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ABSTRACT

The objective of this investigation is to evaluate several novel copper-based

binary oxides for their suitability as regenerable sorbents for hot gas
cleanup application in the temperature range of 650 ° to 850°C (1200°-1550°F).

To achieve this objective, l_several novel copper-based binary oxide sorbents

will be prepared. Experimental tests will be conducted at ambient pressure to

determine the stability, sulfidation capacity, regenerability, and sulfidation

kinetics of the novel sorbents. Tests will also be conducted at high pressure

for the determination of the sulfidation reactivity, regenerability, and
durability of the sorbents. 1_e attrition characteristics of the sorbents
will also be determined.

A new copper oxide-based sorbent, designated Sx was synthesized by the
amorphous citrate technique, and tested in reductive sulfidation in the

packed-bed microreactor at P - i atm. The H2S removal efficiency of this

sorbent was 9£.9% in threel cycles of sulfidation at 650°C with intermittent

regeneration at 750°C. Th_iperformance of the new sorbent was a little better

than the best sorbent tried:to date in sulfidation, namely Cu-2Cr-O tested
during the last quarter. After the 3 cycles, the surface area of this sorbent

was 3 m2/g. Thus, sorbent S_ has now been included in the list that will

undergo further detailed evaluation at 850°C (1123 K) along with sorbent Cu-
2Cr-O.

New sulfidation tests were conducted at 850°C with the Cu-Mn-O sorbent, a

high-sulfur capacity material, as reported last quarter. The sulfur capacity

of ths sorbent remains high at 850°C, however, its H=S-removal efficiency is
only ca 90% prior to breakthrough.

X-ray diffraction analysis of the fresh sorbents began this quarter. A single

crystalline phase, Cu1._n,.604,dominates the diffractogram. The 3CU-Mg-O and

Cu-2Cr-O sorbents will be analyzed next by XRD. _A._.<, -_,_.._

This project is funded by the U. S. Department of Energy (METC) and by the

Illinois Department of Energy and Natural Resources as part of their cost-shared program. ', _S71RI_ON OF THIS DOCUMENTISUNLIMITED
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EXECUTIVE SUMMARY

The objective of this investigation is to evaluate several novel copper-based

binary oxides for their suitability as regenerable sorbents for hot gas

cleanup application in the temperature range of 650 ° to 850°C (1200°-1550°F).

Such High temperatures will be required for the new generation of gas turbines

in Integrated Gasification Combined Cycle (IGCC) Systems.

Coal gas desulfurization to sufficiently low levels at temperatures of 600 ° to

800°C (Ii00 ° to 1400°F) is now recognized as crucial to the efficient and

economic coal utilization in coal gasification-combined cycle (IGCC) power
generation (using gas turbines) and gasifier/fuel cell power plants. The

implementation of hot coal gas desulfurization heavily relies on the develop-

ment of regenerable sorbent materials which have high sulfur capacity and can

efficiently remove H=S (from several thousand ppm levels down to a few ppmv)

over many cycles of sulfidation/regeneration. Structural stability and good
mechanical strength are additional desired features of sorbents. Not

surprisingly, only a few metal oxides can meet these stringent requirements.

This research program will focus on the evaluation of regenerable and novel
copper-based sorbents for hot gas cleanup. The results of this project will

be used to determine the most promising sorbent for further development. The
sorbents to be developed in this program will have the potential of reducing

the sulfur content of the fuel gas at elevated temperatures (above 1200°F) to

very low levels (a few ppm), resulting in significant increase in the

efficiency of the IGCC or gasifier/fuel cell power plants.

