been proposed to characterize both pure component
and multicomponent equilibria. However, no theory has
yet been devised which on its own satisfactorily explains

all the observations on a theoretically rigorous basis.

3.1.1.1 Single Component Adsorption

For a given gas and a unit weight of a given adsorbent,
the amount of gas adsorbed at equilibrium can be expressed

as a function of final pressure and temperature:

W = (D, 2o 0 &
where W = Amount of gas adsorbed in liquid volume
per unit weight of adsorbent
p = Equilibrium partial vapour pressure of the
adsorbate |

T = Absolute temperature

3.1.1.1.1. Langmuir Adsorption Isotherm

The Langmuir equation is the most important single
equation in the field of adsorption. Although there are
other isotherm equations that fit experimental data which
do not ocbey the Langmuir equation, and others that fit the
data over a wider range, in most cases the starting point
in their derivations is the Langmuir equation (132).

According to Langmuir, adsorption is a physical
process and the adsorbed layer is unimolecular. Forces
acting in adsorption are concentrated at points of residual
valency on the surface of a crystal. The force between the
atoms of the adsorbent surface and the atoms of the
adsorbed species decreases rapidly with the distance

between the atoms. The adsorption eguation can be
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written as:

P aand 3.2
Vi - K3p
where
V = Volume of vapour adsorbed per unit mass of
adsorbent
Vp = Volume of vapour adsorbed per unit mass of

adsorbent with a layer one molecule thick

K3 = constant

Langmuir isotherm is based on a detailed molecular
model which makes it possible to obtain particular
expressions or even numerical values of the various
parameters of adsorption equilibrium. It is clearly
evident that even in the most favourable situations, this
type of adsorption theory is applicable only to idealised,
usually very simple models of the adsorbent and of the
nature of adsorption interaction. Although the modern
theory of physical adsorption is based on simple idealized
models, Bering et al.believed that attempts at appiying
such theories even to a semiquantitative description of
adsorption phenomena on real microporous adsorbents would

not be suitable at all (17).

3.1.1.1.2 Freundlich Adsorption Isotherm

In the adsorption process gas molecules attach
themselves to the solid surfacé through weak Van der Waals
attraction resulting from unbalanced forces between
adsorbate and adsorbkent. Adsorption continues until an

equilibrium is established between them. The Freundlich
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isotherm is usually used to quantify this equilibrium
relationship between the amount adsorbed and the amount
in equilibrium. Mathematically it can be expressed as

1/
V = K;P = 3.3

1
1nKl ¥ lnp 3.4

or 1lnV
where K,,n are constants.
The above relationship may be linearized graphically

by plotting the logarithm of the volume of the gas adsorbed
and its equilibrium partial pressure. The actual plots

show a slight curvature, especially at low temperatures,

and the above equation, although very simple and convenient,
can be regarded as approximately applicable for a small

range of pressure only (18). In view of its empirical

nature, its main use is as an interpolation formula.

3.1.1.1.3 BET Adsorption Isotherm

A multimolecular theory of adsorption was advanced
by Brunauer, Emmett and Teller (19). The assumption in
this case is that the same forces which are effective in
condensation are also largely responsible for the binding
energy of multimolecular adsorption. The generalization
of the ideal localized monolayer treatment is effected by
assuming that each first layer adsorbed molecule serves
as a site for the adsorption of a molecule into the
second layer and so on. The concept of localization
prevails through all the layers and the forces of mutual
interaction are neglected. The extent of the surface
area rather than the nature of the adsorbent is an important

factor.
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The BET equation can be written as

Vo (l-Aﬂ[l—(l—Kz)Al]
where K2 = constant
P
Al = 5 35

(]
Adsorbed Vapour pressure
Saturated vapour pressure

The BET equation has its limitations, such as the
assumption that the heat of adsorption is cohstant over
the entire surface coverage of the monolayer and that
the monolayer is completed before the formation of
secondary layers with a heat of adsorption equal to the
heat of condensation. However ,the consequent good agree-
ment between the calculated and observed isotherms is
accepted with the reservation that it may be due to
the added flexibility conferred on the equation by the
new parameters (20).

The perfect adsorption theory which takes all factors into
account would lead to an isotherm equation of such
complexity that it could not fail to describe any isotherm
shape. Such an equation would also be quite useless
because none of its constraints could be evaluated
unequivocally. As Gorter and Frederikse (21) have noted,
the kinetical BET theory gives a simple and valuable first
picture of the phenomenon of adsorption but it seems
difficult to correct its obvious shortcomings without
destroying the simplicity which perhaps constitutes its

main attraction.
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3.1.1.2 Multi Component Adsorption

The study of mixed adsorption is of tremendous practical
importance. Most of the technical applications of adsorption
processes involve gas mixtures rather than one gas alone.

The phenomenon of mixed adsorption is encountered in the
recovery of acetone, ethyl and butyl alcohol from the
gases produced in fermentation processes; in the recovery
of benzene and light oil from illuminating gas and in the
refining of helium. These are examples of mixed physical
adsorption; mixed chemisorption forms the basis of many
important industrial catalytic reactions. The compounds
may mutually enhance adsorption, may act relatively
independently, or may interfere with one another. Mutual
inhibition of adsorption can be predicted to occur provided
adsorption is confined to a single or a few molecular
layers, the adsorption affinities are very similar, and
there is not a specific interaction between solutes
enhancing adsorption. Adsorption of one substance will
tend to reduce the number of open sites and hence the concen-
tration of adsorbent available as a driving force to
produce adsorption of the other substances will be reduced.
Therefore mutually depressing effects on adsorption rates
may be predicted. The degree of mutual inhibition of
competing adsorbates should be related to the relative
sizes of the molecules being adsorbed, to the relative
adsorption affinities, and to the relative concentrations
of the solutes. Weber reported an earlier breakthrough

for a mixture than for a single solute adsorbate (22).
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3.1.1.2.1 Two Component Adsorption

In any mixed gas adsorption, a competitive adsorption
model for equilibrium becomes an essential part.of the mass
transfer model used to predict the performance of adsorption
beds. From a practical viewpoint, it is of course impossible
to predict the breakthrough behaviour of every trace of
adsorbate leaving the adsorption system. Nevertheless,
having identified some of the key constitueﬁts, knowledge
of their competitive adsorption behaviour can be used to
determine the bed life of the adsorbent. | |

The ideal adsorption model should use the equilibrium
data for each single component of the mixture. ' This
condition must be met without great mathematical diffic-
ulties. Otherwise, the complexity of data collection or
the mathematics will outweigh the model's usefulness as a
practical aid in adsorber bed design.

So far, research with binary mixtures by Jain and
Snoeyink (23) among others, has indicated the inadeéuacy
of the Langmuir model as proposed originally by Butler
and Ockrent (24). Radke and Prausnitz (25) put forward a
model based upon fundamental thermodynamic principles
which could be extended to any number of competing exponents.
Good agreement between predicted and experimental results
has been reported for several binary systems (26). Arnold
(27) proposed that Rablt's law should be obeyed but only
for adsorption sites having the same heat of adsorption.
Using two additional assumptions, Arnold proposed a method
for calculating mixture data from pure component adsorption

isotherms. The disadvantages of this model are it is



thermodynamically inconsistent and separate numerical

integrations are required for each vapour composition.

Dubinin proposed an equation for a binary mixture of

vapours (28) :

log Wqo

where W12

%12
12

P

log Wy - E; x 2.3 [RT log §9£2 347
12

W, + W, 3.8

) 3.9

P, + P, ; S5

Adsorbed amount in liquid

volume per unit weight of adsorbent

for component 1

Adsorbed amount in liquid volume

per unit weight of adsorbent for
component 2

Apparent limiting amount of adsorption
for each adsorbent

A parameter for each system of adsorbent
and standard adsorbate

Affinity coefficient of component 1 for
adsorption on activated carbon.

Affinity coefficient of component 2

for adsorption on activated carbon
Saturated vapour pressure

Adsorbed vapour pressure for component 1
Adsorbed vapour pressure for component 2
Gas constant

Absolute temperature

Mole fraction of component 1 in the
adsorbed phase

Mole fraction of component 2 in the

adsorbed phase



Three different mixtures were used and the difference
between the theoretical and experimental values were
small. But there is yet no evidence that the equation 3.7
is valid in a wide range of temperature and pressure for

a variety of binary systems (29).

3.2 General Thermodynamic Relations

3% 2ank Single Component

In describing adsorption equilibria it is essential
to consider thermodynamic functions - enthaléy, entrdpy,
Gibbs free energy etc. which characterize these equilibria.
To compute the significance of these functions in adsorption,
it is necessary to agree on the choice of the standard
states. In‘adsorption of vapours it is expedient to
consider the standard state of an adsorbate in the form
of a bulk liquid in equilibrium with its saturated vapour
and an adsorbent at the same temperature in equilibrium
with the adsorbate at a pressure P (fugacity f). This
choice of the standard state leads us to differential
thermodynamic functions. To obtain integral functions
one should consider a pure adsorbent. If the system is
at a temperature higher than the critical temperature
of the adsorbate, the choice of the standard state requires
special consideration.

As is well known,Gibbs differential molar free energy
of adsorption AG is equal

AG = RT 1ln(P/P,) 3.11
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For the differential molar entropy of adsorption

AS, Bering et al. (30) reported that

R e
b (57 a
dAG dAG

In the above equation, a is the adsorption value at an

equilibrium pressure P

81 = degree of volume filling
a
= = Qw3
a0
where ay is the adsorption value at P = P
a1 = thermal coefficient of limiting adsorption
S oelad Inoas
= —a 3.14
For the differential molar enthalpy of adsorption
AH, Dubinin reported (31) that
AH = - (Heat of adsorption)
oo
= TR TEUAS
aAG dAG
® G TRy, * % TR o e 8

AG can be calculated from equation 3.11 for any
adsorption value, provided the adsorption isotherm is
known.

Dubinin (32) assumed the conception of temperature
invariance as a rational approximation for the numerous
adsorption systems he himself studied. He concluded
that for a given adsorbent-adsorbate system, the dependence
of differential molar free energy on the degree of filling

91is temperature invariant.
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3AG

(*g@) =0 316

91

Equation 3.12 becomes

IAG

48 = = OLl(alna)T

The coefficient dl is always positive. The derivative
(iéjiq is also always positive, since at a constant
3lna’T .
temperature, adsorption increases with equilibrium pressure.
That leads to a negative value of the differential entropy
of adsorption. But this is not so when the degree of

filling is small, as that makes the adsorption entropy

positive and more work is required in this field.

JNEZ Two Component

Myers and Prausnitz (33) applied the concept of
activity coefficient. They based their thermodynamic
equations for the adsorbed phase upon three assumptions:

1) The adsorbent is assumed to be thermodynamically
inert, i.e. the change in a thermodynamic property of the
adsorbent, such as internal energy is assumed to be
negligible compared with the change in the same property
for the adsorbing gas.

2) The adsorbent posesses a temperature invariant area
which is the same for all adsorbates.

3) The Gibbs definition of adsorption corresponds
to the usual volumetric technique of obtaining experi-
mental adsorption isotherms.

Substituting pressure P and volume V with spreading

pressure m and area Al, Myers and Prausnitz (33) have
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rewritten the internal energy and Gibbs free eneragy

equations:
d0 = Tds —wdAl +Zuidni 3.18
dG = -S8dT + A;dr + zu.dn, 3.19

For the adsorbed phase, the mechanical work P4V
is substituted by m@A. In physical adsorption 7 is
positive, and therefore the system does work on the
surroundings during the conceptual process of increasing
the adsorbent area. It was emphasized that spreading
pressure is as much a fundamental thermodynamic variable

as entropy or internal energy (33).

3.3 Factors Affecting Adsorption

3.3.1 Porous Structure of Adsorbent

Adsorbent pores are voids or cavities in solids
which usually communicate with each other. Their shapes
and sizes differ widely and depend on the nature of the
adsorbent and the method by which it is obtained. The
linear sizes of pores of any cross-sectional shape
are characterized by the ratio of the area of the normal
cross section of the pore to its perimeter. This ratio
has the dimension of length and is termed hvdraulic mean
diameter.The conception of adsorbent pore varieties
is based on the differences in the mechanisms of adsorption
and capillary condensation occurring in them (31).

With regard to adsorption in porous adsorbents,
Dubinin divided all the pores into three basic varieties

depending on the pore size (17, 28, 31).

30



3.3.1.1 Macropores

The largest variety of active carbon pores are
macropores. Smooth surfaces may be regarded as a
limiting case of such a porous structure. The upper
limit of the curvature radius is large and the lower
limit may be taken between 1000 to 2000A°. This choice
of the lower limit means that the volume filling of
macropores by the mechanism of capillary condensation
of vapour can take place only at relative pressures
very close to unity. Therefore, in conventional
adsorption apparatus this ' phenomenon is practically
indistinguishable from normal bulk condensation corres-
ponding to a plane meniscus. Thermodynamically, it is
convenient to characterize such a porous structure by
the value of surface area with no allowance for its

curvature.

3.3.1.2 Transitional pores

Smaller pores, for which besides the surface area,
the curvature should also be considered. For such
pores as for macropores, the linear dimensions characterizing
them may be considered to exceed by far those of the
adsorbate molecules. On the surface of these pores,
monolayer and multilayer adsorption takes place.
Besides this, in a certain easily realised range of
relative pressures volume filling of these pores by the
capillary condensation mechanism takes place. It may be
.assumed that the curvature radius of the surface of such
pores are within the range 500 - 1000A° > r > 15 A°,

These pores are known as transitional pores.
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3.3.1.3 Micropores

The smallest variety of pores are known as
micropores. Their effective radii are usually smaller,
i.e. 10 to 15 A and they are commensurate with the
molecules adsorbed. 1In some cases, micropores are
inaccessible to molecules of certain adsorbates for
sterical reasons. The entire volume of micropores
represents a space where an adsorption field exists.

At any point of this space, adsorption potentials set

up by the opposite walls of the pores are superimposed
on each other. Since there is an adsorption-force

field in the entire volume of micropores, adsorption of
vapours in micropores leads to their volume filling and
the concept of layer-by-layer filling lose their physical
significance.

Dubinin reported (31) that such a systematic
classification of the pores of adsorbents by no means
implies that it is simultaneously the classification of
the adsorbents themselves. On the contrary, as a rule
one and the same adsorbent may contain pores of all the
three types. Therefore a comprehensive description of
adsorption on a particular real adsorbent should include
the peculiarity of phenomena of all pore varieties. It
is very usual to find adsorbents where only one of the
pore varieties is very well developed compared to others.
Besides, the volume filling of micropores and transitional
pores occur in different intervals of equilibrium pressures.
The above classification of pores which is of a general

nature is particularly convenient when applied to
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activated carbons with a polymode volume distribution

of pores according to their radii (34).

Y Physical and Chemical Factors

3.3.2.1 Temperature

Adsorption reactions are normally exothermic and
the extent of adsorption generally increasgs with
decreasing temperature. Enthalpy change in adsorption
is usually of a similar order to that of condensation.
Thus small variations in temperature do not change the
extent of adsorption to a significant extent (35).
Dedrick and Beckmann (36) conducted three experiments
at three different temperatures ranging from 30° to
60°C. They found that the rate increases rapidly with
increasing temperature but the equilibrium amount
adsorbed decreases very little.

Early developments relating adsorption of micropores
were based on Polanyi's potential theory of adsorption.
With time it became more and more obvious that the
initial principles of the potential theory have no
physical meaning for adsorption in micropores. However,
the basic principle of the theory concerning the
temperature invariance of adsorption due to temperature
independent dispersion interaction is true precisely
for microporous adsorbents. Dubinin (28) found that
using the Dubinin-Polanyi equation, the experimental
points at different temperatures make a good fit on
straight lines, indicating the constancy of the limiting

volume of the adsorption space of each carbon. Those
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experiments alsc point to the constancy of relative
differential molar work of adsorption and their indepen-

dence of the microporous structure.

3.3.2.2 Moisture in the Air

Water vapour is generally present in the atmosphere
and an adsorbent filter will very probably contain
adsorbed water when in use. Charcoal cloth filters
will still be effective in the protection against other
vapours and the reason for this lies in the ability of
many vapours to displace the adsorbed water. Maggs (37)
found that the efficiency of filters in general is
reduced 5ut more strongly adsorbed vapours are less
affected than those which are weakly adsorbed. The extent
of the effects of moisture is not readily predicted
because it will vary with the adsorbate and its concen-
tration, as well as with bed depth, flow rate and the
microporous structure of charcoal cloth.

For some vapours such as phosgene and hydrogen-
chloride, efficiency increases with increasing humidity.
In these cases hydrogen bonds are formed between adsorbate
and the water molecules.

The popularity of charcoal cloth as a protective
adsorbent system stems from the fact that water molecules
are held far less strongly on carbon surfaces than on
those of other adsorbents such as silica gel or alumina;
and also that most common vapours are much more strongly
adsorbed on carbon than water. Therefore, the displacement

of adsorbed water by vapours takes place readily on a
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charcoal cloth surface. Atkinson et al.(120) also

confirm the above fact.

3.3.2.3 1Influence of pH Values

James S. Mattson et al. (38) reported that
adsorption of weak acids differs with change in pH.
Increasing pH decreases the solubility and lowers the
adsorption capacity. Such uniform behavidur indicates
an increase of molecular species and decrease of ionic
species simultaneously. Similar correlatidns have been
observed by Rovinskaya and Koganovskii (121) for
salicylic acids on charcoal and by Schwartz (39) for
2-4-dichlorophenoxyacetic acid on charcoal. There is
a marked decrease in the adsorption capacity on going
from pH 3.0 to pH 7.0 and a smaller decrease from pH
7.0 to pH 11.0. The increase in adsorption capacity
with a lowering of pH is attributed to the increase in
hydrogen ion concentration. The protons increasingly
bind to the available sites on the carbon and in turn
enhance the removal of the acid anions. This augmentation
of the total adsorption must decrease at some point as
the pH is lowered because the percent of ions decreases
rapidly (40).

A list of some of the aromatic acids which have
been adsorbed on activated carbon at different pH is

shown in Table 3.1.



Adsorbate

: PH of
No. Acid PKa > Adsorbent
Solution (holds kg'1x103)
¥ Benzoic 4.20 3 489
113
11 67
2. =2,4-dichloro 2.76 3 651
7 147
i 7 AT 69
3. =3-amino-2,5-di 3.40 3 _ 510
chloro : 127
11 51
4., <-3-nitro-2,5-di 3.23 3 491
chloro 5 120
11 R
5. =2-methoxy-3,3~- 1.94 3 313
dichliors 149
11 59
6. Phenoxyacetic 303 3 436
86
11 43
7. =4=chloro 2.36 3 560
7 180
11 133
8. =2,4-dichloro 2.44 3 607
205
11 135
9. =-2,4,6-trichloro 235 3 666
7 216
1= 127
10 2,4-dichloro- 3.92 3 630
phenylacetic - 218
11 54

Table 3.1 Properties of aromatic acids and equilibrium

data for their adsorption on activated carbon (40)
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3.3.2.4 Functional Groups

In the adsorption of substituted aromatics it has
been shown that the substituent present in the aromatic
ring is not directly involved in the solute adsorption.
The interaction of the surface ring as a whole with the
surface of carbon is the major factor. The interaction
takes place through the pi-electron system of the ring.
There is considerable evidence in the literature of the
formation of donor-acceptor complexes betwéen phenol and
several kinds of electron donors (41). Two factors will
influence the stability of such complexes; (a) the
availability of electron density in the donor, and b)
the electron affinity of the acceptor.

It is well known that the electron density of
an aromatic ring is strongly influenced by the nature of
the substituent groups. A nitro group acts as a strong
electron drawing group in reducing the overall electron
density in the pi-system of the ring. Thus nitro-
substituted aromatic compounds act as acceptors in such
complexes and form stronger donor-acceptor complexes
with a given donor than phenol, because the phenol has
no low-lying acceptor orbitals and forms complexes with
very strong donors. The isotherms for m-nitrophenol and
p-nitrophenol are essentially identical, indicating that
the net energy of interaction at the surface is
comparable for both of them (38).

