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Learning outcomes (modified)
After the course the students are able to:

1. give the definition of catalysis and describe concepts related to 

heterogeneous and homogeneous catalysts 

2. explain steps and methods in catalyst preparation 

3. describe and apply selected catalyst characterization methods

4. explain why and how catalysts deactivate and how catalyst 

deactivation can be postponed or prevented

5. give examples of where catalysts are applied 

6. recognize challenges potentially solvable by catalytic reactions

Note, Prof. Puurunen, 7.1.2019: These learning outcomes have not yet been 

accepted for the course. Students are welcome to comment on these proposed 

learning outcomes. We will in practice follow these in the course in 2018-2019



Some feedback in MyCo Quiz 1:

• “I like the way this course has been arranged! I think I will learn a lot during this 

course.”

• “some quite interesting points of view that I never had considered were 

presented during the lecture (e.g the carbon dioxide thing), these sorts of things 

are rarely ever brought up on courses, so thank you for that!!” 

• “You can clearly see that the lecturer has invested a lot of time and effort into 

this course which increases my motivation towards the course. This is a nice 

change from many other courses … ”

• Many positive responses on the Quizzes & lecture capture

• (One person) “I wish the quiz dead lines were put a little bit further.”

+ much more Thank You!

Feedback will help to develop the course further



Introduction to adsorption-
related concepts



Adsorption

• “In general, adsorption is defined as the enrichment of 

molecules, atoms or ions in the vicinity of an interface. 

• In the case of gas/solid systems, adsorption takes place in the 

vicinity of the solid surface and outside the solid structure. 

• The material in the adsorbed state is known as the adsorbate, 

while the adsorptive is the same component in the fluid phase. 

• The adsorption space is the space occupied by the adsorbate.”

• + adsorbent!

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Terminology - IUPAC
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Adsorbent = solid that provides a 

surface for adsorption

Adsorbate = material in the

adsorbed state

Adsorptive = 

same component

(adsorbate) in the

fluid phase as

(sometimes also: 

adsorbate gas)

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Adsorption can be physical or 
chemical

• Physisorption is a general phenomenon: it occurs whenever an 

adsorbable gas (the adsorptive) is brought into contact with the 

surface of a solid (the adsorbent). The intermolecular forces 

involved are of the same kind as those responsible for the 

imperfection of real gases and the condensation of vapours. …

• In chemisorption …, the intermolecular forces involved lead to 

the formation of chemical bonds.” 

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Adsorption

Physical adsorption

(physisorption)

Chemical adsorption

(chemisorption)



Absorption

• “When the molecules of the adsorptive penetrate the surface 

layer and enter the structure of the bulk solid, the term 

absorption is used. 

• It is sometimes difficult or impossible to distinguish between 

adsorption and absorption: it is then convenient to use the 

wider term sorption which embraces both phenomena, and to 

use the derived terms sorbent, sorbate and sorptive.”

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Adsorption

Chemical adsorption

(chemisorption)

Physical adsorption

(physisorption)

Sorption

Absorption

SORPTION: http://goldbook.iupac.org/html/S/S05769.html

http://goldbook.iupac.org/html/S/S05769.html


Adsorption

Chemical adsorption

(chemisorption)

Physical adsorption

(physisorption)

Absorption

Sorption
(Ion exchange)

SORPTION: http://goldbook.iupac.org/html/S/S05769.html

http://goldbook.iupac.org/html/S/S05769.html


Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces and Adsorption, link

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


Lennard-Jones 
potential energy
diagram

Julian Ross: Heterogeneous Catalysis 

- Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces 

and Adsorption, link, Figure 2.7.

