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DISCLAIMER

“This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The views and opinions of authors

expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.”



ABSTRACT

Significant work has been done by the investigators on the cerium oxide-copper oxide based sorbent/catalysts
for the combined removal of sulfur and nitrogen oxides from the flue gases of stationary sources. A relatively
wide temperature window was established for the use of alumina-supported cerium oxide-copper oxide mixtures
as regenerable sorbents for SO, removal. Preliminary evaluation of these sorbents as catalysts for the selective
reduction of NO, gave promising results with ammonia, but indicated |ow selectivity when methane was used as
the reductant. Since the replacement of ammonia by another reductant is commercially very attractive, in this
project, four research components will be undertaken.

The investigation of the reaction mechanism, the first component, will help in the selection of promoters to
improve the catalytic activity and selectivity of the sorbents in the SCR with methane. This will result in new
catalyst formulations (second component). If this research is successful, the combined SO,-NO, removal
process based on alumina-supported copper oxide-ceria sorbent/catalysts will become very attractive for
commercia applications. The objective of the third component of the project is to develop an aternative SCR
process using another inexpensive fuel, residual fuel ail, instead of natural gas. This innovative proposal is based
on very scant evidence concerning the good performance of coked catalystsin the selective reduction of NO and
if proven to work the process will certainly be commercially viable. The fourth component of the project involves
our industrial partner TDA Research, and the objective is to evaluate long- term stability and durability of the
prepared sorbent/catalysts.

In the first year of the project, the catalysts were investigated by the temperature-programmed reduction
(TPR) technique. Theresultsfrom TPR indicated that the interaction with support appears to promote reduction
at lower temperatures. Copper oxide in excess of monolayer coverage reduces at temperatures close to the
reduction temperature of the unsupported copper oxide. |ncreased dispersion increases the support effect. Low

activity of ceriain NO reduction may be due to its resistance to reduction at low temperatures.
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EXECUTIVE SUMMARY

Significant work has been done by the investigators on the cerium oxide-copper oxide based
sorbent/catalysts for the combined remova of sulfur and nitrogen oxides from the flue gases of dationary
sources. A relatively wide temperature window was established for the use of dumina-supported cerium
oxide-copper oxide mixtures as regenerable sorbents for SO, remova. Prdiminary evauation of these
sorbents as catalysts for the sdlective reduction of NO, gave promising resultswith ammonia, but indicated
low sdlectivity when methane was used as the reductant. Since the replacement of ammonia by another
reductant is commercidly very attractive, in this project, four research components will be undertaken:
= Invedtigation of the adsorption-reaction mechanism for the reduction of NO, by methane usng
temperature programmed desorption and temperature programmed reaction studies.
= |Improvement of the activity and sdectivity of dumina supported cerium oxide-copper oxide-based
sorbent catalysts for the reduction of NOy by methane by the addition of promoters to enhance NO
chemisorption, NO oxidation, intermediate stabilization, or methane activation. Alternative catalyst
preparation methodswill o betried to enhance metd duminate formation over theformation of oxide
crysals.

= Invedtigation of the posshility of usinginexpensveand widdy availableresdud fud oilsasan dternate
reductant to replace anmoniain the SCR reaction.

= Longtermtesting of the sorbent catalystsin apilot Size setup by TDA Research, our indugtria partner.

The investigation of the reaction mechanism will help in the sdection of promoters to improve the
cataytic activity and selectivity of the sorbentsin the SCR with methane. If thisresearch is successtul, the
combined SO,-N Oy remova process based on aumina- supported copper oxide- ceria sorbent/cataysts
will becomevery attractivefor commercia applications. The objective of thethird component of the project
isto develop an dternative SCR process usng another inexpensve fue, resdua fud ail, instead of natura
gas. Thisinnovative proposd is based on very scant evidence concerning the good performance of coked
catdystsin the sdlective reduction of NO and if proven to work the processwill certainly be commercialy
viable. Thefourth component of the project involvesour indudtria partner TDA Research, and the objective
isto evauate long- term stability and durability of the prepared sorbent/catalysts.



In the first year of the project, investigation of the reduction mechanism of the catalysts used for the
reduction of NO, by areductant (methane or propylene) using temperature- programmed reduction (TPR)
was underteken. This is the firdt step in the investigation of the adsorptionreaction mechanism on the
catdysts being sudied.  The conclusons drawn from these TPR experiments can be summarized as
follows

I nteraction with support appearsto promote reduction at lower temperatures. Copper oxidein excess
of monolayer coverage reduces a temperatures close to the reduction temperature of the unsupported
copper oxide. Increased dispersion increases the support effect. Low activity of ceriain NO reduction

may be due to its resistance to reduction at low temperatures.



