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011 Not Applicable,

BACKGROUND OF THE INVENTION
Technical Field
[0002]  The present invention relates generaily to hydrodesulfurization, hydiodenitrogenation,
and/or saturation of double bonds in liquid streams, More particularty, the present invention
relates to 2 high shear systemn and process for improving  hydrodesnifurization,
hvdrodenitrogenation, andfor saturation of double bo‘nd.s of liquid streams.

Backeround of the Invention

f0003] Hydrotreating refers to a variety of catalytic hydrogenation processes, Among the
known hydroprocesses are hydrodesulfurization, hydrodenitrogenation and hydrodemetaliation
wherein feedstocks such as residuum-containing oils are contacted with catalysts under
conditions of elevated temperature and pressure and in the presence of hydrogen so that the
sulfur components are converted to hydrogen sulfide, the nitrogen components to ammonia,
and tire metals are deposited (usually as sulfides) on the catalyst.

[0004]  Recent regulatory requirernents regarding levels of sulfur in fuels. diese] and gasoline.
have created a greater need for more efficient means of sulfor removal. The feedstocks that are
subjected o hydrotreating range from naphtha to vacuuwm resid. and the products in most
applications are used as environmentally acceptable clean fuejs.

[0005]  Charactenstic for hydrotreatment operations is that there is essentially no change in
molecular size distribution, in contrast to, for instance, hydrocracking, Hydrodesulfurization
{HIDS) is & sub category of hydrotreating where a catalytic chemical process is used to remove
suifur from natural gas and from refined petroleum products such as gasoline or petrol, jet fuel,
kerosene, diesel fuel, and fuel oils. The purpose of removing the sulfur is to reduce the sulfur
oxide emissions that result from the use of the fuels in powering transportation vehicles or
buming as fuel. In the petroleum refining industry, the HDS unit is also often referred to as a
hydrotreater. In conveniional hydrodesulfurization, carbonacecus fluids and hyvdrogen are
treated at high temperature and pressure in the presence of catalysts. Sulfir is reduced o H,S

gas which may then be oxidized to elemental sulfur via, for example, the Claus process.



100031 Hydrotreating refers to a variety of catalytic hydrogenation processes. Among the known
hydroprocesses are hydrodesulfurization, hydrodenitrogenation and hydrodemetalladon wherein
feedstocks such as residuum-containing oils are contacted with catalysts under conditions of elevated
temperature and pressure and in the presence of hydrogen so that the sulfur components are
converted to hydrogen sulfide, the nitrogen components t.0 ammonia, and the metals are deposited

(usually as sulfides)anihe catalyst. [0004JRecent regulatory requirements re‘?é\zrding levels of sulfur in
fuels, diesel and gasoline, have created a greater need for more efficient FeAr BFYaIfTF removal. The

feedstocks %%‘arev‘s/utﬂec_t%d to réydrotreatin?é%ange from naphtha to vacuum resid, and the products
in most applications Ak (LS G ERVIFSHP Stamy ECEpEB I dearsels {000t Characteristic for
hydmtreatménioperations s dhatthefiesscessentialysne.ehange immoleculassize distribution, in

contrast tog{eringtance, hvdrocracking, Hydrodesulfurization (1-1DS) is a sub category of hydrotreating
where a catalytic chemical pro’céssﬁs u%‘é%ﬁ% %Pﬁ%@ei%tﬁfsﬁﬁ HroohATGFAI RS B ok A EfiRed

petroleum Prodiitts stichoasigassRrnedisatblder fieln kerosene, dieselfuel, and:flieldilsiThe
purpose ofremovingdheisuivnis iporeduce hesullur.oxide emissions that result from the use of the
fuels in poW}%Lﬂg trgnas(gglr(ggtlig&vghicles or bu}rni‘ng as fuel. In the petroleum refining industry, the HDS
unit is also often referred o 4s a hydrotreatEr i Lo AT REGHAlrBY B SR &R EEon starboaceous
fluids and Kydreger restireatadathigh temperatureand: pressure in-the-presenceof catalysts. Sulfur

is reducedde:HpR gagwhich may,thenbe oxidized to elemental %H'E%‘c{a‘ﬁiaf for example, the Claus
process. WO.2009/002960PCT/11S2008/067974 [0006]While hydro estilftirization (LIDS) is

assuming ah THEreABHYIy TFHPBHaHE rTecinoviai vt the Hightaning siifurspecificatiohsyce e
hydrodenitmeaenation ¢HDN)sisrancthergprocess that hydrocarbon streams may also undergo in order

to allow fo&gﬁ' ient,syhsequent uggrad_in processe:; .QH drofmishing or polishing hydrocarbon
streams by, fo%@exam le, sa:(urat}lpﬁg} gﬂ_b]%%%oﬁasﬁgil“s%g%ﬁl‘?m ortaRt UpEralify process sespecially
for naphthEPYSHEAHS™ OTo T dition 1 itsrembyanidrip shution preventioncsulfur ialso
removed imsiititienswhere adonnsieanmpioeessing catalyst cap he.paisoned by the presence of
sulfur, For.e Eg@t;?\!g,fsul.fur m%k/&t?% euq}oved from naphtha streams when noble metaf’cataTysts

platinum and/or renium) are Used in' cAtaly e PEIR AT dhitd i it ttiscd torefhamerite octane
rating of tW@ng_xprﬁﬂya]gﬁ@gmgy scaled-up to large fluid volumes.
10009  Accordingly, there is z nesd i the industry  for improved processss  for
hydrodesulfurizing, hyvdrodenitrogenating, and hydrofinishing carbonaceous fluid streams,
SUMMARY

[0610] High shear svstems and methods for improving  hydrodesulfarization,
hydrodenitrogenation, and hvdrofinishing are disclosed. T accordance with  certain
embodiments, z method of hydrodesuifurization, hydrodenitrogenation, hvdrofinishine, or a
combination thereof is presented which comprises forming a dispersion comprising hydrogen-
containing gas bubbles dispersed in a liquid phase comprising hydrocarbons, wherein the
bubbies have z mean diameter of less than 1.5 tm. o embodiments, at ieast a pordon of
sulfur-containing caompounds in the liguid phase are reduced to form hydrogen sulfide gas. In
embodiments, at least & portion of pitrogen-containing compownds in the liguid phase are
converted o ammonia. In embodiments. at least a portion of unsatuwrated carbon-carbon double
bonds in the hydrocarbon are saturated by hydrogenation. The high shear mixing potentially
provides enhanced time, wemperature and pressure conditions resultin g In accelerated chemical
reactions between multiphase reactants. The gas bubbles may have a mean diameter of less
than T pm. In embodiments, the gas bubbies have 2 mean diameter of no more than 400 nm.
[80111 The liquid phase mav comprise hydrocarbons selected from the group consisting of
liguid natural gas, crude oil, crude oil fractions. gasoline, diesel, naphtha. kerosene, jot fusl,

P R _ . .
tuel oils and combinations thereof. Forming the dispersion may comprise subjecting a mixture

-
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[0008] Many of the previous methods and systems for removing sulfur-containing compounds from
carbonaceous fluids may be costly, include harsh reaction conditions, may be inadequate for the
removal of substantial amounts of sulfur-containing compounds, may be ineffective for the removal of
sulfur-containing compounds having certain chemical structures, and/or may not be easily scaled-up to
large fluid volumes. 10009]Accordingly, there. is a need M the industry for improved processes for
hydrodesulturizing,hydrodenitrogenating, and hydrofinishina carbonaceo}ycs,rﬂgyidm?t%e_atms, SUMMARY
[0010] High shear systems and methods for improving hydrodesulfudzaion; ﬁy%zroglje?ﬁf?égenadon, and
hydrofinishi gar isclosed. In accordance with certain embodiments, a method of

hydrodesuffu rflzeaﬁ%ﬁ?%%?8%@%%%aalmn?’ﬁ)}é‘fﬁlﬁirﬂ%’ﬁﬁ%gﬁ%? diéanBinatior Hterdetistprasented
which compiges foriingrar dispérsionccomprising:hydregen-coraining.gasbubbles disnersed in a
liquid phasg.comprising Rydrocarbons, .wherein the hubbies have a mean diameter of less than 1.5
itm. In em%%%i%n%%t?} %% I%}gitﬁ gg%gﬁﬁgnbg;‘ﬁscmfﬁ?—%gl'rl\]péﬁhi%”g%gfﬁ%o%ﬁéps“ in the figutd shas&are reduced
to form hydPéefPSulfigeigdac M sittbodimantsisapleasdtea porticrrof nitrogen:comaining S6Mmpounds in
thebliquid mgoasgé at@‘r%ﬁy@&mw aﬁ;]m@ai@mlg Qﬂﬂh@%@%ﬁ%ﬁé@%&ﬁ%ﬁ&% %Eh‘i%%@%&ﬂ%teﬂ
carbon-carhon double bopds.in the hydrocarbon are saturated by hydrogenation. The high shear
NG POt DROTAL At T e b a0 eSS e COnerBriS RS i
acceleratethchnical radbtions betWgemrmultiphasezreactants. Thievwgas bubbles may have a mean
diameter gfless than.Lim in.embedinents. the,as bubbles have a,mean diameter. of ng more than
400 nm. [1)011] The Liquid phase may comprise hydrocarbons selecte fr’om"t € group consisting of
liquid naturdl GAECCHILE G Gruds BiFFaEISHE GAsIHE’ Hisdas Aaplitha: Reroséredet uel, fuel oils
and comb nrations thereafpForming:thedispersion may:-cam piise: subjestinga: nXiue., WO
209/0029QQBQ}EM,S%Q%%%}%%% %@gggf.hydrogen-containing gas and the liquid phase to a shear rate
of greater than about 2.0,000g5 Forming the dispersion may comprise contacting; the
hydrogen-E8Atainitie, §asiasd the fiquaipaseintahighsshearadevice,wheteindiwehigh shear device
comprisesratiteaskane foien andwherein the.al least.onssa1erls rofaied.at adinspegd.gf at least 22.9
nals (4500 ft/min).durin ]fgrrpatipﬂ of the dispersion. The high shear device may produce a local
pressure of at feast about 10342 Mits {155:000 PaIPALTRE tig SF e 4P TEHRTSn e POtER Vit
embodimemgitriccéhergy expernditurg of threchigh shiear deviceris-greaterian’ $000-Wm3. 1100121
The methoghmayfurther Gomprise. contacting the disper %Oi‘c\é’m%@ﬁg%%} 1patis active for
hydrodesulfurination, hydrodenitrogenation, hydrofinishing, or ‘a combination t ereH‘), The catalyst may
comprise & THetal SelbetadTromT il j&éﬁﬁ“éb@f%/sﬁgﬁ“ﬁg‘flﬂ%dbﬁﬁﬁb}vﬁ@éaiﬁﬁ'ﬁl?ﬂfﬁén?ﬁm;e@nd
combinations tHeweof. SOE3teiiso disclosed:is amethod fokhyeirodesulfusizadlonicrization.
nvarodeniiegenalian.or v diglinishing comprising. subieating.a uid iixiure comprising .

hydrogen-containing gas and a liquid comprising sulfur-containing components,nitrogen-containing
componeftSritSaftiPated bonts 6T a coiibitiativh thereoftera shearrategr, n@0:000s:n an external
high sheardevice taiproducedandispersion lofhydrogen iaa.continuaus phase.of the diguid, and
introducing, ispersion inta a fixed bed from which a reactor product s removed, wherein the fixed
bed reactc%gcgc%rh%i%%f%&aﬁa ;}Igt; %f%&?\%a o! nf/(‘fr%d&’é}s“ﬁ?uﬁlz}gtigh, Varsdetiittdgsttioh e
hydrofinisPAEPESE auednbiration tereot Thexmethot tapdurtheicoriprise:$eparating e reactor
product intena,gas-stweam and.asliquid.prodyct-sieam campiising deaulfurized hydrocarbon liquid
product; sfgrigpgpgj_hf%d;o[gen sulfide from the gas stream, producing a hydrogen sulfide lean gas
stream; and recyciing at feast a BorioR ot the HYdrsgEn sS4y §asstrésm Tocthe @eternal high
shear devigel!Themmethodimadyfortherscoimprise refosming:tiedewsutfunizedihydrecarboen liquid
product. Hydragen.may.hetecavered from 1 rming and at least a minion of recovered hydrogen
may be recgcled. The av%rage gfbﬁ%%i%%t%ﬁ %ﬁt%%ﬁ%%%gétag? Bﬁbcb%%s?ﬁ‘ fhe“é%b“é’rsion may be

less than S68ut’s Trn hE Hisaraion My Be bl tf #Teadtabomel Savimutesmtsatmospheric
pressure lfexertingeshearon Inc fluid may comprise introducing the fluid into a high shear device
comprising,akleast,two.generafors, 100141 Also disclose i% a system, for hydrodesulfurization,
hydrodenitrog]qnation, or hyd_roﬁnishir%étégmiﬁ)fis?%lgtcg%esgjsg IOnaei%}%ghng ISAr XA H8Vic& comprising at
least one"PBHSF AlbF 3 FOBNY 6 Stator sepdrafethby msheatgap irthe range ohfram:about 0.02 man
to about Srnamicwheseitbe:sheat gap isthe mipimum disiance betweanthe atleastqpe rotor and the

at least stator n_d.wger%in the high shear mixing device is capable of producing a tip speed of the
Oinz Whergin € shear gap 15 the nunimurn distance between the at least one rotor and the af

feast swator, and wherein the high shear mixing device is capable of producing a tip speed of the

1
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WO 2009/002960PCMIS2008/067974 at least one rotor in the range of greater than 22.9 m/s (4,500
ft/min), and a pump configured for delivering a liquid stream comprising liquid phase to the high shear
mixing device,. The system may further comprise a vessel configured for receiving the dispersion from
the high shear device and for maintaining a predetermined pressure and temperature. [00151 The at
least one high shear mixing device may be configured for producing a dispersion of
hydrogen-corfainipg@asdubbles in a liquid phase selected from liquid ppasgs QL+,
sulfur-containing species and hydrocarbons; liquid phases comprising nitrogen-containing species and
hydrocarbons; and liquid.phases comprising unsatyrated ?rocarbons{;(wherein the dispersion has a
mean bub%%f’%?é?ﬁ% %?0 lél)r% 200 Fim' '%arﬁ:b%ld}inm%e%h%sr? /E[ & % A8t O hif R SR AFTARING Tevice is
capable ofdprdiicirgiautipsspeedooftheratieastone rotor ofdatsleast40nk g7, SR ftmimi. In sonic
embodiments, the systepncomprises.ak least twe-high shearmixing, devices[0016] Also, disclosed

herein is a system for hydrodesulfurization, hydrodenirrogenation, or hydrofinishing comprising a
reactor sefS&t&d FrEHARIOrSREE Y AHON “Hr S8R HitFBgetEtion, and hydrofi.nishing reactors,
wherein thigireacior eormprisesiagfixechcatalystdbend:ang achighiighearrdeyvise:comprising:an inlet for a
fluid strea NPILIS liquid an rogen.gas, and an outlet for a product dispersion, wherein the
outle of the ioh Shiar SEvies FL Mol Sonei CIar Wt of (127 AEior e wHA e high
shear devitei§-eapapiesofisratuding ardizpersivh 6flydrbgen babbleshavingzarbubblesdiameter of
less than apeut:Suathie:tagdiguich: he high.shear device. mav.comprise.ahigh.shear millhaying a tip
speed of greater than 5.08 mls %Jgig)moq fthnin). The high % ear device may have a tip speed of greater
than 20,3 M8 (2000 Wininy" 10017 1T 5 SyStéri 3 hydmdesulifirizatighe Hydtodelitiogénation, or
hydrofinishiay sheludingra fixed: bedipezdctor pthé:reactorcomprising eatalystreffective for=as
hydrodesulyrizationotydipdeniiaenatian. bysliafiniahinge.or a-sameination hetegh,ap, mprovement
comprising an external high shear device upstream of the reactor, the external high“shear device
comprisingat 1846t 6fie generator comprising a rotor and a stator having a shear gap there,berween
and an inletofal asfluidistream cemiprising hydrogengasandatiguid phasedselesieskfromdiquid phases
comprising stfil-6ontalning; shecies, and Aydrocarhons: liguid phases, comprising nitrogen-containing
species and hydrocarbons; and liquid phases comprising unsaturated hy rocarbons: and. wherein the
high sheafHeVieE prévide scarieherly ek geraitire shgrester than 2000 \Wihisoffhuge. sirear
embodiments:dhenhigh-shean dexice Comprises-akieast wWa gensraiars i.embodimentsithe shear
rate provided by one generator is greater than the shear rate provided by another generator.
10017a1|?10§ ?i%?%%%g%ﬁtﬁﬁleor% i‘%lgjr%\r}i ed’ g%r%te ﬁﬁnd %‘frh%”r%%té?ﬁﬁd‘?iggf%ﬁ FﬁWF%@eﬁ’it?Bgenation,
hydrofiniskifig cofha combination!there stcomiptisingicformingraaiispérsiohcomprsimgsion of
hydrogen-gentainingigas hubbles dispersedinaliouid phasgsenprisinghydracarbeps, wherein the
bubbles have a mean diameter of less than 1.5 um. 10017b1 In a second aspect, there is provided a
method fo?“ﬁ%?%‘a SUIfITPAHIBHS RydFBd8HitroyeRatiBn : srnydrofishitiy, tHe méttivd coMiprising:
subjectingtafluid thixture scomprising-hy drogenscantaining-gas iand’a. liquid €omprising
sulfur-congifnd.companents, HittagerconpnIagcomARIsNIs unsanyaled bands, a1 g, gombination

thereof to a shear rate greater than 20,000 s-1 in"a high shear device to producea dispersion of
hydrogen in ‘2 €ontiudtrs Bhadls of e TicfeParaSn et iging ave dispersishrte H ixet®bed reactor
from whichvarteagterspraductisiremoved, wheteinthesfixesbhed reactanconprisessatalyst effective for
hydrodesulfurization, ti%ddurgdenitro enatio hy_drofiniﬁ]hin or a cgmbinatjon thereof 10017c]In a third
4 Tigh) Fes unseall of theréactor, the e al high shear e. TSNS af oo .

