WO 2009/002969PCT/US2008/067995 SYSTEM AND PROCESS FOR GAS SWEETENING
STATEMENT REGA ING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT [0001]Not
Applicable. BACKGROUND OF THE INVENTION Technical Field [0002]The present invention
‘generally relates to the desulfurization of gas sneams containing hydrogen sulfide. More particularly,
the present invention relates to a high shear system and method for catalytically oxidizing hydrogen
sulfide in liquitvsteegmszeeymprising hydrogen sulfide to elemental sulfur ang:vegangniatiag reduced
catalyst for recycle by oxidation. Background of the Invention [0003] Many processes produce fluid
streams comprising hydrpgensiifidenQ e, yds g@@ﬁl@‘%g Wg%wd from a gas prior to
venting the gas for disposal or further treatment. or example rogen sul ide is a nuisance odor
from wastewater treatment plants and facilities comprising reverse osmosis systems. Hydrogen sulfide
can also be a naturally-preseqt-cempangnt;in energy Bobioes; incluging:-tatusal gas, oil, biogas,
synthesis gas, geothermal gas stregms ‘ @é%s Hyydrodesulfurlzatlon of liquid streams by
hydrogen treatment in the presence of’d hy et AR st is frequently used to convert
organic sulﬁﬁ%bmpﬁ‘@ﬂlﬁd&ﬁg&h&drogen sulfide. The hydrogen sulfide must then be removed from the
liquid streams. Combustion of hygrogepgilfislenmduses;situidieyide, which is believed to lead to
the production of acid rain and potentlal destruction of the environment. Furthermore, when contacted
with Water,%%%lglflde forms sulfuric acid which is corrosive to the metals of process apparatus.

[0002] The present invention gemerally relates to the desulfurization of gas streamns

containing hydrogen sulfide. More particularly, the present invention relates to a high shear
system and method for catalytically oxidizing hydrogen snlfide in lignid streams comprising
hydrogen sulfide to elemental sulfur and regenerating reduced catalyst for recycle by oxidation,

Backeround of the Invention

[0003}]  Many processes produce fhuid streams comprising hydrogen sulfide. Often, hydrogen
suifide must be removed from a gas prior to venting the gas for disposal or further treatment.
Por exampie, hydrogen sulfide is a nuisance odor from wastewater treatment plants and
facilities comprising reverse osmosis systems. Hydrogen snlfide can also be a naturaily-present
component in energy sources, including natural gas, oil, biogas, synthesis gas, geothermal gas
streams, and others. Hydrodesolfurization of liquid streams by hydrogen treatment in the
presence of a hydrodesulfurization catalyst is frequently used to convert organmic sulfur
compounds to hydrogen sulfide. The hydrogen sulfide must then be removed from the liguid
streams. Combustion of hydrogen sulfide produces sulfur dioxide, which is believed to lead to
the production of acid rain and potential destruction of the environment. Furthermore, when
contacted with water, hydrogen sulfide forms sulfuric acid which is corrosive to the metals of
process apparatus,

[0004]  One commercial desulfurization process is the LO-CAT process of Gas Technology
Products, LLC of Schaumberg, IL. The Lo-CAT process is a method for performing 2
modified Claus reaction. The Lo Cat process is a wet scrubbing, liguid redox system that uses
a chelated iron solution (homogeneous catalytic, ie. ‘ToCat’, solution) to convert HaS to
elemental sulfur,

[0085] A considerable amount of effort has been devoted to developing mass transfer devices
which improve the oxygen utilization in conventional liquid oxidation systems (such as the Lo-
CAT system) with the aim of reducing the quantity of air required {operating cost) and reducing

the size of the oxidizing vessels (capital cost). Cumently, there are two types of oxidizers



[0004]One commercial desulfurization process is the LO-CAT process of Gas Technology Products,
LLC of Schaumberg, IL. The Lo-CAT process is a method for performing a modified Claus reaction.
The Lo Cat process is a wet scrubbing, liquid redox system that uses a chelated iron solution
‘(homogeneous catalytic, i.e. cLoCatl, solution) to convert H2S to elemental sulfur. [00051A
considerable amount of effort has been devoted to developing mass transfer devices which improve
the oxygen utif2a88H % ¥8nventional liquid oxidation systems (such as thBTHUERG &R m) with the
aim of reducing the quantity of air required (operating cost) and reducing the size of the oxidizing
vessels (capitgibgait) Gunsantiydthefelare waitypes bf bxidizeiMWirs, alr is sparged through

2909/902969PCT/US2008/067995 oy idizers, In,| d
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oxidizers, aris spargg tﬁlrough approximat of solution at superficial air velocities of less
than 3.5 mahfiskPrrarswrestibhtr B uRspeennit BB eh werepo Fireié dilak sfonomer)
sleeves whighaiepesiaralgcwith vaey. smalholes RQkiiendlonisnespaendiculartodheaiflow, Such
low head oxidizers are relatively poor mass transfer devjces, Low head oxidizers do, however, provide
much need@ﬂd@fﬁtﬁﬁ%ﬁgﬁ}%}%%ﬁ%é%r g of i’f?éw éﬁf&ﬁ%?%ﬁ%é%ﬂmﬂegﬁ%%dizers, air is
sparged througheppdoximatelyvémoetdrs plopetupers@irsupbefigidmelocities of greater than 10 m/min

by means 1@&@9?%%@?&%@%%%&@%9@-gﬁzegéﬁ%ﬁggﬁ IS ER-GUIRNY Yob.2IfQuninhigh head

oxidizers. These oxidizers provide mass transfer coefficients which aré apﬁ)roximajtely 4 times better
than those8PEFRe SRl S Frsw Rt 1higam: Wensepe rE & BrRiGHeY BiBBN A58 HEgHs on the air

blowers.  Solution flow is co-current to fhe airflow in high head oxidizers. These oxidizers provide mass
transfer coefficients which are approximately 4 times better than those of low head oxidizers;
however, this is at the expense of higher discharge heads on the air blowers.
{00077 Accordingly, there is a need in mdustry for improved processes for desulfurizing (ie.
sweetening) gas streams.

SUMMARY

[8098] High shear sysiems and methods for inproving removing hydrogen sulfide from gas
streams are disclosed. In accordance with certain embodiments, a method for gas sweetening is
provided a method for removing hydrogen sulfide from a sour gas stream comprising hydrogen
sulfide, the method comprising: oxidizing hydrogen sulfide in a converter by contacting the
sour gas stream with an agueous catalytic solution, thereby producing a desulfurized gas stream
and 2 liquid stream comprising reduced catalyst and elemental sulfur; introdocing an oxidant
and the liquid stream cornprising reduced catalyst and elemental sulfur into a high shear device
and producing a dispersion wherein the mean bubble diameter of the oxidant gas in the
dispersion is less than about 3 ym; introducing the dispersion mto a vessel from which a sulfur-
containing shury is removed and a regenerated catalyst stream 1s removed, wherem the sulfur
slmry comprises elemental sulfur and agueous liquid; and recycling at least a portion of the
regenerated catalyst stream to the converter. The method may further comprise removing at
ieast a portion of the agueous soluticn from the sulfur-containing slurry and recycling at least a
fraction of the recovered agneous solution to the vessei. In embodiments, the vessel is an
oxidizer comprising spargers whereby additional oxidant gas is introduced into the vessel,
[0005] Also disclosed herein is a2 method for sweetening a sour gas stream, the method
comprising: forming a dispersion comprising oxidant gas bubbles dispersed in a liguid phase
comprising reduced redox liguid catalyst, wherein the bubbles have a2 mean diameter of less
than 1 micron. The gas bubbles may have a mean diameter of less than 400 nm. In

embodiments, the gas bubbles have a mean diameter of no more than 100 nm. The sour gas
2 -




[00071 Accordingly, there is a need in industry for improved processes for desulfurizing (i.e.
sweetening) gas streams. SUMMARY [0008] High shear systems and methods for improving

removing hydrogen sulfide from gas streams are disclosed. In accordance with certain embodiments,

a method for gas sweetening is provided a method for removing hydrogen sulfide from a sour gas
stream comprising hydrogen sulfide, the method comprising: oxidizing hydrogen sulfide in a converter
by contacting tH& getaogeesistream with an aqueous catalytic solution, ther@oy/praeiksdisity® desulfurized
gas stream and a liquid stream comprising reduced catalyst and elemental sulfur; introducing an

oxidant and+g liewighstreams cemaEsingZeduced.galalysiapchelemental Buliurintoa highishear
device and g%%ducing a dis%er i E}Wherein the mgg?n.bubble diaﬁg]eter of the %xidant gas ind:[he
dispersion (€188 f55h B0 Lt Ain Tt GeRiEing U B1Sp BFRioR LS B Ve 8881 Frofftinich ™
sulfur-contahgrm@imitﬂwy ihmeﬂﬁo&edzﬁmﬁimcegemmis&mmwmbj@edgg\mmimﬁhe sulfur
slurry comprisgs slemental splfic andiagnaons liauidsanddscyeling.atlenst:a Ration ahihe

regenerated catalyst stréam to the converter. The method may further comprise removing at least a
portion of the”St8 SR SHEIR e IRRPEHPNSHES MRSt S dre Srchiag deisdgiartastion of the
recovered agucosis seidtienite, hexessel Hiahemhodivientsripeswessehis @R xidizeacorpRisINg
spargers whereby additional oxidant, gas is intraduced into.the ve 09] Also djsclosed herein is a
et Tor Lo T B G i A o e ORI QIS R B mprising
oxidant gasduisbiéssaisprerddd inch Hepuitptiesacopnphising kedUpwevetoialitpsid datal\i§6Adherein the
bubbles haygia peamdiametarnofiess:thamd migiopdhergas.byhbles. may.baye aimean.gdiameter of
less than 400 nm. In embodiments, the %}gs bubbles have a mean diameter of no more than 100 nm.

The sour gd§" /20806868 FRYSE (B8 /0B 7885 R tofipFrée a GHbskis e b Midtie group
consisting afrganonatuiiad gas) carkbeldicdde;semine acid gas, landfill gas, biogas, synthesis gas,

geothermal g, RlIeN.985A0 comBInAliandbaepalo smbedinaals. faiming fie digpgreion

comprises subjecting a mixture of the oxidant gas an > fiquid catalytic phase to a shear rate of
greater thaifABSIH20, 0001sE IpEgrs et s drs roRtRaY B AiTME aee rith ety itheowriddnt gas and
the liquid catalyie: phassdnsa Righsheakdevisednwberein hedighusheandavicecompiisesat least one
rotor, and V\éh&rl?igl e (?tc!aedaggtgn% _frl%or.is rot%e&j at %l}ép speed.of at least 2rt2.9 m/s (4,500 ft/min)
during formation of the |sperS|o¥f. e 1‘llﬁhas elarﬁaéwcecma@ﬂﬁ?nogdugecg%%a 6?%“51&}%’ 4t least
about 1034sPemPean(B0000epsipatthestibeditideratteanst erberotst: The Basrgperdiedifituteof the high
shear deviggdnay heseatenthan1000 W/m3.hamhoginens dReradox catalysids.selegted from

organometallics and.iron chelate catalysts. [0%1_0 Also disclosed is a method for removing hydrogen
sulfide front $BUF GRS the Yﬁ%f‘?% oY B AT S AT G A SRR WaSHT ABHET the sour
gas with a kguighicompisingexd oxidizediqatahstistasconwdribroithproducea onrvenanbligeid product
stream compainG,apiike and.(aduiae dealahieLByTIN. & I B (e, qauRISING e cpnyener fauid

product stream and oxidant gas; exposing the fluid mixture to a shear rate of at least about 20,000 s
produce a AlEREIE TGRS ERah TR SH EBh iRl 6Ty PRELBEFRHE R RN EDEEE Hef tHE i&persion into
a vessel frama whieh Ftsuliershimpbiseemomedoant romwhishradiguigstiermcampiising.regenerated
oxidized liquid catalyst is recycled to converter, The method may further comprise: inttroducing the
sulfur slurrq)bu% gﬁs“ég’a“’%et‘é‘r"ﬁl%rha ?Cﬁ%gugloﬁ?sﬁﬁ%iﬁj?ﬁl Eth§ é‘ﬁ?ﬁ“g f’sg/ﬁeamo%sgléeﬁ% 1 the sul ur; andg
recycling tiebefiesns. liguesresndocdifomithivesiarey feetha e sselicThe Goerapetb2®bl® diameter of
the oxidant.gast:{he disRession mayike lessthan hame Ihesishersionnmay kesiahle for at least
about 15 minutesS@t a'ér_nospheric pressure. In empbodiments, ex%osing the fluid mixture to a shear rate

of greater tHah abYth 26 HES1 CHNBASEE HIOAtERG e AT IR R RigHCREaT HEATe Bomprising at
least two gememtmmzﬁ@ﬁgi} Atsodlisclesetisng mysmmftm semeadngnhhyragen gq{ﬁderfeam a sour gas
stream, (e sy SR OMPISIBg: - EQRIHELAATIRIRIPY &%@J&E-_&?guggp&foge&c%&'?és%osﬁﬁd}qu'd stream

comprising oxidized catalyst, and an outlet line for a converter liquid product corprising sulfur and
reduced lidiitredisrgdiunidistidishredi@s i sohareby by tvHaY BeYitrdamdnidtsthGoutlet line;
an externabitighiisbear eavisa downskean ol heispersiegasiplethihe.exieinaldhighshear device
comprisinq a iglet H1 fluid communicati Q.vvi the converter outI%t ine, and a hi%h hear device outlet;
an oxidizer A fiuid coMMUNICatonSAit t eel?nglﬁ shear device ot fet; 5&8“5%%;?&1 [ eflfflli‘(‘jly
connecting thghokidizdsvandtbietinlettefondiliglidstreantaithelc Smve geshwhéreby vegenerated
oxidized C%'X%EE@@% B %Y(ﬁkego%&@&%qﬂé’ Ok, Rd the intet line for 2 liquid stream of the

converter, whereby regenerated oxidized catalyst may be recycled to the converter. The
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external high shear device may comprise a toothed rim disperser comprising at least one generator set
comprising a rotor and a stator having a shear gap width defined as the minimum clearance between
the rotor and the stator, wherein the rotor is rotatable at a tip speed whereby the shear rate defined as
the tip speed divided by the shear gap width is at least 100,000 is produced. The external high shear
device may have a tip speed of greater than 20.3 m/s (4000 ft/min). In embodiments, the external high
shear devicg is. %l\e pipreducing a dispersion of oxidant bubbles in agueous catalytic solution, the
oxidant bubbles&ﬁg\ﬁ gan a\verallgee'%al ble 8fésr%3t§(r)'0§1ne hlgn%ucg?ﬁeésr%rrﬁgf&r?&%?t he's§8tem may
comprise agteaigtavechighishismedevides.an00d 2biisbalisglosatlds animprbivelnéntdna system for
removing hygrogen shiflde. Siom, 2-ROUE 938 SIaaML é&?&%ﬁ%’%ﬁ%‘%ﬂ“ ffe'}%é?%“té"} arption.unit, a redox

catalyst that becomes reduced upon converting hydrogen sulfide to elemental sulfur, i oXidization

unit for reqEPfératifig &8 fesewd whtalySncdrid edmipseredyilied sy dtenhdor getunnity regenerated
catalyst to thgsabseuption’ Unib-HhedmpravRngRl-cCOMRIISIng, INRAING A hiak sheay devige i line

between the converter and the oxidization unit, the high shear device comprising at least two

generators VHEFR AL A nE SIHL G Breritore protiices shshadrrald iiathessdaG®06 The shear

rate provideshhione geaeraigranaBeigieatesihan theshearn ralanrevidad Y anethgr generator.
[00131Some, mbgjgll@%nt of the system potentially make possible the sweetening of gas streams

without the RE&d's & WBilineTearises ibisetrariexpanby sHossrredchigtisnedifeactor.
10013allnaditst mapeot; phieceriseprovidetod methoed daisremoving hydrogen sulfide from a sour gas

stream comprising hydrogen sulfide, the method comprising: oxidizing hydrogen sulfide in a converter
by contact?ﬁ%%?g A e g y %@mfﬁwﬁ‘?ﬂwé%b}]ﬂ?%b?ﬁﬁ‘ﬁedesuIfurized

sour R UEGTS Eathf
gas stream with an'agqueous catafyt
gas streamiiznd @ Jiguidastréanmcchaprising resuoedngatal ydsandelementatalafusifntdyging an
oxidant ang the, liguid, str comprising reduced ¢ t and elemental sulfur.into a high shear
device and producing a (ﬁ%rsmn w gﬂ%f‘ﬁ%ﬁo %}esga}%%%%%egfgﬁggt%&%tﬁg %&é}gﬁ{%}a@% the
dispersion {erlgsgamragtiapolies rafvcidirotiabivig tnd dispertion intodine ssetdirorfowhichnaing

sulfur-contalging: sl e marEA0R AR IRRCIISH RIAbR LEAHEEMRKed, MIgeln the sulfur

slurry comprises elemental sulfur and agueous liquid; and recycling at least a portion o
regeneratetetafyitstickif Ryithetdhysapvetigharsinbth eviitspe anidabic bith sktemEhtsdhe

converter aphiRiihe versel- A0 3Rl SearndAsPRsl hersritPavided 2 metihod foysyeetening a
sourgas rate of at least 10,000 s, The shear rate provided by one generator may be greater than the
shear rate provided by another generator,

[0013] Some embodimenis of the system potentially make possible the sweetening
of gas streams without the need for large volume reactors, via use of an external
pressurized high shear reactor.

