WD 2005/ 009594 PCT/ US2003/ 014655 SELECTI VE NON- CATALYTI C REDUCTI ON CF NO
FI ELD OF THE | NVENTI ON [ 00011 The present invention relates to a

non- cat al wio wopses|ass for reducing NO, concentrations IPCTIR0BA4635r €ans.
More particularly, the present invention relates to the injection of a
reduci ng agent in conbination with a readily-oxidizable gas to reduce NOx
em ssions in process streameffluents. BACKGROUND OF THE | NVENTI ON [ 00021
I ncreasingly stringent government regul at ory en ssion standards have
forced refiners X ¥ | mproved

t echnol ogi es forg ' GENQ s (NG ,) in
em ssions from conbustion and product lon effluent streans. For exanple, it
is known in the art to reduce NO,, concentrations in conbustion effluent
streans HWIELD OF EHE ENVENEMIDNi a, and one such patent covering this
technology is United States Patent Nunmber 3,900,554 to Lyon, which is

I ncor por at ed herei n by reference. After this Lyon patent, there was a

proliferat e n of
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concent r aty ceﬁcé}@atton@llﬁbr&%%@méamﬁqwﬁ@ atiulady, ShepaseRat ent Nunbers
4,507,269, Déan et al., 4,115, 515, Tenner et al. oth of which are

al so i ncormoer&icﬁdrdhﬁeetmﬂiwnjeeﬁen@tﬁaeredtmmg agmmmombluatsm V4l & he use of
anmoni a i njection based on the use_of kinetic¢ nodeli & rm ne the
anount of Teadibyroxidizatle spaferadege NEJCPMISSIONS 11 PYORESY a@eqyﬁ.ef %t at es

Pat ent Nunbers 4, 636, 370, 4,624,840, and 4,682,468, all to Dean et al.,

and all of which are also incorporated herein by ref erence. There have al so

been a NUMPRICIRGRBUND ORTHRUNVENTIONS relating to the injection of urea

Into

[0002] Increasingly stringent government regulatory emission standards
have forced refiners to explore, and in some cases to implement, improved
technologies for reducing the concentration of nitrogen oxides (NOy) in
emissions from combustion and production effluent streams. For example, itis
known in the art to reduce NO; concentrations in combustion effluent streams
by the injection of ammonia, and one such patent covering this technology is
United States Patent Number 3,900,554 to Lyon, which is incorporated herein
by reference. After this Lyon patent, there was a proliferation of patents and
publications relating to the injection of ammonia into combustion effluent
streams in order to reduce the concentration of NOy. Such patents include
United States Patent Numbers 4,507,269, Dean et al., and 4,115,513, Tenner et
al., both of which are also incorporated herein by reference. Other patents
disclose the use of ammonia injection based on the use of kinetic modeling to
determine the amount of ammonia to be injected. Such patents include United
States Patent Numbers 4,636,370,'4,624,840, and 4,682,468, all to Dean et al.,
and all of which are also incorporated herein by reference. There have also
been a number of patents and publications relating to the injection of urea into
combustion effluent streams in order to reduce the concentration of NOy. One

such patent covering this technology is United States Patent Number 4,208,386



conmbustion effluent streans in order to reduce the concentration of NO,.
One such patent covering this technology is United States Patent Nunber
4, 208, 386W0a0@8590Q209594 PCT/ US2003/ 014655 -2 to Ar and petr/@2003/0M6ssh 1 s
i ncorporated herein by reference. A study by Kimand Lee (1996),

I ncorporated herein by reference, published in the Journal of Chem cal
Engi neering of Japan shows that urea dissociates to ammonia and cyanuric
acid (HNCO and that both of these act as reducing agents for NOin two
interrel ated chains of free radical redctions. 100031 However, effluents
rel eased from process streans remain a source of NO,,. One particularly
troubl esome NO, pollutant found I n many process effluent streanms is NO2,
a major irritant_in_snog. is believed that NO2 undergoes a_ series of
reactions ndvwan @q&h&tmcltwemor%tﬁé@erm kyteisrencs. thstusyduekan
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conbusti on rec | n conjunction w t%ﬁa FCCU. One
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carbon deposits fromthe spent catal yst However, it is difficult to burn

t he car bontwie frisirelgteid draias ehisee raghcallrgastionsi t hout generating NOx in the
of f-gas. NO, produced in the regenerator and present in the off-gas is
typically passed to the COHRU, which converts COin the FCCU regenerator
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effluent streams is NO,, a major irritant in smog. It is believed that NO,

undergoes a series of reactions known as photo-chemical smog formation in the

presence of sunlight and hydrocarbons.

[0004] Examples of such process streams that are a source of NO, include
the effluent stream from the regenerator of a fluidized catalytic cracking unit
(FCCU), and a carbon monoxide combustion/heat recovery unit (COHRU)
used in conjunction with a FCCU. One major source of NOy in regenerator
effluent results form the burning of carbon deposits from the spent catalyst.
However, it is difficult to burn the carbon deposits from a spent catalyst
without generating NOy in the off-gas. NOy produced in the regenerator and
present in the off-gas is typically passed to the COHRU, which converts CO in
the FCCU regenerator off-gas to CO, and other products such as water and/or
steam. As the COHRU converts CO to CO, and other products, the effluent
emitted into the atmosphere also contains NOy. It is difficult to reduce the NOx
concentrations in these streams by thermal means, partially because of the low
temperatures of these process streams. Some catalyst fines may also be present
in the regenerator off-gas. The effect of catalyst fines on NO, reduction was
demonstrated at temperatures below 850°F in U.S. Patent Number 4,434,147,

incorporated herein by reference. The '147 patent describes a process in which



concentrations in these streans by thermal neans, partially because of the
| ow tenperatures of these process streans. Sone catal yst fines may al so be
present wo fobmomwsgener at or of f-gas. The effect of catalpeaiuhooassasn NO, ,
reducti on was denonstrated at tenperatures bel ow 850F in U. S. Patent
Nunber 4,434,147, incorporated herein by reference. The '147 patent

descri bes a process in which WD 2005/ 009594 PCT/ US2003/ 014655 -3 ammoni a
and FCCU regenerator off-gas are cool e, then passed through a bed of FCCU
catal yst fines created by collecting the fines on specially adapted

el ectrostatic precipitator plates. [00051 Hydrogen injection has been
utilized in the past to enable the non- catal ytic, anmmoni a-based, NO

reducti on process to_bhe re effective with | r te rat ur ustion
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envi ronne i ne fore, there exists a need in the art for

i mproved %ﬁ%@gﬁ%{‘ﬁ% u%it%r ?%eg em ssion of NO,, in refinery process

streans by non-catal ytic neans. Thus, the inventors herein propose that a
reduction in NO em ssions can be achieved by reduci ngﬁéqf@? oncentration of