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


Chemisorption
• chemically specific

• changes in electronic state

• reversible/irreversible

• chemisorption energy as for a 
chemical reaction 
(exothermic/endothermic)

• may involve an activation energy

• for “large” activation energies 
(“activated adsorption”), true 
equilibrium may be achieved slowly

• monolayer adsorption

Physisorption
• non-specific

• minimal electronic interaction

• reversible

• adsorption energy exothermic 
and (higher or) similar to the 
energy of condensation 

• non-activated

• equilibrium established 

• chemical nature of the adsorbate
& adsorbent ~not altered

• multilayers may form

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html
Summary slide wording slightly updatedin 2019/Puurunen

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html
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Classification of pore sizes
(IUPAC): micro-, meso-, macro-

• pores with widths exceeding about 
50 nm are called macropores;

• pores of widths between 2 nm and 
50 nm are called mesopores;

• pores with widths not exceeding about 
2 nm are called micropores.”

21.1.2019
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Picture: 

• a = closed pores

• b,c,d,e,f = open pores (open only from one end b,f or open from both

ends c,d)

• Shape of pores can vary

K. S. W. Sing et al. REPORTING PHYSISORPTION DATA FOR GAS/SOLID SYSTEMS with Special 

Reference to the Determination of Surface Area and Porosity. Pure Appl. Chem., 57 (1985) 603. 

<what is the original source

for this classic figure?>



Adsorption isotherms: 
experimental



Adsorption isotherm (IUPAC)

• “The relation, at constant temperature, between the amount 

adsorbed … and the equilibrium pressure of the gas is known 

as the adsorption isotherm.”

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Experimental isotherms, examples

N2 adsorption on ZrO2 at 77 K
Voigt et al., Topics in Catalysis (2019), 

https://dx.doi.org/10.1007/s11244-019-01133-w

H2 adsorption on Cu at 25°C
H. Scott Fogler, Elements of Chemical Reaction Engineering, 2nd 

Edition, Prentice Hall International Editions, 1992.

https://dx.doi.org/10.1007/s11244-019-01133-w


Pressure scale note, p & p/p0

“The way the pressure is plotted depends on whether the 

adsorption is carried out at a temperature under or above the 

critical temperature of the adsorptive.

• At an adsorption temperature below the critical point, one 

usually adopts the relative pressure p/p°, where p is the 

equilibrium pressure and p° the saturation vapour pressure at 

the adsorption temperature. 

• At an adsorption temperature above the critical one, where 

there is no condensation and no p° exists, one must necessarily 

use the equilibrium pressure p.”

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore size 

distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


https://en.wikipedia.org/wiki/Critical_point_(thermodynamics), accessed 18.1.2019

https://en.wikipedia.org/wiki/Liquid_nitrogen, accessed 18.1.2019  

Liquid nitrogen boiling temperature

https://en.wikipedia.org/wiki/Critical_point_(thermodynamics)
https://en.wikipedia.org/wiki/Liquid_nitrogen


IUPAC 
classification of 
physisorption
isotherms
(refined, 2015)

Thommes et al., Physisorption of gases, with special reference to 

the evaluation of surface area and pore size distribution (IUPAC 

Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–

1069, https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


IUPAC Type I

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


IUPAC Type II 
classification

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


IUPAC Type III

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


IUPAC Type IV

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Type IV: Hysteresis comes from
condensation in mesopores

Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © Elsevier 2012.

Chapter 2: Surfaces and Adsorption, link

Kelvin equation
in the Ross book

g is the surface tension of the 

liquid 

(8.72 mN/m for N2)

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


IUPAC Type V

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


IUPAC Type VI

Thommes et al., Physisorption of gases, with special reference to the evaluation of surface area and pore 

size distribution (IUPAC Technical Report), Pure Appl. Chem. 2015; 87(9-10): 1051–1069, 

https://doi.org/10.1515/pac-2014-1117. 

https://doi.org/10.1515/pac-2014-1117


Model adsorption isotherms



https://doi.org/10.1016/j.cej.2009.09.013

Further reading

https://doi.org/10.1016/j.cej.2009.09.013


Model isotherms

• Langmuir isotherm

• Core reference isotherm

• May limiting assumptions

• BET isotherm

• Brunauer-Emmet-Teller

• Extension of Langmuir
isotherm to multilayer
adsorption

• Temkin, Freundlich, …



Derivation of Langmuir adsorption 
isotherm for single-site adsorption
https://aalto.cloud.panopto.eu/Panopto/Pages/Viewer.aspx?id=2d56ca40-7ab8-401e-

