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ABSTRACT

The overal objective of the project was to continue further development of the copper
oxide process through extensve evauation of a novel copper oxide based sorbent
developed in the earlier ICCI-funded project (i.e., ICCI project No. 00-1/2.2B-2).

To achieve this objective four (4) different modifications of the “best” sorbent, ICCI-Cu-
10 were prepared to identify the key preparation parameters. Four (4) additiona sorbent
formulations were prepared to determine the optimum sorbent composition. The sorbents
were evauated in a fluid-bed to identify the “best” sorbent. Parametric studies were
caried out on the “best” sorbent to determine the optimum operating condition with
regard to SOx/NOx removd, anmonia (NHs) dip, and anmonium sulfate formation. To
determine the long-term durability of the sorbent, a “life-cycle” test series condgting of
25 aulfaion/regeneration cycles was conducted with the sorbent. To assess the
economicd viability of the process, cost andyss was performed to compare the cost of
the regenerative copper oxide (CuO) process for smultaneous remova of SOx and NOx
with the commercid adternatives currently used in the utility indugtry.

The results obtained in ths dudy indicate that The presence of steam enhances the
effective sulfur cgpacity of the ICCI-Cu-10 sorbent, which gradualy decreases in the
cydlic process before stabilizing after the 18" cycle at 2.2 %, which is very close to the
find effective sulfur loading of the sorbent in the “life-cycle’ tests conducted in absence
of steam. SOs did not appear to have any adverse effect on the sorbent performance and,
the results obtained with SO; are essentidly identica to those obtained with the SO..
The reaults aso indicate that the sorbent is capable of 100% NOyx remova at NH3/NOx
ratios a or above 1:1. The NOx removd efficiency of the sorbent is not adversdy
affected by the cyclic process. Furthermore, the ammonia dip was determined to be
about 6 ppmv with fresh sorbent, which gradudly decreased in the cyclic process. No
ammonia dip was detected after the 15" cycle  The favorable attrition characteristics and
the gpparent dabilization of the chemicd reectivity of the sorbent in the durability
gudies, makes this regenerative process economicaly superior to the exiging dternatives
in the utility industry at sorbent cost below $25/1b ($42/Ib with sulfur credit).



EXECUTIVE SUMMARY

During the pulverized cod combustion process sulfur in cod is rdeassed in the form of
sulfur dioxide (SO») in the flue gas and a andl fraction of nitrogen in the form of NO;
and NO, commonly referred to as NOx. The SO, and NOx emissons are very damaging
to the environment because they combine with moisture to form acids which then fal as
acid rain.

Conventiond FGD processes include “wet throwaway” processes usng lime or
limegtone-water mixture, and “dry throw-away” processes using lime durries for spray
drying or duct injection. However, there are severd disadvantages associated with these
processes, which include, among others, generation of large quantities of waste, a
tendency towards scding and plugging, eroson, and negligible NOx remova capability.
Therefore, advanced processes that are based o dry regenerable sorbents offer attractive
advantages over the conventional FGD processes.

The copper oxide based processes are one of the most promising emerging technologies
for SO, and NOx remova from flue gases. In these processes, SO, in the flue gs reacts
with the reactive component of the sorbent, i.e. CuO, and O, to form copper sulfate
(CuSO4). The sulfated sorbent is regenerated by a reducing gas, such as methane (CHy)
decomposing the sulfate to demental copper (Cu) and a concentrated stream of SO,. In
addition to SO, remova via chemica reaction, the sorbent o serves as a cadyd to
remove a sgnificant portion of the NOx in the feed flue gas. This sep is accomplished
by the controlled addition of ammonia (NHs) to the feed flue gases prior to entering the
desulfurization unit.

Various reactor desgns have been proposed, including fixed bed, fluidized-bed, and
moving bed reactors. Huidized- bed copper oxide processes offers severa advantages
over the moving bed processes which include smpler reactor design, and improved gas
/solid contacting. Because of the sgnificantly smdler sze of the sorbent granules (or
powder), ingead of low capacity supported pellets, higher capacity bulk sorbent granules
can be used. However, highly reactive and attrition resstant sorbents are required to
minimize atrition losses and the sorbent make-up rate.

In an earlier CCl funded program (i.e, ICCl project No. 00-1/2.2B-2), the principa
investigator of this project has developed highly reactive and highly aitrition resstant
copper-based sorbent granules for smultaneous removal of SOx and NOx in a fluid bed
process usng a modified sol-gel based technique, which does not require high thermd
trestment temperatures that can be detrimenta to the reactivity of the sorbent.

The goa of this program is to develop a regenerative fluid bed process for the combined
remova of SOx and NOx from cod combustion flue gases. The overal objective of this
project was to continue further development of the copper oxide process through
extensve evduation of the novel copper oxide based sorbent developed in the earlier
ICCI funded project.



