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ABSTRACT 

Massive literature is available on adsorption equilibria 

but only few studies had been directed towards adsorption kinetics 

and mechanism, particularly, in solution. 

The present investigation was thus undertaken to gain 

a better insight into the mechanism of adsorption by studying kinetics 

of adsorption from solution on activated carbon (from cocoanut shell). 

For the purpose iodine and acetic acid were choosen as 

adsorbate for this study considering their general use in evaluating 

activated carbon. This study included study of isotherms, isobars, 

isosteres and kinetics of adsorption. 

The adsorption isotherms in the temperature range 

3030 k - 3630 k were found to be of type V ( for acetic acid) and 

type III ( for iodine) of Brunauer's classification. An attempt 

was made to analyse iodine adsorption data by using Langmuir 

equation as modified by Kipling and it was found that both the 

solvent and solute were adsorbed on the carbon surface. 

A semi-empirical equation developed by Liszi was used 

to explain the kinetic data of iodine and acetic acid adsorption on 

activated carbon. The equation was represented as 

where, 

v = 

v = quantity adsorbed by a unit mass of the adsorbent 

during the time t. 

Jr, ~= constants depending on pressure/concentration 

t = time. 
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The kinetics of adsorption were studied in the temperature ranges 

3030 k - 3630 k. The kinetic data showed that the results were in 

agreement with the 1iszi equation. The order of adsorption varied 

from 0.66 to I.? for iodine and from 1.48 to 2.00 for acetic acid 

except at 323 0 k when the order was found to be low (1.07). The 

rate constant values were used to get an idea of the magnitude of 

the activation energy of adsorption which varied from 0.4358 Kcal/mole 

to 2.74 Kcal/mole for iodine. The activation energy for acetic acid 

showed a constant value of 5.36 Kcal/mole. Heats of adsorption 

were determined by isosteric method. The value obtained for acetic 

acid varied from .~4 Kcal/mole to 7. 45 Kcal/mole in the temperature 

ranges 3030 k - 3630 k and for iodine from 0.-19]9 Kcal/mole to 

3.0926 Kcal/mole in the temperature ranges 3030 k - 3630 k. These 

low values of activation energies and heats of adsorption indicated 

that the adsorption of acetic acid and iodine on activated carbon 

was Vander Waals' type i.e. physical adsorption. 

The mechanism by which activated carbon functions are 

yet to be explained clearly. A thorough understanding of the sorptive 

mechanism was therefore essential for accomplishing the most effective 

use of active carbon. It was found that both particle diffusion and 

mass action contribute to the kinetics of iodine and acetic acid 

adsorption on carbon. A mechanism for adsorption consistent with 

the experimental results is suggested. Mathematical expression for 

the phenomena were formulated for both iodine and acetic acid. 

The specificity of zinc chloride treated activated 

carbon was explained. It was found that very minute quantities of 
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zinc were held strongly by active carbon on certain areas of carbon 

surface or internal pores. This perhaps was responsible for specifi­

city though it was not possible unequivocally to assign a mechanism 

for the activation of carbon. 

The measurements of the surface areas was undertaken as 

it was a highly significant parameter in nearly all physical and 

chemical processes of adsorption involving powdered solids. Iodine 

adsorption and BET (Brunauer, Emmett and Teller) methods were used 

to measure the surface areas of different carbons. A value of 41.14Ao2 

was used for the molecular area of iodine. This value gave surface 

areas of different adsorbents (carbon) consistent with those obtained 

by the BET method. The iodine adsorption method was simple, and 

determination of the surface areas were made fairly quickly. The 

method was free of lengthy and complicated calculations involved 

in the BET method. 
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Symbols and Abbreviations used 

Amount adsorbed at certain time t ( in g.). 

Equilibrium pressure. 

time. 

Monolayer volume. 

Heat of adsorption. 

Temperature (oK). 

Differential heat of adsorption. 

lsosteric heat of adsorption. 

Activation energy of adsorption. 

Gas constant. 

Specific rate constant. 

The frequency factor. 

Rate constant for adsorption. 

Rate constant for desorption. 

Fraction of the surface covered ( surface coverage) i.e. 

amount adsorbed in g. 

radius. 

Surface area. 

The surface concentration. 

Diffusion co-efficient. 

Concentration of the solution at equilibrium. 

Initial concentration of the solution. 
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1.1 ACTIVATED CARBOB: 

The term 'activated carbon' comprises a family of substances 

which is a porous carbonaceous material having a strongly developed 

internal surface. But no definite structural formula can be assigned 

to activated carbon nor its identity can be proved by 8D¥ chemical 

aaalysis. It is stated that, 'carbon bas a memory' and the adsorption 

characteristics of an activated carbon are dependent on the history 

of its preparation. The characteristics of activated carbons are 

known to vary with the raw materials used, the conditions of activation 

and the nature of the activating agents. The same raw materials can 

be transformed into different members of the family by giving appropri­

ate treatments during preparation. 

The only way of identifying an activated carbon 1s by 

its adsorptive and catalytic properties. Various modifications of 

the same process of activation are found to alter the adsorp~ion 

characteristics of carbon for different types of adsorbates in 

different ways i.e. each method of activation leaves a characteristic 

imprint on the adsorptive powers. The aotivation of carbon is 

generally considered to consist in one or more of the followiag 

processes: (i)_increasing the act~ve surface area, eg by increasing 

the porosity ( it is to the highly porous structure that the extensive 

specific surface area of active carbon, amounting to hundreds of 

square metres per gramme is due ) ; (1i) removal of any substances, 

inorganic or organic which might poison the active centres ; 

(iii) producing fresh active centres, which might consist of 

unoriented carbon atoms of higher energy potential on the surface 

or the fixation of other polar atoms or groups o~ the surface. 
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The physical structure, the porosity, and the 

accessibility of the internal surface of active carbons to the 

molecules in the liquid or solution or gas phase exert fundamental 

influence on their specificity and selectivity. The selectivity 

of activated carbon makes it suitable for a wide variety of its 

use, such as decolourisation~vapour adsorption, solvent recovery, 

purification of industrial gases, catalyst carrier etc. The 

mechanism by which activated carbon functions to remove the 

undesirable impurities from solutions have never been clearly 

explained. A thorough understanding of these sorptive mechanism 

is essential for accomplishing the most effective use of active 

carbon in the above mentioned fields. 

1.2 GENERAL METHODS OF PREPARATION: 

The methods of preparation of activated carbon are 

summarised in Fig. 1.1 

Solid 
raw 
mate­
rials 

) 

Carbonisation. 
) 

Bone Char. 
) 

~_~) Coke 4-cti vatioD:. ~ Activated 
Charcoal 

'Chemical activation' 

Fig. 1.1 Schematic representation of different methods for the 
preparation of active charcoal. 
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Details of the manufacture of commercial charcoals 1-6 are 

relevant here only in so far as they are related to the 

properties of the products. The raw materials are always 

organic, and nearly always of biological origin, though a few 

experimental products have been made from synthetic polymers, 

eg polyvinylidene chloride (Saran charcoals) .7-8. and 

divi~lbenzene copolymer9• Charcoals having the finest pores 

have been made from haadwoodslO , nutshells and in recent years, 

from va~·ious grades of coal. The suitability of coal ~aries 

with the rank, and in order to achieve satisfactory mechanical 

as well as adsorptive properties, it is usual to blend a caking 

wi th a non-caking coal. These are ground to fine powder, 

briquetted under high pressures without a binder, and carbonised 

at a low temperature 11-13 (600°C). The open pore structure 

of gas coke showe the need for preliminary treatment. A 

remarkable varie~y of other substance. has been investigated 3,4 • 

Two stages, viz., carbonisatio~ and oxidation are 

recognised in the production of an activated charcoal. In 

tcarbonisation' the original material is pyrolysed in the 

absence of air to remove most of the elements other than carboa 

as volatile compounds14• For a given material the fundamental 

structure of the carboDl. reSidue, in particular its potential 

pore-structure, is determined by the precise conditions used 

in the carbonisation process, especially .in the case of 

coal 11,12,15. In the oxidation stage the reagents used 

are mostly gaseous ( air,. oxygen, chlorine, sulphur vapour, CO2 
etc. ) and most of them give rise to an exothermic process. 
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The reaction with steam, however, is endothermic, which makes 

control of temperature easier ( especially in the industrial scale ) 

and hence the reproducibility of the product, a factor to which 

little attention seems to have been paid in most early work. 

De1tz4 giyes extensive reference to early work in his book. 

Both. the activating agent and the temperature of 

activation affect the properties of tbe product. The endothermic 

processes usually need a higher working temperature than the 

exothermic processes ; air6 and sUlphur16 vapour react readily 

at 3000 -600°0, whereas steam and 002 need a temperature of 

° 700-1000°0, depending on the type of charcoal being activated 17,18 • 

Lower temperatures are possible if the reaction is catalysed, 

and some catalysts such as potassium carbonate may occur in the 

charcoal as ash. On this subject there is a considerable amount 

of litera~ure of which only a few references may be cited 10,119-132 • 

The kine~ics and reaction mechanisms of these processes have been 

discussed131 and reviewed recently. 

Several processes in which carbonisation and 

activation are carried out in one operation have been devised. 

They are sometimes termed rather unsatisfactorily, 'chemical 

activation'. The raw material is intimately mixed with a 

dehydrating and / or oxidising agent such as Zn012 • phosphoric 

acid, or potassium sulphide, and heated in the absence of air. 

In many cases, the activating agent liberates a gas which assists 

the development of an extensive pore system. The advantage of 

an one-stage process is somewhat offset by the need ( in moet 

cases) to remove the inorganic materials left in the charcoal. 
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This is not always completely successful ; a typical ZnC12 -

activated wood charcoal was found to contain 6.38% of ZnO 

(Zinc oxide)19. As with raw materials, a considerable number 

of activating agents have been investigated, but only a few have 

found wide acceptanoe3• 

1.3 DEFINITION AND TYPES OF ADSORPTION 

Adsorption is one of the most fundamental properties 

of surfaces, being the essential underlying cause for a wide 

Tariety of interfacial and colloidal phenomena. Surface of a 

8ubstance is the exterior of a material body. However, a 

surface is actually a boundary because where the mass of one 

b,ody ends the mass of another begins. When a solid is immersed 

in a liquid, the surface of the solid faces a corresponding 

surface of the liquid ; the region enclosed by these two surface 

are known as interface, and i' is withia this interfacial region 

accumulation of a substance i.e. adsorptio~ occurs. So adsorption 

is a surface phenomenon. 

When two immicsible phases are brought into 

contact, it is usually found that the ooncentration of one 

phase is greater at the inter-face than in its bulk resulting 

from inelastio collision suffered by the molecules on the 

surface. Negative adsorption results in a lower concentration. 

of the species in the interface than in the bulk. Although 

there is no chemioal distinction between the molecules or 

atoms on the surface and the molecules or atoms in the bulk, 

energy consideration lead to quite dissimilar properties. 

J 
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The length of tiae that elapses between the condensation of a molecule 

and its subsequent evaporation depends on the int.Bsity of the surface 

forces. Adsorption is the direct result of this time lag. This time 
€~ 

lag or the resting time of the gas molecules may vary ow/a wide range, 

from lO:l? sec. to any large period one can imagine. 

In the case of adsorption from solutions, differences 

found between the adsorptive behaviour of vapours and that of solutes 

can be traced to a different character of the interface. In solid/gas 

interface, the gas space serves primarily as a reservoir from which 

molecules are delivered to, or received from the interfaoe. 

The solid/liquid interface presents a definite contrast 

here the liquid side of the interface exerts a number of positiv 

influences as for example, (i) attraction of sorbent surface for 

solute, (ii) attraction of sorbent for solvent, (iii) solubilizing 

power of solvent for solute, (iv) aSSOCiation, (v) effect of solvent 

on orientation at interface, (vi) ionization, (vii) competition for 

interface in presence of multiple solutes, (viii) interactions of 

multiple solutes, (1x) Co-adsorption, (x) molecular size of molecules 

in the system, (xi) Pore size distribution in the adsorbent, and 

(xii) surface area of the adsorbent. The intensity, magni~de, and 

direction of influence will vary according to the specific assortment 

of solutes and solvents ; the resultant can serve to augment, modify 

or nullify the attractive forces exerted by the adsorbent side of the 

in~~tac •• 

Differences ia. adsorption characteristics of solutes 

and gases including vapours are revealed b7 studying temperature. 

An elevation in temperature increases the escaping tendency of a 
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vapour or gas from the interface and invariably diminishes the 

adsorption especially in the case of physical adsorption. Similar 

action operates at the carbon/liquid interface, but here it is often 

dwarfed by the influence of tempera~e on solvent affinities. Tbis 

should not be taken to mean that temperature is without influence 

on adsorption from solution ;certainly temperature can have much 

influence on the magnitude and direction of many factors mentioned 

above L- i.e. from (i) to (xii) _7 and thereby alter the course of 

an adsorption. But the resulting action is quite specific; instances 

are known in which a change in temperature increased the adsorption 

of one ingredient and simultaneously decreased the adsorption of 

another ingredient in the same system. Some substances, after 

becoming adsorbed, undergo a change so that they are no longer 

soluble and such changes may be accelerated by a rise in tempera~e. 

The extent of adsorption from solution increases with 

ooncentration; but it is probable that a limit is attained in 

adsorption by a solid surface from solution, just as is the case 

in the adsorption of gas by a solid or a gas-liquid interface. It 

is certain that whatever the mechanism of adsorption from solution, 

the extent depends mainly on the available surface of the adsorbent, 

although specific factors are sometimes evident, especially with 

colloidal particles. The order in which a series of solutes are 

taken up from the solution is therefore, in general, very much the 

same for different forms of charcoal, Silica, and other finely 

divided adsorbents. The process of adsorption is almost invariabl~ 

reversible and a definite equilibrium is reached in a short time 

dependent on the concentration of the solution and the quantity 

of the adsorbent. 
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Adsorption generally ~kes place with a decrease in free 

energy and entropy. The exten~ of adsorption depends on the amount of 

free surface exposed and the pressure or concentration, the nature and 

kind of adsorbent and that of the adsorbed substance and on the 

temperature of the system. Adsorption when involves the condensation 

of several layers is termed as multimolecular. 

Long experience has revealed that there are mainly two 

types of adsorption, depending on the nature and the extent of forces 

acting between the adsorbent and the adsorbate. If the surface is 

saturated, i.e. if the valency requirements of the atoms on the surface 

is satisfied, adsorption tends to take place only through the forces 

of physical attraction. This type of adsorption is called physical or 
~ Vander Waals adsorption. The nature and mechanism of physioal 

adsorption is similar to that of condensation of vapour on the surface 

of its own liquid. Second type of adsorption is chemisorption, which 

results due to the unsaturation of the surface. In chemisorption 

such a surface will tend to form chemical bonds with a nearby phase. 

Though physical adsorption and chemisorption has been differen­

tiated in various ways, in a surface phenomenon where there is a 

transition from one process to another it is not always possible to 

separate them with exactness. Even then there are few features 

distinguishing these two processes. 

In considering the nature of bonding it may be stated 

that in physical adsorption no chemical bonds are broken or made 

and the chemical nature of the adsorbate is therefore unchanged as 

there is no electron transfer between the adsorbate and the adsorbent. 
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In chemisorption, adsorbate may undergo chemical changes and may be 

dissociated into independent fragments i.e. electron transfer takes 

place in chemisorption. Radicals and atoms are thus the units of 

which adsorbed layers are made. 

Two separate problems are involved in the consideration 

of the mechanism of chemisorption -the nature of the surface bond 

and the nature of the surface radicals. There is evidence that each 

of the three main types of chemical bond-- the ioniC, covalent and 

co-ordinate, may be formed in chemisorption. For ionic bond, the 

ease of passage of electrons across the surface plane, that is the 

magnitude of the work function may decide both the ease of formation 

and strength of the bond. Covalent bonds can only be formed if the 

adsorbent possess orbitals with unpaired electron capable of entering 

into covalence. Co-ordination by donation of electrons to the 

adsorbent requires the latter to have a vacant orbital capable of 

receiving the pair of electrons. These considerations suggest ~hat 

the nature of the surface bonds formed in the adsorption of particular 

molecules depend largely on the electronic structure of the adsorbent 

and therefore specificity in chemisorption and catalytic reactions 

also arise mainly from this factor. The presence of defects in the 

crystal lattice of the adsorbent is one of the important factors 

which govern the process of chemisorption. 

Physical adsorption which involves only the Vander Waals' 

types of forces is found to occur at relatively low temperature. 

Since chemisorption involves forces of chemical nature, it occurs 

specially at relatively high temperature and it is indicated by 
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respectively. Curve (Ill) is the potential energy curve for the 
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physiosorp'tion; AII is the heat of chemisorptiofi. a.nd E i8 the 
ener,.gy of activatioB. 1,1hen B= 0.8. 
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high heat of adsorption and activation energy. 

Both physical adsorption and chemisorption processe8 are 

accompanied by ,changes of some potential energy. It may sometimes 

happen that chemisorption is initially unactiyated and that as coverage8 

increase it becomes actiTated. This kind of behaviour can be understood 

by reference to the potential energy diagram as shown in Fig. 1.2, 

which refers to a hypothetical system20 • 

Two potential curves (i) and (ii) are drawn for the 

chemisorption process ; the first ( which correspond8 to a coverage 

of e ~ 0 ) is lower than the 8ecoM, (which refers to a relatively 

high coverage e ~ 0.5 - 0.8) beca):: ! at low coverages the more 

active sites will be,~upied preferentially while at higher coverages 

only the less active sites will be available. As the molecule A2 

approaches the solid surface M, it is first physically adsorbed 

(curve (iii) ) with a heat of adsorption .6Hp. When the molecule 

has reached within a distance r l it is in a position to Cr08& over 

to curve (i) if the surface is virtually bare ; no energy of activa~ion 

is needed because the crossing point A is located below the line of 

zero potential. If however, the coverage is already high, an energy 

of actiTation E will be necessary to bring about a transfer from the 

physisorbed to the chemisorbed state because the point of intersectian 

of curves (iii) and (ii) is located above the line of zero potential 

i.e. they cross in a region where the repulsive forces predominate. 

Thus a fast and non activated chemisorption will take place at low 

coverages followed by a slow and activated chemisorption taking place 

at high coverages. This model as described here is too simple to 

apply to all cases21 • 
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One of the most important criterion to distinguish 

between physical adsorption and chemisorption is the measurement 

of the heat of adsorption. Chemical bonds are normally stronger 

than physical forces of attractions ; so heat of chemisorption should 

therefore be large while heats of physical adsorption should be low. 

Chemisorption processes are usually accompanied by high enthalpy 

changes, usually in the range of 10-150 kcali mole, while that for 

physical adsorption is comparable with the heat of liquifaction 

haYing values in the range of 2 - 10 kca~/ mole. Measurements of 

heat of adsorption therefore often provide a useful but not always 

decisive method ( because more recent work has shown that the heats 

of chemisorption can be far smaller than was previously believ,ed ) 

to determine the extent of the surface interaction and hence the 

type of adsorption. In making comparisons it should be noted that 

in both types of adsorption, because of surface heterogen~ty and 

lateral interaction effecta, the heats of adsorption may vary 

considerably with surface coverage. This effect is particularly 

marked in chemisorption where the lateral interaction forces, being 

invariably repulsive, reinforce the effects of heterogeneity. 

Adsorption processes are generally exothermic, therefore 

it is expected that the extent of adsorption of gases on solid surfaces 

at a defi&ite pressure should decrease with increase in temperature 

in accordance with the prinCiple of Le Chatelier. In case of 

p~ysical adsorption, the amount of substance adsorbed decrease with 

rise of temperature. But the process of chemisorption, which involves 

forces of chemical nature, mostly shows a positive temperature 

co-efficient i.e. the amount of adsorption increases with rise of 

temperature. 
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Physical adsorption is generally a reversible process 

but the process of chemisorption is usually characterized by 

irreversibility. 

Physical adsorptioB and chemisorption may sometiaes be 

distinguished by their different rates of approach to equilibrium. 

Physical adsorption is instantaneous but, with highly porous or 

finely powdered adsorbents, diffusion of the adsorbate molecule into 

the adsorbent mass is often slow, particularly at low pressures. 

ChemisorptioR may be instantaneous but there are many systems where 

chemisorption involves an activation energy. In both physical and 

chemical adsorption, preCise measurements may be hampered by the 

establishment of a pseUdo - equilibrium. Thus the outer strata of 

adsorbent are more heavily covered with adsorbate than the centre of 

the solid mass ; subsequent redistribution of the adsorbed film to 

give uniform coverage at all points in the solid mass is sometimes 

an extremely slow process. Clearly, the use of a rat. criterion to 

distinguish physical from chemical adsorption is associated with 

complications. 

Other important criteria to distinguish physical 

adsorption and chemisorption are changes in the optical properiy, 

magnetiC susceptibility and magneti~ anisotropy of the adsorbed 

molecules. The change of electrical and magnetic properties are 

associated with chemisorption and they characterize the type 

mechanism operated in chemisorption of a particular system. The 

nature of the surface radicals is of interest because they decide 

the mechanism of catalytic reactions. Dipole moment measurements 

are also useful for identifying the type of adsorption. Nowadays, 

infrared spectroscopy, NMR spectroscopy and field emission microscopy 
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have been successfully employed for investigation of adsorption 

of gases on solids. 

Chemisorption is more specific in its chemical nature 

than physical adsorption. In the case of chemisorption the maximum 

extent of adsorption will be the formation of a monolayer of adsorbed 

species on the adsorbent. However, a monolayer of adsorbed species 

is seldom realised, as in chemisorption the adsorbed species became 

electrically charged and form a barrier for further exchange of 

electrons between the adsorbent and the adsorbate. In case of 

physical adsorption such electrostatic interactions are absent and 

formation of several layers of adsorbed species on the adsorbent i8 

possible, particularly at low temperature. 

Under certain conditions two types of adsorption take 

place simultaneously and a sharp differentiation is impossible. 

1.4. GENERAL APPROACH TO ADSORPTION STUDIES 

When an adsorbate is adsorbed on the surface of an 

adsorbent, the following informations are of interest. 

(i) Nature of adsorption viz physical or chemical, 

(ii) Conditions (temperature, pressure, state of the adsorben~ ) 

under which physicalfor chemical adsorption takes place. 

(iii) Thermodynamic data regarding the adsorption process. These 

include the amount of adsorbate adsorbed under various equilibrium 

pressures at definite temperatures, the isosteric heat of adsorption etc. 

(iv) The fate of the adsorbed molecule ; whether it is adsorbed 

chemically unchanged or is dissociated. How is it bonded to the 

adsorbent ? ; the nature of the bond between the adsorbent and the 

adsorbate eg ionic, covalent etc ; the strength of the bond between 

Dhaka University Institutional Repository



15 

the adsorbed species and the adsorbent. 

(v) The rate of a particular type. of adsorption and the factors 

influencing the rate ; whether it is fast and non-activated or is 

slow and activated or is so slow as to be undetectable in a reasonable 

period of timea;if it is an activated process then the magnitude of 

the energy of activation of the process. 

The most significant and resourceful information in the 

study of any surface phenomena is obtained from the adsorption 

equilibria expressed as isotherms, isobars and isosteres. 

1.4.1 ADSORPTION EQUILIBRIA : 

The process of adsorption of an adsorbate molecule 'X2 ' 

on the surface sites'S' of a solid adsorbent may be expressed as22 

\ S - X2 (ads) 

Then the equilibrium constant K of the process is 

If 

K = 
~(S - X2)ads _7 

~ x2 _7 LS _7 
, denotes concentration 

r- S - X 7 
L 2 - ads is measured as a function of the equilibrium 

pressures ar concentratioas of X2 ( that is, the pressure or 

concentration of the adsorbate after the adsorption process has 

reached equilibrium) at a definite temperature, then an isotherm 

is obtained. 

Dhaka University Institutional Repository



16 

1.4.1.1. Adsorption isotherms: 

An isotherm can be Tiewed as a map of the way in which 

an adsorbable solute distributes itself between the adsorbent and 

the solvent. Isotherms can convey an overall picture of many data 

more clearly than could be derived directly from numbers. Experimental 

measurement. of the amount adsorbed, q, as a function of pressure 

( or concentration ) and temperature may conveniently be plotted in 

the form of adsorption isotherms22 • 

Isotherms are essentially plota of the free energy change as a 

function of amount adsorbed. Their shape can also yield qualitative 

information about the adsorption process and semiquantitative measure 

of the fraction of the surface covered by adsorbate ( and hence. 

with assumption, the surface area of the adsorbent). For these 

reasons and because they can be measured directly, isotherms are the 

most commonly used p-q-T plots in the adsorption studies. 

Although adsorption isotherms with shapes rangiag from 

the monotonous to the very complicated types have been reported in 

the literature, the classification introduced by Brunauer et al. 23 , 

for systems at temperature. below the critical temperatures of the 

gas, is nonetheless Yaluable. Five principal forms of adsorptio& 

isotherms encountered by them in adsorption studies are illustrated 

in Fig. 1.3. Type I is characterized by the formation of a complete 

monolayer. Type II is very common in the case of physical adsorption 

and undoubtedly corresponds to multilayer formation. Type III is 

relatively rare, an example is the adsorption of bromine on silica 
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Gel and characterized by a heat of adsorption equal to or less than 

the heat of liquifaction of the pure adsorbate. Type IV and V are 

characteristic of multilayer adsorption on highly porous adsorbents, 

the flattening of the isotherms at the highest pressure being, attribu­

ted to capillary condensation pheaomena and may show hysteresis effeots. 

A number of equations each with a definite theoretical model have been 

developed to relate the dependence of the amount adsorbed with the 

equilibrium pressure or concentration of the adsorbate and if there is 

an agreement between the experimental isotherm and the theoretical 

isotherms, some insight into adsorption process may be gained. 

Of the several proposed theoretical and empirical isotherms, 

the Langmuir19 ,24, the Freundhich25 , the Gibbs,26, the Tempkin27 , and 

the BET28 isotherms are important. Each of these isotherms is charac­

terized by certain assumptions and each applicable to certain 

experimental systems. 

Langmuir isotherm: The Langmuir isotherm is the best known of all the 

isotherm equations, mentioned above, partly because of the simplicity 

of the equation itself and the physical picture behind it, and partly 

because a great many experimental isotherms fit the equation reasonably 

well. The isotherm is represented mathematically ~ the following way: 

~ 
q • 1 
~ + 

where, 'pI is a definite equilibrium pressure and Iqt is the amount 

of substance adsorbed at that pressure. '~ml is the volume of gas 

adsorbed to form a complete monolayer and 'at is a constant. This 

equation is the most ideal form of the equation for adsorption 

isotherm, and is based on certain fundamental assumptions as follows: 
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(i) The energy of adsorption is constant, and independent of the 

extent of surface coverage, which, in turn, implies that the surface 

is entirely uniform in nature. 

(1~) Adsorption is localised and takes place only through collision 

of gas molecule. with vacant sites and interaction among the adsorbate 

molecules is negligible. 

(iii) Each site can accommodate one and only one ad.orbed particle 

and forms the so called adsorption complex. 

(iv) Adsorption is confined to unimolecular layer where the concentra­

tion of the adsorbate can attain a limiting maximum Talue. 

Thus the Brunauer23 type I isotherm as shown in Fig. 1.3 

is the Langmuir type, which is characterized by a monotonic approach 

to a limiting adsorption which corresponds to a complete monolayer. 

For an adsorption where the adsorbate molecule dissociates in~o two 

radicals each occupying one site, the Langmuir equation be rearranged 

to the form23 

q fi .qm + 
fo -IfD1 • • • • • • • • • • • • (1.2) 

1 
-= 

where the symbols have the same meaning as before. Thus Langmuir 

isotherm besides enabling us to calculate the surface area of the 

adsorbent from the amount of gas required to obtain monolayer coverage, 

indicate. whether a gas molecule is dissociatively chemisorbed. I~ 

is not irrelevant to mention here that the best method to calculate 

the surface area of the adsorbent is by the BET method. 

Freundlich isotherm: Many experimental isotherms fit the empirical 

isotherm of Freundlich which may be expressed in the form, 
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. . . . . . 
Or, the logarithmic form, 

log q = log c + l/~ log p .. (1.4). 

where p and q have the same meaning as before 'c ' and t· I • J are 

temperature dependent parameters. The quantity tt:' which is 

generally greater than one, is characteristic of a particular 

system. Although the Freundlich isotherm was developed empirically, 

it oan be derived theoretically by assuming that the surface of the 

adsorbent is heterogeneous, and the heat of adsorption falls 

logarithmically with coverage. 

Gibbls isotherm: Gibb's derived an equation for adsorption isotherm 

based on thermodynamic principles and can be represented as 

where, 

r = dY 
de • c 

RT 
. . . • • • 

t Y I is the surface tension of the solution, 

" ,the excess concentration ( i.e. conoentration in exceS8 

of the concentration in the bulk) of the solute on the surface, IC I , 

the concentration of the solute, tRt, the gas constant and T, the 

absolute temperature. Gibb's method however gives approximate values. 

Tempkin isotherm: Tempkin isotherm is applicable to chemisorption 

processes showing linear dependence of the heat of adsorption on the 

extent of surface coverage. The equation for Tempkin isotherm is 

log P = A + Bqa . . . • • • • (1.6) 
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where, 'A' and tB' are constants, 'pi is the pressure and 'q , 

is the heat of adsorption. 

BET isotherm: Brunauer, Emmett and Teller have developed from 

kinetic considerations, a very important isotherm where provision 1s 

made for the formation of multilayer. They actually showed how to 

extend Langmuir's approach to multilayer adsorption, and their 

equation has come to be known as the BET equation, which can be 

represented in the following way: 

p 
• 

P 

Po 
. . . . 

where, 'q', "~I, 'qm' have the same significance as in the Langmuir 

equation and let is a constant which is related only to the heat of 

adsorption, heat of liquefaction of the adsorbate and temperature of 

the experiment and 'Po' is the saturation vapor pressure of the 

adsorbate at the particular temperature. This sort of isotherm is 

found only in the case of physical adsorption, and it is widely 

used for determining the surface area of solids. 

1.4.1.2 ADSORPTION ISOBARS: The function q = f(T)p at a constant 

pressure (or concentration) i.e. the variation of the amount of 

substance (adsorbate) adsorbed with temperature at a constant equili­

brium pressure or concentration is called the adsorption isobar. A 

study of the adsorption isobar can often furnish useful information 

about the nature of adsorption. If one type of adsorption operates, 

the quantity adsorbed at constant pressure will fall monotonically 

with increasing temperature; if two or more kinds operate in 

different temperature ranges the uptake of adsorbate may, increase 
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with temperature between these ranges and the isobar shows maxima 

and minima. 

1.4.1.; ADSORPTION ISOSTERES: Further information can be secured 

from a study of adsorption isosteres, 

P = f(T)q 

i.e. isosteres represent the pressure required to bring about a defi­

nite extent of adsorption in equilibrium at different temperatures. 

These cannot be measured directly because it is impractical to hold 

'qt constant. Instead, values of P and T corresponding to fixed values 

of 'qt are interpolated from a family of adsorption isotherms. 

Provided the heat of adsorption does not vary significantly over the 

temperature range studied, plotting the isosteres in the familiar 

form log P vs liT will yield a family of straight lines, each 

corresponding to a fixed value of the amount adsorbed. The linearity 

of the isosteres, incidentally provides a useful check on the internal 

consistenoy of the isotherms. So the most significant application 

of isosteres is in determing the isosteric heat of adsorption. 

1.4.2. HEAT OF ADSORPTION: 

It has already been mentioned that the magnitude of the 

heat of adsorption often indicates whether adsorption is physical or 

chemical. Heat of adsorption is also dependent on the coverage. It 

is usually found to decrease with coverage. Two important reasons 

for this decrease are: 

(i) The surface of the adsorbent is heterogeneous. The more active 

sites are covered first, so that heat of adsorption is high at low 

coverages. 
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(ii) The adsorbed species interact with one another, so that when 

the coverage is high, such interaction is also high and so the heat 

of adsorption is low. 

Measurement of the heat of adsorption:-

Heats of adsorption may be determined from isosteres, 

from desorption rates or measured calorimetrically. The integral 

heat of adsorption can be calculated directly by the calorimetric 
oj 

method. From the integral heat~adsorption, the differential heat 

of adsorption qd can be calculated by operation suggested by the 

equation 

. . . (1.8) 

where, Q is the integral heat of adsorption, L the surface area 

of the adsorbent and T is the temperature in ok at which the heat 

of adsorption is measured, e is the surface coverage. 

In a system where calorimetric method is impracticable 

the isosteric method is the only alternative. The basis for the 

determination of the heat of adsorption by the isosteric method is 

the application of the clausius - Clapeyron equation, 

... (1.9) 

where for a particular coverage e ,P is the equilibrium pressure 

at temperature T and qst is the isosteric heat of adsorption. 

By the application of this equation to the adsorption data at 

different temperatures, the isosteric heat of adsorption qst can 

be obtained. From thermodynamic consideration qst may be 
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correlated with qd by the equation, 

= + RT • • • . . . . (1.10) 

Thus the isosteric method, to all intents and purposes, can be looked 

upon as a substitute for the calorimetric method in obtaining the 

relevant information. 

Equation (1.9) itself cannot be used to determine the 

heat of adsorption. It is the integral form of (1.9) which is usef~l. 

Equation (1.9) can be expressed either in definite integral form 

2.303 
TlT2 

log 
P2 (1.11). qst - R 
PI • • • • • • 

~Tl 

or, in the indefinite form, 

log p 
-qst 

+ Const. (1.12) = 2.303 RT . . . . • • • • 

and the value of qst can be evaluated by carrying out tbe operation, 

specified by each of the above forms. In using equation (1.11) data 

can be derived from any two isotherms; in using equation (1.12) 

the requisite data are to be derived from the adsorption isosteres. 

A linear isostere is then constructed by plotting log P vs liT, 

whose slope gives the isosteric heat of adsorption. 

The definite integral form given by equation (1.11) is 

highly useful in determining the value of qst over the selected 

ranges of temperature corresponding to various regions of isobars. 

This procedure gives average heat of adsorption between the two 

temperatures used in this calculation. 

Determination of heat of adsorption by equation (1.12) 

is useful to 
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show how qst values vary with temperature. By determining the qst 

values at various coverages prediction can be made about the 

heterogen~y of the surface and the mobility of the adsorbed layers. 

KINETICS OF REACTION WITH SFECIAL REFERENCE TO 
KINETICS OF ADSORPTION : 

Chemical reactions involve the forming and breaking of 

chemical bonds. As a result, the products have properties and 

geometrical structure different from that of the reactants. All 

chemical reactions take place at a definite rate. It is the study 

of the rates at which such reactions occur, and the influence of 

certain conditioas on the rates, which are included in the subject 

of chemical kinetics. In the study of reaction kinetics, reactions 

are divided into classes determi.ed either by molecularity, that i8, 

by the number of atoms or molecules whose concentrations determine 

the velocity, or kinetics of the process. 

Chemical kinetics is concerned fundamentally with the 

details of the proce •• whereby a system goes from one state to 

another and with the time required for the transition. Equilibrium 

can also be treated in principle on the baais of kinetics. The 

experimental study of the various factors such as concentratima, 

pressure, temperature etc, which influence the rate of the reactions 

are included in chemical kinetics. Finally, the kinetic data are 

used to explain the rat. in terms of the reaction mechanism. 

1.4.3.1 Methods of Kinetic study of reactions: 

In a kinetic study of a reaction there is no way of 

measuring the rate directly in a simple manner ; normally the rate 
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of a chemical reaction is expressed as the variation in concent,ration 

of either reactants or products with time at constant temperature. 

Thus the rate of the reaction, 

A + B ,C 

is given by 

dL-A _7 dL-B J dL-C _7 
C071een t -ro..-!iun./.J:.itne . == . -

dt dt dt 

where, L-A _7, L-B _7. L-c _7 denote the concentration of A, B 

and C and It' the time. Plotting a curve with concentration vs 

time the slope of the curve at any time gives the rate of the 

reaction at that time. Therefore, the determination of reaction 

rates by conventional methods reduces to a study of concentration 

as a function of time. 

In general, analytical procedures may be divided into 

two broad categories, chemical and physical. Chemical analysis 

involves a direct determination of the conoentration of one of the 

reactants or products by volumetric or gravimetric prooedures, the 

former being preferred because of rapidity. Chemical methods of 

analysis have the advantage of giving aa absolute value of the 

concentration. But since the rates of a reaction are very sensitive 

to temperature, the reaction temperature must be carefully maintained 

constant by the thermostatic control during the kinetic investigation 

of the reaction system. 

On the otherhand, physical methods of analysis are usually 

much more convenient than the chemical methods. A physical method 

is one which measures some phYSical property of the reaction mixture, 

the property ohanging appreciably as t~he reaction proceeds. So, 

there must be a substantial difference in the contribution of the 
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reactants and products to the particular physical property choosen. 

This is one requirement of any physical measurements as a criterion 

of the ext~nt of reaction. Another requirement is that the physical 

property will be preferably a linear function of concentration that 

is the property varies in a Simple manner with the concentration of 

reactants and products. Such a relationship exists, for example, 

between concentration and electrical conductance, optical density, 

rotation of polarized light and pressure of gases. In dilute solutions 

many other physical properties such as the specific volume, refractive 

index, vapour pressure, and fluidity become linear functions of the 

concentration. In practice, of course, many of these linear relation­

ships will break down if applied over too wide range of concentratioa, 

due to the deviations from the ideal behaviour and also nonlinearities 

in the mathematical forms of the ideal laws relating the properties 

to concentration. 

1.4.3.2 Adsorption Kinetics: The study of adsorption kinetics gives 

very interesting information about the type and mechanism of the 

adsorption process concerned. The adsorption process may be treated 

as a chemical reaction following some definite order and the 

measurement of the temperature co-efficient of the specific adsorption 

rate shows whether the proce8s is activated or not. The rate will 

appear to be independent of temperature in non-activated chemisorption 

processea. 

For kinetic studies, the fall of pressure with time due 

to adsorption, volumetric method of adsorption measurements can be 

used. Treating the adsorption process as a chemical reaction between 

the adsorbate molecules and the adsorbent sites, the usual rate 
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equations for chemical reactions may be tested. However, the 

adsorption data seldom fit the conventional rate equations. This is 

not surprising, as the adsorbent sites are almost always heterogeneous 

in nature, and there is interaction between adsorbed species. 

From the rate measurements, information regarding the 

type of adsorption can be obtained. Rate data also reveal distinction 

between the following types of adsorption: 

(i) Activated adsorption without the participation of a precursor:­

This type of adsorption is characterized by exponential increase in 

the rate with increasing temperature, continuous fall in the rate 

with increasing coverage, direct propertionality of rate to the 

pressure of the adsorbate. 

(ii) Non-activated adsorption: This is characterized by zero or 

negative temperature co-efficient of rate, proportionality of rate 

to the pressure. 

(iii) Activated adsorption with partiCipation of a precursor:-

This type is characterized by an exponential increase in the rate with 

temperature, continuous fall in the rate with increasing coverage, 

no simple dependence of the rate on the adsorbate pressure. 

1.4.4. ACTIVATION ENERGY: The effects of temperature on homogeneous 

and heterogeneous reactions are generally described in 

the Arrhenions equation. 

ci ttK = Ea/RT2 . . . 

terms of 

(1.13) 

where, K is the specific rate constant, R the gas constant and Ea 

the energy of activation for homogeneous reactions' Ea is taken as 

the energy with which molecules must be supplied, by collision or 
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otherwise, before they can react. In general, Ea is related to the 

magnitude of the energy barrier which must be surmounted by the 

reactants. A similar significance is frequently assigned to Ea for 

the case of chemisorption, Ea being taken as a measure of the excess 

energy required by the adsorbate to permit the formation of a chemical 

bond between the adsorbate and the surface. The integrated Arrhenious 

equation 

~K = 
-E a 
-n + constant . . . 

is used and, by graphical procedures or suitable algebr~Gmanipulation, 

a value of ~results from kinetic data obtained at two or more tempe-

ratures. However, in view of certain as yet unresolved complexities, 

the significance of Ea for adsorption cannot be analogolls to that for 

homogeneous reactions. 

Equation (1.14) may be written as follows: 

. . . . (1.15) 

where, tAt is a constant which is usually known as the frequency 

factor for the reaction. The factor e-Ea/ RT is recognised as the 

£0 tzman expression for the fraction of systems having energy in 

excess of the value of Ea and this fraction correspond to the 

activated complex. Hence, according to the above equation (l.l!), 

a plot of log K against liT should be linear with a "-"ive slope;· 

having the value -E/2•303 R and intercept being equal to log A. 

Thus the constants 'A' and 'Ea' may be evaluated. 

1.5 REVIEW ON ADSORPTION OF GASES ON SOLID ADSORBENTS OTHER THAN 
CARBON AND DIFFERENT RATE EQUATIONS: 

The adsorption of gases on solids proceeding at a 
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measurable rate has been the subject of numerous investigations. 

The influence of varying experimental conditions on adsorption 

kinetics has been studied by various means, but the individual 

investigations are mainly incomplete, at times fragmentory, and are 

scattered through the literature of four decades. Comparison of 

data is further hindered by lack of uniformity in representation of 

rate data. Attempts to represent the experimental data by algebraic 

mass-action functions involving integral or fractional powers of 

concentration, or by partial pressure of gas and a constant rate 

parameter of definite order, have not been successful. Various 

empirical formulations for adsorption kinetics were often unconvin­

cing and limited to the particular adsorbate-adsorbent system under 

consideration. 

Most of the rate equations for adsorption that have been 

used originate from the concepts of 1angmuir t s mechanism19 ,24. 

The observed rate of adsorption is considered as the difference 

between the rate of adsorption and the rate of desorption. 

dq 
<it 

where, ~ is the fraction of the surface that is covered, and Ka 

and Kd are the rate constants for adsorption and desorption 

respectively. Approximations are necessary to apply this relation. 

At conditions far removed from the steady-state condition, 

(1 - e ) ~ 1, and desorption can be neglected. An expression for 

"driving force" in terms of distance from equilibrium coverage or 

pressure may be added. 
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Thus Kobukowa29 considered the expression 

dq 
at = Ka (p - Pe ) 

Integrating with 

where Pe 
dq - dP 
Qi ~ erE 

is the equilibrium 

yields 

1u.(P - Pe)/ Ps - Pe = kt, where Ps is the initial 

pressure. For adsorption of methane on nickel at about lO-~ of 

Hg, Kobukowa obtained straight lines on plotting log(P - Pe ) vs t. 

However, only five or six points were obtained for experiments for 

60 minutes duration. Barrer30 similarly expressed the adsorption of 

hydrogen on graphite and diamond. For hydrogen-charcoal Kingman3l 

assumed that Kd :: 0 and that () ~ q ~ (ps - p), obtaining 

dq/~t= Kl P(K2 + P ). 

Equations are elaborated by Troesch32 for constant volume and cons­

tant pressure systems. Classical equations are given elsewhere33 ,34 

in detail for cases such as adsorption of more than one gas, or 

dissociation. 

