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Synthesis and Application of Co0O,-Zr0O,
Composite Oxide as Highly Active Catalyst
on the Steam Reforming of Ethanol

Chen-Bin Wang
National Defense University, Taiwan

The 6™ Global Conference on Polymer and
Composite Materials (PCM 2019)

07/10/2019

* Current Energy Production

Majority of current energy needs are supplied
by combustion of fossil fuels.

vReliance on non-renewable sources
vDependence on imported supplies

v High levels of harmful emissions

Environmental impact is enormous

11



Global Energy Challenges

Supply clean fuels
Increase energy efficiency

Eliminate environmental pollution

Develop sustainable energy source

Hydrogen energy
Biomass

Catalysts for fuel processing

Hydrocarbon fuels for hydrogen production

Fuel Source Tk (°C) Advantage Disadvantage
CH, & Mature technology for large High Ty & Coking
Fossil fuel | > 600 ' ' ' '
Petrolenm scale production Storage
Low T
CH;OH | Syn.gas ~300 Slight toxicity
Low cost
C;H;0,4 Biomass > 500 Renewable High price & Tg, Coking,
Side products
High price & Coking
C,H;OH | Biomass | 300~ 500 Renewable
Side products

12




= Designing of Catalyst for SRE Reaction

Main Challenge---Optimized Catalyst

Understand the

Steam Reforming of Ethanol (SRE)
C,H;OH + 3 H,0 > 6 H, +2 CO,

(

ction mechanism

Low temperature (Ty)
Low side-products (Sgy)

High hydrogen yield (Yy,)

Long catalytic stabilit
\ g Yy y )

I
~ Considerations on the designing of reforming catalyst

T

1. Cobalt-based catalysts have superior ethanol steam reforming

performance due to their high activity for C—C bond cleavage.
Applied Catalysis A : General 355 (2009) 69-77

2. One of the key disadvantages for Co-based catalysts is the

deactivation caused by coke formation.
Chemical Engineering Journal 145 (2008) 25-31

Journal of Catalysis 261 (2009) 66—74

3. Zirconium oxide has high thermal stability.
Journal Molecular Catalysis A : Chemical 163 (2000) 27-42

4. Zirconia can provide oxygen.
Journal of Catalysis 251 (2007) 153-162

13



Literature reported on the SRE over cobalt catalysts

T

Activity
- H,0/EtOH | GHSV
Catalysts Co-species - 5 C S s Ref
ratio (h't) T, (C) EtOH H2 co
" (%) (%) | (%)
Co/V,04 Co,0, 13 5000 | 450 100 535
Co/ZnO(1) Co50, 13 5000 450 100 66 Journalof
Catalysis
Co/ZnO(2) Co,0, 13 5000 | 450 100 71.3 2002)
Co/CeO, Co,0, 13 5000 | 450 93 69.6
Co,0, Co,0, 6 5000 | 400 100 | 728 P
Co/ZrO, Co, Co,0, 10 5000 | 500 100 70 3 | cnem 007
C0,0,/Ce0,-C Co 3 10000 | 450 100 69.9 | 89 | Catapsis
Today
C0,0,/Ce0,-1 Co 3 10000 | 450 83 66.7 | 5.6 @007)
Journalof
Co/ZnO Co, CoO 13 5000 | 350 100 733 | 04 | Cotalsis
(2003)
CoO, CoOOH 13 22000 | 350 100 72 0.39 Our
Motivation

1. Preparation of CoO_-ZrO, composite oxides to

lower the SRE temperature, get higher H,, and

lower byproducts.

2. Resist the formation of coke.

3. Evaluation the SRE activity of various Co-species.

14



Preparation of CoO,-ZrO, Composite Materials

Composite | Zr- precursor | Precipitant Composition
SH-C500 ZrCl,0-6H,0 NaOH Co,0, ~ ZrO,
SC-C500 ZrCl,0-6H,0 Na,CO, Co,0, ~ ZrO,
ZN-C500 ZrO(NO,), NaOH Co,0, ~ ZrO,

Preparation of CoO,-ZrQO, : Co-precipitation-oxidation

3

0.6 M ZrClL,0-H,0

0.6 M Co(NO), 6 H,0

\

Mixed with 1:1 mol ratio

Added 1.6 M|Na,CO,

Added 3.2 M[NaOH

0.6 M ZrO(NO;),

Mixed with 1:1 mol ratio

Added 3.2 M NaOH

Added 30 % H,0,

Filtration and wash with distilled water

Dried at 110 °C for 24 h
Calcined at 500 °C 3 h

!
SC-C500

SH-C500

15

}

ZN-C500
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¢ Reforming of Ethanol Reaction System
L 3
syringe pump | IC

—
ﬁ : 10°C

o 2 ue.
,3_{.

| | Thermocouple
 Catalyst
(100 mg)

Smnpliug . | =
{ foon loop

£ 1 ml i Ly lml .