To achieve the project objectives, four (4) modified formulations of the “bet” sorbent
identified in the earlier project were prepared and evaduated in a fluid-bed reactor to
determine the key preparation parameters. Five (5) other sorbent formulations with
varying copper content were then prepared with this optimum preparation technique. The
results of evaudion for their SO, remova capacities of these sorbents conducted in the
flud-bed reactor confirmed that the “best” sorbent formulation was ICCI-Cu-10, with a
nominal sorbent content of 15 %. This sorbent formulation was adso tested for its
dtrition resgance using the ASTM-5757 techniqgue. The results indicated that this
Sorbent was around 5 times more éttrition resstant than the commercidly available
sorbent.

Severd series of parametric studies were carried out to determine the effects of various
operating parameters on the performance of the sorbent with regards to SO,, SOs, and
NOx removd, as well as NH; dip from the reactor. The variables studied included
reactor temperature, inlet concentrations of the contaminants and space velocity. Based
on the resuts obtaned in this sudy, the optimum operating conditions for the durability
sudies were determined. The results of these tests proved that the addition of steam to the
flue ges increased the aulfur reactivity of the sorbent sgnificantly, with the effective
ulfur capacity being twice that obsarved during the “dry” runs  The results dso
indicated that the sorbent was capable of reducing 100% NOx to nitrogen a NHs/NOx
ratios of greater than or equal to 1. The NHs/NOx ratios did not appear to have ary
effects on the ammonia dip, which was observed to be around 6 ppmv for the sulfated
sorbent and about 2 ppmv for the regenerated (oxidized) sorbent. The results aso
suggest  that even a high concentrations (2500 ppmv) of SOs, the reactor exit gas profile
was identical to those obtained with SO,. Hence, it was concluded that SOs didn't have
any adverse effect on the performance of the sorbent.

To determine the long-term durability of the sorbent, a “life-cycde’ test series conssting
of 25 aulfaion/regeneration cycles was conducted with the ICCI-Cu-10 sorbent. The
results indicate that the effective sulfur capacity of the cycle after starting a around 5%,
gradually decreases during the next 10-15 cycles. The effective sorbent capacity of the
sorbent appears to stabilize a 2.2% after the 18" cyde The cadytic activity of the
sorbent was dso determined during the durability studies. The results indicated that the
sorbent was capable of removing 100% NOx throughout the 25 cycles. The ammonia
siieh appeared to decrease in the cyclic process No ammonia dip was detected after the
15" cycle.

A comparative cost study was carried out in collaboration with Gas Technology Inditute
(GTI) and focused on determination of sorbent cost and make-up rate required to make
the proposed regenerative process economicaly comparable to the commercidly
avalable dternatives utilizing wet FGD and SCR. The cogt andyss in this task was
peformed usng a computer modeing software [i.e, Integrated Environmentd Control
Modd (IECM)], which is deveoped by Canegie Mdlon Universty under the
goonsorship of US Depatment of Energy Nationd Energy Technology Laboratory
(U.SDOE/NETL).



A typicd 400 MWe advanced pulverized cod fired power plant, equipped with a wet
FGD unit and a hot sde Sdective Catdytic Reduction (SCR) unit for the remova SOx
and NOx was used a the base-case for comparison. A comparative study was performed
with two key adjustable parameters (the sorbent cost ($/1b) and the number of cycles) to
determine the combination of parameters required to make the proposed regenerative
process economically comparable to the commercidly avalable wet FGD and SCR
Processes.

The result of the cost study indicate that, if the ICCI-Cu-10 sorbent can maintan an
effective sulfur capacity of 2 %, (where it appears to have stabilized), sorbent cost below
$25/b 4ill make the proposed regenerdtive process economicaly superior to the existing
dternatives. Furthermore, by taking into account, the appropriate credit from the sdes of
the concentrated stream of SO,, the proposed process will be economicdly vigble at a
sorbent cost of $42/b. It should be emphasized that athough the estimated cost of the
sorbents is expected to be well below the above target vaues, experimentd data from an
extended life-cycle test is needed to better assess the economica viability of the proposed
process.



OBJECTIVES

The goa of this program is to develop a regenerative fluid bed process for the combined
removal of SOx and NOx from cod combugtion flue gases. The overdl objective of the
proposed work was to continue further development of the copper oxide process through
extensve evauation of the copper oxide based sorbent that has been developed in an
earlier ICCI-funded project (i.e., ICCI project No. 00-1/2.2B-2).

The specific objectives of the proposed work were to:

To optimize the sorbent preparation technique developed in the earlier ICCI-funded
project and identify the key parametersfor scale up, prior to commercia production.

Perform Initid evauation of the sorbents prepared using the optimized technique.

Determine the effects of key operating variables on the extent of cataytic reduction
of NOx and anmoniadip.

Determine the effects of key operating variables for SO3 removdl.

Identify the optimum operating condition with regards to SOx and NOx removd,
ammonia dip, ammonium sulfate formation, and regenerability of the sorbent.

Demondrate the overdl durability of the sorbent in a “life-cycle’” test a the optimum
process conditions.

To cary out a detalled cost andyss for comparing the cost of the proposed
regenerative process for remova of SOx and NOx with the commercid dternatives
currently used in the indudtry.

