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(57) Abstract: Industrial gas streams such as flue gas streams
are treated for nitrogen oxides and other contaminants in dry
or semi-dry scrubbers. After the flue gas stream has been
contacted with a sorbent, ozone is mixed downstream into the
flue gas stream thereby oxidizing the nitrogen oxides and
other contaminants. The oxidized contaminants is contacted
with sorbent present in the gas stream in the remaining height
or volume of the scrubber downstream of ozone injection;
and The sorbent is then separated from the flue gas stream
leaving the dry or semi- dry scrubber.
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METHODS FOR REMOVING CONTAMINANTS FROM EXHAUST GAGES

CROSS REFERENCE TO RELATED APPLICATIONS

100011 The present application claims priority from US provisional application
82/054,562 filed September 24, 2014

BACKGROUND OF THE INVENTION

{00021 The invention provides for methods for removing contaminanis
selected from the group consisting of nitrogen oxides, sulfur oxides, particulates,

heavy metals and acid gases from gas streams.

{00031 More particufarly, the invention provides for nitrogen oxides oxidation
within a semi-dry scrubbing vessel without affecting the removal efficiencies for
other contaminants at lower ozone consumption and further causing no issues of

residual ozone or corrosion to downstream metallurgy of the semi-dry scrubber.

{0004]  Semi-dry scrubbing has gained considerable success in lowering
emissions from industrial gas exhaust systems such as those from metal
roasting furnaces, sinfering and pelletizing processes, lime and cement kilns

where cleaning the exhaust stream in a wet scrubber is not a preferred option,

[0008]  Nitrogen oxides from industrial sources mainiy consist of NO which is
not soluble and non-reactive. Nitrogen oxides are not removed in a dry or semi-
dry scrubbing apparaius by commonly suad sorbents in the industry.
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oxidizing nitrogen oxides with ozone as described in US Patent Nos. §5,206,002;
8,162,400, 8,649,132, and 7,303,735 as well as US patent application
publication 20140127107 In a dry or semi-dry scrubber.

{00071 Combustion and chemical processes generally resull in gas streams
containing contaminants that need to be cleaned up before the gas stream is

exhausted 10 the atmosphere.

00081 Many industrial processes, power generating utiities, combustion
sources, stationary and mobille sources such as engines, bollers, kilns use solid
fuels or low cost hydrocarbon fuels that contain sulfur, chiorine, nitrogen, and
metal compounds in hydrocarbons which resulls in exhaust gases with
contaminants such as acid gases, particulate matter and heavy metals. To
comply with stricter environmental rules mandatad by legislation, combinations of
scrubbing {(wet or dry) and particulate caplure devices such as electrostatic
precipitators (ESPs), wet ESPs and bag houses are increasingly preferred for

emissions conirol of acid gas and particulate matters.

{00081 Some industrial segments prefer dry or semi-dry scrubbing. The most
common semi-dry scrubbers for sulfur oxides (SOx) and acid gases are of wo
types. The first type uses scrubbing of contaminants by large size sorbent
agaregates being contacted in the very turbulent zone of the scrubber vessel
Contaminants come into contact with the large aggregates and are adsorbed on
the surface. Aggregates that are carried with the gas stream are separated and
recycled and may be partly purged. The rejuvenation of the aggregates is done

in the scrubber vessel itself or in the aggregates recycle stream.
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spray dryer. Successful scrubbers often employ atomized lime spray and

aexhaust gas flow in a co-current fashion.

{00111 Mercury may also be removed from the flue gas stream to be treated

by the injection of sorbents such as activated carbon.

00121 The temperature of the exhaust sireams entering into the dry or semi-
dry scrubbers are often in excess of 3257 F (162.7°C). Injecting czone upsiream
of the semi-dry scrubber causes significant loss of performance due to a variety
of reasons. Both ozone and the oxidized form of nitrogen oxides are very
unstable at a temperature that is in excess of 328° F (162.7°C}. The excess use
of ozone can compensate for the decomposition of both ozone and oxidized
nitrogen oxides can be costly and the excess ozong ¢an have unintended

consequances in adsorbing other contaminants on the sorbent.

