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1v.9. Sarface Teniosn and Vapour Pressure

a’ A capillary tube is di into a liquid and the capillary rise AB is 4, when
-

$hogr, where r is the radius of the tube and p is the density of the /iguid. Further
imagine the system is enclosed in a chamber and is in equilibrium (Fig. IV.11).
There is a vapour pressure difference at 4 and B. If p be the vapour pressure
at B, then the vapour pressure at A is p—hdg, where d is the density of the vapour.
This must be the maximum vapour pressure in contact with the curved surface
at A. If it were not so, then there would have been condensation or evaporation
at A, and a circulation would set up without any supply of energy. This is contrary
to our experience. The difference of vapour pressure,

dp = hdg
2y
B ’ h By e
ut we know -
2ydg _ 2yd
P pgr pr

Assuming ideal gas laws for the vapour, d = %’g,

we have,
M dp 2yM
o % %, ie. 7 = . (IV.13)
This is the relation between the surface tension and the
vapour pressure.
. A Chem. Soc. 1930, 32, 1756,
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11 INTRODUCTION

Adsorption

The term adsorption implies the presence of excess concentration of any particular

~ component at the surface of Tiquid or solid phase as compared to that present in

the bulk of the material. This phenomenon of adsorption is basically due to the
presence of residual forces at the surface of the body. These residual forces, in case
of liquids, arise from the nonuniform distribution of molecules around the molecules
at the surface. In solids, these residual forces are due to the presence of unsatisfied

valeggc_ f&ées of atoms at the surface. The latter are created when some of the

inter-atomic bonds are broken as a result of cleavage of a bigger crystal into the
smaller units as shown by the dotted line in Fig. 1.1.1.

It is because of these residual forces that the substances stick to the surface and
thus create an excessive concentration at the surface. The phenomenon of adsorption

is a spontaneous process and hence, like any other spontaneous process, is attained

Fig. 1.1.1 Residual
forces at (a) the liquid
surface, and (b) the
solid surface

by a decrease in free energy of the system, i.e. AG of the adsorption'process has a
negative value. Since AG = AH — TAS and that the entropy change AS for adsorption

e RS

is necessarily a negative quantity (since the molecules at the surface are in more
ordered state than in the solution), it may be concluded that the enthalpy change of
the adsorption process must have a negative value and must satisfy the relation

IAHI > ITASI
Hence, the process of adsorption is an _exothermic process. This also follows

directly from the fact that the adsorption process involves the forces of attraction
between the adsorbate (the substance which is being adsorbed) and the adsorbent
(the substance which adsorbed the absorbate) and hence on adsorption, there must

be a release of energy.
The term adsorption must clearly be distinguished from the term absorption. The

latter implies the presence of more or less uniform concentration throughout the

substance. .
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2 A Textbook of Physical Chemistry

1.2 ADSORPTION OF GASES BY SOLIDS

Preliminary -
Discussions

Effect of
Temperature

Effect of Pressure

Fig. 1.2.1 Variation in

the extent of adsorption
with pressure at
different temperatures.
These are known as
adsorption isotherms

ids i common. The amount of a gas ..
Ads.orption ofdig asez b):', i;::(:lsatllir:(:)rglhe gas and the surface invol%ed, ,i
o S ltlhge sﬁface area for a given mass of the adsorbent. The toyy
dependﬂ'lt ‘ll)ll)on a given mass of the adsorbent depends upon its size 7.,
m eblenof égdge-length equal to 1 cm. It has a surface area of 6 ¢y,
exam?lzia':l';d inté very small cublets of edge-length say of 10~ cm, then 1
c::)fe )= becomes equal to 6 X 10 ecm®. More and more of residual .,
f:rea‘:eccel :vr;:n a substance of bigger size is div.ided into the smaller units ap,
causes more of adsorption. It is because of this reason, most of the adsorh,
available in the finely divided form. One of the extensively used adsorber

_ activated charcoal. The process of activation involves the heating of char.

high temperature (ranging between 300 °C to 1000 °C) in vacuum or in the p,
of an inert gas. This process removes the already adsorbed gases such as hydro,
and other impurities.