Drago et al. (42) have shown that phenol forms

strong donor-acceptor complexes with oxygen groups
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and the oxygen group dipole moment is the determining
factor in the strength of the donor-acceptor complex
formed. Carbonyl oxygen has a larger dipole moment
than carboxylic acid oxygen and thus would be accepted
as a stronger donor. These aromatic compounds adsorb
on active carbon by a donor-acceptor complex mechanism
involving carbonyl oxygens of the carbon surface acting
as the electron donor and the aromatic ring of the

adsorbate ring as an acceptor.

3.3.2.5 Surface Complexes on Carbons

Many studies of chemisorption of gases and vapours
have been made on carbons of diverse forms, ranging from
well defined crystalline materials, such as diamond and
graphite, to amorphous or microcrystalline structures,
such as activated carbons and cokes. In carbons, the
fraction which exists in the disordered form is more
susceptible, while the fraction which shows some degree
of well-ordered parallel stacking, is less susceptible to
chemisorption of gases and vapours. The disordered
fraction is higher in microcrystalline carbons than in
crystalline carbons. At the same time there are many
exposed defects, dislocations and discontinuities in
the layer planes of the microcrystalline carbons, apart
from the edges of carbon layers. Such sites, called the
'active sites' are associated with high concentrations
of unpaired electron spin centres and are expected to
play a significant role in chemisorption. The surface

carbon atoms located at the active sites show a strong
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tendency to chemisorb other elements, like oxygen,
hydrogen, nitrogen and sulphur and give rise to
nonstoichiometric stable surface compounds, called
"surface complexes".

Oxygen is adsorbed more readily than many other
elements and carbon-oxygen complexes are by far the
most important in influencing surface reactions,
surface behaviour and electrical and catalytic properties
of carbon. Smith (43) suggested that when.oxygen is
adsorbed on a carbon surface, it undergoes a chemical
change. He found that adsorption of oxygen on charcoal
did not cease even after a month; and that while nitrogen
and other gases adsorbed on charcoal could be easily
desorbed as such, oxygen could be removed only on
strong heating and then as carbon dioxide. Rhead and
Wheeler (44) concluded that oxygen combines with surface
carbon directly to form a physicochemical complex, CxOy .
of variable composition which decomposes over a wide
range of temperature, giving a mixture of carbon monoxide
and carbon dioxide. The methods of formation of carbon-
oxygen surface complex may be classified into two
categories: methods involving reactions with oxidizing
gases and methods involving reactions with oxidizing
solutions; The most common gases are oxygen, water
vapour, carbon dioxide and oxides of nitrogen. Some of
the oxidizing solutions used are acidified potassium
permanganate, nitric acid, mixtures of nitric and sulphuric
acids, chlorine water, sodium hypochlorite and ammonium

persulphate.
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It is common practice to classify the surface
oxides as basic or acidic. Acidic surface oxides are
formed when the carbon is exposed to oxygen at temper-
atures between 200 and 500°C or by the action of agueous
oxidizing solutions. Basic surface oxides, on the other
hand, are formed when a carbon surface is first freed
from all surface oxides by heating in a vacuum or in an
inert atmosphere and then brought in contact with oxygen
only after cooling to low temperatures. Carbons out-
gassed at high temperatures and exposed to oxygen between
200° and 700°C have been shown (45) to adsorb appreciable
amounts of strong bases but little of strong acids. The
optimum temperature for the development of maximum
capacity to adsorb bases has been shown to lie close to
400°C. This fact led some workers (46) to think that the
base adsorption capacity of carbon is closely related to
its oxygen content. On the other hand, if outgassed
carbons are exposed to oxygen either below 200°C or above
700°C, they adsorb strong acids but very little sﬁrong
bases. There is no definite temperature range within
which exposure to oxygen results in exclusive development
of acid character and outside of which it results in
exclusive development of basic character. Actually,
there is a certain overlap of temperature where one
type of character starts declining and other type starts
rising. Base adsorption capacity of carbon, when it is
acidic in nature, is far in excess of its acid adsorption

capacity, when it is basic in character (47).
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Interaction of carbon with the halogens other than
fluorine, has also been investigated by several workers.
The maximum temperature for chemisorption has been found
to be 400°C for chlorine (48), 500°C for bromine (49)
and 300°C for iodine. The reaction also involves appreci-
able dehydrogenation of the carbon resulting in fcrmation
of hydrogen halide. The chemisorption has been found (50)
to involve addition at the unsaturated sités and substitution
of hydrogen associated with the edge carbon atoms. Since
unsaturated sites are rather few in carbon 5lacks, fhe major
portion of the halogen is fixed by substitution process.
In charcoals and activated carbons, the hydrogen content
is low, but unsaturated sites are high, hence the bulk of
the fixation takes place by the addition process. The .
relative amounts of fixation of the halogens under
respective optimum conditions decrease in the order
=C12>Br2>I2. The stability of the surface complexes
also decreases in the same order (51).

Study of simultaneous chemisorption of oxygen and
chlorine at 400°C shows that while both the gases compete
against each other for fixation at the unsaturated sites,
there are other separate sites where fixation of oxygen
and chlorine can take place independently of each
other (52). These sites, for the fixation of oxygen
are provided by certain active centres where formation of
acidic carbon-oxygen complexes and quinonic or phenolic
groups is possible. They also help the fixation of
chlorine by edge carbon atoms associated with hydrogen.
Oxygen has been found to be more rapidly chemisorbed at

the unsaturated sites than chlorine under similar conditions.
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Chemisorption of sulphur by carbons on suitable
treatment has also been investigated by different workers.
Treatment of carbon blacks with aqueous hydrogen sulphide
at room temperature has been shown to.result in
appreciable fixation of sulphur almost exclusively at
the unsaturated sites (53). The amount of sulphur fixed
is seen to be almost equivalent to surface unsaturation
present initially in the carbon black. If there is no
surface unsaturation in a carbon black, there is no fix-
ation of sulphur.

The carbon-sulphur complexes have been found to be
stable (53). The desorption of the combined sulphur
commences on evacuating at temperatures >600°C, largely
as hydrogen sulphide and carbon disulphide and is
completed only at 1000°C. This establishes a close
analogy between carbon-sulphur and carbon-oxygen surface
complexes since the combined oxygen is known to come
off as water vapour and oxides of carbon under similar
conditions (47).

The effect of chemisorbed oxygen on surface prop-
erties such as acidity, polarity, hydrophilicity and
selectivity in adsorption from binary solutions has
been covered in literature by Puri (47). He concluded
that it is the presence of the acidic carbon-oxygen
complex and not the total combined oxygen as such
which imparts acidic, polar and hydrophilic character to
the surface. The rest of the combined oxygen has little

or no effect on these properties (54).
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3.3.2.6 Nature of the Adsorbate

Adsorption of a solute on a particular adsorbent is
rélated to its various physical parameters namely
solubility, polarity, length of the chain, molecular
weight etc. Adsorption from solution is closely related
to the solubility of the solute in the solvent. An
inverse relationship can be defined betwéeﬁ the extent of
adsorption of a solute and its solubility according to
Lundelius' rule (109). Adsorption of an aliphatic :
series of organic acids on carbon from aqueous solution
increases in the order of formic-acetic-propionic-butyric,
whereas the order is reversed for adsorption from toluene
(108) . In both cases adsorption increases with decreasing
solubility of the solute in the solvent. For adsorption
of iodine from various solvent systems on carbon, observed
ratios for uptake from CClq, CHC13, and C52 are 122:4.5
respectively (109). These ratios are close to the inverse
ratios for the solubility of iodine in these solvents.
Hansen and Craig (110) found that adsorption isotherms
for an homologous series of fatty acids are nearly
superimposable when plotted as amount adsorbed versus
equilibrium concentration of solute reduced through
division by the solubility of the solute, rather than
against the equilibrium concentration of solute in the
solution phase. Theeffects noted relative to solubility-
adsorption relationships can be interpreted by
postulating the necessity of breaking some form of
solute-solvent bond before adsorption can occur. The

greater the solubility, the stronger the solute-solvent
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bond and the smaller is the extent of adsoption.

The solubility of organic compounds in water
decreases with increasing chain length because the
compound becomes more hydrocarbonlike as the number
of carbon atoms become greater. This forms the basis
regarding the relationship between adsorption and the
nature of ﬁhe solute - Traube's rule. Adsbrption from
agqueous solution increases as an homologous series is
ascended, largely because the expulsion of increasiﬁgly
large hydrophobic molecules from water permits an
increasing number of water-water bonds to reform.

Molecular size is of significance also as it relates
to rate of uptake of organic solutes by porous active
carbon if the rate is controlled by intraparticle
transport, in which case the reaction generally will
proceed more rapidly with smaller adsorbate molecule,
within a given class of compound. Weber (55) found
that rate§ of adsorption of a series of sulphonated

alkylbenzenes of different molecular size clearly
demonstrate a decrease in molar rate of uptake with
increasing molecular weight in rapidly-stirred, batch
reactors where intraparticle transport is rate-limiting;
on a weight uptake basis, the rate is essentially constant.
It must be borne in mind that the rate-independence
on molecular size can be generalized only with a
particular series of molecules and is expected in

rapidly-agitated batch reactors.
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Variations in geometry of molecules seem to have
much smaller effects on equilibrium conditions than
increases in chain length. Studies on the adsorption
of three sulphonated alkylbenzenes substituted at
the 2,3 and 6 positions on the hydrocarbon chain respect-
ively, showed virtually no variations in constants for the
Langmuir equation (111). The position of substitution
in hydroxy- and amino benzoic acids has been reported as
having a marked effect on adsorption on carbon, the.
sequence of decreasing strength of adsorption being
ortho, para, and meta.

Many adsorbents have the potential of existing as
ionic species. Acids such as sulphonated alkylbenzenes,
fatty acids, phenolic species, amines are a few of the
numerous compounds having the property of ionizing under
appropriate conditions of pH. Activated carbon carries
a net negative surface charge which is believed to be
of significance for adsorption. Also many of the
physical and chemical properties of certain compounds
undergo drastic changes upon ionization. The bulﬁ of the
observations related to ionization effects on adsorption
seem to point to the generalization that as long as the
compounds are structurally simple, adsorption is at a
minimum for the charged species and at a maximum for the
neutral species. As compounds become more complex, the
effect of ionization becomes of decreasing importance.
Weber (56) reported decreasing adsorption for many

different organic acids. He found that adsorption of
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propionic acid on carbon decreases markedly with
increasing pH to a minimum in the range pH 3.5 to
5.5 and succinic acid has been observed to decrease
to a minimum between pH 4.0 and 7.0.

There are also amphoteric compounds which have the
capacity to act both as an acid and a base. Studies
on this type of compound indicate an adsorption maximum
at the isoelectric point (111). This again accords
with the observation that adsorption is at a maximum for
neutral species.

Molecules that have dipoles, such as organic
halides, ethers, ketones etc., will be attracted by
the electrostatic field emanating from the surface of
an ionic crystal. As the electrostatic field is not
very strong and decreases with increasing distance, a
significant high contribution to the adsorption energy
can be expected only if a dipole of sufficiently high
dipole moment is situated at such a place in the polar
molecule that it can approach to within a very short
distance of the surface. Hydrogen bearing compounds
like water, ammonia, phenols, alcohols, possess dipoles
between the hydrogen atoms of the functional groups
and the atoms to which these hydrogen atoms are bound.
All these dipoles are situated near the periphery of the
molecules. These peripheral dipoles all point with
their positive end towards the outside of the functional
group. As the ion arrangement of most ionic surfaces

is such that the negative ions form the outside layer,



these peripheral dipoles show a strong tendency to
take up an oriented position perpendicular to the
surface and the hydrogen atom of each dipole tends to
make a close contact with one of the negative surface
ions (57).

A dipole that is not situated near the periphery of
the adsorbed molecule.makes a far smaller contribution
towards the adsorption energy than do peripheral dipoles.
Such nonperipheral dipoles may cause enough difference
in adsorption energy to effect a preferential adsorption
between molecules that otherwise would show equal adsorption
energies. They may also lead to a fixed and an oriented
position of the adsorbed molecule instead of an adsorption
of more or less freely-moving and rotating molecules (57).

A general rule for prediction of the effect of
solute polarity on adsorption is that a polar solute will
prefer the phase which is more polar. A polar solute
will be strongly adsorbed from a nonpolar solvent by a
polar adsorbent, but will much prefer a polar solvent :
to a nonpolar adsorbent. Polarity of organic compounds
is a function of charge separation within themolecule.
Most of the assymetriccompounds are more or less polar,
but several types of functional groups tend to produce
hicherpolarities than the others. Hydroxyl, carboxyl,
nitro, nitrile, carbonyl, amine are some of the examples.
Ethanol is polar because it has an incremental negative
charge on the hydroxyl and positive charge on the ethyl

group. Solvation by water involves formation of a



hydrogen bond from one of the positively charged
hydrogens of the water to a group bearing more or less
of a negative charge along with some bonding in the
reverse direction to the water oxygen. Water solubility
is then expected to increase with increasing polarity.

Adsorption then decreases as polarity increases (61).

3.3.2.7 Surface Area

Adsorption is a surface phenomena. Thé amount of
adsorption is proportional to specific surface area.
It can be defined as the portion of the total surface
area available for adsorption. Adsorption capacity
increases with increasing surface area. Adsorption rate
thus should exhibit a monotonic increase with some
function of the inverse of the diameter of the adsorbent
particles. This inverse relationship holds also for
porous adsorbents when the transport rate to internal
surface areas is controlled by an external resistance.
But in cases where intraparticle diffusion controls the
adsorption rate, the variation should be with the reciprocal
of some higher power for the diameter (122).

Alteration in the adsorbent surface can be caused
by external factors such as heat, impurities etc.,0r by
the adsorption process itself. The alteration can take
place in both the positive and negative sense. The process
of increasing the surface is called activation. The
process of decreasing the surface by heat is called

sintering. All adsorbents sinter when heated to very
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high temperatures. Pure iron catalyst used for ammonia
synthesis begins to sinter at 350°C whereas charcoal
sinters only above 1000°C (58). The mechanism of sintering
differs from one another. The most common cause is the
growth in particle size. High temperature causes the
small particles composing the adsorbent to fuse together
into larger ones, resulting in a decrease of the surface.
The structure of the surface also changes as a consequence
of high temperature heating. One type of developed
crystal face is replaced by another with a resulting
change in the heat of adsé%tion. Such effects are much
more marked in chemisorption than in physical adsorption.
Brunauer and Emmett (59) concluded that sintering does
not merely reduce the area but also changes the body-
centred cubic lattice into a face-centred cubic lattice
structure. Heating may also change the chemical nature
of the surface, which in turn may cause a change in
the heat of adsorption. McGarack and Patrick (60)
noted that the decrease in adsorption was not due to a
decrease in the surface caused by particle growth, but
rather to a decrease in the heat of adsorption produced
by changing the chemical compositon of the surface.
Activation is the opposite of sintering. It is
the increase of the adsorptive power of a substance.
Activation may also be produced by heating. Chemical
agents are used along with heat. Thus charcoal can be

activated to some extent by heat and vacuum alone but
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to get the most active product air, steam or some
other activating agent 1is to be used. One of the
most common methods of activating metallic catalysts
is the alternate oxidation and reduction. Another
activating mechanism consists in removing a part of the
adsorbent to create a large internal surface, or in
removing certain adsorbed impurities that block the
entrance to an already existing internal suﬁface. The
removal of the water of crystallization from a hydrate
usually creates a large internal surface. Activation
is always accompanied by a change in composition of
the surface of the adsorbent. Charcoal cloth is
activated by soaking rayon cloth in Lewis acids, dried
and then carbonising in an inert atmosphere as

has been mentioned in section 2.3.

3.3.2.8 Surface Tension Effects

Adsorption is a process in which solﬁte is
extracted from one phase and concentrated at the surface
of another. Surface reactions of this type occur as
a result of the forces active within the phase boundaries.
These forces result in characteristic boundary energies.
Classical chemistry defines the properties of a system
by the properties of its mass,for surface phenomena the
significant properties are those of the surface or
boundary.

A very usual feature of surface energy occurs
when a drop of water is placed on a plate. The water

drop will resist spreading and attempt to retain a

50



nearly spherical shape. The water tries to minimize

its surface area and hence the surface energy. This
phenomenon - the development of a tension at the

surface which tends to keep the drop.from spreading

into a thin flat layer results from attractive forces
between molecules of water within the drop. Because
molecules of water are attracted to one another by
cohesion forces more strongly than they are by adhesion
forces to molecules of the solid plate or molecules’ -
of air at the liquid-solid and liquid-gas interfaces
respectively, the water molecules at the surface will

be pulled mainly towards the interior of the drop. The
liquid drop thus tends to decrease its exposed surface
as a result of the surface tension developed by molecular
cohesion forces within the drop.

A pure liquid always tends to reduce its free
surface energy through surface tension, which is
quantitatively equal to the amount to work necessary
to compensate the natural reduction in free surface energy.
From a molecular point of view, enlarging a surface
requires the breaking of bonds between molecules making
up the liquid phase and the formation of bonds between
molecules of different phases. To increase the liquid
surface an input of work is required in excess of that
necessary to compensate the tensicn at the surface.

Large numbers of soluble materials can effectively
alter the surface tension of the liquid. They are known

as wetting or surface-active agents. If a material which
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tends to be active at the surface is present in the

liquid system, a decrease in the surface tension will
occur upon movement of the solute to the surface. .
Migration of the substance to the surface results in a
net reduction of the work required to enlarge the surface
area, the reduction being proportional to the concent-
ration of the adsorbate at the surface. Hence the energy
balance of the system favours the adsorptive concentration
of such surface-active substances at the phase interfaces.
A solute that decreases the surface tension must be
concentrated at the surface because the solvent molecules
have a smaller attractive force for the molecules of
solute than for each other. Any lowering of surface

tension of the adsorbate help the adsorption system (66).

3.3.2.9 Chemical Reactions on Surfaces

The rates of many reactions are influenced by solid
surfaces. This fact is frequently a serious complication
to the study of homogeneous gas reactions, in that an
appreciable amount of reaction may occur on the surface
of the reaction vessel and must be allowed if the
homogeneous reaction is the one of special interest. It
has been found that many processes can be made to occur
much more rapidly by the introduction of a suitable
surface upon which the reaction proceeds. The solid
material is then said to catalyze the reaction. 1In
particular, a number of processes that do not occur
homogeneously at an appreciable rate can be made to do

so on surfaces (62).
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It is generally accepted that chemisorption plays
an important role in surface catalysis and at least
one of the reactants or activated complexes should be
chemisorbed on the catalyst surface (63). Zelinski (64)
finds that oxygen chemisorbed on carbon imparts either
oxidizing or reducing power to the surface, depending
upon the adsorption temperature and oxXxygen pressure.
Exposure of carbons to oxygen or carbon dioxide at
different temperatures and pressures drastically changeé
the acid and base adsorbing power of the surface. The
major conclusion to be drawn from numerous findings is
that there is more than one type of carbon-oxygen
complex which can form on a carbon surface.

In chemisorption, it is known that the surface atoms
must have free valence electrons in order to form strong
chemical bonds with gas molecules or atoms. Using
electron paramagnetic resonance absorption techniques,
Ingram and Austen (65) confirmed the presence of unpaired
electrons in various types of carbons. Observing.the
marked effect of éxposure of carbon to oxygen on the
resonance absorption, the authors (65) concluded that
these unpaired electrons are located primarily at, or
close to, the carbon surface. Number of unpaired electrons
is a complex function of carbon heat-treatment temper-
ature and they are affected primarily by the number and
nature of imperfections in the carbon structure.

Chemisorption experiments have shown the carbon
surface to be heterogeneous. In addition to the normal

sources of heterogeneity, carbon is a multicrystalline
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material which means that its surface, in most instances,
are composed of different crystalldgraphic planes. The
degree of he:erogeneity in carbon surfaces varies

depending upon the percentage of différent crystallographic

planes composing the surface and their sizes.