NO,, in prigeesis stiyhegernsugection, hasdieen piikispd 1n theabast i ¥ gas
FCOMRENC IRt IR i A
a non-cat & vt ¢ RHA%HHE combustion effluent streams. While hydrogen injection has

been used before with ammonia to reduce NOx in low temperature combustion

streams, the amount of NOy released to the atmosphere is still too high for

more stringent environmental regulations. Therefore, there exists a need in the

art for improved methods of reducing the emission of NO, in refinery process

streams by non-catalytic means. Thus, the inventors herein propose that a

reduction in NO, emissions can be achieved by reducing the concentration of

NO, in process streams such as, for example, the regenerator off-gas before it is

conducted to the COHRU.



for reducing the \NO,, concentration in a NOx-containing process stream
conprising: a) formng a mxture of a reducing agent selected from anmoni a,
urea and wioxos/@ssdher eof, and a readil y-oxidi zabl e gas por/uRbd3@eidsy e
amounts that will result in the reduction of the NO, concentration of
said NOX containing process streamby a predeterm ned anount ; and b)
injecting said mxture into said process streamat a point wherein said
NO,, containing process streamis at a tenperature bel ow about 1600F.

[ 0007] In anot her enbodi nent of the présent i nvention, an effective anount
of reducing agent and readily-oxidizable gas are injected into an existing
FCC process unit regenerator overhead |ine at a point upstream of the

FCCU s heat recovery device. [0008] In another enbodi nent of the present
i nvent i on,wms 1 I_é&iuci ng agent and readily-oxidizabl e

gas are sinultaneously injected into an existing FCC process unit
regenerator overhead line at nultiple |ocations upstream of the FCCU s

heat recovgliyedcy The prb QAR dokelindBRliFproR AN HEfEalyidiopegoent

i nvention readi | as | ydrogen an e r'ad UC|ng agent

i s armoni afor m&aegmqg@g@oﬁéammwam@ﬁ%malﬁl@@eemhw ON OF THE
FI GURES [ 00101 Figure 1 shows a plot of the data obtained as a result of

the appl icenprasingf the present process with the injection of amoni a and

hydrogen a) forming a mixture of a reducing agent selected from ammonia,
urea and mixtures thereof, and a readily-oxidizable gas in
effective amounts that will result in the reduction of the NO,
concentration of said NO,-containing process stream by a
predetermined amount ; and

b) injecting said mixture into said process stream at a point wherein
said NOy-containing process stream is at a temperature below

about 1600°F.

[0007]  In another embodiment of the present invention, an effective amount
of reducing agent and readily-oxidizable gas are injected into an existing FCC
process unit regenerator overhead line at a point upstream of the FCCU's heat

recovery device.

[0008] In another embodiment of the present invention, an effective amount
of reducing agent and readily-oxidizable gas are simultaneously injected into
an existing FCC process unit regenerator overhead line at multiple locations

upstream of the FCCU's heat recovery device.

[0009] In yet another embodiment of the present invention, the readily-

oxidizable gas is hydrogen and the reducing agent is ammonia.



at a single location into the regenerator off-gas of a commercial fluidized
catalytic cracking unit. [00111 Figure 2 shows a plot of the data obtained
as a resuwoD wbs/dob4 application of the present process wdanus2ms@eidson of
ammoni a and hydrogen at nultiple locations to the regenerator off-gas of a
comercial fluidized catalytic cracking unit. DETAI LED DESCRI PTI ON COF THE
PRESENT | NVENTI ON [ 0012] As used herein, the reference to NO, or nitrogen
oxide(s) refers to the various oxides of nitrogen that may be present in
process streans such as, for exanple, Sthe of f-gas of the regenerator of a
fluidized catalytic cracking unit. Thus, the terns refer to all of the
various oxides of nitrogen including nitric oxide (NO, nitrogen dioxide
(NO2), nit N2 s thereof. [0013] M xing, as
used herei MN@MEMe reduci ng agent and

readi | y-oxi di zabl e gas, is nmeant to refer to the broadest meaning given
the term Thus, mxing refers to the objective of naxi mzing the | ocal
contact of[ghf§y r egysieq Waﬁl&@ofﬁ%ﬂdﬂoﬁt@lﬁé@ﬁd@é?esﬁﬁ%f"bhéh the NOx in
the process streamat the desired nolar ratios. Any suitable m xing

t echni quesappdicatibe of td presehttproessk ivattethichinfection of Bireneninemidrtiygiuegen ncl ude,
but are not limted to, using a carrier_gas with the reduci.ng agent and/or
readi | y- oxatd szaglpéogeamlatw@ezsggﬁm@sgﬁf -gasToiusoesrediablyidizgl encour age
nor e hormgc[ ¥§ : .I’lj ecting a prem xed streamof a reducing agent,
readi | y-ox BPEac carrier gas into the process stream or,
injecting a stream of redum ng agent and carrier gas and a stream of

readil y-

[0011]  Figure 2 shows a plot of the data obtained as a result of the
application of the present process with injection of ammonia and hydrogen at
multiple locations to the regenerator off-gas of a commercial fluidized catalytic

cracking unit.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0012]  As used herein, the reference to NO;, or nitrogen oxide(s) refers to
the various oxides of nitrogen that may be present in process streams such as,
for example, the off-gas of the regenerator of a fluidized catalytic cracking unit.
Thus, the terms refer to all of the various oxides of nitrogen including nitric
oxide (NO), nitrogen dioxide (NO,), nitrous oxide (N,O), etc. and mixtures
thereof.

