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The Clean Air Act Amendments were enacted in 1990 to
regulate and reduce the amount of harmful pollutants released
into ‘the atmosphere. The Clean Air Act places strict
guidelines on the amount of pollutants present in discharged
flue gases from combustion sources and chemical plants. As a
result, industries seek to implement efficient, but cost-
effective systems and methods for controlling the release of
harmful. pollutants.

Nitrogen oxides (NOx) and sulfur oxides (SOx) are
primary combustion pollutants targeted for reduction by the
Clean Air Act. Various treatment processes and methods have
been developed to reduce NOx in a flue gas. NOx reduction
technologies employed for reducing the NOx concentration in
the flue gas were typically either selective catalytic
reduction (SCR) or non-catalytic reduction (SNCR) using
ammonia or urea to convert the NOx to elemental nitrogen.

In the SNCR process, ammonia reduces NOx present in the
flue gas to nitrogen, without the presence of a catalytic
substance. The ammonia is then oxidized to nitrogen and
water. The SNCR process is significantly limited, however, by
the fact that it requires a very high operational

temperature, ranging from 800°-1200° C. Even at these high

oxi di zed éo nétrogen and water. The SNCR process is significantly
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gas pressure drop. As a result, a particulate removal device
20 such as an electrostatic precipitator often precedes SCR.

Summary Of The Invention

The present invention provides a wet scrubbing apparatus
that is able to remove NOx from the flue gas emitted from
combustion, FCCU and other operations. Accordingly, various

25 wet scrubber assemblies and fluid catalytic cracking systems
in accordance with the present invention are disclosed which
are capable of achieving NOx removal in varying percentages.

In accordance with one aspect of the invention, there is
an apparatus for controlling NOx emissions comprising a

30 chamber having a wall surface and an interior; a flue gas
entrance and a flue gas exit for a flue gas to enter and exit
said interior of said chamber; a gas quenching zone in which
the temperature of the gas can be lowered; an ozone injection
and retention zone in said chamber; and a liquid spray zone

35 including at least one spray nozzle for spraying a liquid
towards the wall surface.

Preferably, the apparatus includes an ozone supply; an

ozone injection nozzle to inject a predetermined amount of



35 including at | east one spray nozzle for spraying a liquid towards the
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The liquid preferably comprises a calcium, magnesium, or

sodium reagent.

The apparatus may have a height ranging from 50-120 feet

tall, and a diameter ranging from 1-50 feet. It may include
20 3 or more spray nozzles depending upon the size of the
apparatus.

The ozone to NOx ratio may range from 0.5-3.5. The
ozone injection and retention zone may have a length that is
sufficient to permit a flue gas traveling through the ozone

25 injection and retention zone a residence time ranging from
0.5-10 seconds. Alternatively, the length of the ozone
injection and retention zone may be sufficient to permit the
flue gas to have a residence time of about 3-7 seconds in the
ozone injection and retention zone.

30 The apparatus has a liquid to gas ratio ranging from 5-
80 gallons per 1000 feet® of gas flow.

The flue gas may travel through the apparatus at a rate
ranging from 3-26 feet/second.

Preferably, the flue gas exit has NOxXx emissions less

35 than or equal to 50 ppmdv.

The apparatus may exhibit percentage of a NOx removal

that is greater than about 30%, or alternatively, greater



ranging from 3-26 feet/second. Preferably, the flue gas exit has NOx
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flue gas; injecting ozone into the interior of the chamber,
and spraying a 1liquid towards the walls of the chamber to
capture reaction products of the oxidation process.

In accordance with this aspect of the invention, the

20 1liquid may include a sodium, calcium, or magnesium reagent.

In accordance with this aspect of the invention, the
injection of ozone into the interior of the chamber may occur
below the spraying of a liquid, and the entrance of a flue
gas may be below the spraying of the liquid.

25 In accordance with this aspect of the invention, the
spraying of a liquid may include injecting a liquid through
more than 3 spray nozzles.

In accordance with this aspect of the invention, an
ozone to NOx ratio may be maintained in a range from 0.5-3.5

30 in the chamber.

In accordance with this aspect of the invention, the
flue gas may be allowed to maintain a retention time ranging
from 0.5-10 seconds after the step of injecting ozone into
the interior of the chamber.

35 In accordance with this aspect of the invention, the
flue gas may be permitted to have a residence time of at
least 3seconds after injecting ozone into the interior of the

chamber.



flue gas may be allowed to maintain a retention tine ranging fromO0.5-10
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In accordance with this aspeet of the invention, the
flue gas may be quenched to a temperature of between 120-180°
F., or below 200° F. Alternatively, it may be quenched to

20 below 250° F.

In accordance with this aspect of the invention, the
quenching of the flue gas may occur at the entrance into the
interior of the chamber, and may include spraying 1liquid
through the gas as it enters the chamber.

25 In accordance with another aspect of the present
invention, a method of controlling NOx emissions includes
introducing a flue gas into a chamber; quenching flue gas;
injecting ozone into an ozone injection and retention zone in
the interior of the chamber; spraying a 1liquid into the

30 chamber; and maintaining a substantially droplet-free phamber
interior in the vicinity of the ozone injection and retention
zone.

In accordance with this aspect of the invention, the
step of injecting ozone into the interior of the chamber may

35 occur prior to spraying a liquid.

