Catalysis and Adsorption

Theory and Applications
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(Continued)

Physical adsorption or

Physisorption

Chemical adsorption or Chemisorption

Caused by intermolecular

vanderwaal’s forces

Caused by chemical bond formation

Not specific in nature

Highly specific in nature

Reversible in nature

Irreversible in nature

Multimolecular layers are formed

on the adsorbed surface

Umimolecular layers are formimed on the

surface

Heaat of adsorption is less (20 to 40
KJI/mole)

Heat of adsorption is large (80 to 240

KI/mole)

No activation energy 1s required

High activation energy is required

Depends on nature of gas. Easily Depends on nature of adsorbent and
Liquetfiable gases are adsorbed | adsorbate

easily

Occurs at low temperature Increases with increase in temperature
Increase In  pressure mmcrease | High pressure 1s favourable. Decrease 1in
adsorption pressure does not cause desorption
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Table 23.1* Maximum observed Table 23.2* Enthalpies of
enthalpies of physisorption chemisorption, A 4 H ®/(kJ mol™)
Adsorbate A, H®/(kJ mol™) Adsorbate Adsorbent (substrate)
CH, —21 Cr Fe Ni
i —84
H,0 e C,H, 427 285 243
N2 —i CO -192

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 Theory

[ ] Molecular forces

- Intermolecular forces
- Intramolecular forces

[ 1 Theory describing an interaction between two molecules (bodies)

- Hard sphere theory

- Soft sphere theory




(Continued)

Hard sphere theory
- describes the potential energy of interactions
(1) between two non-bonding atoms
(2) between molecules based on their distance of
separation
- accounts for the differences
(1) between attractive forces (dipole-dipole,

dipole-induced dipole, and London interactions)
(2) between repulsive forces



Hard Sphere Potential Theory

[ ] Lennard-Jones Potential

-very simple
- with many limitations

[ 1 Buckingham potential/Coulomb-Buckingham potential
- a variation of the Lennard-Jones Potential
[ ] Stockmayer potential

- a variation of the Lennard-Jones Potential
- more accurate

[ 1 Quantum chemistry methods



Sir John Edward Lennard-Jones
(1894 — 1954)

[] Prof. of the University of Cambridge

[ ] Theoretical physics and chemistry

[] Initiator of modern computational

chemistry




Lennard-Jones Potential Model

J.E. Jones, On the determination of
molecular fields. —II. From the equation
of state of a gas, Proc. R. Soc.

A, 106 (1924) 463-477.
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1. Both balls are an infinite distance apart and are not
interacting

2. The balls are brought closer together with minimal energy
input to a certain distance, r. At this distance, the balls have
an attractive force between them

3. The attractive force between the two objects brings the objects
even further together until they reach an equilibrium distance
apart at which their minimum bonding potential is reached.

4. To further decrease the distance between both objects,
additional energy is required because as the balls overlap, repulsive
forces act and push both balls further apart. At these distances, the

force of repulsion is greater than the force of attraction.



(Continused)

Lennard-Jones potential (“12-6” or “L-J” potential”)

e 0=l(9)" - 2)

repulsive attractive

E,: the intermolecular potential between two atoms or molecules

e: the well depth
o: the distance at which the intermolecular potential between the

two particles is zero.
r: the distance separated between both particles

€. a measure of how strongly the two particles attract each other
0. a measure of how close two nonbonding particles can get

- referred to as the van der Waals radius
- equal to one-half of the internuclear distance between nonbonding

particles
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Lennard-Jones Potential
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A attractive force
>
repulsive NOTE: The deeper the well depth (g£), the
force stronger the interaction between the two
particles. When the bonding potential

epey o energy is equal to zero, the distance of
eqmllbrlum separation, r, will be equal o o

force = 0
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[P. Atkins & J. de Paula, “Element of Physical Chemistry”, Fifth Ed.,
Oxford University Press (2009) ]

& THMe A2 w4
& 21t %ol o|n|
& FH| THM0| YH) HEtE 3t

HA

@ Ol: Lennard-Jones potential, Morse potential, hard-sphere potential,
Kihara potential, ...
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F1G. 3.2. Potential-energy curves for the adsorption of hydrogen on. nickel, and
pictorial representation of the adsorbed states.

T Ni + Inivaw Tt ry + Tyydw
= 0.125 nm + 0.08 nm + 0.035 nm + 0.08 n
= 0.32 nm

[G.C. Bond, “Heterogeneous Catalysis”, 2" Ed., Oxford
Science Publications (1987) p27]
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@ Surface coverage(EHH U E 9)
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4 Associative adsorption
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@® Vacuum pump @ Vacuumgauge @ Trap @ Valve
® Pressure gauge ® Three way valve (@ DC volt meter PID controller

® Thermocouple @ Heater @ Sample tube
& 298" 20| Ro] HIl2 82 EH DA =0 ME SEHT A
& 50 SEHHS SEHT 240 22| AH8E|n AS
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Automated Adsorption System




* ™xt opojAR XM=
(Cahn balance)