16013a] In a first aspect, there is provided a method for removing hydrogen sulfide
from a sour gas stream comprising hydrogen sulfide, the method comprising: oxidizing
hydrogen sulfide in a converter by contacting the sour gas stream with an aqueous catalytic
solution, thereby producing a desulfurized gas stream and a liquid stream comprising
reduced catalyst and elemental suffur; introducing an oxidant and the liquid stream
comprising reduced catalyst and elemental sulfur into a high shear device and producing a

dispersion wherein the mean bubble diameter of the oxidant gas in the dispersion is less

than about 5 um; introducing the dispersion into a vessel from which a sulfur-containing



stream, the method comprising: forming a dispersion comprising oxidant gas bubbles dispersed in a
liquid phase comprising reduced redox liquid catalyst, wherein the bubbles have a mean diameter of
less than 1 micron; and introducing the dispersion into a vessel configured for settling and removal of a
sulfur slurry therefrom. [0013c]In a third aspect, there is provided a method for removing hydrogen
sulfide from sour gas, the method comprising: oxidizing hydrogen sulfide gas by contacting the sour
gas with a lis%ijrd %0@%@% g,an oxidized ¢ tal 'St in a converter to produce a converter liquid product
stream comprising SUUYF and reducea CAray A FOPniiFG R HuTEAGtr BEIHBARMY TG YfiVerter liquid
product streampeaises oxistantgas) éxposingythe @it mixiue tecadheanratesohatdaast apakt 20,000 s to
produce a ' idant gas bubbles in a continuous phase of the_liquid; and jntroducing the
dispersion ?n %E%gé&;g%t% %%ﬁ%ﬁg {glﬁ ifGr STy %ﬂeer%ib%iﬁ §r$1dg %ﬁ?’% %‘f@ﬂsa&ﬁﬁmﬁ} &rligm
comprising tegersrastiolidivedeliquid catalyst is recycled to the converter. [0013d]In a fourth aspect,
there is projgesh systep fottemeying hyeliooRn suligie: from.a,504f gasstream. e svstem
comprising: a converter comprising an inlet for sour gas, an infet for a liqui Strearh com%nsmg
oxidized catdRfst; dhel BstBedlcomisifo s domviager bwie produvtposipisivgasulfzs andbeduced liquid
catalyst; a dispacsibls gagdnietmhershy ariaplmiay hadatipdueedinia (e qulleling; n.extermal high

shear device downstream of the dispersible gas inlet, the external high shear device comprising an
inlet in fluidE8RbFR BRI tHESE ShRRe fév Bttt EhA dnEpd e Mgh s Hisar isvideloatiessah oxidizer in

fluid commusiciatien Withdhiepighi sheardevige.outietand.asgeysle line fluidly connecting the oxidizer
and the inl %%éor a qu;uid tream of the converter, whereby regenerated oxidized catalyst may be
recycled tothe Snverter” 1 SHTABE I EmMbEETEHE Bedivhlenesasiadmrashae tesystem

potentially firovideufoganiahe optimal dimeritemperadusaendipiessdiereendifiensthanare giherwise
possible, <'atn((]ju\r/vhiscgvr ) tae iti&al&yc{i)n]%rease the rate of the rpultiphase process. Certain emboc_liments of
the above-described Mmathbus of Sytarn & hStEHIEIIT TSR DUUPLTEDLR PSeRkEFohoBY SHfating at
lower tempkyatdrerasidiostpresserepprovidingincrehsef produetiper enihofcatalyst egnswmed,

decreased teaation Jime .and/or r-é“.u ital and/or,operating costs. TQIe_ e gnd other embodiments
and potential a%van%ageg will be a plaﬁfg%%%%gék%%ﬁo%?n%%% éié& »&é§8ﬁlﬁﬁéﬁﬁﬁ‘a%dﬁa€ﬁm§s. BRIEF
DESCRIPTHONIOF PR ORISWINGS 10006 5For provdore ddisites destripton ahtherefsired
embOd'me@tc%Bmﬁch@S%E of the liquid; and introducing the dispersion into a vessel from which a

sulfur slurry is removed and from which a liquid stream comprising regenerated oxidized
liquid catalyst is recycled to the converter,

{601 3d] In a fourth aspect, there is provided a system for removing hydrogen sulfide
from a sour gas stream, the system comprising: a converter comprising an inlet for sour
gas, an inlet for a liquid stream comprising oxidized catalyst, and an outlet line for a
converter liquid product comprising sulfur and reduced liquid catalyst; a dispersible gas
mlet whereby oxidant may be introduced into the outlet line; an external high shear device
downstream of the dispersible gas inlet, the external high shear device comprising an inlet
in fluid communication with the converter outlet line, and a high shear device outlet; an
oxidizer in fluid communication with the high shear device outlet; and a recycle line fluidly
connecting the oxidizer and the inlet line for a liquid stream of the converter, whereby

regenerated oxidized catalyst may be recycled to the converter.
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invention, reference will now be made to the accompanying drawings, wherein: 100161Figure | is a
schematic of a high shear gas sweetening system comprising external high shear dispersing according
to an embodiment of the present disclosure. WO 2009/002969PCTMS20081067995 [0017]Figure 2 is
a longitudinal cross-section view of a multi-stage high shear device, as employed in an embodiment of
the system, [0018] Figure 3 is a box flow diagram of a high shear gas sweetening process according to
an embodi &&t@g the present disclosure. NOTATION AND NOMENCLATURE [00191 As used herein,
the term "diSpergion” refer& S hTRRRHEE HRL AL #hareutissriedmesiadis HissAy oMb substances
(or "phasespydhaiewil metxeagilyshixandieigsobiertogethresdsusadineringa "disRREsiQRs.comprises a
--Continuous"dogll%%e &%'r{‘y H;i%"éfo\{"éh{'??]hmds there]in discon iﬂgeous droplets, bubbles, and/or particles
of the other PRAse of substanca. The ternt dispardiin Mgy thil SRR tsa MY esinprisiigBas bubbles
suspended imbeliguidicoritinaebs phitserieriulsitngdromdyichnolr opletsi o v fiestilig uickane dispersed

throughout i ising a second liguid with which the first liquid is immiscible, and
continuous %&%%ll %ﬁhase%%ﬁﬁt%g%%%}t%ﬁ i%ﬁ]ge(jﬁ%uﬁear icles Are distri rﬁ)fvelal.ﬂ,&s”l%éi(ﬁge%? U%he term
"dispersionP&nebinphsses soronsisnedigisd phedesatirougoyt mbioh geladedbibigsaarendistributed,
continuous guiphases threuahouwhich solidpadioles (6,50l salabysh are distribyted.
continuous phases of a first liquid throughout which drop?fets o?a second liquid RatTesl gtantially
insoluble inEddowtinedeieifddsscairtianserip dresizgd liquid phases throughout which any one or a

combination of solid particlesgimymisgiplediguier gsaplstsy aid:9as Quhhles are distributed. Hence, a
dispersione%?égﬁist as a homogeneous mixture in some cases (e.g., liquid/liquid phase), or as a

heterogen ixture (52 GEENitRIdolrmrian of gsrseiamdaabodepandingionthenhature of the
materials seleetéiofot Rembinalionw be made to the accompanying drawings, wherein:

[0016] Figure 1 is a schematic of a high shear gas sweetening system comprising

external high shear dispersing according to an embodiment of the present disclosure.
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DETAILED DESCRIPTION [002010verview. The rate of chemical reactions involving liquids, gases
and solids depend on time of contact, temperature, and pressure, in cases where it is desirable to
react two or more raw materials of different phases (e.g. solid and liquid; liquid and gas; solid, liquid
and gas), one of the limiting factors controlling the rate of reaction involves the contact time of the
reactants. In the case of heterogeneously catalyzed reactions there is the additional rate limiting factor
of having the reactes/prodects removed from the surface of the catalyst tegeemitiheseatalyst to
catalyze further reactants. Contact time for the reactants and/or catalyst is-often controlled by mixing

which provigigs-goniagtwithitwo Qlmarereasiants:involved,ina.chemicalieaction. [R021JA reactor

assembly that comprises an external high shear device or mixer as described herein makes possibl_e
decreased MABEFANSFE TSRS AN f&f8by allows the reaction to more closely approach kinetic
limitations. YWhén redgtiornt ratesoartactelerated; regideaeeinmeseMiRy process according to an

2009/0029 5./nay be decreased, thereby increasing obtainable throughput.
Product yieﬁeﬁg%%zﬁgﬁ%ﬁég%g %l?%égﬁﬁt of the high shear system and process. Alternatively, if the

product yield of an existing proces$id 4&&ebtabie? HebYBadrigAthE REquired residence time by

incorporatiquoofisuitabie: highsheat-masaewder ihe-use.of Jower iemperares.and/qr pressures than

' . rtheimore, without wishing to be limited by theory, it is believed that
fﬁ;ﬁ?;;lc;ﬂggg rt%%t?fig%%%ﬂ[)?{? &Zu l{:alilic}ese(or %}hases"} that will notgreadiiy mix and cﬁ;’%aive méﬂthen As

used herein, a “dispersion” comprises a "continmons” phase (or "matrix"y, which helds therein
discontinuous droplets, bubbles, andfor particles of the other phase or substance. The term
dispersion may thus refer to foams comprising gas bubbles suspended in a liquid continuous
phase, emulsions in which droplets of a first Eiquid are dispersed throughout 2 continuous phase
comprising a second liquid with which the first liguid is immiscible, and continuous Hguid
phases throughout which solid particles are distributed. As used herein, the term "dispersion”
encompasses continuous liquid phases throughout which gag bubbles are distributed, continuous
liguid phases thronghout which solid particles (e.g., solid catalyst) are distributed, continuous
phases of a first fiquid throughout which droplets of a second liquid that is substantially
insoluble in the continuous phase are distributed, and liquid phases throughout which any one or
& combipation of solid particles, imuniscible liquid droplets, and gas bubbles are distributed.
Hence, a dispersion can exist asa homogeneous mixture I some cases {e.g., Hquid/Hquid
phase), or as a heterogeneous mixture (e.g., gasliquid, solid/liquid, or gas/solid/bquid),
depending on the nature of the materials setected for combination,
DETAJLED DESCRIPTION
{00207 Overview. The rate of chemical reactions involving liquids, gases and solids depend
on tune of contact, temperature, and pressure, In cases where it is desirable to react rtwo or
more raw materials of different phases (e.g. solid and liguid; liguid and gas; solid, liquid and
gas), one of the limiting factors controlling the rate of reaction involves the contact time of the
reactants. I the case of heterogeneously catalyzed reactions there is the additional rate limiting
factor of having the reacted products removed from the surface of the catalyst to permit the
catalyst to catalyze further reactants. Contact time for the reactants and/or catalyst is often
controlted by mixing which provides contact with two or more reactants involved in a chemical
reaction,
[0621] A reactor assembly that comprises an external high shear device or mixer as described
herein makes possible decreased mass transfer limitations and thereby allows the reaction to

more closely approach kinetic limitations. When reaction rates are accelerated, residence times

LA




conditions provided by a reactor assembly that comprises an external high shear device or mixer as
described herein may permit gas sweetening at global operating conditions under which reaction may
not conventionally be expected to occur to any significant extent. [0023] System for Gas Sweetening.
A high shear gas sweetening system will now he described in relation to Figure 1, which is a process
flow diagram of an embodiment of a high shear system 1 for removing hydrogen sulfide from a gas
stream compristagehyersgen sulfide. High shear sulfur removal system 1 gap-dedhosighisof as having
four process zones; converter (absorber), high shear device/oxidizer, oxidizer/sulfur separation, and

sulfur handling, The-dasic.companeais.of AfeRIESeNatNeBighsbgak %%&%%%'Me%@ jction

oxidation desulfurization include converter 30, external high shear device (HSD) 40, vessel 10, and
pump 5. As SFSWHSN S i SEeHigr SRt dEvics 4 IS ot dder mander\ s kEnt eacispIB. Each of
these compenesaisiisafiseiheyielescriagdd et detaikhelow ikine b doireduees 0as:00ntaining
hydrogen suylfide into converter 30. In some appljcations; high shear gas sweetening system 1 further
C(})/mpr%ses &gﬁquéng ’e%?g)gtrgga{mﬁgréltsreeg m%‘ﬁitg,)liéec grsa,% ors?&%grﬁrplgf%ﬁggi ghl?f} p%?%&r)‘/ Wéik-out pot
24 may be fB&WEShlet line 23 through which sour gas is fed into high shear gas sweetening system I.
Line 25 maygennegtimeskeutpab24mith comveriard0, 1 AQ24lLInewt-mavhe connacied to pump 5

for introducino%éji%uid ‘catalyst into convener 30. Pump 5 may be, in some embodiments, positioned
elsewhere tRPUGRGUPIMGAShEAF §aS ShvaueaHiNG By RMPTSFS rBxaiTHIe, Batweer Smrerr 30 and
EISD 40. Treatedagasexitsiconverter 3@ariailines 3ovcking d3:consactspentive rtenddda; Bigkdy 40, and
line 18 fluidlyganpeaisHel 40 il ¥essel 10- e ee may.beconnesled.fg ing, 13 for introducing

oxidant (e.qg., air or enriched air) into HSD 40. Alternatively, line 22’ may be connected directly to an
inlet of HSDWB HigH B AP L& 8 i tieitg sy Stdien FhEy fAtheT-simipRisesntHg sparder 45, which
may be conascitdda-HSDALVadine 1 SaRd tovesselskbvialinad 9 bine-bomanbsr coppected to
vessel 10 fo% moyal of vent gas; A d'gj(g)réglsg %)%%Ienngs or process steps n}i?y be incorporated
throughout an shear gas sweeteﬁiné sﬁstem , Tor exarﬁpﬁé,lﬁ%r?ﬁgén VST HR T 40, or
ahead of pUlgh5TsEHSDWGMF Y sirsenfbraxaibleisheat exohangtng. rines? taoonneotsvessel 10
with convengps3ehte) Promidadar ealplystiacyclexiidanirad: Wa-2009/002909P ¢ 1{H82098/067995