aspect, thep?gi}éaprBV|ae a gygtelfﬁg?orqﬁyo rodesu %ﬂlrlzafftlcégrﬁ?iﬁy%hrﬁ%éﬁ [ ‘Foa%vﬁ%tl%%@%%bﬁni‘gd%ﬁnlshlng
comprisinG At EaSt e higiveReas miipig aevitecomprising atleasthordgeneratdracomprising a rotor
and a stator separated:hy & sheangapwherein the;sheargap.isthe minimum distance between the
rotor and éh[% stator, %s}gﬂwhqrr,ein the hl%h shc?ar r,n‘ixﬂin‘g device is capable of producing a tip speed of
the rotor OF Greater than 229 TS5 4560 F/Nin)Y aHEa piim p Eohffared for bRiterHgaiiquid stream
comprisingpliguidiphizsestothehigirshear mikibgdiesiee:s comprising unsanrated hydrocarbons;

and, wherein the high shear device provides an energy expendifure of greater than 1000 W/ of

fluid.  In embodiments, the high shear device comprises at least rwo generators. in

embodiments, the shear rate provided by one generator is greater than the shear rate provided by

anather generator,



10017d1In a fourth aspect, there is provided a system for hydrodesulfurization, hydrodenitrogenation,
or hydrofinishing, the system comprising: a reactor selected from hydrodesulfurization,
hydrodenitrogenation, and hydrofinishing reactors, wherein the reactor comprises a fixed catalyst bed;
and a high shear device comprising an inlet for a fluid stream comprising a liquid and hydrogen gas,
and an outlet for a product dispersion, wherein the outlet of the high shear device is fluidly connected
to an inlet dPfHd#kactor,land Wsersipethethigh shesrdésice ischpdbler di phodesittyazdispersion of

hydrogen bubhieshaviptaiBHb Rl damalasobless.hanapaut aqm i he liavd. WO,
2(109/002960PCT/US2008/067974 f0018) I%’spmecembodir%%n%s%tg%gn %?fﬁ%ﬁ%ﬁ‘ 'th%/gvlf“é’c?mﬁrisesa
pump configiliserior demriTiaea iglirestreanrithtpasing Hydre caipsrisdoithe Higlidhehsmixing

device. In somgembodimenisdhe system i heLERmprses a.vesseleanfiouredfor 1 %CIEEM”Q the

dispersion from &?e high shear device,Some embodiments of the system potentially make possible the

hydrodesultifivAtion, hydPoliERiHBGERRHONIEF N dPEtivisHiny BF bafbatakesadestdurativthout the
need for laigeinalemmenreastors, viasedfamexiernal prersurized high sheakikeagtor, foQLPi Certain
embodiments ?f an abov.e.—dejlcgbed method or system potentjally provide, for more optimal time,
temperaturé and preseurs conaitiCHE TR AR S g BodSM SR R T HGtE AR g ease the
rate of the multiphase. pricess-Certainrembediments, ofitheraheve-sestribed methassaisystems

potentially ide qverall cost reduction by operating at.lower temperature and/or pressure, providing
Hofee e e (oF e 0 S oA tl§}$?fmléeefvé?f’df8r PERAHE Peapital

increased product per ur?ﬁaéfiga%aﬁg% gonsumed, ecreased ré
and/or opefhtirgseostd Tidrseearid othetiembediments tndipatsntidl advantageswillpersipparent in the

following digiecdessinton and\ings BRIEE PESCRIBTION OF THE DRAWINGS [002011F0r a

more detailed description of the preferred embodiment of the present invention, réference will now be
made to th&&E€HNTEEIYiARS dealRirngs cllréresnfor hydrodesulfurization, hydrodenitrogenation,

hydrofinishing, or a combination thereof,

10617¢] In a third aspect, there is provided a system for hydrodesulfurization,
hydrodenitrogenation, or hydrofinishing comprising: at least onc high shear mixing
device comprising at least one generator comprising a rotor and a stator separated by a
shear gap, wherein the shear gap is the minimum distance between the rotor and the
stator, and wherein the high shear mixing device is capable of producing a tip speed of
the rotor of greater than 22.9 m/s (4,500 fi/min); and a pump configured for delivering a
liquid stream comprising liquid phase to the high shear mixing device.

{00174} In a fourth aspect, there is provided a system for hydrodesulfurization,
hydrodenitrogenation, or hydrofinishing, the system comprising: a reactor selected from
hydrodesulfurization, hydrodenitrogenation, and hydrofinishing reactors, wherein the
reactor comprises a fixed catalyst bed; and a high shear device comprising an inlet for a
fluid stream comprising a liquid and hydrogen gas, and an outlet for a product dispersion,
wherein the outlet of the high shear device is fluidly connected to an inlet of the reactor,
and wherein the high shear device is capable of producing a dispersion of hydrogen

bubbles having a bubble diameter of less than about 5 pm in the liguid.
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[0021] Figure 1 is a schematic of a multiphase reaction system accordi_ng to an embodimer_lt of the
present disclosure comprising external high shear dispersing. 10022]Figure 2 Is a schematic o_f a
multiphase reaction system according to another embodiment of the presept d|§closure comprising
external high shear dispersing. [0023]Figure 3 is a longitudinal cross-section view of El multl-s_tage
high shear device, as employed in an embodiment of the system. [0024]Figure 4 is a schematic of the

apparatus useg-fessthe Rydrodesulfurization process Example 1. NOTATI%/MQB%Q]MI;NCLATURE
10025] As used herein, the term "dispersion” refers to a liquefied mixture that contains at least two

distinguishaple,substances (or ;phaseq ) that r\r/]iwfgll ’Qnogl_rg%%iql X grgg digs_?lve éggg'[gﬁﬁ&pﬁ§o_used
herein, a "dispersion” comprises a "continuous” pLhase or matrlx‘), WhHICH 6T thérairne
a lguid stream comprising bydrocarbons to the high shear muxing device.  In some
embodiments, the syster further comprises a vessel configured for recetving the dispersion from
the high shear device.  Some embodiments of the system potentially make possibie the
hydrodesulfurization, hydrodemiuogenation, or hivdrofinishing of carbonacesus sweams without
the need for large volume reactors, via use of an external pressurized high shear reacror,
0019 Certain embodiments of an above-described mathod or system poieniially provide for
more optirnal time, temperature and pressure conditions than are otherwise possibie, and which
potentially increase the rate of the multiphase process. Certain embodiments of the above.
described methods or systems potentially provide overall cost reduction by operating at lowey
temperature and/or pressure, providing increased product per upit of catalyst consumed,
decreased reaction time, and/or reduced capital andfor operating costs.  These and other
embodiments and potential advantages will be apparent in the following detailed description
and drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
{00207 For a mere detailed description of the preferred embodiment of the present invention,
reference will now be made to the accompanying drawings, wherein:
0621}  Figure 118 a schematic of a multiphase reaction system according to an embodiment
of the present disclosure comprising external high shear dispersing.
10022} Figure 2 is a schematic of a multiphase reaction system according to another
embodiment of the present disclosure comprising external high shear dispersing.
[0023F  Figure 3 is a longitudinal cross-section view of a multi-stage high shear device, as
emplioyed in an embodiment of the systen.
[0624]  Figure 4 is a schematic of the apparatus used for the hydrodesulfurization Process in
Example 1.
NOTATION AND NOMENCLATURE
10625] As used herein, the term "dispersion” refers to 2 liquefied mixture that contains at least
two distinguishable substances {or "phases') that will not readily mix and dissolve together, As
used herein, a "dispersion” comprises a "continuous” phase (or "matrix”), which holds therein
discontinuous dropiets, bubbles, and/or particles of the other phase or substance, The term
dispersion may thus refer to foams comprising gas bubbles suspended in a liquid contimoous
phase. ernulsions in which droplets of & first liquid are dispersed throughout a continuous phase
comprising a second liguid with which the first Houid is imrniscible, and continuous Lguid

phases throughont which solid particles are distributed. As used herein. the term "dispersion”
5



discontinuous droplets, bubbles, and/or 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 liquid are dispersed throughout a continuous phase comprising a second liquid
with which the first liquid is immiscible, and continuous liquid phases throughout which solid particles
are distributed, As used herein, the term "dispersion’ WO 2009/002960PCT/US2008/067974
encompassesiwaatinugotssdiquid phases throughout which gas bubbles arecelisteiauted;eentinuous
liquid phases throughout which solid particles (e.g., solid catalyst) are distributed, continuous phases

of a first |iQ%Qomﬁ%gi‘%i\‘}{m&@ﬁ{?@(ﬁ%&fﬁr&%ﬁ%ﬂgﬁjﬂ%ﬁ thatis.substantally ipsolyble in the

continuous phase are distributed, an C{.Uid phases throughout which any one or a combination of
solid particlEBUSnaRSEIBIENgtht drdipfetelidRataes daBbled drertistiivtitetisHHed, wdigpeision can
exist as a homegeneotsnixtiteinegios: cases (ewichopidilicuishphase), @kas a.heteregeneous
mixture (e.g. /liquid, solid/liquid, or gas/solid/liquid),.depending on the natyre of the materials
selected fo%%%q@%ﬁ%%%n?ﬁ %f%%iﬁ%%%%%ﬁéﬁt%ﬁnéﬁ%gf \?5?vit§1v(\?fl Qﬁ?gtr‘g égfcx)fcI ¢hémical reactions
involving liGuieEibgases anePsslisidEpemeioiimeafiechmttistamperatirebiandprdysbresdn cases
where i.t isgigsitabledeteactiwa-armere rahsatetialsf differentRhases (e.9. solid/anddiquid; liquid
and gas; solid, liquid and asg,' one of the limiting factors cantrolling the rate of reaction involves the
contact tim%hg?et}hemreﬁsct%g[l? TREHE WS LR B e téroy sh¥EaLI ol et e ¥ the additional
rate limitingifpotdnpbh&vingrthecfebetedopirddudtsice hoveddiomcthe surface of the catalyst to permit
the catalyst to catalyze further reactantg,-qpiastiime-{orthgeactants and/or catalyst is often
corm-oiled by mixing which provides contact with two or more reactants involved in a chemical
reaction. [d@é;f’ﬂ A FOSEEasSBTBIy PhADEBITb e AN Bxeina HegiisHesrsdedicdior Ap@ras
described herein:repkas-possiblergecreasesnass transies limiations arg-thereby=allews dhe reaction
to more closely approach kinetic. limitations. When reactjon rates are accelerated, residence times may
be decreas%%l,gti?lsvr% d)??ﬁ%k%iﬁ%é%ﬁ |h%i afey%lﬁfosﬁélﬁﬁaéqﬁ %ﬁu&?gﬁ%ﬁ“ﬁ%@?*bsgﬁgtrggéeﬁlgs a result of
the high sh&ar- Systeinhafiapraceserntertivelyeifaieproadtion yeldvef fi existingpeoddss is
acceptabledacieasingdhesseauiies iesidence-time-aydnsornaration @f suitabla highishear may allow
for the use of L?vg?liltemé)%ratures (?nd/gr pressures %han conventional processes.

prodaucts 4

fact aving the reacie 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
controlled by mixing which provides contact with two or more reactants involved in a chernical
reaction. h

00271 A reactor assembly that comprises an external high shear device or mixer as describad
herein makes possible decreased mass transfer limitations and thereby allows the reaction to
more closely approach kinetic imitations, When reaction rates are accelerated, residence times
may be decreased, thereby Increasing obtainable throughput. Product yield may be increased as
a resuit of the high shear system and process. Alternatively, if the product yield of an existing
process is acceptable, decreasing the required residence time by incorporasion of suitable high
shear may allow for the use of lower temperatures andf/or pressures than conventional
Processes.

{6628] Furthermore, without wishing to be limited by theory, it is believed that the high shear
conditions provided by a reactor assembly that comprises an external high shear device or
mixer as described herein may permit hydrodesnlfurization at global operating conditions under
which reaction may not conventionally be expected to occur to any significant extent,
Although the discussion of the systemm and method will be made with reference to
hydrodesulfurization, it is o be urderstood that the disclosed system and method are also

applicable to hydrodenitrogenation and hydrofinishing of hydrocarbon streams,




[0028]Furthermore, without wishing to be limited by theory, it is believed that the high shear conditions
provided by a reactor assembly that comprises an external high shear device or mixer as described
herein may permit hydrodesulfurization at global operating conditions under which reaction may not
conventionally be expected to occur to any significant extent, Although the discussion of the system
and method will be made with reference to hydrodesulfurizati.on, it is to be understood that the

disclosed systamandesnethod are also applicable to hydrodenitrogenatiop-aigkfdiabisishing of
hydrocarbon streams. WO 2009/00960PCT/US20081067974 [0029] System for Hydrodesulfurizarion.

A high shegplydradeanlfaiealion sxsiemapl iow be deseibed inelaian o blowed, yhich s a
process flow diagram of an embodiment of a high shear system 1 for hydrodesulfurization of fluid
comprising"StlfifreEmitaining dpétics Frectasib e inp oHETES 094 fesreschtativaisysisy Mclude
external highisheasampsiRg-device. (HKdk40: vessel-tGandRymp. HsshownimFigured, high shear
device 40 i@t}g a\f[‘yecdcexternalE to essel]reaﬁor 10. Each C?f r[{[leste co gneiglts_is further described in
more detail Below, Liner218 connét éac?ef%ap]ﬁf’nébv%efar]?n %du%ﬁ@“car a8 I il (czﬁlr%’prising
sulfur-conté#iag Ebmpoetinds. dohet® SonhecipumpBgoHSDid0 st fiect8i¢onieetsdHSD 40 to
vessel 10. Lipg, 22 may-be.coppegteddojling d3.orinraduging ahydragenscaniaining gas(e-g., 112).
Alternatively, line 22 may be connected to an inlet of H.SID 40. Line 17 may be connected to vessel 10

for remova}f%‘?‘f‘jnﬁeiﬁ%f}e]diﬁ%%ﬁ%‘?ﬂ RYBrEg e SUS o8 e RATeT B tHEE re BB g a8EE-Additional
components;qﬁimi@gﬁss;@t&qﬂs. may:he ineecporateg belw&*ml:e&ﬁeh&@ Hpﬁblﬂ;ﬁ&%?@ﬁal&ead of pump
5 or HSD ‘f@gd&dﬁ_?'r%%’"?z"\@%?%%‘?&%%?@ﬂg 0 9H%%‘3%9&%&1%?;%%eﬁgé}g%%ﬂc%%ﬂ%%%éhear

hydrodesulfurization process described hereinbelow. For example; line ay he connected to line 21
or line 13 frbén aldownStiwss o catiorr (8¢, Moivriesaerd oy, o rovideréf mutticpasgopktation, if
desired. 1Q03@L4 high-sheanhydredesulfurizationsystamesayiaher comprissidawnsiseam
processingOH]ni‘ts‘ bé/t.which Dyd{&gg%n.swfide gas |15 removed fric_)rr] the %r_oduct in_vt_e Jﬁs{{el'lo. Figure 2 is
a schematic of éeﬁlgﬂns%ae%r' hy réé%nleuIfﬁﬁ’faﬁ%ﬁ%%?é?ﬁ%bé (%)é’clg?ainﬁ t6 8RGtAET embodiment of the
present disclosuté eahpfiging. extenal high:sheardidpersing! dievicd.40. wirthecernbadiment of Figure
2, high shegrhydradesiurization;system;300; iurther, cColprses. 9as separatoL vessel, 4R hydrogen

sulfide absorber 30 and reboiled stripper distillation tower 70. f00311 in embodiments, the high shear
desulfurizdFEA S8 MR PRGBSt RE LS SUPSFEOFVELS Al doWMstreSRT of e 8. Gas
separator esseh wgnaymwmmse)am m{exicﬁelf@’t_de@sbaqpopﬁmﬁ@t theegretluct from vessel 10 yvhich
comprises fyooen shiflde.and rardanaseaus I AR WISt RS t8hA das slieamLgamPnsing

hydrogen sulfide and a'gas separator liquid outlet line 49 for a liquid from which sulfur-containing
compound&tfavaTBedRtTdmavEe: ToorErHyHIShEar Bytirarasulfonzaton lsteth Soohidy further
comprise aneaRspibers3tkRsaher30 may compliseRnineh fofatleast apeattienohibegas stream

exiting gas separator 6f0 via gqutlet {.in\ 44, an inlet 47 for a lean.amine stream, an outl% 4}8 for arich
. [>a93: 1Iient o Ehﬁgl“&&il(gis% QSUre COH%%‘&&';IHQ exierna Iﬁgf}hﬁ Nean 4is jersmé a\flc‘ﬁ? + 11
amine stream, and art outlet line or a clea gas from which hydrogen sualfide has been removed.

Line 45 mé&ye kerflefaipeiondested’idigaswepardtotgyasioatietline da dinmdy seumediadirect a
portion of thg-hydrogen-sulfide containing gasin.gas.separator autlet ing 44 detfurther. processing.
WO 2009/002960PCTMS2008/067974 Line 53 may direct a portion of cleaned gas in absorber gas
outlet line 84dr fulftngP BHOEEESIng  LiltE™ 78y BiHECt 4106 SH BFcleAiiEd Fa¥ I EbsofBier outlet line
54 back toshighishearsd evieesdark-of exarhple, fimesdpdmayvbedl ditlygonnected:witielifve 41 containing
fresh hydrogen:cotaining: 9gs Wherehydispersible fydrogen:comaining, gas ling 424s fed-

carbonaceous hiqguid, an outlet line 44 for a gas stream comprising hydrogen sulfide and a gas

separator liguid outlet ine 49 for a liguid from which sulfur-containing compounds have been

removed.

[0032] High shear hydrodesulfurization systemn 300 may further comprise an absorber 30.

