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ÅPresent in-bed catalysts (e.g. dolomite) while effective, calcine, soften, and 
attrit in a fluidized bed gasifier (~700 ς900 C).

ÅAttrition-resistant materials (e.g. olivine) are not as effective at decomposing 
tars as dolomite.

ÅNi-supported attrition resistant catalysts (e.g. Ni-olivine) are more effective 
than dolomite but are still affected by attrition in a fluid-bed biomass gasifier.

ÅThere remains a need for an economical, attrition resistant, active catalyst for 
use in fluidized bed gasification as well as for other catalytic applications 
downstream of biomass gasifiers.

ÅPresent R & D efforts have focused on supportedcatalysts with the goal of 
creating robust, attrition-resistant supports with inherently high surface areas 
onto which active catalysts (typically Ni-based materials) can be strongly 
adhered.   

ÅLong-term acid gas, halogen, sulfur, alkali tolerance need to be demonstrated.

Needs

Tar-Decomposing Catalysts for Biomass Gasification
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New Tar-Decomposing Catalysts for Biomass Gasification

Develop and validate new materials and technologies for 
producing bulk and supportedtar-decomposing catalysts :

Approach

ÅThermally Induced Impregnation (TI)- Utilizing thermal energy, uniformly 
graft a catalyst (e.g. Ni or NiO) onto a robust, attrition-resistant support to 
create a tar-decomposing catalyst.  

o Ni-olivine catalysts
o Ni, Co, Fe ςbased catalysts on glass-ceramic supports

ÅGlass-Ceramic CatalystsςSpecially-formulated glasses containing up to 
40 wt. % of transition metal oxides (e.g. NiO) that have been heat-treated 
to form fine-grained multiphase ceramics. When reduced, all now 
metallic surfaces exhibit strong catalytic activity.

ÅBulk Glass-Ceramic Catalysts as SupportsςGlass-ceramic catalysts also 
serve as robust supports for TI of catalytic metal oxides onto their 
surfaces.
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Glass-Ceramic Materials

Glass materials have been in use for thousands of years and the 
uncontrolled crystallization of glass, devitrification, has been around 
just as long. However, the controlledcrystallization of glasses to form 
useful products is a relatively new development.

ÅGlass-ceramics are generally defined as any materials which are first 
formed as a glass and processed to a final form, and then through 
subsequent controlled heat treatment (ceramming) are caused to 
crystallize until at least 50% of the material consists of one or more 
typically fine grained crystalline phases.

o Remaining residual glass is distributed throughout the bulk.
o Cerammed glasses typically achieve 95-99% crystallinity.
o The crystalline phase develops within the void-free glass, ending 

when individual crystals impinge upon one another. 
o Crystals range in size from 0.25 to 5 µm.

ÅBecause of their structure, many glass-ceramics exhibit:

o Insensitivity to thermal shock - low coefficient of expansion.
o Attrition resistant, very hard materials.
o High melting points (1200 ς1600 C).
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Glass-Ceramic Materials - Examples

Corningware®

Most Common - Lithium and Magnesium Aluminosilicates

System
Li2O-Al2O3-

SiO2

MgO-Al2O3-
SiO2

Li2O-Al2O3-
SiO2

Product
Corning®9608

(wt. %)
Corning®9606

(wt. %)
Zerodur®

(wt. %) 

SiO2 70 56 55
Al2O3 18 20 25

Li2O 3 - 4

MgO 3 15 1

ZnO 1 - 2

TiO2 5 9 2

P2O5 - - 7

Schott Zerodur®
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Thermally-Induced Impregnation (TI)

ωTI was first used to create robust, catalytically-active materials by 
using heat to directly graft finely-divided Ni metal (in an inert 
atmosphere) or NiO(in air) into the surfaces of a variety of natural 
olivines. US Patent 7,449,424 (2008).

ωBased on a parallel development of glass-ceramics as a medium for 
creating bulkcatalysts, we employed TI to incorporate high levels of 
catalyst oxides (NiO, Fe2O3, CoO) onto the surfaces of Li and Mg-
aluminosilicate glass-ceramics. When reduced in H2, these materials 
were found to exhibit strong catalytic activity.  These catalysts are 
prepared in air.

o Analyses of Ni-supported materials prepared by TI reveals that a 
single thermal impregnation step can incorporate up to 20 wt % 
ƳŜǘŀƭ ƻȄƛŘŜǎ ƛƴǘƻ ŎǊǳǎƘŜŘ όмрл˃Ƴ-олл˃Ƴύ [ƛ- or Mg-alumino-
silicate glass-ceramics. 
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Preparation of TI Catalysts
ωSupported glass-ceramic catalysts are prepared by:

1. Thoroughly mixing a finely-divided mixture of a catalyst metal 
oxide (e.g. NiO) with glass-ceramic particles that have been 
ground to a pre-ǎŜƭŜŎǘŜŘ ǎƛȊŜ όŜΦƎΦ олл˃ƳύΦ 

2. Heating the mixture for an appropriate time to a temperature 
that will soften the support and allow the catalyst metal oxide 
particles to integrate with the support.  After cooling, the 
resulting product needs to be checked for proper particle size.

