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Development of Cu-based OC at ICB-CSIC

Cu No thermodynamic restrictions. High oxygen transport capacity.
High reactivity. Environmental friendly. Cheaper than others.

Support: SiO,, TiO,, ZrO,, Al,O4
Method: Mixing, Co-Precipitation, Wet and Incipient Impregnation

Fluidization: No agglomeration. Low attrition

Combustion: 0.5 kW CLC pilot plant - Syngas 40h
10 kW CLC pilot plant - CH, 200h

* Full gas combustion to CO, + H,O was obtained at
low oxygen/fuel ratios

* No carbon deposition or agglomeration during
operation

Tests for development CLC technology were carried out with
pure synthetic gases (CH,, CO, H,) simulating fuel gas composition



Objetive

To analyze the effect of impurities such as sulphur and light

hydrocarbon on the behaviour of a Cu-based oxygen carrier.

- Sulphur distribution and effects on oxygen carrier.
- Sulphur distribution during fluidized bed reduction/oxidation
- Effects on carrier life, reactivity and fluidisation behaviour
(attrition and agglomeration)

- Conversion of light hydrocarbons (C,Hg, C5Hy)
- Effects on OC reactivity and carbon formation.
- Emissions of unburnt HC



CCP-EU Refinery
Fuel Gas Composition

Component

Methane
Ethane

Ethene

Propane

Propene
Iso-Butane
N-Butane
Iso-Butene
Methyl-1-Butenes
n-Pentane
Iso-Pentane
Hydrogen
Oxygen

Nitrogen

Carbon Monoxide
Carbon Dioxide
Hydrogen Sulphide

mole %

67.83
9.42

0.02
7.42
0.01
1.07
3.12
0.05
0.15
0.04
0.16
7.87
0.03
0.75
0
2.01
0.08 (800 ppm)

Fuel Gas Composition

Sulphur content
Natural gas » 20 ppm

Raw refinery gas up to 800 ppm

Raw Syngas up to 8000 ppm



Fuel Gas Composition

CCP-EU Refinery
Fuel Gas Composition

Component mole %

Methane 67.83

Ethane 9.42

Ethene 0.02

Propane 7.42

Propene 0.01

Iso-Butane 1.07

N-Butane 3.12

Iso-Butene 0.05

Methyl-1-Butenes 0.15

n-Pentane 0.04

Iso-Pentane 0.16 LHC (CZ-CS) Content
Hydrogen 7.87

Oxygen 0.03 Natural gas » 10 %
Nitrogen 0.75 .

Carbon Monoxide 0 Reflnery gas » 30 %
Carbon Dioxide 2.01

Hydrogen Sulphide 0.08 (800 ppm)



Sulphur effect on CLC

1 The sulphur present in Fuel gas:

1 Itisrelease as SO, in AR

L / Emission legislation
” 2 2 ltisrelease as H,S, SO, from FR
3
CO, quality

T Lm 3 Itis accumulated in the OC

Poisoning OC
Agglomeration




ICB Oxygen carrier

Preparation method OC Properties
Method: Incipient impregnation CuO content (wt%): 14
Support: g Alumina Density (kg/m?) : 1600
Particle size: 300 - 500 mm Crushing strength (N): 2.4
Calcination temperature: 850 °C Porosity (%): 50
Calcination time: 1h Oxygen capacity (%): 2.8

SEM fresh particle



Experiments in 500 W, continuous CLC plant
with H,S addition

Gas Analysis Gas analysis
SO, _| |— 0,, CO, CO,
[ 9| stack

Gas Chromatography

H,S, SO,, COS
Gas analysis
|_ CH,, CO,, CO, H,
[ 9| stack

Lv§8

H,0O

Sec. Air

1.- Fuel reactor
2.- Loop seal
3.- Air reactor
4.- Riser
— 5.- Cyclone
6.- Diverting solids
valve
7.- Solids valve
8.- Water condenser
— — 9.- Filter
*1 10.- Furnace

Air N, CH, N, H,S H,

10




Composition Gas (% vol)

Sulfur in products (mol.%)

The problem with the Cu-based
oxygen carriers?

Ter= 800°C ; H,S; = 1200 ppm

100

80 1

Thermodynamics data shows that
the formation of copper sulphides
co, (Cu,S) is only feasible under sub-
stoichiometric oxygen conditions
at all relevant temperatures and
SO, H,S concentrations.

60 1

40 1

20 1

O p
100 1
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At normal operating conditions all
0 Cu, the sulphur should be released as
20 SO, in the FR.

