Catalysis and Adsorption

Theory and Applications
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Table 23.1* Maximum observed Table 23.2* Enthalpies of
enthalpies of physisorption chemisorption, A4 H®/(kJ mol™)
Adsorbate A, H?/(k] mol™) Adsorbate Adsorbent (substrate)
CH, -21 Cr Fe Ni
H, —84

H, ~188 ~134

NH, —188 =155
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F1G. 3.3. Chemisorption of a hydrogen molecule on a nickel surface.

[G.C. Bond, “Heterogeneous Catalysis”, 2" Ed., Oxford Science Publications (1987) p28]
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Potential energy, V —>
Potential energy, V —>

Attraction

Separation, r—» c

Separation, r—»

[P. Atkins & J. de Paula, “Element of Physical Chemistry”, Fifth Ed.,
Oxford University Press (2009) ]
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[G.C. Bond, “Heterogeneous Catalysis”, 2"d Ed., Oxford
Science Publications (1987) p27]

FIG. 3.2. Potential-energy curves for the adsorption of hydrogen on nickel, and
pictorial representation of the adsorbed states.
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H&2

& IUPAC 7| &
OMMZE: < 2nm

S E= HIEMZ: 2 nm < mesopore < 50 nm
=1
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Ml&: > 50nm

@ CH& Ml& 2% (Hierarchical material):
sHEEL HgtE E0l= 2afHQ HE =

External surface

Macropores
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esopores
w <50 nm

Micropores w < 2 nm

S0nm
GSERege o

Fig. 4 (a) SEM of hierarchically giant, visible macropores on glass scaffold; (b}
SEM of smaller macropores; (c) TEM of mesopores. Reprinted from ref. 66, with
permission from Elsevier.

[C.M.R. Parlett, K. Wilson, and A.F. Lee, Chem.
Soc. Rev., 42 (2013) 3876-3893.]
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Adsorption Isotherms

1. One-Parameter Model
[] Henry’s Isotherm q, = KyeC,
2. Two-Parameter Models

[ ] Hill-Deboer Model
[ ] Fowler-Guggenheim Model

[] Langmuir Isotherm 1 .
(] Freundlich Isotherm — logq, = logKy + —logC,
] Dubinin-Radushkevich Isotherm 1

Rt ) RT _
] Temkin Isotherm — Qe =7 In Ky + o InC,
] Flory-Huggins isotherm
L] Hill isotherm

[ 1 Halsey Isotherm

[ ] Harkin-Jura Isotherm
[ 1 Jovanovic Isotherm
| Elovich Isotherm

[ ] Kiselev Isotherm



(Continued)

3. Three-Parameter Models

[] Redlich-Peterson Isotherm K CPs
o _ O
[ ] Sips isotherm — (= 5
1 —a,Ce
e K. C
] Toth isotherm — e — 0= ee -
[J Koble-Carrigan isotherm Qm [ 1+ ( KLCE)H]

[ ] Kahn isotherm

[ ] Radke-Prausnitz isotherm

[ Langmuir-Freundlich isotherm
[ ] Jossens isotherm

4. Four-Parameter Models

] Fritz-Schlunder Isotherm

[ ] Baudu Isotherm

[ ] Weber-Van Vliet Isotherm

[ ] Marczewski-Jaroniec Isotherm

5. Five-Parameter Model
1 Fritz-Schlunder Isotherm



Isotherm Types

C C c

Linear L-Langmuir F-Freundlich

r/" r r
C
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H-High Affinity 5-Sigmoid Step Isotherm



Adsorption Theory by Langmuir (1916)
-1st quantitative theory-

|. Langmuir, “The Constitution and Fundamental Properties of Solidis
and Liquids. Part I. Solids“, J. Am. Chem. Soc. 38 (1916) 2221.

CONSTITUTION OF SOLIDS AND LIQUIDS. 2221

Bismuth.—Oeschsner de Coninck and Gérard,! by reduction of bismuth
chloride to metal, found Bi = 208.50.

