
WO 2012/044383 PCT/US2011/041568 

GAS STREAM PURIFICATION APPARATUS AND METHOD 

SPECIFICATION 

BACKGROUND 

[0001] The present apparatus and method embodiments relate to purification 

of gas, such as carbon dioxide, for use in chemical, pharmaceutical and 

beverage use. 

[0002] Known methods for carbon dioxide (CO2) recovery utilize a series of 

absorption and adsorption steps to remove impurities from a feed gas. Feed gas 

streams are normally waste streams from processes where CO2 is a significant 

by-product. The feed gas stream also contains impurities that are undesirable for 

the final product and must be removed through purification processes. Feed gas 

streams originate from manufacturing activities that include for example ammonia 

production, fertilizer production, fermentation and combustion processes. 

[0003] Feed gas streams include impurities that are unacceptable for use with 

a subset of industries that use CO2, including pharmaceutical production, 

carbonation of beverages and processing of food. Such impurities include sulfur 

compounds, volatile organic compounds such as aromatic and aliphatic 

hydrocarbons, odorous compounds (including but not limited to hydrogen sulfide 

(H2S), carbonyl sulfide (COS), (dimethyl sulfide (DMS), mercaptans), heavy 

metals, particulate matters and nitrogen oxides, among others. The species and 

concentration of the impurities are a function of the process that produces the 

feed gas. For example, fermentation processes produce alcohol, a volatile 

hydrocarbon. Combustion processes are likely to produce sulfur in the feed gas 

originating from the fuel used for combustion. These impurities must be reduced 

to concentrations that are acceptable for the end use; especially for beverage, 
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food and pharmaceutical applications where regulatory and voluntary guidelines 

specify maximum allowable concentrations for impurities. Certain of these 

impurities even when present in amounts below regulatory, mandatory or 

voluntary guidelines are sometimes not desirable at all, such as impurities that 

impart taste in beverages or where CO2 is used in direct contact with 

pharmaceutical drug products. There also are self-imposed preferences by 

customers in sourcing C02 for processing and accepting for use. Therefore, 

producers are forced to continue to drive improved quality of CO2. 

[0004] Conventional C02 production facilities use a series of steps to 

concentrate and purify CO2 product. All of the common impurities require a 

specific treatment in order to be removed from the feed gas stream. Some 

impurities are very soluble in water and can be removed using absorption with 

either water or a caustic solution in a wet scrubber. Other impurities can be 

removed using adsorption, wherein the impurity is bound to a surface or a 

chemical component on the surface and or held in pores of adsorbent material. 

Some of these processes are reversible by using either heat or pressure swings 

during a regeneration step. Other process materials cannot be easily 

regenerated and therefore the adsorbent must be sacrificed when it has reached 

its saturation limit. This creates a burden on a C02 production facility because of 

the expense of replacing material and the opportunity cost due to downtime 

required to service the material beds. Sacrificial beds are also very sensitive to 

the incoming concentration of impurities, since they have a finite capacity for 

retaining the impurities. 

[0005] A known CO2 purification and production process is shown in FIG. 1. 

The stages of said process include providing the C02 feed gas from a production 

process; a pre-compression cleanup stage, wherein the primary cleaning of C02 

feed gas is accomplished by water washing, aqueous alkaline scrubbing and 
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oxidative scrubbing using potassium permanganate (KMn04) at low pressure. 

Depending upon the source for the feed gas and impurities in the gas, all three 

types of scrubbing may not be required. 

[0006] A post-compression cleanup stage for the impurities is mainly by 

adsorption processes, the impurities handled being at a much lower 

concentration than in the pre-compression stage. 

[0007] FIG. 2 shows an arrangement of a known feed gas scrubbing occurring 

in the pre-compression cleanup stage of FIG. 1. 