ωOur observations suggest that when a mixture of catalyst oxides and 
glass-ceramic support particles are heated to slightly below the 
melting point of the support, the catalyst metal oxides tend to 
diffuse into and strongly attach to the support. Because the glass-
ceramic particles are completely surrounded by a finely-divided 
metal oxide, integration of the coated particles is avoided.
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NiO on a Glass-Ceramic Support by TI

NiO

Glass-Ceramic
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Preparation of Bulk Glass-Ceramic Catalysts

Steps required to create a glass-ceramic catalyst: 

ωBatching of raw materialsςStandard glass-ceramic formulations 
modified to accommodate up to an additional 40 wt. % NiO.  

ωMelting of the raw materials to form an amorphous glass- using 
melting techniques commonly deployed throughout the glass industry.  
Higher temperature capacity furnaces are usually required (>1300C).

ωForming of the amorphous glass into a final shapeςmonoliths, fibers, 
flakes, spheres, plates, foams, other structures.

ωCeramming 1- Controlled heat treatment of the glass to form crystal 
nuclei at ~700C on insoluble nuclei (e.g. titania) or through liquid-liquid 
phase separation in the glass.

ωCeramming 2- Controlled heating of the nucleated glass (at ~800-
1000 C) to grow a crystalline phase. In addition to forming a primary 
refractory crystal phase, transition metal oxides crystallize into a 
separate micro-crystalline phase that surrounds each primary crystal. 
When reduced, exposed metallic surfaces exhibit strong catalytic 
activity.
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Bulk, Ni-Based Glass-Ceramic Catalyst

As Poured Cerammed Crushed ~150mm

Reduced

Crushed

30 Wt. % NiO, Mg-Aluminosilicate based on Corning®#9606

(amorphous glass) (microcrystalline ceramic)
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Bulk, Ni-Based Glass-Ceramic Catalyst
30 Wt. % NiO, Mg-Aluminosilicate based on Corning #9606

Amorphous Glass Cerammed

Surface Detail of Reduced Ni-Mg-Aluminosilicate Glass-Ceramic

Ni-Mg Alloy
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Bulk Glass-Ceramic Catalysts as Supports

ωBecause bulk glass-ceramic catalysts are glass-ceramics, TI can 
be used to incorporate high levels of catalyst oxides (e.g. NiO, 
Fe2O3, and CoO) onto the surfaces of these materials.

ωWhen reduced in H2, these materials have been found to exhibit 
strong catalytic activity. These catalysts are prepared in air ςno 
inerting required.

ωSamples of a Mg-aluminosilicate bulk glass-ceramic catalyst 
containing 20 wt.% NiOwas thermally impregnated with NiOfor 
5, 20, and 50h at 1260C.  At 5h of exposure, the TI step 
incorporated an additional 5 wt % NiOonto the surface of the 
ŎǊǳǎƘŜŘ όмрл˃Ƴ-олл˃Ƴύ ōǳƭƪ Ǝƭŀǎǎ-ceramic. 



OB2.4          Slide   Robust Glass Ceramics  - Slide  13

Thickness of TI Layer on Bulk Catalyst Support

1 10 100

Exposure Time, h

0

2

4

6

8

T
I 

L
a

y
e

r 
T

h
ic

k
n

e
s
s
, 

m



OB2.4          Slide   Robust Glass Ceramics  - Slide  14

NiO TI on a Bulk Glass-Ceramic Catalyst Support

NiO reduced to Ni

Glass-Ceramic with 20 wt. % NiO
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Experimental Results ςPacked-Bed Tests

ÅTI Catalysts on Glass-Ceramic Supports

ÅBulk Glass-Ceramic Catalysts

ÅTI Catalysts on Bulk Glass-Ceramic Catalyst 
Supports

ÅAll Catalysts Developed and Fabricated at 
GTI ςNo Commercial Catalysts Tested
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A laboratory catalyst test facility has been used to evaluate TI glass-ceramic catalysts 
with naphthalene (C10H8) and toluene (C7H8) as a surrogate tar in synthetic syngas.  