Ward35 considered gas uptake to be partly a solutio~ 

process with diffusion of gas from the surface to the interior as 

the rate-controlling step. The equation 

q = 2 SW (Dt )* was proposed, where 'st is the 
Tf 

surface area, W the surface concentration of gas, and D the diffusion 

co-efficient. Plots of q versus t.t for the hydrogen-copper system 

were linear at low coverages, but deviations from linearity oocured 

and increased with increasing coverage. This equation was also used 

by Morozov36 for the adsorption of hydrogen on iron. 
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To correct for deviations Ward 35 assumed that the copper adsorbent 

was in the form of spheres of radius ~R and that A was constant. 

The corrected general equation was, 

'Y == A [ 4/3 ~ £iR3 - II ;R3 ~ y'.,,'l- eXff k n1-7\"i/oR~ ) ] 

where k and n are constants. The fit of the last equation to hydrogen­

copper data extends to higher coverages than that of the first, but 

seems still inadequate. Wards35 mechanism of solution is obsolete. 

Burwell and Taylor37 observed that data for different ex-

periments on chemisorption of hydrogen on Cr20
3 

gel would approximate 

a common curve when 'q' was plotued against 'btl, 'b' is a constant 

whose value is characteristic of temperature and pressure. Putting 

b = pnA exp ( -f/RT) improved the approximation which, however, 

still remained inadequate. These data were examined by Clarke, Kassel, 

and Storch38 , who note that, when a smooth curve is drawn through the 

points of one experiment on a q-t plot, extrapolation to the starting 

time would indicate an appreciable amount of adsorption coincident 

with the beginning of the experiment. This amount is 0.2 + 1.1 ml 

L-and is equivalent to the amount qo mentioned by Taylor and Thon39_7 
and was subtracted from q values to give corrected values, qc' which 

were applied to a derived equation. The latter was obtained from a 

simple model involving a primary adsorption process followed by 

diffusion to secondary adsorption sites. 'fhe equation, 

tP = (kl + k 2P)qc + (k3 + k4P)Qc2 

tP gave reasonable results, plots of vs qc being linear except at 
qc 
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initial conditions. Howard and Taylor40 used the equation, 

dq 
dt = 

to express the rate of adsorption of hydrogen and ethylene on Cr20
3 

gel. The constants kl and k2 are stated to be independent of q over 

wide intervals and are characteristic of the surface and the gas. 

The integrated equation is 

On plotting log q against log t, line showing a slight curvature 

are obtained. A general eQuation of the form q = kltk2 is used by 

Bangham and Burt4l ,42 to describe the adsorption of carbondioxide 

and ammonia by glass. This is later used in different corrected 

form. Thus Maxted and Moon43,4~ used an eQuation 

which on integration 

becomes 

where Qe is the amount adsorbed at the end of the process 

and k and n are constants. Data for the adsorption of hydrogen and 
qe 

deuterium on platinum, plotted as log log vs log t, yield 
qe-q 

straight lines upto about 0.4 q. Maxted and Hassid45 expressed data 

for the adsorption of oxygen on platinum in similar fashion. 

Ijima used a similar equation, 

log ~ p-p e 
= kl +k2t, to express the adsorption 

of hydrogen, deuterium, and ethylene on nicke1 46- 49 • Kwan50 has 
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deduced a power rate law, expressed as 

!I! k P 9 - k2 _ k & k4 
dt - 1 3 

where, e is the fractional 

coverage. The constants are obtained by evaluating - ~ graphically 

from the p-~ curve. log [C-;fE)!;p] is then plotted against log tJ • 

Here p is the pressure of gas which would D,e in equilibrium with the 

amount of gas chemisorbed at time ttt and may be estimated from the 

isotherm. If the reverse rate is negligible it is sufficient to plot 

~ai VB log B i. e. the k:s e k4 term is neglected. A simpler 

equation was proposed earlier by Ghosh, Sastri and Kini5l ,52,53. 

applicable 

zn056 , and 

iron59 and 

According to a table of Kwan54 the power rate law is 

to the adsorption of hydrogen on nicke146 , carbon55 , 
57 58 cr20:s ' oxygen on CuO.Cr203 ; of nitrogen on promoted 

tungsten60 ,6l, and of hydrogen and carbonmonoxide on 
51.52 

Fischer-Tropsch catalyst. 

The common characteristics of such empirical or derived 

equations ",S that they frequently fail to represent rate data over 

considerable portions of an experiment. Even when 'straight lines' 

are obtained for some part of a rate plot, the representation of data 

is imprecise and at times improper and incompatible with the equation 

tested because of simplication or of approximations of ~alues of 

'qe t or 'pe t or 'pt. Also, scatter of data over 'linear' portions 

sometimes is not random. For example, for Howard and Taylor 1 s40 data 

on the adsorption of hydrogen on Cr203 at 383°0, q changes from 4.0 ml 
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at t = 2 min to q = 28.1 ml at t = 120 min. 

In view of uncertainty in representing rate data, 

above equations are almost useless from the mechanistic point of 

view. Most of the kinetic data ( for gas-solid system) obtained 

so far have been attempted to explain by the well known Elovich 

equation39.62-66 which can be represented as 

where, 

it · ae ..... 
q 

The integrated form of the equation is expressed as 

~ log(t + to) - ~ log to 
0<. 0( 

q 

q = amount of gas chemisorbed at time Itt and 

!o = a constant, which is defined as to - !~ , 'a' and 

, 0<.' are also constants whose values are dependent on 

the pressure and temperature of the particular run. The value of 

the constants ftol is chosen to linearize the plot of q against 

log(t + to). The elovich equation, however, has general application 

to chemisorption kinetics. Ritchie67 developed an alternative to 

Elovich equation 

1 &\ 

( 1_9)n-l 

d9 
dt 

(n - l)~t + 1, 

... 0<. t 
or () =- 1-. , for n = 

for 

1 

which on integration gives 

np 1 • • • • (A) 

. . . . . . . . (B), where, 

g= fraction of the surface sites which are occupied by adsorbed gas. 
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n = number of surface sites occupied by each molecule of 

adsorbed gas. 

"':: tbe rate constants, and t = time. 

It is a.suaed tbat no site is occupied at t :: o. If we introduce 

the amount of adsorption, "q" at a time It' ; equation (A) become. 

n-l 
~ 

( ) ll-l qo<,. - q 

equation (B) becomes 

= (a-l) 0<. t + 1 and similarly 

- o<..t 
q • qo<., (1 - e ) , wbere q~ is tbe amount of 

adsorption after i.finite time. 

Jaroaiec68 ,69 derived tbe equation of A.G. Ritcbie (1977) 

for tbe kinetic adsorption isotherm on the basis of the tbeory 

describing the kinetics of adsorption of gases on energetieally 

heterogeneous solid surface.. This equation was also generalized to 

the kinetics of adsorption of multicomponent gas mixtures. 

Balasubramaniaa70 introduced a small correction due to initial rapid 

chemisorption Oil. some favoured surface sites in the equation of A.G. 

Ritchie for the analysis of kinetics of cbemisorption of gases on 

solid surfaces. The correctio. factor can be computed by a successive 

approximatioa procedure, and use of tbe equation then yields 

consistent values for the various kinetic parameter •• 

D.S. Javanovic (1969) derived an equatio.71 for pbysical 

adsorptioa isotberm. But the equation is based on an erroneous 

assumptions concerning tbe rate of adsorption. Wben the correct 

formulation is used, tbe resultant isotberm ia tbat due to Langmuir. 
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1.6 REVIEW ON ADSORPTION OF GASES ON CARBON ADSORBENTS : 

Adsorption on carbon. merits individual attentioa. 

Although voluaiaous literature},4,72 is available on adsorptioa, 

the actual knowledge of the properties of carbon adsorbents i. 

rather limited. Few data oa chemisorption kiaetics are available 

and their meaning is obscured by inadequacy of kaowledge7} of the 

physical and chemical properties of the adsorbent and by the frequent 

occurence of surface interactions other than simple chemiaorption. 

Some recent work indicates that charcoal. cOAtain significant amounts 

of hydrogen, that the surface is ac1d22 ,74 and that it contains free 

radicals75- 77 and surface complexesI9 ,74,78-81. An electron resonance 

stUdy76 suggests the existence of two types of oxygen interactions 

with the surface. The structure and properties of coals are aimilarly 

unkaown82 and there i8 80.e indication that with some uptake of 

organiC vapors under conditio •• of physical adsorption there are 

irreversible changes in the adsorbeat structure8}. Some recent 

literature OR sorption by coals is reviewed84 ,85. Oxidation phenomena 

are not pertinent. 

Lendle86 expressed oxygen adaorptioa on sugar charooal 

in the range 0-}50oC by the empirical foraula : 

-k2t 
c kl (1 + e ). 

Data are given in a graph, and a table gives q values at times of 

10,}0,50,70 and 90 min. The nature of the q-t curves ( the latter 

being given as continuous curve. without experimental points ) reflects 

a rapid adsorption i. the first 10 - 20 mia, followed by a relatively 

slow uptake for the remaiader of the experiment. Elovich plote of the 
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data, as well as the shapes of the q-~ plots, suggest the presence 

of two kinetic stages. However, the data are too sparse to permit 

precise curve fitting and can be used only qualitatively. 

Kingman55 measured the kinetics of hydrogen adsorption 

on a Horit G.B. charcoal, degassing at 9500 C between runs. The rate 

at 420 - 5300 was proportional to the pressure p and to the extent 

available surface, i.e. 

dp 
erE • 

where q is the amount adsorbed and kl 

and c are constants. Some change in kl was noted and attributed to 

a change in the surface due to the high-temperature degassing. 

Kingman noted that in the first few minutes the rate was always 

greater than that calculated and suggested the presence of a few 

very active carbon atoms with which reaction occurs with great 

rapidity. Elovich plots of the data of the two sample runs given 

show no such deviation in the early stages of ~e reaction ; eg, in 

one case the Ap-logtplot was linear from 0.1 to 2 hr. and curved 

sharply towards the t-axis over the next 4 hr, thus showing the 

general characteristics of a reaction which was desirable by the 

Elovich equation over about 90 pereent of its course and which then 

decelerated markedly as an end-point was approach. These 

characteristics are those which may be predicted from the 

experimental method, a much smaller volume of gas than that 

required to saturate the surface. 

Barrer87 studied the interaction of hydrogen with char­

coal over a large temperature range. The kinetics were expressed 
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by 

-dp 
(it = k ( P - pe ) 

where, Pe is the pressure 

at equilibriUIll. No q-t data'k I,.. given. The temperature depeadence 

of the kinetics coaplex, shown by the plots of the rate coastaat 

k verSUB TOO. Betweea 300°0 and 600°0, k is exponentially dependent 

on T, while above 600°0 there is proportionality with ti. Such latter 
been 

dependence is characteristic of diffusion and blo A taken to indicate 

penetration of gas into the interior of the adsorbent. The kinetics 
b~eYl 

of chemi80rptioll. of methane and methane-d4 b:"l'/e;\expreased by the saae 

rate equation as for hydrogen88 • 

Barrer}O fouad a saall but strong chemisorption of hydros-a 

oa diamoad. That adsorption, and that of hydrogen OIL graphite '. ''Xe 

characterized by an initially rapid adsorption rate which , (~s followed 

by a steady decrease in speed. Whea log (P-Pe) • 
f.8 plotted as a 

function of t , the graphs .~owed cUrTature, and for aot too great 

degrees of surface coverages, 8 , the equatioa 

c: _' be used. No q-t values .re given. (lots of the apparent 

activation energy E versus e for graphite, two charcoals, and 

diamoad reflect.s a difference la. behaviour of the adsorbents. The 

diamond curve is concave to the q-axi., not cOlI.vex as for the other 

carbo.s, and it does not commence with a small E value at small q as 

do the plots for the other carbons. Barrer attributed these 

difference. to variations in the carbo. - carbon distances of the 

adsorbents. 

For the adsorption of oxygen on diamond, there~e four 
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effecta30 • (A) At _78°0 predominantly physical adsorption occured. 

There was a slight chemisorption (B) From 00 to 1990 0 physical 

adsorption was alight in comparison with chemisorption. 0. successive 

addition of oxygen, adsorption proceeded more and more slowly. Th. 
o (I ) 0 0 residual gas atmosphere ,s pure oxygen C From 244. 0 to 370 0 a 

burst of carbondioxide occured at each admission of oxygen until, 

when all the oxygen ~a consumed, near£Y pure carbondioxide remained • 

The amount of the carbondioxide 
. 
~s very much smaller than the amount 

of oxygen originally taken up. (n) At higher temperatures the oxide 

surface film itself decomposed, the supernatant gas conSisting of 

carbon monoxide and carbondioxide. The rate of sorption was given as 

!i - k(l - e )p 

but was of limited applicability because k was a function of 
~r\ 

coverage • No q-t data h.A. I given. 

An analysis of kinetic data of the adsorption of oxygen, 
b.n 

hydrogen, and carbonmonoxide on charcoal ~&sAmade by Keyer and 
89 "'~ ... € Roginsky ,whoA compared four kinetic expressions of Rhead and 

Wheeler90 ,91. The kinetic expressions are shown below: 

1. ~ __ p_o __ 
P -o 

:& kt. 

2 • q8. A k-( t + to) 

3. qs = Altl/n. 

~ 
dt - where 'qst being 

expressed in percent of initial amount of gas So. Of these, the 

linear log q - log t plot being preferred, this bilogarithmic law 
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being related to the statistical theory of a nonhomogeneous surface 

having an exponential distribution of site energies. Flots of log q 

verSU8 log ~ for the ~ee rune of Rhead and wheeler are roughly 

linear, but there i8 considerable scat~er of pOints, as there is also 

for Elovich plots of the same data. Those plots, howeyer, indicate 

a discontinuity at about 8 min. The q - log t plota of Keyer and 

Roginsky's data on the adeorption of oxygen on charcoals containing 

potaasium carboaate or copper (II) acetate, given in a small graph, 

are S-ehaped and show 80ae scatter of points. The authors preferred 

log q Y8 log ~ plots, wbich are linear but a180 show acatter. The 

data are inadequate for precise curve fitting. Again, the Elovich 

plot8 have the characteristics of plots showing more than one kiaetie 

stage. For Burstein's data92 0& the adaorption of hydrogen o. 

platinized charcoal, Keyer and Roginsky similarly prefer linear 

log q - log t plots to slightly curved q - log t plots. AgaiR, 

there is considerable scatter of data. The q - log t plots could be 

di8continuous or could be liaearized by replottiag as log (t + k), 

but the .umber of points is not abundant. Siailar remarks apply to 

the treatment of Burstein's data for the adaorptioa of carbon 

monoxide on charcoal. 

Joaas and SVirbely9' studied the adaorption kinetics of 

CC1
4 

and CHat} vapor on actiTated carbon and tried to fit their data 

into the equatioa, 

. . . . (1.16) 
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Where, 

kV ~ rate constants for the adsorption process. 

cb ~ break through concentration. 

k :l1li a factor dependiag on the shape of the adsorptioa 

iaotherm obtained mathematically in the deriTatio. 

as an integration constant. 

VL = the superficial velocity of gas-air mix 

~ ;: the inlet concentration (~/e-l) . 

.1 = bed depth (e ... ) 

tb :l1li time 

we. = the weight of the adsorbed substances i. equilibrium 

with Co • 

f~:IIII the bulk density ( g/cm}) of the adsorbed Ded. 

This equatioa (1.16.) is too iavolTed to be of general use. 

J. Liszi94 studied and measured the rate of adsorptioa and 

desorption of carbondioxide OR charcoal Nuxit BO in an isothermal, 

isobaric system. He developed a semi-empirical rate equation, 

t ,,== Yf bt. . . . . ••• 

where • \tt is the amount 

adsorbed. This equatioJl ( "1-=1) contains two constaats Y and c& 

dependent on the pressure. From an examination of the equation, 

conclusion can be drawn that this equation is suitable to describe 

the time dependence of most sorptioR processes when the adsorbed 

mass is plotted against time, the resulting curves are first linear, 

but later on they approach limit values. The kinetic curves measured 

in different systems have ai.ilar shapes. They differ oaly in the 

slope of the initial, near'l. linear region, ia the sharpness of the .. 
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'bent', and ia the magnitude of the saturation values. If the 

constants are suitably selected, equation (1.17) gives the sorption 

rates for different systems under different conditio.s. Muller95 

determined the rate of sorption of uraniua hexafluoride on a copper 

catalyst, Wicke96 oa the system acti~ated charcoal carbondioxide and 

Bergier97 applied this equatioa to describe the rate of adsorptioa 

of steam oa activated charcoal. 

In r~suae/, several kinetic expressions have been more 

or less satisfactorily applied to gas-carbo~ kinetic data. Careful 

scrutiny suggests, however, that allY claim for acceptance of a 

particular equation is definitely unwarranted. The state of knowledge 

of adsorption kinetic. on carbons can be summarized as follows: 

(A) There are very few rate experiments (B) for those few experiments, 

not enough detailed q - t data exist. (C) Experimental precision is 

poor. There is too auch scatter and too few pOints to permit precia. 

curve fittiag. (D) For the adsorption of oxygen, atleast, there is 

evidence for more than oae gas-solid interaction. Probably all 

adsorption measuremeats should be accompanied by analYSis of supernatant 

gas. (E) There are some crude and qualitative indications that more 

than one kinetic process is involved. (F) The lack of adequate data 

suggest. that not only are adsorptions on carbon surfaces complex, 

but that their kinetics are unknown. 

REVIEW ON ADSORPTION OF LIQUIDS FROM SOLUTION ON SOLIDS WITH 
REFERENCE TO CARBON. 

A cursory study of the literature will reTeal that the 

theory of adsorptioJl of liquids on solids is very much less complet.ely 

worked out than is the theory for adsorption of gases and vapours by 
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solids. This is doubtlessly due to many factors that make the study 

of such phenomena in solution much more difficult to interpret with 

certainty than similar adsorption from the gas phase. To mention only 

one of these, adsorption from solution always involves a competition 

between atleast two adsorbates, the solvent and one or more solutes. 

Like the adsorption of gaseous mixtures, it is not very well 

understood. 

In view of the incompleteness of the theoretical treatment 

that has been given, adsorption from solution upto the present time, 

it seems worthwhile merely to enumerate a few generalizations relative 

to the characteristics of such systems. Much of the original work om 

adsorption from solutions of solids ( as on adsorption from solution 

generally) is described by Freundlich and summarised in his bOok25 , 

who carried out a great deal of the experimental work. In considering 

adsorption from dilute solutions, he has not made any distinction 

between solid and liquid solutes. Also, no distinction is made 

between systems of limited miscibility or solubility (eg aqueous 

solutions of phenol or benzoic acid) and those of complete miscibility 

(eg aqueous solutions of acetone or acetic acid). The early experi-

ments have been almost entirely confined to dilute aqueous solution, 

the isotherm is assumed to represent the adsorption of the 'solute' 

and it is usually represented by the Freundlich equation. At low 

concentrations of dissolved matertals, it is usually found that the 

amount of adsorption varies with the concentration of the dissolved 

substance according to the Freundlich equation25 for solutions. 

x = kclln 
m . . . . (1.18) 
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where, 'x' is the amount of solute adsorbed on 'm' gr2ms 

of tbe adsorbent, 'c' is the concentration of the solution at 

e~uilibrium, k and n are constants, the form lin bein6 used to 

emphasize that 'c' is raised to a power less than unity. 

Later the Langmuir e~uation was used in a form thought 

to be appropriate for adsorption from solutions, the pressure terms 

being replaced by concentration terms. This has led to the use of 

adsorption from solution for evaluating surface areas of solids, al­

though no justification is given for tbis application of the Langmuir 

e~uation to a type of systems for which it has not been derived. 

The common shape of isotherm for adsorption of a solid 

from solution is shown in Fig. 1.4(a) both for solutions of solid 

( eg benzoic acid in water or stearic acid in benzene ) and for 

solutions of liquid ( eg acetic acid in water). This isotherm 

( Fig. 1.4(a) ) can usually be fitted by Freundlich equation at low 

concentrations. If adsorption is exa~ined upto the solubility limit, 

however, it is usually found that the curve becomes asymptotic to a 

limiting value of adsorption. It cannot, therefore, be fitted 

accurately by the Freundlich equation over the whole of the 

available range of concentration. 

At higher concentrations, this e~uation (1.18) no 

longer applies. As a matter of fact, frequently the adsorption of 

the solute goes through a maximum and then decreases and becomes 

negative 98. The manner in which the amount of adsorption varies 

with concentrations is well illustrated by the adsorption isotherms 

shown in Fig. 1.4 ( a,b,c). It is probable that many of the 
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exaaples that have bee. atudied would have followed this course if 

they had been carried over aufficiently large ranges of coneentratioas. 

Although the majority of the i.otheras for adeorptioa 

of solids froa solution have the shape shown in Fig. 1.4(a), several 

other shapes for adaorptio. from solutio. have been observed and 

recorded, but each is found for a few aysteas o.ly. The isothera. 

have bee. classified by Giles et al. 98 accordiAg to the scheae showa 

i. Fig.'·5. The aaia claasificatioa is based oa the i.itial slope of 

the isothera ; and the subclas8ificatioa Oil the shape at higher 

conceatratioJls. 

The aain classes are : (a) S curves which is obtained 

if (i) the solvent is atrongly adsorbed, (ii) there is stroag inter­

aolecular attraction within the adsorbed layer, (iii) the adsorbate 

is aOJlo-functioaal. The secoRd condition ia most likely to obtai. if 

the major axis of the adsorbed aolecules is perpeadicular to the 

surface. By "aoao-functional" is meaat that the aolecule haa a Single 

poiat of atroag attacbmeat ia an aroaatie ayatea, or aa aliphatic 

aystea of aore tha. five carbo. atoas; the adsorbate is moreover, 

not aicellar. An exaaple is a aoaohydric phellol, especially if 

adsorbed on a polar substrate from polar solveat. (b) L curves, the 

nQraal or Langmuir type ieotheras. It aay be fouad wheJl there i8 no 

stroag cospetition froa the solvent for sites on the surface. 

Another possibility is that, if the adsorbate has linear or planer 

molecules, the major axis is paralled to the aurface (c) H curves 

occur when there is high affiaity between the adsorbate and adsorbent 

which is shown even i. very dilute solutioas. Thus it can result from 

cheaisorption o. froa the adsorption of polymers or ionic .icelles. 
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(d) C curves indicate constant partition of the adsorbate between 

the solution and the adsorbeat. Linear curves are given by solutes 

which penetrate into the solid more readily than does the solvent. 

It appears maialy with textile fibres, into which the solute penetrates 

to further extents as its concentration ia the solution is increased. 

A aumber of isother •• show steps, the steps, in general, 

appear to .ark a phase-change in the adsorbed layer or the onset of 

the formation of a second layer after completion of the first. A less 

commoa shape involves a wave rather than a step. The change in slope 

occurs at too small a Talue of adsorptioa to be due to the for.atioR 

of a second layer of molecules, and there is no obvious phase-change 

which can occur. It is therefore thought that it indioates a form 

of co-operati'lJ adsorption99 • Someti.es the deforma'iioll of adsorbate 

moleoule ~~~ occur in the adsorbed film, the lateral interactions 
J 

increasing the ease of adsorption98 • This effect C~r) occur only 

at relatively high surface coverages, and Wlf.l\' therefore accoUlLt 
- J 

for the position of the break between the two halves of the isothera. 

Several attempts have bee. made to derive a geaeral 

equation for the adsorption isotherm for solution /solid system. 

The early attempts are summarized by Swan and Urquhart lOO • As yet, 

no siaple equation has been put forward which can be applied 

universally. This undoubtedly arises from the wide range of 

complexity fOUAd in solutio.s. 

The adsorption at the solid-solution interface is 

iafluenced by the aature of the substance to be adsorbed, the nature 

of the solid adsorbent, and the nature of the liquid medium. Maa,y 

equations that have been deriTed, proved inadequate because the role 
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of the solvent has been neglected. Advances in treating the solid­

solution interface have depended on the recognition that the liquid 

phase contains at least two components. The nature of the adsorption 

isotherm has had to be reconsidered in the light of this. 

It is formerly assumed that the change in concentration 

is a measure of the extent to which one component (the 'solute') has 

been adsorbed. The extent of adsorption is given by multiplying 

the change in concentration by the weight of solution used. It is 

tacitly assumed that the second component ( the 'solvent') is not 

involved in the adsorption process, and can be regarded merely 

as a "space" in which the solute has playedlOl • This concept may 

prove to be approximately valid for systems in which the 'solute' 

has very limited solubility in the "solvent". For systems in which 

the two components are completely miscible, however (eg. ethyl 

alcohol and benzene ), neither can be regarded as solvent or as 

solute over the whole range of concentration. It thus becomes 

important to recognize that each component of the mixture may be 

adsorbed. The realisation that each component in a binary system 

( solvent and solute in a solution ) is likely to be adsorbed 

brought forward many attempts to measure the adsorption values. 

The degree of "adsorption" of a solute is usually determined by 

comparing its concentration in a known volume ( or weight) of 

solution before and after adsorption. It has then usually been 

taken that x g. of solute are adsorbed per g. of adsorbent, where, 

x = v(co - c)/lOOO m . . . • • • (1.19) 
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Where, Co = initial concentration of solution ia g.IL. 
C • fiRal concentration of solution in g. 14.. 
v = volume of solution used in Ill, and 

• = weight of adsorbent ia g. 

Alternatively, a siailar expression based on weight instead of volume, 

of solutio. haa been used. There are two reasons for which this 
, been. 

equation is unsatisfactory. Fir8t, it 1'.a5" pointed out by WilliamslOl , 

and sooa afterwards by SChmidt-walterl02 , that the equation ignores 

the change in total volume of the solutio. which is caused by the 

removal of the adsorbed material. Hence x, does not measure the true 

&MOUAt of solute adsorbed, it is based immediately on the difference 

between the initial and final concentrations of the solution, and i8 

therefore referred to as the 'apparent adsorption' of the solute. 

WilliaaslOl de~el.ped an equatio. takiDg i.to accouJl .. t tile chaage of 

volUDle which takes place on adsorptioa, 

xl • M (Co .. C)1 m(l-C) • • • ••• (1.20) 

where conceatrations are expressed in g. of solute per g. ot 

solutio. and M,g. of solutioa. Aa alternative method of obtainiag 
~n w~ 

true adsorption values aSAPut forward by Ostwald & de lsaguirre ~. 

Thi8 is a theory of adsorption which eabodie. aa equation relatiag 

the true adsorptioa of each component to the concentratioa of the 

equilibrium solutio.. If x, and y g. are the actual amouat. of 

solute and solvent adsorbed from M g. of solution, the concentration 

beiag initially Co and finally's. of solute per g. of solution, we 

have, 

C = (MCo - x) I (M-x-y) . . . • • • • 

This is an equatio. which allows for chaage ia volUEe due to adsorptioa. 
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K· l' lO~ l' d tho t· h" h b 11' 1ng 'a1'p I.e 1S equa 10n w 1cn ave een put for\'rard by 

Ostwald and de Izaguirre. They have considered that both solvent 

and solute is being adsorbed, assuming that the adsorption of the 

solute follows the Langmuir's equation. The Kipling's mOdified 

form of equation can be put forward as 

M(C -c) = xCI-c) - yc o . . . . (1.22) 

It is assumed that adsorption of the solvent as well as of the solute 

follows the exponential law, so that, x = klC<and y=mk2(1-c)~ then 

M(co-c)/m = klc~(l-C) - k2(1-C)~C •.•• (1.23) 

This equation agrees in form with an equation derived by Williams180 

to relate apparent adsorption to true adsorption. WilliamslOl , 

however, only relates (co-c) to x and y, without making further 

assumption about the relation between x,y, and c. The constant of 

Kiplingts equation can be obtained as follows: 

At low c, the term k2(1-C)~C is neglected, when equation (1.23) 

becomes 

or 

or 

or 

x = k co( 
1 

= k co( 
1 

log x = log kl~log c . . . • • • (1.24) 

So, a plot of log x vs log c will give a straight line the value 

of '0(' and kl are obtained respectively from the slope and the 

intercept. 
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At higher concentration c, 

or 

or 

or ~ 
or log 

or log 

= 

~ 
- k 2 (1 - c) c 

k2(1 - c) 
~ 

\41 • log t 11:2(1 - C)IlJ 

when 4 = the difference 

between klc~(l - c) and the 

observed value 

M(co - e)/m. 

f%1- log k2 + ~log(l - c) . . . 
Thus a plot of log l~ \ against log (1 - c) will give a straight 

line. The value of 'k2' and ~ are obtained from the intercept 

and slope respectively. 

This cardinal feature of adsorption from solution seems 

first to have been clearly understood by Williams in 191}, and was 

later emphasized by Heymann and Boye l05 • It has, however, even now 

not been recognized by all text books. It is now possible to 

understand, qualitatively, the signifioance of isotherms of the type 

shown in Fig. 4(0). Over the first part of the concentration range, 

one component is adsorbed preferentially with respect to the first. 

This means that, at equilibrium, it is present in the adsorbed layer 
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in greater proportion than in the bulk liquid. "Negative" 

adsorption of component 1 ( i.e. solute) thus means preferential 

adsorption of component 2 (solvent). For completely miscible liquids, 

the isothera must fall to zero at each end of the concentratio. 

range, as no cbange in co.position at these pOints ( i.e. of the 
beell 

pure liquids) is possible. This point ~~s~emphasized by Patrick 

and Jonesl06 • 

For solvents of approxi.ately the saae adsorbabilities, 

the concentrations of solutes required to cause a given aaount of 

adsorption will, according to Freundlich25 , "b,e in tbe same ratio 

as the solubilities of the solutes. He quotes experiments of 

Lundeliusl07 to illustrate the rule. The adsorption of iodine on 

charcoal froa carbondisulfide, chloroform, and carbon tetrachloride 

~ ·-2 tbe same in allount when tbe concentrations 're in the ratio 

4.5 : 2 :1, whereas the corresponding solubilities 'xe in the ratio 
bee 1"1 

4.8 : 1.8 : 1. The value of the exponential term, lin !-.as"found 

to be the saae for all threePsysteas. 

Another well-known relation dealing with the influence 

of the solute is Traubets rulel08• It states that "the adllorption 

of organic substances fro. aqueous solutions increases strongly 

and regularly as we ascend on the hoaologons series". This 

behaviour is illustrated by Table - l.l.ja is eVident, the ratiO 

of the concentration of a given number of the hoaologotts series 

to that of the next higher aeaber required to give the saae 

amount of adsorption on charcoal is approxiaately constant, and 

equal to a value between 2 and 3. This behaviour is 
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Table - 1.1 TRAUBE'S Rule for the adsorption of fatty acids 
by Blood-charcoal (t ; 250 0). 

I Adsorbed Gram-mole per litre in solution 
Substance for 1.26 ag. mole per gram adsorbed 

1 ______________________ ~I~-o-n--c-h-ar--c-o-a-l--·------------------------_J1 
i Formic acid 0.251 ! 

Acetic acid 

Propionic acid 

Butyric acid 

Source: Reference (25). 

0.169 I 
0.056 x 

0.016 I 

strikingly siailar to the iafluence of these saae solutes on the 

surface tension of water, and serve as an illustration of the 

importance of interfacial tension in adsorption froa solution. 

The conclusion aust not be drawn, however, that the 

relative power of adsorption of different solutes can always be judged 

by their effect on the surface tenSion of the solvent. Soae substances 

such as benzoic acid and succinic acid are adsorbed strongly even though 

they have only slight effect on the surface tension of water25 • 

Furtheraore, the sugars are fairly vell adsorbed in spite of the fact 

that they actually raise the surface tension of the solvent, water. 

The adsorption of electrolytes on solids is, in general, 

very auch saaller than the adsorption of nonelectrolytes. 

Furtheraore, the adsorption of acids is usually greater than the 

adsorption of salts. One ion of an electrolyte is frequently 

adsorbed more strongly than the other ion on certain adsorbents. 

Thus, in soae cases, the cations in solution will be adsorbed more 
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strongly than the anions in other instances, the anions are 

adsorbed more strongly. This preferential ion adsorption is believed 

to be practically always an exchange adsorption in which either one 

of the ions of the adsorbent is displaced into the solution or an ion 

from some impurity on the adsorbent is displaced into the solution25 • 

Kaolin and the Zeolites l09 , for example undergo base exchange in the 

course of which some of their own positive ions may be displaced by 

cations from solution. Charcoal permits this same preferential 

adsorption of cations, in some instances, but probably does so by 

virtue of some impurity on its surface giving an equivalent amount 

of cation to the solution. 

In many of the classical studies of adsorption from 

solution on carbon, the monocarboxylic acid have been used22 • These 

studies are limited, in so far as they are confined to aqueous 

solutions, both by the complexity of the solutions ( that of acetic 

acid has been extensively investigatedllO ) which makes interpretatim 

difficult, and by the small number of acids which can be investigated. 

In some cases, moreover, difficulties in interpreting the results 

ar',se because the adsorbents, though known to be porous, has not been 

characterized further. 

The adsorption of long chain fatty acids ( notably 

stearic acid) from solutions in organic solvents has been studied by 

Kipling and wrightlll , and Madan and Sandlel12 for evaluating surface 

characteristics of active carbons. Surface area, surface acidity, 

particle size and conductivity measurements l13 and also solid state 

studiesl14 have been done to characterize the surface of active car-
b~~ 

bon. It asAthought useful to extend the investigation to further 

selected members of the homologons series. It has become evident that 
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a. simple pattern of adsorptioa lbe de8cribed for the series 

as a whole beoause a variety of factors are involved. 

To evaluate the cheaieal and physical paraaeter. 

a8sociated with the ad.orptioa of aroaatic hydroxy coapouads ( for 

example pheaol ) by activated carboa, iavestigation have bee. carried 

out by .. allY workersl15 ,116 • The overridiag theae !-.o.s:e~1rected 
toward. improving the under8tandiag of activated carbo. adsorpti •• 

processes. Both the kiaetica of adsorption and the exte.t of 

adsorptioa at equilibriua are dope.dent oa the phy.ical and che.ieal 

characteristic. of the adsorbeat, adsorbate aad experimental systeas. 

Paraaet.rs evaluated iaclude temperature, hydronium ion concentratio~, 

conceatration of buffer, type of adsorbate, initial adsorbate 

concentration, coapetitive adsorption, and carbon particle Bize. Ia 

addition, the nature of the rate limiting step i. the ad8orptio~ is 

described. 
ll1.th()o.vf 

SeD, Bhattacharyya and Naidu Aattempted to correlate 

pore size distribution, and other physical characteristics with the 

adsorption capacities of active carbon ( four ... ples ) with respect 

to aethyleae blue, iodiae and hydrogen sulphide. A coaparison of the 

data shows that the specific surface and total pore volume do not have 

aay relation with the specificity of the active carbon. 

The characteristics of the uptake of phenol and nitrophenols 

by active carbon have been investigated by Mattson et al. 118• The 

measurement of solution equilibrium parameters as well as surface 

struotural characteristics dete~ined by infrared internal reflecti •• 

spectroscopy (IRS) are presentedl19 • This technique peraits direct 
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spectrophotometric observation of solid surfaces, and therefore 

provides a direct means for the identification of the organic func­

tional group characteristics at the surfaQe, both before and after 

adsorption. 

There has been a considerable aaouat of indirect study 

on the nature of the oxygen containing functioaal groups present oa 

the surfaces of carbonsl19 ,120-l20. It has been observed that 

exidation and reduction of active carbon markedly influences the 

nature of the phenol and nitrobenzene isotherml20• Coughli. and 
l20~o..vf. Ezra Ashowed that oxidatioa of active carbon considerably lowers 

the capacity of bGth active carboa and carboa black for adsorptio~ 

of phenol and nitrobenzene in the low solute concentration reg~oas 

of the isotheras. They also observed that reduction of the carbQa 

resulted in the opposite effect. It ,s 8uggested120 that adsorptioa 

of phenel takes place with the pi-electron system of the graphatic 

rings of the carbon basal planesll3 , and that the presence of 

additional acidic surface oxygea groups produced by ecidification of 

the carboa, at the basal plane edges, seryes to withdraw electrons 

fro. t-he pi-aystem of the basal Plane.120 • Thi8 does not explai.120 

how such an electron withdrawal effect aakes itself felt over the large 

distances of the basal ring 8ystem, nor does it explaia the nature of 

interactioa of the sorbates on the basal planes. 

Giles et al. 98 pointed out that the adsorptioa isotherm 

for phenol on carboR usually shows a two-step process, resulting in 
120 two platea s. The oxidatio~eduction studies of Caughlin and Ezra h~ve 

showed that this seCORd plateu.t r. B apparently independent of the 

oxidation state of the carbon surface. Giles98 suggested that the 
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secoad step of the isotherm involve an uncoveriag of part of the 

surface and readsorption of the phenol molecules i. a different 
b011\ 98 

orientation. It . as/suggested that this reorientation involved 

a change from a flat configuration to an end-on configuration where 

the hydroxyl group is directed away from the carbon surface. 

Nagy et al. 127 showed that solid-liquid interfacial 

phenomenon can be used to study surface properties of porous activated 

carbon. The surf~ce area of active carbon s determined by 
... 

equilibrium adsorption. of liq MeOH - C6H6 ' EtOH - C6H6 , AcoH - C6H6 , 

and AcoH - H20. An isotope mol. exchange method (with liq 

EtoH - labelled with 146 ) is given for study of the kiftetio 

properties of active C solid-liquid interfaces, especially in relatiaa 

to pore structure study and adsorptioa. 

1.8 Review on Meohanism of adsorption and activation: 

To elucidate the rate-controlling mechanis_, Nachod and 

Wood128 studied the rates of ion-exchange reactions. They studied 

the rates of exchange of the pairs of ions hydrogen-calcium and 

sodiua-calciua with a nuaber of commercial cation-exchange resins Ln 

dilute solutions. They concluded that the "rate of bringing dissolved 

ions upto and away fro. the surface of the exchange granules" is 

rate deter .. i:,: ng. Kurin &: Myers129 studied the kinetics of anion­

exchange on four weak base resins using a number of anion-pairs and 

concluded that"diffusiQll lI is the rate-controllimg process in all cases. 

Boyd at al. 130 developed equations for evaluating rate-controlling 

process in heterogeneous ion-exchange reactions of the type 

A+ + BR <--~> AR + B+ 
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where A+ is the ingoing ion; BR the ioa-exchanger, B+, the 

displaced ion. 

The kinetics of this process have been interpreted in teras of the 

three rate processes as below : 

(i) When the process is controlled by diffusion in and through the 

adsorbent particle, the kinetics of exchange process obeys the equation 

F • 1 -
6 
TI 

in which F • Qt/~ 

• • • • • • • • (1.26 ) 

n • 1 

, the fractional attainaent of equilibrium 

of an ingoing ( or outgo1ag ) ion where Qt ' the aaount of exchange 

after tiae t, and Q 

B z IS Ji 1.- / -r/l,.--
, the aaount of exchange after infinite tiae ; 

; D being the effective diffusion 

co-efficient of the exchanging ions in the solid, and ~= radi 

of the particle. According to the equation (1.26) F is a funct10a 

of Band t only and is thus independent of the concentration of the 

ingoing ion, since there is no concentration tera in the equation. 

For every value of F a value of Bt can be calculated and Tice Tersa 

and values of Bt for yarious values of F have been tabulatedl'l. The 

plots of Bt vs t should be linear and pass through the origin if particle 

diffusion is rate controlliag i.e. B Talue is independent of t in case 

of particle diffusion. 

(ii) When the process is controlled b.Y diffusion through a thin liquid 

fila surrounding the particle, the equation is represented as 

log ( 1 - J!') • - (Rj 2. ,0, ). t • • • • • • • (1.27 ) 
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}D
1 t - D is the film diffusion constant 

'YoA'Y'o')<.. , 
where R : 

the particle radius, L\""'o, the film thickness, and~, the 

distribution constant, defined by the ratio of the concentrat~on of 

the adsorbing ion A+ in the adsorbent to that in the solution i.e. 

Y:' = Kct( 'n B R j"'f'ttr.;t-) where Kc is the mass law equilibrium constant, 

f the particle density. With time value of II\. e l' increases and n-f.,(z' 

decreases i.e. with the progress of exchange R increases. 

(iii) when the process is a chemical action, the kinetics of 

adsorption is given by 

log(l - F) . . . . . . . (1.28) 

+ 
where S : mB denote the concentration 

-t- + 
of the ions A + and B in solution and kl and k2 are the forward 

and reverse specific rate constants. The value of S depends on the 

relative values of kl and k2 and the concentration change of 

A+ and B+. So, with time S decreases. 

Mechanism of activation: 

A survey reveals that an active adsorptive charcoal 

must contain a network of capillaries, some large and some small. 

This seems essential in order to provide avenues by which the 

molecules that are to be adsorbed can gain entrance to the interior 

of the charcoal particles and the large surface area that must 

necessarily be located in small pores. When, however, we come to a 

discussion of the pore shape and ask whether we consider 

charcoal as a hon~omb structure of approximately cylindrical pores, 
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or as a collection of platelets aore or less parallel to each other 

and forming boxMlike capillaries of rectangular cross section, or 

soae coabination of these , or some arrangement involving pores of 

still different shapes, we find ourselTes in the reala of speculation 

and are una~le to speak with certainty. Perhaps the bes~ procedure to 

follow in suaaarizing the evidences is to consider the results obtained 

froa each of the principal tools and types of measurement froa which 

information as to the pore shape and general structure of charcoal 

can ~e obtained. The yarious tools include X-ray diffraction studies, 

microscopic studies, electron microscope studies, measurements and 

calculations of area and pore voluae, chemical behaviour of charcoal, 

expansion of charcoal during adsorption, and aeasurements of the true 

density of the carbon in charcoal. 

Cokes, chars, and activated carbons are frequently termed 

amorphous carbon. X-ray studies have shown that many so-called 

amorphous substances have crystalline characteristics, even though 

they aay not show certain features, such as crystal angles and faces, 

usually associated with the crystalline state. An amorphous looking 

powder aay be coaposed of crystals of subaicroscopic dimenSions, 

so-called crystallites. This is true of chars and cokes. 

Studies by Rileyl}2-13" warren1,6, Berll '7, Hofaannl ,8, 

and others, have shed much light on the structure of these carbon 

crystallites. Although interpretation of the x-ray diffraction 

patterns is not free fro. ambiguities, there is general agreement 

that amorphous carbons consists of flat plates in which the carbon 

atoms are arranged in a hexagonal lattice ( Fig. - 1.8 ), each atom, 
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except those at the edge, being held by covalent linkages to three 

other carbon ato.s. The crystallites are formed by two or aore of 

these plates being stacked one above the other. Although these 

crystallites have some structural resemblance to a larger graphite 

crystal, differences other than size exist. In graphite, the plates 

are more closely together; moreover, the manner in which the plates 

are stacked above one another follows a definite crystalline pattern 

in graphite, a feature that is absent in the carbon crystallites. 