[0008] Absorption processes, such as that of FIG. 1, provide a less expensive 

way of removing a bulk of soluble impurities such as alcohol, aldehydes, sulfur 

compounds, etc. Using chemical reagents such as potassium permanganate 

(KMnO/;), sparingly soluble impurities such as nitrogen oxides (NOx) are oxidized 

and removed. However, the effectiveness of absorption processes is sometimes 

limited due to low solubility of impurities and low allowable purge of spent 

scrubbing medium. In order to handle increased impurity level, robust and 

reliable performance of the pre-compression stage is vital in maintaining quality 

of the product and effectiveness of the downstream purification stage. 

[0009] As shown in FIG. 1, in the pre-compression stage, primary cleaning of 

C02 feed gas is done by wet scrubbing (absorption processes). Primary cleaning 

by wet scrubbing is achieved by use of one or more scrubbing towers with use of 

one or more reagents. 

[0010] Generally, CO2 containing feed gas stream is first contacted with water 

in a co-current or countercurrent fashion for direct contact. The water acts as a 

scrubbing agent, dissolves soluble impurities and carries away the particulates in 
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the waste stream. This step requires huge amounts of wash water in a once 

through mode and generates a large quantity liquid effluent stream that must be 

processed. If the water wash stream is recirculated in a closed loop, 

concentration of impurities gradually builds up and removal efficiency 

deteriorates. When the scrubber water has absorbed all the impurities it is said 

to be saturated. Saturated water must be drained from the scrubber and replaced 

with clean water in order for more impurities to be removed. In a recirculating 

system the water is always partially saturated so a good balance must be made 

between fresh water make-up and the concentration of impurities in the CO2 

exiting the scrubber. Typical impurities that are removed in water washing are 

acetaldehyde, alcohols, ketones, ammonia and hydrogen chloride (HCI), for 

example. 

[0011] For removal of acidic (impurities), caustic/soda based water scrubbers 

are used downstream of water wash scrubber. Sodium carbonate (Na2CC>3) or 

sodium hydroxide (NaOH) is dosed in an aqueous recirculation medium to 

maintain slight alkalinity. Acidic impurities such as sulfur dioxide (S02) and HCI 

are removed, aiong with some hydrogen sulfide (H2S) and CO2, by wet alkaline 

scrubbing to form water soluble compounds. 

[0012] Potassium permanganate (KMn04) is a powerful oxidizer and can 

oxidize a number of impurities to compounds that are soluble or insoluble in the 

potassium permanganate solution. Amongst many impurities oxidized by 

scrubbing in KMn04 scrubbers, removal of nitrogen oxides in particular is unique. 

Other impurities that are removed include sulfur compounds and some odorous 

and taste imparting compounds. In order to maintain high efficiency, 

permanganate scrubbers must operate under alkaline conditions. CO2 in the 

feed gas stream has the effect of neutralizing the scrubber solution by forming 

carbonate and bicarbonate. Under neutral conditions, Manganese Dioxide 
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(MnC>2) precipitates creating serious operational issues due to fouling of scrubber 

packing and clogging of the scrubber components. 

[0013] The effectiveness of permanganate scrubbers is impacted by the 

incoming NOx concentration. Often, the capacity of CO2 plants must be reduced 

when the feed gas concentration exceeds the design range. It is also common to 

require frequent service for permanganate scrubbers when NOx levels exceed 

the normal range. Some production facilities that experience spikes in nitrogen 

oxide concentrations in the feed gas must shut down the system ever few hours 

to remove the old potassium permanganate solution and replace it with new or 

fresh solution. It is not uncommon to require up to more than one or two 

shutdowns per day to service permanganate scrubbers. In some cases CO2 

producers reduce the plant capacity to increase the length of time the 

permanganate scrubber can stay in service before it needs to be re-charged. 

[0014] Post compression cleanup is somewhat of a polishing stage and 

mainly consists of adsorption processes to further reduce impurities. The most 

commonly used beds include Zinc Oxide (ZnO), Silica, Alumina and Carbon for 

removing many different impurities. 