As stated above, the process of adsorption is an exothermic process and
according to the Le-Chatelier’s principle, a decrease in temperature of the -
would result in an increase in adsorption. In fact, it is found to be so, as sho.

the broken vertical line in Fig. 1.2.1. Qualitatively, the above effect of temp«

can be understood on the basis of two parameters, namely, the thermal cne;
gaseous molecules and the residual forces of the surface. These two paramete

in the opposite directions. If the temperature of the system is large, then bec

of the larger thermal energy, lesser number of molecules are held to the surfa
the solid by the residual forces and hence lesser is the adsorption. At lowe:

temperatures, the thermal energy is less and thus more number of molecules remain
stick to the surface and hence larger is the adsorption.

At a constant temperature, the extent of adsorption of gases increases with increase
1n pressure. This fact is in agreement with the Le-Chatelier principle. According
to. the.-latter, the system would move in a direction of lesser number of molecules
with increase in external pressure. Since the process of adsorption decreases the

,T1<Ti<T3<Z'4

T

x/m
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Explanation of
Fig. 1.2.1

Véuﬁdll&h

Adsorption
Equation

Adsorption 3

number of molecules in the gaseous phase, it is expected that the extent of adsorption
would increase with the increase in external pressure as it would result in the
decrease of number of molecules in the gaseous phase. - ‘

Figure 1.2.1 displays qualitatively the variation in the extent of adsorption with
pressure at different temperatures. The adsorption isotherm shown in Fig. 1.2.1 can
be easily understood on the basis of a fixed number of adsorption sites at the surface
of adsorbent where only gaseous molecules can be adsorbed. Initially as pressure

1s increased, the number of molecules which strike the unit area of the surface

ncreases in proportion to the increase in pressure and hence adsorption increases
almost linearly with pressure. Since a fixed number of adsorption sites are available,
eventually at some high pressure a stage would be reached where all the sites are
occupied and hence further increase in pressure would not cause any further increase
in adsorption, i.e. the extent of adsorption becomes independent of pressure. In the

intermediate range of pressure, the increase in adsorption is not as fast as the increase
in pressure.

The facts shown in Fig. 1.2.1 can be explained on the basis of reversible nature of
adsorption where adsorption and desorption processes proceed simultaneously. At
equilibrium, both these processes proceed with equal speeds. This equilibrium
process may be represented as follows:

desorption ' (1.2.1)

where G, S and GS 'represem, respectively, the unadsorbed gaseous molecule,
adsorption site at the surface of the solid and the adsorbed gaseous molecule. Though

" the adsorption process increases in proportion to pressure but because of the reverse

reaction (i.e. desorption), the increase in adsorption is not as fast as the increase in
pressure.

/An empirical expression representing the isothermal variation in the extent of

adsorption with pressure as suggested by Freundlich is.

(i) =Ept% : 12.2)
m 4 !

where x is the mass of gas adsorbed by the mass m of adsorbent at the pressure p,
and k and n are constants for a given pair of adsorbent and adsorbate. The value of
n is generally greater than one and thus its reciprocal is less than one. This accounts
the fact that the increase in adsorption is not as fast as the increase in pressure.

The values of k and n for a given system can be determined by following the
graphical method. If we take the logarithm of Eq. (1.2.2), we get

|
log (%) = lOg k4 (;) log (ﬁ) (1.23)

where p° is the unit pressure. A plot of log (x/m) versus log (p/p°) would be a straight
line with slope equal to (1/n) and intercept equal to log k7 From these, the values of
k and n can be determined/
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" 4 A Textbook of Physical Chemistry

v‘ngmﬂlr /Langmuir derived an expression for the variation in the extent of adsorption ;.
Adsorption :

pressure on the basis of following approximations.