Johnstone and Clark139a,139D, conclude that "the data obtained from 

the x-ray study evidently give credence to the ideas that activation 

is essentially a process of cleaning out capillaries, in changing 

their size and perhaps their shape, without greatly affecting the 

matrix structure of carbon." The presence of large capillaries ~ 

the surface of charcoal particles has been shown by the 

photomicrographs203 ,204. These reports however show nothing about 

the shape or distribution of the fine pores. 

In addition to the evidence provided D7 x-ray and 

aiorosoop1c examinations, differences between chars and graphite 

have Deen shown D7 ohe.1eal .ethod.l40 ,141. Chars and cokes reao~ 

with laseous o%7sen at lover teaperatures than does graphite ; 

Aowever sraph1te is ox1d1.ed .8Gh aore readilY than ohar b7 a 

a1xture ot ohro.10 and phosphor10 ao1ds at a te.perature of 100°0134 ,135. 

It is also well known that standard charcoals can all be converted by 

proper chemical treatment into compounds that appear to have a 

central nucleus of carbon atoms arranged much as though they were 

in a plane of graphite. Thus aellitic acid has been reported142 to 

be formed in good yield by controlled oxidation with nitric acid. 
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This certainly indicated that much of the carbon is arranged in two -

dimensional graphite-like sheets or platelets and again is consistent 

with the x-ray picture of the structure of charcoals. At least five 

different observers143-148have noted that when charcoal picks up 

water vapor in the higher relative pressure ranges it expands149 • It 

should be noted, as pointed out by Kummer150 , that it is much easier 
151 

to imagine the expansion of charcoals if they are made up of platelets • 

If the pore structure consists of a honeycomb of cylinders, the 

possibility of expansion seems much more limited. 

The size of the crystallites is influenced by the 

temperature of carbonization and to some extent, by the composition 

and structure of the raw material. In chars prepared from such 

substances as cellulose, the 'c t dimension (height of the crystal) 

shows little change until a temperature of 13000 C is reached, whereas 

the ta' dimension (diameter of each layer) shows a continuous 

growth upto 700oCl33 • This latter fact is of interest because many 

properties such as electrical conductivity and ease of subsequent 

activation show a change at this temperature. 

The crystallites may be formed through several 

mechanismsl33 ,l52-l54. During pyrolysis, the original organic 

substance may be split into fragments which regroup to form the thermo­

stable aromatic structure existing in the hexagon. It is also 

possible that suitable nuclei initiate a transformation in which 

the hexagonal lattice grows gradually at the expense of the original 

substance. The transformation is seldom complete and residual 

hydrocarbon chains and rings remain. 
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FiGure - 1.9 Hypotheticul structures of crystallites. 

SOURC:8: H.L. Hiley, Chel!listry and Industry, 2§ No.17,391(1939). 
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As these residual hydrocarbons cannot be extracted 

with solvents or removed by degassing they are presented to be attached 

by chemical bonds to the border atoms of the crystallites. A 

hypothetical structure ~s shown in Fig. 1.9. It is to be noted 

that the term hydrocarbon, usually applied to the cementing substances, 

may also cover compounds containing other elements in addition to 

hydrogen and carbon, such as oxygen3• It is believed by some that 

the hydrocarbon may cement the crystallites into clusters to fora 

secondary structures. Differences in the size, shape, and arrangement 

of the crystallites in the secondary structures -~ affect the 

adsorptive power and other properties of the char136 • 

While studying the nature of the carbon surface, a 

number of workers observed capillary action in the numerous micropores 

in carbon to be the cause of certain adsorptive properties. Other 

adsorptive properties are traced ( as stated earlier ) to the large 

surface area of carbon. Since carbon is porous, its surface area 

cannot be measured directly; hence, it is calculated indirectly 

either from adsorption data or thermal effects. Data obtained by 

these methods indicate that the total surface area of active carbons 

ranges between 2 x 104 and 6 x 104 sq. cm per g. The total surface 

area is measured under special conditions that seldom can be provided 

in routine experimental work. 

Under the conditions that exist in many experimental 

studies, only part of the surface participates in an adsorption. 

This limited availability of the surface can be conveniently explained 

by assuming the surface to be heterogeneous and by assuming that soae 

substances are adsorbed only by the more active areas, the 
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"active centres". According to this theory, an increase in the 

adsorptive power of a carbon during activation is associated with 

the formation of additional centres. We have no knowledge of the 

chemical structure of 'active centres'. X-ray diffraction patterns 

do not disclose differences between active and inactive carbons, 

but this does not disprove the existence of active centres since 

they are probably not of sufficient thickness to produce interference 

of x-rays. Until more is knownof the .echanisa whereby an adsorbed 

molecule i8 attached to the carbon surface, there are advantages ~ 

broadly defining an active centres as the sum of the forces tha~ 

hold an adsorbed aolecule. 

However, quantitative distinctions are not sufficient 

to explain all differences between carbons; qualitative variations 

also exist. Methylene blue may be preferentially adsorbed by one 

carbon, and phenol by another carbon. To interpret such variations in 

behaviour, it becomes necessary to assume the existence of different 

types of active centres, each types having characteristic adsorptive 

powers, or, in otherwards, that two carbons can differ both in kind 

and quantity of active centres. Active centres possibly correspond 

to specific geometriC arrangement of surface atoas - patterns that 

may include noncarbon atoas. The substance called 'active carbon' is 

not pure carbon; .any noncarbon elements are present and are attached 

to the carbon ato.s by chemical bonds155• The influence of the 

noncarbon ingredient has been traced to the manner in which they 

alter the mechanism of an activating process. Apart froa being a 

ladder to achieve a aore effective spacing and structural arrange.ent 

of the carbon atoms, soae noncarbon elements becoae part of the 
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aolecular architecture of the actiTated carDon. Thi. is indicated 

by the tenacity with which aany foreign eleaents are held by 

carbonl56-l59. These strongly held foreign ale.ents provide adsorptiTe 

Donds. There is considerable evidence that oxygen can be attached 

by covalent bonds to the carbon structure to fora stable surface OXides, 

and specific adsorptive and catalytic properties are traced to tbeir 

presence siailar obserTations have been .ade as to the effect of 

other elements, such as nitrogen, sulfur, iron and hydrogen. The 

influence of noncarbon ato.. aay extend to adjacent carbon ato.. ~ 

a .anner analogous to the way in which a polar group introduced into 

an organic co.pound affects the ch •• ical properties of re.ote ato ••• 

When sulfur is heated witb carbon, only part of the sulfur 
wi~ 

can be separated subsequently by extractionAtoluene, by oxidation 

witb broaine. or DY heating to 900°0 in a streaa of nitrogen; but 

heating in a streaa of hydrogen will reaove the sulfur as hydrogen 

sulfide. All these indicate a cheaical union between the carbon 

and SUlfur ato.s, a union which Wibaatl60 sugge.ted to be .i.ilar 

to the surface oxides. Ley and Wibautl6l found eTidence that nitrogen 

is coabined with carbon in a fora suggestive of nitrile groups. 

Miller162 studied a comaercial carbon froa which repeated boiling 

with acid failed to extract appreciable quantities of the .ineral 

ingredients, but when tbe carD~~ was ashed, tbe asb dissolved readily. 

At one tiae, the adsorptive powers of ani.al char ~. 

believed to reside in cbeaically held nitrogen156,l6" later when ve~ 

active carbons re produced fro. nitrogen-free source aat.rials, 

the i.portance of nitrogen -.s discredited164• In this connection, 
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however, .oae workers have observed that carbon froa nitrogen-free 

sources aay contain appreciable quantities of co.bined nitrogenl65 , 

indicating that carbon can fix nitrogen during the activation process. 

Carbon, prior to actiTation, contains hydrogen in the 

form of hydrocarbon chains and ringl at~ched to border atoas of the 

hexagon plates. Much of this hydrogen is reaoved during activation 

at teaperatures below 9500 C, but soa. hydrogen is still held after 

actiTation and is not released unless much higher te.peratures are 

r.ached16&. It il to be noted that the eTolution of this latter 

portion of hydrogen at very high t.aperature. il paralleled by a 

siaultaneous decrease in adsorptive power. 

We can return to a consideration of the changes produced 

in carbon during the activation processes. In atteapting to understand 

the influence of the noncarbon constituen~8 on activation, one aust 

distinguish between effects produced during the carbonization or 

pyrolysis and those produced during the subsequent ignition or 

oxidation167 • Some chemicals such as zinc chloride or calcium chloride 

exert an influence only during the carbonization stages, whereas 

others, such as potassium carbonate and phosphoric aCid, can affect 

the properties when present during the oxidation stage. 

One view of the action of mineral ingredients during 

the carbonization is that they provide a skeleton on which the carbon 

is depositedl '7, the freshly formed carbon becoming bounded by 

adsorption forces to the mineral elements. Evidence of such bonding 

is aTailable when carbonaceous substances burn on cooking utensils 
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or on the valves of gasoline engines. Such carbon is difficult to 

remove by mechanical means. As expreased by Alexander and McBainl68 : 

"It seems as if the naccent bonds, appearing as the more or less 

profound chemical changes occur, tend to be satisfied by whatever 

is nearest ... When the mineral ingredients are subsequently removed 

by dissolving in acid or water, the exposed carbon surface becomes free 

to attract and adsorb other substances. 

At one time, the action of oxidizing gases such as air 

and steam, IS believed to involve preferential oxidation of 

hydrocarbons that ha~ been deposited on the surface during the 

carbonization stage. Oxidation increases the surface area and 

enlarges the pore volume by (i) burning awaycarbon atoms from the 

walls of open pores and (ii) perforating closed pores and thereby 

providing access to pores formed initially without an inlet. No 

doubt all this action explains much improvement in adsorptive power, 

but it fails to explain specific effects. Thus oxidation with steam 

at 8000 e provides specific powers unli~e those produced with activation 

by air at 500oe. An understanding of the phenomena involved in the 

combustion of carbon is veiled by the complexities surrounding 

chemical reactions that include v solid phase. The equilibrium 

conditions that govern the final composition of products are known, 

but this sheds little light as to the path of the reaction. That 

such knowledge would shed much light on the development of adsorptive 

power is questionable but the inability to obtain information shows 

why it is difficult to interpret the relation between conditions of 

activation and the specific types of adsorptive powers that are formed. 
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Many noncarbon ingredients exert specific influences 

during oxidation with steam or air4 ,169-170 • Some of these effects 

may be due to an influence on the temperature at which the activation 

occurs. We caR only guess as to the mechanism of the influence of 

chemicals that are added after carbonization but before activation 

proper. Thus, carbon will burn at lower temperatures when potassium 

carbonate and NaOH is present, whereas orthophosphoric acid raises the 

ignition pOint. Such an influence may determine which carbon atoms will 

be selectively etched away during activation, and in turn, set the 

pattern for the atomic spacing on the final product. That noncarbon 

atoms are held or adsorbed on certain areas of the surface and activa-

tion involves oxidation at the point of bond between the carbon and the 

inorganiC ingredients is illustrated4 by processes in which a normally 

soluble inorganic substance becomes bonded to the carbon during canbo­

nization and cannot be extracted with water until after activation. 

The presence of certain inorganiC substances increases 

the yield of charl71 . This suggests that they remain with the carbon 

and perhaps alter the course of the reactions in pyrolysis. Chemicals 

that are of value during carbonization are characterized by 

dehydrating properties. Apart from swelling or solubilizing action, 

they cause hydrogen and oxygen atoms in the source material to be 
~ 

spipped away as water, rather than as hydrocarbons or as oxygenated 

organiC compounds, and thereby leave less of the objectionable tarry 

material on the carbon. Although the mechanisms that have been 

mentioned indicate how noncarbon ingredients could enhance adsorptive 

power in general, they fail to explain specific effects. Something 

more than this (increase of adsorptive power) is involved, because 
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certain adsorptive properties of a carbon produced by the zincchloride 

process are unlike those of a carbon produced by the calcium chloride 

process. A convenient interpretation is that each chemical exerts a 

specific influence on the molecular architecture of the surface of the 

resulting carbon. Another interpretation is that the presence of 

inorganic ingredients alter the size of the pores formed during 

activation172 • Another possible mechanism is suggested by the work 

of Berl137 who found evidence that some elements, euch as pota8sium, 

can penetrate between the hexagon plates of the crystallites and 

spread them apart, enabling erosion to occur at surfaces otherwise 

unexposed. 

1.9 THE USE OF ADSORPTION FROM SOLUTION IN MEASUREMENT OF SURFACE 
MM: 

One of the most important application of Vander Waals 

adsorption is the use of adsorption measurements to determine the 

surface areas of finely divided and porous solids. The specific 

surface area, ~ ,of a solid is defined as the surface area per 

unit mass. It is usually expressed in square meters per gram. The 

monolayer capacity, Vm, is defined as the quantity of adsorbate which 

would be required to cover the adsorbent with a monomolecular layer 

only. The measurement of the specific surface areas of solids is 

becoming increasingly important, for it is a highly significant 

parameter in nearly all physical and chemical process of adsorption 

involving powdered solids. 

It is not surprising, therefore, that much research on 

the problem of measuring surface area has been conducted, and many 

methods devised. Most of theae are, however, open to criticism. 
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Methode based on physical adsorption of gaaes (nitrogen, orgo~. 

krypton) at low temperature. (together with electron microscopy 

for non-porous solida ) are standard methods. It can atleast be 

claimed that the B.E.T. equation provides a standard procedure for 

determining empirically the point at which monolayer adsorption i& 

complete on non-porous solids. Moreover, iaterest ooth i. the 

adsorption of gases by solids and in the determination of surface 

areas is such that this method is likely to remain of primary 

importance. Simplified experimental procedures are being developed 

and the theoretical backgroURd ia being continually examined. Other 

methods, for example, the permeability methods of Rigdenl7', and of 

Lea and Nur.el74 , can be criticized on the grounds that the mathematics 

of the method are largely empirical, and also that the methods are, 

completely unreliable for area. greater thaa 2 sq. mig. Light 

extinction methods, such as the Wagner175 turbidimeter and Heywood176 

method, are un.atisfactory because the laws governing their usage 

are different depending on whether the particles are larger or smaller 

thaa the wavelength of light. Thi8 lead. to ObTioua difficulties 

where, as is generally the case, one 1s examining a mixture of such 

particle. Sedimentation methods of Hinkley177, are dependent on 

achieving a high degree of dispersioll. of the powder in the working 

fluid, which is generally extremely difficult ; and in these methods, 

too large errors ia sampling can ari.e. MoreoTer, none of the above 

methods is capable of measuriag internal surface area, which is often 

... ery important ; the socalled "heat of wettiagtl me1thod, however, does 

measure internal as well as external area. UnfortUDately, this 

method only measures the heat evolved when the powder is wetted by a 
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liquid ; to arrive at the surface area fro. the heat evolved, one 

multiplies the heat evolved by a factor. This factor varies from 

family of substances to family of substances, and can, infac~ only 

be correctly arrived at if one kaows the area of one or more members 

of the family concerned accurately. This latter obviously must be 

determiaed by some other method. However, once tbe cons\ant for a 

particular family is known, surface areas can be determined with 

fair accuracy by this method. But it must be emphasized that the 

calorimetric method of det~rmining heat evolved is not easy, and 

hardly suitable, if accurate result. are required, for routine 

measurements. 

There remains only electron microscopic and adsorption 

from solution methods. The electron microscope, whilst of course 

extremely accurate, is expensive, needs careful operation, and the 

particle couat and subsequent construction of the particle size 

distribution curve is extremely laborious and time consuming. 

The gas adsorption methodl78 are comparatively simple. 

The operations may be performed easily and determinations are sade 

fairly quickly, and the method is accurate to ± 5% ; the surface 

measured being the sum of the internal and external areas. They 

involve no assumptions as to the particle shape, pore size and shape, 

and porosity, and their results show a fairly high degree of 

consistency. Other advantages are that only a small sample, which 

can be reoovered intact, is needed and that there is no personal 

factor to consider. It is clear therefore, that this method offers 

the greatest of advantages over all others descri'ed above. 
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The gas adsorption methods are based upon BET theory or 

Langmuirs' theory of adsorption and many workers measured the surface 

area of solids using these two theories and we will mention a few of 

them. Joyner et al. 179 have used the Langmuir method to calculate 

'Vm' values from their isotherms for nitrogen adsorptio~ at - 195°0 

on six different charcoals. The equation fitted upto relative 

pressures of 0.3 to 0.4 but the points in fact lay on a slight curve 

Accurately linear plots -re reported by Fireman et al. 180 for 

nitrogen at - 195°0 and butane at 0°0 on six different charcoals. 

Aoceptable linear plots have also been obtained for nitrogen and a 
181 

variety of simple hydrocarbon vapours on charcoal by Nay and Morrison 

Nitrogen isotherms at - 1950 0 and -183°0 on a number of charcoals 
182 have been tabulated by Deitz and Gleysteen ; the cocoanut chars re 

found to give linear Langmuir plots whereas the bone chars yielded 

type II adsorption isotherms. Harkins and Jura183 have also used 

the Langmuir equation to determine 'Vms from an isotherm for nitrogen 

on charcoal. The use of the Langmuir method for evaluating surface 

areas has been discussed by Maggs184 • The Langmuir method has also 

been applied to non-porous sOlid185-187, but the results are general~ 

inadmissible on account of the poor fit of the equation. 

The experimental methods used in gas adsorption have 

the disadvantage of being both complex and tedius in operation, and 

therefore the development of a simpler one is desirable. In this 

situation, the use of adsorption from solution in determining surface 

areas 'Ixe undertaken. The experimental procedure is much Simpler 

than in any method requiring vacuum apparatus, and, if routine 

measurements on a large number of samples are involved, it is 
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usually much quicker than the gas adsorption method. 

For a method based on adsorption from solution to be 

sound, two fundamental requirements :.(lvel) be fulfilled. It I 

be possible to (1) determine the conditions under which a complete 

monolayer of a given component is formed on the solid (ii) assign 

an accurate value to the area occupied by the adsorbed molecular 

species i.e. I ~m I ; this normally means that the orientation of 

the adsorbed molecules must be known. 

Measurements of surface area have usually been considered 

in terms of physical adsorption, but chemisorption does not have to 

be excluded from consideration. Ia determining the monolayer capaciy 

when chemisorption occurs it is important to ensure that interaction 

with the solid does not go beyond the surface to a continuous reaction 

with the bulk of the solid. Further, if chemisorption is followed by 

physical adsorption, it must be possible to establish what proportion 

of the adsorbate is held in each layer. 

The effective molecular area of the adsorbate normally 

remains constant if the molecules are physically adsorbed in a close 

packed layer. A major change in molecular area may occur it the 

orientation changes between one group of solids and another. If 

adsorption occurs at specific sites on the surface, eg through 

hydrogen-bonding or in chemisorption, the effective molecular area 

is a function primarily of the spacing of the Sites, and so can vary 

from one solid to another. If only a proportion of the sites can 

be occupied even at the maximum degree of adsorption, the effective 

molecular area of the adsorbed molecules may Tary even more from 
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one solid to anotm.r as the proportion changes. 

The adsorption of iodine from solution has frequently 

been used in measurements of the surface areas of charcoals and other 

carbons. It has been assumed that the adsorption of iodine is 

independent of the presence of oxide complexes on the surface, and 

therefore gives the true surface area of carbo~. For this reason 

it has been used to follow the changes in surface area brought about 

when carbons are exposed to oxidising or reducing gases at various 

temperatures. This is important in studies of the effect. of surface 

complexes on the adsorption of 8trong acids and strong ba.es from 

aquaous solutio •• 

The adsorption of 12 from solution has fouad favour in 

industry as a rapid method of determining the surface areas of 

powders188• A linear relatio. between the iodine and nitrogen 

surface areas has been reported by Smith et al. 189 for carbon blacks 

and by Zettlemoyer and Walker190 for magResia (although very slow 

adsorption from iodine solution has beeR reported for this material191), 
l~ I 

bu~ there is considerable uncertainty as to ~e proper Talue of 0 m, 

the molecular area of the adsorbed molecule. The Talues which have 

been used by many worker. cover a wide range from 15A· 2 to 49A· 2 

as shown in Table - 1.2. 
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Effective area 
of iodine 
Molecule(sq ]\). 

15.6 

21.2 

21.7 

22.1 

23.5 

23.7 

27.1 

27.4 

33.0 

35.3 

42.0 

49.2 

74 

TABLE - 1.2 

Basis of calculation 

Effective radius of molecule in 
vapour phase as given by viscosity 
measurements. 

Gram molecular volume. 

Limiting adsorption from aqueous 
solution on carbon blacks of known 
specific surface area. 

Not explained. 

Crystal structure. 

Reference. 

192,193 

190 

194 

195 

196,197 

Limiting adsorption of vapour and 99 
from some organic solutions on Graphon. 

Limiting adsorption of vapour on 198 
Graphon. 

Molecular dimensions. 198 

Limiting adsorption from aqueous 198' 
solution on Graphon. 

Limiting adsorption from aqueous 199 
solution on carbon blacks of known 
specific surface area. 

Adsorption from solution i"f'l eel.., on 200 
preferred position of the 
magnesium oxide surface. 

Limiting adsorption from aqueous 201 
solution on carbon black of known 
specific surface area. 

Atomic domain radius for iodine 202 
molecule. 
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1.10 OBJECTIVE OF THE PRESENT WORK: 

It is clear from the above review that despite a great 

deal of work on adsorption equilibria, few kinetic studies was 

undertaken to the elucidation of the mechanism of adsorption from 

solution. Orders and activation energies of adsorption are 

important parameters which testify to the validity of a proposed 

mechanism. These parameters, specially for adsorption from solutions 

are hardly available in the literature. 

This investigation was, therefore, undertaken with the 

objective of further studying adsorption kinetics and gaining an 

insight into the mechanisms of adsorption on activated carbon by 

determining experimentally the orders of adsorption with respect to 

adsorbates and activation energies of their adsorption. For the 

purpose, the present investigation is devoted to 

(i) study the rates of adsorption of iodine and acetic acid at 

various concentrations and at different temperatures, 

(ii) find out the correct orders of adsorption with respect to the 

adsorbate concentrations employing the differential method, 

(iii) propose mechanisms of adsorption of iodine and acetic acid on 

the basis of the data thus obtained. 

A further aim of this investigation is to find out the 

cause for specificity of adsorption on different carbons. It is 

well known that carbon has a memory. Activated carbon prepared 

from the same raw materials by using different methods show different 

adsorption characteristics. An attempt is made to understand such 
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behaviour by using zinc chloride in the preparation of activated 

carbon from cocoanut shell. 

Surface areaof adsorbents is one of the most important parameters 

which determine the quality of an adsorbent. This investigation 

proposes a simple method that gives surface areas comparable with 

those determined by the BET (Brunauer, Emmett, Teller) method. 
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perchlorate solutio. was prepared by dissolving 20.78 mg. of KCl04 
ia conc. sulphuric acid and then dilutiag the solution to the 

desired volume (500 ml). 

2.1.3 APPARATUS: 

(a) pH meter - A Pye Unicam, Model 292 pH meter was used 

to measure the pH of the adsorbate aolutions at a given 

temperature. 

(b) Shaker - A mechanical shaker was used to ahake the adsorbate 

and adsorbent mixture. 

(c) Thermostat - A Jumo D.B.P. Type GOI, made in West Germany 

( a constant temperature bath) was used to study the 

kinetica of adsorption at different temperature ranging 

from 30°C - 90°C. The temperature could he kept coastaat wj~i~ 

± 2°C. 

2.2 EXPERIMENTAL PROCEDURE: 
Afrom 

2.2.1 Preparat10. of steam activated carbonAcocoaAut shell -

Cocoanut shell was first crushed to pasa through 8 mesh sieve and 

then heated to a temperature of 600°C out of contact with air whereby 

charcoal was obtained. The charcoal was thea activated by passing 

superheated steam at 750° - 800°C for OBe hour in a tube furaace. 

The product was dried at 150°C, grouad to pas. through a 900 mesh 

per cm2 sieve and kept in a desiccator. 

2.2.2 Preparation of ZiBC chloride treated activated carbo. -

Cocoanut shell was crushed to pass through 8 mesh sieve. 10 g. 

portions passing through 8-mesh sive and remainiDg on a l6-mesh 

sieve was soaked in zinc chloride solutioa containiag HC1. ( It 
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has beeR found that maximum activity of carbo. is obtained at 

ZnOl2/shell ratio of 2.6 and HOl/shell ratio of 0.}5 for iodiae 

adsorptioa. The carbonisatioa at 800°0 for one hour produced 

carbon of the highest activity211). The soaked sample was digested 

for 2-} hours at 100°0 so that a dark pasty ma8S was formed. The 

sticky mass was then dried and fi.ally carboaized in a tube 

furnace at temperature range 600 - 800°0, the duration of 

carbonization being ORe hour. The carbonized product was cooled, 

pluaged iato 10% HOl solutioft washed with hot water till the 

washiags were free from chloride ion, d~-~ed at 150° - 200°0 for li 

hours, grouad to pass through a 900 mesh per cm2 sieve and stored 

in a desiccator. 

2.2.} Measurement of adsorption from different adsorbate solutioRs: 

The adsorptions of iodiae, acetic, phenol, potassium permanganate 

and potaasium perchlorate were determined by the volumetric method 

at temperatures }000, 40°0, 50°0, 60°0, 70°0, 80°0, 90°0 and at the 

atmospheriC pressure. A microburette was used for the titration. 

For each run, exactly 50 ml of the adsorbate solution 

was taken in a stoppered conical flask and kept in the thermostat 

at a given temperature. An accurately weighed quantity (1 g, ) of 

activated carbon was taken in a separate stoppered conical flask 

and thermostated. When both the adaorbent and adsorbate reached 

thermal equilibrium, the adsorbate solution was introduced iato 

the adsorbent flask and stirred rapidly. At selected time interTals 

recorded by the stop watch, the stirring was stopped and about 5 ml 

were withdrawn from the cORical flask by means of a syringe pipette 
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and analysed by standard volumetric methods. A filter paper was 

tied around the tip of the syringe in such a way that no carbon 

particle was withdrawn along with the adsorbate solution. From 

the difference of initial and final concentrations of the adsorbate 

solution ( before and after adsorption ), amount adsorbed by the 

adsorbent was found out. 

Phenol was determined by a modified Baylis -

COlebough3,205,206 method, potassium perchlorate by a modified 

method developed here (section 2.2.4). Iodine and potassium 

permanganate by iodometric method, and acetic acid by the acid-base 

titration method (NaOH and phenolphthalein). 

2.2.4 Volumetric determination of perchlorates: 

Several methods were available for the volumetric 

determination of perchlorates, the most common one involved the 

reduction of perchlorates by zinc amalgam~o chloride ion in the 

presence of molybdenum catalyst. 

When this Zn-amalgam method was applied to activated 

carbon, irreproducible results, varying from 0.2 to 20%, were 

obtained. Preliminary experiments carried out in this laboratory 

showed that the order of addition of reagents had an effect on 

the accuracy and reproducibility of the results. An investigation 

was therefore undertaken to improve upon the method. For the purpose 

the following reagents were prepared: (1) A O.30N sodium molybdate 

(BDH.Analytical Grade). (11) A 4M sulphuric acid (E.Merck) solution. 

(iii) A O.30N potassium chlorate (E. Merck) (Prepare4 by dissolving 

solid potassium perchlorate first in conc. H2S04 and then adding 

Dhaka University Institutional Repository



- 81 

distilled water.) 

(iv) Zn-amalgams (Prepared by washing 30 gm pure granulated zinc 

with dil H2S04, heating it with 300 gram of mercury and 10 ml (1:4) 

of H2S04 acid for one hour on a waterbath, cooling it to room 

temperature washing it several times with dil H2S04 and finally 

separated by a funnel. 

Procedure - In analysing the perchlorate, 10 ml O.,ON KC104, 30 ml 

0.30N Na2Mo04 and 50 ml 4MH2S04 were added to an Erlenmeyer flask 

containing zinc amalgam (just enough to cover the bottom of the 

flask) followed by boiling until the molybdenum was in the green 

trivalent state, transferred to a flask for titration. To it just 

enough potaSSium permanganate was added to oxidize the ~rivalent 

molybdenum to colourless aolybdate, then an excess of standard 
-" silver nitrate solution was added, and the solution was titrated 

with standard potaSSium thiocynate solution to the red ferric 

thiocyanate ,end pOint. 

The results obtained by varying the order of the 

addition of the reagen~s were recorded in Table 2.1. 
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TABLE - 2.1 

Sl.No. Order of addi- Amount of (CI04) Amount of % Error 
tion of the perchlorate perchlo-
reagent. taken (in g.) rate 

obtained 
(in g.) 

1 Zn-Hg 
KCI04 0.0620 0.0619 -0.225 
Na2Mo04 
H2SO4 

2 KCI04 
H2SO4 0.0620 0.0563 -9.25 
Na2Mo04 
Zn-Hg 

3 Zn-Hg 
H2SO

4 
0.0620 0.0611 -1. 39 

KCI04 
Na2Mo04 

4 Na2Mo04 
H2SO4 0.0620 0.0592 -4.50 
KCI04 
Zn-Hg 

5 Zn-Hg 
Na2Mo0

4 
0.0620 0.0582 -6.09 

H2SO4 
KCI04 

Table 2.1 shows that the order of addition of reagents 

affect the accuracy of the method appreciably. Addition of 

perchlorate solution to Zn-Hg followed by sodium molybdate and 
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sulphuric acid gave results which were only 0.22% too low whereas 

the determined value obtained by the addition of sulphuric acid to 

perchlorate followed by sodium molybdate and zinc amalgam was 9.25% 

lower. 

Results obtained in other experiments by adding reagents 

in the order Zn-Hg-H2S04-KCI04-Na2Mo04' Na2Mo04 -H2S04 -KCl04- Zn-Hg, 

Zn-", - Na2Mo04- H2S04-KCI04 were too low by 1.39%, 4.5%, 6.09% 

respectively. Among the above five permutations, the first one 

namely the addition of KCl04 to Zn-Hg followed by Na2Mo04 and 

H2S04 gave the highest accuracy (-0.22%). 

The time of reduction of perchlorate have also a 

significant effect on the accuracy of the method. Reduction periods 

of more than 150 minutes are needed to get maximum accuracy. The 

reduction of perchlorate to the chloride is indicated by the 

persistent green colour. Studies have shown that molybdenum(vi) 

is not reduced completely even to the penta~alent state as long as 

perchlorate is present. So, the colour change serves as a good 

indicator for completion of the reduction of perchlorate to chloride. 

The low value obtained for chloride might be that some 

chloride is oxidized by the permanganate to elementary chlorine. 

According to Height and sager207 the results they obtained were 

1-5% too low. They detected the order of elementary chlorine in 

the evolved gases. 

2.2.5 Experiment to prove reversibility of adsorption process: 

Equal amounts of carbon were weighed into two conical 

flasks (Fl and F2), fitted with ground stoppers. 100 ml of 
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N/IO solution were introduced into the flask Fl, and simultaneously 

50 ml of ~ iodine solution were added to flask F2. After certain 

period of time (30 minute), 50 ml of solvent (distilled water) were 

added to the flask F2. The two flasks were kept in dark for 24 

hours, both were then opened and a portion of the contents titrated 

for unchanged iodine by the iodometric method. 

2.2.6 Experiment to show the effect of time on adsorption: 

A number of experiments were carried out at room 

t t (280C ± 2°C). empera ure A portion (lg) of each carbon were 

mixed with 50 ml of the iodine solution. The suspensions were 

shaken mechanically in clo •• d conical flasks for different intervals 

of time after which an aliquot of the clear supernatant liquid was 

estimated for unchanged iodine by iodometric method. 

2.2.7 Determination of density of iodine solution: 

The denSity of iodine solutions were determined by the 

pyknometer method 208 ( Table - 3.1. t . II ). 

2.3 MEASUREMENT OF THE SURF'ACE AREA OF THE ADSORBENTS: 

The surface areas of the carbon adsorbents were 

determined by nitrogen adsorption at liquid air temperature. If 

VM was the volume of nitrogen at STP adsorbed on g grams of active 

carbon to form a monolayer, then the surface area S, of the 

sample was given by the relation 

S = 
VM x N x A x 10-20 

22400 g 

2 -1 m g . . . . . . . 
where, A was the area in square Augstrom occupied by a single 
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molecule of nitrogen in the completed monolayer and N was the 

Avogadro number, m stands for meter. The volume VM adsorbed to 

form a monolayer was determined by a modified BET28 method suggested 

by Bugge and Kerlogue178• The BET isotherm28 is 

p 

where, 

= 1 + C-l 
VMC • 

. . . . . . . . . . 
v = volume adsorbed at pressure P. 

P = saturation vapour pressure of the adsorbate. 
o 

C = a constant. 

(2.2) 

Emmet~28 pointed out that a line drawn through the orig~n and one 

adsorption point at a relative pressure of 0.35 usually differed 

in slope by less than 5% from that drawn using several points. 

Therefore it was quite reasonable to simplify the BET equation(2.2) 

into the following form 

. . . . . . . . . . = • 

Thus, measurement of adsorption at one pressure was sufficient to 

obtain the value of VM• However, it would be shown (sect. 2.3.3) 

that for the elimination of deadspace measurements, it was necessary 

to measure adsorption at three different pressures. 

2.3.1 Description of the apparatus: A diagram of the apparatus 

used for measuring nitrogen adsorption was shown in Fig. 2.1. 

F was the adsorption flask of known volume and M was a mercury 

manometer. The volume, Vs , between stop cock S2, S3, S4 (ABCD) 

was obtained by expanding He gas from ABCD to ABCDF and applying 

Boyles' law. The measured volue was 167.5 ml. The system could 
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-2 be evacuated to a pressure of 10 torr. 

2.3.2 Procedure: A known amount of activated carbon was taken 

in the adsorption flask F. The system was evacuated to a pressure 

of 10-2 torr. The outgassing of the sample was done for a long 

time by slight beating (SOOC) and evacuated. The adsorption flask 

F and the volume Vs were then separated with the stopcocks 34 and 

33. Nitrogen gas from the cylinder, purified by passing througb 

silica gel and over heated copper, was then admitted to the volume 

Vs at a certain pressure (i.e. the mercury level was adjusted to 

B and the pressure was noted) through the stop cock 31. The 

adsorption flask F~as then surrounded by a Dewar flask containing 

liquid air and the stop cock 34 was then opened. The pressure in 
J. 

the system was measured after equilibrium was obtained, taking 

care to adjust the mercury level in tbe manometer to the definite 

mark. Measurements were repeated with two other initial pressures 

of n-trogen, the adsorbent being degassed in between the runs. 

2.3.3 Calculation: 

Let p/ ,p~ ,p#/ be the initial and Pl ' P2 ' P3 be 

the final pressures, G be the dead space at unit pressure (the 

dead space was the volume of the sample flask and the stem upto 

D minus the volume of the adsorbent powder), T be the room 

temperature, Vl ' V2 ' V3 be the volume of nitrogen at pressures 

PI' P2 ' P3 respectively, and VCl ' VC2 ' VC3 be the volumes of 

nitrogen without adsorbent in the sample flask at pressures 

Bugge and Kerlogue17S found it possible, where the 
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subst~ce was known to give S-shaped isotherm, to avoid the 

determination of dead space. According to them, the dead space 

was given by the relation 

where G was the dead space at unit pressure and 0( was a correction 

factor equal to 6.58 x 10-5 at unit pressure. Hence, the value of 

VC1' the volume of nitrogen in the sample flask, was given by 

Vl - VCl - PIG 

V2 = VC2 - P2G 

and V'} = Vc'} - P,}G. 

Hence, 
Vc - V, 

Vl = VOl - Pl· ~ 
P, 

From equation (2.'}) it follows that 

Vl(Po-Pl ) = V2(Po-P2) :: V,(po-P3) 

Therefore; 

P
l 

[ 
Vl(Po-Pl ) 

J VI = VCl - 153· Vc, (Po-P,) 

Rearranging, 

and similarly for 
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Thus the values of Vl and V2 could be determined from the adsorption 

data at three pressures. 

In the plot of PIPo against P according to 

equation (2.~), the monolayer volume VM was the reciprocal of the 

slope, if C was assumed to be very large. 

Therefore, 

This would involve determination of three adsorption pOints, bu~ 

no dead space. Data. are given in Table ~.Y·3 (Appendix III), and 

the various steps for the calculation of the surface area of the 

activated carbon samples. The value of A and Po were assumed to 

be 16.2 square Augstrom per molecule and 760 mm Hg respectively. 

It has been shown by Bugge and Kerlogue178 that the 

values of surface area obtained by the above simplified procedure 

employing evacuation to a pressure of 10-2 torr agree with the 

value obtained by evacuation to a pressure of 10-5 torr within 

~%. Since Emmett28 claims only an accuracy of 20% for his BET 

method, it was evident that the difference of this pressure was 

insignificant. The time saving was thus considerable as a vacuum 

of 10-2 mm Hg was rapidly attained, whereas one of 10-5 mm Hg 

needed several hours pumping. 
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2.4 DETERMINATION OF ZINC IN ZINC CHLORIDE TREATED ACTIVATED 
CARBON: 

An electrographic method devised by Hermance and 

Wadlow209 ,210 was used to detect the presence of zinc in zinc 

chloride-treated activated carbo~. The specimen to be tested was 

made anodic and the electrolyte in its vicinity was tested for 

cations produced by anodic attack. The electrolyte (either 

hydrochloric acid, ammonium chloride solution or sodium nitra~e 

solution) was poured on to a filter paper and the specimen was 

pressed on to this with a cathode (or counter-electrode) of 

aluminium on the other side. After the application of a potential 

difference of a few volts for about one minute, the paper was 

removed and tested by means of suitable reagents for the metal ions. 

This method was applied for identification of zinc as 

shown in Fig. 2.2. For the purpose, a 20 g portion of the activated 

carbon prepared by the zinc chloride treatment was taken in a 

porcelain crucible, heated to 6500 C in a muffle furnace for about 

three hours when it turned into ash, cooled to room tamperature and 

dissolved in aqua regia. A small piece of filter paper soaked in 

ammonium chloride solution ( 5 g in 100 ml) was placed on a glass 

sheet and a few drops of the aqua regia solution was sprinkled on 

it. An aluminium sheet (cathode) and an iron rod (anode) were 

placed on this filter paper for about one minute whereby zinc was 

liberated. This was identified by adding spot reagents, mercury 

thiocyanate (8 g mercuric chloride and 9 g. ammonium thiocyanate 

diluted to 10 ml with water) followed by cobaltous chloride (0.05 g. 
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in 100 ml 0.5 N Hydrochloric acid). The reactions are represented 

as follows: 

Zn++ + (11& (CNS)4J -2 ---7 Zn [Hg (CNS)~ 

co++ + Zn tg (CNS)~ 7> Co [ Hg(CNS)4] 

blue ppt. 

A similar run with activated carbon (not treated by ZnC12 ) gave 

no positive test for zinc. 
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CHAPTER 3. RESULTS & DISCUSSION. 
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3.1 THERMODYNAMICS. 

3.1.1 ADSORPTION ISOTHERI~IS. 

An isotherm is essentially the representation of the 

variation of volume with pressure at constant temperature. Adsorption 

equilibrium can be expressed as isotherms, isobars and isosteres. 

A set of curves of anyone type may be converted to a set of either 

of the other two types, and therefore it is sufficient to consider 

simply one of the three types. Isotherms have been plotted using 

the necessary data obtained in the course of adsorption studies. 

In the present investigation, two different adsorbates i.e. acetic 

acid and iodine solutions have been used and steam activated carbon 

is employed as the adsorbent. The preparation of the adsorbent and 

the adsorbate solutions have been described in chapter 2 (section 

2.1.2, 2.2.1, 2.2.2). 

3.1.1.1 Acetic acid adsorption isotherms: The adsorption data i.e. 

the amount of acetic acid adsorbed on activated carbon at various 

equilibrium concentrations, represented in Table 3.1.1.1 

(Appendix I) have been utilized to construct the isotherms at 

temperatures 303 0 K, 313 0 K, 3230 K, 333 0 K, 343 0 X, 353 0 K and 363 0 K. 

The isotherms are shown in Fig. 3.1.1.1 (a-b). 

All the isotherms obtained are similar in nature. 

Invoking Brunauers' five principal forms of adsorption isotherms 

as shown in Fig. 1.3 (section 1.4.1), it is apparent that the 

isotherms we obtained are similar or nearly similar to the type V. 

This type of isotherm is also exhibited by adsorption of water 
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vapour on charcoal145 at 1000C. The general feature of these isotherms 

are that they indicate co-operative adsorption at the begining i.e. 

the amount adsorbed at a particular equilibrium concentration or 

pressure enhance the adsorption at higher equilibrium pressure or 

concentration. Though the pattern of higher the concentration higher 

the amount adsorbed is maintained, there is an abrup~ increase in the 

adsorption above an equilibrium concentration of about O.;ON at 

temperature ;2;oK. The abrupt increase may be explained in the light 

of multimolecular theory and penetration in the pores and capillaries 

of the adsorbent above a certain value of the equilibrium concentration. 

Although it is not possible to ascertain whether the process of 

adsorption is physical or chemical and to tell exactly which part is 

due to multilayer type is to be expected specially as the concentra­

tion is increased, since the Vander Waals force of the adsorbate 

molecules in the first layer tends to hold a second layer and so on. 

At higher equilibrium concentration, the amount of acetic acid 

adsorbed on carbon tends to reach a saturation value. The overall 

pattern of the isotherms also indicate that the activated carbon 

used in the present investigation is highly porous since this type 

of behaviour is eXhibited by porous solid. 

Comparing with Giles98 classification of the adsorption 

isotherms for solid-liquid system as shown in Fig. 1.5 (section 1.7) 

it appears that the isotherms obtained belong to the type "SHe 

This type of isotherm is obtained if the major axis of the adsorbed 

molecules are perpendicular to the surface. The curves have long 

plateaU at higher equilibrium concentration, which can be explained 
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that the adsorbed solute molecules in the monolayer are so oriented 

that the new surface they present to the solution has low attraction 

for more solute molecules. 

3.1.1.2 Langmuir Isotherms: We tested our observed isotherms to 

find out whether they obey the Langmuir equation (1.1) (section 1.4.1l. 

For this purpose, additional data have been derived from the experi­

mental isotherms, and these are given in Table 3.1.1.2 (Appendix I). 

Fig. 3.1.1.2(a-d) show the plots of cj!. against C at temperatures 
m 

3630 K, 3430 K, 323 0K and 3030 K. For Langmuir isotherms, such plots 

should give straight lines. The nature of the graphs clearly indicate 

that the isotherms do not obey Langmuir equation and there is clear 

deviations from the Langmuirs' isotherm. The isotherms seem to obey 

the Langmuirs' equation at higher equilibrium concentration following 

an initial deviation. 

The isotherms have also been tested to see whether they 

fit the Langmuir isotherm for dissociative adsorption i.e. 

1 + (Section 1.4.1.1) 

Fig. 3.1.1.2.1 shows the plots of JC/x vs JC for these isotherms. 
m 

Obviously linear variation of fC/!. with JC is not found over the 
m 

concentration range studied, indicating that the adsorption process 

is rather complicated. 