3.3.2.9.1 Mechanism of Surface Reactions

A reaction occurring on a surface may usually be
regarded as involving five consecutiwzstepslas follows:
a) Diffusion of the reacting molecules tco the surface
b) Adsorption of the gases on the surface
c) Reaction on the surface
d) Desorption of the products
e) Diffusion of the desorbed products into the main body

of the gas.

At one time it was generally believed that
one of the diffusion processes, a) or e) was the slowest
process and hence determined the overall rate. More
detailed investigations of surface reactions showed that
this could not be the case except in certain techﬁical
processes involving porous catalysts. This is evident
from the fact that heterogeneous processes nearly always
involve appreciable activation energies, whereas diffusion
in the gaseous state involves no activation energy. The
diffusion process is thus much more rapid than the
overall process and cannot be the slowest process.

The processes of adsorption or desorption are much
more likely to be slow steps in heterogeneous reactions

as both may involve appreciable activation energies.
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The activation energies for desorption are particularly
high, and it is likely that in very many reactions the
desorption of the products is the rate-determining step.
In practice, it is not always convenient to separate the
reaction stage from the desorption of the products. It
is usual, therefore, to regard the reaction on the
surface, giving the gaseous products, as a'single step.
This concept is in fact the basis of the usual modern
treatment reactions, due to Langmuir (67) and Hinshelwood
This treatment involves obtaining an expression for the
concentrations of reactant molecules on the surface,

and then expressing the rate of formation of gaseous
products in terms of these surface concentrations. The
rate is then expressed in terms of the concentrations

of the gaseous reactants. If there is a single reactant,
the surface process is a simple unimolecular change;

if there are two reactants, reaction may take place
between two molecules adsorbed on neighbouring surface
_sites and the probability of this happening is propor-
tional to the individual concentrations of two reactants

in the adsorbed state.

3.4 Physical Adsorption of Vapours in Micropores

The radical differences between adsorption phenomena
taking place in micropores and on the surface of
transitional pores or macropores require different

theoretical approaches to achieve their sensible

description and interpretation. All the existing theories

of physical adsorption, despite their apparent differ-

(68) .



ences, proceed from the same physical image in
describing adsorption both on non-porous and porous
adsorbents. This physical image is based on the
concept of the geometric surface of the interface on
which adsorption occurs with the formation of one or
more successive adsorption layers.

The theory of physical adsorption of'Vapours in
micropores, which exclgdes the concept of the surface
coverage and formation of successive adsorption layers
in such pores, will be referred to as the theory of
volume filling of micropores. The concept of micro-
pores as space volumes in a solid body which are commen-
surate with the molecules adsorbed permits us to assert
that whatever the nature of adsorption interactions which
determine physical adsorption, the whole micropore space
has an adsorption field set up by the solid body. The
micropore adsorption space may contain discrete
adsorption centres which increase the electrostatic
components of adsorption interactions. They however lead
only to a greater energy non-uniformity of the micropore
adsorption space and do not change the essence of the
idea of the existence of an adsorption field in the
total volume of micropores. Due to the limited adsorption
space of the micropores the molecules successively
adsorbed in the micropores do not form adsorption layers.
Adsorption in micropores is characterized by the volume
filling of the adsorption space. Therefore it turns out
that the basic geometrical parameter characterizing a
microporous adsorbent is the volume of micropores rather

than their surface.
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Most adsorbents in modern technology are microporous
adsorbents. In spite of the fact that in the general
case they may contain some larger pore varieties, it is
the micropores that play the decisive part in gas and
vapour adsorption. Eqguilibrium states in adsorption of
a gas or vapour are expressed by the thermal equation
of adsorption, which establishes the relationship between
the adsorption value as equilibrium pressure P, and_
temperature T. Any one of these values can be regarded
as a function of the other two. For vapours, the
adsorption function A is expressedlby

A = RT 1n (PO/P) 320
and is interpreted thermodynamically as a decrease in
the free adsorption energy if the adopted standard state
is the state of a normal ligquid, which is, at temperature
T, in equilibrium with its saturated vapour at pressure
Po' The value of A is equal to the différence between
the chemical potential of a substance in the state of
a normal liquid and in the adsorbed state at the same
temperature.

The second function is the filled volume of the
adsorption space Wy

Wy = av* 3sél
where v* is the molar volume of the substance adsorbed.

In contrast to adsorption on nonporous and relatively
large pore adsorbkents, a specific feature of adsorption
in micropores is the temperature invariance of the

differential molar work of adsorption A at constant degree
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of volume filling & of the micropore adsorption space.
The temperature invariance of A, analytically is expressed
by Dubinin (31) as

(BA/BT)el =0 3,22
and is confirmed by him for a number of adsorption
systems. This assumption is satisfactory for temperatures
below the boiling point of a normal liquid'at atmospheric
pressure. For higher temperatures and in particular in
the subcritical region, the c0mpressibility‘coefficient
of the normal liquid rises abruptly, and the assumption
that the molar volume of the substance in the adsorbed
state is the same as in the bulk liquid phase, is no

longer physically substantiated (17).

3.4.1 Thermodynamic Analysis

It is generally accepted that the term adsorption
refers to numerous phenomena greatly differing both in
the nature of intermolecular interactions and in
mechanisms which require the consideration of various
models and the application of different mathematiéal
language.

It is asserted that the entire range of physical
adsorption is enclosed, at least from the thermodynamic
point of view between two limiting cases: adsorption on
nonporous smooth surfaces, and adsorption in micropores.
All real cases of adsorption represent a more or less
complex superposition of these two types of adsorption
phenomena (30).

In adsorption on nonporous surfaces, for which the



curvature of the surface has practically no effect on

the adsorption process in the absence of capilléry conden-
sation, a pictorial model of adsorption is the ccverage
of the adsorbent surface with the fofmation of successive
adsorption layers. The most important parameter charac-
terizing adsorption equilibrium in this case is the
adsorbent surface area. ¥

In adsorption on microporous adsorbents, the
concept of surface area loses its meaniné. The ﬁotion
of a geometrical surface is a macroscopic concept,
and micropores are assumed to be voids in a solid which
have linear dimensions commensurate with the sizes of the
molecules adsorbed.

Bering et al. (30) considered it analogous bé%een
transition from large pore adsorbents to microporous
ones and transition from coarse suspension to true
molecular solutions of low molecular weight substances.
Considering a coarse suspension to be a two phase system,
the interface area is a very important thermodynamic
parameter characterizing the behaviour of a system.

The system properties vary with increasing degree of
porosity. When the degree of dispersity exceeds the
range of colloid systems, the concept of interface loses
its meaning because the system becomes a trwemolecular
solution and behaves as a single phase system.

Transition from large pore adsorbents to micro-
porous ones involves some quantitative differences in the

beginning which invariably lead to qualitative differences.
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The interface disappears and the adsorbent-adsorbate system

becomes a single phase system. A pictorial molecular
model of adsorption in micropores is not layer-by-layer
coverage of the surface but volume filling of the
micropores whose size does not allow us to regard the

adsorbate in them as a separate phase.

3.5 Adsorption Mechanism

Adsorption is a physical process where a dispersed
material in a continuous phase is removed from that phase
onto a highly porous solid material. The fundamental
nature of the forces which cause adsorption to occur
have been the subject of considerable discussion in the
literature , but it is probably safe to say that no
completely satisfactory mechanism has yet been described.
In general, however, adsorption appears to take place
as a result of unsatisfied forces in a surface creating
a force field in the immediate environment which attracts
and holds for a finite time the molecules of a contracting
species. The residence time of the molecules on £he
surface is a direct function of the energy with which
the molecules are held. 1In practical terms, the adsorp-
tion energy determines the strength with which the molecule
is adsorbed relative to other molecules in the force field
and the efficiency with which the molecules can be
separated.

The overall kinetics of the adsorption system used
are affected by the gas-solid contacting method and the

transport processes of the adsorbate from the bulk gas
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to the internal adsorbate surfaces. There are
essentially three consecutive steps in the adsorption

of materials from the bulk gas stream by the porous
adsorbents. The first of theseis the transport of the
adsorbate through a surface film to the exterior of the
adsorbent. Many theories have been postulated to explain
the mass transfer in this region. Howevef, the fluid
mechanics of this region is not well understood (69).
Boundary layer theory accounts for a velocify distribution
and is more realistic than film theory, which assumes a
laminar film surrounding the particle. The second step
is the transfer of adsorbate from the external surface

to the internal surface of the porous adsorbent by some
diffusive mechanism. The final step is the adsorption of
the adsorbate on the interior surfaces bounding the pore
and capillary spaces of the adsorbent.

Consideration of rates at which interfacial tensions
are loweredby chemical compounds represent the nature of
the adsorbate. It indicates that the adsorption process
itself is probably not rate-determining and that a much
slower process must control the overall rate of uptake
by the porous adsorbent. Under laminar conditions, the
transport of the adsorbate through the boundary layer
to the adsorbent is the rate limiting step; if sufficient
turbulence is provided, transport of the adsorbate
within the porous carbon controls the rate of uptake.

One of the most significant parameters to be considered
is the nature of the step which controls the speed at
which the reaction proceeds.

Certain properties of the adsorbate are useful in
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determining the nature of the rate controlling step.

For example, if intraparticle transport determines the
rate of reaction, the size and structure of an individual
adsorbate will affect the rate to the extent that it
affects molecular mobility. The rate controlling step
can also be characterized in part by the observed
activation energy in the process.

For a process in which the overall rate is controlled
by a strictly adsorptive reaction,the variation of rate
should be proportional to the concentration of the solute
and for very simple diffusion the rate is expected to
be proportional to the first power of the concentration.
But for intraparticle diffusion the mathematical expression
is of complex nature. Since concentration affects a
number of parameters of these equations, it is not
possible to predict an exact concentration-rate relation
for this reaction.

For processes where the rate-limiting reaction is
adsorption on the exterior surfaces of the adsorbent,
the rate is expected to vary as the reciprocal of the
diameter of the adsorbent particles. Variation of the
rate with particle size is then another method which
is useful for the characterization of rate-limiting for
a particular system.

The transfer method giving the maximum resistance
and hence controlling the overall rate is dependent
upon the method by which the adsorbate is in contact

with adsorbent. 1In a batch reactor which provides a
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high degree of agitation of mixing, pore diffusion is
often rate limiting.In a continuous flow system such as
beds of charcoal cloth through which the vapour is passed,
pore diffusion is the most likely to be the rate limiting

factor for normal flow rates.

3.6 Mass Transfer

With regard to adsorption Weber (70) éonsidered
molecular diffusion to be the most representative of the
overall transport process, because other ph&sicochemical
phenomena mentioned in the earlier pages tend to interfere
with the gradient-oriented movement of migrating species.
The diffusion process is subject to more quantitative
analytic description than any of the other processes
because the driving force for diffusion, the concentration
gradient, can be characterized more readily.

The flux of adsorbate across the external gas film
surrounding the adsorbent particle can be expressed in
terms of a mass transfer coefficient. Thus the flux
through the particle surface can be equated to that
across the gas film by the relation

3Y
— = —
K (Y YP) = De(—gg) 39023

wherg Y and Yp represent-the bulk gas phase and pore gas
concentrations respectively, r is the radical parameter.
De is the effective diffusivitv within the particle and
K. is the external mass transfer coefficient. The mass

transfer coefficient can be computed from correlations

such as that of De Acetis and Thodos (71) for fixed beds.
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The following step is intraparticle diffusion whereby
organic solvent molecules are transferred from the
external surface of the adsorbent to its internal surface
by some diffusive mechanism. The raﬁe of diffusion
within a porous material can be expressed by means of

Fick's law. Assuming the adsorbent particles to be

spherical,
S A et | 3 o 9% : _
T e T - Aegs

The type of diffusion taking place within the pores
depends on the relative size of the pore diameter and the
mean free path of the vapour under the conditions which
exist in the pores. At low pressures, or in small
diameter pores, Knusden (72) showed the diffusion coefficient
to be given by
(2RT 0.5 = 3.95

O.08 U

D = < 33 —?ﬁ) = D

K
where DK is the Knusden diffusion coeffieient, 3% the
pore radius, and 6 the mean molecular velocity.

In larger pores, or at high pressures, most éollisious
are between molecules and the diffusive mechanism is the
same as in the bulk gas. Values of such diffusion
coefficients can be obtained from the literature (73, 74).

Finally, in physical adsorption such as in the
adsorption of organic vapours on charcoal cloth, the
actual adsorption rate is extremely rapid and is regarded
as not to influence the overall kinetics. The relative
effects of interparticle and intraparticle mass transfer

can be evaluated from the Nusselt Number (69). The
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ratio of the resistance to mass transfer to that in

the external gas film is defined by the Nusselt Number

and generally shows that most of the ;esistance is in

the solid. Vermeulen (75) has shown that under isothermal
conditions the diffusional resistances may be combined

to give one overall resistance to mass transfer.

Since the rate limiting step controls the rate at
which the adsorption proceeds, adsorption can be analogous
to a chemical reaction e.g. A > B. However,.the actual
mechanism of transport and adsorption is not yet well
understood. Because of the complexity of the internal
pore structure, kinetics have generally been modelled
with a single effective diffusion parameter active
throughout the particle even though it is accepted that
charcoal cloth like other activated carbons shows
heterogeneous surface properties and a wide range of pore
sizes.

In the phenolic adsorption studies with granular
charcoal by Snoeyink (123) and Zogorski et al. (124),
among others, a rapid initial uptake phase followed by a
slow approach to equilibrium was noted. Such behaviour
is not consistent with the single effective diffusion
parameter model. In addition, several authors (125,126)
have demonstrated that the effective diffusion parameter
in small pores is strongly dependent on the pore diameter
to solute diameter ratio, and that diffusion rates
decrease with decreasing pore size. Since charcoal

cloth shows wider range of pore sizes depending on the
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carbonising treatment as well as the time of subsequent
activation and the temperature at which it is carried
out, a corresponding range of diffusion rates should be
expected. Rapid saturation of the fast diffusing pores
would result in a net decrease in effective diffusion
rate as adsorption proceeds.

As an approximation to the microscopic descriptibn of
the diffusional process, a model has been developed which
divides the whole adsorption mechanism' into two regions
of different diffusion rates:-

a) Diffusion of the organic vapour from the air through
the gas film to the external surface of the adsorbent
cloth. This region is called the macropore region.

b) Diffusion of the solven: vapour molecules into the
pores of the charcoal cloth. This region is called the
micropore region.

Relatively rapid diffusion and adsorption occurs in
the macropores,and the remaining slow approach to
equilibrium occurs in the micropores.

The micropores are assumed to be homogeneously
distributed throughout the particle and to branch off
the larger macropore network which is responsible for
radial transport. However, it is not possible to
define the dimensions of the microporous sub-units when
dealing with activated carbons. Thus, a lumped parameter
approach is used to describe diffusion in the micropores.
A surface diffusion mechanism is assumed to be responsible

for transport in the macropores.
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Measured surface diffusion coefficients within the
macropore network are comparable to previously reported
coefficients obtained using a single parameter approach.
This agreement is due to the large amount of adsorption
into the macropores which is observed in a typical,
relatively brief kinetic experiment. Adsorption into
the micropores is so slow that the macropore region is
essentially saturated before significant micropore capacity
is utilized.

The capacity in the micropore region constitutes
about 30% of the totél adsorptive capacity. This slowly
utilized capacity is neglected by the standard single
interparticle rate model; it constitutes the differences
between adsorptive capacity realized in a short batch
kinetic experiment and the capacity measured over an
extended period in an isotherm evaluation.

Comparison of the calculated adsorption capacities
within the micropore region at different equilibrium
liquid-phase concentrations indicates that the micfopore
capacities are essentially constant, independentof liquid-
phase concentration. Such behaviour is indicative of
very strong adsorbate-adsorbent interaction and suggests
that adsorption within this region may be of a different

type to that in the larger pores (76).

3.7 Potential Theory of Adsorption

The potential theory of adsorption originates with

De Saussre (77) as far back as 1814. According to him,
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the adsorbent exerts a strong attractive force upon the
gas in its vicinity, this attraction giving rise to
adsorption. The forces of attraction reaching out from
the surface are so great that many adsorbed layers can
form on the surface. These layers are under compression,
partly because of the attractive force of the surface,
partly because each layer is compressed by all the

layers adsorbed on top of it. The compression is the
greatest on the first adsorbed layer, less Qn the second,
and so on until the density decreases to that of the
surrounding gas. Thus the structure of the adsorbed
phase is analogous to that of the atmosphere surrounding

the earth.

3.7.1 Dubinin-Polanyi Equation

Eucken (78) was the first to conceiwe of the force
of adsorption as an intermolecular potential gradient,
but the correct quantitative formulation of the theory
is due to Polanyi (79). According to him, the dgtermining
role is played by dispersionforces. The views developed
are applicable to the physical adsorption of gases and
vapours on carbonaceous adsorbents that consist of a
nonpolar substance - carbon. They are also equally
applied for other adsorbate-adsorbent systems in which
dispersionforces are the dominant component of adsorption
interaction (80).

Active carbons are adsorbents with energetically
non-uniform surfaces, which is a consequence of the

disordered arrangement of the elementary crystallites of
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carbon at the surface of the adsorbent, giving the
surface a mosaic-like structure. This results in an
enhanced adsorption energy in the micropores of the
carbon due to the superposition of the fields of the
opposite walls of the pores. The vapour adsorbed on

the surface mainly of the smallest pores of active carbon
is converted into a liquid, due to compression. From

the conditions of equilibrium it follows that the surface
of the condensed adsorption layer is equipoﬁential. As

a reasonably good approximation, the volume of liquid
expresses the volume of filled adsorption space.

Although there are many theories concerning adsbrption
of vapour on activated carbon, the Dubinin-Polanyi
equation is a simple and practically useful equation of
estimation of adsorption capacity for the organic vapour
on activated carbon. Dubinin (28) reported that the
adsorbed amount in liquid volume per unit weight of
microporous adsorbent, W, could be shown by the following
equation from Polanyi's adsorption potential theory:

ln (W/W,) = -KAZ 3.26

Here W, is an apparent limiting amount of adsorption for
each adsorbent, K is a parameter for each system of
adsorbent and adsorbate, A is differential molar work

of adsorption, R is the gas constant, and T is the absolute
temperature of adsorption. P, and P are saturated

vapour pressure and adsorbed vapour pressure, respectively.
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For a standard adsorbate eq 3.26 was replaced
by eg. 3.247%
— 2 -
1n {W/WO} = KSAS 327
Ks and As stand for K and A for a standard adsorbate

A and As are related by the eqg. 3.28:

Substituting the value of A, from eq. 3.28 and the value

of A from egq. 3.20 to eqg. 3.27, we have

e 3 2ond
1n (W/WO) = (KS/B )A
KSAz
1nW = lnwo - e
B
2
K [RT1ln(P_/P)]
= lowW_ - S 5 o
B8
2.3 KS[RT log(PO;'P)]2
log W = log WO - 52 3.29

B 1is the affinity coefficient for adsorption on activated
carbon and it could be approximated by the ratio.of molar
volumes or parachors of an adsorbate to the standard
adsorbate.

The adsorbed vapour pressurevP can be calculated

from the ideal gas law.