In accordance with this aspect of the invention,lliquid

may be sprayed through 3 or more spray nozzles.



30 chanber; and maintaining a substantially droplet-free chanber interior
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In accordance with this aspect of the invention, a
liquid to gas ratio may be maintained in the system between
5-80 gallons per 1000 feet® of gas flow.
In accordance with this aspect of the invention, flue

20 gas may be allowed to travel through the apparatus at a rate
of from 3-26 feet/second.

In accordance with this aspect of the invention, NOx
emissions are preferably less than 50 ppmdv.
In accordance with this aspect of the invention, the

25 percentage of NOx removal may be greater than or equal to
50%.

In accordance with this aspect of the invention, the
flue gas may be quenched to a temperature of between 140-160°
F.

30 In accordance with another aspect of the invention, a
combustion system comprises a boiler; an apparatus for
controlling NOx emissions comprising a chamber having a wall
surface and an interior; a flue gas entrance and a flue gas
exit for a flue gas to enter and exit said interior of said

35 chamber; a gas quenching zone in which the temberature of the
gas can be lowered; an ozone injection and retention zone in

said chamber; and a liquid spray zone including at least one

spray nozzle for spraying a liquid towards the wall surface.



F. 30 In accordance with anot her aspect of the invention, a conbustion
system conprises a boiler; an apparatus for controlling NOx em ssions
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entrance and a flue gas exit for a flue gas to enter and exit saird interior
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zone. located above the liquid spray zone.

The liquid preferably comprises a calcium, magnesium, or
sodium reagent.

20 Preferably, the apparatus may have a height ranging from
50-120 feet tall, a diameter ranging from 1-50 feet, an ozone
injection and retention zone having a length that is
sufficient to permit a flue gas traveling through the ozone
injection and retention zone a residence time ranging from

25 0.5-10 seconds, and 3 or more spray nozzles dispersed in the
liquid spray zone.

The length of the ozone and retention zone may be
sufficient to permit the flue gas to have a residence time of
about 3-7 seconds in the ozone injection and retention zone.

30 The ozone to NOx ratio may range from 0.5-3.5.

The liquid supply may include a 1liquid comprising a
chemical and water solution, may have a pH ranging from 5.5-
7.5 pH, and the apparatus may have a liquid to gas ratio
ranging from 5-80 gallons per 1000 feet® of gas flow.

35 The flue gas may travel through the apparatus at a rate
ranging from 3-26 feet/second, the flue gas exit has NOx
emissions less than or equal to 50 ppmdv, and the apparatus

may have a percentage of NOx removal of 30% or higher.



The |l ength of the ozone and retention zone may be sufficient to permt the
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Description of The Drawings 15 Figure 1 is a vertical view of, downfl ow wet
scr ubbi n§°TapRRPAEERIa SREa FUIReLT ekeheri §PeRQGIESHSRAART 1RaFES o
vertical +¥i-6WgRbuHOPRE! Quyueh iS¢l ng  apparatus according to the present

i nvention denbdnstrating the (]:ii rectional flow of water froma spray nozzle.
20 Fi gurBr2efsDespeipbioni 0 ThewDohwangpray nozzle shown in Figures 1 and
| A B gures 3_and 4 are,cross-sectio Vi ews noz '811%‘0"‘“ I n

| f.
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apparatus according to the present invention.

Figure 1A is a vertical view of downflow wet scrubbing
apparatus according to the present invention demonstrating
the directional flow of water from a spray nozzle.

20 Figure 2 is a perspective view of a spray nozzle shown
in Figures 1 and 1A.

Figures 3 and 4 are cross-sectional views of. the spray
nozzle shown in Figures 1-3

Figure 5 is a side elevational view of multiple spray

25 nozzles configured in a wet scrubbing chamber in accordance
with an alternate embodiment of the present invention.

Figure 6 is a chart plotting percentage of NOx removal
versus ozone/NOx ratios.

Figure 7 is a vertical view of an upflow wet scrubbing

30 apparatus according to the present invention.

Best Mode of Carrying Out Invention

The present invention is generally directed to a wet
scrubbing apparatus, such as the wet scrubber 1 shown in
Figure 1, and a method of reducing NOx emissions using the

35 wet scrubbing apparatus of the present invention. It should
be appreciated that the disclosure in U.S. Provisional
Application No. 60/485,780 is fully incorporated herein by

reference.



25 nozzles configured in a wet scrubbing chanber in accordance wth an
al ternate enbodi nent of the present invention. Figure 6 is a chart plotting
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liquigl s y . 106, sev e spray.nqozzl e 0 located,in the
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108. Thegdsar®iiss 008t he Theediametlelr e taegecowd®Mi ts2l Fo0ndeetrangd its
hei ght may range from5 to 120 feet. High percentages of NOx_renoval from
flue gasf&RM tledP~ 180t rpftFcRDdsidienBedghti Mavar rajgeefr @nSheuch?@ved
usi ng t@geg@t scrubber of the present invention. Injection of o0zone into
flue gas during wet scrubbing operations, which follow FCCU or other
systens, can Hiédhcedrmentagds of MNMOX i nemohel exframst fHas Passaemitkzede can

be | T eobessueing LT 20 <. R6 @ ougLne Nor peduetipn echaelgoy
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ozone into flue gas during wet scrubbing operations, which
follow FCCU or other systems, can reduce the levels of NOx in
the exhaust gas stream. Ozone can be injected using LoTOx™,
20 a BOC Group, Inc. NOx reduction technology utilizing ozone to

oxidize the NOx present in the flue gas. (LoTOx™ is a

trademark owned by The BOC Group, Inc. The LoTOx™ system is
available exclusively for FCCU applications from BELCO® under‘
license from BOC.) 1In one preferred embodiment, as shown in

25 Figure 1, the ozone is injected into a wet scrubbing device,
such as a downflow spray type BELCO® EDV® scrubber.

The process employs ozone to oxidize both NO and NO; to
N20s, " then to nitric acid, HNO3. The nitric acid formed in
the process 1is then neutralized with the dilute caustic

30 present in the scrubbing liquid to form sodium nitrate in the
scrubber. .

