20221102 RITEEE BHat® K{FETR—

BRIEEAEICRDN—RU) T A7 )L

ESIURFH—FRZa— SV BE LT

Biomass
Coal
Natural gas
Garbage

=

EIUXRFEIFR &L

gasification synthesis

N/

xtoi—kK

synfuel
& chemicals

Large-scale or on-board

1




PART 1 CO or CO2 to aromatics or para-xylene (PX) by
capsule catalyst
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® Designing capsule catalyst and combining FT
reaction, isomerization, hydrocracking in a single
pellet.

CapSUIe CatalySt Zeolite Membrane

(H-ZSM-5)
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CO+H ] i
( )L, isoparaffin
Isomerization

hydrocracking (PG~ gasoline)

Angew Chem., 2008
Nature Comm., 2018

This concept can be applied to all consecutive reactions
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Chem Sci 2013 A — B — c —
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Shell: Zeolite Membrane
(Cracking & Isomerization)
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I-paraffin £
n-paraffin
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Core : Co/Al,O, catalyst
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New zeolite hydrothermal synthesis: never use NaOH,
Never use Br, Cl, to keep core catalyst activity 6




Angew. Chem. Int. Ed. 2008
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Production distribution on: (A) the conventional Co/Al,QO,
(B) the physical mixture of Co/Al,O, and beta-zeolite, and
(C) the beta zeolite coated Co/Al, O, catalyst;
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Merits of the capsule structure catalyst: Catal. Pellet

FEBE SFRIRERGE
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High S/V (membranésurface area vs reactor volume) gives

excellent separation effect.
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ACS Catalysis, invited review, 2014
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para-xylene (PX) direct synthesis
from syngas (CO+H,) or CO,+H,

The traditional indirect route for PX synthesis from
syngas (theoretic and virtual route)

CNCNC NC NC N

erne

Syng Methanol Light olefins Aromatics ore
para-xylene
A new bifunctional catalyst for direc
synthesis of PX from syngas
One-pass selets 2al Science,

sQnversion of syngas to para-xylene, €
ver paper, 2017, 8, 197

Clto C8;

6-step to 1-step PX: PET and textile fiber




1, Syngasto MeOH
On Cr-Zn-O

Syngas
e — CF/ZD
2, MeOH enters capsule

catalyst to form benzene .

Zeolite capsule cataly 'S’t j Core:
p "%e": i /1 2Zn/25

SE

3, Friedel-Crafts
Reaction In

para-xyle

ZSM-5 channel

to form PX
2280

S 4, Stop
Isomerization
of PX!

Zn/ZSM5@Si|ica“te_1Thermodynamic equilibrium
Capsule catalyst PX/OX/MX=1/1/2




FE-SEM&STEM ZSM-5 channel

MeOH w==pp @4. MeOH

3, Friedel-Crafts Reaction in bulky
ZSM-5 channel to form PX precisely:
Only 1-, 4- of benzene are attacked

4, Stop PX to ortho- and meta-by
erasing ZSM-5 outside surface acidic
sites by coating silicalite-1

The FE-SEM images of (a) Zn/Z5 and (b) the core-shell-structured Zn/Z5@S1
zeolite components; (c) the STEM image of Zn/Z5@S1 zeolite component and

the corresponding STEM EDS mapping of (d) Si, (e) Al, (f) O, (g) Zn and (h) the
combined Si, Al, O and Zn. 15



Kinetics diameter of aromatics close to the pore size of
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H-ZSM-5 channel

" <<:>>

S-1 membrane erases zeo
outside acid, stopping PX to

Only 1- and 4- positions
can be accessed by
methanol.

High PX selectivity.

Cr/Zn+Zn/Z5@S1 hybrid catalyst
Chemical Science (cover paper), 2017, 8, 7941-7946.




Change from CO to CO2, same methodology

ACS Catal., 2018

One-step conversion of CO,to PX . patent 2017

Aromaticas (Csq)
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v’ Passivation of external acid : .
> 0
sites by Silicalite-1 mmm) high PX selectivity >50%

PX(PET): 50M ton/Y world from crude now.

70% for clothes and 30% for bottle.

If this PET from CO2, cutting CO2 150M ton/Y, 1/10 of Japan
annual CO2 emission amount.

We (UT, Nippon Steel, Chiyoda, Mitsubishi...) plan to build
full commercial plant (0.5M ton/Y) before 2027 for zero C PX
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PART 2

Integrated tuneable
synthesis of liquid
fuels via varied
Fischer-Tropsch
technology

Nature Catal., Vol. 1, 2018
Editorial by Nature Vol. 561,
286, 2018

Getting jet fuels from
syngas directly.

- = 17:27 85% (mmm )

X Clever chemistry offers ne..