[0015] In addition, high pressure water washing may also be used to lower 

soluble impurities. Some configurations include catalytic reactors to convert 

some hard to treat impurities. 

[0016] Adsorption beds remove one or a plurality of impurities or component 

impurities in the feed gas. ZnO, ferrous and ferric oxide beds for removal of H2S, 

activated carbon is effective in adsorbing impurities like acetaldehyde, aromatic 

hydrocarbon and other volatile hydrocarbons. Silica beds are effective in 

removing water, oxygenates such as alcohols. The capacity of an activated 
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carbon bed is a function of the impurity's species and concentration. The 

capacity of a given bed is also limited by the amount of absorbent it holds, 

therefore it is used as a polishing bed. It is advantageous to remove as much of 

these impurities as possible in a pre-compression cleanup stage before the feed 

gas reaches the polishing bed. 

[0017] Even beds that can be regenerated are affected by the concentration 

of impurities, because the operating cycle is affected by the amount of time it 

takes for the bed to reach capacity. Regeneration cycles tend to add cost to the 

process due to their need for heating energy or pressurization. For example, 

carbon adsorption beds require a large amount of steam to raise the temperature 

of the bed to the temperature needed to remove the adsorbed impurities. Often 

CO2 producers are adversely affected by "spikes in impurities" that are in excess 

of the design capacity of polishing beds designed to remove them. 

[0018] Therefore, CO2 producers will want to remove as much of the 

impurities as possible in precompression cleanup stage upstream of the 

adsorption and polishing steps. A KMn04 based oxidative scrubber is generally 

placed downstream of water wash scrubbers or alkaline scrubber. Improving 

reliability in oxidative scrubbing will reduce not only impurities due to oxidative 

chemistry, but also provide an additional stage for removal of soluble impurities. 

[0019] As mentioned above, for oxidative scrubbing, KMn04 solution is used 

in an aqueous scrubber. KMn04 is a strong oxidant. However, the oxidation 

occurs in the liquid phase and has the following issues. Impurities from the gas 

phase are required to first dissolve in order to react with KMn04. Some of these 

impurities have very poor solubility and require large gas liquid contact to 

effectively transport across the gas-liquid interface. Most scrubbers do not 

provide adequate scrubbing when impurities spike during production. CO2 in the 
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feed gas neutralizes alkalinity of KMn04 solution which significantly retards 

oxidation rates and removal efficiencies. Contaminants such as H2S, DMS COS, 

mercaptans impart objectionable taste and odor, even at very low concentrations. 

Therefore, inefficiencies in oxidative scrubbing are not acceptable. 

[0020] Precipitation of manganese oxides fouls packing in absorption columns 

which reduces gas-liquid contacting surface area, thereby rendering the columns 

to be less efficient and not as cost-effective. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] For a more complete understanding of the present embodiments, 

reference may be had to the following drawing figures taken in conjunction with 

the description of the embodiments, of which: 

[0022] FIG. 1 shows known stages of a C02 purification and production 

process for a C02 feed gas stream. 

[0023] FIG. 2 shows known feed gas scrubbing in the pre-compression 

cleanup stage of FIG. 1. 

[0024] FIG. 3 shows a feed gas scrubber column according to the present 

embodiments. 

[0025] FIG. 4 shows a pre-compression cleanup stage including an ozone 

based scrubber of the present embodiments. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0026] An oxidative step often modifies impurities to a more soluble form. The 

present embodiments substitute ozone for KMn04 as the oxidative reagent to 

oxidize impurities. For example, among many reactions of ozone with various 

impurities, oxidation of nitrogen oxides (NO and NO2) results in soluble forms, 

namely nitrogen trioxide (NO3) and dinitrogen pentoxide (N2O5) which can be 

easily absorbed and retained in aqueous medium of the scrubber; reducing the 

burden on downstream polishing equipment. Additionally, other organic and 

inorganic contaminants, especially taste and odor imparting contaminants such 

as H2S, DMS, COS, are oxidized and scrubbed, or scrubbed and oxidized. 

