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5 pipeli-ne, pUN@ONEPId refini ng equi prent, and catal yst ng

In addition, sulfur conbustion products, such as sul fur d|0X|de
contribute significantly to acid rain. The renoval of sulfur from
crude oil is, therefore, a critical step in oil refining, and grow ng
even nore 10 inportant as lowsulfur oil reserves are depleted and

envi ronnent al regul ati ons becone nore restrictive. Sul fur I n crude
oi | can occur in two distinct fornms: inorganic sul fur, primarily

sul fides or sulfates, and organic sulfur, wherein a sulfur atomis

PreSet 10 an o 9an o STRM probtrdlier SR nSS RO 3¢ PROCEss
het er car omat i ¢ conpounds. The standard process for crude oi

desul furization is BACKGﬂB{ﬂdﬁ)@@S*thﬁuiwmﬁﬁ (HDS), in which carbon-sul fur
bonds are reductively cle ved gﬁggactlon wi th hydrogen at 20
el evat ed tenperature and usto ﬁ?@é@ﬁb€°8Faénln9 fossil fuels

generates a number of problems, including corrosion of

5 pipeline, pumping and refining equipment, and catalyst
poisoning. In addition, sulfur combustion products, such
as sulfur dioxide, contribute significantly to acid rain.
The removal of sulfur from crude oil is, therefore, a
critical step in oil refining, and growing even more

10 important as low-sulfur oil reserves are depleted and

environmental regulations become more restrictive. Sulfur
in crude c©il can occur in two distinct forms: inorganic
sulfur, primarily sulfides or sulfates, and organic sulfur,
wherein a sulfur atom is present in an organic compound.

15 This group of compounds includes thioethers, mercaptans,
sulfoxides, and sulfur-containing heterocaromatic compounds.

The standard process for crude oil desulfurization is
hydrodesulfurization (HDS), in which carbon-sulfur bonds
are reductively cleaved by reaction with hydrogen at

20 elevated temperature and pressure in the presence of a
hetercgeneous catalyst, such as molybdenum disulfide (Gary
et al., Petroleum Refining: Technology and Economics,
Marcel Dekker, Inc., New York, 114-120 (1975); Speight, The

. Desulfurization of Heavy Oils and Residue, Marcel Dekker,

25 1Inc., New York, 119-127 (1981)). There are several
disadvantages inherent in the HDS process. For example, it
is an energy-intensive process, due to the high
temperatures and pressures required, as is the production
of the hydrogen necessary for the process. In addition,

30 the primary sulfur-containing product of this process is
hydrogen sulfide, a highly toxic gas, which can poison the
catalyst and, thus, must be continuously removed from the
reactor. Moreover, certain organosulfur compounds commonly
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het er ogeneous catal yst, such as nol ybdenum di sul fide (Gary et al.,

Petrol eum Refini ng: Technol ogy and Econom cs, Mar cel Dekker, Inc.,
New York, 114-120 (1975); Speight, The Desul furization of Heavy O s
and Resi due, Marcel Dekker, 25 Inc., New York, 119-127 (1981)). There
are several Wo09%7/409h sadvant ages i nherent in the HDS procesecr/gsymonusanpl e,
It IS an energy-intensive process, due to the high '
tenperatures and pressures required, as is the production of the
hydr ogen necessary for the process. |In addition, 30 the primry

'sul fur-containing product of this process is hydr ogen sul fide, a

hi ghly toxic gas, which can poi son the “2catal yst and, thus, nust be

conti nuously renoy, qQy th ctagr. .Moregver, certai.n )
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petrol eumreact slowyire that pabtrcomsiast iomirembval of HE UM QIR1ndUS,

even HDS-treated féﬁﬂﬁ%éﬁ?&n@k&%ﬁ ots require the post-conbustion renoval
of sul fur-containing cofbustron’ products. 5 The probl ens
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bacteria to the removal of sulfur from organic molecules
{(Monticello et. al., Ann. Rev. Microbiol. 39 : 371-389

10 (1985)). BDS, thus, is performed under mild conditions,
using a catalyst capable of replenishing itself. BDS
methods have been developed which are capable of
desulfurizing even the compounds most refractory toward
HDS. _

15 BDS utilizes a heterogeneous system composed of oil,
water and the biological catalyst, which typically
comprises intact bacterial cells. The output of this
process generally consists of a substantially pure oil
phase, an agueous phase containing the biological catalyst,

20 and a three phase oil/water/biological catalyst emulsion,
produced by the strong shear forces employed in the BDS
reactor. The economic viability of the BDS process
requires the cost-effective recovery, in substantially pure
form, of the oil present in the emulsion, a significant

25 technical challenge which has not previously been met in an
entirely successful manner.

There'is, thus, a need for a method and an apparatus
for recovering substantially pure oil from the three phase
oil/water/biocatalyst emulsion resulting from the BDS

30 process.

SUMMARY OF THE INVENTION

The invention is based on the unexpected discovery
that in the separation of a mixture comprising an emulsion
and a fine solid, such as that produced in a BDS process,
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bacterial cells. The output of this process generally consists of a
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bi ol ogi cal catalyst, 20 and a three phase oil/water/biological catalyst
emul si on, pr oduced by the strong shear for8es enployed in thehBDS
reactor. The econom ¢ viability of the BDS praocess ires the
cost-effective recovét ?ﬁyﬁrgﬁéﬁ%ﬁ‘ﬁq fhey sedid sePar‘?'Eﬁﬁnngﬁ" the oi |

present in the enul titonkisiuguésfpiasd oﬂ&hbeehﬂllsﬁdmChaﬂ'HL@@le‘ﬁbtréhyhaS
not previously beenj§3¥mﬂﬂ§ 8He mani dﬂfﬂnyo§u9ﬁgséﬁégergﬂ1 ich the solid

There -is, thus, a neéeg a nmet hod. and an .appar at recoveri ng
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that in the separation of a conprising an enu
solid, such as that RTINS FAT SN it dsWater-miscible/water-

immiscible/solid emulsion, wherein the solid comprises fine
particles, such as particles having at least one dimension

10 which is smaller than about 50 gm, into a water-miscible
phase and a water-immiscible phase. The phase with which
the solid is separated can be manipulated by determining
the discontinuous phase of the emulsion.

antine

In one embodiment, the method comprises the steps of
15 (1) directing the water-miscible/water-immiscible/solid
emulsion through a first hydrocyclone; (2) inverting the
emulsion (i.e. interchanging the continuocus/discontinuous
phases) from the first hydrocyclone; (3) directing the
overflow emulsion through one or more subseguent _
20 hydrocyclones arranged in series; and (4) collecting the
water-miscible or aqueous phase and the water-immiscible or
organic phase. The solid will be collected with the
discontinuous phase of the emulsion.
The solid can be a fine organic or inorganic particle,
25 for example, a particle having at least one dimension which
is less than about 50 um, preferably less than about 30 um,
more preferably less than about 10 um. In a particularly
preferred embodiment, the solid is a biocatalyst or
biomass, such as an intact bacterial, fungal or yeast cell.
30 The water immiscible, o0il or organic phase can be any non-
polar liquid, for example, a liquid fossil fuel, such as
petroleum or a petroleum distillate, a synthetic oil, such
as a silicone oil, a hydrocarbon or mixed hydrocarbon, or a

fat or mixture of fats, such as a vegetable o0il or animal
35 fat. '
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- 3- I n a hydrocyclone, the solid separates with the

di sconti nuous phase of the emul sion. This discovery permts the
mani pul ati on of the phase to which the solid will mgrate by
determ ni ng wogAmepul ati ng the conti nuous 5 and di scontrcmouseso7gilases -of
t he enul si on. The present invention relates to a nethod and an
apparatus for separating a water-mscible/water- i mm sci ble/solid
enul sion, wherein the solid conprises fine particles, such as
particles having at | east one dinension 10 which is smaller than about
50 [err]m into a water-m scible phase'ﬁﬁd a water-inmm sci ble phase.