1,00251 In some aglglications,fhigh shear gas sweetening system 1 further comprises sulfur separation
apparatus,s\‘oéirS Exampre.hirdr s%ﬁ?é’?%ﬁ’,%ﬁﬁfﬁﬁ}l’rn%‘%, BB 82BN 5e8EC P AR ation
thereof. Setikspiaadapomip-b@aaaybesfl&idkr com égtedivia linect GHSToMd zer e s6elHbwhereby a
sulfur slurrysis extracted Famyesseh 10-4R8-RL Mmayicopnect an eutlet of seftier. feed-pymp 50 with

sulfur settler 60 via line 53 and to oxidizer vessel 10 via line 52. [0026] Sulfur sealer 60 may be
connected (BERFPT RO 70 VIPRnESEBIoETHE 7S AT B eiHh et o &Rar pusab PO A nay be
used to senitysufen ﬁ@ﬁjﬂtrﬁln&r separatidh 8@,sé«queppl&ﬂaiaiyﬁizgmhwpga%ﬁaé&&aﬂg@ﬁ@ﬁ{eir 60 may be
returned to %%%?k&%ﬁﬂ@ay@811}@3%%%%&@';&&9 %%Q@g&&%f i%gc%e%,eﬁ!;? %X%

_ _ jem. 1 may fudher comprise
air blower 90. Air blower 90 may be connected to vessel 10 to provide optiona Secontlary air to vessel
10. Air bloweogly #Hapohé catnecied i fiteriand Sienesk Bic0?s rEorive e hebmrenenso
comprises avegridatorwhichisous gas iscentaated-witha homagensaus liguid catalyst solution.
Conveneri %i y be re §%%q loas 1gater{lxg(tl)sorber. [ femk%c_)%imerl , an_y,li%uijd,redqctio\n oxidation
catalyst sui abid for oxidizin hydiogen sultidets proatits SieHe A SGifoY IS BmBBYRE” These include,
for exampléeiezitaly stescbrmprisitgcchefaéiotitonositther origamometaticgidw érgbostiments, the
desulfurizatigretgagtiondis-carrins eulinitheagreousRbase wsing chaiated irpn as,the. catalytic

reagent. Chelatin ents are grganic compounds which wrap around iron ions in a claw-like fashion
to form bhecf(ﬁri}(“:”g'it%g%é" Betltfedn tad 6r m SRS iFSRVEIE S aRd T ifSh BrinaThd Syidbim is
typically operatedhsifiHiedildly alkaline phhearigedp insunegeadoabsotptienafll2Sdeiadhe slightly
alkaline liquid.c S ion. | at ' 0Cat solution of Gas, Technology Products
LLC. Liquic? éﬁ%’r%? %né&)é%%%%%gégiyé%&%t%% %ﬁ%@%‘%ﬁ’nﬁ%ﬁ'&cg&%nfocggrﬁefle??e%&%awgg mp 5 and
converter infét fReTD 4 EHebobitents Tistirminge searontiowsepistereimentiygorddur gas flow
through cornvgftendoudnambodinants coRventes Bldsaspargethabsarber in suchrap.gmbodiment,
en sulfide in the sour gas is oxidized by

acid gas from Iin? g% iS s ar }i into converter 30. Hydro :

reaction with the 8at§|§f§f%o %ﬁrﬁl éfénn?‘é?‘\t‘%r‘éﬁqfugrésan‘é{‘%goélﬁ{éi%f’?é‘?’étélﬁ’éé’&‘?s?f‘?és@ﬁfa% circulates
through cohwertern8:yy theslifhge ieghtddd\eafosvescamiple s spangingy Ereateid, gasdamwhiich hydrogen
sulfde has lgaRR FEPOYD GHiS GOPNEIEI 0142 e o CanYPUGRIRuSLaregich gamPlisps elemenal

sulfur and reduced catalyst exits convener 30 via line 13.
1 connects vegse! 10 with converter 30 to provide for catalyst recycle, if desired.
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[0029] High Shear Device. External high shear device (HSD) 40, also sometimes referred to as a high
shear device or a high shear mixing device, is configured for receiving an inlet stream via line 13,
comprising converter liquid product and oxidant. Oxidant is introduced into high shear device 40 via
dispersible gas line 22, which may inject oxidant into line 13 upstream of WO
2009/002969PCT1TJS2008/067995 HSD 40. Alternatively, HSD 40 may be configured for receiving
the liquid and BXid8w%eaetant streams via separate inlet lines (not showrff>Althzaghsarsty one high
shear device is shown in Figure 1, it should be understood that some embodiments of the system may
have two oggmmsie highsheapmbsing devicesalf angeditherdnsenies anparadehfiaws Bekx40 is a

mechanicalsg%(écgggata%gli%e§oon§m%r nore.generator c?m%&/risin% %rot%/stg\to combipation, each of
which has a4 Gap between the Stator and rotor. The gap DetwEeR e rotor and the &atorthieach

generator setwhaytbe fixechor Arayebécadustabie. HSDhADUs!isonfigered inssushlé way-ihiatit is capable
of producing.submicren.89d migreR:sizedLuhblas.inamagtant mixtwre dowipg thraugh the device.

The high. shear device comprises an enclosure or housing so that the préssure and temperature of the
reaction miXtiie Rl PEER SR irEHet 808 I Eig h AR & g8liess arerg Ehsrdie divided into three
general clagges] baketruporitheimabitityctonmbefluidsuMixingisTtheipreess afireducing the size of
particles or(;grpn%[:rgo eneous s ec}%_sm\{\c/;ithin the f|léi Onfpsm t,r'%%ifgjrﬂtgle de ree of .h rou%hness of

t

.. . P10 SIUELY Pl ay be Lised 10 881y F SeDE . .
mixing is the energy dens%fpefunlt volume that the mixing device géﬁnseepatéiseo |srqu“}[ 16 fluid

particles. THE%TES sl e sqtiniglisedbadateo hoshiverederergy denditied Three classes of
industrial mixers havipg seificienterergy-density iten.epAsistenthproducenixtiues oF gmulsions with

particle siz% in the range %Esubmic[ci to 50 n(?%rons !}Elclude homogenization valve systems, colloid
mills and high“¥pesd Tneares IR YR Tirst HASL BTG AHERGT q8i 860 rétaitdd 14 B RS Fogenization
valve systemss; fluichieebedprotéessed igguumped under very high pressure through a narrow-gap valve
into a lowefgRpsure SRVIONTMSH-ADSPISSSHIE OILNIS ACToaR NG Yalke And Hhe fesulting

turbulence and cavitation act to break-up any particles in the fluid. These valve systems are most
commonly HEEASFIFK idtibgEmizsatioh Ui el aleragdpariiciedsioes R iBmidion to 1
micron rangebj3djAt the loppositeend ofithemnergydensityespectidimris the-dhind:clags of devices
referred to e evices.. te ually have paddles or fluid, rotors that turn at high
speed in a %%@%of?%%%% %{Fgﬁg p]i;rroi%c:%sg%%%wﬁgﬁyﬁf%g{ﬁ%’o “the more’ c%ar% on %Oﬁnpifl%gé]ﬁ%ns is a food
product. THEEE TN EpfersyEgsterroaddirston arkodser hehdavbrage partiasisiis sofigteater than
20 micronscararageepiadiesinithe pracessaaduichn [Q082] Betweendhedowrenargy devicas.and

homogenization valve sa/s&e : i'ln terms of&h‘e mixin energ .Lgegsity deliyere%to th Iuiq, are colloid
. Qiﬁanﬁl Cﬂml%% YIS, WINC Wrag ArQUIG 100 Wons I & claws asilk Q{} tO TG in CINICE OT&S .
mills and high shear rotor-stator dispersers, which are classified as intermeédiate’enérgy devices. A

typical colldierwiil tunfigireowintiodesn sohicalror disk rdior tratisisepardtediframdan the
complemenfaryy ligiigseqoled.stater hna-closelycontoled miornstator gamwhighis.comumonly
between 0.0254 mm to 10,16 mm (0.001-0.40 inch). Rotors are usually driven by an electric motor
through a Cﬁ?gl&st solution, A suitable catalyst is the LoCat solution of Gas Technology Products LEC.
Liguid homogeneous catalytic solution 21 may be introduced into converter 30 via pump 5 and
sz, cOMverter inlet line 12, In embodiments, liguid catalytic solution flows countercurrently to sour
gas flow through converter 30, In emboduments, converter 3( is a sparged absorber, In such an
'cmbodimem, acid gas from line 23 is sparged into converter 30. Hydrogen suifide in the sour
gas 15 oxidized by reaction with the catalyst o form elemental sulfur, and the catalyst is
reduced.  The catalyst circulates through converter 30 by the lift generated by, for example,
sparging, Treated gas from which hvdrogen sulfide has been removed exits converter 30 via
line 35. Converter liquid product comprising elemental sulfur and reduced catalyst exits
converter 30 via line 13,
[8029] Highk Shear Device. Exiernal high shear device (HSD) 40, also sometimes referred to
as a high shear device or a high shear mixing device, 1s configured for receiving an inlet stream
via line 13, comprising converter hiquid product and oxidant. Oxidant is introduced into high

shear device 40 via dispersible gas line 22, which may inject oxidant into line 13 upstream of

/



WO 2009/002969PCTAIS2008/067995 drive or belt mechanism. As the rotor rotates at high rates, it
pumps fluid between the outer surface of the rotor and the inner surface of the stator, and shear forces
generated in the gap process the fluid, Many colloid mills with proper adjustment achieve average
particle sizes of 0J-25 microns in the processed fluid. These capabilities render colloid mills
appropriate for a variety of applications including colloid and oil/water-based emulsion processing such
as that requirt® f8F¥@8a%tics, mayonnaise, or silicone/silver amalgam f@idtfsmeiosresting-tar mixing.
[0033] Tip speed is the circumferential distance traveled by the tip of the rotor per unit of time. Tip
speed is tHasta fanction-aitheoRsTEiametsr andditiosationatfeanensy Lifipcpeedinmeters per
minute, for example) may.be calculat ? by multiplying the circumferential distance transcribed by the
rotor tip, Zrmvzlifec%v%fét?géa Si)g}t e1a %%n (%' til%s:g gttr meters. %ﬁ%lsgia}rﬁ%lpéﬁf‘mhé t%geeﬁeéqeﬁlé;ﬁéf/ of
revolution ffefaxarmiplacrbvbiitios pendriviond fprrma wotiold el 66 thexarplepmay dave a tip speed

in excess of 222 Mis, (4R90,f/min)Rudnay.exceed40;mis (2900 fmin) +Qr theypuipase, of this

disclosure, the term 'high shear' refers to mechanical rotor stator devices (e.g., colloid mills or
rotor-statoP Greperée sy tat e YAASIES oF B 8P SEHEAR SRUBRESHIE T H B0 PFIAY Find require an
external m@’chaxﬁ iehibyn &iniwg_apéxm@da_‘etﬁeetamdaim-@nﬁrg‘}lérgm_nthmaiﬁ_ﬁaaf_ﬂ mfcmmkuﬁt&st@;dae reacted.
For examilecdn1aR40 anapredn sxaesedlan il deiaminldsachicatle, and may

exceed 40 m/s (7900 ft/min). IN"'some embodiments, IS capable de1iver|ng at least 300 Liti at
a tip speed™8t 4t To 48P PFREMISH0 RAFIHYOTHE D SWEPEsHSAnpEYRT fiay Heeghsurd:sikw. HSD 40
combines higittipspegd mith-aiverysmathshear gapdeprpducesignificant sheaten the,material being
processed, The amoun(} of she%éxwiI} 5)1% %e&endent on the viscosit¥ of the fluid. Accordingly, a local

. LE Pressure X i ’ . .
region of e?leféité 1pr%% é%nrl AN %@mpera%ur811§}1%e§ &dt ét%} ﬁw%o?fﬁ)go}ﬁhe rotor during operation of the

high sheaf@élice Hizschiercasesiedscaliycetorand greskdrais dvourd0s4. 2iMRa {58,000 psi). In
some casepdhadacalivielavaiad IBRRErRIIEISAROYLE0C N SAMS: Cases,these lpgal pressure and

temperature elevations may persist for nano or pico seconds. 00_34]2«1 approximation of energy input
into the fluil (RIRBETRI) C5H B EE MR EH By %ﬁﬁ??ﬁé%@?ﬁ%{%?eeﬂépﬁff’ﬁgﬁf%ﬁ’é M Sutput
(L/rnin). As:Mellt®Re Ceabigvesttimgpeedhis the velocipmfUnivogmés)assodiated withithe end of the

one or moje (R¥elving elements ihakin.aieatingha mashanicaliorce. appliedipdhe jeactants. In

embodiments, the energy expenditure of HSD 40 is greater than 1000 W/m3. In em odiments, the
energy expElitfiiare o RIS DA s iTHECPANGE"8Y M Abdat STBT VN PR URTS08° M3,

[0035] Thecaheasrata ds thedip speed divided by thensheatgsp widi(minimalsleasaneedetween the
rotor and %ﬁ@g@‘[&g sgq%rc[a}lt&g%ng ated.in EISD 40 be in the greater than WO.
2009/002969P€T/US2008106 7995 50536;§0sg§ﬁ§| ﬁ%&?ﬁe%?n%o%ﬁgtéfg%feﬁsgfeﬁeeg%%:gﬁ?%ﬁeast 40,000
s. in some RSO dthie AR ERERNHb §5° BtdeEsfTg00p0 ot sre b irmurarbociments Y shear rate is

at least 5%&@9@3}{1‘%@ a navow-gap valve into a lower pressure environment, The pressure gradients
acress the valve and the resulting turbulence and cavitation act to break-up any pasticles in the
fluid. These valve systems are most commeonly used in milk homogenization and can yield
average particle sizes in the submicron to 1 micron range.
{60311 At the opposite end of the energy density spectrum 1s the third class of devices referred
to as low energy devices. These systems usually have paddies or fluid rotors that turn at high
speed in a reservolr of fluid to be processed, which ir: rnany of the more common applications is
a food product. These low energy systems are customarily used when average particle sizes of
greater than 20 microns are acceptable in the processed fluid,
[0032] Between the fow energy devices and homogenization valve systems, in terms of the
mixing energy density delivered to the finid, are colloid mills and high shear rotor-stator
dispersers, which are classified as intermediate energy devices. A typical colloid mill
configuration includes a conical or disk rotor that is separated from a complementary, liquid-
cooled stator by a closely-controlled rotor-stator gap, which is commonly between 0.0254 mm

to 10.16 min (0.001-0.40 inch). Rotors are uswally driven by an electric motor fhrough a direct
8



some embodiments the shear rate is at least 1,000,000In some embodiments the shear rate is at least
1,600,000In embodiments, the shear rate generated by HSD 40 is in the range of from 20,000 s-J to
100,000 s-1. For example, in one application the rotor tip speed is about 40 m/s (7900 ft/min) and the
‘shear gap width is 0.0254 mm (0.001 inch), producing a shear rate of 1,600,000 s-1. In another
application the rotor tip speed is about 22.9 m/s (4500 ft/min) and the shear gap width is 0.0254 min
(0.001 inch), predueingzasshear rate of about 901,600 8-1. 100361 HSD 4@ isicapabieathighly
dispersing or transporting oxidant gas into a main liquid phase (continuous phase) comprising reduced

liquid catalystvwithowrhigh-itaauld normallypedmmiscible. al.conditionsauehhatatleasta portion of

the liquid catagst is oxidized In some embodiments, HSD 40 comprises a colloid mill. Suitable colloidal
mills are m&Hfi %%ﬁir%’ﬁ B W OTRE, ST 2R i NE SRR B ROR AT AR HrREPWilmington,
MA, for examples thestuie iMstanees;HEDA0RompesesitheDispacReactarénofidlCAG) Works, Inc.
[00371 'Thehi ice Isgs. at revolving, element that creates the mechanical
force appli(;,% d@%%hﬁg%é%g;%%, pﬁ%ﬁ%&%ﬁaﬁ%ﬁé\/%%%g?n%l%srfgé%%f rggisﬁf %l?‘l% g%g{g?l‘gﬁ%%{ feast one
rotor separite@hyirepbistariel Fafegaivlits e tdtorsmmycBevehicalrsrdisishaped drd may be
separated frefiiacopmplemeniarih-shaned statenidaembedimpntarbaththafoter ang:stater comprise
a plurality of circumferentially-spaced teeth, In some embodiments, the stator(s) are adjustable to
obtain the désiréd shear gap between the rotor and the stator of each generator (rotor/stator set).
Grooves bdtiiiEen e tewtts Gfthiecratbrzndioisstatotavalpdilte thate diréctionin-alteinate:stages for
increased tyrpulence; Fach gensratormayhe drivan by.amlicsuitable drive syster configyred for