{00131  Injecting ozone downstream of a semi-dry scrubber is a beller option
than injecting ozone upstream of the scrubber. The temperature of the exhaust
stream exiting the semi-dry scrubber is moderate enough for ozone o oxidize
nitrogen oxides effectively and most of the contaminanis have already been
ramoved in the semi-dry scrubber leaving ozone litlle or no role o plav in

adversely affecting removal efficiencies.

{00141  In order to mest high removal efficiencies, substantial amounts of
nitrogen oxides must be in the pentavalent form fo react with sorbent in the gas
stream leaving the semi-dry scrubber vessel. The reactions that lead nitrogen
oxides oxidation o pentavalent form are many and the chemistry is complicated

but for the sake of brevity they are simplified as:
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NO;+ Oy~ NO3+ O (slow) {2}
NGy + NO3 — NuQOs (3)

00151  In order to oxidize substantial portions of nifrogen oxides to the
pertavalent form in a imited reaction time available in the duct between the
semi-dry scrubber and the bag house, an excess amouwrtt of ozone is required. A
small amount of unreacted ozone is very likely to remain in the gas stream that
enters the bag house. This residual amount of ozone causes loss of the
mechanical strength of most commonly used fabric filters in the bag house.
Residual ozone going out of the stack s also not recommended. in addition,
matallurgy of ducts downstream of the scrubber, bag house and exhaust may
also be adversely affected due to the presence of oxy acids of oxidized nifrogen

oxides and residual ozone.

[0018]  Since nifrogen oxides found in most combustion exhaust streams is in
the form of NO which is almost non-reactive, NO is not removed in dry or semi-
dry scrubbers. Therefore, for controlling nitrogen oxides emissions with dry and
semi-dry scrubbers, the two major options are i} lowering nitrogen oxides
formation at the source by modifying combustion and i) treating nitrogen oxides

in the exhaust gas stream using post combustion technigues.

(80171  The primary techniques used for reducing nitrogen oxides formation by
modifying combustion are the use of a low nitrogen oxides burner (LNB}, flue gas
recirculation (FGR), staged combustion and over fire air (OFA). Often these
techniques are not adeguate and sometimes not suitable and post combustion
technigues such as selective non-caialytic reduction (SNCR} and selective
catalytic reduction (SCR) become necessary {0 altain mandatory nitrogen oxides

reduction.
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{0048] Both SNCR and SCR have good success in addressing nitrogen
oxides problems but they also both have limitations. Ozone based oxidation
technologies have recently gained success as post combustion technigue
especially when an application is not suitable for SCR where exhaust is treated
in a wet scrubber, Ozone based processes are describad in US Patent Nos.
5,208,002; 8,162 408; and 7,303,735 (of common assignment herewith}
providing multi-poliutant removal approach and they have been implemented on
flue gas arising from gas and coal fired boilers removing multiple pollutants
including nitrogen oxides, sulfur oxide, particulates, stc. Ozone based processes
are also industrially practiced in lower emissions in many applications, namely,
metal pickling processes, fluidized catalytic cracker (FCC) regeneralor
processes, metal recovery fumaces and sulfuric acid manufacture. These
successes for ozone based processes at commercial scale have been limited {o

wet sorubbing.

00181  The present invention is able o overcome these limitations and
provide effective methods for removing nitrogen oxides by oxidizing with ozone

and removing in a semi-dry scrubber.

