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The Lecture Contains:

B BET (Brunauer Emmet Teller) Adsorption Isotherm

e Assumptions in the BET theory
o Practically useful form
o Drawbacks of BET adsorption theory

B Application in Surface Phenomenon

B Reference
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BET (Brunauer Emmet Teller) Adsorption Isotherm

Stephen Brunauer, Paul Emmet and Edward Teller published this theory in 1938. It is a theory for
multi-layer physisorption and is of profound significance in the development of this field.

Fig. 7.7: Active sites in BET adsorption

To derive the BET adsorption isotherm equation let us propose the following:
Consider the surface of adsorbent to be made up of N, sites (in the above figure NI:ZO)

Let number of sites which have adsorbed 0 molecules be = M, (in the above figure g™ 8; viz. site
number 1, 3, 4, 9, 10, 11, 17, 18)

Let number of sites which have adsorbed 1 molecule be = 4 (in the above figure My = 6; viz. sites
number 2, 5, 12, 13, 14, 20)

Let number of sites which have adsorbed 2 molecules be = T, (in the above figure M, = 4: viz.
sites number 8, 15, 16, 19)

........ (and so on)

Let number of sites which have adsorbed ; molecules be = n,

Therefore, total number of sites V. has to be Np= E?ﬁ:ﬁﬂi

In the above example it can be verified that 20 =8 +6 + 4 + 1 + 1 (ny, + n, +n, + ng +n,)
Also it is easy to note that the total number of molecules adsorbed }y is given by

N=2X4,in, (7.7)

In the above figure N = 0*8 + 1*6 +2*4 + 3*1 + 4*1 = 21 molecules (which can be verified by
counting)

NOTE: Here, for mathematical completeness and without loss of generality we assume that infinite
molecules can be adsorbed on one site though practically it is not possible. Hence, the summation
goes upto infinity.

4|l Previous Next||p

file:///E|/courses/colloid_interface science/lecture26/26_2.htm[6/16/2012 1:07:58 PM]



Objectives_template

Module 5: "Adsoption*”

Assumptions in the BET theory

o Multilayer adsorption is possible. However, owing to the influence of the adsorbent, the van
der Waals forces on the surface of the adsorbent will be stronger than the van der Waals
forces between molecules of the gas phase. So the forces of adsorption are much higher for
the first layer and constant for the subsequent layers. This implies that the heat of adsorption
of the 1st layer is greater than that of the 2nd and higher layers.

e There is again no lateral interaction as in the case of Langmuir.

e The surface in homogeneous

According to the BET theory

e At equilibrium the rate of adsorption is equal to the rate of desorption.

e The rate of adsorption of the ith layer is proportional to the number of sites in the lower (i-
1)th layer and the gas phase pressure.

e The rate of desorption from the ith layer is proportional to the number of sites occupied by

the ith layer but not occupied by molecules of higher layers ( i.e there should be only i
molecules on that site).

Fig. 7.8: BET theory
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For instance, to form a layer i =3, the molecule in gas phase have sites only with i=2 molecules
available for adsorption. Hence the rate for i=3 is proportional to number of sites having i=2
molecules.

At equilibrium,

Rate of formation of it" layer = Rate of destruction of ith layer

What are the ways in which ith layer can be formed??

« If adsorption takes place on (i-1)" layer — Rate = (k,);7;_,p

« If desorption takes place on (i+1)" layer — Rate = (K ) ;51741

Assume rate constant for adsorption is kg and for desorption is kq
What are the ways in which an ith layer can be destroyed??

« Adsorption takes place on the i layer — Rate = (k_) s 1P

« Desorption takes place from the i layer — Rate = (k);n;
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Therefore, equating the rates for formation and destruction of ith layer we get

(kg)ing—1p + (Kg)isaMisr = (ko) imamp + (kg )imy (7.9)
Write this equation for all the layers and then add

(ka)amop + (ka)any = (ka)omyp + (kg)any

(ka)omyp + (kg)ang = (kg)angp + (k) n,

(kg)anap + (kglamy = (kp)angp + (kg)ans

(ka)ix1Misr = (Kg)ipamp (7.9)

_ (kajulp
(Ka)is
However, as mentioned above according to the BET theory the forces of adsorption are much

greater for the very first layer and then constant afterwards. Hence, to compensate for that we
multiply by an extra constant c for the i=0 equation.

My = X.TL where, x

ny = CLX. T, (7.10)
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From the second layer onwards, the forces are almost of the same magnitude which implies that

k.). k

( E:]E-l'l 1 (7.11)

(ka)ist kg

Also, for a liquid or condensed phase where bulk saturation takes place,

koPos = Ka where po is the saturated vapour pressure of the adsorbate phase.