Absorber 30 may comprise an iniet for at least a portion of the gas stream exiting gas separator

60 via outlet line 44, an inlet 47 for a lean amine stream, an outlet 48 for a rich amine strean,

and an outlet line 54 for a cleaned gas from which hydrogen suifide has been removed. Line 45

may be fluidly connected to gas separator gas outlet line 44 and may be used to direct a portion

of the hydrogen-sulfide containing gas in gas separator outlet line 44 for further processing.
7



100331High shear system 300 may also comprise a distillation tower 70. Distillation tower 70 may be a
mboiled stripper distillation tower, for example. Distillation unit 70 comprises an inlet in fluid
communication with gas separator liquid outlet line 49 from gas separator 60, an outlet 51 for a
low-boiling product streatn, and an outlet 52 for liquid product which comprises carbonaceous liquid
from which sulfur-containing compounds have been removed. Outlet 51 may be fluidly connected to
line 45. [0034f+&ighestnearhydrodesulfurization system 300 may further cemprisesheatexchanger 80
which may be positioned on outlet line 16 of vessel 10 and may serve to partially cool hat reaction

products exiting vesselila-Hen excbanesl-80MRY.8lsR R UK -iNi SO ARRICALARS I preheat
reactor feeﬂ!}n #jne 2%, Heat ex_char%]%ler 80 may be water-cooled, for instance. In embodiments,

heat-exchanged rE5&OF prSTEt T SUtEEHER? LATSFEE e i hra8sirtera el "PYesire reduction
may be efféttedoriapragsuiiescontrolerstuiliembedindents, butlet linetddiflyitiyyiconiregts-heat
exchanger &0 and pressiye-EoniaUR0y R 20 maweduce e pressyre Of the fluid in outlet line 42
to about 303.9 kPa- 506.6 kPa (3'to 5 annospheres),Ontlet’line 43 from pressure controller 50 fluidly
connect ga%Eparateh 60cEh Y PrEsSU S oI B0 T Aetissiitire BTRjUTE: dREEARS N pressure
controller 5@ via okl eidne4G mayentengas sepalatoryasse! 66at;fosexamplesabeut 35C and 303.9
hPa- 506.6;%9[%(%}1%56 @n&%&%@ﬁ?&?a'%%bsglut«% or 1SSure'a}9935%J§i h Shear !\/_Iixirjg Device.
External high 'shear mixing device ( § %ﬁd RAt<o sometimes referred’ glaﬁa%sﬁij@lhms gradlevice or high
shear mixingtaevictr isleoriigbre dforre ceivingaan inlettstréamy VimithedBccomprisingtarbonaceous
fluid comprisinghawiuE-containing cRmpQiRds and-mplesular hvdragen. Alternatively, HSH 40 may be
configured for receiving the liquid and graseous reactant streams via separate inlet lines (not shown).
Although oy SR HIYR €REEFEeVitE58 5hown in Figure 1, it should be understood that some
embodimefigséf thelighstem hydyctavehieanmprenhigh shednmbdngdevices:asrangger ather in series
or parallel flay, 1130,49 5@ mgchanical device Shat utlizes one or more generator comprising a
rotor/stator combination, each of which has a gap between the stator and rotor. The gap between the
rotor and tHE<tHRGH T EACH GEASFEEr Skt Hraheheiasd B hidybe HdjestaBlemspriaigtonfigured in
such a waydhatritdseapabie-ofpreduringsubmicten-and migron-sized-hubhles inareactgnt mixture
flowing through the IQLQQEEQ%%'};%?‘Q&% TE}e_ hi ucyynoo%%g%oo 960 %TJUSZQQSZQGPM shear deuce
comprises an enclosure or housirfig 6 that the pressure and ten%lﬁe%t%"rseaé?fﬁbemr“’e% ion-Faixtum may
be controllE&:5{oB3BIMigh sheaPaikerrdevionssare generiaiystividednind three gelerakciasses, based
upon their ability 5%1%5%8%85!%};%&@?‘ i%;ﬂ&m@&%% &%\&%@e&%@g ﬁ@ﬁ%ﬁ@_ﬁ:&a&cﬁl‘@ép@&m@ éﬂogeneous
species within the fluid. One metric for the degree or thoroughness of mixing is the energy density per
it votum MO FRG HBGee HHATALE o TSt L RS IISE T AL B
distinguish&ekbbaseehonedeliviéne emerly densitiess TresclaSses ofdndustriatroixeds. hawing sufficient
energy densify,o eonsISteally RIodUGS, MIXIIES Qkamylsionswith partigle sizes,in fhe range of

submicron to 50 microns include homogenization valve systems, colloid mills and high speed mixers.
In the first WBE83t High ERérglroBiitel: @rstréd toiad Homogenitiohirdive sysmmadieid to be
processeddsapurhpestatnder very high pressure through a narrow-gap valve into a lower pressure
environmept,.Ihe S radients.across the valve and the resulting turb d cavitation act
to break-uE)% %ﬁg}; pa%%: eg%%atghe Ui z?ﬁpelgéé vafé%‘%‘y@é RSS%.?% most ﬁogrﬁxfﬁgn %?%%?egi?h ‘Milk
homogeni?aisHEid ¢amcyiet daviahesartistesizadighthecsuminiefoferirabo wetlimitbdirange.
[0037]At theceippgsite anet ahitheenargmdensitespestiundsihethird slass-ehdevicesseiarred to as

low energy devices. These systems usually have paddles or Igi% tors that turn at high speed in a
%& g COMpounds ang m 1avulax Xv 1ogerP gﬂemamefk #Oﬁee{ﬁaiggﬁg%%ggeél If8bd product.

reservoir of 1lUid (o' be processe SWhich ih many of the' more co
These lowresserigy Sysiems aregesstomakiiynusedavhcn evemgapaiiticld sizésof graatesthan 20
microns a@lﬁc%gptﬁpéﬁ ipdhe c@é@@@séegaﬂ{%m-m Figure 1, it should be understood that some
ermbodiments of the system may have two or more high shear mixing devices arranged either in
series or parailel flow. HSD 40 is a mechanical device that utilizes one or more generator
comprising a rotorfstator combination, each of which has a gap between the stator and rotor.
The gap between the rotor and the stator in each generator set may be fixed or mav be
adjustable. HSD 40 is configured in such a way that it is capable of producing submicron and

micron-sized bubbles in a reactant mixture flowing through the high shear device. The high
8



[0038] Between the low energy devices and homogenization valve systems, in terms of the mixing
energy density delivered to the fluid, are colloid mills and other hig.h speed rotor-stator devices, 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 mm (0.001-040 inch). Rotors are
usually drivensay smsakestiic motor through a direct drive or belt mechanismy s the#ete) rotates at
high rates, it pumps fluid between the outer surface of the rotor and the inner surface of the stator, and
shear forcepdeneraied n e gap iassss thedul, Nemycaloidmille With PLoperadiustent achieve
average particle sizes of 0.1-25 microns in the procéssed fluid. These capabilities render colloid mills
appropriate FoTaRAHENE ShapiIkAieHEIncluding colloid and oil/water-based emulsion processing such
as that reqyiresh forrggsneticsnmayernaises er silicane/silveiamalaam fermationsterepfing-tar mixing.
WO 2009/09%%6&5(21{)/. tSthOOSIO%?%M %L?.O,Sgl.Ti[;[)1 s§eed_ is the FEircum erential distance traveled by
the tip of the Totor pet uhit of fiflie. Tip speed s thil¥ SRiHetSh SFHHE ot BanMeFshd tHe rotational
frequency. Mipspeagdin metersygeinrtinthed foPexamipiep by ercaloulated ghmemulftiplying the
circumferentigldistancetrans gribedibydhe Lotk tn. 2R Where R.isthe radiys.of the fator (meters,

for example) times the frequency of revolution (for example revolutions per minute, rpm). A colloid mill,
for examplEXHAF A AHEcE FEeIeRcael BEoD Y AT (TR I aNa A 888548 m/s (7900
ft/min). Forithespuipese:of thisitiscldsuike; thectermihiglty sheasnefersito mechanigakretonstator
devices (e. id, mills or. rotor-stator disperse; it are able of ti eeds in.excess of 5.1
v, (1000 Tl A e s il oo At SR AR TR SR o the
stream of pfdtucrsa be tedieted ForexRamistes imrrsD 2004 fistspee diliehcesgnfioggsm/s (4500
ft/min) is achigvable -andanexeeed-AQ Bals L/ NASfUMIB ) Rseme: embadinerts, ) SR40 is
capable of qgéig{l%gir}gogt éeaast 300 L/h af a .ti%)s Eeed of at least 22.9 ints (_{500_ ft/min). The power
consumption may be about 1.5 kWIS 46 dombings Righ iy spesa with*d Vel shli‘@ear gap to
produce signifitalint shivaron e erdtetainyeimrprodessedicThe anouliofsheariwitsbe tlependent on
the viscosity of the,fluid,Accotdinglyanlagaldggion of.elevatedipressite;and lemperature is created at

the tip of the rotor during operation of the high shear device. In some cases the locally elevated
pressure i< 5B FOFAF RA TR SPBEBPLD 2HEdriitasds%¥he locally elevated temperature is about
500C. In sc[)lme}Cases-htr@ggsi&o@dpfe&wrexggdaemmtum glmﬁﬁm&masyf r:ie«r‘s:iat;ﬁj&_m@no or pico
seconds. 153%(1&@%9@%@@@ophg;eeggs{&xsluauﬁ@a@)sﬂ&fég S/ RIDL RN bR ligted Y

measuring the motor energy (kwg and fluid output (L/min). As mentione ove, tip speed is the
velocity (ft/PRfRF MITasdoAted With T @id-oTiHe Brisdsy fidhe FEvdRANG @lemdirisiehatsis creating
the mechanigakfereeuappiied-to-thentpactantsdarembodimentscdhemenergy. @xpenditure of HSD 40 is
greater than 1 0 Xr\{/ %&jL? egmbeo,djrrejeggf .thielnen%\rcgél‘e%xﬁ%ggditure of HSD 40 is in the range of from
about 3006 Wim3 t6 about 7500 WIS To0AT 1 THe Shear fate is the tip speed divided by the shear
gap width (fimareteardhtdrhetmaenitiecroaiainserornti Theshearstats.gerferated iHSD 40 may
be in the greaiRs than 2&R0Q aliasome.embediments;the;sheal sate. is af least ARQQQ.ST. in some
embodiments the She%l;nrate |i%at,l,east 100,000 al. In some embodiments the shear rate is at least

500,000 sT IO mME SthEoaiMaHEthe SHESFFSEEYS SPRESt 5169 000° CI TS0 ESMBBlIments the
shear rate isritgleast 16007000 sihidr embddiments; thesheswrdtegeneratechidy-HS40-is in the

range of frogn 20.000. 81 5%%993,0&91@41;_5@;@@3%@9gig,%&ﬁ@@&ﬁﬂ%ﬁh@e[@@ﬁ Hmspegg is about 40

o

m/s (7900 ft/min) and the shear gap width is 0.0254 mm (0.001inch), producing a shear rate of WO

2009/0029%PETIUB S00E 06 oAt FRCTONSIER AAGHRE LA IR ThE TSt Ep $Fded is about

22.9 m/s (4500 dt/peinanthihenshear gapwidth-ae 00294 mdn (0:003:4Mehy), Rreducing awghear rate of
about 901’5@9‘8&0@ 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
{0.1-25 microns 1n the processed fluid, These capabilities render colloid mills appropriate for a
variety of applications including colloid and oil/water-based emmlsion processing such as that
required for cosmetics, mayonnaise, or silicone/silver amalgam formation, to roofing-tar

mixing.



WO0421HSD 40 is capable of highly dispersing Or transporting hydrogen into a main liquid phase
(continuous phase) comprising carbonaceous fluid, with which it would normally be immiscible, at
conditions such that at least a portion of the hydrogen reacts with the sulfur-containing compounds in
the carbonaceous fluid to produce a product stream comprising hydrogen sulfide. In embodiments, the
carbonaceous fluid further comprises a catalyst. In some embodiments, liSD 40 comprises a colloid
mill. Suitable ealaidakmills are manufactured by ICA@ Works, Inc. Wilmingtomebiaasd APV North
America, Inc. Wilmington, MA, for example. In some instances, 1-1SD 40 comprises the Dispax

Reactort) lsEl s e J043L The gt shear deice femipses aljeas! anesyglng element

that creates the mechanlca force apg ied to the reactants ear ICG comprises at least

one stator i BETESIBHE (G5HYep %éﬁt%yd&q%ﬂﬁﬁréﬁfé@qﬂﬁaéﬁa%hb@“ﬂﬁ’é%o%%%? e conical or
disk shapeéhang mambmseﬁa@t@@fwﬂw wmw@mgrﬁﬂﬁab@m@q@a%mm%@a@w both the

rotor and srtator cg ;%Irlse afgluraht %m cunHeret tiall) cged teeth. In S(;P’le embodiments, the
stator(s) are adjUSEAbI® 0 ObtAINtHE desitdd SHedr éaép WSS TS PSS AU THERRGFSF each

generator (rhﬁcfmnms@&)le@i@bvreéfbememhe\wemhrmmhemmmmﬁm gtatdiaiay:idltépnate
direction inaltgrmate.stages forincreased turhulense; Fachgenerator may.he driven hy any suitable

drive system con%gured for providing the necessary rotation. (00441 In some embodiments, the
minimum cléaraAkEEh s gf%%ﬁﬁ%? Betie e tne"Stater 578 thtotsils ﬁ?ﬁﬁe"‘?éﬁﬁé@ﬁﬁ‘bm about
0.0254 mm¢@:084iindhyitesabautc3Lb¥brmtmn f(ﬂzﬂl%ﬂﬁﬁlﬁ)diﬂ}@@ﬁ@llﬁﬁmhﬂﬂmﬁﬂﬁt& thespabaimum
clearance (shear.gapdth) Aehuann e elg LA QloniE ARGl e M (D00 fagl) n certain

configurations, the minimum cl earance s gap etween the rotor and Stator 1s at least 1.78 mm
(0.07 |nch)d¢%%ﬁ€ér‘?ﬁi@6®6&%éﬁ Bﬁ#ﬁ@%ﬁ@%ﬁ@é@dé“\ﬁeéhﬁﬂs}ﬁvaﬁmﬁrﬁfbﬁgmw iposition
alorr]lghthc(e]I ﬂ@wemaéh\ﬁy P2} Sﬁ@@éﬁ%&bpglB&Qﬁt&b@&aﬁ@tﬁl&iﬁ&&k@é@%@dﬁ@@%ﬁd EOEBH&@”SU(;&E

with the diameter o or and the desire me embadiments, the high shear device
has a fixed" é’fgg%gﬁ%“é é}%{ér géi)‘w’ (%flg 11e v(\?/egnrig %a%o?stg)n P lflﬁltéjr(hgt‘%zfy et?’?gqrﬂgglh shear
device hasf&fﬁj(ﬂs?@bfé@ehr%@e%shé@ﬁgaﬂﬂmdm)iy[@@@dmi§oﬁvﬁé gmbotlimentsydd 8240 comprises a
single stage,cianREsINg-LhAMBEn Py 2 $1DQIGFRIQUSIALON CRMDINALOR,, A SINGIE, geReIALay). In some

embodlments high shear device 40 is a multiple stage inline disperser and comprises a plurallty of

generators: T GEIUH ShiBeHiEhts ?fgﬁdﬁ?}tc‘%ﬂﬁﬁ?@éﬁ%ﬁ’eﬁsﬁﬁvgﬁ%ne‘?ﬁtB‘r@’“ﬁ%%fhé?‘z
embodimemntgichighegheax Mb@@é)@@i@@ﬁ%ﬁ)ﬂ@ﬁtﬂ&ﬁﬂ&ﬁ/%lﬁﬁﬁ deviaer40-0ompeisassatfleast 3 high

shear gen%@t%gh'%@M@@&@b%mmtéag@gg'aléhsm 49 @ utistage.mies WRgIeby the

shear rate (which, as mentioned above, varies proportlonate y with t|p speed and inversely with rotor
stator gap W@ﬁﬁ%s Wlfﬁ%@%dﬁ?%ﬁt%%ﬁﬁfﬁ@@ﬁ@#m BatiayEs furlierasstibed herein
below. [OOAﬁ@Sbﬂcﬁ@meeemb@ﬁﬁmma@@@hl@@@ﬁﬂ%hb@@xﬁemahQilhz%ﬂ&ﬁ{ed@i/dge has

interchang ools offerln flexibilit Fore al 2000/4 DIS ax Re ctor(r) of
A0 Wi TR KIC A R ot e Gt A s & tree
stage dlsp@%ﬁﬁlﬁﬁdﬁal@o%@ﬁw@‘@mﬁ domprisetip/roithrée rowistaiobcombinatiohs

(generatorg)e With-ahoiog.of fingis medium.coprsge and sureting fareachhsiage, hhis.allows for
creation of, dIS ersion hawrﬁg ga{ow dISté L{tlon of the desired bubble size (e.g., hydrogen gas
bubbles). Iff scé)mtem i IHeRts e dCh bf tht Néia&eé% GErrEd Wit SUpaRHL g fer B8 In some
embodimentssatifeast dife ofthezgerethtor §8fsWas alrotofstatenminimumesleapantes(shiear gap
width) of geaierihan ARoUT O8MM.(B.29dAsH IR Aligativeqplediments, at least one of the

generator sets has a minimum rotor/stator clearance of greater than about 1.78 mm (0.07 inch). [0047]

Referring ni¥itto Fiduré"s4hiaie s Predertaeraisiigriing chedssasctich orastmaplerriss shear
device 20Mekigin sheancerice:200 ofkdgte Jue a-dispersing sleviceneomprising dheee siages or

rotor-staton Gambinaions, ! %%%o%heaf JRLoe A4 Adienelsing devige, Comgmags'%%ihfe%ﬁages or

rotor-stator combinations, 2 € rotor-statol combinaions ma nown as
generatorsiZ20430, @4@%&@@6@8& IithGaERriTaEm T de $bt@r/§tat§>msbﬁst(§r0@§ﬁ@ﬁatoh$ 220, 230,

and 240 akgaligheddn-seres:alpng:uve shall 2900[0RA48] Rirshgensiaien240 grnaprisessotor 222

and stator.227,Secon erator 230
is at Ieast L 6(810%88 h n en%nodlmcms the shear rate generated by HSD 40 is in the range of

from 20,000 s 0 100,000 s, For exampie, in one application the rotor tip speed is about 40
m/s {7900 ft/min) and the shear gap width is 0.0254 mum (0.001 inch), producing a shear rate of

10



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 arrow
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. [0049] As mentioned he.reinabove, each generator has a shear gap
width which igstheamininyem distance between the rotor and the stator. Inshe/esmediment of Figure 3,
first generator 220 comprises a first shear gap 225; second generator 230 comprises a second shear

gap 235; am,@d@,@@&é-n%@@%@%%k%%@@& gapA#+o: M embesinenls) Sheat gaps 225,
235, 245 have widths in the range of from about O. mm to about 10.0 mm. Alternatively, the

. , 25
process coitptigas (Ht2ation igh-ShEHF B vies Bite e th e gRpY 5955985 245 have a width
in the rang@@froniiabotit B.Semnh-torabnt 2:5mrnglnroestajnraiMOr 2009402960 P& T A452008/067974
netances asheanaapwidine maniained atahould B Altematvel, e widlh,of shear gaps
tors ( C i tho

225, 235, 245 are different for gener 20, 230, 240. In certain instances, the wi shear gap

225 of firstererklier 2 20ndigraateritibs feswidthrerisiear Gad2B3526p sersnd e tisrawi230, which is
in turn greatexdhan thawidinohshracgepmadef third geperater 240.A& mentionssabore, the
generators of each stage may be interchangeable, offering flexjbility. High shear device 200 may he
configure(ji 38" ﬁ‘rr“]g%}tﬁieﬁgﬁégrﬁrg (—:-Gé \?Vﬂﬂ%%?é%%é’éfé%%icseg%%&i‘?u(%I?t"?éﬁ%/ ﬁ%ﬁﬂsﬁfeao‘i?éa&i’i%n &t the flow
260. [0050}'Beneratofs220, 286Dard 240umayscomprised colrseiiniddiumi]dide, antssuper-fine
characterization. Rators, 228 223ane 224.ans Sals:227-228: anek 229 may be.tpothed designs.