P = 0:062 (273 % t) C
M
t = Adsorption temperature
C = Concentration of adsorbate

Ky
1l

A Molecular weight of adsorbate

The saturated vapour pressure PO is given approximately
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by the Antoine egquation:
- s
log Po G cl+t

where aj, bl and Cl are parameters of the adsorbate

Q = Adsorption capacity

= Mass of adsorbate per unit mass of adsorbent

= Wd

t
= W(do = NEt)
where,
dt = Density of the liquid adsorbate at t°C
do = Density of the liquid adsorbate at 0°C

2
I

Thermal coefficient of expansion of liquid

Taking the logarithm of eg. 3.32 we have

log Q = logW + log (dO - at)

Substituting the value of logW from eq. 3.29 in the

above equation we have 2
2es K [RT log(P_/P)]

log Q = logW_ - =

o 52

+ log (dO - at)

Urano et al.(8l) assumed that

7

2.3 KR 4.6 x 10

and W = + 0.000055

o »3.2

Equation 3.34 then becomes

log @ = log [(vz, + 0.000055)(d, - at)]
LG e 10'7)(31%15)2 (log P - log P)°
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I

where,u3 2 Volume of the micropores smaller ttan
3.2 x 1079n in diameter

0.56 x 10-3 m3kg™t (82)

8 can be related to surface tension, molecular weight

and densitylof the adsorbate (94) :

v /a5
g = T 338
[YI M/d;5]genzene
where
y = Surface tension at 15°C
d15= Density of the adsorbate at 15°C

The wvalues of aqs bl’ Cq do‘ o, ¥ and dl5 for all
the four solvents used in the present work can bs
obtained from literature (83-85) and is listed in appendix V.,

From these values the adsorption capacity for each of

the four solvents can be calculated using equation 3.37.

3.7.2 Limitations of the Dubinin-Polanyi equation

The Dubinin-Polanyi equation 3.29 can be expressed

in the linear form

A v 2
log Ww = logwo Dy log (PO/P} .39
22
where By = 2.3KgRT 3.40
B2

Dubinin (34, 86) presented experimental data to show

that equation 3.39 adequately describes, over a wide
pressure range, the adsorption data of many adsorbates
onto a wide variety of microporcus carbons, both activated

and unactivated. Also it has been shown (29,87,88)
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that many cases of adsorption of vapours on nonporous
solids can be linearized in the submonolayer region by
equation 3.29. Therefore, it would appear that the
Dubinin-Polanyi equation has . surprisingly wide applic-
ability. But deviations from linearity can be observed
at low values of log2 G%Jp)due to capillary condensation
in transitional pores or multilayer formation on the
walls of macropores (28) when the plot deviates upwards
with increased slope.

The Dubinin-Polanyi equation is empirical in origin
and predicts that there is a distribution of free energies
with adsorption volume of the form,

e
-2KAG . (X ag )
8 8

£(AG) = 341

The above equation is known as the Rayleigh distribution.
Marsh and Rand (89) reported that the distribution is
skewed towards high values of -AG. It has been suggested
by Marsh and Siemieniewska (90) that linear plots
result because the distribution of adsorption free energy
with adsorption volume follows the Rayleigh distribution.
But Gregg and Sing (91) consider that the wide applica-
bility of the equation 3.29 arises because the plot of
log W vs logz(Po/P) is inherently insensitive and the
distribution of adsorption free energy with adsorption
volume need not be of the Rayleigh type.

In accordance with the basic equation 3.27 of the

theory, Ks and Wo depend on the nature of the adsorbent.
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In the p¥esent research KS haz been taken as

2.8 X% 10_9 mol2 as reported in (81).
J 4
It has been mentioned in the literature that

values of Ks do vary depending on the adsorbent (28,31,

92,93). Dubinin found (28) that the wvalues. of Ks for
benzene would usually range from 1.l x 1072 to
mol2

2.3 % 10~ —32“ and they were influenced by the pore
size distribution pattern of micropores. Urano et al. (81)

9 m012 as a good approximation

suggested K = 2.8 x 10~
without complicated correct{on. They also suggested that
WO, the apparent limiting amount of adsorption is equal to

3 3

0.000055 m kg’l(0.0SS cm g_l],plus the micropore volume

of the adsorbent. Jayson et al. (82) found that the
micropore volume of charcoal cloth is 0.56 x 107> m> kg_lf
But upon heat treatment this value is bound to be changed
and the original equation 3.29 does not make any allowance
for this.
The adsorbed substance stays in the adsorption
force field in a hiaghly compressed state. And siﬁce
upon approaching the critical temperature the comoress-
ibility of the liguid increases ravidly. the conception
that the volume does not change ceases to be justified.
Dubinin (80) related the temperature dependence of

density by a linear relationship in the range of boiling

temperature to critical temperature. Adsorption capacity

does not change below the critical temperature region.

The invariance of temperature has been reported in various
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literature (28,31,80). Above critical temperature
P
logztﬁg) in equation 3.29 is to be substituted by

logQ(PCfﬁJ white T ‘= == sandebs s ihe Sritical
—P'—"' i tcr cr

pressure and t., is the critical temperature.

Dubinin (28) reported that the affinity coefficient
B for adsorption on activated carbon could be approximated
by the ratio of parachors of an adsorbaté £o the standard
adsorbate, regardless of the activated carbon. Benzene
was used as a standard adsorbate. Reucrof£ et al. (94)
reported that B could be approximated by the ratio of
polarities for polar organic adsorbates better than
parachors. When the adsorbate molecules are polar in
nature, electrostatic interactions may play a greater role
in determining the total adsorptive interaction which
determines the adsorption isotherm. In the case of a
non-polar adsorbent there will be contributions from
dipole-induced forces (95). If the adsorbent possesses
some polar nature due to the presence of ionic impurities,
there will be an additional contribution from ion-dipole
forces. Rewroft et al. (94) concluded that electronic

polarization Py gives better reults in case of polar

adsorbates.
Pe
B = = 3 .42
eref
wEnli ok
where Pe = 5 3 3 .43
N“+2 t
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N = Refractive index of liquid adsorbate
measured at sodium D wavelength

M = Molecular weight of the adsorbate

dt = Density of the adsorbate at t°C

Reucroft et al. suggested (94) that the reference
substance should be chosen according to the nature of the
adsorbate. They divided all the adsorbates into three
categories and assigned three compounds as the reference
compounds:- carbon tetrachloride for non-poiar adsorbates,
chloroform for weakly polar adsorbates, and acetone for
polar adsorbates as reference substances. It was found
that the ratio of parachors gives good agreement between
the theoretical and experimental values of affinity
coefficients of non-polar compounds whereas for weakly
polar and strongly polar compounds, ratio of polarization
gives better agreement. In the present work, g is calculated
using equation 3.38.

The general equation representing the theory of
volume filling of micropores is expressed (92) by -the

following equation:

1n (g—) S R 3.44

o

The above equation is identical to eguation 3.26
if n = 2 and then the eq. 3.44 is known as the Dubinin-
Polanyi equation. It has been suggested (96) that
non-integ?él values of n can provide a better fit of
experimental results to equation 3.39 in particular

for carbons with high degrees of activation. Stoeckli



et al. (92) suggest a range of n between 1.2 and 2.0.
Rand (96) found n to be equal to 3 for some adsorption
experiments. It is agreed that n decreases with
increasing activation but no clear correlation could be

found between them (92).

3.7.3 The Modified Dubinin-Polanyi Equation

Assuming Dubinin-Polanyi equation toc be applicable
to a homogeneous system of micropores, some authors_
(92, 97) suggested that for a heterogeneous collection of
micropores, the overall adsorption isotherm is a sum of

contributions.

W

2 2
EWOj exp [—Bj{T/B) log (PO/P)] 3.45

The quantities Wo' and Bj correspond to a given class of
micropores.

From equation 3.29, B = Kg (2.3 R)2 3.46

Accepting the possibility of a continuous distribution

of the microporosity,the equation is replaced by an
integral:
W = J £(B) exp[-B yldB | 3.47
o
2 2
where y = (T/8)" log” (Po/P) 3.48

Huber et al. (97) suggested a Gaussian-based general

equation:
W = WO exp (-By ¥) exp{y2&2/2)(l—erf{x)}52 3.49
where x = (y—BO/az}a/ (2)0'5 3.50
B,= average value of B
A = distribution width
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Dubinin (98) suggested a linear relationship
between n and A :

n = 2.00 -1.90 x 10°a 3.51
The value of 10°A varies between 0.14 and 035,

It is now well established that for microporous
materials many isotherms obtained by Dubinin (80) do
fit the Dubinin-Polanyi equation. There can be no
doubt that this particular equation does describe the
overall adsorption process. The non-agreement of iso-
thermal data is the result of an inability to establish
positions of thermodynamic equilibrium because of slow
rate of adsorption. Deviation is most pronounced at
lowest relative pressures. Heterogeneity in strongly-
activated carbons manifests itself through the variabls A
ard the structural constant B of the original equation,
but more detailed information is needed as to the

relation between B and exact pore dimensions.

3.8 Adsorption Kinetics

Hiester and Vermeulen (99) and Masamune and Smith
(100) have considered physical gas adsorption to be
kinetically second order, involving the interaction between
an active site and a free gas molecule. Jonas and
Svirbely (101) have shown that the sigmoid curve,
resulting from a plot of gas concentration exiting from
a packed bed of activated carbon granules against time,
displays second order kinetics only in the linear or
mid-portion of the curve where the exit concentration

rises rapidly with time. The first portion of the sigmoid
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curve showing trace gas penetration of the bed and
characterized by its convexity with the time axis,
represents the condition of an excess of active sites

over free gas molecules, and displays.pseudo first order
kinetics with respect to gas molecules. Analogously, the
final portion of the curve, where the number of wvacant
active sites is rapidiy being depleted, and which shows

a concavity toward the time axis, represents an excess

of free gas molecules over active sites, and displays

pseudo first order kinetics with respect to active sites.

3.8.1. Adsorption Rate Constant

The kinetic equation, applicable to the study of
vapour adsorption on activated carbon at varioué flow
rates was originally derived by Wheeler and Robell (102)
from a continuity equation of mass balance between the
gas entering an adsorbent bed and the sum of the gas
adsorbed plus that penetréting through the bed. Four
basic differential equations were derived which described
concurrent gas adsorption phenomena in a bed and ﬁhich
required simultaneous solution. By means of various
simplifying assumptions the four equations were reduced
to one differential equation:

-dF
dx

1

= (KV/VL)Flw(Fl) 3.52

Combining the above equation with the mass balance

equation,
A 8
Co Vyoy = B é W(x)dx + V. gC{a)de .3.53



a relation between the breakthrough time 8

constant Kv was established (103, 105).

o B 1In (C_/C.)
9. = _W_e___ (W = B O X ]
b Cqy-F 4 K,

where
A = Bed thickness

V.= Superficial velocity

b

and rate

3.54

Cx= Outlet gas concentration at a point x in the bed

Co= Inlet concentration

Fy= Cx
Co
v(F)= A function of W4fWé
W4 = Adsorbent weight
We = Kinetic adsorption capacity
K, = Pseudo first order adsorption rate constant
C(A) = Concentration at a point X in the bed
W(x) = Adsorbed amount in liquid volume per unit
weight of adsorbent at a point x in the bed
eb = Breakthrough time -
F = Volumetric flow rate
Pg = Bulk density of the bed

Values of Bb plotted as a function of W4 vield

a straight line from whose slope and intercept We and K,

can be calculated provided the inlet vapour concentration,

volumetric flow rate, temperature, adsorbent type are

kept constant.
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Kinetic Adsorption

Vapour Adsorption Capacity Rate Constant
We (kg kg-l) | K, (sec™1)
Carbon tetrachlo- 0.741 2.3
ride
Chloroform 0.728 2 13.0
Benzene 0.404 : 18.2
p-Dioxane 0.476 y 18.%
sec-Butylamine 0.331 15.5
1l,2-Dichloroethane 0.61l6 JeF ey
Pyridine 0.661 16.4

Table 3.2 Adsorption parameters derived from regression

equation using granular carbon as adsorbent (103)
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3.8.2 Adsorption rate limit

Although the basic process of physical gas adsorption
is considered to be kinetically second order (99,100) from
a molecular viewpoint, the presence of excess active
sites over gas molecules makes the reaction pseudo first
order (101) with respect to gas molecules. Under these
conditions, the concept of a maximum or limiting value to
this first order rate constant, originally developed by
Wheeler (104) for catalytic reaction rates., can be
applied to gas adsorption. The maximum value would be
mass transfer limiting., and would reguire, when applied
to gas adsorption, diffusion and surface adsorption to be
so rapid that mass transfer of the gas to the external
surface limits the adsorption rate. 1In addition, Wheeler
(104) assumed no back evaporation or desorption of gas
molecules after initial adsorption. Based upon the

initial assumptions that all gases have the same viscosity
s

and Schmidt number (Sc = ~oD ¥ e
where

H = Viscosity

p = Density

D = Diffusivity

Wheeler (104) approximated the mass transfer limitinc

value as 0.5
B e 3D Vy 3.55
= 3
M.dp PT
where Bpn 2. Total pressure

M

]

Average molecular weight of air-vapour mixture
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As the vapour concentration is low,M can be taken

as that of air and PT as one atmosphere. This simplifies

the equation 3.55 to
3 3
g. "o igenda 72 @h L

Lp

3.8.3 Alternative Method to Calculate Adsorption Rate

Constant
Jonas and Rehrmann (105) found the pseudo first order
adsorption rate constant K, to be a function of super-

ficial linear velocity V. of the gas air flow. They

L
conducted some adsorption experiments with benzene on
activated carbon granules. Despite the close agreement
between the calculated and experimental values for the
rate constant, equation 3.56 showed its weakness as a
mathematical form. As VL * 0, K_+ O despite the fact
that a condition of zero flow velocity should still
exhibit a diffusional component with a small but finite
adsorption rate constant. As VL-+infiniter°° increases
without limit.

Consistent with the concept of limiting values for

the rate constants in gas adsorption by activated carbon,

Jonas and Rehrmann have proposed a generalized mathematical

model (105).
& D
2 2 :
K. = 357
L6 syl =l3g¥0o N
L+ (5—) =
2
a b, and ¢, are constants which depend on the nature

e 2
of the adsorbent. In the above eguation 3.57,
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lim K, » —2—=2 = b, 3.58
VL+O 1+ (_2.)

ba
%12‘” Kv - a2+b2 = a2+b2 . 308
L

Adsorption rate constants for actiwated carbon as
a function of linear velocity were calculated using
equations 3.56 and 3.57. The authors (105) reported that
whereas equation 3.56 compares favourably with the
experimental values only at the velocity extremes
(at 0.02 and 0.5 m 541equation 3.57 was consistent with
all the intermediate velocities as well as the extreme
ones. Since the model equation 3.57 contains only three
constants, three sets of experimental values are used
to calculate the constants using an iterative process
for convergence of 0.001 between the observed and

calculated, values of the dependent variable.

3.9 Regeneration

The key to the effectiveness of activated cafbon as
an adsorbent is its ability to regenerate. Short
adsorption cycles dictate that in-place non-destructive
regeneration be used in order to avoid the carbon losses
that are typical of thermal techniques. Systems using
thermal regeneration are restricted to laow inlet
concentrations. During adsorption,the free energy of
the system is decreased and so energy is to be provided
to drive off the adsorbate from the adsorbent. A lower

equilibrium-loading capacity is to be reached by
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increasing temperature or decreasing the partial pressure.
Desorption can also be achieved by introducing a more
strongly adsorbed material to displaqe the previously
adsorbed compounds. Vapour phase adsorption systems are
usually regenerated using steam, hot gas or a combin-
ation of wvacuum and hot gas. Solvent regeneration is
usually limited to desorption of nonvolatiie organics
collected from aqueous phases (106).

The choice of regeneration method depehds on the
downstream use of the desorbed organics. The adsorption
step itself serves only to concentrate the organics
for subsequent destruction by other techniques. Although
condensing them from the regenerating fluid is the
customary approach, incinerating them in the regenerant
can be a cost-effective alternative to direct incineration
of dilute fumes - if the savings in capital and energy
that result from using a smaller fume incinerator offset

the expense of the adsorption system.

3.9.1 Regeneration Techniques

There are five basic technigues for desorbing a
loaded bed of adsorbent (69,106). These will be

discussed below.

3.9.1.1 Thermal Swina Desorption

Thermal swing desorption, the most commonly used
regeneration method, involves driving off the adsorbate

by raising the adsorbent bed temperature. The temperature
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can be increased by circulating a hot desorbate vapour
through the bed, heating with internal coils or a
combination of both. The rate of heat transfer limits
the desorption rate. Mass transfer rate is negligible
and the adsorbate loading remains in equilibrium with
the vapour over the bed during the desorption.

In the case of materials immiscible with water,
steam or hot water provides the simplest and most rapid
method of introducing the required heat. The drying of
the charcoal after the removal of the adsorbed materials
by steam seems to be unnecessary in many cases due to
the non-selective adsorption of the steam and its easy
displacement by preferentially adsorbed vapours. This
possible omission of the drying step constitutes an
economic advantage in certain adsorption cycles using

charcoal as an adsorbent (107).

3.9.1.1.1 Thermal Swing Desorption: Thermodynamic

Calculations

Thermal swing desorption removes an adsorbate
almost completely from an adsorbent. This method is
simple and equipment requirements are minimum. But
its disadvantage lies in the long time required for
a complete operation ranging from 8hr to 24 hr. The
long generation time makes this method unattractive for
use in bulk separation processes.

The application of heat with vacuum is an essential

to remove the adsorbate component. Without vacuum,
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there is a possibility of readsorption when the system
cools. Desorption is limited by the rate of heat
addition to the system which depends on the fluid
flow rate. The fluid flow is controlled by the pressure
drop. Therefore heat balances alone are insufficient
to design a thermal regeneration system. Some indirect
heating complicates the design criteria and also results
in non uniform addition of heat.

The minimum amount of heat necessary to change the

temperature of W4kgs of adsorbent from ts to t¢ is

Ql Wﬁcps(ts _‘%)

— - 0 -_— 3
Alk BCps(ts tf} 3.60
The rate of heat input to the bed is

At any time 8, the total amount of heat supplied to

the bed is
Q, - GAlef(ts = tf) 9 3.62
where
Ql = Minimum heat requirement
Cps = Specific heat of adsorbent
ts = 1Initial temperature of adsorbent
tf = Inlet temperature of fluid
Al = Cross-sectional area of adsorbent
A = Bed thickness
°g = Bulk densitv of, adsorbent
G = TFeed rate of carrier fluid
CDf = Specific heat of fluid
Q2 = Total heat supplied

g = Time 88



Combininag ecguations 3.60 and 3.62

Efficiency

S

G 6 Cpf

The minimum regeneration temperature varies for
each adsorbate-adsorbent combination and depends on the
residual loading to be achieved. For water desorption
from molecular sieves the regeneration température'is
190°C (106). 1In large commercial adsorbers it is
common practice to design for a AT of 10°C (50°F) between

the heater outlet and the bed effluent.

3.9.1.2 Pressure Swing Desorption

Pressure swing desorption can be accomplished at
constant temperature by carrying out desorption under
pressure and regeneration at a lower total system
pressure. Pressure swing cycle is relatively simple.

It can be changed rapidly, heating and cooling steps are
eliminated and a pure adsorbate is recovered sincé no
separation of the desorbate and stripping agent is
necessary. A fast adsorption-desorption cycle substantially

reduces the adsorber dimensions.

3.9.1.3 Purge Gas Stripping

Purge gas stripping is achieved by passing an
essentially non-adsorbed gas through the adsorbent bed.

The purge gas removes the desorbate from the adsorbent
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surfaces, thus keeping the partial pressure of the com-
ponent over the bed below its equilibrium wvalue. The
amount of material desorbed is influenced by the
temperature and total pressure of the operation. The
lighter the desorbate equilibrium vapour pressure for

a given bed loading, the more material is transferred
from the adsorbed phase to the purge gas before
equilibrium is approached. Higher operating temperatures
aid the overall desorption réte since the equilibrium
desorbate vapour pressure for a given bed loading increases
with temperature. Lower total operating pressures result
in a more efficient utilization of the stripping gas
since a higher desorbate concentration in the effluent

is obtained for a fixed desorbate vapour pressure.

3.9.1.4 Displacement Desorption

A displacement desorption cycle is one whereby a
more strongly adsorbed adsorbate is used to displace the
original adsorbate. This regeneration technique is
often used to desorb a temperature sensitive matefial,
but a further desorption cycle is required to desorb
the displaced substance before commencing adsorption on

the next cycle.

