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Outlines

2. General about Natural Gas

3. Conversion and utilization of Natural
Gas

3.1 Direct Conversion

3.2 Indirect conversion via syngas
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Energy use grows with economic
development
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Current and historical global energy mix
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Five key drivers of the energy future

significant hydrocarbon resource potential

misalignment between resource location and
demand

growing supply challenges
growth of renewables

rapid GDP growth esp. in
developing countries

growth of megacities

changing customer
preferences

Security
of Supply

» advances in all
technologies especially
Info-tech, biotech and
nanotech

potential for breakthroughs
In energy production,

conversion or Storage
T logy

» climate change and potential

significant rise in import dependence
new policy initiatives to enhance energy security
growing competition for energy resources

for carbon constraints

 regulation relating to local
pollution

Source: BP Statistical Review




Renewed interest in N Gas:

€ Environmental restriction and
Relatively clean N Gas

€ More domestic gas than once thought
€ Energy imbalance and security

€ Expanded uses




Outlines

1. General introduction to energy map

3. Conversion and utilization of natural gas




What is NG?

Colorless, shapeless, and odorless in its pure form(

mixture of hydrocarbon gases.

Typical Composition of Natural Gas

Methane 70-90%
Ethane

Propane

Butane

Carbon Dioxide

Oxygen

Nitrogen

Hydrogen sulphide H,S

Rare gases A, He, Ne, Xe




PETROLEUM

OCEAN
300-400 million years ago

—
M

THI'}“ eg F.'I?-EH'TE and animals dled
and were puried on the ocean floor.
Owver time, they were covered by
layears of silt and sand.

ATURAL GAS F
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OCEAN
50-100 million years ago

Tl -

Plant & Animal Remalns Oil & Gas Deposits

Owver millions of years, the remains
weTe buried deeper and deeper.
The enormous heat and pressure

turned tham into oil and gas.

Today, we drill down through [aye
of sand, siit, and rochk to reach
the rock formations that contain
oil and gas deposits.




Usa of Natural Gas

1. Clean fuel commercial
and residential use;

2. Raw material for
chemical industry
(ammonia synthesis,
methanol, ethylene,
propene, hydrogen,
syngas, acetylene,
carbon black...)

/ Electric
Generation
(24%)

Residential
(22%)

Industrial
(32%)

Other (8%)

- - /
S /

__..-f'bnmmercial
(14%)

Note: 76 %sammonia, 802 methanol, 42% ethylene comes

from Natural Gas.




The supply and demand of NG in China
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NGas Utilization in China

2000

Domestic (108M3) 24010
Natural Gas 200
Coal-based

Import (108M3)
pipe line
LNG




NGas Resource Distribution in China

Junggar Basin [
52.4 billion m* F ; | Songliao Basin
"60.3 billion m?

Tarim Basin
s 3 1
375.4 billion m . Ordos Basin

. ) 231.1 billion m?
Bohai Bay Basin

y el - 144.4 billion m?

Qaidam Basin i gl | T J'”"‘“W
n Basin g _ X _
80.5 billion m : _ B Sl e '*‘—r«ﬂ

3. : ,'..
. Hubei LY |
s I—— L ¥ Zhe;nang Donghai (East
honggim '.“.-— China Sea)
! - £ kT

Remaining recoverable
natural gas reserves in
Chinese basins

(in billion m3)

- Sichuan Basin i} e
283.1 billion m3 . | ‘

Recoverable gas in gaslayer Ymggehal Basin
—— 165.5 billion m®

- Recoverable associated gas - S|

Source: Institute of Energy Economics, Japan (based on 1994 official figures)




Size Distribution of Gas Fields in China

o “

0~300 103M3 30 (27.9%)

50~100 108M3 27 (12.9%)
<50 103M3 138 (14.8%)

204 Gas Fields in Total
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Outlines of this lecture

1. General introduction to energy map

2. General about Natural Gas

What and how? Why important?
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Re-injection
m\[€

Syngas (CO, H2)

