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[ 00011 Thwopsaessnt i nvention relates to a process for redrCTEpoMNA652
concentrations in waste gas streans. More particularly, the present
invention relates to a process for reducing NO concentrations in waste
gas streans by contacting the waste gas streamw th a reduci ng agent
selected fromammonia and urea. Chlorine dioxide is then mxed with the
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government regul atory em ssion standards have forced refiners to explore
i mproved technol ogies for reducing the concentration of nitrogen oxides
(NOX) i npefy 35 T HE gnon and production effluent streans.
Var i ous evel oped for reducing nitrogen oxides
em ssions from conbustion and production effluents, such as, for exanple,
United States Patent Nunber 3,957,949 to Senjo, et al, and United States
Pat ent N#9BEF 6 Dlevpresmtiinventsurglates wl a progesscior aeduding NO{ ncor por at ed
herein by reference. Further, it i nown i.n_the art to reduce NO ,
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NO,’s present in the waste gas streams to higher oxides.

BACKGROUND OF THE INVENTION

[0002]  Increasingly stringent government regulatory emission standards
have forced refiners to explore improved technologies for reducing the
concentration of nitrogen oxides (NO,) in emissions from combustion and
production effluent streams. Various technologies have been developed for
reducing nitrogen oxides emissions from combustion and production effluents,
such as, for example, United States Patent Number 3,957,949 to Senjo, et al,
and United States Patent Number 6,294,139 to Vicard et al., which are both
incorporated herein by reference. Further, it is known in the art to reduce NOy
concentrations in combustion effluent streams by the injection of ammonia, and
one such patent utilizing this technology is United States Patent Number
3,900,554 to Lyon, which is incorporated herein by reference. After the 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 NO,’s.- Such patents include United States Patent Numbers

4,507,269, Dean et al., and 4,115,515, Tenner et al., which are also



4,507, 269, Dean et al., and 4,115,515, Tenner et al., which are also WO

03/ 103807 PCT/ US03/ 14652 -2 incorporated herein by reference. OQther patents
di scl ose woha3usmonf ammonia injection based on the use ofrchiuses/i4snodel i ng
to determine the anount of ammonia injected. Such patents include United
States Patent 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 reference. There
have al so been a nunmber of patents and publications relating to the
injection of urea into conmbustion efluent streanms in order to reduce the
concentration of NOR One such patent covering this technology is United
States Patent Nunber 4,208,386 to Arand et al., which is incorporated
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Journal of Chem cal Engineering of Japan, Vol. 29, No. 4, 1996. pp.

620- 626, argmemda trjectedr Suchipstenty mchuletUUnisechbiates Ratentcyambers acid  ( HNCO)
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units incorporaté wet gas scrubbers to renpove attrited catal yst fines that
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em ssi ons because wet gas scrubbers al so scrub NO2 fromthe fluidized
cat al yt iSOVEHESIhIsSe %@élﬁﬁnﬂei Sttes BatgnENumbes 208, 38k Arand ¢fe use of
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incorporated herein by reference, published in the Journal of Chemical

Engineering of Japan, "Kinetics of NOx Reduction by Urea Solution in a Pilot
Scale Reactor", Journal of Chemical Engineering of Japan, Vol. 29, No. 4,
1996. pp. 620-626, shows that urea dissociates to ammonia and cyanuric acid
(HNCO) and that both of these act as reducing agents for NO in two

interrelated chains of free radical reactions.

[0003] However, effluents released from combustion units and production
streams, such as the regenerator off-gas from a fluidized catalytic cracking
process unit remain a source of NO,’s from refineries. In most refineries,
fluidized catalytic cracking process units incorporate wet gas scrubbers to
remove attrited catalyst fines that have the added benefit to the refiner of
reducing, to a degree, NOx emissions because wet gas scrubbers also scrub NO,
from the fluidized catalytic cracking process unit’s waste gas streams.
However, the use of these scrubbers is not entirely effective in reducing NO,
emissions because in existing scrubbed and/or saturated gas systems, such as
wet gas scrubbers on combustion units like the fluidized catalytic cracking unit,
the off-gasses typically contain NO and NO,. NO, can be removed by
scrubbing, but NO cannot. The fact that NO cannot be removed by scrubbing



em ssions because in existing scrubbed and/or saturated gas systens, such
as wet gas scrubbers on conbustion units like the fluidized catalytic
cracki ng woios/10380he of f - gasses typically contain NO and NERT/USGR148n be
removed by scrubbing, but NO cannot. The fact that NO cannot be renoved by
scrubbi ng WD 03/ 103807 PCT/ US03/ 14652 -3 is a probl em because the majority
of the NON's contained in these wet gas streans is NO For exanple, the
NOx's in the offgas of a fluidized catalytic cracking unit sent to the wet
gas scrubber is typically about 90% No. [00041 Thus, many refiners have
experimented and i npl enented techniques to oxidize NON s to higher oxides,
and these techni ques have been net with mxed results. Mst of the

techni qu ' Faahsot S reacti.on
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pr obl ensstreaphsItbeNCE, dforeosaniplle, the NOJs iiw theob ffgat ¢ftd Alikligdd caglysier uct i on,
problems with treating the waste water of the units, as well "as problens
with theCflﬁéhmgdlmbi?e@gRﬂm WEbgassscamiphas is typicallykahomt 90P6 N@. art to add
sodiumchlorite (NaClQ2) to the wet gas scrubber liquor to oxidize NOX's to
hi gher oxi des such as, for exanple, NO2 and N2G5 which are water sol uble

and can e ¢ RlL.Gal It r-ate and
nitrite, [O'Brﬁcé]; pectl véﬂaﬁ?fﬁgﬁesrg Ihglglgl%?y ?fﬂ%‘%ﬁ{éﬁe@ h %#g%\én%?(l i tg@é{lﬁ%g%t er is
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Revi ew. Absorption of Gases, " Chem cal Engineering Comrunication, Vol.
33 pp 1-@xedateisults.i Most nf thepockniguesesed todby inveles emerricalshas1 However, the
addi ti on of , NaCl o the scrubper |iquor has problens. For exanple,
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construction, problems with treating the waste water of the units, as well as

e

problems with the removal of SO,’s. For example, it is known in the art to add
sodium chiorite (NaClO,) to the wet gas scrubber liquor to oxidize NO,’s to
higher oxides such as, for example, NO, and N,O5 which are water soluble and
can be removed from the process system, typically as nitrate and nitrite,
respectively. The solubility of these higher oxides in water is described by J.B.
Joshi, V.V. Mahajani, and V.A. Juvekar in “Invited Review: Absorption of
NOx Gases,” Chemical Engineering Communication, Vol. 33 pp 1-92; which is

incorporated herein by reference.

[0005]  However, the addition of NaCIO; to the scrubber liquor has
problems. For example, sodium chlorite is a costly chemical and is consumed
by side reactions such as the oxidation of SO,’s to higher oxides (e.g. SO, to
SO;). Thus, because sodium chlorite does not selectively oxidize NO,’s to
higher oxides, conventional methods used high sodium chlorite concentrations
in the scrubber liquor to achieve the desired reduction of NOy’s. These high
levels of sodium chlorite lead to high chloride levels which cause, among other

problems, corrosion of the scrubber’s materials of construction.