Molybdenum.—Miiller,® by oxidation of the metal, found Mo = g6.035.

Neodymium.—Baxter, Whitcomb, Stewart, and Chapin,® by analyses
of the chloride, find Nd = r144.27.

Columbium.—Smith and Van Haagen,? from the ratio between sodium
columbate (NaCbO;) and sodium chloride, find Cb = 93.13. The value
53.1 might be adopted in the table.

Argon.—Schultze® has redetermined the density of argen. The cor-
responding atomic weight is A = 39.945.

Signed, F. W. CLARKE,
T. E. THORPE,
G. UrBAaIN.

NoTE.—Because of the European war the Committee has had much
difficulty in the way of correspondence. The German member, Pro-
fessor Ostwald, has not been heard from in connection with this report.
Possibly the cemsorship of letters, either in Germany or em rowufe, has led
to a miscarriage. F. W. Crargr, Chairman.
[CoNTRIBUTION FROM RESEsrcH LABORATORY OF THE GENERAL ELECTRIC COMPANY,

ScHENECTADY, M. ¥.]
THE CONSTITUTION AND FUNDAMENTAL PROPERTIES OF
SOLIDS AND LIQUIDS.
PART I. SOLIDS.
By Imvive Lancmuir.
Received September §, 1916.

‘The importance of the work of W. H. Bragg and W. L. Bragg in its
bearing on chemistry has not, as yet, been generally recognized. In
hearing two of W. H. Bragg's lectures in this country a few years ago, the
writer was impressed with the very great significance of this work in the
field of chemistry. The structure of crystals as found by the Braggs
leads to new and more definite conceptions as to the nature of chemical
forces.

The writer has constantly endeavored to apply this new conception
in his work on heterogeneous reactions and particularly in connection with
a study of the phenomena of adsorption and surface tension. In this way
he has gradually been led to formm more or less definite theories of the
mechanism of evaporation, condensation, liguefaction, adsorption, and
capillary phenomena. According to this theory, both solids and liquids

Y Compt. rend., 162, 252 (1916).

@ Trrs JOURNAL, 37, 2046 (I15).
3 Thbid., 38, 302 (1916),

4 IThid., 38, 1783 (1016},

* Ann. Physik, [iv] 48, 2690 {(1915).



(Continued)

layer will be negligible.! When a gas molecule strikes a portion of the
surface already covered, it thus evaporates so quickly that in effect it is
equivalent to a reflection. ‘Therefore, the rate of condensation of the gas
on the crystal surface is afu where 8 represents the fraction of the sur-
face which is bare. Similarly the rate of evaporation of the molecules
from the surface is equal to »,0, where »; is the rate at which the gas would
evaporate if the surface were completely covered and 6, is the fraction
actually covered by the adsorbed molecules. When a gas is in equilibrium
with a solid surface these two rates must be equal so we have

afu = b (14)
Furthermore
8+ 6, = 1. (15)
Whence
au
B, = 6
' vy + ap’ (I )

The quantity 6, is a measure of the amount of gas adsorbed. It should
be noted that for low gas pressures the amount of adsorbed gas is pro-
portional to the pressure, but as the pressure increases f; increases more
slowly and finally the surface becomes saturated (6; = 1). These rela-
tions are in good qualitative agreement with known facts.?
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Langmuir S% 24

@ Oil: i
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Fi1G. 2.3. The Langnwir adsorption isotherm.
FiG. 2.4. Langmuir adsorption isotherms with various values of b.
[G.C.Bond, “Heterogeneous Catalysis”, 2" Ed., Oxford Science Publications (1987)]
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6 = v : surface coverage
000000000  *~9 v

V: adsorbed volume

V,,: monolayer volume
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Brunauer-Emmett-Teller (BET) Theory

Stephen Brunauer (1903-1986)

- born in Budapest, Hungary
- worked at the chemistry
department at Clarkson

University (1965)

Paul Hugh Emmett (1900-1985)

- born in Portland, Oregon

- received PhD at Caltech

- close friend of Linus Pauling

- worked at the Chemical
Engineering Department at
The Johns Hopkins University
(1937)

Edward Teller (1908-2003)

- born in Hungary

- the Jahn Teller effect

- the precursor of density functional
theory

- “the father of the hydrogen bomb”
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Stephen Brunauer, P.H. Emmett, Edward Teller, Adsorption of Gases in
Multimolecular Layers, J. Am. Chem. Soc. 60 (1938) 309-3109.

