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Catalysts contribute
to society

WHFERIER



Methanation technology and CO, emissions

Decentralized power sources
(CHP/Fuel cells)

e — Customer

Example scenario for becoming carbon neutral

through the use of existing gas infrastructure
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Methane production (methanation) technology

@ At the beginning of the 20th century, Sabatier (France) discovered a technology to
thermochemically produce methane from CO, (carbon dioxide) and H, (hydrogen) using a catalyst.

@ Ni-based and Ru-based catalysts are often used as catalysts.
@ It is an exothermic reaction, and low temperature and high pressure are advantageous.

@ As methane production technology from CO2, in addition to thermochemical methods,
electrochemical, photoreduction, biological methods, etc. are being researched and developed.

100
High Pressure
80 — _.........:0.:

CH, production(%)
(=2
o
o
N
=
T
m .
&
=)
<
T
[\V]

300 500 700 900 1100
Paul Sabatier Temperature (°C)
(1912 Nobel Prize in Chemistry) Temperature and pressure dependence (equilibrium) in the

hydrogenation reaction of CO,



Recent related business example: methanation technology

Prototype demonstration in Japan ahead of the world (Professor Emeritus Hashimoto of Tohoku University and Tohoku Institute of Technology)
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Yokkaichi Asthma
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Yokkaichi Asthma

= In 1967, when the first victim of Yokkaichi asthma occurred, a
test facility for flue gas desulfurization began operation at the
No. 2 industrial complex's thermal power plant.

= Flue gas desulfurization technology was also developed. In
1968, the sulfur content in the fuel, which was about 3% at
the time, was succeeded in reducing to 1.7 using a heavy ol
indirect desulfurization unit (Ni-Mo-Co desulfurization catalyst)
installed at the oil refinery of the No. 2 industrial complex.

= Yokkaichi's air pollution has dramatically improved as a result
of various measures to prevent pollution, such as the
introduction of desulfurization equipment and switching to
high-quality fuel with low sulfur content.
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Practical application of desulfurization and
= denitrification catalysts

Trends in annual average sulfur dioxide concentration
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Three—way catalyst, TWGC

2023/7/11

CO, NOx,
HC removal
catalyst from
engine
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Three—way catalyst, TWGC
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Basics of catalytic
chemistry
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What is catalyst

Material itself seems not changed before and after a reaction,
but even small amount it accelerates the chemical reaction.

Definition of catalyst

Suzuki-Miyaura Coupling over Pd catalyst (Novel prize on 2010)

R1_R2 R1_X
Pd°
R R4
Pd" Pd"
\Rz \X
o
Rlo_B_YX ,R»] %M_OR
Y Pd"
®R2 OR' M-X
R'O=B-Y
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What is catalyst

Definition of catalyst

Material itself seems not changed before and after a reaction,

but even small amount it accelerates the chemical reaction.

Without catalyst

E. With catalyst ‘

2023/7/11

Catalyst affects
— change reaction path

— Activation energy is decreased.
E.<E,

— Reaction rate constant is increased.
Arrhenius eauation

Eq
k = A exp ~ T
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Kinds of catalyst an examples

Homogeneous catalyst: the same phase as reactant such as metal complexes and enzyme

o @

cl.. _ pph O

o= @

PCys i 1,

Grubbs catalyst: Olefin metathesis  Pd catalyst: Cross-coupling
(Novel prize on 2005) (Novel prize on 2010)

Catal Today 2008, 132 81 87
Supported catalyst: oxidation Zeolite: acid-based reaction BT Bl 2
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Homogeneous vs. Heterogeneous catalysts

Material

Reaction phase

Stability,
Temperature

Selectivity

Separation and
reuse

Analysis of re-
action mechanism

Homogeneous
(Including enzyme)

Always solved in solvent

Homogeneous liquid

Low
<200°C

High >¢Enzymes also have high
‘substrate selectivity”

Difficult (Extraction operation, etc.
required)

Comparatively easy

Heterogeneous

Solid metals or oxides

Liquid-solid, solid-solid, gas-
solid

High
Even >1000 °C

Low

Easy (Filtration and
centrifugation is enough.)

Difficult



"Where" does the reaction occur in a heterogeneous catalyst?

The substrate is activated at the "coordinatively unsaturated” site on the top
surface of the solid so that a catalytic reaction occurs.