Fischer-Tropsch

Products Ammonia

Hydrogen
Urea
Acrylonitrile
Fertilisers

Clean Fuels
Lubricants
Wax

Alpha Olefins

Refineries
Fuel
Edib.Oil/Fat

AIES

Gas Sales
Power Generation

——| Acetic Acid

A

Methanol

DME, Formaldehyde
Solvents, MTBE
Clean Fuels, Fuel
Cells Power
Generation

Olefins




Future

itute

ies

ing
Hydrogen

: R
Syngas Manufacture

GTL, Methanol in the

BP-CAS Program
SINOPC Inst

mn

Joint Research Center
with CAS

Natural Gas,
Low Alkanes Conversion,

Clean Energy Fac

o

= ...ﬂﬁwM Sesa

. e

i B e ..r“M

N S

Hiedlo o nE

nﬁm&mﬁﬁﬁHwﬁn;a;ié

33;3?,M?ﬁ:wmﬁuaimﬁﬁ .
G

L 7

e
..r..i....n

ial Compan

R m

}Ett{mmmmw“ﬁ R

..
e o s
e R
ML.FWS R e )
e e e e S
o
b

sumﬁﬁﬁnﬂﬁ“ﬁuu

i

o
: . mﬁ
e SRR neEenrr o2t

% vi+x+v3vwi..mmmnﬁm.3w; . i

s s

e e G e e
e
R M ﬁn..orw.%.. s

SR

i ﬁmwm%.w: ,:Es
e
.n.o.m..._o.o..n.n

e

I
e

e e R
e

S iR e

C
=
v
pu= |
O
-
—
£

e e
,n.ouy.n,_.vuﬂo.ﬂ.wvi

o ....._...r.........M....._... e
_v.......o..‘.......rv.....f..nx.nv

o

S

the

-

fooe
R

w.m T ™

ot

=

L

ty

i

s

o
S

Methanol and GTL
Southwest Institute for

e

1vers

Research
Syngas and GTL in
a CNPS Laboratory in

Petroleum Un

1mn

Syngas,




Research in Academia

e e e e
Methane Coupling in :’“é Syngas from Coal, ’ii Syngas, H,, Oxygenates,
Lanzhou Institute of ﬂ methanol, GTL in Taiyuan ¢ olefins, GTL, Aromatics
Chem. Phys. - Institute of Coal Chem. Fundamental Research

- at DICP

A S T B

e

C1 Chemistry in
Tianjing Uni.

Low Alkane Conversion,
Fundamental Research in

Syngas and Catalytic Nanjing Uni.

ombustion in Sichuan Uni
Syngas, Acetylene and
Methanol at Institute of

_ on Methane Activation
Organic Chem.

In Xiaman Uni.




National Major Basic Research Program (MOST, 973)
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National Major Basic Research Program (MOST, 973)
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Features of CH,

8 cHEs: 438.8kJemol-!
A, B s 12.5eV

JRT R A 4.4eV

M (pKa): 48
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Property of CH,

Molecular weight

Volume (standard)(L/mol)
Density (101.32kPa, 0°C)(kg/m3)

Boiling point/K

Thermal conductivity (101.32kPa,
0°C)(W/m.K)

Explosion limit in air (20°C)%
Autogenous ignition T/K
Combustion heat/(kJ/m3)

16.04
22.38

0.7167

111.75
0.03

5.3-14.0
811
35877




25 8] RN 4 A B i A AL
Reaction AG®/ (kcal/mol)

400 K 1000 K

2 CH, —> C,H, + 2 H, 18.9 9.5
2 CH, - C,H, + H, 8.6 8.5

2 CH, +0,— C,H, +2 H,0 -34.6 -36.4
2 CH, + % 0,— C,H, + H,0 -18.4 -14.5

CH, + Cl,—» CH,Cl + HCI -26.0 -27.8
CH, + % 0,— CH,OH -25.4 -18.0
CH, + CO— CH,CHO 16.0 33.6
CH, + CO,— CH,COOH 19.2 35.5
CH, + H,0 - CO + H, 28.6 -6.5
CH, + CO+% 0, CH,COOH  -40.0 -10.0

H st e st A, b T kA, 2005
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Conversion of methane

Natural gas
(CH,)

Direct
Conversion

Syngas
(CO+H,)

Selective Oxidation

Oxidative coupling (OCM)

Decomposition to H2 + C

Aromatization

Catalytic

. =»| Electricity
Combustion

NH, syn

Methanol = Ethylene, etc

DME
Liquid fuels: F-T syn.

Oxygenates




Drrect Conv

Selective Oxidation

WA 4 MPa, 450—500°C, %2

S8 348 AL R % .