SA3). Thus, because sodiumchlorite does not selectively oxidize NOX's to
hi gher oxi des, conventional nethods used high sodiumchlorite
concent r awnoago3son t he scrubber |iquor to achieve the desipcadisosaest i on of
NOx's. These high levels of sodiumchlorite lead to high chloride |evels
whi ch cause, anobng other problens, corrosion of the scrubber's materials
of construction. WO 03/103807 -4 PCT/US03/ 14652 [0006] Thus, there exists
a need in the art to economcally repove NOR s fromwaste gas streans.
SUMVARY OF THE | NVENTI ON [ 0007] The'%'lr)esent | y disclosed invention provides
a process for renmoving NOX' s contained in an SOX contai ni ng waste gas
stream which stream contains both |ower and hi gher nitrogen oxides, which
process [6a06)r i sERus, dherk@xmbtng naedrin therart tof econooucaliyneragenNO:& ect ed from
ammoni a and urea and a readily-oxidizable gas in an effective anount that
will redifge waste gagatreagncent rati on of said waste gas streamby a
predeterm ned anmount; b) injecting said mxture into said waste gas stream
at a point wherein said SON containing waste gas streamis at a

t enper algi IRV GP M E INCENTIONT enoving at | east a portion of the SOX
pr esent ﬂ'ﬂ‘ﬁr%mm m xi ng an effective anount of
chlorine dioxide with said waste gas stream at a point downstream from
step c) above thereby oxidizing at |east a portion of the |ower oxide

NOX' s ~ [005nt The pedsenthndisslagad inyensiomprovides §Epcess fecECMeiBLe) renovi ng
at leas E\I&x’g%rtltia?r{]ed%;l asn - 8,(-% tg‘leﬂing)%a%?esgzpsy str%agf Fhich %Jtr%gltnec%ntains
both lower and higher nitrogen oxides, which process comprises:
a) forming a mixture of a reducing agent selected from ammonia and urea
and a readily-oxidizable gas in an effective amount that will reduce the
NO, concentration of said waste gas stream by a predetermined amount;
b) injecting said mixture into said waste gas stream at a point wherein said
SO,-containing waste gas stream is at a temperature below about
1600°F;
c) removing at least a portion of the SO, present in said waste gas stream,;
d) mixing an effective amount of chlorine dioxide with said waste gas
stream at a point downstream from step c) above thereby oxidizing at
least a portion of the lower oxide NOy’s present in said waste gas stream
to higher oxides; and
) removing at least a portion of said higher oxides by a means selected
from the group consistihg of alkaline solution absorption, reducing
solution absorption, scrubbing with water, ammonia injection, and

catalytic conversion.

[0008]  In one embodiment of the present invention, spray nozzles of a wet

gas scrubber separator drum are used to mix the chlorine dioxide with the SOy-

containing waste gas stream.



fromthe group consisting of alkaline solution absorption, reducing

sol ution absorption, scrubbing with water, anmmonia injection, and

cat al yti cwooauesssi on. [ 0008] I n one enbodi ment of the pre®emtuSosv4saLi on,
spray nozzles of a wet gas scrubber separator drumare used to m x the
chlorine dioxide with the SOX containing waste gas stream WD 03/103807
PCT/ US03/ 14652 -5 [0009] In another enbodi nent of the present invention, an
ef fective amount of reducing agent and readily-oxidizable gas are injected
into an existing regenerator over hedd |ine at a poi nt upstream of an
FCCU s heat recovery device. [0010] In another enbodi nent of the present

I nvention, an effective anmbunt of reducing agent and readily-oxidizable
gas ar e [6009i t almeancthgr émpedinesht iofithe preserdinedritivg, ue g¢éfeetiat amoaner head |ine
at multiple |ocations upstreamof an FCCU s heat recovery device. [0011]
In yet Shsedcingatesdiandfeadily-oridigable gas areinisstadonto amexissiagi | y- oxi di zabl e
gas i s hydrogen and.the..reduci ng agent is | DETAI LED DESCRI PTI ON OF
THE PRE © rBQIaCFBB?L? a@%g&a&w&fﬁ%@ﬁ{s&q&rm@%, ni t rogen

oxi des Qeyiektrogen oxide refers to the various oxides of nitrogen that may
be present Iin waste gasses. Thus, the terns refer to all of the various
oxi des of nitrogen including, but not Ilimted to, nitric oxide (NO,

ni trogen di oxide (NC2), nitrogen peroxide (N204), nitrogen pentoxide
(N205) , [MH8] ni dngnethartesakedimenb nbtherpresdns invantion) s effeotivetmonaf ers to

nitric oxi NO) si nc . I cal conpri ses_greater, than ., about 90% of
The i ¢ Phiicbis sadt ARG searils! P Esml 640 sumnsisaas Boinjeiare into
an existing regenerator overhead line at multiple locations upstream of an

FCCU's heat recovery device.

[0011]  In yet another embodiment of the présent invention, the readily-

oxidizable gas is hydrogen and the reducing agent is ammonia.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0012]  As used herein, the terms NO,’s, nitrogen oxides or nitrogen oxide
refers to the various oxides of nitrogen that may be present in waste gasses.
Thus, the terms refer to all of the various oxides of nitrogen including, but not
limited to, nitric oxide (NO), nitrogen dioxide (NO,), nitrogen peroxide (N,Oy),
nitrogen pentoxide (N,Os), and mixtures thereof. However, the term also
loosely refers to nitric oxide (NO) since NO typically comprises greater than
about 90% of the nitrogen oxides present in combustion waste gasses upon
which the presently claimed invention is practiced. Therefore, the presently
claimed process is especially concerned with the reduction and control of NO.
Also, the terms flue gas, wet gas, combustion waste gas, and waste gas stream
are used interchangeably herein to refer to the same scrubbed and/or saturated
gas streams. Also, the terms wet gas scrubber, scrubbing apparatus, and

scrubber are used interchangeably herein. It should also be noted that "higher



which the presently clained invention is practiced. Therefore, the
presently clainmed process is especially concerned with the reduction and
control oWoNGI0384F so, the ternms flue gas, wet gas, combustPCarUSas4662 gas,
and waste gas stream are used interchangeably herein to refer to the sane
scrubbed and/or saturated gas streans. Also, the terns wet gas scrubber,
scrubbi ng apparatus, and scrubber are used interchangeably herein. It
shoul d al so be noted that "higher W) 03/ 103807 PCT/ US03/ 14652 -6 oxi de" as
used herein is nmeant to refer to any’’"NO, wherein "x" is two or greater.
[0013] Al so, an effective amount of chlorine dioxide, as used herein, is an
anount that oxidizes at |east a portion, about 10 vol.% of the NOX s

pr esent oxide" ahesedbereiny ammsantdaneiet to aex M@ wheteout'x"1i3 twal 01% t 0 about 80
vol . % preferably about 40 vol.%to about 90 vol.%of the NOx's, nore

pr ef er aie@i€bout 50 vol . % to about 99 vol.% and nost preferably
substantially all of the NOX's present in the waste gas stream are

oxi dized to higher oxides. [0014] It should also be noted that m xi ng, as
used nefogdy whensIeH? EiteLe ahBETBPUHAS dRxIAIUS RG] RERAS, iad 3
readi | y-oxidi zabl e gas, 1s neant to refer to the broadest ‘nmeani ng given