3.9.1.5 Combination Desorption

Thermal swing, purge gas stripping and displacement
desorption techniques are all involved in this
regeneration cycle. Removal of solvents from charcoal

using steam is an example of this process.
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CHAPTER 4

ADSORPTION STUDIES - PROCEDURE
AND TREATMENT OF RESULTS
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4 Adsorption Studies - Procedure and Treatment of Results

This chapter describes the investigations into the
adsorption capacities of charcoal cloth for four different
organic solvents from an air stream. The experimental
objectives are outlined, followed by a description of the
rig. Experimental procedures and analytical methods are
then discussed in the subsequent sections.

4.1 Experimental Objectives

Adsorption of toluene, heptane, tetrachloroethylene
and o-xylene on charcoal cloth is studied. Adsorption is
continued until the cloth is saturated, that is, when the
system has reached the equilibrium stage. Effluent concen-
tration is plotted against time to find the saturation time.
25, 35 and 45 layers of charcoal cloth are used for each
liquid solvent flow rate. Adsorbate-adsorbent ratios are
calculated for the whole length of experiment and also at
the first sign of saturation. For each solvent three
different weights of charcoal cloth are used for each flow
rate. Five different flowrates are used ranging from
0025 % 1072 m 87" to 0.0l.x 16°° m 8. - br . edeh run,
breakthrough time required for the outlet concentration to
reach 10% of the inlet concentration, is found from the
graph of outlet vapour concentration against time. Three
such times are plotted against weight of charcoal cloth used
for the respective experiments. A regression analysis is
performed with those three values and from the slope and
intercept, the rate constant is calculated.

Charcoal cloth is regenerated using hot air in an oven
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PLATE 4.1

GENERAL VIEW OF THE EXPERIMENTAL- RIG

Syringe Pump

Hot Finger Vaporiser
Thermometer
Anemometer

Canister

Flow Meter Manometer

Mass Spectrometer
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and the concentration of the vapour leaving the oven is
measured and plotted against time.

4.2 Description of the Rig

Adsorption of solvent vapour on charcoal cloth takes
place in a 0.1524 m (6") long canister which is a part
of a 1.8 m long pipe. The diameter of the pipe is
0.1524 m (6"). The adsorbing region is at a distance of
ten diameters from the entrance point of thé vapour. This
is to avoid stratification. The entrance section of the
canister is covered by a PVC plate with a .0254 m (1")
diameter hole in the centre. At the exit section, there
is a similar PVC plate with a .0254m(1") diameter hole
at the centre. This arrangement is to allow the wvapour
maximum residence time. Circular segments of charcoal
cloth, cut approximately to about 0.1524m(6") diameter,
are interleaved with a plastic mesh between each to
support the cloth. To avoid leaking through the edges
of the canister, the cloth pieces are cut so as to overlap
the edges of the rigid plastic mesh. |

The air-vapour mixture enters the rig through a
.0254m (1") diameter hole at a point which is about
1.6 m from the entrance of the canister. The 1.8 m
long pipe is connected to the fume cupboard and through the
fan the exhaust vapour is released to the atmosphere.

Four thermocouples are placed at equidistant points
alongside the long pipe to check the variation of temper-
ature of the air-solvent vapour mixture as they proceed

towards the canister, the adsorbing region. The thermo-
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couples are connected to a thermometer placed below
the rig. A hot wire anemometer is used on the rig to
monitor the velocity of the air-solvent vapour mixture.

4.2.1 Solvent-Air Mixing Section

Air, to carry the organic vapour, is available
from a pipeline in the laboratory. Its volumetric flow
is measured by a metric 7A rotameter and.can be varied
between rates of 1.66 x 107> m> s~ ! and 1.83 x 10”4 n3 s
by a plug valve immediately preceeding thé flow in&ic—
ator. The relative humidity of the air is determined
from a hygrometer enclosed in a perspex box through
which the air flows.

A syringe pump, Model 351 ex Sage Instruments,

which can deliver liquids at rates between 2.5 x 10"9

ME e and is x 107 ek s umed to deliver the
liquid solvent onto the glass 'hot finger' element. The
'hot finger', used to vapourize the solvent, is heated
by 1.95 m of heating wire which has a resistance of
150 g m°~. ‘the heating wire is coiled inside the
‘glass finger', and the ends of the wire are connected
to the terminals of a 2A Torovolt with an output volt-
age ranging from O - 270v.

The set-up shown in Figure 4.2 is used to mix
the air and solvent vapour before it is passed through a

PVC tube to the base of the adsorber.

4.3 Experimental Procedure

The adsorption canister is fitted into the pipe

in the appropriate section and the 'hot finger' switched
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on to warm-up. The syringe pump is set to required
flow rate. The mass spectrometer is to be switched
on at least one hour before the experiment is to be
started. The inlet and outlet sampling probes of the
adsorbing section are installed. Compressed air is
passed through the rotameter, the liguid is passed on
the 'hot finger' and the air-vapour mixture thus
created is diluted by the atmospheric airldrawn by
the fan of the fume cupboard which is attached to exit
section of the adsorbing region. The temperature is
measured at four equidistant points along the path of
the adsorber and the anemometer fitted near the
adsorbing zone indicates the velocity of the incoming
air-solvent vapour mixture. The pressure drop across
the canister is measured by a water manometer.

After the cloth is saturated with the vapour, the
canister is separated from the pipe and layers of cloth
are removed and placed in the oven at a pre-set temperature.
The vent pipe of the oven leads to an extractiné fan.
A probe, fitted in this line, is connected to mass
spectrometer to record the exit concentration of
described vapour.

4.4 Mass Spectrometer

The inlet and outlet concentration of vapour
passing through the adsorbing section are measured by
mass spectrometer.

The following paragraphs describe the operating

procedure of mass spectrometer. A description of the
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fault diagnosis is outlined at the end.

4.4.1 Operating Prdcédure

4.4.1.1 Starting Up

The mass spectrometer is to be connected to a
suitable mains supply. The off indicator will be
illuminated once the standby is depressed. The inlet
rotary pump and the ventilation pumps will start
running.

After about 45 seconds the inlet rotary pump will
start and if no gross leak is detected by the capsule
switch, the diffusion pump heater will itself start
together with the left hand timer on the wvacuum control
unit, If a high pressure is detected by the capsule
switch, the off button indicator will be extinguished.

4,4.1.2 Mass Tuning

In order to set the mass tuning correctly a mixture
containing the required gases must be sampled by the
inlet. One of the inlets has to be connected and
selected by the rear inlet valve. The electronics unit
is to be pulled out to expose the control panel. All
automatic sensitivity control switches will be switched
off and channel gains are to be reduced to minimum.

Mass position of the digital panel meter function switch
is selected according to the vapour to be tested. A
detailed list of mass number and their relative peaks
for many compounds are included in the literature (129).

The mass tuning meter is to be watched for a deflection
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indicating the ion current being collected. If no
deflection is obtained, the sensitivity will have
to be increased until a deflection of approximately
half scale is obtained.

The operate button is then depressed and if all
the warning indicators are extinguished, the mass
spectrometer is then ready to use.

4.4.1.3 Shutting Down

The mass spectrometer must be kept on standby
condition when it is not used. To shut down, the
inlet selector valve should be moved to off position
before moving to standby. About five minutes should
be allowed for the ion source to cool when the off
button can be depressed.

4.4.1.4 Sampling Technique (Respiratory Mode)

The inlet capillary assembly is a nylon luer
fitting with the fine bore capillary extending half
inch from the tip. The orifice of the fine bore.
capillary must be immersed directly in sample flow to
avoid protracted response times due to any dead volumes
surrounding the tip.

4.4.2 Fault Diagnosis

The four warning indicators on the top panel
should be extinguished when the instrument is functioning
correctly. However, there are occasions when one or more
of the warning lights may be illuminated. The inlet

light shows when the inlet tube is blocked. A high
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pressure in the vacuum system causes the HiVac
indicator on. In case of a burnt filament, it should
be replaced by a new one. And if the ion current
available is insufficient sensitivity alarm will show
up. In this case amplifier gain control is to be
increased. On every occasion of incorrect functioning,
the machine is to be put to standby before any alter-
ation is carried out.

4.5 Treatment of Experimental Results

For each solvent, five different flowrates were

used ranging from 0.25 x 10 ¢ m> s~} to 1.0 x 10~8 m

§ . iPot each flowrate thrde different weights of

3

charcoal cloth were used. The outlet vapour concentrations
were calculated from the peak heights on the mass
spectrometer trace. The inlet vapour concentration

was calculated beforehand from the experimental known
flowrates. A sample of calculation of ihlet and outlet
concentration is outlined in Appendix I.

Three graphs are plotted for each of the four
solvents showing the variation of outlet vapour
concentration against time. As expected,the breakthrough
occurs more swiftly with the highest inlet solvent
concentration and vice versa. Almost all of the
experiments were continued a significant time after
saturation to make sure that all stages of adsorption
could be observed. Breakthrough time has been shown
separately in Appendix VI. Appendix II shows the

total time of the experiment where the adsorbate-adsorbent
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ratio has been calculated based on the total mass of
the inlet solvent. It also tabulates the experimental
condition of each run. The area under the curve of
outlet vapour concentration against time is calculated
with the help of a computer program. From the area
the mass of the solvent vapour leaving the adsorbent
is calculated. The weights of charcoal cloth before
and after the experiment gives the amount of solvent
vapour adosrbed. By a material balance over the
adsorbent bed, it has been found that a part of the
inlet solvent vapour cannot be traced. One possible
explanation is that the solvent vapour, mixed with
large amount of air, reacts on the surface of charcoal
cloth, the latter behaving as a catalyst in this case.
It has been mentioned before that the first sign
of saturation occurs before the experiments are
finished. From the outlet vapour concentration vs
time graph, the saturation time has been deduced and
the adsorbate-adsorbent ratio has been calculatéd at
this time. This ratio is less than the same value
calculated based on the total time of the experiment.
The time required for the outlet vapour concentration
to feach 10% of the inlet vapour concentration has
been recorded. Three values were obtained for each
flow rate and they were plotted against the different
weights of charcoal cloth used. Regression analysis
was performed using three of these values and from the

slope and intercept of the best straight line drawn
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through these three points,the adsorption rate
constant was calculated using equation 3.54. An
example of the calculation of the adsorption rate
constant has been included in Appendix I. Five rate
constant values were obtained for five of the inlet
solvent flowrates.

The Dubinin-Polanyi equation has been used to
calculate the theoretical value of the adéorbate-
adsorbent ratio using the physical characteristics
of the solvent and the experimental conditions. A
computer program for the calculation has been listed
in Appendix X.

It has been assumed that the loss of the solvent
vapour due to some chemical reaction on the cloth
surface happens after the charcoal cloth becomes
saturated. Reaction occurs near the saturation point
due to the excess of solvent vapour over the active
free sites of the adsorbent. To verify the above
assumption two runs were carried out for each of the
solvents with the highest and lowest inlet liquid solvent
8 mos~ L

flowrates. With the lowest flowrate (0.25 x 10

the run.was for 5400 seconds (90 minutes) and with
the highest flowrate (1.00 x 10~° mBS_l) the run was
for 1800 seconds (30 minutes). But the rate of loss
did not differ very much from the loss observed
after saturation has been reached. This shows that

the chemical reaction goes on simultaneously with the

adsorption process. The results are tabulated in Appendix IX.
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4.6 Effect of Number of Regenerationson the Activity

of Charcoal Cloth

To investigate the effects of numerous regeneration
cycles, adsorption experiments were carried out using
25 layers of charcoal cloth at a flowrate of 0.25 x
10°%n3 s7! of toluene. The outlet vapour concentration
was monitored and adsorption continued until the
outlet concentration reached 10% of inlet .concentration.
The charcoal cloth was then removed and heated up in
the oven to be used again. This procedure was repeated
eight times with the same cloth and the adsorption

times recorded did not differ very much. The results

are tabulated in Table 4.1.

Expt. No. Adsorption Time for Outlet Concen-
tration to reach 10% of Inlet
Concentration Time
(sec)

3240
3840
3720
2880
3360
3240
3480
3060

W 1 O U = W =

Table 4.1 Summary of results of the effect of number

of regenerationson the activity of charcoal cloth
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CHAPTER 5

DESIGN OF FILTER CANISTER
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5 Design of Filter Canister

5.1 Introduction

To design an optimum adsorption system the design
engineer must take into consideration many process and
equipment factors, besides knowledge of stoichiometry,
equilibria, rate and adsorbent life. The factors that
influence the performance of an adsorber system need to
be considered as a whole after the individual elements
have been treated separately. The interaction of these
factors is usually complex. The optimization of a
process design invariably involves a series of trade-
offs within practical limits.

5.1.1 Choice of Adsorbent

The proper choice of the type of adsorbent to be
used in a particular application constitutes one of the
most important factors in evolving an efficient and
economic design. The type of adsorbent chosen depends
on its adsorption capacity for the components to be
removed, good mass transfer rate, and low deactivation
rate. For particulate adsorbents the particle size
affects the mass transfer rate and pressure drop in the
adsorbent bed as well as the maximum lifting velocity.

Most industrial adsorbents are capable of adsorbing
of both inorganic and organic vapours but their preferential
adsorption characteristics and other physical properties
make certain adsorbents to have a better advantage over the
others for a particular adsorbate. Activated alumina,

silica gel and molecular sieves will adsorb water
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preferentially from a mixture of water vapour and an
organic compound whereas charcoal cloth or activated carbon
will do just the opposite. It has been reported in the
literature (90) that preferential adsorption properties

of carbon can be partially regulated by the type of

surface oxide induced on the carbon.

In some cases, none of the adsorbents has sufficient
retaining adsorption capacity for a particular adsorbate.
In cases where adsorption ié otherwise minimal, a large
surface area adsorbent is impregnated with an inorganic
compound or sometimes with a high molecular-weight
organic compound which reacts chemically with the adsorbate.
Iodine-impregnated carbons are used to remove mercury
vapour and bromine-impregnated carbons are used to
remove ethylene or propylene. These are examples of
catalytic conversion or reaction to a more easily adsorbable
compound. An impregnated adsorbent is available for most
compounds which are not easily adsorbed by non-
impregnated adsorbents.

5.1.2 Flow Rate

The removal of a vapour molecule from the air stream
may be reéarded as a two step process. The vapour mole-
cule diffuses from the flowing air stream through a
motionless air close to the surface and then it is
adsorbed on the surface of the adsorbent. The rate of
removal will be determined by the slower of these two

processes. A linear relationship exists between the
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breakdown time and the reciprocal of flow rate (113).
The flow rate and column length effects are closely
related and change in flow rate alters the critical bed
length.

5.1.3 Column Length

The effect of bed depth on adsorption mass transfer
is two fold. The bed will have to be deeper_than the
length of the transfer zone which is not saturated. 'And
any multiplication of the minimum bed depth gives more
than proportional increased capacity. It is advantageous
to size the adsorbent bed to the maximum length allowed
by pressure drop. It is suggested (128) that the length

of the mass transfer zone (MTZ) can be experimentally

determined
Total bed depth
M 5.700. 8.0 = x*
2 2, b
where
eb = Time required to reach breakpoint
8, = Time required to saturate
X*= Degree of saturation in MTZ

Increasing the length increases the breakthrough
time. Danby et al. (113) found a linear relationship

between two parameters

No
0 = s
b s [ Aé
oL
where
eb = Dbreakthrough time
No = Number of active cenres
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v = Superficial velocity

L
CD = Initial concentration
A = Bed depth

Ac = Critical bed depth

Previously, the design of activated carbon columns
has been concerned primarily with hydraulic considerations.
Presently, individuals designing activated darbon systems
are becoming more aware of the necessity of evaluating
the chemical and physical aspects inherent in the adsorption
process.

Adsorption is a physico-chemical process, and the
design and operation of activated carbon units cannot be
optimized unless the physical and chemical aspects of
the adsorption process are also considered. A clear
understanding of the chemistry and physics inherent in
the adsorption process is a prerequisite if the adsorptive
characteristics of activated carbon are to be exploited to
their fullest extent. |

5.2 Design of the Proposed Filter

In constructing das adsorptive filters it is generally
desirable to combine maximum adsorptive capacity with
minimum gas flow resistance, minimum overall dimensions
and height. Maggs et al. (114) reported that arranging
the gas flow. substantially parallel, rather than perpendicular
to the plane of the charcloal cloth, gives higher adsorption
efficiency than the parallel flow. Resistance of charcoal

cloth is mainly a function of the weave. Reasonable air
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flow is combined in this material with high adsorptive
capacity under dynamic conditions.

To demonstrate the advantages of parallel flow
arrangement over perpendicular flow, Maggs and Smith (12)
did two sets of experiments using 0.2 m2 of charcoal
cloth. They found that the pressure drop was much less
in parallel flow than in perpendicular flow. An unusual
feature of the parallel flow designs was that with incr-
easing numbers of layers of adsorbent, the pressure drop
appeared to reduce. The authors also mentioned that
sometimes a combination of both types of mode can contribute
to a better filter with a high efficiency than with either
of them employed separately.

Maggs and Smith (12) noted that high adsorption
efficiency depends on the distance between the two
layers of charcoal cloth. They reported 00005 m as the
best distance. Efficiency decreases with increasing
distance. They recommended polyurethane foam as a_ spacer
material between layers of cloth because of its large
inter-communicating pofes.

In course of the present research polyurethane foam
was used as a separating medium. But it did not have
any advantages over the polythene mesh used, rather had
some handling problems as it took longer time to take
the charcoal cloths out of the canister and is liable

to give non uniform distribution of flow.
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5.2.1. Canister Designs

Four different arrangements of the cloth are used
in the canister. Experiments were performed and their
relative advantages and disadvantages are discussed
in the subsequent sections.

5.2.1.1 DESIGN ONE (See Figure 5.1)

All the sixty experiments tabulated in Appendix
II were performed using this design. Charcoal cloth is
cut to a size of the canister which is 0.1524 m (6") in
diameter. They are stacked one on top of the other with
a polythene mesh in between them. Some of the cloths are
pulled over the edges to stop the vapour being released
without being adsorbed. Three different heights of
0762m (3"), .lolém (4")and 0.1524m (5") are used.
25, 35 and 45 layers of cloth are used. The air-solvent
vapour mixture enters the canister through a .0254m (1")
hole at the centre of a baffle plate. The exit vapour
mixture leaves the canister through a similar hole at
the end of the canister and is sucked by the fan connected
to the fume cupboard and released to the atmosphere.

The pressure drop across the bed is measured by a
pitot tube and a manometer. The maximum pressure drop

for one layer of cloth has been quoted as 1 x 10_2 m

water gauge per unit flow rate (m s-l} (15) . The present
author records less pressure drop than the predicted
value. The pressure drop is higher when 0.2286 m (9")
diameter canister is used. The velocity ranges from 0.14

m s_l o102 m s_l. There is no change in the velocity
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range when 0.2286 (9") diameter canister is used.

$5.2.1.2 DESIGN TWO

This design is similar to that in design one except
that the exit end of the canister is different. Instead
of a plate with a hole of 0.0254m (1") diameter in the
centre, a circular plate is fixed to the éides of the
canister with 0.0127 m (0.5") space all round the plate.
Pressure drop was slightly less than in design one, but
it did not perform any better than the design one, in
fact in some cases it did worse than the design one. This
may be due to the fact that the space at the end of the
canister all round makes a large amount of vapour to
pass through the canister without passing through
the charcoal cloth.

Del's a3 DESIGN THREE

The 'exit end of this design is same as design two.
It only differs in the entrance section. A 0.2032 m (8")
long and .0356 (1.4") diameter pipe is welded on the
centre of the plate at the exit end. A number of holes
are made on the small pipe and charcocal cloth rolled over
and over the holes in a spiral "swiss roll" arrangement
to f£ill the canister. |

5.2.1.4 DESIGN FOUR

The basic arrangement in this case is the same as
the previous one except that the charcoal cloth is arranged
in a "pineapple ring" fashion. The objective in this

canister is to establish the parallel flow recommended
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PLATE 5.1

PARALLEL FLOW CANISTER
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by Maggs (12). An equal amount of toluene was adsorbed
on an equal amount of charcoal cloth using design three
and four. It has been found that both these designs
give approximately the same amount of adsorption
though design three has much higher pressure drop than
design four.