[0027] The present embodiments (i) use ozone (O3) to oxidize impurities in a 

gaseous stream, and (ii) treat aqueous effluents with ozone. The present 

embodiments utilize these two technologies by integration in a wet scrubbing 

stage of C02 cleanup and may be used to purify C02, or other gases, for 

chemical, pharmaceutical and beverage use, for example. 

[0028] The pre-compression cleaning stage (primary cleaning) of CO2 

purification and production process is rendered more effective by the present 

embodiments. 

[0029] Improving efficiency and reliability of absorption-based contaminant 

removal processes reduces load on post-compression cleanup stage. The 

present embodiments address issues with oxidative scrubbers and improve 

overall efficiency of the absorption process in the pre-compression stage. 
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[0030] The present embodiments provide a method to improve an oxidative 

scrubbing step in pre-compression stage of C02 cleanup. The embodiments 

also reduce the impurity "spikes" that occur in polishing beds. 

[0031] Ozone is a strong oxidant and has been used effectively to oxidize 

impurities such as NOx and elemental mercury (Hg) in the gas phase. Ozone, 

when mixed with a gas stream containing NOx, transforms insoluble NOx 

compounds into highly soluble N205. Simple aqueous scrubbing removes these 

oxidized impurities. 

[0032] However, ozone oxidation in a gas phase alone wherein many 

impurities are to be acted upon may not react quickly enough for a particular 

process. That is, mixing ozone with the feed gas causes ozone dilution. At this 

low concentration, ozone may not react with some of these impurities within the 

necessary amount of time. Some of the impurities when scrubbed begin 

building-up equilibrium concentrations in the scrubbing medium (or bed) as the 

impurities are not depleted. Dosing additional ozone in the gas phase so that the 

excess ozone will absorb in the scrubber to oxidize absorbed impurities in the 

aqueous scrubbing medium may also not be effective enough. Therefore, the 

present embodiments provide ozone in both the gas and liquid phase. 

[0033] Ozone is a highly reactive and unstable gas and it is produced on-site, 

on-demand in 2% to 18% by weight in oxygen or air. When this 2%-18% by 

weight ozone in O2 is contacted directly with scrubbing liquor, it forms a highly 

oxidizing aqueous medium which depletes impurities absorbed and accumulated 

in the liquid or liquor scrubbing medium. However, scrubbing with this ozonated 

aqueous medium may not aione be effective enough to oxidize impurities such 

as NOx in the gas phase because NOx is sparingly soluble in the gas phase. 
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[0034] Accordingly, the present embodiments achieve in a single measure 

both gas phase homogeneous oxidation with ozone and heterogeneous oxidation 

in liquid phase without compromising effectiveness. The embodiments are also 

configured around scrubbers which are industry preferred or existing in the pre-

compression cleanup stage. Retrofitting the embodiments to existing scrubbers 

may not require much effort in terms of hardware changes. 

[0035] Referring to FIG. 3, there is shown a packed column scrubber 10 

having a reaction chamber 11 therein configured to scrub the feed gas in a 

counter-current mode. The aqueous scrubbing medium 12 is held in sump 14 

located in a bottom section 16 of the column 10. An adsorbent cartridge 17 may 

be disposed in the sump 14 at the bottom section 16. The cartridge 17 may 

contain adsorbents to retain scrubbed or oxidized contaminants in the scrubbing 

medium 12. The cartridge 17 can be replaced with a new cartridge having fresh 

adsorbents, or the cartridge can be removed and the adsorbents replaced or 

rejuvenated for subsequent use. Pump 18 withdraws the aqueous medium 12 

through a pipe 13 in communication with the sump 14 and directs the medium 

through a pipe 19 to a top section 20 of the column where it is distributed by for 

example a spray nozzle 22, distribution weir (not shown) or other suitable internal 