Both NO and NO, present in the flue gas are converted to
N,Os when they react with ozone. N;0s is very soluble in water
and forms nitric acid with the moisture present in the flue

35 gas stream. The major reactions involved are:

NO + O3 - NO2 +



avai | abl e exclusively for FCCU applications from BELCO(r) under |icense
fromBOC.) In one preferred enbodi nent, as shown in 25 Figure 1, the ozone

i s i njected ond/matssnet scrubbing device, such as a do ype
BELCO(r) EDVO scrubber. The process enpl oys ozone to OW(?]Z%SZB%{/(%Y% and

to N205, then to nitric acid, HNO3. Thg nitric acid formed in the process
is then neutralized with the dilyte causgic 30 present |qnge scrubbj ng
liquid to formsodiumnitrate in the scrubber. Both NO artd “NO2 present in
the flue gas are cNDwerted to N205 when they-peact with ozone. N205 is very
soluble in water and f LB nltrlc acid ﬁ\n h the noisture &\L}cggent in the
flue 35 gas stream T faj or r dacti onsPthvol ved are: N2 + WO
2005/ 014134 PCT/US2003/031101 10 2 + 03 - N20§ + NO2 --> N205 + H20 -
2HNO3 S02 + 03 - SO03 + 5 It should be appreciated that the reaction of S02
with ozone is very sldWaas conpdred to ®he reacton of N®with ozohe.
Therefore, the formation of SO3 due to the presence of ozone is very snall
10 Referring back to Figure 1, as indicated by the arrow, the overall wet
scrulii ng process begins when gas enters the top of the wet scrubber 1

through the flue gas _inlet 100. The gas then travel s through a gas
quenchi ng zonét1 OUJ\%eﬁ’%l APPRECLptiedgddats %nEﬁéHtESnl t&f sBPur¥ithn 15
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Due to the esign o he spray noz scru I qul s are d| rected
t owar ds ohenéent eTherefiakkes the4fotmaheon hafib80; idueritortid Opseséncdadft hey
do not en%gﬁe is very small.
10 Referring back to Figure 1, as indicated by the arrow,
the overall wet scrubbing process begins when gas enters the
top of the wet scrubber 1 through the flue gas inlet 100.
The gas then travels through a gas quenching zone 102,
wherein the flue gas is quenched to its saturation
15 temperature by at least one spray nozzle 200 which emits
scrubbing liquids. Due to the design of the spray nozzles,
the scrubbing liquids are directed towards the interior walls
114 of the chamber interior 110 such that they do not enter
or fall into the central portion of the chamber interior 110.
20 After quenching, the gas then passes through the ozone
injection and retention zone 104 where ozone is injected into
the chamber interior 110. The gas then travels through the
chamber interior 110 for a predetermined retention time
without the presence of liquid droplets from the scrubbing
25 liquids sprayed in the gas quenching zone 102, The gas 1is
then again sprayed with scrubbing liquids from spray nozzles
200 in the liquid spray zone 106, after which the flue gas
exits the wet scrubber 1 through the flue gas exit 108.
The flue gas inlet 100 is typically a ductwork
30 connection made of stainless steel that connects the boiler
(not shown) to the wet scrubber 1. The velocity of the flue

gas flow inside the wet scrubber 1 has a preferred velocity



or fall into the central portion of the chanber interior 110. 20 After
quenchi ng, the gas then passes through the ozone injection and retention
zone 104 weroes/omenne i s injected into the chanber interli@fmgz]g&m%hﬁ gas
then travel s through the chanber interior 110 for a predetermned retention
time wthout the presence of |iquid drgplets fromthe scrubbing 25 Iiquids
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vel ocity WO 2005/ 014134 PCT/ US2003/ 031101 11 5 of 10-15 feet/second,
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gas nust be cooled or quenche I ng or quenchi ng e flue gas occurs
in gas ineffective. Ozone decomposes at temperatures greater than

250° F, thus ozone injection should occur at temperatures
preferably below 250°F to be effective. Accordingly, once the

20 flue gas enters the wet scrubber 1, the gas must be cooled or
qguenched.

Cooling or gquenching of the flue gas occurs in gas
quenching zone 102 where the flue gas is preferably quenched
to at least its adiabatic saturation temperature typically

25 ranging from 120° - 180° F, or more preferably 140°-160° F,
although the system is still operable when the gas is
guenched to temperatures ranging from 100-250° F. Cooling or
guenching the flue gas with partial quenching is not
successful for flue gas following FCCU application. This is

30 because partial quenching or cooling of the flue gas is
difficult to control when applied to the flue gas from FCCU.
Thus, complete quenching of the flue gas to its adiabatic
saturation temperature typically between 120° -~ 180° F, or
more preferably 140°-160° F, permits for the subsequent

35 injection of ozone in the ozone injection and retention zone
104 without fear of ozone depletion.

