
TECHNICAL REPORT 
September 1 through November 30, 1994 

Project Title: NOVEL TECHNOLOGIES FOR SOJNO, REMOVAL FROM 
FLUE GAS 

DOE Cooperative Agreement Number: 

Principal Investigator: 
Other investigators: 

DE-FC22-92PC92521 .(Year 3) 

Harold Kung, Northwestern University 
Mayfair Kung, Northwestern University 
James J. Spivey, Research Triangle Institute 
Ben W. Jang, Research Triangle Institute 
Frank I. Honea, ICCI 

ICCI Project Number: 94-1/2.1A-2P 

Project Manager: 

ABSTRACT 

The goal of this project is to develop a cost-effective low temperature deNO, catalyst to be 
used in the Research Triangle Institute (RT1)-Waterloo SOJNO, process for boiler retrofit 
applications. The performance goal of the catalyst is to convert over 80% of the NO in the 
flue gas at a temperature as low as 150°C in the presence of4% 0, and 10% water. In this 
quarter a two prong approach was used: Northwestern University concentrated their effort 
to better understand the reduction of NO, with alcohol over Cu-210, catalyst while RTI 
studied the oxidation of NO to NO,. The chief problem encountered in low temperature 
reduction of NO was catalyst deactivation, which O C C U K ~  with all alcohols tested (ethanol, 
1-propanol, 2-propanol and 2-butanol). This was probably due to coke formation, as 
regeneration of the catalyst can be achieved by heating in 4% oxygen. Catalysts with higher 
Cu loadings deactivated slower. Use of NO, instead of NO, in the hope to reduce catalyst 
coking, improved N2 yield temporarily but could not stop deactivation. NO oxidation to NO, 
was studied over different catalysts to support the research to improve the stability of 
catalytic activity. In the presence of SO, and H,O at 150°C, the highest NO oxidation 
activity was observed over a 10% CoO/Al,O, catalyst . The activity of the catalyst at first 
increased slowly, reaching a maximum at around 6 hours on stream, and then slowly 
decreased. The maximum activity as well as the activity profile with time on stream were 
affected by the presence of SO,. With 0.2% SO,, the activity for NO oxidation to NO, 
reached the maximum with 60% conversion of NO at 3 hours on stream compared with 42% 
at 6 hours when 0.1% SO, was used. The concentrations of 0, and H,O also affect@ th@O 
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EXECUTIVE SUMMARY 

Recent strict environmental regulations require the development of more efficient SOflOx 
processes to make Illinois coal competitive as a source of cheap energy. The objective of this 
project is to develop a cost-effective deNO, catalyst that uses environmenfaly benign 
reductants to remove NO, in a low temperature deSOJdeN0, process (the RTI-Waterloo 
process) that is designed for retrofit applications. 

In the previous year, it was found that Cu-ZrO,, when modified with lanthanum, is a 
promising catalyst for the selective reduction of NO by alcohols in the presence of 4% 0, and 
2% H20 at temperatures between 200 to 225" C. Among the alcohols tested, 2-propanol 
(isopropyl alcohol) appeared to be the most effective. It is also the most appealing, as the 
generic name for it is rubbing alcohol, and public acceptance of its use should not be a 
problem. Methanol was ineffective. In this quarter, when the catalyst was tested at very high 
space velocities, it was discovered that the catalyst deactivated with time on stream. The 
temperature that deactivation was apparent depended on the alcohol used and its 
concentration. Increasing O2 and H,O concentration in the feed or the Cu loading of the 
catalyst deterred deactivation. Liewise, using NO2 instead of NO prevented deactivation at 
250°C when ZrO, was used as the catalyst. Thus, deactivation was most likely due to coke 
formation. When NO, was used instead of NO with Cu-ZrO,, the N, yield at 200°C was 
higher initially, but it reached the same level as with NO after long reaction time. 

The deactivation accelerated with increases in alcohol concentration in the feed due to 
increased rate of coke formation. Thus, a reductant that can react with NO more effectively 
could help alleviate the deactivation problem as lower concentration of it needs to be used to 
achieve the desirable level of NO reduction. When 2-propanol was used, it was observed that 
the NO competitiveness factor (the ability of a reductant to react with NO instead of 0,) 
decreased with the decrease in the amount of catalyst used. This suggested that some of the 
intermediates formed in the reaction may be more effective than the alcohols in the reduction 
of NO. The hydrocarbon intermediates detected was acetone when 2-propanol was used, 
and acetaldehyde when ethanol was used as the reductant. This suggested that reductants 
with C=O hctional group are better reductants than alcohols. These intermediates were all 
oxidized to CO, at a space velocity of 12,000 h-' and temperatures 2 225°C. 