Therefore, from the above arguments,
kg r

xX= —p= — 7.12
kg P Po ( )

Now, all the physical concepts being in place we now use some simple mathematics to manipulate

the above equations and to arrive at the final BET isotherm

_ — .2 — .3 e — oi=1 _ i
ﬂ-i _x-ﬂ:_i - .’I -ﬂi_z —.’I -ﬂi_a - —_'I -ﬂl - C.x .ﬂ-l}

am =coxtng (7.13)

Now we know that the total number of molecules adsorbed N is given by

. ' . . d y .
N=3X,in =cngol,i.x" = ecnyx (d f‘zixf) (7.14)

X
Also the total number of sites NT is given by
Np=ZE2,n, =ny + X%,n;, =ny + c.ny 2, x° = ng(1+ ¢ T2, x¥) (7.15)

It is obvious that x < 1 as p <pg Therefore, the sum of the infinite series is given by

: i X
Limx' = (7.16)

And therefore,

fyn i 2 (L) =
dx izlx dx \W1—-x (1—x)2 (7.17)
Thus, substituting above expressions for jy and N
_ C.Mg.X
(1—x)?
_ C.x
Ny = no(1+25) (7.18)

The total number of sites .. is proportional to the monolayer volume 7, Which is the volume of gas
adsorbed when the entire surface is covered with a complete monolayer.

Also, total number of adsorbed molecules } is proportional to the volume 4 of the adsorbed
molecules.

4|l Previous Next||p

file:///E|/courses/colloid_interface science/lecture26/26_6.htm[6/16/2012 1:07:59 PM]



Objectives_template

Module 5: "Adsoption*”

Hence,

€.My. X
i_ v (1—x)? B C.X
N, v X\ (1-—x). 1—x+c.x
TV my(147) (A0 )
v c.X

v (1—2).(1—x+cx)

This is the equation for BET adsorption isotherm. (7.19)

It has two constants v, and c. The constant c is related to the ratio of heats of adsorptions for the
first layer and second layer. (Since according to BET theory the heat of adsorption for 1st layer is
large compared to subsequent layers) Since heats of adsorption is sort of a potential or activation
barrier it follows Arrhenius equation

o€ X exp (q";:“) (7.20)

The authors of the BET theory assumed the constant of proportionality to be approximately one.

Hence,
c.n&.x
i_ i— (1—;;:]2 B £,
N, v, X\ (1—-x)(1-x+c.x)
g " n“‘(l-l_l—xj
s c.xX

v (1—x).(1—x +c.x)

This is the equation for BET adsorption isotherm. (7.19)
It has two constants vm and c. The constant c is related to the ratio of heats of adsorptions for the
first layer and second layer. (Since according to BET theory the heat of adsorption for 1st layer is
large compared to subsequent layers) Since heats of adsorption is sort of a potential or activation
barrier it follows Arrhenius equation

5 € 0C exp (q}_:“J (7.20)

The authors of the BET theory assumed the constant of proportionality to be approximately one.
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Practically useful form

The BET equation is usually linearized by rearranging the equation as follows

1 1 1 1—=x (7.21)
v(l—x) v, v,c x '
) 1 1—x | ) _ . )
Plotting of a1 y Vs gives a straight line whose slope and intercept can be used to find the
vil—x X

values of ¢ and v, - This can be used to calculate the surface area and the heats of adsorption.

NOTE: An important point to note here is as 47 — s X goes to 1, which implies x = P-""Pa goes
tolie.p — Pa where o is the equilibrium vapour pressure where condensation begins on the
surface.

k

[ird

k
al=x=2a Xa

kr:! kﬂ
NOTE: For large c, x can be neglected and the BET equation becomes

Py — Pp= (7.22)

cx
1+

which is similar to the Langmuir equation.

v
- cx

1000 I

1"ll‘\'r.\ 500

500 1000

Drawbacks of BET adsorption theory

e Surface is assumed to be homogenous which the case is not always.

o Lateral interaction between the adsorbed molecules in neglected.

e Heat of adsorption from 2nd layer onwards to be equal to subsequent layers which is not
usually true.
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Application in Surface Phenomenon

Now consider a normal surface with a drop placed on it. If adsorption takes place on this surface,
the internal contact angle 8 also changes. This phenomenon is called autophobicity.

Vapour
Adsorption

Normal surface \

Fig. 7.10: Drop on a surface with adsorption

Now we would like to calculate the surface energy of the above system
We know that

—dy = RTTd(InP)

—dy = RT (*A—‘) (InP)

v —dy = ——{(InP) (7.23)

¥ = surface tension

RB= gas constant

T= Temperature

n= Number of moles of gas / area
W= weight of an adsorbed particle
ﬁm = Specific surface area
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The previous equation can be integrated to find the energy

_J'de - Jpj—T(%}d{lnP]

¥o o “sp
Yo ¥V = = A, ), \w (inP) '

Now we need to find (nf‘W] as a function of pressure P. This can be done from the BET adsorption
isotherm observations as follows

v, n 3
— =—=% 22414 cm® @ STP
w W

Now we need to calculate the specific surface area AEF
ABP =A/W
v, is the monolayer volume coverage

m

Hence is the number of moles of monolayer

A = g© Number of molecules in mono layer

(where, g = diameter of a single molecule)
vﬂ'l

“A= gx N,
22414
4w = " 22a1a N (7:29)

With this knowledge we can calculate the change in surface tension of the drop and using the
Young's equation we can calculate the change in the contact angle.
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