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CATALYSIS - POWERFUL

¸ More than 90% of processes in chemical industry carried 
out using catalysts

¸ The growing demand for fine chemicals industries and

¸ increasingly stringent ecological standards 

¸ require new technologies 

¸ as well as new, more effective and more selective 
catalysts. 

¸ To satisfy this demand the current combinatorial 
techniques enabling an optimisation of elemental 
composition are not sufficient and much more scientific 
effort would be required.

¸ The worldwide market of catalysts: an increase from $3.7 
bn in 2004 to $5 bn in 2009.



EU - Nanotechnology for chemical industry/ chemistry 

should focus on:

¸Catalysis

¸Filtration

¸Surface chemistry

¸Nanochemistry

¸Self assembly



Technological topics of infrastructure 

for chemistry :

¸ More fundamental understanding of catalyst 

structures and catalysis mechanism in 

chemistry ïessential

¸ Use of molecular modelling for the design of 

catalyst molecules ïvery important and needs 

to be better addressed at a European level

¸ Chemistry ïmore interdisciplinary

ÅSurface chemistry groups ïintegration with biological / 

biochemical / cell biological ones.



Good catalyst?

¸High activity
ÅSmaller reactor

ÅMild conditions

¸High selectivity
ÅLess side products

ÅProduction without wastes

¸Retaining good activity and/or selectivity 
for long time



Activity

¸ If rate = kĀf(pi) or rate = kĀf(ci)

¸ Then ïk rate coefficient of the overall reaction 
ïsome measure of activity

¸ But we have to keep in mind that k is 
temperature-dependent and concentration is 
also temperature-dependent

¸ The best way to express it

¸ Turnover frequency

¸ Or 

¸ Turnover number



Turnover frequency - TOF

¸ Number of times n that the overall catalytic reaction takes 
place per catalytic site per unit time for a fixed set of 
reaction conditions:

ÅTemperature

ÅPressure or concentration

ÅReactant ratio

ÅExtent of reaction

¸ TOF= number of molecules of a given product/(number of 
active sites)/time

¸ Or

¸ TOF = dn/dt Ā1/S, where S is number of active sites



Turnover frequency - TOF

¸ For homogeneous catalysis ïenzymatic 

processes the number of active sites is known

¸ For heterogeneous processes ïdetermination 

of number of active sites can be difficult

¸ Then, S can be replaced by A ïexposed area 

of the catalyst

¸ TOF = dn/dt Ā1/A ïa lower limit to the turnover 

frequency



Turnover frequency - TOF

¸ TOF can be also expressed
ÅPer mass of the catalyst

ÅPer volume of the catalyst 

ÅPer volume of packed reactor

¸ According to IUPAC recommendation

¸ - TOF expressed per unit total area

¸ Important ïTOF is a rate, not rate coefficient

¸ Then is is necessary to specify all the 
prevailing conditions of thje catalytic reaction



Selectivity

¸ If

¸A -> B and the reaction rate is R1

¸And simultaneously

¸A -> C and the reaction rate is R2

¸Then selectivity towards product B is

¸R1/R2



Selectivity

¸ If

¸ A -> B and the reaction rate is R1

¸ And simultaneously

¸ A -> C and the reaction rate is R2

¸ But product B next reacts to C

¸ B -> C and the reaction rate is R3

¸ Then selectivity towards product B is

¸ (R1-R3)/(R1+R2)



Selectivity

¸ Particularly important in organic synthesis

¸ Exemple ïwide diversity of products obtained 
from synthesis gas (syngas) depending of 
applied catalyst
ÅMethane (Ni/alumina)

ÅMethanol (CuZnO)

ÅPolyethylene (Ru)

ÅAlkanes (Fe, Co)

ÅAlcohols (Fe, Co)

ÅAlkenes(Fe, Co)

ÅGlycols (Rh compounds)



Promoters

¸Elements or compounds
ÅAdded in small amount to the main catalyst

ÅInactive in a given reaction

ÅImproving catalyst properties
ÅActivity

ÅSelectivity

ÅDispersion

ÅMechanical resistance

ÅThermal resistance

ÅResistance to poisoning



Inhibitors

¸Elements or compounds
ÅAdded in small amount to the main catalyst

ÅInactive in a given reaction

ÅLowering catalyst properties
ÅActivity

ÅSelectivity

ÅDispersion

ÅMechanical resistance

ÅThermal resistance

ÅResistance to poisoning



Poisons

¸ Inhibitors contained in a feed gas



Nanocatalysts - better and 

cheaper 

¸ Many nanoparticulate catalysts - added value from increased surface area

¸ Some materials only exhibit catalytic activity when in nanoparticulate form

¸ Specific control of size and morphology of catalytic nanoparticles - not essential

¸ But offering a gradual improvement

¸ In general - the smaller the better 
Å - platinum catalyst particles in proton exchange membrane fuel cells are around 2 nm

¸ Particularly important - create NP that present a specific crystal face to the reaction medium. 