Terrace Step

[N

NN

Kink

B R, FFHAF1990, 11, 131-137.

How to increase coordinatively unsaturated sites on a
solid surface? ?



How to enhance catalytic activity

(b)

1.0

0.5

Ratio of surface atom

0 | 5 10 15 20 25

dre1 Radii ratio of particle to atom
&, @ FAF 1990, 11, 131-137.

Generally, if the weight is the same, the smaller the particle size, the higher
the catalytic activity. — “nanoparticles”
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How to make good use of metal microparticles? : supported catalyst

Active species (metal) Support: Putting a metal on a support with a
/ high specific surface area.

& — The interaction with the carrier stabilizes

the fine metal particles and maintains a

highly dispersed state.
‘ ‘ ‘ In the absence of a carrier, fine particles
U agglomerate due to their high surface energy.

><In order to suppress aggregation, protection

‘ with organic ligands is necessary.

2023/7/11 WAL F & REE
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Supported catalyst preparation method 1: Evaporation to dryness

(i) In solvent (i) Evaporation of solvent
(Forced loading of precursors)

Precursors
(Metal salts) :>

>¢Nitrates, acetylacetonate complexes,
etc. are mainly used as metal precursors.
Since halogens often remain, halides are

generally avoided.

(ili) Calcination (iv) Reduction
(pyrolysis, sintering)

AT W WG W

>:In the case of a carbon support, do ><Unless you want a supported
not use an oxygen atmosphere. "oxide" catalyst. o o
TR e
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Supported catalyst preparation method 1: ion exchange

(i) Before (ii) Support of precursors

Precursors
(iii) Filtration

(Metal salts) _ |
v reduction

Point of ion exchange method: Isoelectric point (iep) of carrier

x cation Compare with iep Ocation

Oanion pH X anion
—lower higher—

+++++++ + +

Oxides iep (pH)
SiO, 1.0-3.0
TiO, 4.7-6.2 It is important to adjust the pH
AlL,O, 6.5-9.4 according to the charge on the
MgO 12.1-12.7 precursor and carrier surface.
' : AT & AL
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Unique catalysis of alloy catalysts : Ligand and ensemble effect

Ligand effect

@ Reactions that can be accelerated by one metal atom A

@ Alloying

The second metal B changed the electronic state of A and changed the
catalytic activity.

Ensemble effect
Reactions that can be accelerated by metal ensembles (active sites
composed of multiple metal atoms A)
@ Alloying

The second metal B disrupted the metal ensemble and lowered the
catalytic activity. (It can be used to suppress side reactions that you do

not want to proceed)




Evaluation of catalytic performance

The following three points are important for catalytic performance..
1. Activity (reaction rate): Turnover frequency, TOF

2. Selectivity
(A) Product selectivity

Aimed product——— By-product B
substrate <
By-product A

(B) Substrate selectivity (substrate specificity for enzyme)

—SubstrateA —_— Product A

Substrate B —— — Product B

3. endurance (lifetime): Turnover number, TON

It is difficult to obtain the reaction rate one by one. ...
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Evaluation of catalytic performance 2: Relationship between conversion, yield and selectivity

Aimed product—— By-product B
substrate <
By-product A

1. Conversion
= (amount of substrate consumed) / (amount of substrate used)

2. Yield)
= (amount of aimed product) / (amount of substrate used)

3. Selectivity
= (amount of aimed product) / (amount of substrate consumed)

Thus, T'Yield = Conversion X Selectivity |

> Product distribution, (amount of aimed product) / (amount of all products)
Note that there are many papers and studies that confuse this with selectivity.



Degradation and regeneration of catalyst

Most catalysts degrade for a variety of reasons, even though " Definition of
catalyst: they themselves remain unchanged before and after the reaction."

1. Derived from structural change of catalyst: aggregation of supported species, phase
transition, elution of active species, etc.
*Since the catalyst itself has changed, it is difficult to regenerate.

FWWEEN W §

2. Derived from external factors: Poisoning by substrates and products (e.g. coking)
* It can be regenerated by removing the poisoning substance. (e.g. calcination)

Carbonaceous species

Bt 8- 000

WAL &AL
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Fundamentals of
catalytic reactions
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Ratio of surface atom
=
T

0 5 10 15 20 25
dret Radii ratio of particle to atom

Generally, if the weight is the same, the smaller the particle size, the higher
the catalytic activity. — “nanoparticles”



Structural Sensitivity / Structural Insensitivity

£ z—via—~—gE (TOF) rHELORE

= Structure insensitive
— Only the effect of increasing the surface

area appears

= Structure sensitive
— Catalytic activity depends on particle size.