Feb., 1038

ApsorrpTIoN OF GASES IN MULTIMOLECULAR LAVERS 300

[ConTRIBUTION FROM THE BUREAU oF CHEMISTRY AND S0IL8 aNp Geonoe Wasamorow Usiversity ]

Adsorption of Gases in Multimolecular Layers

By SterHEN BRUNAUER, P. H. EMMETT aNp EpwWaRD TELLER

Introduction

The adsorption isotherms of gases at tempera-
tures not far removed from their condensation
points show two regions for most adsorbents:
at low pressures the isotherms are concave, at
higher pressures convex toward the pressure axis.
‘Ihe higher pressure convex portion has been
variously interpreted. By some it has been
attributed to condensation in the capillaries of
the adsorbent on the assumptiom that in capil-
laries of molecular dimensions condensation can
accur at pressures far below the vapor pressure of
the liquid. By others such isotherms are believed
to indicate the formation of multimolecular ad-
sorbed layers. DeBoer and Zwicker' explained
the adsorption of non-polar molecules on ionic
adsorbents by assuming that the uppermost layer
of the adsorbent induces dipeles in the first layer
of adsorbed molecules, which in turn induce
dipoles in the next layer and so on until several
layers are built up. The isotherm equation which
they, and later Bradley,? derived on the basis of
this polarization theory is practically the only
quantilative expression that has been so far pro-
posed to account for multimolecular adsorption.
However, as we shall show in the first part of this
paper, the polarization of the second laver of
adsorbed gas by the first layer is already much too
small to constitute the major portion of the hind-
ing energy between the two adsorbed layers, at
least in those instances in which the gas molecules
do not possess considerable permanent dipole
moments.

It seemns to us that the same forces that produce
condensation are chiefly responsible for the bind-
ing energy of multimelecular adsorption. On
this assumption, in the second part of this paper
we shall carry out a derivation of the izotherm
equation for multimolecular adsorption by a
method that is a generalization of Langmuir's treat-
ment of the unimolecular layer. In the third
part of the paper we shall then apply the isotherm
equation to a variety of experimental isotherms
obtained by others and by us on a number of
catalysts, catalyst supports and other adsorbents.

(1) DeBotr and Zwicker, 2, phyrik, Chem., B3, 407 (1829),
(2) Bradley, J. Chem. Soc., 1467 (1638},

I. The Polarization Theory of DeBoer
and Zwicker

According to DeBoer and Zwicker, the induced
dipole in the ith layer polarizes the ¢ + Ist
laver, thus giving rise lo induced dipole moments
and hinding energies that decrease exponentially
with the number of layers. If we call the dipole
moment of a melecule in the i-th layer u, it
follows that

e o= G CF 1}

where ¢ and C are appropriate constants, C actu-
ally being equal® to x/p; - ;. The corresponding
binding energy is proportional to the square of the
dipole moment

o= aH 2y
where ¢ 18 another constant. The equilibrium
pressure of the wth layer (top layer), #,, according
to Boltzmann's law varies exponentially with the
binding energy of that layer and, if the only bind-
ing energy were that due to polarization, would
be given by the equation

o= cuemenlRT @)
Tt follows, therefore, that
R
e (£

which i identical with DeBoer and Zwicker's
equation

In ;’% - KK (4a)

if ca be replaced by Ko, —cs/RT by Ks, and C? by

1
Ome can substitute # = p/v,,, where v is the vol-
ume of gas adsorbed at pressure £, and v, is
the volume adeorbed in one complete unimolecular
layer., DeBoer and Zwicker,! and subsequently

