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Abstract

This report describes a novel NOx control system that has the potentid to dragtically reduce cost,
and enhance performance, operation and safety of power plant NOx control. The new system
optimizes the burner and the furnace to achieve very low NOx levels and to provide an adequate
amount of CO, and uses the CO for reducing NO both in-furnace and over a downstream AF-
SCR (@mmonia-free sdective cataytic reduction) reactor. The AF-SCR combines the advantages
of the highly succesful SCR technology for power plants and the TWC (three-way cadytic
converter) widdy used on automobiles. Like the SCR, it works in oxidizing environment of
combugtion flue gas and uses only base metd catdyss. Like the TWC, the AF-SCR removes
NO and excess CO dmultaneoudy without usng any externd resgent, such as ammonia. This
new process has been studied in a development program jointed funded by the US Department of
Energy and Foster Whedler.

The report outlines the experimenta catdyst work performed on a bench-scde reactor, including
tes procedure, operating conditions, and results of various catdyst formulations.  Severd
candidate catdyds, prepaed with readily avalable transtion metd oxides and common
substrate materids, have shown over 80-90% removad for both NO and CO in oxidizing ges
mixtures and at el evated temperatures.

A detalled combustion study of a 400 MWe cod-fired boailer, applying computationd fluid
dynamics techniques to modd boiler and burner design, has been carried out to investigate ways
to optimize the combustion process for the lowest NOx formation and optimum CO/NO ratios.
Reaults of this boiler and burner optimization work are reported. The paper further discusses
catdys scae-up condderations and the conceptual design of a 400 MWe size AF-SCR reactor,
as wdl as economics andyss indicaing large cost savings of the ammonia-free NOx control
process over the current SCR technology.
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EXECUTIVE SUMMARY

State-of-the-art NOx control technology for coa-fired power plants involves a combination of
low NOx combustion and sdlective catalytic reduction (SCR) technologies. These systems have
reeched maturity and further improvements will likdy be incrementd. To advance NOx control
technology to the next level, new concepts must be considered.

Today’s low NOx combustion technology emphasizes the precise control of local combustion
goichiometry and temperature within the primary combudgtion zone.  The desgn drategy hes
been focused on ddaying mixing of oxygen and fud in the primay combugion zone to
minimize NOx formaion while a the same time mantaning acceptable combusgtion
performance in terms of low unburned carbon and CO emissions.

In the new NOx control system, an
increased CO concentration in the i T
furnace is actualy desrable, since o
the presence of CO reduces NOx
in the funace and ds in a
downstream  cataytic  reactor,
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dradticaly reduce the NOx control cost by avoiding the large capitd and operating expenses for
the resgent system, because the reductant CO is inherently generated during the boiler
combustion process & no additiona cost and without externad handling. All other ammonia
related plant issues, such as NHz dip, ar heaer fouling, safety and permitting, etc, are
eiminated.

This development project attempts to answer three key questions. First, can NO be further
reduced in the furnace and adequate CO / NO ratio be obtained entering the AF-SCR? Second,
can Smultaneous reduction of NO and oxidation of CO be achieved over catdydts, in oxidizing
combugtion flue gas amosphere? Third, will the new NOx control sysem be competitive in
both performance and cost with exiging technologies? The sudy has led to the following
conclusons

Furnace outlet NO level can be reduced and adequate CO/NO ratios can be obtained by
modifying furnace operating conditions, such as reducing the overdl excess ar level or
increesng the over fire ar portion of totd combustion ar, without physica changes to
the burner and boiler equipment. CFD study predicts that the effects by these adjustments
on boiler efficiency, unburned carbon in flyash, and furnace exit gas temperature ae
relatively smal and within the range seen in norma power plant operations.

The base metd catalysts prepared and tested in this study exhibited very promisng NO
converson under smulated flue gas conditions, including 3% oxygen. NO reduction in
the range of 80-90% (outlet NO about 25-50 ppmv) has been achieved with operating
temperatures ranging from 230-350°C. The catalysts aso oxidized over 80-90% of the
CO in the gas mixture in a wide temperature range. All tested catdysts showed strong
selectivity toward N, rather than N>O asfind product.

Detalled analyss of the tet data and catdyst reaction modding indicate that catayst
effectiveness ¢ is close to 1.0 for the tested samples. Bulk mass transfer and pore
diffuson were not dgnificant limiting factors for cadyst performance during laboratory
teds they will not be rating limiting for the commecid scde cadyds Prdiminary
scade-up correaions have been obtained to design honeycomb type commercid cataysts
with high activity and effectiveness.

Based on the conceptua design and predicted performance data of the ammonia-free
sdective cadytic reactor (AF-SCR) for a400 MWe size cod-fired power plant,
economic eva uation has been performed for NOx reduction with the AF-SCR system.
By diminating anmonia as reegent and usng of low cogt catdyst, the AF-SCR system
will have significant cost advantages. Compared to the Sate-of-the-art SCR system, the
AF-SCR system is projected to be 17% lower in capital investment, and dmost 30%
lower in cost of per ton NOx removed.
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1.0 INTRODUCTION
1.1 Project Background

NOx is a precursor for ground level ozone formation, and a contributor to fine particulates
(PM25). Nearly 30% of the US population currently resides in counties with ozone levels above
the Nationd Ambient Air Qudity Standards (NAAQS). Coal-fired power plants are among the
largest dngle point emitters of NOx. New, dringent emisson regulations are being proposed or
implemented to ded with this environmentd issue, as exemplified by the recent EPA Interdtate
Air Quality Rule, which cdls for 53% reduction by 2009 and 61% reduction by 2015 of tota
power plant NOx emissons from 2003 leveds To achieve these ambitious gods, while
mantaning rdidble and dfordable dectricity supply, advancements in  NOx control
technologies are needed.

Exiging NOx reduction technologies for cod-fired power plants fadl within two categories (1)
combustion controls such as low NOx burners (LNB) and over fire ar (OFA) to minimize NOx
formation, and (2) post-combustion NOx reduction technologies, such as SCR (sdective
catalytic reduction) and SNCR (sdlective non-cataytic reduction), to destroy NOx once it has
formed. The date-of-the-art new coa-fired utility boilers can typicaly achieve NOx emissons
in the range of 0.06 — 0.10 Ib/MMBtu (about one tenth of the emissons from old uncontrolled
PC boilers), by usng a combination of SCR with a LNB/OFA system. For the existing cod-fired
power plants, US DOE / NETL has proposed the NOx R&D performance targets of 0.15
I/ MMBtu by 2006 and 0.10 Ib/MMBtu by 2010, while achieving a levelized cost savings of a
least 25% compared to the state-of-the-art SCR control technology (Lani et a 2005).

Furnace < é —
y
[ ] Atomizing
|- Medium s
t
a
o c
” k
| K SCR Ep
k Reactor
el e <
NH 5
- < Injection A
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- < I—--—--—-- —--—--—I
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i i
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i i
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orage Tan |
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Figure 1-1. Typical Boiler Plant with SCR
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Today’s low NOx combugtion technology emphasizes the precise control of locd combugtion
doichiometry and temperature within the primary combusion zone.  The desgn drategy has
been focused on ddaying mixing of oxygen and fud in the primary combugion zone to
minimize  NOx formaion while a the same time mantaning acceptable combustion
performance in terms of low unburned carbon and CO emissions.

Optimized
Furnace
S
t
a
c
ESP / BH k
_ | | AF-SCR
- D
- < A \/\/
H
L D ]
] S
< R ] A
— H

Figure 1-2. Plant with AF-SCR NOx Control System

In the new NOx control sysem, an increased CO concentration in the furnace is actudly
desirable, since the presence of CO reduces NO in the furnace and dso in a downgream catalytic
reactor, caled AF-SCR (ammonia-free sdective catdytic reduction). The new system does not
need any added reagent. The excess CO not consumed to reduce NO is oxidized to CO, on the
same catayst. Figures 21 and 12 depict boiler plants with a conventiond SCR system and with
the ammonia-free SCR system, respectively.

This new concept bresks the congraining relationship between furnace NOx and CO emissons.
By reducing combustion excess air and with other furnace / burner modifications, lower furnace
outlet NOx levels and higher downstream catdytic NOx reduction can be achieved. The
integrated system including the optimized furnace and the AF-SCR has the potential to achieve
lower overdl NOx emissons than the current LNB/SCR technologies. It will adso dradticdly
reduce the NOx control cost by avoiding the capitd and operating expenses for the reagent
system, because the reductant CO is inherently generated during the boiler combustion process a
no additiond cost and without externd handling. All other ammonia-related plant issues, such as
NH;3 dip, ar heater fouling, safety and permitting, etc., are diminated.



Ammonia-Free NOx Control System

This study attempts to answer three key quegtions. First, can NO be further reduced in the
furnace and an adequate CO / NO ratio be obtaned entering the AF-SCR? Second, can
gmultaneous reduction of NO and oxidation of CO be achieved over catadyds, in an oxidizing
combugtion flue gas amosphere? Third, will the new NOx control sysem be competitive in
both performance and cost with existing technologies?

The project darts with a review and evauation of commercid and developmenta catdysts for
NOx reduction and CO oxidation for ther potentid use in PC power plants. This knowledge
combined with prior catayst research experience alows the project team to develop and test
cadys formulations robust enough for the oxidizing flue gas environment in power plants, and
capable of achieving competitive NOx reduction performance and economic targets.

A daaled PC combugion sudy, aoplying computational fluid dynamics smulation program to
perform boiler and burner design modding, complements the catdyst development effort by
invedtigating ways to optimize the combustion process for the lowest NOx formation while
generating sufficient levels of CO needed by the downstream catalytic NOx reduction process.
Furnace configuration, air staging, and burner design are evauated in this process.

The study then focuses on the comparative evauation of a conceptuad NOx control system for a
400 MWe, coal-fired power plant, utilizing this novdl NOx control concept. For this evauation,
the concept system with the AF-SCR will be compared to a traditiond PC boiler plant
configured with current low NOx combustion technology and an ammonia-based SCR system.
The comparison will involve conceptud level dedgn of the AF-SCR to obtain equipment
pricing, operationa costs, performance data as well as quditative rdiability information.

1.2 NOx and CO Interreation

NOx in coa-fired boilers comes from two man sources, theema NOx due to oxidation of ar
nitrogen and fud NOx due to oxidation of fuel nitrogen. In today’s boilers with advanced
combugion sysems, therma NOx is minima; NOx is manly formed from a smdl fraction of
fud nitrogen. The NOx emisson levd from a given fud/combugtor combinaion is a bdance
between formation reactions and reduction reactions, determined primarily by the following
factors,

Primary combustion zone stoichiometry;

Primary combustion zone temperature;

Totd stoichiometry (excessair);

Concentration of suspended solids including char;
CO levdsin furnace.

gk wbdE

CO and char together play akey rolein NO reduction inside the furnace,
2NO + 2CO > N3 +2CO, (over char surface) (1-1)

The current low NOx combustion technologies (LNB and FBC) address the factors 1 and 2
above, however, they are unable to fully take advantage of excess air optimization and the NO
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reduction effect of CO and char, due to CO emisson concerns. In the proposed system, the
furnace will be operated with a high CO concentration to achieve subgtantialy reduced furnace
exit NO levels. The NO in flue gas is further reduced across the catayst section located in the
boiler back pass, resulting in ultra low NOx emissons a the stack. The mogt direct means to
achieve gppropriate furnace outlet CO/NO ratios is by reducing overdl excess ar levd. The
impact of furnace overdl excess ar on NO and CO concentraions is quditatively shown in
Figure 1-3. The CO/NO ratio can dso be controlled with other desgn and operationd
modifications, such as combustor average or loca temperatures, primary combustion zone /
burner operating condition changes and design modifications.

\

=\
5 —
@)
O Cco NOX
X
@)

10 15 20 25 30 35

Furnace Excess Air, %

Figure 1-3. Effect of Furnace Excess Air on NO and CO Emissions

1.3 Review of DeNOx Catalysts

Theoreticaly, there are two ways NOx can be reduced to nitrogen. The first is direct
decomposition of NO to N, and O,. Cadyss incduding platinum group metds, trangtion meta
exchanged zeolites, and base meta oxides have been consdered for this process (White et d
1999). Due to the dow reaction rate and the interference with oxygen and moisture in the flue
gas, direct reduction studies have only limited success.

The second method is NOx reduction by reagent addition. Ammonia is widdy used in
commercid SNCR and SCR processes. Other reductants such as CO, H and hydrocarbons have
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been successfully used in the automobile industry since the late 1970s, with the so-cdled “Three-
way Converter” (TWC) that smultaneoudy reduces NOx, CO and HC emissons. Today al
passenger cars with conventiond gasoline engines sold in the US are equipped with TWC
(Mooney 2001). The caidyst used in a TWC is based on plainum or paladium and rhodium on
ceramic or metd subgrate CO functions as the NO reductant over the rhodium surface
according to the following reaction:

2NO + 2CO - N, +2C0O, (over metd catdyst) (1-2

The excess CO and hydrocarbons are oxidized over the platinum/paladium surfaces. The TWC
usually works in the 200 € to 500 °C temperature range. Note that the reaction (1-2) is the same
reaction as (1-1), except that a different catdyst is needed a the low temperature range. High
NOx converson up to 90-99% is achievable with TWC. Conventiond gasoline engines run at
near doichiometric conditions, controlled by fud injection. Thus the exhaust gas oscillates
between dightly oxidizing and dightly reducing conditions & high frequency (usudly one cyde
in less than a second). Since continuous oxygen supply is needed for the CO and HC
conversons, cerium oxides, by the REDOX reection between CeO3 and CeO,, have been
goplied on TWC cataydsto regulate oxygen availability.

The automotive application shows that NOx control with CO as the reductant is effective.
However, the TWC catalysts cannot be directly used in the combustion power plants. First, the
precious metd-based catdysts would be codt-prohibitive for large-scde power plant
goplications. Secondly, these cataysts are inhibited by the high oxygen content found in the flue
gas from combudgion power plants where excess ar (oxygen) must be maintained for fud
burnout and for operation safety.

Therefore the firgt task of the current study is to find a low cost cadys that will work in the
oxidizing ewironment. Various mixed oxide cadyss have been consdered for the in situ
reduction of NO by CO, principdly as replacement for the noble metal based catadysts used in
TWC. The following groups of meta oxides are of particular interest to this project and have
been reviewed in detail:

" Perovskite type mineras

" Copper oxide catdysts, and cerium-promoted copper oxide cataysts
. Hydrotal cite-based cataysts

" Carbon / char-based cataysts

1.3.1 Perovskite-type Catalysts

Perovskite oxide catdysts are a large family of cryddline ceramics that derive their name from a
goecific minerd known as perovskite, CaliOs. Perovskites are among the most abundant
minerds on earth. The generic formula for perovskite is ABO3 or A1xCxBO3, where the dements
A, B, ad C can be a large vaiety of different dements. Perovskite oxide catayss exhibit high
theema ability but low surface aress. Perovskite materids can be active catayss, especidly if
they are syntheszed with additiona components that enhance the redox properties of the Aj-
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xCxBO3 materids. The activity of the cataysts will then be strongly dependent on the reducing or
oxidizing environment of the catalytic reaction of interest. The redox properties of the B cation
are important and can determine the lability of the structurd oxygen atoms. Since perovskites are
relativdly low-cost materids and can be both oxidation and reduction cataysts, they were
proposed as automotive exhaust treatment cataysts.

Modd sudies have demonstrated that particdar perovskites are active for the NO + CO reaction
a moderate temperatures, eg. as low as 300°C under some conditions, and exhibit high
SHectivity for N, product formation at temperatures of 400°C and higher. Mot research on the
reduction of NO with CO over perovskites has focused on the need to control NO and CO
emissons from motor vehides. A successful catdys must be designed to inhibit the promotion
of N2O, a greenhouse gas, while having an optimum concentration of adsorbed oxygen on the
surface of the catdyst. Successful catalyss for this emisson control reaction would preferably
have high surfaces and maintain high activity and sdectivity & low concentrations of NO and
CO (ppm levels) in exhaust gases.