So. ® The surface of solid consists of a fixed number of adsorption sites Where o,
adsorption of gaseous molecules can take place. 2
® Each site can hold only one gaseous molecule and involves a constant hey;
adsorption. The latter is identical for all adsorption sites. 3
® The adsorption is monolayer, i.e. only one layer of adsorption of gage,,
molecules is formed.
® The gaseous molecules adsorbed at different sites do not Interact with e,
other. :
® The phenomenon of adsorption involves a dynamic equilibrium and cay,
represented as
S —=—GS
where G, S, and GS represent, respectively the unadsorbed gaseous molec |,
the vacant site on the surface of adsorbent and the adsorbed gaseous molecuy]
Equilibrium The above equilibrium process implies that the forward reaction (adsorption) and
Constant involving backward reaction (desorption) can take place simultaneously. At equilibrium, th
Adsorption rates of these two processes are identical. On equating these two rates, we get th
equilibrium constant characterizing the given equilibrium reaction.
According to the law of mass action, we can write
Rate of forward reaction = k; [G] [S]
Rate of backward reaction = ky, [GS]
Therefore, at equilibrium,
Rate of adsorption = Rate of desorption
ie.  k[G][S] = k, [GS]
GS
or K':-kl=u (1.2.4)
k,  [GIIS]
The constant X is the equilibrium constant for distribution of adsorbate between
the surface and the gas phase.
Derivation of The concentration of adsorbed molecules GS depends only on one factor, namely.
Langmuir the number of occupied adsorption sites. The latter will be directly proportional to
Equation the fraction @ of the surface that is covered with h gaseous molecules. Thus, we can

write,
Rate of desorption < @
ie. Rate of desorption = k 0

The concentration of unadsorbed gaseous molecules G will be directly proportiona!
to the pressure of the gas.

1 > ) . irectly
The concentration of vacant sites on the surface of an adsorbent will be dlrtLv[ifl
proportional to the fraction of the surface that remains uncovered and hence W

—
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Physical
Significance of the
Constant K|

Fig. 122 The form of
Langmuir isotherm at
various values of K,

Adsorption 5

be directly proportional to the factor (1 — 8. Thus we can write,

Rate of adsorption o p(1 — 7))
i.e. Rate of adsorption = k, p(1 - 6)
Now since at equilibrium

Rate of adsorption = rate of desorption,
it follows that

k,(1- 0)p=k,6
i T (ka/kq) Kip (1.2.5)

ky+kp 1+ (klk)p 1+ Kp

Equafion (1.2.5) is known as Langmuir adsorption equation. The form of
Langmuir isotherm for several values of K, is shown in Fig. 1.2.2. The surface
coverage increases with pressure, and approaches unity only at very high pressures.
Since the value of K ; depends only on temperature, Fig. 1.2.2 also represents the
form of Langmuir isotherm at various temperatures.

The constant K, which is equal to k,/k,, is known as distribution coefficient. The
constant K, is, in fact, an equilibrium constant for the distribution of adsorbate
between the surface and the gas phase and is given by

k 85 1

cat g ptercarde SR

Wm constant K, like any other equilibrium constant, depends only
on the temperature of the system. Thus, for a given pressure p, different values of
K are obtained at different temperatures. The fraction @ of the area covered with
gases is expected to increase with decrease in temperature. Thus, from Eq. (1.2.6)

mﬁm a given pressure, the equilibrium constant K, will increase with
decrease in temperature, i.e. the equilibrium constant K, and temperature will have

inverse relation with each other.

(1.2.6)

l=

—————

0 [ e e e e

K; =10 Ky =1.0atm™
0.8 [~
0.6 -

K, =0.1 atm™!
-
0.4
0.2
K, =0.01 atm™
0.0 | | | ]
0 2 4 6 8 10 12
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6 A Textbook of Physical Chemistry

The equilibrium constant K7} can be utilized for calculating the change iy,
energy on adsorption by the relation