We have previously found a 2% Ag-5% Cu carbon-supported catalysts to be promising. At 
15O"C, 35% NO conversion was obtained after 5 h on stream with a feed of 0.2% acetone, 
0.1% NO, 4% 0, and 8% H20 at a space velocity of 3000 h-'. This catalyst, however, also 
suffered fiom deactivation. In the search for operating conditions in which deactivation could 
be avoided, catalysts for NO oxidation to NO, was explored in the hope: (1) that NO, would 
oxidize the coke formed and alleviate the deactivation; and (2) NO can be removed in the 
form of adsorbed NO2. Among the catalysts tested, CoO/Al,O, was the most active. Its 
activity was enhanced both by the presence of H,O and SO,. However, the activity 
decreased after 6 h of time on stream. 
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In a parallel effort, an initial economic analysis was performed on a conceptual process in 
which NO was removed as nitric acid by first oxidizing it to NO, which is then dissolved in 
water. The result of the analysis suggested that such a process could be economically 
competitive with existing deSOJdeN0, processes. 

In the coming quarter, the focus of the research will be on solving the problem of catalyst 
deactivation. Addition of an active component for the oxidation of coke to La-Cu-ZrO, will 
be attempted. Pd will be the first candidate. Other noble metals, Ni, and easily reducible 
oxides will also be tested. The deactivation of the Ag-Cu-carbon catalyst could be due to 
alkali impurities in the carbon. Purification of the carbon will be attempted. 

In the area of NO oxidation, other catalysts will be tested. In the absence alcohols or 
hydrocarbons. deactivation of such catalysts should not be due to the formation of coke. 
Thus, the mechanism of deactivation will be investigated to provide guidance for search for 
active stable NO oxidation catalysts. 
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OBJECTIVE 

The goal of this research is to develop a cost-effective catalyst, that could facilitate NO, 
abatement in flue gas at a temperature around 150"C, to be used in the novel RTI-Waterloo 
SOJNO, process. In the previous year, two catalysts, La-Cu-ZrO, and a 5%Cu-2%Ag- 
carbon catalyst, were found to have potential as low temperature catalysts for NO reduction 
by oxygenates. However, both catalysts suffered fiom deactivation at low temperatures. 
Thus there were two objectives in this phase of the research. The first was to explore this 
deactivation behavior with respect to changes in the catalyst formulation as well as 
operational variables such as water concentration, temperature, gas flow rate, space velocity 
and the extent of NO oxidation to NO,. The second objective was to screen catalysts for the 
oxidation of NO to NO,. We have found that NO, has the ability to oxidize coke deposited 
on carbon catalyst during hydrocarbon oxidation, and that deactivation of NO, reduction over 
the Cu-Ag-carbon catalyst was due to coke built up. Thus it is possible that by combining 
NO oxidation to NO, with NO, reduction using hydrocarbons, the overall activity of NO, 
reduction can be increased and catalyst deactivation can be minimized simultaneously. It is 
possible that after oxidation of NO to NO,, that the latter can be removed by adsorption 
without the use of reductants. The first step of this latter approach was to search for 
catalysts that are active for the oxidation of NO to NO, in the presence of SO, and H,O. 

INTRODUCTION AND BACKGROUND 

Illinois has the largest reserve of coal. However, the high sulfur content of its coal reduces 
its attractiveness as a source of cheap energy. Recent stringent environmental regulations 
require the development of a more effective SOJNO, process in order to maintain the 
competitiveness of Illinois coal. This project is to investigate a low temperature SOJNO, 
process developed at RTI. The process involves SO, removal as concentrated sulfuric acid 
over modifled carbon material. The SO,-free gas is then slightly reheated with incoming flue 
gas, blended with ammonia and passed over another bed of Werent modified carbon to 
remove the NOr The removal of SO, before NO, is important as the high sulfur level of the 
flue gas probably would poison most deNO, catalyst. The process of SO, removal, however, 
lowers the temperature of the flue gas to around 150°C, which is substantially lower than the 
operational temperature (350-400°C) of practical SCR (selective catalytic reduction) 
catalysts. Although a modified carbon catalyst used in the second bed works at low 
temperature, its activity is low. Furthermore, the reductant used in the process was NH3, 
which itself is environmentally harmful. 