80e9-a9d100a13c1d

Derivation largely follows the Scott Fogler Elements of Chemical Reaction Engineering 

presentation

https://aalto.cloud.panopto.eu/Panopto/Pages/Viewer.aspx?id=2d56ca40-7ab8-401e-80e9-a9d100a13c1d
https://aalto.cloud.panopto.eu/Panopto/Pages/Viewer.aspx?id=2d56ca40-7ab8-401e-80e9-a9d100a13c1d


Langmuir isotherm: 
monolayer adsorption 

Assumptions

• Flat surface

• Adsorption sites energetically identical

• Adsorbed species do not interact

• Monolayer adsorption 

e.g., H. Scott Fogler Elements of Chemical Reaction Engineering –

or any book on physical chemistry

Equilibrium conditions

Constant temperature



Langmuir isotherm

Zecchina & Califano, The Development of Catalysis: A History of Key Processes and Personas in Catalytic Science and 

Technology, Wiley Online Library, http://dx.doi.org/10.1002/9781119181286, Copyright © 2017 by John Wiley & Sons.

In different places

written with

different symbols

http://dx.doi.org/10.1002/9781119181286


Limitations of Langmuir model

Zecchina & Califano, The 

Development of Catalysis: A 

History of Key Processes and 

Personas in Catalytic Science 

and Technology, Wiley Online 

Library, http://dx.doi.org/10.10

02/9781119181286, Copyright 

© 2017 by John Wiley & Sons.

Despite its obvious limitations, the Langmuir adsorption model is frequently

used e.g. in the fields of

• chemical reaction engineering and

• atomic layer deposition* 

* e.g., Ylilammi, Ylivaara, Puurunen, ” Modeling growth kinetics of thin films made by atomic layer deposition in 

lateral high-aspect-ratio structures” J. Appl. Phys. 123 (2018) 205301; https://doi.org/10.1063/1.5028178

http://dx.doi.org/10.1002/9781119181286
https://doi.org/10.1063/1.5028178


American Chemical Society
 Langmuir journal

Virtual issue:

https://pubs.acs

.org/page/langd

5/vi/la-

Langmuir100

Also one article

by Puurunen in 

Langmuir: 

https://dx.doi.or

g/10.1021/acs.l

angmuir.6b0300

7

ACS 

journal: 

Langmuir

https://pubs.acs.org/page/langd5/vi/la-Langmuir100
https://dx.doi.org/10.1021/acs.langmuir.6b03007


Extension of Langmuir isotherm to 
allow multilayers: BET isotherm
Additional hypotheses:

1. gas molecules physically adsorb on a solid in layers infinitely;

2. gas molecules only interact with adjacent layers; and

3. the Langmuir theory can be applied to each layer.

https://en.wikipedia.org/wiki/BET_th

eory, accessed 19.1.2019

https://en.wikipedia.org/wiki/BET_th

eory#/media/File:BET_Multilayer_A

dsorption.svg

Original reference (?) Brunauer S, Emmett PH, Teller E (1938) Adsorption of gases in 

multimolecular layers. J Am Chem Soc 60:309–319. 

https://en.wikipedia.org/wiki/BET_theory#/media/File:BET_Multilayer_Adsorption.svg
https://en.wikipedia.org/wiki/BET_theory#/media/File:BET_Multilayer_Adsorption.svg


Physisorption isotherms

Richardson, Principles of Catalyst Development, Plenum Press, 1989.