The phase with which e L.;}gesesglfi ghhsemﬁgge%gﬁgPg%ﬁaégxptgeati%geg?éﬁd
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hydrocycl one; (2) } ' e : ' i |.nt i_ng. the
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directing the 5 inpliRe |WiFeners P¥nSuRifclind fdeopMbstor i aquent 20
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wat er - m sci bl e or aque e ter-jnm SGi . ., Qrganic
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t he emul si on. hydrocyqinnes flerdegaRomRr L8 ing & wer ganmererhydraqysiiones
parlt icle, ] 25 foeofinespdd i sé&][ihlstﬂ fhéfyingd ineake ©@ee iRl Gireki Ch
is less than abgqut r re t about 30 rrlm .
nore pref erabl 38| egégf%‘g‘ﬁé%ﬁeu? slﬁgﬁggkf?ﬁhekﬁi aarl%glre t ?gu%rér?'il/'hesj‘%n source;
preferred enbodi mefBd 2Heeansd ifpy dnyepkihaths ghage of the gmpksion.such as

an intact bacteri aintétposed Qin td@shy@ebtyclone series. The hydrocyclone
series can comprise one or more "de-oiling" hydrocyclones
and/or one or more "dehydrating” hydrocyclones. The.

15 emulsion can be inverted from water-continuous to oil-
continuous can be any means for sufficiently agitating the
emulsion, such as a static in-line mixer.

Other embodiments of the present system further
comprise additional elements. For example, the system can

20 comprise one or more pumps interposed in the hydrocyclone
series to pressurize the emulsion at specific points in the
system. Another embodiment further comprises a de-watering
means or unit, such as an electrostatic precipitation unit,
placed in the series following the ultimate dehydrating

25 hydrocyclone. The apparatus can also comprise lines
leading from the underflow ends of the hydrocyclones to the
BDS reactor, as well as a centrifuge connected by a line to
the underflow end of the ultimate dehydrating hydrocyclone,
to separate the biocatalyst from water.

30 The present invention provides a number of advantages.
It enables high yield recovery of highly pure oil from a
water-continuous oil/water/biocatalyst emulsion, such as
can result from a BDS process. It also provides for the.
recycling of water and biocatalyst from the emulsion back

35 to the BDS reactor, adding to the efficiency of the system.



30 The water imm scible, oil or organic phase can be any non- pol ar
liquid, for exanple, a liquid fossil fuel, such as petrol eum or a
petroleumdistillate, a synthetic oil, such as a silicone oil, a

hydr ocar bon or m xed hydrocarbon, or a fat or mxture of fats, such
as a veget abl ev@p140803 ani mal 35 fat. WD 97/ 40903 PCI/USITAT718I -
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phase of the enmulsion in step (2) can be inverted by agitating the
emul sion with sufficient shear force to i nvert the phases. This can
be done, for exanple, by directing the emul sion through a m xer, such
as a static 5 in-line nixer or by subjecting-the emulsion to a
sufficiently | arge pressyre drop. . The_apparatus of the_presgnt

i nvention conpri sespptamailiy’ ﬁ){}dESm}%% aséﬁl€§188ggr?’sr? ﬁﬁSaSPtﬁBr‘él&
hydr ocycl ones fayhmeotiag parter iwkichwienettherafora atedativelwf the

first 10 hydrocyciiigensivenNBECESEstMuct lande ehByako GRBAINHAQRM . SOUr CE;

and a- nmeans for inverting the phase of the emul sion, i nt erposed in

t he hydrocycl one series. The hydrocycl one series can conprise one or
nore "de-oiling" hy@RKBR DESERIPTION QRJTHE DRAWINE nore "dehydrating”

h_yflrocycloneS- The 15 19RUFSHAReCHAD PesdHRvRtied il iest ¥alRim G2NhhNEgYardtus
ort- for separating the components of a three phase oil/water/
biocatalyst emulsion according to the invention.

DETAILED DESCRIPTION OF THE INVENTION
The present invention relates to a method and an
10 apparatus for separating a water/organic/solid emulsion,
wherein the solid comprises fine particles. 1In one
embodiment, the invention provides a method for separating
substantially pure oil from a water-continuous three phase
oil/water/biocatalyst emulsion. This method enables the
15 recovery of oil comprising less than about 0.1% by volume
water and cells from such emulsions produced, for example,
in a BDS reactor. :

The term "overflow" as used herein refers to the phase
that emerges from the output tube at the top, or wide end,

20 of a hydrocyclone. The principles underlying hydrocyclonic
separation require that this phase be the less dense of the
phases separated by the hydrocyclone. Thé term “"underflow"
as used herein refers to the phase emerging from the ocutput
tube at the bottom, or narrow end, of the hydrocyclone,

25 this being the more dense of the phases separated by the
hydrocyclone.

The term “series" as used herein refers to a
collection of elements, such as hydrocyclones, pumps and
valves, connected together sequentially by lines suitable

30 for conducting an emulsion from one element to the next
element in the sequence. 1In a series of hydrocyclones, the
overflow end of a first hydrocyclone is connected by a line
to the intake tube of the next hydrocyclone in the series.