In one important feature of the present invention, and

as will be described in more detail herein, the gas quenching



guenchi ng zone 102 where the flue gas is preferably quenched to at |east
Its adiabatic saturation tenperature typically 25 ranging from 1200 - 180 F,

or nore pwe RoghleY34140- 160 F, although the systemis sty when
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simlar type of nozzle that s capable of spraying scrubbing I1quids
t owar ds tshevinntemitiringl serubding tliguidsanishre i boether altiolitAddofi thel |y,

such nozz| es are r ef ly able to control droplet.size. 10 As sh I n
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through the center of the wet scrubbing chamber, such that
the scrubbing 1liquids occupy the center volume of the

20 chamber. The present invention therefore prevents or
minimizes the presence of water (H;0) in the scrubbing liquids
from interfering with the oxidation reactions that will occur
in the ozone injection and retention zone 104. Minimizing the
presence of scrubbing 1liquid in the ozone injection and

25 retention zone 104 increases the availability of ozone for
oxidation of NOx compounds by ozone. Thus, instead of water
droplets falling through the center of the chamber interior
110, water droplets continually drip or run down the sides of
the interior walls 114, and are collected in a reservoir 116

30 located at the bottom of the wet scrubber 1.

Due to the design of the spray nozzles, the main portion
of the wet scrubbing apparatus is an open tower or chamber.
Additionally, the open chamber does not utilize chimney trays
or other devices that can segregate or define a physical

35 boundary between the respective wet scrubbing zones. An open
chamber is advantageous for treating gas from a fluid
catalytic cracking unit or other applications requiring gas

cleaning operations because commonly used chimney trays will



m nimzes the presence of water (H20 in the scrubbing liquids from
interfering wwth the oxidation reactions that will occur in the ozone
I nj ect i onwamos/emesat i on zone 104. M nim zing the presenge@06Hdiie N
liquid in the ozone injection and 25 retention zone 104 increases the
availability of ozone for oxidation oft3NOx conpounds by ozone. Thus,
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may |nterfere w th X n process. Referring to Figure 1, once
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203, andthi@baghn a0ZMitee | PDECt @ NRZ €aR0dzone injection nozzle 201,
which then distributes the ozone. Additionally, there may be
20 additional injection nozzles 201 located along the pipe to
permit injection of ozone at various locations.

The ozone is injected directly into the interior of the
chamber in this embodiment. In another embodiment, such as
the upflow apparatus in Figure 7 which will be described in

25 greater detail herein, the ozone may be injected in the flue
gas entrance 100 immediately after the gas quenching zone 102
and just before entering the chamber.

As discussed, it is desired to inject ozone at a
temperature that will not cause ozone depletion. To avoid

30 ozone depletion by ensuring that the ozone is injected at an
appropriate temperature (i.e. a temperature at or below 250°
F and more specifically at the aforementioned temperatures
and temperature ranges), a thermocouple can be provided
adjacent to the ozone injection point.

35 After the flue gas has traveled through the ozone

injection and retention zone 104, it +travels through the
liquid spray zone 106. EDV® LAB-G nozzles 200, or similar

nozzles able to direct water towards the walls of the wet



whi ch then distributes the ozone. Additionally, there may be 20 additi onal

I njection nozzles 201 located along the pipe to permt injection of ozone
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the chanber in this enbodinent. In another enbodi nent, such as the upflow
apparatus in Figure 7 which will be de%éribed in 25 greater detail herein,
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with the present invention to create a droplet free or
substantially droplet free ozone injection and retention
20 zones. The spray nozzle is circular, and has a mating region
210, a hollow neck 212, and a circular head 214. The spray
nozzle is attached to the pipe 202 where the mating region
210 meets a complementary hose mating region 208 of the pipe
202. Screws 211 connect the pipe 202 and spray nozzle 200
25 together.

The spray nozzle 200 has a channel 216 located on the
interior of the spray nozzle 200. The scrubbing 1liquid
travels through the pipe 202, through the hollow neck 212 and
through a passageway 218 that directs the scrubbing liquid

30 into a channel 216. Channel 216 continues througﬁout the
circumference of the spray nozzle to allow scrubbing liquids
to be projected circumferentially outward over the rim 220
which extends above and below the hollow neck 212. The
beginning of the channel 216 has a deep region 213 that

35 transitions into a shallow region 215 enabling the scrubbing
liquid to radially project. |

Referring to Figures 3 and 4, a cross section of the

spray nozzle 200 shows where liquid will pass in the shallow



course, any suitable spray nozzle can be used in accordance wth the
present invention to create a droplet free or substantially droplet free

ozone i njwotxeswiaisd retention 20 zones. The spray nozzl ecuodsfidi@i. and
has a mating region 210, a hollow neck 212, and a circularsﬁeagﬁ 14. The

spray nozzle is attached to the pipe 292 where the mating region 210 neets
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the chaber interion 110 of  the wet, scrubber 1, Lhe EQY(r) LAR.G spray
be placed somewhere between the center of the chamber 110 and
the interior wall 114. The nozzles 200 are preferably
20 located at the end of a pipe 202 that feeds scrubbing liquid
into the nozzles 200 from a liquid supply. The number of
nozzles and layers of nozzles are a function of the size of
the wet scrubber 1, the amount of liquid spray required to be
pumped into each of the nozzles 200, and the temperature of
25 the flue gas entering the wet scrubber 110.