The sigtllficant observations made in the previous year was that two catalysts, La-Cu-ZrO, 
and Cu-Ag-Carbon, were effective in utilizing hydrocarbon oxygenates such as acetone and 
alcohol for the selective reduction of NO in the presence of H,O at relatively low 
temperatures. Fig. 1 shows the steady state NO, conversion as a h c t i o n  of temperature over 
a 1.4% La 6.3 wt.% Cu-ZrO, catalyst for different alcohols. With some alcohols, such as 2- 
propanol, although the initial activity at 200°C was comparable to that at 225"C, only the 
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225OC reactivity can be sustained with time on stream. The temperature of maximum NO 
conversion was lower for the carbon catalyst than La-Cu-ZrO, and the initial activity was very 
high. However, the initial deactivation was very severe, resulting in an NO conversion of 
35% after 4 hrs. The inability of either catalysts to sustain reactivity at the desired 
temperature was probably due to coking. The Cu-La-ZrO, catalyst can be regenerated simply 
by heating at 350" C in 4% 0,. 

The objective of the work performed in this quarter was to understand the deactivation 
characteristics and to explore alternatives to the selective reduction process in the removal 
of NO. 

EXPERIMENTAL PROCEDURES 

Catalyst Preparation 

Zirconium oxide-containing catalysts: All zirconium oxide based catalysts were prepared by 
co-precipitation of the nitrate salts of constituent metals with urea using the method of 
Amenomiya et al. [ 11. 

10% C00/A1203 catalysts were prepared by simple impregnation method. Cobalt nitrate and 
y-A1203 pellets were purchased from Johnson Matthey. Other commercially available metal 
oxide catalysts were from United Catalysts Inc. 

Catalytic Tests 

Details of the procedure for catalytic tests had been described in previous quarterly reports 
[2-4]. Briefly, at Northwestern, the catalysts were tested in a &sed silica U-tube reactor. The 
flow rate and composition of the feed gases were controlled by mass flow meters. In some 
experiments, two fused silica U-tube reactors in series and two on-line gas chromatographs 
for product analysis were used. The first reactor could be used for catalytic oxidation of NO 
to NO,. Its effluent was mixed with the reductant before entering the second reactor for NO, 
reduction. Ifthe f h t  reactor was bypassed, then the second reactor could be used alone for 
NO reduction. Typical composition ofthe feed was 1000 ppm CO, 1000 ppm NO, 1000 ppm 
C3H6 (or the same reducing equivalent of another reductant, such as ethanol or isobutyl 
alcohol), 0 to 10% H,O, 1 to 4% O,, and the balance He. Before testing, the NO reduction 
catalyst was pretreated at 300 or 350°C in a flowing mixture of 1% 0,, 1000 ppm C3&, and 
the balance helium to remove nitrogen-containing species left over fiom catalyst preparation. 
When N, was no longer detected in the reactor effluent, the reactor temperature was lowered 
to the desired value and the NO containing reaction mixture was introduced. 

The terms used to present the data are defined below: 

% NO Conversion to N2 = 200*N, / NO, 
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% NO competitiveness = 200*N, / (2 0, consumed + NO consumed) 

% Reductant conversion = (R,,& - / Kin 
The RTI NO, reaction system had been described in the earlier report. 0.1% NO, 0.1% SO, 
,4% 0, and 10% H,O with total flow of 400 cc/min were used for NO oxidation study over 
12 cc catalysts. NO, analyzer with NO, mode and NO mode was used to determine both the 
inlet and outlet concentrations of NO, and NO. The oxidation conversion was calculated as: 