WORK DONE
Background Information

The sorbents (Table 1) conssting of cerium oxide and copper oxide impregnated on
auminawere prepared and characterized during a previousresearch project funded by DOE (DE-FG22-
96PC96216). Their sulfation performancewasinvestigated inaTGA setup, sudying mainly the effects of
temperature, sorbent composition, metd |oading and support type. Asaresult of the sulfation experiments
aredively wide temperature window was established for the use of alumina-supported cerium oxide-
copper oxide as regenerable sorbents for sulfur dioxide removd. In the 723-823 K temperature range,
cerium oxide-copper oxide sorbents have specific sorbent capacities (mass of sulfur removed per unit mass
of metd sorbent) and sulfation rates sgnificantly higher than those of cerium oxide and copper oxide
sorbentsused done. Best sulfation performance was exhibited by the sorbent containing 1:1 molar ratio of
ceriumand copper. Specific sulfur capacities decreased asthe coverage of the support surface by the metd
oxides gpproached monolayer coverage. Sorbents gppeared to beresstant to cycling. Nolossof sulfation
capacity was observed after the third cycle.

The evaluation of these sorbents for the selective reduction of NOy gave promising results with
ammonia, but indicated low sdectivity when methanewas used asareductant. Inthereduction of NOwith
NHs, the converson passes through amaximum at 573 K. Sdective catdytic reduction studies with
methaneindicated that NO conversions between 10% and 17% could be obtained in thetemperature range
648-748 K on catalysts containing both copper and cerium oxides for the space velocity used in the
experiments (13700/hr).

Since propylene is known to be a more active and selective reductant for NO with other SCR
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catalysts and since hydrocarbons are much more desirable reductantsfor NO removal, the performance of
Cu-Ce catalysts for SCR of NO with propylenewas aso investigated. Although propylene wasfound to
bevery activein the absence of oxygen, the NO conversions obtained in wet oxygencontaining gaseswas
limited to the same range observed usng methane. With propylene, the temperature for maximum NO
conversion decreased asthe Cuw/Ceratio increased. Maximum conversion obtained was 17.5 % at 713K
on the catalyst with Cu/Ce=3 (Cu7.5Ce2.5). For Cu8Ce2 and Cu2Ce6 cataysts, the NO conversions
obtained in wet oxygen-containing gases were limited to about 12.5% and 10.5% respectively, for the
gpace velocities employed in this research (about 13,700/hour). This was due to low sdectivity at high
temperaturesand low activity a low temperatures. Infact, the NO conversion passesthrough amaximum
at around 730 K and 740 K for Cu8Ce2 and Cu2Ce6 cataysts, respectively. It was observed that water
has a negative effect on NO converson for Cu-Ce catadysts, NO converson reduces from 21% in the

absence of water to 12.5% in the presence of 7% water on Cu8Ce2 catalyst.

Table 1. Physica Properties of the Sorbent/Cataysts
Cerium Loading, Copper Loading, Surface Area,
Sorbent mass % mass % /g
Nomind Actud Nomind Actud
SOR10-11 5 4.58 5 5.54 122
SOR10-111 2.5 2.26 7.5 8.42 134
SOR10-1V 7.5 6.49 25 2.77 122
SOR10-V 2 1.90 8 8.76 130
SOR10-VI 0 0 10 10.36 105
SOR 10-VII 10 0 0 126




. Experimental

Inthefirst year of the project, investigation of the reduction mechanism of the catalysts used for the
reduction of NOy by areductant (methane or propylene) using temperature- programmed reduction (TPR)
was underteken. This s the first step in the investigation of the adsorptionreaction mechanism on the
cataystsbeing studied. For temperature- programmed experiments, aMicromeritics Pulse Chemisorb 2705
with TPD/TPR Option was used. Thisequipment wasingtalled and calibrated. A mass spectrometer-gas
chromatograph system (SATURN 2000M §3800GC) from V arian was purchased for theidentification of

desorbed species and reaction products.

Firg, temperature- programmed reduction (TPR) studieswere undertaken to investigete the effect of
reduction and reoxidation on the catalysts used for selective cataytic reduction of NO. The main god for
TPR dudiesisto determine the number of reducible species on the catdyst and the temperature a which

the reduction occurs. The conditions employed for reduction and reoxidation are summarized below:

Reduction:
Reductant: 6.96 % Ho in Ar

Flow rate: 40 ml/min
Temperature range: 350C — 9000C
Temperature ramp: 10 0C/min

Reoxidation Conditions
Oxidizer: 3.60 % O2 inHe
How rae 40 ml/min

Oxidation temperature: 5000C and 1000C
Oxiddtiontime 1 hr

A typica TPR run is described below®:



1. Insat asmdl amount of quartz in the right Sde of a clean and empty sample tube. Weigh the

sample tube.