t he t eramouiithat oxidizeg atéést 8 poetidi)aboti BCoN%, off ther®O,M3 presenttine | ocal
contact of a reducing agent and a readily-oxidizable gas wth the NO, in

t he wasthe waste gas stearas fariexampds akant 4H)val. % e abeut ShyokY, paaferablyri xi ng

t echni ques n oyed.to achi i s end. The t.echni.ques include,

but alr gattr%‘g iﬁivrﬂq‘?/égcr’%b?‘\'{(gq N@l-‘g) @éﬁ%?\g&xhéd?om PWE?IHBF}? mghguagen!{ aﬁd/ or
di | ve axi, di § i e LNt et |
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i nto t heev@ftie B Hastd @aNSrean aretixédizéd o Bighkr 6Rideef reduci ng agent and

carrier
[0014] It should also be noted that mixing, as used herein when describing
the mixing of a reducing agent and a 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 a reducing agent and a readily-oxidizable gas
with the NO, in the waste gas 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 encourage more homogenous mixing; injecting
a premixed stream of a reducing agent, readily-oxidizable gas and carrier gas
into the waste gas stream; or, injecting a stream of reducing agent and carrier
gas and a stream of readily-oxidizable gas and carrier gas into the waste gas
stream separately. Non-limiting examples of suitable pre-injection mixing
techniques, processes or means include piping the reducing agent, readily-
oxidizable gas and carrier gas through separate lines into one common vessel or
into the injection line to the waste gas stream, allowing the two reagents and

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



gas and a stream of readily-oxidizable gas and carrier gas into the waste
gas stream separately. Non-limting exanples of suitable pre-injection

m xi ng twolmiicpses, processes or neans incl ude piping thepcadisod/mgsagent ,
readi | y- oxidi zabl e gas and carrier gas through separate lines into one
common vessel or into the injection line to the waste gas stream all ow ng
the two reagents and the carrier to mx as they flow towards the injection
poi nt. WD 03/ 103807 PCT/ US03/ 14652 -7 [00151 The present invention provides
a cost-effective manner whereby refimners can renpve NOX's from waste gas
streans. The oxidation of NOX's to higher oxides is an effective way to
remove NO,,'s fromflue gas streans because the higher nitrogen oxides

such as[00d6} exXEmppreseiiinvemibiNZ@vidose costeicciwd nhinaeawtietsby be renoved
fromthe systemas nitrate or nitrite. Thus, the presently clained process
i nvol vetefmsrtayremays N¢ s Epnuwaste ges sgeameniThe oxidationddi NOgsitai zabl e gas

In amoupts effecti.ve a#grteduci ng the ,cancenptrati on of the waste gas

stream E’;g%ﬁr 8?’5%@9%?1&16 ﬁl‘éwa&?r?r@ﬂ%% Stron ﬂ’&glga%\s%?ﬁ‘rp?on of the SOX' s
g ) : ¢ . . di oxi d
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wast e gwatesisbRble and caixibdiré@dved flong Ry systend @s niteatd or MiRit@XxTHiged to NO2).
The hi gher oxides are then renoved by a nethod selected from al kaline

sol ut i ofregesmilyi Jaimed prasiesryinyolvigs iforminlgsompttiuonof 8 cedusiigggerdnmoni a
I nj ection nver,si on and absor ' ter. [0016) However,

the i nsqrg}&e%?h@igﬁcﬁq!ﬁ%ﬁﬁk%sgaéé?,ég}ogppss,efgqﬁtltvgg}t;rgc?uq\fn%é]. . Pxt he concentration
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amount of chlorine dioxide to the waste gas stream whereby a portion of the

NOy’s contained in the waste gas stream are oxidized to higher oxides (e.g. NO

oxidized to NO;). The higher oxides are then removed by a method selected

from alkaline solution absorption, reducing solution absorption, scrubbing

ammonia injection, catalytic conversion and absorption with water.

[0016] However, the instant invention is especially suited for reducing the
concentration of NO,'s within the process flow scheme of a Fluidized Catalytic
Cracking Unit ("FCCU"). Fluidized catalytic cracking is an important and
widely used refinery process. The catalytic cracking process typically converts
heavy oils into lighter products such as gasoline. In the fluidized catalytic
cracking (FCC) process, an inventory of particulate catalyst is continuously
cycled between a cracking reactor and a catalyst regenerator. Average reactor
temperatures are in the range of about 900-1000°F, with average feed
temperatures from about 500-800°F. The reactor and the regenerator together
provide the primary components of the catalytic cracking unit. FCC process
units are well 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.



heavy oils into |lighter products such as gasoline. In the fluidized
catalytic cracking (FCC) process, an inventory of particulate catalyst is
cont i nuouwlby3s/1a3get ed bet ween a cracki ng reactor and a cat &icygatSos/egener at or .
Average reactor tenperatures are in the range of about 900- 1000F, with
average feed tenperatures from about 500-800F. The reactor and the
regenerator together provide the primary conponents of the catalytic
cracking unit. FCC process wunits are well known in the art and United

St ates Pat ent Nunber 5, 846, 403, Swgﬁ, et al., incorporated herein by
reference, provides a nore detailed discussion of such a unit. WO

03/ 103807 PCT/ US03/ 14652 -8 [0017] The regenerator is especially inportant
to catalyst life and effectiveness because during the fluidized catal ytic

crackin rocess, carbonaceous deposits (coke re.forned on the catal yst,
whi ch s@giﬂant isli}q gﬁgea%rﬁ@aé%esneglailg'tmmwgﬁﬁm tglg{§5]1£rsqnd s then typically
regener . 1.0 . egll e r i ff at least a portion
of the e?%{cglx%eﬁe%sﬁggragaéeéérrugE}Ire_ ﬁﬁlflleee? c%ﬁal%g?tﬁgﬂr{kq@g)ﬁgs.sby injecting air,
or a”“&%oxﬁh%%pﬂ_@ﬂb?&siﬁ (6@1?6)‘&%& if¥nfed G Gat s@Wﬁ@stuBéi‘érﬂiél@e regenerator
at a rate sufficient to flui'dize the spent catalyst particleS. A portion

of the deckeaseatstativery. (fhet daénlgsitialtlyat typaoallyalegendrateddombgeindd i n t he
regenerator, resulting.in tgre?generat ed catalyst particles. Typical

r egeneraitastivenasseiabwiniag eHiagdeast a posiruel tisswikein thaygener@r, whil e exit
t enper atures, of. t.he.regener.ator off-gas usual Ly range fyom.,gbout 1200F to
about | 1B DuEARY GFTEY g ek oot e SombBlES 5 oyl e
back t Quhdight di ; inf e REENGARY AF o Phesdfficibt ol BRSBEG o further
processes such a eat recoVery devices, particulate renoval devices,
car bon gmealgstipheticles. 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 regenerator off-gas usually range from about

1200°F to about 1500°F.

[0018]  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, carbon monoxide
combustion/heat recovery units (COHRU), which, as previously mentioned, are
designed to convert CO to CO, and recover available fuel energy, and SO,

removal devices.