providing the necessary rotation. [0038] in some embodiments, the minimum clearance (shear gap
width) betwWBERTHE ST afl HaBErTeTPHfairalGd BY FomiRba iy 6osHieHd LKy to about
3.175 mm (e:debtiathy. e cestain, emthodiments; therminiration:clearanee (shearganawvidih) between
the stator LS. 2 min (0,060 inch). In.certain configurations, the, mini clearance
(shear gaSH I?e%%vzg‘gf}? ?ﬁgﬁg%éiga%cé{]s?g%Q?Xl%%ﬁ%e%)g? Ilri]lufyélbr’r?r% (B%%ngﬁﬁgT e i‘é%r!?@t%r%]r}‘oduced by
the high shE& iRy ANPWRRCTb HyttiaR Al fposhiers dI6RE fHefowg auawaycer onme's

embodimentspthg/tetor isssetdaigiate &t @ispeetaommensy atewith-the diameter-af ths,rotor and the
desired tip isc}g&e(?g;tgrl] g&rirggsz@bodifpe ts,IIt‘heNhi(‘;h s{hgaar,devi_ce pa%f a fixed clearance (shear gap
width) between the Stator androfor AitErHatyeRy e R G BHEH a0 & 425k G5 bl arance
(shear gapivitieys WO RoGY/B2IE9RE TIY S2008/067995 06383 indomievenvodinents, thSD 40
comprises asingle-siage diskessingghambendla. ssinglesplonsiator cogmpination. B.single

generator). In som bodi s, high shear device 40 is a multiple stage Miine disperser and
comprises %ﬁ?ﬁsrg}i%fgglgéﬁégg@ygwg ge?fgiﬁ%ﬂfb%‘i‘rﬂ“@ﬁt%’f%&@%é?ﬁ?ﬁig@%} |&%&P R0
generators¢ibothememodinientsytigh shadivdevice 48scoiiplises atieast-3 highisheargenerators. In

some embaglmentshigh shrapdedce AR Mulisiags.mixarherahy Jhe seal ale (yhich, as__
mentioned above, varies proportionately with tip speed and inversely with rotor. stator%app width) varies
with longitF8MArFEsTIHAIBAYG T TR oy, s irtResuaseriBedrsrhtsapwofeszd] In some
embodimefits, eachnsiagaal thiliexdernahbigh shear device hasiatgrehangeablesmixingdgols, offering
flexibility. For. )| 2.2000/4 Dispax Reactor@ of [KA@. Works, Inc. yViImjn ton, NC and
APV Northn9 ﬁr%r? ggﬁ#&%ﬁ%ﬁﬁétﬁ)ﬁﬁ{ tm{%urﬁ%ﬁscéeégg%ﬁe&é%%%% dclsié%é)éséﬁﬁ‘gﬁ]%%ﬁﬁfé%ﬁ’ﬁfs module
may compfiSe i tshiiederitor/ Statorecribinaols (e alsratolspruithcc hoibeusf ¢, Imedium, coarse,

and super-fize fon eash stage. This allows.far greationel disparsions having ampamkgw. distribution of

the desireq byebl%lc%SiZe% e. ..,dotxidant as tPub[pleg). In some embodiments, each of the stages is
operated with SUperfing generator T Sortes SHBS AT AT TE AR GHE P ie°nerator sets has a
minimum r§@rktatdr clrarancei(shearrgagy visdth )iob ghe ateidhaw Aboit) 08 mmy(B.263ineh). In

alternative gmbeodimenis..at S ag & minimum.rator/statar clearance of
greater than abouthlaﬁ78 rqr’wm %%g%??{r?ch H{%%lg%né@(?rr%m%n gw%?@é%ég%{?%%ﬁé(@ %%%s%r%ted a

longitudindeAELEEs SHEHOT A E B Rs FighvéHede qad RIET UM MR SR eaiolEE R PB0 D fRigure 2 is a
dispersingideviesgomprisingafiter singesorsoter-siatorcombinationsddigh.shear devige 200 is a
dispersing ice ¢ ising.three stages -sfator combinations, 220, 230, and 24Q. The
rotor-stato?gcsgé%ﬁgt%%% %grﬁﬁ%@vgﬁags?g%ﬁ{e%a o‘rén fﬁgg) clo Sregfflégee%%ﬂ#(gﬁte liitation.
Three rotof8iaférisetshoranefatons 220, 380 Vaml 2dere’sligNéein series along drive shaft 250.

f0035] The shear rate is the tip speed divided by the shear gap width (mninimal clearance

between the rotor and stator). The shear rate generated in HSD 40 may be in the greater than
g



[0042] First generator 220 comprises rotor 222 and stator 227. Second generator 230 comprises rotor
223 and stator 228 Third generator 240 comprises rotor 224 and stator 229. For each generator the
rotor is rotatably driven by input 250 and rotates about axis 260 as indicated by an-ow 265. The
“direction of rotation may be opposite that shown by arrow 265 (e.g., clockwise or counterclockwise
about axis of rotation 260). Stators 227, 228, and 229 are fixably coupled to the wall 255 of high shear
device 200. [Oe48}upsenmienstioned hereinabove, each generator has a sheatr-gapaigthwidaich is the
minimum distance between the rotor and the stator. in the embodiment of Figure 2, first generator 220

comprises adishsheat 4R (aRoSERANNGENRIAINE 230 COMRFISSS:A SELQRL WD,2009/092969PCT/if
S2008/067995 shear gap 235: and third generator 240 comprises a third shea&ga&é;@. In

em bodimer‘?%%“faéh‘gﬁsg%%sﬁg?%? 245 306 TROTREITIHET shefs B f 588300:9P5 miitto about
10.0 mm. Altesnatireljinthesprocass eomiprisessutijiwation of aihigh:sheandeviee 20Qnaherein the gaps
225, 235, 245 hay, ?éﬁ@% ipithe re .of from about 0.5 mm t 0 5. mm. | certgin instances
the shear gap {/19%/%?1 IS r_rjalntgihe% a?t&a%?ol%? T%%rﬁ%tﬁ%%@%@? r?)éf L\%%%ﬁ@ %S ne%? rgagbesQfZS, 235,

245 are différ8hEfdiGendr X990, - 2By, 2aurip dermsininbtanoediethaaidtissEegngafi25 of first
generator 230 s@reateiihan the midth of sheas 9ap 235015060 HLIgeRSRIgL 230, whigh is in turn

greater tha? 8@8 W;&h o{nshe?hr g%[? ?45_ of third gene(ator 240. As mentioned above, the generators of
each stage ay be intereRangeatiB. GHMNG fieXiBiiePElgh BREGF eS8 Haybaedhtigured so
that the shearaagenwildihdrdasE stepwisedbngitudinallyialong thedirettionofthsdiow 260. [0044]

Generatorsy 3 230sand 240may SAmNiSe As0aise-dediim,fines and.sunersfing, hagacterization
Rotors 222, 223 and 224 and stators 2 gz? andE;29 m%%/ be Toothed Qé;%ng.lgggl&%g Uéaa;lerator may

comprise tWBST FRBFEERIS BRSSPSR ISt TH Kierdribbdivseriticholors as zoppalvad 224
comprise noreithia terctotitdeethcpimunferantialy:spaces: alaeidt dhel pireupiarance:pfgach rotor. in
embodiments,, 2 nd.229.c ise,mare than 10 stator teeth circumferentially spaced
about the ciE?:u(?{%?e}l(r%e&:ﬁs(’:egl é?i%g%%x '26% Ianccégnggo |rln{re]rgf'£ta %lﬁ%ﬁﬁgoégragigr%}%taé? oFfe’rs loer('{ilg’yabout 12
cm. In embBuifleRteithe tiaiBirarthdYotards Hhoui Bteminarismbosiriéhtsagte.oMter Giameter of

the stator is:alau. 1 coelnembodiments e diametenphihe-staler i3 RbONG e, In some
embodimeﬁég e rﬁggr% resggm r and the stators are 64 ram in diameter, tproviding a clearance of
about 4 nuh. Th-certain efbadimente e SeRBF thirde SR TP At & Wit a Bt 8L Yenerator,
comprisingracskreitegpico bpiieenaboatt@162 5 hami ginchadyclay it nonmup[004 5] klighhsheatodevice 200 is
configured o1 recaiving from linedAreaciantsteam atinlst 205, The ﬁg@%&%ﬂﬂaﬁt&f%&?mpﬂses

oxidant gas,as the dispersible Ehase and liquid comprising reduced catalyst as the continuous phase.

S
Feed strear Bhtel ig TRl STERBLIRBRY SO BirGtGH GaAei 2B 2 sB o8 aidbpiBR940, such
that productgispetsiemisdogmed: Prodigtdispeansitreexiis-bigk-sheds davieen2ana:eutet 210 (and

ine 18 of FiguiGiysThe tajorsid2, 5246 alpach oenaraianiolnta.al o speecigladye o the

fixed stators 227, 228, 229, producing a high shear rate. The rotation of the rotors pumps ﬁuid, such as
the feed strEAhFERTEIAY RIRESEY, ShwaFERY i rBtigRchEsHedr gapee (stie; Mefeseactimaugh the
spaces betleenithiraior teatiaand thecspacas-betweenihe staonteatlcrealing ailegalized high
shear con_%%ryglii&%gehd%hear‘[orces xertgg on fluid in shearbgég&sj. 225, 235, and 245 (and, when

- present, in the gaps between the rotor teeth and the stator 1 Dtﬁ?(?ﬁgh

[#438] In some embodiments, the minimum clearance (shear gap width) between the stator and
the rotor is in the range of from about 9,0254 mm (0.001 inch) to aboet 3.175 mm (0.125 inch).
In certain embodiments, the minimum clearance (shear gap width) between the stator and rotor
is about 1.52 mm (0,060 inch), In certain configurations, the minimum clearance (shear £ap}
between the rotor and stator 1s at least 1.78 mm (0.07 inch). The shear rate produced by the
high shear device may vary with longitudinal positon along the flow pathway. In some
embodiments, the rotor is set to rotate at a speed comsnensurate with the diameter of the rotor
and the desired tip speed. In some embodiments, the high shear device has a fixed clearance
{shear gap width) between the stator and rotor. Alternatively, the high shear device has

adjustable clearance (shear gap width),
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WO 2009/002969PCPUS2008/067995 which fluid flows process the fluid and create product
dispersion. Product dispersion exits high shear device 200 via high shear outlet 210 (and line 18 of
Figure 1). [0046] The product dispersion has an average gas bubble size less than about 5 pm. In
‘embodiments, USD 40 produces a dispersion having a mean bubble size of less than about 1.5 pm. In
embodiments, HSD 40 produces a dispersion having a mean bubble size of less than | pm; preferably
the bubbles ar@substier®a in diameter. In certain instances, the average kubblesize1ssifom about 0.1
pm to about 1.0 pm. In embodiments, EISD 40 produces a dispersion having a mean bubble size of

less than 4Qgas. in embedimenisntiSRAUDradses 2 isnsrsion hawing a maanybple size of less
ga

than 100 nrn. High shear device 200 produces a dispersion comprising disperse s bubbles capable
of remaining BfSpEFSET AP Rt ATOEBHISN e DFEElt TR S te AR CEH6 RS HsOtR i fh AT HEeBubbles of
oxidant gas4t the prouiptt dispeision created bydigh.shear device 0 fagilitateang/ofageelerate the
oxidation of t Ing_contact of the reactants.. The rotor may be set to rotate at a
speed com r%%ﬁ%%%%v%%ﬁ%%ﬁ%%%%% oafE Eﬁ%sgo%or %erﬁlgrﬁ%gsd e'g}rg%‘%}i persnf))gg%‘ggsd &g&}ﬂ‘g@r
hereinabov&S[GDABF M tAiH Irtstahbies, Firgh et vioe 200 wumginses diisgaxRedctor(r) of
IRA(r) Worke Ica\Wikiningtensike: ansABY NerthAmesicas e, Wilmingtan, MAsSevesalnodels are
available hav_in% %grig s inle /C%lutlet cocpnegtions, horsepower, tip speeds, outg}ut rom, and flow rate.
Selection of the Righ shear devite Wit HePand 81 Firodgip dP IR G mERs AT d&aied pafticle or
bubble sizelimgispensipniimlinbiSI(Fipved)exitingloutiet2ifinfdighisheamdevice 200. IRAQ model
DR 2000/4 (igusamble. camanses.aalt e HMgenerainn BIESsealnd ing. iniet ianoe 254

nun (I inch) sanitary clamp, outlet flange 19 mm (3/4 incq\}%sanitary:clamp, 2 P power, output speed of
7900 rpm, fibH S fatin traRsr aHBIgimEreI5 40l ot URR e Hdirisren Gererdorf, Bt®speed of
from 9.4-41Wiks(1B50Wimin §oB80T0 amimp Q049 Messeh, esselipriaxisizar A0ds.amydype of vessel
from which g slurry of sylfur product can be.separated and within which oxidation of homogeneous
catalyst may prqpagé)ate. or%%té%léé%% a c;ﬁ%ﬁﬁﬁé‘%@? snéﬁ?i-ggﬁi?r?ﬁ%u‘épstﬁ?re Faenkort%ré%%‘?{ or, one or
more batchFEERIHOM A BE ErhiplsyEtcrrsaméSior. imphraliaoansonfeappiitationsaessa10 is an

oxidizer. OXiHBnINGAY hecdBkeduUTad:iRie vesslild frOmAN SRINASEEARIALAINLSALICE Yia blower
90 and line 15. Oxidant maby{lég)(?egqtr%guced thrmggh spargers which may line the cross-section of

vessel 10 above the botfom section bf BRe VARSI R AP SRR Sa RS &L P <IERR may be
removed frée szeemeashapeshbstonbolitive e ssétd0 ofmpitmigencoftinletiines to wvesseld 0 is
envisioned qyithkihiree-shawn indfrigusl (ings 14, A5.andi52)-tnlst ing %@%@(z&!‘(&%h . In
2009/002969PCT/OS2008/067995 be an inlet line connected to sulfur settler 60 and ofesigned for the
return to vessal 18 oF igLitBHGHESORINSH L6 SSPSIRE FEiP Bt SITE UM SHIFgoRSHIMES 15 may be
utilized to progickcoptiorbbaecohdaryaif viablower 90. Line 52 may connect the outlet of pump 50 in
ine Si to vagsgl Le:¢esRel A0 By comptse anRuLline L IRryenh gas. ad.an qulet product line 16
for a product stream comprising a Sluny of sulfur in liquid solution. In em odimen S, vessef 10
comprises SPIUTAITY G feadtr prstceEtinds e .299@? F1gHay doarbuevias siviiparIsivgth
converter 30rviapumpds andrlineot ZokiMGxidation.af hemageneouscatalystwiliaccur whenever
suitable ti mperature and pressure conditions exist. In, thi nse catalyst oxidation may occur at
any point rl%%ﬁlﬁflsov% (?%%eras?ﬁbg? Figure 1 it ?érﬁ’%né?é?ﬂ{fgnéhgzté]re%s%@raengo;%ﬁior{lgea]r%wéiﬁrf&%’ie. Due to
the use of &eRifFERASY, Bulbktattiad sxidation SIGheteddted vagalysithway oot fidints outside
oxidizer/vessehk@shown:igehigiue taNonetheless adiscrelereagtorivessel 1Qsisoften desirable to
allow for in g%?elg residence t;%? agitation and heating and/or cooling. In embodiments, it is

at's

envisioned GBSt TaT O%i RIYEERHErAEEh of th¥ Catiit il oceer RIS 46°or a series
or parallel eombisratiormoiHighdshear da¥icesigDictnrsuchibstancess vessellGaay.aerve primarily as
a separatop G which s 8Le Ul b e NS BV IRr Syt progpssing.yiainggd6,and from

which regenerated (oxidized) liquid catalyst is returned to"converter 30 Tor reuse, via fine 21. In such
ernbodimeRESHHTibH A et dntian &t &t i amay bH ePTDita fiitersilbn car8=2ffay be
absent frome thecRy&teit, @ onal: SRS e pIHCS. RiFORIYHE:0Ne 0rsmeKe T3SD40 Ma Jine,22.

fixably coupled to the wall 255 of high shear device 200.