/
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Oxygen carrier to fuel ratio (f)



Composition Gas (% vol)

Sulfur in products (mol.%)
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Experimental conditions
In 500 W, CLC plant
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Gas product distribution
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Combustion efficiency
iIn 500 W,,, CLC plant

Experimental conditions

100 A —Q Test f Gs CH, H,S Power
° (kg/h)  (vol%) (vppm)  (Wy,)
o
£ ool 1 1.9 11 20 0 518
3 2 1.9 11 20 800 518
S 3 1.9 11 20 1300 518
= 90
5 4 1.5 8 20 0 518
S 5 1.5 8 20 800 518
o 6 1.5 8 20 1300 518
S 85 1
®)
g 7 1.3 11 30 0 776
@) 8 1.3 11 30 800 776
80 ' — ' 9 1.3 11 30 1300 776
1.0 1.2 1.4 1.6 1.8 2.0
: : 10 1.3 11 30 0 776
Oxygen carrier tofuel ratio( f) 1 19 11 20 0 518

(2XCO & XCO +XH O)out |:out TFR: 8000C , TAR: 9000C
hC = Z g 100
(4XCH4 )in I:in




Combustion efficiency
iIn 500 W,,, CLC plant

Experimental conditions

100 - Test f Gs CH, H,S Power
S (kg/h)  (vol%) (vppm) (W)
o
O 1 1.9 11 20 0 518
£ 95
= 0 ppm H,S 2 1.9 iLil 20 800 518
S 3 1.9 11 20 1300 518
0 800
5 4 1.5 8 20 0 518
S 5 1.5 8 20 800 518
7 6 1.5 8 20 1300 518
S 85 h
QO
g 7 1.3 11 30 0 776
o 8 1.3 11 30 800 776
80 T : ' ' 9 1.3 11 30 1300 776
1.0 1.2 1.4 1.6 1.8 2.0
Oxygen carrier to fuel ratio( f) ﬂ 13 ﬂ 38 8 Z)zg

(2XCO & XCO +XH O)out |:out TFR: 8000C , TAR: 9000C
hC = Z g 100
(4XCH4 )in I:in




Combustion efficiency
iIn 500 W,,, CLC plant

Experimental conditions

100 1 Test f Gs CH, H,S Power
A (kg/h)  (vol%) (vppm) (Wy,)
(=)
> 1 1.9 11 20 0 518
£ 951
> 0 ppm H,S 2 19 11 20 800 518
< 3 19 11 20 1300 518
S ] 800
5 4 15 8 20 0 518
S 5 1.5 8 20 800 518
= 6 1.5 8 20 1300 518
B gs| 1300
Q
g 7 1.3 11 30 0 776
@) 8 1.3 11 30 800 776
80 ' ' ' ' 9 1.3 11 30 1300 776
1.0 1.2 1.4 16 18 2.0
: : 10 1.3 11 30 0 776
Oxygen carrier to fuel ratio( ) 11 1.9 11 20 0 518

(2XCO & XCO +XH O)out |:out TFR: 8000C , TAR: 9000C
hC = Z g 100
(4XCH4 )in I:in




Combustion efficiency, h, (%)

Combustion efficiency
iIn 500 W,,, CLC plant

Experimental conditions

100 1 Test f Gs CH, H,S Power
(kg/h)  (vol%) (vppm) (W)

95 - 1 1.9 11 20 0 518

2 1.9 11 20 800 518

3 1.9 11 20 1300 518

90 4 15 8 20 0 518

5 1.5 8 20 800 518

6 1.5 8 20 1300 518

85 -

7 1.3 11 30 0 776

8 1.3 11 30 800 776

80 ; - - ' 9 1.3 11 30 1300 776

1.0 1.2 1.4 1.6 1.8 2.0
) ) 10 1.3 11 30 0 776
Oxygen carrier tofuel ratio( f) 11 19 1 20 0 518

Teg= 800°C ; Top= 900°C

(2XCO2 + XCO +X Hzo)out I:out

100
(4XCH4 )in I:in



Effect of H,S on carrier reactivity

TGA Reactivity tests
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In the experimental tests, the Cu-based oxygen carrier prepared by
impregnation did not present lost of reactivity as a consequence of Cu,S
formation.



Sulphur splitting

- Sulphur is distributed between FR, AR and OC depending on operating conditions.
- Emission of SO, in AR are of low importance.

- Major sulphur emissions correspond to the FR as SO.,.

Mass Balances after 2 hours operation

Test 2 Test 3 Test 5 Test 6 Test 8 Test 9
f 1.9 1.9 15 15 13 1.3

H,Sfed (vppm) 800 1300 800 1300 800 1300

Sulphur distribution (%)

IN 100 100 100 100 100 100
OUT gasFR? 97.5 93.6 97.7 96.1 44.9 57.5
OUT gasARP 2.1 14 1.7 1 9.9 4.9

Sin solid OC¢ 0 0 0 0 35.9 29.6

a Sulphur was only present as SO,
b Sulphur as SO,,.
¢ Sulphur detected by ultimate analysis.