[0013]  Mixing, as used herein when describing the mixing of the reducing
agent and readily-oxidizable gas, is meant to refer to the broadest meaning
given the term. Thus, mixing refers to the objective of maximizing the local
contact of the reducing agent and readily-oxidizable gas with the NOy in the
process stream at the desired molar ratios. Any suitable mixing techniques can
be employed to achieve this end. These techniques include, but are not limited

to, using a carrier gas with the reducing agent and/or readily-oxidizable gas to



oxi di zabl e gas and carrier gas into the process stream separately. [00141
Non-limting exanples of suitable pre-injection m xing techniques,

pr ocesseswor2ooe@u®4i ncl ude pi pi ng the reduci ng agent, r eadiisgenwigiszabl e
gas and carrier gas through separate lines into one commbn vessel or into
the injection line to the process streamto be treated, allowi ng the two
reagents and the carrier to mx as they flow towards the injection point.
[ 00151 The present invention is a non-gatalytic process that uses an
effective anount of a reducing agent Phjected with an effective anount of
a readily- oxidizable gas to reduce the NOx concentration of a process
stream by a predeterm ned anount. By a predeterm ned amount it is neant a

reduction of NOx by re than about 30% hy vol unme, preferaply nore than
about 50% $RFOURACIRELC OZFOMS JRIXIRG; ABICGIAL AWK SISAMNBE R t han about
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em ssi on st andar ds’ nt process is suitable for tréating any

process stexddivableogdsaind cagriéi@as iatithgrpratess strbam separatel. 1 vol . % oxygen,
based on.the volune of the stream Preferably the streamw || contain
about 0.4 to about 1.5 vol.% oxygen. The present process is especially

wel |l -suite r treatj.ng.the regenerator, .off-gas of a.fluidized catalytic
racki ng. dipte voNSBokPaisexReEs GeauemIE pisdRteton bnk CfiitufS e
catal ytic I i il TR 4 | L ess. The
catal ytic @;"g%%?%gr %%ggglsﬂs typll5 @gf% @ﬁgg%éeirﬁ%égﬁgggeyaﬂo I(f’}gilmrlﬁta}(;Eér I ghter
product s sahcasieggathraigzh depatdie lines irdb 26 coatrady vesset onakod tige ( FCC)
injection line to the process stream to be treated, allowing the two reagents and

the carrier to mix as they flow towards the injection point.

[0015]  The present invention is a non-catalytic process that uses an effective
amount of a reducing agent injected with an effective amount of a readily-
oxidizable gas to reduce the NO, concentration of a process stream by a
predetermined amount. By a predetermined amount it is meant a reduction of
NO, by more than about 30% by volume, preferably more than about 50% by
volume, and more preferably a reduction of more than about 70% by volume,
based on the total volume of NO, present in the process stream. In a most
preferred embodiment, the predetermined reduction of NO is at least that

amount sufficient to meet governmental regulatory emission standards.

[0016]  The present process is suitable for treating any process stream
containing NO, and greater than about 0.1 vol.% oxygen, based on the volume
of the stream. Preferably the stream will contain about 0.4 to about 1.5 vol.%
oxygen. The present process is especially well-suited for treating the

.regenerator off-gas of a fluidized catalytic cracking unit.



process, an inventory of particulate catalyst is continuously cycled
between a cracking reactor and a catal yst regenerator. Average reactor
t enper at uwesoes/@959 t he range of about 900- 1000F, wi t h rawrarsags/ofess
tenperatures from about 500-800F. The reactor and the regenerator together
provide the primary conponents of the catalytic cracking unit. FCC process
units are well known in the art and United States Patent Nunber 5, 846, 403,
Swan, et al., incorporated herein by peference, provides a nore detailed
di scussi on of such a unit. [0018] The '5Egenerat or is especially inportant
to catalyst life and effectiveness because during the fluidized catalytic
\(/:\;]ficﬁi ngbprocessl,I ca(rjbonaceous deposits (coke) are forned on the catalyst,
i ch substantia . decrease its activity. The catalyst is then typicall
regener at 48018 r e§§41dlzed§ataéymé@1tapk@@é§@nﬁ,vlpsﬁamwgiwﬁelxﬂm Ef‘sﬁneé}}’/ Bort i o%

egen ol ) SRS Shny retst .
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at a rate @Htéﬂ nltﬁ‘oﬁﬁétgtsﬁcﬁ hﬁ ggécﬂﬁlet. Be IRPERHizeA R BIYHE CI%kiﬂgtcdemc) A portion
cont a conbu

of the cok I ned on t catal yst particles is sted in the

regener at girocés®san trivegitory ofgaenarlateedtatpdtas yeitimmnslyctyeded batysenal
regenerator tenperatures range fromabout 1050F to about 1450F, while exit
t enper at urcaclang répstorayshe catabyist ragengratoru ysrage reastge tamparaisetiare iB200F t o
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recovery Udnhsorerfddtthe cabilptic caskingamio FOQ provebs onslareawell known in
the art and United States Patent Number 5,846,403, Swan, et al., incorporated

herein by reference, provides a more detailed discussion of such a unit.

[0018]  The regenerator is especially important to catalyst life and
effectiveness because during the fluidized catalytic cracking process,
carbonaceous deposits (coke) are formed on the catalyst, which substantially
decrease its activity. The catalyst is then typically regenerated to regain its
effectiveness by burning off at least a portion of the coke in the regenerator.
This is typically done by injecting air, or another gas having a combustible
amount of oxygen, into the regenerator at a rate sufficient to fluidize the spent
catalyst particles. A portion of the coke contained on the catalyst particles is
combusted in the regenerator, resulting in regenerated catalyst particles.
Typical regenerator temperatures range from about 1050°F to about 1450°F,
while exit temperatures of the regénerator off-gas usually range from about

1200°F to about 1500°F.