GTI Laboratory Catalyst Test Facility
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Reactor Test Conditions

ReactorI.D. (fixed),cm 5.08
Area(fixed),cm2 20.3
CatalystbedL/D 1.5
ReactorTemperature 400to 925 C
ReactorPressure,bar 5
Gasspacevelocity,hr-1 2500
Gasflow rate at temperature,cm3/min 25318
Gasresidencetime, s 2.2
Inlet gasflow rate (25 C),cm3/min 6432
H2, vol. % 22.2
CO,vol. % 21.3
CO2, vol. % 21.3
CH4, vol. % 5.8
H2O,vol. % 24.2
Surrogatetar, C10H8+ C7H8,, vol % 0.25

C10H8, ppmv 2300
C7H8, ppmv 200

N2, vol. % 4.95
Steam/Cmolar ratio 0.5
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Tar & CH4 Decomposing Tests - 1

ÅBulk Mg-aluminosilicate glass-ceramic catalyst with 30 
wt. % NiO

ÅTest reactor, test conditions, and synthetic syngas 
composition as above.
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Tar Decomposition ςBulk Catalyst with 30 wt. % NiO

50

60

70

80

90

100

0 5 10 15 20 25 30 35

C
1

0
H

8
C

o
n

v
e

rs
io

n
, 
%

850°C

800°C

750°C

700°C

660°C

620°C

NAPHTHALENE

Glass-ceramic catalyst with 30 wt. % NiO
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Glass-ceramic catalyst with 30 wt. % NiO
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CH4 Catalysis ςBulk Catalyst with 30 wt. % NiO
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Methanation Tests - 1

ÅBulk Mg-aluminosilicate glass-ceramic catalyst with 30 
wt. % NiO, TI with additional ~5 wt. % NiO

ÅSame test reactor, test conditions, and synthetic syngas 
composition as above, but with no surrogate tar.



OB2.4          Slide   Robust Glass Ceramics  - Slide  22

NiO TI on Bulk Glass-Ceramics Catalyst ςMethanation*

*no surrogate tars added.
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Tar & CH4 Decomposing Tests - 2

Ni-MagS Olivine Ni TI on Magnolithe-S Olivine, 11 wt. % Ni

NiO TI on Corning®9608 NiO TI on Corning®9608, 20 wt. % Ni

Bulk Catalyst - Ni, Ce, Fe
Bulk Catalyst - Corning®9606 reformulated to 
accept 32 wt. % Ni, 3 wt. % Ce, 3.5 wt. % Fe

NiOTI on Bulk Catalyst NiO TI on Catalyst #3, 42 wt% Ni

Corning®9608 Corning®9608, Li-Al-Mg glass-ceramic
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Tar & CH4 Decomposing Tests - 2 - Results

* Naphthalene, Toluene, Benzene

Tar* Decomposition CH4 Decomposition
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Attrition Resistance

ÅASTM D 5757-95 Tests (Reported previously2)

ÅParticulate Solid Research, Inc. Jet-Cup Attrition Tests.3 Based on 
the Davison jet cup, but requiring 100g of material as opposed to 
the 5 grams called for in the Davison jet cup.  Carried out on:

o A Bulk glass-ceramic Co catalyst.
o A Co catalyst prepared by TI of CoO on a granular Li-

aluminosilicate glass ceramic support.
o An alumina-supported Co catalyst prepared by incipient 

wetness impregnation at GTI. 

1. Felix, L., Choi, C., Rue, D., Slimane, R., Weast, L., Seward, T. (2008). Glass-Ceramic Catalysts for Tar 
Decomposition and GTL Synthesis in Biomass Gasification,presented at the 16th European Biomass 
Conference & Exposition, Valencia, Spain, Paper VP2.2.27.

2.  www.psrichicago.com
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* ASTM D 5757-95 , Determination of Attrition and Abrasion of Powdered Catalysts by Air Jets, 1985 Annual Book 

of ASTM Standards, Petroleum Products and Lubricants (III): D-2981-latest; Catalysts, Vol. 05.03.
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Jet-Cup Attrition Resistance

Cobalt  Catalyst Fines loss, wt %Vol. % < 52.3 ˃ Ƴ*

Bulk glass-ceramic,  20 wt. % CoO 2.5 1.1%

TI on glass-ceramic, 18 wt. % CoO 5.0 3.0%

IWI on alumina, 18 wt. % CoO 5.8 12.6%

CoO Catalyst VMM* particle diameter, ˃ Ƴ

Initial Final Decrease
Bulk glass-ceramic,  20 wt. % CoO 321 296 7.7%

TI on glass-ceramic, 18 wt. % CoO 278 245 10.2%

IWI on alumina, 18 wt. % CoO 305 211 30.8%

*Volume Mean Moment diameterςSee Paper

*Smallest particle at start of test ςSee Paper
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Conclusions

ωThermal impregnation (TI) appears to be a viable 
approachfor producing robust catalysts on olivine and 
glass-ceramic supports.

ωBulk glass-ceramic catalysts also appear to be a viable 
approach for producing catalytically-active materials.

ωJet-Cup attrition resistance measurements confirm high 
strength and durabilitypredicted from earlier ASTM 
attrition measurements.