SUMMARY OF THE INVENTION

00201  In one embodiment of the invention, there is disciosed a method for

removing contaminants from a gas stream comprising the steps:

a} Feeding the gas siream containing contaminants into a dry or semi-dry

sorubber;

oy Contacting the gas stream conlaining contaminants with a sorbent;
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¢} injecting czone into the dry or sami-dry scrubber downstream of the
contact between the gas stream confaining contaminanis and the sorbent ata
height or volume that represents a sufiicient dry or semi-dry scrubber height or

volume, thereby oxidizing the contaminants in the gas stream;

d} Contacting the oxidized contaminants with sorbent in remaining height or

volume of the dry or semi-dry scrubber downstream of ozone injection; and

e} Separating the sorbent from the gas stream exiting the dry or semi-dry

scrubber,

100211 In a different embodiment of the invention, there is disclosed a method

for ramoving contaminants from a gas stream comprising the steps:

a} Feeding the contaminated gas stream containing contaminants info a dry

or semi-dry scrubber;

b} Contacting the gas stream confaining contaminants with a sorbent;

C injecting ozone into the dry or semi-dry scrubber downstream of the
contact between the gas stream containing contaminants and the sorbent at a
height or volume that represents a minimum of 15% scrubber height or volume,

thereby oxidizing the contaminanis in the gas stream;

d} Contacting the oxidized contaminants with sorbent in remaining height or

volume of the dry or semi-dry scrubber downstream of ozone injection; and

@) Saparating the sorbent from the gas stream exiting the dry or semi-dry

sorubber.
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{00221 The exhaust gases that can be treated arise from boilers and engines
using coal, fossil fusl, solid waste, biomass or heavy hydrocarbon feedstock,
including metallurgical furnaces, cement, lime sintering and palletizing kilns.
Typically the contaminants found in these exhaust gas are selected from the
group consisting of nitrogen oxides, sulfur oxides, acid gases, particulates and

heavy metals such as mercury.

{00237 The exhaust gases treated by the methods of the invention are
typically those arising from the operation of a boller, an engine, a metallurgical

furnace, cement kiln, lime sintering kiln and a palletizing kiln.

{00241 The semi-dry scrubber for the removal of sulfur oxides and acid gases
are of two types. The first type uses scrubbing of contaminants by large size
sorbent aggregates being contacted in a very turbulent zone of the scrubber
vessael, Contaminants come in contact with the large aggregates and are
adsorbed on the surface. Lighter aggregates are those carried with the gas
stream and are separated and recycled and may be partly purged. Rejuvenation
of the aggregates is done in the scrubber vessel itself or in the aggregate recycle

stream. Typically these are referred to as dry sorbent injector scrubbers.

300257 The second type of semi-dry scrubber uses alomized or very smail
size agueous spray of fime slurry in the scrubber vessel Itis often named as a
spray dryer. Successful scrubbers have often atomnized lime spray and exhaust
gas fiow in a co-current fashion. Typically these are referred to as spray dryer

adsorber scrubbers,

00281 In both types of semi-dry scrubbers, gas entering the scrubbey 8
contacted with the most active form of the sorbent. Within the first 15 {o 20% of

the height or serubber volume, 80 o 85% of the contarninants are removed on
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the sorbent. The gas stream is also significantly cooled either by the atomized
spray of sorbent in the case of spray dryer scrubber or by rejuvenated
aggregates. With a substantial amount of contaminants such as sulfur dioxide
already removed in the first 15 to 20% of the height or volume of the scrubber,
the removal efficiency of contaminants becomes less of an issue in the later

volume of the scrubber.

[00271  The quantity of sorbent used or injected into the dry or semi dry
scrubbing of acid gases and S0O; is generally in significant excess of the amount
theoratically required. Although using excess sorbent only provides marginal
improvement in removal efficiency, the practice is often essential to meet stricter

anvironmental emissions requiremenis.

[0028] Czone is injected at a suitable height, preferably between 15 and 50%
of the height or volume of the scrubber. At this height, the gas stream is in an
ideal temperature range (185° 1o 220°F; 74° to 104°C) for nitrogen oxides
oxidation to be fast enocugh and still preserve the pentavaient form from

decomposing.