In a wet scrubber with a small diameter, the presence of
one spray nozzle 200 at each level in the liquid spray in the
gas quenching zone may be sufficient. Alternatively, (as
éhown in Figure 5) in a wet scrubber with a diameter of much

30 larger proportions, depending upon the nozzles used, it may
be necessary to position the nozzles 200 much closer to the
interior walls 114 of the chamber interior 110, (as opposed
to the center of the chamber interior 110) to enable the
positioning of more than one spray nozzle 200 in a given row.

35 In the embodiment shown in Figqure 5, 4 spray nozzles are
arranged in each of the 7 rows.

By way of example, in a typical chamber that is 24 feet

in diameter and 80 feet in height, 30-100 spray nozzles are



15 typically located at or close to the center of the chanber interior 110
when a single nozzle is used at each level. Wen several nozzles are used
at each | enetopsphagssnozzl es may be placed sonewhere bet weepu§liesesither of
t he chanber 110 and the interior wall 114. The nozzles 200 are prg%erably
20 located at the end of a pipe 202 thag feeds scrubbing liquid into the
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volume to flow rate may vary slightly, given the fact that
the flow rate is not totally uniform. The preferred ozone
20 residence time is 3-7 seconds, although as indicated, a
residence time of at least 0.5 seconds, or in the range of
0.5 to 10 seconds is also contemplated.
Either pure oxygen or air can be utilized as the source
of the oxygen for the ozone generator. The quantity of ozone
25 introduced into the system is determined baséd on the
available retention time of the ozone inside the scrubber and
the system performance required.
A WEDECO Model SG-40 is an example of a preferred ozone
generator 120 that can be used in the wet scrubbing apparatus
30 1. The generator is capable of producing at least 40 pounds
per day of ozone at 10% wt concentration using oxygen as the
feed gas. The ozone generator includes a closed loop chiller
to absorb the heat generated in the ozone production. An
ozone concentration of 3.5% by weight in air can be achieved
35 if the ozone generation operates at its maximum capacity. It
should be appreciated, however, that any ozone generator or

device for supplying ozone to the wet scrubbing apparatus may

be used.



cal cul ated based on the ratio of volunme to flow rate (Volune/Flow Rate).
The reaction tinme typically runs from 15 0.5-10 seconds dependi ng on how
much NOx w0 2005/bR134€moved and how nmuch residual ozone caRrB& bt ed. It
shoul d be appreciated that the retention tine based on the ratio of vol une
to flowrate may vary slightly, given the fact that the flowrate is not
totalfy uniforte Tredreitsred ozone 26 MY\ idFeirstSd 7s66R0RHSL

al t hough as indicate residence tinme of at | east 0.5 seconds, or in the

d, a
range of 3% 03°P¢ 1@ N¥oaL i betweent ehptated? Bt Reinpaieexjgebter air
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quantity Of ozone I ntroduced 1nto the systemis determ ned based on the
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f i,red. . A WEDE del SG 40Q i | e, of ferred
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The genemakorbes capable It PreMYeviagat obgasdr 4Gmaituls Pex da¥kmela®zone at

10% wt concentration using oxygen as the feed gas. The ozone generator
i ncl udes Dgpendiag | eBpnchihe erappbicafsia meduHEsMmegdfer angd pHadhabbdeone

broduct ! OteratindZ MBS LE0NGHA (AL 0% 1R NN BONatled! | £0s003881 Oved
35 if the“ozoneé 'denerati’'on opérates at 1ts naxl mum capacity. §houl'd be
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ozone to the wet scrubbing apparatus may, be used. WO 2Q05/014134,
PCT/ US2063A§314%°Valy st Ofe&:}gﬁ% SLXPIGALHE | ptBf | $PBpexiMaEesuch
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Achi eving an ozone to NOX ratio i'n this range is possible utilizing The wet
scr ubbi ngeprevtageaccof diMox t ranavalpr ébet aneen®?¥dn,omndnostean op8uahi ng at
i1s onti pum capacity 10 4By be,ganabl e of achieying, 0%y oreater A
wet scrubbers, especially given the cost effectiveness of
maintaining the system. It should be appreciated, that the
20 system is still capable of achieving a high percentage of NOx
removal where an ozone/NOx ratio of 0.5 to 3.5 is maintained
in the system. By way of example, Figure 6 is a chart
demonstrating the percentage of NOx Removal versus the
ozone/NOx ratio is shown at a constant temperature and
25 residence time. As indicated by the curve, with higher the O;
to NOx ratio, a greater percentage of NOx removal is
achieved.
It is preferred that NOx emissions from the wet scrubber
1 are less than 50 ppmdv, in order to comply with federal air
30 quality standards defined in the Clean Air Act, as well as
regional air gquality standards. Such emissions result in a
percentage of NOx removal that is greater than or equal to
40%. NOx reduction by ozone injection <can achieve
percentages of NOx removal that are greater than 90% when
35 the NOx inlet concentration is at least 75 ppmdv with
retention time of 1 to 7.5 seconds. Injection of ozone in