EDITORIAL - 18 SEPTEMBER 2018

Clever chemistry
offers new source of
jet fuel

Update of century-old chemical

reaction could produce kerosene

from biomass.




detailed product distribution of Co/Y, ., catalysts

20

-
(@)}

Selectivity /%

N
O o

—_
o

a

B n-paraffins
77 isoparaffins & olefins

- A

Co4
Cs-11
C12+
. 5()
00

B

-
(&)

Selectivity /%

15

Selectivity /%

777 isoparaffins & olefins

N
o

10

()]

o

I n-paraffins

_- n-paraffins
isoparaffins & olefins

0 5 10

15
Carbon number

20

100 ~ WM ASF Fiistributio'n, a=0.9
001 oy La. 1 Coltmens K.
80
e N
2 o
a1

Cs-16

C10-20

- S . S S S S S S S S D e B e B e e . .y

| The Liquid fuels selectivities:

Gasoline (Cs-Cy;): ~48% up to /4%
Jet fuel (Cg-Cyy): ~41% up to 2%
Diesel (Cy,- CZO)' ~40% up to 58%

am Eam S S S S D DS B B B B S B S B S B s s .

\

-~ e - - == -



%3%0 new EtOH synthesis route

. Carbonylation

ChemSusChem, 2010
(hot paper)

HyC— c_@-cul . Hydrogenation

Dehydrogenation l

MeOH ETtOH

#IL—b :DMEEE A AMBEIOHE KIS
CH,OCH,+CO=CH,COOCHS
CH3COOCH3+2H2=C2HSOH+CH3OH

22
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DME/CO/HI>

Acidic Zeolites Hydrogenation Catalysts

Carbonylation hydrogenation

CO by H-MOR H, by Cu/ZnO

CH,COOCH; CH;0OH+CH5;CH,0OH




From dural-bed reactor to capsule catalyst

OH OH OH

{ , OH
‘o4 AP-TMS
-OH

OH

“OH

HO
HO 4
HO.

>

NH4* exchange

“ﬂoCaIcination

ACS Catal., 2020
(cover paper)

'OH

@ PureCu/zn0 () Silicalite-1 layer HMOR shell
3-aminopropyl-trimethyoxysilane (AP-TMS)
Conv. (%) Selectivity (%)
Catalysts DME o MeOH | EtOH | MA | EA Co,
Cu/ZnO@HMOR-0.12 9.7 0.9 52.7 43.5 1.1 0 2.7
Cu/ZnO@HMOR-0.5° 10.0 0.9 51.4 44.2 1.3 0 3.1
Cu/ZnO@CuMOR-1° 8.1 1.1 51.7 44.0 1.7 0 2.6
Cu/ZnO@CuMOR-2° <1.0 <0.1 100 0 0 0 0
Reaction conditions: 493K, 1.5MPa, 0.5g catalyst, feed gas: 40ml-min-t (Ar/DME/CO/H,=1.55/2.35/46.10/50.00). Capsule catalyst
prepared by hydrothermal synthesis. @ Catalysts obtained by ion-exchange of Cu/ZnO@NaMOR with 0.1 or 0.5M NH,NO, solut|on
respectively ° Catalysts prepared by ion-exchange of Cu/ZnO@HMOR-0.5 with 0.06M Cu(NO,), solution for 1 or 2 times.
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3-5. BARFEHI TIEMEDHI(5)FTDCo% Hlikk

Catalyst Design Strategy
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The ‘xh’ was the
hydrothermal period
of the Co-0,
nanocrystals
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Fig. Synthesis of the Cat-xh catalysts.
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3. HHERILKF(HO)DE R 3-5. BARFEHT VILAMEDHI(5)FTDCo%Z Hllik

FT reaction of water-melon-like Co/SiO2 catalysts
204, 220°C, WIF=5.1 gh/mol, CO/H,=1/2

Catalyst| CO TOF Cd5+ |C5-C11| C10-
name | conv. (s1) |Sel. (%)|Sel. (%)| C20
(%) Sel. (%)

Cat-12h| 80.6 | 0.064 | 80.0 62.4 23.7

Cat-8n | 78.2 | 0.049 | 74.9 42 .4 39.3

Cat-4h | 77.0 | 0.039 | 84.2 15.6 66.2

1., Co+sel% GBI FEDOHE : V)V =7722BF T2
2. EiZz ¥is—14nm KR+ (12h) : TV VU > ;
Snm/INRLF (4h) : BRI,

P22
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Flzk b4 ﬂ%#%Lmﬁ/Jﬂm\*;El 5. R
IZ3dEFDIRILTF—DIELHY, KYBHIC
CONRIEEEMEITHRNIAA, COFEE FduE(C
Ui CTE 5.

Nature Comm., 2018
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a), b): {ERDIBFAIE o), d): RA4HE  BIE, JISTTLRALGERS
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Down-size of huge FT plant: metal 3D print. Nat. Comm. 2020
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Thanks a lot !
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Toyama Bay and Tateyama Mountains