[0019]  After regeneration, the catalyst particles are cycled back to the
reactor. The regenerator off-gas is usually passed to further processes such as

heat recovery devices, particulate removal devices, and carbon monoxide



designed to convert COto CO2 and recover avail able fuel energy. [0020]
Unfortunately, it is difficult to buma substantial anount of coke from

t he cat alwet200300b4va regenerator w t hout increasing the NMOI/UROBessssof the
resulting off-gas. Therefore, the regenerator off-gas will typically
contain nitrogen oxides (NO ,), catalyst fines, sulfur oxides (SQ,),
carbon di oxi de, carbon nonoxi de, and ot her conpounds formed during the
conbustion of at |east a portion of tge coke fromthe catal yst particles.

O the nitrogen oxides present in the regenerator off-gas, nitric oxide
(NO typically makes up the majority of all NO, present. NOw Il usually
represent about 90%in the regenerator off-gas. Therefore, the presently

RO [ 002b) SarbyasiopsrE Fedoyert el SORNTRL Wit s rabBUSTK MeRtoHseh Afhode ©
) ¢ eto
burn cokeyfk t I r - egener at or of f-gas
conposi ti 0% Sfé{pgetg:crogﬁ%@ %@%ﬂt‘%ﬁ.wew/é&%%ﬁﬁ% éx%%%%’t g15- 20 vol . % °

wat er, about 50 to about 200 parts per mllion by volunme (vppm) NO about
20-50 vppm CO about 500-1000 vppm SO2 with the bal ance being N2 and CQ2.
[ 0022] Con@é2a)r at Unfoertahatsly, it isdifffondtde dusn reabstantial deourdicelieby up to
about 90% by vol une_or ,nore through the use of the present non-%g%]al ytic

|
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carbon monoxide, and other compounds formed during the combustion of at

least a portion of the coke from the catalyst particles. Of the nitrogen oxides

present in the regenerator off-gas, nitric oxide (NO) typically makes up the

majority of all NO, present. NO will usually represent about 90% in the

regenerator off-gas. Therefore, the presently claimed process is especially

concerned with the reduction and control of NO.

[0021] It is preferred to operate the regenerator in full burn mode to burn
coke from the catalyst. During full-burn mode, the regenerator off-gas
composition is generally about 0.6-1.5 vol.% oxygen, about 15-20 vol.% water,
about 50 to about 200 parts per million by volume (vppm) NO, about 20-50
vppm CO, about 500-1000 vppm SO, with the balance being N and COs,.

[0022]  Concentrations of NO, in process streams can be reduced by up to
about 90% by volume or more through the use of the present non-catalytic NO
reduction process. This is well within the desired reduction range described
above. The only commercially available technology to achieve such a level of
reduction is technology based on the use of a catalytic process, which is
significantly more expensive when compared to the present non-catalytic

process.



10023] The present invention, however, achieves NO,, reductions in |ow
tenperature process streans conparable to those achi eved through catal ytic
pr ocesseswioobdm@®osaaj ecti on of a reduci ng agent. The proeessrWesmansst reat ed
with the presently clainmed process also typically have | ow concentrations
of oxygen, necessitating the use of a readily-oxidizable gas being
injected wwth the reducing agent. [0024] Reducing agents suitable for use
in the presently clainmed invention include urea, anmonia, and m xtures
thereof . The preferred reducing agent‘?s ammoni a. Readi | y-oxi di zabl e gases
suited for use in the present process include paraffinic, olefinic and
aromati ¢ hydrocarbons and m xtures thereof such as, for exanple, gasoline
and fuel oil, oxygenated hydrocarbons including__formc and, oxalic acids,

ni t r ogenatl/802}ydr 368 PBEET inygnfoRRaE Oy redugtipBhimioNoxi de, and

oy
hyd : d i h f d i Ly-oxidi I [ it
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readil y- oﬂré%gﬁ 2§¥%éa§b§?1%‘n3{§c? uﬂgpﬁgligd%%?{' i Zﬁ% rnogg%t éey%lé&t(gﬂrrbr ?%%%g%duced into

the NOX cowitiathy p@sertlyoclagfied prees8 4l6o bepitalbpheee lobheondinaationniodf t he
reduci ng agent and readily- oxidizable gas can be by any suitabl e nmeans

known in toxygentnectsitatingdbe nemof arcadilyedradizablesgasdieing injeetad with thee
present invention as long as it is one that effectively introduces the

r educi ng é@g‘?ﬁm%ﬁae‘i“eadi | y-oxi di zable gas into the process stream [0026]
An effective anbunt of reducing agent used herein is based on the anopunt
of NO,, that is to be reduced. The anount of reducing agent used wil|l

typical ly jpemge f ReducibgdehtsSuitabledbrasedin the Pesdentdy adsiniedigvenide of NOR,
include urea, ammonia, and mixtures thereof. The preferred reducing agent is
ammonia. Readily-oxidizable gases suited for use in the present process
include paraffinic, olefinic and aromatic hydrocarbons and mixtures thereof
such as, for example, gasoline and fuel oil, oxygenated hydrocarbons including
formic and oxalic acids, nitrogenated hydrocarbons, sulfonated hydrocarbons,
carbon monoxide, and hydrogen. Hydrogen is the preferred readily-oxidizable
gas since it is not itself an air pollutant and cannot yield an air pollutant by

incomplete oxidation.

[0025] By injection, it is meant that the mixture of the readily-oxidizable
gas and reducing agent is conducted or introduced into the NOy containing
process stream to be treated. The injection of the reducing agent and readily-
oxidizable gas can be by any suitable means known in the art. The injection
means chosen is not critical to the present invention as long as it is one that
effectively introduces the reducing agent and readily-oxidizable gas into the

process stream.