% NO oxidation to N02=(NOY, - NO,,)/NO,,, x 100 

RESULTS AND DISCUSSION 

Selective Reduction of NO over Cu-ZrO, at High Space Velocity 

When the reduction of NO with ethanol was investigated over a small bed (48 mg) of 7 wt.% 
Cu-ZrO, catalyst at 250 "C, with a space velocity of about 250,000 h" and a feed composition 
of 1000 ppm NO, 1500 ppm C@,OH and 4% 0, the activities for ethanol oxidation to CO, 
and N, production fiom NO were found to decrease with time on stream (Fig. 2). This 
contrasted with the apparently stable activities observed previously when 1 g of the same 
catalyst was used at a space velocity of 6000-12,000 h-' (2). The difference can be understood 
as to be due to the high activity of the catalyst combined with the slowing of the deactivation 
rate with time on stream. At the low space velocity of 6000-12,000 h-', only a small fraction 
of the catalyst bed was utilized. However, at the much higher space velocity of 250,000 h-', 
or at lower reaction temperatures when the reactivity of the catalyst was reduced to the extent 
such that the whole catalyst bed was used, then deactivation was observed even at low space 
velocity. The deactivation was probably due to carbon built up as regeneration of the catalyst 
was possible with heating in 0,. Deactivation at high space velocity was observed at 250°C 
for 2-propanol, 1 -propanol and ethanol. 

Similar deactivation was seen even at temperatures as high as 280°C. These tests were 
conducted in the absence of water. Addition of H,O stabilized the NO reduction activity at 
280°C. Similarly, increasing the 0, coiicentration to 7% stabilized the catalytic performance 
at 280°C. 

Increasing Cu loading of the catalyst from 7 wt.% to 33 wt.% stabilized the NO, reduction 
activity at 25OoC even at high space velocity. This was done, however, at the expense of NO 
competitiveness factor. As is shown in Table 1, NO competitiveness factor is a f i ndon  of 
Cu loading and temperature. More interestingly, it increased with larger amount of catalyst 
used. This suggested that some oxidation intermediate is more effective in the reduction of 
NO than the alcohols. For 2-propanol and 1-propanol the oxygenated products detected that 
could be this reaction intermediate was acetone, and for ethanol the reaction intermediate was 
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acetaldehyde. Thus, hydrocarbons with C=O hnctional groups may be more effective in the 
reduction of NO. These organic species were detected only in experiments in which very 
small amounts (mg quantities) of catalysts were used. Thus, they are very reactive. 

Effect of NO, 

Deactivation was observed in the reduction of NO but not NO, when a 7 wt.% Cu-21-0, 
catalyst was tested at high space velocity at 280°C in the presence of 2% 0, and 0.1% 2- 
propanol. Fig. 3 showed that sustained NOz reduction by ethanol was possible-even over 
pure ZrO,. 

The effect of NO, on low temperature selective reduction of NO, with a 33 wt.% Cu-21-0, 
catalyst was explored at 200°C. It was found that although the initial N, production was 
higher with NO, than with NO, the N2 yield after 6 hrs was similar. However, the CO, 
production was consistently higher when NOz was used and, within the experimental 
fluctuations, the carbon balance was better for the NO, experiment. These results suggested 
that for long term stability, NOz stiU have an advantage over NO as the oxidant. 

Catalvsts for NO oxidation to NO, 

Many catalysts were screened for NO oxidation to NO, in the presence of SO, and H,O. The 
resuits are summarized in Table 2. Most catalysts showed low activities for NO oxidation 
at both 150°C and 200°C. Carbon supported catalysts showed no activity at all for NO 
oxidation at either 150°C or 200°C. This could be attributed to the reduction ofN0, to NO 
by carbon. CoO/MoO, showed high initial activities, but deactivated seriously upon 
prolonged use. Pt-PcUAl,03, vanadia, and lO%CoO/Al,O, showed reasonable activities and 
were chosen for the stability test. 

As shown in Figure 4, over vanadia and Pt-Pd/Al,O,, the initial high activity declined to low 
values in the course of 6 h. In contrast, the NO oxidation activity over 10Y0 CoO/Al,O, was 
low initially, but increased to a maximum conversion Of 42% after 6 h on stream, and then 
followed by a subsequent decline to a level of 30% conversion after 1 1  h on stream. The 
results clearly indicated that 1 O%CoO/Al,O, is the best catalyst for NO oxidation under our 
reaction conditions. However7 fiuther improvement of the stability of the catalyst is necessary 
to include the oxidation of NO to NOz as part of the NO abatement process. 