In generd, the perovskite catalysts studied in the literature provide a wide temperature window
for the reduction of NO. Experimentd evidence indicates that the cadys surface is firs
reduced by CO to create an oxygen vacancy, and then NO adsorption and dissociation occurs.
The latter process tekes place a a catadytic Ste condsting of a redox cation adjacent to the
oxygen vacancy. The rate-determining step can be the removd of the surface oxygen or the
adsorption and dissociation of the NO reactant. Gas-phase components such as @, CO,, and
H,O can inhibit the overdl CO + NO reection by retarding the oxygen remova and by
competitive adsorption on the catayst surface. After dissociation of the NO molecule, rapid
mobility and remova of the oxygen is required for high, sable catdytic activity, which again is
promoted by cations that readily undergo redox reections and can function as oxygen transfer /
storage components. Examples of the latter active cations in the perovskite structure are Fe and
Ce. At low reaction temperatures, N,O is a dominant product formed from NO, while a high
reaction temperatures, eg. >350°C, N, is the dominant or only nitrogen-containing product
formed.

1.3.2 Copper Oxide Catalysts

Supported copper-based catdysts have been shown to exhibit relatively high NO converson and
N> sdectivity under modd laboratory conditions. It has been proposed that the high reactivity is
correlated with the redox chemisry relatled to the Cu active dSte, dthough there is dill
controversy as to the oxidation state of the copper involved in the catdyss. Mog of the Sudies
indicate that the NO reduction reaction is produced by cations that readily undergo redox
reactions. Additions of dopants that aso can undergo redox reactions, eg. Ce and Fe, have been
shown to enhance the NO conversion and N, selectivity.

The product sdectivity is a least in pat determined by the reaction temperature, where low
reaction temperatures tend to favor NbO formation relative to the desired N> product. Gas-phase
components such as &, CO,, and HO can inhibit the overal CO + NO reaction by compstitive
adsorption on the catdys surface and by retarding oxygen removd from the surface of the
cadys. The presence of moisture inhibited the reaction by reversble competitive adsorption,
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while CO, did not, and the presence of oxygen completdy inhibited the reduction of NO. The
reduction of NO only took place after al oxygen has been converted to CO,, and therefore the
NO reaction when oxygen was present required higher reaction emperatures, which aso favored
sdectivity toward N, and away from N,O. However, depletion of CO in the reactant stream
resulted in oxidation of the carbon support if excess oxygen were present, and NO was dso
reduced by the carbon support, which was oxidized, at temperatures >327°C. It was aso found
that highly dispersed Cu2+ species on Al,O3 were the active Stes for sdective reduction of NO
to N, while aggregated Cu species preferentidly oxidize CO without reducing NO.  Upon
increesing the Cu content of the catdyds it was shown that the incressng presence of
aggregated Cu species dradtically reduced the NO conversion and N> formation cgpability, while
reducing the reaction temperature a which N>O was formed and CO was oxidized.

1.3.3 Cerium Promoted Catalysts and Hydr otalcite Group

Supported copper-based oxide catdysts have been shown to exhibit high NO converson and N
selectivity under modd laboratory conditions. It has aso been demondrated that adding Ce to
Cu-based catdysts can enhance the NO reduction activity and/or N> selectivity. The Ce promoter
ads provides a synergetic effect with the Cu in providing tolerance of the cadys for the
presence of &, HO, and SO in the NO + CO reactant stream. Thus, the Ce/Cu couple inhibits
deectivation induced by poisons. It has been proposed tha effect results from enhancing redox
couples s0 that redox reactions involving Cu and Ce are promoted and occur more easily and a
lower temperatures. At the same time, sdlectivity to the N> is promoted, which is important snce
the formation of undesrable N,O as a reaction product tends to be favored by low reaction
temperatures.  High dispersions of the active Stes are required, and it has been reported that
formaion of ternay oxide caadyds through a hydrotacite-type intermediate, based on the
dructure found in nature for MgAIl(OH)16(COs)4H20, provides high dispersons of active
components.

It is well established that cerium oxide is a beneficid additive to three-way automotive cataysts.
Its attributes include dabilization of dumina supports againgt sntering, increased disperson of
noble metas, promotion of the water gas shift reaction. To study the synergism between Cu and
Ce in oxides, catdysts consgting of (8 CuMgAIO, (b) CeMgAIO, and () CuCeMgAIO were
gynthesized by a co-precipitation method. The presence of both Cu and Ce in the catayst
resulted in a highly dispersed, active, stable, and poisonresstant catayst for the reduction of NO
by CO. It was proposed that Cu and Ce together gives a high concentration of Cu'* species and
oxygen vacancies that function as adsorption Stes and promotes the water gas shift reaction, as
well as the NO reduction reaction. The SO, tolerance of the (c) CuCeMgAIO catdyst was the
mogt interesting result.

It has been shown that ternary component catdysts, eg. CwZn/Al and Cuw/Zn/Cr used for
methanol synthess from syngas, one of the largest industrid processes today, cataysts with the
“proper” compostion and formed via a hydrotacite-type intermediate gppears to yield the most
active and highly dispersed catdyss A vaiety of hydrotacitetype materids, incuding
Cu/Co/Al and CUMg/AI, have been prepared as catdysts for the reduction of NO by CO.
Catadysts prepared through a hydrotdcite-type precursor were more active for NO reduction than
cadyss prepaed by doichiometricaly co-precipitated samples and materids prepared by
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mechanicaly mixing the metd oxides prior to cdcination. It was shown that cadcinations a 350-
400°C gave more active catalysts than calcinations a 600 or 800°C. It was noted that the most
reducible catayst, Cu/Co/Al, was the best catalyst for reduction of NO by CO. It is clear that
once again, surface redox chemidtry is crucid to the performance of te catalyst and that oxygen
transfer and remova from the surface of the catalyst can be the limiting reaction step.

1.3.4 Carbon Based Catalysts

Activated carbon and other carbons have been investigated as direct reducing agents, as well as
providing high surface area supports for akai and trangtion metal cataysts for NO reduction.
Carbons do directly reduce NO, and different reactions are dominant in different temperature
regimes. Under some reaction conditions, the presence of O, in the reactant mixture promotes
NO reduction, while the presence of moisture tends to inhibit the reaction, particularly by
competitive adsorption at lower reaction temperatures.

Highly activated materids that have been pyrolyzed usudly require appreciably higher
temperatures for NO reduction, even when cataysts are impregnated into the carbons. However,
dispersed metd cataysts tend to enhance higher NO reduction a lower temperatures over most
cabons, as well as higher carbon burn-off. High dispersons of the active sStes are required,
preferably on the surface of high surface area carbons. The presence of CO in the reactant gas
mixture aids in the reduction of NO, again in a temperature dependent manner. The smultaneous
presence of catalysts on carbon supports and CO in the reactant gas mixture can grestly promote
the reduction of NO in a gas stream.

Carbon_Reduction _of NO: Various carbons have been investigated as a reducing medium for
NO conversion to No. The carbon is the reducing agent and is consumed in the reduction of NO.
Cabons and chars can naturaly contain other moieties such as dkai/dkaine eath metds and
trangtion metals usudly in an oxidized or sulfided date. It is sometimes difficult to separate the
effects of carbons in reducing NO from the effects of cataysts. It was observed that the presence
of CO enhances the reduction of NO. The CO might fulfill two roles in NO reduction; (A)
removing surface oxides from the carbon surface, C(O), to expose free reactive carbon sites, C*,
and (B) direct reduction of the NO by reaction, i.e.

(A) CO + C(O) > CO, + C*

(B) 2CO + 2NO > 2CO, + No.
With respect to other gases in the reactant stream, it has been reported that the NO-carbon
reection is inhibited by the presence of water vagpor. On the other hand, the presence of oxygen
enhances the rate of NO reduction, especidly in the presence of cataystsin the carbons.

Reduction of NO by Catalyst-Promoted Activated Carbons. A large amount of studies was
related to catalyst-promoted activated carbons. Example of doping the cod-derived carbon with
K*, via CHzCOOK, or KOH, by ion exchange or by impregnation, promotion of significant
reduction of NO was found to occur a consderably lower temperatures. Three characteristic
reactivity regions were found. Potassum was found to be very active in dissociating NO, even at
temperatures as low as 60°C. It was proposed that this is due to K™ being reduced by the carbon
substrate and promotion of surface redox reactions. The effects of K™ on NO reduction over five
coal-derived chars were examined, where the chars were obtained from two lignites, two
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subbituminous, and one hvA bituminous coads. The most active cod chars for NO reduction
were obtained by pyrolyss a 900°C followed by treament with agueous KOH using a
KOH/coa wt ratio of 0.5/1.0.

A sudy of monometdlic K, Fe, Co, Ni, and Cu catdysts on activated carbon was subsequently
caried out. The activated carbon was prepared from a hvA bituminous coa and impregnated
with agueous KOH. It was reported that the metad catdysts were ineffective a temperatures
lower than about 200°C. However, a higher temperatures al of the metas catdyzed the NO
reduction reaction, and the totd activity was the result of two factors, the tendency of the metd
to be oxidized by NO and the easiness of the resulting oxide to be reduced by carbon. The Cu
and Co cataysts exhibited the highest NO conversion at 300°C and the lowest temperatures for
ggnificant NO reduction to be observed. However, these two catdyss exhibited the highest
burnoff of carbon a 300°C, some 23 times higher than observed for the Ni, Fe, and K catdysts.
However, the latter three catdysts exhibited lower NO reduction levels than the Cu and Co
catalysts. The effect of Fe, aswell asNaand Ca, on cod chars was studied too.

Portions of the same cod-derived activated carbon were adso impregnated with excess aqueous
solutions of Cr, Fe, Co, Ni, and Cu nitrates. All of the trangtion metas catadyzed the NO-carbon
reection (studied in the absence of Op), causng a decrease in the activation energy and
subgtantial  shifts of the NO reduction curves toward lower temperatures. The TPR curves
support a redox mechanism involving different oxidation dates of the metds and the carbon
matrix. At low reaction temperatures (<400°C), Fe, Co, and Ni are the most effective cataysts,
which is congdent with their abilities to chemisorb NO dissociatively. At high reaction
temperatures (500°C), Cu, Co, and Ni exhibit the highest activities. These obsarvations indicate
that a low temperatures, the controlling step in the process is NO chemisorption, whereas a high
temperatures reduction of the intermediate oxidized metd species is the rate-limiting gep in the
reaction sequence. At low reection temperatures, al of the trandtion metds were much less
active in promoting the NO-carbon reaction than was K (in terms of mol NO reduced/mol of
metal/sec). However, at 500°C the Cu catdyst was more reactive than the K catalyst, and Co and
Ni were gpproaching the activity of the K promoter. It was pointed out that the K catayst
showed a high NO remova capability at about 200°C and achieved 100% NO reduction at
500°C. The trandtion metd cadyss exhibit differing behaviors because of their difference
redox properties. At low temperatures, catayst deactivation is observed because of oxygen
accumulaion on the surface. For the catdyds, the transfer of oxygen from the oxidized cataytic
dteto the carbon is proposed to be crucid for maintaining high Steady-state catalytic activity.

More recently, deposition of bimetalic cataysts on carbon supports and mode sudies of NO
reduction by the carbon have been caried out. It was found that dl of the trandgtion metas
promoted the K-carbon system and exhibited a synergetic effect, in particular the temperature for
NO reduction was reduced, i.e. to the 200-250°C range, and the N, sdectivity was nearly 100%.
Among the metals anadlyzed, it was dated that the K-Ni catdyst was the most interesting because
it combined a high NO reduction activity a low temperatures with the lowest loss of carbon by
combustion. The bimetdlic catdysts, K-Ni, Ni-Co, and Ni-Cu, promoted NO reduction too. The
Ni-Cu catalyst was reported to yield the best peformance at 250°C by showing a high NO
conversion and selectivity, and absence of N2O and CO in the reaction products.
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As a summary, carbons are active support materiads for the reduction of NO in gas sreams.
Without the presence of catdyss, operation temperatures are higher than 500°C. However,
supporting base metd catalysts and/or redox trandtion metal cadysts in mono, bi or ternary
metd forms on the carbon supports reduced the temperature required for NO reduction. The
theemd trestment in obtaining the activated carbon or char can greetly affect the temperature that
is needed to obtain sgnificantly high levels of NO reduction. The presence of CO and O in the
reactant stream both promotes the reduction of NO. In addition, the smultaneous presence of

catalysts on carbon supports and CO in the reactant gas mixture can gregtly promote the
reduction of NO in a gas stream.

10
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20 EXPERIMENTAL

2.1 Test Rig

A fixed bed reactor a Lehigh Univeraty was the main experimentd tool employed in this study.
The catadys testing system fegtures a vertica down flow quartz tube reactor (10.5 mm ID x 13
mm OD). Temperature in the reactor was monitored by an axia thermocouple located in the
catalyst bed. The tip of the thermocouple was usudly postioned 2.5 © 5.5 cm below the top of
the catdys bed. Heeting was accomplished with a verticd split-tube furnace surrounding the
reactor. The gas stream inlet and outlet 316 dainless stedl sections were wrapped with heating
tapes and insulation and heeting was cortrolled by two Variacs. Temperatures of the inlet and
outlet lines were monitored by six thermocouples and maintained above 100°C.

TC
Mixing H
Chamber === T
)

| Water

[ 1

N2

+
SO2

Reactor

Reservoir === Axial T(

TC ==~ Catalyst
Vent
—
Furnace
[\ Ne NDIR NOx, NO, SOz e
Analyzers
+ +
NO| |CO 02| [CO2 N2 TC ="
[~ "TTTTTC
) ) ) ) 02 Analyzer p ——Y
Gas Cylinders l
TC - Thermocouple
|| CO — Heating Tape
Analyzer

Figure 2-1. Bench Scale NOx Testing System

A process flow diagram of the NO reduction test rig is shown in Figure 21. Figure 22 shows
the rig with the furnace open with a quartz tube reactor ingde. Approximaidy 20 ml of weighed
catadyst sample was placed in the reactor and supported by a quartz wool plug. Based on
literature survey, the CO-NO reaction under study is not catdyzed by the quartz reactor tube at
temperatures below 1000°C. Individud gas flow meters were used to regulate flow rates from
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gas cylinders containing NO/N2, CO/N2, Oy, CO», Ny, and SO,/N> to amulate flue gas from cod-
fired power plants. A cylinder pump was used to inject desred amount of distilled water through
a vgporizing pipe section into the heated inlet gas line to the reactor. The outlet test gas goes
through a chiller before entering the gas andyzers. A bypass vave can be used to connect the
inlet gas stream directly to the andyzers to check and confirm the inlet concentrations of NO and
other gases. A bubble flow meter was used to calibrate the rotameters for individua gas streams.

Figure 2-2. Photo of Test Rig

Anayss of the NO, N2O, and SO, concentrations in the gas stream were achieved with a
Semens Ultramat 6 non-dispersve infrared (NDIR) andyzer, while O, was andyzed by a
Siemens Oxymat 6 Paramagnetic anayzer. CO was determined by a Testo 325-3 digitd CO
andyzer. Monitoring of these gases in the reactor inlet and outlet streams was carried out to
determine if these components of the gas mixture were being generated or consumed. Moisiure,
CO,, and N2 concentrations were calculated based on their flow ratesinto the reactor.