[0026]  An effective amount of reducing agent used herein is based on the
amount of NOj that is to be reduced. The amount of reducing agent used will

typically range from about 0.5-12 moles of reducing agent per mole of NOy,



WO 2005/ 009594 PCT/ US2003/ 014655 -10 preferably about 0.5-8 nol es of

reduci ng agent per nole of NON. It is nore preferred to use about 1-4

nol es of wedwaivgsagent per nole of NOR The neasur enemcTaiS2003®14655
concentration of NO, in the regenerator off-gases may be achieved by any
sui tabl e met hod known in the art, and the nmethod chosen is not critical to
the process presently clained. [00271 It is believed that a conplex chain
of free radical reactions achieves tI;l% non-catal ytic reduction of NOx with
t he present reducing agent and readil y-""oxi di zabl e gas. Not wanting to be
limted by theory, the inventors herein believe the overall effect can be
illustrated by the follow ng two conpeting reactions: Equation 1: NO + NH3

+ 02 -p N2 + H2Q (reductjon) . Equatjon 2: NH3 + 02 -:> NO.+ H20 (oxi dati on)
[0028] ' Thebiglragly ahouh0ess piles BHFAURBEARER p?wﬁeo‘efc@&c}smnw aci d
(HNCO) as well [ [ P mg?in e work of
Lee and Kil?ﬁekefﬁﬁ()%ﬁmiigl%@lfe&dg?gg&%gggé?gﬁﬁgﬁagen f"f rgirlQNO and al so
i nteracts e drbmen\F NeRoAeeRRRITNSTNOS Wit regeferhtor bfflghéegnfayi band 2.

Al t hough the cyanuric acid reduction process is not thoroughly understood,
and not vachidved Byoamesuitabile setthnd kdosen yy theret,iandghe omathoéckefeniiel i eve t hat
the dissociation of one nole of urea. libherates one nole of ammoni a and one
mol e of cnefruitical tcthg presgss prosentixiclaimed. from the Kim and Lee study (1996)

suggests that cyanuric acid stoichionetrically reduces NO to el enent al
nitrogen and water at a nolar ratio with NO of 1:1. Thus, urea should

g??:g?: l/)e/ {082115 € 18§ tR1iEPePthat #biék MRih RAtrdeSadRYDRaK IORCadabTest NE
the non-catalytic reduction of NO, with the present reducing agent and readily-
oxidizable gas. Not wanting to be limited by theory, the inventors herein
believe the overall effect can be illustrated by the following two competing
reactions:

Equation 1: NO + NH; + O, — N, + HyO (reduction)

Equation 2: NH; + O, — NO + H,0 (oxidation)

[0028]  The use of urea as the reducing agent introduces cyanuric acid
(HNCO) as well as ammonia to the process. As demonstrated in the work of
Lee and Kim (1996), cyanuric acid acts as a reducing agent for NO and also
interacts with the NO-NH;-O, chemistry summarized in Equations 1 and 2.
Although the cyanuric acid reduction process is not thoroughly understood, and
not wishing to be limited by theory, the inventors hereof believe that the
dissociation of one mole of urea liberafes one mole of ammonia and one mole
of cyanuric acid. Experimental data from the Kim and Lee study (1996)
suggests that cyanuric acid stoichiometrically reduces NO to elemental
nitrogen and water at a molar ratio with NO of 1:1. Thus, urea should
generally be used at a molar ratio to NO that is roughly one half the effective

molar ratio for ammonia.



mol ar ratio for amoni a. WO 2005/ 009594 PCT/ US2003/ 014655 -11 [0029] The
reduction reaction of Equation 1 dom nates in the 1600F- 2000F tenperature
range. Abwoeo@0@0f94 the reaction of Equation 2 becones poare2pm3evalsent .
Thus, in the practice of the present invention, it is desirable to operate
at tenperatures bel ow about 2000F. However, operating tenperatures |ower
t han about 1600F are achievable with the reduction reaction still being
dom nated by Equation 1 through the use of the present invention. The

i nventors hereof have unexpectedly f otfrld that, at tenperatures bel ow about
1600F, the reduction reaction of Equation 1 will not effectively reduce
NO,, wthout the injection of a readily-oxidizable gas, such as hydrogen.
It should be noted that as the tenperature of the process stream
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typically low, below about 1600F. It should be noted, however, that the

present i nioeninated waBqadtion tilireaph ved yscopthatpeeeneinvenyionefifher at ure range
bet ween about 1200F to about 1600F, [0030] A readily-oxidizable gas is used
to drive tihgemors hereailieaveomerpaetedlyntoundhas afef@mméatumslheambﬁaboug
readily- OXIi 6Cg)i0%lta"1 ,btlhg rg lfct{o% 1:[625?’}101{jl (r)TP Eaaatwnai vs%ﬂ%%lt %?fegtqgely reduce NO,
without the injection of a readily-oxidizable gas, such as hydrogen. It should
‘be noted that as the temperature of the process stream decreases, the amount of
readily-oxidizable gas needed to drive the reduction reaction increases.
However, the inventors herein have determined that the molar ratios of readily-
oxidizable gas disclosed herein can be used at an effective operating
temperature range below about 1600°F, even below about 1300°F, with the
reduction reaction still being dominated by Equation 1. This makes the present
invention especially suited for reducing NO, concentrations in the off-gas of an
FCCU regenerator because the temperature of the regenerator off-gas stream is
typically low, below about 1600°F. It should be noted, however, that the
present invention can also effectively operate over any temperature range

between about 1200°F to about 1600°F.