A new copper oxide-based sorbent, designated S_ was synthesized by the
amorphous citrate technique, and tested in reductive sulfidation in the

packed-bed microreactor at P - I atm. The H=S removal efficiency of this
sorbent was 99.9% in three cycles of sulfidation at 650°C wLth intermittent

regeneration at 750°C. The performance of the new sorbent was a little better

than the best sorbent tried to date in sulfidation, namely Cu-2Cr-O tested

during the last quarter. After the 3 cycles, the surface area of this sorbent

was 3 m=/g. Thus, sorbent Sx has now been included in the list that will

undergo further detailed evaluation at 850°C (1123 K) along with sorbent Cu-
2Cr-O.

New sulfidation tests were conducted at 850°C with the Cu-Mn-O sorbent, a

high-sulfur capacity material, as reported last quarter. The sulfur capacity

of ths sorbent remains high at 850°C, however, its H,S-removal efficiency is

only ca 90% prior to breakthrough.

X-ray diffraction analysis of the fresh sorbents began this quarter. A single

crystalline phase, Cul.4Mnl.604,dominates the diffractogram. The 3CU-Mg-O and

Cu-2Cr-O sorbents will be analyzed next by XRD.



OBJECTIVE

The overall objective of this program is to evaluate several novel copper-

based sorbents for their suitability for hot gas cleanup application in the

temperature range of 1200" to 1550°F.

The program goals are specifically directed toward the Gas Cleanup, Research

Priority 6.1A: Removal of Sulfur-Contalning Gases From the Hot Overhead

Effluent Obtained by Gasification of High-Sulfur Illinois Coal. The program

is targeted toward the determination of structural stability, sulfidation

reactivity, regenerability, durability, and attrition resistance

characteristics of the novel copper-based sorbents.

The specific objectives of this program are to:

i. Prepare and characterize specific compounds of copper 'oxide with each

of the oxides of Mg, TJ, Al, Cr, Si, Fe, and Mn;

2. Determine the reduction stability of the binary oxides in _-N= and _-

H=O-N= gas mixtures to be carried out a1_ temperatures of 650 ° to IO00°C

(1000°-I800°F);

3. Carry out sulfidation screening tests with the stable CuO-phases

identified in (2) using _-H=S-N= and _-_S-H=O-N= gas mixtures and

temperatures of 650 ° to 850°C (1200 ° to 1550°F).

4. Determine the sulfidation rate constants and measure overall rates of

sulfidation reactions with the most promising sorbents.

5. Carry out up to fifteen sulfidation-regeneration cycles with selected

sorbent compositions and determine sorbent regenerability and

structural stability in cyclic operation using H2-H=S-_O-N = mixtures as

well as simulated coal gasifier exit gas containing COS, HCI, and
other constituents.

6. Carry out attrition tests with the promising sorbents to determine

their suitability for moving-bed or fluidized-bed application.

INTRODUCTION AND BACKGROUND

The main goal of the CRSC sponsored research on sulfur irl coal is to increase

the utilization of high-sulfur Illinois coals using a method that is both

economical and environmentally acceptable. The market share of high-sulfur

coal has suffered losses because of the trend towards more stringent

government-imposed limitation on sulfur emission. Thus, there is a real need

to develop technologies for reducing sulfur emissions while minimizing solid

wastes for disposal.

Integrated Gasification Combined-Cycle (IGCC) Power Plants and Fuel Cell Power

Generation Technologies are among the leading contenders for coal conversion.

Development of technology for coal gas desulfurization to sufficiently low
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levels at temperatures of 650 ° to 850°C (1200 ° to 1550°F) is now recognized as

crucial to the efficient and economic coal utilization in emerging

technologies such as Coal Gasification-Combined Cycle Power generation (using

gas turbines) and gasifier/fuel cell power plants. The implementation of hot

gas desulfurization technology heavily relies on the development of

regenerable sorbent materials which have high sulfur capacity and can

efficiently remove H=S (from several thousand ppm levels down to a few ppmv)
over many cycles of sulfidation/regeneration. COS, CS= and other organic

sulfur compounds, present in gasifier fuel gas streams, also need to be

removed regeneratively and efficiently by the sorbents. Structural stability

and good mechanical strength are additional desired features of the sorbents.