2.2 Catalyst Preparation
The activated carbon (AC) used in this study was a 12-20 mesh size product purchased from

Aldrich. It was lignite-derived, designated as Darco Activated Carbon and manufactured by
American Norit Co. Due to its rdatively low cod, lignite-based activated carbon has been widdy

12
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used in the wade to energy indudsry for trace pollutant removd, and is currently being
demondrated to capture mercury for cod fired utility plants. The BET surface area of an “as
received” AC sample was determined (6-point andysis) by nitrogen adsorption & -196°C using a
Micromeritics Gemini 2360 V1.03 indrument. Before andyss, the sample was purged with
flowing N, while heating from 60°C to 200°C over a period of 55 min. The sample was then
maintained a 200°C for 2 hr and cooled to ambient temperature. During this therma treatment,
the sample exhibited a 1.5 wt% loss of weight. The determined surface area of the activated
cabon was 525 nf/g. After loading of the cataytic components the surface area for cadyst
Type B became 468 nY/g, which is very close to that of the asreceived AC.

Another catdyst subdtrate used was activated dumina (AA). An 8-14 mesh dze activated
dumina (AA) product was obtaned from Fsher Scientific. It was desgnated as A-505
adsorption grade dumina. The dumina was utilized either as received, or after calcining. The
as receved sample was smply purged with N> and stored in a No-filled glove bag containing a
besker of Drierite to maintain a dry atmosphere before catdyst preparation. To obtain a cacined
sample, a portion of the dumina was placed in a porcdan evaporation dish and placed in a
furnace at 180°C. The temperature was increased to 500°C, and the sample was hdd at this
temperature overnight. It was then removed from the furnace, cooled, and placed in a N-filled
glove bag containing a besker of Drierite to maintan a dry amosphere. A smal portion of the
activated dumina in a separate dish with the same cdcination treatment exhibited a 14.4 % wt
loss. The BET surface areas of the dumina samples used as subdtrate are given later in Table 3
3.

The catayss were prepared by an agueous impregnation method. Reagent grade chemicas of
meta nitrates from Fisher Scientific or Strem Chemcias were dissolved in digtilled water and
heated to 60°C. To the solution was added AC or AA while maintaining condant tirring. The
solution was then evaporated over a period of a few hours, and when the solid was dry to the
touch, it was placed in a plastic bottle. The open plastic bottle was placed in an No-filled glove
bag containing a besker of Drierite desiccant for further drying.

Activation of cataysts was carried out by decompostion of metd sdts. The impregnated multi-
metd nitrate sdts were decomposed by heeating under established flow rates of the smulated ges
mixture containing approximatidy 3.0% O2, 14% CO,, 520 ppm CO, and balance No. The gas
hourly space velocity (GHSV) used for the decomposition trestment was about 930 hrt. The
inet and exit lines as wdl as the furnace were then heated.  Usudly, the catdyst was dowly
heated to about 270°C over a period of 36 hr and maintained at this temperature for 0.5-3 hr
until the emitted NO achieved low levels.

During this trestment, a large amount of NO was released from the catalyst, as a result of nitrate
sdt decomposition, which peaked in the temperature range of 100-200°C and then decreased
with further increase of temperature and time of equilibration. CO, O,, and N>O were also
measured during decompostion/activation at incressed temperatures. After the decomposition
trestment, the furnace controller was turned off and only the flow of N, was mantained
overnight as the furnace cooled to ambient temperature.

13
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2.3 Catalyst Test Procedure

For NO reduction activity determination, the flow rates of the gas mixture components were
reestablished and the flow rates were measured/confirmed by means of a bubble meter. The
reactor was then heated and the NO/N> flow was turned on. The temperature of the ctalyst bed
was then sequentidly changed to obtain a conversion-temperature profile both in steady state and
in trandent conditions. To screen the performance of different catdysts, a constant GHSV of
1050 hr'! a ambient temperature and pressure and the inlet gas composition was used. The
established dry reactant gas mixture conssted of the following for most of the tests:

NO CO O» CO, N>
260ppm  520ppm  3.0% 14.0% 83%.

This gas mixture gives a CO/NO molar ratio of 2.0, with enough excess reductant for the NO
reduction reaction. To sudy the cadyst reactivity for NO reduction without the interference of
poisoning or inhibition, the initid catayst evauation tests were carried in the absence of SO, and
moisure. After the initid tests sdected cataysts were exposed to the reactant gas Stream
containing moisture and SO, to determine inhibition and poisoning effects.

For experiments with moisture added to the gas stream, water was injected and vaporized to give
the following reactant gas mixture with an overal GHSV of 1140 hr':

NO CO 0. H,0 CO, N2
240ppm  480ppm  2.8% 8.0% 12.9% 76.3%.

When the reactant stream contained SOy, a 5727 ppm SO,/N, mixture was utilized and its flow
rate was compensated by decreasing the N flow rate accordingly to maintain the overal GHSV
a 1140 hrt. The resultant reactant gas mixture consisted of:

NO CO SO, O, H.O CO, N2
240 ppm 480 ppm 200 ppm 2.8% 8.0% 12.9% 76.3%.

Catadytic reactivity is expressed by conversons, where the caculated conversons are multiplied
by 100 to obtain % Conversion, i.e.

NO Converson=1—(NO)oy / (NO)in
N>O Converson = 2(N20)out / (NO)in
CO Conveson=1—(CO)oy / (CO)in
O, Converson=1—(0O2)out / (O2)in
SO, Converson=1-(S02)out / (SO2)in

It was assumed that there was no dgnificant difference between gas inlet and outlet in its molar
flow rates, consdering that about 97% of the dry feed gas is Nb or CO», neither of which are
expected to participate in any of the reactions under study here. The NO reduction levels were
determined following atainment of deady date. As a post-combustion NO control process, a

14
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low NO level of 260 ppm was used in this test, assuming some form of low NOx combustion
technology is dready being used.

The temperature of the catayst bed was changed and the NO converson was determined as it
approached to a steady date at each set point. The set point temperatures were selected to
achieve the maximum NO reduction for each cadyst. The NOx converson as a function of
temperature and time were recorded. The other gases, such as O,, CO, SO,, and N>O, were also
recorded. They were used to analyze catdytic sdectivity, NOx reduction pathways, and possble
dde reections, especidly the reaions among NOx reduction, CO depletion, and O
consumption. The reectivity profile of NOx reduction vs. temperature can then be plotted to
compare the performance from different catalysts.

After a tedt, the test sample was cooled down and preserved in an N, environment for subsequent
characterization. Most of the tested catadysts were subjected to repeat test(s) under identical
conditions as used for the firs day test. The multi-day tests ensure data/procedure repeatability
and provide clues to any deactivation over time on stream.

Tedts on various combinations of Fe, Cu, Ce, and K on the AC and AA supports have been
conducted. To date, 13 catalysts have been prepared and eval uated.

Table 2-1 describes the various caldyst samples tested. The amount of each metal impregnated
on the AC or AA support is expressed as the percentage of a reference totd metd loading. The
test runs in this report are reported as a combination of letters and numbers, such as A1, B2,
where the letter indicates the catadyst type tested and the number indicates the order of the test
run, for example, 1 for first run (eg. Day 1). Duplicate samples of some of the catdysts were
tested under different conditions and desgnaied with different names for convenience of
reference. For instance, Pis a sample of the remaining O catdydts after eight tests at a GHSV of
1050 2/hr. It isused for high GHSV testing at 5250 1/hr.
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Table2-1. Catalyst Samples Tested*

Catalyst Name First Test Catalyst Formula GHSV, I/hr Substrate
Date
A 4/07 As-received AC 1050 AC
B 4/09 10% Fe/10% Cu 1050 AC
C 4/21 40% Fe/10% Cu 1050 AC
D 4/30 10% Fe/30% Cu 1050 AC
E 5/21 40% Fe/0% Cu 1050 AC
F 5/26 7% Fel7% Cu 840 AC
G 5/29 40% Fe/10% Cu 1050 AC
H 6/09 40% Fe/30% Cu 1050 AC
I 6/22 Aqueous-treated AC 1050 AC
J 6/29 40%Fe/30%Cu/20% Ce 1050 AC
K 7122 40% Fe/30% Cu/20% K 1050 AC
L (duplicate of E) 8/13 40% Fe/0% Cu 1050 AC
M (duplicate of H) 9/02 40% Fe/30% Cu 1050 AC
N 10/04 40% Fe/30% Cu 1050 AA
6] 11/05 40% Fe/30% Cu 1050 AA (cacined)
P (previoudy 40% Fe/30% Cu 5250 AA (calcined)
tested O) 12/09
Q (duplicate of O) 12/16 40% Fe/30% Cu 5250 AA (cacined)
R (duplicate of H) 01/07 40% Fe/30% Cu 5250 AC (cdcined)

* Percentage in catdyst formula refersto areference totd loading.
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30CATLYST DEVELOPMENT
3.1 Activated Carbon Based Catalysts

3.1.1 Catalyst Tests Overview and Data Reproducibility

Figure 3-1 is an example of a typicd catdys test history. At the beginning of a tet when the
catayst bed is cold, the activated carbon can adsorb approximately 85-90% of NO. When the
catalyst bed reaches a temperature of about 120°C, only a dight adsorption of NO sill occurs.
Therefore, for most of the tests, NO was added to test gas stream only when the bed temperature
reaches 150°C. Multi-day tests were carried out for most of the catdyst samples. Excelent
repeatability was obtained.
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Figure 3-1. Typical Transient Test Data

Fgure 3-2 shows the conversion data for CO, NO, G and N, sdectivity for the 40% Fe/30%
CWAC cataysts Type H (Test 1) and Type M (Test 2). The NO converson displayed a typicd S
type curve where the cadyst reactivity rapidly increesed a a rather shap “light-off”
temperature. When temperature increased further, the NO converson reached a maximum of
about 80-90% NO conversion and then leveled off.

Test 2 utilized a fresh 20 ml portion of the same catdys as used in Test 1 earlier. The two tedts

were three months gpart, during which time the as-prepared catalyst had been stored under a N»
environment. Comparisons of the activities and sdectivity observed during the tests with the dry
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reactant gas mixture as shown in Fgure 3-2 clearly demondrated that the testing procedure had
generated reproducible behavior of the catay.
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Figure 3-2. Conversion of NO, CO, and O, and N, Product Selectivity
Over the 40% Fe/30% Cu AC Catalyst

3.1.2 Base Line Testswith Activated Carbon

Active carbon has been reported to catalyze the NO reduction. For reference purpose, two un-
promoted AC samples were tested. The fird is the as-received AC. To determine the impact of
our catayst preparation procedure, a sample of the AC was agueous-trested using the same
procedure as used for the catdydsts, except for usng only didilled water without sdts. The
aqueous-treated AC was activated then in the same way as the other cadysts. The same
operation conditions for testing catalyst were used, such asthe GHSV and feed gas composition.

As shown in Fgure 3-3, the AC itsdf reduced very little NO at temperatures below 300°C.
Smilaly, litle O, was consumed by reaction with carbon. As the temperature increased, CO
was generated over the AC. At about 340°C, the CO in gas had doubled over inlet concentration,
and the NO conversion increased too. Meanwhile, the G consumption started to rise, indicating
the AC direct combustion or partial combustion had occurred. The data shows that there is a link
between the NO reduction and carbon partid combustion (oxidation), which is consgtent with
the so-caled low temperature regime of NO carbon reection in the literature (Aarna and
Suuberg, 1997, Jurczyk and Drago, 1988).
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Figure 3-3. Baseline Test with Unpromoted AC (Catalyst-I)
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Figure 3-4. As Received vs Agueous Treated AC

The NO converson data for agueous—treasted and as-received AC ae plotted in Figure 3-4.
There was no sgnificant difference between the as-received AC and the aqueous-treated AC. For
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NO reduction by AC, there was some difference between day one and day two tests (A-1 and A-
2) for the as- received AC, but A2, and |-1 and I-2 were very smilar. The reference AC samples
(as-received AC, and agqueous-trested AC) had smilar behavior during the testing.

The NO-carbon reaction can be boosted with presence of catdysts. The tested AC was made
from lignite, and washed by acid to remove minerals. According to the product cadog, it
contains less than 100 ppm Fe, indicating thet little cod ash from the origind lignite remained.
Carbon burnout a the high temperatures needed for dgnificant NO converson and associated
temperature runaway may limit the direct use of untrested AC for NOx reduction. However, if
and where the carbon consumption is permitted, the direct NO-carbon reaction and reaction of
NO with CO generated from AC can be beneficidly utilized as part of the overadl NO control
process.

Another significant observation is that there was no CO reduction by the reference AC samples,
as confirmed by repeated tests with both AC samples. No N;O was formed for the reference AC
test shown in Figures 3-3 and 3-4.

3.1.3 Fe Effect

Iron's potentid as a NO reduction catalyst stems from its effectiveness as a cadyst for carbon
gasfication and combustion. It enhances the carbon reaction through different reaction pathways
(lllanrGomez et d 1995, Randdl et a 1998). The enhancement lowers the reaction activation
energy, reaction temperature and NOx generdion. It is of interest to analyze the contribution of
the cadytic effect by Fe in a group of Fe/CUAC cadyds. The tests for Fe loading effect,
therefore, were carried out with different Cu levels.

The firg effect, as shown in Figure 3-5, is that the addition of Fe on AC improved catayst
reectivity. The NO reduction reached over 70% as the temperature was increased to about 330°C.
It shifted the catayst bed temperature required for 50% NOXx reduction (heresfter referred to as
Tsp) from 380°C for AC only (extrgpolated from tested data range) to 320°C for the case with 40
% Fe loading. However, it was noted that even with Fe loading as high as 40%, there was no CO
reduction for the Fe only cases. As the bed temperature increased, the CO generation started at
about 270°C, and increased rapidly at about 330°C. O, was consumed as CO concentration
increased. Thus, a large surplus of CO relative to needed amount for NO reduction resulted. It
was dso noted that the O, consumption was much higher than the doichiometric amount
required for CO generation, indicating the dominant combustion product was CO,. The
sgnificant redease of both CO and CO, as a consequence of carbon partiad combustion verifies
that dthough Fe is a good caidys for the carbon gasfication and combustion, it does not have
any cadytic function for the CO reduction. The NOx reduction here is through NO - char
reaction enhanced by Fe as catdys. Further discussons on the effect of Fe on partid combustion
and CO generation are included in section 3.1.4 — Cu Effect.

In comparing with other supports, such as TiO,, ZrO,, Al,Os, and SO, as reported in literature

for iron oxide catalyst, where the NO is favored at low temperatures, the present AC supported
iron oxide catalyst shows very good sdectivity with little N, O formation.
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Figure 3-5. Fe Effect on Catalysts without Cu
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Figure 3-6. Fe Effect on Catalysts with 10% Cu

21

450



Ammonia-Free NOx Control System

Figure 36 shows the test data of Type B (10%Fe/10%CuW/AC) and Type G (40%Fe/10%CWAC).
The index temperature T5p was again shifted lower, from 300°C to 270°C, when Fe is increased
from 10% - 40% with copper constant at 10% compared D a shift from 380°C to 320°C when
10% Fe is added to the activated carbon. The maximum NO converson aso increased as Fe
increased a given Cu=10% condition. A notable CO depletion was observed for both
10%Fe/10%Cu and 40%Fe/10% Cu cases.
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Figure 3-7. Fe Effect on Catalysts with 30% Cu

To explore the effect of Fe on catdyst performance under high Cu loading, the Cu loading was
increased from 10% to 30%, a further reduction in NO was obtained. The index temperature was
shifted down further to 270°C for Type H (40%Fe/30%CWAC) and 240°C for Type D
(10%Fe/30%CWAC) (Figure 3-7). Agan, for a given Cu loading, the increese of Fe loading
enhanced catdyst reectivity, both in lowering Tsop and in increesng the maximum NOx
reduction. It is dso very interesting that the CO was depleted this time at Cu=30% conditions for
awide range of temperatures. This effect on CO will be further discussed in the next section.

A high temperature excurson during tet D-1 shown that the leve of NO reduction hardly
changed in the 308-365°C range, emaining reatively condant a above 80%. However the high
temperature led to high CO generation. It apparently caused the formation of some reddish iron
oxide on the catay4t, but no deactivation of the catalyst was observed.