[6643] As mentioned hercinabove, each generator has a shear gap width which is the

minimum distance between the rotor and the stator. In the embodiment of Figure 2, first

generater 220 comprises a first shear gap 225; second generator 230 comprises a second
il



[0051] Vessel 10 may include one or more of the following components: heating and/or cooling
capabilities, pressure measurement instrumentation, temperature measurement instrumentation, one
or more injection points, ancbiewel regulator (not shown), as are known in the art of reaction vessel
design. A heating and/or cooling apparatus may comprise, for example, a heat exchanger.
Alternatively, as much of the conversion reaction may occur within HSID 40 in some embodiments,
vessel 10 mayvsemepripaarily as a storage or separation vessel in some easaszéthongh generally
less desired, in some applications vessel 10 may be omitted, particularly if multiple high shear

devices/reagtars;areemplayag-ingssramasifusthendescringd helow.10052] 1n altesnative:,

embodiments, converter liquid product stream is introduced into a separator upstream of HSD 40. In
this arrang&mareuttur i y%f"g P&ﬁ‘fd"\?élg]fr&??%?ﬂ%r?étﬁﬁm&ﬁ%ﬁﬁ'ﬁ%%%, iahgitd 4Yigtd catalytic
stream comiprisingvrddubegiliguid catalyst: Thiesedneéd hgpidieatalysi-majobehintiaducgdiinto HSD 40
along with gxidant i t r iqul I reuse in converter 30. In such an
embodimeg%(5 f/ggéé?%%ﬁ%%y% \7(\9/1( gL5(1?(1)9 %%%éggg%%%§5é§mgg %r?g(t%%g f)?renée%l'[ fﬁr%?lgﬁ‘ shear gas
sweetening §iftEn te alstietprafofity of wiertaigehafatior ol -¢ataly st iepasoeli WithnsD 40, or a
series of highshaps deyices 4025 ardstidursepambienovasperiormad upsieamefithehigh shear

device(s). [0053 at Transfer Devices, In addjtion to the above-mentjgned heating/cgoling
Capanities QD e ST aF S TAISH A 1B B3 I 0 E TR UG B odhng a.
process strsaprhgsEisdoeciite mptated imvanativrscofithe émbodimentshitustratédincFigure 1. For
example, if.dgsired Jheat mayhe addedJo.onextracied fram.yassel.1Q.viaany, method known to one

skilled in the art. The use of external heating and/or cooling heat transfer devices is also
contemplafdf oA SHitEbIe T68atisAs 16Y ohe B Mvr&SGERIEE LR Bewas #ie Bdween pump
5 and converters30icbetwdendd :8 10 Ant vessetddpancbawermy vessel 10 and pump 5. Some

non ImitinggxAplie Al 3ucuheat ugnofes deviess,aie.shell,ubs,late. a0 ol higat gxchangers, as
are known in the art. [0054] Pumps. Pump 5 is"configured for either continuous or Semi-continuous
operation, SR HE AN SIRtATIE paiipifily dedicadrit sscapatielo PR RAGI Ay g Rsatettihdn 202.65
kPa (2 atmjspressuresdpreiaebly greatesthan:(303.97 mkRasts asmopressue darallgw gentrolled flow
through HSD .40 .and system Lexa . a Roper Type.1 gear pump, Roper Pump Company
(Commerce 8%1%‘%55%%% ré%’égrén gc%%tgr) d%%ﬁ(%d&a;ﬁwl I:ggaef/l%ocﬁlﬁré%gf?f:ﬁt@ {Niles, IL) is
one suitabl@ampreraferabiyrefieommadt pantsafthenpempdompriseastailiessBbelndot¥xample, 316

stainless steglrinseoic ampodimentaahthe-sysiems RYMpas-s fRRakle Sl Rressiesgepfer than
about 2026.5 kai; (20 atm). in additjon to, pump 5, one or more additional, high pressureﬁﬁump (not

shown) may Be inCIRL I HE <SS ERTiIfiaratEiniegupe ]f.aﬁ?)"r“él)%a?ﬂ’plé? SHESERTFufp, which may
be similar thapurapd tmaythe inblud édbetiveemilSd() andwessehiefar bioosting thespressure into

vessel 10. As.anather sxamplel. f.SHpRIamental f&ﬁgx-ﬁy5@8@%@%@%&9&@@@%&9&%@ 5, may be

included for introducing additional reactants or catalyst into vessel 10. As still another example, a
compressoP P& pUMP AT TR pEERID ASH H MBS 7 BAUISE Aofervecehry Ga&from vessel
10 to 1-1SE 4@nSettieftpdmiphl may he any-pumg:suiiahie-fercextracting:pesulfur shyenifrom vessel
10. f0055j High Shear Desulfurization Process, Eigure 3 is a box flow diagram showing the steps in the
high shear%% 1§v{}l‘ etesn?ﬁilggr?Fe?ﬁggW tbioc Lﬁ})o(g‘,gl-ﬁ@ ?g(?:&f??l%l%)r%ernﬁb elemental Suffur with
concomitaH¥fétiésbrisalideisphiase eatblysedAvblockBBOryhrsHéar mitmgsot#ontdalelyst with
oxidant (egns OmeaifeRAHEhAk A REOLMERS adispersian of axidantdrdiguidicompyising liguid
reduction oxidation catal % At tilock 60}9, enhanced Oﬁddati of iron catalyst occurs in vessel 10,
within HSDAY, 611k fine” )C./l , BptioRarVeRtUTE S PAR R A CandfSH IHE XD, RFBIBER M0 etin of
regeneratgur(pxritiized) catalytit solatiomnidML S Forvertes3B:0\{O:R0BS/0BRBEORETALS2608/067995
proceeds yia Jine %me%@mq g 3eaAHIRCK 800, 66CRY Sy - Alemental Safr and,recycle of

recovered catal}(tic solution to oxidizer 10 from sulfur recovery units (e.g., from sulfur séttler 60) arc
indicated. 1>+ The rotors 222, 223, 224 of each generator rotate af high speed relative to the fixed

stators 227, 228, 229, producing a high shear rate. The rotation of the rotors pumps fluid,
such as the feed stream entering inlet 205, outwardly through the shear gaps (and, if present,
through the spaces between the rotor teeth and the spaces between the stator teeth), creating a
locahized high shear condition. High shear forces exerted on fluid in shear gaps 225, 235, and

245 (and, when present, in the gaps between the rotor teeth and the stator teeth) through
12



[0056]Operation of high shear gas sweetening system | will now be discussed with reference to Figure
1. In embodiments, the desulfurization reaction is carried out in the aqueous phase using chelated iron
as the catalytic reagent. In operation for the desulfurization of SOW gas streams, a sour gas stream is
introduced into system 1 via line 25. Knock-out pot 24 may be utilized to remove particulate matter
from a sour gas feedstream introduced into knockout pot 24 via line 23. Within convener 30, sour gas
is contacted witle ¥d@i#@ertiquid catalytic solution, which may be introduced-talsntesearsently into
converter 30, for example, via line 12. [0057] The system is typically operated in the mildly alkaline pH

range to insuirigeac ahsey @:ﬁ&&@ft%&eélldﬁ B&@dﬁ@t@@&ﬁb{ﬁ!ﬁtSﬁ!@&i@{bn?nﬁ-&ellﬁ@{liﬂﬁﬂé}ifgg%@i@”d I
CCur an re suitaple witn| | S r syeetening system 1. For exampie,
é%eaé %evm}é%gg vmsg&g[s £ar Gui ethf %1(%&5&8% %ﬁ% gﬁ}g}ﬁ}ﬂ% )}51

monitoring may
alkali may beradded 6 converter ufing start-up; be introduced directly into

vessel 10 agHieaibiyspsthedamispdteimatively; oradgitipmaliyh datalystenay:be added elsewhere in
system 1. Romgyample, ﬁ@&a@%%&ﬁ&é%“&l@ﬁ&fﬁ@%{ e iniected.int dine %%e(g%)iégmg&ﬂ)a%%@to

converter 30. In embodiments, line 21 comprises liquid catalyst, at least a portion of which may be a
recycle stream o P BXEmTIE: FeLdOmsHITER hiisPHs!ep Andatks vrrk e %orR/etier 30.
[00581The weralptoeassepcien isbiR @) sul2h026g) 260 amSle: SO gas:sireamiading.25 may be
any hydroggn e Sullr CONBINBR.095 SR IO S PIRE: UL IRSTEam MRS 2p may
comprise air, natural gas, carbon dioxide, amirte acid gas, lan |ﬁ1gas, synt%e5|s gas, geothermal gas,
biogas, refifEii s ey conibinatiormehdrbic Soarfiessteafiminei28mhagibenprafidated as is
known to thasgred:skill dnthe.ads herexample, indbigue: brsourgassiieam i line,23 is.passed
through kn%% oyg gt \234.({13 d_ro%en sulfide-%?ntainine%f%%s stream in line 25 from knock out pot 24 is
sent to convertar 30°Th tORUerter 30" HIE s CHrTEHH 10 BIBIRL BT bR FoFre g B Sileetened)
gas streamairpiinesgBig perstor ferthérpracessihglutilization (not shown). In embodiments, high shear
Gas sweetqqing sYaiaihis Sffeckie ol areatarihan dR3gemaxalef (yigasn sullde gy the sour

gas. In embodiments, high shear gas sweetening system 1 is effective for greater than 99.9% removal
of hydrogerPEbifleRom ATeeSaRE G OTHtsoNIitHiA v tsroabasag srete s ToiveraFilS to
elemental Silifurwia:seyeralkcherigal reactionsocihe comertendesigais:determinae: Rythe sour gas

flow and pregsiies R5p: YR 2PRRIAReI0RE G /US2008/06 7995

[0048] In certain instances, high shear device 200 comprises a Dispax Reactor® of IKA®
Works, Inc. Wilmington, NC and APV North America, Inc. Wilmington, MA. Several modsis
are available having various injet/Gutlet connections, horsepower, tp speads, output rpm, and
flow rate. Selection of the high shear device will depend on throughput requirements and
desired particle or bubble size in dispersion in line 18 (Figwe 1) exiting outlet 210 of high
shear device 200. IKA® model DR 2000/4, for example, comprises a belt drive, 4M generator,
PTFE scaling ning, mnlet flange 25.4 mum (1 inch) sanitary clamp, outlet flange 19 mum (%4 inch)
sanitary-clamp, 2HP power, output speed of 7900 rpm, flow capacity (water) approximately
300-700 L/h {depending on generator), a tip speed of from 9.4-41 m/s (1850 f/min to 8070
ft/min).

[0049] Vessel. Vessel or oxidizer 10 is any type of vessel from which a slury of sulfur
product can be separated and within which oxidation of homogeneous catalyst may propagate,
For instance, a continuous or semi-continuous stired tank reactor, or ope or more batch
reactors may be employed in series or in paraliel. In some applications vessel 10 is an oxidizer,
Oxidant may be introduced into vessel 10 from an optional secondary air source via blower 90
and line 15, Oxidant may be introduced through spargers which may line the cross-section of
vessel 10 above the bottom section of the vessel in which sulfur siurry settles. Sulfur sharry
may be removed from a cone-shaped bottom of the vessel 10. Any number of inlet lines to

vessel 10 is envisioned, with three shown in Figare 1 (lines 14, 15 and 52). Inlet line 14 may
13



well the ELS removal efficiency required. For an iron catalyst, the absorptionconverter 30 may be
described by the following reactions. [0060] The absorption of H23 may be described as: 1-12S (g) +
H20(1)EI2S (1) + H20.(2) [00611 The ionization of H2S is described by the reaction: 1-12S (1) 4-/ H+ +
HSI.(3) 100621 The oxidation by fenic ions (Fe3+) may be depicted as: HS + 2Fe3+ -> S (s) + 2Fe2+

+ Ht.(4) [0063] Therefore, the overall absorption reaction is: 1128 (g) + 2Fe3. -) 2FJt + S + 2Fe2+.(5)
WO 2009/002969 PCT/US2008/067995

be an inlet line connected to sulfur settler 60 and designed for the return to vessel 10 of Haguid
catalytic solution separated from product sulfur shorry, Inlet line 15 may be utilized to provide
optional secondary air via blower 90. Line 52 may connect the outlet of pump 50 in line 51 to
¥ vessel 10, Vessel 10 may comprise an exit line 17 for vent gas, and an outlet product fine 16
for a product stream comprising a slury of sulfur in Liquid solution. In embodiments, vessel 10
comprises a plurality of reactor product lines 16, Line 21 may connect vessel/oxidizer 10 with
converter 30 via pump 5 and line 12,
{00507 Oxidadon of homogeneous catalyst will occur whenever snitable time, emperature
and pressure conditions exist, In this sense catalyst oxidation may occur at any point in the flow
diagram of Figure 1 if temperature and pressure conditions are suitable. Dne to the use of a
liguid catalyst, substantial oxidation of the reduced catalyst may occur at points outside
oxidizer/vessel 10 shown in Figure 1. Nonetheless a discrete reactor/vessel 10 is often desirable
to allow for increased residence time, agitation and heating and/or cooling. In embodiments, it
is envisioned that substantial oxidation/regeneration of the catalyst will occur within HSD 40
(or a series or paratiel combination of high shear devices 40). In such instances, vessel 10 may
serve primarily as a separator from which a slurry of sulfur may be removed for sulfur
processing via line 16 and from which regenerated {(oxidized) liquid catalyst is returned io
converter 30 for reuse, via ine 21. In such erhbodiments, opticnal secondary alr source line 15,
air blower 90, and filter/silencer 85 may be absent from the system, or may serve to provide air
onity to one or more HSD 40 via line 22.
[0051] Vessel 10 may include one or more of the following components: heating and/or
cooling capabilities, pressure measurernent instrumnentation, temperature measurement
instrumerntation, one of more injection points, anddevel regulator {not shown), as are known in
the art of reaction vessel design. A heating and/or cooling apparatus may comprise, for
example, a heat exchanger. Alternatively, as much of the conversion reaction may occur within
FISD> 40 in some embodiments, vessel 10 may serve primarily as a storage or sepayation vessel
in some cases. Although generally Jess desired, in some applications vessel 10 may be omitted,
particularly if multiple high shear devices/reactors are employed in series, as further described
beiow,
{0052] In alternative embodiments, converter Hquid product gtream i introduced into a
separator upstream of HSD 40. In this amrangement, sulfir may be removed from converter
product in line 13, yielding a liquid catalytic stream comprising reduced liquid catalyst. The
reduced liquid catalyst may be introduced into HSD 40 along with oxidant in order to

regenerate the lignid catalyst for reuse in converter 30. In such an embodiment, vessel 10 may
' 14