continuous can be any neans for sufficiently agitating the enmul si on,
such as a static in-line mxer. O her enbodi nents of the present
system furt her conprise additional elenents. For exanple, the system
can 20 conprise one or nore punps interposed in the hydrocycl one
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hydr ocycl ones to the BDS reactor, as weld- as a centrifuge connected
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conprises a rel ati #8Fgripemd Relgyhar Zhgsovpxfilow from the second de-oiling
hydrocyclone can then be recovered. Additionally, one or

more hydrocyclones or other elements can be connected in
10 parallel. It is desirable, for example, to employ one or
more hydrocyclones in parallel to one or more of the above-
described hydrocyclones to increase the volume of the
apparatus.
The term "biocatalyst" as used herein refers to any
" 15 solid or insoluble catalytic material of biological origin.
That is, the biocatalyst is present in the emulsion as a
solid. The biocatalyst can be homogeneous or
heterogeneous, and can be a cellular biocatalyst, for
example, an intact cell, such as a bacterial cell, a fungal
20 cell or a yeast cell, or a cell fragment. In a BDS
process, the biocatalyst catalyzes the cleavage of carbon-
sulfur bonds. One example of such a biocatalyst is an
intact cell of the bacterium Rhodococcus strain IGTS8 (ATCC
No. 53968), which houses a collection of enzymes which
25 cleave carbon-sulfur bonds, or a recombinant microorganism
thereof, as described in U.S. Patent No. 5,356,801, issued
to Rambosek et al., the contents of which are incorporated
herein by reference.
In one ewbodiment, the method of the present invention
30 for the separation of a water-miscible/water-
immiscible/soclid emulsion, wherein the solid comprises fine
particles, comprises the steps of (1) directing the water-
miscible/water-immiscible/solid emulsion through a first
hydrocyclone; (2) inverting the phase of the overflow
35 emulsion from the first hydrocyclone; (3) directing the



few noving parts, which is, therefore, relatively | nexpensive to
construct and easy to nmintain. BRI EF DESCRI PTI ON OF THE DRAW NG

5 The Figure is a schematic illustration of an apparatus for
separating the conponents of a three phase oil/water/ bi ocat a

ermul si on accow@igyomd t he i nventi on. DETAI LED DESCRPEFUEH THE -
| NVENTI ON The present invention relates to a nethod and an 10
apparatus for separating a water/organic/solid emulsion, wherein the
solid conprises fine particles. In one enbodi ment, the invention
provi des a nethod for separating substantially pure oil froma
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vol ume wat er QFTEM ?“‘f“:%ﬁ?guﬁlﬁr% ﬁn(?n?rp?‘Bﬁ%c%‘iP B Exanpl e,
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narrow end, of the h droc cl one, 25 this ﬁi gg nore dense
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as used herein ref eplsasea s a liquigdopbbar iongagiicekompound, susdh a® a Cp,-C,-
hydr ocycl ones, punpg)&dKbl . val ves, connected together sequentially by

| i nes suitable 30 for_conductin Ision fromope el enent .to the
next el et in T SRTGErABTIPRIRIS SIMERSR L H, IS ATBHedom fgn
overfl ow end of a fccmmrhyﬂﬁuoych&nalas Woinledcetsbg difuidk and is to the

intake tube of ‘the pgxiedWdi0%CliRRestiblid iR Wa%er. Such materials

include liquid fossil fuels, such as petroleum and
petroleum distillates, aliphatic and aromatic hydrocarbons

15 and derivatives and mixtures thereof, mineral oils,
synthetic oils, such as silicone oils, vegetable oils and
modified, for example, partially hydrogenated, vegetable
oils, and animal fats and modified animal fats.

The emulsion source can be, for example, a BDS

20 reactor, such as a batch stirred reactor. The emulsion
gsource can alsc be any other bioreactor which utilizes a
heterogeneous water/organic reaction medium and a solid or
particulate biocatalyst, such as bacterial, fungal or yeast
cells. Another suitable emulsion source is any reactor

25 employing a water/organic reaction medium and a finely
divided heterogenous catalyst, such as a finely divided
metal or inorganic powder, or that yields a product in the
form of a finely divided powder, which is insoluble in
either the water phase or the organic phase. In another

30 embodiment, the emulsion can be obtained or made directly
from a natural source, such as a fossil fuel deposit, or a
fossil fuel processing facility. 1In this embodiment, the
solid can be a fine silt, for example.

The phase of the overflow emulsgion of step (2) can be
35 inverted by agitating the emulsion, for example, by passing
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There can al so be additional elenents interposed in the l'ine

connecting two hydrocycl ones. In such an enbodi nent, t he underfl ow of
the first de-oiling hydrocyclone is directed to a second de-o0iling
hydr ocycl one woldmoemser f | ow 5 fromthe second de-oiling Ipcivussyeigine can
then be directed to one or nore dehydrating hydrocycl ones, such as
will be descri bed bel ow. The overflow fromthe second de-oiling
hydrocycl one can then be recovered. Additionally, one or nor e

hydr ocycl ones or other elenments can be connected in 10 parallel. It is
desirable, for exanple, to enploy one or -8ore hydrocyclones in
parallel to one or nore of the above- . described hydrocyclones to

i ncrease the vol umthgf ePREsion thyawghaepsin-line mixer,Tigachepm a static in-

"biocatal yst" as udddlehmigen. r efrerandthedn¥mbod bnédt | dHy pregehb! @rop
catal ytic material L,OL OQi i Qi n. That .is,..th i Qcatalyst is
pr esent "2ross éogy%cﬂlsogﬁ’dprﬁ%r%]?g‘éatthﬁ y rof §Y§£°°Y<=f°nen

in the enul'sion a NE 1 yST "Ca i
homobgeneous or Profefes oflesrio EPrepsd subfiigient c |iFivertbtbeaemulaion f or
exanpl e, an intact cell rnsafdtlnse erbvdinentd] €Ré|metthdd!Fadkher28omseldedr

s e T (2 o hle BERETER oo ddiud 30 the ovBLARES LmhBToR SELELY ),
for example, by directing said emulsion through a pump,
such as a positive displacement pump, prior to directing
the emulsion to the hydrocyclone series of step (¢). The

10 emulsion can also be pressurized at other points in the
process, such that suitable emulsion pressurization is
maintained for hydrocyclonic separation.

In a further embodiment, the hydrocyclone series of
step (c) comprises two or more hydrocyclones. These

15 hydrocyclones can be de-oiling hydrocyclones, dehydrating
hydrocyclones or a combination thereof.

' In a preferred embodiment, the method of the present
invention comprises the steps of: (1) directing a water-
continuous oil/water/biocatalyst emulsion from an emulsion

20 source into a de-oiling hydrocyclone, (2) inverting the
oil-enriched overflow emulsion from the hydrocyclone,
ﬁhereby forming an oil-continuous oil-enriched emulsion,
{(3) directing the oil-continuous oil-enriched overflow
emulsion through one or more dehydrating hydrocyclones

25 connected in series, and (4) collecting the substantially
pure oil.

QD

In one embodiment of the present method, the
oil/water/biocatalyst emulsion to be separated comes from a
BDS reactdr, and comprises from about 50% to about 90% by

30 volume water and biocatalyst combined, and from about 10%
to about 50% by volume oil. The composition will typically
be about 75% by volume water and biocatalyst combined, and
about 25% by volume oil. The water-biocatalyst/cil ratio
will generally be greater than about 1:1, preferably

35 greater than about 2:1 and more preferably greater than



sul fur bonds. One exanple of such a biocatalyst is an I ntact cell of
t he bacteri um Rhodococcus strain | GIS8 (ATCC No. 53968), which houses
a collection of enzymes which 25 cl eave carbon-sul fur bonds, or a

reconbi nant m croor gani sm t hereof, as described in U S. Patent No.