3.1.1.3 Freundlich isotherms: Although the experimental isotherms 

do not apparently ,look like Freundlich isotherms, for a confirmatory 

test, log x/m has been plotted against log c (according to equation 1.4 
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section 1.4.1.1 ), using derived data from the experimental isotherms. 

The derived data are included in Table 3.1.1.3 (Appendix I). The 

plots are shown in Fig. 3.1.1.3. The nature of the isotherms 

clearly indicate that they do not obey the Freundlich equation. 

Since the isotherms obtained in the present study do not 

obey either the Langmuir or Freundlich relationship thus rendering 

the use of BET ( Brunauer, Emmett and Teller) equation unnecessary. 

3.1.1.4 Iodine adsorption isotherms: The isotherms for iodine 

adsorption at 3030 K, 313 0 K, 3230 K, 3330 K, 3430 K, 353 0 K and 3630 K are 

presented in Fig. 3.1.1.4. The data for adsorption isotherms are 

given in Table 3.1.1.4 (Appendix I). The isotherms obtained are 

nearly similar in nature. The isotherms at lower temperatures is 

slightly different from the higher temperature curves in that at 

higher equilibrium concentration the isotherms show a linear behaviour. 

It is interesting to note that the isotherms obtained fall within the 

five general type of isotherms classified by Brunauer namely type III. 

This type is relatively rare - an example is that of the adsorption 

of Br2 on silica gel at 790 C. The shapes of the curves can be 

explained by postulating the formation~multilayers of the adsorbate 

molecules. This multilayer type adsorption is expected specially as 

the concentration of the adsorbate solution is increased, since the 

molecules in the first layer tends to hold a second layer and so on 

by Vander Waals' forces. At higher concentrations the isotherms 

have attained almost linearity showing that the amount adsorbed is 

proportional to concentration increase. 

If the curves are compared with Giles' classification, 
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it is apparent that they belong to "L" type and the general feature 

of this type is that there is no strong competition from the solvent 

for sites on the surface of the adBorbents. Another possibility is 

that, the adsorbate has linear or planer molecules, the major axis 

is parallel to the surface. 

3.1.1.4.1 Langmuir isotherms for iodine adsorption: To find out 

whether the observed isotherms obey the Langmuir equation (1.1), 

additional data have been derived from the experimental isotherms, 

and presented in Table 3.1.1.4.1 (Appendix I). Fig. 3.1.1. r ~show 

the plots of c/~ against c at temperatures 363 0 K, 353 0 K, 3430 K, 
m 

333 0 K, 3230 K, 313 0 K and 3030 K. It may be noted that all the isotherms 

have the same nature i.e. they obey the Langmuir equation upto an 

equilibrium concentration of about O.27N. Above this concentration, 

there is a clear deviation from the Langmuir isotherms. The deviation 

might be due to the formation of multimolecular layer. Along 

ab(Fig. 3.1.1.5) Langmuirs' e~uation is obeyed, at b available 

surface is fully covered with a monolayer of iodine and between bc 

multilayer formation has occured. Thus the formation of multi1ayers 

are proved by the Langmuir and empirical isotherms and established 

that the process of adsorption of iodine is physical adsorption. 

The isotherms at different temperatures (363 0 K - 303 0 K) 

have been tested to see whether these isotherms fit the one for 

dissociative adsorption. (Langmuir equation 1.2 section 1.4.1.1 ) 

Figs. 3.1.1.5.1 show the plots [C/!:. vs .JC for these isotherms. 
m 

Here linear variation of JC/~ vs ~ is not found over the 
m 

concentration range studied, indicating that the adsorbate iodine 
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is not dissociated when adsorbed on the carbon surface. 

3.1.l.4.2 Freundlich isotherm for iodine adsorption: The 

experimental isotherms have been used to derive data for Freundlich 

isotherms and are represented in Table 3.1.1.6 (Appendix I). To 

confirm whether they obey Freundlich equation, Figs. 3.1.1.6(a-d) 

have been drawn as log ~ vs log c (according to equation 1.4 

section 1.4.1.1). The isotherms at different temperatures show 

different nature and only the low temperature (303 0 K) isotherm obey 

Freundlich equation at lower equilibrium concentration. The other 

three isotherms are completely different from the lower temperature 

isotherm and straight lines have not been obtained obeying Freundlich 

equation. The isotherms at 343 0 K and 323 0 K are similar in nature 

and the one at 363 0 K show linear relationship at higher equilibrium 

concentration. 

Although the adsorption of iodine from aqueous solution 

have been used for comparing carbon blacks for many years199 ,212,213, 

no systematic work known to the author has been attempted until 1946 

when Kendal12l4 showed that the problem is more complex than the 

previous workers have assumed. 

In a detailed investigation Benson and Sanlaville215 

concluded that the adsorption of iodine by carbon blacks is a very 

slow process and that multimolecular layer adsorption takes place. 

These claims contradicted those of all previous workers. However, 

they failed to recognize the dependence of adsorption on the free 

iodine concentration. 

In adsorption from aqueous solution, potaSSium iodide 
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is always present, hence some tri-iodide is formed and three species 

containing iodine can potentially be adsorbed. According to 

Kendall t s 2l4 work an aqueous solution of iodine in potassium iodide 

is known to contain potassium iodide, potassium tri-iodide, and I2 

molecules because of the equilibrium, 

Hence, the identity of the adsorbed s~ecies need consideration. 

Watson and Parkinson2l6 have shown that only free iodine is adsorbed 

by carbon black. I~ has similarly been shown that 12 is adsorbed by 

platinum surface preferentially to 1- or I; and can cover nearly a 

monolayer2l7 , molecular iodine is here the least soluble component 

of the solution. 

Watson2l6 also found that some of the iodine adsorbed 

by carbon blacks can not be recovered. The unrecoverable iodine is, 

in part, retained by the carbon black (presumably chemisorbed), and 

in part reduced to iodide which remained in the solution. This 

suggested the possible dehydrogenation of carbon by molecular iodine, 

and also the adsorption of products of hydrolysis. 

12 + H2O ~ HOI + HI 

Carbon + HOI ) Carbon( OH) • I 

or Carbon + HOI ~ Carbon(O) + HI 

The iodine chemisorbed by sugar charcoal is recovered by evacuation 

at l200oC. A much greater amount of iodine, however, is converted 

to hydrogen iodide, and results in a corresponding increase in 

oxygen content of the charcoa12l8 , detectable as carbondioxide 
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when the charcoal is evacuated at 1200oC. 

Kendal1 214 performed blank experiments which showed that 

potassium iodide is not adsorbed. Adsorption isotherms have been 

plotted for a number of carbon blacks, and the isotherms are inde-

pendent of the amount of potassium iodide in solution when the 

adsorption is expressed as a function of the free iodine concentration. 

These facts proved that only neutral iodine molecules have been 

adsorbed. 

In the present investigation, analysis of the iodine 

solution, before and after adsorption, showed only a emaIl decrease 

in the total potassium iodide (KI) concentration (Table 3.1.1.7) 
Appendix I 

proving that the adsorbed species are nearly all free iodine molecules, 

consequently sorption is plotted as a function of the free iodine 

concentration. 

Marsh and Hill219 used iOdine/iodide/water and HOAC/ 

water systems to study adsorption by activated (Polyvinylidene 

chloride) carbons and by activated cocoanut charcoal. They showed 

that the adsorption of iodine from aq I2/KI solution is very similar 

to adsorption of CO2 at 1950 K and N2 at 77oC. Complete pore filling 

by iodine occurs in the activated carbons and it is suggested that 

multilayer formation can occur with carbon blacks. The isotherms 

representing iodine adsorption used the concentration of free 12 in 

solution and not total iodine concentration. They showed differences 

in the processes of adsorption of 12 from solution and 12 from the 

vapour phase. Monolayer and multilayer adsorption is by 12 only. 

No adsorption of 1- or 13 can be detected by them. 
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In the present investigation Langmuirs' modified formula 

(equation 1.21 and 1.23 section 1.7) is used in case of adsorption 

of iodine solution by activated carbon. The results and data are 

recorded in Table 3.1.1.8 , 3.1.1.9 and 3.1.1.10 (Figs. 3.1.1.8 , 

3.1.1.9 and 3.1.1.9). From the graphs it is clear that the system 

obey this modified form of Langmuir's equation and so we can 

conclude by saying that both the solute and solvent are adsorbed 

by carbon surface. Amounts of solute and solvent adsorbed are 

shown in Fig. 3.1.1.10. The amount of solvent adsorbed falls 

rapidly with the increase of concentration of iodine (From 

1.3694 g. to 0.5766 g. at 3030 K and 1.3476 g. to 0.5608 g. at 323 0 K). 

In comparison with the solvent, the solute adsorption however rises 

rather slowly with concentration (From 0.7778 g. to 0.8602 at 3030 K 

and 0.7333 g. to 0.7800 g. at 323 0 K). 

Adsorption of HOAC (acetic acid) from aqueous solution 

involves competition with solvent molecules and the composite isotherm 

cannot be used to evaluate the surface sites. In the present 

investigation we have not tried to apply this modified Langmuirs 

equations (1.21) and (1.23) (section 1.7) in case of acetic acid 

carbon system as there d~a number of previous studies on this 

system by many workers l04 • 

3.1.2 ADSORPTION ISOBARS: The fact that a number of mechanisms by 

which the same adsorbate may be taken up by the same adsorbent is 

usually manifested by the shape of the isobars, which represent the 

effect of temperature on the amount of uptake at a constant pressure. 
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If the adsorption proceeds by a simple mechanism with the evolution 

of heat then the principle of mobile equilibrium suggests decreasing 

adsorption with increasing temperature. This picture is attractively 

simple unless it is perturbed by some underlying complicacy that may 

have arisen out of a number of factors, such as the variation of the 

mechanism with temperature. This situation is frequently encountered 

under the circumstances at which chemisorption and activated adsorp­

tion phenomena play the dominant role. The presence of maxima and 

minima in the adsorption isobars reveal variations in the mechanism 

of adsorption which is operative at various temperature ranges. In 

nearly all adsorption (chemisorption) processes the isobars are seen 

to share this common feature. The actual state of affairs respon­

sible for such adsorption maxima and minima are not always certain 

and according to a group of surface chemists220 ,221, the low tem-

perature adsorptions, which are limited to temperatures near the 

boiling point of the gas (adsorbate) concerned and are associated 

with low heat changes, are reversible physical adsorption, while 

the high temperature adsorptions with high heats are chemisorption. 

According to another group222 the low temperature process is both 

physical and non-activated chemical adsorption, and the high 

temperature process is absorption. 

The variation of the heat of adsorption with temperatures 

also establishes such a phenomenon and we shall have time to discuss 

on it while dealing with the heat of adsorption in the subsequent 

sections. The presence of high temperature adsorption proceeding 

with an activation energy, and with a heat too large for physical 
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adsorption is a simple contemplation in so far as it/viewed through 
220 Taylor's theory of activated adsorption. This can be exemplified 

by numerous instances, such as the adsorption of hydrogen on various 

manganous oxide 223 , ZnO and certain iron catalyst224 ,225. The 

hydrogen isobars have shown two minima and t.",ro maxima' thus suggest­

ing two different kinds of activated adsorption. 

3.1.2.1 Acetic acid adsorption isobars: In Fig. 3.1.2.1 , the 

amount of acetic acid adsorbed at different equilibrium concentration 

are shown as a function of temperature ranging from 3030 K to 3630 K. 

For the construction of isobars, data have been obtained from the 

experimental isotherms and they are represented in Table 3.1.2.1 

(Appendix I). 

It is apparent from the nature of the isobars shown in 

Figs 3.1.2.1 , that the mechanism of adsorption of acetic acid on 

activated carbon does not remain the same in the temperature range 

303 0 K - 3630 K. If it has been the case, the amount of acetic acid 

adsorbed at a certain equilibrium concentration may continuously 

decrease with increasing temperature. The temperature region in 

which the amount of acetic acid adsorbed increases with temperature 

may be regarded as a transition region, making the onset of a new 

process of adsorption. In this region, as the temperature increases, 

the rate of the new process increases because the new process is 

obviously an activated one. We notice an apparent increase in the 

amount of acetic acid adsorbed. 

(i) Isobars at 0.50N and O.40N - If we consider the isobars shown 

in Fig. 3.1.2.1 at the equilibrium concentration of 0.50N and 0.40N, 
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we notice that the amount of acetic acid adsorbed on carbon first 

increases (shown by dotted lines) in the temperature ranges 303 0 K 

3230 K and with increase of temperature (323 0 K to 363 0 K) the amount 

of adsorption of acetic acid decreases (full line in the figures). 

The curves showed two maxima and two minima. One of the maxima is 

very sharp at 323 0 K and another at 343 0 K with low adsorption than 

the lower temperature maxima. The two minima are at 3l30 K and 

3530 K. The isobars reveal two types of mechanism. 

(ii) Isobars at 0.30N - The isobar at 0.30N equilibrium concentra­

tion is different from isobars at 0.50N and 0.40N. This isobar 

having two maxima and one sharp minima at 3230 K and the shift of 

the lower and higher temperature maxima (by 100 
) to 3l30 K and 353 0K 

with much lower adsorption are the features that distinguishes this 

from the 0.50N and 0.40N isobars. 

(iii) Isobars at 0.20N and 0.105N - The isobars at lower equilibrium 

concentration (0.20N and 0.105N) show a different shape. Here the 

adsorption increases from 3030 K to 3230 K (similar to 0.50N and 

0.40N equilibrium concentration isobars) then in the temperature 

range 3230 K to 3430 K, the amount of adsorption decreases and again 

in the range 343 0 K - 363 0 K it increases i.e. at lower equilibrium 

concentration the mechanism of adsorption is different from the 

higher concentration. These isobars have two maxima and one minima. 

The double-hump maxima at 323 0 K and 353 0 K are separated by the 

minima at 3430 K. Thus, the overall consideration of the isobars 

lead us to the conclusion that two types of adsorption mechanism are 
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operative in the temperature ranges 3030K 3230K and 3230K - 3~30K 

Depending on the equilibrium concentration. The variation in magni­

tude of heat of adsorption with temperature is consistent with the 

occurence of maxima and minima in the isobars i.e. the existence of 

different adsorption mechanism. 

3.1.2.2 Adsorption isobars for iodine: For the construction of the 

isobars, data have been obtained from the experimental isotherms and 

these are presented in Table 3.1.2.2 (Appendix I), In Figs. 3.1.2.2 , 

the amount of iodine adsorbed at different specific equilibrium 

concentration (0.15N, 0.25N, 0.30N, 0.35N and 0.375N) are shown as 

a function of temperature ranging from 30,oK to 3630K. 

From the nature of the isobars as shown in Figs. 3.1.2.2 , 

it is apparent that the mechanism of adsorption of iodine on carbon 

does not remain the same in the temperature range 3030 K - 363 0 K. 

(i) Isobars at 0.15N, 0.25N and 0.30N : The three isobars at 0.15N, 

0.25N and 0.30N equilibrium concentrations have similar shape i.e. 

the amount of iodine adsorption increases and then decreases at 

regular intervals. The adsorption increases at temperature regions 

3030 k - 313 0 K, 3330K - 3430 K and 353 0 K - 3630 K and decreases at 

temperature regions 3130K - 3330K and 3430K - 3530 K i.e. for a 100 

rise or fall of temperature the adsorption of iodine varies appre­

ciably. The common feature of these isobars are that they show 

two sharp maxima and two minima. The maxima occuring at 3130K and 

3430K and the minima at 3230K and 3530K. The amount of iodine 

adsorbed corresponding to maximum at higher temperature is smaller 

than the amount that adsorbed corresponding to maximum at the lower 
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temperature. The decrease in adsorption of iodine at temperature 

region 3430 K- 3530 K is more steeper than the fall in the temperature 

ranges 3130 K - 3330 K i.e. the minima at 3530 K is very sharp. 

(ii) Isobars at O.375N and O.35N: The two isobars at O.375N and 

O.35N equilibrium concentration are different from the lower 

equilibrium concentration (i.e. at O.15N, O.25N, O.30N) isobars in 

that here the adsorption first decreases then increases. The isobars 

also show maxima and minima. The isobar at O.375N equilibrium 

concentration have two sharp maxima and two sharp minima. The maxima 

are at 323 0 K and 353 0 K and the minima at 3l30 K and 3430 K. The two 

maxima is separated by the minima at 3430 K. The isobar at O.35N 

equilibrium concentration isobar in that it has one maxima and two 

minima. The lone maxima is at 3230 K similar to one of the maxima 

at O.375N. One of the minima is sharp at 313 0 K and a broad minimum 

is observed in the temperature range 3230 K - 3430 K. 

The temperature at which the amount of iodine adsorbed 

starts decreasing with rise of temperature may be regarded ae the 

beginning of a new process of adsorption different from that in the 

temperature region where the adsorption increases with increase of 

temperature. The occurence of maxima and minima in the isobars 

(at O.15N, O.25N, O.30N) at regular intervals reveal that different 

types of mechanism are operative in the temperature ranges 3030 K -

3630 K. The different values of the heat of adsorption at different 

temperatures also indicate the existence of different mechanism in 

the adsorption of iodine on activated carbon. The results are 

explicable if two different processes predominate in different 
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temperature ranges, but the nature of the two processes is still 

uncertain. 

3.1.3 ADSORPTION ISOSTERES: 

3.1.3.1 Adsorption isostere for acetic acid: The adsorption 

isosteres representing the variation of equilibrium concentration 

with temperature, when the same amount of acetic acid is adsorbed by 

the activated carbon are shown in Fig. 3.1.3.1. Five different 

values (namely 0.145 g. , 0.135 g. , 0.125 g. , 0.115 g. and 0.105 g.) 

for the amount of acetic acid adsorbed have been chosen. The 

required data obtained from the adsorption isotherm (from Figs. 

3.1.1.1) are shown in Table 3.1.3.1 (Appendix I). The isosteres 

obtained are similar in nature showing the maxima and minima as have 

been normally expected and is another manifestation of the minima 

and maxima of the isobars. The isostere at coverage 0.135 g. is 

different from the other isosteres showing a broad minimum in the 

temperature region 3330 K - 353 0 K and maxima at 3230 K. The other 

isosteres have broad maxima and the maxima is situated around 3330 K. 

The use of all the isosteres are made in the estimation 

of the isosteric heat of adsorption and the cause of its variation 

with coverage is described in the subsequent section 3.1.4.2 • 

3.1.3.2 Iodine adsorption isosteres: The adsorption isosteres 

for iodine are shown in Figs. 3.1.3.2. The required data obtained 

from the adsorption isotherms are shown in Table 3.1.3.2 (Appendix I). 

Five different values (0.875 g., 0.850 g., 0.825 g., 0.800 g., and 

0.790 g.) for the amount of iodine adsorbed have been chosen. 
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The three isosteres at 0.825 g., 0.800 g. and 0.790 g.are similar 

in nature showing two sharp minima at the temperature 313 0 K and 343 0K 

and the sharp maxima at 353 0 K and a broad maxima at 333 0 K. This is 

expected because the isosteres are mirror images of the isobars. 

If we look at the isobars at 0.15N, 0.25N and 0.30N equilibrium 

concentration the same is reflected. The isosteres at 0.875 g. and 

0.850 g. are similar in nature and as expected they are the mirror 

images of the isobars at O.375N and 0.35N equilibrium concentration. 

Here we observed two maxima at 313 0 K and 3430 K and two minima at 

323 0 K and 353 0 K. The isosteres are used to get the value of isosteric 

heat of adsorption. 

3.1.4 HEAT OF ADSORPTION: The differential heat of adsorption can be 

determined from the adsorption data using the thermodynamic relation 

between the equilibrium constant and temperature. By the application 

of Clausius-Clapeyron equation, 

= (1.9) 

to the adsorption data at different temperatures, the isosteric 

heat of adsorption qst can be calculated. Equation (1.9) can be put 

in the definite integral form 
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Or, in the indefinite form 

log P = + Const. (1.12) 
2.303 RT 

or log C = 2.303 RT + Const. 

From the nature of the adsorption isobars and isosteres obtained 

for acetic acid and iodine (Figs. 3.1.2.1 , 3.1.2.2, 3.1.3.1, 

3.1.3.2 ), it follows that the amount of the adsorbate adsorbed 

decreases as the temperature is increased and reaches a minimum. 

It may therefore be assumed that true thermodynamic equilibrium is 

attained during adsorption measurements in the temperature region 

303 0 K - 363 0 K, and so an attempt is made to calculate the heat of 

adsorption in this temperature region (303 0 K - 363 0 K). 

3.1.4.1 Heat of adsorption for acetic acid: In order to determine 

the heats of adsorption, requisite data have been derived from the 

adsorption isosteres as represented in Figs. 3.1.3.1 , and recorded 

in Table 3.1.4.1 (Appendix I). Plots of log c against liT, where 

c is the equilibrium concentration to bring about the adsorption 

of a definite amount of adsorbate (i.e. to reach a certain coverage) 

at a definite temperature T, are shown in Figs. 3.1.4.1. If there 

have been a single adsorption process operative in the whole 

temperature region under study, a single straight line can be drawn 

passing through all the points and the slope of the straight line 

gives the heat of adsorption. The isobars have indicated different 

adsorption process at various temperature regions. In the plots of 

log c vs liT (Figs. 3.1.4.1 ), the same is also reflected and we 
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obtained two major groups of points at low and higher temperature 

regions through which we can probably draw straight lines. This has 

been done and values for heats of adsorption have been obtained for 

various coverages. These are recorded in Table 3.1.4.1. It may 

however be noted that the points in each group, particularly those 

in the intermediate temperature range do not strictly fallon a 

straight line; the deviation is not random, it is rather systematic. 

This is understandable because in each temperature region a unique 

adsorption process may not be operative and there may be gradual 

change from one type of adsorption to the other. The predominance 

of one type of adsorption over the other seem to be dependent on the 

temperature. Therefor.e, the heat of adsorption obtained from the 

plots of log c vs 1fT at different temperature regions is an average 

of the various processes occuring simultaneously, and so its value 

cannot indicate the type of adsorption in the respective temperature 

regions. 

It is observed that the heat of adsorption of acetic 

acid on active carbon decreases with coverages (i.e. amount adsorbed) 

which also proves the heterogeneous character of the carbon surface 

because the more active sites are occupied earlier. In the present 

case of adsorption of acetic acid on carbon, we have found that the 

heat of adsorption decreases with coverages (0.105 g. - 0.135 g.) 

from 7.45 KOals per mole to 0.44 KOals/mole but at the higher coverage 

(0.145 g.) there is an increase in the value of heat of adsorption 

(1.68 KOals/mole. Fig. 3.1.5.1). This may be due to the fact that 

the adsorbed species have practically no mobility at higher coverages, 
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so that the number and type of sites covered are purely dependent 

on the probability of being hit by an adsorbate molecule and not on 

the activity of the sites. Literature survey indicates that such 

effect is more pronounced on a porous adsorbent, where some active 

sites in the pores are not easily available to the adsorbate at 

higher coverages. The poroue character of the carbon surface is 

also manifested by the shape of the adsorption isotherms. An 

alternative explanation for the increase of heat of adsorption with 

with coverage may be that at high equilibrium concentration of 

acetic acid, the surface of active carbon becomes partially~ed~cel· 

3.1.4.2 Heat of adsorption for iodine: The linear graphs 

(Figs. 3.1.4.2 ) have been obtained by plotting log c vs liT, 

complying with the requirements of the equation (1.12) and from the 

slope the isosteric heat of adsorption is calculated. The data are 

recorded in Table 3.1.4.2 (Appendi~. The different values of heat 

of adsorption at different coverages can be regarded as an indication 

of the different mechanisms that are operative in the adsorption of 

iodine on activated carbon. In the plots of log c vs liT, we have 

obtained two major groups of points, at low and higher temperature 

regions through which two straight lines have been drawn and the 

values for heats of adsorption have been calculated for various 

coverages. 

The value of the heat of adsorption obtained is too low. 

The minimum value 0.4919 KCals/mole has been obtained for coverage 

0.85 g. and the maximum 3.0926 KCals/mole is found to be for coverage 

0.79 g. The values are presented in Table 3.1.4.2 (Appendix I), and 
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the variation of heat of adsorption with coverages are shown in 

Fig. 3.1.5·1. In the temperature ranges 313 0 K - 353 0 K the heat of 

adsorption falls with coverages (0.790 g. - 0.850 g.) as expected. 

But in the temperature range 323 0 K - 3430 K, the heat of adsorption 

does not decrease with coverages as expected. There is rather an 

increase. This is rather unexpected and indicates that besides 

adsorptio-n some sort of surface reactions which may lead to the 

incorporation of the adsorbed species into the adsorbent lattice 

are perhaps taking place. . 226 227 Taylor and h1s co-workers ' suggested 

that a change in mechanism of adsorption can account for this irre-

gular change in the heat of adsorption. With a number of systems 

a rise in temperature while adsorption is proceeding causes a fairly 

rapid desorption followed by slow readsorption. Certainly two types 

of adsorption are taking place, so that when the temperature is raised, 

desorption takes place from places where the activation energy and 

heat of adsorption are relatively low, and readsorbed on areas where 

they are high. Occurence of different mechanisms, a rather particular 

type of heterogeneity, may best explain the phenomenon. It has also 

been observed for a number of adsorption on oxide and metal powders, 

as well as in hydrogen chemisorption on tungsten films 228 . It is 

worth mentioning that if an adsorption obeys the Freundlich isotherm, 

the differential heat falls logarithmically with increasing coverage. 

In the adsorption of iodine on carbon we have found that tbe adsorption 

has not obeyed Freundlich equation over the whole of the temperature 

region 303 0 K - 363 0 K. It obeys only at 303 0 K (low temp.) and 

partially at 3630 K. Halsey and Taylor229 have shown this to be 
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explicable only interms of an exponential distribution of energy 

among sites on a heterogeneous surface. Rapid heat falls at low 

(coverage) e values are in general regarded as indicative of hetero-

geneity, as interactions are not large under these conditions. 

In addition to the above explanations for the unusual 

value we have obtained for the heat adsorption of iodine and acetic 

acid on activated carbon ( the heat of adsorption initially falls 

with increasing coverage as expected but rises with coverage at 

the latter stage), the following conception of bottle-shaped macro 

and micropore structure of activated carbon can best explain the 

phenomenon. According to Kadlec et al. 230 active carbon prepared 

from cocoanut shell by steam activation contains macropores with 

narrowed entrances, the size of which corresponds to the dimensions 

of transitional pores. The origin of the bottle shaped macro and 

micropores in activated carbon, is probably due to the mechanism 

of the method of activation231 . In the course of activation at 

5500 C - 6500 C , the carbonized carbonaceous raw material is in a 

plastic state. By thermal decomposition, released gases may form 

hollows in the plastiC matter , from which they escape through 

small passages. This may be the cause of the creation of the bottle 

shaped pores. In course of adsorption, the adsorbate when enters 

through the narrow entrance into the centres( the hollows of which 

have larger dimensions than the dimensions of the bottlenecks) of 

the pores, it finds new sites for adsorption and as a result the 

adsorption is accompanied by the largest evolution of heat and so we 

have observed an increase in the enthalpy change with increasing 

coverage. 
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3.1.5 dTUDY 0]' THE SURFACE MOBILITY: When a substance is adsorbed 

on a surface, the particles adsorbed may be localized or move from 

site to site. Two factors control whether or not a layer is mobile 

under defined conditions. The first is the magnitude of the activa­

tion energy of migration. The more strongly adsorbed layers have a 

greater tendency to immobility, so that there may be an increase of 

activation energy of migration as well as heat of adsorption. Since 

differential heats of adsorption decrease with increasing surface 

coverage, mobility also proceeds more easily at high coverages that 

at low coverages. The second factor deciding mobility is temperature. 

Two indirect methods of investigating mobility are 

available. Potentially the more important method is the calculation 

of the entropy of adsorption. From this quantity it is in theory 

possible to decide how many degrees of freedom have been lost on 

adsorption. The second indirect method is to observe the form of 

the curve relating the experimental heat of adsorption and the 

amount of adsorbate adsorbed. There is evidence that this may vary 

according to as the layer is mobile or immobile, provided the 

adsorbent is porous and possesses a considerable internal surface. 

To get an idea about the heterogeneous nature of the 

adsorbate surface (activated c) and to make predictions about 

whether the adsorbed acetic acid or iodine is mobile or immobile, 

the heats of adsorption value as presented in Table 3.1.4.1 and 

3.1.4.2 have been plotted against surface coverage ( 9 ) for the 

temperature region 3l30 K - 3530 K. Figs. 3.1.5.1 and 3.1.5.2 show 

the qat - & relationship respectively for the temperature region. 

Dhaka University Institutional Repository



113 

The interpretation of the surface mobility in terms 

of the variation of the differential heat of adsorption with the 

extent of surface coverage is attempted by Beeck232 • The earlier 

explanation is due to Constable and Taylor229 • They have postulated 

a distinction between mobile and immobile adsorbed layers according 

to whether the heat of adsorption fall or remain unchanged with the 

increase in the surface coverage. The surface heterogeneity is 

presumed to be two fold, firstly due to the presence of internal 

surfaces with varying accessibility towards the adsorbate and secondly 

due to the variation of the site activity following the same distri­

bution pattern over all types of surfaces. Under such a situation, 

the adsorption at initial stage takes place over the most accessible 

sites giving off essentially an integral heat of adsorption corres­

ponding to the distribution of the site activities provided that the 

surface mobility is sufficiently low. The subsequent entry of the 

adsorbate leads adsorption on more and more inaccessible surfaces 

having the same distribution of surface activity with a result that 

the constancy of the heat of adsorption is maintained. On the 

otherhand, if the surface mobility is considerable, the adsorption 

of the very first quantum is followed by the migration of the 

adsorbate to the most active sites, regardless of the accessibility 

of the surfaces to which they belong; as a result, the initial 

adsorption is accompanied by the largest evolution of integral heat. 

The subsequent adsorption, under such circumstances are marked by 

the progressive diminuation of the enthalpy change owing to the 

adsorption on the sites of decreasing activity. 

The second explanation is due to Roberts233 • There are 
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many instances of chemisorption61 ,234 where the large fall of heat 

cannot be explained by TaYlor's229 theory. Robert233 suggested-this 

fall as due primarily to forces of repulsion between molecules in 

the adsorbed layer. That is to say that the heat of adsorption per 

molecule, qa , at a coverage a is the decrease in energy of the 

system when one molecule is adsorbed. Increasing surface repulsions 

cause a progressive fall in q~values. Since repulsion forces depend 

on the distance between the particles concerned, this implies that 

the distance between neighbouring particles is fixed. In practice, 

this is unlikely to be the case. At high {} values, a particle 

tends to be symmetrically surrounded by other particles, and as a 

result it remains at the lowest point of the potential well in which 

it is situated. At low () values, however, it tends to be unsym­

metrically surrounded, and hence tend to climb out of the well in 

order to increase its distance from repelling particles. Thus, the 

distance separating two neighbouring particles are lower at higher B 

values, and heat of adsorption falls. An approximate method for 

dealing with the effect has been developed by Miller and ROberts 235 • 

The third explanation, due to Eleyl58 and Schwab 241 , 

considers the electron transfer which constituted formation of the 

surface bond. If either an electron is donated by the adsorbate 

or a covalency is formed, electrons from the adsorbate enter the 

solid. Since in crystals there are bands of permitted electron 

energies, the first electron enters the lowest unoccupied level of 

the band system and then higher and higher levels are used as 

adsorption proceeds. Thus the heat falls. If on the otherhand 
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electrons are donated by the solid to the adsorbate, the first 

electron comes from the highest occupied state, and then deeper and 

deeper levels are used and again, the heat falls. 

From a judicious inspection of the q - & relationship 

(i.e. heat of adsorption as a function of surface coverage) as 

studied in the present investigation and presented in Figs. 3.1.5.1 

and 3.1.5.2 ( for acetic acid and iodine) it indicates that the 

heat of adsorption of acetic acid after an initial fall remains 

more or less independent of coverage. The initial fall of heat of 

adsorption with the increasing adsorption can be explained by the 

Taylor-Constable229 interpretation of the surface mobility as 

described earlier. It also shows that upto a certain degree of 

adsorption ( i.e. surface coverage 0.115 g. to 0.135 g.), where the 

heat of adsorption change is very negligible and have remained 

virtually constant, the surface layer can be treated as immobile. 

The shape of the curve is convex to the abscissa and this sort of 

behaviour is encountered for adsorption of caesium on tungsten236 

and hydrogen on tantalum232 . The q - B relationship (Fig. 3.1.5.2) 

for iodine shows a relatively slow heat fall at lowe values, when 

spreading can take place efficiently and minimize interactions. 
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3.2.1 KINETICS OF ADSORPTION: 

The study of adsorption kinetics gives very interesting 

information about the type and the mechanism of the adsorption process 

concerned. The preliminary work on adsorption kinetics have been 

confined to study the adsorption characteristics of five different 

adsorbates viz iodine (1 2), acetic acid (CH3COOH), potassium per­

manganate(KMn04 ), phenol (C6H50H) and potassium perchlorate (KCI04 ), 

on activated carbon (E.Merck) at room temperature (28°C + 2°C) and 

at the atmospheric pressure. The experimental procedures are 

described in chapter 2 (Section 2.2.3). 

The basic kinetic data, the variation of concentration 

of the adsorbate with time are recorded in Tables 3.2.1.1, 3.2.1.2, 

3.2.1.3, 3.2.1.4, 3.2.1.5 and plotted in figures 3.2.1.1, 3.2.1.2, 

3.2.1.3, 3.2.1.4, 3.2.1.5 for iodine, acetic acid, potassium per­

manganate, phenol and potassium perchlorate respectively applying 

the 1iszi equation (1.17) 

v = t 
y+St . . . . (1.17). 

From the nature of the curves thus obtained it is apparent that 

the data agree with the Liszi equation. This equation (1.17) has 

been used to find out the initial rate of adsorption, and other 

parameters such as order of adsorption, limiting rates, rate 

constants and activation energies. The rearrangement of the Liszi 

equation (1.17) leads to 

and 

= 

t 
V 

y 
r 

= 

. . . . . . . (1.17a) 

Y+ bt . . . . . . . (1.171) 
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According to these equations, plots of Ilv against lit or tlv 

against t should give straight lines. The former (1.17a) should 

provide ' l' t from the slopes and '&' from the intercepts whereas 

the latter (1.17b) should give' b' from the slope and' Jr. from 

the inter.ept. 

The plots of Ilv against lit are shown in the Figs. 

3.2.1.6, 3.2.1.7 , 3.2.1.8 , 3.2.1.9 , 3.2.1.10 for iodine, acetic 

acid, potaSSium permanganate, phenol and potassium perchlorate. As 

expected good linearity have been obtained in all these cases. The 

values of Y and £> obtained from these plots are presented in the 

tables 3.2.1.1 , 3.2.1.2 , 3.2.1.3, 3.2.1.4 ,3.2.1.5. Plots of 

t/v vs t (Figs. 3.2.1.11 , 3.2.1.12, 3.2.1.13 , 3.2.1.14 and 

3.2.1.15) also has given straight lines as expected with slopes 

equal to ,~t and intercept equal to '~'. The values of 

, b I and' Y' obtained from Figs. 3.2.1.6 , 3.2.1.7 , 3.2.1.8 , 

3.2.1.9 and 3.2.1.10 agree with the corresponding values from Figs. 

3.2.1.11 , 3.2.1.12 , 3.2.1.13 , 3.2.1.14 , 3.2.1.15. 

RATE CONSTANTS AND ORDER OF ADSORPTION: 

From the values of ' ~ t and I ~ • as obtained from the 

plots of ilv vs lit and t/v vs t , the order of adsorption and the 

value of rate constants are found out. At low Itt i.e. when $t.(c(y, 

equation (1.17) gives 

v t = . . . . . y (1.17c) 

or dv L r dt = = y • • • • (1.17d) 

where, 'r' is the initial rate of adsorption. It means that the 

initial rates of adsorption can be obtained from the reciprocal of 

, 
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the I Y r values. Now, 

rate = r n = kc • where 'nl is the order of adsorption, 

and c is the concentration. 

or log r = log k + n log c 

or log (~) log k + n log c • • • • • (1.17e) = 

( from (1.17d) where 1 ) r =-y 

So, a plot of log !- va 10, c gives straight line, the slope of 
y 

which is the order of ad~orption and intercept.s the logarithm of 

rate constants. 

At high ttt i.e. when ~<<St , equation (1.17) reduces to 

1 
T . . . . . . . (1.17 f) 

since at high Itt the v-t curves levels off, 1 represents the limit-
r 

ing adsorption. 

ACTIVATION ENERGY: The activation energy of adsorption has been 

found out by applying the Arrhenious equation, 

-Ea/RT 
k = Ae 

i.e. k = tbe rate constant = Ae 

or L.k = ~ - Ea/RT 

-Ea/RT 

or 2.303 log k = 2.303 log A - Ea/2•303 RT 

so, from the plots of log k VB liT • which has given a straight line, 

the slope is equal to -Ea/2•303 R and from there, the value of 

activation energy Ea is calculated. 

3.2.2 ADSORPTION KINETICS FOR ACETIC ACID AND IODINE. 

In order to understand reaction ( i.e. adsorption) 

mechanism and to oalculate activation energy, order of adsorption. 
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rate constants, we have confined our work to the adsorption of 

acetic acid and iodine only. 

The kinetics of adsorption of acetic acid and iodine 

on activated carbon (steam activated) have been investigated by 

measuring the decrease in the concentration of adsorbate(CH3COOH or 

12 ) with time within the temperature range 303 0 K - 3630 K. The 

relevant data are recorded in Table 3.2.2.1 and Table 3.2.2.2 

(Appendix II). Typical concentration-time plots are shown in 

Figures 3.2.2.1 and 3.2.2.2 • 

For the purpose of finding out the order of reaction, 

the adsorption of acetic acid or iodine on activated carbon is 

regarded as chemical reactions between acetic acid and iodine 

molecule and the surface sites of the adsorbent (activated carbon) 

and the following graphical methods have been adopted. 

(i) log c is plotted against time (Figs. 3.2.2.1.1 and 3.2.2.2.1) 

to test whether the adsorption is a reaction of first order with 

respect to either CH3COOH or 12-

(ii) l/c is plotted against time (Figs. 3.2.2.1.2 and 3.2.2.2.2 ) 

in order to test whether adsorption of CH3COOH or 12 on carbon 

followed a second order rate equation with respect to CH3COOH or 12 . 

(iii) l/{& vs t is plotted (Figs. 3.2.2.1.3 and 3.2.2.2.}) to test 

whether the adsorption of iodine or acetic acid is a reaction of 

1.5 order with respect to CH3COOH or 12 , 

It is seen from the Figures 3.2.2.1.1 , 3.2.2.1.2 

3.2.2.1.3 , 3.2.2.2.1 , 3.2.2.2.2 , 3.2.2.2.3 that the points do not 

Dhaka University Institutional Repository
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fallon straight lines over the whole period of time in which the 

adsorption of CH3COOH or 12 has taken place. It is clear therefrom 

that the kinetics of adsorption of 12 and acetic acid cannot be 

described by conventional rate equations. This is not unexpected 

because the reaction rate is dependent on both the concentration 

and the activities of the surface sites in addition to the concentra-

tion of the adsorbates. As adsorption proceeds, the concentration 

of surface site decreases. 

3.2.; ACETIC ACID ADSORPTION: As the conventional rate equation 

cannot describe the adsorption kinetics we applied Liszi equation. 

(1.17). Adsorptions of acetic acid solution on steam activated 

carbon have been investig~ted at ;630 K, 34;oK, 3230K and 30;oK at 

the atmospheric pressure. The kinetic data are presented in Tables 

;.2.3.1 (a-d), 3.2.3.2 (a-d), 3.2.3.; (a - d), ;.2.3.4 (a - d) 

(Appendix II). Typical v-t plots are shown in Figs. 3.2.3.1, 

3.2.3.2, 3.2.;.3 and 3.2.3.4. Other Liszi plots, i.e. l/v vs lit 

and tlv vs t are shown in Figures ;.2.3.5, 3.2.3.6, 3.2.3.7, 3.2.3.8 

and ;.2.;.9 , 3.2.3.10 , 3.2.3.11, 3.2.3.12 respectively. From the 

values of 1rand ~ as have been obtained from these plots, the order 

of adsorption and the ,value of the rate constants are found out by 

least square analysis and presented in Tables 3.2.3.5 , 3.2.3.6 and 

3.2.3.7 (Appendix II). The plots of log ~ vs log c are shown in 

Fig. 3.2.3.13. Values for initial rate and limiting adsorption as 

have been obtained from the Y and ~ values are recorded in 

Table 3.2.3.5. Arrhenious plot to determine the activation energy 

is shown in Fig. 3.2.3.14. The value of activation energy 'Eat is 

calculated from the slope of the log k vs liT plot which is found 

Dhaka University Institutional Repository
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out by the least square analysis and presented in Table 3.2.3.7 

(Appendix II). 

It is seen from the curves (Figs. 3.2.3.1-14) that the 

adsorption of CH3COOH on activated carbon obeys the Liszi equation. 

The value of Y as obtained from the graphs shows that the initial 

rate increases with increasing temperature as well as increasing the 

initial concentration of the adsorbate. The activation energy for 

acetic acid adsorption at the temperature ranges 303 0 K - 363 0 K is 

5.36 KCals/mole. The value is quite low and indicates that the 

process of adsorption of acetic acid on activated carbon is mostly 

Vander Waals' type of adsorption i.e. physical adsorption which is 

also reflected by the low value obtained for heat of adsorption. The 

value of activation energy (Ea) is comparable to the literature value 

1.6 KCals/mole and 2.2 KCals/mole for phenol and 2,4-dinitrophenol. 

E'rom the value of the order of adsorption at different 

temperatures, it can be suggested that the process of adsorption of 

acetic acid on carbon surface does not follow a simple mechanism at 

all instances. In most instances there might be a transition from 

first order to a second order mechanism via some intermediate order. 

Such a change of mechanism may follow different sequences at the 

low and high temperatures, approximately corresponding to the 

temperature ranges covered by the two adsorption processes proposed 

earlier (section 3.1.2.1 Adsorption isobars). The trend is gradual 

change of order from 1.00 to 2.00 while there is a departure of the 

first order mechanism at the higher temperature (343 0 K, 3630 K) which 

may be predominated by a second order process with occasional change 

over to an intermediate order. 

Dhaka University Institutional Repository



x 
m 

0·98 

0-91. 

-U 0 
-0 

0'90 

0·8 6 

0·8 2 

0'78 

X-363°K 
O",31,3°K 
c0. =32 3°g 
D;:30fK 

0 
0 

* ::. 

0 
0 

0·74 ~ ____ -L ______ L-____ ~ ____ ~ ______ ~ ____ ~ ______ ~ ____ ~ 

0'0 1.·0 8'0 12·0 16·0 20·0 24·0 28·0 32-0 

t in Minute 

FIGURE:- 3·2.4.1. USZI PLOT(x/m vs t) FOR 0'S38N 12 ADSORPTfON 

ON ACTIVATED CA RBON. 