As discussed 0 far in this section, the catayst reectivity increased and Tso decreased as

combined caidys loading of Cu and Fe increased. However the benefit diminished as more
metas were loaded. Thistota loading effect will be further discussed in alater section.
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3.1.4 Cu Effect

Commercialy, Cu has been used as catdytic agent for synthess of CH3;OH from syngas,
CO+H,. Copper chloride solution has been used as chemicd solvent for the CO remova from H
gas in ammonia plant. Cu sdts supported on AC were found to be more reaective than on other
supports at low temperatures.

As discussed in the previous section, the addition of Cu changes the reaction pathways. Without
Cu, gpparently, the CO could not react with NO even with the presence of Fe.

The loading effect of Cu on catayst performance was further investigated. Three catdysts with
different Cu loadings, (Cu=0%, Cu=10% and Cu=30%) were made for a constant Fe=40%. As
expected, the test results showed that the catalyst reactivity increased as the loading of Cu
increased (Figure 3-8 and Table 3-1):

Table 3-1 Impact of Cu Loading on Tsg
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Figure 3-8. Cu Effect on Catalysts with 40% Fe
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Figure 3-9. CO Concentrations for Different Catalysts

As mentioned earlier, Cu plays an important role in CO reduction. The NO reduction by CO
involved a surface reaction between Cu and the adsorbed CO. As shown in Figure 3-9, for
catadyst-H with a high Cu loading (30%), CO reduction was as high as 87 to 90% for the entire
test temperature range up to 390°C. However, the catdysts E & F, with no Cu or very low Cu,
behaved the same way as the AC only cases, with litle CO depletion even a very low
temperatures.

There are two competing reactions between CO generation promoted by Fe, and CO reduction
promoted by Cu. This competition is affected by bed temperature. High bed temperature
enhances the cataytic converson of carbon to generate more CO and CO,, while the high Cu
loading enhances the CO depletion. The optimum composition of catdyst should address both
reaction pathways. For operation at increased temperatures, the Cu loading needs to be increased.
To ensure low levels of CO emissons, a low operation temperature and a relative high loading of

Cu are necessary.

3.1.5 Ce Effect

In generd, the literature (as reviewed by Aarna and Suuberg, 1997) shows that the Fe and Cu are
the most effective catalyst components for NO reduction by carbon or by CO. Cerium had been
reported to enhance catalytic redox processes. It is widdy used in automobile three-way catadyst
as an oxygen-tranderring agent due to its redox behavior.

The test data plotted in Figure 310 shows that the addition of 20% Ce (catdyst-J) increased the
catadyst reactivity, compared with catdyst-H. Tso was lowered further to 210-220°C. It was also
noted that the @ consumption “light off” temperature was reduced by 15 to 20 °C. There were
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no changes in CO depletion by adding Ce to the F)CWAC group. Because the addition of Ce
increased the totd loading, it shows the amilar reectivity trend as catdyst loading of other
metals (Fe and Cu) increased. It appears that the Ce boosted the reactivity more on the low
temperature sde. Appreciable NO converson was observed at reaction temperatures below
200°C. This high loading catdyst results in a very low operation temperature, and therefore it
greatly suppresses the CO generaion. However, the O, consumption data of catayst J appears to
indicate predominately CO, generation at low temperatures and the lack of sgnificant CO
generation may be due to the high Cu loading, and possbly the Ce application.

No specid characterigics were found at this time from Ce addition except that it enhances the
caays reactivity in a amilar way as Cu and Fe. The literature has reported that the addition of
Ce improved the sdectivity to N> during NO reduction. However, the present test data showed
that a very good sdectivity to N, was achieved even without Ce. Therefore, Ce does not bring
diginct benefits to the catdyds tested so far, epecidly consdering its price is higher than Cu
and Fe.
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Figure 3-10. Effect of Ce on Catalyst Performance

3.1.6 L oading Effect

As discussed earlier, the catdys reactivity increased as its total loading of metas increased. A
new parameter of tota loading, i.e. FetCu+Ce, has been used to andyze its effects on the
catays reactivity. In generd, the test result showed that the caldyst reactivity increased as the
total loading increased even as contributions from Cu, Fe and Ce were different (Figure 311). In
generd the maximum NOXx converson incressed as totd loading increased, except for the case
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with Ce addition (J-1). Although 31 exhibited a lower Tso and had an initid
30% & low temperatures, it did not have high maximum NO reduction.

reduction of close to
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Figure 3-11. NO Conversion Performance for Various Catalysts
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Figure 3-12. Effect of Total Loading on Reactivity Index T50
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It should be pointed out that the contribution or effectiveness of different meta component is
different. Some catalysts had better performance than others with the same or even higher totd
loadings. As shown in Figure 3-12, catayst-B with lower total loading (10% Fe and 10% Cu)
was more active than the caldys-E with higher totd loading (Fe+Cu=409%+0%). The same is
true for the comparison between catdys-D (FetCu=10%+30%) and catdyst-G (FetCu=40%
+10%). It shows again that Cu plays an important role in NO reduction by CO by dtering the
reaction pathways as discussed earlier.

3.1.7 N>O Generation

N>O emissions were measured for the tests performed in May and June, including catalysts E, F,
G, H, I, and J As plotted in Figure 313, overal the NO to NbO conversion was smdl, with the
highest measured NbO conversion at only 12 %. The reference AC (1) did not generate any N,O
through the entire temperature range. Other catdysts with meta loading converted some NO to
N-O, and the converson increased with increesng catalyst bed temperature. Another trend seen
from the data in Figure 313 is that the catayds with higher total metal loading tend to generate
more N2O and at lower temperatures.
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Figure 3-13. NO to N,O conversion

3.1.8 O, Consumption and CO

The catalyst wth the lowest metdl loading (Type F, 7% Fe / 7% Cu) was sdected to investigate
the effect of initid smdl loading on activated carbon. For this low loading cadyd, the
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maximum NOx reduction occurred a about 350°C. Similar to the reference AC only tedts, as
temperature exceeded 270°C, the NOx-carbon reaction Started as a result of the support AC
burning. The familiar “light off” was seen for this low loading catays, as with the reference AC
only case (Figure 39). Shown in Figure 314, O, concentration and CO generation were in sync.
However, snce the initid O, concentration and its consumption were orders of magnitude higher
than the initid CO concentration in the feed dream, clealy most of O, was consumed by
combustion of carbon to generate predominantly CO,, as well as some CO.
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Figure 3-14. CO and O2 Conversions for Catalyst F

There are clearly two categories of the relationships between conversons of CO and O,. For
reference AC only and low Cu catdysts, CO generation was proportiona to the amount of the O
consumed (Figure 3-15). For the high Cu catdysts (catdysts G, H, and J), the CO converson
stayed at 80-90% of the feed concentration for a wide of operation temperature range from 150
to 380°C, regardless of & consumption by carbon, which means with these catdysts, the carbon
reaction was nearly complete to produce predominantly CO,. In Figure 316, one can see that
the carbon combustiion (as indicated by O, consumption) was promoted by the totd metd
loading. However, for the high loading catalysts with sufficient Cu, even with sgnificant carbon
burning, the CO levd 4ill remained very low.

In summary, the cadyds with sufficient Cu loading reduced CO efficiently in a very wide

temperature range. This is a very important feature snce some carbon burning is expected when
AC support is used.
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Figure 3-16. Effect of Catalyst Type on O2 Conversion
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3.1.9 Catalyst Stability

Some of the catdysts were tested for longer durations under constant conditions to check their
Stability.

As shown in Figure 317, the stability of the catadyst D was demondrated by operating at 275°C
under steady dtate conditions for nearly 12 hours. The system was well operated and maintained
a a seady date condition with gpproximatey 86% NO reduction. No significant reactivity cecay
was seen during the test.
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Figure 3-17. Long Duration Test at Constant Conditions

3.1.10 Effects of Moisture and SO,

Effects of Moisture and SO, Over the Fe/Cu/AC and Fe/Cu/Ce/AC Catalysts: Selected
cadyss with high reectivity were teted to study the effects of moidture injection and
dmultaneous addition of moisture and SO, on the activity and sdectivity. It was shown in the
previous discussions that both Catalyst H and Catalyst J (see Table 21) were active cataysts for
NO reduction in the presence of dry smulated flue gas.

To dudy posshle inhibition/poisoning effects of moisture and SO, over these two catalysts, the
additives were injected into the reactant gas stream after establishing the Steady-dae activity in
the dry, SO.-free gas mixture. Upon addition of 8% nwisure to the gas dream, the
concentrations of the other components decreased accordingly to the following:
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NO CO o)) H20 CO; N2
240 ppm 480 ppm 28% 8.0% 12.9% 76.3%,

and the overdl GHSV was 1140 hrl. The usud observaion upon injection of moisture was
initidly (1) desorption of a quantity of NO, (2) desorption of a smdler quantity of CO, and (3)
enhanced consumption of O,. This was typicdly followed by a return to the gpproximatdy the
same levels as the origind NO and CO conversons and a much dower decrease in the O,
consumption with time on-stream. An example for Catalyst M (duplicate of H) test is shown in
Figure 3-18.
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Figure 3-18. NO, CO, O, and SO, Conversion Over the 40% Fe/30%
Cu/AC Catalyst at Approximate 257°C (M-3)

Also shown in Figure 318 is the effect upon subsequent addition of 200 ppm SO, to the reactant
gas stream, where the flow rate of the SO,/N, was compensated by proportionately decreasing
the flow rate of the N> stream. It is evident from Figure 318 that the presence of SO, over the
catalyst led to a gradua decrease both the NO and CO conversons. At the same time, there was
little effect on the O, consumption other than an initid discontinuity. About 7.5 hr after addition
of the SO, to the gas stream, it appeared that the NO and O, converson levels had reached
steady-dtates, while the CO converson rate was gill declining. Increesing the reaction
temperature 8°C led to a dgnificant enhancement in the NO reduction levd, a smdler
improvement in the CO converson, and no dgnificant effect on the O, consumption. During the
addition of SO, to the gas stream, dl of the SO, was removed from the reactants.
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Smilar teting with Catdyst J containing Ce was caried out. After reaching Steady-dtate at
239°C, the injection of moisture was begun. As shown in Figure 3-19, initid exposure of the
40% Fe/30% Cu/20% Ce/AC catalyst to H,O vapor led to transent desorption of quantities of
NO and CO, as well as to enhanced consumption of G,. Addition of SO, to the gas stream led to
gradua decline in the obsarved NO reduction activity, but with this catdys there was no
accompanying decline in the CO removd rate observed with time onrstream.  Indeed, the
catayst temperature decreased a few degrees and about 98% CO converson was maintained.

Upon termination of the injection of both moisture and SO,, the NO removd rate sabilized a
about 50%.
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Figure 3-19. Conversions of NO, CO, O,, and SO, Over the 40% Fe/30%
Cu/20% Ce/AC Catalyst at 2390C

While moisture and SO, were being fed into the gas stream, the consumption of O, gradudly
declined and stabilized at 10% G remova from the reactant gas. Removd of both moisture and
SO, from the inlet gas resulted in a further lowering of the G consumption to a steady-date leve
of about 6%. Once again, dl of the SO, in the inlet gas stream was converted upon passing over
the catalyd.

After purging the catalyst with N> as it cooled and & ambient temperature overnight, the catalyst
was retested under dry conditions. The observed conversons and NO sdectivity are shown in
Table 32 as Day 5 Test reaults. Between the entries for the Day 5 tests, the catdyst had been
tested a higher temperatures, incduding a 254°C where the NO, CO, and G conversions were
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83%, 87%, and 13%, respectively. Therefore, high conversons were dtained after the Day 4
testing with moisture and SO, and after purging with N2 overnight.

Table 3-2. Conversionsand N,O Selectivity over the 40% Fe/30% Cu/20% Ce/AC Catalyst
Jat 239 + 1°C.
%S0,

Test %NO Conv. | %N-OSd. | %CO Conv. | %0, Conv. Conv

Day 3Test - Dry 82 6.2 89 9.8
Day 3 Test - with
8% Moisture After 74 1.7 89 144
2hr
Day 4 Test - Dry 79 3.9 88 9.7
Day 4 Test - with
8% Moisture After 71 1.6 88 154
lhr
Day 4 Test - with
8% Moisture + 200
ppm SO,
After 4 hr*

Day 4 Test- 225 hr
After Terminating 51 1.6 88 6.5
Moisture and SO,
Day 5 Test - Dry:

After 4 hr
Day 5 Test - Dry:
After Higher Temp.
Trestment and then
2 hr at 240°C

51 3.7 98 9.2 [J100

59 5.6 89 1.4 ---

*Temperature had decreased to 236°C.

Activity of the Cu-Free 40% Fe/AC Catalyst in the Presence of Moisture and SO,: As
shown in the previous sections, the temperature index Tso for NO reduction observed for the
Fe/CU/AC cataysts is strongly dependent on the presence or absence of Cu and its content in the
catayss. For example, for Cu loadings of 0, 10, and 30% in a 40% Fe/AC catalyst, Tso declines
from 320°C to 270°C to 240°C, respectively. It was shown for the 40% Fe/30% CWAC catdyst
(Figure 3-18) that injection of moisture into the inlet gas mixture produced only trangent decline
in NO and CO conversons, while addition of 200 ppm SO, to the reactant produced a gradua
decline in both conversons.

The catdytic behavior of a fresh portion of the Cufree 40% Fe/AC cadys (Cadyst L,
duplicate of E) was utilized to probe the effect of moisture and SO, on this Sngle component
supported catalyst. The activity of this caidyst was firg determined in the dry reactant ges
mixture, and it was verified that the temperature “light-off” curve was reproducible and that Tso
was also reproduced. Upon testing for Days 2 and 3, the NO conversion at about 320°C tended
to reach higher leve relative to that observed for Day 1.
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Upon injection of moisture, the NO converson immediately increased, as shown in Figure 320.
This contrasts with the behavior of the 40% Fe/30% CWAC catalys (Figure 3-18), where the
measured NO converson decreased, apparently due to transent desorption of NO from the
caadys. At the same time that the NO converson incressed over the Cu-free cadyd, the
consumption of O, dramaticaly increased. As shown in Fgure 3-20, the conversons were
maintained a high leves until the addition of SO, was initiated. As the SO, began passng over
the catdyd, the converson of O, sharply dropped, approaching the consumption level observed
with the dry reectant gas mixture. At the same time, the NO converson levdl more gradudly
declined to approximatdly haf of the activity shown in the wet reactant gas mixture.

100
90 |
S —e— NO Conversion
280 . |
o L 2 min Stoppage _
"B70 of Reactant Flow —&— 02 Consumption | |
) 4
260 —&— SO2 Conversion | |
@)
S0 \
«~50
O L
D40 M‘q
©
c
©30
Sl rar—y
o | Begin SO, Addition # *W
Z10 * Terminate SO, Additio

L Begin Moisture Addition Terminate Moisture Addition

0IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

O 50 100 150 200 250 300 350 400 450 500
Time (min)

Figure 3-20. NO, Oy, and SO, Conversion Over the Cu-free 40% Fe/AC
Catalyst in the Presence of Moisture and SO, at 321°C

For both NO and O, the converson levels reached Steady-state vaues, with the catayst not
exhibiting further deectivation. Termination of SO, injection did little to change the observed
remova rates of NO and O, but termination of the moisture addition tended to decresse the

converson levds of both of these reactants.

It is interesting that addition of SO, to the reactant mixture did not lead to complete conversion
of this “poison” until after the gas flow was interrupted for about 2 min to measure and verify the
inlet gas compostion. This momentary stoppage of the gas flow apparently dtered the catayst
in some way 0 that converson of the SO, was promoted. However, the converson of SO,
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gradualy declined with time. This behavior was not observed with the copper-containing
catalysts such as the 40% Fe/30% CUAC catayst.