[0019]  In this preferred embodiment of the present invention, the initial NO,
removal step removes at least a portion of the NO,’s present in the waste gas
stream, thus reducing the amount of chlorine dioxide needed to oxidize the
remaining NO,’s present in the waste gas stream. In this first removal step, a
predetermined amount of the NOX's is removed from the waste gas stream.
This predetermined amount is typically at least about 10 vol.%, preferably

more than about 30% by volume, more preferably more than about 50% by



conbustion/ heat recovery units (COHRU), which, as previously nentioned, are
designed to convert COto CO2 and recover available fuel energy, and SO,
renoval dwoiosaeszso] 0019] In this preferred enbodi nent of tRreTASeYE662
invention, the initial NO, renoval step renoves at |east a portion of the
NO,,"'s present in the waste gas stream thus reducing the anmount of

chl orine di oxide needed to oxidize the remaining NOt's present in the
waste gas stream In this first remgval step, a predeternm ned anount of
the NOX's is renoved fromthe waste™”jas stream This predeterm ned anount
is typically at | east about 10 vol.% preferably nore than about 30% by
vol ume, nore preferably nore than about 50% by WO 03/ 103807 PCT/ US03/ 14652
-9 vol unelpmendndwsest prefermblyp b yednotiouat more than mboet T0%%rbyabelutne; 0% by

vol une, sed.on tre total _volunme of NO , present in the process stream

b . P
[ 0020] qu,?g&,q@thegotg ¥ohugp BN Quiretit in Hie proeesstigANef f ecti ve anmount of a

reduci ng agent selected fromurea and anmonia. Preferred is ammonia. An
ef fective anmount of reducing agent is to be considered that anmount of

reduci nge2@YeNtTHeNRO, Wald reh?&&&ﬁh}&f‘gﬂ\{@@%s‘é %?%ﬁ RiEfetil © Anfint BE 2

predeterm ned anmount. An effectlve anoun reducing agent wll typically

range freduciagaigentsdediad fromh ageacdnd adtwnty Bodatedsramploninf ANO, , |
preferably about 0.5-8 noles of reducing agent per nole of NOX. It is nost
pr ef er refEectiye ggrount of geducing pgentdsl i ba goagjdened that amountaff midycingl t shoul d
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L 2?2: In»rnolex iofireddieg agent peemolB i INQ,, ipRefeeatily abogd.9Y8 hivdey of the inventors
reducing agent per mole of NO,. It is most preferred to use 1-4 moles of
reducing agent per mole of NO. It should be noted that the reducing agent is

used in conjunction with a readily-oxidizable gas for purposes of this invention.

[0021]  Itis believed that a complex chain of free radical reactions achieves
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 + NHj + O, — N, + H,0 (reduction)

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

[0022]  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;3-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 liberates one mole of ammonia and one mole



believe the overall effect can be illustrated by the follow ng two
conpeting reactions: Equation 1: NO + NH3 + 02 --> N2 + H20O (reduction)
Equat i on WO oBki®sss7 02 -4 NO + H20 (oxidation) [0022] The ueetafsosn4a2 as t he
reduci ng agent introduces cyanuric acid (HNCO as well as anmmonia to the
process. As denonstrated in the work of Lee and Kim (1996), cyanuric acid
acts as a reducing agent for NO and also interacts with the NO NH3-02
chem stry sunmarized in Equations 1 _and 2. Although the cyanuric acid
reducti on process is not thoroughly‘1 nder st ood, and not w shing to be
limted by theory, the inventors hereof believe that the dissociation of
one nole of urea liberates one nole of ammoni a and one nole WO 03/ 103807
PCT/ US0@Y dytstiic-abid. oF xpgramentat dati flomPhp &innaent hee siaidy (1096) t he Ki m and Lee
study (1996) uggests that cyanuric, acid stoichionmetrically reduces NOto
el errent%ﬂggeﬁ"isttﬁéfg‘é’ﬁnﬁﬁﬁ gpickiorgetrisaty redides NP to elmesftall: 1. Thus, urea
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Equat | ofenbra®heak&Pat af‘n{d%@rbrliﬁgqg NG WA p(rﬂ% %hb'ﬁl%lftﬁ@%?fecﬁp ve 2000F,

t he reaction ‘of Equation econmes nore alent. Thus, in the practice

of the mpoésentioifowvantioniy. it is desirable to operate at tenperatures bel ow
about 2000F. However, operating tenperatures |ower than about 1600F are
achievable with the reduction reaction still being dom nated by Equation 1
t hrough the us The inventors hereof have

of the, present inyention.
unexpgc[p%:ﬂy f %deémf&%& epch g%ﬁpﬁ‘i“.@% 1 dlonypates suthe 16HHE- the reduction
reactl %O‘&F'%gr%%te%a%]relrawzgél A%%%/e ‘if()t)sgls,l the lré/acEigg%ﬁql}Qti’on 2 becomes

more prevalent. Thus, in the practice of the present invention, it is desirable to

operate at temperatures below about 2000°F. However, operating temperatures
lower than about 1600°F are achievable with the reduction reaction still being
dominated by Equation 1 through the use of the present invention. The
inventors hereof have unexpectedly found that, at temperatures below about
1600°F, the reduction reaction of Equation 1 will not effectively 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.



wi thout the injection of a readily-oxidizable gas, such as hydrogen. It
should be noted that as the tenperature of the process stream decreases,

t he amoumwoaB/103seadi | y- oxi di zabl e gas needed to drive thepcadisos/ 142
reaction increases. However, the inventors herein have determ ned that the
nmol ar ratios of readily- oxidizable gas disclosed herein can be used at an
ef fective operating tenperature range bel ow about 1600F, even bel ow about
1300F, with the reduction reaction,still being dom nated by Equation 1.
This makes the present invention é%becially suited for reducing NO, ,
concentrations in the off-gas of an FCCU regenerator because the
tenperature of the regenerator off-gas streamis typically |ow below
about 1?0@47]- | tA sdudlillydotidizablecghs ibaved/ter drivehte NQg requotmaneasétionent i on can

al so effectively operate over any, tenperatyre range between about 1200F to
about 180G@Eective earouns 96 readily-oxittizablspas 4% twt poteyind that eaables i xi di zabl e
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readi | yaionit 40 ZekiotesusGrendilyoRlidizalle pasipei moleagbriducmg agemsidder ed an
effective anount of readily-oxidizable gas, preferably greater than about
10: 1 t ocaisideredian effeptive amouhtobisadilyosidizable gas.prafuablysgreater and  nost

e o5l b BT bt A B b, o220, v L o
means HOPRlrAR ARt fR A R0 TR A ALl Il 2o the
reduci nge dependent on such things as the temperature of the waste gas stream; the

composition of the waste gas stream; the effectiveness of the injection means

used for mixing the readily-oxidizable gas with the carrier gas, the reducing

agent and the NOy-carrying stream; and the reducing agent utilized. Thus, for a

given waste gas stream, the most effective readily-oxidizable gas to reducing

agent molar ratio will be in the 1:1 to 50:1 range. The injection of readily-

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 waste gas streams such as the regenerator off-gas. For

example, such streams typically contain less than about 1.5% by volume of

oxygen.