In recent years it has been shown that certain mixed oxides have superior

properties compared to single oxides for hot gas cleanup. A compound of zinc
and iron oxides, zinc ferrite (ZnFe204), developed by DOE/METC has reached the

pilot-stage of testing for desulfurization of low-Btu gases. The H=S removal
efficiency of ZnFe204 is similar to ZnO because zinc ferrite is converted into

a mixture of ZnO and F%O 4 when exposed to the reducing gas. Similarly, the
rate of zinc loss (via ZnO reduction) is the same in both ZnFe=O4 and ZnO.

Therefore, the application of zinc ferrite is limited to temperatures below
600°C (II00=F).

Titanium dioxide was examined as a potentially better alternative to iron
oxide additives in terms of the higher stability of the titanates over the

ferrite compounds of zinc, and their not too different sulfidation equilibria.
With zinc titanates, the sulfidation temperature was shown to extend to 700°C

(1300°F), and sintering of ZnO was greatly reduced. Because zinc titanate

also showed better attrition resistance than zinc ferrite in preliminary pilot

tests at General Electric and better regenerability and mechanical stability
in the highly reducing Texaco gasifier-exit gas composition, further

development of the zinc titanates is underway,

However, at sulfidation temperatures above -750°C (1400°F), zinc titanates

will also suffer zinc losses. Such high temperatures will be required for the

new generation gas turbines (with inlet temperatures exceeding 1400°F). If

gas cleanup can be performed at matching conditions, then higher power plant

cycle efficiency gains will be realized. For these applications the metal
oxide sorbents should have low vapor pressures in ali their oxidation states

(including the metallic state).

Copper oxide-based sorbents have been examined to a lesser extent than zinc

oxide sorbents for high-temperature gas desulfurization. Mixed oxides of

copper, iron and aluminum in bulk (unsupported) form were developed earlier

and were found suitable for desulfurization of gases from fluidized-bed

gasifiers at temperatures up to 8000C (1472°F). Presently, work with another

type of copper compound, copper manganates, is being carried out by

ElectroChem. Instability problems in the presence of water vapor have been

reported for the CuM_O 4 phase, which has high sulfur capacity at high

temperature. Other copper-based mixed oxide sorbents have not been tested for

their suitability for hot gas cleanup. Systematic evaluation of novel copper-
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based sorbents is very important because of their potential for hot gas
cleanup application at higher temperatures.

This research program has focused on the evaluation of regenerable and novel

copper-based sorbents for hot gas cleanup. The results of this project will

be used to determine the most promising sorbent for further development. The

sorbents to be developed in this program will have the potential of reducing

the sulfur content of the fuel gas at elevated temperatures (above 1200°F) to

very low levels (a few ppm), resulting in significant increase in the

efficiency of the IGCC or gasifier/fuel cell power plants.

EXPERIMENTAL PROCEDURE

Sulfidation-Regeneration Tests

The sulfidation regeneration tests were carried out in the quartz micro-

reactor unit at ambient pressure in the temperature range of 650 ° to 850°C

(1200°-1550°F). These tests were conducted using two sorbents, namely,

copper-manganese oxide sorbent and a new sorbent designed at Cu-X-O.

Sulfidation of sorbents was carried out in I0% H2S-20% H20-69.5 % N2 gas mixture

at a sulfidation temperature of 650°C (12000F) or 850°C (1560°F) with a space

velocity of 2000 h'-. Regeneration was conducted with a 6% 02-94% N, gas
mixture at 750°C (13800F) with a space velocity of 2000 h "_. Sorbents used in

these tests were granular form -20 + 35 mesh (400-800 _m size) particles.