[0064]A liquid stream comprising sulfur and reduced liquid catalytic solution exits converter 30 via
converter outlet line 13.Dispersible oxidant gas is injected into high shear gas sweetening system 1 via
line 22, which may introduce oxidant gas into line 13 or directly into HSD 40. The oxidant gas may be
air or enriched air. In embodiments, the oxidant gas is fed directly into HSD 40, rather than being
combined with the liquid reactant stream (i.e., sulfur-containing liquid catalytic stream exiting converter
30 via line 13V Riflif&4fay be operated to pump the regenerated liquid aXaRztofoaHRe 21 and
vessel 10 through line 12 into converter 30, and to build pressure, providing a controlled flow
thrOughouthigh shear devige (HSD)4Qwnetfiigh:shear gas sweeighing.SyataRkdndREeme
embodiments, pump 5 increases pressure of the HSD inlet stream to greater than 202.65 IcPa (2
atm), prefe%%jli‘q%?le%tg?ct an a no}g}%)oésg%aksﬁ%efﬁa 1 os%l gré% St |’saglvd§§}fﬁ%ﬁe§ﬁ[3%?%as
sweeteningvayseeimcmasricombinghigh sheadwitspressure to enhance reactant intimate mixing.
[0065]In empegiments. liguideatalyticsolutionandigieipresenty alkaliare firstpixed i ygsse! 10.
Reactants enter vessel 10 via, for example, inlet lines 14, 15, and 52. Any number of vessel inlet
streams is BRORITRE. Vot thPe 8 MR G ElgaiEmE Grat s Tadarices iy 591866618 %aNt and
catalytic liquigarestmtion ate bism ixetkwithini S48 onvhichisesres donereatading digpension of the
oxidant gag; ir alytic liquid, | 0, idan atalytic,liquid are highly dispersed
such that n%a{sgoégt% Ie’s?s%%r%%%%&%%%u%%%gs 9(grgll dmé]}rt%r%%ﬁ)%%ébfggsng% O(Iewéia%mér%%lfr%ed for
superior diSENRTGPMHESEILIGReNd Shhaifcmerbal reseaarHaargl mdrekample ddigperser IRA(N)
model DR 200Q/4sadnighisheanthreg singedispersing.devieaconfigurad withithreereiors in
combination with stators, aligned in series, ma used to create the djspersion of dispersible oxidant
gas in Liqﬁ?ﬁt‘gg?glw%prﬁeaéﬁ u%ﬁa%‘gﬁﬁ% st %t?uﬁ g}%ﬁ%” {?tﬁnegr‘éeaséﬂaﬁ?sﬁf%tev%ef}o?’% 5%0&2%% may be
configuredragildstraed inFigure cfemelkaviphest Tiret comtSin eldvieerctantsednterathgdiighrshear device

via line 13 anchentelAftsts WQ-2PQA02989RCT1US2008/067995 stage rotor/stator combination.The
rotors and stators of the first stage may have circumferentially spaced first stage rotor teeth and stator

teeth, respiictively* i dO5HRE HiSBRrSIRCdRtHEThE RSP Sitere R SBEORIAStorStitor stage.
The rotor angd Statory ch:thblseconthgtagecméydlscganeprise-oiidiumetent gy Spacedidoigr teeth and

stator (ectlg RSN LNE eAuser DHPRIGs S76,IPPEINIRN CINGIING HOl IO 3REoRA page enters

the third stage rotor/stator conibination, which may compris€ a rotor and a stator having rotor teeth
and stator {88087 EShr vl srREidpersirEutdtha RiirsHeas destee RIETHNB T IRuseime
embodimeaitsqihe, shzantate:inGteases Stopwisedsngitadinally rieng theidireetiomrofitheflow, 260. For
example, 'Elé&q}ec%r{}%?e‘é' SISy %hseur%i})‘?%ﬁ%e. Ipré?e%amgt Iptorfstatorn stage s %«FF%EQ%%Q the shear
rate in subsequent stage(s). In other embodiments, the shear rate is substantia )Pconé?tant along the
direction of‘thefbiieaitt rerapleat fateipsasticbtdgedpe mpbubstantiall (heHessamerf@o8 7 If the high
shear deviegAQ-inclpdas:a: RihEseal dha.sealanawheconled ugingany:skitakle techpigue that is
known in trhﬁe !%r;.dggr exam Iei_ ;psgrre%ctant sttr%am Iowingﬂin line 13 or Legetnerated liquid catalyst in
line 21 may Be (ised 6 toor the S8 BRI INSo BNy BE praRbatst 4t BesvEa bt ERt8ring high
shear devicgwo br Eonverteri8C: respectively; which may be similar to pumyp 5, may be included

between HSD 40 and vessel 10 for boosting the pressure into vessel 10, As another example;a

supplemental feed pump, which may be similar to pump 5, may be included for introducing

additional reactants or catalyst into vessel 10. As still another example, a compressor type

pump may be positioned between line 17 and HSD 40 for recyeling gas from vessal 10 to HSD

40, Settler pump 50 may be any pump suitable for extracting a sulfur shurry from vessel 10,

[0855] High Shear Desulfurization Process. Figure 3 is a box flow diagram showing the

steps in the high shear gas sweetening method. At block 400, HaS is converted to elemental

sulfur with concomitant reduction of liquid phase catalyst. At block 500, high shear mixing of

iron catalyst with oxidant (e.g., Oy, air, enxiched air) produces a dispersion of oxidant in liquid

comprising liquid reduction oxidation catalyst. At block 600, enhanced oxidation of iron

catalyst occurs in vessel 10, within HSD 40, or in line 18, optional venture sparger 45, and/or

line 19, At block 700 return of regenerated (oxidized) cataiytic solution to HaS converter 30
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[0068] in applications, the rotor(s) of ITSD 40 is (are) set to rotate at a speed commensurate with the
diameter of the rotor and the desired tip speed. As described above, the high shear device (e.qg.,
colloid mill or toothed rim disperser) has either a fixed clearance between the stator and rotor or has
adjustable clearance. FISD 40 serves to intimately mix the oxidant gas and the liquid catalytic solution
comprising sulfur product. In some embodiments of the process, the transport resistance of the
reactants is redueed/imyzsweperation of the high shear device such that the velpoityedsheseaction is
increased by greater than about 5%. In some embodiments of the process, the transport resistance of

the reactargﬁéée@dag@ﬁebm@@@i@%ﬁth&wgh sheasdeyige sUGhhak e yslaritigf the reaction is
y

increased by greater than a factor of about 5. In some embodiments, the velocity of the reaction is
increased B &t fedsPAFECt8r BRI R L0HRR EhisstnTeltdIthe WEM IR Recrass &t By TP RaCtor in the
range of abolit:1:Biteraliput108tatd. [0069]In some embodiments, IISD 40 delivers at least 300 Uh at a
tip speed of,atdeast, 4500 ft/min.. ich may exceed 7900 ft/min.(40 mis), The power consumption
may be at%{}u? gi][.eS ?(%Rﬁ%ﬁ%ﬁ)ﬁn%g%ﬁ%gg}s}%%e agngt’\%; ﬁﬁ?{%%ﬁggﬁ;{ tévrﬁq}pg% uPeé) é‘-lr;ls “6%833‘&’%%,% at the tip of
a rotating SREEPEhitcoF Yo IVind e [eRhehts s Bradds iffietiiont iepestimiatetihtareiiodalized

temperaturg;sees iydhesintianaiabs mixed Laciamsdsexcesspl PRGN ALRIBSSHIGS, In excess of
500 kg/cm2 under cavitation conditions. The_hi tt] sh§ar mixing results in_dispersion WO

2009/002989BE S 3T/ 6 70 I RS ORIBART §ES IRMTSH Sr&ubifitron-SisEd B ibbids. In some
embodiments; thetbsultamtdispersionhasattaveagebubbleisidetessithanabbitbipmialternatively,

less than ahput,d,5 pmsIn-some;embadiments, the resyltant dispersion hasanaysiage, hubble size of

less than 1 pm. Accordingly, the dispersion exiting ETS_D 40 via line 18 comprises micron and/or
submicron<SiB e g R HLBBIEE i StiAe SRIBGHRIEHN, e fhedrsuidblersrarlinRétange of about
0.4 um to almsar 1.5ipmyirsomeypigdiments, theinearibubhleisizeris:lgss thansakows400 nrn, and
may be ab nny i e cases. In.many embodiments,. the microbubble dispersion is able to
remain dis%é%s‘lg%ggtOrgtﬁ%ss%%eﬁ%%p%egs{é%‘r’g “ofélo fﬁ%ﬁ’s? ]145 %ﬁﬁiﬂ%&‘?} %?“6’?0"1 r%%}gémgr?eaa , the
resulting diSSBr SRV BKRSHSES 4018 s 1B Wisrshs s tiaidng coripactedto vesadt kO ptionally, the
dispersionupay:bedLithesRrocessathprak e IRNNGNMBs68ll Qeifdegired. fokexamRriashigh shear
gas sweet(wiggas sg n]tl may fug.ﬂer ctor‘nigrise vc%n{turelsparger 45 positioned between HSD 40 and
. vessel 10. An‘odtlet Tine 18°May CoRnect ventura Sharger 45 i vaaser1 I Hsadthate venture

- sparger 45sygiiirhit fhrotrghpet fasbpargestmraytinot e btifizedeOxidizer Flétdingdb@rfluidhicconnects to
oxidizer 1q.yhekeinsfurtheraaialvigsalition exidation (reaengration) may ocgur, Ininstances where

HSD 40 is being incorporated into an existing gas sweetening system comprising a venture sparger,
the venturé‘@b&?gaefeﬁ ThAYFRE FEREINEY BrEREinGted JepeiThiGrs P HHBEGHBUY nbatdHS of the
venture spangerid07 1]Reduced liquid catalyst exiting convener 30 is regenerated by oxidation.
Oxidatio_n {@55%[\16 cﬁélg%wjllﬁ%gw%gm% HSD 40 ar_1d_ may continue during residence With_in v_essel 10.
As mentioned hereinabove, vessel 10 may be an oxidizer. For iron chelate catalyst, the oxidation
reaction (which may occurWithin HSD 4@, find'18;*venture sparger 45, lihk 19, vessel 10, or a

combinatieathereef)l-eanbadescibedintherfeltoying.ohentical FeastiQiSing gas stream, for
example, sour gassstream in lne 25 may comprise air, natural gas, carbon dioxide, amine acid
gas, landfill gas, synihesis gas, geothermal gas, biogas, refinery gas, or any combination
thereof. Sour gas stream in Hne 23 may be pretreated as is known to those of skill in the art.
For example, in Figure 1, sour gas stream in line 23 is passed through knock out pot 24,
Hydrogen sulfide-containing gas stream in line 25 from knock out pot 24 is sent to converter
30. In converter 30, HaS is converted to elemental sulfur. Treated (i.e. sweetened) gas stream
in line 35 1s sent for further processing/utilization (not shown). In embodiments, high shear gas
sweetening system 1 s effective for greater than 99% removal of hydrogen sulfide from the
sour gas. In embodiments, high shear gas sweetening system | is effective for greater than
99.9% removal of hydrogen sulfide from the sour gas.
160597 Within converter 30, liguid catalyst converts HaS to elemental sulfur via several

chemical reactions. The converter design is determined by the sour gas flow and pressure, ay
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100721 The absorption of 02 is depicted as: 1/2 02 (g) +14200) +-/ 1/2 02 (1) +1120.(6) [0073] The
regeneration of ferrous ions (Feb follows the reaction: 1/2 02 (1) + 1-120 + 2Fic-.2+2011 + 2Fe34.(7)
[0074] Therefore, the overall regeneration reaction is: 1/2 02 (g) + H20 + 2Fe2420EF + 2Fe34.(8)

[0075]As a result of the intimate mixing of the reactants prior to entering vessel 10, a significant
portion of the chemical reaction may take place in HSD 40. Accordingly, in some embodiments,
reactor/vesseP RO BEUsed primarily for separation of product sulfur fRSP #5&fieP tatalytic
solution. Alternatively, or additionally, vessel 10 may serve as a primary reaction vessel where most of
the regeneratiitoKighationof rdtloxrcatalysiarchss ak ap\WRRO0 HOARGARE THUSR2008/067995

may be described by the following reactions.

{06607 The absorption of HyS may be described as:

oS {g) + H00) « HoS (U + HO. ()
[0661] The lonization of H,S is described by the reaction: .

HaS () «» HY + HS (3
[6062] The oxidation by ferric jons (Fe™) may be depicted as:

HS + 2Fe™ — §° (s) + 2Fe®™ + H". {4y

[0063) Therefore, the overall absorption reaction is:

LS (g) + 2Fe™ — 2H® + §° + 2FRe™, (5)
[0064] A liquid stream comprising sulfur and reduced lquid catalytic solution exits converter
30 via converter outlet line 13, Dispersible oxidant gas is injected intc high shear gas
sweetening system 1 via line 22, which may ntroduce oxidant gas into line 13 or directly into
HSD 40. The oxidant gas may be air or enriched atr. In embodiments, the oxidant gas is fed
directly into HSD 40, rather than being combined with the hquid reactant stream (i.e., sulfur-
comaining liquid catalytic stream exiting converter 30 via line 13). Pump 5 may be operated to
purnp the regenerated liquid catalyst from line 21 and vessel 10 through line 12 into converter
30, and to build pressure, providing a controlled flow throughout high shear device (HSD) 40
and high shear gas sweetening system 1. In some embodiments, pump § increases the pressure
of the HSD inlet stream to greater than 202.65 kPa (2 aum), preferably greater than about
303.975 kPa (3 atmospheres). In this way, high shear gas sweetening system | may combine
high shear with pressure to enhance reactant intimate mixing.
{00651  In embodiments, Hquid catalytic solution andsf-present, alkali are first mixed in
vessel 10, Reactants enter vessel 10 via, for example, iniet lines 14, 15, and 52. Any number
of vessel inlet streams is envisioned, with three shown in Figure 1 (via lines 14, 15, and 52).
[0066] Oxidant and catalytic liquid are intimately mixed within HSD 40, which serves to create
2 fine dispersion of the oxidant gas in the catalytic liquid. In HSD 40, the oxidant gas and
catalytic Hguid are highly dispersed such that nanobubbies, submicron-sized bubbles, andjor
microbubbles of the gas are formed for superior dissolution into solution and enhancement of
reactant mixing. For example, disperser IKA® model DR 2000/4, 2 high shear, three stage
dispersing device configured with three rotors in combination with stators, aligned in series, may
be used to create the dispersion of dispersible oxidant gas in liguid catalytic medium comprising
sulfur {i.e., “the reactants”}. The rotor/stator sets may be configured as fliustrated in Figure 2,

for example. The combined reactants enter the high shear device via line 13 and enter a first
17



example, in-'embodiments, vessel 10 is an oxidizer, in embodiments in which HSD 40 is being
incorporated into an existing gas sweetening process comprising an oxidizer, vessel 10 may be the
oxidizer. For new installations, vessel 10 may serve primarily as a storage/separation vessel from
which sulfur product is removed. [0076]Vessel/reactor 10 may be operated in either continuous or
semi-continuous flow mode, or it may be operated in batch mode. The contents of vessel 10 may be
maintained at wapegifietbdeaction temperature using heating and/or coolirgnapabiiéessée.g., cooling
coils) and temperature measurement instrumentation. Pressure in the vessel may be monitored using
suitable pregsure msasureMeRbingitimentation,3adthe eyelofieactantsinthe vessel may he
controlled using level regulators (not shown), employing technigues that are known to those of skill in
the art. [00F7FRIBRPGALEXitOEE SIS G9Rg VEITY 117 Phatsissy B furthSF thshted TR rfi@dscand/or
recycled to fighrshearigas sweaetenipg-aystaft k-Eariaxampiaapartianobuenihgasdi ing:d 7 may be
recycled to lng43 piding. a2 Yesegh i rataue aeoficalshaped hotiom f9,2id [ he.sging and
removal of sulfur slurry therefrom. Product sultur sfurry omprising sulfur crystals exits vessel 10 via
Hine 16. ProBsR¥stfur sivyadigbeubbistsia serferpuripBOLaf®lings srendss3acsulfuhsettler 60. A

portion of liagra b:maaycbe/seit vidlingh2 backintavassaliexidizss A0 Sy slvrry insulduy, settler 60
settles into thg botttQ{n &e% cone-shaaxfed section) of settler 60, and is pumped from the cone via
sulfur line 65 SAG LUFR pISSTEHS salft ERERIHHGH T 88" PSP RaHTSI& 2t sePai®idn unit 80
may employabbéitfiiter gysten toiproduceas60%isulfugicakelihsiangtihe rdexainple, i Stme instances,

sulfur separggion-ynit. 80, may, compiias.a:hea.filter system.and mayagusadie produce.a 30 wtv%

sulfur cake. If desired, the sulfur filter cake may be used to produce molten sulfur. Regenerated
catalytic soflifibid MEdFarated-REHEIffeeske ThaPBeSBrt Bsek B o ere & T0018IB%gen used
in conventienaltaxidatigmetithetcatalyst Bosupplietdromiaifomagengariichetalndbwhich is
bubbled thrgugh the catalyst solution in oxidizer 10. High shear gas sweetening system 1 may
comprise a secondary source of oxidant via blower 90 and oxidant inlet line 15. Oxidizer line 15 may
be obtained W& bréfifterig) abpretitarsas aned ylimpiRgiatiowsr 9@ arrt (hvec8<torriarafitter 85 to
oxidizer/vegsehti0 Arsmadl eausticaddiiontaDighyshear Bas SWeelaning.sy stam:d {etshpwn) may

be used to maintain th ?atafljyst solution, in tlg? mgdlgealkagne pH range é0079;This liquid phase

oxidation processas lises Bxygan carierddissoldy Sr Si8panded i afifuidhiade Whtchcan then be

regeneratediretrtinusysired pmbiestteinpergisiesidecrtdinoe ebodmméhts:strcdentrast to other
systems megjignad Asitinabeve. thismodifiedSYsIeM ae) set to rotate at a speed commensurate

with the diameter of the rotor and the desired tip speed. As described above, the high shear
device {e.g., colloid mill or toothed rim disperser) has either a fixed clearance between the
stator and rotor or has adjustable clearance. HSD 40 serves to intimately mix the oxidant gas
anc the liquid catalytic solution comprising sulfur product. In some embodiments of the
process, the transport resistance of the reactants is reduced by operation of the high shear
device such that the velocity of the reaction is increased by greater than about 5%. In some wo -
embodiments of the process, the transport resistance of the reactants is reduced by operation of
the high shear device such that the velocity of the reaction is increased by greater than a factor
of about 5. In some embodiments, the velocity of the reaction is increased by at least a factor
of 10. In some embodiments, the velocity is increased by a factor in the range of about 10 to
about 100 fold.