= The smaller the particle size, the
greater the catalytic activity.

= The larger the particle size, the greater
the catalytic activity.

= Catalytic activity is maximized at a

certain particle size

2023/7/11
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I8 (TOF REFRCHE L)
2H, 4+ 0,—2H,0

CiH., @ +H, —— CiHe, O

& (TOF HEHVh I ERE )
C,H,, CHy+H,—CH,

AN +H—CH,, CH,, CHy

O i AN
§

c—g—c +Hg—'C—C‘3—C+CH.
C C

|
ANA () +#
C:Hs+H,—C,H,

& (TOF R2HELVPEEEDE)
CyHs+0,—C0,
CyH,+0,——CO,

CO+0,—CO,

OH{,—»/\/\

CO+H,——CH,
CO+H,—C.Ha
CO+H,——CH,0H
N,+3H,—2NH,

IVE (TOF 124 2HECRALRS)*
H,+D;=—==2HD

e
OO

PL/Si0,»
Pt/ALO®
Pt/Si0,, Pr/ALO®

Pt/ALO®

Ni/Si0,-AL,0,”, Pt-blackt

Rh/ALD,®

Pt/AlL0,®

Pt/ALOY

Pt/ALO,Y
Ni/ALO®
PL/ALOW

Pt/ALOm
P/Si0,»

Ph/ALO;®

Ni/Si0,»
Ru/ALO,, Co/ALOP
Rh/Si0,9
Fe/MgO®

Pd/C, Pd/Si0, (13A)=
Ni/Si0, (12A)%

Rh/Si0, (184)®

* () AREAD TOF 5z sRE,

%) ta) Adv. Catal., 20, 153, b) J. Catal., 5, 111 (19686), ) J. Catal., 6, 92
(1966} ; 85, 530 (1984), d) J. Caral., 5, 471 (1966), ) J. Pkys. Chem., 10,

2257 (1966), ) J. Phys. Chem., 67, 841 (1963), g) J. Catal., 56, 21 (1979),
h) 5th L.C.C., 695 (1872}, i) J. Catal., 11, 35(1968), j) 4th [.C.C., 286 (1971),
k) Chem. Lett., 1983, 265, 1) H{k, 1979, 1646, m) J. Caral., 33, 366 (1978),
n) J. Catal., 53, 414 (1978), o) J. Catal., 68, 419 (1981); 87, 27 (1984), p)
J. Catal., 65, 335 (1980), q) J. Catal., 51, 386 (1978): 75, 251 (1982): Bull.
Chem. Sec. Jpn., 57, 938 (1984), 1) J. Catal., 85, 78 (1984), s} Chem. Lett.,
1984, 1607, t) J. Catal., 37, 513 (1975), u) B{t, 1984, 1011, v) 5th LC.C.,

671 (1972), w) J. Catal., 69, 180 (1981},



Structural Sensitivity / Structural Insensitivity

Relationship between Turnover Frequency (TOF) and catalyst particle size

I # TOF is independent on the size: Structure insensitive
2H,+0,—2H,0 Pt/Si0,»’

CzH;, @ + H; —— czHﬁ, O Pt{’AIEOQ_h}

/\ |i[> + H: ——a-/\, /\/\/ Pt/5i0,, Pt/Al,0.®

()— @ H, Pt/ALO,
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Structural Sensitivity / Structural Insensitivity

& The larger TOF, the smaller the size: Structure sensitive

CEHE! CﬂHE—i_HE_'}CHq, Ni/SiOE“AIED‘g&j, Pt-blﬂﬂkf}
/\/\ +H,—CH,, C,H, C,H; Rh/Al1,0,8°
O +H— AN/ Pt/ALOg®

C
|
C—C—C+H,—C—-C—-C+CH, Pt/Al,05

| |
C C
AN — @ + Ha Pt/Al,04P
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CHHB —l" Og _’COE
CgHﬁ + OE‘“"“'"_'_J'COE
CO + Og_"‘*COE