the wet scrubbing apparatus of the present invention can

reduce the NOx level in the exhaust gas stream to less than



Dependi ng upon the application requirenents and avail able operating costs,
the renoval of NOx can be varied. Thus, 30% or 50%renoval may be achieved

i f desiraglo 20ds/0ip3expected that renmoval of NOx m ght tppirgRbdosoPBei N t he
approxi mate 15 range of 70% 80% al though the systemis capable of achieving

percent ages of NOx renoval that are 90%gor nore. Such percentages of NOx

renovel  ane PpMIVVETERhS QAN keteAt lonWelinRCr kR 3, tRSPECH akkiogi¥en t he
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reducti on by 0zbne i'nje can achieve percentages 0 renoval Fhat

are greatae tdrneddltanbhetudedt hathOthenl efsttanchalr allisy ¢peste | RAGhe¥S
ppmdv with retention time of 1 to 7.5 seconds. Injection of ozone in the
wet scruBBPhgUappareRas 18f thiee eyhassiht IRSvERERSM-can reduce the NOx | evel

in the exhausgpgassstisaihgo if@ﬁé a0 2005{Qd 4134 PGH /931491 18
5 10 ppndv at the ozone refention tine from1l to 7.5 seconds wth a certain
ozone togMErchathe. dhse apdaseray hefr thentfiloe geisne,s tdecoémbinaheomzofie to

Nox ratio is,reauired, Foridgses, WhibiLever Mol eh angentyali pps, such
and chemical make-up, such as diluted caustic feed, which is
pumped through line 122.

20 The scrubbing liquids used in the wet scrubber capture
the reaction products of the oxidation reactions and recover
the sulfur oxides and particulate. NOx present in the flue
gas 1is able to be oxidized to di-nitrogen penta-oxide and
then be converted to nitric acid. Acid gases and reaction

25 products generated from the reactions that occur in the
chamber are then neutralized with the dilute caustic
contained in the scrubbing 1liquid to form soluble sodium
nitrate.

The scrubbing liquid is continuously circulated through

30 the spray nozzles and a return loop. A pump 118 recirculates
the scrubbing liquid through the line 124 leading back to the
spray nozzles 200 in the gas quenching zone 102 and the spray
nozzles 200 in the 1liquid spray =zone 106. It should be
appreciated that for convenience, the same liquid supply may

35 be used in the 1liquid spray zone and gas gquenching zone.
However, a different liquid supply and/or scrubbing liquid
may be used in the gas quenching zone and liquid spray zone,

such that it is unnecessary to recirculate the liquid through



ppmdv, it will require a greater ozone to NOx ratio (at least 10 3:1) to
achi eve percentages of NOx renoval that are greater than 90% when the

retenti onwbi2eesianges from1l to 7.5 seconds, which nay pegiusasspsAgpmM cal .
The excess anmount of the ozone introduced into the systemmy al so create

hi gher residual ozone in the exhaust gas stream 15 The scrubbing liquid

used 5n bhehwebneerubbarscl, tthe queitihed hbWasharguspeRyngf zbhe bhyetgas is a
conbi nation of water make-up, which is initially p%gﬁed through |ine 123,
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scrubbing liquid to formsoluble sodium nitrate. The scrubbing liquid is
cont i nuo@él yehs rkidut@dinaidaglet 3the hecxpbkgr nozdhes chemibcaktmaketvbp. A

punp 118 [ lates .t ruphi |l Jauid t h Ine.124. | L,ng
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liquigd may bepuseghdunt Ner933 19,7 0 B | sQphEbSPr NBre-such
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level in the reservoir 116. Additionally, emergency water is
also provided to the scrubber to keep the liquid level during

20 the failure of pump 118, an upset in FCCU operations or the
operations of another application for the  scrubbing
apparatus, or where there is an excess amount of particulate
building up in the reservoir.

The flow rate of the scrubbing liquid through the spray

25 nozzles 200 in the gas quenching zone 102 can be operated
with a set value so that it is 3 to 20 times the theoretical
quench water required to cool the flue gas to its adiabatic
saturation temperature. The preferred liquid flow rate is 6
to 10 times of the theoretical values.

30 The flow to each spray nozzle can be measured by an
individual flow meter located on each leg. A small slip
stream can constantly be withdrawn from the reservoir to
maintain a desired liquid level and solid concentration in
the reservoir 116. Fresh water can also be continually fed

35 to the wet scrubber reservoir 116 to maintain a desired level
of the scrubbing 1liquid. One level probe 1is typically
inserted into the wet scrubber reservoir 116 for controlling

the introduction of make-up wéter.



mai ntained in the systemthat is preferably about 20-40 gallons per 1000
feet3 of gas flow, although the systemis operable at range between 5 and

80 gal | oRgopeUs/i39 feet 3. 10 The flow rate of the dil ppedisssvaeiiig: feed is
based on pH of the liquid inside of the scrubber. The chem cal nake-up

flowrate is preferably operated so th&t0 the scrubbing liquid has a set pH
of 7.6, howevey fheesciabbicgriigsi cdhxanssirubbinke Lighidedtof 4t phagea set
val ue in the range of 5.5-7.5 pH 15 The anount of water nake-ugﬁto t he
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PCT/ U206,
of SO; in the gas stream sprayed.

The flow rate of the blowdown stream 126 of the wet
20 scrubbing apparatus can be operated with a set value so that
the concentration of total suspended solid and total
dissolved solid in the scrubbing liquid is about 0.2-1.5% and
about 4-16%, respectively, and 1is ©preferably in the
concentration range of about 0.4-0.5% and about 8-12%,

25 respectively.