Standyyq
AG® =~ RTn K? (12
Explanation of _Sipce the formation of a single layer of adsorbed gaseous molecules jg assy b
Adsorption 1t 1s obvious tha the mass of gas adsorbed by the unit mass of adsorbepy, W;Hed*
Isotherms of directly Proportional to the factor @ that is, - ’ e
Fig.1.2.1
B)=e w (2
| m ) &< i.e. (:n—) = k,6 (1-2.8;
Substituting Eq. (1.2.8) in Eq. (1.2.5), we get
(_x_) - Kikp
. 1+ Kkp (12,9
Equation (1.2.9).can be used to correlate the following %@ regardin
tl'le adsorption of gases as shown in Fig. 1.2.1. ; ¥
At low pressure, the extent of adsorption is Proportional to pressure.
At l(:: pressure, the factor Kp in Eq. (1.2.9) is much Smaller than | apq henc
. can be ignored. Thus, we haye 3
L5 wp |
Aimse, = ()
that is, the extent of adsorption is direct]

(1] _ Kikp _
m K,p )
that is, the extent of adsorption is independent of pressure,
\ﬁﬁf In the intermediate range of pressure, adsorption does not increase as fast as
the increase in pressure, o '
This is due to the presence of p dependent term in the denominator of
Eq. 1.2.9. On increasin

ing pressure, the value of the denominator increases faster than
that of the numerator,

Determination of

The values of the two constants K, andk, in Eq. (129
the Constants in the graphical method. Inverting Eq. (1.2.9), we get
Eq.(1.2.9) 1

SR pr TN 1] 1

— = — + _—
(x/m)  Kik,p — Kk, p ky
p 1 p (1.2.10)
or —_—— 4
/ (xim) " Kk, © K,

Thus, a plot of p/(x/m) versus p wWo
1/k, and intercept equal to UK k,.

) can be obtained by following

uld yield a straight line with slope equal (©

From these, the values of K, and k, can be
B 2 determined.
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Fatternative Form
~ of Langmuir

Applicability of
Langmuir Equation

where v is the volume of gas adsorbed at the
te.mperature and U, is that adsorbed at suffi
81ve a complete coverage of the surface with a
These volumes are red

given conditions of pressure and
ciently high gas pressure so as to
single layer of gaseous molecules.

uced to STP conditions and th i i
L and then substituted in Eq. (1.2.5).
U Kb

vmono 15 Klp (1.2'11)
Fiquation (1.2.11) can be written in a more suitable form by taking its reciprocal,
1:€.

Vmono — 163 Klp or Ymono e Ll + 1

]

o et TR AN gty (1.2.12)

(Y Kl vmono vmono

Now, if a plot is made between p/v and p, one would get a linear plot with slope

equal to 1/9,,,,, and intercept 1/K;v,,,,,. From these, the values of Vmono and K|
can be determined.

It is worth pointing out the temperature and pressure conditions over which the
Langmuir_adsorption isotherm is expected to be applicable. While deriving the
Langmuir adsorption isotherm; two important assumptions have been made. These
are: (i) formation of monolayer adsorption, and (ii) adsorbed molecules do not
interact with each ome}_. These assumptions are expected to hold good at low gaseous
ﬁressure and modéf;tely high temperature. Under these conditions, the forces of

attraction between adsorbent and adsorbate will be effective only up to the short

distances. The condition of low pressure implies that lesser number of molecules
strike the surface per unit area per unit time. On the other hand, the condition of
high temperature implies that molecules have sufficient high thermal energy to
prevent the multilayer formation.
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\4Itllayer /The adsorption of gases on the surface of an adsorbent is no more monolayer at

Adsorption

XA Derivation of BET
Equation

(ouk of
Allabus)

’

high pressures and low temperatures. At high pressure, the number of molecules
striking per unit area of the surface per unit time is quite high. On the other hand,
at low temperature the thermal energy of molecules is not sufficiently large to
overcome the forces of attraction (van der Waals forces of attraction) between the
adsorbed molecule and nearby unadsorbed molecule. This results into the multilayer
adsorption, i.e. more than one layer of molecules is adsorbed at the surface. The
formation of multilayer is very much enhanced as the pressure of the gas reaches
near to the saturation vapour pressure of the liquefied adsorbent at the given
experimental temperature. Consequently, the shape of adsorption isotherm is no more
identical with that given in Fig. 1.2.1. In fact, four different types of isotherms are
observed. These are shown in Fig. 1.2.4 along with the monolayer adsorption
isotherm.