»

Catalytic Performance on the SRE Reaction

Chooses the best preparation parameter
Precursor, Precipitant,
Ratio of Co/Zr,
Calcined and Reduction T
Influence of Co-Species

12
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Conversion of ethanol/
Products distribution (%)

Bt 100 | c . e

co

. 2
/.—-——_-——';—-_._,-, y
CH,CHO  acetone CH,

Conversion of ethanol/
Products distribution (%)

L
______________ : 250 300 350 400

_ { Temperature (°C) . , Temperature (°C) _
SH-C500 i Temee . i SC-C500

110 i1325C b—boo-—

Conversion of ethanol/
Products distribution (%)
s 8 &8 &8 8 3 8 8

T T

5
T

250 00 350 400 ZN-C500 13

Temperature (°C)

Effect of Co/Zr Ratio

110
100 |
E,:E_" 90 |
© N
o 80
©
£ 70}
()
S 60}
c
ie] 50 |-
w
O 40
S N
5
30 f=
o
20 |
10 |
1 1 1 1 1 1 1

250 275 300 325 350 375 400

Temperature (°C)
14
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Conversion of ethanol (%)

Pretreatment for SH series composite oxides
o

Name of Pretreatment ("C) Composition
Composites Calcination Reduction CoO, ZrO,
as-prepared — — CoOOH am-ZrO,

H200 — 200 Co,0, t-ZrO,
H400 — 400 Co;0, ,Co t-ZrO,
C300 300 — Co,0, t-ZrO,
C300H400 300 400 Co;0, ,Co t-ZrO,
C500 500 — Co,0, t-Zr0,
C500H400 500 400 Co00,Co t-Zr0,
C500H600 500 600 Co t-Zr0O,
C700H400 700 400 Co t-Zr0,, m-ZrO,
C700H600 700 600 Co t-ZrO,, m-ZrO,
C900 900 — CoO t-ZrO,, m-ZrO,
C900H400 900 9200 Co m-ZrO,

Effect of Calcined and Reduction T

100 -

@
o
T

o
o
T

40 |- 100 k-

20 |-

250 275 300 325 350 375 400 425 450 475
Temperature (°C)

Conversion of ethanol (%)

1 1 1 1 1 1 1 1 1

250 275 300 325 350 375 400 425 450 475
Temperature (°C)

16
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Ethanol conversion/Products distribution (%)

110

100

90

80

T0

60

50

40

30

20

Combination of Calcination and Reduction
- =

100F C700H400 ™,
X ‘4. c500H400 _/ ’.
- e -
S #~ C300H400
c 80 |
©
o=
it
@
5 for C900H400 H400
c
2
"5 40 b
>
j =
o
O 2}

0 1 1 1 I 'l 1 1 1

225 250 275

300

325

350 375 400 425 450

Temperature (°C)

Combination of Calcination and Reduction
=E

|

I
L

L

300 350

Temperature (°C)

400

Ethanol conversion/Products distribution (%)

19

175 200 225 250 275 300 325 350 ars

Temperature (°C)

17
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Ethanol conversion/Products distribution (%)

Combination of Calcination and Reduction

100 C

90 |-
80 |-
70 |-
60 |-
50 |-
40 [

30

0 —F

co,

20 |
10 | CHsCHO acetone _ CH4

-4

1

250 300

350 400

Temperature ("C)

CH_CHO

Ethanol conversion/Products distribution (%)
2
T

______________

acetone CH, co

1 1
250 275

1 1 1 il
300 325 350 375

Temperature (°C)

19
|
1 Preferential Condition on the SRE Reaction
J
Name (-}f Co-Species 100% .EtOI:I Content of
Composites Conversion (C) Acetone
as-prepared CoOOH 425 High (> 10 %)
H200 Co;0, 400 High (> 10%)
H400 Co;0, Co 400 Low (<3 %)
C300 Co,0, 425 High (<10 %)
C300H400 Co;0, Co 375 Low (<3%)
C500 Co,0, 425 High (> 10 %)
C500H400 CoO Co 300 Low (< 0.2 %)
C500H600 Co 300 Low (< 0.2 %)
C700H400 Co 300 -
C700H600 Co 325 Low(< 0.1 %)
C900 CoO 400 High (> 10 %)
C900H400 Co 300 -
20
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Reaction Pathways of SRE

H,0 — H*+OH*

CH,CH,0H — CH,;CHO + H,

OH*

CH,COO* +H*

CH,* + CO,

CH,CHO* H*

CH,COCH, + H* CH,

OH*

|
: Metallic Cobalt
|

Cobalt oxide : CoOOH, Co0;0,, CoO

i Mechanism of Carbon Deposition

CH,COCH,

CH,*

Preferred for CoO,

C + 3 H* (Carbonaceous Layer)

Preferred for Co metal

21
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Oligomer — Coke (Filamentous Carbon)
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TEM Images of Used Composites

- e, -
as-prepared < ?;“ S
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Conclusions

. The preparation parameters and the cobalt content will
affect activity.

. Co-species can influence the activity. Metallic cobalt (Co) is
more active than cobalt oxides (CoOOH, Co,0, and CoO).

. Co-species can influence the reaction pathways of SRE.
Cobalt oxide causes the formation of acetone via
condensation. Metallic cobalt can promote steam reforming
of acetaldehyde.

. Metallic cobalt and well crystallization of ZrO, can enhance
the activity.
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