[0025]  The reducing agent and readily-oxidizable gas are introduced or
conducted into the waste gas stream at a point before at least a portion of the
SO,'s present in the stream are removed. At this point, the waste gas stream
flowing from the regenerator to the next piece of equipment, typically a
COHRU, has a concentration of greater than about 0.1 vol.% oxygen, based on
the volume of the stream. Preferably the process stream contains at least about
0.4, mdre preferably about 0.4 to about 1.5 vol.%. Thus, this stage of the

process is especially well suited for treating the regenerator off-gas of a



agent and the NOS carrying stream and the reducing agent utilized. Thus,
for a given waste gas stream the nost effective readily-oxidizable gas to
reduci ng wageno3sonpl ar ratio will be in the 1:1 to 50:1 ramg&/Uustdesssnj ecti on
of readily- oxidizable gas at rates yielding readily-oxidizable gas to
reduci ng agent nolar ratios greater than 10:1 is, in part, nmade necessary
by the | ow oxygen concentration found in waste gas streans such as the
regenerator off-gas. For exanple, such streans typically contain | ess than
about 1.5% by volunme of oxygen. [06?51 The reduci ng agent and

readi |l y-oxi di zabl e gas are introduced or conducted into the waste gas
streamat a point before at |east a portion of the SO, ,'s present in the
st r eam fuidizedroavagitic Atadkingupi Inis prefeeradathbethgasdudingawenf amvi ng from t he
regenerator to_the next piece of equiEnent, typically a COHRU, has a
concentreadilyexidizeple gas betinadudsdtirestly intol 2 negengigeer, ovsabead lime of he vol ume

of the sfream. Preferably.the pr «Slregam.contains at |.east about 0.4,
nore prk Eﬁi%ﬂ%ca& q_r,a_uﬁqg% u&@éﬁ‘fcééﬁﬁ &?qur@/&heﬁﬂfgfmflﬁ?%o’gg%ge of the
process, | neql ' . : [ h ff-gas of a
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pref er righ thbediidifg hgeniCirmbreadBoxatighblé easibe mteadiiiedalitevtlgasitode i nt roduced
directly into a regenerator overhead line of a fluidized catalytic

cr acki rthe wegenefdteooverheadlioe @s nhar thaobtat fronvthedegenmratonsisi on/ heat recovery
unit assocjated.with the FCCU. It js nore pteferred . that the reducin

agent msﬁ%aﬂu@a%gmpm%e&aw@@ %58 thatdhe gedueing the ’
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regenerator overhead line.

[0026]  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
réducing 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.

[0027] By an effective amount of carrier material, it is meant an amount of
carrier material that will adequately mix the reducing agent and the readily-
oxidizable gas with the process stream, i.e., maximize the contact of the two

reagents with the NO, sought to be reduced.



into the regenerator overhead line through multiple points |ocated al ong
the regenerator overhead |ine. [0026] Since the anpunt of

readi | y- owodaedsbe gas and reduci ng agent used are typi cacnusas/s4eat |

per centage of the regenerator off-gas flow, typically less than about 0.5%
by vol une, based on the volune of the stream it is preferred to use only
an effective anount of a readily available and relatively inexpensive
carrier material. Non-limting exa bgs 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

em ssions, can be used. Thus, it is contenplated to mx effective anpbunts
of reducing agent and/or readily-oxidizable gas prior to mxing with a
carrier eri or withinghe Line that contains the.carrier material.
o1 s ol e sPentiauch SRS alsoagminy sRamige SRARLERRL Bl xc ur 6 be
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mat er i alndafigknvivnl inatie auatigbwevdry tHesres@be@ingtage finos i thdre readi | y-
oxi di zabl e gas with the process stream i.e., nmaximze the contact of the

two rezagenerator off-gdsds Religvasbtogissist thetNOx seldission reastosy. 10Be0 the

PCT/ US03/ 14652 -13 [ 002 e regenerator off- | so typically contains
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al t hough not necessary for the practice of the instant invention, is
preferred to assist the NO , reduction reaction and reduce
[0029] In a preferred 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 NOy 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 NOy

reduction reaction.

[0030]  In another embodiment, at least two, preferably a plurality of,
injection points are used along the regenerator overhead line. Effective
amounts of a reducing agent and a readily oxidizable gas, preferably with an
effective amount of carrier material, are injected through these multiple

injection points, which will typically be between the COHRU and the



the amount of readily oxidizable gas that is needed. [0029] In a preferred
enbodi nent of the present invention, effective anpbunts of a reducing agent
and a reawplopaesdTi zabl e gas, preferably with an effectiwerarsosinesnf
carrier material, are injected directly into the regenerator's existing
overhead line. Thus, the existing overhead |ine functions as the reaction
zone for the NO7, reduction reaction, thereby elimnating the need to add
costly processing equi pnent to effei%uate the present process. The
injection mxture is preferably injé¢ted 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 tenperatures

near t hggeageier atreferablyl Al injerions@cut simetineoisly efhus,dteekistinghe amount
of readily-oxidizable (ga_ls needed for a desired |evel of NO_reduction. It
i s al soressnarateexarbeadlinasgatn fanettans asdbe mastienzone for theNOx educi ng agent
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a reduc a readily ox abl'e gas, “preferably wth an effective

anount  Rfie@filsl RculBS Akdrahe rédeperdibestfathstdutieughipddsitle. Howeydre inj ection
poi nts, which will typically be between the COHRU and the WO 03/103807 -14
PCT/ USOfielr6iBiple enjeciomiavations afecdsmpyefenably spased seelstht #g  si nul t aneousl y.

Thus, the existing. B regenerator oyerhead.line agai n. functions. as the
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Prefera
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.

[0031]  The addition of sodium chlorite to the scrubber liquor is well known
and is described in U.S. Patent Number 6,294,139, which has already been
incorporated by reference herein. However, in most cases, the reagent that
oxidizes the NO,’s to higher oxides (e.g. NO to NO, and/or N,Os) is actually
chlorine dioxide, not sodium chlorite. Thus, the sodium chlorite is usually
injected into the waste gas stream with an acidic component that is capable of

disproportionating the sodium ions and chlorine dioxide.

[0032]  Chiorine dioxide, after it disproportionates from the sodium chlorite
molecule, also oxidizes SO,’s to higher oxides. This non-preferential oxidation
reaction forced refiners to inject relatively high levels of sodium chloﬁte into
the waste gas stream in order to reduce the NO,’s present in the waste gas
stream by a satisfactory amount. As previously discussed, these high levels of
sodium chlorite have the undesirable effects of corrosion of process unit
hardware, such as scrubbers, problems with waste water treatment and also

increased expenditures on reagents.