To improve and to maintain the activity of 10% CoO/Al,03 for NO oxidation to NO,, detailed 
studies of the effects of reaction variables on oxidation activity were conducted. 

Effect of SO, in NO 0x1 ‘dation 

The effect of SO, on NO oxidation activity over the lO%CoO/AI,O, catalyst was studied at 
three different concentrations (O%, 0.1%, and 0.2%) in the reactant stream. Figure 5 showed 
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that no NO oxidation activity was observed in the absence of SO, , but high activity was 
obtained with 0.1% SO,. This suggested that the presence of SO, is necessary for the 
oxidation of NO to NO, over 10%C00/Alz03 catalyst as opposed to inhibiting e f f i  
reported in the literature (3-5). The reaction profiles, an initial increase followed by 
subsequent decline in activity with time on stream, were similar in the presence of 0.1% and 
0.2% SO, in the feed. However, the maximum was higher and reached faster for the 0.2% 
than the 0.1% SOz experiment. Thus it appears that high SO, concentration is beneficial to 
NO oxidation to NO2 over 10%CoO/A120, catalyst. The eventual decrease in activity is 
probably not due to SO, as there was no acceleration in the deactivation rate in the 0.2% SO, 
experiment as compared with the 0.1% one, and also because high activity remained after 
overnight pretreatment of the catalysts at 150°C with 0.2% SO, in the stream. 

Effect of 0, in NO Oxidation 

The effect of O2 on NO oxidation, as studied with O%, 1% and 4% 0, in the feed, is shown 
in Figure 6 .  The activity was neghgible without 0,. A maximum activity of 19% was 
reached within 2 hours with 1% 0, , and 30% conversion of NO to NO, was achieved after 
4 hours with 4% 0, in the feed. These results suggested that the oxidation activity of 
10%CoO/A1,O3 increases with the concentration of O2 in the presence of SO, and H,O, which 
is encouraging since flue gas contains up to 5% 02. 

Effect of H,O in NO Oxidation 

The results of the reactions with 10% H20 and without H,O in the feed are shown in Figure 
7. The initial activity was higher in the absence of H,O but after the first two hours became 
substantially lower than that with 10% H,O. The beneficial effect of H,O was only present 
when S0,was in the feed. This result is quite unexpected, since many reports in the literature 
for NO oxidation@-5) and our current NO reduction study over Cu supported ZrOz catalysts 
all showed the inhibiting effect upon the addition of H20 in the reaction. 

Process Economics-NO Oxidation 

The purpose of this analysis is to explore the possibility of using NO oxidation (and 
subsequent recovery of either nitric acid or a mixture of nitric and sulfiuic acids) as an 
alternative to NO reduction (using either NH, or hydrocarbons) in the RTI-Waterloo 
SO,/NO, process. Because the oxidation of NO to NO, is known to be possible at low 
temperatures, we wish to find out if there is potential for a process that oxidizes NO to NO, 
to be practical and economically competitive with the RTI-Waterioo process. 

The basis for the cost comparison is the cost model developed for the RTI-Waterloo process 
(Figure 8) in which the SO, is first removed as sulhric acid and the NO is catalytically 
reduced using NH3. The costs for this process applied to a 100 M W  power plant are shown 
in Table 3 as the "Base Case"(Gangwd et al. DOE/PETC final report for contract DE-AC22- 
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91PC91345, Oct. 1993). Two options were evaluated as alternatives to this process. Both 
involve the oxidation of NO to NO2, but in two process configurations: 

Option 1 is the oxidation of NO upstream of the SO, oxidation with a periodic water flush 
to produce a nitric/sulhric acid combined product. For cost purposes, this Option is, in 
principle, the same as having the one reactor in which the NO oxidation catalyst is simply 
upstream of (or even mixed with) the SO, oxidation catalyst. In either case, the end product 
is a mixture of nitric and sulfuric acids. 

Option 2 is the oxidation of NO upstream of the SOz oxidation reactor, with a periodic water 
flush of both reactors. This option has the important feature of separating the nitric and 
sulfuric acid products, assuming neghgible solubility of SO, in the water flush of the first 
reactor, which may not be the case. This option also has the distinct cost advantage of 
separating the nitric and sulfuric acid products. 