Dhaka University Institutional Repository



Q.ser 

O'9.~ 
I 
r 

o~l 

074 I~ 9 r
- / 

P.I 
O'7() I 

I 

• ;< '" 363 k. 
o -3~ ?'0l( 

~<323°k.. 
o :='30 ~0k.. 

o·ss 
0::' ()-::--~4~·O:---::g~·O:---:12~'O:---16L'-O---.J20-·-o---12-4 '-0---128-'-0 --3......1.2·~ 

t 

FijUY(.. 3.2.4.2.LIS21 PLoT (-xJ)n V'st) FoR.. O'''i9N 12 ADSORf'TloN 

ON ACTIvATED CAR..BoN, 

Dhaka University Institutional Repository



x 
m 

0-82 r 
I 

0'7-6 

1/ 

r 
/ 

0-7-4 

D'72 

,,~ 
II ;/ 
Ii ib 
i j 

070 

() '68' ( 

0'66 I 
I 

I 
\ ' 

0'64 

~ 
\ \ 

0·62 
' I 

\ \ 
I 

o o 0-
J:.------;~--__x----x_----

° X :=. J6J K 

o = ]43 ° K 

LJ.=323° h 

o '" 30Jo/{ 

0'60~ ____ ~ ____ ~ ______ ~ ____ ~ ______ ~ ____ ~ ______ ~ ____ ~ 

0'0' 4·0 8·0 12·0 16,0 20·0 24.0 28·0 32·0 

t in Minute 

F/GURE:-J.2.4.J- LlSZ/ PLOT(n; vst)FOR 0·J6N IZAOSORPTION 

ON ACnVATED CARBON 

Dhaka University Institutional Repository



0-8'; r 
I 

J·80 

--- x X -x-------.,:"---, 

X o-------or-<:---~o---o____o_ 

J :?/~ 0'76 

0'72 

0·68 

Ic;/ 
/ 

~, 0-64

11
1 

0-56 ~ , 

I I 
0-521 / 

! 
I 

a-I, 8 r 
a-I, 4 I 

o .--IJ--~-o o 0 

o 
X = 36J I( 

0-:03 .. / 1'( 

4-=-32fK 
o o -=-303r..' 

040~ ____ ~ ____ ~ ____ ~ ______ ~ _____ J-____ -L ____ ~/ ____ ~ 

0'0 ~·o 8·0 12·0 !6'0 20·0 24·0 28·0 32-0 
tin Nih.ute 

F / G U R E-' - 3· 20 t: -:: 0 LI S Z ( P LOT ( x / m v 5 t ) or:- 0 RD· 2 64 N 

12 ADSORPTION ON ACTIVATED CARRON. 

Dhaka University Institutional Repository



"40 

y= Slope = 0·233 
S-= /ntercept=l·iQ 

f 
V "20 

1= Slope = 0'20 

S--:::.Inte-rcept::. 7·09 

"Of) I 

I 

0·80 ll-__ --...JL-___ ....L.. __ -L ___ L-__ -L-. 

0'0 

1'40 

J '.20 
y 

,·00 -

020 0·60 0 ·80 '·0 '·20 
~/t 

Yo:: Slope == 0·185 
?f -= I nterc ept:.,., 2 ___________ 

-~ 

-~ 
Y= Slope -= 0-18 

~= Infercept=J;09 

7./. 0 '·60 

O·gO~ ____ ~ ______ LL ______ L_ ____ _L ______ ~ ____ ~ ______ ~ ____ ~ 

0'0 0'20 0'1.0 O'60! 0'80 

t 
"0 '·20 "40 ,·60 

F/GURE:-3.2.4.5 LlSZ! PLOT(J< vsytJFOR 0-538NI
2

ADSORPT/ON 

ON STEAM ACTIVATED CARBON. 

Dhaka University Institutional Repository



J 
Y 

J 
V-

"60 

'-40 

'20 

,.00 
0'0 0·20 0-40 0-60 

"80 

1-60 

/'40 

S- = "17 
y= 021, 

Yt 

8=115 
1::0-23 

0·80 1·00 

y== 0'238 
S-:::: 1·18 

Y::= 0-18 

S-::: 1'15 

0 

303 \C-

o 
,?:>4~ \< 

'·20 1'40 

0 

323 k 

0 

3 6 '?> \( 

1·0L------L------L------L----~L-----~----~------~----~ 
0-0 0·20 0'40 0·60 0·80 7'0 1·20 "40 

)It 

FlGURF:- 3.2.1,. 6. L/SZ / PLOT (,k- v 5 !It) FOR 0 '49 N 12 ADSORPTION 

ON STEAM ACTIVATED CARBON. 

Dhaka University Institutional Repository



1 
Y 

1 

'-6 

'-5 

f-4 

, -] 

, -L 

Y =- Slope =0 -285 
S;:: lnter-cept = ~ '29 

o 
30] K 

o 
]4] K 

& = Intercept -= f-23 

r;;:: Slope == 0-25 

f-f ~~ __ -L __ J-__ L-~L-~ __ -L __ ~ __ ~~~-L __ ~ __ ~~L 

0-0 0-20 

1'6 

1'5 

1· 4 

0-60 

Yt 

& == Intercept = 1 -31 

"Y::Slope '" 0·26 

') 

o 

0-80 '-DO '-20 "40 

o 
]2] K 

o 

~363K 

V ,_] 
~ -= Intercept = '-25 

'Y;:: Slope = 0-21 

,·2 

1-' ~~ __ ~ __ ~ __ ~ __ L-~ __ -L __ ~ __ L-~ __ ~ __ ~ __ L---i 

0·0 0'20 0'80 ,·00 "20 

FIGURE:- ].2.4.7. Llszr PLOT(~ vs yt)FOR 0-36N 

12.ADSORPTION ON STEAM ACTIVATED CARBON. 

Dhaka University Institutional Repository



f 
V 

2·5 

s == /"55 
'Y== 0'60 

2·0 

,·5 
-D- -0-) 

~)~--- ~ 

'- -...F" $ -= /.40 
Y::: 0'392 

'·0 I~ ________ -L ________ ~~ ________ ~ __________ L-________ ~ ________ ~L-________ ~ __________ L-________ -L ____ ----~ 

0·0 0·10 020 0-30 0·1,0 0'50 

fit 
0-60 0-70 o·ao 0·90 "0 

FIGURE:- 3.2.4.8 (a) LlSZI PLOT()v vs Yt) FOR 0·261,N 12 ADSORPTION ON STEAM ACTIVATED CARBON. 

Dhaka University Institutional Repository



,. 6 

,·5 

! ·4 

0·0 0-70 0-20 0-30 0'40 

It 

-y::: 0'31 

$ -= J. 27 

0·50 

~ 

~.kvc..<Z-f't == J ::: ,. 24 
stofe == -y::: 0'301 

~--

0·60 0:70 0·80 0·90 

FIGUR.=::- 3.2.4.A (b J LlSZI PLOT(~ vs YtJFOR 0·264 N 12 AOSORrTlON ON STEAM ACT/VATEn CARRON. 

'-00 

Dhaka University Institutional Repository



t 

40·0 

35-0 

30·0 

25·0 

20'0 

15·0 

10·0 

5·0 

~:: 1-1/8 
'Y::: 0 -185 

r:::.O·J8U 

S :::: '·04 

/ 
o 

0'0~----~----~~----~----~----__ 4-____ ~ ______ ~ ____ ~ 

0·0 4·0 8'0 120 16·0 20·0 21.·0 28·0 32·0 
t 

F/ G U R E:- 3. 2. ;. . .9 (a) LI S ZIP LOT (o/v v s t ) FOR 0 . 53 8 N 12 ADS 0 R P Tf 0 N 

ON STEAM ACTIVATED CARBON. 

Dhaka University Institutional Repository



-t 
\j 

I 

I 
I 

I 
4 '}.:; ~ 

() 

r)=32J K 
35·0 

'-...--' 
A c, 
~ =-303 II 

3DD 

25'0 

2]'0 

, 5·0 

r.::: !ntf'rcept '" 0':0 

10'0 

5'0 

O'O~----~------~-----L------~---- .~( ______ J-____ ~ ______ _ 

0·0 4'0 8·'] 12'0 16'0 20·0 24'0 28'0 
t 

FIGURE J·2.:,.9 (b) LlSZ! PLOi (f{ VS{)FOR '>S38N '-2.'.: . .r>'JRFTfJN 

ON .'~·T:Atv! A'"'.TlV~r:::n (/J./~F:ON. 

Dhaka University Institutional Repository



45'0 -

40'0 

35'0 

o 0= 353 Ii 

.6 =-31.fK 
30-0 

25'0 

20'0 

_t-
v 

TO'O 

5'0 

{/ 
/ 

/ 

0'0 L--. __ -'--__ ---' ___ -L-__ ---L ___ -'--__ ---L. ___ -'--__ --' 

0·0 flO 12'0 16·0 20·0 24'0 28'0 92'0 
t 

FlGURE:- 3. 2 .. ~.70 (a) Lf5Z1 PLOT (fJV vs t) FOR 0·!..9N [2AOSORPT/ON 

ON :;T~A/vf ACTI'IATEO CARBON. 

Dhaka University Institutional Repository



3J·O -

I 
I 

I 

I 

25J~ 
I 
I 

i 
1")0' 1"1' 
c:. 'u:-

if 
/v j 

150r 

o 
0= J2] K 

o 
t.1=JOJA 

s::: 7 -, 7 
r~ 0-24 

/\ 
\ 

\ 
/' 

/. 
/ 

IOD~ :/ 

I ~. 

S'O~ jJf 

V
' 

i / 

O'O~' 
O{) 4-0 B·n , J 12:0 16'0 

~ -::: 7-74 

Y:::: 0 -20 

20'0 

ON c:,T:::AM . ..:."\ J/'·/A T={)~ARP'JN 

/ 

24-0 28'0 

/ 
/ / 

/ 

Dhaka University Institutional Repository



t 
V 

, 
j 

I 

30'0 l 
'! 

25-0 L 

20'0 

i 

I 
15-0 f-

i 
I 

I 
10'0 L 

I 

'j-o 

o 
0:::363 k 

D-=- 323°k 

$ ~ 1-32 / Y::: 0·26 
/ r , 

/ 
Y 

/ 

I' /0 
, 

/ , 
/ 

/ 

:/ ~ 

O-O~----~------~----~----~---

0'0 4·0 8-0 12·0 j6-0 
t 

/ ~::: 1- 2 5 

y:: 0'21 

I 

/ 
/ 

,~. )--; 

_~ ___ ,---__ L ___ _ 

20'0 28-0 

FIGURE:-J.2.4.lJ ra) Ll5Z1 P~OT(t;'-I \1st) FOR Q'36N 12 AnSORPTION 

ON 5TEAf.1 ACTIVATED CARBON. 

Dhaka University Institutional Repository



t -
'/ 

]0·0 ~ 

I 
j 

I 
I 

~5'O ~ 

I 
I 
i 

2 D·O f-
I 
I 
I 

15'0 r 

10·0 

5·0 

O==-3I.J
O

K 
D. = ] :JJoK 

S:::: ,·3 

Y:::O·28 

// 

fi/ 
/ 

V 
/ 

II 
1/ 

/ 
/ 

I 

Y:::- 0-'::5 
~ tI •• 

J·o t-___ --1-__ ----L ___ ..L-__ --L ___ ---1._ 

O·C 4·0 !2·0 75·0 20'C) 2 "·0 
t 

/ 

)./ 
, ,,-./ 

,';/ 

1/ 

>~ .. ') 3 . .,·0 

F!GUR5::-3.2.~.!J (0) US:!! PLo,r(fjv .:s f. )::::OR 0·J6 N 1
2

AnSJRPTlON 

ON S TEA /1 A C II / A r::. () CAR B ON. 

Dhaka University Institutional Repository



.f 
v 

~o·o -

35-0 

]0·0 

25·0 

200 

75·0 

70·0 

5·0 

cS:::: , -27 

-y- O' 34 

o =36/K 
~ = 31.lk' 

/ 

£ 1'24 
y= 0-30 

O·OL-____ ~ ____ ~ ______ L_ ____ ~ ____ ~ ______ i_ ____ _L ____ __ 

0'0 1,·0 8·0 72·0 76'0 20·0 24·0 28·0 

t 

FI G U R ~:- 3. 2. l,. 12 ( a) LI S .?: / Pi.. 0 T( ij v v s t) FOR 0·2 64 N 12. ADS 0 R P TI 0 N 

ON ST':.Atvf A'~'T/VATEn CARBON. 

Dhaka University Institutional Repository



4 5·0 

40-0 

35·0 

30-0 

25·0 

20·0 

15'0 

TOO 

5·0 

. 0 

0= 323 K 

A~ 30fK 

Y = 0 -6 0 /.-----.......... 

& ::: ,·50 
~ ::: 1-39 

'Y:::::0-392 

Ii/ 

O-O~----~----~------J-----~------~----~------~---

0'0 4-0 8·0 72-0 16'0 20'0 24-0 28·0 3;' 

FlGURE:- 3.2.4. 72(b) LlSZ/ PLOrrt/v vs t)FOR 0·264N 12 ADSORPTION 

ON 5 TE AM AC TlVATED CARBON. 

Dhaka University Institutional Repository



122 

3.2.4 IODINE ADSORPTION: Adsorption of iodine on activated carbon 

has been investigated at temperature range 3030 K - 363 0 K and at the 

atmospheric pressure. The kinetic data, the variation of iodine 

adsorption with time are given in Table 3.2.4.1(a-d), 3.2.4.2(a-d), 

3.2.4.3 (a-d), 3.2.4.4 (a-d) (Appendix II). These data are used to 

draw the v-t plots. Typical examples are shown in Figs. 3.2.4.1 , 

3.2.4.2 , 3.2.4.3 , 3.2.4.4. Plots of l/v vs lit and t/v vs t have 

been drawn ( Figs. 3.2.4.~-8, 3.2.4.9-12 ) to get the values of the 

two constants ' 'Y' and ' ~ , • The values are given in 

Table 3.2.4.5 (Appendix II). From the values of I " at different 

temperatures and concentrations, the values for the orders of 

adsorption are found out by plotting log l/y vs log c as shown in 

Fig. 3.2.4.13. The value of the initial rates and limiting adsorption 

are recorded in Table 3.2.4.5. The order of adsorption as calculated 

are found to vary from 0.66 to 1.2 as the temperature is decreased 

from 363 0 K to 3030 K and shown in Table 3.2.4.6. The results are 

calculated by the least square analysis method. The activation 

energy is calculated from the Arrhenius plot (Fig. 3.2.4.14) and it 

has been found that the activation energy increases with decrease of 

temperature. The value of activation energy calculated at four 

different temperature 3630 K, 3430 K, 3230 K and 3030 K are 0.4358, 

0.6650, 1.64 and 2.74 KOals/mole respectively. The values obtained 

are too low and indicates that the adsorption of iodine on carbon 

surface is mostly of Vander Waals' type. It is also evident from 

the shape of the adsorption isotherms as shown in the previous 

chapter (section 3.1.1.2). The value of activation energy is 

comparable to the literature value as mentioned in case of acetic 
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acid. The value of the rate constants as obtained from the inter­

cepts of the 109:y lO~ c plots varied from 1.0232 min- l to 

1.4454 min- l at the temperature range 303 0 K - 3630 K (Table 3.2.4.7 

Appendix II). 

From the shape and nature of the kinetic curves, it is 

clear that the adsorption of iodine on activated carbon obeys the 

Liszi equation. The value of ' ~ I and f £ I obtained from the 

plots of l/v vs l/t are similar to the corresponding values obtained 

from the plots of t/v vs t, thus showing the justification of the 

application of Liszi equation in case of adsorption from solution. 

From the values of the order of adsorption at different 

temperatures, it is apparent that the adsorption of iodine on carbon 

surface does not follow a single mechanism in the temperature ranges 

3030 K - 3630 K. The same is also reflected in the adsorption isobars 

(section 3.1.2.2). It may be suggested that at lower temperature 

(3030 K) the adsorption of 12 on active carbon has followed a first 

order mechanism and with increase of temperature (323 0 K - 3630 K) there 

is a departure from the first order mechanism to some fractional 

order (less than one). It can be explained by suggesting that ~ 

higher temperature the process of adsorption of iodine on activated 

carbon is accompanied by the dissociation of the molecule, the 

adsorbed species therefore being the atoms. The reason that at 

higher temperature dissociation is favoured is that the resulting 

atoms are capable of forming very much stronger bonds with the 

surface atoms than the case if molecules are present. At the expense 

of breaking one bond, therefore, two adsorption bonds can be formed. 
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The concentration of the adsorbed iodine is proportional to the 

fractional power (0.66 to 0.87) of the rate of iodine, rather than 

to its first power. This kinetic aspects have been justified in the 

mechanism we proposed for iodine adsorption on active carbon 

(section 3.3.1). 
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3.3. l"lECHANISM OF ADSORPTION AND ACTIVATIUN. 

3.3.1 Mechanism of adsorption of iodine on activated carbon: 

As stated by Gerasimov et al. 240 adsorption from solutions 

differs from the adsorption from gases or pure liquids in that the 

surface layer contains both the solvent and the solute. According 

to them the surface has no free eites, therefore adsorption of one 

component takes place through the displacement of the other. Such 

a view finde support in the fact that with the increase of adeorption 

of iodine, adsorption of water (solvent) falls (Fig. .' "-3.1.1,. ,f 

From Table 3.3.1 (Appendix III) it may also be seen 

that the equilibrium is established quickly ( 10 mins.) indicating 

that the adsorption is a surface action. However, it is further 

observed that carbon continued to adsorb iodine for weeks and even 

months. This phenomena lent support to the fact that, in addition 

to surface action, diffusion into the interior of the carbon has 

taken place. Since adsorption through diffusion is a slow process, 

such a course is likely to take weeks or months. In consideration 

of these facts the entire adsorption phenomena in solution is divided 

into the following five steps: 

(i) Diffusion of adsorbate through the solution to the adsorbent 

particles. 

(ii) Diffusion of adsorbate through the adsorbent particles accompan­

ied by two dimensional movement along the capillary walls. 

(iii) Adsorption or exchange on the adsorbent. 

(iv) Diffusion of displaced species out of the adsorbent. 

(v) Diffusion of displaced species through the solution away from 

the adsorbent. 
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Steps (iv) and (v) are the reverse processes of steps (i) and (ii) 

respectively. The kinetics of adsorption are controlled by the 

slowest of the above five steps. Steps (i) and (v) have been 

eliminated from our consideration in view of the fact that the 

experiments have been conducted under conditions of vigorous shaking 

so as to maintain a constant concentration of adsorbate at the 

adsorbent-solution interface. The kinetics are therefore controlled 

by one of the steps (ii) to (iv) i.e. either by a diffusion or by a 

mass action mechanism. 

Whether the adsorption is controlled by diffusion or by 

mass action has been verified by using equations (1.26), (1.27) and 

(1.28) (section 1.8). Data obtained aocording to the equations are 

recorded in Table 3.3.1·2. To test the conformity of the experimental 

resul ts with the equation (1.26.), the value of Bt. for each experimen­

tal value of F is obtained from the data of Reichenberg131 • It is 

observed (Table 3.3.1.2 Appendix III) that the value of B varied by 

a factor of 2 and as such it can be concluded that the adsorption is 

not fully controlled by particle diffusion. log(l-F) vs t according 

to the equations (1.27) and (1.28) is plott.ed (Fig. 3.3.1) to find 

out the contribution by film diffusion and mass action mechanism. 

From the nature of the curves (Fig. 3.3.1) it has been found that 

the value of S in equation (1.28) decreases with time supporting 

that the adsorption of iodine on active carbon is controlled by mass 

action mechanism. Since the value of R (equation 1.27) does not 

increase with progress of exchange (Fig. 3.3.1), it proved that film 

diffusion mechanism is not operative. Adsorption is therefore 

governed in the case of iodine mainly by mass action. The fact that 
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after initial rapid adsorption, slow adsorption continued for weeks 

indicates that some contribution from particle diffusion is also 

operative. 

That the adsorption is completely reversible is 

exemplified by the results in Table 3.3.1.3 (Appendix III). The 

extent of adsorption is the same when the concentration of the bulk 

solution remained constant. It is independent of whether this 

concentration is achieved by adsorption or desorption. 

To find out the mechanism of adsorption, orders of 

adsorption with respect to iodine have been determined (Table 

3.2.1 Appendix II). The order varied from 1.2 at 3030 K to 0.66 at 

3630 K. A mechanism consistent with the above findings is suggested 

as under. 

Mechanism:- The molecule of iodine undergoing adsorption forms a 

loose surface complex 12S which is free to move on the .urface of 

the adsorbent (carbon). This mobile complex finally runs into the 

deepest potential well available and forms the stable adsorption 

compounds IS. The reaction scheme can be represented as follows: 

12 + S 
kl 

~ I 2S (1) . . . . . . . ..... 
k_l 

I 2S 
k2 

) IS + I (2) 
Slow 

. . . . . . . . 
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Ae we are coneidering the initial rate for determining the order 

of adeorptlon, at the initial stage the formation of IS is negligible 

in comparison with So , so the second term in equation (5) can be 

neglected. Therefore the rate of adeorption becomee, 

r == 

when kIt [12] ~< 1 , the order of the adsorption becomes 

r = k2k" [ 12l [sol 
= K [I2l' 1 [s.J i8 constant} 

which is firet order i.e. the rate of adsorption is proportional 

to the first power of the iodine concentration. When K" [121 is 

not negligible in comparison with 1 , the order of the reaction falls 

below unity and this is consistent with the results we obtained for 

order of adsorption. 

3.3.2 Mechanism of adsorption of Acetic acid: 

As in the case of iodine, tests for particle diffusion, 

film diffusion and mass action controlled adsorptions have been 

applied to acetic acid also by using equations (1.26), (1.27) and 

(1.28) [section 1.8J respectively. It has been found that in the 

case of acetic acid also adsorption is governed mainly by mass action 

(Fig. 3.3.2.1) (Table - 3.3.2 Appendix III). 

To find out the mechanism of adsorption. orders of 

adsorption with respect to acetic acid have been determined in the 
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temperature range 303 0 K to 363 0 K and concentration range from 

0.243N to 0.575N. The order of adsorption is found to vary from 

1.48 to 2.00. The order at 3230 K has been found to be rather 

unexpectedly low ( i.e. 1.07). A mechanism consistent with these 

results is suggested as given below. 

Mechanism:- The mechanism of adsorption of acetic acid on carbon 

can be represented by the reaction of the type, 

kl 
S + A ~ AS , 

k-l 

AS + A 
k2 

) 
Slow 

where tAt represents acetic acid and lSI , the surface of carbon. 

The kinetics of adsorption can be approached in the line similar to 

the kinetics of heterogeneous solid/liquid reaction. The following 

mathematical derivation deals with the adsorption process studied in 

this investigation. 

Rate of primary adsorption = kl [A] [S J 
Rate of desorption = k-l [AS] 

Rate of secondary adsorption = k2 [AS J [A J 
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At the steady state, 

d [Asl 
kl LA 1 [sJ k-l [AS J - k2 [ASJ[A] 0 dt = = 

or kllAJ[SJ = [AS 1 ( k-l + k2 [A] ) 

or [Asl kl [A 1 [s J 
(4) = ........ 

k-l + k2 [ A] 

r = rate of adsorption = k2 [A J [AS] 

k2 [A 1 . k1[A J [s ] 
= 

k-l + k2[A] 

kl k2 [A.J 2 [ s] 
(5) = 

k2 [ A] 
. . . . . 

k-l + 

Now, if k2 [Al »k-l ' then equation (5) can be written as, 

2 
klk2 [A] [s] 

= 
k~J 

r = rate (6) 

For the initial rates [s J is very close to [sol and therefore can 

be regarded as constant. Equation (6) can then be written as 

i.e. the rate of adsorption of acetic acid is proportional to the 

first power of concentration of acetic acid. 

On the other hand J if k-l becomes 

r 1. e. the 

reaction becomes kinetically second order. It is therefore, the 

relative values of k2 and k-l that really govern the order of the 
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reaction. Thus the mechanism suggested and the kinetic formula 

derived are in agreement with the experimental results. 

Mechanism of activation: 

As stated earlier that "Carbon has a memory" which means 

preparatory stages leave an imprint that affects the succeeding stages 

of processing. Activated carbon prepared from the same raw material 

by using different methods show different adsorption characteristics. 

A carbon prepared with calcium chloride is more adsorptive for 

caramel3 , whereas a carbon prepared with zinc chloride is more 

effective for iodine3 • This is reflected in the work of Khan et al?41 

In the present investigation an attempt is made to understand such 

behaviour ( i.e. specificity) of carbon by using zinc chloride in 

the preparation of activated carbon from cocoanut shell (section 2.2.2). 

Mineral salts are found to have a significant influence 

on the adsorptive properties of activated carbon. One view of the 

action of these salts is that during carbonization they provide a 

skeleton on which the carbon is depositedl37 . The freshly formed 

carbon becomes bonded by adsorptive forces to the mineral elements. 

For example, in the case of activation in the presence of potassium 

carbonate, it has been observed by Berl137 that appreciable decompo­

sition of potassium carbonate begins between 600°C and 700°C with 

simultaneous formation of the graphite lattice. The potaSSium 

formed at this temperature is interstratified between the carbon 

layers, thus spreading the planes further apart. This is followed 

by a decrease in particle size. Thus, the larger particles which 

have been formed during the activation process are disintegrated and 
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a larger surface becomes exposed to the activating gas. Hence, 

vaporized potassium splits the carbon primary particles, forming 

active centres. The internal surface is therefore increased. 

Another view of the action of mineral salts is that 

they increase the yield of char171 ,237. This suggests that the 

salts remain with the carbon and perhaps alter the course of the 

reaction during activation so that less of the objectionable tarry 

products are formed. This appears to be the case when dehydrating 

salts are used4. For example, through the presence of zinc chloride 

at about 500oC, hydrogen and oxygen atoms in the source materials 

are stripped away as water rather than as a hydrocarbon or as 

oxygenated organic compound. The zinc chloride inhibits the reunion 

of carbon particles to form large particles238 • At elevated 

temperature, zinc chloride also acts as an excellent solvent for 

tar which otherwise are adsorbed by the carbon. 

It has been found using electrographic method 

(section 2.4) that small amount of zinc remained in the active carbon. 

It is very difficult to remove and cannot be washed out with aq.HCI 

and distilled water. The minute quantities of zinc which have been 

detected perhaps are held strongly on certain areas of the carbon 

surface or in the internal pores. These areas may provide adsorptive 

bonds and impart specific adsorptive properties. It may also alter 

the size of pores formed during activation and thus increases the 

internal surface which have been reflected in the work of Homes 

et al. 239 • 
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That the specific property was due to the presence of 

zinc in the molecular architecture of carbon was evident from the 

fact that on removal of zinc from the activated carbon, the activity 

of the carbon decreased to a considerable extent (i.e. by 57-75%) 

(Table - 3.3.3). 

TABLE - 3.3., 

a = original quantity of iodine in solution (in g.). 

x ; amount of iodine adsorbed (in g.). 

m ; Weight of adsorbent = 1 g. 

Time = 30 minutes. 

Volume of iodine solution taken = 50 mI. 

SAMPLE 

ZnC12 
treated 
carbon. 

(Before 
removal 
of zinc~ 

ZnC12 
treated 
carbon. 

(After 
removal 
of Zinc) 

, 
Initial con-: 
centration , , 
of iodine , , 
solution. , 

I 

0.2l40M 

0.1925M 

0.1615M 

0.1020M 

0.2l40M 

0.1925M 

0.1615M 

0.1020M 

Amount 
a adsorbed 

per g. 
x/m 

2.7178 0.7500 

2.4441 0.6830 

2.0510 0.6210 

1.2954 0.5650 

2.1118 0.3256 

2.4441 0.1923 

2.0510 0.1850 

1.2954 0.1430 

Amount 
unadsorbed 
(a-x) 

1.9678 

1.1611 

1.4300 

0.1304 

2.3922 

2.2524 

1.8660 

1.1524 
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3.4 SURFACE AREA OF DIFFERENT CARBON: 

As mentioned in section 1.9 and 2.3 , determination of 

surface area by the gas adsorption method involved complicated and 

time consuming procedure. An attempt has been made in the present 

investigation to simplify the procedure. The simplified BET equation 

is applied to the adsorption of iodine from solution to measure the 

surface areas of different carbons. The attractiveness of the method 

lies. of course, in its comparatiyely simple technique 

(section 2.2.3). In the present study, surface areas of activated 

carbon obtained by the nitrogen adsorption method have been compared 

with those obtained by the iodine adsorption from solution method. 

The data for isotherms are presented in Table 3.4.1 

(Appendix IV) for different carbons. The plots of c/~ vs care 
m 

shown in Figs. 3.4.2. Three different carbons have been used to 

compare and show whether the method which have been used by us were 

applicable to other cases. The data for c/~ vs c plots have been 
m 

derived from the experimental isotherms (Fig. 3.4.1) for different 

carbon and recorded in Table - 3.4.2 (Appendix IV). 

The plots of c/~ vs c for different carbons clearly 
m 

indicate that they obey the simplified BET equation. The slope of 

the isotherms gives the value of 'VM', the quantity of the adsorbate 

(iodine) which is required for the monolayer. It has been found 

that the results obtained by the BET method (described in section 2.3) 

are comparable with those obtained in the present investigatDn,by 

the iodine adsorption from solution. Data for the BET surface areas 
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are recorded in Table ;.4.; (Appendix IV). We have assigned a new 

value for' tm' for iodine molecule area and this value (41.14 A02 ) 

is acceptable as nearly the same values (obtained by the BET method) 

for surface areas of different carbons have been obtained by using 

the iodine adsorption method. The values for surface areas of 

different carbons determined by the iodine adsorption method are 

shown in Table ;.4.4 (Appendix IV). The values obtained by both 

iodine adsorption and BET method are recorded in Table ;.4.5 for 

comparison. 

The same procedure (iodine adsorption method) have been 
I~ 

followed by Walker and Zettlemoyer with active magnesia. They 

compared the BET areas with the value obtained by the iodine adsorp­

tion from CC14 • They have used for iodine the value 21.2 Ao2 for 

, 6m', the molecular area. The different values they obtained 

for surface area are shown in Table ;.4 

TABLE - ;.4 Comparison of N2 and 12 areas of active magnesia. 

Grade 

XF 

2624 

2652-S 

2652 

2641 

2661i 

2665 

N2 area in m2jg 
o 2 m = 16.2 A 

210 

151 

149 

1;1 

79 

;5 

35 

12 area m2jg. 
m = 21.2 Ao2 

1;4 

96 

9; 

8; 

48.5 

19.8 

15.9 

------------------------------------------------------ -----------------
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It is clear from the above table that the iodine areas 

are only about two thirds of nitrogen areas. Thus the value used 
eo ,/', 

by Zettlemoyer and Walker for 0 m is untenable. 
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TABLE - 3.1.1.1 

DA'rA ]'OR ADSORPTION ISOTHERMS ( CH3COOH) 

TEMl.JERATUR~ IInitial concentra-: Equilibrium , x/m = amount of , 
:tion of the adsor-; concentration , CH3COOH adsorbed 

oK 
, 

;bate solution , C(in normality) , by carbon(in g. ) , , , (In normality) , , , , , , , , 
I I I 

0·755 0.700 0.165 

0. 694 a .640 0.163 

0. 575 0·521 0.16~ 

363 0. 512 0·460 0.157 
0.446 0. 396 0.149 

0. 397 0. 350 0 .. ~40 
0·358 0. 315 0.127 

0. 243 0. 206 0.109 

o .755 0.6990 0.168 

0. 694 0.6390 0.164 
0. 575 0.5216 0.160 

353 0.512 0.4603 0.155 
0·446 0.3960 0.150 

0·397 0.3476 0.148 

0·358 0.3156 0.127 

0. 243 0.2063 0.110 

0.755 0.693 0. 185 

0. 694 0.633 0. 183 

0·575 0.515 0·179 
343 0. 512 0.454 0. 175 

0. 446 0.392 0. 162 

0·397 0.348 0. 146 
0·358 0.315 0.127 
0.243 0.212 0. 091 
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TABLE - 3.1.1.1 (Contd.) 
DATA FOR ADSOR~TION ISOTHERMS(CH3COOH) 

:Initial concentration :Equilibrium :x/m =amount of 
TEMPERATURE :of the adsorbate solu-lconcentration ICH3COOH adsorbed 

oK :tion(in normality) :C(in normality) :by carbon(in g.) 

.755 .6926 .187 

.694 .6320 .185 

.575 .5143 .182 
333 .512 .4521 .180 

.446 .3920 .162 

.397 .3470 .150 

.358 .3156 .127 

.243 .2126 .0912 

.755 .688 .200 

.694 .627 .199 

.575 .509 .197 
323 .512 .447 .194 

.446 .382 .189 

.397 .337 .180 

.358 .315 .127 

.243 .206 .109 

.755 .698 .170 

.694 .639 .165 

.575 .521 .162 

.512 .460 .155 

~ ~.313 .446 .~96 .l50 
.397 .3496 .142 
.358 .3156 .127 

.243 .2066 .109 

.755 .699 .167 

.694 .639 .165 

.575 .521 .160 
303 .512 .460 .156 

.446 .396 .149 

.397 .350 .140 

.358 .315 .127 

.243 .212 .0912 
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TABLE - 3. 1. 1. 2 

DATA FOR LANGMUIR ISOTHERMS (CH3COOH) 

Temperature Equili- Amount C/~ Jc oK brium adsorbed JC/~ concen- x/m 
tration (in g.) 

C 
(in nor-
mality) 

0.230 0.112 2.053 0.4795 4.2819 

0.250 0.115 2.1739 0.5000 4.3478 

0.280 0.120 2.3333 0.5291 4.4095 

0.300 0.125 2.4000 0.5477 4.3817 

0.310 0.128 2.4218 0.5567 4.3498 

0.330 0.133 2.4812 0.5744 4.3192 

0.350 0.139 2.5179 0.5916 4.2561 

363 0.360 0.141 2.5531 0.6000 4.2553 

0.370 0.143 2.5874 0.6082 4.2536 

0.390 0.147 2.6530 0.6244 4.2482 

0.420 0.152 2.7631 0.6480 4.2636 

0.430 0.153 2.8104 0.6557 4.2859 

0.450 0.155 2.9032 0.6708 4.3278 

0.460 0.156 2.9487 0.6782 4.3476 

0.490 0.158 3.1012 0.7000 4.4303 

0.510 0.159 3.2075 0.7141 4.4914 

0.550 0.161 3.4161 0.7416 4.6063 

0.600 0.163 3.6809 0.7745 4.7521 
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TABLE - 3.1.1.2 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS (CH
3

COOH) 

Temperature Equi1i- Amount. o/~ jC JCj~ oK brium adsorbed 
concen- x/m 
tration. (in g.) 

C 
(in nor-
mality) 

0.220 0.094 2.3404 0.4690 4.9898 

0,240 0.091 2.4142 0.4898 5.0504 

0.250 0.099 2.5252 0.5000 5.0505 

0.210 0.104 2.5961 0.5196 4.9963 

0.280 0.101 2.6168 0.5291 4.9453 

0.290 0.110 2.6363 0.5385 4.8956 

343 0.300 0.115 2.6086 0.5411 3.()5l4 

0.310 0.121 2.5619 0.5561 4.6014 

0.320 0.126 2.5396 0.5656 4.4895 

0.330 0.132 2.5000 0.5144 4.3519 

0.350 0.145 2.4131 0.5916 4.0800 

0.360 0.152 2.3684 0.6000 3.9413 

0.310 0.151 2.3566 0.6082 3.8143 

0.380 0.160 2.3150 0.6164 3.8521 

0.390 0.163 2.3926 0.6244 3.8312 

0.400 0.166 2.4096 0.6324 3.8099 

0.410 0.168 2.4404 0.6403 3.8113 

0.440 0.112 2.5581 0.6633 3.8565 

0.410 0.116 2.6104 0.6855 3.8952 
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TABLE - 3.1.1.2 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS (CH
3

COOH) 

Temperature Equi1i- Amount C/~ jC [c/~ 
oK brium adsorbed 

concen- x/m 
tration (in g.) 

C 

0.240 0.113 2.1238 0.4898 4.3353 

0.250 0.115 2.1739 0.5000 4.3478 

0.270 0.118 2.2881 0.5196 4.4035 

0.280 0.120 2.3333 0.5291 4.4095 

0.300 0.124 2.4193 0.5477 4.4171 

0.320 0.130 2.4615 0.5656 4.3514 

323 0.330 0.136 2.4264 0.5744 4.2239 

0.340 0.147 2.3129 0.5830 3.9666 

0.350 0.180 1.9444 0.5916 3.2867 

0.365 0.185 1.9729 0.6041 3.2656 

0.370 0.186 1.9892 0.6082 3.2703 

0.380 0.187 2.0320 0.6164 3.2964 

0.400 0.190 2.105,2 0.6324 3.3287 

0.420 0.192 2.1875 0.6480 3.3753 

0.430 0.193 2.2279 0.6557 3.3976 

0.440 0.194 2.2680 0.6633 3.4192 

0.460 0.195 2.3589 0.6782 3.4781 

6.500 0.197 2.5380 0.7071 3.5893 
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TABLE - 3.1.1.2 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS(CH
3

COOH) 

Te'8perature Equili- Amount 
[c JCj:! K brium adsorbed C/~ concen- x/m m 

tration (in g.) 
C 

0 • .510 0.160 3.1875 0.7141 4.4633 

0.230 0.096 2.3958 0.4795 4.9956 

0.240 0.098 2.4489 0.4898 4.9989 

0.251 0.101 2.4851 0.5009 4.9603 

0.260 0.104 2.5000 0.5099 4.9029 

0.270 0.107 2.5233 0.5196 4.8562 

0.280 0.110 2.5454 0.5291 4.8104 

0.290 0.113 2.5663 0.5385 4.7656 

303 0.300 0.118 2.5423 0.5477 4.6417 

0.310 0.123 2.5203 0.5567 4.5266 

0.320 0.128 2.5000 0.5656 4.4194 

0.330 0.132 2.5000 0.5744 4.3519 

0.340 0.135 2.5185 0.5830 4.3192 

0.350 0.139 2.5179 0~59l6 4.2561 

0.360 0.142 2.5352 0.6000 4.2253 

0.370 0.144 2.5694 0.6082 4.2241 

0.380 0.146 2.6027 0.6164 4.2222 

0.390 0.148 2.6351 0.6244 4.2195 

0.420 0.152 2.7631 0.6480 4.2636 

0.450 0.155 2.9032 0.6708 4.3278 

0.470 0.157 2.9936 0.6855 4.3666 
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TAB LE - 3. 1- .' • 3 

DATA FOR FREUNDLICH ISOTHERM. (CH
3

COOH) 

Temperature Equili- Amount log C log x/m 
oK brium adsorbed 

concen- x/m (in g~ 
tration 

C 
(in nor-
mali ty) . 

0.230 0.112 -0.6382 -0.9507 

0.250 0.115 -0.6020 -0.9393 

0.280 0.120 -0.5528 -0.9208 

0.300 0.125 -0.5228 -0.9030 

0.310 0.128 -0.5086 -0.8927 

0.330 0.133 -0.4814 -0.8761 

0.350 0.139 -0.4559 -0.8569 

363 0.360 0.141 -0.4436 -0.8507 

0.370 0.143 -0.4317 -0.8446 

0.390 0.147 -0.4089 -0.8326 

0.420 0.152 -0.3767 -0.8181 

0.430 0.153 -0.3665 -0.8153 

0.450 0.155 -0.3467 -0.8096 

0.460 0.156 -0.3372 -0.8068 

0.490 0.158 -0.3098 -0.8013 

0.510 0.159 -0.2924 -0.7986 

0.550 0.161 -0.2596 -0.7931 

0.600 0.163 -0.2218 -0.7878 
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TABLE - 3.1: 3(contd.) 

DATA FOR FREUNDLICH I~OTHERM -(CH3COOH) 

Temperature Equili- Amount log C log x/m 
oK brium adsorbed 

concen- adsorbed 
tration x/me in g.) 

C 
(in nor-
mality) 

0.220 0.094 -0.6575 -1.0268 

0.240 0.097 -0.6197 -1.0132 

0.250 0.099 -0.6020 -1.0043 

0.270 0.104 -0.5686 -0.9829 

0.280 0.107 -0.5528 -0.9706 

0.290 0.110 -0.5376 -0.9586 

0.300 0.115 -0.5228 -0.9393 

0.310 0.121 -0.5086 -0.9172 

343 0.320 0.126 -0.4948 -0.8996 

0.330 0.132 -0.4814 -0.8794 

0.350 0.145 -0.4559 -0.8386 

0.360 0.152 -0.4436 -0.8181 

0.370 0.157 -0.4317 -0.8041 

0.380 0.160 -0.4202 -0.7958 

0.390 0.163 -0.4089 -0 .. 7878 

0.400 0.166 -0.3979 -0.7798 

0.410 0.168 -0.3872 -0.7746 

0.440 0.172 -0.3565 -0.7644 

0.470 0.176 -0.3279 -0.7544 
--_. -< •• _------------------

.-----. 
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TABLE - 3.1.1.3 (Contd.) 

---------
TemJ;lerature Equili- Amount 

oK briurn adsorbed log x/m log C 
concen- x/m (~J 
tration 

C 
(in normality) 

0.240 0.113 -0.9469 -0.6197 

0.250 0.115 -0.9393 -0.6020 

0.270 0.118 -0.9281 -0.5686 

0.280 0.120 -0.9208 -0.5528 

0.300 0.124 -0.9065 -0.5228 

0.320 0.130 -0.8860 -0.4948 

0.330 0.136 -0.8664 -0.4814 

0.340 0.147 -0.8326 -0.4685 

323 0.350 0.180 -0.7447 -0.4559 

0.365 0.185 -0.7328 -0.4377 

0.370 0.186 -0.7304 -0.4317 

0.380 0.187 -0.7281 -0.4202 

0.400 0.190 -0.7212 -0.3979 

0.420 0.192 -0 .. 7166 -0.3767 

0.430 0.193 -0.7144- -0.3665 

0.440 0.194 -0.7121 -0.3565 

0.460 0.195 -0.7099 -0.3372 

0.500 0.197 -0.7055 -0.3010 
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Temperature 
oK 

303 

Equili­
brium 
concen­
tration 

C 

0.230 

0.240 

0.251 

0.260 

0.270 

0.280 

0.290 

0.300 

0.310 

0.320 

0.330 

0.340 

0.350 

0.360 

0.370 

0.380 

0.390 

0.420 

0.450 

0.470 

0.510 

147 

TABLE - 3.1.1.3 (Contd.) 

Amount 
adsorbed 

x/m(~) . 