I njections occur as near the regenerator off-gas outlet as possible.
However, the nmultiple injection |ocations are also preferably spaced such
t hat t he weppnaisni at e resi dence tine between | ocations ispachiSevedssuch
that the desired effect fromthe use of nultiple injection |locations is
realized. As previously nentioned, it is advantageous to maxim ze the
resi dence tine of the reducing agent and readily-oxidizable gas in the
overhead line to conplete the reactign. [00311 The addition of sodium
chlorite to the scrubber liquor is well known and is described in U S

Pat ent Nunber 6, 294, 139, which has already been incorporated by reference
herein. However, in nost cases, the reagent that oxidizes the NOX's to

hi gher da03fds (Elayvevit) chdonige dmxddeyas Meabin the paesentllylofained process, di oxi de,
not sodium.chlorite. Thus, the sodiumchlaorite is uspall Jjnjected into
the wastiemjxed Hitbts WRLH SahstERaty L2 POHS GHERR POHIRN Pﬁﬁ@a%gbﬁe of

di spropar.t | | i ' 1 10X1 L_Chl orine

di oxi degprg%e?lg% F@‘H%@%%ﬁg‘% or?gggesrﬁ&?%fr:hhig@éehggl ﬁuﬁgﬁﬂ?%l} %l%gsoé’m%l ecul e,

al so ox 'a% F&Rovdd is fotleSsehitiaN ey tlfé?ré%t ifin$ioN @AdRAA} BE @AY indéthedi dat i on
reaction forced refiners to inject relatively high’levelS of sodium
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pr esent process, m xed W the waste gas stream at a point

after avaptd panstedani.hE iS@ost prefbrred enterhové hbstariatlygdbofthecy’ar e r emoved.
The met hod by which the SO t's . .
present in the waste gas stream are removed before the chlorine dioxide is

mixed with the waste gas stream. Non-limiting examples of SOy removal
processes suitable for use herein include wet desulfurization methods such as
water scrubbing, alkali scrubbing, magnesia scrubbing, and ammonium
scrubbing; as well as dry desuifurization methods such as using manganese
oxide or activated carbon. Preferably, the SO,’s are removed by a wet

desulfurization method, most preferably by use of a wet gas scrubber.

[0034] By mixing the chlorine dioxide with the waste gas stream after the
removal of SO, ’s, refiners use amounts of chlorine dioxide only slightly greater
than stoichiometric amounts. In general, calculating the stoichiometric amount
is complicated because the method by which chlorine dioxide converts NOx’s
to higher oxides is complex. However, while not wanting to be limited by
theory, the inventors hereof believe that the general oxidation reaction whereby
chlorine dioxide oxidizes NOy’s can be represented by the following equation:
Equation 1: 5SNO + 3ClO, + 4H,0 — 5HNO; + 3HCL

[0035]  Generally, the amount of chlorine dioxide used in the practice of the

present invention is about 3 to about 8 moles of ClO; to about 5 moles of NO.



are renoved is not essential to the present invention and may be any nethod
known in the art. However, the nethod chosen by the practitioner of the
present | ywoloaiimsd? i nventi on shoul d reduce the | evels of S®CIEs0s/Mebhe wast e
gas streamto bel ow about 100 ppm preferably bel ow about 50 ppm and nore
preferably bel ow about 10 ppm before the chlorine dioxide is mxed with the
waste gas stream It is nost preferred to renove substantially all of the
SOx's present in the waste gas stre_rilg_] are renoved before the chlorine
dioxide is mxed with the waste gas stream Non-limting exanples of SO,
removal processes suitable for use herein include wet desul furization

met hods such as water scrubbing, alkali scrubbing, magnesia scrubbing, and
amoni unt he elingsicay alsespiretice the priesent davantionibyaasing ahewthd és abawity as usi ng
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after the refiners use anounts O orine de only
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stoichionetric anmount is conplicated because the nethod by which chlorine

di oxi de converts NO,,'s to higher oxides is conplex. However, while not
ed by theory, the inventors hereof believe that the
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pract i canvéeetops bareof bélmserthabthelgenasil ogidabiontredction whereby7chlorine

dioxide oxidizes lower NO,’s to higher oxides can be represented by the
following equation:
Equation 2: 4NO + 3Cl0; +40H — 5HNO; + 3HCI

[0037]  Thus, in a basic environment, the amount of chlorine dioxide used in
the practice of the present invention is about 3 to about 8 moles of C10O, to
about 4 moles of NO. The refiner can also practice the present invention by
using about 4 to about 7 moles of ClO, to about 4 moles of NO. Preferably the
practitioner uses slightly greater than stoichiometric amounts of chlorine

dioxide, about 3 to about 4 moles of C1O, to about 4 moles of NO,.

[0038]  After oxidation of the lower NO,’s to higher nitrogen oxides, at least
a portion of the oxidized NOj’s is removed from the waste gas stream. In the
practice of the presently claimed invention, about 20 vol.% to about 100 vol.%
of the higher oxides are removed after oxidation, preferably about 40 vol.% to
about 80 vol.% of the higher oxides are removed after oxidation, more
preferably about 60 vol.% to about 90 vol.% of the higher oxides of the NO,’s

are removed after oxidation.



nol es of Cl102 to about 5 noles of NO The practitioner preferably uses
slightly greater than stoichionetric anounts of chlorine dioxide, which is
about 3 woo0ahaisv7 4 nol es of Cl02 to about 5 noles of NO PCT[IGOBBd6sHOWEVET ,
in some instances, the caustic contained in the scrubber nmay neutralize a
portion of the HO in Equation 1. In such instances where the pH of the
systemis basic, again while not wanting to be limted by theory, the

i nventors hereof believe that the gelil,zral oxi dation reaction whereby

chl orine dioxide oxidizes | ower NOX*S to higher oxides can be represented
by the follow ng equation: Equation 2: 4NO + 3Cl102+ 4011- -+ 5HNO3 + 3HCl
[ 0037] Thus, in a basic environnment, the anount of chlorine dioxide used in
t he pracj00d®] of Theeepriamétof at leasira panioh ©f diohigh8r bridebasiacldeved by of C102
to about 4 noles of NQ The refiner can also practice the present
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t he higher oxidés 1s ac
water soluble. The solubility of these higher oxides in water is described by

J.B. Joshi, V.V. Mahajani, and V.A. Juvekar in “Invited Review: Absorption of
NOx Gases,” Chemical Engineering Communication, Vol. 33 pp 1-92; which is
incorporated herein by reference. Thus, another non-limiting example of a NO, -
removal step, and the most preferred embodiment of the present invention,

involves absorption of the oxidized NO, compounds with water.

[0040]  As previously discussed, at least ;portion of the SO,’s present in the
waste gas stream can be removed by the use of a wet gas scrubber. These
scrubbers remove, among other things, attrited catalyst fines and SO,’s. Thus,
in one embodiment of the present invention, the scrubbed and/or saturated gas,
sometimes referred to herein as flue gas, is contacted directly with chlorine
dioxide (C10,) at a point downstream from a wet gas scrubber. By contacting
the flue gas after the scrubber, the chlorine dioxide can oxidize an increased
amount of NO,’s because there are lesser amounts of SO,’s to compete with the
oxidation reaction. Further, the low addition rates of ClO, that are needed to
oxidize the lower NOy’s to higher oxides assist the refiner in overcoming a
majority of the problems, such as, for example, corrosion, wastewater

treatment.



any known process in the art, except sodiumchlorite absorption. These
processes include, but are not limted to, the use of an al kaline solution
such as wpoagessous caustic, soda solution or a reduci ng ®arutSoymesuch as
an aqueous sodiumthiosulfate solution; catalytic conversion, and amoni a
and hydrogen injection, as described in United States Patent Nunber
3,900,554 to Lyon, which has already been incorporated herein by
reference. Also, it is well known iggthe art that oxidized NOx conpounds
such as NO2 and N205 are water solubl'e. The solubility of these higher
oxides in water is described by J.B. Joshi, V.V. Mhajani, and V. A
Juvekar in "lInvited Review Absorption of cal Engi neering