f06069]  In some embodiments, II5D 40 delivers at least 300 L/h at a tip speed of at least 4500
ft/min, and which may exceed 7900 ft/min (40 m/s). The power consumption may be about 1.5
kW. Although measurement of instantaneous temperature and pressure at the tip of 2 rotating
shear wvnit or revolvipg element in HSD 40 is difficult, it is estimated that the localized
temperature seen by the intimately mixed reactants 18 in excess of 500°C and at pressures in

excess of 500 kg/em® under cavitation conditions. The high shear mixing results in dispersion
18




WO 2009/002969PCT/TJS21108/067995 comprises an enclosed external high shear device 40 to
create microbubbles (and/or submicronsized bubbles) of air / enriched air or oxygen in line 18 (and
optionally venture-spargeci line 19) that then enters oxidation unit 10. External high shear device 40
may he positioned ahead of the venture sparger 45 of existing systems, and allows for rapid oxidation
and high conversions of catalyst. [0080]Potential benefits of this modified system include, but are not
limited to, fast&r&yeledinses, increased throughput, reduced operating costsansiaireieed capital
expense due to the possibility of designing smaller vessel(s) and/or operating the vessel(s) at lower

temperature,andionpaSSUTE: 1008110 ameﬁ;ma@éé HARIBIOGESSOf L%Q&ﬁﬁ&{e& dRclosm pfOV'deS

more effectiye elimination of sulfur compared to desulfurization in the absence of externa |gh shear
mixing. [008 TR SBhiE cth SR ATL IR & GpEra iy CORMifions GlEysErm . Kshibrsabatemmperature in
the range of:fronnabet d0NGi teab ot zaﬁ@ntmemmm,amg@mmta@ i iRsth@dange of from
about 160C 9 18QC. In.specific e ents th ction tem ture in vessel 10, in particular, is in
the range of from aggutl%%%ca%o a% %g & s%%?gégﬁﬁ’o%%gni% ereation pressu&: in vessel
10 is in the TAMBEBH frshs abbb*ﬂf@éﬁzﬁélwf(%amwabdh@ B16ViPd bl 6 sz 0P & (88-60taf). In some

embodimentseweastion W@&ﬁmﬁ:}i%}ﬂ the Lngeekiem-abat, 810 8ddBa 19.ahout s Mpa(8 atm to

about 15 atm). In eTR%odlm ves ??I 10 is operated at or near atmospheric pressure. [00831
Multiple High SREafRixIRg e%fi’é?&% T 8Bhid B diTerts RIS GPRIGHIFHGH EHEAFGRYRE,S like USD
40, or conflgm@dﬂmfﬁ@rfémyn arecdliginedsid seriesspndape: ysedito furthel £nhance the reaction. Their

operation mgype 'na&@e&%@ao&gqegmegflagea@anl@vﬁgrﬁ%m@t@{m&'w@f&m %ﬁg@pass or

"once through" process is desired, the use of multiple high shear devices in series may also be

advantagedTEPESTeRalfisie, th cribBtHie s BURBI iSR! o AR B Fita\PHe fEcite s second
high shear deyita O\Whénirmdltiple émgh@mﬂ&wmq&ﬁ&a&&&ag@t&ﬂmn seriesaddiigpaloxidant gas

may be |njagé§t(a gsggjég% % JS?QSEE am of eé@ %LJQFT ghear d1 V|cen {ID% etrt?%ne%r%]bodlments multiple

high shear devic are operated in para e ou? spersmns ErefrOY aré itroduced into
one or mor&XE¥EeP1Ee[OD sS4l reatrdd. TherespHearionvhenhaseetd miXingnef theugbastants by HSD

40 potentiauyapé%ﬁnaﬂ@atﬁcigmﬁﬁgaﬂeﬁammnhia%@lmﬁa}yaamcé@g@a@w%QQHQ&“E@ Mhe-gphanced
mixing poteprgates nincrease in throu E\ut of the rocess stream. In some embaodiments, the high

shear mixing e &4 SIS TP o EEss, Eﬂé?é%’i}céhaﬂl%%%qn@éﬁse in

&vice i incorporatéd s a
production ¥eeg greateratsroinghputxiht epptrasttesorpeviethodsthsah atieraptito inereasadhe

venture sparger 45 may be retained or eliminated depending on throughput limitations of the
VEnre sparger.

[0071]  Reduced hiquid catalyst exiting converter 30 is regenerated by oxidation. Oxidation
of the catalyst will occur within HSD 40 and may continue during residence within vessel 10
As mentioned hereinabove, vessel 10 may be an oxidizer. For iron chelate catalyst, the
oxidation reaction {which may occur within HSD 40, line 18, venture sparger 43, line 19, vesse]
19, or a combination thereof) can be described in the following chemical reactions:

[0672] The absorption of G, is depicted as:

120 (2)+ HoO) «— 12 0. ) + FLO. (6)
00731 The regeneration of ferrous tons (Fez*) follows the reaction:
12 Gy (1) + HaO + 2Fe™ — 2017 + 28, (N

{00741 Therefore, the overall regeneration reaction is;

172 Os (g) + HaO + 2Fe™ — 208 + 2Fe™. (&
[0075]  As a result of the intimate mixing of the reactants prior to entering vessel 10, a
significant portion of the chemical reaction may take place in HSD 40. Accordingly, in some
embodiments, reactor/vessel 10 may be used primarily for separation of product sulfur from the
liquid catalytic solution. Alternatively, or additionally, vessel 10 may serve as a primary

reaction vessel where most of the regenerationfoxidation of redox catalyst occurs. For
19



WO 2009/002969PCT1US2008/067995 regeneration by larger volume oxidizers, the superior
dispersion and contact provided by external high shear mixing may allow in many cases a decrease in
the size and/or residence time in vessel 10 while maintaining or even increasing desulfurization rate.
Without wishing to be limited to a particular theory, it is believed that the level or degree of high shear
mixing is sufficient to increase rates of mass transfer and may also produce Localized non-ideal
conditions th&tteMabigasactions to occur that would not otherwise be expettagtteoctas based on
Gibbs free energy predictions. Localized non ideal conditions are believed to occur within the high
shear devisa:fesliingnbinernased-iemperalwas:and pressures i thairast significantincrease
believed to be in I(gé;(ﬁ.li;ted pressures. Thetincrease in pressures and temperatures within the high
shear device 3ra Stantanedus and TocAlsad and GUckKRFETEH BASK 1 Bule SF ol FryPsystem
conditionstigricedexitingethehigHi-dhearsdevice 1 imsomeegsesutheshighsshedaemixing devite induces
cavitation gf,sufficigntintensiy.fo. disgagiate one or more of the reactants into free radicals, which may
intensify ‘a chemical reaction or allow a reaction to take place at less stringent conditions than might

otherwise BEPequifeleBERAtAN M MstPiitifdalie Faltes SPEBIYSOM PrEvessEs sy pFsducing local
turbulenceranel tigitichipiceeeiroutationtaconrtic Skeaming) cAn-arerviewafihe application of
cavitation phenomenon in chemical/physical processing applications is provided by Gogate et al.,
it R e By 8 45 (000 ¥ g ahear
mixing deEEBFEETtHIfRBHsHSHInEhIsh e preBentsyste theantg i ethods: indudes:¢avitation whereby

oxidant andiragusedsliquis-catahistarsissaciateduipte.lres dadicals.whichidben reagt 1,regenerate
the catalyg{tj.nko%% LLrSlir?(g@e embgdiments, the system and methods described herein permit design of

a smaller-"BRaToF 16 8L R AR Al TATEHEY & 0 NS AR PG SR BEs SHIE It {RNGEDf external

high sheasldévigbe4®. Potential advantages of certain embodiments of the disclosed methods are

reduced opgrafing,casts anddnareasad prodiction Wmm&%%@%%&gg%g%, Gerfain.gmbodiments of

the disclosed processes additionally offer the advantage of reduced costs for the design of new
processe<TTREMh B BIMEHTE isparsiiaivkriaiitghd i Rt torpridmigferacets figline ddtalyst with
high sheamdevice:4@lde craasess theliampuny efseinnixidizash lig wicheatalyshRolentialdanefits of some
embodiments, of ﬁﬁgsaﬁxsg%v%pgfrgﬁ%pgl far, é_e%%eetel;}in(%épghfgg, B%t are not limited to, faster cycle
times, increasec}t rougﬁput, reduced obergtting costs and/or reduced capital ¢ fipsg}r?sse te to the
possibilityBfstES R ST ditef biigidérsPIoter replaciigranmexitizsrivith satdeparatidh vessel 10 and/or
operating fifes eSS Atdowel tespeALUTE 3RGEY HIessure m¥V@:.20001002269PMIR20081067995

[0086] In embodiments, us the disclosed process.comprising reactant mixing via external high
shear dev\lig%&:%d}é\3 g\;c\fslgéegg Tess'o iglasnut?l‘ﬁl \E/’%tstéeél%)e%fglo? O tHER BYaTI Sty PEFREE In
embodimépitgothefrprétivo 4 ontpid sesoirecoipor sbin grextemalthighrshidarrdevicey 4Quintd@mestablished
process therebyseucinghesoperatiog lemperatire.aaskior {?&ﬁ%{ﬁa@f&%g]@a&ﬂ% Higxternal high

shear device 40 and/or enablin%ftbej inlgrease in %g‘)r(_)dyction (greater thioughput) from a process
operated WREBUPHTH SRS dethts 485 in &HBEdmMEHEr oS58 0TLAISEY AR FRBR @ aration of
sulfur slunnyif@Shmligednpataly $taSimuehicof the oxidatiardicatalyst ostwsinweidesnal high shear
device 404Jn embadiments; mogt o Jegenera '%hg@gd (t)i n reaction,occurs within the external high
shear device£4d. [0087] Thef presgnt methods an systemr% #gfirég&gzi%s]\)ve%%ﬁﬁéi%ﬁ%acg%liﬁqé(fion with liquid
phase cafSNEPANG YSHERT 8 h B FEERIE St e A5 sy oRiaaiéRs difploy an external high shear
mechanicatugvicetoproxide.f apidcantact angdinxngofechemicalipgredigntsin.acanirolled
environment in the high shear device. The high shear device reduces the s transfer limitations on
the reacti%lﬁ%%é?tﬁhhégir?&ﬁrlé:éé&eg%ﬁe%%v%rr% fgt%egggt%% gfé;?élr%‘ ﬂrﬁréy?xé W é(gg) SR8 RItion of
catalyst ureRstegiabaysparativgy conditiorssartidrwhivhcsuldstaxitial yeddtionrriaymotbdexpected to
occur. [0p@8hhile pigterred embadimenis.afihe inventionaye ey §99}%@&%ﬂ&%&{ ibed,
modlflcatgg}\& th ffOf can be made bg/ one skilled in the art without departing from the spirit and

teachings TEhtBh TR BB SHinte b irDEs HelGin are @Ml ey ahiEare not
intended thebestimitingsManysaridtianssanennadifieatien scof thednavention diselnsed harein are
possible gﬁgi@r%iiqy%mgn%%ppe of the invention. Where numerical ranges or limitations are expressly
stated, such express ranges or limitations should be understood to include iterative ranges or
limitation&@8flke AiagHitid Sbrsipt doitpirpthe SR HESS X etatetkriaydissolithitationentedy from about 1
to about 4Qipedusiase, 2vdelcAl GG IRAQEABARQ AR EAHEES: Dadibi Q1 li2mBedyanehsafosh). Use of the

term "optignally” with r?‘rslpec%E to.any %Iiemer]t of a claim is intended to mean that the subject element is
required, 7 Alterhatively, (S HEEHSGUIRH. BEMSIEHAAA0S Me s ge it BEWINin #eScope of the
claim. Use of broader terms such as comprises, i%@ludes, having, etc. should be understood to provide
support for narrower terms such as consisting of, consisting essentially of, comprised substantially of,
and the like. [0089]Accordingly, the scope of protection is not limited by the description set out above




but is only limited by the claims which follow, that scope including all equivalents of the subject matter
of the claims. Each and every claim is incorporated into the specification as an embodiment of the
present invention. Thus, the claims are a further description and are an addition to the preferred
embodiments of the present invention. The disclosures of all patents, patent applications, and
publications cited herein are hereby incorporated by reference, to the extent they provide exemplary,
procedural or Biaerid@taies supplementary to those set forth herein. CLAIMS/W¥kAcfdSELAIMED IS:
1A method for removing hydrogen sulfide from a sour gas stream comprising hydrogen sulfide, the

method COrRHiSiRes an enclosed external high shear device 40 to create microbubbles {and/or submicron-
sized bubbles) of air / enriched air or oxygen in line 18 {and optionally venture-sparged line 19}
that then enters oxidation nnit 10, External high shear device 40 may be positioned ahead of
the venture sparger 43 of existing systems, and allows for rapid oxidation and high conversions
of catalyst,
[00807  Potential benefits of this modified system include, but are not limited to, faster cycle
times, Increased throughput, reduced operating costs and/or reduced capital expense due to the
possibility of designing smatler vessel(s) and/or operating the vessel(s) at lower temperature
and/or pressure.
[6081] In embodiments, the process of the present disclosure provides more effective
elimination of sulfur compared to desulfurization in the absence of external vigh shear mixing,
0082]  In some embodiments, the operating conditions of system 1 comprise a temperature in
the range of from about 100°C to about 230°C. In embodiments, the temperature is in the
range of from about 160°C to 180°C. In specific embodiments, the reaction temperatue in
vessel 10, in particular, is in the range of from about 155°C to about 160°C. In some
embodiments, the reaction pressure in vessel 10 is in the range of from about 202.65 kPa (2
atm) to about 5.6 MPa - 6.1 MPa (55-60 atm}. In some embodiments, reaction pressure is in
the range of from about §10.6 kPa to about 1.5 MPa (8 atm to about 15 atm). In embodiments,
vessel 10 is operated at or near atiospheric pressure.
[0083] Multiple High Shear Mixing Devices. In some embodiments, two or more high shear
devices tike HSD 40, or configured differently, are aligned in series, and are used to further
enhance the reaction. Their operation may be in either batch or continnous mode, In some