Each generator. may comprise two or more sets of rotor-stator teeth. embodiments, rotors 222, 223,
and 224 cofmpriS8'Mord/ thith THF6tor REIPEiRrRfS el saREt arBu e EiRcanf&fence of each
rotor. In enikadirments, Istators 227, 228, and 229 comprise, more than ten stator teeth

circumferepii C baut the circ rence of each stator, in embodiments, the inner diameter of
the rotor is@%%tsf%c%gg?nSggnﬁk%%f%%r?t%&ﬁ{g%éﬁn%?e% cg)]fx %hleé‘?éitgfl%s% 5out GEE&}h t hr {gh%gdiments, the
outer diam@féPETtHeicstatrisabotie 15 eHlin eMfbbelinertsiatecdiamster of thrs'statatdsabout 6.4
cm. In someembadigentsdhe oiers are 60mmanthihe statorsared4 mmip diametsraproviding a
clearance of about 4 mm, Igecggtacicpﬁembocgim%nts, §agb_ %thgee stages isbo%.-:-rgted with a super-fine
generator, Co?npnsl’ng Shédr gap of BetWeaR Aol 02ERT Y AbSTCAINT EoPd ﬁlﬁecations in
which solidqseirtietesaapedorivasenpithroughl bighrsireeardByicedd, et appropriateiskigaegap width
(minimum gleatancs betwesmptos apdistatonmay beseleciadfonan.apRiopriate.reduction in particle
size and increase in Particle surface area. In embodiments, this ma§ be beneficial for increasing

catalyst sufacEFaaA By CSREAFHY dRd disFarSh JTHE PaltRiBs 100511 Kigh SAEArTRicE00 is
configuredaferraeeivingefromlimeatIagedctantrstreamatiintet 2051 fhereactionunbdute womprises
hydrogen a5 the dlispgrsiale phaseAnd-catbonaceous liguid, ag the goptinuous phase. The feed stream

may further Comprise a particulate solid catalyst component. Feed stream entering inlet 205 is pumped
serially thrBdH gBreraer o2 oS0 b ardREIAt  SifeH Wiat prbdtetdispersionIsfornied. Product
dispersiontexitadiigh sheargdevigeRQ0wicsautethal0and:line dSefifkgure i Themotons 222, 223,
224 of each generator rotate at high speed relative tg the fixed stators 227, 228, 229, providing a high
shear rateC:P PLI%@(Ie Sfigtg_%léﬁ%?%ﬁié”r%%%gﬁﬁ%ﬁ f)g ?Iﬁ%ﬁ”%&%ﬁ%s’%ﬁewfé%dt% ream %hf’é%tlﬁjga?n é?tﬁbS, outwardly
through thé sheHrigeps Taiitlaf present tsroipretispaces betweanthe kotonteétheaingithe spaces

between thgstatortertn), sieating 2 lecalized;shigh sheancandition High.sheakferaes exerted on fluid

in shear g ZCE%Z 5, and 245 (and, when. pr S%nt, in the gaps W% . _
20001002088 RIS ORTR 7374 Bl ARt A TR tasth ARCEHES STt REBH th BLHGhich fuid
flows processdtienfhiid tandeneateprodust dispersidrroProchsotadispeisiondexitsdnightisheasdevice 200
via high shear,Quiet 219 (apeling;18,0f Figkied).40052%: The, progustdisnersion has an average gas

bubble size less than about 5 pm. In embodiments, HSD 40 produces a dispersion having a mean
bubble sizE6FieE tHaAEbbTEES Bin. SAEMBB ditfints LSBT protusissd &HRpessieh Having a mean
bubble sizeipkigss ihandcargiqareterabdythe bubbles are sub-micron in diameter. In certain instances,
the avera bble size is from abo to about 1.0 um. in embodiments, FISD.40 produces a
dispersior? %gﬁn%asoﬁgae%ﬁ%ﬁg%;g% Igggc&ﬂgﬁﬁ%oaefﬁqgleh %?ﬁ%%gj&lésh ,%%ﬁﬁ "‘Sro%uces a
dispersiorsta\arief &/ Arsairrpibblicize snsgthania00 unorigmshdardeyiveh 200upiodaces a
dispersionigamprising-gashebhles capable afaermaining disparsed at atmospherigpregsyre for at

least about 15 inutesH . , , _
embodiments, HSD 40 comprises at least two generators. In other embodiments, high shear
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[0053] Not to he limited by theory, it is known in emulsion chemistry that sub-micron patrticles, or
bubbles, dispersed in a liquid undergo movement primarily through Brownian motion effects, The
bubbles in the product dispersion created by high shear device 200 may have greater mobility through
boundary layers of solid catalyst particles, thereby facilitating and accelerating the catalytic reaction
through enhanced transport of reactants. [0054] In certain instances, high shear device 200 comprises
a Dispax Reagtonr@ioiodds) Works, Inc. Wilmington, NC and APV North AmeriggasiagsYyilmington, MA.
Several models are available having various inlet/outlet connections, horsepower, tip speeds, output

rom, and lgw.ate, selpetion.elahe High sheprdevics vl degend en dhionoiput sequitements and

desired particle or bubble size in dispefsion inTine 18 (Figure 1) exiting outlet 210 0 hla}acghear device
200. 'KA(r)¥ndélet DRYgoB74 Horexdifisiy, diimphisesd@hdiviive 24 NrgBeratb PTFRSealing ring,
inlet flangep2ddimdhinehiisanitapeclamp, outetflanae, 19.mm(3/4 ipsh).sanitanselampy, 211P
power, output speed of 7900 ng,.ﬂo_ capacity (water) approximately 30Q-700 L/h (depending on
generator),P Cglffﬁgcg‘ﬁgle%j E(’Jlfl?rnodr%g@?ﬁlﬁ R} 3(%‘3?@/&)* ﬁ??%%?‘% %‘?16 ﬁﬁﬁ?ﬁ%ﬂ’[é B]Vesset Vessel or reactor
10 is any tyfiE@f ressed pmivbdohcatmaitibpage setictfotecaniie: propadratedito carryhougdiiae
above-deswgﬁg m%ﬁ@&%%@;%ﬁ&!ﬂ(@- EQr instancesa eanipyous oL semicontinupys siiffed tank
reactor, or one Or more batch reactors may be employed in series or in parallel. In some applications
vessel 10 M&y Be'BtoWer g tlor “antiih btie e E b fe dtto P BRRERBIUY Gaf Y8EESST. ANy number
of reactor irthet linagds @sprasiapediodith twaishowndinieFigare ddfines:-14:and kbkdnieilinesmay be
catalyst inlgt line 15 connected to vessel 10 for.receiving a catalyst solution or slurry. during operation
of the WO 20019/00.]219 ‘OPeCT II5§2867§:7_%' syé(%té{rr}ﬁ’Y?}lgéé@sgeﬁllbmrﬁséyéggn%lgjrﬁéémfn%x?f %éﬁ?%/eént gas, and
an outlet produEidie T6I6HE proditicstiasma e mbutimertsbyess el 15 cormptisesbic pierality of
reactor productiies:16 ¢ [0086}iEydragenatianseactionswill Decurwhenevensditahle dime,
temperature gn%@gﬂssur? conditiong Xist. In tthiis sense r(;yq[o%ena_tion could occur at any point in the
flow diagram of Figura 1 if tsihperature and prossiire €onditiohs e litibie Ihdre s Eeulated slurry
based catatysiigutilicedseabtioreis mote likehrdsoteuriatpoiftsout§ide wessehlshawa of Figure I.
Nonethelegs:gogiserrtereaciorivesssl 1isaften desitaie;fo allaw.farinrieassiresidenge time,
agitation and heatinZ([; apd/or_cogl_in%. When reactor 10 is utilized, the reactor/vessel 10 may be a fixed
bed reactol™ fRRHIZet B5E8 &RELBFbr a transport bed reactor and may become the primary location
for the hydiggenattdnriegction:toraeet & ditertd the presencengfieditalystang itseffeatsonathe rate of
hydrogenayign- (051 Fhwseyessel, 10-may.he.any pe ol teagtardn uhich Iygrodesylfyrization may

propagate. For example, vessel 10 may comprise one or more tank or tubular reacto in series or in
parallel. TRE 7o a8#6h Eanfier ot By RigRsHeas prétess 4P dompifses aandsnegeedtis€atalytic
reaction incuhiehie datalystds i the.samerphagenasanother campanentof the reagtiendamixture or a
e I e s R
hereinbelow, the ‘hycirociesultnrization Teaction may occur withoutthe use of ‘catatyst via the use of
high sheardfevitedosywheangesse 200 .i830tiré ddVesa Dan aysbiecoperatédvastsiifilreactor, fixed bed
reactor, trigilgsped teagtonafluidized hegkeactar, bubblg calumnyef othermethadkngwsatp one of skill
in the an.In some applicgrgi?ns, the inclz2g,2§)oration of external high shear device 40 will, permit, for

example, (HEBPEFAfISR’ SFtHERIE HEY reactd i STITHT e aRORIPHiS Ay Bé BEEAA Yor Example, for
reactions ihctudifggdet niot timiteditey hydeddienitrogenation, Mhidrodlesulfuripationyartd) as
hydrocieoxygenatian. J00p8lvessel 10.may inclide, png ormass, of the following, components: stirring

system, heating and/or cooling capabilities, pressure measurement instrumentation, temperature
measuremést inSTHE AT ORE T HBRETRIELHdN PHIHES Ll 1esPTegtlator (st SHOwWR), as are
known in thea.ard efugactiomyesseldesignn Eamexamplexa stirring system may include a motor driven
mixer. A heating and/or cooling apparatus may comprise, for example, a heat exchanger. Alternatively,
s muich O A SIS G S rHbaAmEHES, velgel 10 may
serve primaiias sioragevEsss| inesoie dusds Aifoughtogenefiyess debiged: ih Soshe
applicationsxesselH0 mayshe-omited, particularysf putinlehighshess devicesiepgtorsare

employed i seriesha further described b)elow. [0059]flea! Transfer Devices,in addition to the
above-m efﬁ[g%h gaph.é)a%naé]f (?Bfl &enerator 240 comprises a third shear gap 243, In embodiments,

shear gaps 225, 235, 245 have widths in the range of from about 0,025 mm to about 16.0 mm.
Altermatively, the process comprises utilization of a high shear device 200 wherein the gaps

225, 235, 245 have a width in the range of from about (.5 mm to about 2.5 mm. In certain
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capabilities of vessel 10, other external or internal heat transfer devices for heating or cooling a WO
2009/0029611PCDUS2008/067974 process stream are also contemplated in variations of the
embodiments illustrated in Figure 1. For example, if the reaction is exothermic, reaction heat may be
removed from vessel 10 via any method known to one skilled in. the art The use of external heating
and/or cooling heat transfer devices is also contemplated. Some suitable locations for one or more
such heat transfendewiaas are between pump 5 and IISD 40, between FEgD/d&:angqaessel 10, and
between vessel 10 and pump 5 when system 1 is operated in multi-pass mode. Some non-limiting

examples gf syiehsheatransfer deyvices 55%@?54]5 tibeoplaie, and coilhealexenangsrs, as are known

in the art. [0060] Pumps. Pum.p 5 is configured for either continuous or semi-continuous operation,
and may b&&HyEaRitable P aEice that s TapabTe o prolidiny Jrestéitnan&ues68%Pa (2 atm)
pressure, preferablngregientitan303. 9é-kika (3@tmyrpiessuEe, e alow sbriealedfloyg dirough HSD
40 and system 1. For example, a Roper. Type 1 gear pump., Roper Pump Com mmerce
Georgia)yDbécyc/%g][ 5?%%335%@50’0&%% %%Sm% )ﬁﬁ)‘&déi‘gﬁsé%%‘ gy\?gﬁ{Ech%%b%a%ﬁ Sﬁ_%ln sgn one suitable
pump. Prefsioralfeontactpritsost thevsup omprseStaiiesosteedy for exainiplre818 stainless
steel. In sopne-pbRdiments of the:rystem: RUMP Ri$ eanable.ofaresskemaraaterthan.about 2026.5
kPa (20 atm). In addition to pump 5, one or mare additipnal, high pressure pump (not shown) may be

included in'THESG SR fASHETS “f’raiﬂlfiéﬁpé i =7 [ O ?Q(B”o%%aer pump, which may be similar to
pump 5, mggdse Ma@aﬁﬁ%é@@ﬂ@d@mwﬂ azess@ijclz@ dorrboostiigrthépressurepintdinvessel 10, or
arecycle pump.may.b&,posifioned omhne 17 fonrecycling gas-ram vessehQ ta, ELSD 40, ,As another

example, a supplemental feed pump, which may be similar to pump 5, may be included for introducing
additional AS&&ints bFCati)elinto Vasset ey 50087 BrabvicticrofPHyarogEH S ulfithe: by =
HydrodesufusizatiencafGarbonacesus:Hluit: comprising-Guifidi- Co rdainteg:Compotsnds;@peration of
high shear desulfyization system, 1wl nowbe discussed with reference 1o Figiye 1, jngperation for
the hydrodé}suf’urlzanon of fluids, a dispersi }?e ydrogen-containing gas stréam is’introdticed into
system 1 wiatipesg 2:oan il ed mbined irHine 13wt aiguisrstrearrsb p Hsigsutinc contalning
compounds:,fhe HayithSiHeam; COmMRHSING sWit -caMaining.compaunds thatmay:hesedueced by the

system anlg_m%thqd disclosed herein and may be removed from the fluids may be a variety of types.
In embodirfEMECHEE HEitT AL EPnoh SR AR Hrd et te A8 BSIHohate s UL RlidR % he carbon in
the carbonhi:gt;usﬁluﬂd@ﬁ#@%e parbobearbdnheontainingcampounds: or:salstantesnd hie_
carbon-confaining. GAMREURIHOLSHRSIRNEeSMay he-pydrocarbans, The-cathonaseous fipid may

comprise liquid hydrocarbons, such as, but not limited to, fossil fu€ls, crude oil or crude olil fractions,
diesel fuel "yd€5Tite RERSEBHE S ligHEbilC St oTe iFTFattione i Wifpa super-fine generator,
2099/002960RE TiHd S2028/06:7974 eombinatianitheteaf. Arother:typenof Carbhopaceous fluid
comprises Jiquefied hydrocar G liguefie: leun In embodiments, the carbonaceous
fluid is a pé”t%%&%dbéa’{agé%?ﬁu%%ﬁq%ci}gsﬁ%rz“é%y?ﬁ ﬁ?%é%%%%o‘%%%ﬁéﬂee n[%g’ﬁ ?%.geﬁs"é gyﬁfgheavier oils,
and combilatb s RBrEBT, F6PeRemisTeTO062Tih EMbimerts, fiestliséiostd systercarisitnethod are
used for hygrefinishing.iripetrelewmiaining hydeofinishingisthe.pracesseamnedodt inthe presence
of hydrog%:rg tofim rove the prgjpe[rti;e_s_ of low y@gq)sit -index ng%pthe_nic}%npdwmgfqym-viscosity
naphthenic oifs. Hydrofimshing ﬁﬁlas'yyéissb” S6applied 16 parafiin waxes #nd 1o réfidval of undesirable
componeni&t#Hy diafinishing dondlmeswdrogeivandmay benused ratrertharnsacid treiating. The final
step in todayss base-aikplantshydrofipishing Uses-advanced.catalysts.-and Kighpressugs (above
1,000 psi) to give a final polish to base qils. By hydrofinishing, remaining impurities are converted to

stable basB%ifndIBELTEE & g LR EabIE): K drdRAIShinGYis BILE 98 Th T &rérTo°BSth thetinishing of
oil p_reviousityar_ea‘a'rt@dl_bgnlamz_lrm@@ragmm@lw‘thxemtmbtiﬁnpmpmIéea&iﬁlgekhydg@t&mmrﬁ of_
straight-rupjube digtillates nto finished Iuhg pr %‘é&%%ng??&%é‘éb%R&RQP&%%)E?&%{Q%ﬂé‘d}?@ﬁ‘e”'C and

paraffinic oils. The disclosed system and method may be used to saturate double bonds’in a
hydrocarbé??é‘&géﬁéefégeéﬁae%ﬂ?t 210 {and line 18 of Iigure 1), The rotors 222, 223, 224 of cach

generator rotate at high speed relative to the fixed stators 227, 228, 229, providing 2 high
shear rate. The rotation of the rotors pumps fiuid, such as the feed siream entering inlet 205,
outwardiy through the shear gaps (and, if present, through the spaces between the rotor teeth
and the spaces between the stator teeth}, creating a localized high shear condibon. High

shear forces exerted on fluid in shear gaps 225, 235, and 245 (and, when present, in the gaps
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[0063]In embodiments, the feedstrearn comprises a thermally cracked petroleum fraction such as
coker naphtha, a catalytically cracked petroleum fraction such as FCC naphtha, or a combi.nation
thereof. In embodiments, liquid feedstream comprises naphtha fraction boiling in the gasoline boiling
range. In embodiments, liquid feedstream comprises naphtha fraction boiling in the gasoline boiling
range. In embodiments, the carbonaceous feedstrearn comprises a catalytically cracked petroleum
fraction. In embodiunentsscarbonaceous feedstream comprises a FCC naghthaftaetiosya boiling range
within the range of 149C (300F) to 260C (500F). In embodiments, carbonaceous feedstream

comprises g ihermally-cracked peireleumdractionain.embadiments 4he carhonage s fopdstream
comprises coker naphtha having a boiling range within the range of 165C (330F) to 215C (420F). in

embodimeftE&the et HoNEtEHqE fep T EoHEIEEE FER EB# Ipitha Y o0B A BLiIHHY stream in
line 13 comysising sulfidraentadming:gempounds may contain a variety of organic sulfur compounds,
such as, byg ot igited 10, thigls, thigphenes. oraanic sulfides, and disulfides, and others. The

hydrogen-containing gas may be su stantla{'lly pure hi/érogen, or a gas stream comprising hydrogen.