\ N% Gases, " Chem
Communi c#304dh, Vi anoghergmbodimenaf the nresently ?lﬁ%ﬁdaméfﬁn%‘él?aghﬁ by reference.
Thus, -limti. | f NO, | h t
ot of bt rcanisamsaREide TR SRRy Salin b SRR LB i@l on Tor ¢ he
® i ved o ! / ! "t
Canst o BOfte WEPERE KDL | & sEBhSlor dridhii picRy RO BAvALe SMaERe o

renoved ByrayhRzdRs, Gh thisweibahimess; thbtidoring désdde fcsprpat throwgivthe, anong
other things, attrited catalyst fines and SO 's. Thus, in_one enbodi nent

of the pspmgmoziziesench dhgt wien thecobtaseinated/fhie gastaiveaneis fgddnto thenet i nes
referred to herein as flue,gas, i ontagted di,rectly-wth chlorine
di oxi de Pet 825 SERaratop grym, Hg%%%?ql’i%‘%? &}eo‘%itl%r‘%fhoé‘é e'szﬁ%ﬁﬂlé)rrmeBy cont acti ng
the flue .gas,af L ag: di Oxl an
e | e RSP R R aeb it Wyl Rt e acamaeluagr o
conpet e yid dhibfifle dRidat AQsh, aadRionAlambuhfsifideidtiged waterddntbeon rates of
ClQ2 that are needed to oxidize the |ower NOX's to higher oxides assist
the refi gemyed tlooaphdhe sgrag nozzjesr Byyadditionsd aprasimiteotdeioniznd aeter, or
exanpl e, corrosion, wastewater _treat mta t. WO Q3/103807 .

it is meant amounts of delonized water sufficient to absorb at least a portion of

the higher oxides.

[0042]  In another embodiment of the presently claimed invention, a greater
amount of chlorine dioxide necessary to oxidize a portion of the NO,’s present
in the waste gas stream is mixed with the waste gas stream after the SO
removal step. This additional amount of chlorine dioxide allows the refiner the
ability to oxidize any SO, s remaining in the waste gas stream after the SOx
removal step to higher oxides. These higher oxides of SO,’s can then be

removed by any method known in the art.

[0043]  The above description is directed to several 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.



-18 PCT/ US03/ 14652 [0041] I n another enbodi nent of the presently clained
invention, the <chlorine dioxide is mxed wth the waste gas in the

separ at orworoasromssoci ated wth a wet gas scrubber. A sep@&Catuso3/deeam
typically contains hardware such as spray nozzles. In this enbodinent, the
chlorine dioxide is sprayed through the spray nozzles such that when the
contam nated flue gas streamis fed into the wet gas separator drum it
first contacts the chlorine dioxide. . Jhe chlorine dioxide can first be
mixed with deioni zed water which actS as a carrier fluid for the chlorine
di oxi de. Al so, additional anmbunts of deionized water can be sprayed

t hrough the spray nozzles. By additional anmpbunts of deionized water, it is
meant anBXAMPIIE dei oni zed water sufficient to absorb at |east a portion of
t he hi gher oxides. [0042] In another enbodi nent of the presently clained
invention, a greater anount of chlorine dioxide necessary to oxidize a

portion he o p . i . i ) ith the
wast e ga@Bg‘hr eam%gffpgp%ﬁggg@lp fre &%@gdﬁ@?@g@%ﬁf‘egﬁg |tibgﬁ}§ 1glggn%ﬁlt}dnt of

chl ori .“?1%9@9 g6t Rldd\MEedd o Tiffit e predet imkintiohy to oxidize any SO {'s
remaining In the waste gas streamafter the SOX renoval step to higher

oxi des. These hi gher oxides of SOX's can then be renoved by any nethod
known in the art. [0043] The above description is directed to several neans
for car rEXAMBEE Ithe present invention. Those skilled in the art will
recogni ze that other neans which are equally effective could be devised
for carrying out the spirit of this invention. W 03/103807 -19

[0045]  The effect of chlorine dioxide on the oxidation of NO,’s was tested

in a bubble column. Chlorine dioxide was mixed with a simulated scrubber
liquor which contained 1002 ppm NO,. In this experiment, the simulated
scrubber liquor was allowed to flow at a rate of 2 Vmin into the bubble column
where it was mixed with 1.5 dm® of a water/chlorine dioxide oxidizing solution -
containing 107 ppm ClO,. The temperature of the bubble column during the
experiment was monitored using a thermocouple device, and the temperature

was observed to be 18°C.

[0046] A NO, balance was performed on the bubble column by measuring
the concentration of nitrogen oxides in the simulated scrubber liquor before and

after mixing with the oxidizing solution. The results of this balance are

contained in Table 1 below.



EXAMPLE PCT/ US03/ 14652 [0044] The follow ng exanple will illustrate the

ef fecti veness of the present process, but is not neant to limt the
present iwoeatidasn? EXAMPLE 1: [0045] The effect of chlori meTdisoxi«s2 on t he
oxi dation of NOx's was tested in a bubble colum. Chlorine dioxide was

m xed with a sinulated scrubber |iquor which contained 1002 ppm NOx. In
this experinent, the sinulated scrubber |iquor was allowed to flow at a
rate of 21/min into the bubble colu where it was mxed with 1.5 dnB of a

wat er/ chl ori ne di oxi de oxidi zing sol ut1ion containing 107 ppm CIQ2. The
tenperature of the bubble columm during the experinment was nonitored using
a thernocoupl e device, and the tenperature was observed to be 18C [0046]
A NOx bal ance was perfornmed on the bubble colum by neasuring the
concentration of nitrogen oxides i eqSinmul ated scrubber |iquor before
and after mxing with the oxidizji%ég%lution. The results of this bal ance

are co Eéa_b_l_e_;__bﬁl O \/\ﬂ 03/, 0?807- -20 Taple | PCT/US03/ 14652
Sour ce QHERSi | CRMPEINdEr cedbilige of |ConcEimalat i ohPemcentags bbhTot al
Fi nal (Nbl es) (Mol gs) Concent f @ohoentratibnt) @onderitiatiordon CRatal Finsn
(Moles) (Moles) Concentration
in Total Initial
Concentration
(%)
Gas NO 0.0017 -
Gas NO2 0.0004 0.0002
Agqueous NO2- - -
Aqueous NO3- - 0.0019
Total 0.0021 0.0021 100%




GasNQO0. 0017- GasN020. 00040. 0002 AqueousNO2--- AqueousNO3--0.0019 Total 0. 00
110. 0021000% WO 03/ 103807 PCT/ US03/ 14652 -21 CLAIMS: 1. A process for
renovi ng WO0,03/1638epnt ai ned in a SO,, containing waste gas PstrEsas4eshi ch
stream contai ns both | ower and hi gher nitrogen oxides, which process
conprises: a) formng a mxture of a reducing agent selected from anmoni a
and urea and a readily-oxidizable gas in an effective anount that wll
reduce the NOX concentration of sai dz\glaste gas stream by a predeterm ned
anount; b) injecting said mxture int0"said waste gas stream at a point
wherein said SO, -containing waste gas streamis at a tenperature below
about 1600F; c) renoving at |east a portion of the SOX present in said
wast e gaCLAIMStm d) mixing an effective anount of chlorine dioxide with
said waste gas streamat a point downstream from step c) above, thereby
oxidizing at |east a portion of the |lower oxide NO,'s present in said