A summary of results using different designs has
been tabulated in Table 5.1.

It has been found in the experiments carried out
with the 0.1524 m (6") diameter canister with four different
designs that design one and design four give relatively
better adsorption and less pressure drop than the other
two designs (see Table 5.1). Design one and design
four were further examined using a 0.2286 m (9") diameter
canister with a flowrate of 2.5 x 10“9 m3 s_l of toluene
as solvent, each experiment being continued until equil-
ibrium was attained. Design one took longer time to
reach equilibrium than design four though approximétely
the same weights of cloth were used. The pressure drop
in both cases differed very little as was evidenced with
the canister of 0.1524 m (6") diameter.

With the parallel arrangement in design four which
was recommended by Maggs (12), it has been found that
adsorbate concentration was the highest at a point nearest
to the small inlet holes and lowest at the edges of the

cloth. This decrease in adsorption with increase in
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distance of the cloth from the inlet hole could be attri-
buted to the reduction in velocity of the air-vapour
mixture beyond the inlet.

5.3 Calculation of Reynold's Number

In view of the results shown in Table 5.1, design one
and design four seem to work better than design two and
design three. 1In the following section, Reynold's number
has been calculated for design one between two layers
of cloth, and in case of design four, Reynold's number
is calculated at three different points on the cloth
to identify possible variation.

5.3.1 Design One (Between Two Layers of Cloth)

BT 8 0.73
-3

p = 1.29 kg m

3 -3
o= 2 2 e iy m
e T8 % 102 N m

Re - oud
)

1229 % 0,20 w222 x lQHB

0.73:% 1.78 % 10°°
= 43.88

5.3.2 Design Four (Along the Cloth Surface)

Reynold's Number at emergence

Diameter of a small inlet hole = 5.5 x 10-3m

Number of inlet holes = 10
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22

mot (9N 2.5 % 16" %) % 02

u =g =
T (5.5 % 10O 3)2 = 16
= 33,88 . a2k
Re - M
v
129 x ¢85 x 1.71 x 1072
1.78 x 10 °
= 4281.68
Reynold's Number at half diameter
o L 3l.ss xb.25w x (5,50 10°3) 2
2% x 1.9 x 3.54 x 10 *%. 0.5 % 10 °
= 29.66m s
Ra, = 28C
v
S 1.29 x21.66 % 1.71 x 107°
1.78 x 10°°
= 2684.26
Reynold's Number at full diameter
=3.2
o3 3 34.55 x 0.257 x (5.5 x 10 )
2% a3 o8 e D54 % 10-2 X 0.5 % 10_3
£ 90 8% n et
e a2
u

1.29 x 10.83 % 1.71 x 10~°

1.78 x 10°°

1342.13
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There seems to be no clear correlation between
the Reynold's Number and the configuration of charcoal
cloth in the filter canister. It is apparent that Maggs'
design was on a smaller scale and lower pressure drop
was the main objective (12).

In terms of optimum conditions where méximum adsorption
is to be attained with minimum amount of adsorbent, the
present author believes that a canister of 0;1524 m (6")
diameter will do a better job than a canister of 0.2286 m
(9") diameter. A perpendicular flow arrangement (Design
One) will have slightly higher pressure drop than parallel
flow (Design Four), but it will be offset by the higher

adsorption capacity encountered by the former.
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CHAPTER 6

THEORETICAL DEVELOPMENT
AND MATHEMATICAL MODELLING
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6 Theoretical Development and Mathematical Modelling

In the current research programme two mathematical
models were required. Firstly, it was required to
predict the breakthrough time at a particular effluent
concentration in relation to the amount of cloth used
and the inlet vapour concentration. Secondly, it was
necessary to provide a model which could approximately
calculate the length of bed required for é particular
adsorption reaction at a fixed effluent concentration.

Although the derived equations describing the
adsorption isotherms, adsorption waves and rate of
mass transfer expressed in terms of the length of
unused bed at a fixed effluent concentration are not
universal and will not cover each and every physical
and chemical factor responsible for adsorption, it is
intended that the theoretical development will provide
a basic framework for the adsorption of vapours on
charcoal cloth, in particular the four organic wvapours
used in the present research. .

6.1 Adsorption Isotherms

As outlined in Section 3.1 there are three commonly
used mathematical expressions used to describe vapour
adsorption equilibria by the Langmuir, Freundlich and
BET isotherms. The isotherms illustrated by Figures
6.1 to 6.8 corresponding to the equilibrium data with
regard to the adsorption of heptane, tetrachloroethvlene,
toluene and o-xylene vapours on charcoal cloth are

similar to those described by Langmuir and Freundlich.
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summaries of the data used to test the application
of Langmuir and Freundlich isotherms for each of the
four solvents have been tabulated in Appendix III.
Since Langmuir's theory suggests that the adsorbed
layer is unimolecular, it appears that all the four
vapours used in the present research adhere to the
surface of charcoal cloth in single layers. But this
concept is only valid for the macropore region of the
cloth, as the adsorption in micropore region is
accompanied by volume filling, the reasons for which are

outlined in section 3.4.

6.2 Rate of Mass Transfer

In the interpretation of dynamic adsorption
data, and in the design of adsorption systems, it is
convenient to view the adsorbent bed as comprised of
two sections, the equilibrium section and the LUB
(Length of unused bed) section. The adsorbent require-
ment for the equilibrium section is obtained solely
from adsorption equilibrium data. The LUB is an addit-
ional quantity of adsorbent added to compensate for
the presence of a mass transfer zone during dynamic
adsorption. This design approach is best suited to
adsorption separations where a stable adsorption mass
transfer zone is formed, as is typically the case when
drying and/or purifying process streams with molecular

sieve adsorbents (115).
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6.2.1 LUB and Equilibrium Concept

When a feed containing an adsorbable impurity is
fed to an initially activated adsorbent bed, dynamic
adsorption occurs across a mass transfer zone (116).
The progress of a stable mass transfer wave or front
through an adsorbent bed, together with the associated
effluent breakthrough curve, is shown graphically
in Figure 6.9a. The mass transfer front is the fluid -
concentration or adsorbent loading profile of the
adsorbate over the mass transfer zone. The adsorbate
loading through the transfer zone is a linear function
of the fluid phase concentration of the adsorbate (116).

At the leading edge of the transfer front, the
adsorbate concentration in the carrier fluid is equal
to the breakthrough concentration, usually taken as the
minimum detectable or minimum allowable concentration in
the effluent; the adsorbate loading is substantially
equal to that of the initially activated bed. At the
trailing edge of the transfer front, the adsorbéte
concentration in the carrier fluid is substantially
equal to that in the feed Ye’ and the adsorbate loading
is substantially that which is in equilibrium with the
feed. The effluent breakthrough trace is the fluid
phase transfer front as it moves past the outlet end
of the adsorbent bed as shown in Figure 6.9a. The
leading edge of the transfer front exits from the bed
at time ab’ when breakthrough occurs. The trailing

edge of the transfer front exits from the bed at time Se.
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If adsorption occurs in an infinitely sharp
transfer zone, the resulting hypothetical frontis
called the stoichiometric front and is shown in Figure
6.9b. This shows the progress of a stoichiometric
front through an initially activated adsorbent bed
similar to Figure 6.9afor a stable mass transfer front.
The part of the adsorbent bed behind the stoichiometric
front has a uniform adsorption loading Xe; which is in
equilibrium with the inlet adsorbate concentration.

The part of the adsorbent bed ahead of the stoichiometric
front has a uniform adsorption loading Xo' which is
equal to that of the initially activated bed. The
distance of the stoichiometric front from the feed end
of the adsorbed bed at time g is shown by Ls. The
corresponding effluent breakthrough trace for the
stoichiometric front is also given in Figure 6.9b. The
stoichiometric front exists from the adsorbent bed at
time BS. Prior to time Bs, the adsorbate conceqtration
in the effluent is Yo’ the concentration in equilibrium
with the intial adsorbate loading on the bed XO. After
time es, the concentration of the adsorbate in the
effluent is Y_, identical to that of the feed.

The position of the hypothetical stoichiometric
front relative to the actual stable front during dynamic
adsorption is shown in Figure 6.9c. The location of
the stoichiometric front must be such that the unused
adsorbent bed capacity behind the stoichiometric front

is equal to the expended bed capacity ahead of the
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stoichiometric front. This is accomplished by
positioning the stoichiometric front relative to

the actual front so that graphically one area equals the
other as noted in Figure 6.9c. It is apparent that
the velocity of the stoichiometric front Uy is identical
to that of the stable mass transfer front, since they
move through the adsorbent bed together maintaining a
fixed position relative to each other. For a constant
feed rate G, the velocity of the stoichiometric front
will be constant.

When breakthrough occurs, the position of the leading

edge of the mass transfer front relative to the stoich-
iometric front is given by (L0 -~ LS), where LO is the
length of the adsorbent bed. The length (L0 - LS) is
called the equivalent length of unused bed, or LUB.
At breakthrough, the adsorbent bed can be viewed as the
sum of the LUB which compensates for the presence of a
mass transfer zone, and an equilibrium section which has
a uniform adsorption loading Xe'

At time 6, the position of the stoichiometric front

and the length of the equilibrium section is

Ls = ;P 6.1

Since at time eb’

LS = QFb 6.2
and at time as
Ls = LO - Q@S 6.
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Therefore

o g o= Qﬂas qab)

o LUB = QJBS = Gb} 6.4

i)
1
=

I

Combining equations 6.3 and 6.4,Ulcan be eliminated
IL'B = ——m—— L 6.5

By material balance across the equilibrium section

at time 8, we have

G (Ye = YO)G

LspB(Xe - Xo)

G (Ye.-Y)

Lg ¥ Py (Xg- Xz)8 e
where
G = Feed rate of carrier fluid
Ye = Concentration of the adsorbate in the carrier
fluid
YO = Concentration of the adsorbate in equilibrium
with . 9%
DB = Bulk density of the adsorbent
8 = Time from the start of adsorption
Xe = Adsorbate loading in equilibrium with the
concentration of the adsorbate in the feed
XO = Initial adsorbate loading on the adsorbent
8y = Breakthrough time
When 6 = es, LS = LO and equation 6.6 reduces to
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have

1)

2)

3)

4)

5)

6)
7)

G g

(Xe - Xo) = LOQB (Ye = YOJ 6.7

Combining equations 6.1 and 6.€ we get
G {Ye = ¥z

R 6.8
1 Pg (Xe X0)
From equations 6.5 and 6.7, es can be eliminated.
G (X_ =2y ) 8
AT S e Sl Il | 6.9

© pg (X - X))

To develop the above equation 6.9, several assumptions
been made. They are as follows:

Holdup of the adsorbate in the adsorbent voids is
small compared with Xe;

The flowrate, temperature and composition of the
feed are constant.

The adsorbent bed has no radial temperature,
concentration or flow rate gradients.

The initial bed temperature and the adsorbate
temperature are approximately equal.

No chemical reaction occurs.

The feed undergoes no phase change.

Adsorption heat effects are negligible.

6.2.2 Present Work: Calculation of the length of

unused charcoal cloth

In the present studies of adsorption on charcoal

cloth, outlet vapour concentration is fixed at 10 p.p.m

and the breakthrough time is calculated from the graphs

of outlet solvent vapour concentration against time.
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The length of the unused bed is calculated using eq. 6.9
for all the four solvent wvapours used in the present

research. The results are summarized in Appendix IV.

6.3 Rate Contrbliéd-Bréékthrbugh

If a single mechanism controls the adsorption rate
in a fixed bed, a number of mass transfer units can be
defined which will convert the rate equation to non-
dimensional form and thus allow it to be evaluated by
use of universal solution.

In the course of the present research there is a
general pattern among the breakthrough curves regardless
of column length used. This indicates that all parts
of the exchange zone move through the column at a
constant rate. Satterfield (118) has developed the

following reaction for a constant separation factor:

X = O.SSSINpore(;— 1+ 1.22]
2
Q.077 [Npore(g = 1) 71 .22] 6.
where
= v
Npore = Vpore kpore % F B
k = 50D ore
pore a e OSSNy L 6.
P 2
d
b 0.5
- 3 oMLt 1 =1
Poore e [2dp GrP i D_f'] 6.13
0,705
Y = 614
Pore 1-0.225 Rl°°4

Here e is the voidage, § is the tortuosity factor,

Npore is the number of transfer units, X is the ratio
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of fluid concentration change, wpore is the correction

factor for Rl' is the mass transfer coefficient

kpore
and ap is the outer surface interfacial area of the
pores per unit volume of contacting system (solid
plus fluid). Df is the diffusivity of the fluid in
air and can be obtained from the literature (127).
v is the volume of the bed and F is the volumetric
flow rate. The tortuosity varies between 2.0 and 6.0,
but in the present calculation it is taken as 2.04
R is the gas constant, T is the absolute temperature
and M is the molecular weight of the adsorbate.
Assumptions inherent in these relations include
homogeneous particle size and structure, uniform feed
concentration and flow rate and temperature constant

enough so as to maintain both the equilibrium and the

rate coefficient for adsorption constant.

6.3.1 Method of Calculation

1 is calculated using equation 6.14. R

ig
pore

i
known as separation factor which identifies the equili-
brium between the adsorbate and adsorbent concentration

changeand taken as 0.0. is calculated using

Npore
equations 6.11, 6.12 and 6.13. Inlet and outlet
concentrations are known and their ratio gives the

value of X. Using the value of Npore and X in equation
6.10 the value of g can be calculated. The required
time for the specific outlet concentration to be reached

can be obtained by multiplying the value of z by 6000.
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r can also be obtained from a plot of X versus
(z= 1) at different values of Rl(ll7). The

pore

symbol Rl is the same as R in the literature (117, 119).

6.4 Relation of Breakthrough time with Inlet concentration

and Number of Layers of Charcoal Cloth

A general equation is proposed relating the break-

through time and number of layers of charcoal cloth.

g T K5 - K6 eo.l 5.15
where
eO.l = Time required in seconds for the outlet solvent
vapour concentration to reach 10% of the inlet
concentration
KS,K6 = Constants
A = Number of layers of charcoal cloth

The experimental results obtained for each solvent
were substituted and the two constant terms were calc-
ulated using regression analysis. Depending on the inlet
concentration the constants would vary. The constants"’f‘ﬂ
along with the range of inlet solvent concentration
are tabulated in Table 6.1.

For some intermediate concentrations which are
not in the range mentioned in Table 6.1,interpolation

would have to be used to calculate the value of the

constants of equation 6.15.
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Correlation Range of Inlet
SOLVENT Ks KS Cecefficient Solvent Vapour
' T e e o JConcEntration cin p.p.n

15.00 .003056 .9954 100 - 160

12.20 .006667 .9956 160 - 220

HEPTANE 15.02 .005710 .9794 250 - 320
13,79 .011490 .9998 390 - 450

.17 .013857 .9988 550 - 600

12.04 003225 .9434 240 - 310
TETRACHIORO|12.58 .004414 .9697 310 - 400
_ETHYIENE |12.33 .005039 .9912 440 - 550
14.59 .009450 .9624 580 - 780

11.93 015176 .9301 © 920 -1300

16.03 .003539 +9555 180 - 240

15.53 .005044 .9994 240 - 310

TOLUENE 14.74 .007134 9922 350 - 420
18.67 .006803 .9897 480 - 560

18.50 .008333 1.0000 650 - 880

10.36 .003603 .9972 170 - 210

11.07 .004351 .9895 220 - 240

O-XYLENE 12.43 006757 .9966 320 - 370
13.55 .010313 .9472 400 - 470

1137 .019058 .9859 680 - 750

Table 6.1 Values of the constants for different

solvents at different inlet concentrations
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CHAPTER 7

DISCUSSION
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7 Discussion

Charcoal cloth is the first flexible adsorbent
available with effectiveness higher than granular charcoal.
The cloth has a square form linen weave with 1300 charcoal
threads per metre, the threads comprising charcoal

6rn in diameter. While the cloth

L

filaments of 16 x 10

,the calculated
8

has a breaking strength of 150 kg m
2

tensile strength of the filaments is 400 x 10° kg m .
The rate of adsorption of vapour bv charcoal cloth is at
least five times - and often twenty times - greater

than that for granular charcoals (l1l5). Consequently

the minimum depth of cloth required is smaller by the
same factor than that for granular charcoal, and very

efficient utilisation of the charcoal cloth is achieved.

7.1 Low Temperature Oxidation

A mass balance was carried out between the inlet
solvent vapour adsorbed and the mass of outlet vapour.
It has been found that a certain fraction of the inlet
vapour cannot be traced and this is shown consisteﬁtly
through all the runs. The amount of this loss depends
on the solvent vapour. It is the least with toluene
and is the highest with tetrachloroethylene. The
loss is ascribed to some reaction on the charcoal cloth
surface taking place simultaneously with adsorption and
desorption.

Despite a large volume of published information on
low temperature oxidation of hydrocarbons, the knowledge

is far from complete. The reason lies partly in the fact
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that the reaction is markedly sensitive to the experi-
mental conditions, partly to the nature of the surface
of the reaction vessel,the influence of trace of impurities
and the marked effect on the change of temperature. Despite
these difficulties, the oxidation of paraffins and olefins
show certain general features. The oxidation has the
characteristics of a chain reaction as exemplified by
the observation of the sensitivity of the reaction_to
surface condtions. The dependence of the rate on
the concentrations of the reactants is often complex and a
small change in initial conditions may cause an abrupt
transition from slow reaction to explosion. The active
pafticles responsible for chain propagation are free
radicals or atoms and the presence of alkyl, alkoxy,
alkylperoxy and hydroxyl radicals and oxygen atoms has
been postulated (130) and confirmed by experimental studies.
The rate and products of the oxidation of hydrocarbons
show unusual changes with increase in temperature. The
high temperature reaction proceeds rapidly giving carbon
dioxide and water as the principallproduct. Liquid and
gaseous paraffins react with oxygen at moderate temperatures
as has been evidenced in the oxidation of heptane on
charcoal cloth in the present research. This low
temperature oxidation is very sensitive to the structure
of the hydrocarbon and shows the formation of oxygenated
products such as alcohols, aldehydes and acids. The low
temperature oxidation is associated with the existence

of intermediates of different thermal stabilities.
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The initiation of the oxidation reaction requires
the production of a free radical centre and it is generally
agreed (131) that this process is the formation of an
alkyl radical (in case of saturated hydrocarbons) and
this process takes place by a hydrogen abstraction
reaction. The actual structure of the free radical is
determined by the point of attack on the paraffin or
hydrocarbon by oxygen, and this in turn is determined
by the relative C-H bond strength in the hydrocarbon.
Thus, the ease of removal increases in the order tertiary >
secondary > primary carbon-hydrogen bonds. Straight
chain molecules undergo oxidation more readily than
branched chain paraffins in direct contrast to the liquid
phase behaviour. The rate of oxidation in the gas
phase decreases with increasing chain branching and
increases with increasing chain length (131). The authors
(131) reported that the oxidation rate of heptane is
26 .7 times faster than that of hexane and is 200 times
faster than that of pentane.

Benzene and its homologues can be oxidized directly
with air or oxygen. Reaction occurs well below the
ignition point and conly the slower type of oxidation is
discussed here, complete combustion presumably involving
many of the intermediate formulations found in the slow
reactions. Both nuclear and side chain oxidation is
possible although the benzene nucleus is more resistant
to attack than the side chain. The oxidation takes place

by a free radical mechanism.
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The first stage in a study of free-radical reactions by
photochemical methods is t0O discover the primary products
of photolysis of the parent molecules used, and this often
proves difficult. In aromatic molecules several primary
dissociation processes may occur simultaneously, and the
quantum yield of each process is usually low.

The fission of a carbon-hydrogen bond iﬁ the side
chain of an aromatic molecule always gives a radical which
has the possibility of resonance stabilization. In the
benzyl radical the resonance energy is responsible for
.its low reactivity in hydrogen abstraction and similar
reactions and a relatively low dissociation energy of the
carbon-hydrogen bond of the methvl group in toluene.
Although the benzyl radical cannot be prepared in detectable
equilibrium concentration, it has been studied more than
any other aromatic radical in the vapour phase (130).