BET isotherm



We will skip the derivation in CHEM-E1130

You can find good derivations in the literature, e.g.: 

• https://nptel.ac.in/courses/103104045/pdf_version/lecture26.pdf

#page9

• Wikipedia

• Surely many textbooks (if you find links, you can give a hint)

https://nptel.ac.in/courses/103104045/pdf_version/lecture26.pdf#page9


BET isotherm was a breakthrough

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



• p and p0 are the equilibrium and the saturation 

pressure of adsorbates at the temperature of 

adsorption, 

• v is the adsorbed gas quantity (for example, in 

volume units), vm is the monolayer adsorbed 

gas quantity 

• c is the BET constant

• E1 is the heat of adsorption for the first layer, 

and EL is that for the second and higher layers 

and is equal to the heat of liquefaction

Surface area analysis:

Linearized BET equation

https://en.wikipedia.org/wiki/BET_theory accessed 19.1.2019

(”y = ax + b”)

https://en.wikipedia.org/wiki/BET_theory


BET plot

• Straight line with 1/v[(p0/p)-1] on the y-axis 

and p/p0 on the x-axis according to 

experimental results. 

• Linear relationship only in the range of 

0.05 < p/p0 < 0.035 

• The value of the slope A and the y-

intercept of the line I are used to calculate 

the monolayer adsorbed gas quantity vm

and the BET constant c. 

https://en.wikipedia.org/wiki/BET_theory, accessed 19.1.2019

https://en.wikipedia.org/wiki/BET_theory


There are assumptions and 
limitations in the BET model, too

• Same limitations as for Langmuir

adsorption isotherm

• Distinctive adsorption sites, 

although for physisorption

• Not suitable for micropore surface

area analysis

• Nevertheless: standardly used for 

surface area analysis  SBET



Physisorption isotherm 
measurement and analysis

 SBET



How are physisorption isotherms
measured?
• Adsorption or adsorption+desorption isotherms measured at 

constant temperature (most typically, liquid N2, 77 K)

• Specialized computer-controlled high-vacuum equipment, pre-

heating is a typical step

• Measurement range (p/p0) and no. of points recorded depends

on the aimed application

• Various detection methods:

• Volumetric

• Gravimetric

• Flow methods  3-point BET, 1-point BET



Equipment at Aalto CHEM: ’Surfer’

• Thermo Scientific’s Surfer equipment for 
measuring metal dispersion, surface area & 
pore size distribution

• Includes : byrettes, stop cocks, a vessel for 
liquid N2 , a heating bag and a thermometer

• Maximum T = 450 °C, vacuum

• Connected to multiple gases (N2, H2, CO, He)

• Both physisorption and chemisorption 
measurements

21.1.2019
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Room: E425

Photo: Eveliina Mäkelä



• p and p0 are the equilibrium and the saturation 

pressure of adsorbates at the temperature of 

adsorption, 

• v is the adsorbed gas quantity (for example, in 

volume units), vm is the monolayer adsorbed 

gas quantity 

• c is the BET constant

• E1 is the heat of adsorption for the first layer, 

and EL is that for the second and higher layers 

and is equal to the heat of liquefaction

Surface area: linearized BET 
equation

https://en.wikipedia.org/wiki/BET_theory accessed 19.1.2019

https://en.wikipedia.org/wiki/BET_theory


Linearized form of the BET 
equation

Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces and Adsorption, link.

Slightly different order & c has been a bit lost…

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


BET (mesopore) surface area
calculation

• The total surface area Stotal and the specific 

surface area SBET

• where vm is in units of volume which are also

the units of the monolayer volume of the

adsorbate gas, N is Avogadro's number, s the

adsorption cross section <~area> of the

adsorbing species, V the molar volume of the

adsorbate gas, and a the mass of the solid

sample or adsorbent.

https://en.wikipedia.org/wiki/BET_theory, accessed 19.1.2019

https://en.wikipedia.org/wiki/BET_theory


Example of isotherm & BET plot

Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces and Adsorption, link.

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Pore size distribution (PSD)

Measurement of PSD an essential feature of particle

characterization

• Historically, macropores have been measured with mercury

porosimetry and 

• Mesopores with nitrogen adsorption-desorption isotherms

• Micropores with t-plot, density functional theory, …

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Macropores: mercury porosimetry

Richardson, Principles of 

Catalyst Development, Plenum

Press, 1989.