[0028]  Semi-dry scrubbers are often operated in close range of dew point to
improve efficiency. This will also provide adeguate amounts of water vapor to

convert N2Os to HNGO; per reaction (4) below:

NoOs + HaO — 2 HNO4 {4}

[0030]  The oxy acid, HNO4 is very reactive form of nitrogen oxides. it
immediately reacts with sorbent flowing along or suspended in the gas stream in
the semi-dry scrubber. But HNQs is progressively formed in the semi-dry

scrubber as the gas flows towards exit. Generally there is no additional sorbent
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required to caplure oxidized NOx and oxyacid such as HNG;. The excess portion
of the sorbent remaining in the gas stream from the acid gas or S0z scrubbing is
often encugh. if required, the quantity of the sorbent injected in acid gases or
S50, scrubbing may be increased o compensate for the guaniily utilized in

reacting oxidized NOx.

{00311 When the sorbent is ime slurry solids in the spray dryer type semi-dry
sorubber, HNGa is transformed into the very stable compound Ca{NQgj: on the

solid surface of the sorbent as per reaction (5):

FHNO; + Ca({OH)s — Ca(NOsk (5)

{00321  The volume of the semi-dry scrubber is generally large enough to
ensure that aggregates or lime spray is completely dry before it enters the bag
house. Having 50 to 85% of volume available for nitrogen oxides oxidation fo the
pentavalent form provides adequate reaction time for conversion to pentavalent
form without requiring excess ozone for substantial nitrogen oxides removal.
That also eliminates or reduces concemns about residual ozone attacking fabric

fiter and causing premature mechanical failure.

00331 The temperature range for the ozone when it is injected into the dry or
semi-dry scrubber is from 100°F {o 250°F (37.7°C to 121.1°C).

00341  The sorbents can typically be agueous solution of lime, Ca{OH),,
limestone, soda ash, caustic soda, soda bi carb {sodium bi carbonate}, Natrona,
maglime (magnesium promoted lime) and other naturally cocurring or
synthetically derived carbonates, bicarbonates, hydroxides of alkall or alkaiine

earth metals and midures thereof.
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f3035]  The stoichiometric amount of ozone required is 1.5 moles of ozone per
meole of nitrogen oxide (NO) and 0.5 moles of ozone per mole of nitrogen dioxide
{NOy} in the incoming gas stream containing contaminants for almost complete

removal of nitrogen oxides.

{00381 The ozone will be added in an amount of stoichiometry or in a slight
excess than the amount of nitrogen oxides present in the gas stream and will
remain in contact with the gas stream for a time sufficient to aliow oxidation of

the nitrogen oxides to ocour.

{00371 The ozone is injected into the dry or the semi-dry scrubber in 8 range

of about 2% to about 12% by weight ozone in oxygen.
BRIEF DESCRIPTION OF THE DRAWINGS

100381 The figure is a schematlic representation of a semi-dry scrubber

retrofitted with ozone injection for nitrogen oxides control.
DETAILED DESCRIPTION OF THE INVENTION

100381 Turning to the figure, a semi-dry scrubber 4 is shown with ozone

injection for the removal of nitrogen oxides and other comtaminants,

[004081 The gas stream 1 such as a flus gas stream from an industrial process
enters the semi-dry scrubber 4 at the bottom saction and is contactad with in situ
rejuvenated aggregates by lime shurry injection 2 into the throat of the scrubber

1. The smailler size or lighter aggregates are reintroducad into the scrubber 4 by

racycle fine 7.
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00411  Ozone is injected through line 3 at the height above the throat that
represents at least 15% of the tolai scrubber heighl. The gas stream exiting the
semi-dry scrubber 4 through line 5 has fine aggregates that are separated in the

cyclonic separator 8.

[0042] The gas stream with fine dust from cyclonic separator 8 is then
introduced through line 8 into particulate separator 8 which may be a bag house,
The gas siream passes through the fabric filter for the desired level of particulate
removal and is then exhausted o the atmosphere through line 10. The botlom
hoppers in the bag house are periodically emptied, with the fine dust and
particulate matler removed from the particulate separator 8 through line 11
Oversize aggragates that fail {o suspend and remain in the throat falis to the
bottom section of the semi-dry scrubber 4 and if required are removed as stream
12.