anEig -instances m which a single pass or "once through” process is desired, the use of multiple high
shear devices In series may also be advantageous. For example, in embodiments, outlet
dispersion in line 18 may be fed into a second high shear device. When multiple high shear
devices 40 are operated in series, additional oxidant gas may be injected into the inlet
feedstream of each high shear device. In some embodiments, multiple high shear devices 40
are operated in paraliel, and the outlet dispersions therefrom are introduced into one or more
vessel 10,
[0084]  Features. The application of enhanced mixing of the reactants by HSD 40 potentially
permits efficient regeneration of liquid catalyst. In some embodiments, the enhanced mixing
potentiates an increase in throughput of the process stream. lIn some embodiments, the high
shear mixing device is incorporated into an established process, thereby enabling an increase in

production {i.e., greater thronghput). In contrast to some methods that attempt to increase the
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oxidizing hydrogen sulfide in a converter by contacting the sour gas stream with an aqueous catalytic
solution, thereby producing a desulfurized gas stream and a liquid stream comprising reduced catalyst

and elemental sulfur;

introducing an oxidant and the liquid stream comprising reduced catalyst

“and elemental sulfur into a high shear device and producing a dispersion wherein the mean bubble
diameter of the oxidant gas in the dispersion is less than about 5 pun; introducing the dispersion
into a vessel frmowkiehassulfur-containing slurry is removed and a regeneraigshaiayst stream is
removed, wherein the sulfur slurry comprises elemental sulfur and aqueous liquid; and recycling at

least a portiapgligdegeneraled ealalislatram o g OnNErist HNGIPID g Pigh shat device s

external to the converter and to the vessel. 2. The method of claim 1 further co

HBZHGIEB IR EBIRGERT FERT tHeSHHUF2EEh BB S UPryPa PNt iddeesst a fraction

least a portfFort

prising re¥noving at

of the recoveredagueous soilktion iaithe: e ssel. indrAsmethed dar-sweateningé.sauridas.sieam, the

method corpiising; . , {aUNIAG Adisperaion comprising axidact gas pubbles dishersed,n.a liquid

phase comprising re

rédox liquid catalyst, wherein the bu ave &mead

than | micratifagrpt © nptsd iR Gtredisperisiondmeleiresseticorifigiied fonsétdingraitremoval of a
sulfur slurrythesefsemeadichhenaethod.efelaimn3whrieindhe gazbubbles baveameangiameter of

less than 400 nm.

ree energy predictions. Localized non ideal conditions are believed to occar within the high -

shear device resulting in increased temperatures and pressures with the most significant

increase believed to be in localized pressures. The increase in pressures and temperatures

within the high shear device are instantaneous and localized and quickly revert back to bulk or

average system conditions once exiting the high shear device, In some cases, the high shear

mixing device induces cavitation of sufficient intensity to dissociate one or more of the

reactants info free radicals, which may intensify a chemical reaction or allow 2 reaction to take

place at less stringent conditions than might otherwise be required. Cavitation may also

increase rates of transport processes by producing local tarbuience and liquid micro-circulation

(acoustic streaming), An overview of the application of cavitation phenomenon in

chemical/physical processing applications is provided by Gogate ¢t al, “Cavitaton: A
technology on the horizon,” Current Science 91 (No. 1): 35-46 (2006). The high shear mixing

device of certain embodiments of the present system and methods induces cavitation whereby

oxidant and reduced liguid catalyst are dissociated into free radicals, which then react to

regenerate the catalyst,

[0085]  In some embodiments, the system and methods described herein permit design of a

smaller and/or less capital intensive process than previously possible without the use of external

high shear device 40. Potential advantages of certain embodiments of the disclosed methods

are reduced operating costs and increased production from an existing process. Certain

embodiments of the disclosed processes additionally offer the advantage of reduced capital

costs for the design of new processes. In embodiments, dispersing oxidant gas in liguid

comprising reduced liguid catalyst with high shear device 40 decreases the amount of

unoxidized hiquid catalyst. Potential benefits of some embodiments of this system and method

for gas sweetening include, but are not limited to, faster cycle times, increased throughput,

reduced operating costs and/or reduced capital expense due to the possibility of designing

smalier oxidizers 10 or replacing an oxidizer with a separation vessel 10 and/or operating the

process at lower temperature and/or pressure,
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5. The method of claim 3 wherein the sour gas comprises a gas selected from the group consisting of
air, natural gas, carbon dioxide, amine acid gas, landfill gas, biogas, synthesis gas, geothermal gas,
refinery gas, and combinations thereof 6. The method of claim 3 wherein forming the dispersion

' comprises subjecting a mixture of the oxidant gas and the liquid catalytic phase to a shear rate of
greater than about 20,000 s* WO 2009/002969PCT/US20081067995 7,The method of claim 3

wherein formingathaghisparsion comprises contacting the oxidant gas and ;@/ﬁgw@,@g@yﬁc phase in a
high shear device, wherein the high shear device comprises at least one rotor, and wherein the at

eastone gkl ofpeghal i sheett o ohiesal A2 s (00 ok ing lralon gf e

dispersion e method of claim 7 wherein the hi h shear pro uces a‘Tocanressure of at

least about H@BA97K5%¢2 48 @Wﬁé‘ﬁed%ftﬁéstﬂ%‘éﬁ%é] AeredSEEe fdtdran T Thetrsd Eclaim 7
wherein theseaergyiependiviie-aldnelighshaardoics is Geale miBRNE00- WM intw an

established process thereby reducing the operating ternperature andfor pressure of the reaction
in external high shear device 40 and/or enabling the increase in production {greater throughput)
from & process operated without high shear device 40. In embodiments, vessel 10 is used
mainly for separation of sulfur sharry from Hquid catalyst, as much of the oxidation of catalyst
occurs in external high shear device 40, In embodiments, most of the regenerstion oxidation
reaction occurs within the external high shear device 40.

[6087]  The present methods and systems for gas sweetening via oxidation with liquid phase
catalyst and regeneration of reduced catalyst by oxidation employ an external high shear
mechanical device to provide rapid contact and mixing of chemical ingredients in a controlled
epvironment i the high shear device. The high shear device reduces the mass transfer
Iimitations on the reaction and thus increases the overall reaction rate, and may allow
substantial oxidation of catalyst wnder global operating conditions under which substantial
reaction may not be expected to occur.

[0088] While preferred embodiments of the invention have been shown and described,

modifications thereof can be made by one skilled in the art without departing from the spirit

and teachings of the invention. The embodiments described herein are exemplary only, and

are not intended to be limiting. Many vaniations and modifications of the invention

disclosed herein are possible and are within the scope of the invention. Where numerical

ranges or fimitations are expressly stated, such express ranges or limitations shouid be

understood 1o include iterative ranges or limitations of like magnitude-falling within the

expressly stated ranges or limitations (e.g., from about 1 to about 10 inchudes, 2, 3. 4, et

greater than 0.10 includes 0.1, .12, 0.13, and so forth). Use of the term "optionally” with

respect to any element of a claim 15 intended to mean that the subject element is required, or

alternatively, is not required. Both alternatives are intended to be within the scope of the

claim. Use of broader terms such as comprises, includes, having, etc. should be understood

to provide support for narrower terms such as consisting of, consisting essentially of,

comprised substantially of, and the like.

[0089]  Accordingly, the scope of protection is not limited by the description set out above

but is only limited by the claims which follow, that scope including all equivalents of the

subject matter of the claims. Each and every claim is incorporated into the specification as

an embodiment of the present invention. Thus, the claims are a further description and are
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10. The method of claim 3 wherein the redox catalyst is selected from organometallics and iron chelate
catalysts. 11. A method for removing hydrogen sulfide from sour gas, the method comprising:
oxidizing hydrogen sulfide gas by contacting the sour gas with a liquid comprising an oxidized catalyst
in a converter to produce a converter liquid product stream comprising sulfur and reduced catalyst;
forming a fluid mixture comprising the converter liquid product stream and oxidant gas; exposing the
fluid mixture tove stregorate of at least about 20,000 s;1 to produce a dispersieaedsngsiant gas bubbles
in a continuous phase of the liquid; and  introducing the dispersion into a vessel from which a sulfur
sluny is reragvediand fom whieha:lignid steam sappsing reaenesatedioxidized liauid catalyst is
recycled to the converter. 12, The method of claim 11 further comprising:  introducing the sulfur
slurry to a S8EFdr S WRCA“SGte Y% RYBIYIH M SitfnlResanivdivbim iversentad and recycling
the aqueousfigquickrembyetdromahprsluteyiehtvesseledld: dhemmethot e glaim-Adwherein the

average buphle Qém%g{e%ﬁhe oxidant gas in the
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dispersion is less than 1 urn 26 WO 2009/002969PCT/US2008/067995 14. The method of claim 11
wherein exposing t le fluid mixture to a shear rate of greater than about 20,000 s-1 comprises
introducing the fluid into a high shear device comprising at least two generators. 15. A system for
removing hydrogen sulfide from a soul gas stream, the system comprising:  a converter comprising
an inlet for sour gas, an inlet for a liquid stream-gogagpyising oxidized catalyst, and an outlet line for a
converter liquid product comprising sulfur and reduced liquid catalyst; a dispersible gas inlet whereby
oxidant may be introduced into the outlet line; an external high shear device downstream of the
dispersibtélgas inlétitkEEBAfernal high shear device comprising an inlet in fluid communication with the
converter outlet line, and a
L. A method for removing hydrogen sulfide from a sour gas stream comprising hydrogen sulfide,
the method comprising:
oxidizing hydrogen sulfide in a converter by contacting the sour gas stream with an aqueous
catalytic solution, thereby producing a desulfurized gas stream and a liquid stream comprising reduced
catalyst and elemental sulfur;
introducing an oxidant and the liquid stream comprising reduced catalyst and elemental sulfur
into a high shear device and producing a dispersion wherein the mean bubble diamester of the oxidant
gas in the dispersion is Jess than about 5 pm;
introducing the dispersion into a vessel from which a sulfur-containing shurry is removed and a
regenerated catalyst stream is removed, wherein the sulfur slurry comprises elemental sulfur and
aqueons hquid; and

recycling at least a portion of the regenerated catalyst stream to the converter,

wherein the high shear device is external to the converter and to the vessel.

2. The method of claim 1 further comprising removing at least a portion of the aqueous solution
from the sulfur-containing shurry and recycling at least a fraction of the recovered aqueous solution to the

vessel.

3. A method for sweetening a sour gas stream, the method comprising:
forming a dispersion comprising oxidant gas bubbles dispersed in a liquid phase comprising
reduced redox liquid catalyst, wherein the bubbles have a mean diameter of less than 1 micron; and

mtroducing the dispersion into a2 vesse! configured for settling and removal of a sulfur slurry

therefrom.
4. The method of claim 3 wherein the gas bubbles have a mean diameter of less than 400 nm.
5. The method of claim 3 wherein the sour gas comprises a gas selected from the group

consisting of air, natural gas, carbon dioxide, amine acid gas, landfill gas, biogas, synthesis gas,

geothermal gas, refinery gas, and combinations thereof.

6. The method of claim 3 wherein forming the dispersion comprises subjecting a mixture of the

oxidant gas and the liquid catalytic phase to a shear rate of greater than about 20,000 5™
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high shear device outlet; an oxidizer in fluid communication with the high shear device outlet; and a
recycle line fluidly connecting the oxidizer and the inlet line for a liquid stream of the converter,
whereby regenerated oxidized catalyst may be recycled to the converter. 16. The system of claim 15
wherein the external high shear device comprises a toothed rim disperser comprising at least one
generator set comprising a rotor and a stator having a shear gap width defined as the minimum
clearance bewwesndhezsator and the stator, wherein the rotor is rotatableratraspispasdvsvhereby the
shear rate defined as the tip speed divided by the shear gap width is at least 100,000 s11 is produced.

17.The system ofglaim#& whesgimtieexternaliniohsheardevics, &E%@% dofgreater than 20.3

m/s (4000 ft/min). 18. The system of claim 15 wherein the external high shear eV|ce is capable of

producing &4 %%H%?%)??&W%L?@BT@S‘% NGRS R T JOIEHEh Hh BRidRAThEBBIES having an

average bubhjeidiametar m&b&nslibm@ﬁﬂ@teé scale: oA rolhiesSysiem:of dabpedbocampssing at least

two high S%@weg%%%f eﬁ%%%t %f clatl%el 8Wherem the external high shear device comprises
es

o5 O C1SH
at least two generators an Where ear rate p ovided by one generator is greater than the shear
rate provided by another generator. 27 -~
B. The method of claim 7 wherein the high shear device produces z local pressure of at

least about 1034.2 MPa (150,000 psi) at the tip of the at least one rotor,

. The method of clabm 7 wherein the energy expenditure of the hagh shear device is

greater than 1000 W/m®.

10. The method of claim 3 wherein the redox catalyst is selected from organometallics

and iron chelate catalysts.

i1, A method for removing hydrogen sulfide from scur gas, the method comprising:
oxidizing hydrogen sulfide gas by contacting the sour gas with a liquid comprising an
oxidized catalyst in a converter to produce & converter liguid product strearn comprising sulfur
and reduced catalyst;
forming a fluid mixture comprising the converter liquid product stream and oxidant gas;
exposing the fluid mixture to a shear rate of at least about 20,000 s’ to produce a
dispersion of oxidant gas bubbles in a continuons phase of the liquid; and
introducing the dispersion into a vessel from which a sulfur slurry is removed and from
which a liquid stream comprising regenerated oxidized liquid catalyst is-vecycled w the

converter.
12, The methed of claim 11 further comprising:

introducing the sulfur siurry to a separator from which agueous liguid in the slurry is
removed from the sulfur; and

recycling the aqueous liquid removed from the slurry to the vessel,

13. The method of claim 11 wherein the average bubble diameter of the oxidant gas in the

dispersion is less than 1 pm.
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i4, ‘The method of clairn 11 wherein exposing the fluid mixture to a shear rate of greater

than about 20,000 s comprises introducing the fluid into 2 high shear device comprising at least

two generalors,

15. A system for removing hydrogen sulfide from a sour gas stream, the systern comprising:
| a converter comprising an inlet for sour gas, an inlet for a liguid stream comprising

oxidized catalyst, and an ouwtlet line for a converter Liquid product comprising sulfur and
reduced liguid catalyét;

a dispersible gas inlet whereby oxidant may be introduced into the outlet line;

an external high shear device downstream of the dispersible gas inlet, the external high
shear device comprising an inlet in fluid communication with the converter outlet line, and a
high shear device outlet;

an oxidizer in flvid communication with the high shear device outlet; and

a recycle hine fluidly connecting the oxidizer and the inlet line for a liguid stream of the

converter, whereby regenerated oxidized catalyst may be recycled to the converter.

16, The system of claim 15 wherein the external high shear device comprises a toothed rim
disperser comprising at least one generator set comprising a rotor and a stator having a shear gap
width defined as the manimum clearance between the rotor and the stator, wherein the rotor 15
rotatable at a tip speed whereby the shear rate defined as the tip speed divided by the shear gap
width is at least 100,000 s is produced.

17:==The system of claim 16 wherein the external high shear device has a tip speed of greater

than 20.3 m/s (4000 ft/min).

18.  The system of claim 15 wherein the external high shear device is capable of producing a
dispersion of oxidant bubbles in aqueous catalytic sohition, the oxidant bubbles having an

average bubble diameter on the submicrometer scale,
19, The system of claim 15 comprising at least two high shear devices.

20.  The system of claim 135 wherein the external high shear device comprises at least two

generators and wherein the shear rate provided by one generator is greater than the shear rate

provided by another generator,
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