It is noted that in dl of the tests with this Cu-free catdyd, reatively large amounts of CO were
generated, corresponding to the ggnificant converson of O,. This is gpparently due to partia
oxidation of the carbon support by the O» in the presence of the Fe catalyst component at the
high reaction temperatures required by the absence of Cu in the catdyst. The O, consumption
was much higher than the goichiometric amount required for CO generdion, indicating the
dominant combustion product was CO,. This again verifies that Fe is a good catalyst for carbon
gasficaion and combudtion, but it does not have a sufficient cadytic function for the CO
oxidation reaction.

3.1.11 Effect of Potassum

Ce and K had been reported to enhance cataytic redox processes. Cerium is widdy used in
automobile three-way catdysts as an oxygen trandferring agent due to its redox behavior. We
have shown here (Figure 319) that Ce dso maintains the CO oxidation reaction to deplete CO in
the presence of SO,. Potassum is a basc component that can function as a combustion cataly.

A 40% Fe/30% Cu/20% K/AC catalyst was prepared using KNOgz as the impregnation resgent.

This K-doped catalyst Catadyst K) exhibited a high catdytic activity for NO reduction and CO
oxidation a low reaction temperature, dmilar to the Fe/CU/CE/AC catdys.  Steady-state
conversons seemed to take longer to achieve, but the initidl NO converson upon start-up in the
170-205°C temperature range was >30%. The index temperature Tso observed upon multiple-
day testing was in the 205-220°C range. At the same time, the CO and O, conversions were 88-
91% and 25%, respectively. Little NO was formed, and the sdectivity to N, tended to stabilize
at about 98% with time-on-stream.

An experiment in which moisture was added to the reactant gas stream a 235°C is shown in
Figure 3-21. The behavior of this K-containing catdyst very much resembles that of the K-free
40% Fe/30% CU/AC cataydsts, eg. see Figure 318. As usud, there was a smdl exotherm as the
initiad moisture passed over the catdyst. In addition there was a large desorption of NO, a
smaller desorption or lower converson of CO, and a promotion of O, consumption. The NO
reduction reaction recovered and the NO conversion n the presence of moisture was higher than
the initid converson under dry conditions. Interruption of the gas flow through the reactor for
about 2 min led to subsequent improvement of the NO and CO converson levels but had no
effect of the O, consumption. Terminaion of the moisture addition led to dight decreases in the
NO and CO removal rates and a somewhat larger decrease in O, consumption. However, the NO
reduction level remained higher then the initid activity observed upon dat-up under dry
conditions.
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Figure 3-21. NO, CO, and O, Conversions Over the 40% Fe/30% Cu/20%
K/AC Catalyst Before, During, and After Moisture Injection at 235°C
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Figure 3-22. Conversions of NO, CO, O,, and SO, Over the 40% Fe/30%
Cu/20% K/AC Catalyst at 232°C
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During a subsequent day of testing a about 232°C, moisture was again injected, followed by the
addition of SO,. The observations for this test are shown in Figure 322. The effects of moisture
in the gas stream were the same as observed in Figure 321. Upon addition of SO, very little
change in the conversons was initidly observed. At the same time, most (but not dl) of the SO,
was converted. A discontinuity in the converson curves was caused by interruption of the gas
flow through the reactor, which led to transent higher conversons of dl reactants. With
continued time-on-stream, the NO converson gradudly declined, while CO converson and O;
consumption showed smaller decreases. Upon termingtion of the SO, addition, the conversons
of dl reactants gabilized, with CO converson tending to increase dightly. Remova of moisture
from the gas dream led to dightly lower conversons of NO and O, while the CO converson
continued to increase with time. Increasing the cadyst temperature to 241°C caused a
ggnificant increase in the NO converson from 54% to 69% and smaler increases in the CO and
O, conversons.

3.1.12 Additional Discussions

The incorporation of Ce (Catdyst J) and K (Catdyst K) into the 40% Fe/30% CWAC cadyst
(Catdys H) increased the activity of the caldyst by shifting the NO “light-off” curves to lower
temperature (lower Tsp), as shown in Fgure 3-23. At the same time, there was little change in
the CO conversion and O, consumption under these dry conditions.

100

90

80 %
— Cat-J
70 /' ¢
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Figure 3-23. Comparisons of K- and Ce-Containing Catalysts
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Compared with other catdysts, catdysts H, J, and K (al containing 40%Fe/30%CWAC) exhibit
high NO reduction activity with only low leves of O, consumption, as shown h Figure 324. In
this figure, Catays G contaned a reduced levd of 10% Cu, while Catdys | was the
unpromoted aqueous-trested AC. Catalyst F contained lower quantities of both Fe and Cu. The
data shown for Catdysts E and L (E) are the two tests d the Cu-free 40% Fe/AC, and it is clear
that without the presence of Cu in the cadys, the iron oxide component promotes the
consumption of O, by greatly enhancing the catdytic combustion of the carbon support.
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Figure 3-24. Conversion of O, vs NO under Dry Conditions

Comparisons of he same catalyss in terms of CO Converson/Generation vs NO Conversion are
shown in FHgure 3-25. The cadyds tha contained high leves of Cu dl exhibited high
conversions of CO to CO». It is noted that Catdysts H, J, and K contained 30% Cu in addition to
the 40% Fe, while Catdyst G contained 10% Cu. Catdyss E and L are the Cu-free catdyst
tesdts, where large quantities of CO were generated and the quantity increased as the reaction
temperature was increased. This behavior is clearly shown in Figure 3-26.

As noted earlier in the report, the inhibition of the NO reduction reaction over Catalysts J, K and
M (dl containing 40%Fe and 30% Cu) with SO, in the inlet gas stream was more gradud than
catalysts without copper (eg. Catadyst L or E). This is more clearly shown by replotting the NO
converson data in terms of ppm NO remaning in the outlet stream, as in Figure 3-27. This
figure also shows that the deactivation rates due to SO, for the catdysts J, K and M were smilar.
In al cases, the NO reduction activity stabilized upon remova of SO, from the smulated flue
gas stream.
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Figure 3-26. Conversion / Generation of CO vs Temperature
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Figure 3-27. Effect of SO, Exposure on NO Conversion
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Figure 3-28. Effect of SO, Exposure on CO Conversion

Figure 3-28 shows that effect of 200 ppm SO, on CO conversion for catalysts J, K and M (dl
containing 40%Fe and 30% Cu). During the SO, exposure, the Ce-containing catalyst J
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maintained very high CO conversion, while the CO activity for catalyst M were reduced by the
presence of SO».
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Figure 3-29. Restoration of NO Activity After SO, Exposure for Catalyst
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Figure 3-30. Restoration of NO Activity After SO, Exposure for Catalyst J
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Asdiscussed in section 3.1.10, the catayst samples, after SO, exposure and cooling in nitrogen
purge, were re-tested in dry, SO,-free gas environment. In Figure 3-29, test datafor catayst M
(Fe/CU/AC) after SO, exposure (M-4, open circles) are plotted along with those before SO,
exposure for the same catalyst. Catalyst M achieved over 80% NO conversion even after SO,
exposure. By increasing the reaction temperature about 25 °C, the NO conversion profile for M-4
was restored to asimilar pattern as the earlier tests.

As shown in Figure 3-30, catayst J (Fe/Cu/Ce/AC) exhibited complete recovery of NO activity.
The after SO, exposure test data (J-5, open circles) fdl right on the origind NO converson
profile before the exposure. High NO conversion (>80%) was achieved at alow reaction
temperature. Smilarly, test data of catayst K (Fe/Cu/K/AC) after SO, exposure aso shown
retoration of origina NO activity at low temperatures.
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3.2 Activated Alumina Based Catalysts

3.2.1 Reaction Pathways

Literature review and test data andysis have reveded that the performance of the NO - cadys -
CO sysem was influenced mainly by the following four competing reaction pathways:

1. Direct reduction of NO by CO, dther added in the test gas mixture or generated in situ
from the AC support, i.e.,, NO + CO - N3 +COy;

2. Destruction/oxidation of excess CO, i.e.,, CO + O, > COy;

3. Partid combustion/gasification of the supporting activated carbon, i.e, C+ G > CO +
COy; and,

4. Direct reaction of NO with the carbon support, i.e, NO+ C - N3 + CO»

Depending on reaction temperature, type of substrate, and type / amount of metds applied,
different reaction pathway(s) may dominate the performance under given operating conditions.

The catalyds tested in previous quarters were al activated carbon based. Beyond its function as a
catalyst support, activated carbon dso directly participate in reactions involving both NO and
CO (reaction pathways 3 and 4 above), especidly a higher temperatures. These two reactions
are absent for activated alumina based catdysts. Therefore the AA based catadyds test data,
together with earlier AC based test data, provide an opportunity to understand the interactions
and relative importance the reactions in the NO- catayst-CO system.

3.2.2 NO and CO Conversons

The fird AA catdyst tested was Type N, prepared usng as-received activated dumina. Figure 3
31 summarizes the test data for Catalyst N on five separate days, in dry, SO, free gas mixture as
described in Chapter 2. During Day 4 testing the catdyst was exposed to moisture and SO,
therefore Days 5 and 6 represent the catalyst performance in dry, SO.-free environment after the
exposure.

The Days 1-3 test data for Catdyst N can be compared with the typica performance of AC-
based catalysts with same meta loading (40% Fe and 30% Cu, M and H), shown in Figure 3-32.
The AA catdys reached 50% NO remova in the temperature range of about 240-250 °C, which
was Smilar to the AC based catdysts. The AA catdysts dso achieved over 80% NO removd,
but at reaction temperatures about 20 °C higher than those of AC catdysts for the same NO
conversion.

Both AA and AC cadysts gave excdlent CO converson over the entire temperature range. The

fresh AA cadys actudly did dightly better (at about 90% converson) than the AC catdyd.
These data show that, even in the absence of carbon related reaction pathways 3 and 4, the
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Fe/CU/AA catays is capable of NO and CO removal levels smilar to that of AC based catays,
abeit with a somewhat flatter NO - temperature profile.
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Figure 3-31. NO, CO and O, Conversions over 40% Fe/30% Cu / AA
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Figure 3-32. Conversion of NO, CO, and O, over 40% Fe/30% Cu / AC
Catalyst
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3.2.3 Oxygen Consumption and CO

At higher temperatures, the AC based catdysts displayed sgnificant depletion of oxygen in the
reactant gas mixture, due to the partiad combustion of carbon substrate (pathway 3)

As expected, the AA based Type N data in Figure 3-31 showed little O2 loss over the entire
temperature range. Since the dry reactant gas mixture contains 520 ppm CO and 3% Oo,
complete oxidation of dl the CO (via pathway 2 aove) would consume about 0.8% of oxygen in
the mixture assuming it being the sole oxidant. Mogt test data with AA-based cataysts (N, O, P,

Q) have oxygen converson in the range of 0.4 - 0.8%, which suggests that CO oxidation is the
only reaction consuming oxygen.

3.2.4 Exposureto H,O / SO,

During Day 4, catdyst N was exposed to moisture and SO,. Figure 3-33 shows the transent data
of Day 4 test.
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Figure 3-33. Historical Data of Catalyst N upon Exposure to H,O/SO,

At the beginning, steady State conditions were reached at 275 °C reaction emperature and in dry,
SO, free gas mixture, with a NO converson of 61%. Upon introduction of water vapor to the gas
gream (8% H,O in the mixture), a large amount of NO was desorbed from the catayst. NO
levels as high as 300% of the inlet concentration were measured briefly from the outlet gas. At
the same time a smal drop in CO converson was observed, indicating some desorption of CO
from the cadys. Both CO and NO conversons recovered gradudly with CO converson
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resored to the origind level of about 90%. NO converson was dower in recovery and only
reached about two-thirds of the origind activity after three hours.

Compared to AC based catalysts subjected to smilar test conditions, the AA catadys had a
larger amount of NO desorption and a larger loss of NO activity due to water addition. This is
clealy shown in Figure 3-34, in which the NO concentrations in reactor outlet gas immediately
before and during water vapor addition are plotted for several AC and AL based tests.
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Figure 3-34. Transient NO Concentrations before and after the Start of
Water Addition

Addition of 200 ppm SO, to the reactant gas stream led to a smal reduction in the NO activity.
Unlike the AC based catdysts that displayed a continuous decay of NO activity during SO,
exposure, the activity of AA catalysts did not reduce further after the initid drop. Type N even
regained some activity over the next severad hours. The CO converson was only dightly lowered
upon introduction of SO,, and was holding steady theresfter.

Towards the end of the Type N testing, the gas flow to the reactor was bypassed for five minutes
to measure inlet gas compostion. This caused a jump in CO converson. Terminating H»O /SO,
resulted a smdl surgein NO activity, but no noticeable effect on CO conversion.

During the entire test, oxygen in the gas mixture remained unchanged. No SO, was detected in
the outlet gas. The fate of the SO, needsto be investigated in the future.

The catdlyst using calcined AA support (Type O) was aso exposed to HO/SO, during Day 4.

As sen in Fgure 3-35, the Type O test data are condst with Type N and support the
observations described above.
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Figure 3-35. Historical Data of Type O Catalyst upon Exposure to
H,0O/SO,

3.2.5 AsReceaived Versus Calcined AA

As described in Chapter 2, a separate catdyst sample was prepared by impregnating metals onto
cdcined activated dumina The cdcing of asreceved AA in a furnace mantaned a 500 °C
overnight exhibited a 14.4% weight loss. The BET surface areas of the as-received and cacined
AA and thelir associated catalysts are given in Table 33. Catdyst O with cacined AA had higher
surface areas before and after the impregnation. For both catadyds, the surface areas after the
tests were higher than that before the tests, indicating that the micro pore dructure remained
intact through testing. Type O had lower surface area after the tests, possibly because O was
subjected to more testing time (8 days versus 6 days for N).

Table 3-3. BET Surface Area (m?/g) of Type N and O Catalysts

N - AsReceived AA | O - Cdcined AA
Before Impregnation 127 162
Before Cat. Tests 115 134
After Cat. Tests 201 153
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Figure 3-36. NO Conversion for N and O Catalysts

The behavior of Type O catdys was very smilar to Type N, except that O had a higher initia
NO activity. Figure 336 shows the NO converson data of the firgt three days of testing for both
O and N, in dry, SO, free gas mixture. Type O, based on cdcined AA, achieved higher NO
conversion at lower temperature when same day test profiles are compared with each other.

3.2.6 Deactivation

It is cleer from Figure 3-36 that both N and O catdysts exhibited higher light-off temperatures
and lower find NO conversons for later tests. This deactivation trend is more evident in Figure
3-31 where five days of test data are plotted together. Although the Days 5 and 6 tests were
conducted after H,O/SO, exposure, their data seem to fit the genera deactivaion trend. This
leve of deactivation was not observed during the earlier testswith AC based catdydts.

The fact that Day 5 test after H,O/SO, exposure achieved sgnificantly higher NO conversion
than Day 4 (> 65% versus 30-40% for Day 4) suggests that moisture and SO, did not cause
permanent damage to the catdyst and its NO activity were regenerable after exposure. It is aso
important to point out that AA based catalysts exhibited excdlent and stable activity for CO
reduction. The CO converson of both O and N cadysts did not change significantly over time,
even during and after H,O / SO, exposure.

3.2.7 No,O Formation

As reported during previous quarters, the AC based catalysts had very high NO to N, sdectivity,
with only minor N>O formation. The amount of N»O found in the reactor outlet gas depended
srongly on the reactor temperature and the type of AC catalysts. In Figure 337, NO to N,O
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converson data of al tests with AA based catalysts ae plotted aong with that of two tests of AC
cadyss with the same metd loadings No dggnificant N,O formation was observed for AA
based catalysts. This seems to suggest that the N,O formation in the current tests (either as a find
or intermediate product of NO reduction) may be promoted by the activated carbon, rather than
by the metal ingredients (Fe and Cu) which are common to both AA and AC catdysts.
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Figure 3-37. NO to N,O Conversion for AC and AA Catalysts

3.2.8 Testing with High Space Ve ocity

Tedts with high space velocities were carried out with the same flow rate of the same reactant gas
mixture, as described in Chapter 2. Instead of the normd 20 ml layer of catdys, only 4 ml was
loaded into the reactor, resulting in a gas hourly space velocity (GHSV) of 5250 hrt in dry, SO
free gas mixture. This space velocity is five times the norma space velocity used in other tedts.
As shown in Table 1, catdys type Q and R are duplicate samples of O and H, used for high
GHSV tests.