Effect of H,S on carrier agglomeration

In the experimental tests, the Cu-based oxygen carrier
prepared by impregnation did not present agglomeration
problems as a consequence of Cu,S formation.

SEM fresh OC particles SEM used OC particles

After 22 h operation
sulphidation/regeneration




Conclusions regarding S

The sulphur fed was released as SO, at the FR outlet, and this will affect
to the quality of the CO, produced.

The presence of copper sulphides was only detected at f <1.4

At normal operation conditions, no deactivation of the OC was detected
and high combustion efficiencies were obtained.

The formation of sulphides did not produce agglomeration problems.

Oxygen carrier recovered their initial reactivity when H,S feeding was stop.

Cu-based oxygen carriers are adequate materials to be used in a
CLC process using fuels containing sulphur although CO,
guality is affected.



Objetive

To analyze the effect of impurities such as sulphur and light

hydrocarbon on the behaviour of a Cu-based oxygen carrier.

- Sulphur distribution and effects on oxygen carrier.
- Sulphur distribution during fluidized bed reduction/oxidation
- Effects on carrier life, reactivity and fluidisation behaviour
(attrition and agglomeration)

- Conversion of light hydrocarbons (C,Hg, C5Hy)
- Effects on OC reactivity and carbon formation.
- Emissions of unburnt HC



LHC effect on CLC

LHC present in Fuel gas:

1 LHC unbunt from FR:
Reduce combustion efficiency

CO, quality

C deposition:
2 Poisoning OC
3 Reduce CO, capture



Experiments in 500 W, continuous CLC plant
with Light Hydrocarbons addition

Gas analysis
|_ 0,, CO, CO,
59 9| stack
6 Total hydrocarbons
4 Gas analysis
CH,, CO,, CO, H,
7
19 | stack
Sec. RERIE |8
air
1 H,0
2 /’
B [~ 1.- Fuel reactor
2.-Loop seal
10 3.- Ai_r reactor
N 4.- Riser
5.- Cyclone
6.- Diverting solids
valve
10 [ 7.- Solids valve
* 8.- Water condenser
. 9.- Filter
Air N, N, H,O0CH, C.,H,..» 10.- Furnace




Conversion of light hydrocarbons

Thermodynamic data for LHC present in Fuel gas
®  No thermodynamic limit with CuO and C,H; and C;Hgto CO,+H,0
#  Cformation avoided at H,0/ C;Hg > 3 at 800°C

TGA Reactivity tests

Reactions
1.0 —— e
7 / 7
4CuO + CH; —> 4Cu+ 2H,0 +CO;, / e i
7 CuO + CoHg —> 7 Cu+3H,0 + 2 CO; < / ,'/
' 0.6 : //
10 CuO + CsHg —> 10 Cu + 4 H,0 + 3 CO;, 5 / _
2 / /)
S 04 :
O U // CH,
! 29 — = CH,
0.2 1/ o CjHg
| 28% CHs |/ —-= (),
0.0 5% CH, 100% air

0.0 0.2 04 00 0.2 0.4

Time (min)



Conversion of light hydrocarbons

Tests in 500 kW,, CLC plant

Composition CH, C,H; C3Hg H,O
A 30 15
B 20 2.4 15
C 20 3.8 15
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* The oxygen carrier/ fuel ratios required to reach full combustion working with mixtures

LHC are the same as those working with pure methane.



Gas product distribution

FR gas outlet compositions
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* Unburnt ethane or propane were never detected at the outle of the FR independently of
the temperature and oxygen to fuel ratio used in the tests.



CI/C,,ratio (%)

Carbon formation of LHC

Teq = 800°C

1.0

1.2 14

Oxygen Carrier to Fuel Ratio, f

1.6

C/C,, ratio (%)

— 0
T.. = 880°C
CH,-C;Hg
CH, CH,CH,

1.0

12 14 16

Oxygen Carrier to Fuel Ratio, f

C/C;, =(CO+CO)pr / C tyel, in



Conclusions regarding LHC

The light hydrocarbons (LHC) can be fully converted in a CLC
process using Cu-based oxygen carriers.

In a continuous CLC system, high efficiencies can be obtained.
Unburnt HC were never detected at any experimental conditions.

No agglomeration problems were detected in any case.

Carbon deposition can be avoided working at high temperatures
or high oxygen/fuel ratio

No operational problems are expected in an industrial CLC plant with

Cu-based OC by the presence of light hydrocarbons in the fuel gas.
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