INTRODUCTION AND BACKGROUND

During cod combustion sulfur in cod is rdeasad in the form of sulfur dioxide (SOy) in
the flue gas and a smdl fraction of nitrogen in the form of NO, and NO, commonly
referred to as NOx. The SO, and NOy emissions are very damaging to the environment
because they combine with moigture to form acids which then fal as acid rain.

The high sulfur content of Illinois cod, the impogtion of drict limits on SO, emissons,
the unavalability of FGD processes a the mgority of exising power plants in Illinois,
and the growing EPA concern with the disposad of solid resdues from cod combustion
and conventional FGD processes, have made flue gas cleanup a mgor focus for the cod
research and development programs.

A number of processes have been developed for flue gas desulfurization (FGD). Some
sysems are known as throw-away systems because the absorbing substance is discarded.
In recovery systems, the absorbing materia is regenerated and re-used while the sulfur is



recovered in the form of a sdable byproduct.Y The most commonly used system is lime
durry scrubbing, which uses a durry of Ca(OH), suspended in water to absorb SO..
Disadvantages of this gpproach include the %jeneration of a large amount of dudge, from
30 to 60 million tons per year in the U.S. done'® which must be discarded.

In conventional processes, sdlective non-catdytic reduction (SNCR) or sdlective catdytic
reduction (SCR) are employed to reduce NOx content of the flue gas. In these processes,
ammonia (or an anmonia precursor) is injected to reduce NOx to nitrogen (N2). Excess
ammonia is used to ensure maximum remova of NOx. Exigence of a smdl fraction of
sulfur compound in the flue gas as SOs, poses a mgjor problem for SCR-based processes
because SO3; can react with unreacted ammonia to form ammonium sulfae and
ammonium bisulfale. Formation of ammonium bisulfate, which is a gicky compound,
can contaminate fly ash and lead to fouling of the downsream equipment such as ar
preheater. Also, SOz can react with water to form sulfuric acid, which upon condensation
causes corroson of the downdream equipment. Furthermore wet FGD systems lower
plant operaing efficdency and rdiability, while increesng both cepitd and operating
costs. For these reasons, aternative approaches for flue gas cleaning are needed.

A concept that has receved ggnificant attention is the development of regenerdtive
processes for the combined remova of SO,, NOx, and posshly particulates from flue
gases using dry regenerable sorbents®*  The Nationad Energy Technology Laboratory
(NETL) of the U.S. DOE has pursued the development of this concept for the last three
decades. NETL has examined severa dry, regenerable sorbent processes, including the
NOXSO process, the fluid- and moving-bed copper oxide processes, and the cerium
oxide (CeO,) process. Other maerids that have been invedtigated include the use of
magnesum oxide (MgO) in combingtion with vermiculite (magnesum-duminum:
slicate).®

In copper oxide processes, flue gas condding of N, CO2, HO, O, SO2, and NOx is
passed through the desulfurization (or sulfation) reactor containing the sorbent. SO,
reacts with the reactive component of the supported sorbent, i.e. CuO, and O, to form
copper sulfate (CuSO,4). The desulfurization reaction is carried out at a temperature in
the vicinity of 400°C, and may be represented by the following reaction:

CuO + SO, + ¥0, = CuSOy )

The sulfated sorbent is regenerated by a reducing gas, such as methane (CHy),
decomposing the sulfate to elemental copper (Cu) and a byproduct gaseous stream. The
regeneration reaction may be described by the following reaction:

CuSO4 + ¥£Hy = Cu+ SO, + ¥£0; + HO 2

Following sulfate decomposition in the regeneration vessdl the sorbent is sent back to the
desulfurization unit for reeuse.  Upon exposure to flue gases, dementa copper is readily
oxidized to CuO, thereby fully restoring the sorbent to its origind condition. In addition
to SO, removd via chemicd reaction, the sorbent dso serves as a catdyst to remove



NOx with a controlled amount of ammonia (NHs) via sdective catdytic reduction (SCR)
to form N, and HO, according to Reactions (3) and/or (4). It has been reported that both
CuO and CuSO; act as catalysts for NOx remova from flue gases®)

XNO+yNHz+ 34y —¥X) O, = ¥4x+y) N2 + 3/2y H,O 3
X NOz +y NHz + (3/4y —X) O2 = ¥4x+y) N2 + 3/2y H,O 4

Combined SO,/NOx remova from flue gas by copper-based sorbents has been studied by
many investigators®1®  The resilts of these studies indicate both SO, and NOy removal
efficiencies on the order of 95% can be achieved by copper oxide processes. The results
of various studies on sdective catalytic reduction of NO by NH3; over dumina supported
copper-based catdysts suggest that the optimum NOx removd efficiency can be achieved
with NHs/NOx ratio in the range of 1.0-1.2.(1%-22)

Various reactor desgns have been proposed, including fixed bed, fluidized-bed, and
moving bed reactors. Huid bed copper oxide processes offer several advantages over the
moving bed processes which include smpler reactor design and improved gas /solid
contacting. Furthermore, because of the smdl sze of the pelets, instead of low capacity
supported pellets, higher cepacity sorbent granules can be used. However, dl the
sorbents developed to date, have been reported to suffer from excessive atrition.™®
Therefore, to _make these processes economicaly viable, highly reactive and attrition
res stant sorbents are needed to minimize attrition losses and the sorbent make-up rate.