The adsorption isotherms shown in Fig 1.2.4 have been interpreted by Brunauer,
Emmett and Teller on the basis of formation of multilayer. They derived a theoretical
expression, known as BET adsorption isotherm, on the lines very similar to those
adopted by Langmuir. While deriving the expression, it was again assumed that
interactions amongst the adsorbed molecules in the adsorption layer along the adsorbent
surface are neglected.

The formation of multilayer may be represented by the following equilibria.

G+S — 65
G+GS — G,S

N

(1.2.15)

N

........................
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Adsorption 13

The various equilibria of Eq. (1.2.15) may be characterized by the equilibrium
constants defined as follows.

i [GS]
K =tG1rs]
, __[G,S1
s ? (1.2.16)
, __[GS]
* " [G1IG,S]
.................. , and so on. )

Now, as usual, we will have:

(i) [G] o< pressure of the gas, that is,
[G] o< p

(i1) [S] o< the fraction of the free surface, that is,
[S] = &

(iii) [GS] o< fraction of surface covered with single-molecule adsorption, that is,
[GS] = 6,

(iv) [G,S] o< fraction of surface covered with two-molecule adsorption, that is,
[G,S] < 6,
..................... , and so on.

With the above relations, the expressions of equilibrium constants (Eqs 1.2.16)

become

LR
6,

K, &2

= —

26, [ (1.2.17)
G

K3 =_3_
rb,
e and so on.

The value of constant K, is usually very large as compared to the rest of the
equilibrium constants. The reason for this is that the interaction between the
adsorbate and the adsorbent decreases very rapidly as the distance from the surface
is increased. The remaining constants K,, K5, ..., etc. though will not have the same
values, but the difference between any two constants is generally much smaller than
that between K, and K. It is for this reason, it can assumed that

K~ Ky~ K~ ... =2 K (1.2.18)
where K| is the equilibrium constant corresponding to the saturated vapour-liquid
equilibrium and, by definition, is given as

saturated vapour — liquid

1
K = — (1.2.19)

Po
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adsorbent .,;_;-i rface is covered, then the total covers
1 L

3

(122)

OO —
—d
=

i
b, j.v.s.,'(l.2.21), we have

AL

G ’
r Kip | - : 6+ p) G+ =1

| &
- In )
.,il o/

: e itfen
ithin the curly brackets of Eq. (1.2.23) ¢ be v

(1.2
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Adsorption 15
Now the total volume of the adsorbe

d gas (corrected to STP) will be given by
Yootal = Unmono (6 + 286, + 36, + --) (1.2.26)
where v %

is the volu i - s
B 3}% @&e uired for the monolayer adsorption. Substituting the

.. from Eqs (1.2.21), we get

2
Yotal = Unono Kip§) |1 + 2(£J + 3(£J + - (1.2.27)
Po Po

The expression within the bracke

expression within the curly bracket
we get

t of Eq. (1.2.27) is simply a derivative of the
of Eq. (1.2.23). Thus in view of Eq. (1.2.29),

2
1+ 2(_1’_J o 3[1} L ;_2 (1.2.28)
Po Po (1 - p/py)

Substituting Eq. (1.2.28) in Eq. (1.2.27), we get

Kipb,
B =V —_ 1.2.29
total mono (l 3 P/P())2 ( )
Substituting the expression of &, from Eq. (1.2.25), we get
() K, p
) = mono™] (1.2.30)
T (= plpo)1 + Kyp - plpg)

The pressure p in the above expression may be replaced in terms of relative
pressure (p/p,) as shown below.

1
p =P = ‘(ﬁl (1.2°31)
Po Ky  po

Thus, substitution of Eq. (1.2.31) in Eq. (1.2.30) gives

Vmono (K1/Ky) (p/ py)

Voot = (1.2.32)
T (1= (p/ p)(K I KL) (Pl po) — (pl py))
The ratio K,/K; is designated by the symbol C. Thus, we have
V' Uoa = Umeno C(P/ o) (1.2.33)

(1 = (p/po){1 + C(p/py) — (p/py)}

Equation (1.2.33) is the required Brunauer, Emmett and Teller equation for
multilayer adsorption of gaseous molecules (written in short as ' BET equation).