device to irrigate the top section 20 of a packed bed 24. A mist eliminator 21 is 

disposed across an interior of the scrubber 10 at the top section 20 between the 

spray nozzle 22 and a top 23 of the column 10. The aqueous medium 12 

distributed on the bed 24 flows downward by gravity. Wetted packings in the 

packed section 24 provide the necessary surface area for exchange of impurities, 

i.e. scrubbing, between feed gas 26 introduced into the reaction chamber 11 at 

scrubber inlet 27 disposed between a bottom of the bed 24 and the sump 14, and 

flowing upwards in the column 10 above the sump 14 and aqueous medium 

gradually flowing downward from the packed section 24. The aqueous medium 

12 rich with impurities and exiting the packed section 24 is returned back to a top 
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of the sump 14. The sump contains a liquid scrubbing agent such as for example 

sodium carbonate, caustic soda, etc. 

[0036] In this embodiment, ozone 28 at 2%-18% by weight is introduced 

beneath a surface 15 of the medium 12 in the sump 14. Ozone bubbles 30 rise 

and partially dissolve in the aqueous medium 12 which is rich with impurities. 

Ozonating this section of the sump 14 maximizes the extent of oxidization of 

impurities in the aqueous phase. At least one weir 32 or a plurality of weirs is 

disposed in the sump 14 for contact with medium 12 and, with the pipe 13, 

maximizes retention or residence time of the ozonated aqueous medium 12 in 

the sump 14 before it is recirculated to the top of the packed section 24. The 

weirs 32 alter the direction of the flow of the aqueous medium 12 which would 

otherwise flow immediately and directly into the pipe 13 from the sump 14. The 

flow directing assembly of the weirs 32 increase the residence time of the 

aqueous medium 12, which contains the ozone, in the sump 14 by providing a 

plug flow of the aqueous medium 12 rather than a back mixed flow. This results 

in reduced mixing in the region of the weirs 32, so that the ozone flows with the 

impurities or contaminants in the medium 12 and accordingly reacts evenly and 

more predictably with same through the flow area. The residence time of the 

ozone in the medium 12 during such plug flow is more controllable and 

predictable. This arrangement minimizes dissolved ozone or bubbles of ozone 

carried with medium 12 through pipe 13 and stripping from the spray of the 

aqueous stream at the top of the packed column 10 when it comes in contact 

with the feed gas 26 exiting the packed section 24. 

[0037] The remainder of the ozone in bubbles disengages from the aqueous 

medium and mixes with the incoming bulk of the feed gas 26 under the packed 

section 24. The gas void in the packed section 24 is generally between 60% to 

95% of the total packed volume. The vessel volume under the packed section 24 
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and the gas void in the packing provide a residence time for the ozone to react 

with impurities such as NOx, Hg, H2S, etc. in the gas. Oxidation in the gas phase 

begins as the ozone bubbles 30 leave the liquid surface 15 and start to mix with 

the incoming gas 26. The oxidation of impurities in the gas phase continues in 

the space under and inside the packed section. Homogeneous oxidation in the 

gas phase and absorption of oxidized impurities to the aqueous medium both 

occurs simultaneously in the packed section. 

[0038] Oxidation of NOx with ozone in the feed gas can be summarized as 

follows, 

[0039] In the first reaction, NO is converted to N02. In the consecutive 

reaction, ozone further oxidizes NO2 to N2O5, 

NO + O3 NO2 + O2 

NO2 + O3 NO3 + 02 

NO2 + NO3 •*-> N2O5 

[0040] N205 is very soluble compared to N02 and NO and therefore, can be 

very easily scrubbed with water. 

N2O5 + H20 2 HNO3 

[0041] In addition many other contaminants such as elemental mercury Hg° 

are also oxidized. 

Hg° + 03 * Hg 2+ + 02 
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[0042] Suifur dioxide reacts with water forming sulfurous acid. 

S02 + H20 H2S03 

[0043] Sulfurous acid is easily oxidized to sulfuric acid or sulfate ion in the 

aqueous medium. 