Conventional sorbent preparation techniques require very high thermd treatment
temperatures to impart physica strength, and as a result, they often produce sorbents with
low reactivity. The dedrable sorbent characteristics, such as surface area and porosity
were found to diminish with increesing temperaiure, adversdy affecting the reactivity of
the sorbent. The goa of this program is to develop a regenerative fluid bed copper-based
process for the combined remova of SOx and NOx from cod combugion flue gases,
utilizing highly reective and attrition resistant sorbents.

EXPERIMENTAL PROCEDURES
The work performed in this program was divided into the following tasks.

Task 1. Sorbent Preparation and Characterization
Task 2. Initid Evauation of the Sorbent

Task 3. Parametric Studies

Task 4. Sorbent Durability Studies

Task 5. Cost Analysis and Comparison

Task 1. Sorbent Preparation and Characterization

The objective in this task was to optimize the sorbent preparation technique developed in
the earlier ICCl-funded project (No. 00-1/2.2B-2) and identify the key parameters for
scae up, prior to commercia production.



Because the results obtained in the earlier 1CCI-funded project indicated that the sorbent
performance is very sendtive to mixing parameters, it was decided to prepare and
evduate four (4) batches of the “ best” sorbent usng different mixing parameters to
determine the key parameters for scae up, prior to commercia production.  Furthermore,
four (4) additional sorbent formulations with different copper content were prepared and
evauated to determine the “optimum” copper content of the sorbent.

Sufficient quantity of sdected sorbent formulations were subjected to physicd and
chemicd characterization, which included mercury Porosmetry, BET surface area, and
chemicd andyss.

Task 2. Initid Evauation of the Sorbents

The objective of this task was to identify the “optimum” preparation technique and the
“best” sorbent formulation for the parametric and durability sudiesin Task 3 and Task 4.

In this task, the effectiveness of various sdlected sorbents for the removd of SO, and
NOx was determined in the fluid-bed reactor system over one (1) to three (3) cycles. The
operating conditions in these tests were Smilar to the optimum operating condition
determined in the earlier ICCI-funded project.

To cary out the tests in this task, a new fluid bed reactor syslem was designed, fabricated
and assembled a the Gas Sepadion Laboratory a IIT Chemicd Enginesring
Depatment. The schematic diagram of the fluidized-bed unit is presented in Figure (1).
The unit essentidly consgs of a quartz reactor, which is externdly heated by two
electricd furnaces, equipment for feeding and measuring the flow rate of the gases,
measuring and controlling bed temperature, and monitoring the reactor pressure. In these
tests, a known quantity of each sorbent is loaded into the fluid-bed reactor and the reactor
is brought to the desired temperature and exposed to a gas mixture containing the desired
level of the sdected contaminants. The reactor exit gas is andyzed for the determination
of the desred contaminants in the reector effluent. For this purpose, the new sysem is
equipped with a Gas Chromatograph (SO, andyss), NOx andyzer (NOx andyss) and
lon Chromatograph (SOs and NH3 andyss).

To identify the key preparation parameter and its effect on the sorbent performance, four
(4) different formulations of the ICCI-Cu-10 sorbent mentioned earlier were tested in the
flud-bed reactor for their SO, removd efficiencies. Four (4) additional 1CCI-Cu-sorbent
formulations prepared using this key preparation parameter were then tested in the fluid-
bed unit, to determine (and confirm) the optimum copper content. Following the
confirmation of ICCI-Cu-10 (15 % Copper) as the “best” sorbent formulation, a large
batch of the sorbent was prepared to carry out the more detailed evaduation. This sorbent
formulation was dso evauated for attrition resstance according to the standard ASTM
D5757-95 test method.



A new apparatus was congructed at the Gas Separation Lab at IIT to cary out the
standard ASTM D5757-95 test. The gpparatus sysem condgsts of an attriting tube, a
seitling chamber, a fines collection assembly, and a circular orifice plate containing 3
holes, which is atached to the bottom of the vertica atitriting tube within an ar ddivery
manifold. The schemdic diagram of the atrition measurement unit is shown in Fgure

2.
Task 3. Parametric Studies

The objective of this task was to determine the optimum operating condition with regards
to SOx (i.e. SO, and SO3) and NOx (i.e. NO and NO;) remova, anmonia (NHs) dip, and
ammonium sulfate formation. This task was divided into three sub-tasks:

Subtask 3.1. NOx Removal and NHs dip

The tests in this subtask focused on determination of key variables on the extent of NOx
removal and ammonia dip. The key parameters studied included reector temperature
(350-450°C), NH3/NOx ratio (0.5-3.0), and space velocity (4000-8000 hr't). To determine
the NH3 content of the reector effluent, the gas was bubbled into water and the solution
was andyzed by the IC unit after every 30 min.