Mesopores: adsorption isotherms
& BJH method (advanced)

• BJH: Barrett–

Joyner–

Halenda

Voigt et al., Topics in Catalysis 2019 (in press), https://dx.doi.org/10.1007/s11244-019-01133-w

Barrett EP, Joyner LG, 

Halenda PP (1951) The 

determination of pore volume 

and area distributions in 

porous substances. I. 

Computations from nitrogen 

isotherms. J Am Chem Soc

73:373–380.  

https://doi.org/10.1021/ja0114

5a126

https://dx.doi.org/10.1007/s11244-019-01133-w
https://doi.org/10.1021/ja01145a126


Micropores: t-plot, density
functional theory, … (advanced)
• Reference isotherm with

similar BET c value as the

material being evaluated

https://dx.doi.org/10.1021/la5026679

More, e.g.: S. Lowell, Joan E. Shields, Martin 

A. Thomas, Matthias 

Thommes. Characterization of Porous Solids 

and Powders: Surface Area, Pore Size and 

Density (Chapter 9). 2004, Springer 

Science+Business Media, New 

York, http://libproxy.aalto.fi/login?url=https://ebo

okcentral.proquest.com/lib/aalto-

ebooks/detail.action?docID=3073274

https://dx.doi.org/10.1021/la5026679
http://libproxy.aalto.fi/login?url=https://ebookcentral.proquest.com/lib/aalto-ebooks/detail.action?docID=3073274


Chemisorption isotherm 
measurement and analysis

 D



• Chemisorption not only a fundamental step in catalysis by solid

surfaces but…

• … also a powerful method of catalyst characterization

• Most typically, chemisorption used to probe

the active surface area of metals.

• Many other applications also possible



Chemisorption

• chemically specific

• changes in electronic state

• reversible/irreversible

• chemisorption energy as for a chemical reaction 
(exothermic/endothermic)

• may involve an activation energy

• for “large” activation energies (“activated adsorption”), true equilibrium 
may be achieved slowly

• monolayer adsorption

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html

http://old.iupac.org/reports/2001/colloid_2001/manual_of_s_and_t/node16.html


How are chemisorption isotherms
measured?
• Total or total + reversible isotherms measured at constant, 

controlled temperature – typically room temperature or higher

• Irreversibly adsorbed amount is the difference of these

• Specialized computer-controlled high-vacuum equipment, 

reduction at elevated temperature (e.g. 300°C) is a typical step

• Typically volumetric measurement with pressure detection



Ability of metals to chemisorb…(1)

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Ability of metals to chemisorb…(2)

Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces and Adsorption, link.

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


Example chemisorption isotherms

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Julian Ross: Heterogeneous Catalysis - Fundamentals and Applications, © 

Elsevier 2012. Chapter 2: Surfaces and Adsorption, link.

http://app.knovel.com/web/view/khtml/show.v/rcid:kpHC000003/cid:kt009GDRX1/viewerType:khtml/rid:pdf?page=1&view=collapsed&zoom=1


Typical characteristics of 
chemisorption isotherms

21.1.2019

69

From: S. Lowell, Joan E. Shields, Martin A. Thomas, Matthias Thommes. Characterization of 

Porous Solids and Powders: Surface Area, Pore Size and Density. 2004, Springer 

Science+Business Media, New York, Chapter 16: Volumetric measurement: catalyst 

characterization by static methods, link. 

The quantity of (c), i.e. of 

”strong adsorption” 

(=irreversible chemical

adsorption), is 

calculated in the

adsorption exercise.

https://ebookcentral.proquest.com/lib/aalto-ebooks/reader.action?docID=3073274&ppg=24#ppg=107


Stoichiometry of adsorption

• The adsorption stoichiometry is 
defined as the average number 
of metal atoms with which each 
gas molecule reacts (link)
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Chapter 12: link

Table from: https://ebookcentral.proquest.com/lib/aalto-

ebooks/reader.action?docID=3073274&ppg=24

https://ebookcentral.proquest.com/lib/aalto-ebooks/reader.action?docID=3073274&ppg=24
https://ebookcentral.proquest.com/lib/aalto-ebooks/reader.action?docID=3073274&ppg=24
https://ebookcentral.proquest.com/lib/aalto-ebooks/reader.action?docID=3073274&ppg=24