0.096 

0.098 

0.101 

0.104 

0.107 

0.110 

0.113 

0.118 

0.123 

0.128 

0.132 

0.135 

0.139 

0.142 

0.144 

0.146 

0.148 

0.152 

0.155 

0.157 

0.160 

log x/m 

-1.0177 

-1.0087 

-0.9956 

-0.9829 

-0.9706 

-0.9586 

-0.9469 

-0.9281 

-0.9100 

-0.8927 

-0.8794 

-0.8696 

-0.8569 

-0.8477 

-0.8416 

-0.8356 

-0.8297 

-0.8181 

-0.8096 

-0.8041 

-0.7958 

log C 

-0.6382 

-0.6197 

-0.6003 

-0.5850 

-0.5686 

-0.5528 

-0.5376 

-0.5228 

-0.5·086 

-0.4984 

-0.4814 

-0.4685 

-0.4559 

-0.4436 

-0.4317 

-0.4202 

-0.4089 

-0.3767 

-0.3467 

-0.3279 

-0.2924 
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TEMPERATURE 
oK 

363 

353 

343 

TABLE - 3.1.' t., 

DATA FOR ADSORPTION ISOTHERJVIS. (1 2 ) 

Initial concentra­
tion of the adsor­
bate solution. 
( in normality) 

0.600 

0.538 

0.490 

0.446 

0.360 

0.346 

0.264 

0.200 

0.600 

0.538 

0.490 

0.446 

0.360 

0.346 

0.264 

0.200 

0.600 
0.538 
0.490 
0.446 
0.360 
0.346 
0.264 
0.200 

Equilibrium 
concentration 

C 
(in normality) 

0.3937 

0.3886 

0.3554 

0.3160 

0.2340 

0.2215 

0.1400 

0.0787 

0.4031 

0.3886 

0.3569 

0.3176 

0.2418 

0.2302 

0.1537 

0.0921 

0.4425 
0.3974 
0.3569 
0.3184 
0.2344 
0.2230 
0.1422 
0.0806 

x/m = amount 
of 12 adsorbed 

(in g.) 

1.0500 

0.9486 

0.8542 

0.8250 

0.8000 

0.7900 

0.7860 

0.7700 

1.025 

0.9486 

0.8450 

0.8150 

0.7500 

0.7350 

0.7000 

0.6850 

1.00 
0.8924 
0.8450 
0.8100 
0.7969 
0.7805 
0.7734 
0.7580 
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TEMPERATURE 
oK 

333 

323 

313 

TABLE - 3. 1.', . y( Con td. ) 

DATA FOR ADSORPTION ISOTHERMS.(I 2 ) 

Initial concentra­
tion of the adsor­
bate solution. 
( in normality) 

0.600 

0.538 

0.490 

0.446 

0.360 

0.346 

0.264 

0.200 

0.600 

0.538 

0.490 

0.446 

0.360 

0.346 

0.264 

0.200 

0.600 

0.538 

0.490 

0.446 

0.360 

0.346 

0.264 

0.200 

Equilibrium 
concentration 

C 
(in normality) 

0.3937 

0.3886 

0.3554 

0.3184 

0.2418 

0.2302 

0.1503 

0.0881 

0.4031 

0.3886 

0.3554 

0.3176 

0.2410 

0.2302 

0.1503 

0.0881 

0.4425 

0.3974 

0.3569 

0.3160 

0.2344 

0.2230 

0.1422 

0.0806 

x/m = amount 
of 12 adsorbed 

(in g.) 

1.05 

0.9486 

0.8542 

0.8100 

0.7'500 

0.7350 

0.7218 

0.7100 

1.02500 

0.9486 

0.8542 

0.8150 

0.7555 

0.7350 

0.7218 

0.7100 

1.00 

0.8924 

0.8450 

0.8250 

0.7965 

0.7805 

0.7734 

0.7580 
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'rABLE 3.1:' 'i (Con td. ) 

DATA FOR ADSORPTION ISOTHERMS. (I2 ). 

TEM!JERATURE Initial concentra- Equilibrium x/m = amount 
oK tion of the adsor- concentration of 12 adsorbed 

~ate SOlution j C in normality (in normality) ( in g.) 

0.600 0.4464 0.9750 

0.538 0.3956 0.9036 

0.490 0.3554 0.8542 

303 0.446 0.3176 0.8150 

0.360 0.2447 0.7320 ! 

0.346 0.2318 0.7250 

0.264 0.1537 0.7000 

0.200 0.0921 0.6850 
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0 Temp. K. 

363 

151 

TABLE - 3.1.1.5 

DATA FOR LANGMUIR ISOTHERM.(I2) 

Equilibrium Amount c/~ JC 
concentra- adsorbed. 
tiona C. x/me 
(in norma- (in g.) 

lity. 

0.130 0.780 0.1666 0.3605 
0.180 0.785 0.2292 0.4242 
0.200 0.787 0.2541 0.4472 
0.215 0.790 0.2721 0.4636 
0.220 0.792 0.2777 0.4690 
0.245 0.795 0.3081 0.4949 
0.260 0.800 0.3250 0.5099 
0.275 0.805 0.3416 0.5244 
0.290 0.810 0.3580 0.5385 
0.300 0.815 0.3680 0.5477 
0.310 0.820 0.3780 0.5567 
0.317 0.825 0.3842 0.5630 
0.325 0.830 0.3915 0.5700 
0.335 0.837 0.4002 0.5787 
0.343 0.840 0.4083 0.5856 
0.350 0.854 0.4098 0.5916, 

0.355 0.860 0.4127 0.5958 
0.360 0.865 0.4161 0.6000 

0.370 0.880 0.4204 0.6082 

0.375 0.890 0.4213 0.6123 

JCj~ 

0.4622 
0.5404 
0.5682 
0.5869 
0.5922 
0.6226 

0.6373 
0.6514 
0.6648 
0.6720 
0.6789 
0.6824 
0.6868 

0.6915 
0.6972 
0.6927 
0.6928 
0.6936 
0.6912 
0.6880 
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TABLE - 3.1.1.5 (Contd) 

DATA FOR LANGMUIR ISOTHERM.(I2) 

Equilibrium Amount c/! [c 
adsorbed concentra-

tion. C. x/me 
(in norma- (in g.) 

lity. 

0.090 0.685 0.1313 0.3000 
0.110 0.690 0.1594 0.3316 
0.125 0.695 0.1798 0.3535 
0.135 0.700 0.1928 0.3674 
0.150 0.705 0.2127 0.3872 
0.165 0.710 0.2323 0.4062 
0.175 0.715 0.2447 0.4183 
0.190 0.720 0.2638 0.4358 
0.200 0.725 0.2758 0.4472 
0.210 0.730 0.2876 0.4582 
0.225 0.735 0.3061 0.4743 
0.245 0.745 0.3288 0.4949 
0.260 0.755 0.3443 0.5099 
0.270 0.760 0.3552 0.5196 
0.275 0.765 0.3594 0.5244 
0.290 0.775 0.3741 0.5385 
0.305 0.787 0.3875 0.5522 
0.320 0.805 0.3975 0.5656 
0.325 0.810 0.4012 0.5700 
0.330 0.815 0.4049 0.5744 
0.345 0.835 0.4131 0.5873 
0.350 0.845 0.4142 0.5916 

JC/~ 

0.4379 
0.4806 
0.5087 
0.5248 
0.5493 
0.5721 
0.5850 
0.6054 
0.6168 
0.6277 
0.6453 
0.6643 
0.6753 
0.6837 
0.6854 
0.6948 
0.7017 
0.7027 
0.7038 
0.7048 
0.7034 
0.7001 
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TABLE - 3.1.1.5 (Contd.) 

DATA :E'OR LANGMUIR ISOTHERM~. (12) . 

0 Equilibrium Amount c/~ Fa fo/~ Temp. K. 
concentra- adsorbed 
tion. x/me 

C (in g.) 
(in norma-
lity) 

0.080 0.160 0.1052 0.2828 0.3721 
0.120 0.165 0.1568 0.3464 0.4528 
0.140 0.167 0.1825 0.3741 0.4878 
0.155 0.710 0.2012 0.3937 0.5112 
0.190 0.175 0.2451 0.4358 0.5624 
0.215 0.1SO 0.2156 0.4636, 0.5944 
0.240 0.185 0.3051 0.4898 0.6240 
0.255 0.190 0.3221 0.5049 0.6392 
0.275 0.195 0.3459 0.5244 0.6596 

343 0.285 0.800 0.3562 0.5338 0.6613 
0.300 0.805 0.3126 0.5471 0.6804 
0.310 0.810 0.3827 0.5561 0.6813 
0.320 0.815 0.3926 0.5656 0.6940 
0.325 0.820 0.3963 0.5700 0.6952 
0.340 0.830 0.4096 0.5830 0.1025 
0.345 0.835 0.4131 0.5813 0.1034 
0.370 0.860 0.4302 0.6082 0.1012 
0.375 0.865 0.4335 0.6123 0.1019 
0.380 0.815 0.4342 0.6164 0.7045 
0.390 0.890 0.4382 0.6244 0.1016 
0.400 0.905 0.4419 0.6324 0.6988 
0.410 0.925 0.4432 0.6403 0.6922 
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TABLE - 3.1.1.5 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS.(I2). 

Equilibrium Amount o/~ [c 
concentra- adsorbed 
tion x/m 

C (in g.) 
(in norma-

lity) 

0.080 0.710 0.1126 0.2828 
0.100 0.713 0.1402 0.3162 
0.125 0.715 0.1748 0.3535 
0.150 0.720 0.2083 0.3872 
0.175 0.725 0.2413 0.4183 
0.190 0.730 0.2602 0.4358 
0.210 0.735 0.2857 0.4582 
0.225 0.740 0.3040 0.4743 
0.235 0.745 0.3154 0.4847 
0.240 0.750 0.3200 0.4898 
0.255 0.755 0.3377 0.5049 
0.265 0.760 0.3486 0.5147 
0.275 0.768 0.3580 0.5244 
0.285 0.775 0.3677 0.5338 
0.290 0.780 0.3717 0.5385 
0.300 0.787 0.3811 0.5477 
0.315 0.800 0.3937 0.5612 
0.325 0.813 0.3997 0.5700 
0.340 0.830 0.4096 0.5830 
0.350 0 .. 845, 0.4142 0.5916 
0.370 0.885 0.4180 0.6082 

JC/! 

0.3983 
0.4435 
0.4944 
0.5379 
0.5770 
0.5969 
0.6234 
0.6410 
0.6506 
0.6531 
0.6688 
0.6773 
0.6828 
0.6888 
0.6904 
0.6959 
0.7015 
0.7012 
0.7025 
0.7001 
0.6873 

Dhaka University Institutional Repository



0 Temp. K. 

323 

155 

TABLE - 3.1.1.5 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS.(I2). 

Equilibrium Amount c/~ fo 
concentra- adsorbed 
tion x/m 

C (in g.) 
(in norma-

lity) 

0.100 0.710 0.1408 0.3162 

0.125 0.713 0.1753 0.3535 

0.140 0.715 0.1958 0.3741 

0.165 0.720 0.2291 0.4062 

0.180 0.725 0.2482 0.4242 

0.200 0.730 0.2739 0.4472 

0.210 0.735 0.2857 0.4582 

0.225 0.740 0.3040 0.4743 

0.235 0.745 0.3154 0.4847 

0.250 0.755 0.3311 0.5000 

0.260 0.760 0.3421 0.5099 

0.275 0.770 0.3571 0.5244 

0.300 0.790 0.3797 0.5477 

0.310 0.800 0.3875 0.5567 

0.320 0.810 0.3950 0.5656 

rcj~ 

0.4453 

0.4958 

0.5233 

0.5641 

0.5851 

0.6126 

0.6234 

0.6410 

0.6506 

0.6622 

0.6709 

0.6810 

0.6933 

0.6959 

0.6983 
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TABLE - 3.1.1.5 (Contd.) 

DATA FOR LANGMUIR ISOTHERMS. (I2)' 

Equilibrium Amount C/~ fo 
concentra- adsorbed 
tion x/m 

C (in g.) 
(in norma-
lity) 

0.080 0.760 0.1052 0.2828 

0.100 0.763 0.1310 0.3162 

0.115 0.765 0.1503 0.3391 

0.145 0.770 0.1883 0.3807 

0.165 0.775 0.2129 0.4062 

0.195 0.780 0.2500 0.4415 

0.220 0.785 0.2802 0.4690 

0.235 0.790 0.2974 0.4847 

0.255 0.795 0.3207 0.5049 

0.270 0.800 0.3375 0.5196 

0.285 0.805 0.3540 0.5338 

0.300 0.812 0.3694 0.5477 

0.310 0.815 0.3803 0.5567 

0.320 0.820 0,03902 0.5656 

0.335 0.830 0.4036 0.5787 

0.350 0.840 0.4166 0.5916 

0.360 0.850 0.4235 0.6000 

JC/~ 

0.3721 

0.4144 

0.4432 

0.4945 

0.5241 

0.5661 

0.5975 

0.61'36 

0.6351 

0.6495 

0.6631 

0.6745 

0.6831 

0.6898 

0.6973 

0.7042 

0.7058 
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TABLE - 3.1.1.5 (Contd.) 

DATA FOR LANGMUIR I~OTHERMS.(I2)' 

Equilibrium Amount c/x JC concentra- adsorbed m 
tion x/m 

C (in g.) 
(in norma-
Ii ty) . 

0.090 0.685 0.1313 0.3000 

o ~OO 0.690 0.144-9 0.3162 . . 

0.140 0.695 0.2014 0.3741 

0.160 0.700 0.2285 0.4000 

0.180 0.705 0.2553 0.4242 

0.190 0.709 0.2679 0.4358 

0.205 0.715 0.2867 0.4527 

0.215 0.720 0.2986 0.4636 

0.225 0.725 0.3103 0.4743 

0.235 0.730 0.3219 0.4847 

0.245 0.735 0.3333 0.4949 

0.250 0.740 0.3378 0.5000 

0.265 0.750 0.3533 0.5147 

0.270 0.755 0.3576 0.5196 

0.275 0.760 0.3618 0.5244 

0.290 0.775 0.3741 0.5385 

0.300 0.785 0.3821 0.5477 

0.314 0.800 0.3925 0.5603 

0.330 0.820 0.4024 0.5744 

JC/~ 

0.4379 
0.4583 

0.5383 

0.5714 

0.6017 

0.6147 

0.6332 

0.6440 

0.6542 

0.6640 

0.6734 

0.6756 

0.6863 

0.6882 

0.6900 

0.6948 

0.6977 

0.7004 

0.7005 
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TABLE 3.1.1.6 

DATA FOR FREUNDLICH ISOTHERMS(I 2 ) 

Temperature Equili- log C Amount log x/m. 
oK brium adsorbed 

cone en- x/m (~). 
tration 

C 
(in nor-
mality. 

0.130 -0.8860 0.780 -0.1079 

0.200 -0.6989 0.782 -0.1067 

0.220 -0.6575 0.785 -0.1051 

0.245 -0.6108 0.790 -0.1023 

0.265 -0.5767 0.795 -0.0996 

363 0.280 -0.5528 0.800 -0.0969 

0.290 -0.5376 0.805 -0.0942 

0.300 -0.5228 0.809 -0.0920 

0.310 -0.5086 0.815 -0.0888 

0.325 -0.4881 0.825 -0.0835 

0.335 -0.474~ 0.835 -0.0783 

0.340 -0.4685 0.840 -0.0757 

0.350 -0.4559 0.850 -0.0705 

0.365 -0.4377 0.870 -0.0604 

0.385 -0.4145 0.925 -0.0338 
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TABLE - 3.1.1.6 (Contd.) 

DATA FOR FREUNDLICH ISOTHERMS(I 2 ). 

EQuili- log C Amount 
brium adsorbed 
concen- x/m (9). 
tration 

C 
(in nor-
mality.) 

0.165 -0.7825 0.775 

0.195 -0.7099 0.780 

0.215 -0.6675 0.785 

0.225 -0.6478 0.789 

0.240 -0.6197 0.795 

0.250 -0.6020 0.800 

0.260 -0.5850 0.806 

0.275 -0.5606 0.815 

0.290 -0.5376 0.824 

0.300 -0.5228 0.830 

0.320 -0.4948 0.845 

0.325 -0.4881 0.850 

0.335 -0.4749 0.860 

0.345 -0.4621 0.870 

0.350 -0.4559 0.875 

log x/me 

-0.1106 

-0.1079 

-0.1051 

-0.1029 

-0.0996 

-0.0969 

-0.0936 

-0.0888 

-0.0840 

-0.0809 

-0.0731 

-0.0705 

-0.0655 

-0.0604 

-0.0579 
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TABLE - 3.1.1.6 (Contd.) 

DATA Ii'OR FREUNDLICH ISOTHERMS (12). 

Temperature Equili- log C Amaunt log x/me 
oK brium adsorbed 

concen- x/m 
tration (in g.) 

C 
(in nor-
mali ty. ) 

0.170 -0.7695 0.725 -0.1396 

0.180 -0.7447 0.730 -0.1366 

0.195 -0.7099 0.735 -0.1337 

0.215 -0.6675 0.745 -0.1278 

0.225 -0.6478 0.750 -0.1249 

0.235 -0.6289 0.755 -0.1220 

0.250 -0.6020 0.765 -0.1163 

323 0.270 -0.5686 0.780 -0.1079 

0.290 -0.5376 0.800 -0.0969 

0.300 -0.5228 0.810 -0.0915 

0.310 -0.5086 0.820 -0.0861 

0.315 -0.5016 0.825 -0.0835 

0.340 -0.4685 0.855 -0.0680 

0.355 -0.4497 0.875 -0.0579 

0.375 -0.4259 0.900 -0.0457 

0.380 -0.4202 0.910 -0.0409 
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TABLE - 3.1.1.6 (Contd.) 

DATA FOR FREUNDLICH ISOTHERMS (1 2 ) 

Equili­
brium 
concen­
tration 

C 
(in nor­
mali ty. ) 

0.170 

0.190 

0.200 

0.210 

0.220 

0.225 

0.240 

0.250 

0.265-

0.270 

0.295 

0.305 

0.325 

0.335 

0.360 

0.370 

0.380 

log C 

-0.7695 

-0.7212 

-0.6989 

-0.6777 

-0.6575 

-0.6478 

-0.6197 

-0.6020 

-0.5767 

-0.5686 

-0.5301 

-0.5157 

-0.4881 

-0.4749 

-0.4436 

-0.4317 

-0.4202 

Amount 
adsorbed 

x/m 
(in g.) 

0.650 

0.675 

0.683 

0.695 

0.705 

0.710 

0.725 

0.739 

0.755 

0.760 

0.790 

0.800 

0.825 

0.837 

0.865 

0.875 

0.885 

log x/me 

-0.1870 

-0.1706 

-0.1655 

-0.1580 

-0.1518 

-0.1487 

-0.1396 

-0.1313 

-0.1220 

-0.1191 

-0.1023 

-0.0969 

-0.0835 

-0.0772 

-0.0629 

-0.0579 

-0.0530 
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TABL"E 3.1.1.7 

DATA FOR THE DETERMINATION OF IODINE IN KI. 

, , 
strength of , Volume of thiosulphate Amount of 12 in KI , 
thiosulphate: solution required. solution (g.) 
solution. , , , , , Before , After Before After , , , adsor)tion: adsorption adsorption adsorption , , (ml : (ml) , , , 

O.185N 10.8 10.6 2.2937 2.2500 

O.lOON 20.00 19.0 2.2937 2.1790 
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DATA FOR MODIFIED LANGMUIR ISOTHERM 

TABLE - 3.1.1.9 

12 ADSORPTION. 

log I ~I log (I-C) 

1.0515 -7.6232 x 10-3 

0.9145 -0.01055 

0.7227 -0.01682 

0.6309 -0.0204 

1.1143 -7.6674 x 10-3 

0.9692 -0.01073 

0.7884 -0.01705 

0.6816 -0.0199 

log(l - C) + 1 

0.9924 

0·9894 

0. 9831 

0. 9795 

0.9923 

0·9892 

0.9829 

0.9800 
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TABLE - 3.1.1.10 

12 ADSORl?TION 

DATA ]'OR MODI:t!'IED LANGMUIR ISOTHERM 

Initial 
concen-
tration 

Co 

0.03500 

0.04162 

0.05550 

0.06153 

0.03530 

0.04228 

0.05652 

0.06423 

Concen-
tration 
at Equi-
librium 

C 

0.0174 

0.0240 

0.0380 

0.0460 

0.01753 

0.02437 

0.03851 

0.04475 

Amount of 
solute 
adsorbed 

x 

0.7642 

0.7778 

0.7978 

0.8602 

0.7333 

0.7494 

0.77239 

0.7800 

Amount of 
solvent 
adsorbed 

y 

1.3694 

1.1241 

0.7362 

0.5766 

1.3476 

1.0836 

0.6872 

0.5608 
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TABLE - 3 ·1.1.11 

DATA FOR TIrE D.8TEi1l :I LAT I ON OF D~LSITY Oli' IODIHE SOLUTION. 

Strength of 
12 solution. 

0.296N 

0.356N 

0.484N 

0.542N 

0.296N 

0.356N 

0.484N 

0.542lJ 

0.296N 

0.356u 

0.484N 

0.5L1-2N 

0.296N 

0.356N 

0.484N 

O.5421J 

~'Jeight of 
'dater 
( in g.) 

50.5355 

50.5355 

50.5355 

50.5355 

50.1200 

50.1200 

50.1200 

50.1200 

49.7615 

49.7615 

49.7615 

L1-9.7615 

49.1307 

49.1307 

49.1307 

49.1307 

Weight of 12 Density of 
solution. 12 solution. 
( in g.) 

54.6100 

55.1301 

56.2005 

56.7755 

54.0255 

54.2325 

55.1565 

55.7495 

53.6415 

53.8L1-35 

51t.8245 

55.7155 

52.9290 

53.1035 

54.0895 

55.0880 

1.0759 

1.0861 

1.1064 

1.1186 

1.0650 

1.0691 

1.0873 

1.0990 

1.0540 

1.0580 

1.0772 

1.0947 

1.0409 

1.0444 

1.0638 

1.08J4 
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TABLE - 3.1.2.1 

DATA Fon ADSORPTION ISO.JAHS. (CII
3

COOH). 

Concentration Temperature oK Coverage () 
( in normality) (alllount adsorbed) 

in g. 

363 0.1595 

353 0.1580 

.50 343 0.1775 

333 0.1820 

323 0.1960 

313 Q.1595 

303 0.1590 

363 0.1500 

353 0.1500 

343 0.1665 

.40 333 0.1705 

323 0.1892 

313 0.1500 

303 0.1499 
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.30 

168 

TABL3 - 3.1.2.1 (Contd.) 

DATA Fon ADSOHPTIOlJ ISO~3iu1.S. (CII3COOH). 

Temperature oK 

363 
353 
31.1-3 
333 
323 
313 
303 

Coverage () 
(amount adsorbed) 

in g. 

0.1250 
0.1250 
0.1230 
0.1210 
0.1205 
0.1250 
0.1240 

--.---~~--- -.----------------

20 

105 

363 
353 
343 
333 
32 3 
313 
303 

363 
353 
343 
333 
323 
313 
303 

0.1080 
0.1090 
0.0900 
0.0905 
0.1090 
0.1082 
0.0900 

0.1030 
0.1050 
0.oS50 
0.1055 
0.1040 

0.0820 
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DATA FOR ADSORPTIOn 1S013AaS. (12 ), 

---
E qui li bri lllil 

oK. 
Ar:lount adsorbed 

concentration TEEPER.ATURS x/J;l (in g.) 
(in normality) or {} = Coverage 

363 0.8900 
353 0.9030 

.375 34-3 0.8650 
333 0.8980 
323 0.9230 
313 0.8650 
303 0.8800 

363 0.854-0 
353 0.84-50 

.350 31.1-3 0.8390 
333 0.84-50 

323 0.8580 
313 0.84-00 
303 0.8450 

._-,,-----_._----
363 0.8150 
353 0.7830 

.30 343 0.8060 
333 0.7870 
323 0.7900 
313 0.8100 
303 0.7860 

-.----.---. ----------
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TAB~ - 3.1.2.2 (Contd.) 

DATA FOR ADSORPTIOn ISO.3Al1.S. (12 ) 

Equi1ibriUl;1 
0 

Auou...'1t adsorbed 
concentration TElvlPE!t4TURE K. X/lll (in g.) 
(in normality) or {} = Coverage 

363 0.7970 

353 0.7490 

.25 343 0.7880 

333 0.7520 

323 07550 

313 0'7940 

303 0'7400 

363 0.7830 

353 0.7050 

.15 343 0.7690 

333 0.7200 

323 0.7180 

313 0.7720 

303 0.6980 

... __ ..-- -0---,,'-
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TABLE - 3.1.3.1 

DATA FOR ADSORPTION ISOSTERES.(CH
3

COOH). 

Coverage = B (or x/rn) 

0.145 g. 

0.135 g. 

0.125 g. 

0.115 g. 

Temperature oK 

363 
353 
343 
333 
323 
313 
303 

363 
353 
343 
333 
323 
313 
303 

363 
353 
343 
333 
323 
313 
303 

363 
353 
343 
333 
323 
313 
303 

Concentration 
C 

0.375 
0.365 
0.340 
0.342 
0.340 
0.365 
0.370 

0.334 
0.326 
0.322 
0.325 
0.340 
0.331 
0.325 

0.300 
0.301 
0.305 
0.305 
0.320 
0.300 
0.301 

------
0.251 
0.251 
0.285 
0.290 
0.261 
0.250 
0.285 
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TABLE - 3.1.3.1 (Contd.) 

DATA FOR ADSORPTION IbOSTERES.(CH3COOH). 

Coverage = e (or x/m) Temperature oK 

363 

353 

0.105 g. 343 

333 

323 

313 

303 

Concentration 
C 

0.175 

0.155 

0.265 

0.270 

0.140 

0.160 

0.260 
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TABLE - 3.1.3.2 

DATA FOR ADSORPTION ISOSTERES.(I2 )) 

Coverage = ~ (or x/m) o Temperature K 

363 

353 

0.875 g. 343 

333 

323 

313 

303 

363 

353 

0.850 g. 343 

333 

323 

313 

303 

363 

353 

343 

0.825 g. 333 

323 

313 

303 

Equilibrium 
concentration 

0.382 

0.367 

0.358 

0.383 

0.373 

0.3490 

0.3540 

0.3620 

0.354 

0.347 

0.360 

0.353 

0.315 

0.338 

0.334 

0.337 

0.332 

0.330 

0.334 
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TABLE - 3.1.3.2 (Contd.) 

DATA FOR ADSORPTION ISOSTERES.(I 2 ) 

Coverage = e (or x/m) Temperature oK 

363 

353 

0.800 g. 343 

333 

323 

313 

303 

363 

353 

0.7900 g. 343 

333 

323 

313 

303 

Equilibrium 
concentration 

0.262 

0.318 

0.285 

0.314 

0.310 

0.271 

0.313 

0.225 

0.309 

0.260 

0.305 

0.300 

0.235 

0.304 
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TABLE - 3.1.4.1 

DATA E'OR ISOSTERIC HEAT OF ADdORPTION.(CH 3COOH). 

8a-r(x/m) Data deri- Concen- log C TOK 1 103 qat T' x 
Coverage. ved from tration KCa]W'mole 

the regi- C 
on of (In nor-
isosterea mality). 

0.342 -0.4659 343.0 2.9154 

0.344 -0.4634 343.5 2.9112 

0.346 -0.4609 344.0 2.9069 

0.350 -0.4559 345.0 2.8985 

0.353 -0.4522 346.0 2.8901 

0.145g. Full line 0.356 -0.4485 347.0 2.8818 1.68 
(Right) KCala/mole 

0.358 -0.4461 348.0 2.8735 

0.360 -0.4436 349.0 2.8653 

0.3615 -0.4418 350.0 2.8571 

0.363 -0.4400 351.0 2.8490 

0.3645 -0.4383 352.0 2.8409 

0.361 -0.4353 354.0 2.8248 

0.368 -0.4341 355.0 2.8169 

0.370 -0.4317 351.0 2.8011 

Dhaka University Institutional Repository



176 

TABLE - 3.1.4.1 (Contd ) 

DATA FOR ISOSTERIC HEAT OF ADSORPTION. (CH3COOH). 

()~(x/m) Data deri- Concen- log C TOK 1 103 qst - x 
Coverage. ved from tration T KCals/mole 

the regi- C 
on of (In nor-
isosteres mali ty) . 

0.3255 -0.4874 304 3.2894 

0.3259 -0.4869 305 3.2786 

0.3265 -0.4861 306 3.2679 

0.3270 -0.4864 307 3.2573 

0.3275 -0.4847 308 3.2467 

0.3280 -0.4841 309 3.2362 

0.3285 -0.4834 310 3.2258 

0.3295 -0.4821 311 3.2154 

0.135 g. Full line 0.3305 -0.4808 313 3.1948 0.44 
(Left) KCa1s 0.3325 -0.4782 315 3.1746 

per mole 
0.3330 -0.4775 316 3.1645 

0.3339 -0.4763 317 3.1545 

0.3349 -0.4750 318 3.1446 

0.3355 -0.4743 319 3.1347 

0.3365 -0.4730 320 3.1250 

0.3375 -0.4717 321 3.1152 

0.3385 -0.4704 322 3.1055 

0.3400 -0.4685 323 3.0959 

------- -.- ~ 
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TABLE - 3.1.4.1 (Contd. ) 

DATA FOR ISOSTERIC HEAT OF ADSORPTION.(CH3COOH). 

(}~(x/m) Data deri- Concen- log C 
TOK 

1 103 qst Coverage. ved from tration if x 
KCals/mole the regi- C 

on of (in nor-
isosteres. mali ty). 

0.3220 -0.4921 343 2.9154 
0.3230 -0.4907 345 2.8985 
0.3235 -0.4901 346 2.8901 
0.3239 -0.4895 347 2.8818 
0.3242 -0.4891 348 2.8735 
0.3250 -0.4881 350 2.8571 
0.3255 -0.4874 351 2.8490 

0.135 g. F'ul1 line 0.3270 -0.4854 354 2.8248 0.4395 
(Right) 0.3280 -0.4841 355 2.8169 KCals/mole 

0.3297 -0.4818 357 2.8011 
0.3305 -0.4808 358 2.7932 
0.3313 -0.4797 359 2.7855 
0.3320 -0.4788 36,0 2.7777 
0.3328 -0.4778 361 2.7700 
0.3334 -0.4770 362 2.7624 

0.3030 -0.5185 314 3.1847 
0.3055 -0.5149 315 3.1746 
0.3080 -0.5114 316 3.1645 
0·3100 -0.5086 317 3.1545 

0.125 g. Full line 0.3120 -0.5058 318 3.1446 0.9914 
(Middle) 0.3140 -0.5030 319 3.1347 KCals/mole 

0.3152 -0.5014 320 3.1250 
0.3170 -0.4989 321 3.1152 
0.3180 -0.4975 322 3.1055 
0.320 -0.4948 323 3.0959 
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TAB1E - 3.1. 4.1 (Contd.) 

DATA FOR ISOSTERIC HEAT OF ADSORPTION.(CH 3COOH). 

Bert (x/m) Data deri- Concen- log C 
TOK 1 x 103 qst Coverage. ved from tration T 

the regi- C KCals/mole 
on of (in nor-
isosteres. mali ty) . 

0.2520 -0.5985 314 3.1847 
0.2532 -0.5965 315 3.1746 
0.2555 -0.5926 317 3.1545 
0.2565 -0.5909 318 3.1446 
0.2579 -0.5885 319 3.1347 
0.2589 -0.5868 320 3.1250 
0.2600 -0.5850 321 3.1152 
0.2610 -0.5833 322 3.1055 

0.115 g. Full line 0.2670 -0.5734 324 3.0864 1. 4259 
(Middle) 0.2715 -0.5662 325 3.0769 KCals/mole 

0.2750 -0.5606 326 3.0674 
0.2780 -0.5559 327 3.0581 
0.2800 -0.5528 328 3.0487 
0.2825 -0.5489 329 3.0395 
0.2850 -0.5451 330 3.0303 
0.2870 -0.5421 331 3.0211 
0.2885 -0.5398 332 3.0120 
0.2900 -0.5376 223 3.0030 
0.1740 -0.7594 323 3.0959 
0.1940 -0.7121 324 3.0864 
0.2080 -0.6819 325 3.0769 
0.2200 -0.6575 326 3.0674 
0.2280 -0.6420 327 3.0581 

0.105 g. 0.2365 -0.6261 328 3.0487 7.4469 

0.2460 -0.6090 329 3.0395 KCals/mole 

0.2525 -0.5977 330 3.0303 
0.2600 -0.5850 331 3.0211 

0.2658 -0.5754 332 3.0120 
0.2700 -0.5686 333 3.0030 
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Tfu3W - 3.1.4.2 

DATA FOR 1SOST.ii:IUC leAT OF ADS O11PT I OF . (12 ), 

-------------- ---- -- ------.--- -.--
Coverage Data Concen- log C TOK 1 x 103 Cliso 
(al,lolU1t derived tration T KCals 
of 12 from the C per mole 
adsor- region (in nor-
bed/g. of isos- r.mlity) 
(x/m.) teres. 

----~-.-.---.- - - . 

0.355 -0.4497 324.0 3.0864 

0.360 -0.4436 325.2 3.0750 

0.361 -0.4424- 326.5 3.0627 

0.362 -0.4412 327.5 3.0534 

0.363 -0.4400 329.0 3.0395 

0.364 -0.4388 330.0 3.0303 

0.875 g. li'tlll line 0.365 -0.4377 331.0 3.0211 0.7000 
(Eiddle) ECals/r,'101e 0.366 -0.1.1-365 332.0 3.0120 

0.367 -0.1.1-353 333.0 3.0030 

0.369 -0.4329 334.5 2.9895 

0.371 -0.LI-306 336.0 2.9761 

0.372 -0.1.1-294 336.9 2.9682 

0.371.1- -0.4271 338.0 2.9585 

0.375 -0.4259 339.0 2.9498 

0.377 -0.4236 31.1-0.0 2.9411 

0.3785 -0.1.:-219 341.0 2.9315 

0.380 -0.4202 342.0 2.9239 

0.382 -0. L:-179 343.0 2.9154 
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TA13lli - 3. 1 .1-1-. 2 (Contd.) 

DAT4..LQ1:l..1.9..9S,:[~11lC }~AT OJt._@~RPTIOlJ. (I2 ). 

------.. 
Coverae;e Data Concen- log C T°l( l. x 103 'liso 
(amount derived tration T KCals 
of I2 from the C per mole 
adsor- region (in nor-
bed/g. of isos- mality) 

x/me teres. 

.-------------.-~-.--.---.-. 

0.271 -0.5670 313.0 3.1948 

0.276 -0.5590 314.0 3.1847 

0.279 -0.5543 314.5 3.1796 

0.282 -0.5497 315.0 3.17~1-6 

0.285 -0.5451 315.5 3.1695 

0.287 -0.5421 316.0 3.1645 

0.289 -0.5391 316.5 3.1595 

0.291 -0.5361 317.0 3.1545 

0.293 -0.5331 317.5 3.1496 

0.80 g. Full line 0.2945 -0.5309 318.0 3.1446 2.21L1-2 
(Left) KCals/mole 0.296 -0.5287 318.5 3·1397 

0.2975 -0.5265 319.0 3.1347 

0.300 -0.5228 320.0 3.1250 

0.303 -0.5185 321.0 3.1152 

0.306 -0.5142 322.0 3.1055 

0.308 -0.5114 323.0 3.0959 

0.311 -0.5072 325.0 3.0769 

0.312 -0.5058 328.0 3.0487 

0.313 -0.5044 330.0 3.03e3 

0.314 -0.5030 333.0 3.0030 

--. _._. ---.---.-.-- ---. ._-_.- ---_._.- _ .... --- . .,.- .-.-.. --- .. -
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TABLE - 3.1.4-.2 (Contd.) 

D~~4.. Jt2QJi _~LqQ~r.4.lg_G..J.lli..~ OF ADS0l1PT1ClJ. (12 ) 

--'-p .. ---- -------- ----

Coverage Data Concen- log C TOK 1 x 103 qiso 
(amount derived tration T KCals 
of 12 from the C per mole 
adsor- region (in nor-
bed/g. of isos- mality) 

x/me teres. 

0.285 -0.54-51 3lt3.0 2.9154-

0.286 -0.5lt36 3ltlt.0 2.9069 

0.290 -0.5376 3ltlt.5 2.9027 

0.29lt -0.5316 3lt5.0 2.8985 

0.296 -0.5287 3lt5.5 2. 89lt3 

0.298 -0.5257 34-6.0 2.8901 

0.300 -0.5228 34-6.5 2.8860 

0.80 g. Full line 0.301 -0.521lt 3lt7.0 2.8818 2.7065 
(IUght) 

-0.5185 3lt7.5 0.303 2.8776 KCals/mole 

0.305 -0.5157 3lt8.0 2.8735 

0.306 -0.514-2 3L1-8.5 2.8691.1-

0.308 -0.5114- 3lt9.0 2.8653 

0.310 -0.5086 350.0 2.8571 

0.3125 -0.5051 351.0 2.8lt90 

0.315 -0.5016 352.0 2.84-09 

0.316 -0.5003 35lt.0 2.82lt8 

Dhaka University Institutional Repository



TADLS - 3.1.4.2 (Contd.) 

DATA FOR ISOSTBlUC l-illA'J.' OF ADSORPTION. (12 ) 

Coverage Data Cone en- log C T°l( lx 103 qiso 
(amount derived tration T KCals 
of 12 from the C per mole 
adsor- region (in nor-
bed/g. of isos- mality) 

x/me teres. 

0.260 -0.5850 343.0 
0.260 -0.5850 343.0 2.9154 

0.271 -0.5670 3LrLl-.0 2.9069 

0.276 -0.5590 344.5 2.9027 

0.279 -0.5543 345.0 2.8985 

0.282 -0.5497 345.5 2.8943 

0.204 -0.5L/-66 346.0 2.8901 

'J.79 Full line 0.286 -0.51-1-36 346.5 2.8860 3.0926 
(Iugllr) 0.288 -0" 51-1-06 347.0 2.8818 KCals/mole 

0.293 -0.5331 348.0 2.8735 

0.295 -0.5301 348.5 2. 869LI-

0.297 -0.5272 349.0 2.8653 

0.301 -0.521LI- 350.0 2.8571 

0.305 -0.5157 351.5 2. 84Lt-9 

0.306 -0.5142 352.0 2.8409 

0.309 -0.5100 353.0 2.8328 

---_._._------- ._-------
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TABLE - 3.1.4.2 (Contd.) 

DATA FOR ISOSTERIC HEAT OF AD~ORPTION . (1 2) . 

----
Data Cone en- log C TOK 1 103 qiso 

Coverage derived tration if x 
KCals (amount from the C 

of 12 region (in nor- per mole 

ad80r- of 180S- mali ty) . 

bed/g. teres. 

x/me 

0.241 -0.6179 314 3.1847 
0.255 -0.5934 315 3.1746 
0.260 -0.5850 315.4 3.1705 
0.266 -0.5751 316.0 3.1645 

0.79 g. Full line 0.270 -0.5686 316.5 3.1595 
(Left) 0.275 -0.5606 317.0 3.1545 

0.280 -0.5528 318.0 3.1446 
0.285 -0.5451 319.0 3.1347 
0.290 -0.5376 320.0 3.1250 2.9417 
0.293 -0.5331 321.0 3.1152 KCals/mole 
0.295 -0.5301 321.5 3.1104 
0.297 -0.5272 322.2 3.1036 
0.300 -0.5228 324.0 3.0864 
0.301 -0.5214 327.0 3.0581 
0.303 -0.5185 329.0 3.0395 
0.304 -0.5171 331.0 3.0211 
0.305 -0.5157 333.0 3.0030 
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TABLE - 3.2.1.1 

Weight of the adsorbent = 0.5 g. 

strength of 12 solution :: 0.1828 N. 

Volume of 12 solution = 50 mI. 

PH of 12 solution :: 3.1 

Temp. =: 28°C ± 20C. 

Strength of Na2s203 solution =: 0.2N 

I , 
V or x/m Time Volume of ; 'X~ amo- I 1 1 t 

in Na2S203 : unt of 12: V t V 
minute ; adsorbed , 

solution , 
required. : by carbon: 

t g. , 
t , 
I I 

; • I 

0.0 45.7 
2.0 23.6 0.5619 1.1226 0.8907 0.50 1.7814 
3.0 23.3 0.5689 1.1379 0.8787 0.33 2.6363 
4.0 23.0 0.5765 1.1531 0.8671 0.25 3.4234 
5.0 22.9 0.5791 1.1582 0.8633 0.20 4.3168 
6.0 22.8 0.5816 1.1633 0.8596 0.16 5.1576 
8.0 22.7 0.5842 1.1684 0.8558 0.12 6.8469 

10.0 22.4 0.5918 1.1836 0.8448 0.10 8.4485 
15.0 22.3 0.5943 1.1887 0.8412 0.06 12.6186 
20.0 22.3 0.5943 1.1887 0.8412 0.05 16.8248 
25.0 22.3 0.5943 1.1887 0.8412 0.04 21.0310 
30.0 22.3 0.5943 1.1887 0.8412 0.03 25.2372 

Value of y = 0.094 

and ~ = 0.85 
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TABLE - 3.2.1.2 

wt of adsorbent = O.~ g. 
Volume of adsorbate (CH 3COOH) = 25 m1 
Strength of CH3 COOH = 0.519LN 
Strength of a1ka1i(NaOH) = .2027N 
PH of CH3COOH solution = 2.3 
temp of the experiment = 28°C + 20C. 

, "-" , I , , 
t , Volume of , X~ Wfrn\'mt': V or , I I , t , , , , 
time 

, NaoH s01u-: CHtCOOH ad-: x/m , V t , V , , , 
in min. ; tion requi-f so bed g. : , , , , , red. , , , , , , , , , , , , I I 

0.0 64.0 
2.0 45.8 0.2213 0.4426 2.2588 .50 4.5177 

2.5 45.7 0.2225 0.4451 2.2465 .40 5.6163 

3.0 45.6 0.2237 0.4475 2.2343 .33 6.7029 

3.5 45.3 0.2274 0.4548 2.1984 .28 7.6946 
4.0 45.0 0.2310 0.4621 2.1637 .25 8.6550 

4.5 44.6 0.2359 0.4718 2.1091 .22 9.5362 
5.0 44.6 0.2357 0.4718 2.1091 .20 10.5957 
6.0 44.2 0.2408 0.4816 2.0763 .16 12.4580 
8.0 44.1 0.2420 0.4840 2.0659 .12 16.5273 

10.0 44.0 0.2432 0.4864 2.0555 .10 20.5550 
15.0 44.0 0.2432 0.4864 2.0555 .06 30.8325 
20.0 44.0 0.2432 0.4864 2.0555 .05 41.4100 

Value of ~= 0.52 
and ~ = 2.00 
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TABLE - 3.2.1.3 

wt of the adsorbent = 0.5 g. 
Strength of KMn04 solution = 0.6055N 
Strength of this sulphate solution = 0.254N 
Volume of KMn04 taken = 25 ml 
PH of the KMn04 solution = 7.2 
temp = 28°C ± 2°C 

Time :Volume of IX-'7 amount :V or x/m 
i~ iN"a2S203 !of KMn04 ml.nute'solution 

I 

0 
2 

3 
4 
5 
6 

7 
8 
9 
10 
15 
20 
25 

I 

59.6 
18.8 

17.2 
17.1 
16.6 
16.3 
15.8 
15.7 
15.0 
14.9 
11.8 
11.8 
11.8 

Value of 
and 

I 
I 
I 

;adsorbed(g) , , 
I 

0.3275 

0.3404 
.3412 
.3452 
.3476 
.3516, 
.3524 
.3580 
.3558 
.3837 
.3837 
.3837 

Y = 0.29 
$ = 1.375 

1.5263 
0.6808 
0.6824 
0.6804 
0.6953 
0.7033 
0.7049 
0.7161 
Oj7177 
0.7675 
0.7675 
0.7675 

I 
V 

0.6551 
1.4687 
1.465 
1.4482 
1.4382 
1.4217 
1.4185 
1.3962 
1.3931 
1.3028 
1.3028 
1.3028 

I I t , , t v , , , , 
I 

.50 3.0526 

.33 4.4062 

.25 5.8611 

.20 7.2412 

.16 8.6292 

.14 9.9525 

.12 11.3484 

.11 12.5666 

.10 13.9317 

.06 19.5422 

.05 26.0560 

.04 32.5700 
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TAB.LE - , " . 1 ,:': 

Strength of KCl04 solution = 0.5N 

Strength of KCNS solution = .097N 

Strength of AgN03 solution = O.IN 

Volume of KC104 taken = 30 m1. 

wt of the adsorbent = 0.5 g. 