(>+Ha—l'/\/\

CO+H,——CH,
CO+H,—C,H,,
CO+H,—C,H;0H
N,+3H,—2NH,
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Structural Sensitivity / Structural Insensitivity

rir#E The smaller TOF, the smaller the size: Structure sensitive

Pt/ALO;b
Pt/ALO™
Pt/Si0,™

Ph/AlL,0,®

Ni/Si0,p’

Ru/AL0;2, Co/ALO.P

Rh/Si0,s’
Fe/MgO®



= Structural Sensitivity / Structural Insensitivity

IVE! TOF is the largest at a specific size: Structure sensitive
H,+D,—=2HD Pd/C, Pd/Si0, (13A)w

@ +He — O Ni/Si0, (12A)V
@ +H— O Rh/Si0O, (18 A)w
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Adsorption and castalysis
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Adsorption is start of catalytic reaction

= Physisorption

— Weak adsorption: always

= Chemisorption

— Strong adsorption: chemical bonding
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Table Chemisorption and physisorption
Physisorption

Origin of adsorption
Site
Structure

Heat of adsorption
Activation energy

Rate

Adsorption and
Desorption

Typical adsorption

2023/7111

Chemical bond

Selective

Monolayer

10~100 k cal/mol
Large

Slow

Reversible or
Irreversible

Langmulir type

ML F S RESR

van der Waals force

Non-selective

Multilayer

A few kcal/mol
Small

Rapid

Reversible

BET type



Physisorption
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Solid surface
Adsorption ¢uptake.__
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Comparative pressure
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Comparative pressure
P/Po
Comparative pressure
P/Po
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Physisorption
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Brunauer—-Emmett-Teller Isotherm (BET) Isotherm

Slope - ( ) (Cm ) ¢ (interr:ept) — %t_c! (Cm_B) Vm = Slop+1:tercept
P 1 (c — 1) P
0o __ 0
V(P*—=P) Vi \VnC/P Surface Area/Total Surface Area
A
V,,Ns
Surface area(Stprqr) =
V
p/v.(po-p)
BT ¥mi BET Surface Area/Specific Surface Area
1fvm.c~[ St tal
»  BET surface area = ——
p/po a
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Chemisorption
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Chemisorption

= Dissociated adsorption
Ex. CO + M(adsorption site) — C-M + O-M

= Non—dissociated adsorption
Ex. CO + M(adsorption site) — CO-M
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Adsorption isotherm

2023/7/11

Amount adsorbed

Amount adsorbed

'Y

a) Langmuir

b) Henry

§

c) Freundlich

)

d ) Frumkin-Temkin

Pressure

\

P re
WA FE LS ressu



Adsorption isotherm

= Langmuir
abp e ab[p 6/(1-6)=ap

V= =
1+ap I1+ayp 6/(1-0)=a./p
= Henry p: adsorption equilibrium pressure
v: adsorption uptake
0=ap 0 <<1 b: saturated uptake
=v/b
=« Freundlich

1/n

v=ap (1<n<10)

= Frumkin—Temkin

v=AlnBp
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Adsorption isotherm

= Langmuir
— Most chemisorptions are applicable.

— The theory is that the heat of adsorption is irrelevant to the amount of
adsorption, but this may not always be the case.

= Henry

— Although it is a formula that linearly increases the amount of adsorption, it
Is often regarded as a part of the Langmuir type.

= Freundlich

— The heat of adsorption is linearly related to In v (amount of adsorption).
— The middle part is close to the Langmuir type, so it is difficult to identify.

= Frumkin—Temkin

— A special case has been presented for ammonia and nitrogen adsorption on
metallic iron.

— The heat of adsorption decreases linearly with the amount of adsorption.
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Chemisorption

* Langmuir equation

§=kf(1-e)cA-kba (1)
k;, k,, Reaction rate constants of adsorption and desorption
8=qlq,, (2)

q,,, Saturated adsorption amount

dq/dt = 0 in equilibrium, then,

KaCly (3)
1+ X ,C

g =q,2=4q,,

K,, Adsorption constant
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Chemisorption

* Freundlich equation (from experimental)
q = }CCAn

k, n, Freundlich constant
C,. Equilibrium concentration of adsorbate

2023/7/11 WA FERIEE
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Importance of Adsorption to Surfaces: Volcanic Activity Orders

In order for the solid catalytic reaction to proceed, it is a major premise that
the substrate is chemisorbed and activated on the catalyst surface.