1. Quartz spring
2. Constant temperature

* L_'Iloo:l ﬁE%)I x-l% chamber
3. Displacement meter
4. Sample
5. Heater or Lig. N:
dewar
& STHR = RELE F2[20 SHSI= EH| ST EA-Y = AUS
& SEPd(uptake curve)lM SESH= S| St Y S AR = AS
(Gll: HzSM-5 M| Z2}0| E0f o- XIS 5%

Solvent
Lig. N2 trap
Vacuum system

Recorder

. Temperature

control unit
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Ml

& IUPAC 7|=
O M ME: < 2nm
7t E= HEMZ: 2 nm < mesopore < 50 nm
a

Ml&: > 50 nm

& HA SEo chiet siA o 7|8k (2)

& CFHE MI& 2% (Hierarchical material):
SHME| Hot2 £0l= 20X M3 =
- @& 2oltt3, £9| RFCC BH30f| 1A
- O M-EEx 284S

External surface
Macropores
w > 50 nm
esopores
w <50 nmi

Micropores w < 2 nm

S0nm
asm~messmcme;

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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[J.M. Thomas and W.J. Thomas, “ Introduction to the Principles of
Heterogeneous Catalysis”, Academic Press, London (1967)]
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Adsorption Isotherms

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

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

[ ] Langmuir Isotherm 1 )
(] Freundlich Isotherm — logq, =logKy + —logC,
[_] Dubinin-Radushkevich Isotherm 'l

Rt RT .
[_] Temkin Isotherm — e = N InKp + b InC,
[ ] Flory-Huggins isotherm
L] Hill isotherm

[ 1 Halsey Isotherm

[ ] Harkin-Jura Isotherm
[ ] Jovanovic Isotherm

[ ] Elovich Isotherm

[ ] Kiselev Isotherm



(Continued)

3. Three-Parameter Models

[] Redlich-Peterson Isotherm K CPs
N | Co
[ ] Sips isotherm —  (,= 5
1 —a,Cy
e K,C
] Toth isotherm — e -0 = e—e -
[] Koble-Carrigan isotherm A [1 N ( KLCE)”]

[ ] 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 i

Linear L-Langmuir F-Freundlich

r/" r r

i [ L

H-High Affinity 5-Sigmoid Step isotherm



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

I. 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.—COeschsner de Coninck and Gérard,?! by reduction of bismuth
chloride to metal, found Bi = 208.50.

Molybdenum.—DMiiller,? by oxidation of the metal, found Mo = g6.035.

Neodymium.—Baxter, Whitcomb, Stewart, and Chapin,® by analyses
of the chloride, find Nd = r44.27.

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

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

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

Nore.—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 censorship of letters, either in Germany or es roufe, has led
to a miscarriage. F. W. Crargg, Chairman.
[CONTRIBUTION FROM RESEARCH LABORATORY OF THE GENERAL ELECTRIC COMPANY,

SCHENECTADY, N. ¥.]
THE CONSTITUTION AND FUNDAMENTAL PROPERTIES OF
SOLIDS AND LIQUIDS.
PART I. SOLIDS.
By Iavine LANGMUIR.
Received September 5, 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 form more or less definite theories of the
mechanism of evaporation, condensation, liquefaction, adsorption, and
capillary phenomena. According to this theory, both solids and liquids

* Comgpt. rend., 162, 252 (1916).

# THrs JOURNAL, 37, 2046 (1915).
3 Td4d., 38, 3oz (116},

4 IThid., 38, 1783 (1016},

* Ann. Physik, [iv] 48, 269 {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 »,§, where v, 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

afp = . (14)
Furthermore
g+ 6, = 1. (15)
Whence
au
B, = , 16
' v+ ap ( )

The quantity 8, 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 (f = 1). These rela-
tions are in good qualitative agreement with known facts.?



What I1s the correct model?

250

Cadmium

3

Z

Adsorbed Concentration (mg-kg-)

100 fB O Data
== Langmuir
= Freundlich
50
Borden soil
':' 1 | | I | 1 | 1
Q 20 40 &0 80 100

Solution Concentration (mg-L™")



Langmuir % S24

1 i

P (arbitrary units) P (arbitrary units}
Fi1G. 2.3. The Langmuir adsorption isotherm.
Fic. 2.4. Langmuir adsorption isotherms with various values of 4.

[G.C.Bond, “Heterogeneous Catalysis”, 2"d Ed., Oxford Science Publications (1987)]

Ha
2
oA

221 oo

el

jot
2t o
12
=2
1
o

& 7P8: -

% o
AL J
Ral

ro oo
od Hr 2% rjn
Ral
of¥
N ot

|
ro
bl

F

)

0f0
°
£Q
ojo

F(latenal) &= %
F7IH 2 7Pg g

M e

|
N
=t
o
0>



Langmuir S%F S

=k

42| o]l

‘ooooooooo‘ i

V: adsorbed volume

V,,: monolayer volume

‘ 0 = : surface coverage

r,=k(1— 8)P
ry=keo
HHOIAM ry="rq k(1-8)P=k"0 b: adsorption parameter
Kp
o= —K _ __bP SEHIEE D25
+Jé_’p 1+DbP

oA
o mQ
3.}
1
H
o



& Ol d2A0l H&

bAPA

A

(bP) *
1+ (bP)”