H2SO3 + 03 H2SO4 

[0044] Alkaline reagents such as NaOH or Na2CC>3 may be added in the 

aqueous medium to increase effective and neutralize acidic products formed due 

to oxidation. 

H2SO4 + 2 NaOH Na2S04 + 2 H20 

HNO3 + NaOH NaN03 + H20 

[0045] Wet ozone is very reactive even in the gaseous phase. 

[0046] Odorous compounds such as H2S and other reduced sulfur are readily 

oxidized by ozone in both gas and aqueous medium forming sulfates. 

S"2 + 3034 S03"2 + 02 

S03"2 + 03 S04"2 

[0047] In the scrubber sump 14, ozone dissolves in aqueous medium forming 

hydroxyl (and perhydroxy) radicals which are even more reactive than ozone. 
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Dissolved ozone reacts with carbonaceous impurities, converts to more stable 

form. In particular, odorous compounds when captured in aqueous medium are 

oxidized easily with dissolved ozone. Oxidative scrubbing eliminates organic 

sulfur from the feed gas. Presence of ozone in the gas phase and scrubbing with 

ozonated aqueous medium kills microbes and disinfects the treated feed gas 38 

which is exhausted or vented from an outlet 40 at a top of the column 10. The 

mist eliminator 21 coalesces mist from the spray nozzle 22 into droplets so that 

the droplets fall under the effect of gravity into the bed 24. The mist eliminator 

also prevents liquid carryover into the treated feed gas 38 exiting the outlet 40. 

[0048] Also the residence time requirement is short enough not to impact the 

design of the scrubber in any significant way. !n fact, existing CO2 recovery and 

purification systems can be retrofitted with this technology without modifying the 
scrubber's design. 

[0049] Ozone is produced on-site based on process demand. The rate of 

ozone production can be ramped up or down very quickly. Therefore, with the 

help of simple control system, using feed forward or feedback signal from on-line 

analyzers, ozone production can be controlled based upon levels of impurities in 

the feed gas and the treated feed gas exiting the scrubbing system. Another 
feed-back system can be based upon residual ozone levels in the treated feed 

gas. 

[0050] A make-up aqueous medium stream 34 will usually contain water and 

reagents such as caustic or sodium carbonate. Make-up water and reagent can 

be added in an alternate stream 35 directly into the sump 14. There may be 

additional instrumentation and hardware (not shown) such as pH probe to 

measure pH of the sump 14, temperature probes, liquid level sensors, etc. to 

maintain operating parameters of the system within desired ranges. The 
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recirculating aqueous medium 12 may need to be cooled or heated based on 

process requirements. A purge pipe 36 line is generally discharged to a waste 

water treatment facility for further treatment of captured contaminant. Valves 

37,39 are used to control flow of the oxidizing solution through the pipe 19 and 

the purge pipe 36. In other words, if the liquid in the sump 14 is saturated with 

contaminants and must be exhausted, then the valve 37 is opened while the 

valve 39 is closed. The saturated stream can then be exhausted to waste. 

Closing the valve 37 and opening the valve 39 permits flow of the oxidizing 

solution to the nozzle 22. Alternatively, valve 39 may also be kept partially open 

at all times as a system with a continuous purge. Generally, organics are 

digested by anaerobic and aerobic digestion. Nitrate captured in the purge 

stream is advantageously used in anaerobic digestion for reduction of organic 

carbon. 

[0051] Thus, ozone based oxidative scrubbing makes removal of impurities 

easier and reduces the burden on downstream polishing processes in the post 

compression purification stage. Many other alkaline or alkaline earth metal (such 

as calcium, magnensium hydroxides, carbonates) can be used for scrubbing in 

combination with specific reagents and/or adsorbents that bind specific scrubbed 

and oxidized contaminants in the aqueous phase. 