[0030) A readily-oxidizable gas is used to drive the NOy reduction reaction.
An effective amount of readily-oxidizable gas is that amount that enables the
reducing agents of the present invention to effectively reduce the NOx
concentration by the predetermined amount. A molar ratio of about 1:1 to
about 50:1 moles of readily-oxidizable gas per mole of reducing agent is

considered an effective amount of readily-oxidizable gas, preferably greater



reduci ng agents of the present invention to effectively reduce the NOx
concentration by the predeterm ned anount. A nolar ratio of about 1:1 to
about 50:womnbz®moshs readi | y- oxi di zabl e gas per nol e of mredus20z/0agant | s
consi dered an effective anount of readily-oxidizable gas, preferably
greater WO 2005/ 009594 PCT/ US2003/ 014655 -12 than about 10:1 to about
40:1, nore preferably about 11:1 to about 40:1, and nost preferably about
15:1 to about 30:1. The actual nole ratio enployed will be dependent on
such things as the tenperature of the'E?ocess stream the conposition of
the process stream the effectiveness of the injection means used for

m xi ng the readily-oxidizable gas with the carrier gas, the reducing agent

and the NOx-carrying stream and the reducjng agent utilized. Thys, for a
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per cent ag e regenerator off-gas A ess
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an effective anmount of -a readily available and relatively
oxidizable gas at rates yielding readily-oxidizable gas to reducing agent molar
ratios greater than 10:1 is, in part, made necessary by the low oxygen
concentration found in process streams such as the regenerator off-gas. For
example, such streams typically contain less than about 1.5% by volume of O,.
It should be noted that the regenerator off-gas is termed a process stream
instead of a combustion stream because of the low oxygen concentrations.

Combustion streams typically contain greater than 1.5 vol.% oxygen.

[0031]  Since the amount of readily-oxidizable gas and reducing agent used
are typically a small percentage of the regenerator off-gas flow, typically less
than about 0.5% by volume, based on the volume of the stream, it is preferred
to use only an effective amount of a readily available and relatively
inexpensive carrier material. Non-limiting examples of carrier materials
include air and steam; however, any carrier material that does not have a
deleterious effect on NO, reduction, or which itself contributes to undesirable
emissions, can be used. Thus, it is contemplated to mix effective amounts of
reducing agent and/or readily-oxidizable gas prior to mixing with a carrier
material, or within the line that contains the carrier material. It is preferred that
the reducing agent/readily-oxidizable gas mixture be injected into the line that

conducts the carrier material.



| nexpensive carrier material. Non-limting exanples of carrier materials

I ncl ude air and steam however, any carrier material that does not have a
del et er i ow® WbF/@es940n NOX reduction, or which itself comorisBH14635

undesi rabl e em ssions, can be used. Thus, it is contenplated to m x
effective anmounts of reducing agent and/or readily-oxidizable gas prior to
mxing with a carrier material, or wwthin the line that contains the
carrier material. It is preferred that_ _the reducing

agent/readi |l y- oxi di zabl e gas m xture BE>i njected into the line that
conducts the carrier material. WO 2005/009594 PCT/ US2003/ 014655 -13 [0032]
By an effective anount of carrier material, it is nmeant an anount of
carrier material that will adequately m x the reduci ng agent and the

readi | y- oxidizable gas with the process stream i.e., maxim ze the contact

of the two ge Wi the . . C 0
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regenerator off-gas by any suitabl®e nmeans known in the art. However, the
presence obxidéabdd yas withnks piovesheireamyeieey mbximiaé theyemntast dfehe éwed t o

assi st the NOR reduction reaction. Thus, the presence of sonme catal yst
fines, altreaggnisiith thedd6sseyeltde betngdugadacti ce of the instant invention,
is preferred to assist the NOR reduction reaction and reduce the anount of
readi |y oxidizable gas that is needed. [0034] In one enbodi nent of the

present | ny@ak) on, | u o PSS U1 dostain
readil y- ox‘{@?%z’gbl élx%%,%ﬁ%drsgse% Q{ﬁegﬁnéa}%t ef%?g%tégvg gﬁ@oﬁn of acasr rier
nmaterial, a4tglyshfiges. eﬂhéﬂefo@t?dlxgt panicles hayrroenmvet drom tharegenematoover head
| ine. Thus, the existing overhead |line functions as the reaction zone
off-gas by any suitable means known in the art. However, the presence of
catalyst fines in the regenerator off-gas is believed to assist the NO, reduction
reaction. Thus, the presence of some catalyst fines, although not necessary for
the practice of the instant invention, is preferred to assist the NOy reduction

reaction and reduce the amount of readily oxidizable gas that is needed.

[0034] In one embodiment of the present invention, effective amounts of a
reducing agent and a readily-oxidizable gas, preferably with an effective
amount of carrier material, are injected directly into the regenerator's existing
overhead line. Thus, the existing overhead line functions as the reaction zone
for the NO, reduction reaction, thereby eliminating the need to add costly
processing equipment to effectuate the present process. The injection mixture
is preferably injected at a point between the COHRU and the regenerator. It is
preferred that the injection occur as near the regenerator off-gas outlet as
possible so that the higher temperatures near the regenerator outlet can be
utilized, thereby reducing the amount of readily-oxidizable gas needed for a
desired level of NO, reduction. It is also advantageous to maximize the

residence time of the reducing agent and readily-oxidizable gas in the NO,

reduction reaction.



for the NOR reduction reaction, thereby elimnating. the need to add costly
processi ng equi pnent to effectuate the present process. The injection

m xture wo pomdoesaably injected at a point between the @OHRIS2e03014d58
regenerator. It is preferred that the injection occur as near the
regenerator off-gas outlet as possible so that the higher tenperatures
near the regenerator outlet can.be wutilized, thereby reducing the anount
of readily-oxidizable gas needed for a , desired |l evel of NOR reduction. It
is al so advant ageous to mexi m ze the ~ “%si dence tinme of the reduci ng agent
and readi |l y-oxidizable gas in the NOR reduction reaction. W 2005/ 009594
PCT/ US2003/ 014655 -14 100351 I n anot her enbodi nent, at |east two,

preferably a plurality of, .injectio oints are ed alo t he regenerat or
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equipment to effectuate the present process. Preferably, the simultaneous

injections occur as near the regenerator off-gas outlet as possible. However,

the multiple injection locations are also preferably spaced such that the

appropriate residence time between locations is achieved such that the desired

effect from ﬁhe use of multiple injection locations is realized. As previously

mentioned, it is advantageous to maximize the residence time of the reducing

agent and readily-oxidizable gas in the overhead line to complete the reaction.