Equation (1.2.33) may be written in the form

P SRRl . T = TP (1.2.34)
Viorat (Po — p) Vimono C UmonoC Po
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Thus, a plot of p/{ U, (g~ P)) against plp, should

intercept and slope are 1/(Upe C) and (€ - 1)/(Vimono
and C can thus be evaluated. Knowing

give a straight line, Whog,
(), respectively. The tw,

Uponor the surface are,

constants v . i i .
the adsorbent can be determined by following the method given earlier in this sectio,
(Eq. 1.2.13).
! dard change i
(hys\cal 7 The adsorption equilibrium constant K| is related to the stan B free
Significance of the energy AG® by the relation
Constant Cin BET AG® = AH® — TAS® = - RT In K{
TR Therefore
K3 = exp(A4,S;/R) exp(- Ay Hi/RT)
= g, exp(AgesH1/RT)
where g, is the entropy factor and A H{ is the standard enthalpy of desorption
the monolayer formation. Similarly, for the equilibrium constant K , one can writ.
K} = g, exp( o H}/RT)
where A, Hj is the standard enthalpy of vaporization of the liquid adsorbate.
The ratio of these two equilibrium constants, which is equal to C in BET equation,
is given by
A o A HY — A, H?
Co K? _ 8, exp(A g Hy'/ RT) e [ des™] vap 1L )(1.2.351
K? g exp(A,,HY /RT) RT j.
i
Derivation of Equation (1.2.34) may be written as
Langmuir
Equation from P Py = . P, 1 : up (1.2.36)
BET Equation Vot (P = P) Vmoo € VUpmono C o
Now C= L6 and K; = l
K, Py
: K K
'ThUS C= ——L = 1 =
BT
or K] = £
Po

Substituting the above relation in Eq. (1.2.36), we get
e PP . 1 ’ el |
Vouat(Po = P)  Upono K, VG Ii (1.2.37)
Now if we assume that C is much greater than one and i
that sater
than p, then Eq. (1.2.37) is modified to at p, is much greate

P Lyl p ]
S R T (1.2.38)

Viotal Vmono KI vmono
which is, in fact, the Langmuir equation (1.2.12).
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véplanatlon of
Isotherms of
Fig. 1.2.4
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The five isotherms shown in Fig. 1.2.4 can be explained on the basis of BET
equation as described below.

Adsorption 17

Type I This type of adsorption is obtained whenever p/p, <1 and C>> 1. Note
that under these conditions, we have deduced above the Langmuir equation (1.2.3 8)
and hence the adsorption in the present case is monolayer. :

Type II This type of adsorption is observed when C is considerably greater than

one or, in other words, Ay Hf is greater than A, 7. The intermediate flattish
portion corresponds to the formation of monolayer.

Type IIl  This type of adsorption is observed when C is considerably smaller than
one, or in the other words, Ay HY is less than AyopHr . There is no intermediate

flattish portion indicating that the formation of multilayer takes place from the very
beginning.

Type IV In the lower pressure region, the shape of the adsorption is very similar
to that observed in the type II indicating the formation of monolayer followed by
the development of multilayer. The essential condition of Ay, H; being greater than
Ay pHL is still satisfied. However, the shape of the adsorption as p — p, differs
from that observed in type II. In the present case, the adsorption reaches a limit at
pressures well below the saturation vapour pressure. This has been explained on
the basis of multilayer formation along with the possibility of filling the capillary
pores as a result of condensation of the adsorbate at pressures appreciably below
the saturation vapour pressure.