2. Pour gpproximately 50 mg catalyst sample into the sample tube.

3. Weigh the sample tube with the sample. Subtract the sample weight obtained in the first step to

determine the initidl sample weight.

4. Turnthe ‘PATH SELECT’ knob on the TPR equipment to ‘BYPASS' position.

5. Connect the sample tube to the analysis ports and tighten the fittings.

6. Ingal the thermocouple into the sample tube.

7. Adjust the gas carrier flow rate.

8. Turnthe'SAMPLE SELECT’ knobto ‘TEST’ for the appropriate station to start the carrier gas
flowing over the sample. Allow the detector basdline to stabilize. Place aDewar flask filled with
liquid nitrogen mixed with isopropyl acohol around the loop of the cold trap to ensure that the

moisture formed during reduction does not reach the detector.

9. Closethefurnacearound the sampletube. Set thefurnace controlsto ramp the furnace from room

temperature to the desired temperature.

10. As the temperature increases, the catalyst is reduced and the amount of hydrogen consumed is

displayed on the computer screen as afunction of time.

11. After the TPR, reoxidize the catalyst and subject it to another cycle of TPR.



IIl.  Resultsand Discussion

Figures 1- 9 present the results from the TPR experiments.  They are developed from the
temperature versus time and amount of hydrogen consumed versus time data from the TPR
equipment. The following observations were made from those figures:

1. Copper oxide supported on dumina has two reduction peaks indicating the presence of two
different types of copper oxide, gppearing at 518 and 563 K. Thisis due most probably to the
trangtion state of the copper ion: Cu™ 0 Cu™ O CU

2. Reoxidation at 773 K lowers the reduction temperatures of both oxides by about 50 K.

3. Thecopper oxidewith the lower reduction temperature appearsto be dmost fully regenerated by
reoxidation at 773 K, while the second oxide appears to be only partidly regenerated at this
temperature. Reoxidation of the reduced copper oxide at 373 K partidly regeneratesthe oxide
with the lower reduction temperature and its reduction at the second cycle occurs at 448 K. The
second oxide does not form upon reoxidation at this temperature.

5. The aumina support and the catayst with 10 % CeO2 on dumina do not have any reduction
peaksup to 1173 K.

6. Fresh catdyst containing 2.5 % copper oxide and 7.5% cerium oxide shows only the lower
temperature reduction peak. Reoxidation of this catalyst lowers the reduction temperature by
about 100 K. Reoxidation at 773 K regenerates some of the second oxide.

7. Thecadys containing 7.5 % copper oxide and 2.5% cerium oxide showssmilar behavior to the
10% copper oxide on dumina both during the firs reduction and the subsequent

reoxidation/reduction cycle.



V.  CONCLUSIONS

Catalyst support, metd oxide loading, and the degree of dispersion of the metd oxide affect the
reduction temperature of the metal oxide.
oI nteraction with support gppearsto promote reduction at lower temperatures. Copper oxide in excess of
monolayer coverage reduces at temperatures close to the reduction temperature of the unsupported copper
oxide.
eIncreased dispersion increases the support effect.

L ow activity of ceriain NO reduction may be due to its resstance to reduction at low temperatures.

V. Additional Activities

Vaughnery Ammonsand TakeliaBattle were employed as undergraduate research sudents. They
were trained in the laboratory to use the TPR/TPD equipment and the reactor setup for the SCR
experiments. They have learnt how to use the gas chromatograph and the NO, Chemiluminescence

equipment.

FUTURE PLANS
During next yesr, it is planned:
1. todo TPD and TPRxN experiments; and
2. to prepare the promoted catalysts.
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FIGURE 1. TPR OF ALUMINA SUPPORT
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FIGURE2. TPR OF 10% CuO on ALUMINA
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FIGURE 3.
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FIGURE 4.
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FIGURES5. TPR OF 10% CuO on ALUMINA Reoxidized at 373 K
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FIGURE 6. TPR OF 2.5% CuO and 7.5 % CeO, on ALUMINA
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FIGURE 7. TPR OF 2.5% CuO and 7.5 % CeO, on ALUMINA
Reoxidized at 773 K
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FIGURE 8. TPR OF 2.5% CuO and 7.5 % CeO, on ALUMINA
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FIGURE 9. TPR OF 7.5% CuO and 2.5% CeO, on ALUMINA
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FIGURE 10. TPR OF 7.5% CuO and 2.5 % CeO, on ALUMINA
Reoxidized at 773 K
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