Temp. of the experiment = 280C ± 20 C 

Time 
in 
min. 

2 

2.5 
3.0 
4.0 
5.0 
6.0 
8.0 
10.0 
12.0 
15.0 
20.0 
25.0 
30.0 

I I , I 

:Vo1ume :Vo1ume ~Amount :Amount 
;of KCNS;AgN03 III of C~2 :of C12 
:requir-:reauir ,obta1- :adaor-
ted. :-eet. :ned :bed. 
: in m1.: in m1. ; aft er : 
: : :adsorp-: 

, It· I 
: I I 10n. , 

8.730 

8.827 
8.924 

16.270 
16.173 
16.076 

9.118 15.882 
9.215 15.78'5 

0.058 
0.058 
0.057 
0.057 
0.056 
0.056 
0.056 
0.055 
0.054 
0.054 
0.053 
0.053 
0.053 

9.312 
9.409 
9.506 
9.797 
9.894 

10.088 
10.088 
10.088 

Values of 

and 

15.688 
15.591 
15.494 
15.203 
15.106 
14.912 
14.912 
14.912 

y = 40.00 

$ = 43.75 

.0079 

.0082 

.0086 

.0093 

.0096 

.0100 

.0103 

.0107 

.0117 

.0121 

.0128 

.0128 

.0128 

I tv or x/m I 
V 

o I 
~ t 

.0158 

.0165 

.0178 

.0186 

.0193 

.0200 

.0207 

.0214 

.0235 

.0242 

.0256 

.0256 

.0256 

I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
I 

63.1672 .50 
60.4982 .40 
58.0457 .33 
53.6924 .25 
51.7517 .20 
49.9465 .16 
48i2630 .12 
46.6892 .10 
42.5289 .08 
41.3021 .06 
39.0493 .05 
39.0493 .04 
39.0493 .03 

t 
V 

126.33 
151.24 
174.13 
214.00 
258.75 
299.69 
386.10 
466.89 
510.34 
619.53 
780.98 
976.23 
1171.48 
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TABLE - 3.2.2.1 

DATA FOR KINETIC PLOTS OF VARIOUS ORDERS.(CH3COOH). 

Temp. Time Equilibrium 1 1 log C log C+l 
oK in concentra- C JrJ 

min. tion 
C 

(in norma-
lity) 

1 0.5730 1. 7449 1. 3210 -0.2418 0.7581 
2 0.5333 1.8750 1.3693 -0.2730 0.7269 

3 0.5308 1.8837 1.3725 -0.2750 0.7219 

5 0.5277 1.8948 1.3765 -0.2776 0.7223 

7 0.5246 1.9060 1.3806 -0.2801 0.7198 
363 10 0.5215 1.9174 1.3847 -0.2827 0.7172 

15 0.5215 1.9174 1.3847 -0.2827 0.7172 
20 0.5215 1.9174 1.3847 -0.2827 0.7172 

25 0.5215 1.9174 1.3847 -0.2827 0.7172 

30 0.5215 1.9174 1.3847 -0.2827 0.7172 

1 0.5277 1.8948 1.3765 -0.2776 0.7223 

2 0.5277 1.8948 1.3765 -0.2776 0.7223 

3 0.5246 1.9060 1.3806 -0.2801 0.7198 

5 0.5215 1.9174 1.3847 -0.2827 0.7172 

7 0.5184 1.9290 1.3888 -0.2853 0.7146 

343 10 0.5153 1.9406 1.3930 -0.2879 0.7120 

15 0.5153 1.9406 1.3930 -0.28:]9 0.7120 

20 0.5153 1.9406 1.3930 -0.2879 0.7120 

25 0.5153 1.9406 1.3930 -0.2879 0.7120 

30 0.5153 1.9406 1.3930 -0.2879 0.7120 
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TABLE - 3.2.2.1 (Contd.) 

DATA FOR KINETIC PLOTS Ol VARIOUS ORDERS. (CH
3

COOH). 

Temp. Time Equilibrium 1 1 log C log C+l 
of( in concentra- C T 

min. tion 
C 

(in norma-
lity) 

1 0.5464 1.8301 1.3528 -0.2624 0.7375 
2 0.5339 1.8727 1.3685 -0.2725 0.7274-
3 0.5277 1.8948 1.3765 -0.2776 0.7223 

5 0.5215 1.9174 1.3847 -0.2827 0.7172 

7 0.5184 1.9290 1.3888 -0.2853 0.7146 

323 10 0.5091 1.9642 1.4015 -0.2931 0.7068 
15 0.5091 1.9642 1.4015 -0.2931 0.7068 
20 0.5091 1.9642 1.4015 -0.2931 0.7068 
25 0.5091 1.9642 1.4015 -0.2931 0.7068 

30 0.5091 1.9642 1.4015 -0.2931 0.7068 

1 0.5402 1. 8511 1.3605 -0.2674 0.7325 

2 0.5402 1.8511 1.3605 -0.2674 0.7325 

3 0.5339 1.8727 1.3685 -0.2725 0.7274 

5 0.5277 1.8948 1.3765 -0.2776 0.7223 

7 0.5246, 1.9060 1.3806 -0.2801 0.7198 

303 10 0.5215 1.9174 1.3847 -0.2827 0.7172 

15 0.5215 1.9174 1.3847 -0.2827 0.7172 

20 0.5215 1.9174 1.3847 -0.2827 0.7172 

25 0.5215 1.9174- 1.3847 -0.2827 0.7172 

30 0.5215 1.9174- 1.3847 -0.2827 0.7172 

Dhaka University Institutional Repository



192 

TABLE - 3.2.2.2 

DATA I'-'OR THE KINETIC PLOTS 01" VARIOUS ORD~RS.(I2 adsorption) 

Temp. Time Equilibrium 
oK in con centra- 1 1 log C log C + 1 

min. tiona C T 
C 

(in norma-
lity) 

1 0.4134N 2.4189 1. 5553 -0.3836 0.6164 
2 0.4063N 2.4612 1.5688 -0.3911 0.6089 

3 0.4045N 2.4721 1.5723 -0.3930 0.6070 

5 0.4027N 2.4832 1.5758 -0.3950 0.5993 

363 7 0.3974N 2.5163 1.5863 -0.4007 0.5993 
10 0.3957N 2.5271 1.5897 -0.4026 0.5974 
15, 0.3886N 2.5733 1.6041 -0.4104 0.5896 
20 0.3886N 2.5733 1.6041 -0.4104 0.5896 
25 0.3886N 2.5733 1.6041 -0.4104 0.5896 

30 0.3886N 2.5733 1.6041 -0.4104 0.5896 

1 0.4204 2.3786 1.5422 -0.3763 0.6237 
2 0.4098 2.4402 1.5621 -0.3874 0.6126 

3 0.4063 2.4612 1.5688 -0.3911 0.6089 

5 0.4045 2.4721 1.5723 -0.3930 0.6070 

7 0.3992 2.5050 1.5827 -0.3988 0.6012 

343 10 0.3974 2.5163 1.5863 -0.4007 0.5993 
15 0.3970 2.5188 1.5871 -0.4012 0.5988 
20 0.3970 2.5188 1.5871 -0.4012 0.5988 
25 0.3970 2.5188 1.5871 -0.4012 0.5988 
30 0.3970 2.5188 1.5871 -0.4012 0.5988 
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TABLE - 3.2.2.2 (Contd.) 

DATA FOR THE KINETIC PLOTS OF VARIOUS ORDERS.(I 2 adsorption) 

'remp. Time Equilibrium 1 1 log C log 0+1 
0t: in concentra- --C {rr'"" 

min. tion 
C 

(in norma-
lity) 

1 0.4204 2.3786 1. 5422 -0.3763 0.6237 

2 0.4098 2.4402 1.5621 -0.3874 0.6126 

3 0.4063 2.4612 1.5688 -0.3911 0.6089 

5 0.4027 2.4832 1.5758 -0.3950 0.6050 
7 0.3992 2.5050 1.5827 -0.3988 0.6012 

323 10 0.3957 2.5271 1.5897 -0.4026 0.5974 
15 0.3886 2.5733 1.6041 -0.4104 0.5896 
20 0.3886 2.5733 1.6041 -0.4104 0.5896 
25 0.3886 2.5733 1.6041 -0.4104 0.5896 
30 0.3886 2.5733 1.6041 -0.4104 0.5896 

1 0.4204 2.3786 1.5422 -0.3763 0.6237 
2 0.4098 2.4402 1.5621 -0.3874 0.6126 

3 0.4063 2.4612 1.5688 -0.3911 0.6089 

5 0.4027 2.4832 1.5758 -0.3950 0.6050 

7 0.3974 2.5163 1.5863 -0.4007 0.5993 

303 10 0.3957 2.5271 1.5897 -0.4026 0.5974 

15 0.3925 2.5477 1.5961 -0.4881 0.5858 
20 0.3925 2.5477 1.5961 -0.4881 0.5858 

25 0.3925 2.5477 1.5961 -0.4881 0.5858 

30 0.3925 2.5477 1.5961 -0.4881 0.585·8 
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TABLE - 3.2.3.1(a) 

CH3COOH adsorption 

Strength of CH,COOH solution =O.575N 

Strength of NaoH solution =O.311N 
Volume of CH3COOH taken = 50 ml 

Temp. = 3630 k 

Weight of carbon = 1 g 

pH of CH3COOH = 1.95 

I I t 
l/t Tim.:Vo1ume:X~ount: x/m I/v t/v 

in ;of a1-;of CH~COOH: 
min. ;kali ;adsor ed : 

;reaUi-1 in g. : 
Ire I t 
t ' t 'after i , " , ladsorpi : 
't· , , , l.on. , t 

1 87.0 .1044 .1044 9.5697 1.00 9.5697 
2 85.9 .1250 .1250 7.9985 0.50 15.9971 
3 85.5 .1324. .1324 7.5479 0.33 22.6439 
5 85.0 .1418 .1418 7.0513 0.20 35.2569 
7 84.5 .1511 .1511 6.6161 0.14 46.3128 
10 84.0 .1604 .1604 6.2314 0.10 62.3146 
15 84.0 .1604 .1604 6.2314 0.06 93.4719 
20 84.0 .1604 .1604 6.2314 0.05 124.6292 
25 84.0 .1604 .1604 6.2314 0.04 15·5.7865 
30 84.0 .1604 .1604 6.2314 0.03 186.9420 

Value of Yand ~ 

from the graph 
I _ 

0.3125 --y 

l' 3.2 I 0.1587 = r= 
~ = 6.3 
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TABLE - 3.2.3.1(b) 

CH3COOH 

• Strength of CH3COOH solution =0.575N 

Strength of NaoH solution =0. 311N 

Volume of CH3COOH taken = 50 m1 

Temp. =: 3430 k 

Weight of carbon = 1 g. 
pH of CK3COOH = 1.95 

, , , -r---' 
Time :Vo1ume of :X~ amount: x/m I l/v l/t t/v I 

in :NaoH re- ;of CH~COOH ; r 
I 

min. :quired af-;adsog ed in; I , 
'ter adsorpi • : , 

r 
$tion.; : I , 

I , I 

1 85.0 .1418 0.1418 7.0521 1.0 7.0521 

2 85.0 .1418 0.1418 7.0521 0.5 14.1043 
3 84.5 .1511 0.1511 6.6181 0.33 19.8544 
5 84.0 .1604 0.1604 6.2344 0.20 31.1720 
7 83.5 .1696 0.1698 5.8892 0.142 41.2249 
10 83.0 .1791 0.1791 6.5834 0.10 55.8347 
15 83.0 .1791 0.1791 5.5834 0.06 83.7520 
20 83.0 .1791 0.1791 5.5834 0.05 111.6694 
25 83.0 .1791 0.1791 5.5834 0.04 139.5850 
30 83.0 .1791 0.1791 5.5834 0.03 167.5020 

Value of Y, ~ 
1 from the graph. = .303 r 

y= 3.3 I _ 
.1851 

~ = 5.4 -r-
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TABLE - 3.2.3.1(d) 

CH3COOH adsorption 

strength of CH3COOH solution =O.515N 

Strength of NaoH solution =0·311N 

Volume of CH3COOH taken = 50 ml 

Temp. = 3030 k 

Weight of carbon = 1 g. 

pH of CH3COOH = 1.95 

Blank titration = .92.6 ml 

, , 
Time lVolume of :X--?amount x/m l/v l/t t/v 
of lalkali re-lof CH~COOH 
min. :quired af-:adsor ed 

Iter adsorpiin g. 
:tion. , 

I , I 

1 87.0 .1044 0.1044 9.5697 1.0 9.5691 
2 87.0 .1044 0.1044 9.5697 0.5 19.1394 
3 86.0 .1231 0.1231 8.1191 0.33 24.3593 
5 85.0 .1418 0.1418 1.0513 0.20 35.2569 
7 84.5 .1511 0.1511 6.6161 0.142 46.3128 
10. 84.0 .1604 0.1604 6.2314 0.10 62.3146 
15 84.0 .1604 0.1604 6.2314 0.06 93.4719 
20 84.0 .1604 0.1604 6.2314 0.05 124.6292 
25 84.0 .1604 0.1604 6.2314 0.04 155.7865 
30 84.0 .1604 0.1604 6.2314 0.03 186.9420 

Value of Y and ~ , , , , 
from the graph , 

1 , , 
0.1282 , 

Y = , 
y= 7.8 

, , 
I , I 

~ = 5.6 
, 

0.1185 , -r = , 
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Appendix - II 

TABLE - 3.2.3.2(a) 

CH3COOH 

Strength of CH3COOH = O.446N 

Strength of alkali = O. 304N 

Volume of CH3COOH = 50 ml 

Temp. of the expt .. = 900 C 

Weight of carbon = 1 g. 

pH of CH3COOH = 2.75 

Blank titration = 73.4 ml 

Time Volume of x"f6amount x/m l/v l/t t/v 
in alkali of H6GOOH 
min. required adsor ed 

in g. 

1 67.0 0.1167 0.1167 8.5667 1.0 8.5667 
2 66.0 0.1349 0.1349 7.4087 0.5 14.8174 
3 65.0 0.1532 0.1532 6.5267 0.33 19.5802 
5 64.5 0.1623 0.1623 6.1600 0.20 30.8003 

7 64.0 0.1714 0.1714 5.8324 0.14 40.8268 
10 63.0 0.1896 0.1896 5.27159 0.10 52.7159 
15 63.0 0.1896 0.1896 5.2715 0.06 79.0738 
20 63.0 0.1896 0.1896 5.2715 0.05 105.4351 
25 63.0 0.1896 0.1896 5.2715 0.04 131.7897 
30 63.0 0.1896 0.1896 5.2715 0.03 158.1477 

Value of y and ~ 1 
from the graph. = 0.3030 

Y 

y= 3.3 1 
~= 5.4 = 0.1851 

[, 
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CH2COOH 

Strength of CH
3

COOH 

Strength of NaOH 
Volume of CH

3
COOH 

Temp. of the expt. 
Weight of carbon 
pH of CH

3
COOH 

Blank titration 

Time Volume of 
in alkali 
min. required 

after 
adsorption 

1 68.0 

2 66.0 

3 66.0 

5 64.0 

7 64.0 
10 6;.5 
15 63.5 
20 63.5 
25 6;.55 
;0 6;.5 

Value of y and b 
from the graph 

y= 5.0 

& = 5.5 
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Appendix - II 

TABLE - 3.2.3.2(b) 

= 0.446N 

= 0.304N 

= 50 m1 
:: '700 C 

= 1 g. 

= 2.75 

= 73.4 m1 

X---ramount of 
of CH3COOH 

x/m 

adsorbed in. 
g. 

0.0984 0.0984 

0.1349 0.1349 
0.1349 0.1349 
0.1714 0.1714 

0.1714 0.1714 
0.1805 0.1805 
0.1805 0.1805 
0.1805 0.1805 
0.1805 0.1805 
0.1805 0.1805 

1 = 0.2000 
Y 

1 0.1818 
S = 

l/v l/t t/v 

10.1626 1.0 10.1616 
7.4128 0.5 14.8257 
7.4128 0.33 22.2386 
5.8343 0.20 29.1715 
5.8343 0.142 40.8401 
5.5401 0.10 55.4016 
5.5401 0.06 8;.1024 
5.5401 0.05 110.8033 
5.5401 0.04 1;8.5041 
5.5401 0.0; 166:.2049 
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Appendix - II 

TABLE - 3.2.3.2(c) 

CH3COOH 

Strength of CH3COOH = o .446N 
Strength of NaOH = o .304N 
Volume of CH3COOH = 50 ml 
Temp. of the expt. = 500 C 
pH of the CH3COOH = 2.75 
Weight of carbon = 1 g. 
Blank titration = 73.4 ml 

Time 
in. 
min. 

1 
2 

3 
5 
7 
10 

15 
20 

25 
30 

Volume of X~amount 
alkali of CH COOH 
required adsor~ed 
after ad- in g. 
sorption. 

69.55 0.0702 

68.0 0.g984 
67.0 0.1167 
66.0 0.1349 
64.0 0.1714 
63.0 0.1896 
63.0 0.1896 
63.0 0.1896 
63.0 0.1896 
63.0 0.1896 

Value of Y and ~ 

x/m 

0.0702 
0.0984 
0.1167 
0.1349 
0.1714 
0.1896 
0.1896 
0.1896 
0.1896 
0.1896 

I/v 

14.2401 
10.1626 
8.5689 
7.4128 

5.8343 
5.2742 
5.2742 
5.2742 
5.2742 
5.2742 

from the graph 1 = 0.1182 
Y 

y= 8.46, 

~ = 5.8 1 = 0.1724 
~ 

lit t/v 

1.0 14.2401 
0.5 20.3252 
0.33 25.7069 
0.20 37.0644 
0.14 40.8401 
0.10 52.7426 
0.06 79.1139 
0.05 105.4852 
0.04 131.85,65 
0.03 158.2278 
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Appendix - II 

TABLE - 3.2.3.2(d) 

Strength of CH
3

COOH = O.446N 
Strength of NaOH = o.304N 
Volume of CH3COOH = 50 m1 

Temp. of the experiment = 300 C 
pH of the CH

3
COOH = 2.75 

Weight of carbon = 1 g. 
Blank titration = 73.4 ml 

Time Volume of X---7amount x/m I/v 
in alkali of CH~COOH 
min. required adsor ed 

after ad- in g. 
sorption. 

1 68.0 0.0984 0.0984 10.1626; 
2 68.0 0.0984 0.0984 10.1626 

3 67.0 0.1167 0.1167 8.5689 

5 66.0 0.1349 0.1349 7.4128 

7 64.0 0.1714 0.1714 5.8343 
10 63.0 0.1896 0.1896 5.2742 
15 63.0 0.1896 0.1896 5.2742 
20 63.0 0.1896 OJ1896 5.2742 
25 6;.0 0.1896 0.1896 5.2742 

30 63.0 0.1896, 0.1896 5.2742 

Value of Y and ~ 
from the graph 1 

= 0.0929 
7 

y= 10.78 

~ = 5.0 1 0.2000 = S 

lit t/v 

1.0 10.1626 
0.5 20.3252 
0.33 25.7069 
0.20 37.0644 
0.42 40.8401 
0.10 52.7426 
0.06 79.1139 
0.05 105.4852 
0.04 1;1.8565 
0.03 158.2278 
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Appendix - II 

TABLE - 3.2.3.; (a) 

CH3COOH 

strength of CH3COOH = 0.358N 
strength of NaOH = 0.304N 
Volume of CH3COOH solution = 50 m1 
Temp. of the expt. = 90°C 
Weight of carbon = 1 g. 
pH of CH 3COOH = 2.85 
Blank titration = 59 m1 

Time Volume of X--t'amount x/m I/v lit t/v 
in alkali of CH~COOH 
min. required adsor ed 

after ad- in g. 
sorption 

1 54.0 0.0912 0.0912 10.9649 1.00 10.9649 
2 54.0 0.0912 0.0912 10.9649 0.50 21.9298 

3 53.5 0.1003 0.1003 9.9681 0.33 29.9043 

5 53.0 0.1094 0.1094 9.1374 0.20 45.6871 

7 52.5 0.1185 0.1185, 8.4345 0.142 59.04-18 

10 52.0 0.1276 0.1276 7.8320 0.10 78.3208 

15 52'0 0.1276 0.1276 7.8320 0.06 117.4812 

20 52.0 0.1276 0.1276 7.8320 0.05 156.6416 

25 52.0 0.1276 0.1276 7.8320 0.04 195.8020 

30 52.0 0.1276 0.1276 7.8320 0.03 234.9600 

Value of Y and ~ 
from the graph. 1 0.1515 = Y 

f= 6.6 

~ = 

1 = 0.1315 
7.6 ~ 
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Appendix - II 

TABLE - 3.2.3.3(b) 

Strength of CH3COOH = 0.358N 
Strength of NaOH = 0.304N 
Volume of CH3COOH taken = 50 ml 
Temp. of the expt. = 700 C 
Weight of carbon = 1 g. 
pH of CH3COOH = 2.85 
Blank titration = 59.0 ml 

Time Volume of X~amount x/m 
in alkali of CH£COOH 
min. required adsor ed 

after ad- in g. 
sorption 

1 54.0 0.0912 0.0912 
2 54.0 0.0912 0.0912 

3 53.5 0.1003 0.1003 

5 53.0 0.1094 0.1094 

7 52.5 0.1185 0.1185 
10 52.0 0.1276 0.1276 

15 52.0 0.1276 0.1276 
20 52.0 0.1276 0.1276 

25 52.0 0.1276 0.1276 

30 52.0 0.1276 0.1276 

Value of Yand ~ 

l/v 

10.9649 
10.9649 

9.9681 
9.1374 
8.4345 
7.8320 
7.8320 
7.8320 
7.8320 
7.8320 

from the graph. 1 = 0.1388 
Y 

-y= 7.2 
1 =0.1333 g 

~= 7.5 

lit t/v 

1.00 10.9649 
0.50 21.9298 
0.33 29.9043 
0.20 45.6871 
0.14 59.0418 
0.10 78.3208 
0.06 117.4812 
0.05 156.6416 
0.04 195.8020 
0.03 234.96 
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Appendix - II 

TABLE - 3.2.3.3(c) 

Strength of CH3COOH = 0.358N 
Strength of NaOH = 0.304N 
Volume of CH3COOH = 50 ml 
Temp. of the expt. = 500 C 
pH of CH3COOH = 2.85 
Weight of carbon = 1 g. 
Blank titration = 59.0 ml 

Time Volume of X---?amount . 
in alkali of CH3COOH 
min. required o..d s err heel . 

after ad-
sorption 

1 56.0 0.05472 

2 54.0 0.0912 

3 54.0 0.0912 

5 53.5 0.1003 

7 53.0 0.1094 

10 52.0 0.1276 

15 52.0 0.1276 

20 52.0 0.1276 
25 52.0 0.1276 

30 52.0 0.1276 

Value of ,and ~ 
from the graph 1 

r 
y= 10.4 1 

b= 7.4 S 

x/m l/v 

0.05472 18J 2.748 

0.0912 10.9649 
0.0912 10.9649 
0.1003 9.9681 
0.1094 9.1374 
0.1276 7.8320 
0.1276 7.8320 
0.1276 7.8320 
0.1276 7.8320 
0.1276 7.8320 

= 0.0961 

= 0.1351 

l/t t/v 

1.00 18.2748 

0.50 21.9298 
0.33 32.8947 
0.20 49.8405 
0.14 63.9661 
0.10 78.3200 
0.06 117.4812 
0.05 156.6416 
0.04 195.8000 
0.03 234.9600 
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Appendix - II 

TABLE - 3.2.3.3(d) 

CH-;r;COOH 
"" 

Strength of CH
3

COOH = 0.358N 
Streneth of NaOH = 0.304N 
Volume of CH3COOH = 50 ml 
pH of CH3COOH = 2.85 
Weight of carbon = 1 g. 
Temp. of the expt. = 30°C 
Blank titration = 59 m1 

Time Volume of X---7amount x/m l/v l/t t/v 
in alkali of CH

3
COOH 

min. required 
after ad- adsorbed 
sorption in g. 

1 56.0 0.0547 0.0547 18.2748 1.0 18.2748 
2 56.0 0.0547 0.9547 18.2748 0.5 36.5497 
3 55.0 0.0729 0.0729 13.7061 0.33 41.1184 

5 54.0 0' .• 0912 0.0912 10.9649 0.2 54.8245 
7 5;3.0 0.1094 0.1094 9.1374 0.14 63.9619 

10 52.0 0.1276 0.1276 7.8320 0.10 78.3208 

15 52.0 0.1276 0.1276 7.8320 0.06 117.4812 
20 52.0 0.1276 0.1276 7.8320 0.05 156.6400 

25 52.0 0.1276 0.1276 7.8320 0.04 195.8000 

30 52.0 0.1276 0.1276 7.8320 0.03 234.9600 

Value of Yand $ 
from the graph 1 = 0.0400 

Y 

/= 25.0 1 = 0.1562 
$ 

~= 6.4 
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Appendix - II 

TABLE - 3.2.3.4(a) 

Strength of CH
3

COOH 
Strength of NaOH 
Volume of CH

3
COOH 

= O. 243N 
= O. 304N 
= 50 m1 

Temp. of the expt. = 363 0 K 
pH of CH 3COOH = 2.95 

Weight of carbon = 1 g. 
Blank titration = lto·ol¥\l.,. 

Time Volume of X~amount. 
in alkali of CH3COOH 
min. required adsorbed after ad- in g. sorption 

1 37.0 0.0547 
2 36.0 0.0729 

3 35.0 0.0912 

5 35.0 0.0912 

7 54.5 0.1003 
10 34.0 0.1094 

15· 34.0 0.1094 
20 34.0 0.1094 

25· 34.0 0.1094 

30 34.0 0.1094 

Value of Y and b 
from the graph. 

,. = 10.0 

~ = 8.5 

x/m l/v 

0.0547 18.2748 
0.0729 13.7061 
0.0912 10.9649 
0.0912 10.9649 
0.1003 9.9681 
0.1094 9.1374 
0.1094 9.1374 
0.1094 9.1374 
0.1094- 9.1374 
0.1094 9.1374-

1 
"Y' 

= 0.1000 

1 
f, 

= 0.1176 

l/t t/v 

1.00 18.2748 
0.50 27.4122 
0.33 32.8947 
0.20 54.8245 
0.14 69.7767 
0.10 91.3742 
0.06 137.0614 
0.05 182.7485 
0.04 228.4356 
0.03 274.1228 
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Appendix - II 

TABLE - 3.2.3.4(b) 

strength of CH
3

COOH 
Strength of NaOH 
Volume of CH3COOH 
Weight of carbon 

= O. 243N 
= O·304N 

pH of CH3COOH 
Temp. of the expt. 

= 

= 

= 
= 

50 ml 
1 g. 

2.95 
343 0 K 

Blank titration = 40 ml 

Time 
in 
min. 

1 

2 

3 
5 
7 
10 

15 
20 

25 
30 

volume of 
alkali 
required 
after ad­
sorption 

38.0 
37.0 
36.5 
36.0 

35.5 
35.0 
35.0 
35.0 
35.0 
35.0 

Value of Y and 
from the graph 

X--7amount 
of CH

3
COOH 

adsorbed 
in g. 

0.0364 
0.0547 
0.0638 
0.0729 
0.0820 
0.0912 
0.0912 
0.0912 
0.0912 
0.0912 

~ 

x/m 

0.0364 
0.0547 
0.0638 
0.0729 
0.0820 
0.0912 
0.0912 
0.0912 
0.0912 
0.0912 

l/v 

27.4122 
18.2748 
15.6641 
13.7061 
12.1832 
10.9649 
10.9649 
10.9649 
10.9649 
10.9649 

1 = 0.0543 
y= 18.4 "Y' 

$= 9.5 1 = 0. 1052 
$ 

lit 

1.00 
0.50 

0.33 
0.10 

0.142 
0.10 
0.06 
0.05 
0.04-
0.03 

t/v 

27.4122 
36.5496 
46.9924 
68.5307 
85.2826 

109.6491 
164.4736 
219.2982 
274.1228 
328.9473 
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Appendix - II 

TABLE - 3.2.3.4(c) 

CH3COOH 

Strength of CH3COOH = O.243N 
Strength of NaOH = o·304N 
yo1ume of CH3COOH = 50 m1 
Temp. of the expt. = 3230 K 
Weight of carbon = 1 g. 
pH of CH3COOH = 2.95 
Blank titration = 40.0 m1 

Time Volume of X~amount 
in alkali of CH 3COOH 
min. required adsorbed after ad- in g. sorption. 

1 38.1 0.0346 
2 37.0 0.0547 

3 36.5 0.0638 

5 35.5 0.0820 

7 35.0 0.0912 
10 34-.0 0.1094 
15 34-.0 0.1094 
20 34.0 0.1094 
25 34.0 0.1094 

30 34.0 0.1094 

Value of Y and ~ 
from the graph. 

1= 20.0 

~ = 8.0 

x/m l/v 

0.0346 28.8550 

0.0547 18.2748 
0.0638 15.6641 
0.0820 12.1832 
0.0912 10.9649 
0.1094 9.1374 
0.1094 9.1374 
0.1094 9.1374 
0.1094 9.1374 
0.1094 9.1374 

I = 0.0500 Y 

1 = 0.1250 
$ 

l/t t/v 

1.00 28.8550 
0.50 36.5497 
0.33 46.9924-
0.20 60.9161 
0.14 76.7543 
0.10 91.3740 
0.06 137.0610 
0.05 182.7480 
0.04- 228.4350 
0.03 274.1220 
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Appendix - II 

TABLE - 3.2.3.4(d) 

CH 3COOH 

Strength of CH
3

COOH = o .243N 
Strength of NaOH = O·304N 
Volume of CH3COOH = 50 ml 
Weight of carbon = 1 g. 
pH of CH3COOH = 2.95 
Temp. of the expt. = 303 0 K 
Blank titration = 40.0 ml 

Time Volume of X----;amount x/m l/v 
in alkali of CH 3COOH 
min. required adsorbed after ad- in g. sorption 

1 38.5 0.0273 
2 38.0 0.0364 

3 37.5 0.0456 

5 37.0 0.0547 
7 36.5 0.0638 
10 35.0 0.0912 
15 35.0 0.0912 
20 35.0 0.0912 
25 35.0 0.0912 
30 35.0 0.0912 

Value of Y and ~ 
from the graph 

y= 35.3 

~ = 10.0 

0.0273 36.5497 
0.0364 27.4122 
0.0456 21.9298 
0.0547 18.2748 
0.0638 15.6641 
0.0912 10.9649 
0.0912 10.9649 
0.0912 10.9649 
0.0912 10.9649 
0.0912 10.9649 

1 = 0.0283 -y 

1 0.1000 = 
b 

l/t t/v 

1.00 36.5497 
0.50 54.5497 
0.33 65.7894 
0.20 91.3742 
0.14 109.6487 
0.10 109.6491 
0.06 164.4736 
0.05 219.2980 
0.04 274.1225 
0.03 328.9470 
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TABLE - 3.2.3.5 

KINETIC DATA FOR CH3COOH ADSORPTION (DATA DERIVED FROM LISZI PLOTS) 

'fEMpoK Initial 'Y 1 
~ 1 

cone en- (from the y :f 
tration graph (Initial (from the Limiting 

C rate graph) adsorption 

0.575N 3.2 0.3125 6.3 0.1587 
0.446N 3.3 0.3030 5.4 0.1851 

363 0 K 
0.358N 6.6 0.1515 7.6 0.1315 
0.243N 10.0 0.1000 8.5 0.1176 

0.575N. 3.3 0.3030 5.4 0.1851 

343 0 K 0.446N 5.0 0.2000 5.5 0.1818 
0.358N 7.2 0.1388 7.5 0.1333 
0.243N 18.4 0.0543 9.5 0.1052 

0.575N 6.6 0.1515 4.8 0.2083 

323 0 K 0.446N 8.46 0.1182 5.8 0.172~ 

0.358N 10.4 0.0961 7.4 0.1351 
0.243N 20.0 0.0500 8.0 0.1250 

0.575N 7.8 0.1282 5.6 0.1785 

3030 K 0.446N 10.76 0.0929 5.0 0.2000 
0.358N 25,.0 0.0400 6.4 0.1562 

0.243N 35.3 0.0283 10.0 0.1000 
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Appendix - II 

TABLE - 3.2.3.6 

KINETIC DATA FOR CH3COOH ADSORPTION 

Initial log C log C+l 
concentra-
tion. 

C 

0.575N -0.2403 0.7597 
3630 K 0.44-6N -0.3506 0.6494-

0.358N -0.4461 0.5539 
0.243N -0.6143 0.3857 

0.575,N -0.2403 0.7597 
3430 K 0.446N -0.3506 0.6494 

0.358N -0.4461 0.5539 
0.243N -0.6143 0.3857 

0.575N -0.2403 0.7597 
3230 K 0.446N -0.3506 0.6494-

0.358N -0.4461 0.5539 
0.243N -0.6143 0.3857 

0.575N -0.240; 0.7597 
3030 K O.446N -0.3506 0.6494 

0.358N -0.4461 0.5539 
0.243N -0.6143 0.3857 

Initial 
rate 
log 1 

'Y 

-1.1800 
-1.3398 
-1.4782 
-1.7218 

-1. 2215, 
-1.4415 
-1.6319 
-1. 9674-

-0.6231 
-0.7396 
-0.84-04-
-1. 0179 

-0.4556 
-0.6608 
-0.8385 
-1.1514 

log ~2 

0.8200 
0.6602 
0.5218 
0.2782 

0.7785 
0.5585 
0.3681 
0.0326 

1.3769 
1.2604 
1.1596 
0.9821 

1.5444 
1.3392 
1.1615 
0.8486 

I n I 

order of 
adsorptio,n 

1.48 

2.0 

1.07 

, . 91 
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TABLE - 3.2.3.7 

DATA FOR (ARRHENIOUS PLOT) ACTIVATION ENERGY(CH3COOH ADSORPTION) 

363 2.7548 

343 2.9154 

323 3.0959 

303 3.3003 

k 

6.30xl0 -2 

4.36xl0 -2 

-2 3.31xl0 

-2 3.01xl0 

. , 
'. 

log k 

-1.20 
log k+3 = 1.8 

-1.36-
log k+3 = 1.64 

-1.48 
log k+3 = 1.52 

-1.52 
log k+3 = 1.48 

ACTIVATION 
ENERGY 
Ea KCals/mole 

5.36 KCal/mole 
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Appendix - II 
TABLE 3.2.4.1(a) 

12 adsorption BASIC KINETIC DATA. VARIATION OF 12 CONCENTRATION 
WITH TIME DUE TO ADSORPTION OF THE 12 ON ACTIVATED 
CARBON. 

Strength of 12 solution = 0.538N 
Strength of Na2S203 solution = 0.177N 

pH of 12 solution = 2.90 

Volume of 12 solution taken = 50 ml 
Weight of carbon = 1 g. 

Temp. of the expt. = 363 0 K 
Blank titration = 152.2 ml 

I f I I , 
Time:Volume of:X---Amount: v or x/m l/v I l/t I t/v I I 

i~ !Na2S203 ;of 12 ad- : t I I , 
I b d· I I , 

ml.n. I solution Isor e 1n, , t 
I I g. t I , , , , , I 

1 117.0 0.7912 0.7912 1.2638 1.00 1.2638 
2 115.0 0.8362 0.8362 1.1958 0.50 2.3917 

3 114.5 0.8474 0.8474 1.1799 0.33 3.5399 
5 114.0 0.8586 0.8586 1.1645 0.20 5.8227 
7 1125 0.8924 0.8924 1.1205 0.14 7.8438 
10 112.0 0.9036 0.9036 1.1066 0.10 11.00661 
15, 110.0 0.9486 0.9486 1.0541 0.06 15.8125 
20 110.0 0.9486 0.9486 1.0541 0.05 21.0833 
25 110.0 0.9486 0.9486 1.0541 0.04 26.3542 
30 110.0 0.9486 0.9486 1.0541 0.03 31.6250 

Value of Yand~: 

-' t 
5.55 from the graph. : y = 

I 
t 

y= 0.18 
, , , , 

J b = 1:04 
, 

0'961 t T= t 
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Appendix-II. 
TABLE - 3.2.4.1(b) 

12 adsorption 

Strength of 12 solution = O.538N 
Streng'th of Na2S203 solution = O.177N 
pH of 12 solution = 2.90 
Volume of 12 solution taken = 50 ml 
Weight of carbon = 1 g. 
Temp. of the expt.. = 3430 K 
Blank titration = 152.2 

I I , , 
TimelVo1ume of :X~Amount: v or , 
in iNa2S203 lof I~ ad- t I 

t x/me t 
:sorp d in I I 

min. ~required I t 
I g. I I , after , f I , , I I 

ladsorption: , t , t 

1 119.0 0.7463 0.7463 
2 116.0 0.8137 0.8137 

3 115.0 0.8362 0.8362 

5 114.5 0.8474 0.8474 
7 113.0 0.8811 0.8811 
10 112.5 0.8924 0.8924 
15 112.5 0.8924 0.8924 
20 112.5 0.8924 0.8924 
25 112.5 0.8924 0.8924 
30 112.5 0.8924 0.8924 

Value of l' and ~ 
from the graph 

1 
- =: 5.405 y 

ml 

l/v 

1.3399 
1.2288 

1.1958 
1.1799 
1.1348 
1.1205 
1.1205 
1.1205 
1.1205 
1.1205 

-y = 0.185 

~ = 1.12 

1 

~ 
= -I'. = 0.892 

, 
t 
I 
I l/t I 
t 
I 
I , , , 

1.00 

0.50 
0.33 
0.20 
0.14 
0.10 
0.06 
0.05 
0.04 
0.03 

t/v 

1.3399 

2.4577 
3.5875 
5.8999 
7.9439 

11.2055 
16.8082 
22.4110 
28.0128 
33.6165 
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AIH~endix-11 

TABLE - 3.2.4.1(c) 

12 adsorption 

strength of 12 solution = 0.538N 
Strength of Na2S203 solution = 0.177N 

pH of 12 solution = 2.90 

Volume of 12 solution taken = 50 ml 

Weight of carbon = 1 g. 

Blank titration = 152.2 ml 

Temp. = 3230 K 

Time Volume of X~Amount. x/m 
in N2S203 of 12 
min. solution adsorbed 

in g. 

1 119.0 0.7463 0.7463 
2 116.0 0.8137 0.8137 

3 115.0 0.8362 0.8362 

5 114.0 0.8586 0.8586 

7 113.0 0.8811 0.8811 
10 112.0 0.9036 0.9036 
15 110.0 0.9486 0.9486 
20 110.0 0.9486 0.9486 
25 110.0 0.9486 0.9486 
30 110.0 0.9486 0.9486 

Value of Y and ~ 
from the graph. 

L = 5.0 
Y 

y = 0.20 

~ = 1.05 

1 

b 
= 0.952 

l/v l/t t/v 

1. 3399 1.00 1.3399 
1.2288 0.50 2.4577 
1.1958 0.33 3.5875 
1.1645 0.20 5.8227 
1.1348 0.14 7.9439 
1.1066 0.10 11.0661 
1 .. 0541 0.06 15.8125 
1.0541 0.05 21.0833 
1.0541 0.04 26.3542 
1.0541 0.03 31.6250 
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Appendix-II 
TABLE - 3.2.4.1(d) 

12 adsorption 

Strength of I2 solution = O.538N 

Strength of Na2S203 solution = 0 .177N 
pH of I2 solution = 2.90 
volume of 12 solution taken : 50 m1 
Weight of carbon = 1 g. 
Temp. of the expt. = 303 0 K 

Blank titration = 152.2 m1 

Time 
in 
min. 

1 

2 

3 
5 
7 

10 

15 
20 

25 
30 

Volume of 
Na2S20 3 
required 
after 

adsor,Ption 

119.0 
116.0 
115.0 
114.0 
112.5 
112.0 
112.0 
112.0 
112.0 
112.0 

Value of Y and ~ 
from the gra,Ph 

x ---7amount. 
of 12 ad-
sorbed in g. 

0.7463 
0.8137 
0.8362 
0.8586 

0.8924 
0.9036 
0.9036 
0.9036 
0.9036-
0.9036 

...l. 
'Y = 

xlm 

0.7463 
0.8137 
0.8362 

0.8586 

0.8924 
0.9036 
0.9036 
0.9036 
0.9036. 
0.9036, 

4.347 

Y=O·230 

£ = 1.10 
1 
b 

= 0.909 

l/v 

1. 3399 
1. 2288 
1.1958 

1.1645 
1.1205 
1.1066 
1.1066 
1.1066 
1.1066 
1.1066 

lIt 

1.00 

0.50 
0.33 
0.20 

0.142 
0.10 
0.06 
0.05 
0.04 
0.03 

t/v 

1.3399 
2.6015 

3.5875 
5.8227 

7.8438 
11.0661 
16.5992 
22.1323 
27.6654 
33.1984 
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Appendix-II 
TABLE - 3.2.4.2 

12 adsorption 

Strength of 12 solution =O.49N 
pH of 12 solution = 3.05 
Volume of 12 solution taken = 50 ml 
Weight of carbon 

Temp. of the expt. 

Blank titration = 

Time Volume of 
in Na2S203 
min. solution 

1 106.0 

2 103.5 

3 103.0 

5 102.5 

7 102.0 

10 101.5 

15 101.0 
20 101.0 

25 101.0 

30 101.0 

Value of Y and ~ 

Y = 0.19 

~ = 1.15 

= 1 g. 

= 363 0 K 
139.0 ml 

X-7amount v or 
of 12 ad- x/m 
sorbed in 

g. 