1. Substrate adsorption: If too weak, no reaction will occur.
2. Desorption of products: If it is too strong, the next reaction will not occur
(=poisoning). — It often becomes a volcano plot.

The highest activity is exhibited

A B when the strength of interaction
\ // I IS “moderate”.
\ Reaction rate|

A(gds) > B(gds) (Activity)

Solid catalyst

Strength of interaction with elementX ——

2023/7111 e A a



Intermolecular Reaction Mechanism Considering Adsorption: L-H and E-R Mechanism

The reaction between Substrate A and Substrate B (intermolecular reaction) is roughly
explained by the following two mechanisms..

1. Langmuir-Hinshelwood mechanism: Both A and B are adsorbed on the catalyst and activated.

Vo /
A(?ds) > C(allds) « B(?ds)

B ki

2. Eley-Rideal mechanism: B collides with A, adsorbed and activated on the catalyst, and
then reacted.

A B C
N/
A(?ds) > C(a}ds)

[ {4 3 -
BT &
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From adsorption to catalytic reaction

»,
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Catalytic reaction

= Physisorption

= Chemisorption
= Surface reaction
= Desorption

2023/7/11

If it ends here, it is
simply an adsorption
phenomenon.
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Example: Methanol synthesis reaction

sSynthesis gas conversion into methanol

CO + 2H, — CH,OH

Keys are non—dissociation of G=0 and
dissociation of H—H.
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CO

AN

Reversible O

|
C

Catalyst Surface

H,
Reversible
\\ Physisorption
IT III —chemisorption
Catalyst Surface CH,O0H

Irreversible E CI) C|) —H

Surface reaction ‘

2023/7/11

C—H H(‘EH

Catalyst Surface ~ Catalyst Surface



Surface reaction

= There are many irreversible processes.
— When the reverse reaction is overwhelmingly unfavorable

= Surface reactions are often the rate-limiting step.

— Surface reactions also have many stages.
— You can find out where the rate-limiting step is by an Arrhenius plot.
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Example: methanol synthesis

= Synthesis gas conversion into methanol

CO + 2H, — CH,0OH
CO gas—CO (chemisorption)
H, gas — H, (chemisorption) —2H (Dissociative adsorption )
CO (Adsorption) +H—CHO (Adsorption) <fE:EEXRE>
CHO (Adsorption) +H—CH,O (Adsorption)
CH,O (Adsorption) +H—CH50 (Adsorption)
CH;0 (Adsorption) +H— CH3;OH (Adsorption)
CH;OH (Adsorption) — (Desorption) CH;OH

2023/7/11 MR FERIEE



Activation energy

= Arrhenius equation

Reaction rate constant £ £ = Aexp(— ]lj;j

where A is the frequency factor and E is the activation energy. This equation
indicates that the activation energy can be obtained if the rate constants at
different temperatures are known.

It is important that the Arrhenius equation has the same form as the Boltzmann
distribution equation. Activation energy is the energy required to become an
intermediate in the middle of a reaction. This indicates that the ratio of the
intermediates to be present governs the reaction rate.

Reaction rate analysis is important in clarifying the reaction mechanism in
reactions where various substances coexist.
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Apparent activation energy

= From the experimental data, plotting In (k) = y-axis and 1/T =
x-axis, the slope is Ea = activation energy.

Slope 1s E,
In (k)

2023/7/11 MR FERIEE 1 / T



Working of catalyst

Since catalyst B has a smaller activation
energy, it is judged to be more effective.

SN N

Catalyst A

1/T
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In (k)

Change the activation energy?

It should be understood that the
reaction path changed in a
certain temperature range.

1/T

WAL FERIESE



Reaction paths

B
\
A C/D

When the rate-limiting step changes, the activation energy changes.
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The state of catalytic science: research and development that meets social and industrial needs

HE: 35—

=%=27) A EEs L5EF

Haber-Bosch method (NH; synthesis) Exhaust gas purification
— To deal with population growth (fertilizer synthesis) — For environmental conservation

w3 ;1' ; =

Catalic cracking, desuluri"zatioh, etc. Fuel cell

2023/7—/1>1 For large-scale utilization of petroleum and environmental conservation — For de-fossil fuel A A2
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