Chemisorption standard means to 
access metal dispersion

• If the total amount of a metal

is known, and 

• chemisorption gives (with

assumed stoichiometry!) the

surface amount

•  dispersion can be

calculated

Dispersion defined as

• D = Ns / Nt

• Ratio surface atoms vs 
total atoms 

(typically used for metals)

Image: Ross, Heterogeneous catalysis, Chapter 3 (Fig. 3.5)



Chemisorption  particle size
(with further assumptions)

 Adsorption exercise, calculation of average metal particle size



Chemisorption at different
temperatures  activation energy?
• Example: doctoral

thesis of Lars-Peter 

Lindfors (early 1990s)

• Now: senior vice

president, technology, 

Neste

https://www.neste.com/corporate-

info/investors/corporate-

governance/ceo-and-neste-executive-

board-0

https://www.neste.com/corporate-info/investors/corporate-governance/ceo-and-neste-executive-board-0


Potential complications from
spillover and absorption

We want to measure: We may additionally measure: 



Also beware: desorption of 
new compounds!?!

• Many transition metals

form volatile carbonyl

compounds! 

Bartholomew, C.H.; Farrauto, R.J. Fundamentals of Industrial Catalytic

Processes, 2nd ed.; Wiley-Interscience: Hoboken, NJ, USA, 2006.



More, e.g.: S. Lowell, Joan E. Shields, Martin A. Thomas, Matthias 

Thommes. Characterization of Porous Solids and Powders: Surface Area, Pore Size 

and Density (Chapter 12). 2004, Springer Science+Business Media, New 

York, http://libproxy.aalto.fi/login?url=https://ebookcentral.proquest.com/lib/aalto-

ebooks/detail.action?docID=3073274

Additional material

http://libproxy.aalto.fi/login?url=https://ebookcentral.proquest.com/lib/aalto-ebooks/detail.action?docID=3073274


Conclusion 
& Take home-message



Take-home message

• Adsorption isotherm

measurements widely used for 

catalyst characterization

• Physisorption/non-specific: 

surface area, pore volume, pore 

size distribution

• Chemisorption/specific: 

adsorbed volume, active metal

area, dispersion (+ particle size)



Some words on the Group work: 
Catalysis Glossary (1st Ed.)



Full instructions in MyCourses

https://mycourses.aalto.fi/course/view.php?id=20383#section-4

https://mycourses.aalto.fi/course/view.php?id=20383#section-4


Catalysis Glossary workflow

DL Task 0: 28.1.

DL Task 1: 4.2. DL Task 2: 20.2. DL Task 3: 4.3. 

Target: Catalysis 

Glossary ready: 11.3.

Material to Task 3 

expected: 25.2.

Material to Task 2 

expected: 8.2.

Material to Task 1 

expected: 21.1.



Group Task 0.

• Find the members of your group

• Plan your schedule, discuss on the ways of working, how to 

share the tasks, who reports etc.

• Write a memo (a memo template available at GoogleDrive) and 

return it to MyCourses: 

• Are all the members present and able to participate the course?

• Is everyone able to access GoogleDrive working environment
• There is a folder shared with all the students (@aalto.fi – addresses) You can 

request access for another e-mail address, too

DL 28.1.2019 - Group Task 0 -
Group formation 



DL 4.2.2019 – Group task 1 - Terminology 

for Catalysis Glossary

Group task 1.

• Collect the words related to catalysts and catalysis from the 

files appointed to your group

• Recommendation: At least two persons read each presentation, 
you do not all need to read all nine

• Which of these words are important? Create a list of at least 15 

words (max up to ~50) to be used in the Catalysis Glossary

• Write a memo on the group work and return in MyCo



Introducing Dr. Reetta Kaila

https://www.wartsila.com/abo

ut/wartsila-

185/view/enjoying-the-

global-company-culture

https://www.wartsila.com/about/wartsila-185/view/enjoying-the-global-company-culture

