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Catalysis in Industry
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Fig. 1. Diagram presenting: a) the contriburion of caralytic processes to the chemical industry and b) the
contribution of heterogeneous catalysis in comparison to other catalytic processes [4]

Waclawek et al. Ecol. Chem. Eng. 2018, 25, 9.




Catalysis in Industry

Making ammonia Iron N, +3 H, > 2 NH;
Making synthesis gas Nickel CH,+H,0 > CO +3H,
Making methanol Copper/Zinc  CO +2H, > CH,0H

on alumina CO, +3 H, = CH;0H + H,0

Catalytic cracking of gas oil  Zeolite Produces:
A gas (ethylene, propylene, ...)
A liquid (petrol)
A residue (fuel oil)

Making polymers Ziegler-Natta  e.g., Propene = polypropylene

catalysts
Metallocenes

Making ethyleneoxide Silver on C,H, +% O, = ethyleneoxide
alumina

Making hydrocarbons Cobalt, Iron, (2n+1)H, +n CO - C H,,,, + n H,0
Ruthenium

https://www.essentialchemicalindustry.org/processes/catalysis-in-industry.html.
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Making ammonia (Haber-Bosch process)

* Responsible for 1 - 1.5% of all energy consumption
* ~176 mil. tons annually

 used for fertilizers (~almost 90%), refrigeration, explosives, textiles and
pharmaceutical

FORECAST ON THE CHANGES IN WORLD POPULATION AND AGRICULTURAL LAND
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Haber-Bosch process

Extremely

energy-demand

process

N, H H H HHH NH;
Quadrelli, E. A. \ | \ 7 NV /
Chem. Soc. Rev. 2014, 43, 547, i - N N .
. /510

Haber-Bosch process

Pure Hydrogen

P Nit
ureRitrogen Unused hydrogen and nitrogen Catalyst

are recycled to reuse and form
more ammonia

Nt L - metallic iron doped
| = \.L\\ » Hot gases are . .
v e pushed thru  With potassium
Fie i Y e~ absial  onsilica or alumina
- ﬁ Catalyst be catalyzed
| Chamber = 3
A% O i e, £
N, N i
oy s |
| X COSTS
1 4 L
Compressor | | Cooling
e ,_’,“5} Chamber * Heat
\\.Jﬁ/ = + Pressure

The gases are =&
squeezed by extrem

Slih,
|
pressure and heated Hot gases cnn‘ﬁ‘\.'

* High purity H, and N,

to 850 degrees F. catalyst {iron) and + (0, CO, CO, are
react to form i 4 ’
(450 °C) ammania AD:EZZ’Q poison for the catalyst)

100 years of optimization > efficiency > 95%




3/8/2022

Haber-Bosch process - towards better catalysts

e The bar is extremely high (cheap catalyst, large efficiency)

* New catalysts — working at milder conditions (temperature, pressure)
e Electrocatalysis, new material design

* Improving processes for producing pure H,
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T. F. Jaramillo: Nat. Mater. 2017, 16, 70; Science 2017, 355, 146.

Making Synthesis Gas (Steam Reforming of Methane)

CH4 + H,O CO + 3H, AHpgg = +206 kJ/mol
 SE—
steam reformin -gas-shift
Gas p‘anialm!\daliu: . m Hz ( > NHS)
Coal ~w= | Synthesis gas reaction
\\-! Bio gasification CO + H2 FiSEhEr-TerSCh svnthetic
% mass FaE? synthesls fuels
(syngas)
Sun/Wind  icctronysis ekl CH;0H
CO, + H,0 —+TWas synthesis & DME, olefins,
—

* Responsible for ~ 95% of H, production (~50 mil. tons of H, annually)

* used for synthesis of other chemicals and H, used for synthesis of ammonia
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Making Hydrogen

(Steam Reforming of Methane + Water Gas Shift Reaction)

CH, + H,0 CO+3H;  AHygq = +206 kJ/mol
CO+Hy,0 ———> CO,+H,  AHyg =41 kJ/mol
CHy+2H,0 =————> CO,+4H, AHye = +165 kJ/mol
_, combustion H,

gas

feed CH, ] —
steam |§
HTS LTS

air feed |
fuel

REFORMING CO REMOVAL CO, REMOVAL

Conventional steam reforming process with multiple stages for H, production
Liquori et at. Prog. En. Comb. Sci. 2020, 80, 100851.

Making Hydrogen

(Steam Reforming of Methane + Water Gas Shift Reaction)

* Catalyst: a metal (typically nickel, but also Mn/Fe/Co, and others)
supported on a high surface area (silica, alumina, MgO)

e Steam reforming proceeds
at high temperatures (700 — 1000 °C) and
at 3 -30 bars

* Design depends on a plant = 50 — 80% efficiency
- mostly optimized in sixties

ﬂ Demand for new catalysts operating at lower temperatures

e currently, the support is mostly optimized
e.g., Ni on La,0;-Zr0,—CeO, support/promoter can go as low as 400 °C;
Ni on layered double hydroxide nanosheets uses sun light instead of T

Appl. Catalysis B: Environmental 2016, 181, 34.
Chem. Eng. Sci. 2021, 245, 116839.