It has been generally agreed that the quantum yield of
dissociation is low and polymers .  are formed in addition

to small quantities of gaseous products. The main
products obtained by the vapour phase oxidation of toluene
are benzaldehyde, benzoic acid and maleic acid and for

the o-xylene, the main products are phthalic anhydride,
and maleic anhydride (133).

The pi-electrons of olefins and acetvlenes are more
loosely held to their carbon nuclei than are the electron
pairs of single bonds, and they are accessible to direct

attack by electrophilic reagents. However, the two sets of
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pi-electrons of acetylenes are held more firmly between

the carbon nuclei than are the pi-electrons of olefins.
Consequently, acetylenes are less easy to oxidize than
olefins. The presence of a double bond in the molecule
greatly modifies the susceptibility to oxidation and

in simple olefins the initial point of attack is preferentially
at the CH, group alpha to the double bond (130). The chain
is continued by the reaction of the initially formed
radical with oxygen to give a peroxy radical and subsequent
reactions are determined by the thermal reaction of the
peroxy intermediate.

Tetrachloroethylene is an olefin with four chlorine
atoms attached to two carbon atoms. The presence of a
double bond and four electronegative chlorine atoms
makes it less stable than its parent compound, ethylene.

It readily reacts with moisture in the air producing
halogen acids along with some alhedydes, carbon monoxide
and carbon dioxide (130).

7.2 Heat of Adsorption

Since adsorption is a physical process in which
work is performed on the molecules, there must be associated
with it some change in the thermodynamic state of the adsor-
bent during the adsorption process. The process is
generally exothermic in nature, and the resultant
evolution of heat is defined as heat of adsorption.

In support of the theory that the atoms in the

surface of an adsorbent possess varying degrees of activity,
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Bull et al. (134) reported that the heat of adsorption
decreased progressively as successive small increments
of adsorbate were adsorbed. The higher initial heats
were explained by assuming that the first small amount
of adsorbate vapour were adsorbed on the atoms of the
adsorbent of relatively high activity as compared to
the other atoms on the surface.

There are a few guidelines on the heat of adsorption
that can be deduced on the basis of existing experimental
data. One is that the heat of adsorption increases with
an increase in the boiling point of the adsorbate. An
increase in the heat of adsorption of methanol to ethanol
and propanol on charcoal was reported in the literature (135).

Although the above rule is usually true, it is by
no means rigorous. Thus methyl alcohol boils at 337°K and
has a heat of adsorption of 13,100 cal mole_l whereas
dimethyl ether boils at 307°K and has a heat of adsorptioh
of 15500 cal mole_l. To understand the differences
encountered in such case, the detailed structures 6f the
molecules, their sizes,polarizabilities and dipole momenﬁs
would also have to be considered.

Heat of adsorption increases with increasing size
of molecule. The addition of successive CH2 groups
causes smaller and smaller increase. Replacement of the
hydrogen atoms by chlorine atoms in methane causes an
increase in the heat of adsorption. A hydroxyl group
replacement causes even a bigger increase. Methyl, ethyl

and propyl alcohols have larger heats of adsorption than
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the corresponding chlorides (58). This is true in

spite of the fact that the chlorides have slightly

larger dipole moments. Possibly the main factor account-
ing for the smaller heats of adsorption of the chlorides
is their larger molecular radius which makes the distances
of the chloride molecules from the surface iarger than

the distances of the alcohol molecules.

Branched chain compounds have smaller Heats of
adsorption than straight. chain compounds. Isopropyl chloride
has a smaller heat of adsorption than normal propyl
chloride. If the organic vapour molecules are assumed
to lie flat on the adsorbent, the average distance of
the branched chain molecule from the surface will be
greater than that of the straight chain molecule,
which results in a smaller interaction energy.

Examples of constant heats of adsorption over the
entire surface of an adsorbent or even over a large part
of the surface, are very rare (58). Ordinarily the
heats of adsorption vary considerably with the amount of
vapour adsorbed, and often the variation is quite
complex. There are two factors that may cause this
variation, the nature of the adsorbate and the nature
of the adsrobent. Furthermore, variation in the heats
of adsorption may be produced by interaction between the
adsorbed molecules themselves. If the adsorbed molecules
have permanent dipoles, the surface forces may line up

these dipoles parallel and oriented in the same direction
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resulting in repulsion which will reduce the heét of
adsorption. If the molecules are non-polar the heat of
adsorption will increase. The attractive or repulsive
forces increase as the surface becomes filled with
adsorbed molecules, since the average distance between the
molecules decreases. =

7.3 Discussion of Experimental Results

Experimental conditions and the resulté are tabulated
in Appendix II. The physical parameters of all the
runs are included and adsorbate-adsorbent mass ratios are
calculated for each run. A series of results is obtained
for each of the four solvents ranging from 0.267 to 0.397
for heptane, 0.721 to 1.007 for tetrachloroethylene, 0.406
to 0.696 for toluene and 0.343 to 0.527 in case of o-
xylene. These values are higher than the values calculated
at breakthrough (Appendix VI) because most of the experi-
ments have been continued long after the equilibrium is
established. This is done to make sure all the steps
before and after the equilibrium stage can be traced.
With a few exceptions, the adsorbate-adsorbent ratio
increases with an increase in the inlet solvent flow rate.

Of the four solvents used in the present research,
tetrachloroethylene seems to have a much higher adsorkate-
adsorbent ratio than the other three. This high value can
be attributed tc the fact that a hydrogen bond may be
created between the moisture of the air and the chlorine

atoms of tetrachloroethylene. Maggs (37) reported similar
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high values for phosgene and hydrogen chloride adsorption.
Breakthrough time for the outlet concentration to
reach 10% of the inlet concentration is plotted against
the weight of cloth used. Three different weights of
cloth are used for each of the liquid solvent flow rates.
A regression analysis is performed and from the intercept
and the slope of the straight line the adsorption rate
constant is calculated using equation 3.54. . The results
are summarised in Appendix VII.
Five values of rate constant are obtained for each
of the four solvents used in the present research. The
difference between the maximum and minimum value is as
much as 16.1l. This is due to the fact that air-solvent
vapour flow rates are different for each run and an average
value has to be used. The temperature at which the
experiments were carried out were not always the same.
The physical conditions of the experiments were not always
identical as has been demanded by the original equation 3.54.
The rate constants for some of the vapours adsorbed
on granular charcoal are summarised in Table 3.2. The
values recorded in the present research are 4 to 5 times
higher than the values in Table 3.2 for similar compounds.
These higher aasorption rate constants also give evidence
that charcoal cloth is a more powerful adsorbent than
granular carbon.
The experimental data is plotted in Figures 6.1 to

6.4 to try the applicability of the Langmuir isotherm.
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According to the equation the inverse of the slope of the
straight line should give the Vm’ the volume of vapour
necessary to cover the entire surface with a unimolecular
adsorbed layer. For any particular vapour the value of
Vm should be constant provided the same adsorbent is used.
The three sets of values plotted in the three different
graphs do not confirm to the constancy of Vm'

One of the fundamental assumptions in the derivation
of the Langmuir equation 1is that the heat of adsorption
does not vary with the amount adsorbed. Examples of
constant heats of adsorption over the entire surface of
an adsorbent, or even over a large part of the surface,
are very rare. Ordinarily the heat of adsorption vary
considerably with the amount of gas adsorbed, and often
the variation is quite complex. Langmuir conducted his
experiments at very low pressures, the highest prssure

being 0.13 x 10>

m (0.13 mm). Had he gone to somewhat
higher pressures, he would have obtained a more complete
covering of the surface (58).

Brunauer (58) concluded that multilayer adsorption
takes place at higher pressure. For microporous adsorbents
such as charcoal cloth most of the pores are very small
and they become inaccessible to molecules of certain
adsorbates for sterical reasons. For such pores it is
quite difficult to define the concept of surface area. The

entire volume of micropores represents a space where an

adsorption field exists. In this type of case, it is
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natural to expect that adsorption in such pores should
lead to their volume filling (17). This may not happen
where larger molecule adsorbates are involved.

The theoretical adsorbate-adsorbent mass ratio using
Dubinin-Polanyi equation has been calculated for all
the four solvents used in the present research and listed
in Appendix V. The values seem to be a little higher
than the experimental values of adsorbate-adsorbent
ratios at breakthrough listed in Appendix VI. One of
the main reasons may be that the experimental values have
been calculated at the first sign of saturation. Deviation
of Dubinin-Polanyi equation has been observed by other
workers at low values of (P/PO) due to capillary
condensation in transitional pores or multilayer formation
on the walls of macropores (89).

The derivation of the Dubinin-Polanyi equations has
been discussed in section 3.7 in detail. It adequately
describes over a wide pressure range, the adsorption data
of many adsorbates on a wide variety of microporoué carbons,
both activated and unactivated. The derivation of this
equation does not include a detailed analysis of an ads-
orption process. Nevertheless, there can be no doubt that
this particular equation does describe the overall
adsorption process. The advantage of the Dubinin-Polanyi
equation is that the adsorbate-adsorbent mass ratio can be

calculated without doing any experiment.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS
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8. Conclusions and Recommendations

The objectives of the experimental programme may
be divided approximately into the following main areas:

i) The study of the adsorption capacity of charcoal

cloth.
ii) The calculation of adsorption rate constants
of four different solvents.

iii) The development and testing of mathematical models
to describe the system and enable future workers
to scale the system up to process size.

iv) The design of a canister to enable the maximum
adsorption with a minimum pressure drop.

The adsorbate-adsorbent mass ratio (see Appendix VI)
decreased in the order of toluene-o-xylene-heptane.
Essentially all the three compounds are non-polar. Hence
the adsorbate-adsorbent ratio primarily depends on the
size and length of C-C bonds in the molecule. The C-C bond
length in heptane (1.54 g ) is higher than the C-C bond
length in benzene (l.36 R) (138). Moreover size of the
heptane molecule is greater than o-xylene and toluene.
Wilkins (136) suggested that charcoal cloth contains more
micropores than macropores and larger molecules would have
difficulty in diffusing into the pores. However, tetrachloro-
ethylene seems to be adsorbed much more on the cloth surface
than the three other compounds used in the present research.
Due to more electronegativity of chlorine compared to carbon
and presence of double bond, partial polarization takes place

inside the molecule.
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The cloth surface also bears different polar groups.
Hence due to electrostatic attraction it is quite

likely that C2Cl4 is adsorbed in greater amounts compared
to the non—polaf molecules.

Water vapour is generally present in the atmosphere
and an adsorbent filter will usually contain adsorbed
water when in use. Filters, however, are still effective
in protecting against other vapours, and the reason for this
lies in the ability of many vapours to displace the
adsorbed water. The efficiency of charcoal cloth is in
general reduced by the presence of adsorbed water. Maggs
(37) measured the effect of humidity on adsorption of
carbon tetrachloride by granular charcoal previously
brought to equilibrium with the air stream at a fixed
relative humidity. He reported that for an increase
in relative humidity from 0% to 95% the breakthrough time
was reduced from 4920 seconds to 360 seconds. This
reduction in adsorption efficiency due to moisture is
much less in charcoal cloth.

In the present research .082 kg of cloth was used
in blank tests where air was passed for three hours on
different days of varying humidity. The increase in
weight due to moisture adsorption ranged from .0024 to
0.0102 kg. The deterioration in the adsorption capacity
of charcoal cloth due to moisture is much less in the
present research than has been claimed by Maggs (37). The

reason lies in the fact that charcoal cloth was heated to
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180°C in an oven before an adsorption was carried out.

As the adsorption starts, there is a competition between
the adsorbate vapour and the moisture in air. Water is
held far less strongly on charcoal cloth than on other
adsorbents such as silica gel or alumina and displacement
of adsorbed water by adsorbate vapours takes place readily
at a carbon surface. Nevertheless, the moisture does
reduce the adsorption capacity of charcoal cloth and the
effect is more in the presaturation period than after
saturation as most of the water will be displaced by then.

Various theories of adsorption lead to different
expressions for the equilibrium state. As in adsorption
equilibria, no one single approach is completely satis-
factory. The effective rate of adsorption and desorption
is governed by one or more diffusional steps. The mass
transport for an adsorbate between the bulk of the fluid
phase and the outer surfaces of the adsorbent particles
is governed by molecular diffusivity and also by eddy
diffusivity in turbulent flow. The solid phase mass
transport in the adsorbent is invariably controlled by
molecular diffusion through the pores of the solid.

With the mass transfer zone concept, a total resistance
is expressed in terms of an amount of unused adsorbent,
which must be added to the adsorbent equilibrium
requirement. Anderson (106) suggested a formula to
calculate the length of unused bed, the details of which
are outlinedin Section 6.2. The length of the unused

bed determined at the breakthrough point can be related
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to the total resistance to mass transfer. It follows,
therefore, that the greater the length of unused bed, the
less effective is the adsorptive system and vice versa.

In the present research, the length of the unused
bed has been calculated at a time when the outlet
concentration reached 10 p.p.m. Three different heights
of bed are used, each bed being used at five different
inTuE isolvent concantratiana.  THe ‘resulta see SumMarized
in Appendix IV. With a few exceptions, there seems to
be a correlation in the percentage of unused bed. The
length of unused bed increases as the total length of bed
increases from 0.0125 m to 0.0225 m. But the percentage
of unused bed does not differ very much. Some of the few
discrepancies arise probably due to crude estimation of
breakthrough time.

An equation has been developed relating the number
of layers of cloth and the time required for the effluent
concentration to reach 10% of the inlet concentration. The
two constants for the equation at different inlet concen-
trations are tabulated in section 6.4. It has to be borne
in mind that equation 6.15 is developed when the charcoal
cloth canister of diameter 0.1524 m (6") is used. For
larger sizes, appropriate reduction in the two constants
values have to be made.

The time required for the effluent concentration to
reach 10% of the inlet concentration has been calculated

using equation 6.10 and has been tabulated in Appendix VIII.



The calculated values differ to the experimental values.
The reasons may lie in:the assumption in the deviation

of the equation 6.10. The speed at which adsorption

takes place on the charcoal cloth may not be constant

all over the surface. The macropore region will have

a faster rate than micropore region. Consequently an
assumption that a single mechanism controls the adscrption
of vapours on charcoal cloth is toco much of an over
simplification.

Although successful results have been obtained
using the current apparatus, future work involving this‘
system would require modifications. The small hole on
the PVC plate on the entrance section of the canister
can be made bigger than .0254m (1") in diameter. The
canister diameter can be reduced to check if there is
any improvement in adsorption capacity of the cloth.

The volumetric flow rate of the air-vapour mixture
can be increased to check the behaviour of the canister
for high capacity. Mixture of different solvents could
be tried to meet the need of various industries with
different effluent vapours.

Regeneration has been carried out using hot air
and a vacuum in an oven. Physical properties of the cloth
after regeneration should be monitored. It is then
likely that the different oxides which form on the cloth
surface would be identified more accurately.

Transparent PVC pipe may be used which would help to

181



see the position of the anemometer, thermocouples and the
probes for mass spectrometer. An analogue computer system
connected to the present mass spectrometer would

certainly help to measure the peaks more accurately.
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NOMEN

CLATURE

D
pore

Differential molar work of adsorption
Area of the bed

Differential molar work of adsorption
for a standard adsorbate

Adsorption value at equilibrium pressure P
Adsorption value at saturated pressure PO
Parameter of the adsorbate

Constant

Outer surface interfacial area of the pores
per unit volume of contacting system

Constant for micropores
Average value of B

Constant for micropore j
Parameter of the adsorbate
Constant

Adsorbate concentration

Inlet adsorbate concentration
Specific heat of fluid
Specific heat of adsorbent

Outlet adsorbate concentration at a point
X in the bed

Parameter of the adsorbate

Constant

Diffusivity

Constant

Knusden diffusion coefficient

Effective diffusivity within the adsorbent
Diffusivity of adsorbate fluid in air

Pore diffusivity of the adsorbate
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Jmol_l

Jmol”~

mol

mol

J kg tm2x~1

J kg'lm" Xt



15

ol e U o TE e TR o T

AG

AH

1K+

Distance

Density of liquid adsorbate at 0°C

Density of liquid adsorbate at 15°C
Pore diameter

Density of liquid adsorbate at t°C

Voidage

Volumetric flow rate of air-solvent vapour
mixture

Ratio of outlet and inlet concentratlon of
the adsorbate

Differential molar free energy

Feed rate of carrier fluid per unit area
of adsorbent

Differential molar enthalpy of adsorption

A parameter for each system of adsorbent
and adsorbate

K3 )
) - Constant
)
)

Adsorption rate constant (mass transfer
limiting) )

External mass transfer coefficient

A parameter for each system of adsorbent
and standard adsorbate

Adsorption rate constant

kpore Mass transfer coefficient in the pores

Adsorbent bed length

Position of the stoichiometric front
in the adsorbent bed

Molecular weight of adsorbate

Average molecular weight of air-vapour
mixture

Refractive index of liquid adsorbate
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Jmol

kmol m-'2

Jmol

mol™ J

kg kmol~

kg kmol~

S
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Npore

n

n,.
1

Number of active centres

Mole fraction of component 1 in the

adsorbed phase

Mole fraction of component 2
in the adsorbed phase

Number of transfer units

Constant

Number of moles of component i in adsorbed
phase per unit mass of adsorbent

Adsorbed vapour pressure
Saturated vapour pressure

Adsorbed vapour pressure
for component 1

Adsorbed wvapour pressure
for component 2

Electronic polarization
Total pressure
Critical Pressure

Equilibrium partial vapour
pressure of adsorbate

Adsorbate-Adsorbent mass ratio
Minimum heat required

Total heat supplied

Heat of adsorption

Rate of heat input

Gas constant

Constant separation factor
Radial parameter

Pore radius

Differential molar entropy of adsorption

Absolute temperature
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atm
atm

atm
atm

m°> kmol~
atm
mm Hg

mm Hg



for

ek &R

v*

W

W
Q7

Ratio of adsorption
temperature to critical temperature

Adsorption temperature

Inlet temperature of carrier fluid
Initial temperature of adsorbent
Critical temperature

Internal energy

Front velocity

Mean molecular velocity

Velocity of air-vapour mixture
Volume of vapour adsorbed per unit mass of
adsorbent

Superficial velocity

Volume of vapour adsorbed

per unit mass of adsorbent with a
layer one molecule thick

Volume of the bed

Molar volume of vapour adsorbed

Amount of vapour adsorbed in liquid
volume per unit mass of adsorbent

Apparent limiting amount of adsorption
for adsorbent

Apparent limiting amount of adsorption for
micropore j

Amount of vapour adsorbed in liquid volume
per unit mass of adsorbent for component 1

Amount of vapour adsorbed in liguid volume
per unit mass of adsorbent for component 2

Filled volume of adsorption space
Adsorbent weight

Kinetic adsorption capacity

Amount of vapour adsorbed in liquid volume

per unit mass of adsorbent at a point x
on the bed
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Ratio of fluid concentration
Initial adsorbate loading on the adsorbent

Adsorbate loading in equilibrium with the
adsorbate concentration in the feed

Degree of saturation in mass transfer zone
Bulk vapour phase concentration

Concentration of adsorbate
in equilibrium with Xo

Concentration of adsorbate in carrier fluid
Concentration of adsorbate in the pores
Number of layers of cloth

Tﬁermal coefficient of ligquid expansion
Thermal coefficient of limiting adsorption
Affinity coefficient

Affinity coefficient for component 1
Affinity coefficnet for component 2

Surface tension at 15°C

Tortuosity factor

Time

Time required for outlet vapour concentration
to reach 10% of the inlet vapour concentration

Degree of volume £filling
Saturation time
Breakthrough time
Equilibrium time
Stoichiometric time