Type V  Again, the lower portion of the diagram in this case is very similar to
that observed in the type Il indicating that A, A7 is less than A, Hp. The higher
portion is identical to that of type IV indicating the saturation in adsorption at
pressures below the saturation vapour pressure. This has been again explained on
the basis of filling the capillary pores as a result of condensation of the adsorbate
at pressures appreciably below the saturatiop vapour pressure.
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Fig. 1.3.1 Potential
energy diagram for
physical adsorption (P)
and chemisorption (C);
(a) with no activation
energy, and (b) with an
activation energy

Adsorption 29

Sometimes physical adsoprtion can pass over to chemisorption on increasing the
temperature of system. For example, hydrogen shows physical adsorption on a nickel
surface at 73 K. On increasing temperature, the extent of adsorption decreases
sharply as is to be expected. But very soon, the extent of adsorption starts increasing
and attains a maximum value at about 173 K. Beyond 173 K, the extent of adsorption
again starts decreasing. Thus, the physical adsorption which predominates at 73 K
is passed over to chemisorption at 173 K. This transformation can be explained on
the basis of intersections of potential energy curves of physical adsorption and
chemisorption as shown in Fig. 1.3.1.

AEp

AEc

(@) (b)

The potential energy diagram of physical adsorption shows a shallow minimum
at a relatively long distance from the surface as compared to the larger minimum
observed in case of chemisorption. The depths of these minima are in agreement
with the enthalpies of adsorption involved in these two cases. It may be seen that
at a distance very large from the surface, the gaseous molecules have zero potential
energy in case of physical adsorption while those in case of chemisorption have a
positive value. These suggest that the molecules in physical adsorption are not very
much perturbed as a result of weak forces of attraction while those involved in
cheimsorption are very much perturbed. The perturbation may be present even up
to the extent of excited electronic state or a dissociated state and thus the molecule
in chemisorption is altogether different from the ground state of the molecule. The
two potential energy curves may intersect each other and at the point of intersection,
both of them have the same energy. As in the interaction of two atomic orbitals to
form bondihg and antibonding orbitals, we have two different states, one with higher
and one with a lower energy, as shown by the dashed curves in Fig. 1.3.1b. At round
about these intersection points, the physical adsorption can pass over to the
chemisorption. Now this passing over may or may not require activation energy. In
the latter, the intersection occurs on the negative side of the potential energy .of
physical adsorption while in the former, it takes place on the positive side of potgnual
energy. These two cases are also shown in Fig. 1.3.1.

Scanned with CamScanner



30 A Textbook of Physica
N AT THE SUR
% concentration ;fl; m discussing the surface tension of a liquid

1.4 ADSORPTIO

bbs Adsorption ~
Equation

tension is numeric
if the added solute has a 8

tendency to accum.
tension of the liqux

decreased. A qu
the solute at the surface (or the

tension of the liquid (so
Gibbs and is thus known as
as follows.

| Chemistry

FACE OF A LiQuID
ace of a solution may be diffe,

at the Surf
that present lnu: onds to decrease its surface area in order to obtain a |,
ace ears

The latter arises because of the unbalanced 1,
value of surf.ace ef;ef); I::::gn);olecules at the surface. It was also seen that th

ically equal to the surface energy per unit area of the surf,
urface tension lower than that of the liquid, the;

ulate more at the surface of the liquid since this way th;
d (or the surface free energy per unit area of the su

antitative expression which relates the excessive concent
extent of adsorption) and the change i

lvent) due to the addition of the solute was derive: \
Gibbs adsorption equation. The latter can be

Following the additivity rule, the free energy of a system consisting .

components is given by

G=np,+ mi,

where n, and n, are the amounts and £, and u, are the chemical potentia
two components, respectively.

Since in the present case we are dealing with the change in the surface fres

we must also add a factor corresponding to surface energy in Eq. (1.4.1)

the interfacial tension (or the interfacial energy per unit area) and s is the surfac
area, then the surface free energy is equal to ¥s. Thus, Eq. (1.4.1), in the presen
case, modifies to |

G=mpy+mpy+ ys (1.4.2
The complete differential of Eq. (1.4.2) is given by
dG = nydp, + pdny + nydp, + pydn, + ps + sdy (143

The function G will now depend on five ind

n,, n, and s, i.e. ependent variables, namely, 7./

G=1(T, p, n, n,, s) 4
. . | |
The total differential of G wil] be given by |

aG
dG = | = 0
(BT] g (aﬁ) dp + (B_G) dn
vy, n,y, 1
T,n n,s Renrd

P
s n,n,, s p ; anl

G

e
) ] dn, + (\ :
dG__S 1By, R
Aticots AT+ Vdp + y dn, +

1+ Mydm, 4.y ds (140
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From Eqs. (1.4.7) and (1.4.3), we get

n dy; + nydp, + sdy=0 (1.4.8)
The corresponding expression for the bulk of the liquid is
nd duy + nd du, =0 (1.4.9)

where n} and n are the respective amounts of the liquid and solute in the bulk phase.