Making Hydrogen

(Steam Reforming of Methane + Water Gas Shift Reaction)

CH4 + 2 Hzo 4 H2 + COQ

Most Common Hydrogen Production Method
" With CO2 Released To Atmosphere
" eat: 5'7Mwh

CO2: 6.0ton

Typically Released
Greenhouse Gas

Pollution
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power gas $373

USEIA 2019) Hydrogen: 1.1 ton

9"
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Heat. 5

' 3.7

" MWh Capture
A System

1.1ton H2

Methane: 2.9 ton

Hydrogen: 1.1 ton

USEIA 2019)
3"

\N“gﬂ Steam Methane Reforming
+ Water Gas Shift

https://commons.wikimedia.org/w/index.php?curid=96621219
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Nationaal Groeifonds : groene waterstof

Nationaal Groeifonds reserveert € 338 miljoen voor waterstof en groene chemie

» Eeninvestering van 646 miljoen euro en een reservering van 3,5 miljard euro in
tien projecten moet zorgen voor meer economische groei in Nederland. Het
kabinet wil dit geld uit het Nationaal Groeifonds onder meer steken in groene
waterstof, innovatief en toekomstbestendig onderwijs en het doortrekken van de
Noord-Zuidlijn. Hiermee neemt het kabinet het advies van de onafhankelijke
beoordelingsadviescommissie onder leiding van Jeroen Dijsselbloem volledig
over. Dat hebben minister Van 't Wout (Economische Zaken en Klimaat) en
minister Hoekstra (Financién) bekendgemaakt.




Otherindustrially important reactions

Processing of crude oil

Crude oil
Gas Naphtha Kerosine Gas oil Other fractions
Methane Ethane Propane  Butane Ethene Branched alkanes  Aviation Fuel for Ethene Longer chain
Propens Cyclohexane fuel diesel Propene Suanes
Butenes Aromatic snaines Butenes E( ‘-mr‘-ci
naphthal
Ethane Propene  Ethane E:Ia-k:i-mene hydrocarhans granchled alkanes
\romatic ycloalkanes
e hydracarbons Aromatic
h by
Methylpropane yckocetbans
@ Distillation
@ Steam cracking
@ Catalytic cracking (‘hydrocracking’) ‘Aromatic hydrocarbons:
@ |somerisation benzene
g , ethylbs
@& Reforming ('platforming’) i

dimethylbenzenes

@® Sulfur is removed ethylbenzens

https://www.essentialchemicalindustry.org/processes/catalysis-in-industry.html
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Catalytic Cracking

alumina H+ OH
silica —0—AI—0— + H,0 —> —O-A=O-

(0] o]
* possibility of depositing other metals (e.g. Pt, Re — platforming)

e acidic coating H
0
r.o
. . OH [ on ° oSk, H
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L Ho Sl o Mgy |Ne "o, © s
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https://www.essentialchemicalindustry.org/processes/catalysis-in-industry.html
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Zeolites as catalysts

Mechanic properties (size of the pores) used to induce reaction selectivity

CHy

methylbenzene

T vv

m}“’% j .CH3 ‘ : a\ﬂ
2 —_— + or or CH,
o

s
~25% %O

) W J\gwx A

mma struclure

The zeolite acts as a
molecular sieve

Only straight-chain molecules
can pass through the holes in
the zeolite structure.

https://www.essentialchemicalindustry.org/processes/catalysis-in-industry.html

Zeolites as catalysts in industry

Process Catalyst Equation
Produces:
agas (e.g. ethene, propene)
Catalytic cracking of gas oil Zeolite

a liquid (e.g.petrol)

aresidue (e.g. fuel oil)

Reforming of naphtha CHy
Platinum and rhenium on zeolite | CH:CHLCH,CH,CHLCH3(g) —> CH,—?—CHQCH,CHA(g}
H
CH:,
Disproportionation of methylbenzene Zeolite (gJ @(9) @
CHy
Dealkylation of methylbenzene Zeolites © Hotg) — © + CHyo)
.
@ 2 @ e
CHy~CH-CHy

Making cumene (1-methylethyl)benzene< | Zeolite (ZSM-5) © + CHEH=CHy (g) —>

© 2@ ©

Table 2 Examples of industrial processes using zeolites.

https://www.essentialchemicalindustry.org/processes/catalysis-in-industry.html
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Learning objectives

You should be able to explain and understand
* what are the most important industrial catalytic processes.
* why it is important to search for more effective catalysts.
* what are the biggest challenges in industrial catalysis.
* Haber-Bosch process.
* steam reforming of methane and water-gas shift reaction.
* methanol synthesis (see the extra video clip).
* polymerization of alkenes (see the extra video clip).

* know other examples of industrial catalytic processes

(e.g., catalytic cracking, Fischer-Tropsch synthesis).

Do the quiz and see you in the class!