As seen in Fgure 3-38, the AA based catdyst Q (a fresh duplicate of O) tested at high space
velocity achieved 60% NO conversion, compared to over 90% for the same catdyst tested at low
gpace velocity. Also the NO activity curve became much flatter, and the temperature needed for
50% NO conversion, Tsp, was adout 60 °C higher a high space veocity. This large difference
indicates that the short gas-cadys contact time was limiting the NO converson a the high

Space velocity.

The AC based catdydt, on the other hand, achieved high NO converson a high space velocity,
athough higher reaction temperature was needed as indicated by a generd shift of the activity
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curve toward higher temperatures. Recdling the reaction pathways discussed earlier, a high
goace velocity, a higher reaction temperature is needed to compensate for a smaler catayst
volume. The fact that AC based cataysts have two NO reduction pathways (1-through reaction
with CO, and 4reaction with carbon), and both reactions speed up with higher temperature, may
explan why high NO converson was achieved by AC based, but not by AA based catdydss a
the high space velocity.

100
90
80
70
g
< 60 O
o
S 50
c
S 40
0 - -A - Q-1, AL, 5250 1/hr
30 - -Or - R-1, AC, 5250 1/hr
20 —8—H-2, AC, 1050 1/hr
- —4—0-2, AL, 1050 1/hr
10 -
E-- 7]
0 : : : : :
150 200 250 300 350 400 450

Temperature, C

Figure 3-38. Eftect ot Space Velocity on NO Conversion tor AC and AA
Catalysts

Another catalyst sample tested at high space velocity is type P, which is the remaining sample of
cadyds O dfter eight days of testing. Figure 339 compares the performance of type P with that
of type Q (fresh duplicate sample of type O).

As can be expected from ealier discussons of deactivation for AA based catalyss, the
previoudy tested type P had its activity profile shifted about 40 °C towards higher temperature,
and achieved lower find NO converson. It is dso interesting to note that, with increasng
reaction temperature, the NO converson of both P and Q reached a maximum and then
decreased with further increase in temperature. A possible explanation for this is that a high
temperatures, the rapid oxidation of CO by oxygen (reaction pathway 2) may have depleted the
CO needed for NO reduction (pathway 1). This maximum NO converson was generadly not
observed for AC based catadysts, because NO is converted by the dud reactions with CO and
carbon (pathways 1 and 4), and a high temperatures CO generated through burning of carbon
substrate (pathway 3) more than replenishing the depletion due to pathway 2.
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Figure 3-39. NO, CO and O, Conversions over Previously Tested (P) and
Fresh (Q) 40% Fe / 30% Cu /AA Catalyst with GHSV = 5250 hr™*

Even a the higher space veocity, the CO converson remained very high during entire reaction
temperature range, and the previoudy tested catdyst showing only dightly lower CO conversion.
Aswith earlier AA-based catalyst testing, no sgnificant oxygen consumption was observed.
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4.0 FURNACE OPTIMIZATION

The objective of this task is to investigate a means of producing an adequate ratio of CO/NO
upstream of the catays reactor. A 3-D CFD smulation of the furnace was performed using the
computer program, FW-FIRE. The outlet conditions of the FWV-FIRE modd were then gpplied as
the inlet conditions to a 2D FHuent modd of the heat recovery area (HRA) to predict CO and NO
a the HRA outlet. Since the FW-FIRE mode does not include the finishing superheater and
finishing reheater (located between the furnace outlet and the HRA inlet), the outlet temperature
digtribution from these banks was ca culated using the Foster Whedler program, HEATEX.

4.1 Computer Program Description

FW-FIRE (Fossl Fue, Water-waled Furnace Integrated Reaction and Emisson Simulaion)
gmulates furnace combustion, heat trandfer and pollutant formation based on fundamenta
principles of mass, momentum, and energy conservetion. The FW-FIRE computer program
incorporates the latest dtate-of-art cod combugtion/gasification, pollutant formation, and physicd
andyss techniques based on extensve empiricd research. The FW-FIRE code performs generd
three dimensona multiphase gas combudtion seady date andyss of reective fluid flows. The
program is fully capable of andyzing gasfired, oail-fired, and coa-fired boilers dthough FW-
FIRE wasinitidly tallored for pulverized coad combustion and gasification.

HEATEX is a Foster Wheder generd-purpose program for thermd/hydraulic andyss of tube
banks. The program peforms heat trander cadculations on a loca bass by dividing the tube
bundle into a number of smdl hesat transfer dements.

Fluent is a generd purpose commercid CFD software, which can be used for simulation,
visudization, and andysis of fluid flow, heat and mass transfer, and chemicd reactions.

4.2 Furnace M oded

4.2.1 Modd Geometry

An FW-FIRE modd was made of a current 400 MWe pulverized cod furnace. The modd
gmulates the furnace, in height from the bottom of the hopper to the roof, in depth from the front
wadl to the rear wall, and in width from the left Sdewdl to the right Sde wal. The furnace has a
total of 24 opposed wall-fired burners (3 verticd x 4 horizonta x 2 wals) and 10 over fire ar
ports. The radiant heat transfer surface congsts of 2.75" OD waterwadls and five 2.0 OD partia
divisond wal pands Water is circulated in the furnace by naturad circulation. Fine meshes are
used to modd the burners and over-fire ar (OFA) ports. The modd contains 528,840
(117x113x40) nodes and is shown in Figure 4-1.

4.2.2 Boundary Conditions

The input data required by FW-HRE include fud andyss cod paticle sze digribution (mass
percentage for each sze bin), waterwadl fluid temperatures, and the velocities, flow rates and
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temperatures of primary and secondary gas sreams. The waterwdls of the furnace are assumed
to be gray and diffusve. The wal temperature & each location is caculated based on the fluid
temperature and the hest flux at the wal cdl. Coa kinetic parameters were gpplied for Illinois
#6 coal.

Parametric runs were conducted to determine the effects of outlet oxygen concentration and
over-firear (OFA) flow rate on outlet NO and CO.

4.2.3 Baseline Case

The basdine (desgn) case for this unit is 3% O, a boiler outlet and 30% OFA. The
corresponding boundary conditions were applied to the computational model and FW-FIRE was
run until steady state conditions were achieved.

The modeing results for the basdine case ae summarized in Table 4-1. The cod burnout
shown in the table is the percentage of dry ashfree based cod burned. The loss on ignition (LOI)
represents the percentage of unburned carbon in the ash. The furnace exit gas temperature
(FEGT) shown in the table is the average temperaiure of flue gas before the finishing superhester
(vertica plane above the nose. Figure 4-2 presents a plot of gas temperature in a vertica plane
through the second burner column and a the furnace outlet (before the finishing superhester).
The mole fraction of O through the second burner column, & the OFA devation, and a the
furnace outlet is presented in Figure 43. CO mole fraction and Flue gas velocity at the second
burner column and at the furnace outlet & presented in Figures 44 and 45. Figure 46 is a plot
of the NO concentration in a vertica plane through the second burner column and a the furnace
outlet.
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Patid divison wdls

OFA ports

Burners

Figure 4-1. Computational Modd of Furnace (with right sdewall removed)

Table4-1. Summary of Furnace Baseline Case Smulation

Burnout % 99.66
LOI % 2.61

CO furnace| ppmvw 1537
NOXx| ppmvw 227

FEGT F 2100
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Figure 4-2. Furnace Gas Temperature
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Figure4-3. Furnace O, Mole Fraction
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Figure 4-4. Furnace CO Concentration
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Figure4-5. Furnace Gas Velocity
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Figure 4-6. Furnace NOx Concentration
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4.3 HRA Model
Since the conditions at the furnace outlet tend to be uniform in the width direction, to smplify

the andyds a two-dimensond (height versus depth) modd of the HRA and finishing
superhesters were utilized.

4.3.1 Finishing Super heater and Reheater

An HEATEX modd was made of the finishing superhester and finishing rehester tube bundles.
Inlet temperature and flow digribution were obtained from the FW-HRE furnace modd outlet
conditions. Figure 4-7 presents the corresponding furnace outlet (finishing superheater inlet) and
HRA inlet (finishing reheater outlet) flue gas temperature profiles.

4.3.2 Fluent Mod€

A two dimensond fluent modd was made of the HRA. Figure 4-8 shows the geometry of the
HRA. The HRA modd smulaes the heat trandfer, hydraulic ressance, and turbulence of the
primary reheater, primary superheater, upper economizer, and lower economizer. The mode
includes gpproximately 21,000 cdlls.

Heat trandfer to the tube banks is smulated by digtributed heat sinks. Tube bank hydraulic
resgance is Smulated by a combination of individua tube modeling and distributed resistance.
The magnitude of the heat Snks and didributed resstances are caculaied to match the
predictions of the Foster Wheder Boiler Performance Computer Program.

Species trangport was modded using the finite raie/eddy disspation mode. CO reection rate
kinetics were obtained from Adams et d 2000 as follows:

CO+% 0, > COs

d[CO] - A[CO]lO[H20]0'5[02]0'256-(%)
dt

A = 2.61 E+12 kg-mol/nT
E = 45,566 K cal/kg-moal

Reaction of NO with O, was neglected (due to low gas temperature). The reaction of CO with O,
IS very sendtive to temperature as shown in Figure 4-9, which depicts the fraction of the CO
remaining for given resdence time a a condant gas temperaiure for fully mixed gas flow. Note
that in the HRA the resdence time is gpproximately 4 seconds with a gas inlet temperature of
1550°F and a gas outlet temperature of 725%. In the Fluent modd the eddy dissipation modd is
goplied to smulate the turbulence-chemidry interaction, which limits the resction rate and
reduces the maximum CO reductions shown in Figure 4-9.
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4.3.3 Boundary Conditions

Properties (velocity, CO, NO, and Q@) a the furnace outlet plane of the FW-FIRE furnace modedl
were averaged in the width direction to produce a profile versus height a the HRA inlet. Gas
temperature versus height was obtaned from the HEATEX temperature didribution a the
finishing reheater outlet. Figure 4-10 presents the HRA inlet CO concentration for several cases.

4.4 Basdline Smulation Results

The boiler andyzed is designed for an outlet G, of 3% and an OFA flow rate of 30% (OFA/Tota
combustion ar). Fgure 4-12 presents the temperature didribution in the HRA. As shown in
Figure 4-9 mogt of the CO reduction takes place above 1100°F. Consequently significant CO
reduction takes place only upstream of the primary reheater and primary superhester and in the
upper section of the primary reheater. This is shown Figure 4-13, which depicts the CO
concentration. Average CO concentration at the HRA inlet is 1600 ppm and a the HRA outlet is
150 ppm. Figure 414 presents the NO digtribution in the HRA. Average NO concentration in the
HRA is 225 (average NO concentration is congtant through the model since no NO reduction
mechanism is included). The ratio of CO/NO is presented in Figure 4-15, which shows the
CO/NO ratio a the HRA outlet ranges from approximately 0.4 to 0.85 with an average vaue of
0.66. When the outlet OFA is raised to 40%, Figure 416 presents the ratio of CO/NO, which at
the HRA outlet ranges from gpproximately 0.4 to 2.7 with an average vaue of 1.46. Since these
ranges of CO/NO may not be acceptable to catayst performance, a mixing device such as a détic
mixer may be required between the economizer outlet and the catdyst inlet. Static mixers are
routinely usad currently for mixing upstream of SCR reactors.

4.5 Parametric Cases Smulation Results

A series of runs were made to determine the HRA outlet CO and NO as a function of outlet &
and over-fire ar flow. Figure 4-17 presents the concentration CO and NO concentrations and
CO/NO ratio at the HRA outlet as a function of boiler outlet G for an OFA flow of 20%. The
CO/NO ratio ranges from 0.45 at 3% O, to 1.55 at 1% O, Figure 4-18 presents the CO and NO
concentrations and CO/NO ratio a the HRA outlet as a function of OFA flow for an outlet O, of
3%. The CO/NO ratio ranges from 0.21 at 0% OFA to 1.46 at 40% OFA. Increasing OFA flow
and/or decreasing boiler outlet G can have a negative effect on fuel burnout. Figures 419 and 4
20 present the fud burnout versus outlet G, and OFA flow. Fud burnout is reduced from 99.74%
to 99.45% by reducing outlet O, from 3% to 1% and reduced from 99.90% to 99.65% by
increesng OFA from 0% to 40%. It is judged that this magnitude in fud burnout reduction is
rlativdly andl. Changes in O, and OFA can dso influence furnace exit gas temperature, which
is important for performance, fouling, and meta temperatures. For the ranges of outlet O, and
OFA flow dudied, the maximum change in FEGT is less than 50°F, which is judged to be a
relaively small effect.
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Figure4-11. Flue GasVeocity Distribution in HRA, Baseline Case
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4.6 Further Optimization

To achieve even higher CO/NO rdtios, additiond cases may be investigated including combining
lower boiler O, with higher OFA flow and taking some burner(s) out of service.
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5.0 CATALYTIC REACTOR SCALE-UP AND DESIGN

The basc configuraion of the catdytic reactor will be an activaled dumina (AA) based,
honeycomb type fixed bed reactor. This configuration is sdected because of its good sructurd
drength and thermd debility. In addition, it can utilizez mos of the manufacturing and
congruction methods currently employed for conventiond SCR applications, and will likely be
readily accepted by the utility industry. Other configurations, such as entrained flow (injection —
capture), granular fixed bed, fluidized bed or moving bed reactors, may be developed to ddiver
adequate performance and cost-effectiveness, particularly when utilizing low cost carbon-based
cadyss. However, these dternative configurations represent a large departure from the current
SCR process and therefore may have additiona hurdles to gain commercia acceptance.

5.1 Honeycomb Reactor versus Packed Bed of Granular Catalysts

The honeycomb configuration is one that is typicd for SCR cadyds, with 7.1 mm pitch, 0.7 mm
wal thickness, and 1 m monalith length. The honeycomb is prepared by mixing powders of
ubstrate materid, active species and binder materid into a homogeneous paste and extruding the
pagte into monolith form.

As described in Chapters 2 and 3, the catalysts tested in the packed bed rig are activated dumina
granules impregnated with active species. The granular materid has irregular shgpe and a median
paticle sze of 1.88 mm. Since the active species are loaded with agueous impregnation method,
anonuniform distribution of the impregnated species can be expected.

5.2 Trangport Phenomena and Limiting Factors of Catalyst Performance
The following trangport steps help to determine the cataytic reactor system performance:

=  Masstransfer from bulk flow to the outer surface of catalydt.

= Didribution / penetration of active components into the subdtrate dructure. This is
particularly important in the case of granular catdysts where active species (eg. CuO and
Fe,O3) are impregnated into the substrate.

= Diffuson of reactants (NO and CO) through the catayst structure to reach inner active
gtes. The prepared catadysts must have not only sufficient pore volume, but dso pores
with adequate diameter and free path length to fadilitate this diffuson.

= Adsorption of reactants on active sites on the pore surface.

= After reaction, diffusion of the products back to the bulk flow.

= For bi-function, redox catdysts, such as those dudied here, the trandfer of oxygen
between the reducing dtes and the oxidizing Stes can be an additiond limiting factor.
The effectiveness of this transfer step is affected by the distance between the two types of
gtes, which is in turn determined by the reative distribution and densty of active species
in the subgtrate structure.