0.7418 0.7418 
0.7980 0.7980 

0.8092 0.8092 
0.8204 0.8204 

0.8317 0.8317 
0.8429 0.8429 

0.8542 0.8542 
0.8542 0.8542 
0.8542 0.85,42 

0.8542 0.8542 

from the graph 

1 
Y 
1 

~ 

= 5.26, 

= 0.86 

( a) 

Strength of Na2S203 = 0.177N 

l/v l/t t/v 

1.3480 1.0 1.3480 
1.2531 0.50 2.5062 

1.2357 0.33 3.7071 
1. 2187 0.20 6.0939 
1. 2023 0.14 8.4162 
1.1862 0.10 11.8629 
1.1706 0.06 17.5602 
1.1706 0.05 23.4136 
1.1706 0.04 29.2670 
1.1706 0.03 35.1204 
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A1212endix - II 

TABLE - 3.2.4.2(b) 

12 adsorption 

strength of 12 solution = o. 49N 
pH of 12 solution = 3.05 
Volume of I2 solution taken = 50 ml 

strength of Na2S203 solutions = 0.177N 
Weight of carbon = 1 g. 

Temp. of the expt. = 343 0 K 
Blank titration = 133.00 

Time Volume of X---7"Amount x/m l/v l/t t/v 
in Na2S203 of I2 ad-
min. solution sorption 

in g. 

1 107.0 0.7193 0.7193 1.3901 1.00 1.3901 

2 105.5 0.7755 0.7755 1.2894 0.50 2.5788 

3 103.0 0.8092 0.8092 1.2357 0.33 3.7071 

5 102.5 0.8204 0.8204 1.2187 0.20 6.0939 
7 102.5 0.8317 0.8317 1.2023 0.14 8.4162 

10 101.0 0.8542 0.8542 1.1706 0.10 11.7068 

15 100.0 0.8766 0.8766 1.1406 0.06 17.1099 
20 100.0 0.8766 0.8766 1.1406 0.05 22.8133 

25 100.0 0.8766 0.8766 1.1406 0.04 28.5166 

30 100.0 0.8766 0.8766 1.1406 0.03 34.2199 

Value of -y and & 
from the graph. 1 4.34 = 

'"Y 

,. 
. , = 1.14-
y= 0.23 1 0.87 

b 
= 

Dhaka University Institutional Repository



12 adsorption 

219 

Appendix - II 

TABLE - 3.2.4.2(c) 

Strength of 12 solution = O.49N Temp. of the expt. = 323 0 K 

pH of 12 solution = 3.05 
Strength of Na2S203 solution = .177N 
Volume of 12 solution = 50 ml 
Weight of carbon = 1 g. 
Blank titration = 139.0 ml 

Time Volume of 
in Na2S203 
min. solution 

1 105.0 

2 104.5 

3 104.0 

5 102.5 

7 102.0 
10 101.0 

15 100.0 

20 100.0 
25 100.0 

30 100.0 

Value of Yand b 
from the e;raph 

y= 0.238 

~= 1.16 

X---7amount 
of 12 
adsorbed 
in g. 

0.7642 

0.7755 
0.7867 
0.8204 
0.8317 
0.8542 
0.8766 
0.8766 
0.8766 

0.8766 

1 
Y 

1 
~ 

v or 
x/m 

0.7642 

0.7755 
0.7867 
0.8204 
0.8317 
0.8542 
0.8766 
0.8766 
0.8766 

0.8766 

= 4.20 

= 0-86 

l/v l/t t/v 

1.3084 1.00 1.3084 
1.2894 0.50 2.5788 
1.2710 0.33 3.8130 
1.2187 0.20 6.0939 
1.2023 0.14 8.4162 
1.1706 0.10 11.7068 
1.1406 0.06 17.1099 
1.1406 0.05 22.8133 
1.1406 0.04 28.5166 

1.1406 0.03 34.2200 
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Appendix - II 

TABLE - 3.2.4.2(d) 

12 adsorption 

Strength of 12 solution = 0.49 N 

pH of 12 solution = 3.05 
Volume of 12 solution = 50 m1 
Strength of Na2S203 solution = .177N 
Weight of carbon = 1 g. 

Blank titration = 139.0 m1 

Temp. of the expt. = 303 0 K 

Time Volume of X--7amount x/m 
in Na2S203 of 12 ad-
min. solution sorbed in 

g. 

1 107.5' 0.7080 0.7080 

2 106.0 0.7418 0.7418 

3 103.0 0.8092 0.8092 

5 102.5 0.8204 0.8204 

7 102.0 0.8317 0.8204 
10 101.5 0.8429 0.8429 

15 101.0 0.8542 0.8542 
20 101.0 0.8542 0.8542 
25 101.0 0.8542 0.8542 
30 101.0 0.8542 0.8542 

Values of y and ~ from the graph 

y = 0.24 

~ = 1.17 

1 
Y = 
1 Y = 

4.16 

0.8547 

l/v 

1.4122 

1.3480 

1.2357 
1. 2187 

1.2023 
1.1862 

1.1706-
1.1706 

1.1706 

1.1706 

l/t t/v 

1.00 1.4122 
0.50 2.6961 

0.33 3.7071 
0.20 6.0939 
0.142 8.4162 
0.10 11.8629 
0.06. 17.5602 
0.05 23.4136, 

0.04 29.265 

0.03 35.118 
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Appendix - II 

TABLE - 3.2.4.3 (a) 

12 adsorption 

Strength of 12 solution = 0.36N 
pH of the 12 solution = 3.4 
Volume ofl-the .. I2 solution taken = 50 ml 
Strength of Na2S203 solution = 0.163N 
Weight of carbon = 1 g. 
Temp. of the expt. = 3630 K 
Blank titration = 109.5 ml 

Time Volume of 
in Na2S203 min. solution 

required 
after 
adsorp-
tion. 

1 76.5 
2 74.0 

3 73.0 

5 72.5 

7 72.0 
10 71.5 
15 71.5 
20 71.5 
25 71.5 
30 71.5 

Value of Y and f> 
from the graph. 

y = 0.21 

~ = 1.25 

X~amount 
of 12 ad-
sorbed in 

g. 

0.6831 

0.7348 

0.7555 
0.7659 
0.7762 
0.7866 
0.7866 
0.7866 
0.7866 
0.7866 

1 = r 

x/m 

0.6831 
0.7348 

0.7555 
0.7659 
0.7762 
0.7866 
0.7866 
0.7866 
0.7866 
0.7866 

4.76 
1 
& 

= 0 .80 

l/v 

1.4638 
1.3607 

1.3234 
1.3055 
1.2881 
1.2712 
1.2712 
1.2712 
1.2712 
1.2712 

l/t t/v 

1.00 1.4638 
0.50 2.7215 

0.33 3.9704 
0.20 6.5280 
0.14 9.0172 
0.10 12.7123 
0.06 19.0684 
0.05 25.4246 
0.04 31.7808 
0.03 38.1369 
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Appendix - II 

TABLE - 3.2.4.3(b) 

12 adsorption 

strength of 12 solution = 0.36N Blank titration = 109.5 
pH of 12 solution = 3.4 Temp. of the expt ~ 343 0 K 
Volume of 12 solution taken = 50 ml Weight of carbon = 1 g. 
Strength of Na2S203 solution = 0.163N 

'rime Volume of X--7amount x/m l/v l/t t/v 
in Na2S203 of 12 
min. required adsorbed 

in g. 

1 76.5 0.6831 0.6831 1.4638 1.00 1. 4638 
2 74.0 0.7348 0.7348 1.3607 0.50 2.7215 

3 73.0 0.7555 0.7555 1.3234 0.33 3.9704 
5 72.0 0.7762 0.7762 1.2881 0.20 6.4409 
7 71.5 0.7866 0.7866 1.2712 0.14 8.8986 
10 71.0 0.7969 0.7969 1.2547 0.10 12.5472 
15 71.0 0.7969 0.7969 1.2547 0.06 18.8208 
20 71.0 0.7969 0.7969 1.2547 0.05 25.0947 
25 71.0 0.7969 0.7969 1.2547 0.04 31.3684 
30 71.0 0.7969 0.7969 1.2547 0.03 37.6420 

Value of Y and ~ 
from the graph 

y= 0.25 1 = 4.00 
Y 

b= 1.23 1 0.813 
fj = 
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Appendix - II 

TABLE - 3.2.4.3(c) 

12 adsorption 

Strength of 12 solution = 0.36 
pH of 12 solution = 3.4 
Volume of 12 solution taken = 50 ml 
Strength of Na2S203 solution = 0.163N 

Time Volume of X~amount 
in. Na2S203 of 12 ad- x/m 
min. required sorption 

after in g. 
adsorp-
tion. 

1 79.0 0.6313 0.6313 
2 75.5 0.7038 0.7038 

3 75.0 0.7141 0.7141 

5 74.5 0.7245 0.7245 

7 74.0 0.7348 0.7348 
10 73.0 0.7555 0.7555 

15 73.0 0.7555 017555 
20 73.0 0.7555 0.7555 
25 73.0 0.7555 0.7555 
30 73.0 0.7555 0.7555 

Value of Yand & 
from the graph 

~- 0.26 1 3.8461 7"- y = 
I _ 

1.32 1 0.7575 -- ~ = S 

Weight of carbon = 1 g. 
Temp. of the expt. = 323 0 K 
Blank titration = 109.5 

l/v lit t/v 

1.5838 1.00 1. 5838 
1.4207 0.50 2.8415 
1.4001 0.33 4.2003 
1.3801 0.20 6.9005 
1.3607 0.14 9.5252 
1.3234 0.10 13.2347 
1.3234 0.06 19.8521 
1.3234 0.05 26.4695 
1.3234 0.04 33.0868 
1.3234 0.03 39.7020 
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A1212endix - II 

TABLE - 3.2.4.3 

12 adsorption 

Strength of 12 solution = 0.36N 
pH of 12 solution = 3.4 
Volume of 12 solution taken = 50 ml 
Strength of Na2S203 solution = 0.163N 

Time Volume of 
in Na2S203 min. required 

1 79.0 
2 76.0 

3 74.5 
5 74.0 
7 73.5 
10 73.0 
15 73.0 
20 73.0 
25 73.0 
30 73.0 

Value of Jrand & 
from the graph 

y= 0.28 1 
-y 

X--7amount 
of 12 
adsorbed 
in g. 

0.6313 
0.6934 
0.7245 
0.7348 
0.7452 
0.7555 
0.7555 
0.7555 
0.7555 
0.7555 

= 3.5714 

~ = 1.3 1 = 0.7692 
$ 

x/m 

0.6313 
0.6934 
0.7245' 
0.7348 
0.7452 
0.7555 
0.7555 
0.7555 
0.7555 
0.7555 

(d) 

I/v lit t/v 

1.5838 1.00 1.5838 
1.4419 0.50 2.8838 
1.3801 0.33 4.1403 
1.3607 0.20 6.8037 
1.3418 0.142 9.3929 
1.3234 0.10 13.2347 
1.3234 0.06 19.8520 
1.3234 0.05 26.4780 
1.3234 0.04 33.0906 
1.3234 0.03 39.7020 
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TABLE - 3.2.4.4 (a) 

12 adsorption 

m = Weight of carbon = 1 g. 

Volume of 12 solution = 50 m1 

Blank titration = 65.0 ml 

Time Volume of X~amount 
in- Na2S203 of 12 
min. solution adsorbed 

required in g. 
after ad-
sorption 

I 39.5 0.6514 
2 31.0 0.1218 

3 36.0 0.1476 

5 35.0 0.1134 
1 35.0 0.7734 
10 34.5 0.1863 
15 34.5 0.1863 
20 34.5 0.1863 
25 34.5 0.1863 
30 34.5 0.1863 

x/m 

0.6514 
0.7218 
0.7416 

0.7134 
0.1734 
0.7863, 
0.7863 
0.7863 
0.7863 
0.7863 

Value of ~and $ 
from the graph 

Y = 0.30 

~ = 1. 24 

Strength of 12 solution =0.264N 

pH of =4.7 
Temp. of the expt. = 3630 K 
Strength of thiosu1phate 

solution =.203N 

l/v l/t t/v 

---
1.5211 1.00 1.5211 
1. 3852 0.50 2.7705 
1.3375 0.33 4.0125 
1.2929 0.20 6.4647 
1.2929 0.14 9.0505 
1.2117 0.10 12.7174 
1.2117 0.06 19.0761 
1.2711 0.05 25.4349 
1.2117 0.04 31.7936 
1.2711 0.03 38.1523 

1 
'Y' = 3.333 
1 

c5 
= 0.806 
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TABLE - 3.2.4.4 (b) 

12 adsorption 
Strength 

pH of 12 
m = Weight of carbon = 1 g. Temp. of 

Strength 
Volume of 12 Bolution=50 mI. 

Blank titration = 65.0 mI. 

Time 
in 
min. 

1 

2 

3 
5 

7 
10 

15 
20 
25 
30 

Volume of 
Na2S203 
required 
after ad­
sorption. 

41.0 
38.0 

37.0 
36.0 

35.5 
35.0 
35.0 
35.0 
35.0 
35.0 

Value of Yand 

from the graph. 

X~amount 
of 12 
adsorbed 
in g. 

0.618744 
0.696087 

0.721868 
0.747649 
0.760539 
0.77343 
0.77343 
0.77343 
0.77343 
0.77343 

x/m 

0.6187 
0.6960 

0.7218 
0.7476 
0.7605 
0.7734 
0.7734 
0.7734 
0.7734 
0.7734 

b '"Y= 0.34 

£ = 1.27 

of 12 solution = 0.264N 
solution = 4.7 
the expt. = 343 0

K 

of thiosulphate solution = 

I/v 

1.6161 
1.4366 

1.3852 
1.3375 
1.3148 
1.2929 
1.2929 
1.2929 
1.2929 
1.2929 

1 
Y 

1 
/, 

lit 

1.00 
0.50 

0.33 
0.20 
0.142 
0.10 
0.06 
0.05 
0.04 
0.03 

= 3.333-

= 0.787 

t/v 

1.6161 
2.8732 

4.1558 
6.6876 

9.2039 
12.9294 
19.3941 
25.8588 
32.3235 
38.7882 

.203N 
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12 adsorption 

Strength of 12 solution 

Appendix - II 

TABLE - 3.2.4.4(c) 

=O·264N Temp. = 323 0 K 
pH of 12 solut.ion = 4.7 Blank titration. = 65.0 
Volume of 12 solution = 50 ml 
Strength of Na2S203 solution =0· 203N 

Weight of carbon = 1 g. 

Time Volume of X~amount 
in Na2S203 of 12 x/m 
min. solution adsorbed 

required in g. 

1 43.0 0.5671 0.5671 
2 41.0 0.6187 0.6187 

3 40.0 0.6445 0.6445 

5 39.0 0.6703 0.6703 

7 38.0 0.6960 0.6960 
10 37.0 0.7218 0.7218 
15 37.0 0.7218 0.7218 
20 37.0 0.7218 0.7218 
25 37.0 0.7218 0.7218 

30 37.0 0.7218 0.7218 

Value of J( and ~ 

from the graph 

y= 0.392 

S = 1.39 

l/v 

1.7631 
1.6161 

1.5515 
1.4918 
1.4366 
1.3852 
1. 3852 
1.3852 
1.3852 
1.3852 

1 
Y = 
1 _ 

6 :-

l/t 

1.00 
0.50 

0.33 
0.20 

0.14 
0.10 
0.06 
0.05 
0.04 
0.03 

2.5510 

0.7194 

t/v 

1.7631 
3.2323 
4.6545 
7.4592 

10.0562 
13.8529 
20.7794 
27.7058 
34.6·356 
41.5627 

ml 
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TABLE 3.2.4.4 (d) 

12 adsorption 

Strength of 12 solution = 0.264N 
Strength of Na2S203 solution =o.203N 
pH of 12 solution = 4.7 
Temp. = 3030 K 
Volume of 12 solution = 50 ml 
Weight of carbon = 1 g. 

Time Volume of X--7amount of 
in Na2S203 12 adsorbed 
min. required in g. 

1 46.5 0.4769 
2 44.0 0.5414 

3 43.0 0.5671 

5 42.0 0.5929 

7 41.0 0.6187 
10 40.0 0.6445 
15 40.0 0.6445 
20 40.0 0.6445 
25, 40.0 0.6445 
30 40.0 O. 6445~ 

x/m 

0.4769 
0.5414-
0.5671 
0.5929 
0.6187 

0.6445 
0.6445 
0.6445 
0.6445 
0.6445 

Value of I and ~ y= 0.60 

from the graph 
~ = 1.5 

Blank titration = 65.0 ml 

l/v l/t t/v 

2.0966 1.00 2.0966 
1.8470 0.50 3.6941 
1. 7631 0.33 5.2893 
1.6864 0.20 8.4322 
1.6161 0.14 11.3132 
1.5515 0.10 15.5153 
1.5515 0.06 23.2729 
1.5515 0.05 31.0306 
1. 5515 0.04 38.7882 
1.5515 0.03 46.5459 

-0_"-

1 1.66 = 'l 

1 = 0.66 
6 
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KINETIC 

TEMpoK 

363 0 K 

3430 K 

323 0 K 

DATA }'OR 12 

Initial 
concen-
tration 

C. 

0.538N 
0.490N 
0.360N 
0.264N 

0.538N 
0.490N 
0.360N 
0.264N 

0.538N 
0.490N 
0.360N 
0.264N 

0.538N 
0.490N 
0.360N 
0.264N 

229 

Appendix - II 

TABLE 3.2.4.5 

ADSORPTION. (DATA OBTAINED 

y 
(from the 
graph) 

0.180 
0.190 
0.210 
0.300 

0.185 
0.230 
0.250 
0.340 

0.200 
0.238 
0.260 
0.392 

0.230 
0.240 
0.280 
0.600 

1 
y 

(Initial 
rate ) 

5.5550 
5.2631 
4~7619 

3.3333 

5.4054 
4.3478 
4.0000 
2.9411 

5.000 
4.2016 
3.8461 
2.5510 

4.3478 
4.1666 

3.5714 
1.6666 

FROM LISZI PLOTS). 

& 
(from the 

graph) 

1.04 
1.15 
1.25 
1. 24 

1.12 
1.14 
1. 23 
1.27 

1.05 
1.16 
1.32 
1.39 

1.10 
1.17 
1.30 
1.50 

1 
r 

(Limiting 
adsorption 

0.9615 
0.8695 
0.8000 
0.8064 

0.8928 
0.8771 
0.8130 
0.7874 

0.9523 
0.8620 

0.7575 
0.7194 

0.9090 
0.8547 
0.7692 
0.6666 
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TABLE 3.2.4.6 

KINETIC DATA FOR 12 ADSORPTION. 

TEMpoK Initial log C 
Concen-

log C+l 

303
0

K 

tration 
C 

0.538N 

0.490N 

0.360N 
0.264 

0.538N 

0.490N 

0.360N 

0.264N 

0.5:38N 

0.490N 

0.360N 

0.264N 

0.53SN 

0.490N 

0.360N 
0.264N 

-0.2692 0.7308 

-0.3098 0.6902 

-0.4436 0.5564 

-0.5783 0.4217 

-0.2692 0.7308 

-0.3098 0.6902 

-0.4436 0.5564 

-0.5783 0.4217 

-0.2692 0.730S 

0.6902 

0.5564 

-0.5783 0.4217 

-0.2692 0.7308 

-0.3098 0.6902 

-0.4436 0.,594-

-0.5783 0.4217 

1 log -y 

.6436 

.6158 

.5244 

.4324 

.6905 

.6600 

.5595 

.4583 

.7361 

.7009 

.5915 

.4681 

0.8880 

0.8355 

0.~~2~ 

0.4878 

Rate 
constant 

l min-1 

-1 14.454:x:l0 

13.803xl0-1 

12.S82x10-1 

10.232x10 -1 

order of 
adsorption 

In' 

0.66 

0.76 

0.S7 

1.2 
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TABLE 3.2.4.7 

DATA FOR ( ARRHENIOUS PLOT) ACTIVATION ENERGY. (1 2 ). 

k 

363 2.7548 1. 4454 

343 2.9154 1.3803 

323 3.0959 1.2882 

303 3.3003 1.0232 

log k 

0.16 

0. 11 

0.01 

Activation 
Energy 
Ea KCal/mole 

0·4358 
KCala/mole 

0.6650 

KCals/mole 

1.640 
KCala/mole 

2.74 
KCal/mole 
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TABLE - 3.3.1 

a = 2.2606 & . = Initial quantity of Iodine. 

m = 1 g. volume of 12 solution taken = 50 mI. 

strength of 12 solution = 0.356N. 

SAMPLE t Amount Amount Amount 
Time adsorbed adsorbed unadsorbed 

x(g) (x/m)per (a - x ) g. 
gram. 

1 min. 0.8892 0.8892 1.3714 
2 " 0.9121 0.9121 1.3485 

3 It 0.9349 0.9349 1.3257 

5 " 0.9464 0.9464 1.3142 
ZnC12 7 " 0.9578 0.9578 1.3028 
treated 10 " 0.9806 0.9806 1.2800 
activated 15 It 0.9806 0.9806 1.2800 carbon. 

20 " 0.9806 0.9806 1.2800 

30 " 0.9806 0.9806 1.2800 

1 day 1.0149 1.0149 1.2457 
2 day 1. 0492 1.04-92 1.2114 
7 day 1. 0721 1. 0721 1.1885 
15 day 1.1064 1.1064 1.1542 

30 day 1.1635 1.1635 1.0971 
60 day 1. 2321 1.2321 1.0285 
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TABLE - 3.3.1 (Contd.) 

a = 2.2606 g. = Initial quantity of Iodine. 

m = 1 g. 

SAMPLE t 
Time 

1 min. 

2 " 
3 " 
5 It 

7 " 
Steam 10 11 

activated 15 " 

carbon. 20 " 

30 11 

1 day 

2 " 
7 It 

15 It 

30 " 

60 11 

Volume of 12 solution taken = 50 mI. 

strength of 12 solution = O.356N. 

Amount Amount Amount 
adsorbed adsorbed unadsorbed 

x(g) (x/m) per (a - x ) g. 
gram 

0.8343 0.8343 1.4263 

0.8458 0.8458 1.4148 

0.8572 0.8572 1. 4034 

0.8732 0.8732 1.3874 

0.8915 0.8915 1.3691 

0.9029 0.9029 1.3577 

0.9029 0.9029 1.3577 

0.9029 0.9029 1.3577 

0.9029 0.9029 1.3577 

0.9258 0.9258 1. 3348 

0.9486 0.9486 1.3120 

0.9784 0.9784 1.2822 

1.0058 1.0058 1.2548 

1.0698 1.0698 1.1908 

1.1201 1.1201 1.1405 
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TABLE - 3.3.1 (Contd.) 

a = 2.2606 g. = Initial quantity of Iodine. 

m = 1 g. Volume of 12 solution taken = 50 mI. 

Strength of 12 solution = O.356N. 

SAMPLE t Amount Amount Amount. 
Time adsorbed adsorbed unadsorbed 

x(g) (x/m) per (a - x ) g. 
gram. 

1 min. 0.9144- 0.9144 1.3462 

2 " -0.9715 0.9715 1.2891 

3 " 0.9944 0.9944 1.2662 

5 " 1.0287 1.0287 1.2319 

Active 7 " 1.0629 1.0629 1.1977 

carbon 10 It 1.0629 1.0629 1.1977 

(E. Merck). 15 It 1.0629 1.0629 1.1977 

20 " 1.0629 1.0629 1.1977 

30 " 1.0629 1.0629 1.1977 

1 day 1.0858 1.0858 1.1748 

2 " 1.1178 1.1178 1.1428 

7 " 1.1544 1.1544 1.1062 

15 " 1.1932 1.1932 1.0674 

30 " 1.2458 1.2458 1.0148 

60 " 1.2801 1.2801 0.9805 
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T.tV3W - 3.3.' 2. 

DAT_A 11'0.3. .lUX3CIPTIOli 13HCAlTISE(I0.0I:lL) 

Initial iodine concentration = 0.5381: . 

Time 
in 
sec. 

. _. __ ._--_.--.-.----
Vt F = __ log(1-F) Bt 
Vo<.. 

R or S 
sec- 1 

------- --.---
60 
120 
180 
300 
420 
600 
900 

60 
120 
180 
300 
420 
600 

60 
120 
180 
300 
420 
600 

343 

323 

0.7912 0.9486 0.8340 -0.7798 1.3026 2. 1333x1n2 0.0299 
0.8362 0.9486 0.8815 -0.9262 1.6390 1.3525x1n2 0.0178 
0.8474 0.9486 0.8933 -0.9718 1.7453 0.9500x1n2 0.0124 
0.8586 0.9486 0.9051 -1.0227 1.8673 0.6000x102 0.0078 
0.8924 0.9l t-86 0.9407 -1.2269 2.11-168 0.5523X1D2 0.0067 
0.9036 0.9486 0.9525 -1.3233 2.8209 0.4166x1n2 0.0050 
0.9486 0.9486 1.0000 

0.7L~3 0.8924 0.8362 -0.7856 1.3400 2.2333x1n2 0.0301 
0.8137 0.8924 0.9118 -1.0545 1.9100 1.5916x1n2 0.0202 
0.8362 0.8924 0.9370 -1.2006 2.3200 1.2888x1n2 0.0154-

2 0.8474 0.3924 0.9495 -1.2~67 2.5000 0.8333x1n 0.0099 
0.8811 0.8921+ 0.9873 -1.8961 1t-.1100 0.9785x1'02 0.0114 
0.8924 0.8924 1.0000 

0.7463 
0.8137 
0.8362 
0.8586 
0.8811 
0.9486 

0.9486 
0.9486 
0.9486 
0.9486 
0.9486 
0.9486 

0.7867 -0.6710 1.0730 1.78-83x1U2 0.0257 
2 0.8577 -0.8467 1.4680 1.2233x1n 0.0162 

0.8815 -0.9262 1.6230 O.9016x1u2 0.0118 
0.9051 -1.0227 1.8000 0.6000x102 0.0078 
0.9288 -1.1475 2.1600 O.5142x102 0.0063 
1.0000 

60 0.7463 0.9036 0.8259 -0.7592 1.2800 2. 1333X1020.0291 
120 0.8137 0.9036 0.9005 -1.0021 1.8000 1.5000X102 0.0192 
180 0.8362 0.9036 0.9254 -1.1272 2.0300 1.1277x102 0.0144-
300 303 0.8586 0.9036 0.9501 -1.3018 2.5000 0.G333x1n2 0.0099 
420 0.892LI- 0.9036 0.9876 -1.9065 11-.1100 0.9785x1n2 0.0104 
600 0.9036 0.9036 1.0000 

------_ .. _---_._-------
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TA]LB - 3.3.2 

DA'LJl}:"Q~}JL~LOH.PTI01T l~.91.'AI~~t~lC.AGZ:TIC ACID) 

Initial acetic acid concentration = O. 5751~. 

~i-me· -Temp V t 
l11 oK 

~ --------V;---.----------------------- _. -1---------
F = V; log(1-F) Bt B 3GC- 11 or S 

sec- 1 sec. 
------- ----------.----------------------- --------------------------
60 

120 

180 

,-, 
0.1250 0.160+ 0.7793 -0.6561 1.0280 0.8566x1U~ 0.0126 

':> 
1.2800 0.7111x10~ 0.0097 

300 363 0.1 11-18 0.1601+ 0.88i l-0 -0.9355 1.6280 0.51.;-10X1U2 0.0072 

+20 0.1511 0.160+ 0.9420 -1.2365 2.3200 0.5523X1U2 0.0068 

600 0.16011- 1.0000 

60 0.1418 0.1791 0.7917 -0.6813 1.0730 1.7883X1U2 0.0261 

120 0.1418 0.1791 0.7917 -0.6813 1.0730 1.8941X102 0.0130 

180 0.1511 0.1791 0.8436 -0.8057 1.3~-00 0.71.11.r1l-X102 0.0103 

300 3+3 0.1604 0.1791 0.8955 -0.9808 1.8000 0.6000X1u2 0.0753 

il-20 0.1698 0.1791 0.91 .. 80 -1.2839 2.5000 0.5952x1U2 0.0070 

600 

60 

120 

180 

300 
il-20 

600 

60 

120 

180 

323 

300 303 
11-20 

600 

0.1791 0.1791 1.0000 
--_._--- ------.- .. --

0.0858 0.1977 0. 11-339 -0.2471 
0.1231 0.1977 0.6226 -0.1.1-231 

o. 1418 O. 1 977 o. 71 72 - 0 • 51.1-85 

0.16011- 0.1977 0.8113 -0.721.1-2 

0.1698 0.1977 0.8588 -0.8501 

0.1977 0.1977 1.0000 

0.2100 0.3500X1U2 0.0095 
'1 

o. 5220 0.Ll·350x1'u~ 0.008-1 
r) 

0.7980 0.4433x10~ 0.0070 
'1 

0.1710 0.3903x1U~ 0.0056 
'1 

1)1-680 0.3495x10c.. 0.0047 

0.1044 0.1604 0.6508--0-.4569·- 0.591.1-0 -0.990·0X1y2 0.0175 r, 
0.1041-l- 0.1604 0.6508 -0.4569 0.5940 O.1.1·950X10~ 0.0088 

0.1231 

0.1~-1G 

0.1511 

0.1604 

'1 

0.1601 .. 0.7674 -0.6333 0.5850 0.51."72x10~ 0.0081 

0.1604 0.881+0 -0.9355 1.6230 0.5410X102 0.0072 

0.1601.1- 0.9420 -1.2365 2.3200 0.5523X102 0.0052 

0.1601.1- 1.0000 

----------__ • ___ • ______ ._ .- - -._ --____ • ____ ••• _ •••• _____ ••• ___ ••• - - 0 •• - •• _ •••• __ ._. _____ • ____ _ 
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TABLE - 3.4.1 

DATA FOR EXPERIMENTAL ISOTHERMS FOR DIFFERENT CARBONS. 

C 
SAMPLE Initial Equilibrium Amount of Iodine 

Concentration. Concentration. adsorbed per gm. 
(in normality) (in normality) x/m 

Steam activa- 0.538 0.388 0.948 
ted carbon 0.490 0.351 0.876 (cocoanut 
shell) 0.360 0.241 0.755 

0.264 0.150 0.721 

ZnC12 treated 0.428 0.310 0.750 
activated 0.385 0.277 0.683 carbon 
(cocoanut 0.323 0.225 0.621 
shell) 0.204 0.115 0.565 

Active carbon. 0.554 0.390 1.040 
(E. Merck) 0.447 0.324 0.324 

0.381 0.235 0.930 
0.323 0.180 0.910 

Active carbon 0.497 0.350 0.9326 
(B.D.H. ) 0.329 0.195 0.8473 

0.324 0.192 0.8382 
0.240 0.115 0.7924 

-----------
Activated 0.5000 0.3450 0.9814 
carbon. 0.3240 0.1820 0.9022 
(Sunflower 0.2390 0.1050 0.8473 
seed) 0.2120 0.0860 0.7985 

Activated 0.5120 0.4250 0.5500 
carbon 0.4169 0.3500 0.4250 (Groundnut 
Husk) • 0.3590 0.3000 0.3750 

0.2512 0.2000 0.3250 
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TABLE - 3.4.2 

... LL:" i!'0l{ C/ I 
m ve C plot ': for 50 __ ,_ - .2.-.: ;.,i ... ',.':}, J.':JtG:"lilill~ti(jn ~ 

Temperature 0 = 303 k. 

SAMPLES Equilibrium Amount of I2 C/~ 
concentration adsorbed m 
C(in normality) per g 

x/m 

0.170 0.725 0.234 
0.180 0.730 0.246 
0.195 0.735 0.265 
0.215 0.745 0.288 
Q.a45 0.750 0.300 
0.2,5 0.755 0.311 
0.250 0.765 0.326 
0.270 0.780 0.346 

steam activated 0.290 0.800 0.362 
carbon. O.}OO 0.810 0.370 

0.310 0.820 0.378 
0.315 0.825 0.381 
0.340 0.855 0.397 
0.355 0.875 0.405 
0.375 0.900 0.416 
0.380 0.910 0.417 

0.130 0.570 0.228 
0.145 0.575 0.e;2 
0.160 0.580 0.276 
0.180 0.590 0.305 
0.190 0.597 0.318 
0.195 0.600 0.325 

ZnC12 activated 0.205 0.605 0.338 
carbon. 0.210 0.609 0.344 

0.230 0.625 0.368 
0.235 0.630 0.373 
0.240 0.635 0.378 
0.245 0.640 0.382 
0.260 0.657 0.396 

Dhaka University Institutional Repository



" , 
,-"-rV 

TAB1~ - 3.4.2 (Contd.) 

DATA 1,IC_L C/!:. m VB C plot 

Temperature = 3030 k. 

SAMPLES Equilibrium Amount of 12 O/!: 
concentration adsorbed m 
O(in normality) per g:_. 

x/m 

ZnC12 activated 0.270 0.670 0.403 
carbon. 0.290 0.700 0.414 

-- -- --_._._- --

0.185 0.912 0.202 

0.195 0.915 0.213 
0.205 0.917 0.223 
0.210 0.920 0.228 
0.220 0.922 0.238 
0.230 0.925 0.248 
0.235 0.927 0.253 

Active carbon 0.240 0.930 0.258 
(E. Mer~:) 0.260 0.937 0.277 

0.275 0.945 0.291 
0.285 0.950 0.300 
0.300 0.960 0.312 
0.315 0.970 0.324 
0.330 0.980 0.336 
0.340 0.987 0.344 
0.350 0.997 0.351 
0.370 1.020 0.362 

0.105 0.790 0.1329 
0.125 0.802 0.1558 
0.130 0.805 0.1614 
0.140 0.811 0.1726 
0.150 0.816 0.1838 

Active carbon 0.160 0.822 0.1946 
(B.D.H. ) 0.165 0.825 0.2000 

0.175 0.830 0.2100 
0.180 0.833 0.2160 
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TABLE - 3.4.2 (Contd.) 
DATA :1/ca C/!, vs C plot 

m 
Temperature = 3030 k. 

SAMPLES Equilibrium Amount of 12 C/!, 
concentration adsorbed m 
C(in normality) per g • 

x/m 

0.190 0.840 0.2260 

0.200 0.845 0.2360 

0.220 0.857 0.2560 

Active carbon 0.225 0.860 0.2610 

(B.D.H.) 0.250 0.875 0.2850 

0.305 0.892 0.3420 
-------_. 

0.0850 0.8125 0.1046 

0.0960 0.8400 0.1130 
0.1000 0.8475 0.1179 
0.1050 0.8550 0.1228 
0.1100 0.8600 0.1279 

Active C 0.1200 0.8675 0.1383 
(Sunflower seed) 0.1300 0.8750 0.1485 

0.1400 0.8825 0.1586 

0.1450 0.8850 0.1638 
0.1500 0.8875 0.1690 
0.1600 0.8925 0.1792 
0.1650 0.8950 0.1843 
0.1700 0.8975 0.1894 
0.2000 0.9100 0.2197 
0.2200 0.9175 0.2397 
0.2250 0.9200 0.2445 

-- - .,- --., .. ~.- --~-.- .. --- --------.-.----
0.185 0.321 0.5781 

0.210 0.330 0.6363 

Active C 0.225 0.335 0.6716 

(Ground nut hust) 0.230 0.337 0.6824 

0.240 0.340 0.7058 

0.250 0.345 0.7246 

0.255 0.348 0.7327 
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TABLE - 3.4.2 (Contd.) 
DA'l'.I~ li'C~1 C/x vs C plot 

m 

Temperature = 3030 k. 

-- - --_._---_._---- --- ._------- -------------------
SAMPLES 

Active 0 
(Ground nut husk) 

Equilibrium 
concentration. 
C(in normality) 

0.260 
0.265 
0.275 
0.285 
0.290 
0.305 
0.310 
0.325 
0.340 

-_._--_.- ----.--

Amount of 12 
adsorbed 
per g • 

x/m 

0.352 
0.354 
0.360 
0.,67 
0.370 
0.380 
0.385 
0.397 
0.413 

o/!. 
m 

0.7386 
0.7485 
0.7638 
0.7765 
0.7837 
0.8036 
0.8051 
0.8186 
0.8232 

- - -_ .. _-_._----
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13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

TABLE - 3.4.3 (Contd.) 

DATA FOR BET BUIlli' ACE AR&A. 

_.- -.- . __ .- ----
steam activated Zinc chloride Active carbon 

carbon treated activated (E. Herc1\:) 
carbon 

Po - P3 
658 660 661 

P2 - P1 17 17 1Lf-

C - 162.~X 223 
- 7 0 60.168 60.168 60.168 

V = Q...-(p I p) 
c1 T - 1 64.126 67.287 67.287 

V = Q...(pU p) c2 T - 2 71.6LI-70 7l f-.0371 73.8118 

V = Q...(pLt I p) 
c3 T - 3 78.7721 80.9717 80.9483 

P1 Po 
-.J( 

- P1 0.7103 0.7035 0.7285 
P3 Po - P3 

1 - (19 ) 0.2897 0.2965 0.2715 

VC1 
P1 

10.8450 13. 2595 10.8742 Vc3·-
P3 

V 1 (cc) 37.4352 44.7200 40.0523 

P2 Po - P2 0.8636 0.8603 0.8585 - )( 

P3 Po - P3 

1 - (23) 0.1364 0.1396 0.1415 

Vc2 V P2 c .-
3 P3 

5.2344 6.0209 5.9529 

V2 (cc) 38.3746 43.1296 42.0690 
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TA3lli - 3. LI-.3 (Contd.) 

--------_ .. _------------------------'-
Active carbon Active carbon Active carbon 
(Sunflower seed) (Groundnut husk) (B. D.H. ) 

22. V1 (cc) 39.9718 34.7713 38.6547 

23. 
P2 Po-P2 - • 
P3 Po-P3 

0.8365 0.7573 

24. 1 - (23) 0.2505 0.1635 0.2427 

25. v V 
P2 - • -c') c3 P3 "-

10.6330 9.5988 9.9740 

26. V2 (cc) 42.1.1-471 58.7082 41. 0960 

27. 
P2 - ~1 

Po 
0.0223 0.0171 0.0223 

2() P2 
u. V2 (po P~) -

0.00281.1-9 0.001975 0.003064 

29. 
P1 

V1 (po - P1) 0.002339 0.002542 0.002735 

30. vN (cc) 22.5000 

31. 0= lTXA 
g x 22-.1/- 21.775 21.775 21. 773 

32• Surface area ,-, 
6 x Vr.r I:J = 

952.12 489.93 

2 -1 
ill g 
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TABLE - 3.4.4 

~URFACE AREA MEASUREMENT BY 12 ADSORPTION METHOD. 

SAMPLE 

Steam 
activated 
carbon. 

ZnC12 
treated 
activated 
carbon. 

Active C 
(E.Merck) 

Active C 
(B.D.H.) 

Active C 
(Sunflower 
seed) 

Active C 
( Groundnut, 
husk) 

VM from 
the graph 

0.7518 

0. 6944 

1.0483 

0.9375 

0.9883 

0.4688 

No. of 12 molecules Area of 
in VM (monolayer 12 mole-
volume) cule. 

Om 

6.06 x 1023 

254 x.7518 

= .01793 x 1023 

.01656xl023 2 
41.14 A' 

2 
.02501x1023 4],,14 A" 

2 
.02236x1023 41.14 A' 

2 
.02357x1023 41.14 A' 

2 
.01118xl023 41.14 A' 

Surface 
area. 
VM X6m = S. 

m"-~-I 

685.39 

1028.50 

919.89 

966 ·19 

459.94 
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TA.BLE - 3.4.5 

SURFACE AREA VALUES FOR DIFFERENT CARBONS 

SAMPLES 

Steam activated 
(a) carbon. 

(cocoanut shell) 

ZnC12 treated 
(b) activated carbon 

(cocoanut shell) 

Active C 
(c) (E. Merck) 

Active C 
(d) (B.D.H.) 

Activated 
(e) carbon. 

(Sunflower seed) 

Activated carbon. 
( f) (Groundnut husk) 

Surface area by 
B.E.T. method. 2 
N2 area = 16.2 A' 

2 -1 
737.96 m g 

2 -1 
676.48 m g 

2 ... 1 
951.68 m g 

2 -1 
930.22 m g 

2 -1 
957.58 m g 

2 -1 
489.93 m g 

Surface area by 
Iodine adsorption 

method . 
• 2 12 area = 41.14 A 

2 -1 
737.78 m g 

2 -1 
685.39 m g 

2 -1 
1028.50 m g 

2 -1 
919.89m g 

2 -1 
966.79m g 

2 -1 
459.94 m g 
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CLAIMS TO ORIGINAL RESEARCH 

1. Application of Liszi equation in the case of adsorption from 

solution was done for the first time. 

2. Initial rates and limiting adsorption were calculated from the 

Liszi equation. 

3. After initial rapid adsorption slow adsorption was found to 

continue for weeks and months. 

4. It was shown by using Boyd et ale equation that the adsorption of 

iodine and acetic acid were controlled mainly by mass action. 

Some contribution from particle diffusion was observed. Film 

diffusion was found to be completely absent. 

5. The adsorption of iodine and acetic acid were studied in the 

temperature range 303 0 K to 363 0 K and it was found that the 

orders of adsorption changed from 0.66 to 1.2 in case of iodine 

and from 1.48 to 2.00 in case of acetic acid. 

6. Heats of adsorption for iodine varied from 0.4919 KCal/mole at 

high coverage to 3.0926 KCal/mole at low coverage and for acetic 

acid from 0.44 KCal/mole to 7.45 KCal/mole at high and low 

coverages respectively. 

7. Above results showed that the carbon surface was heterogeneous 

with respect to adsorption of iodine and acetic acid. 

8. Mechanisms for adsorption of iodine and acetic acid on active 

carbon consistent with the kinetic data were suggested. These 

mechanisms could explain satisfactorily all th~ experimental 

facts. This was for the first time that this type of mechanism 

was applied for adsorption phenomena. 
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9. On a heterogeneous surface, the heat of adsorption should 

normally decrease with increase of adsorption, because the more 

active sites would be occupied earlier. In the present case, 

we observed an initial decrease in the heat of adsorption as 

expected, followed by an increase. We explained this unusual 

behaviour by assuming that activated carbon consisted of bottle­

shaped macro and micro pore structures. The origin of the 

bottle-shaped macro and micro pores in activated carbon was 

ascribed to the mechanism of activation. In the course of 

activation, the carbonized carbonaceous raw material was in a 

plastic state. By thermal decomposition, released gases might 

form hollows in the plastic matter, from which they escape 

through small passages. This might be the cause of the 

creation of the bottle-shaped pores. 

10. Our experimental findings show that foreign materials tenaci­

ously remain adsorbed on the carbon surface confer specificity 

on the activated charcoal. 

11. It was found while studying the adsorption of perchlorate, 

zinc amalgam reduction method of determination of perchlorate 

gave rather irreproducible results, and that the order of 

addition of reagents had a significant influence on the 

accuracy of the method. 
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