I W A4 450—700°C, %2R H

B 2 AABALRAL S0, 5 ALOLHiE MO0, V0%
M4 =% <5%,

Y. A LA A A . N TR, ik
% >10%, EFEM: >80%.

- _ T DAL E 4 B A o), L
BRABEIL AL WG IR . I A
I, LLO,. H,0,. K,S,04+ SO,
AT




Drrect Conv

Difficulty of direct methanol synthesis:
C-H bonding of
CH, 434.7 kJ/mol
CH,OH 388.7 kJ/mol

Some transition metal complexes could selectively
activate the more stable C-H bond?

Oxidative addition; o bond displacement; free radical;
electrophilic activation.

Advantage of low T synth:

Protection of product in acid medium (ester)




Examples for low T...

Drrect Conv

G. Olah Electrophiles and superacids,
CH, + HF + SbF, — [CH,][SbF,]

~H, CH,
[CH,][SbF,] —> [CH,][SbF,] —>
[C,H,I[SbF,]

H, + SbF, — 2HF + SbF,

Periana et al. Science, 1993, 340: Science 1998, 560.

HgSO,/H,S0,
Net reaction: CH, + 1/20, . . CH,OH
180 °

Con. g 50%, yield 43%




More examples... Direct Conv

Fujiwara et al. Angew. Chem. Int. Ed. 2000, 2475
CacCl,, Pd (OAc), /Cu(OAc),

CF,CO,H/(CF,CO0,),0

CH,+ CO CH,COOH

K,S,04, 85 °C

20 atm CH4; 0.5 mmol CaCl2, 15 h reaction time, 1.05 mmol product.

Bell et al. JACS 2003, 125, 4406

CF,SO.H, CaCl,
CH, + SO, + K,S,0, . CH,SO,H
65 °C

69 atm CH,; triflic acid; 10 h, 1.44 mmol product.




Work of Sen et al.

rect Conv

2 »

(CF,C0),0

PdCI2, 90 °C

CF,COOCH,

CF,COOH +CH, + Pd’"

80 °C
CF,COOCH, +Pd° + 2H

l

CF,COOH + CH,OH

L. Kao, et al. J Am Chem Soc 113 (1991) 700




Drrect Conv

Pd? —» Pd?t ?

» Wacker process: CuCl,/CuCl/O,

> Others?




The Wacker Process Direct Conv

Developed simultaneously by Wacker-Chemie and by the
group of Moiseev.

It involves the reaction of ethylene with PdCI, in HCI (reaction
1). Pd(Il) is reduced to Pd black. To make the reaction catalytic,
Pd(0) is reoxidized by CuCl, and O, (reactions 2 and 3).

CyHy+Pd Ch* 4 3H,0 =C HyCHO +Pd? +2H50 +4CI" (1)

pd® + 2CuCl,+2CI° Pd CIZ+ 2CuCl (2)

C uCl+ 4H30" + 4CI 4+ O;— 4CuCl, + 6H0 (3)




Drrect Conv

Better to explore...

> To make a catalytic process;
> To avoid HCI, H,SO,, SO,, SO,;

> To use O, as oxidant.




Combination of Pd?* and Q

Run Pd?* Q O, CF,COOCH,
(umol)  (umol) Eling) (umol)

Conditions: CF,COOH: 3 ml (39 mmol), CH,: 54 atm (114 mmol),
O,: 1 atm (2 mmol), 80 °C, 10 h; a: Remaining Pd?* after the reaction.




Scheme of methane oxidation

CH, + CF,COOH Y y 120,
CF,COOCH /X\Pdw 2H: E'S




Search for active oxidants to speed up:

» nitrogen oxide /CH,CI,

Bosch, et al. J. Org. Chem. 1994, 59, 2529.

Feasibility test in CF;,COOH

OH O

E;+No2 ¢+NO+HZO
o)

OH

Drrect Conv




Combination of Pd*" & Q: Direct Conv

Run Pd?* Q NaNO, O, CF,COOCH, Pd*~
(pmol)  (pmol)  (pmol)  (atm) (nmol) (%)
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CF;COOH: 3 ml (39 mmol), CH,: 54 atm (114 mmol), O,: 1 atm (2 mmol), 80 °C, 10 h;
a: Remaining Pd?* after the reaction.
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The yield to CF,COOCH, versus the
reaction time.