[0052] In FIG. 4, there is shown a pre-compression CO2 clean up stage with 

the O3 based oxidative scrubber 10, instead of using the KMnC>4 scrubber of FIG. 

2. The following parameters provide the range to practice the embodiments. 

o Temperature of the feed gas 26 entering the scrubbing inlet 27 can be in the 

range of 4° to 60°C. 

o Pressure of the feed gas 26 in pre-compression clean up stage can be 1 Bar 

to 2 Bar absolute. 
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o The pH of the scrubbing or aqueous medium 12 in oxidative scrubbing can be 

2 to 11 with total dissolved solids in the range of 0 to 10% by wt. 

o The reagent in the scrubbing medium 12 to neutralize can be alkali or alkaline 

earth metal or ammonia hydroxides, carbonates, bicarbonates or mixtures 

thereof. 

[0053] Although the process parameters provided above may be used for 

commercial operation, the process parameters can also operate with high 

efficiency outside this range of parameters. For example, the method and 

apparatus embodiments described can also be used for scrubbing of a CO2 

stream above 2 Bar pressure. 

[0054] The scrubber 10 can be used with a water scrubber 50 and/or a 

caustic scrubber 60, both of which are known. As shown in FIG. 4, the scrubber 

10 includes a controller/analyzer 44 in communication with a sensor 46 which 

senses the composition of the treated feed gas 38, and is operably associated 

with the feed gas 26,28 of ozone. In this arrangement of FIG. 4, the amount of 

ozone necessary to be provided to the sump 14 will be proportional to the purity 

of the treated feed gas 38 existing the scrubber column 10. 

[0055] The embodiments provide: a robust and reliable oxidative system 

which provides stronger oxidation of a broader range of impurities in both gas 

(the feed gas) and liquid phase (aqueous scrubbing medium); an oxidation 

system that promptly and effectively responds to surges in impurity and 

mitigates concerns of overloading post-compression clean up system; O3 based 

oxidative scrubbing which will not cause operational challenges, such as fouling 

production equipment; a by-product of reaction in the scrubber (nitrate) which is 

a beneficial effluent for digesting organic impurities in wastewater treatment 

facilities; and a cost effective method to remove impurities using scrubbing 
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systems where water or water/caustic solutions are used to absorb impurities 

rather than more expensive solutions like KMnC>4. 

[0056] The present embodiments can be used to treat gases other than 

carbon dioxide (CO2) feed gas. For example, the present embodiments can be 

used to treat a nitrogen {N2) feed gas stream. 

[0057] The present embodiments can also be used as a clean-up for process 

gas, which is useful in production of chemicals, or can be used in a pollution 

abatement system for removing pollutants from waste gas streams before being 

exhausted to the atmosphere. 

[0058] The embodiments can include analytical equipment and controls to 

control the ozone flow rate and injection point to accommodate impurity species 

and concentration. 

[0059] The embodiments can be retrofitted to a caustic scrubber if a KMn04 

scrubber is not present in the configuration. 

[0060] The embodiments can be used with a scrubber having a packed 

column, a plate column, a tray column, a spray column or any other type of gas-

liquid contacting device. 

[0061] Additional benefits of the present embodiments include improved 

effective scrubbing of the process gas stream; a reduction of a concentration of 

impurities in the sump liquid, thereby reducing pressure on the system which 

translates into a more effective scrubbing of the feed gas stream; and treatment 

of the liquid to provide a reduction in wastewater. 
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[0062] It will be understood that the embodiments described herein are 

merely exemplary, and that one skilled in the art may make variations and 

modifications without departing from the spirit and scope of the invention. All 
such variations and modifications are intended to be included within the scope of 

the invention as described and claimed herein. Further, all embodiments 

disclosed are not necessarily in the alternative, as various embodiments of the 

invention may be combined to provide the desired result. 
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CLAIMS 

What is claimed is: 