Without wiSkHRgHEDEsl B ByPtRESIS, hydisgarseries multipldbles sipekidirg Genatation of anion
vacancy by: remavahohsifige:daydiogenolysis:feleavage-ab CrX.ahemicahbandiwhere, Gds carbon
atom and X is nitrogen WO %009/019% OPCT/US2008/067974 atom (hydrodenitrogenation), oxygen
atom (hydr éoLq} mation; Cor SliftF ASn Ry A B Ui AHBIT and HYHPSYERAIGR (H8F result is
addition of dydreg&nhbi0(6511n embedimets, the thydragehfcontaining gasiisifed. difgcttlyinto HSD 40,
instead of *gﬁmcs;@m@a@imt&%'&%&m&@pggysm&&%f@&b&ﬁ@%ﬁ%éﬁ{@éd@,'k@g&_& Pump 5

may be opeérated to pump the liquid reactant (carbonaceous fluid comprising sulfur-containing
compound$} tRSUGH lirfd e iid s BaitdiesSttd aner feed 1 77 467 providial Re6rsed flow
throughoutgighshearsdevite-¢RsSh) Abhanddigh:sheabsystemtl: IaSemeaiembaiments, pump 5
increases t ssure of the HSD, Imjet stream to greater than 202.65 liPa (2 atm), preferably greater
than about%%gggl}%}éﬁgs(% 15&%%% aesrgeaé)?ultn%%wgd;; high shear system | may combine high shear
with pressufei8 erfaficesréautahtiintihieats. rHixindg 100686 sevhiyodiphents yebetams aivaoif present,
catalyst (fopexample, naueeus salution, antcatalysharefivstinixeddnvesssl 1. Reagtants enter
vessel 10 via, for example, inlet lines 14 and 15. Any number of vessel inlet lines is_envisioned, with
two shown T Eig r%e(its(vﬁeiiggé%% 51n%’elgl)?(i“ﬁc;taﬁ'@é)r¥‘fﬁi8aiFﬁ%‘}%?f{\%e‘/s ALY éﬁé’rﬁeﬁ%ﬂﬁ%malyst and
the catalysti# regeiretnis ditivhted:hdoording oy procedure sategohparenidedteyethye caltalyist vendor(s),
f00671 Aft%@b!&@&@?&i&@%@Mﬂ&;&%&!&%%ﬂ@:{@?&@%&@&g&%ﬂ%@'&!&Qn%qmpou”C_is n _
carbonaceous stream in line 13) am mixed within HSD 40, which serves to create a fine dispersion of

the hydrogBHEoNRHE RS e ESMHENATEENST Y. TATEH 4D kY FEGERR ShtimiRy gas and
cgrbonacem-iiwi’dcai‘é'ihigﬁg;odiwéesﬂd%%tﬂdhﬁt&mma@bub;b]es;zsu@mgrm.sE?ﬁedrbigb&ﬂes, and/or
microbubblgs 8&5‘5&%19%%98&_%%85%Qf&f@&ﬁé@!&%ﬁ&é%é‘%J%?JéS&Qé%?Q'«“%{%Qg%‘é%&%‘a“%%‘ %‘E‘ﬁ

enhancement of reactant mixing. For example, disperser IKA'| mode a high shear, three
stage dispéidingdevicecednitighrbs leth thraedotersii! coimbiin aiolrnig Btarsraialighe M series, may
be used tofeate thecdispassion of dispersible hydrogen-Tortaining gas:Hp igud medium,gomprising
sulfur-containing com ile., " nts)). The rotor/stator sets may be configured as
illustrated i%ui—‘al'g%rvemg ,E@r'J glglélﬁ‘r(r%5 plfé?#m%g%g@gﬁ’e@ reexé%%%té: Bhter the %ﬁ%rﬁlé e‘egalﬁ (’\I}f%éui'}ia line 13 and
enter a first StageoteristatoreSmbinatinuThé rstorsuandystators of thélfirst stage Maytave
circumferegfiplly,spaced-first siage ralpkteath apd statonteett, respacively..T Q@S&%ﬁﬁewspersion
exiting the first stage enters the second rotor/stator stage. The rotor and stator of the second stage
may also c‘b@'ﬁﬁéegﬁlrgfwgﬁﬁlﬁ?ﬁ%%& Foldr 1eth A Slatsr te&th, eshedivane THE reduced
bubble-sizé&/dispersion emerging from the second stage enters the third stage rotor/stator combination,

which may,gamprisg a fotor.and,a,stafgr having 1o %rotfe‘%&&@g» é%%%%ﬁfh 1{%%9%9@ ively, The

dispersion exits the high shear device via line 18."In some embodiments, the shear rate increases
stepwise ISAgRITEMAI dforgthe tirdetiohOFtHEHBRA 2gpversion reaction(s).  For instance, a

continuous of semi-continuous stired tank reactor, or one or more bafch reactors may be
employed i series or in paraliel. In some applications vessel 10 may be a tower reactor, and in
others a tbular reactor or mmiti-tubular reactor.  Any number of reactor inlet bnes is
envistoned, with two shown in Figure 1 {lines 14 and 15). Inlet line may be catalyst inlet line

15 connected to vessel 10 for recelving a catalyst solution or slurry during operation of the
14



WO 2009/002960PCT/US2008/067974 [00681 For example, in some embodiments, the shear rate in
the first tor/stator stage is greater than the shear rate in subsequent stage(s). In other embodiments,
the shear rate is substantially constant along the direction of the flow, with the shear rate in each stage
being substantially the same. [00691 If the high shear device 40 includes a PTFE seal,e seal may be
cooled using any suitable technique that is known in the art. For example, the reactant stream flowing
in line 13 maywaeusediacool the seal and in so doing be preheated as desitediRsigrée.entering high
shear device 40. WON The rotor(s) of HSD 40 may be set to rotate at a speed commensurate with the

diameter Ogﬁ;ﬁ%ﬁpt%s@@q5%39%3@53)9#%?9_}%?&&57 fesaiiberl ahgun SRR ANRAL fevlce (9.

colloid mill or toothed rim disperser) has either a fixed clearance between the stator and rotor or has
adjustable BledHFEE RSP SEReE 0 itimateRIRiiRctHerHyabriseaiRtairifi gas ey the reactant
liquid (Le., jigssgl Streamadnlinen 13:camprising:sulfu-containing campaLngshnsamgempodiments of
the proces%bttlgﬁi{t)g}asnes}g rft% re 1jgstsan‘g):eehofit"(r;earigtalg,telrét% ({s@ged_uced bgbo éiera}i‘orlbof’t e hi%kl] spear device
such that the velocity of the reac ion i< increased 3}1 gre<'§t1“élr;ﬁ1aari 58l 5557 i Loie 8 Bbdiments of
the processighe trahspartiregistadceoftirecroditant9is wetibte My pevatidnf the highehear device
such that the velocityipf theseaction i incieased.by greater thanadactan ohabowt B same
embodiments, the velocity of the reaction is increased hy at least a factor of 10. In some embodiments,

the velocity is I BEEE By S THCtBIT e Fnde bP SHb I TENE Lovift’od TR (o5 ¢ 1 <tme
embodimernitse. RS 40 defiversiaf ledst 300/iila aViectip-speedofaideast 4500 thmineasndiwhich may
exceed 7900, {UMINAA0 TUB)...ENE AGNEL LONSUTRIRD Bay.be.abott 1.2 KW-,Although measurement of
instantaneous temperature and pressure at the tip of a rotating shear unit or revoT\lylng element in ISD
40 is difficdhe e estintated thal e beaiiveanermperaturssedny theristrnatef pmketasactants is in
excess of 50QE-ansh alnresstres:Haxaess of 500 kg/em el under cavitation conditions. The high
shear mixing, results in dispersion of the hydrogen-containing gas in micron or.submicron-sized
bubbles. Ir?(g}g e et?nh iEﬁd‘l?rﬁgtee:;t@tlyinéo”’rgbs{?’uquygﬁt{glfs“?pcéirsilf”'élﬁL ]a’s% %%é%%r@géo%%é 2E98168&than about
1.5 um. Aceoraigrgly, thecdispersisrsexitingeF EDnd0svisnline 48comprdses microm@and/orries
submicron-sized.gag bubblesinsemeempedimants.shgpean huhble:s.ize isintherenge of about

0.4 pm to about 1.5 um. In some embodiments, the resultant dispersion has an average bubble size
less than 18RV TH S8HE LMD At 1Y thea i BUBERSI 2845 RisaRiaH SBBEP200 AntPand may be
a_bout 100 mtﬁnrsmﬁnaz@aseéwhamgawmmwﬁmmgidhex‘mﬁ@fm@ubmﬁ dispersiontisrable 0 remain
dispersed gf.aimospheric.pressire; fr atleast La minwes, , WO.2009/0029600 CMISZ008/067974

[0072]Once dispersed, the resulting gas/liquid or gas/liquid/solid dispersion exits HSD 40 via line 18
and feeds HifoPl/EY&RF102 & BRI<tFA1ED THemiErEa A A FRSGIFOT fhE Hitiitrate $HiKing 8RS reactants
prior to entesirgavesseld asigniicantgorionohibe chemicalseaction-may takeplasein HSD 40,
with or Withoyt the presence %1]‘ ciéalltalyst. Accor(%in ly, in some emhbodiments reactor/vgnssel 10 may

co.umfi, 3 ﬁ&&n.me c% oW K onef ol skiff zﬁ %1@. art. . BOMEe ?Phcatfﬁns, E
be used primarily for heating and separation of product hydrogen sulfide gas from the tarbonaceous
fluid. Alterhgaivedyeisnaddional icbesse duipdy seheeas alprinarpiedutiorwessel wivdte most of the
hydrogen sulfidacRroductisprodueed harexample:rin embediments, wessehllisafixedbed reactor
comprising a Eixedcped of c tal,yst.;0073] Vess(?llr?ﬁc,tor 10 ma(}(ébe operated in either continuous or

a

semi-contiRioU& o g dR S RAD 8- Sparated T BAYOR- AR5 e HHE RS REEHIE of vessel 10 may be
maintained%f&@ specifidd reaction:témperaturegsimghadatingiandfengooling capakilities(e.g., cooling

coils) and }%ﬁEﬂgf%ﬁ%lm&%ﬁHgﬂ&%’%éﬁ‘{%EPrﬂfe@éé}'éo'?né%g&l;%%%{ﬁ i%&*&%&%§&$@%¥mﬁ1|9@tored using

suitable pressure measurement instrumentation, and the level of reactants in the vessel may be
controlled BEHG SVl TEYURISH (At SHEWIY = eMSRRIMG TeCRATgEEE that'ans KIROWRTE tHose of skill in
the an. Thercentenisanaaybeostinicicontindbashcor semkeapiiNuaushis system may include a

motor driven mixer. A heating and/or cooling apparatus may comprise, for example, & heat
exchanger. Alternatively, as much of the conversion reaction may cccur within HSD 40 in
some embodiments, vessel 10 may serve primanily as a storage vessel in some cases, Although
generally less desired, in some applications vessel 10 may be omitted, particularly if multiple
high shear devices/reactors are employed in series, as further described below,

[0059) Heat Transfer Devices, In addition to the above-mentioned heating/cooling

capabilities of vessel 10, other external or internal heat transfer devices for heating or cooling 2
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[0074]Catalyst. If a catalyst is used to promote the reduction of sulfur-containing species, the catalyst
may be introduced into vessel 10 via lines 14 and/or 15, as a slurry or catalyst stream. Alternatively, or
additionally, catalyst may be added elsewhere in system 1. For example, catalyst slurry may be
injected into line 21. In some embodiments, line 21 may contain a flowing carbonaceous fluid stream
and/or a recycle stream from, for example, vessel 10 may be connected via line 16 to line 21. [0075]In
embodimentsyuvesselieaator 1.0 comprises any catalyst known to those pf-gkill-iadhean to be suitable
for hydrodesulfurization. A suitable soluble catalyst may be a supported metal sulfide. In embodiments,

the. metal suids s-seiegle ommalhdeqy . sulide. cabalhsulfide, (RN suge. and

combinations thereof. In embodiments, the catalyst comprises ruthenium sulfide.' n & odlments the
catalyst conpriedRbhihahy %ﬁ?ﬁm&%ﬁ%?‘tﬁ&yﬁa@tﬂ}n‘i%mé bneresbaltsumidesm Ehibbdiments,

the supportepmpiisescalumibansembogiments, the: catalysiegmprisas anAUPIBa:hasedmpregnated

with cobalt and{or olé/bden m. The caltate\ést% sed in thestl%drodes |fur|zat|on step may. be a

conventlonaf‘desuﬁ?nlzf'it&tlé)(’na"c:sétc‘\"ta‘lgn tmade up ot a SIS ViARdTor 8 SRR VI &Y diF4 suitable
refractory Wtdtﬁlmeéﬁﬁ@ﬁ@me ﬁyd@dﬁr‘éféﬂﬁgb@‘&te'tyﬁ@éh‘fbarse*sea:ateffaet@ryesumuort selected

from the graupecapsisting.of silicacalming, silica-alumina silicazzircania. silicatifania, titanium oxide,
and zirconium oxide. The Group VI metal may be molybdenum or tun }gsten and the Group VIl metal

usually nickET B Eolat i aﬁ)}ﬁ%%eélu%?f‘zﬁ‘ﬁoﬁﬁatgﬁfstp% H9YEBPETIIS 2005067974

may comperiseven hmghcsufrface area y-aliumina carder impregnated with mixed sulfides, typically of

CoMo or NipMeg;Ineg BSIJE'&QX&JEQQ&%HH&'%%Et% Gatalyst cc g{ft irhstes MoSi together with

smaller amounts of other metals, selected from the group consisting o de um co%lalt nickel,
iron and cdﬁ%ﬁﬁﬁt‘i’é%‘tﬁ@?}éﬁmﬁ?‘éﬁt%ﬂ?ﬁt%@“ﬁ?@%ﬂ@@t%‘ﬁ%‘tﬁﬂgé‘é‘tﬂﬁéi@x@e Sinidmbodiments,

the catalysteorpprses aepmientienal-pres wiicled melybdenym-and:nickel andiareabalifydrotreating

catalyst. [0976“] e%fg ments the ﬁatal%/st is in the at}tmlnoejllcate form. hie odlrgents the

catalyst is ntermediate po?gésf’ 78 S&olite, TOr g%{jnli)pcie zedlite haVing the ©pofody 8f ZSHits. Although

the catalyst-fiegtie Subjerted @@C@E@tni@aﬁehaﬁgeﬁmttf@vefactbmwoh@dﬂeﬁﬁaﬂ?@pﬁe@me of
hydrogen angsw/fus thetein the.catalvslimawbe inthadormiobihe.oxide 9 u%gbtt% whenfirst brought

into contact with the carbonaceous feedstream. When the system and method are focused on
hydrodenitfSy8RtarsH> é%%ﬁ@ﬁ%%%&%ﬁ‘%?%ﬁ@%um 69?*8@??%%%?&1%@%&3;@& SaERcted for
hydrodesulfuridétionpEoniry dregienitrogentatizitorickel Gromoted imetybtenumomalumina catalysts

may be 2 desied aialoh PUTALEDS AR Ay DS EIRHIR Y GOTIREL Rl leypleg emperature

with hydrogen gas, for example, or by burning in air or other oxygen-containing gas 8]In
embodimehts Iﬁe%s&“i@"@ﬁ]ﬂpﬂ%@@(ﬁtﬁ&@ﬂ%d"B‘FQdﬁ%ﬁbR@ CHTAIYSEC P88 may be included

between HSD 40 and vessel 10 for boosting the pressure into vessel 10, or a recycle pump may
be positioned on line 17 for recycling gas from vessel 10 to HSD 40, 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.

100611  Production of Hydrogen Sulfide by Hydrodesulfurization of Carbonaceous Fluid
comprising Sulfur-Containing Compounds, Operation of high shear desuifurization system 1
will now be discussed with reference to Figure 1. In operation for the hvdrodesulfurization of
fluids, a dispersible hydrogen-containing gas stream is introduced into systemn 1 via line 22, and
combined in line 13 with a liquid stream comprising sulfur-containing compounds, The liguid
stream comprising sulfur-containing compounds that may be reduced by the system and
methods disclosed herein and may be removed from the fluids may be a variety of types. In
embodiments, the fiuids comprise carbon, and are referred to as carbenaceous fivids. The
carbon in the carbonaceous fluids may be part of carbon-containing compounds or substances.
The carbon-containing compounds or substances may be hydrocarbons. The carbonaceous
fiuid may comprise liquid hydrocarbons, such as, but not himited te, fossil fuels, crude oil or

crude oil fractions, diesel fuel, gasoline, kerosenme. light oil, pewoleum fractions, and
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embodiments, the catalyst is added continuously to vessel 10 via line 15. In embodiments, the use of
an external pressurized high shear device reactor provides for hydrodesulfurization without the need
for catalyst, as discussed further in Example 1 hereinbelow, [0079] The bulk or global operating
temperature of the reactants is desirably maintained below their flash points. In some embodiments,
the operating conditions of system 1 comprise a temperature in the range of from about 1.00C to about
230C. In embadiments;dhe temperature is in the range of from about 16G&+a;dB304usHa-specific
embodiments, the reaction temperature in vessel 10, in particular, is in the range of from about 155C

0 about 160Ce L am S EMROdmEnis- he eaianpLEsSHIR 5358 10 R e Rnge o fom about

202.65 kPa (2 atm) to about 5.6 MP 0 atm). In some embodiments, reaction pressure

is in the rafigé 6f W%%@ﬁ%@i@fﬁgﬂrpérrwine NP A2 BoBRRR e AL PRIy T estBodiments,
vessel 10 ig.operajen akaiNaan-atmesshericpressure. embadiments ofor axampledenpaphtha
hycwoﬂms%ngC Tlhf vessel 10 pressure may be from about 345 kPa (50 psi) to about 10.3 MPa (1500
psi), and the reactiol e}ferﬁ)perature in the range of from about 260C (500F) to about 427C (800F). In
embodimeHt&sdor exampleiforma it hspipsrofrmishmendheetessek 18 ésshrémnianysbesfrom about 2.0
MPa (300 E@rror@uab%% M;%?o(&@s%%%o ﬂ@n)g  the,reactiondemperatyre in the: Gﬁf&&%&f from about
371C (700F) to about 427C (800F). WO 2009 (1(1296OPOT/IT82008 067974 [0080 |Optionally, the
dispersion HBY Be RiriHaPSTGES5I8Y Picr 15 eRtlr iy RRiber 7o irefdlirag SRS seppignic
hydrodesulfiisizafiencGaciis{continiestviaggductiopawitin hydtegent Theeontents ﬁfc:t«hﬁz\?ﬁﬁsel may be
stimed contipnguplyer pembERNnKHalLIne lemperatiie. of 1Be teaciants may e centigled (¢.0-

using a heat exchanger); and the urd evel inside vessel 10 may be regulated using standard
techn|quesT%yﬁrdggﬁ%mfﬁdéagés%ﬁeP&%ué%%}W%ﬁﬁ%uéfh@ﬁ‘/ﬁ@éle?ﬁﬁabdﬁtlﬁﬁbh% or batch
wise, as deséesk é@r@mr@@d@rsﬁpah@atm fiﬁrogar@mpkrgg&muIﬁdeg&aﬂﬁe&&pre@%&d may exit
vessel 10 via gegegngc%% "!’eh%gd as sfre compris ?unr cte | ﬁf%f n a well as groduct
hydrogen sutfide gas, fornexilampf)eS fh em‘b d) mleiﬁ% 3 &4ctantd aré seiected €6 hat thé gas stream
comprises tess thanfabout@¥o hareaistee: hyidrogers bywsighind %m@m%&n&emgdh@reactlon gas
stream in lin@-LAGOMPLRES from ahaw-Liieakeul4i hydragen hyuneight I heseactign.gas

removed via line 17 may be further treated, and the components may be recycled as desired. 400811

