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ET Theory of Multilayer Adsorption 

The Langmuir theory of adsorption is restricted to the formation of a monomolecular layer of the 
s molecules on the solid surface and disregards the possibility that muitilayer adsorption may also 
e place. The theory of adsorption proposed in 1938 by Brunauer, Emmett and Teller (known as the 

M theory, after the initials of these scientists) assumes that physical adsorption resulting in the 

xmation of multilayers, is the true picture of adsorption. In the BET theory, it is assumed that the 
d surface possesses uniform, localized sites and that adsorption at one site does not affect adsorption 
ghbouring sites, as was assumed in the Langmuir theory. It is further assumed that molecules 
De adsorbed in second, third,.... and nth layers, the surface area available for the nth layer 

equal to the coverage of the (n - 1)th layer. The energy of adsorption in the first layer, E1. is 

edto be constant and the energy of adsorption in succeeding layers is assumed to be the same 

the energy of liquefacation of the gas. Based on the above assumptions, Brunauer, Emmett and 

derived the following equation, known after them as the BET equation:

esurface of the solid is covered completely with a monolayer of the adsorbed molecules of the gass 

p -L -..(20) 
Vtotal Po-P) Vmono monoPo 

Sr Viotal is the volume of the gas adsorbed at the pressure p, Vmono is the volume adsorbed when 

he 0nstant depending upon the nature of the gas. Its numerical value is given approximately8 a constant de 
xpression c= 

y he 
3S1onc=exp(E-EL)/RT in which E is the heat of adsorption in the first layer and E is 
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the heat of liquefacation of the gas. Since c is a constant 

for a given gas and mono is a constant for a given 

gas-solid system, the plot of p/votai(Po p) against plpo 

should give a straight line. This has been checked in tihe 

case of adsorption of a number of gases on various solid 

adsorbents. The results obtained in the case of adsorption 

of nitrogen on silica gel at -183°C are shown in Fig. 5, 

As can be seen, the plot obtained is a good straight line. 

Fairly satisfactory straight lines are obtained in most cases 

as iong as pressure p does not exceed one-third of the 

saturation pressure Po. i.e., the pressure required to condense

the gas into the liquid state at the prevailing temperature. 

At higher pressures, however, deviations set in. 

The slope of the linear plot, evidently. gives the value of (c-1/(Vmonoc) while the 

given 

Slope of the line = 1 
monoc 

Intercept 
monoC 

P/P 
Fig. 5. BET plot for the adsorption of Na on silica gel at -183°C. 

terce vields the value of 1/(Vmonoc). Thus, from the slope and the intercept, both v mono and c can 
evaluated. 

Determination of Surface Area. Knowing Vmono the surface area of the adsorbent Can he. 
easi calculated, as shown in the following example. The assumption is that the molecules of the g 

adsorbed in the first layer are closely packed on the surface. 

0o andi NS}TA: 



ADSORPTION FROM SOLUTION 

Adsorption of a solute from a solution onto a solid adsorbent is more difficult t 

than the corresponding adsorption of gases on solids. It appears, however, that in 

the gas-solid adsoption, a monomolecular layer Is formed. The solvating power e 
inhibits the formation of a multilayer. 

For adsorption from solutions, a commonly used Sotherm is the Freundlich adsorption ish 

FIis the mass of the solute adsorbed on mass m of adsorbent and c is the concentration of 

solute in the solution, then the Freundlich adsorption isotherm is expressed as 

eat theoretically 
, that in this case too, like power of the solvemt 

xlm = a = kc" 
.144 

where k and n are empirical constants. Taking logs, 

In a = ln k + n In c .45) 

This logarithmic form is convenient to use. If we plot In a versus In c, the plot would be a 

straight line with slope equal to n and intercept equal to In k. 

The Gibbs Adsorption Isotherm for Adsorption From Solutions 

The concentration of a solute at the surface of a solution is, in general, markedly different from 
that in the bulk. If the surface tension of the solute is lower than that of the liquid, it iends 

accumulate at the surface of the liquid thereby decreasing the surface tension (or the surtace t 
energy per unit area) of the liquid. A quantitative treatment of the thermodynamics of adsorption 
solute at the surface of a liquid was given in 1878 by J.W. Gibbs (1839-1903), the greato 
century American mathematical physicist.

19th 

For a system comaining two components, the Gibbs free energy can be written as 

G = n1+n22 
wheTe n and n are the amounts (number of moles) and u and 2 are the cne ealing with Dr 
partial molar Gibbs free energies) of the two components, respectively. Since W adsorption of one of the components on the surface which results in cnangig Eq. 46 is modified to 

mic 
potentials(it. 

are 

dealing withthe 

the surtace free eaengh 

..47) 

G= ni +Mu2 + Yo 



265 
ace energy wnCn numerically the same as the surface tension and o is the 

edifferential of Eq. 47 is written as 
cmpiete difle 

dG = nidu + ujdn,nduz + #zdnz + 7ds + dt 48) free energy now depends upon five independent variables, viz.. T, P, nj, n2 and o. 

G = f(T. P. n1. nz.) 
.(499 

T P 
PA 

CG 
dP oP Tnn G 

only )T.P.m 
GG 

dnyo )1Pn dm 

0G 
0oT,P.n,. 

do ..50) 
Acording to thermodynamics, the partial derivatives 

G (aG OG G 
and o rPas in Eq. 50 are, on T,Pm 

ively, equal to S, V, p1. 42 and 7. 