A catalytic process

Q and NaNO2 key to
prevent the
precipitation of Pd

Pd key, determining
the TON

TON: 0.7 ht




Drrect Conv

Further confirmation

Run Pd?* Q NaNO, O, CF,COOCH, Pd*~
(pmol)  (pmol)  (pmol)  (atm) (nmol) (%)
20 | | |

0 20 0 0
0 20 | 0

Isotope experiments  GC-Ms

O,

14 atm *CH, -COO*CH; (m/e = 60)

e
40 atm 12CH4 CF,COOH -COOlZCHg (m/e =59)




Drrect Conv

Low T selective oxidation of CH,

CH, + CF,COOH Pd2* X@ X
CF;COOCH,;, Pd°+ 2H* H,O + NOX

CH, + 1/20,— CH,OH

Catalytic process in one pot at 80 °C
O, as oxidant
TON = 0.7 h'!

An, Pan, Bao et al. JACS 128 (2006) 16028.




Drrect Conv

HEEH FELARIL

BEERTR:
RNRHE, MEEFRELFH|; T2k,

CMVAGHI B SK
FAFEEEAL 210 ~ 15%, M 80 ~ 90%

H B 7K
BEALERD ~ 4%, HFEME 40 ~ 70%




\_"ect Conv
(" (T

High Temperature Conversion of

Methane to Aromatics




Drrect Conv

Typical HT Direct Conversion Process

Selective Oxidation

CH,+ O, % CH,O0H+CO,+H,O0

Oxidative Coupling
CH,+ O, = C,H.,+CO,+H,0




Drrect Conv

A New Route...

To higher hydrocarbons, without
forming CO, ?

Mo/HZSM-5

6CH, C.H, + 9H,

Y. Xu, et al.,Catal. Lett. 21 (1993) 35-41




Drrect Conv

Conversion of methane to aromatics

H  CH,

L

P _."._"_-,p--.l"ﬁr-

"‘1 8 1'.1-..‘,‘».-“-; sl e mam
CWL. ‘* ',* .,,.-,,,, ) vu -w’i'l'
x w el Y d

IICH —- n/2C2

v “‘,.\ 'i-\'lr‘:.l -

> »EL LY
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3 ey W N
‘-‘_*' 1

Catalysts Mo, W, Re...
HZSM-5, MCM-22...




Bifunctionality of
Mo/HZSM-5

Acidity and catalytically active sites




Aromatization over different Mo species

30 o 1 i
Bl Vo species related to B acid sites(MoC0,) nghly active and
B )Mo species in the form of Mo,C .
B \v species supported on 81022 stable MOCXOy9
20F L.
® Low activity and
u [ ) [ ]
O stability of Mo,C;
10+
® (.5 acidic sites per unit
cell required for
0

_ aromatization.
30min 240min 600min

D. Ma, X. Bao et al.,, Chem. Eur. J. 8 (2002), Y. Xu, X. Bao, et al., J. Catal. 216 (2003)




Effect of pore morphology

Bl Conv.of CH,
B Sel.of BTX
1 Sel.of Nap.
Bl Sel.of coke

W
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()

S

8 ring —» 10ring «—— 10\12 12ring meso
0.4nm 0.55nm 0.75nm >1nm

Applied Catalysis A-general 188 (1-2), J. Catal. 216 (2003)




CH, conversion (%)

[ o6 [ )¢ A
[ | [ 0
16 16
Open Mo/HMCM-22
14 Solid Mo/HZSM-5 -14
S~
12 - -12 =7
A AD A E
10 - A — i A 10 ;
ﬂ;Aﬁ‘AAﬁ_ﬁ A ‘\\A"\Ta L A =
= St
8 - .EppoooooOoooooo_‘O_o —omo ] —A—, By 8 :
6 - .....‘..“0000-._._~. "O-O——o—O-o—o—o-o-cJ-B _g
C/ —e _."'.-0—0—.—.._._._._. 0
4 -4 i
o
2 Tmg . -2
Bl L1 1 e
0 oEH000000000000 00—l =D i — 0

0O 2 4 6 8 10 12 14 16 18 20 22 24

Time on stream (h)
Bao et al., Catal. Lett. 70 (2000) 6



Pore morphology of carriers

Shape selectivity

»size (dynamic diameter of benzene

(0.59 nm)

» crossing with two-dimensional
structure

» micro-mesoporous composite




Drrect Conv

Achievements over the years

before 99 pAI[IR]

Convers

Yield
to Benzene

Life time

1993 1999 2001 2003

700°C, 1atm with a flow rate of 1500mL/gcat. h




COﬂver‘Sion Of me"'hane Indirect Conv

Selective Oxidation

Oxidative coupling (OCM)

Direct

Conversion Decomposition to H2 + C

Aromatization

Natural gas Catalytloc —> | Electricity
(CH)) Combustion

NH, syn
Methanol = Ethylene, etc

Syngas DME
(CO+H,)
Liquid fuels: F-T syn.