Subtask 3.2. SO; Removd

The tedts in this subtask focused on the determination of key variables on the extent of
SO3 removd. This series of tests were carried out without NOx/NH3 to determine the
effectiveness of the sorbent for SOs; remova without interference from the reaction
between SO; and NHs. SOs; was produced via vaporization of a controlled amount of a
diluted sulfuric acid (H2SO4) solution. The key varidbles studied in this subtask included
the reactor temperature (400-450°C), SOz concentration (1250-2500 ppmv), and space
veocity (4000-800 hr'l). To determine the SOz content of the resctor exit gas, the gas
was bubbled into a solution containing sodium hydroxide and hydrogen peroxide and the
solution was analyzed by an lon Chromatograph (1C) unit after every 30 min.

Subtask 3.3. Determination of Optimum Operating Condition

This subtask focused on determination of the optimum operating condition with regards
to SOx/NOx removd, ammonia (NH3) dip, ammonium sulfate formation. The key
variables included the reactor temperature, fue gas compostion, and space velocity. The
extensve experimenta data obtained from the tests performed in subtask 3.1 and subtask
32 were andyzed to determine the optimum operating conditions with regards to
SOx/NOx remova, ammonia (NHs) dip and ammonium sulfate formation.

Task 4. Sorbent Durability Studies

The objective of this task was to demondrate the suitability of the sorbent for long-term
gpplication in the fluid-bed copper oxide process. The tests performed in this task were
conducted in the fluid bed unit at the optimum operating conditions determined in Task 3.



In this task, the “best” sorbent formulation was subjected to twenty-five (25) cycles of
aulfation and regeneration a the optimum operating conditions. The catdytic activity of
the sorbent during the sulfation runs was determined throughout the sulfation cycles. The
extent of NH; dip analysis was determined after the 1%, 51", 15", 20" and 25™" cycles. The
effectiveness of the sorbent for SO3; remova was dso determined throughout the twenty-
five (25) cycletest.

Task 5. Cost Analysis and Comparison

The objective of this task was to develop a cost andyss comparing the cost of the
proposed regenerative process for removal of SOx and NOx with the commercid
dternatives currently used in the utility indudtry.

This task was caried out in collaboration with Gas Technology Inditute (GTI) and
focused on determination of sorbent cost and make-up rate required to make the proposed
regenerative process economicaly comparable to the commercidly available dternatives
utilizing wet FGD and SCR. The cost andydss in this tak was performed usng a
computer modeling software [i.e, Integrated Environmenta Control Modd (IECM)],
which has been developed by Carnegie Mdlon University under the sponsorship of the
US Department of Energy National Energy Technology Laboratory (U.SDOE/NETL).2®)

RESULTS AND DISCUSSIONS

Task 1. Sorbent Preparation and Characterization

As indicated earlier, the results obtained in the previous study indicated that the sorbent
performance is very sendtive to preparation parameters such as mixing speed and time,
the molar ratio of NH;OH/HNOs and the disperson on the NH4,OH solution over the ge
matrix. Therefore, in this task four (4) formulations of the “best” sorbent (i.e., ICCI-Cu-
10 identified in the earlier project) were prepared using different preparation parameters
to quantify the vaues of the key parameters for scale up. These sorbent sub-batches were
designated as |CCI-Cu-10h, ICCI-Cu-10i, ICCI-Cu-10j, and ICCI-Cu- 10k respectively.

After the key preparation parameter was identified, four (4) additiona sorbent
formulations with different copper content were prepared to determine the “optimum”
copper content of the sorbents.  The nomind chemicd compositions and bulk densties of
these four (4) new sorbent formulations as well as those of the ICCI-Cu-10 sorbent are
summarized in Table 1.

Task 2. Initid Evauation of the Sorbents.

Because the tedts in this task were to be conducted in the new fluid-bed reactor system at
the Gas Separation Laboratory a |IT, a series of test were conducted to establish the
reproducibility of the results using the ICCI-Cu-10 sorbent (previoudy evauated at GTI
last year). The operdting conditions ae given in Table 2. The results of these
reproducibility tests indicated excedllent reproducibility of the experimentd deta.



The four (4) sorbent formulations produced with different preparation parameters were
evduaed in the flud bed-reactor. The results of the tests indicated that the sorbent
performance was only sendtive to rate of addition of ammonia during preparation of the
sorbent.  The results of evauation of the sorbents with different copper contents are
shown in Fgure 3, confirming that the “bext” sorbent formulation was ICCI-Cu-10 and
that the optimum copper content of the sorbent was about 15 %.

Based on the results mentioned above, a large baich of the sorbent ICCI-Cu-10 was
prepared to cary out detaled evauation, which included parametric studies for
determination of the effects of operating conditions and durability studies for assessment
of the auitability of the sorbent for long-term agpplication. To diminate any errors
reulting from the non-uniformity of the sorbent bed materids, the large batch of the
|CCI-Cu-10 sorbent was riffled into twenty (20) identicadl smdler sub-batches for detailed
dudies. Sufficient quantity of the sorbent was andyzed for physcd and chemicd
characterization, which included mercury porosmetry, BET surface area measurement,
and chemicd compogtion. The results of these andyses are given in Table (3). The
results indicate that this new sorbent is very smilar to the sorbent prepared in the earlier
project, confirming that the key preparation parameter was correctly identified.