5, 356, 801, isswaP740903 to Ranbosek et al., the contents of WETA§IZA7ESL
I'ncor por at ed herein by reference. I n one enbodi nent, the
nmet hod of the present invention 30 for the separation of a

wat er - m sci bl e/ wat er - i mmi sci bl e/ solid enul sion, wherein the solid
conprises fine particles, conprises the sgg ps of (1) directing the
wat er - m sci bl e/ wat er-i mm sci bl e/solid enufsion through a first

hydrocycl one; (2) inwgditng.the '?ﬂi@scﬁnﬁsa.%ecgﬁeé;d@%he ?B%Se?é%w? feom
Lgﬁlbggiﬁog{gaocyC|(”1emﬁ;%%tg¥£eg£ gﬁbut.%o °C and g“%rqssure of ahouki4Qpsi-
emul si on through one or nfhe wabexipihtbiocatalirstremylsimme £ram ahgeBDS N
series; and (4) coll ex‘éaid%rt he pressu@ﬁ@usfoghéﬁ&nﬁ@ e a\e’aﬁgrgs{:%éﬁ%bifo

phase. The wat .SCi b ase can_ conprl se
aqueous sol ution i t PSe é? ?%t%RﬁLﬁ em§&€H°%nE%Eﬂ%$P a pump, 5gpgh as a
bases, pol ar organi c pitdoeddisplacanaite puings, befiste it ent@xspthéed@soiling

anot her embodi ment, iR 4R R SCI B 0il-enriched overflow from the de-oiling
hydrocyclone can also be directed through a pump, connected
in the series, before it enters the first or subsequent

10 dehydrating hydrocyclone. In a further embodiment, £ine
water droplets, from about 2% to about 10%, preferably
about 5%, by volume relative to the emulsion, are mixed
with the oil-enriched overflow emulsion from one
dehydrating hydrocyclone, which remains oil-continuous,

15 before it enters a subsequent dehydrating hydrocyclone.
Preferably, the water dfoplets are added to the oil-
enriched overflow from the penultimate dehydrating
hydrocyclone before it enters the ultimate dehydrating
hydrocyclone. The added water droplets attract the

20 residual biocatalyst cells, further facilitating their .
separation from the oil. The water/biocatalyst-containing
underflow from the ultimate dehydrating hydrocyclone can be
directed to a centrifuge, whereby the biocatalyst and the
water are separated.

25 The oil-enriched overflow emulsion from the ultimate
dehydrating cyclone can be collected or further purified by
passage through a de-watering means, such as a settling
tank, a centrifuge, a coalescing membrane filter, a cross-
flow filter, or, preferably, an electrostatic precipitation

30 unit, prior to being collected, depending upon the purity
requirements of the oil.

In a further embodiment, the invention provides a
method for separating an oil-continuous water/oil/
biocatalyst emulsion into an aqueocus, biocatalyst-

35 containing phase and a substantially pure oil-containing



phase is a liquid polar organic conpound, such as a (Jerr]-Cerr]-

al cohol . 10 The wat er-inm sci bl e conponent of the enul sion can
conprise any material which fornms a liquid and is substantial ly
immscible with water. Such materials include liquid fossil fuels,
such as petr avebmaoessad petroleumdistill ates, aliphatiPCBUSH7HTI8NAL I C-
hydr ocar bons 15 and derivatives and m xtures thereof, mneral oils,
synthetic oils, such as silicone oils, vegetable oils and nodi fi ed,
for exanple, partially hydrogenated, vegetable oils, and animal fats
and nodified animal fats. The enul si on source can be, for
exanple, a BDS 20 reactor, such as a batcitirred reactor. The

emul si on source can _al sp be %ﬁy o&her bhoreq@%gr which utilizes a
het er ogeneous wat ePPEPGafPTPFEERT SH LRSS 0 SR8 S™euiyiot ('}#"mug one or more
particul ate bi ocat dehydrating kydimatalionge, ahdngal legtipgnshe substamtizlly

Anot her suitabl e emhal 801SEHHELIA A Bhals@ACt OF 25 enpl oying a
wat er/ organi ¢ reaction ' '

di um a fi.nel . di vi ded het er ogenoyus
Catal yot ouch ae a {1 ndy =t pRfkkfonal enbopipen: | She dryertSHRIERCHites oy
yi el ds a product5 i methed for séparating siilidl padtidles widhder preketéected

i nsoluble in ;ﬁiats*éeffrbﬁeaﬂfaéﬁilﬂiﬁx_s%oﬂlbﬁgﬁngrﬂi’éﬁiéblﬁ*aaﬁﬁrtielé’é‘PtJ'er
30 enbodi nent, the enul sgon cgn be obt ai hed or de, dir ec%:% fror?la
natural source, sudt¥g 21fYid;Phasgy ad@;&sﬁﬁ,c% - Liquid phages; | Thgdpethod

processi ng facilitywompriskssdénbottingerithe emalsion wlyeteith the preasélected
silt, for exanple. phase is the di¥cHEiRs PREsQVSE fdraV Hitlls3bANt REcSSEP
(2) can be 35 nverted By a0kl A O e e T L o g (3P L8117 PASST NG
particles in said pre-selected phase. .
The apparatus of the present invention for separating
a water-miscible/water-immiscible/solid emulsion, wherein
the solid comprises fine particles, into a water-miscible

15 phase and a water-immiscible phase, comprises two or morxe
hydrocyclones connected in series, wherein the intake tube
of the first hydrocyclone is connected by a line to an
emulsion source; and a means for inverting the phase of the
emulsion, interposed in the hydrocyclone series.

20 In a preferred embodiment, the apparatus of the
present invention comprises (1) a hydrocyclone series
comprising one or more de-oiling hydrocyclones and one or
more dehydrating hydrocyclones, wherein the intake tube of
the first hydrocyclone is connected to an emulsion source

25 by a line, and (2) a means for inverting the emulsion from
water-continuous to oil-continuous interposed in the
hydrocyclone series prioxr to a déhydrating hydrocyclone. A
suitable de-oiling hydrocyclone for the present purpose is
a Vortoil de-oiling hydrocyclone, model VA05110 (Vortoil

30 Separation Systems, U.S.A., Houston, TX). The dehydrating
hydrocyclones can each be, for example, a Vortoil model KS
dehydrating hydrocyclone.