Hcace dG = - SAT + VdP + Hjdn + H2dn + ydo .51) 
A COnstant temperature, dT=0 and at constant pressure, dP=0. Hence, Eq. 51 reduces to 

(dG)T, p = 41dn + Hzdn2 + ydo 
52) 

From Eqs. 48 and 49, 

nd4 tnduz + ody =0 53) 
The corresponding expression for the bulk of the liquid is 

.54) nhdu + mdu =0 

eand r are the amounts (number of moles) of the liquid and the solute, respectively, in the 
hase 
ce the system is in equilibrium, the chemical potential of each component in the bulk and the 
Ephase must be the same. The system, on being disturbed, attains a new equilibrium so that 

Canges in the chemícal potentials must be identical in both the phases, i.e., duj and d42 in 
3and 54 must be identical. Elimination of duz from these equations gives 

.(5) nl-2/ dua]+ nhd2 + ody = 0 

-n /m)duz + ody = 0 

- =h-(4 /n) 
du 

.56) 

DW he of the liquid at the surface. Thus, the numerator on the right hand side of Eq. 56 

es amount of the solute present in the surface of the liquid. Evidently, the right hand am 

ty within parenthesis of Eq. 56 gives the amount of solute 2 associated with the 

iquid 1 in the bulk phase. On the other hand, nz is the amount of the solute associated 
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2 side of Eq. 56 gives the surface excess, 7.e.z the excess concentration of the solute per unit area of the surface, designated as T2. i.e., |n> -(n, /n 1/a = r. 

Thus, from Eq. 56. 

T2 -dyldu2 
.57 The chemical potential of solute 2 is given by 

2 H2 (1) + RT In a 

58) 
where () is the chemical potential of the pure solute in the liquid phase Heno 

duz= RT d n az2 du() = 01 
.59) 

Substituting for du2 in Eq. 57, we obtain 

a 
RT Oa2 )T 2 RT nd2 )T ..60) 

be 
when the solution is very dilute, it behaves deally so tnat the activity a2 of the solute can 

replaced by its concentration c2. Thus, 

1 
RT lnc2 T T2 OC2T .61) 

2 
Eq. 61 is called the Gibbs adsorption isotherm. Knowing the concentration-dependence of ,. F. 

can be calculated. 



hdera Techniques for Investigating Surfaces 

1.Low Energy Electron Diffraction (LEED). When a surface is bombarded with electrons, the 
esros may be scattered elastically (i.e., with no loss of energy) or inelastically. The elasticaly 
ered electrons are diffracted if their de Broglie wave length is quite small. Thus, LEED provides 
CAns for studying the atomic geometry of a surface. In the LEED experiment, the electrons are 

eerated in an electron gun and strike the surface normally. Some of the electrons are backscattered 

e surface. The inelastically scattered electrons are removed by means of the grids in front of the 
n while the elastically scattered electrons are accelerated onto the phosphorescent screen for

wwing the diffraction pattern. The presence of sharp diffraction spots shows that the surface is 
rdered on the atomic scale. LEED can also yield information about the structure of an adsorbed 
ayer in chemisorption.

2. Photo Electron Spectroscopy (PES). We have discussed the basic principles of PES in the 
apler on Spectroscopy. Suffice it to mention here that the photons with energies in the UV region 
technique is then called UPES) eject electrons from the valence orbitals of an adsorbed molecule 
Om the valence bands of the solid. UPES experiments are carried out using the He-I radiations 
422 eV) or the He-II radiations (40 8 eV). The UPES of a molecule physisorbed on a solid is a 
position of the UPES of the valence band of the solid and the gas-phase MOs of the adsorbed 
le.The UPES of the physisorbed molecule is similar to UPES of the corresponding gas molecule 
e of the weak interaction with the surface. However, in a chemisorbed molecule, chemisorption 
he valence orbitals of the molecule and the valence band of the solid resuting in a complex 
eca 

UPES 



pRIICIPIES OF PHYSICAL CHEMISTRw MISTRY u XPES in which X-ray photons are used for photoelectron spectroscopy. the 

eiccted from the metal and from the adsorbed species, the source of X-rav 

1253-6 eV) or Al K, (1486:6 eV). Since the cnergies of the atomic core levele ner the M. 
each element in the Periodic table, XPES 1s often used to ohtain the elemens

re electrons a 

1270 

ing 
core levels are characteristic, ental analysis of the surface. 

in Auger Electron Spectroscopy (AES), an electron is ejected by an X-ray phaton 

hut the emission of secondary electrons is anaiyzea rather than the primary electrona 

electron is ejected by an X-ray photon, an electron from a higher energy level mav 
core energy ievel. The energy liberated in this manner may bring about emission of a ero 
called Auger electron (this effect was studied by the French physicist P. Auger). The ene ectn 

Auger electrons are characteristiC of the core levels. AES can thus yield infrrm 

bonding of the core electrons of the adsorbed species. 

in KPES 
en a core 

Jump into the 

the ield information ahout the the 

achieved in the early 1980s, thanks to the major discovery of scanning tunnelling microscon T 

with 
TM 

3. Scanning Tunnelling Microscopy (STM). A major breakthrough in experimental phvsis. 
was 

by the German scientists G. Binnig and H. Rohrer (who shared the 1986 Physics Nobel P 
E. Ruska (1906-1988), the discoverer of the electron microscope). With STM. one can 'see a 

Single molecule adsorbed on a surface. In a simple, ingeniously designed STM, experiment, a verv sh 
metal tip is moved over the surface of an electrical conductor at a height of about 500 pm. Sinre 
tip remains close to the surface, the wave functions of the atoms of the tip overlap with those of the 
surace. Quantum mechanical tunnelling, caused by the application of an electric field berween the 
tip and the surface, allows a current to flow through the vacuum gap. The potential of the tip with
respect to the surface is held constant and a peizoelectric feedback mechanism regulates the vertica 
motion of the tip, thereby keeping the tunnelling current constant. This tip traces the surface topography
as it is moved over the surface. These traces can be used to produce an image of the surface. 

the 
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