The reactlé’h‘%?dﬁuc?‘%fﬁﬁéél‘meé?ﬁ@\?égsfé’e}“f@ BYPRAS ST ﬁ%%ﬁﬁ“@rﬁ%dﬁ%ﬁ%‘c ﬁr%d%‘f@f‘ream in line
16 comprises digsoivedithyrdregen sulfidedpablcandds ireatetdarremaval éfydtagen sulfide therefrom
as discussgidyrihel barlangiawJo alber.embedimaiis. s epvieianad hat pradndtbydogen sulfide

gas exits vessel 10 via line 17 and liquid product comprising carbonaceous fluid from which
sulfur-contSHRiny ColfpBtRTERhaabEETFEETEY ks GessErEoVigidne 6. 40089% MuKiple Pass
Operation.chniie-aonhadime nisheavwaiinefig uike: k. fﬁaessyeﬁe%@g@@fwredxf@ﬁcsi&glﬁnmassxloperatlon
wherein thgloug)uléan fr irlr}rcv;ea%sgel ) goes Cd}rrqee% Iy 0 fu(rtp rocles(:%lrpl {S%rs r[e,c%YeErXIoftlsglélfur and
carbonaceous™ T Somie ‘entbodiments it may be esrréggle $6h pass the contents of Vessel 10, or a
liquid fractisilisentaitgsahre detbuzsuiit-Eo arbainguompe sadsh throvyfred SP-40cdming A second
pass. In this eas«lne, 16:1ra3: bscﬁemepte@!cmine Z1 asindicated %@e&t&%&ﬂne&%%h that at
least a portlon of the teng] s of line 16 i cycled from vessel 10 and pun E ﬁYﬁ “2"§P 5 into line 13

and thenc&Gh jlféf) B8 AEhY B EH SoRESh A aﬁja%erﬁﬁiﬁ(bg‘n]ﬂtg into line 13, or
it may be d8dEH difectiybinto:the. rugl’ucsheamdémdexéraot showings ntotherlenebollineatsicproduct stream

in line 16 may;be fyrherdreatad (for example. vdogen syiide, gas, eaa\%r%ﬁneaerfm): pyior to

recycle of a portion of the undesulfutized liquid in product stream being recycled to hi h shear device

40. 400838NIRiTES I GHSheHr MREhG! D]é\?l(,(eéﬁf’rq ‘Sorffe Emboéiriehits, Mé’%?‘ﬁfdrf’éaﬁrgtﬁeshear
devices likextGa-46ssaeconfigu red:pifferently Carenatiened in series, and are used to further enhance

the reactlo[ra él’ﬁrelr 0!;)1 (@EIOHWI‘I@XP mLel g%?}pld]t%r] Jolgre uplélé[)ll;]_lilgus moﬁ)deﬂérr{lﬂ?or%e, |Qc§r;r91ncgs in which a
single pass or "once t roug process is desire euseo t|%l 5
2009/002960P € P/LPS2008706 o7y pounds, such as, but not hrmtcd {o, thiols, thiophenes. organic

sulfides and disulfides, and others. The hydrogen-containing gas may be substantially pure
hydrogen, or a gas strearm comprising hydrogen, Without wishing to be limited by theory,
hydrogen serves mulitiple roles, including generation of anion vacancy by removal of sulfide,

hydrogenolysis [cleavage of C-X chemnical bond where C 15 carbon atom and X is nitrogen
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shear devices in series may also be advantageous. In some embodiments where multiple high shear
devices are operated in series, vessel 10 may be omitted. 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 hydrogen gas may be injected into the inlet feedstream of each
device, In some embodiments, multiple high shear devices 40 are operated in parallel, and the outlet
dispersions thetefraamcaserintroduced into one or more vessel 10. [0084] BuosmrsirearyProcessing,
Figure 2 is a schematic of another embodiment of high shear system 300, in which high shear device
40, as desgrined @hevReisipeomRratedinte @ copventionabindusitialibydrodesylfigization, unit, such
as found in.a refinery. HDS system 300 comprises feed pump 5 by which liquid pump inlet lint 21
comprising(}fﬁg‘ﬁ‘é;ﬁfgfijgﬁgﬂ%ﬁ?&é?ﬁifﬂﬁgf%tboﬂélﬁbﬁsﬁgdst%dirﬁgpﬁ‘?é% ear device 40 to enhance
the hydrodisetiuriZatiorbgincess.the thd:presentinvention thehigheheardaéyica® Gniseutilized in
combining and 1EacinG:VRaReREANAIRIG 9as. 22 suliki-contaiing campounds, as noted

above, found in petroleum products that are normally subject to hydrod.esulfurization. The pressure of
liquid phas&¥eat Strasif 1 Hrerg s SssE I VIS pURip S AR e seribed ieriHaBoVE Emp 5 may
be a positivendisplacemenghoigear, phinp, Rump-auiletskheam ndined Jismixed with-gispersible
hydrogen-containing reactant stream via Jine 22 and introduced to the inlet (205 in-Figure 3, for
example) g{?} externt hﬁilg%r%gﬁesg?aéeﬁ\ﬁﬁégé%g%gl}d %?g%n%éie%r%%ig e Iinhé ) .E‘Pe(%[l}t(f\{}leglﬁflstfilacement
pump (or gearpliisgeBsfedhs ainebyrietérendsdasliguidemixtintostive ket Yieiidrmval highishear device
40. As disgsseghereinabaye Hxing nithinexterpalbigh-shear device 40.creates,a,dispersion
comprising microbubbles (and/or submicrometer size bubbles) of hydrogen and promotes reaction
conditions T8F & PTG SFRY AISgER With S G cd misoth dE AR & 6TGanic feedstock, Therefore, high
shear deviffgw@itlebrstreandindine t8ccomprises aueispersiayof fhiccamand/ensubmicran:sized gas
bubbles, ag-fisgussad.ereinaneye: Conveptianaliy,liauid-feed I3 purRed iR e alLin an elevated

pressure and is joined by gas in line 22 comprising hydrogen-rich recycle gas, the resulting mixture is
preheated }(’ﬁ)éﬂ‘;faﬁs B HeRESRERANGE Vi Re A exerangetcant thevsrekedtdd fesdcstrédn is then
sent to a firges heatan (not showndmhereinthe-feed mixtine dsivaporizedyangh hemted:to,elevated
temperatufe before enicring vessel 10 By.conuiast, i high sheay hydradestlfurization system 300,
dispersion i line 18 from |gah shear deiice 40 COMPpIrisés a J?Spers?o‘n%% WS?“ o Sé’n-containing gas
bubbles intfighd pheseworiprsing lodrbenaseblistiquitksand suiftr-containiagevmpotnds, Within
fixed bed reasias-b0uhyskadesulfyization takesiplaceasseastorinlet dispersion:indine 48 flows
through a f{xed hed ?g%?l_ st. In embodiments, reactor 10 comprises a trickle bed reactor, In

embodimerits, tHe" I8 E BB S 5008 /56 7874 Ry drote it 2 ation T 4ER8H i reactor 10
takes placecatitemperaturesaramgirgfrdmid0OCHe 400G and! elevatedrpresstives, rahging-from 101,325
I(Pa -13.2 MEa(}hatmospheres 9 kif-aungsnheres) of absolule pressure, in e presgnge of a

catalyst [0085]Hot reaction products in line 16 may be partially cooled by flowing through heat
exchanger 80 WHICR MAY HISESERvat o’ prafidst fudtfor FRedifMitie StrsatBrcharyettéactor
product stegén.in ling d2ihendlows thriopghim watet-caoleddieat e xebanger beteresingdergoing a
pressure requclion, (SHOWD. A% RIBsSULe cerm:ader £&,.S9) doun.to.ahout 3039, 1cRa; 506.6 kpa (13
to 5 atmospheres). The_”"resu]itlng mixture of ﬁ'qwd and gas inline X3 enterspgas separator vessel 60 at,
for exampfEEEBE 35CHESOTHKRP 4 BOE B (PE L (I Bratafospheres ) iof - aigoleregpressure.
[0086]Hydragendichgasda Hine ¥4 rem gas sepatatenvessehed issoyted-throngh-aming contactor 30
for removal of the reaction Uré)%]ct‘ H2S that jt contains, Ammonia may al§p be renL(?ved from the
product gas and récovered for tettilizer applications: for exampie 2 poisA 8P HAS HHEE Ry drogen-rich
gas in line 54 isteecycletkbackifor fevsess igh ishreardeviced@landaeddior 1@zavhile time: 53 may
direct a poytion of H23rreg hydrogenrich gas elspubsre{anehassfar example. pirge) yig line 54. A

portion of hydrogen-sulfide rich gas in line 44 from gas separator vessel 60 may be separated from
line 44 vid TEEY 408 s c LS ERIFUATA SRS i IS ToRD T sk RO dléh Smpiies rirravBeeaiid Fecovered by
the aminesgas:dreatinginindGindhedny degen sifidereickiarainaisitean: iidingi4s may:he further
converted I . In.a.Claus process, unit). The Claus process may he used to
oxitize A e e e ks B R R o Bd sream i
line 49 froffigjisdeFaratdr visgsetsbrayiRedentsh dowertream protersing: fmirigaresh, for
example, downsiiean pracessingeampiiseatebeiled stippar distilationtowern 0 whereby sour gas is
removed irlc%asthlinc?.' 59. frortﬂt thﬁ botigéns stream in line 52 which comprises the desulfurized liquid
product. ourggaes Tor the sﬂ?pﬁﬁg of the reaction product liquid, in line 51, may be sent, optionally
with sour gas in line 45 to a central processing plaﬁ . Overhead sour gas in line 51 from stripper 70
may comprise hydrogen, methane, ethane, hydrogen sulfide, propane, and perhaps butane and
heavier hydrocarbons. Treatment of this gas (not shown in Figure 2) may recover propane, butane,
and pentane or heavier components. Residual hydrogen, methane ethane, and some propane may be

used as refinery fuel gas. If the liquid feed in line 21 com.prises olefins, overhead sour gas in line 51
mav alen comnrice ethane nronene hiitenee and nenteneac nr heavier ecomnonente The aminea



absorber outlet line 48 may be returned to the refinery's main amine gas treating unit (not shown in
Figure 2). 100881Hydrotreated/hycirofinished liquid product in line 52 may be sent to, for example, a
catalytic reforming process to increase the octane value. (which may be reduced via the
hydrotreatmenUhydrofinishing). Catalytic reforming of the ciesulfided product in line 52 will produce
hydrogen which may, in embodiments, be recycled to HOS 40, 100891 The increased surface area of
the micrometevsimesandior submicrometer sized hydrogen bubbles in the dispergiosvdin:line 18
produced within high shear device 40 results in faster and/or more complete reaction of hydrogen gas

with sulfur gaaaparnds.withinthefeedistreamdntreduced.via line 21. As.mentioned hereinabove,

additional benefits are the ability to operate vessel 10 at lower temperatures and pressures resulting in
both operatfit§ GAGTEAPTES EoebsaUifgs 4o eratfo RS Kithetrastt iy drofaihirsybssntsier
temperature-may: Finigizeduadesirghle actanaireduction ofdhe-carhopaceaus feedsirpame The
benefits ofggle present invention 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

smaller red86FS, Briaror gperaginépiine réacrdss b WeF tepipe thtuieamdiobpresisdrasamadathe possible
eliminationsof-gatalysh:[R09embediments. he igh:sherr hydradesulfurizationmsystem and method
of this disclosu[)e are suita I%gqr tpe redgctc'{o,n of tota] sulfur %%wr_l to the parts-per-million range,
whereby pSigdRing BF RoBia Wietal CAtaR S e BSatatt s RIBHAIFYSEhE {8 58 ubsequent
catalytic refomming of naphtha) is prevented/reduced. in embodiments, the feedstock comprises diesel

oils, and thedHRS system,and methpd.senve to.reduce the sulfurgontent.of the el syehfhat it meets

111tra-low sulfur diesel (ULSD). in embodiments, the sulfur content of the fuel is less than about 300
ppm by weTfHECiT Bhiotdiniets e SesHsa FRSEE 30-pHrE By ReIg At B IHER BIFfBGaIHTe <, less than
about 15 peaikyawgight 10081 [Theihycirogenelysisseaationmay: alsade museddo redugethe nitrogen

content of the feecistoc.k (h dro%&rﬂtr enation or HON). In embadiments, the system and method for

the hytrod e T s o o e A coam 10

some exteftPaSaENTHecdiSets 8 aysteltah-methsdardiraiksybeng canosatiate thydrogenate)

hydrocarbeps:danexampie:tacepyvent elafips-inte paraffins.d nembadimentsthe diselasest system and

method matﬁethe Sj,;d atgne for the saturation of oge ins or may be used E simultaneously desulfurize,
a i

denitrogenate SRS sttt e Skl S0 BETEs BoHEING AIRAN LS HidE IERT SD&ethhd method
may be usetk asahydrofiniShing prodessoffor ekamplephydrofmishinfhofestreams ednpdising naphtha)

to remove the-noR-Rydrocarbon constituents:W@2009/002060RGTIL1 92008/06797 4, (for example,

sulfur, nitrogen, etc.) and/or to improve the physicochemical properties of the prodticed oils such as
color, viscS&f AMHEE HRMAton s SHsELl s st SN Kt tPrin Al &t s mereased by at

least a factor of 14, In some embodiments, the velociry is increased by a factor in the range of
ahout {0 fo about 100 foid.

(00711  In some embodiments, HSD 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 a rotating
shear unit or revolving element in HSD 40 is difficult, it is estimated that the localized
temperature seen by the mntimately mixed reactants is in excess of 500°C and at pressures in
excess of 500 kg/cm” under cavitation conditions. The bigh shear mixing results in dispersion
of the hydrogen-containing gas in micron or submicron-sized bubbles, In some embaodiments,
the resultant dispersion has an average bubble size less than about 1.5 um. Accordingly, the
dispersion exiting HSD 40 via line 18 comprises micron and/or submicron-sized gas bubbles.
In some embodiments, the mean bubble size ig in the range of about 0.4 pm o about 1.5 pm.
In some embodiments, the resultant dispersion has an average bubble size less than I pm. In
some embodiments, the mean bubble size is iess than about 400 nm, and may be about 100 nm
m some cases, In many embodiments, the microbubble dispersion is able to remain dispersed

at atmospheric pressure for at least 15 minutes,
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[0092]The application of enhanced mixing of the reactants by HSD 40 potentially permits greater
hydrodesulfurization of carbonaceous streams. In some embodiments, the enhanced potentiates
an increase in throughput of the process stream. In some embodiments, the high shear mixing device
is incorporated into an established process, thereby enabling an increase in production (i.e., greater
throughput). In contrast to some methods that attempt to increase the degree of hydrodesulfurization
by simply incrgasingseagior pressures, the superior dispersion and contaetrproxigadpy;external high
shear mixing may allow in many cases a decrease i.n overall operating pressure while maintaining or

even increggjng re@&m{g}&g&\{i%%ﬂ%@%&aﬁdispig%gaﬁaﬁd&@gépa@emslty%ég igsligved that the

level or degree of high shear mixing is sufficient to increase rates of mass transfer and also produces
localized n¥i-ideal coA&BNS thatserdbieTEaEcHsind o8t that WEi Ab6EHERMSE HE®Xpected to
occur basegh o &ibbsdreaenergy.predictionsy Logalizrdnon:idealcanditions.are:belieyed to occur
within the high sear,deyiee resuling In ncreased temperatures and pressures with the most
significant increase believed 16 bé in Tocalized preé’sures. The‘increase in prless% és}“naﬁ%frf%mperatures
within the lighodheartdevicedresinstanandoussahpivetliz éo anetignioklystpvetichadkrtodvatk or
average system,congdiions.onee extingthe highnsheardeviee-in some £a3es, thehighshear mixing
device induces cavitation of sufficient intensity to dissociate one or more of the reactants into free
radicals, whitH Aid\PiITERSTR S h Erital PEECHEH O BNBW P eER b8 MIRE baE¥ At sE%tringent
conditions thanptightothenwse besequired. iGavitaticnanayaiso dingrefiseiraibsiahtransport processes
by producipgyjacal yurbulence, and liguid, migrozclrcilation. (eaKsiS stheaming), An.Qyepew of the
application of cavitation phenomenon’in chemical/physical processing applications is provided by
Gogate et HIPSCHVIETTTC ARSNGB BIeEs hdrFsRM e e S Rderd PR8I 35246 (2006). The
high sheargpixifng: device efseiainembedimertsefdheniesenisysieme-and sethedsdndices
cavitation whereby fivdrogen and sulfu-containing compounds are dissodiated into free adicals
which then Teact to produce product comprising hydsroéen sulfidé aasg.nf@io ﬁn $0me eMbodiments,
the systensetbimethods desoribad:hersivperiitdesigncokacsmiatiertamtdiotiesssedpital intensive
process thanpravioksly pessible:withpultheiss, ehexieral-bigh, sheas device 0 Rntential

advantages of certain embodiments of the disclosed methods are reduced operating costs and
increased ProbAioN fromf SRTSHEHRY proties R EMBcEIMERISBIHY disclosed processes
additioqally(m?ﬁér tlmm‘anﬁég&ﬂhmmmmﬁ@kn.m@mm@%/@@M%&%ﬂ costs for
the design,of new RrocessesNagrolbodimeants, pispersing hydioaen-containing.0as Ji.garbonaceous

fluid comprising sulfur-containing compounds with high shear device 40 decreases the amount of
unreacted EfH-cANEIHRG SoMpBiHEPotERBAHEMERS GreEh R eHBEdIM &S thid'System and
method for-hydppciesulfinization includankutaramatdimited fo stastertycientmesiincneased
throughput, igher conversian, educed operaling, osts andiar feduced.capital expense due to the
possibility of esigning Saller reactors and/or operating the process at lower te pera?ure and/or
pressure. [0094yhn wmiseidivenise dgérdinthé! disclosed process comprising reactant mixing via

external higlyghear.dgviceidR.allowsise.obloweiempearatyre.andiarpressiieid yegsglieactor 10
than previously permitted, In embodimenis, the method :Eﬁér:n?;llg is incor oratin% external high shear

device 40 ififo ﬁoe%‘?éﬁif%?{%éoﬁ@é{é%%e%ﬁ FEBY Paucig' S ST BT AT e S ressure of
the reactioménextdrizal lhighsieardeviced® andioe enalding thennorédsiinnprotisttiorbégreater
throughput), from A AEARESS ARGIaIed Withaitbigh:shear device,40.Jn.embadiments,yesse! 10 is used

mainly for cooling of fluid., as much of the reaction occurs in external high shear device 40. In
embodimeRtecvagseiitrfs oprdt@ast iEt atffio&PheTic PIESsHre. in BRMBodTHEME! tost of the
reaction oggulssaeithin dheexiemalhighshrear devicede-in embedimentsithedydiod.asutfurization
ocours maiply in.d1s hich sheas devige, wilhout the.ise. of catalyst, 100951, The prepent methods and
systems for hy roclesulfurization of carbonaceous fluids via quujljd hase reduction with ydrogen
employ anteXtéasarigh'Segaishschatichl devivsitprolidetapidienntatt ihd sixisgierehemical
ingredientsd.agoatalledanviropmant i thesisgetor/Righhsheandgvies: Theahigh sheaimievice
reduces the mass transfer Ilimitations on the reaction and thus increases the gvera}ll reaction rate, and
mar allow SUBSEERS RSt S B8 il Wit %&éﬂ‘r’c&’gﬁé‘:ﬁtﬁﬁ&éﬁ%‘i&‘b"’é’%’b‘é?éﬁrfg@ E51GHiSHE thder which
substantiakveeictiomomaynetdse expetied tb eoocur aEXARPLEa-alumina, silica-zirconia, sitica-

titania, titapium oxide, and zirconium oxide. The Group VI metal may be molybdenum or

tungsten and the Group VIO metal vsually mckel or cobalt. The hydrodesulfurization catalyst
20