Oxygenates




Drrect Conv

Methane to syngas

CH, + % O,- *CO+2H, AH,,, =-35.5kJ/mol
CH, + H,O - * CO+3H, AH, =206.29 kJ/mol

— K AL, RMNMIEET700 °CLL b, BEidiFT SRR
B L) RN s BT PR S S B 20




Syngas tfo ammonia

B FR_E AR AL BRI AR Y

Rl BEMAM 1939 1953 1965 QEFEEE 1980 1985 QR

B 53.6 37.0 5.8
Fr A - 13.5

RS BRI 27.1  22.0 20.0
260 44.2 KyAlmm 71.5
— 4.8 19.0 pEAL
— 9.2 5.0 7.5
19.0 PEAL . 16.0 BAL 0.5
100 gLl 100 100 100




B9 R AR, | Y

1991
67.0

1.3
17.5

4.3
9.4
0.5

1994
64.0

1.2
18.9
6.6
8.7
0.6




N, Equilibrium Conversion (%)

25 °C

1007 —_.———I——I—I—I—I——I—l—‘I—I—I—I—‘I—I—I—I
__e— —o—o~0~0~00
80 - ././.,.,./oﬂo °° 100 C
o/././
60 — VNZZVH2:13
200 °C
40 -
201 300 °C
,v/v/v’V""’v’v/v/v
R 2o o O 400 °C
0 . : : . | |
2 4 6 8 10

Reaction Pressure (atm)

AT AL




N2 + *

Ny* (2)
ON* (3)

N2*+*

N* + H*

NH* +*  (4)

NH* + H*

NH,* +*  (5)

NH,* + H* NH;* +* (6)

NH;* NH; +*

(7)

e T T fary e i el L

';
FUM, WIIN, 3
L1023 MPa
400 T

H2 + 2*

2H* (8)

(14 421 (100) 210} 1110)

Fe (111) is 430 times more active than Fe (110) and Fe (100) is 30 times higher.

Al,O; and K,O are additives.

AL,0, e R E S Fe 0,17 i FeAL,0,, 5% i LUIX R i R 1H AR, f# o -Fe
AR AR R (121) B (21 1) 1 A2 ) £ B8 AE ) W IR -S4




NH, synth
Recent progress in NH; synthesis

an[\flan

1 L L 1 1 ] IO | i e 1 T — ] | |
-100.0 -750 -50.0 -25.0 0.0 25.0 50.0 75.0 ( 3 4
[AE-AE(Ru)](kJ/mol N,)) If*«II—I3 concentration (%)

PR - PR |

N AEAN [FI 42 o (R BT o R HL 55 228 5 et 1 Co,Mo;N, Ru, FefE{L 2 & i
I e
Norskov, JACS 2001

Ba is a significantly better promoter for metals at the right-hand side of the volcano curve than for
metals at the left side, whereas the opposite is true for the alkali metal promoters. JC 2003.




Effect of catalyst supports

Effect of various carbon-based supports on ammonia synthesis activity (ml NHs/h g-cat)
Carbon supports Reaction temperature (K)
633 653 673

Ceo_70° 9.831 4.420 3.686
Ceo10” 3.3 3. 9.66

Graphite® 5.161 7.578 11.057
MWNT" 18.597 38.434 45.873

K/Ru/C =2/10/100, atmospheric pressure, N,/3H, 30 ml/min, GHSV 637
h-1.

Activity of K-promoted Ru catalysts supported on:
S10,< zeolite (NaX) < AC<y-Al,0, < CeO, < Cyy.70 < MWNT

Liao DW, Appl. Surf. Sci. 2001.




Syngas to methanol ™

Methanol (CH;OH) is an alcohol fuel.

lower emissions, higher performance, and lower
risk of flammability than gasoline.