The attrition index (Al) of the sorbent was determined by the standard ASTM D5757-95
tes method using the new attrition unit a 1IT. A comparison of the results of the attrition
tests performed on various sorbents in two attrition units (at 11T and GTI) is presented in
Figure 4, indicating that the attrition index of the two ICCI-Cu-10 sorbents are identical,
Furthermore, the results aso indicate that the Attrition Index (Al) of the sorbents tested a
IT differs from those tested a GTI by a about 1%, which may be attributed to dight
difference in the gze of the orifices affecting the shear caused by these high velocity jets
and resulting in different attrition indexes.

The effect of seam on the peformance of the sorbent is shown in Fgure 5, indicating
that the effective sulfur capacity of the ICCI-Cu-10 sgnificantly increases (5% compared
to 2.4% at SO, breakthrough concentration of 100 ppmv) in the presence of steam.

The sorbent, ICCI-Cu-10 was dso evduaed for smultaneous SO, and NOx remova
usng a Smulated flue gas containing 2500 ppmv SO,, 14% CO», 3.7% O, 10% steam,
500 ppmv NOx and 500 ppmv NHs; and nitrogen. The reactor unit was modified to alow
addition of steam, NOx/NH3z mix, ard N2/O2/SO, mix through separate feed line to
prevent formation of ammonium sulfate. The results showed that the sulfated sorbent was
capable of removing 100 % NOx a a NH3/NOx ratio of 1:1. These results formed the
basis of the parametric sudies carried out in Task 3.

Task 3. Parametric Studies

The tests carried out in this task was performed in the three following subtasks. The range
of operating conditions used in thistask is shown in Table 4.



Subtask 3.1 NOx Removal and NHz Sip

NOx Removd. The parameters studied in this sub-task included reactor temperature,
NH3/NOx ratio, and space veocity. All the tests were performed with sulfated sorbent
and inlet NOx concentration of 500 ppmv. The effect of the reactor temperature on NOx
remova is shown in Fgure 6, indicating the sufated sorbent was capable of completely
reducing NOx to nitrogen in the temperature range of 350-450°C. Figure 7 shows the
effect of NH3/NOx ratio on NOx removd, indicating that the NOx removd efficiency of
the sorbent decreases sgnificantly as the NHs/NOx ratio is decreased below 1. However,
at ratios greater than or equa to 1:1, the NOx remova efficiency of ICCI-Cu-10 is 100%.
The effect of space veocity on the NOx remova presented in Figure 8 indicates that
dthough the NOx removd efficiency of ICCI-Cu-10 dightly decreases with increasing
gpace velocity, a very high remova efficiency of 94 % can be achieved a the space
velocity of 8000 hrt.

NHs dip. The effect of the NH3/NOx ratio on the extent of NH; dip was determined
using both the oxidized and the sulfated sorbent. All the tests were caried out at 450°C
and a space velocity of 4000 hr't. The results are presented in Figure 9, indicating that the
extent of ammoniadip isvery low, regardiess of the NHz/NOx ratio.

Subtask 3.2 SO3; Removdl.

A number of tests were caried out on ICCI-Cu-10 to determine the effects of the
operating variables on the extent of SOs; remova. These tests were carried out without
NOx/ NHz to diminate any interference from the reaction between SO; and NHs. The
operating variables studied conssted of reactor temperature, SOs; concentration, and
gpace velocity. The ranges of the operating conditions are given in Table 4. The effect of
the inlet SO3 concentration on the sorbent performance is shown in Figure 10. The results
indicate that, even a extremdy high SOs; concentrations, the reactor exit gas
concentration profile is identica to those obtained with SO,. The effects of temperature
and space velocity on SO; remova are shown in Figures 11 and 12, indicating that the
effect of SOz on the performance of ICCI-Cu-10 is essentidly identicd to the effect of
SO, over the entire range of operating conditions investigated in this sub-task, leading to
the concluson that the optimum conditions determined for the remova of SO, will dso
be applicable to remova of SO using ICCI-Cu-10.

Subtask 3.3 Determination of the Optimum Operating Conditions

The optimum operating conditions with regard to SOx/NOyx remova, ammonia (NHs)
dip, and ammonium sulfate formation was selected based on the results obtained from
the tests performed in subtask 3.1 and subtask 3.2 and are presented in Table 5.
Because of the negligible ammonia dip and the pre-breakthrough SO, concentration of O
ppmv, it can be assumed that there woud be no ammonium sulfae formation
downstream of the reactor.



Task 4. Sorbent Durability Studies.

To determine the long term durability of the sorbent, a “life-cycle’ test series consisting
of 25 aulfaion/regeneraion cycles was conducted with the ICCI-Cu-10 sorbent at the
operating condition shown in Table 5. The effective sulfur capacity of the sorbent (a SO,
breakthrough concentration of 100 ppmv) for the “wet” tests (performed in this project)
as wdl as the “dry” tests (performed in the earlier project) are shown in Figure 13. The
results of these tests indicate that the enhancing effect of stream on the effective sulfur
capacity of the sorbent gradudly diminishes after about 20 cycles, and that the effective
sulfur capacity of the sorbent at the condition tested appears to stabilize at about 2.2%.