One question to be answered before an economic evaluation can be made is whether the 
nitric/sulfbric mixed acid product has any value. A cursory attempt to find any current 
in- processes using such an acid mixture was largely unsuccessll. These include metal 
ore refining and fertilizer production. For the purposes of this cost evaluation, it is assumed 
that the mixed acid product is disposed at no cost in Option 1 (meaning, of course, that there 
is no credit either). 

For Option 2, the nitric and sulhric acids are assumed to have a value. The suhric acid 
value is the same as that used for the evaluation shown in Table 3 ($70/ton for 93% 
concentration). The nitric acid is assigned a value of $250/ton (price quote fiom Wellon 
Chemical, phone 1-800-268-5295, Oct 10,1994 for 35% €€NO3). Additional assumptions 
affecting the capital and operating costs are given below. 

Capital costs: 

1. The reactor space velocity is assumed to be 3 500 h-' for the NO oxidation reactor, which 
is the same as used in the costs developed in Table 3 for the NO reduction reactor. The 
reactor size for the SOz oxidation is 10,000 h-*, as in the original costing (Table 3). The net 
effect of this assumption is that there is no change in the capital cost of the reactors for either 
Option. 

2. In the absence of experimental evidence, it is assumed in Option 2 that the nitric acid is 
produced at a strength that requires an evaporator of identical cost to that used to concentrate 
the sulfiuic acid in Table 3 (Base Case) in order to increase its concentration to 35%, which 
is the basis of the $250/ton byproduct credit. The net effect of this assumption is to add to 
the capital cost of Option 2 an amount equal to the cost o f t  he evaporator in Table 3, 
$2.29/kW. In Option 1, it is assumed that the evaporator in the base case can be used to 
concentrate the mixed nitric/sulfuric acid to a concentration at which it could be disposed at 
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no cost. 

3. The initial cost of the catalyst is reduced from $2O/lb (for NO reduction) to $10/lb for NO 
oxidation), corresponding to a decrease in catalyst cost fiom $44.19kW to $28.00/kW. The 
cost is not reduced by exactly half because the $44.19/kW figure in the Base Case includes 
both the NO reduction catalyst and the carbon for the SO, oxidatiodremoval. Because the 
carbon is much cheaper than the NO reduction catalyst, the $28.00/kW figure is an estimate. 
4. Acid storage is increased by 25%, from $1.65/kW to $2.06/kW for both Options, to 
account for the approlrimately 25% greater mass flow rate of NO in the flue gas as compared 
to the mass flow rate of SO, only. 

Operating Costs (Table 4): 

1. There is no byproduct credit in either Option for the "spent catalyst". In the base case, the 
high metal loading of the catalyst made this an important consideration. 

2. The replacement cost for the catalyst is decreased from $7.37 to $4.00/yr/kW because of 
cheaper material than the relatively expensive noble metal-based catalyst for NO reduction 
used in the Base Case. 

3.  In Option 1, no credit is given for the recovered nitric/sulfiuic acid mixture, per the 
discussion above. In w o n  2, the value of the recovered nitric acid is $10.34/yr/kW, based 
on the ratio of its cost ($250/ton for 35% HNO,) and its concentration in the flue gas (530 
ppm) as compared to sulfLric acid. 

The results show that, as in the Base Case, the economics highly depend on the values 
assigned for the acid byproducts. The bottom line is: 

Total Plant Cost 

Total Capital Requirement 

Total Operating Cost 

30-year Leveiized Busbar Cost 

Base Case 
mil/kWh 

option 1 
miYkWh 

3.94 3.96 

5.68 5.21 

2.60 6.47 

8.40 11.68 

Option 2 
millkwh 

4.08 

5.33 

1.81 

3.52 

These widely varying estimates reflect the correspondingly wide variation in the 
assumptions about the value of the recovered acids. It is probably unlikely that the nitric acid, 
which has the far greater value, can be recovered from the flue gas uncontaminated by SO, 
which, even though not as soluble as SO,, does have some finite solubility in the water used 
to produce the nitric acid. If no byproduct credit is given for the recovered nitric or sulfuric 
acids, the costs are likely to approach those of Option 1 .  Even though higher than the Base 
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Case, the figure of 1 1.68 ds /kWh is still competitive with other SOJNOx processes (Table 
5 ) .  