Methanol is a fundamental raw material for chemicals.

The third most demanded raw materials for
organics following olefins and aromatics, to HCHO,

CH3COOH, MTBE, &M, HHMRHF N, —H
B, M, L, L4,




Syngas

methanol

to methanol

BRENHERRR N T ERFRERIRFZNE

i, TR,

(ELSK 3 2 i R A TR S L

IR — B TR B

CO +2H,

— A E BASFAE20
@%U 2 VL B350 —

K1

== (CH,OH

Kk -1

2020842, R HZn0O-Cr2032%

450°C, )V &) A25—75MPa.

19665 FE 0 [E ICIHEE TR E G P EE, KA &R Cutifie

A, & J15—10MPa.




Syngas to olefin via
methanol

SR Rk
L TIE#Y




Demand of Ethylene

Ethylene demand/Mton

2.39
2. 170
3. 90
8. 00




ST im e IEREPE SR L
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Pulsed
methanol
reaction at

38 = 0.38 nm*

400 OC, FrE e re e
GC analysis T
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Angew. Chem. Ini. Ed 2000, 45 6512 -E515
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nCO+(2n+1)H,-C H, ., +nH,O
nCO+2nH,—C H,, +nH,0O
nCO+2nH,-»C H, ,,O +(n-1)H,O
CO+H,0-CO, +H,
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CO +H, » CH, + H,0 AH, g = - 206kJ/mol

CO + 5H, - C,H, + 2H,0 AH298K = - 347kJ/mol
2CO + 2H, - CH,COOH AH298K = - 215kJ/mol
2CO + 3H, - CH,CHO + H,0 AH298K = - 457kJ/mol
2CO + 4H, - CH,CH,OH + H,0 AH298K = - 256kJ/mol

BRI N, FE50—350 °CH, P s R 2
CH > > >3 E A .
SRR =) A A SR R N A IR




Anderson-Schulz-Flory 71i

m_= (1-a)a™!

m: E&Eoa MR TFREERM=Y)
FImol 744 ;

a: BREEHKMIR, BURTHEL
FUA N A, B BT R T

| &, BEH,/CO ratiolf f#.

Ru-based cats 0.85 ~ 0.95
Co-based cats 0.70 ~0.80
Fe-based cats 0.50 ~ 0.70







Product distribution

H, dissociative adsorption

on most transition metal.
— (CR4BK ~ SBR[

Cu (molecular adsorption) — methanol
Ni (dissociative adsorption) —» CH,

Co, Fe (strong bonding of Metal-C) - C,,




Reaction mechanisms under debate:
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Possibility of syngas to olefins?

Fe 4B F) 45 & .

= BEUER: ALQO,, SiO,, zeolite, Activated carbon

Bi7: K, Cu, Mn
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Possibility of syngas to olefins?

Progress

Degussa,
Fe-Zn0O-K,0O-V (or Mn, Ti) (100:10:4~8)
H,/CO = 1/:1, 75% sel. C,/~C,~

Shell,
Fe-K-Cu-2Zn/SiO, (25:5:10:20), mainly 58% C.,
cracking in the following step

DICP

Yield of C3~ -C;~ olefin at different operation conditions by direct conversion method (H, /CO =2)

Operation condition C; -C; vyield (g/m”)
CO conversion (%) Co —C5 selectivity (wt %) Single pass Recvcele
& 4 - [ -

78.6 71.6 68.1 86.6
92.1 69.5 TES 84.1
453 76.2 41.8 92 2
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Use Carbon as support...
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Time on stream, hrs

Steen, catal.today 2002

Catalysts

I'W

DPU

CO rate®

CO, rate (WGS)
FTS rate

Activity (pmol/s ghe
Alpha (o)

Selectivity (%)

—2.25E-(K
6.97E-07

| 55E—{6
4506

(.65

| 4.59
42.11
41.62
| .69
0.11
SRR

—1.71E-06
5.96E -7
.1 1E—{6
5681

(.65

|5.43
39.86
4216
2.55

0.09
9.8l

Coville, appl.catal. 2005

General finding: Lower CH, and higher olefin selectivity
compared to other Fe/C cats. Reasons are not known yet.




sp? bonding carbon

spiral-like structure
onion-like
carbon (OLC)

graphite
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Shigeo MARUYAMA, Univ. Tokyo _
nanotube fllaments



Carbon Nanotubes

Multiwalled CNTs

» Higher purity compared to AC
»> Well defined morphology of nanochannels
— Geometrical confinement;

» Graphitic layers
—Thermal stability, electron conductivity;

» Unique H, adsorption and activation capability.