The regenerated samples in their oxidized states after the 1%, 5, 15", 20", and 25" cydles
were andyzed to determine the changes in the reevant properties of the sorbent during
the cydic process. The reaults of the andysis are shown in Table 6, cearly indicating that
the surface area of the sorbents decreases sgnificantly with the increasng number of
cycdes during the initid fifteen (15) cycles, after which it remans virtudly condant,
leading to the concluson tha pore sze didribution of the sorbent is adversdy affected by
the cyclic process during the initid 15 cycles.

The cataytic activity of the ICCI-Cu-10 sorbent for reduction of NOx from flue gases
was aso determined troughout the “life-cycle’ tests. The results at the end of the ¥, 5,
10", 15" 20" and 25™ runs are shown in Figure 14. The results indicate that the sorbent
is capable of completely reducing NOx to nitrogen. The results dso indicate that the
catalytic activity of the sorbent towardsis not adversely affected by the cyclic process.

The results of the ammonia dip andyss conducted are shown in Fgure 15. The results
clealy show that the ammonia dip decreases with the increesng number of cycles and
eventudly dropsto zero for both the sulfated and regenerated/oxidized sorbent.

Task 5. Cost Analysis and Comparison

Cost andysis was peformed to compare the cost of the proposed regenerative copper
oxide (CuO) process for amultaneous remova of SOx and NOx with the commercid
dternatives currently used in the utility industry.

This task was caried out in collaboration with Gas Technology Inditute (GTI) and
focused on determination of sorbent cost and make-up rate required to make the proposed
regenerative process economicaly comparable to the commercidly available dterndives
utilizing wet FGD and SCR. The cog andyss in this task was peformed usng a
computer modedling software [i.e, Integrated Environmenta Control Modd (IECM)],
which is developed by Canegie Mdlon Universty under the gsponsorship of US
Department of Energy National Energy Technology Laboratory (U.S.DOE/NETL).(?®

This task was initiated by establishing a base-case which was based on the results of cost
andyss provided in a 1999 case study report performed under the sponsorship of US
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Depatment of Energy®” on a typica 400 MWe advanced pulverized cod fired power
plant, equipped with a wet FGD unit and a hot sde Sdective Catdytic Reduction (SCR)
unit for the removal SOx and NOx. The cogt andyss of this plant was performed using
the IECM software. Various input parameters for IECM were adjusted based on the
information provided in the DOE report to closdly match the detailed costs of the power
plant induding the detailled costs of the wet FGD unit and Hot-Side SCR units with those
provided in the DOE report. A smilar approach was taken for the analyss of the plant
assuming the FGD and SCR units are replaced by the proposed regenerative CuO
process. All e other inputs, except those dedling with the combined SOx/NOx removal
were kept the same. All the design parameters, including the reactor temperatures, space
velocity, effective sulfur capacity were cdculated usng the daia obtaned from the
various tests conducted during the program.

A comparative study was performed with two key adjustable parameters (the sorbent cost
(¥b) and the number of cycles) to determine the combination of parameters required to
make the proposed regenerative process economicaly comparable to the commercidly
avalable wet FGD and SCR processes. The result of this andysis is presented in Figure
16.

It should be noted that the rate of fresh make-up which is inversdy proportiond to the
required number of cycles is dictated by ether the rate of sorbent loss due to attrition or
the rate of sorbent replacement due to loss of reactivity (or sorbent deactivation),
depending on the mechanism that leads to higher make-up rate. Given, the large number
of cycles required and the limited data avalable on the long-term performance of the
sorbent, the estimated sorbent make-up rate dictated by sorbent deactivation through
extrapolation of the results obtained in the 25-cycle tett is extremey sendtive to the
extrapolation scheme and may lead to prediction error over two order of magnitude.®
Therefore, until experimenta data is avaldble on an extended number of cydes (eg.,
100-500 cycles), the rate of fresh make-up must be estimated assuming the rate of sorbent
loss due to atrition to be the controlling mechanism.

To edtimate the rate of sorbent loss dictated by attrition, one can assume the expected
attrition rates of various solid sorbents in fluid bed processes are proportiona to the
atrition index (Al) of the sorbent determined by the standard ASTM 5757 method.
Therefore, the FCC catdyst was sdected as the basdine materids for estimation of the
rate of attrition of the ICCI-Cu-10 sorbent. The FCC catdys, which has an attrition
index of 4.1 %, (Figure (6), tested a GTI), has an esimated life of about sx month in the
FCC fluid-bed process, which represent the extreme upper boundary of the expected rate
of attrition of the catayst. The sorbent ICCI-Cu-10, however, has an Attrition Index,
which is 1/4 of that of the FCC catdys. Hence, the estimated minimum sorbent life
dictated by attrition is expected to be two years. Therefore, based on this andyss, if the
|CCI-Cu-10 sorbent can maintain an effective sulfur capacity of 2 %, (where it gppears to
have sabilized), sorbent cost below $25/Ib ill make the proposed regenerative process
economicdly superior than the exiging dternaives. Furthermore, by taking into account,
the appropriate credit from the saes of concentrated stream of SO, the proposed process
will be economicdly viable a& a sorbent cost of $42/b. It should be emphasized that



1

athough the edtimated cost of the sorbents is expected to be wel below the above target
vaues, experimentd data from an extended life-cycle test is needed to better assess the
economical viability of the proposed process.