EXAMPLE 11 Desulfurization using High Shear [0096] An external IKA N4K 2000 mill (high shear
reactor/device 40) from ILA Works, Inc Wilmington, NC was connected to a ten liter stirred reactor
vessel 10. The apparatus used for the hydrodesulfurization process in this example is shown
schematically in Figure 4. [0097]The ten liter reactor vessel 10 was made by welding a section of
ten-inch diameter stainless steel pipe with a base plate and a head plate equipped with an agitator

shaft and sealyBagldigsagtiator 110 served to stir the contents of vessel 18-t W&anz/a67974
2009/002960PCT/11S2008/067974 [0098]Vessel 10 was charged with eight liters of high sulfur Middle

East CrUderg;Lalj/ I@mep%ggyj%i&%ugéa%itlaiasys—gﬁvn\@ngnc;rl%g?rx%pxlzoggg@%]i with mixed sulfides, typically
of CoMo or NiMo. In embodiments, the hydrodesulfurization catalyst comprises MoS, together
with smaller amounnts of other metals, selecied from the group consisting of molybdenurm,
cobalt, nickel, iron and combinations thereof. In embodiments. the catalyst comprises zinc
oxide. In embodiments, the catalyst comprises a copventional presuifided molvbdenum and
nickel andfor cobalt hydroireating catalyst.

[B076)  In embediments, the catalyst is in the alumminosilicate form.  In embodiments, the
catalyst is intermediate pore size zeolite, for example, zeolite having the topology of ZSM-5.
Although the catalyst may be subjected to chemical change in the reaction zone due 0 the
presence of hydrogen and sulfur therein, the catalyst may be in the form of the oxide or sulfide
when first bronght into contact with the carbonaceons feedstream. When the system and
method are focused on hydrodenitrogentaion, cobalt promoted molybdenum on alumina
catalysts may be selected for hydrodesulfurization. For hydrodenitrogenation, nickel promoted
molybdenum on alumina catalysts may be a desired catalyst,

[6077]  The catalyst may be regenerable by contact at elevated temperature with hydrogen
gas, for exarmple, or by burning in air or other oxvgen-containing gas.

[0678]  In embodiments, vessel 10 comprises a fixed bed of suitable cataiyst. In some
embodiments, the catatyst is added continuousty to vessel 10 via line 13, In embodiments, the
use of an external pressurized high shear device reactor provides for hydrodesulfurization
without the need for catalyst, as discussed further in Example 1 hereinbeiow,

[06679]  The bulk or global operating temperatwre of the reactants is desirably maintained
below their flash points. In some embodiments, the operating conditions of system 1 comprise
a temperature in the range of from about 100°C o about 230°C. In embodiments, the
ternperature is in the range of from about 160°C to 180°C. In specific embodiments, the
reaction temperature in vessel 10, in particular, is in the range of from about 1535°C o abowt
160°C. In some embodiments, the reaction pressare in vessel 10 is in the range of from about
202.65 kPa (2 atm) to about 5.0 MPa - 6.1 MPa (55-60 atm). In some embodiments, reaction
pressure is in the range of from about 810.6 kPa to about 1.5 MPa (8 atm to about 15 atm), In
embodiments, vessel 10 is operated at or near atmospheric pressure. In embodiments, for
example for naphtha hydrofinishing, the vessel 10 pressure may be from abaut 345 kPa (30 psi)
to about 10.3 MPa (1500 psi), and the reaction temperature in the range of from about 260°C
(500°F) to about 427°C (800°F). In embodiments, for exampie for naphtha hydrofinishing, the
vessel 10 pressure may be from about 2.0 MPa (300 psi} to about 6.9 MPa (1000 psi}, and the

reaction temperature in the range of from about 371°C (700°F) to about 427°C (800°F).
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[0088]  Optionally, the dispersion may be further processed prior to entering vessel 10, if
desied. In vessel 10, hydrodesulfarization occwrs/continues via redection with hydrogen, The
contents of the vessel may be stired continuously or semi-continmmously, the temperature of the
reactants may be controlled {e.g., using a heat exchanger), and the fluid level inside vessel 10
may be regulated using standard techmigques. Hydrogen sulfide gas may be produced either
contintuously, semi-continuonsly or bateh wise, as desived for a particular application. Produet
hydrogen sulfide gas that is produced may exit vessel 10 via gas line 17. This gas stream may
comprise unreacted hydrogen, as well as product hydrogen sulfide pas, for example. In
embodiments the reactants are selecied so that the gas stream comprises less than about 6%
ummeacted hydrogen by weight. In some embodiments, the reaction gas siream in line 17
comprises from about [% to about 4% hydrogen by weight, The reaction gas removed via line
17 may be further treated, and the components may be recycled, as desired,

(0081} The reaction product stream exits vessel 10 by way of kne 16, In embodiments,
product stream in hine 16 comprises dissolved hydrogen sulfide gas, and is treated for removal
of hydrogen sulfide therefrom as discussed further hereinbelow. In other embodiments, it is
envisioned that product hydrogen sulfide gas exits vesse! 10 via line 17 and liquid product
comprising carbonaceous fiuid from which sulfur-containing compounds have been removed
exits vessel 10 vidline 16.

[0082Z] Muliiple Pass Operatior.. In the embodiment shown in Pigure [. the system is
configured for single pass cperation, wherein the output 16 from vessel 10 goes directly to
further processing for recovery of sulfur and carbonaceous fiuid. In some embodiments i may
be desirable to pass the contents of vessel 10, or a liquid fraction containing unreacted sulfuy-
containing compounds, through HSD 40 during a second pass.  In this case, line 16 may be
conpected to Hue 21 as indicated by dashed iine 20, such that at least a portion of the contents
of line 16 is recycled from vessel 10 and pumped by pump 5 into line 13 and thence into HSD
40. Additional hydrogen-containing gas may be injected via line 22 into line 13, or it may be
added directiy into the high shear device (not shown}. In other embodiments, product stream in
line 16 may be further treated (for example, hydrogen suifide gas removed therefrom} prior to
recycle of a portion of the undesulfurized lignid in product stream being recycled to high shear
device 40,

[0083] Multipic High Shear Mixing Devices. In some embodiments, two or more high shear
devices like HSD 40, or configured differently, are aligied in series, and are used to further
enhance the reaction. Their operation may be in either batch or continucus mods. In some

instances in which 2 single pass or "once through” process is desired, the use of multiple high
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shear devices in series may also be advantagecus. In some embodiments where multiple high
shear devices are operated in series, vesse! 10 may be omitted. 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 n series, additional hydrogen gas may be injected into fhe inlet
feedstream of each device, In some embodiments, multiple high shear devices 40 are operated
in paraliel, and the outlet dispersions therefrom are mtroduced into one or more vessel 10,

160847 Downstrearn Processing, Figure 2 is a schematic of another embodiment of high
shear systern 300, in which high shear device 40, as described above, 15 incorporated into &
convenfional industrial hydrodesolfurization unit, such as found in a refinery. HDS system 300
comprises feed pump 5 by which Hguid pump indet line 21 comprising the liquid to be
hydrodesulfurized is pomped to external high shear device 40 to enhance the
hydrodesulfurization process, In the present invenfion the high shear device 40 1s utilized in
combining and reacting hydrogen containing gas 22 with sulfur-containing compounds, as
noted above, found in petroleum products that are normally subiect o hydrodesulfurization.
The pressure of liquid phase feed sweam in line 21 s increased via pump 3. Ay described
hereinabove, pump 5 may be a positive displacement, or gear pump. Pump outlet stream in line
13 is mixed with dispersible hydrogen-containing reactant stream via line 22 and introduced to
the inlet {203 ' Figwe 3, {for example) of extemal high shear device 40 via high shear device
inlet line 13. Positive displacement pump (or gear pump) 5 feeds and meters the gas hquid mix
into the inlet of external high shear device 40, As discussed hereinabove, mixing within
external high shear device 40 creates a dispersion comprising microbubbles {and/or
submicrometer size bubbles} of hydrogen and promotes reaction conditions for the reaction of
hydrogen with sulfur compounds in the organic feedstock. Therefore, high shear device outlet
stream in line 18 comprises a dispersion of micron and/or submicron-sized gas bubbles, ag
discussed hereinabove. Conventionally, liquid feed 18 pumped via lne 21 to an slevated
pressure and 1s joined by gas in line 22 comprising hydrogen-rich recycle gas, the resaling
mixture is preheated (perhaps by heat exchange via heat exchanger), and the preheated feed
stream is then sent to a fired heater (not shown) wherein the feed mixture is vaporized and
heated to elevated temperature before entering vessel 10. By contrast, in high shear
hydrodesaifurization system 300, dispersion in line 18 from high shear device 40 comprises a
dispersion of hydrogen-containing gas bubbles in liquid phase comprising carbonaceous Hguids
and sulfur-containing compounds, Within fixed bed reactor 10, hydrodesulfurization takes
place as reactor inlet dispersion in line 18 flows throngh & fixed bed of catalyst. In

embodiments, reactor 10 comprises a trickle bed reactor. Iz embodiments, the
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ASTM D 5002 0,9448 [00100] Vessel 10 was sealed and circulation initiated with heating.
Recirculating pump 5 was a Roper Type | gear pump, Roper Pump Company (Commerce Georgia).
System 400 comprised vessel 10 with agitator 110 and heating mantle 120. Base oil was placed into
pressure vessel 10 that included an internal paddle agitator 110 and a cooling coil 125. Vessel 10 also
comprised a gas injection valve 15, pressure relief valve 17, discharge valve 20, temperature probe 2
and pressure gaugesastdeating mantle 120 was used to heat vessel/reactarstas 0041} Hydrogen gas
22 was fed into the inlet of high shear unit 40 at ambient temperature, and gas flow was regulated by

means of apressigaliaf valve (oot shown) hetyeen;the ﬁ%&ﬁb&%&%@%ﬂéf}‘l@t@}f?‘@@oéﬂg the reactor

high shear de\éice 40. The hydrogenation reaction was then carried out, _[naln‘fainlng theqf[’ow of
hydrogen ift the fEaisi sha Faiitaifial the &pdCiidth tbhiperatubd fof tHEMREBEREdDEAdd of time.
Purified Hyafagendzas.Stasthes d-besity 200 frade:kE haywinga purity of 99.9%(4), and was obtained
from Airga p. No catalyst was used in this experiment althou h rode§u furization catalyst,
known to tﬁl‘g%é%’rln the talr ?%%}SI&) rl‘))euﬁﬁlilznegrﬁ (?eés?r% .B[EOBT&H}}I' ﬁ%gr%‘gﬁ%yrgé)é”rl%\ﬁg?&“%%ﬁ%‘s setto
6011z. ThecathwasHeatdd- o BOG! (u s e atimgamatie 120)iover & lpdiotofcRahewutscagick then the

high shear glevice 4Qwas raised 10884z Autlal Piessure-fram-RUmE. 2.1as 140 psig.and.the
pressure at vessel 10 was 50 psig. [00103] A vacuum was drawn on vessel 10 through condenser 130

psig
cooled by WP FRIEHEE UsEGVE VB Vit TertPt? gk cess ' 8r8Get, Hdfoten SifiddHmines, water
and other voratifes ﬁmﬁm@uﬁiﬂlh@hyﬂmﬁg&mﬁwz:&bidmmmmsgs[ﬁ(}k@#}zﬁm@:h@m@smﬁurization
process wag.cantipugdsfor an.addiignal hour. Temperatyes;measyred af the, [eagior incteased to

168C and the run was terminated and the oil allowed to cool to room temperature after which the
hydrodesulfiiZ8a Bif{5i6duct was removed from the reactor, and its composition determined. [00105]
The analysisogfitheiydtedesulfunzecipl ispreserieddihableedse Wi routed throngh amine
2009/002998{5'&%/09%ggg'qlgnggvgzjgf the reaction product H;S that it contains, Anunonia may also be
removed from the product gas and recovered for fertilizer applications, for example. A poriton
of H.S-free hydrogen-rich gas in line 54 is recveled back for reuse in high shear device 40 and
reactor 10, while line 53 may direct 2 portion of HaS-free hydrogenrich gas elsewhere (such as.
for exampie, purge) via line 54. A portion of hvdrogen-suifide rich gas in line 44 from gas
separator vessel 60 may be separated from line 44 via line 45, as discussed further hereinbelow,
The hvdrogen sulfide removed and recovered by the amine gas treating unit 30 in the hydrogen
sulfide rich amine stream in line 48 may be further converted to elemental sulfur {e.g., in a
Claus process unit), The Claus process may be used to oxidize hydrogen sulfide gas to produce
waker and recover elemental sulfar.
[0087]  Liquid stream in line 49 from gas separator vessel 60 may be sent for downstream
processing,  In Figure 2, for example, downsfream processing comprises reboiled swoipper
distillation tower 70, whereby sour gas is removed in gas line 51 from the bottoms stream in
line 52 which comprises the desulfurized iiquid product. Sour gas from the stiipping of the
reaction product Hguid, in line 51, may be sent, optionally with sour gas in line 45 to a central
processing plant. Overhead sour gas in line 51 from stripper 70 may comprse hydrogen,
methane, ethane, hydrogen sulfide, propane, and perhaps butane and heavier hydrocarbons.
Treatment of this gas (not shown in Figure 2} may recover propane, butane, and pentane or
heavier components. Residual hydrogen, methane, ethane, and some propane may be used as
refinery fuel gas. If the liquid feed in line 21 comprises olefins, overhead sour gas in line 51
may also comprise ethane, propene, butenes, and pentenes or heavier components. The amine
solution Introduced inte absorber 30 via inlet 47 may be directed from a main amine gas

treating unit within the refinery (not shown in Figure 2) and hydrogen-sulfide rich amine in
24



[00106] TABLE 2: Analysis of Hydrodesulfurized Oil TEST 1 METHOD 1 RESULT UNITS Sulfur
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absorber outlet line 48 may be retumed to the refinery’s main amine gas treating umit (not
shown in Fipure 2).

10088} Hydrotreated/hydrofinished liguid product in line 52 mayv be sent to, for example, a
catalytic reforming process o increase the octane valve {which may be reduced via the
hydrotreatment/hvdrofinishing), Catalytic reforming of the desulfided product in hine 52 will
produce hydrogen which may. in embodiments, be recyeled to HDS 40

{0089 The increased surface area of the nmucrometer sized and/or submicrometer sized
hydrogen bubbles in the dispersion in line 18 produced within high shear device 40 results in
faster and/or more complete reaction of hydrogen gas with sulfur compounds within the feed
stream introduced via line 21. As mentioned hereinabove, additional benefits are the ability to
operate vessel 10 at lower temperatures and presswres resulting in both operating and capital
cost savings. Operation of hydrotreater/hydrofinisher 10 at lower temperanire may minimize
undesirable octane reduction of the carbonaceous feedstreamn. The benefits of the present
mvention include, but are not limited te, faster cycle times. increased throughput, reduced
operating costs and/or reduced capital expense due to the possibility of designing smaller
reactors, and/or operating the reactor at lower temperature and/or pressure and the possible
elimination of catalyst.

[0090] In embodiments, the high shear hydrodesulfurization” svstem and method of this
disclosure are suitable for the reduction of total sulfur down to the parts-per-million range,
whereby poisoning of noble metal catalysts in subsequent catabvtic reforming steps (e.q.,
subsequent catalytic reforming of naphtha) is prevented/reduced, In embodiments, the
feedstock comprises diesel oils, and the HDS system and method serve (o reduce the sulfur
content of the fuel such that i meets Ultra-low sulfur diesel (ULSDY.  In embodiments, the
sulfur content of the fuel is less than about 300 ppm by weight. In embodiments, less then
about 30 pm by weight. In other embodiments, less than about 15 pm by weight.