' | 0RS > ) I ' at. | east ortion of
\ngéehggﬂeft (r))??gléic%gg fc%t}%ég)&iﬁg ﬁ%)x sa@&tgkedqﬂg\g(ﬂgcontammg was epgas

stream, which stream contains both lower and higher nitrogen oxides,

which process comprises:

a) forming a mixture of a reducing agent selected from ammonia
and urea and a readily-oxidizable gas in an effective amount that
will reduce the NOy concentration of said waste gas stream by a
predetermined amount;

b) injecting said mixture into said waste gas stream at a point
wherein said SO,-containing waste gas stream is at a temperature
below about 1600°F;

) removing at least a portion of the SO, present in said waste gas
stream,; ‘

d) mixing an effective amount of chlorine dioxide with said waste
'gas stream at a point downstream from step c) above, thereby
oxidizing at least a portion of the lower oxide NO,’s present in
said waste gas stream to higher oxides; and

e) removing at least a portion of said higher oxides by a means
selected from the group consisting of alkaline solution
absorption, reducing solution absorption, scrubbing with water,

ammonia injection, and catalytic conversion.

2. The process according to claim 1 wherein said waste gas stream is
generated by a fluidized catalytic cracking process unit ("FCCU"), said
FCCU having a regenerator.



selected fromthe group consisting of alkaline solution absorption,

reduci ng sol uti on absorption, scrubbing with water, anmonia injection, and
cat al yti cwooauesssi on. 2. The process according to clai m 1pairarses/mesai d
waste gas streamis generated by a fluidized catalytic cracking process
unit ("FCCU'), said FCCU having a regenerator. WO 03/103807 -22

PCT/ US03/ 14652 3. The process according to claim2 wherein said mxture is
injected into regenerator off-gas generated by said FCCU 4. The process
of claim 3 wherein said readily-oxi diZable gas is selected fromthe group
consisting of paraffinic, olefinic and aromatic hydrocarbons and m xtures
t hereof, gasoline, fuel oil, oxygenated hydrocarbons, form c and oxalic
aci ds, nid.r ogehiad prochyslaaoadingns claisil {vdRadie dailduah@eR 18 YRS cteddhiON

nonoxi de, and hydrogen. 5. The process according to claim4 wherein said
reduci ng agentregeneraiprii-gas geneTated pysasbEC&&Lor ding to claim 5 wherein
said reducing agent is injected in a nolar ratio of about 0.5 to about 12
nol es per nole of NOR 7. The process according to claim®6 wherein said

m xture npri L I hy-0xidi I S d i d reducing agent in a
nol ar r aﬁ? o of ag%lﬁ)t% bgqua?lgﬁ gﬁ%@%ew@@pgg-oﬁgggl;%i §4 137 ﬁ?t?gbl e gas per
mol e of reducifism thg8féup &ns}dﬂﬁgnﬁgﬁ?%ﬁé}%%ﬁhieana%r&lgaﬁ&n 7 wherein said
m xture conprises sald readily-oxidizable gas and sald reducing agent in a
nol ar ratio ofhydbegarbons and mixtures thereof, gasoline, fuel oil, oxygenated

hydrocarbons, formic and oxalic acids, nitrogenated hydrocarbons,

sulfonated hydrocarbons, carbon monoxide, and hydrogen.

5. The process according to claim 4 wherein said reducing agent is
ammonia.
6. The process according to claim 5 wherein said reducing agent is injected

in a molar ratio of about 0.5 to about 12 moles per mole of NO,.

7. The process according to claim 6 wherein said mixture comprises said
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 7 wherein said mixture comprises said
readily-oxidizable gas and said reducing agent in a molar ratio of about
10:1 to about 40:1 moles of readily-oxidizable gas per mole of reducing

agent.

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

regenerator are present in the regenerator off-gas.



10: 1 to about 40:1 noles of readily-oxidizable gas per nole of reducing
agent. 9. The process according to claim8 wherein catalyst fines fromthe
regener atwo anesspr esent in the regenerator off-gas. WO 03/PC0AS0T/ 14628

PCT/ US03/ 14652 10. The process according to claim9 wherein said mxture is
injected into said regenerator off-gas at a point between the regenerator
and a carbon nonoxi de conbustion/ heat recovery unit (COHRU). 11. The
process of claim1 wherein said pred_ﬁherm' ned amount is a reduction of
NO, in said process stream by nore thHan about 30 vol.% 12. The process
according to claim2 wherein step c) above is carried out by wet

desul furization processes such as water scrubbing, alkali scrubbing,
magnesi a 1€cr uflienpcessmenonding to clabn Sgwberetr said saixhrans injected igpocesses

such as using nganese oxi de or actjvated ca bon. 13. The.pro
according to & rﬁgi@ermroégga%ﬁﬁ%lp@l@ stwgen t %quggra%g G’i’é’ Oscr ubbi ng

14. The process _acGor chlorlne di oxide is

m xed with saP&OWzﬁ{f %%guét?ﬁg%tgké&e}% ﬁ(gowns eam froma wet gas
scrubber of a conbustion unit. 15. The process according to claim14
wherein said chlorine dioxide is mxed with said waste gas streamin said
wet gas 941 ubMc'mosepafaldinnl wireven satil pr‘éﬂetepni:miwnammtdsai ng to claim15

wherein said chlorine dioxide is mxed with said_was gaa {5eam in said
wet gas scr ubbeduciionefaNek ippaid process stream by more than about 30 vo

12.  The process according to claim 2 wherein step c) above is catried out by
wet desulfurization processes such as water scrubbing, alkali scrubbing,
magnesia scrubbing, ammonium scrubbing or dry desulfurization

processes such as using manganese oxide or activated carbon.

13.  The process according to claim 12 wherein said SO,’s are removed by

wet gas scrubbing.

14.  The process according to claim 13 wherein said chlorine dioxide is
mixed with said waste gas stream at a point downstream from a wet gas

scrubber of a combustion unit.

15.  The process according to claim 14 wherein said chlorine dioxide is

mixed with said waste gas stream in said wet gas scrubber’s separation

drum.

16.  The process according to claim 15 wherein said chlorine dioxide is
mixed with said waste gas stream in said wet gas scrubber’s separation
drum by using the already existing demister and spray nozzles of said

wet gas scrubber separation drum.



drum by using the already existing dem ster and spray nozzles of said wet
gas scrubber separation drum WO 03/103807 PCT/ US03/ 14652 -24 17. The
process awoasdiasg7to claim 16 wherein said chlorine dioxi @eTisod/mezed with
dei oni zed water before mixing with said waste gas stream 18. The process
according to claim 17 wherein an additional anount of deionized water is
m xed with said chlorine dioxide wherein said additional amunt of

dei oni zed wat er absorbs said hi gher fzi(l des.

17.  The process according to claim 16 wherein said chlorine dioxide is

mixed with deionized water before mixing with said waste gas stream.

18.  The process according to claim 17 wherein an additional amount of
deionized water is mixed with said chlorine dioxide wherein said

additional amount of deionized water absorbs said higher oxides.