RESULTS AND DISCUSSIONS

Sulfidation tests were conducted with copper manganese (Cu-Mn-O) sorbent at

8500C (I123°K). The results are shown in Figure I. The sulfur capacity of

this sorbent remains high at 850°C (similar to the sulfur capacity at 6500C

reported last quarter), however its H2S-removal efficiency is only 90% prior

to breakthrough. Two cycles are shown in Figure i. A third sulfidation,

interrupted at t/t" = I, also had pre-breakthrough H2S levels of 50-70 ppm.

The results of these tests also suggests that manganese oxide participates in

the sulfidation. The values of sorbent conversion presented as t/t" is based
on formation of only C_S in the product.

During this quarter, a new copper oxide-based sorbent, designated Sx was
synthesized by the amorphous citrate technique, and tested in reductive

sulfidation in the packed-bed microreactor at P - 1 atm. The H2S removal
efficiency of this sorbent was 99.9% in three cycles of sulfidation at 6500C

with intermittent regeneration at 7500C (Figure 2). The sulfidation gas

composition was the same as in all prior sulfidation screening experiments,

namely, in mol %' i0 H2 - 0.5 H2S - 20 H20 - bal N2. Reneration was carried out

wit 6% 05 - 94% N=. The space velocity was 2000 h"l (STP) for both sulfidation

and regeneration. The performance of the new sorbent Sx was a little better

than the best sorbent tried to date in sulfidation, namely Cu-2Cr-O (see last

quarterly report). After the 3 cycles shown in Figure 2, the surface area of

this sorbent was 3 m2/g. Thus, sorbent Sx has now been included in the list

that will undergo further detailed evaluation at 850°C (1123 K) along with
sorbent Cu-2Cr-O.
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X-ray diffraction analysis of the fresh sorbents began this quarter. Figure 3
shows the XRD of Cu-Mn-O, prepared by the citric acid method with calcination

at 850°C. A single crystalline phase, Cu10_nt.604,dominates the diffractogram.

The 3Cu-Mg-O and Cu-2Cr-O sorbents will be analyzed next by XRD. Preliminary
runs indicate two separate phases for 3Cu-Mg-O and a single phase for Cu-2Cr-
O.

New batches of the sorbent Cu-2Cr-O were prepared by the amorphous citrate

technqiue, calcined at 550°C (3 h), crushed and sieved in granular form (-

20+35 mesh) for bench-scale testing.

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of the experiments conducted to date, the novel copper-
based sorbents are ranked as follows'

(i) Reduction Stability: Cu-Cr-O

(ii) H=S Removal Efficiency" Cu-X-O
Cu-2Cr-O

(iii) Sulfur Capacity' Cu-Mn-O

(iv) Still Uncertain" 3Cu-Mg-O (high stability phase Cu_MgO4
has not been prepared)

(v) Dropped from the list" Cu-Si-O (based on literature

information' Env. Sci. ETchnol. 2__33(2),
218 (1989). Cu-AI-O; Cuy-Fe-O

(Flytzani-Staphanopoulos et al., Final

Reports to DOE, 1985; 1987)

DISCLAIMER

This report wasprepared as an accountof worksponsoredby an agencyof the United States
Government. Neither the United States Governmentnorany agencythereof,nor any of their
employees,makesany warranty,expressor implied,or assumesany legal liabilityor responsi-
bility for the accuracy,completeness,or usefulnessof any information,apparatus, product,or
processdisclosed,or representsthat its use would not infringeprivatelyownedrights. Refer-
ence herein to any specificcommercialproduct, process,or serviceby trade name, trademark,
manufacturer, or otherwisedoes not necessarilyconstituteor imply its endorsement,recom-
mendation,or favoringby the United States Governmentor any agency thereof. The views
and opinions of authors expressed herein do not necessarilystate or reflect those of the
UnitedStates Governmentor anyagencythereof.
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Figure i. CYCLIC SULFIDATION OF Cu-Mn-O AT 850°C (1123 K)
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Figure 2. CYCLIC SULFIDATION OF Cu-X-O SORBENT AT 650°C (923 K)
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