Referring to Figure 7, an alternative embodiment of the
present invention is shown, wherein the upflow wet scrubbing
process 1is closely related to the downflow wet scrubbing
process of Figure 1-1A. Given that the primary difference

30 between the two embodiments is that the wet scrubber 2
operates in an upflow direction, the same reference numerals
have been used to describe this embodiment. It should
therefore be understood that the description of the
components and operation of wet scrubber 1 are equally

35 applicable to this embodiment.

In this alternative embodiment, flue gas enters the flue
gas inlet 100, which is located towards the bottom of the wet
scrubber 2. The flue gas travels through the flue gas inlet



5 Aline 126 carries the scrubbing liquid to a purge treatnent unit (not

shown) in order to regulate the concentration of conponents in the

scr ubbi ngwbi26esid413dhe flow rate of the scrubbing |iqui gctrhusaenghsiione 126 is

set so that the concentration of total suspended solid and total 10

di ssolved solid in the scrubbing |liqui®l1s preferably 0.4- 0.5% and 8-12%
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t hrough t I"ue” gas
the interior walls 114 of the wet scrubber 2. This prevents

the liquids from falling through the center of the chamber

20 interior and interfering with the flue gas as it travels

through the ozone injection and retention zone 104.

Afterwards, the flue gas exits the wet scrubber 2 through the
flue gas exit. |

Although the invention herein has been described with

25 reference to particular embodiments, it is to be understood

that these embodiments are merely illustrative of the

principles and applications of the present invention.

Moreover, although the embodiments and methods herein have

been described in relation to the scrubbing or cleaning of

30 gas emissions from combustion and fluid catalytic cracking

operations, typically located after such operations, the

apparatus and method of the present invention may be used in

any applications wherein it is desired to remove particulates

or byproducts in flue gas. It is to be appreciated that the

35 present invention may take on various alternative

orientations. It is therefore to be understood that numerous

modifications may be made, and are encouraged to be made, to

the illustrative and disclosed embodiments and that other



WO 2005/ 014134 PCT/ US2003/031101 21 5 100 into the gas quenching zone 102.
EDV(r) LAB-G spray nozzles 200 are preferably utilized in the gas quenching
zone 102,woaoosmuanseh the flue gas to its adi abatic sat upgiriugtoosesner at ur e.
The nozzl es 200 direct scrubbing liquids towards the walls of the flue gas
inlet. After quenching, the flue gas t2avels 10 through the ozone injection
and r%t earrangenant $0ha yAbeo HuvE sege nditdicut plefartaiiy frprctlieogpbeitnt o

t he chanber interior. 110 or at the entrance to the interior 110 where it
travel s 2BPwWEFAPGi Pfi FhenPTEAGTE iHVEREION &t It EMT oY zbhe. aPRARFeSf ter
the fluec9asmkravel s a predeterm ned period of 15 time up through the
chanber interior 110. The flue gas then reaches the liquid spray zone 106
wher ei n §pdesbriplyBpplofabEb¥ty) LAB-G spray nozzles 200 enmit scrubbing

l'i qui ds towar the i nter.or |1s 114 of the wet.scrubber 2._This events
the Iiquids f?%ﬁ1?§ oA fﬁpgﬂb <?héh%%n %Piﬁ?a?ﬁ%lgxaﬁﬁeﬁ: ?H@%r?%% and

i nterg er cnganiny thaukkwg.gas as it travels through the ozone injection and
retention zone 104. Afterwards, the flue gas exits the wet scrubber 2
through the flue gas exit. Al though the invention herein has been described
with 25 reference to particular enbodinents, it is to be understood that

t hese enbodi nents are nerely illustrative of the principles and
applications of the present invention. Moreover, although the enbodi nents
and net hods herein have been described in relation to the scrubbing or

cl eaning of 30 gas em ssions from conbustion and fluid catal ytic cracking
operations, typically | ocated after such operations, the apparatus and

met hod of the present invention may be used in any applications wherein it
is desired to renove particulates or byproducts in flue gas. It is to be
appreci ated that the 35 present invention nmay take on various alternative
orientations. It is therefore to be understood that nunerous




nodi fications may be made, and are encouraged to be made, to the
illustrative and disclosed enbodi nents and that other WO 2005/ 014134
PCT/US2003/ 031101 22 5 arrangenents nmay be devi sed wi thout departing from
the spirit and scope of the present invention as defined by the appended
clainms. Industrial Applicability The present invention has applicability in
the flue gas 10 cleaning industry. t B3 CLAIMS. 1. An apparatus for
controlling NOx em ssions conprising: a chanber having a wall surface and
an interi@ihgﬁsflue gas entrance and a flue gas exit for a flue gas to enter
and exit saird interior of said chanber; a gas quenching zone in which the
tenperature of the flue gas can be |owered by at | east one spray nozzle

whi ch enits scyubbi Rgadgafittk @5 caUME RORichiskidas dmphfi:ng i quids are directed
towards the interior walls of said chanber; an ozone injection and retention
zone in said cheiRpes:hayinga yalf sugfacepnd g3 ileriohne i ncl udi ng at | east one spray

nozzl e for spragidi@s antlah&blinga NEFaE kit 6R4 flue gt toleRRSind @RiEsafin@MordPZAd € di rects
the liquid towards the wall surface. 2. An apparatus according to claiml,

further i B ng: an ozone supply; an ozone injection nozzle to inject a
predet er m ned apBaénchihg 260 NEwhicH e RmbétatiR@Nthe fludgas €l Klowadrell Byl RASti Oon zone;

a liquid supply in said liquid, spray.,zone, a gas engchi, | j.qui d supply;

Bnd o | e BB eI b rg At S St e IR R St dicdged o P o 2

wher ei n s &iwdrds thg trtetios palyyof24id ehabed; Ocat ed above said ozone injection and

retention zone and.saud flue ﬁ@s enLranéqg%ﬁ beHOM/said liquid spray zone.