Therefore, the conclusion of this cursory economic assessment is that the oxidation of NO to 
NO2 and its recovery as acid, either as a mixture with sulfiuic acid or as a separate product, 
is potentially cost competitive with other SOx/NOx technologies. However, the assumption 
that the mixed acid product can be disposed at no cost, which is probably more realistic than 
assuming a byproduct credit, leads to a higher cost than the Base Case of the RTI-Waterioo 
process. 

CONCLUSIONS AND RECOMMENDATIONS 

Deactivation of the catalysts in NO reduction by hydrocarbons is probably due to carbon built 
up on the catalyst surface. Increasing the Cu loading appeared to deter the deactivation 
process under certain conditions. This suggests that addition of metal components, such as 
Pd and Ag , that are active at low temperatures should be beneficial. Pd (0.2%) had been 
tested with the Cu-ZrO, catalysts previously and had shown beneficial effect. The present 
study suggested that adding higher amounts of Pd to the Cu-La-ZrOZ catalyst may be 
beneficial to the stability of the catalyst st low temperatures. Ag is already a component in 
the Cu-Ag-carbon catalyst we tested. The deactivation for that catalyst may be due to K and 
Na impurities on the carbon surface. In low temperature epoxidation of ethylene and 
propylene, the presence of K and Na impurities in the catalyst caused carbon built up and the 
eventual deactivation. Thus, more stringent treatment of the carbon surface before the 
deposition of Cu and Ag will be attempted. 

NO, also appeared to be able to arrest the deactivation process under certain conditions. 
However, when the carbon laid down on the catalyst surface became too rapid, then NO, can 
only delay the deactivation process. In light of the beneficial effect of NO,, the pursuit of NO 
oxidation study in conjunction with the reduction study appears to be logical. 10Y0 
CoO/A120, is active for NO oxidation to NO, in the presence of SO, and H,O at 150°C. The 
presence of SO, is essential to the catalytic oxidation activity of NO to NO, over 10% 
CoO/AI,O,. The addition of H,O also promotes the activity of NO oxidation to NO,. NO, 
oxidation also suffered some deactivation with time on stream. The cause for this will be 
explored. 

The economic analysis of an alternate process in which NO is removed as HNO, by first 
oxidation to NO, showed that such a process is potentially viable. Thus, it is worthwhile 
exploring low cost catalysts for NO oxidation under the process conditions as an alternative 
to the NO, reduction process. 
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Table 1. 2-propanol Reduction of NO 

I 
T°C W/F 0 2  C,H,OH Conv. C,H,OH Conv. to NO Conv, NO 

~ (g.s/min) to C,H,O @ 0 2  to N2 Compet. 

225 0.025 2 Yo 47.0% 9.5% 5,0% 4.1 yo 

255 0.01 1 2 Yo 43.1 %, 23.5% 7.3 Yo 3.0% 

280 0.01 1 2 Yo 39.9% 62.1 Yo 10.5% 1.9% 

250 0.6 4% 0 Yo I 00 Yo 57.4% 5.6% - 

Taurd la. Effect of temperature and Space Ve.acity 

Ca ea ly s t 

7 wt.% 

33 wt.% 

C&OH Conv. to C3H70H Conv. NO Conv. to NO 
CJ60 to c02 N2 compet. 

1 Yo 99 yo 29%: 3.1 yo 

42 Yo 58% 10.5% 1.9% 

Table 1b. Effect of CII Loadings 
( 1  000 ppm NO, 1000 ppm 2-C3H70H, 250°C) 
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Table 2. NO catalytic oxidation activities over various catalysts in the presence of 
0.1% SO, and 10% H,O after 2 hours on stream. 

(I Catalysts I Temperature (OC) I NO to NO, Conv. (%) 

It Cu-Ag/C 150 0 

Cu-Ag/C 200 0 

c o / c  150 0 

c o / c  200 0 

Cu Chromite 150 0 
- 

Cu Chromite 200 0 

Co/CaAl,O, 150 0 

Co/CaAl,O, 200 0 

NiO/A1103 150 6 

NiO/A1,03 200 8 

Pt-Pd/Al,O, 150 13 

Pt-PdAlzO, 200 11 
I 

coo/Moo, 150 20 

Vanadia 
I I 

150 15 

1 O%CoO/A1,03 1 150 7 
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Table 3. Capital Costs: SO,/NO, Removal Bask 100 MW Power Plant, 65V. 
Capacity Factor, 1991 Dollars 