—| "
> i
o
.. e
) o
s 3
> =
— Vm
+
o
o)
£
>
o I
{04 —
100 Q
I - > — Vm
-
KO
£
T 5F
|
E
= I
——
= c o
X >> L,
fo[
@

P
Kl

jojm
jof
101

mo
jojfl

no <r

o[ <ir

ol o
ﬂﬂ olo
jojln 7l

n o
ol #ir



Freundlich

nio

e

fo[n

mPl/n

kPl/I’l ’ q

&®s2M:0
4 Shape:

il
. .
oo a0
Oa W —_—
> R5
R~
v T T
ufl = wr
ﬁ =l fojm
S ol ol
- lo <
N
LH 01 N
R & Ko
) m 1o
HH o K
o} m jojn
& o
ol e

O

Inq

Inm+1/ninP

Ing

InP

ol
rk
I
11

[N
(W}

ol

rk



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
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Adsorption of Gases in Multimolecular Layers

By StepHEN BRUNAUER, P. H.

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.
‘The higher pressure convex portion has been
variously interpreted. By some it has been
attributed to condensation in the capillaries of
the adsorbent on the assumption 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 helieved
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 dipoles 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
thew, and later Bradley,* derived on the basis of
this polatization theory is practically the only
quantilative expression that has been so far pro-
posed to aceount 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 {he bind-
ing energy between the two adsorbed layers, at
least in those instances in which the gas molecules
do mot possess considerable permanent dipole
moments.

It seems to us that the same forces that produce
condensation are chiefly responsible for the bind-
ing energy of multimolecular adsorption. On
this assumption, in the second part of this paper
we shall carry out a derivation of the isotherm
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) DeBoer and Zwieker, Z, physik, Chem., B3, 407 (1929),
(3) Bradley, J. Chem. Soc., 1467 {1636).

EMMETT AND EDWARD TELLER

I. The Polarization Theory of DeBoer
and Zwicker

According to DeBoer and Zwicker, the induced
dipole in the fth laver polarizes the ¢ + Ist
laver, thus giving rise to induced dipole moments
and binding energies thal decrease exponentially
with the number of layers. If we call the dipole
moment of a molecule in the di-th layer p, it
follows that

i = ¢ {1}
where ¢ and C are appropriate constants, C actu-
ally being equal® to w/u; - . The corresponding

binding energy is proportional to the square of the
dipole moment
o= e {2y

where ¢x is another constant. The equilibrium
pressure of the nth layer (top layer), p,, according
to Beltzmann's law varies exponentially wilh 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= cpmElET )
Tt follows, therefore, that
R
- — e ()

which is identical with DeBoer and Zwicker's
equation

In ;;h - K (2a)

if ca be replaced by Kaps, —cs/RT by K, and Clby
K.

One can substitute n = /v, where v is the val-
ume of gas adsorbed at pressure p,, and v, is
the volume adeorbed in one complete unimolecilar
layer, DeBoer and Zwicker,' and subsequently

(3 According to DeBoer and Zwicker the u¢ values for all layess,
except the first nnd the top Inyer, satisty the equatioas

T e | (1a)
Equaticn (1) is a solution of (la) if
C=Ll=1 — b ‘oi—‘“’ (1)
DreBoer and Zwicker give the approximate expression
[ TV ] (1e}

which for k <X 1 is & good approximation for (1b). It skould be noted,
bowever, that whea & <& 1 ouly o few Jnyers are usunlly adsocbed
and, since sguation (1s) is not valid for the top layer, in this cas
sl of the equatlons are to be comsldessd approsimace. Bradley,
using equation (Ic), derived the values of 0.6075 sad 0.015 for &
far copper sullate and alumloum sulfate, respectively, even though
the upper limit of k according to (15) is 0.4,

Substituting into (26) we obtain the isotherm
equation
VmCp

(o — ) {1 + (¢ — 1)(p/p0)}
The following considerations show that equa-

U =

(28)

For the purpose of testing, equation (28) can
be put in the form
P 1 ¢c—-1p
v(pe — ) " Ume + UmC Do (4)
Equation (A) i1s in a convenient form, since a
plot of p/v(po — p) against p/pp should give a
straight line, whose intercept is 1/v,c and whose
slope is (¢ — 1)/vnc. Thus from the slope and
intercept the two constants v, 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
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1 _C —l(p)_*_i
v[(po/p) — 1] UmC \Po/ VmC

v = adsorbed gas quantity
po = saturation pressure of adsorbate

p = equilibrium pressure of adsorbate

¢ = BET constant = exp (EI;TEL)

E; = heat of adsorption for the first layer
E, = heat of vaporization
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1 L st (p ) " |
v[(po/p) — 1] Vm€ \Po UmC

y=mx+b>b

1

v[(po/p)—1]




Amt adsorbed

BET Isotherm Interpretation

Capillary
Mesopore condensation in
desorption branch; course DO"e\i

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, Psg= b, s;exp(— E,/RT)

ay Ps; = by s, exp(— £, /RT) 51
59
a;Ps;_1=b;s;exp(— £ /RT) 53
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T s
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