More examples

Cat. Reaction Comments Ref.

Rh/MWNT NO decomposition Higher conversion than  Luoetal., Catal Lett
with a Rh/AI203 2000

Co/MWNT Cyclohexanol Act. & sel. to Liu et al., Catal Lett
dehydrog. cyclohexanone 2001

Pt/CNT Cathod catalyst higher power density Sun et al, Carbon 2002

Co/MWNT F-T synthesis Steen et al, Catal
Today 2002; Bezemer

etal., JACS 2006

Rh/MWNT Cinnamaldehyde Act. 3 times higher than Giordano et al., EurJ
hydrog. Rh/C catalyst Inorg Chem 2003

Pt/CNT Nitrobenzen hydro. High act. compared AC Lietal., JMol Cat
2005




Why encapsulates?

Geometrical confinement
Curvature causes binding energy: Interior >
groove sites > external. [vates, Chem Phys Lett 383 (2004) 314]
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Template for Beta-zeolite Theoretical calculation:
synthesis and CoFe,O, Reaction in CNT channels

Nhut et al., Appl. Catal. 2003, 254, 345 Santiso et al. Appl.Surf.Sci.2005, 252, 766




Introduction of Fe,O,; nanoparticles into carbon
nanotube channels

(a) Fe,O5 nanoparticles inside nanotubes; (b) Fe,O,
nanoparticles dispersed on its outer wall

Chen, Pan, Bao et. al., JACS, 2006, 128, 3136.




Syngas directly to olefin




W B F R 6 RAE T 5 BRL 76 P R BA
> TEM, SEM%%
— BH, R KD, 2EUELE;
> XRD, Mossobaueriit, XPS
—>H &I RNV AT EEATIA R AN S EIZRAL;

> TPREZH A

SRMFEND P EBARROEFENESEE, &8 —8Em
MEAER, W NAT <SS

» FT-IR, Raman
SR ETE DR
» XAFS
- A BEREREE, NEERTHERALH...




Fe,O;@CNTs encapsulates

TEM Images

-

3
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2|
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Chen, Pan, Bao et. al., JACS, 2006, 128, 3136.




Autoreduction of Fe,O;@CNTs with
varying diameters

Fe,0,@CNTs —— Fe@CNTs + CO
A 800 °C
Sla
u 621°C
z
gr D
é 600 C
< 84°C
d

150 SIlJD 450 ﬁliﬂ Téﬂ 90c
Temperature (°C)
Figure 3. (A) CO evoluttion during TPE. of the FexOs/CINT composites.
(a) FexOs-our-CINT(4): (b) FexOs-in-CINT(8); (c) FeaxOs-in-CINT(4); (d)
FeyOh-in-CINT(2). (B) the chemical transformation of FeyOs-in-CINT(2)
momnatored by in situ XRD.

Chen, Pan, Bao JACS, article, 2007, 129, 7421



Fe,O;@CNTs encapsulates

288 B
286 —m—
£ 284}
Q
= 282/
2 2801
S 278]
o
< 276¢ —
o 274! outside

I ._._.
“a 272}

Intensity (a.u.)

e —————— 0 4 8 12
200 250 300 350 400 450 Inner Diameter (nm)
Raman Shift (cm )

Figure 2. (A) Foom-temperanwe Faman spectra of the Fei0: particles
encapsulated within various CNT channels. (a) Blank CINT(4); (b) FeaOs-
ouf-CINT(4); () FerOs-in-CINT(5); (d) FerOs-in-CINT(4): (e) FerO5-in-CNT-
(2); (f) blank CNT(2). (B) Raman shift versus the inner diameter of CINTs.

Fe-O mode: Bulk Fe,O; at 283 cm-?