00431 When operated thusly, the invention provides a 35% savings in ozone
when compared o injecling the czong upstream of the semi-dry scrubber where

the flue gas temperature enlering the semi-dry scrubber is 350°F (178.6°C).

{00441  The invention provides a cost effective option for the simuitaneous
remnoval of nitrogen oxides in a dry or semi-dry scrubber along with other
contaminants. The operation of the invention does not produce nitrate
containing liquid purge stream. Nilrate is embedded in the sorbents, The dry
scrubber discharge solids will mainly consist of sorbentis along with other
particulate matter from the gas stream caplure in a pariiculate capture device

such as a bag house,

0G48)  No additional capital process eguipment is required by the methods of

the present invention. There s imiled corrosion concermn and limited ozone slip
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due to the volume of the semi-dry scrubbers employed. Further there is

minimum concern with fabric filter fallure due o residual ozons.

{00487  While this invention has been described with respect {o particular
embodiments thereof, it is apparent that numerous other forms and modifications
of the invention will be obvious o those skilied in the art. The appended claims in
this invention generally should be construed to cover all such obvious forms and

modifications which are within the true spirit and scope of the invention.
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Having thus described the invention, what | claim is

1. A method for removing contaminanis from a gas stream comprising the

steps:

a) Feading the gas stream conlaining contaminants into a dry or semi-dry

scrubber;

o) Contaciing the gas stream containing contaminants with a sorbent;

¢} Injecting ozone into the dry or semi-dry scrubber downstream of the
contact between the gas stream containing contaminants and the sorbent at g
height or volume thatl represents a sufficient dry or semi-dry scrubber height or

volume, thereby oxidizing the contaminants in the gas stream;

d) Contacting the oxidized contaminanis with sorbent in remaining height or

volume of the dry or semi-dry scrubber downsiream of ozone injection; and

e} Separating the sorbent from the gas stream exiting the diry or semi-dry

scrubber.

2. The method as claimed in claim 1 wherein the ozone is injected info the
dry or semi-dry scrubber at 8 height or volume that represents a minimum of

18% dry or semi-dry scrubber height or volume.

3. The method as claimed in claim 1 wherein the sorbent is selected from
the group consisting of agueocus solution of ime, Ca{OH),, imesione, sods ash,
caustic seda, sodium bi carbonate, Natronsg, magnesium promoled lime and

naturally occurring or synthelically derived carbonates, bicarbonales, hydroxides
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of alkali or alkaline sarth metals and midures thereof

4. The method as claimed in claim 1 wherein the gas stream containing

contaminants is an exhaust gas.

5. The method as claimed in claim 4 wherein the exhaust gas is from a
device selecied from the group consisting of a boiler, an engine, a metallurgical
furnace, cemernt kiln, lime sintering kiln and palletizing kiln.

8. The method as claimed in claim § wherein the device is powered by a fuel
selected from the group consisting of coal, fossil fuel, solid waste, biomass and

heavy hydrocarbon fesdstock.

7. The method as claimed in claim 1 wherein the contaminants are selected
from the group consisting of nitrogen oxides, sulfur oxides, acid gases,

particulates, and heavy metals.

8. The method as claimed in claim 1 wherein the dry scrubber is a dry

sorbent injector scrubber,

8. The method as claimed in claim 1 wherein the semi-dry scrubber is 3

spray dryer adsorber scrubber,

10. The method as claimed in claim 1 wherein the ozone is injected at a
height or volume that represents betwsen 15% and 50% of the height or volume

of the dry or semi-dry scrubber,

11, The method as claimed in claim 1 wherein the contaminants oxidize in the

remaining 50% to 85% height or volume of the dry or semi-dry scrubbier.
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12.  The method as claimed in 11 wherein the nitrogen oxides oxidize to their
pentavalent form in the remaining 50% o 85% height or volume of the diry or

semi-dry scrubber.

13. The method as claimed in claim 1 wherein the czone is added {o the dry
or semi-dry scrubber in an amount of greater stoichiometry than the amount of

nitrogen oxides present in the gas stream containing contaminants.