Process Capital 

Heat Exchange 
Three-stage SO2 reactor 
NO, Reactor 
Acid storage 
Evaporator 
Insulation 
Instrumentation and controls 
Piping 
Electrical 

Total Process Capital 

General facilities 
Engineering and home office fees 

Subtotal of Process Capital and Cost of Faciiities 

Project contingency (30% of subtotal) 
Process contingency (50% of subtotal] 

Total Plant Cost 

Royalty allowance 
Preproduction cost 
Initial catalyst and sorbents 
Land 

Total 

Base 
%/Kw 

19.38 
7.26 
6.29 
1.65 
2.29 
2.95 
4.79 

11.43 
1.84 

57.88 

5.79 
8.68 

7235 

21.71 
36.18 

130.24 

0.29 
11.29 
44.19 

1.30 

18731 

Option 1 
$/Kw 

19.38.. 
7.26 
6.29 
2.06 
2.29 
2-95 
4.79 

1 1.43 
1.84 

58.29 

5.79 
8.68 

72.76 

2 1.82 
36.37 

130.95 

0.29 
11.72 
28.00 

1.30 

17236 

Option 
$/Kw 

19.38 
7.26 
6.29 
2.06 
4.58 
2.95 
4.79 

11.43 
1.84 

6038 

5.79 
8.68 

75.05 

22.5 1 
37.51 

135.07 

0.29 
11.72 
28.00 

1.30 

17638 
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Table 4. Operating Costs: SO,/NO, Removal Process Basis 100MW Power Plant, 65% 
Capacity Factor, 1991 Dollars 

Subtotal I 9.53 9.53 9.53 

Total Fixed Operatr 'ng Cost at 65 of Subtotal 6.19 6.19 6.19 

Allocated variable operating cost 35% of 
subtotal 3-34 I 3.34 

3.34 I 

N H z  1.96 0.0 
Allocated variable operating costs (from 3.34 3.34 

above) 

4.0 

0.0 
3.34 

~~ ~ 

Bvnroduct credits 1 

~~ 

Total Variable Onerating Cos ts ! 2 3  I 15.03 I (12.19) 
I 

I Total Net Operating Costs (fmed +Variable) 1 8.49 I 
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Table 5. Cost of SOJNO, Removal* 

*Extracted from Cichanowicz, J.E., et ai.. 1991. Engineering Evaluation of Combined S02/NOx 
Removal Processes, Electric Power Research Institute. 
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Figure 1. Effect of Reductants on NO Conversion to Nz over 1.4% La-6.3% C U - ~ Z  C d Y a -  

Reaction Conditions: 4%01_.0.1% NO. 0.1% CO: SV 6.000 h-'. 



' I, 

16 

16- 

14- 
+ 

2 1 2 -  0 - 
C .- 0 10- 
2 
> 8 -  

0 6- 
0 

8 

c 
0 

= 4-  

2- 

20 I ,  

0 '  I I I I I I I ' 0  
0 20 40 60 80 100 120 140 160 180 200 

Time in Minutes 

Figure 2. C2H50H Reduction of NO over 7 wt.% Cu-230, as a function of the.  Reaction 
conditions: 4% O,, 1000 pprn NO, 1500 ppm C,H,OH, 0.0482 g cataiyst (SV=250,000 h-l) at 
250°C. 
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Figure 3. 2-propanol Reduction of NO? over ZrOz as a function of time. Reaction coaditions: 
1000 pprn NO?, 1000 ppm 2-pmpanoL 4% O2 and 2% H,O at 250°C and SV=12,000 h-' 
X-CO? , +--acetone, 4+---NZ, .-NzO. 
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Fig. 6. NO oxidathi to NO, over i 0% CoO/A1203 as f h c t h  of t b t  d 0, EnrrmaaLrr.. 
Reaction CoILditioIlS : 0.1% NO, 0.1% SOz and 10% HzO at 15oOC with2000 h.' spaoeveh~&~ 
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Fig. 7. NO orcidation to NO? over 10% CoO/A120, as €imuion of time with 1O?h &Lo aad - 
withom H20. Reaction conditions : 0.1% NO. 0.1% SO? a d  4% 0, at i5oOC with2000 h-' 
space veiociry. 
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Option 1 
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Fig.8. Process Options 