CONCLUSIONS AND RECOMMENDATIONS
Based on the results obtained in this study, it may be concluded thet:

The preparation technique for ICCI-Cu-10 has been successfully optimized and the
sorbent is reedy for commercia production.

The presence of steam enhances the effective sulfur capacity of the ICCI-Cu-10
sorbent, which gradualy decreases in the cyclic process before dabilizing after the
18" cyde a 22 %, which is very close to the find effective sulfur loading of the
sorbent in the “life-cycle” tests conducted in absence of steam. This decrease in the
effective sulfur capacity (at breskthrough), can be attributed to the changes in the
pore structure of the sorbent material.

SO3 has no adverse effect on the sorbent performance and, the results obtained with
SO3; are esentidly identicd to those obtained with the SO..

The sorbent is capable of 100% NOx remova a NH3/NOx ratios at or above 1:1. The
NOx removd efficiency of the sorbent is not adversely affected by the cyclic process.

The ammonia dip was determined to be about 6 ppmv with fresh sorbent, which
gradudly decreased in the cyclic processs No ammonia dip was detected after the
15" cycle.

The favorable attrition characteristics and the apparent dabilization of the chemica
reectivity of the sorbent in the durability studies, makes this regenerdive process
economicaly superior to the exiding dternatives in the utility industry a a sorbent
cost below $25/1b ($42/1b with sulfur credit).

Based on the resllts obtaned in this sudy, the following additiond work is
recommended to better assess the economical viability of the proposed process and to
move the process toward commercidization:

Commercid production of the sorbent

Determination of sorbent performance in extended life-cycle tests
Determination of the effect of other contaminants, specidly mercury
Evauation of the processin a continuous reactor system
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Table 1. Selected Properties of Different | CCl-Cu-Sorbent Formulations

Sorbent Copper Content” Aluminum Bulk
(%) Content Density

(%) (g/co)

ICCI-Cu-6 12 45 0.93
ICCI-Cu-8 30 33 1.04
ICCI-Cu-9 21 39 0.93
ICCI-Cu-10 15 43 0.92
ICCI-Cu-13 25 17 1.06

" Nominal Copper Content

Table 2. Basdline Operating Condition

Operding Variadle Sulfation  Regeneration
Temperature, °C 450 450
Pressure, bar 1 1
Space Ve ocity, hrt 4000 2000
Gas Compostion, vol%

SO, 0.25 -

O, 3.77 -

CO; 14 -

N> balance -

CHa - 100

Table 3. Comparison of the* Best” Sorbent Formulations

Sorbent Copper Content ® Aluminum Content®  Nitrogen NH4OH/  Porosity-
(Wt %) (Wt %) Surface  HNO3 from
Area (Val. BET
(n/g) Basis) (mifg)
|CCI-Cu-10(1) 15.2 40.0 150 21 0.20
ICCI-Cu-10(2) 14.9 43.2 168 21 0.21

$ From Chemical Analysis
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Table 4. Ranges of Operating Variablesin Parametric Studies

Operating Variable Sulfation Regeneration
Temperature, °C 450 450
Space Ve adity, hrt 2000-8000 2000-3000
Gas Composition, vol %
SO, 0.125-0.25 -
(o)) 3.77 -
CO2 0-14 -
H.O 10 -
SOs 0-0.25 -
NOy 0-0.05 -
NHs 0-0.15 -
N> Balance -
CH,4 - 100

Table 5. Optimum Operating Condition

Operating Variable Sulfation Regeneration
Temperature, °C 450 450
Space VVeodity, hrt 4000 3000

Gas Composition, vol
%

SO, 0.25 -
O, 3.77 -
CO2 14 -
H20 10 -
SOs 0.24 -
NOx 0.05 -
NHs 0.05 -

N2 Baance -

CHa - 100
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Table 6. Effect of Cyclic Process on the Physical and Chemical Propertiesof the

“Best” Sorbent
Cycle Copper Content Aluminum Sulfur Nitrogen
Number (Wt %) Content Content Surface Area
(wt %) (wt %) (mP/g)
1 13.1 38.5 1.20 144
5 13.2 39.1 1.28 126
15 12.1 39.1 1.22 113
20 114 41.0 1.08 114
25 11.2 40 112 111
| DataAcquisition System | COOLANT

Thermocouple . / BATH

— | QuartzReactor SOLVENT
Feed Gases
»| Vent

Flow Controllers

OZ A A4
Furnace GC-1 for GC-2 fpr
€O Control SO andl. NHsz dip
r Module
NO/ NOx
ANALYZER

CHy

- - IC Unit for_ SOs
NHa/NO HO Peristatic | Andysis
Pump

EEE? Beaker with Water

TEEE:

Figure 1. Schematic Diagram of the Fluidized-Bed Reactor unit
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