Bed thickness

Critical bed thickness

Ratio of adsorbed wvapour pressure to
saturated vapour pressure
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M52

|
Ypore

Density of air-vapour mixture
Bulk density of the adsorbent
Viscosity

Chemical potential of component i
Spreading pressure

Distribution width

Throughput parameter based on concentration
changes

Volume of the micropores smaller than
3.2 x 1079 m in diameter

Correction factor
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J mol
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SAMPLE CALCULATIONS
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Calculation of Inlet Solvent Vapour Concentration

(Ref. Run HEP 1)

Diameter of the pipe = 0.1524 m

Velocity of air-solvent vapour mixture = 0.15 m b

X (.1524)2 X 0.15

Volumetric flow rate = 1
4

273.62 % 10°° m° s+

Mass flow rate of ligquid solvent
= 0.15 x 10°° m> x 680 kg
60 S 3

17 % 10 %5e:

Volume of 1 kmol of Heptane at 17°C and 763 mm Hg

22.4 x 760 X (273 + 17) m3
273 % (63

3

23.684 m

Density of Heptane vapour

100 kg
23.684 m

3

4.222 kg m">

Volumetric flowrate of Heptane vapour

17 x 107/ kg s+

4,222 kg m>

4.0265 x 10 ' w0 st

[}

Inlet solvent vapour concentration

= Volumetric flowrate of Heptane vapour
Volumetric flowrate of air-solvent
vapour mixture
¢.0265 % 10" moos +
273.62 x 10 " u" 8

= 147 p.p.m (by volume)
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Calculation of Outlet Solvent Vapour Concentration

(Ref. Run HEP 1)

Inlet solvent vapour concentration
= 147 p.p.m

Height of peak of Inlet wvapour on

mass spectrometer = 0.176m

Height of peak of Outlet vapour on

mass spectrometer = 0.0108 m

Outlet solvent wvapour concentration

14
T 176

x 0.0108 p.p.m

9 p.p.m
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Calculation of Adsorption Rate Constant

Breakthrough time for outlet concentration to reach
10% of the inlet concentration was determined

from the outlet wvapour concentration vs time

graph for three different weights of charcoal

cloth. A regression analysis was performed

between three values. (Reference HEP 1, HEP 6
and HEP 11)
-1
Slope = 207500.4 s kg
Intercept = -3489.2 sec
SRSy Lt A,
b T 4 K €
v %
slope = Weco
P
W C o 1 L C
Intercept = - —=2 x & 18" (=)
F K £
v X
-3
~3489.2 R 2079500.4 x 275 z 2 1360 %0 seelnlo
v
£ om 1030 8
\'
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Calculation of Length of Unused Bed (Ref. Run HEP 1)

Length of Unused Bed (LUB)

q 9 3 G{Ye-Yo) :
o QB(XE-XO) b
Saasx 167° (159 #10°% i-107% 1079
¥ . (0125 = =eEaied £ x 2400
(.09875 x 10 “ - 0)

= ,0125 = .0082

= .0043 m
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APPENDIX II

TABLES OF THE EXPERIMENTAL CONDITIONS AND

THE RESULTS OF ADSORPTION
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APPENDIX IITI

DATA USED TO TEST THE APPLICATION OF THE

LANGMUIR AND FREUNDLICH ISOTHERMS
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APPENDIX IV

SUMMARY OF DATA USED IN EVALUATING
THE LENGTH OF UNUSED ADSORBENT BED

AT AN OUTLET VAPOUR CONCENTRATION

QF 10 p.p.m.
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APPENDIX V

DATA USED TO CALCULATE THEORETICAL ADSORBATE-

ADSORBENT RATIO USING DUBININ-POLANYI EQUATION
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APPENDIX VI

DATA USED TO CALCULATE ADSORBATE-ADSORBENT

RATIO AT BREAKTHROUGH
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APPENDIX VII

SUMMARY OF DATA USED TO CALCULATE ADSORPTION

RATE CONSTANT

234



HIOTD TVODUVHD NO ANVIAAH J0 INVISNOD HIV¥ NOILJIYOSAV ALVINDTVD O1 aasn viva -1 #'1dVl

09%¢ 9 Jer i’ 00°T G1d3an
ST ELT 8 €l VAR YA A SL? L6L°C 0891 6°LY 00° 1 OTddH
0zZ0T1 L°%E 00°1 GddH
088¢ 0°09 £9°0  HTdaH
6°L0T- 1°686— 6°YEY%9 SLT S19°¢ o%0¢ 1°LY L9°0 6ddH
o1t 0°¢€t 970 dUH
; 086Y 0°89 06°0 €1ddH
6°8T1T S EANT— 7 TEE96 SLT 868°¢C 006¢€ ¢TYs 0G6°0 gddaH
3 0291 £5CE 06°0 €daH
0ZeY 1°6S €€°0 2lIdan
0°60T 1°898T- 8°CTO0STT S L6l*T 0Zhve 8°G¥y €e"0 [dTH
o%€e L°9¢ €€°0 ¢ddH
0096 9°€9 €Z°0 TiddH
0°€0t1 ¢°68%E- ¥°00S.07 SLT 9€L° T 0069 1° 6% STT0 9ddH
0T1¢E £ CE YA TddH
(g-u 3%)
(._s) JuaqIospy (¢OTX[_Scw) (0os) (0TXB4)  (OTXy_Scm)
umfumcou ayl jo 23eamorg anodep , UOTIBIJUDIUOY IDTUL Y1019 aiey

21ey (09s) (+_% s) £31suaq JUDATOS-ITY 1" =wot3w3ueouoy 397300 TeODaBY) JuaAyos *ON
uotrjdaospy 3Jdsoaajug waoam A1ng abeaaay oB21 03] 2uWl] jo Iy31aM pinbt1 *a3dxy

235



HIOTO "IVOOMVHD NO ANATAHLIOWOTHOVUIAL 40 INVISNOD HIVY¥ NOILAYOSAV ALVINDTVD OL dd4SN VIVA :Z HAT9VL
0¢ce 65 00°T STLIAIL
L°00T ¢°899- 0°/[CTLlY ST 52T 09¢1 £°GYy 00°T OTL3L
080T S*YE 00°T SLAL
00t ¢°29 £9°0  YTLiL
9° 10T 9°9/6- €£°08099 LT TLE*T 0981 8° LY L9°0 6111
0Z€T o £9°0 VARCH)
00€9 T°¢9 0§°0 €TLIL
SSR0T 8°C06T- O°TLYZET SLT TLE°C 008Y% £°06 05°0 8LUL
00%¢ 9 e 05°0 €LAL
0069 6°09 1% 2 B A B ACH A
0°10T G 60%C- 9°S0TYST L2 £6h°d 004§ 616 £E"0 L1331
0%9¢ 0°¢€e EE0 [ARCHA
0v%0T 6°29 6¢°0 TITIHL
£°68 6°GTEE— 9°8GSETT SL¢ 681°C 0009 £ Ly $2°0 9LdL
0C6Y % 9% $¢°0 TLAL

(g-u 3%)
(;_s) JuaqIOSpy (cOTXy_Scum) (oos) (¢0OTX3N) (gOTXp_Sgw)
uswumcou ay3 jo e3eamorg anodep ., UoTieajuadsuo) 3aTu] 410719 23y

218y (o9s8) nalwx s) L31sus(q JUPATOS—-ITV “uoy3eiusduo) 1273INQ TeODIRBY) JU2ATOS *ON
uopjdaospy 2adedasjuy  adojs ATNg abexaay yoe21 03 awy], Jo y8ToM prnby1  *3dxjg

236



HLOTO "TVODMVHD NO ANANTOL 40 INVISNOD FIVY NOILAYOSAV FLVINDTIVD OL adsn viva :¢ dA719dvl
081¢€ £°L9 00°T ST10L
9*09 H°E£ese- 9°8E¥H8 GLT 8G8*T 0861 8°¢€S 00°T 01101
¥ 08/, 6" 8¢ 00°1 G101
096¢ £°6S £9°0 71101
¢°G9 g£°v9ge- LHBITEZT LT 868 ¢C 0912 8° LY £9°0 6101
i 080T 9°G¢ £9°0 1015
ocey 6°19 05°0 E1I0L
8°69 O°CHiE- 0°8%ZTC1 YA 868°¢ 0%9¢ L™9% 06°0 8101
096T S°6L 0S*0 €101
088G 9~ LS o sl 0] ¢ 1701
L°9L [*€69Y- 0°9¢86L1 SLT ¢91° ¢t 08LE °6% €L°0 LT0L
0761 0°*9¢ £E"D ¢'101,
00%8 6°¢9 6¢ 0 T1'10L
8°CL L[°868Y%— 0°90s01¢ GLT GL9°C oL wy £ Gy G¢*0 9701
o%cCeE 0°8¢ G¢'0 TT0L
(g-w 3%)
(;_S) JuaqIospy (cOTX[_Scuw) (0os) (c0TX8%)  (gOT¥Xp_S¢m)
Juelsuo) a3yl Jo 23eamoTg anodep . UOTIBIJUDDUC) IBTU] 4ao1o 231my

a31ey (0es) Aﬁlmx s) A3T1suaq JUBATOS-ITV ! “uorjejuaduU0) 321300 TeODaRY) JUBATOS *oN
uoridaospy 3deodaejuy  adoys ATNg ebexeay yoeal1 03 |wTl 30 ySTOM pInbrn  *adxy

237



HIOTD TVOD¥VHD NO ANHTAX-0 JO INVISNOD H1V¥ NOILJNOSAV JIVINDTIVO O dasn vivd

i HTEVL

0081 L0" 66 00°T GTTAX
G*901 8°869- $°8670% GLT 8T6°C oO%TT 92°0S 00°T OTTAX
08L 00°6¢ 00°1 CTAX
0Z1€ 85°79 £9°0  HTTIAX
£°T0T S e = 6°8680/L GLT AT A OwLT 0€ " 8% £9°0 6 TAX
08€1 £G°LE [9°0 #1EX
ovLy 16°19 06°0 ETT1AX
AN A bl i 9* [%29TT GLT 6/L6°C 0gyve 00° 6% 0S°0 8TAX
0081 §9°9¢ 0S°0 €1AX
096/ 16°19 g0V ZTILY
0°T10T ARk A S 9°*9CCLLT SLT 616°C 088S 99°6Y £E°0 LTAX
090¢ SH*9g 3 5l 0] ¢T1AX
0CTL6 %8709 ¢z o TTTAX
1°98 C*L99%- £ [E0CEL 61T 98 L°¢C 0099 29706 G¢°0 9TAX
00¢Y 2EC Lt GZ*o TTAX
= (g-u 8%)
T= Judqaospy (g0TXp_S¢t) (09s) (¢0TX3%)  (gOTX{_S¢W)

JUE]SU0) 2yj jo @23eamorg anodep . UOTJBIjU2DU0) IITUL 301D ajey
218y (o9s8) ( lmx s) Ka1sua(q JUBATOS-ITY T TuoTjejuaduo0) 1I|BTINQ TeO2IRYD JUIATOS *ON
voridiospy adedaajul maoﬂm AIng abetasy yoeal 031 auwyl] jJ0 2ySTOM pinb1  *adxy

238



APPENDIX VIII

CALCULATED THEORETICAL BREAKTHROUGH

TIME USING EQUATION 6.10
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APPENDIX IX

SUMMARY OF RESULTS SHOWING OXIDATION DURING

ADSORPTION OF SOLVENT VAPOURS ON CHARCOAL CLOTH
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APPENDIX X

LIST OF COMPUTER PROGRAMS
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C A COMPUTER PROGRAM TO DRAW A GRAPH OF
C OUTLET VAPOUR CONCENTRATION OF HEPTANE

C IN PPM AGAINST TIME IN SECONDS

C AT DIFFERENT INLET CONCENTRATION

INTEGER Z

DIMENSION A(30),B(30),c(20),D(20),G(43),
H(43),0(43),R(43),X(30),Y(30),2(5)

Do 10 1=1,30

READ(12,-) A(I),B(I)

10

20

30

40

50

A(I)=

A(I)*60.0

CONTINUE
DO 20 I=1,20
READ(22,-) Cc(I),D(I)

c(I)=

C(I)*60.0

CONTINUE
DO 30 I=1,43
READ(32,-) G(I),H(I)
G(I)=G(I)*60.0
CONTINUE

DO 40 I=1,43
READ(42,=-) Q(I),R(I)
Q(I)=0(I)*60.0
CONTINUE

DO 50 I=1,30
READ(52,-) X(I),¥(I)

X(1)=X(1)*60.0

CONTINUE

CALL GINO

CALL CHASWI(1)

CALL SCALE(1.0)

CALL CHASIZ(2.0,3.0)

CALL SHIFT2(50.0,70.0)

CALL AXIPOS(1,0.0,0.0,140.0,1)
CALL AXIPOS(1,0.0,0.0,180.0,2)
CALL AXIsca(3,3,0.0,18000.0,1)
CALL AXISCA(3,5,-40.0,510.0,2)
CALL AXIDRA (1,1,1)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

AXIDRA(=1,-1,2)

GRASYM (A,B,30,1,0)

GRASYM (C,D,20,2,0)

GRASYM (G,H,43,3,0)

GRASYM (Q,R,43,4,0)

GRASYM (X,Y¥,30,5,0)

GRACUR(A,B,30)

GRACUR (C,D,20)

GRACUR (G,H,43)

GRACUR (Q,R,43)

GRACUR (X,Y,30)

MOVTO2(40.0,-20.0)

CHAHOL ( 17HTIME IN SECONDS*.)

MOVTO2(-17.0,-50.0)

CHAHOL (42HFIGURE 4.4 OUTLET VAPOUR CONCENTRATION*.)
MOVT02(67.0,-50.0)

CHAHOL (42HVS TIME AT DIFFERENT INLET CONCENTRATIONY.)
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CALL MOVT02(27.0,-60.0)
CALL CHAHOL(31H(25 LAYERS OF CHARCOAL CLOTH)*.)
CALL MOVTO02(=17.0,50.0)
CALL CHAANG(20.0)

CALL CHAHOL(47HOUTLET VAPOUR CONCENTRATION OF HEPTANE IN PPM*,)
P=110.0

$=150.0

DO 60 J=1,5,1

READ (62,-) Z(J)

CALL MOVTO2(P,S)

CALL CHAANG(0.0)

CALL SYMBOL(J)

CALL MOVTO2(P+2.0,S8-2.0)
CALL CHAHOL(S5H = *.)

CALL CHAINT(Z(J),3)

CALL MOVTO2(P+20.0,58-2.0)
CALL CHAHOL (SHPPM*.)
$=5-7.0

CONTINUE

CALL DEVEND

STOP

END
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C A COMPUTER PROGRAM TO CALCULATE
C THE AREA UNDER A CURVE
DIMENSION X(7),¥(7)
DO 8 =T
READ(12,-) X(I),Y(I)
10 CONTINUE
WRITE(25,90)
90 FORMAT ((9X ,4HX(I),9X ,4HY(I),8X,1HA, 15X, 1HB))
B=0.0
Do 55 1=1,6
A=ABS((X(I+1)=-X(I))*¥Y(I))+0.5*ABS((X(I+1)=-X(I))*
1 (Y(I+1)=-Y(I))) '
B=A+B
65 WRITE(25,100) x(1),¥(1),A,B
100 FORMAT(3X,F9.2,4X,F9.2,5X,F9.2,6%X,F9.2)
55 CONTINUE
STOP
END
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Qaaoonoonan

A COMPUTER PROGRAM TO CALCULATE THE ADSORPTION
CAPACITY OF A SOLVENT ON CHARCOAL CLOTH USING
DUBININ-POLANYI EQUATION

R=LOG(Q) IN DUBININ-POLANYI EQUATION
Q=CALCULATED ADSORPTION CAPACITY

=MOLECULAR WEIGHT OF THE SOLVENT

110

120

150

REAL T,P,V,D,P1,P2,D1,R,0Q

REAL V,D,P1,P2,D1,R,0Q

REAL T(15),P(15)

INTEGER I

WRITE(13,110)
FORMAT(//,T7,2HD1,T17,2HD3,T30,2HD4,
T41,1HR,T51, 1HQ)

Do 150 I=1,15

READ (7,-) T(I),P(I)
V=760.0%22.4%(273.0+T(I))/(273.0*P(I))
M=106

D=M*1000/V
P0=0.062%(273.0+T(I))*D/106.0
P1=ALOG10(P0)
P2=6,999-1475/(214.0+T(1I))
D1=0.897-0.0084*T(1I)

D2=0.615*D1

D3=ALOG10(D2)

D4=0.,00000046*( (273.0+T(I))/1.37)**2*
((P1-P2)**2)

R=D3-D4

0=10,0**R

WRITE(13,120)D1,D3,D4,R,Q
FORMAT(2X,F8.3,3X,F8.3,4X,F8.3,2X,
F8.3,3X,F8.3)

CONTINUE

STOP

END
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C A COMPUTER PROGRAM.

C INTERCEPT USING CURVE FITTING METHCD
INTEGER N,M,I,J,D

16
15
e
c
22
23
40

REAL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

X(3),v¥(3),A(4),REF,Z(3),S(3),T(3),K(5),H,L

GINO
CHASWI(1)

SCALE(1.0)

CHASIZ(2.0,3.0)
SHIFT2(50.0,70.0)
AXIPOS(0,0.0,0.0,140.0,1)
AXIPOS(0,0.0,0.0,180.0,2)
AXISCA(3,5,0.0,0.1,1)
AXISca(3,11,0.0,11000.0,2)
AXIDRA (1,1,1)
AXIDRA(=1,=-1,2)
MOVTO02(40.0,-20.0)

TO PLOT THE BREAKTHROUGH
C TIME IN SECONDS AGAINST WEIGHT OF CHARCOAL
C CLOTH IN KILOGRAM AND CALCULATE THE SLOPE AND

CHAHOL (38HWEIGHT OF CHARCOAL CLOTH IN KILOGRAM*.)

movTo2(-17.0,-50.0)

CHAHOL (40HFIGURE 4.21 TIME REQUIRED FOR OUTLETY*.)

MOVTQ2(62.0,-50.0)

CHAHOL ( 37HCONCENTRATION TO REACH 10% OF INLET*.)

MOVT02(11.0,-60.0)

CHAHOL ( 43HCONCENTRATION VS WEIGHT OF CHARCOAL CLOTH*.)

MOVT02(96.0,-60.0)
CHAHOL(11H(HEPTANE)*.)
MOVTO2(=17.0,90.0)
CHAANG(90.0)

CHAHOL (17HTIME IN SECONDS*.)

Do 20 II=1,5

READ
READ
READ
CALL

PRINT *,'
PRINT *;°

*,N

* (X(1),¥(1),I=1,N)
*,M,M1
EO2ACF(X,Y,N,A,M1,REF)

DO 15 1=1,M1

PRINT 16,A(I)
FORMAT (15X,F10.3)
CONTINUE

PRINT 22

FORMAT(15X," X Y
PRINT 23

FORMAT (14X,46('="))

DO 10 J=1, N

z(J)=
S(J)=

I=M

X(J)
A(M+1)

S(J)=s(J)*z2(J)+A(I)
IF (I-1) 30,30,40
I=1=1
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POLYNOMIAL COEFFICIENTS:- '

FIT
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GO TO 20

30 T(J)=Y(J)

H=S(J)=-T(J)

PRINT 100,%(J),T(J),S(J),H
100 FORMAT (14X ,F7.1,3X,F10.3,2X,F10.3,2X,F10.3)
10 . CONTINUE

CALL PENSEL(1,1.0,1)
CALL MOVTO2(0.0,0.0)
CALL GRASYM(Z,T,N,II,0)
CALL GRAPOL (Z,S,N)

20 CONTINUE
P=110.0
1=130.0
Do 60 p=1,5,1
READ (62,-) K(D)
CALL MOVTO2(P,L)
CALL CHAANG(0.0)
CALL SYMBOL(D)
CALL MOVTO2(P+2.0,L=-2.0)
CALL CHAHOL(S5H = *.)
CALL CHAFIX(X(D),4,2)
CALL MOVTO2(P+20.0,L-2.0)
CALL CHAHOL (8HML/MIN*.)
L=L-7.0 :

60 CONTINUE
CALL DEVEND
STOP
END
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