Ådifferent faces can selectively catalyse different reactions

Å result -significant changes in yield balances between competing end products

¸ If supported catalysts - even distribution important
Ågradual improvements in efficiency
Å reduction in the required amounts (important for precious metals)

¸ Production costs of nanoparticles - not very relevant

Åmany important catalysts are precious metals

Å raw material costs are often more so



Nanotechnology ðuseful for

¸ Manufacture of small nanoparticles with extremely 
(even atomically) precise size and crystal orientation

¸ Great challenges:

ÅMimic nature

Åenergy production from CO2

Ånitrogen fixation

¸ Novel catalysts for neutralizing harmful exhaust 
chemicals from cars, aircraft and power stations



Nitrogen fixation

¸Ammonia ïproduct no 2 in inorganic 

chemical industry

¸Application - 90 % for production of 

nitrogen fertilizers

¸Why plants need nitrogen ?

¸N2 Ÿ N3
-Ÿ synthesis of proteins



Fixation of nitrogen in nature

¸ 1 ha - 77000 t N2

¸ Production of nitrogen fertilizers ïenv. 107 Mg/year, 
20-30MPa, 500 C̄

¸ Fixation of nitrogen in nature - env.  108 Mg/year, 
Biological nitrogen fixation ïirreversible, occuring at 
ambient temperature and pressure, catalysed by 
enzyme

¸ NITROGENASE - 2 proteins containing Fe, Mo, S

¸ Isolated in 1960 r.

¸ Bacteria type Plectonema, Rhizobium 

¸ Living in symbiosis with some plants only



Ammonia synthesis reaction

¸ 1/2 N2 + 3/2 H2 Ÿ NH3 DH = -46,05 kJ

¸ Favourable thermodynamics conditions:

Ålow temperature

Åhigh pressure

¸ Dissociation of N2 molecule - 3000 C̄

¸ Energy of dissociation - 945 kJ/mol

¸ Triple bound N-N



Trials to mimic the nature

¸ And to fix nitrogen at mild conditions :

¸ 1960 ïtheory of complexes containing N2 as a ligand

¸ 1965 ïfirst such a complex isolated

¸

[Ru(NH3)5N2]
2+

¸ Other transition metal complexes containing N2

¸ Increase of N-N distance comparing to free N2

¸ Problem - reduction



Mimic the nature? Not yet 

¸ CATALYST TEMP. dm3 NH3/kgcat/h

¸ Nitrogenase amb. 336

¸ TiO2 + Fe + UV 40 C̄ 0,0002

¸ Ru-K/C 31 C̄ 0,01

¸ 190 C̄ 3,40

¸ A breaktrough needed ïmaybe a very 

active nano-catalyst?



Some history

¸ End of XIX ïincreased need for nitrogen 
compounds

¸ Le Ch©telier ïrole of opposite effect - 1884 r

¸ 1901 r  :  100 at - N2 + H2 + electric impulse

¸ < 100 at Ă + cat Fe or Pt

¸ Explosion of compressor

¸ 1900 - Ostwald - N2 + H2 on Fe at high 
temperature



Focused investment ðfull 

success

¸ Fritz Haber - consultant in BASF

¸ 1909 - 1912 ïtogether with collaborators investigated 
2500 different substances ïpotential catalysts for 
ammonia synthesis

¸ Winner ïiron obtained through fusion of magnetite with 
additives (Al2O3, K2O, CaO)

¸ Bosch ïresponsible for the process implementation

¸ 1911 ïsemi-technical plant

¸ 1913 ïindustrial plant in Oppau - 30 t/d NH3

¸ Nobel prize :

¸ Haber - Ăfor ammonia synthesis from elementsò

¸ Bosch - Ă for merits in introduction and development 
of high-pressure methods in chemistryò



RULES of HABER -BOSCH õs MET HOD

¸ High pressure

¸ Iron catalyst obtained by reduction of an alloy of 

magnetite with promoters

¸ Ammonia synthesis loop ïcirculation of 

synthesis gas + separation of produced NH3

¸ Cooling of reactorôs walls



First ammonia reactor of Carl 

Bosch.

55 years of work, 800.000 Mg of 

ammonia produced

Today ïa monument in fron of 

the BASF office building



Can ammonia synthesis occur 

without catalyst?

¸ Yes, but the rate is 5 

x 10-49 lower

¸ Industrial reactor

¸ 100 m3 of catalyst

¸ 770 K, 20 MPa

¸ Production - 1500 

Mg NH3/d



Can ammonia synthesis occur 

without catalyst?

Empty reactor, 

without catalyst

dimensions of Sun System

the same p,T conditions

0,1 g NH3/d

(comparing to 1500 Mg 

NH3/d)



Iron catalyst for ammonia 

synthesis

ÅIRON obtained by reduction of an alloy of magnetite 

with small amount of promoter oxides (Al2O3, CaO, 

MgO, SiO2)

ÅPreparation of iron catalyst:

ÅFusion of magnetite with promoter oxides in an 

electric furnace

Å Crushing, sieving

Å Reduction under hydrogen

ÅOnly magnetite is reduced to iron, promoters 

remain oxidised

Å Passivation



Iron catalyst strenghts and 

weaknesses

¸ Strenghts:

¸ - low price

¸ - high mechanical resistance

¸ - high life expectancy (even 10 years or more)

¸ Weakness:

¸ - sensitive to poisoning

¸ - reversible (O2, CO, CO2, H2O)

¸ - irreversible (S, P, Cl, As)

¸ Feed gas has to be purified very carefully ïthe section of gas 
preparation and purification ï75% of ammonia plant



Industrial ammonia synthesis 

plant