The externd mass trander can be cdculated usng empirica corrdaions for various catayst

configurations. The other transport steps described above can be consdered usng an
effectiveness factor, which is defined as (Dogu 1986),
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¢ = (observed reection rate / reaction rate if al siteswere at externa surface conditions)

5.3 External Mass Transfer

To determine the reative importance of externa mass trandfer, cadculations were made for both
the packed bed test of granular @tadysts and honeycomb reactor. Mass transfer in the fixed bed
resctor was calculated from the following equation (Kunii and Levenspidl 1991),

Sh=2+18Re!2 3 (5-1)

Intra-channedl mass trandfer of honeycomb monolith was estimated by Equation 5-2 (Gilliland
1934), and Equation 5-3 (Holmgren and Andersson, 1998), separately,

Sh=0.023 Re®83 5044 (5-2)
Sh = 3.53 exp[0.0298Re(dh/L) ] (5-3)

where, d, and L are hydraulic diameter and length of the monolith channdls respectively.

Assuming an inlet concentration of 250 ppm and 80% cataytic reduction of NO, the mass

trandfer data is summarized in Table 51, for both the test rig and a 400 MWe size honeycomb
reactor.

Table 5-1. External Mass Transfer Data

Packed Bed Honeycomb by | Honeycomb by
Test Rig Eq. 5-2 Eq. 5-3
Sherwood Number, - 6.5 8.3 4.5
Mass Transfer Co., m/s 1.3E-01 4.9E-02 2.6E-02
Mass Transfer Limit, Ly, kg/s 8.0E-07 1.59 0.86
Total NO Reduced, Fp,, kg/s 1.6E-09 0.10 0.10
Lm / Fro, - 515.7 15.3 8.3

Clearly, the externd mass transfer resstance for the packed bed case is negligible. Even for the
honeycomb reactor the externa mass transfer limit is an order of magnitude larger than the NO
reduction rate. Therefore externd mass transfer is not a dgnificant rate-limiting factor for the
overal reaction.

5.4 Digtribution of Active Speciesin Granular Catalysts

When the catdys is prepared by the impregnation method, dissolved sdts in the solution diffuse
through the outer surface into inner pores, and in the mean time they are adsorbed or deposit on
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the pore wals physcdly andlor chemicdly. This diffusonadsorption process generates a
dengty digribution for active components, which is high near the particle surface and reduces
with depth into the particle. Figure 51 is a photo of the cross section of a fresh catayst particle
taken with an optical microscope. Figure 5-2 is a SEM EDX image of the cross section of a
dmilar patice. Both figures clearly show that only a thin outer layer of the subdrate is fully
penetrated by active components. SEM EDX spectrum andysis of various spots on the cross
section aso reveded different penetration patterns for CuO and FeOs into the dumina subdtrate:
Fe,O3 tends to concentrate in athin shell while CuO tends to diffuse deeper into the particle.

These image andyses dso indicate that the granular catalysts used for our laboratory testing can
be greetly improved by homogeneoudy digtributing both metal oxides, so that the optimum ratio
of the active species can be achieved for the entire volume of the subdtrate materia, thus
maximizing the catalyst utilization, reducing required catayst volume and reactor pressure drop.

Usng the agueous impregnation method, deeper and more uniform distribution can be obtained
by usng a longer impregnation time, and by usng vacuum to withdraw ar from the bare support
materia before impregnation. Since honeycomb eements will be made from uniformly blended
fine powders of support materid, binder and active components, they will have inherently
homogeneous didribution. Therefore the commercid scde reactor with honeycomb cadysts
will have higher activity on volume bads than the granular catalysts tested in laboratory.

Figure 5-1. Cross Section of a Fresh Figure 5-2. SEM EDX Image of Fresh
Catalyst Particle Catalyst Cross Section

5.5 Catalysts Reaction and Scale-Up M odel

By introducing the effectiveness factor ¢, a generd differentid catdytic reaction mode can be
written as,

-FOACA = ¢OrwOdw = ¢OkyOf(Ca) Odw=cOkIACA)OROAV (5-4)
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Here F represents the gas volume flow; Ca is the reactant concentration; r, = k,Of(Ca) isthe
reection rate per unit mass loading of active component; f(Ca) is a function of Ca depending on
reection order and stoichiometry; ¢ is cataytic effectiveness factor defined in section 5.2; dw =
ACdV is the totd mass loading of active components, and fi is the loading dengty of active
component(s). Solving this differentid equation, one will get,

-g(X) =-0 (dCaYf(Ca) =0 ¢Ok/AIA0AV =¢OkOAOV/F (5-5)

where x is the fractional converson of the reactant; g(x) is a function of x, which becomes In(1-
x) for first order reactions.

To get the same g(x), the vaue of the right hand dde of equation (5-5) has to be kept the same.
This means that, for a given type of catdys, same performance (conversion) can be obtained as
long as the parameter group ¢ OkOAOV/F is kept congtant. Therefore, this parameter group
represents the scale-up rule for catalytic reactor. For homogeneous cataysts with given ¢, ky and
i, the scde-up rule is amplified as V/F, which is cadys volume based space time (the
reciprocal of space velocity). For catdysts with a coating layer of active components, V = S14,
where S is the externd surface area of the coating layer and & is the coating thickness. With
given ¢, ky, i, and & the scale-up rule becomes F/S, which is the catalyst externa surface based
areavelocity Us.

Catdys activity is affected by active component concentrations, ther ratios and distributions.
The effectiveness factor ¢ is in fact a measure of the rate of intra-catayst transport (represented
by an effective diffuson coefficient Ders ) againgt the true reaction rate occurring at active Stes
(kv ), which is a function of temperaiure for a given cadys. Solution of the Steedy dHate
differential equation for the mass consarvation of reactant diffusng through the catdyst Structure
leads to the expresson of ¢ as a function of 6, where 6 is the Thidle modulus. For first order
reactions, 6 = (ku/Deif)Y? &, where &is the equivalent penetration depth. ¢ can be expressed as,

¢c=tanh6/0 (5-6)
As shown in Figure 5-3, ¢ approaches one for very small 6 values, and 1/6 for large 6 values.

In a complex sysem, such as those with redox cadyds, the dendty didributions of active
components affect the reaction rate or activity. Let,

¢k O AOe®RT (5-7)

The observed reaction activation energy from equation (5-7) will be a good index to study the
parameter group ¢ Ok, which can be caculated from equation (5-5) with given ACV/F and g(x)
from test data.

If the catdytic reection is under the pore diffuson limitation (with very large 6), the observed
activation energy E will be only hdf of the true reection activation energy E; (E = E/2). Any
change in 0 (or ¢) will cause E to change between E/2 to E. Only when ¢ [ 1.0, E will remain
nearly congant (E O E;) as 6 changes.
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Figure 5-3. Effectiveness Factor as a Function of Thiele
Modulus

5.6 Reaction Order and Activation Energy

Different reaction orders can be agpplied to Equation 5-5. For example, for the first order
chemical reection, f(Ca) = Ga and g(x) = In(1-x). The test data have been plotted in the form of
converson versus reaction temperature, as shown in Figure 54. Included in the same chart are
curves of predicted x for various test conditions by the catdyst reaction modd. After trying
different reaction orders, it was determined the modd with first order assumption gives the best
fit for the data, as shown in Figure 5-4.

The observed activation energy for each test can be obtained by plotting ¢k, vs. the reciproca
of reaction temperature, as shown in Figure 5-5, in which the line dopes represent E/R with the
unit K. All data series in Figure 5-5, with the exception of J and K, demongrate an activation
energy E/R of approximately 13x10° K. This activation energy meens that the reaction rates for
these catdysts double every time the reaction temperaure is increased for about 15 K, in the
temperaiure range tested. This is comparable with the rate of the typicd, kineticaly controlled
reactions, which as arule of thumb doubles for every 10 K temperature rise.

Type J and Type K cataysts contains cerium and potassum respectively. As shown in Figure 5

5, the additional promoters Ce ad K lower the observed E/R, to about 30-40% of that of other
catayds.
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5.7 Catalyst Effectiveness Factor

From the discussons in section 5.5, one can see tha direct determination of the effectiveness
factor involves iteration of Equations 5-5, 5-6 and a given efective diffuson coefficient (Dess )
vaue. Because Dgis IS unknown for the tested catdysts, indirect methods based on in-depth test
data analysis were used to infer the gpproximate range of the effectiveness factors.

Daa series H and R were obtained under different space velocities (5250 1/hr for R and 1050
Vhr for H) with the exact same cadyst (see Table 2-1). Because of the 5:1 ratio in space
velocity (F/V), it is expected that higher reaction temperature (and therefore higher k) will be
needed for series R to achieve the same NO conversion than series H. Based on Equation 55,
series R mugt have five times higher ¢k, to get the same conversion level as series H.

On the other hand, the test data show that Tso (reaction temperature for 50% conversion) for
series R is 27 °C higher than H. Using observed activation energy, the temperature incresse is
related to a 4.5 time increase in k,, indicating ¢ is about the same for both H and R, and in both
cases very closeto one.

Using ¢lky of 4.5 to 5, one can dso estimate the change of 6 from H to R is about 2.1 — 2.2
times, since 6 = (ko/Derf)Y? D& , and Dess is relatively insensitive to the small temperature change
This magnitude of change in 6 without causng large change in ¢ is only possble when 6 is very
amall (predominantly reection rate limitation) and ¢ isvery closeto 1.

Now, in order to estimate how close ¢ is tol, one can make reasonable approximations of Dy.
One way is to use the Knudson diffuson coefficient, which can be caculated based on pore sze
and temperature (Dogu 1986). Knudson coefficient describes the diffuson through capillary
(with pore-radius-to-mean-free-path-ratio typicaly less than 0.1), and represents the lower limit
of effective diffuson coefficent, Def, Which includes the effect of both Knudson diffuson and
ordinary molecular diffusion.

Table 52 summarizes the caculated Dy and ¢«. The pore surface area and volume data are from
Perry and Chilton (1973). With the diffuson coefficient, ¢ can be cadculated from test data by
itereting Equations 5-5 and 5-6. The effectiveness factors given below are for series H and O
data at 50% NO conversion.

Table 5-2. Pore Diffusion and Effectiveness Factor Calculation

Type of Pore Surface | Pore Volume | Pore Radius, | Knudson Diff. | Effectiveness
Substrate Area, m2/g ml/g A Co. Dk, cm®/s | Factor Ck , -
AC 525 0.59 22 0.0093 0.96
AA 175 0.39 45 0.0185 0.98

Since Dy represents the lower limit of Dgt, the true effectiveness factors will be even higher than
the vaues in Table 5.2. By comparative anadyss of the data series for the same cadys tested
under different space velocities, for example Hand R, or O and P, Dy was estimated to be about
0.04 for catalysts with AC support and 0.07 for those with AA support, in the tested temperature
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range. With these D¢ vaues, the effectiveness factors can be determined as over 99% for dl
tests at low space velocity and over 96% for the tests at the high space velocity.

With the edimated diffuson coefficient, the reactant concentration digribution from the bulk
flow to the center of the catayst dement can be determined. Figure 56 depicts the relative NO
concentration profile for the granular AA cadys in lab teding as wel as the honeycomb
configuration to be used for commercid scale design, assuming a Dess of 0.07 cn/s.

It is clear that both externd mass trandfer and pore diffuson are not sgnificant limiting factors
for the reaction in both laboratory and honeycomb reactor cases. The above andyss indicates
veary high catdys effectiveness was achieved during laboratory tests and the granular cataysts
displayed a volume-dependant activity behavior. Because the cadyss had only limited
penetration by active components, cataytic performance can be further improved by uniformly
digributing active components in the subdrate dructure. Also because of the high cadyst
effectiveness obsarved from the test data, increasing the active component loading will be an
effective way to rase activity of the catdys. The commercid application will use a honeycomb
configuration with homogenous chemicd compostion and with the flexibility to load various
leves of active components. Therefore, the commercid honeycomb catdysts can be designed
with high reactivity and effectiveness.
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Figure 5-6. Reactant Distribution Profile for Lab and Honeycomb
Catalysts
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5.8 Reactor Conceptual Design

As the previoudy reported work in Chapter 4 ndicates, adequate CO/NO ratios, as required by
the downsgtream reactor (the AF-SCR), can be obtaned by modifying furnace operating
conditions, without sgnificant physca changes to the burner and boiler equipment. Therefore,
the design and cost impact an the furnace / boiler proper due to the new NOx control system will
be minimd, and the sysem desgn effort is manly devoted to the conceptud design of the
catalytic reactor.

5.8.1 Selection of Reactor Type

The sdected honeycomb configuration is ore that is typicd for conventiond SCR cadyds, with
7.1 mm pitch, 0.7 mm wal thickness, and 1 m monolith length. The honeycomb will be prepared
by mixing powders of subdrate materid, active species and binder materid into a homogeneous
paste and extruding the paste into monolith form.

5.8.2 Reactor Designh and Perfor mance

The bass for the commercid-scale desgn of the ammonia-free sdective cataytic reactor (AF-
SCR) is an exiging 400 MWe bituminous cod-fired power plant. The plant is assumed to have
exiging low NOx burners and to add the AF-SCR system to further reduce NOx. The assumed
dte conditions are an devation of 425 feet dove sea levd; a desgn ambient temperature of
60°F;, and a relative humidity of 60%. The reactor is designed © produce an 80% NOx reduction
(outlet NOx = 0.08 Ib/MMBtu).

Similar to the conventiond SCR cadyd, the AF-SCR reactor will be located in the boiler hesat
recovery area, between the economizer and the air preheater. The flue gas temperature a the
inet to the AF-SCR is 600 °F. Table 53 presents the performance and geometry of the catalys.
The detaled catdys test data andyses and modeing reveded that the AA catalyss had very
high catalys effectiveness and catdyst activity can be increased by increesng the amount of
active components in the catays. Based on this, active components loadings higher than those
used in the laboratory testing have been sdected for the honeycomb catalysts to reduce the
volume of catdys. Since the active metds were didributed in only a thin layer of the
experimentaly tested subdtrate granules as described previoudy, increasing the metd loadings
should be feasible. The catdyst inlet molar CO/NO ratio is 2.0. The CO is reduced by 85% by
the catdyst producing an outlet CO concentration of 86 ppmv.

The cadys volume and monolith geometry detalled in Table 5-3 is amilar to current ammonia-
based SCR cadysts. Catdyst opening Sze and gas veocity are sdlected to maximize cadys life
in ahigh dust cod-fired power plant. Pressure loss through the reactor is limited to 2.0” H,O.

Figure 57 presents the arrangement of the AF-SCR, which is very smilar to the ammonia-based
SCR sygem, but without the ammonia storage, handling and injection sysem. The dimensons of
the reactor are 35-9” X 53 X 41'-9” (height). Turning vanes (not shown) are provided in the
reactor entrance hood to create even downward flow distribution to the catalyst. Upstream of the
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cadyd is a rectifier, which sraightens the flow to reduce catayst eroson. The reactor contains
three layers with acoustic horns or soot blowers upstream of each layer for ash removal.

Table 5-3. 400 MWe AF-SCR Performance and Catalyst Geometry

Gas Flow Rate Ib/hr 3,500,000
Gas Temperature F 600
Inlet NOx ppmv 285
Ib/MM Btu 0.40
Outlet NOx ppmv 57
Ib/MM Btu 0.08
NOx Removal Efficiency % 80%
Inlet CO ppmv 570
Outlet CO ppmv 86
CO Removal Efficiency % 85%
Pressure Drop in H20 1.9
Catalyst
Flow Area ft2 1247
Open Area % 81.3%
Opening mm 6.4
Length m 2.60
Layers 3
Pitch mm 7.1
Wall Thickness mm 0.7
Surface Area ft2 2,026,982
Volume ft3 13,095
Space Velocity 1/hr 3582
Internal Linear Velocity ft/sec 21.3
Approach Linear Velocity ft/sec 17.3
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Figure5-7. 400 MWe AF-SCR System General Arrangement
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6.0 COST ANALYSIS

As the previous chapters indicate, adequate CO/NO ratios required by the downstream AF-SCR
reector can be obtained by modifying furnace operating conditions, without significant physicd
changes to the burner and boiler equipment. Therefore, the design and cost impact on the furnace
/ boiler proper due to the new NOx control system will be minima, and the cost evaduation effort
isfocused on the post combustion control by AF-SCR.