[0036] The above description is directed to several preferred means for
carrying out the present invention. Those skilled in the art will recognize that
other means, which are equally effective, could be devised for carrying out the

spirit of this invention.



agent and readily-oxidizable gas in the overhead line to conplete the
reaction. [00361 The above description is directed to several preferred
means forwocamosgwssg out the present invention. Those skiPidrads2003/oudessart

will recognize that other nmeans, which are equally effective, could be
devised for carrying out the spirit of this invention. WO 2005/ 009594

PCT/ US2003/ 014655 -15- EXAMPLES [0037] The foll owi ng exanples w |
illustrate the effectiveness of the present process, but are not nmeant to
limt the present invention. EXANPLE'15{0038] The present NOX reducing
process was tested at a cormmercial FCCU, and the results are shown in
Figure | hereof. Initial tests showthat the injection of anmonia and
hydrogen in a non-catalytic environnent can be effective to reduce the NOX
concent r at EXAMPLESt 0 about 50% by vol ume. However, NOX reductions of up
to 90% can theoretically be achieved. [0039] Of-gas froma comercial FCCU
regenerator was tested to determne its chem cal conposition. These tests

reveal ed t he ey rs > t ested was
ppr oxi mat W037h. 5 SERREDNiAE Sxabic 3T BHRRAE T bIECdvedRo Pl ot 700 Voo
SQ2 and 25pnRene rcddst But di€ nobaleaft® heiitttie PPesentlinGeBtiodhe tenperature of
the off-gas at the injection point was approximtely 1330F. Ammoni a and
hydrogen were injected with steam in various ratios at a point as close to
the outlet_of the regenerator as was practical. The reduction in the
concent r at EXAMPIL" was then neasured. The results of this experi ment
can be seen in Figure 1. The reduction in NOX of 55%

[0038]  The present NO, reducing process was tested at a commercial
FCCU, and the results are shown in Figure 1 hereof. Initial tests show that the
injection of ammonia and hydrogen in a non-catalytic environment can be
effective to reduce the NO, concentration by up to about 50% by volume.

However, NO, reductions of up to 90% can theoretically be achieved.

[0039]  Off-gas from a commercial FCCU regenerator was tested to
determine its chemical composition. These tests revealed that the composition
of the regenerator off- gas as tested was approximately 0.8% O, by volume,
18% H,0 by volume, 165 vppm NO, 700 vppm SO, and 25 vppm CO with the
balance being N; and CO,. The temperature of the off-gas at the injection point
was approximately 1330°F. Ammonia and hydrogen were injected with steam
in various ratios at a point as close to the outlet of the regenerator as was
practical. The reduction in the concentration of NOy was then measured. The
results of this experiment can be seen in Figure 1. The reduction in NO, of 55%
by volume was achieved with a NH;:NO volume ratio of approximately 1.5,

and a H,:NH; volume ratio of 15.



by vol ume was achieved with a NH3: NO vol une ratio of approximately 1.5,
and a H2: NH3 volunme ratio of 15. WO 2005/ 009594 PCT/ US2003/ 014655 - 16-
EXAMPLE 2wjo0ddoFdae present NO { reduci ng process was treIvEsdo03/018655
commercial FCCU, with ammonia and hydrogen injected at two | ocations. The
results are shown in Figure 2 hereof. Initial tests show that the

I njection of ammonia and hydrogen at nultiple locations in a non-catalytic
envi ronnment can be effective to reduce the NO,, concentration by up to
about 60% by vol ume. However, NO. rechfetions of up to 90% can
theoretically be achieved. Of-gas froma comercial FCCU regenerator was
tested to determne its chemcal conposition. These tests reveal ed that

t he conposition of the regenerator off- gas as tested was approxi nately

0. 8% 02 byEXal\M#LLE 28% H20 by vol une, 100 vppm NO 700 vppm SO2 and 25
vppm CO with the bal ance being N2 and CO2. The tenperature of the off-gas
at the injection point was approxi mately 1370F. Ammoni a and hydrogen were
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of residence trIne. e reducti t He concentration of NO was then

measur ed. sHyeviNG Fignsd 2 éareodf Thibial festssshoinnhacthiedinjeationtof easmesiiandt ed by
averaging the NO, neasured in the regenerator overhead |ine when no
anmoni a orhydrdgmge‘rnrmwiimle hpcatioas in FRenraatalytie enyiremnenisasdis phsAtVEan be
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reductions of up to 90% can theoretically be achieved. Off-gas from a

commercial FCCU regenerator was tested to determine its chemical
composition. These tests revealed that the composition of the regenerator off-
gas as tested was approximately 0.8% O, by volume, 18% H,0 by volume, 100
vppm NO, 700 vppm SO, and 25 vppm CO with the balance being N, and CO,.
The temperature of the off-gas at the injection point was approximately

1370°F. Ammonia and hydrogen were injected with steam in various ratios at
a point as close to the outlet of the regenerator off-gas as was practical and at a
second point approximately one second downstream of the first injection point
in terms of residence time. The reduction in the concentration of NO, was then
measured. The NO upstream of the first injection point was estimated by
averaging the NO, measured in the regenerator overhead line when no
ammonia or hydrogen was injected. The results of this experiment can be seen
in Figure 2. The reduction in NOy of 60% by volume was achieved with a
NH;:NO volume ratio of approximately 3.5 at both injection points, and a
H,:NH; volume ratio of 3 at the first injection point and 15 at the second point.
It is believed that the low H,:NH3 utilized at the first injection point during this
test is effective at such a low temperature (1370°F) due to a significant
promotion of the NO, reduction reaction by the high concentration of catalyst

fines at the regenerator outlet.