(3] Accosding to DeBoer and Iwicker tle o values for all layess,
except the fret nod the top Inyer, satisty the equatioas

b= kst o piegs) (1a)
Equaticn (1] is a solution of (la) if
1 — /T =48
c=l=vl_i¥ am

DeBoer and Zwicker give the approximate expression

C o=kl — &% (1}
which for k <X 1 is a good sapproximation for (1b). It skould be noted,
Bewever, that when & <& 1 only @ few layers are usually adsorbed
and, sines eguation (L) is not valid for the top leyer, is this case
afl af the equatlons are to be considered approximate.  Brad,
uwsing equation (lc], derived the values of 0.5075 sad 0.815 for &
far copper sullate and alzminum ssllate, respectively, even though
the upper limit of k according to (10} is 0.5,

Substituting into (26) we obtain the isotherm
equation
UmCP

(po — ) {1 + (¢ — 1)(p/D0)}
The following considerations show that equa-

z}=

(28)

For the purpose of testing, equation (28) can
be put in the form
4 1 I
Wpo — P)  Ume UmC Do (4)
Equation (A) is in a convenient form, since a
plot of p/v(po — p) against p/ps should give a
straight line, whose intercept is 1/vyc and whose
slope is (¢ — 1)/vnc. Thus from the slope and
intercept the two constants vy, and ¢ can be
evaluated, the former being the volume of gas
required to form a complete unimolecular ad-
sorbed layer, the latter, as we shall see later, being




(Continued)

1 e —1(p)+_L
v[(Po/P) =11  vmc \Po) Umc

v = adsorbed gas quantity
po = saturation pressure of adsorbate

p = equilibrium pressure of adsorbate
c = BET constant = exp (EI_EL)
RT

E; = heat of adsorption for the first layer
E, = heat of vaporization




(Continued)

1 B et (p ) " 1
v[(po/P)"‘1] . Vm€C \Po UmC

y=mx+b>,

1

vi(po/p)—1]




Amt adsorbed

BET Isotherm Interpretation

Capillary
Mesopore condensation In
desorption branch; course DOfei

behaves according
to Kelvin eq.

Mesopores completely
filled (full hysteresis
curve seen only if p/p,
exceeds this point)

Linear range
for BET; p/Po

0.0§ to 0.30
\ Mesopore adsorption branch
(general opinion is
) multilayer gradually built

up)
Monolayer adsorption
and micropore filling
|

p/po 1.0
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a; Psy=by s, EKD(_ EI/RT) r = (a-z/bz)P EXD(EL/RT)

ay, Ps; = by s,exp(— E/RT) S1 = Usg
| | Sy = X8,
a-?'PS?'_]_ :bf S EXD(_ EL/RT) S5 — XSy

(=] o0 .
Mis, csg D T

(=e] Co
< < Av, ,
e 0 " Misi sy {l1+cdz)
i=0 i=0
. P c-1 - CHE XS S Xtk
X Equation;, ———— = 1 + P Vi IS S&Z (monolayer volume)
V(P -P) Vim VinC  Po Po: Z3} 7| (saturation pressure)



BET equation?| &£

& BHH AL 71 87|(o)2t 2H@P) OIS
E IS o (a + l})-l = V
2
% 83 oz 03 o0& o3 Figure 4.4 Linearized BET plot to de-
rP/lpo termine surface area.
& 2HH A%
5. = —Ym(EMTY) X Na(6.023%x108mol) X g (0.162X1018m?) = 4.36 X V,, (m2/g)
° 22,400 (cm3mol) A No ' m
V: S84 (molar volume)
& BET H}EH S,: HIEHXH (specific surface area)
CEE upe HE&'OM_'_ ‘T"_’il_"—l"".'_l' Hpey N,: OFE7FE 2 == (Avogadro number)

o: HEX HREY
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