Now since the system is at equilibrium, the chemical potential of each of the
components in both phases (surface and bulk) must be identical. When the system is
slightly disturbed and it attains the new equilibrium, then the changes in chemical
potentials must be identical in both the phases, i.e. the differentials dy; and dy, in
Eqs. (1.4.8) and (1.4.9) are identical. Eliminating dy, from these two equations, we get

i . .
n (—Z—%d;h) + nyd, + sdy=0

1

0
or (nz - "1';2] dey, + sdy=0
n
0,0
or sxie o oo (Mg /) (1.4.10)
d/lz h)

The expression within the bracket of Eq. (1.4.10) gives the amount of solute
that would be associated with the amount n, of the liquid in the bulk phase. Since
n, is the amount of solute that is associated with the amount », of the liquid at the
surface, the numerator on the right-hand side of Eq. (1.4.10) gives the excessive
amount of solute that is present in the surface of the liquid. Dividing this quantity
with s gives the excessive concentration of solute per unit area of surface. This
quantity is represented by the symbol 7. Thus, we have

= A (1.4.11)
du,
Equation (1.4.11) is the required Gibbs adsorption equation. If we eliminate dx,
instead of d, from Eqgs (1.4.8) and (1.4.9), we would have got the Gibbs adsorption
equation as applicable to the liquid. It has a form

2=

dy .
r,=—-— (1.4.12)
: duy

where 7 is the surface excessive concentration of the solvent at the surface of
liquid.
The chemical potential of the solute is given by
U,= (1) + RT In a,
where 2 (1) is the chemical potential of pure '\solute‘ in liquid phase. Hence
du, = RTd In a, (1.4.13)
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Aermodynamic

Treatment of
Adsorption

PC 5-3

Jura and Harkins extended thermodynamically derived Gibbs equation (see Section
1.4) to the adsorption of gases on solids on the assumption that the adsorbed films
of gases on solid surfaces are similar to those at liquid-vapour interfaces. The Gibbs

equation is given by
e )

RT dlna
where I'is the excess concentration of solute per unit area at the surface.

For the adsorption of gases, Eq. (1.2.39) takes the form

i1 dy
RT dIn(p/ p°)

where p is the pressure of the gas and p° is the standard unit pressure. Now the
excess concentration of solute per unit area at the surface will be equal to
concentration of adsorbed gas since the concentration of gas in the bulk of adsorbent

is zero. If vis the volume of gas adsorbed per unit mass of solid and G is the surface
area of the solid per unit of mass, then

(1.2.39)

(1.2.40)

Volume of gas adsorbed per unit surface area of adsorbent = v
: o
Now, if V,, is the molar volume of the gas, we will have
Amount of gas adsorbed per unit surface area of adsorbent = Vl— (—2)
o
m

and this will be equal to surface excess concentration at the surface. Thus
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surface Area of
Adsorbent by
Harkins and Jura
Method

According to Eq. (1.2.47), the slope of the graph of log (p/p®) versus 1/v?%is given
by

ac’ V,f, 1
slope = —
2NART 2303
Miice. S (2 x 2303 >; NART) G
a Ve
2 x2303% NyRT )\
or = [ A ) (— slope)'”?
aVy

= k, (- slope)'? (1.2.48)

where k, is a constant and is equal to (2 X 2.303 x N ART/aV,ﬁ )”2. For area in square

metre per gram of adsorbent, k, is equal to 4.06 x 10° m™! for nitrogen at
-195.8°C.
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