H2: NH3 volune ratio of 3 at the first injection point and 15 at the second
point. It is believed that the low H2: NH3 utilized at the first injection
poi nt durwiogobdmesseost est is effective at such a | ow t enpecatumens(01&EdF) due
to a significant pronotion of the NQ reduction reaction by the high
concentration of catalyst fines at the regenerator outlet. WO 2005/009594
PCT/ US2003/ 014655 -17- CLAIMS: 1. A non-catal ytic process for reducing the
NO, concentration in an NO, containi process stream conprising: a)
forming a mxture of a reducing agent sél ected from ammonia, urea and

m xtures thereof, and a readily-oxidizable gas in effective anounts that
Wll result in the reduction of the NO, concentration of said

NON- cont ai jj (‘1 ocess streamby a predeterm ned anmount ; and b) injecting
said m xt M said process streamat a point wherein said NO
-containing process streamis at a tenperature bel ow about 1600F. 2. The
process of claim1 wherein said readily-oxidizable gas is selected from
the group gonsigtbi%aeflyRapaddesd s re@héihkthe NO\Concenmition ihygN@ar bons and
m xtures thereof, gasoline, fuel oil, oxygenated hydrocarbons, formc and
oxal i ¢ aci ds, niontagmgairedessystieanacdmprysingsul f onat ed hydr ocar bons, car bon
nonoxi de, and hydrogen. . 3. The procgess, accordi n%efe%te%lﬁri m 2 wherein said

reduci ng agent ¥s eHBiEa mixture of a reducing agent om ammonia,
urea and mixtures thereof, and a readily-oxidizable gas in
effective amounts that will result in the reduction of the NO,
concentration of said NOy-containing process stream by a
predetermined amount ; and
b) injecting said mixture into said process stream at a point wherein

said NO-containing process stream is at a temperature below

about 1600°F.

2. The process of claim 1 wherein said readily-oxidizable gas is selected
from the group consisting of paraffinic, olefinic and aromatic
hydrocarbons and mixtures thereof, gasoline, fuel oil, oxygenated
hydrocarbons, formic and oxalic acids, nitrogenated hydrocarbons,

sulfonated hydrocarbons, carbon monoxide, and hydrogen.

3. The process according to claim 2 wherein said reducing agent is
ammonia.
4. The process according to claim 3 wherein said process stream has an

oxygen concentration of more than about 0.1% by volume, based on the

process stream.

5. The process according to claim 4 wherein said process stream is the

regenerator off-gas stream of a fluidized catalytic cracking unit.



4. The process according to claim3 wherein said process stream has an
oxygen concentration of nore than about 0.1% by vol une, based on the
process swioeans/008594The process according to clai m4 wherPevUSe03th159CeSS
streamis the regenerator off-gas streamof a fluidized catalytic cracking
uni t. WD 2005/ 009594 PCT/ US2003/014655 -18 6. The process according to
claim5 wherein said reducing agent is injected in a nolar ratio of about
0.5 to about 12 noles per nmole of NO, 7. The process according to claim®6
wherein said m xture conprises said Fifadi | y- oxi di zabl e gas and sai d

reduci ng agent in a nolar ratio of about 1:1 to about 50:1 nol es of

readi | y-oxi di zabl e gas per nole of reducing agent. 8. The process
according to claim6 wherein said reducing agent and readily-oxidizable
gas are injected with a carrier material such as steam or air. 9. The
process accordi to claim8.wherein c I J . . er at or
are presen? in fﬂ%%@&@%@@é’{wg Pfdadglssaa%}@#ﬁéfdg% g%élégr’gg%gglrsc}fiﬁg&{ao claim
9 wherein said m L8 IR i Sgl @Q%}%@kqu -gas at a

poi nt between t ed(@g%%nﬂgﬁgtograﬁgﬁf;@g tgtgg I(l)tn‘fDE ﬁlndrlloxi de COH’bUStILOI’l/ heat
recovery unit (COHRU). 11. The process of claim1l wherein said

predeterm ned anount is a reduction of NOx in said process .strea({n by nore
t han about7.30 vBhe procass 2005diDgIe SlaimaTMbsrmD SpghupsEyre corgprises sal

readily-oxidizable gas and said reducing agent in a molar ratio of about
1:1 to about 50:1 moles of readily-oxidizable gas per mole of reducing

agent.

8. The process according to claim 6 wherein said reducing agent and
readily-oxidizable gas are injected with a carrier material such as steam

or air.

9. The process according to claim 8 wherein catalyst fines from the

regenerator are present in the regenerator off-gas.

10.  The process according to claim 9 wherein said mixture is injected into
said regenerator off-gas at a point between the regenerator and a carbon

monoxide combustion/heat recovery unit (COHRU).

11.  The process of claim 1 wherein said predetermined amount isa

reduction of NOj in said process stream by more than about 30 vol.%.



12. A non-catal ytic process for reducing the NO,, concentration in the
effluent of a process streamconprising: a) formng a mxture of a reducing
agent selwotamds/doosmm ammoni a, urea and m xtures thereof PCarch2603/014655

readi | y-oxidi zable gas in effective anounts that will result in the
reduction of the NO, concentration of said NON-containing process stream
by a predeterm ned anount ; and b) injecting said mxture into said
process streamthrough at |east two in'grecti on points wherein said NOX
contai ning process stream is at a tenp®rature bel ow about 1600F. 13. The
process according to claim12 wherein said mxture is injected through
said at |least two injection points sinultaneously. 14. The process
according to claim 13 wherein said mxture is injected into said process
stream t hr d3gh A ponrcalalytic mocessjfor rédueingihetNO, concentration in the

effluent of a process stream comprising:

a) forming a mixture of a reducing agent selected from ammonia,
urea and mixtures thereof, and a readily-oxidizable gas in
effective amounts that will result in the reduction of the NO,
concentration of said NO,~containing process stream by a
predetermined amount ; and

b) injecting said mixture into said process stream through at least
two injection points wherein said NO,-containing process stream

is at a temperature below about 1600°F.

13.  The process according to claim 12 wherein said mixture is injected

through said at least two injection points simultaneously.

14.  The process according to claim 13 wherein said mixture is injected into

said process stream through a plurality of injection points.