14.  The method as claimed in claim 13 whersin the czone isfed in a
stoichiometric ratio of 1.5 moles of ozone per mole of nitrogen oxide and 0.5
moles of ozone per mole of nitrogen dioxide in the gas stream containing

contaminants.

15, The method as claimed in claim 1 wherein the ozone is injecied into the
dry or the semi-dry scrubber in a range of about 2% to about 12% by weight

ozone i oxygen.
16. The method as claimed in claim 1 wherein the temperature range for the
ozone where it is injected into the dry or semi-dry scrubber is fom 37.7°C o

121.1°C.

17. A method for removing contaminants from a gas stream comprising the

steps:

a) Feading the gas siream containing contaminants into a dry or semi-dry

scrubber;

2} Contacting the gas stream containing contaminanis with a sorbent;
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C} Injecting czone intoe the dry or semi-dry scrubber downstream of the
contact between the gas stream containing contaminants and the sorbent at a
height or volume that represenis a minimum of 15% dry or semi-dry scrubber

height or volume, thereby oxidizing the contaminants in the gas stream;

g} Contacting the oxidized contaminants with sorbent in remaining height or

volume of the scrubber downstream of ozone injection; and

e} Separating the sorbent from the gas stream exiting the dry or semi-dry

scrubber,

18.  The method as claimed in claim 17 wherein the sorbent is selected from
the group consisting of agueocus solution of lime, Ca{OH),, limestone, soda ash,
caustic soda, sodium bi carbonate, Natrona, magnesium promoted Eime and
naturally occurring or synthetically derived carbonates, bicarbonates, hydroxides

of alkali or alkaline earth metals and mixtures thereof.

18. The method as claimed in claim 17 wherein the sorbent is more than one

sorbent.

20.  The method as claimed in claim 17 wherein the gas stream containing

contaminants is an exhaust gas.

21, The method as claimed in claim 20 wherein the exhaust gas is from a
device selected from the group consisting of a boiler, an engine, a metallurgical

furnace, cement kiln, ime sintering kiln and pallefizing kiln.

22, The method as claimed in claim 21 wherein the device is powerad by a

fuai selected from the group consisting of coal, fossil fusl, solid waste, biomass
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and heavy hydrocarbon feedstock.

23, The method as claimed in claim 17 wherein the contaminants are
selected from the group consisting of nitrogen oxides, suifur oxides, acid gases,

particulates, and heavy metals.

24, The method as claimed in claim 17 whersin the dry scrubber is a dry

sorbent injector scrubber,

25. The method as claimed in claim 17 wherein the semi-dry scrubberis a

spray dryer adsorber scrubber,

28. The method as claimed in claim 17 wherein the ozone is injected at a
height or volume that represents between 15% and 50% of the height or volume

of the dry or semi-dry scrubber.

27. The method as claimed in claim 17 wherein the contaminants oxidize in

the remaining 50% to 85% height or volume of the dry or semi-dry scrubber.

28.  The method as claimed in 27 wherein the nitrogen oxides oxidize to their
pentavalent from in the remaining 50% {o 85% height or volume of the dry or

semi-dry scrubber,

28.  The method as claimed in claim 17 wherein the ozone is added to the dry
or semi-dry scrubber in an amount of greater stoichiometry than the amount of

nitrogen oxides present in the gas stream conlaining contaminants,

343, The method as olgimed in claim 28 wherein the gzoneisfedin a

stoichiomaetric ratio of 1.5 moles of ozone per mole of nilrogen oxide and 0.5
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moles of ozone per mole of nitrogen dioxide in the gas stream confaining

cortaminant,

31, The method as claimed in claim 17 wherein the ozone is injected into the
dry or the semi-dry scrubber in a rangs of about 2% fo about 12% by weight

azone in oxygen.

32. The method as claimed in claim 17 wherein the temperature rangs for the
ozone when it is iniected into the dry or semi-dry scrubber is from 37.7°C o
121.1°C.
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