The means for inverting the emulsion from water-
continuous to oil-continuous is preferably interposed in

35 the hydrocyclone series before the first dehydrating
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- 8- the enmul sion through an in-line mxer, such as a static in-

line mxer. In another enbodi nent, the pressure drop across a
hydrocycl one, preferably the first hydrocycl one, produces shear
forces sufficivem@74083i nvert the emnul sion. 5 I n anotHYUEHBH nent
the nmethod further conprises the step of pressurizing the overfl ow
enul sion of step (2), for exanple, by directing said enmulsion through
a punp, such as a positive displacenent punp, prior to directing

the enul sion to the hydrocycl one series of stepi(c). The 10 enul sion can
al so be pressurized at other points in the process, such that

sui tabl e enul si on pheaEYEyEBén®rarnds can be ahy edmebf agibydingychodmulsion

separat i on. il Buel W T RUROTLIED e IR INIERLYChares ST | 651

step (c) conprises two of NOFe drocycl ones roc ones can
be de-oiling hydrocy@pohesdoméhﬁﬁﬂa@mngn line m&ﬁﬁﬁxnﬁﬂroﬁggmﬁlea a static
combi nati on thereof mixer comprisidy dner erenbed St rmsttmgt bredi@htwd afhe

the present e gp“g&&' 8$u§85 ! l‘g}% kﬂ%bﬁi&?é Pl %Jn)d R 58 Céh@&r amr”i?itn"gr'

conti nuous oil/ "oca sion froman emu
into a de-oiling hydndeginsne, PK€53|M¥V§FFFﬁ§ ©hethe emuLﬁlpnenrpegeegample of

over fl ow enul si on f oBchlgcyikity dletent suitablerfdyy ther pragedt purpose is

oi | -conti nuous oi l -enlr;do%ﬂ gt%\%‘% ﬁ.ﬁg&r, type, .« %&géjfre'p éM%C?fthgC%r nor e

oi | - conti nuous oil - &h r'on throu
dehydr ati ng hydr ocy@ngiasering Ceondas: edHPﬁSSQW €BX) -anG‘h(é4Phé§¢I teyerRiqrhe
substantially 10 daw @18blbe induced by al BufPecpe Prdaurel akbs # agent

e (" aps ¢ SIS RS S TR L S e
the oil enriched emulsion which emerges from the over low
end of the de-ociling hydrocyclone is oil-continuous.

In a preferred embodiment, the apparatus comprises

15 three dehydrating hydrocyclones. In another embocdiment,
the system further comprises one or more pumps, such as
positive displacement pumps, which are interposed in the
hydrocyclone series to maintain the emulsion under suitable
pressure for hydrocyclonic separation. One pump, for

20 example, can be connected by a line to the intake tube of
the de-oiling hydrocyclone, whereby the oil/water/
biocatalyst emulsion is pressurized prior to entering the
de-oiling hydrocyclone. A suitable pump is a Moyno 2000
positive displacement pump (Moyno Industrial Products,

25 1Inc., Springfield, OH). The system can also comprise one
or more valves, such as globe valves or regulating valves,
which are interposed in the hydrocyclone series and can
control the movement of the emulsion through the apparatus.

In further embodiments, the apparatus additionally

30 comprises a surge tank interposed in the hydrocyclone
series between the de-oiling hydrocyclone and the first
dehydrating hydrocyclone. The surge tank can be any
vessel, preferably fabricated of stainless steel, able to
withstand the operating pressure of the apparatus and

35 chemically compatible with the emulsion materials. The



30 ‘'volune water and bi ocatal yst conbi ned, and from about 10% to

about 50% by volune oil. The conposition will typically be about 75%
by vol une water and biocatal yst conbi ned, and about 25% by vol une
oil. The water-biocatalyst/oil ratio will generally be greater than

about ' 1:1, wosfraombl vy 35 greater than about 2:1 and noPETHE¥NGIED]| v
greater than WO 97/ 40903

PCT/ US97/ 07181 - 9- about

3:1. The enulsion can exit the BDS reactor at a tenperature of about
30 [err]C and a pressure of about 40 psi. “12- The

wat er/ oi | / bi ocat al yst emul sion fromthe BDS reactor is pressurized,
for exanple, to aéyét?éh?tca%b%E‘tﬂgp comp:éiéés'a’ ml?.*lﬂ%r'?gi\}é"g cto@)?\ erUkLSE8N,

t hrough a punp, such sjtive é ore it
enters the de-oi I?‘?ﬂfce ot W8F00§7EF%’F1%°Beﬁ1éno thechy ’E‘ﬁ%‘fFltﬂP@r FEEHeFr om t he
de-oiling hyxitoc i dhe vdnimase dehydiratdngdhiyyrowgtil anepuniThecoirénged

in the series, befoie iis %ye%%awﬁ iﬁééztpdyeds‘iHSEHH%drocﬁfcql %@h\fsg Iegng

hydrocycl one. In a further

about 2% to abdut ﬁfﬂﬁeﬁnﬁ§ﬁbP§BP}tlmate dehysirating B¥d¥QﬁXﬁﬁ9ﬁﬁeP&F| Beto
t he enul sion, areultimate dehydratfihgt hgdmmdycdoniechetheveitimmvvalwescan from

one dehydr&&a %&g&drweh@neox&wﬁ r%makegleté CAlduyg. 15
before it enters hsequen ehydraltil nég r.ocycl one.
enr ched emulsion Thes d oplets further attract

biocatalyst cells and facilitate their separation from the

10 oil.

In another embodiment, the apparatus further comprises
a de-watering means connected by a line to the overflow end
of the ultimate dehydrating hydrocyclone. The de-watering
means can be, for example, a settling tank, a centrifuge, a

15 coalescing membrane filter, a cross flow filter, or,
preferably, an electrostatic precipitation unit. One
example of a suitable electrostatic precipitation unit is,
for example, a Petrico meter cell electrostatic
precipitator (Petrico Inc., St. Louis, MO). 1In a yet

20 further embodiment, the system additionally comprises a
éentrifuge, such as a Westphalia model CA22-000
clarifier/decanter centrifuge (Westphalia Separator AG,
Oelde, Germany), connected by a line to the underflow end
of the ultimate dehydrating hydrocyclone.

25 A preferred embodiment of the present invention
comprises the apparatus depicted schematically in the
Figure and the method of use of this apparatus. A water-
continuous oil/water/biocatalyst emulsion enters the
apparatus from the emulsion source, for example, a batch-

30 stirred BDS reactor, through line 10 at a temperature of
about 30 °C. This emulsion comprises from about 1 to about
100 g/L biocatalyst, such as intact cells of Rhodococcus
strain IGTS8, from about 50% to about 90% by volume water
and biocatalyst combined, and from about 10% to about S50%