{6091]  The hydrogenolysis reaction may also be used to reduce the nitrogen content of the
feedstock (hydrodenitrogenation or HDN)Y. In embodiments, the system and method for the
hydrodesulfurization of a feedstream also serves to simultaneously denitrogenate the stream to
some extent as well. The disclosed system and method may also be used to saturate
{bydrogenate) hvdrocarbons, for example to convert olefins into paraffins. In embodiments, the
disclosed system and method may be used alone for the saturation of olefins or may be used to
simultanecusly desulfurize, denitrogenate, and/or saturate alkenes o corresponding alkanes,
The disclosed systemn and method may be used as a hydrofinishing process {for example,

hydrofinishing of streams comprising naphtha) to remove the non-hydrocarben constituents
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(for example, sulfur, nitrogen, etc.) and/or to improve the physicochemical properties of the
produced oils such as color, viscosity index, infibition responses, oxidation and thermal
stability,

[0092]  The application of enhanced mixing of the reactanis by HSD 40 potentially permits
greater hydrodesulfurization of carbonaceous streams, In some embodiments, the enhanced
mixing potentiaies an increase in throughput of the process stream., In some embodiments, the
high shear mixing device is Incorporated into an established process, thereby enabling an
merease in production (i.e., greater thronghput). In contrast to some methods that attempt to
merease the degree of hydrodesulfurization by simply increasing reactor pressures, the superior
dispersion and contact provided by external high shear mixing may allow in many cases a
decrease in overall operating pressure while maintaining or even increasing reaction 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 aiso produces localized
non-ideal conditions that enable reactions to occur that would not otherwise be expected to
ocour based on Gibbs free energy predictions. Localized non ideal condivions are believed to
occur within the high shear device resulting in increased temnperatures and pressures with the
most significant increase believed to be in localized pressures, The increase in pressures and
terperatures within the high shear device are instantancous 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 into free radicals, which may intensify a chemical reaction or aliow a reaction
to take place at less stringent conditions than right otherwise be required. Cavitation may also
merease rates of transport processes by producing local turbulence and liquid micro-circulation
{acoustic streaming). An overview of the application of cavitation phenomenon in
chemical/physical processing applications is provided by Gogate et al., “Cavitation: A
technology on the horizon,” Currens Science 91 (No. 1): 35-46 (2005). The high shear mixing
device of certain embodiments of the present system and methods induces cavitation whereby
hydrogen and sulfur-containing compounds are dissociated into free radicals, which ther react
to produce product comprising hydrogen sulfide gas.

[0093]  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. Potental advantages of certain embodiments of the disciosed 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
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0.9536 [00107] The results in Table 2 indicate over a 50% reduction in sulflur content of the crude oil
using the high shear system and process of the present disclosure, 1001081 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 variations and

modifications @bthedpyagtion disclosed herein are possibl.e and. are withiptheseopesf the invention.
Where numerical ranges or limitations are expressly stated, such express ranges or limitations should

be understggg_tpj cl gite gtige ranges or imit%ti ns of like magnitude fallin thhig ghe_expressly
stated rangeé Ebroﬁr%ﬁ?ﬁdﬁg %eﬂgW _ o?n about 1 to aglgfﬁn 0 %ﬁ?ﬁ%%?:% ,"ﬁ? 6 CF?JSII%%.féaF than 0.10
includes 0,30 200 1 Buignacsipfor) . sWse-etateiesnicoptiond yvikithissspeet tomye efément of a

claim is intgpdeddomeanthatthe, subjectalementisireauired, analtepative . Jsinot regrired. Both
alternatives aga intended tq be within i&he scogg of the claim. Use of broader terms such as comprises,

includes, h&Virg "BtE shdt BE TR dRrs TN to Broviba SHE pBHAST ER B e PYe At St A consisting
of, consisting ksisen}’raHyimt;scempaisédfsmlﬁlzamihiliysemf@camdmm_lik@ud@@;ﬁ%@c&md im_gw:,rthe_ scope
of prOtectiqu&wgiimgﬁ@@{4@&9f?@&{&}&@&ﬁﬁ@%@g%g&m@&{c'egpg_t%%)a}/ 5@5&@% which

follow, that scope including all equivalents of theé subject matter of the claims. Each and every claim is
incorporated Ittt the¥pemesithcae 4f éfiti¥timent of the present invention. Thus, the claims are a
further despription angnace:anrmdditos B-the-prefeproc-enbeadiments.ofshepiesant invention. The
disclosures,of. L paipns, patentanplieations. andcpublications,clieq herein. are.heteby jncorporated by
reference, to'the extent t%ey provide exemp?ary, rocedural or bther détais supplementary to those set
forth hereif e WO 20091062960PETAUS2608/087IP4 CLMIMS WIHAT A CEAHIE DigS shear A method

for hydrodegysheiah. zatiomhygdsesenitrogenaiald-hydeafinish gembination theseaf.compyising:
pressure of the reacfion in external high shear device 40 and/or enabling the increase in
production (greater throughput) from a process operated without high shear device 40, In
embodiments, vessel 10 is used mainly for ceoling of fluid, as much of the reaction occurs in
external high shear device 40. In embodiments, vessel 10 is operated at near atmospheric
pressure. In embodiments, most of the reaction ocemrs within the external high shear device 40,
In embodiments the hydrodesulfurization cccurs mainly in the high shear device without the
use of catalyst.
[00695]  The present methods and systemns for hydrodesulfurization of carbonaceous fiuids via
liquid phase reduction with hvdrogen employ an external high shear mechanical device to
provide rapid contact and mixing of chemical ingredients in a controlled environment in the
reactor/high shear device. The high shear device reduces the mass wansfer mitations on the
reaction and thus increases the overall reaction rate, and may allow substantial reaction of
sulfur with hydrogen under global operating conditions under which substantial reaction may
not be expected to occur.

EXAMPLE

EXAMPLE 1: Desulfurization using High Shear
[0696] An external IKA MK 2000 mill (high shear reactor/device 40) from IKA Works, Inc
Wilmington, NC was conpected to a ten liter stinred reactor vessel 10, The apparatus used for
the hydrodesulfurization process in this example is shown schematically in Figure 4.
[¢097] The ten liter reactor vessel 10 was made by welding a section of ten-inch diameter
stainless steel pipe with a base plate and a head plate equipped with an agitator shaft and seal.

Paddle agitator 110 served i stir the contents of vessel 10
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forming a dispersion comprising hydrogen-containing gas bubbles dispersed in a liquid phase
comprising hydrocarbons, wherein the bubbles have a mean diameter of less than 1.5 The method of
claim | w.herein the gas bubbles have a mean diameter of less tean 3. The method of claim | wherein
the liquid phase comprises hydrocarbons selected from the group consisting of liquid natural gas,
crude oil, cmcie oil fractions, gasoline, diesel, naphtha, kerosene, jet fuel, fuel oils and combinations
thereof. 4. Theonathadzefoclaim | wherein forming the dispersion comprisessubiestiagya: mixture of the
hydrogen-containing gas and the liquid phase to a shear rate of greater than about 20,000s" . 5. The

method of giadg | wheraindorming.the.disnersiomeampnsgs, cantaglinauthe dydregen copiaining gas

and the liquid phase in a high shear device, wherein the high shear device comprises at least one
rotor, and WHERSH IR S ldast e Totdtis rotated at a tip speed of at least 22.9 rxils (4,500 fi/min)
during formatign of the dispersion. 6. The method of claim 5 wherein the high shear device produces

a local pressure of at least about 10342 MPa (150,000 psi) at the tip of the at least one rotor. 7. The

method oﬁ%ﬁ?%wherem)th e ene ”

VIS T T TUNITS
Sulfur content ASTM D 4284 4.882 Weight %
API Gravity @60°F ASTM D 5002 18.27 v
Density @60°F ASTM D 5002 0.9438 g/mi
Specific Gravity @ 60°F ASTM D 5062 0.5448 -

[00106] Vessel 10 was sealed and circulation initiated with heatng. Recirculating pump 5
was a Roper Type 1 gear pump, Roper Pump Company (Commerce Georgia). System 400
comprised vessel 10 with agitator 110 and heating mantle 120. Base oil was placed into
pressure vessel 10 that included an internal paddic agitator 110 and 2 cooling coil 125, Vessel
10 also comprised a gas injection valve 15, pressure relief valve 17, discharge valve 20,
temperature probe 2 and pressure gauge 3. Heating mantie 120 was used to heat vessel/reactor
10.

[60101] Hydrogen gas 22 was fed into the inlet of high shear unit 40 at ambient temperature,
and gas flow was regulated by means of a pressure relief vaive (not shown) between the supply
manifold (not shown) and the reactor high shear device 40, The hydrogenation reaction was
then carried out, maintaiming the flow of hydrogen into the reactor, and maintaining the
specified temperature for the indicated period of time. Purified Hydrogen Gas, Standard IS:HY
200, Grade I having a purity of 99.9%(+}, and was obtained from Airgas Corp. No catalyst
was used in (s experiment although a hydrodesulfurization catalyst, known to those in the art,
could be utilized i desired.

[00162] The high shear device 40 was set to 60Hz  The oil was heated to 150°C (using
heating mantle 120} over a period of 2 hours and then the high shear device 40 was raised to 85
Hz. Outlet pressure from pumap 5 was 140 psig and the pressure at vessel 10 was 50 psig,
[00103] A vacuum was drawn on vessel 10 through condenser 130 cocled by water. This was
used to vent, via vent 17, excess hvdrogen, hvdrogen salfide, amines, water and other volatiles
proguced in the hydredesalfurization process,

[G0104] The hydrodesulfurization process was continued for an  additional  hour.
Temperatures measured at the reactor increased to 168°C and the run was terminated and the
oil allowed to cool to room temperature after which the hydrodesulfurized oil product was
removed from the reactor, and its composition determined.

00105} The analysis of the hydrodesulfurized oil is presented in Table 2.
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greater than 1000 WM) 3. 8. The method of claim | further comprising contacting the dispersion with
a catalyst that is active for hyclrodesulfuridation, hydrodemitrogenation, hydrofinishing, or a
combination thereof. WO 20091002960PCDUS20118/067974 9. The method of claim 8 wherein the
catalyst comprises a metal selected fromhe group consisting of cobalt molybdenum, ruthenium, and
combinations thereof. 10. A method for hydrodesulfurizatioj1, hydrodenitrogenation, or hydrofinishing,
the method campsisiagizess Subjecting a fluid mixture comprising hydroges-¢grtaiRinggas and liquid
comprising sulfur-containing components; nitrogen-containing components, unsaturated bonds, or a
combinatio 6E§€)3eof to a shear rate greater than 20.000 sH in a high shear device to produce a
dispersion of hydrogen in a continuous phase of the liquid, and introducing the dispersion into a fixed
bed reactor from which reactoF{gtbaltict is refrtiet Mkt tHe4i%8d bed reactor comprises catalyst
effective fofmgdrodesulfurization, hydrodesitréigeination, hydrafipgshing” or a corikigation thereof.

Subfur coment ABTM D 4294 2.357 Weighl %
- AP Gravity @60°F ASTM D 5002 1674 ¢

Density @60°F ASTM D 5002 0.9545 g/mL

Specific Gravity @ 60°F ASTW D 5002 09556 -

[060187] The resnles in Table 2 indicate over a 30% reduction in sulfur content of the crude oil
using the high shear system and process of the present disclosure.

[00108] 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 spuit
and teachings of the invention. The embodiments described herein are exemplary only, and
are not intended to be Hmiting. Many variations and modifications of the invention
disciosed herein are possible and are within the scope of the invention. Where numerical
ranges or limitations are expressly stated, such express ranges or lmitations should be
understood o include iterative ranges or limitations of like magnitude falling within the
expressiy stated ranges or limitations (e.g., from about 1 to about 10 incledes, 2, 3, 4, etc.;
greater than 0.10 includes (.11, (.12, 0.13, and so forth). Use of the term "optionally” with
respect to any element of a claim is intended to mean that the subject element is required, or
alternatively, is pot required. Both alternatives are intended to be within the scope of the
claim. Use of broader terms such as comprises, includes, having, eic. should be understood
to provide support for pairower terms such as comsisting of, consisting essentially of,
comprised substantially of, and the like.

[00109) Accordingly, the scope of protection is not lirmited by the description set out above
but is only limited by the claims which follow, that scope including all eguivalents 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 hersby incorporated by
reference, to the extent they provide exempiary, procedural or other details supplementary to

those set forth herein,
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11. The method of claim 10 further comprising: separating the reactor product into a gas stream
and a liquid product stream comprising desulfurized hydrocarbon liquid product; stripping hydrogen
sulfide from the gas suearru producing a hydrogen sulfide lean gas stream; and recycling at least a
portion of the hydrogen sulfide lean gas stream to the external high shear device. inThe method of
claim 11 further comprising reforming the desuifurized hydrocarbon lig mu product. 13.The method of
claim 12 furthgrcamprising recovering hydrogen from the reforming and rec%/chlin% at least a portion of
recovered hydrogen. A system for hydrodesulfurization, hydrode.nitrogen%% 58 %%%ﬁnishing
comprising: at least one high shear mixing device cogg]irising at least one generator comprising a rotor
and a stator separated by a shear gap, wherein ar gap is the minimum distance between the
rotor and tRE5tatdy, @ntiiWhBrEin the high shear mixing device is capable of producing a tip speed of
the rotor ofjgreater than,22.9.m/s (4, iminn.and. . a pump configured for delivering a liquid
stream cor%%risjn \,Iig%_%gp{)?hzgg '?o‘% %%%{éﬁjead??ﬁlxﬁém )eg\‘/%%?“gmmm’ bydictingshing, o a

combindton thereof comprising:

IOfmIng & cuspersion comprising hydrogen-containing gas bubbles dispersed in 2 lLiguid

phiase comprising hvdrocarbons, wherein the bubbles have 4 mean diameter of less than 1.3

1m.
o - P -

2. Fhe method of claim [ wherein the gas bubbles have a mean dizmeter of less thap |
L.

) g : H T o pin s : : . ]

3. The method of claim [ wherein the liguid phase comprises hvdrocarbons seiected

from the group consisting of liguid patural gas, crude oil, orude oil fractions, gasoline, diegel.
naphtha, kerosene, jet fuel, fuel oils and combinations thereof,

A " £ mie | iy : : : .

4. I'he method of claim | wherein forming the dispersion comprises subjecting a mixturs
of the hydrogen-containing gas and the Hiquid phase to a shear rate of greater than about

2000057

3. The method of claim ! wherein forming the dispersion comprises contacting the

) A i o e
hydrogen-containing gas and the liguid phase In 2 high shear device, wherein the hich shear
device comprises at least one rotor, and wherein the at least one rotor is rotated at a tip speed of

R

at least 22.9 m/s (4,500 f/min) during formation of the dispersion.

6. The method of claim 5 wherein the high shear device proguces a local pressure of at

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

- o P o . :
7. The method of claim 5 wherein the energy expenditure of the high shear device is

greater than 1000 Wim?®,

8. The I f claj further 1$Iing ] i ' i
he method of claim | further comprising contacting the dispersion with a catatyst that
1s active for hydrodesulfurization, hvdrodenitrogenation, hydrofinishine, or a combination

thereof,
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0 WO 2009/002960PCT/Lf 520081067974 15. The system of claim 14 wherein the at least one high
shear mixing device is configured for producing a dispersion of hydrogen-containing gas bubbles in a
liquid phase selected from liquid phases comprising sulfur-containing species and hydrocarbons; liquid
phases comprising nitrogen-containing species and hydrocarbons; and liquid phases comprising
unsaturated hydrocarbons; wherein the dispersion has a mean bubble diameter of less than 400 rim.

16. The systeqpiglaimsis comprising at least two high shear mixing devices. 17. The system of
claim 14 comprising at least two generators. 18. The system of claim 17 wheleii"ti@<hEar rate

provided. kyy oneé;,e_nera%o_rI isrg{eater than the shear rate provided by another generator. 12. 19.A
system for RydrodesulinZafibn By droderit She st cormyarofinistihes thesystericgmprising:  a
reactor seleeteddfroni hydiodesutfurization:rhyeirodeniitegenation,-and hydrofinishi g readtors, wherein
the reactor comprises a fixed catalyst bed; and a high shear device comprising art inlet for a fluid
stream com rising a Ii%(fyid and hydrogen gas, and an outlet for a product dispersion, wherein the outlet
of the high 'shear deWites fitidRyesHAseiea:rsan inldroktheomator, and whesginsthe: high shear
device is capdbieofprogdiucing a dispersion of hydrogen bubbles having- a bubble diameter of less

than about 5 irm i_‘ntthe.liguig. o . ) ‘
subjecting a Tiuid mixture comprising hydrogen-containing gas and a liquid comprising

sulfur-containing componsnts, nitrogen-containing components, unsaturated bonds, or u
combination thereof to 4 shear rate greater than 20.000 < i « high shear device to produce a
dispersion of hydrogen in a continuous phase of the Liquid: and

introducing the dispersion into a fixed bed reactor from which a reactor product is
removed, wherein the fixed bed reactor comprises catalyst effective for hydrodesulfurization.

hydrodenitrogenation, hydrofinishing, or a combination thereof.

11 The method of claim 14 further comprising:

separating the reactor product into a gas stream and a hquid product sweam comprisine
desulfurized hydrocarbon liquid product;

stripping hydrogen sulfide from the gas sweam, producing a hydrogen sulfide lean pas
stream: and

recyching at least & portion of the hydrogen sulfide lean gas stream o the exterpal high

shear device,

iRg) RE] £ 1 , } Tt y ¥
iz, Fne method of claim 11 further comprising retorming the desulfurized hvdrocarbon

Higuid product.

2 ol P o el ; {
L3, The method of claim 12 further comprising recovering hydrogen from the raformine and

recycling at least a portion of recovered hvdrogen.

14, A system for hydrodesulfurization, hydrodenitrogenation, or hydrofinishing comprising:

at least ene high shear mixing device comprising at least one generator COMPIISing &
rotor and a stator separated by a shear gap, wherein the shear gap is the minimum distance
between the rotor and the stator, and wherein the high shear mixing device is capable of
producing a tip speed of the rotor of greater thar 22.9 my/s (4,500 ft/min): and

a pump configured for delivering a liguid stream comprising hguid phase to the high
shear mixing device,
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20. The system of claim 19 wherein the high shear device comprises a high shear mill having a tip
speed of greater than 5.08 nils 0000 ft/mini,

WO 2009602960 PCT/UB2008/667974
L5, The system of claim 14 wherein the at least one high shesr mixing device is con figured

for producing = dispersion of hydrogen-containing gas bubbles in » hguid phase selecied from
higuid phases comprising sulfur-containing species and hyvdrocarbons: Licuid phases COMPIising
nitroger-containing species and hydrocarbons: and liquid phases comprising  unsairated

hydrocarbons; wherein the dispersion has a mean bubble dismeter of less than 400 nm.

16. The system of claim 14 comprising at least two high shear mixing devices.

i7. The systern of claim 14 comprising at least two generators.
18, The system of claim 17 wheremn the shear rate provided by one generaror is greater than

the shear rate provided by another generator,

19, A systern for hydrodesulfurization, hyvdrodenitrogenartion. or hydrofinishing, the system
COMprising:

a reactor selected {rom hydrodesulfwrization, hydrodenitrogenation, and nydrofinishing
reactors, wherein the reacror comprises o fixed catalyst bed; and

& hgh shear device comprising an inlet for a fluid soeam comprising a liquid and
hydrogen gas, and an outlet for a product dispersion, wherein the outlet of the mgh shear device
1s fiuidly connected to an inlet of the reactor, and wherein the high shear device is capablie of
producing a dispersion of hydrogen bubbles having a bubble diameter of less than about 5 L in
the Lquid.

20, The system of claim 19 wherein the high shear device comprises a mgh shear mill

having a tip speed of greater than 5.08 m/s (1000 f/min).