4. An appar at u¥® %X PISt 'r?@af“gre{? WAL RS R sHd 1§ quid spray zone of said
a liquid spray zone including at least one spray nozzle for spraying a liquid wherein said

at least one spray nozzle directs the liquid towards the wall surface.

2. An apparatus according to claim 1, further including:

an ozone supply;

an ozone injection nozzle to inject a predetermined amount of ozone into said ozone
injection and retention zone;

a liquid supply in said liquid spray zone;

a gas quenching liquid supply; and

at least one gas quenching nozzle.

3. An apparatus according to claim 2, wherein said liquid spray zone is located
above said ozone injection and retention zone, and said flue gas entrance is below said liquid

Spray zone.

4. An apparatus according to claim 2, wherein said liquid spray zone of said
apparatus is located below said ozone injection and retention zone, and said flue gas entrance and

said gas quenching zone are above said liquid spray zone.

5. An apparatus according to claim 2, wherein said at least one spray nozzle

comprises 3 or more spray nozzles.

6. A method of controlling NOx emissions comprising the steps of:

introducing a flue gas into a chamber;



apparatus is |ocated bel ow said ozone injection and retention zone, and said
flue gas.entrance and said gas quenching zone are above said |iquid spray
zone. 5. An apparatus according to claim2, wherein said at | east one spray
nozzle conprises 3 or nore spray nozzles. 6. A nethod of controlling NOx

em ssions conprising the steps of: introducing a flue gas into a chanber;
24 quenching the flue gas by enitting2%crubbing liquids fromat |east one
spray nozzle wherein the scrubbing liquids are directed towards the interior

wal | s of said chamhers kil ectl DG 0zone, Lnto, ansozone, | ineescrtai on@nd retention
zone in the inflerore Of T ChEMD e S S ng " Pl qUt I BRar ¥t he wal I's of

t he chanbevherepurthe strubbibg liquiidsgreadisctdtovartds the inyeridr wallsef sdid ehembéranber i nteri or

| n the viclni Cyy Qo DRnORANS ordBiSEkbPMaA0EhEREERN ROEADEor ule il NOT
according to cl'&Tm , ereln said 1njecting ozone 'At'0 the 1 nteflor of the
chanber occur s sprying a liquidstpwargs the wallsl of theichamt®r; awd net hod according to claim 6,
wherei n spraying.tk | geli.d . hSE g t i qHi h 3 or nore
pr ay nossl s, Tgnaingd Gy ERTREAAGHR: SR REor e o BrhObRHE

mai nt ai ni ngjectiaon andgetentionzp@& ratio ranging from0.5-3.5 in said chanber. 10.
A nmet hod according to claim6, further conprising allowng said flue gas to
maintain a retention tinme of 0.5-10 seconds after the step of injecting
ozone into the7i nt eAimgthasfaceonding tolskainh & rwherpin said injecting eizone intrthe intgrierfc| ai m 6,
further qul;gyhiaﬁﬂ,ep?ccggrpm”tt{)is‘%}gyiﬁé“lﬁi({uwe gas to have a residence tine of at

| east 5 seconds after i1njecting ozone into the interior of the chanber. 12.
A nethod according to claim®6, further conprising naintaining a liquid to
gas ratio between A-RB0nddakiRdisg B%laind QheteRBbryRE HIAguil lc&mﬁsés’spra&mget hod
according to claim6, further conprising allowing flue gas to travel

t hr ough t Kl ligyiddhrayahsd ofmoge spEy @omtess r om 3- 26 feet/second. 14. A net hod
according to claim®6, wherein NOx em ssions are |less or equal to 50 ppndv.
15. A method according to claim®6, further conpri sing naintainingNa

per cent age of INOX Adhghed ac‘"gﬂ“@%& taclajmp Grfurgfier CHRPEFING Hagigayng an ozone to Ox

ratio ranging from 0.5-3.5 in said chamber.

10. A method according to claim 6, further comprising allowing said flue gas to
maintain a retention time of 0.5-10 seconds after the step of injecting ozone into the interior of the

chamber.

11, A method according to claim 6, further comprising permitting the flue gas to

have a residence time of at least 5 seconds after injecting ozone into the interior of the chamber.

12. A method according to claim 6, further comprising maintaining a liquid to gas

ratio between 5-80 gallons per 1000 feet’ of gas flow.

13. A method according to claim 6, further comprising allowing flue gas to travel

through the apparatus at a rate of from 3-26 feet/second.

14. A method according to claim 6, wherein NOx emissions are less or equal to 50

ppmdv.

15. A method according to claim 6, further comprising maintaining a percentage of

NOx removal greater than or equal to 50%.