6.1 Basisfor Cost Analysis

The bass for cost evaudion is the commercid-scde design of an ammonia-free sdective
caaytic reactor (AF-SCR) retrofitted to an exising 400 MWe bituminous coa-fired power
plant, as described in Chapter 5. The plant is assumed to have exigting low NOx burners and to
add the AF-SCR system to further reduce NOx. The catdyst used is activated aumina (AA)
based, honeycomb type, with iron oxide and copper oxide as active components.

6.2 Cost of Catalyst

Cogt of catdyst contains the cost of raw materids (including substrate and active components)
and cogt of manufacturing. It is assumed that the same manufacturing process used today for
honeycomb type SCR catdysts will be used for the AF-SCR catalyst. Therefore the cost of the
AF-SCR catalys may be estimated based on the typica cost of conventiond SCR catdysts and
costs of raw maerids. As shown in Table 6.1, the bulk costs for AF-SCR raw materids
(activated Al,O3, CuO and Fe,O3) are dgnificantly lower than those for SCR raw materials.
Therefore, the AF-SCR catdyst cost is estimated to be about $90 per cubic foot, which is 29%
less than that of conventiondl SCR catalyd.

Table 6-1. Estimation of AF-SCR Catalyst Cost

SCR Catalyst Cost Calculation

SCR Catalyst Delivered Cost $/m3 4500

$/ft3 127

$/Ib 6.57

Catalyst Real Density Ib/ft3 19.4
SCR Bulk Raw Material Cost

V205 Bulk Cost $/lb 3.90

WO3 Bulk Cost $/lb 4.12

TiO2 Bulk Cost $/Ib 2.50

Catalyst Raw Material Cost $/Ib 2.64

Balance of Catalyst Cost $/Ib 3.92

New Catalyst Cost Estimate
Bulk Raw Material Cost

CuO $/Ib 2.98
Fe203 $/Ib 0.39
Activated Alumina $/lb 0.50
Catalyst Raw Material Cost $/lb 0.74
New Catalyst Cost $/lb 4.66
$/m3 3194

$/ft3 90.4
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6.3 Cost of Ammonia

Conventionad SCR systems use anhydrous or agueous ammonia, or urea as reagent. Of the three,
anhydrous ammoniais the most concentrated and least expensive reagent, and requires least o+
dteprocessing. Anhydrous ammoniais selected as the reagent for this cost evaluation

Naturd gasisused in the manufacturing of ammonia and accounts for as much as 90% of the
product cost of anhydrous ammonia. Since 2002, the natural gas price has risen sharply from
under $3/MMBtu to over $10/MMBtu. Figure 6.1 shows the trend of anhydrous ammonia price
(CFR a Tampa, Florida, and FOB at Y uzhnyy, Ukraine) over the same period

(http:/Avww fertilizerworks.com/fertreport/pdf/2005/TheM arket-051013.pdf). A price of
$350/ton for anhydrous ammonia delivered to the plant is used in this study.
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Figure 6-1. Price Trend of Anhydrous Ammonia

6.4 Cost Evaluation of Ammonia-Free NOx Reduction System

Table 6.2 summarizes the overdl performance data and cost summary of the AF-SCR and A
conventional SCR system for the 400 MWe pulverized cod fired plant described in section 5.8.
The AF-SCR has lower capital cost than SCR due to the dimination of the ammonia storage and
handling system, and dso the low cost catalyst used for AF-SCR. The estimated capita cost for
the AF-SCR system is $81/kw, 17% lower than a SCR system which is estimated at $98/kw. For
the 400 MWe plant, the savingsin capitd investment due to AF-SCR is approximately 6.8

million dollars

The largest O& M cost saving is the avoided cost of ammonia reagent. Smaller savings are

projected in catalyst replacement cogt, fixed O&M cost and system energy cost. For the 400
MWe plant, the total O& M cogt of the AF-SCR system is about 0.89 million dollars per year.
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Table 6.3 gives the levdized cost andlyss of NOx remova, in both constant 2004 dollars and
current dollars. In constant 2004 dollars, the cost of NOx remova by AF-SCR system is
estimated as $776/ ton, or 29.5% lower than the remova cost with current SCR technology. For
the 400MWe unit, the present vaue of total cost savings for NOx control due to the AF-SCR
system is gpproximately 19 million dollars.

It should be noted that the cost andlysis described here is based on anhydrous ammonia, which is
the least expensve ammonia reagent. Anhydrous ammoniais a controlled hazardous substance
and is generally not acceptable for plants located in or near cities. Additiondly, the andysis
includes only direct costs, without considering the costs associated with the specid Sting,
permitting, and safety training requirements for an anhydrous ammoniasystem. Therefore the
cost savings projected above are conservative.
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Table 6-2. NOx Control Performance and Cost Summary

ltem Unit SCR AF SCR
A. Plant Overall Data
Plant Net Electrical Output MWe 400 400
Total Plant Heat Input MMBtu/hr 3567 3567
SCR Inlet NOx Ib/MMBtu 0.40 0.40
SCR NOx Reduction % 80.0% 80.0%
Plant NOx Emissions Ib/MMBtu 0.08 0.08
Total Flue Gas Flow Ib/hr 3,500,500 3,500,500
NH3 Consumption (anhydrous) Ib/hr 466 0
Atomizing Air Consumption Ib/hr 9320 0
Total Catalyst Volume M"3 371 371
Catalyst Life hours 24,000 24,000
SCR Pressure Drop "H20 4.0 4.0
Fan Efficiency % 70% 70%
Anhydrous Ammonia Cost $/ton 350 -
Electricity Cost for Plant Use $/kWhr 0.04 0.04
Plant Annual Capacity Factor % 85% 85%
Total NOx Removed ton/yr 4,250 4,250
B. Capital Cost
Ammonia System Design & Supply $ 2,900,000 -
Initial Catalyst Charge $ 1,669,500 1,184,902
Reactor and BOP Modification D. & S. $ 14,950,217 14,950,217
Total System Erection & Commissioning $ 19,519,717 16,135,120
Total DeNOx Retrofit Capital Cost $/kW 98 81
$ 39,039,434 32,270,239
Savings in Capital Cost $ 6,769,195
% 17.3%
C. Operating and Maintenance Cost
Fixed O&M Cost $lyr 257,660 212,984
$/KW-yr 0.644 0.532
Anhydrous Ammonia Cost $lyr 607,221 -
mills/kWhr 0.204 -
Catalyst Replacement Cost $lyr 710,227 504,073
mills/kWhr 0.238 0.169
Energy Requirement
Ammonia Heating $lyr 23,965 -
Atomizing Air $lyr 3,294 -
Reactor Pressure Loss $lyr 234,741 234,741
Total Energy Cost $lyr 261,999 234,741
mills/kWhr 0.088 0.079
Total Variable O&M Cost $lyr 1,579,447 738,814
mills/kWhr 0.530 0.248
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Table 6-3. Financial Analysis for NOx Control

Item Unit SCR AF SCR
D. Financial Parameters
Term year 30 30
Inflation Rate % 3.0% 3.0%
Real Escalation % 0.0% 0.0%
Constant Dollar Cost of Capital % 6.0% 6.0%
Apparent Escalation % 3.0% 3.0%
Discount Rate % 9.2% 9.2%
E. Levelized Cost, Current $
Levelization Factor for Capital Cost 0.099 0.099
Levelization Factor for O&M Cost 1.361 1.361
Capital Cost $lyr 3,860,756 3,191,325
mills/kWhr 1.296 1.071
Fixed O&M Cost $lyr 350,742 289,925
mills/kWhr 0.118 0.097
Variable O&M Cost $lyr 2,150,032 1,005,714
mills/kWhr 0.722 0.338
Total Levelized NOx Control Cost $lyr 6,361,530 4,486,965
mills/kWhr 2.136 1.507
$/ton NOx 1,497 1,056
Cost Saving % 29.5%
$lyr 1,874,565
PV of Total Savings $ 18,955,343
F. Levelized Cost in 2004 $
Levelization Factor for Capital Cost 0.073 0.073
Levelization Factor for O&M Cost 1.000 1.000
Capital Cost $lyr 2,836,172 2,344,398
mills/kWhr 0.952 0.787
Fixed O&M Cost $lyr 257,660 212,984
mills/kWhr 0.087 0.072
Variable O&M Cost $lyr 1,579,447 738,814
mills/kWhr 0.530 0.248
Total Levelized NOx Control Cost $lyr 4,673,280 3,296,195
mills/kWhr 1.569 1.107
$/ton NOx 1,100 776
Cost Saving % - 29.5%
$lyr - 1,377,085
PV of Total Savings $ -1 $ 18,955,343
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7.0 CONCLUSIONS and FUTURE RESEARCH WORKS

Furnace Optimization: Furnace optimization study indicates that adequate CO/NO ratios can be
obtained by modifying furnace operating conditions, without any physca changes to the burner
and boiler equipment. By reducing the overdl excess ar levd or by increesng the over fire ar
portion of totad combustion air, CO concentration in the flue gas can be increased, and NO
reduced. CFD smulation suggests that CO/NO ratio of about 1.5 is achievable by ether excess
ar or ove fire ar adjusments. The effects by these adjustments on boiler efficiency, unburned
carbon in flyash, and furnace exit gas temperaiure are rdatively smdl and within the range seen
in norma power plant operations. Higher CO/NOKx ratios may be achieved by combining lower
boiler excess air with higher OFA flow, and / or by taking some burner(s) out of service.

Catalyst Development: Although precious metd catalysts have been successfully gpplied in the
automobile industry to convert NO with CO and hydrocarbons as reductants, they require a
reducing environment as typicaly found in the gasoline engine exhaust, and therefore are not
suitable for power plant flue gas goplications, where oxidizing conditions must be maintained for
safety and efficiency considerations. The base metal cataysts, prepared and tested in this study,
exhibited very promising NO conversion under smulated power plant flue gas conditions,
including 3% oxygen. Thisisacrucia step towards a practical, ammonia-free, cataytic NOx
reduction system for combustion power plants.

The experimentad work with multi-component catalysts made from depositing Fe, Cu, Ce and K
oxides on activated carbon (AC) and activated aumina (AA) supports has led to the following
magjor observations:

NO reduction in the range of 80-90% (outlet NO only 25-50 ppmv) was achieved in
multiple repeat test runs with operating temperature ranging from 230-350°C for various
AC or AA based cataysts.

All tested catdysts showed excelent N» sdectivity upon NO reduction. For AC based
catayss, only 0-12% of NO was converted to N»O, depending on the combination of
active components. No sgnificant N>O formation was observed during the tests with AA
based cataysts.

The AC-based, Fe-only catadyst requires higher reaction temperatures to achieve NO
reduction, and at these temperatures it generates large quantities of CO by partid
combustion of the carbon support.

Addition of Cu to the catayss promotes the NO reduction reaction at significantly lower
temperatures and also promotes the oxidation and remova of CO. Similar effects are seen
by the addition of Ce or K. High CO conversions (over 80 — 90%) were observed for both
AC and AA cadyss with high Cu loadings The CO converson levd was not
gonificantly affected by temperaure, gas compodtion or test duration in the ranges
tested.

Introduction of SO, to the tet gas mixture reduces NO activity to various degrees
depending on catayss formulations. After the SO, exposure, NO eactivity can be
gengdly redored to origind levels with or without using higher operating temperatures.
The impact of SO, on catayst performance and its mechanism need to be studied further.

Both Fe/lCW/AC and Fe/CU/AA catalysts were tested with a high space velocity of 5250
hrl. The AC based catalysts achieved over 90% NO conversion a a higher reaction
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temperature than that of low space velocity tests. The AA based catdyst reached a
maximum NO converson of about 60% a high space volocity. CO conversions of 80-
90% were achieved for both AC and AA catalysts despite the high space velocity.

In summary, the AC and AA supported base metd cataysts have shown very promisng NO
converson and sdectivity in oxidizing environment with CO as reductant, as wel as excdlent
CO reduction. It is recommended that both groups of catdysts be further developed and tested at
pilot scae, for long duration, and with actua combustion flue gas.

Catalyst Scale Up and Reactor Design: The laboratory catayst test data have been further
andyzed with detailed evaduation of trangport and reaction steps. A catalyst reaction model was
used to interpret the test data and for scaling—up to commercid Sze reactor with honeycomb
catdysts. The following conclusions and observations can be made;

Externd mass transfer resstance is negligible for laboratory packed bed tests of granular
cadyds, it is ds0 not a ggnificant rate-limiting factor for the commercid reactor with
the sdlected honeycomb configuration.

Microscopic study of laboratory test samples reveds that active components are
concentrated in athin outer shell, with limited penetration into substrate structure.

The cadys modd with firsd order reaction fits wdl with tet data The data dso
demonstrated cons stent observed activation energy.

Catdys effectiveness ¢ is close to 1.0 for tested catalysts. The catdyst performance was
not limited by pore diffuson. Honeycomb catdysts prepared based on the above findings
will be able to achieve high activity and effectiveness

Based on data obtained from bench scale catalyst testing and reaction modeling, conceptud
design of a400 MWe size ammonia-free sdlective catalytic reactor (AF-SCR) has been
developed. The AF-SCR uses honeycomb monolith dements with smilar geometry to those

usad in the conventiond ammonia-based SCR, but it uses the activated umina as substrate and
base metal active components developed in thiswork. The conceptua design provides abasis for
cost evauation of the new NOx control process.

Cost Analysis: Based on the conceptua design and predicted performance data of the ammonia-
free sdlective catdytic reactor (AF-SCR) for a400 MWe size cod-fired power plant, economic
evauation has been performed for NOXx reduction with the AF-SCR system. By diminating
ammonia as resgent and using of low cost catalys, the AF-SCR system will have sgnificant cost
advantages. Compared to the state-of-the-art SCR system, the AF-SCR system is projected to be
17% lower in capital investment, and almost 30% lower in cost of per ton NOx removed. For the
400MWe unit, the present value of totd cost savings for NOx control due to the AF-SCR system
is goproximately 19 million dollars.

Future Research Works. Catalystic process for gas-solid contact can be designed and operated
as a packed bed, a fluidized bed (with or without regeneration) or even an injection mode, which
depends on the process requirement, and the performance of catdyst, as well as the cods of
operation. For commercia scae application, there are still some areas need to be considered and
tested for such a process devel opment.
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Better catadys reectivity test - The microscopic study of laboratory test samples reveds
that active components are concentrated in a thin outer shell, with limited penetretion into
subgtrate structure. As has been mentioned in the report the catdyst activity increases
with metd loadings. Therefore it is very interested and important to enhance cadyst
activity and to reduce and extend catalyst operation temperature even lower by increasing
the loadings of active components. This can be done by a modified or a better catdyst
preparation method or by smply reduced catayst size.

Split stream pilot plant scale test - The catalyst needs to be tested under red flue gas from
a pilot plant and operation conditions. This will let catayst to be exposed to the red
world with al possible flue gas components and ash from coa combugtion.

Long duration catayst bench scale test - The formulated catdysts have been tested for
hours and days. A long duration test is required for the catadyst to determine any dow
trangent effects. When such a catdy4 is indaled in a packed bed, its long life with good
resistance to poison gas become a key parameter for its practical gpplication.

Split stream pilot plant injection option test - Hg capture has been well-known and
achieved by injection of active carbon. A patented process by Foster Wheder was to
develop and test a catalyzed active carbon in low cost for the purpose of multi-emisson
control gpplicable for the flue gas from boilers, in additiond to the Hg capture. This
catalyzed active carbon functions as both a catalyst and a sorbent to convert NOx by CO
to N, and dso by active carbon itsdf, to convert the excess CO on the same catdyst to
CO,, to capture/convert SOx chemicdly by the sorbent, and to use SOx “poisoned”
catalyzed active carbon to capture the Hg in a more effective way. For this purpose, a
gplit stream test with selected catayst/sorbent injection is suggested.
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