35 by volume oil. The emulsion is pressurized, for example,



Preferably,.the wat er droplets are added to the oil - enri ched

overflow fromthe penultimate dehydrati ng hydr ocycl one before it
enters the ultimte dehydrating hydr ocycl one. The added wat er
droplets attract the 20 residual biocatalyst cells, furth tating
their - WM on fromthe oil. The water/ bi ocatal yst - g%ﬁ%gﬁhhh
underflow fromthe ultimte dehydrati ng hydrocycl one can be dlrected
to a centrifuge, whereby the biocatal yst and the wat er are

separ at ed. 25 The oil-enriched overflow emul sion fromthe ultimte
dehydrating cyclone can be collected or furthe 3purlfled by passage
t hrough a de-watering neans, such as- a settliﬁ& tank, a centrifuge,

a coal esci ng menbr apg Q%f@ésnﬁ GEORE least anddiOWall bk g Bf Rl 20Ty,

an electrostatic preC|p| ation unit, prior to

dependi ng upon the BBFPEgh pump 1 r@ea. PERBRALR, & May@oompdel 2000 positiyg 5
further enbodi nent, dikplacemsrt ump)ovi des a nmet hod for separating

an oi | -continuous vat e”-?hé/emulhsmn Elsoﬁﬂéﬁ" fleftYy SPQ” 'Ei&wa{h@élli%o‘éﬁe
bi ocat al yst - 35 contal nl ng and a su stantlél ure oil-containing
VO 97/ 40903 5 range from about 250 to about 3quﬁagégppogqumlnute (gpm} |
-10 - phase thrpughi hinaliiiedntogdeheiking Hydrochriogd Dne The Mgueous
underflow from de-oiling hydrocyclone 2 (for example, a
Vortoil model VAO5110) emerges at a flow rate of from about
175 to about 245 gpm at a pressure in the range of about 60
10 to about 80 psig, and comprises from about 0.1 to about 10
g/L biocatalyst, from about 50% to about 99% by volume
water and cells, and from about 1% to about 50% by volume
oil.
This emulsion is directed, through line 12, which is
15 controlled by wvalve 23, back to the emulsion source, e.g.,
the BDS reactor. The oil-enriched overflow emulsion from
de-oiling hydrocyclone 2 emerges at a flow rate of about 75
to about 105 gpm, at a pressure of from about 20 to about
50 psig and comprises from about 0.9 to about 90 g/L
20 biocatalyst, from about 1% to 50% by volume water and
biocatalyst combined, and from about 50% to about 9%% by
volume oil.
This emulsion is directed, through valve 24 and line
13, through surge tank 3, and then, via line 14, through
25 pump 4 (for example, another Moyno model 2000 positive
displacement pump)}, where it is pressurized to a pressure
in the range from about 400 psig to about 600 psig while
maintaining a flow rate in the range of about 75 to about
105 gpm. This ewulsion is then directed through line 15
30 into static in-line mixer 5, which comprises about 4 static
mixing elements (for example, a Koch static mixer type
number 1" SMV-CX), in which the oil-enriched emulsion is
inverted from water-continuocus to oil-continuous. 2all
subsequent emulsions in the process are also oil-
35 continuous.



dehydrating hydrocycl ones and collecting the substantially pure

oi | -cont ai ni ng phase. In an additional enbodinent, the invention
i ncludes a 5 method for separating solid particles with a presel ected
phase froman emnul sion conprising the solid particles, a first liquid
phase,. and aweowanse | i qui d phase. The met hod conpri sBETHPYTOEI®LNg t he
‘emul si on wherein the pre-sel ected phase is the discontinuous phase of
t he emul si on through 10 one or nore hydrocycl ones and collecting the
solid particles in said pré-sel ected phase. The appar at us
of the present invention for separating a

wat er - m sci bl e/ wat er-i mm sci bl e/ solid emnul si of-wherein the solid

conprises fine partlcles into a water-m sci.bl.e 15 hase and a .
wat er-i mmi sci bl e phase, THe R SRECERECYT §fpiFion emerg dé?%?dﬁ@%s@éﬁﬁécted
in series, whereinihhkinetndkkert abea presswfe time ther sange dixomy cbaome 380 to

connect ed by a | I Ngpbdk Abo peig GHY ﬂ-.%épl&%ctaad eh 1fiHe 8VeLhEBY
t he phase of the |nterposed roc C one seri es.

20 In a pref & ¥¥ %ﬁﬁi’d’&%ﬁﬁ Yﬂ%°%§fﬁ9é?“§t subsgeuentnt
I nvent i on conpr Ssedekyddrat ingl hydyobgakoses i@ be, foroe$mmpném]vmrtodﬂ nor e

de-oiling hydrocychoger mficheHyarating hyaBlyeidauy aling Jyd FElow

wherein the intake tu first rocyclone Is connec to _an
enul si on source P5omfAehydnatdng, hydrosyel 9ﬁ§a e%SFg?ﬁv%?t? QWN?aéﬁUP§|on
from wat er - Cﬁﬂb{nrmmm: t7a 50it- abatt NUOLE gont altpasptlessutélem the range
hydrocycl one seri ef.o o0 Faodelydbaht Nde A H1QCY ChrRRs- erﬁulsmn c%thtﬁ%%

de-oi ling hydrocyc or the present 0 de- 0|I|ng
hydr ocycl one, #Bdelfr‘a‘ACﬂi‘i‘Bt (‘\/c?r £ Pb°“€3@)‘? QfépMPﬁﬁl?é?Et e%’%"“‘ lﬁ‘@
Houston, TX). ThetdehpoivtIngs by volhmelrwxtet wm‘sb&anaea):jrebe:;mﬁMed,

exanple, a Vortoil , de& \ﬁsabou ﬂegxdsséw%#ﬂw QYGhENE11, and is

The means for |nver emul si on .from wat

oi | -continuous is FéF%F%‘Bi yehnughyddag 4 Wh‘fs‘g‘ tiﬁecf?%mﬁﬁﬁ#r‘?é Vsa@r &5

before the first dbhyurabltMp emulsion source.

15 The overflow from dehydrating hydrocyclone 6 emerges
at a flow rate of from about 67 to about 395 gpm at a
pressure in the range from about 280 to about 480 psig, and
comprises from about 0.1 to about 1.0 g/L biocatalyst, from
about 0.1% to about 0.5% by volume water and biocatalyst

20 combined and from about 95% to about 29.9% by volume oil.
This emulsion is then directed, through line 18, controlled
by valve 26, into second dehydrating hydrocyclone 7. The
aqueous underflow from dehydrating hydrocyclone 7 emerges
at a flow rate of from about 6.5 to about 9.5 gpm at a

25 pressure in the range of about 180 to about 380 psig. This
emulsion comprises from about 0.99 to about 9 g/L
biocatalyst, from about 97% to about 99% by volume water
and biocatalyst combined, and from about 1% to about 3% by
volume oil, and is directed, through line 19, controlled by

30 valve 27, back to the emulsion source.