1. An apparatus for removing contaminants from a gas stream, comprising: 

a container having a reaction chamber therein for receiving the gas stream; 

a gas-liquid contact assembly disposed in the reaction chamber; 

a sump disposed in the reaction chamber beneath the gas-liquid contact 

assembly, the sump containing a scrubbing agent; 

a first inlet in communication with the sump for providing a reactive species to the 

scrubbing agent in the sump for producing an oxidizing solution; 

a second inlet in communication with the reaction chamber for providing the gas 

stream to the reaction chamber between the gas-liquid contact assembly and the 

sump; 

a flow directing assembly disposed in the sump to direct flow of the scrubbing 

agent; 

a feed line having a first end in communication with the sump and a second end 

having an outlet terminating in the reaction chamber above the gas-liquid contact 

assembly for dispensing the oxidizing solution to contact the gas-liquid contact 

assembly, the gas stream in the reaction chamber and the oxidizing solution in 

the sump. 
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2. The apparatus of claim 1, further comprising an adsorbent cartridge 

disposed in the sump to adsorb contaminants in the scrubbing agent. 

3. The apparatus of claim 1, further comprising a mist eliminator disposed in 

the reaction chamber above the second end of the feed iine for coalescing the 

dispensed oxidizing solution into droplets to contact the gas-!iquid contact 

assembly. 

4. The apparatus of claim 1, further comprising a third inlet in communication 

with the sump for providing additional scrubbing agent. 

5. The apparatus of claim 1, wherein the gas-liquid contact assembly is 

selected from a packed bed, a plate column, a tray column and a spray column. 

6. The apparatus of claim 1, further comprising a pump in communication 

with the feed line for withdrawing the oxidizing solution from the sump to be 

dispensed at the outlet of the feed line. 

7. The apparatus of claim 1, wherein the flow directing assembly comprises 

at least one weir constructed and arranged in the sump to direct a flow of the 

oxidizing solution to increase residence time of the oxidizing solution in the sump. 

8. The apparatus of claim 1, further comprising a purge line in 

communication with the feed line for removing the oxidizing solution saturated 

with contaminants. 

9. The apparatus of claim 1, wherein the reactive species is selected from 

ozone and plasma. 
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10. The apparatus of claim 1, wherein the gas stream comprises carbon 

dioxide. 

11. A method for removing contaminants from a gas stream, comprising; 

(a) introducing the gas stream into a reaction chamber of a scrubber; 

(b) oxidizing first contaminants in a liquid phase with a reactive species in a 

sump of the scrubber for providing an oxidizing solution; 

(c) oxidizing second contaminants in a gas phase of the gas stream above 

the sump; 

(d) oxidizing and scrubbing third contaminants in a gas-liquid contact 

assembly disposed above the gas stream; 

wherein (b) - (d) occur simultaneously. 

12. The method of claim 11, further comprising removing the oxidizing solution 

from the sump and dispensing the oxidizing solution into the reaction chamber 

above the gas-liquid contact assembly. 

13. The method of claim 12, further comprising directing a flow of the oxidizing 

solution in the sump for increasing residence time of the oxidizing solution in the 

sump. 

14. The method of claim 11, wherein (b) further comprises providing an 

oxidizing vapor from the oxidizing solution for the oxidizing vapor to contact the 

second contaminants of the gas stream above the sump. 
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15. The method of claim 11, wherein the reactive species is selected from 

ozone and plasma. 

16. The method of claim 11, wherein the gas stream comprises carbon 

dioxide. 

17. The method of claim 11, wherein the gas stream introduced into the 

reaction chamber is at a temperature of from 4°C to 60°C. 

18. The method of claim 11, wherein the gas stream introduced into the 

reaction chamber is at a pressure of from 1 Bar to 2 Bar absolute. 

19. The method of claim 11, wherein the oxidizing solution has a pH of from 2 

to 11. 

20. The method of claim 11, wherein the reactive species is selected from 

alkali or alkaline earth metai hydroxides, carbonates, bicarbonates, and mixtures 

thereof. 
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