Fe,O;@CNTs encapsulates

Table 1. Autoreduction Temperatures ( T) of the Encapsulated

Fe20sz within Vanous CNTs Detected by TPR, in situ XRD, and
Raman Spectroscopy

Tby TPR T by XRD T by Raman
sample (°C) (°C) ("C)
FeyOs-in-CN'T(8) 621 ~ G135 -~ G20
FeyOs-in-CINT(4) 00 ~ G00 -~ 610
FeyOs-in-CNT(2) 584 -~ 300 -~ 3010

Chen, Pan, Bao JACS, article, 2007, 129, 7421
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Transformation monitored in situ by XRD

Fe
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Figure 4. In sim XED patterns of (A) Fe-our-CNI(4); (B) Fe-in-CNT(4):
(C) the imntensity change of the Fe diffraction peaks during temperature
programuned oxidation. The dotted line i (C) denotes Fe-out-CINT(4), and
the solid line, Fe-in-CINT(4).

Chen, JACS, article, 2007, 129, 7421



Stabilization of metallic
Fe inside carbon nanotube

channels.




Corelation between the structure and
catalytic activity & selectivity?




C2 oxygenates synthesis
(mainly ethanol)

Fermentation —p Fuel, fuel additive
— Raw material for

-| chemical industry

Rh-based catalyst.

Catalytic process is a beneficial
supplementary.




(-0

| C2HsOH
CHy/CH| =~ CH3CO CH3CHO
’L_CHZ @) CH3:COOH

CHCH] e [C2HCO—— (G50
@

Scheme of oxygenate synthesis from syngas




Beyond the effect of particle size...

C2 oxygenates veld (mal mol-1 Rh h-1)

40

K1EN
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RhMn-in-CNT

.II.IH
1.3111 RhMn-out-CNT .
iy

iy m- s w = = fm

20 30 60 a0 100 120

Time on stream (h)

C, oxygenates yield as a function of time on stream

Pam, Fan, Chen, Bao et al, Nature Materials 2007, 6, 507



The effect of particle size

RhMn-out-CNTs

RhMn-in-CNTs
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percent (%)

0
0 2 4 6 8 0 2 4 6 8
Particles Size Particles Size (r

Catalyst fresh Post-reaction/120 h

RhMn-out-CNTSs 2-4 nm 5-8 nm

RhMn-in-CNTs 1-2 nm 4-5 nm




Syngas to higher alcohols

Definition:

Usage:

Cats in
research:

Difficulties:

alcohols

a mixture of alcohols of C, ~ C..

Clean transportation fuel or fuel additives,
high octane number; raw material of
chemicals.

Modified F-T cats (Cu-Co, Mo-based);
Modified methanol cats (Cu-Zn, Zn-Cr-
based).

Low activity, selectivity, stability, and
economically unfavorable




alcohols

CNT -promoted methanol cats

CNTs+Cu-ZnO-Al,O; in the syngas conversion to methanol

MeOH formation rate /umol
MeOH st (m?surf Cu)

493K, 2.0MPa, feed gas H,/CO/CO,/N, = 62/30/5/3(v/v), GHSV = 3000 h-!

The promotion effect :
(1) an excellent dispersant of catalyst components;

(2) an excellent adsorbent, activator and reservoir of H,,.

HB Zhang’s group, Chem. Commun., 2005, 5094,
Catal. Lett. 85, 2003, 237




CNT-promoted cats

l —a— Tolal Oxygenates ] ——
iy e C2+-Alc. + DME A

—i— BuCH
—te DME (a)

1 =i {-d-Alkanas
) _:i.//)——>
9 = 1

—— Total Oxygenates
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Selectivity / C%
=

Pl

=i
=
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Selectivity / C%

=

TIK TIK

C0o;Cu;-11%CNTs Co,Cu,
At 50 bar, H,/CO/CO,/N, = 46/46/5/3, GHSV 10% ml h-'gcat.

TPR Indicated a lowered reduction temperature, increasing the Co,Cu,
species reducible to lower valence-state.




alcohols

Co(2p)-XPS

T
>
]
el
£
i
3
=

L L L] L Ll L L
373 473 573 673 773 873 973

(a)Co;Cu, and (b) Co;Cu,-11%CNT fed H,-TPD (a) Co;Cu,;-11%CNT; (b) Co,Cu,

with CO, containing syngas; (¢)Co;Cu,
and (d) Co;Cu,-11%CNT fed with CO,

free syngas.
Indicate: (1) presence of surface Co"" species (CoOOH/Co,0,) may be
closely related to the highly selective formation of HAS.

(2) Presence of reversible active H species.
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