The overflow emulsion from dehydrating hydrocyclone 7
emerges at a flow rate of about 60 to about 86 gpm at a
pressure in the range of about 180 to 380 psig, and
comprises from about 0.01 to about 1 g/L biocatalyst, from

35 about 0.1% to about 2.5% by volume water and biocatalyst
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-11- hydr ocycl one and can be any neans of agitating the enul sion
with sufficient shear force to invert the emulsion. This can be done
with an in-line mxer, for exanple, a static m xer conprising one or
nore static mwosmMBenents. The 5 nixer causes highly tﬁgﬂﬂf 4 ow -
and hi gh shear m xi ng, I nduci ng a phase inversion of the emulsion.
One exanpl e of a static mxing elenment suitable for the present

pur pose is a Koch static m xer, type nunber 1" SMW-CX (Koch

Engi neering Co., Inc., Houston, TX). The phase inversion 10 can al so be
I nduced by a sufficient pressure drop at the -15- overflow end of the
de-oiling hydrocyclone, In this_ case the oil-enriched emul si on which
energes fromthe ovepmpdned, and aheusf 2(7k8% deo ARRGUTg Fy F oBY cYRHENG £il.

oi | -conti nuous. This emuldich Feid@ieedeanbrebugintlinehgoappaitidided by

comprises 15 threg dghyggat i'ﬂg %dﬁ?ﬁ‘%g%ﬁﬁgis %&%%Qgg,egpﬁrgis%?cﬁx&ez% by

the system further conprises on
di spl acenent punps, VRAPEA BP aboittedPFsby VAlupe, preferppdioghevori it es

to maintain the gnukslamelnwigicksuid ailrected tt:)opIﬁ%lﬂoe thebull dI Dey d0Niwkich
separation. One pu C CcO e y | to,t

i nt ake tube of rrR’E"t Eéﬁggg%%cfné hf P’Se?groﬁ“é‘,‘e %&%&b%aphggo#%]tegdr /fq%m
bi ocat al yst emnul si o8ardipresteRs Ady the srocesantaugh@s feom the wrdexfliow of

hydrocycl one. A sui t-abl Gep¥IPnd hyrirdeydQoR808s shown, or it can come from a
source external to the apparatus. The resulting mixture is
10 then directed through static in-line mixer 29, which
comprises about 4 static mixing elements (for example, a
Koch static mixer type number 1" SMV-CX).
The resulting emulsion comprises from about 2.5% to
about S% by volume water and biocatalyst combined, and from
15 about 95% to about 97.5% by volume oil. This emulsion is
then directed, through line 20, into third dehydrating
hydrocyclone 8. The underflow from dehydrating
hydrocyclone 8 emerges at a flow rate of about 6 to about 9
gpm at a pressure in range of about 80 to about 280 psig
20 and comprises from about 0.5 to about 0.99 g/L biocatalyst,
from about 95% to about 99.9% by volume watexr and
biocatalyst combined, and from about 0.1% to 1% by volume
oil.
This emulsion is directed, through line 21, which is
25 controlled by valve 30, either back to the BDS reactor or
through valve 31 to centrifuge 10 (Westphalia model CA22-
000) , which separates the biocatalyst from the water. The
overflow emulsion from dehydrating hydrocyclone 8 emerges
at a flow rate in the range of about 55 to about 80 gpm at
30 a pressure of about 80 to about 280 psig. This emulsion
comprises from about 0.01 to about 0.5 g/L biocatalyst,
0.1% to 1% by volume water and biocatalyst combined, and
from about 929% to about 99.9% by volume oil, and isg
directed, through valve 32 and line 22, into electrostatic
35 precipitation unit 9 (for example, a Petrico meter cell}.



positive displacenent punp (Myno Industrial Products, 25 Inc.,
Springfield, OH). The systemcan also conprise one or nore val ves,
such as gl obe val ves or regul ati ng val ves, whi ch are interposed in

t he hydrocycl one series and can control the novenent of the emul sion
t hr ough t he vapgrosizus. I n further enbodi nent s PAIESIHPA at us-
additionally 30 conprises a surge tank interposed in the hydrocycl one
series between the de-oiling hydrocyclone and the first dehydrati ng
hydrocycl one. The surge tank cam be any vessel , preferably fabricated
of stainless steel, able to wi thstand the operating pressure of the
appar at us and 35 chem cally conpatible w-s-the enul sion nmaterials. The
WD 97/ 40903 ) . PCT/ US97/ 07181 |
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by volume oil. This oil is collected.
The method and apparatus of the present invention can
be tailored to provide oil of the desired degree of purity.
10 For example, the number of dehydrating hydrocyclones in the
hydrocyclone series can be varied, with fewer dehydrating
hydrocyclones employed when oil of relatively low purity is
acceptable, and more dehydrating hydrocyclones used when
oil of higher purity is desired. The o0il emerging from the
15 ultimate dehydrating hydrocyclone can be collected or
subjected to electrostatic precipitation prior to
collection, depending upon the purity requirements of the
oil.
The removal of the biocatalyst, for example, bacterial
20 cells, from the oil is based on the observation that in an
emulsion the cells remain with the dispersed phase, whether
oil or water. The ewulsion generated in a BDS reactor,
such as a batch stirred reactor, typically comprises about
75% by volume water and biocatalyst combined, and about 25%
25 by volume oil, and is water-continuous, i.e., the dispersed
phase is oil. The overflow from the de-oiling
hydrocyclone, unless inverted by the pressure drop across
the de-oiling hydrocyclone, remains water-continuous,
despite the fact that the emulsion is now greatly enriched
30 in oil, with a typical composition of 10% by volume water
and biocatalyst combined and 90% by volume oil. The in-
line mixer, described above, applies sufficient shear force
to the entering water-continuous emulsion that this
emulsion is inverted to become oil-continuous.



10 oil. I n anot her enbodi nent, the apparatus further conprises

a de-watering neans connected by a line to the overfl ow end of the
ultimate dehydrating hydrocyclone. The de-watering nmeans can be, for
exanple, a settling tank, a centrifuge, a 15 coal escing rrerrbr%’ng filter,
a cross flow fWPPHNNY preferably, an electrostatic BYEEPA T8 on
unit. One exanple of a suitable electrostatic precipitation unit is,
for exanple, a Petrico nmeter cell electrostatic precipitator (Petrico
Inc., St. Louis, MJ). In a yet 20 further enbodinent, the system
additionally conprises a centrifuge, sucly-as a Westphalia nodel

CA22- 000 clarifier/decanter centrifuge (Westphalia Separator AG

Cel de, Gernmny), connect ethebyppakates tcar A sonther bperarsdl under cﬁfldﬁ.bﬁons in
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10 EXEMPLIFICATION _

In one example of the method, the biocatalyst
comprised intact cells of Rhodococcus strain IGTS8 (ATCC
No.S53968). The water-continuous oil/water/biocatalyst
emulsion from a batch-stirred BDS réactor had the

15 composition 75% by volume water and cells combined and 25%
by volume oil, and entered the apparatus of the Figure at a
temperature of 30 °C and a pressure of 40 psi. The
emulsion was pressurized by pump 1 to 120 psi prior to
entering the de-oiling hydrocyclone at a flow rate between

20 about 250 and 350 gallons per minute (me).

The underflow from the de-oiling hydrocyclone was at
S0 psi pressure and had the composition 95% by volume
water, 5% by volume oil and cells combined. The overflow
from the de-oiling hydrocyclone was 90% by volume oil at a

25 pressure of 20 psi, with the balance comprising water and
cells, and was water-continuous, as shown by conductance
measurements. The emulsion was inverted from water-
continucus to oil-continuous by passage through the static
in-line mixer, -as verified by conductance measurements.

30 After passage through first dehydrating hydrocyclone
6, 99% of the original water and cells had been removed.
An about 3% c¢lean water stream was added to the overflow
emulsion from second dehydrating hydrocyclone 7 through a
mixing nozzle, creating fine water droplets within the



- 13- to a pressure of at |east about 120 psig, by passage

t hrough punmp 1 (for exanple, a Moyno nodel 2000 positive di spl acenent
punp) . The emulsion is then directed, at a flowrate in the 5
range from about 250 to about 350 gallons per mnute (gpm, t hr ough
line 11 into weoenidesng hydrocycl one 2. The aqueous uNBEST/U$IBMA7IBY om
de-oiling hydrocyclone 2 (for exanple, a Vortoil nodel VACE110)
energes at a flow rate of from about 175 to about 245 gpm at a
pressure in the range of about 60° 10 to about so psig, and conprises from
about 0.1 to about 10 g/ L biocatalyst, fromabout 50%to about 99% by
vol une wat er and cells, and from about 4P8-+t o about 50% by vol une

oil. This emulsion is directed, through line 12, which is 15
control I ed by val venzdsipack Thetdeerihavwsifaomsshizd, d%h)giratlng cychengis

reactor. The oil -eerrﬁJaqeheawéfsbouhﬁmwnhamvmeﬁh water Grdid.i280by volume
hydr OCyCl one 2 emer%ﬁﬁ_ at fgi)oﬁjf:[u%l’?t Ogro%P%'ﬁe %]Efectrosta{d:%cab%% égé?gﬂgﬂ

at a pressure of fr ouf

about 0.9 to about @litgmas 9309bi by arelyms onh,omabonbe 1bA1tamcsowmprwimre
wat er and Di gt Yold eambsned, and from about 50% to about 99V by
vol une oil. This emulsion is directed, through valve 24 and |line
13, through surge tank 3, and then, via line 14, through 25 punp 4 (for
exanpl e, anot her MBRIBIVARIEATS2000 positive di spl acenent punp), where

it is pressurized to a priREeUERilled ih rtnéwazrtamlf i'@d%@bﬁb& d&Oerabgeteo

about 600 psig while . nalntalnln a ro rate LAang 75
t o about 105 2ﬁﬁﬁrtaﬁﬁ gséﬁﬁIS|on |st¥h rgurec e%ﬂf rou %' |ne ﬁgﬁy
30 into static L@- |emmeSchehsnwxcs@ba@émsnnss@%ttm,e inventipRi ng
el ements (for exanpl€scAided hetledhi. C ShxeredyiiRlents are intended to be

encompassed in the scope of the following claims.



nunber 1" SW-CX), in which the oiT-enriched enulsion is i nverted

fromwater-continuous to nn(“m I subsequent enul sions in
the process are al so oil (“ I‘“E‘mumn WO 97/ 40903
-14- he

PCT/ US97/ 07181

oi | - cont irnuous WEMTM83n energes fromthe static in-li né’W@?’“’éﬁl
pressure in the range from about 380 to about 580 psig and is then
directed, through Iine 16, into . first dehydrating hydrocycl one 6

(this and subsequent 5 dehydrati ng hydrocycl ones X e,
Vort oi | nodel KS dehydrating hydrocycl ones). i@lﬁj?@é@%@ E& v
from dehydrating hydrocycl one 6 energes at a f1b%W rat¢ of REPLAGER om abput

7.5 to about 10.5 gpmat a pressure in the r M from about 280 to

about 480 psig. This emul sion conprises 10 OIR about 0.8 to about 80

g/ L biocatal yst, from about 95% to about 99.9% by vol une water and

bi ocat al yst conbi nedwhat is cdmdmé8ofsabout 0.1% to about 5% by vol une oil,

and is directed, through Iine 17, which is controlled by val ve 25,

back to the enul sion source. 15 The overfl ow from dehydrating

hydrocycl one 6 energks A methodjferogepanatisg mnosmabeicn gonprishogt aos

gpm at a pressure ivatdismiangblé SHAsOW waBrt Ondiib 1480 nRSET. aR8d -
5 fine solid particles, into a water-miscible phase and

a water-immiscible phase, comprising the steps of:
(a) directing the emulsion through a first
hydrocyclone, whereby the emulsion is separated
into an overflow emulsion and an underflow
10 emulsion;
(b} inverting the phase of the overflow emulsion;
(c} directing the overflow emulsion through one or
more subsequent hydrocyclones arranged in series;
and
15 (d) collecting the water-miscible phase and the
water-immiscible phase, wherein the solid
particles are collected in the discontinuous
phase of the overflow emulsion of step (c).

2. The method of Claim 1 wherein the solid particles have
20 at least one dimension smaller than about 50 um.
3. The method of Claim 2 wherein the solid particles are

biocatalyst particles.

4. The method of Claim 3 wherein the emulsion is water-
continuous.
25 §. The method of Claim 4 wherein the overflow emulsion of

step (a) is inverted by directing said overflow
emulsion through an in-line mixer.

Sheet Has Been Reﬂlaced
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‘ ) \
conprises fromabout 0.1 to about 1.0 g/L biocatalyst, fron1 about
0.1%to about 0.5% by vol une ”ﬂﬂ"’ﬂmﬂ | yst conbi ned and from
about 95%to about 99.9% by V ﬁ"r Thi s enul sion is then

directed, through |line 18, control | & $ *py valve 26, into second
dehydrati ng Iwdovepa one 7. The aqueous ‘under fl ow fr pordsynodisat i ng .
hydrocycl one 7 energes at a flowrate of fromabout 6.5 to about 9.5

gpm at a 25 pressure in the range of about 180 to about 380 psig. This
enul sion conprises fromabout 0.99 to about 9 g/L

from
about 97%to about 99% by vol une water and ti%ﬁ%\t At;i‘ggh%ﬂed, and

fromabout 1 to about 3% by vol une oi l-20nd |i_s_di t hr ogigh

i ne 19, controlled by 30 _valve 27, back to the emulsion source.

The overfl ow enul sifn frTBF‘n Bered 25 r‘r‘g'l-arW'dlso&’ﬁ}éF%m the in-linenmiges i¢ =
flowrate of about 60 tetabbotmBeepm at a pressure in the range of
about 180 to 380 psig and conprises fromabout 0.01 to about 1 g/L

bi ocat al yst, from bout 0. 1% to_about 2.5% by vol une water and
bi ocat al yst 7. g F4g§6§o of Claim 4 wherein the overflow emulsion of

PCT/ US97/ 07181 . step (a) is inverted by a pressurkbdrop acro§®nm&ed,
and about 97.5%¢g 0 about;99: %g? W oil. This emulsion is
e by

directed through line 20, cont valve 28. To the enmulsion is
added water, from about 2% by

8. The method of Claim 5 further comprising the step of
pressurizing the overflow emulsion of step (b) prior
to directing said overflow emulsion to the
hydrocyclone of step (c¢).

<

10 9. The method of Claim 8 wherein step (c) comprises

directing the overflow emulsion through two or more
dehydrating hydrocyclones.

10. A method for separating a water-continuous
water/oil/cellular biocatalyst emulsion into an

15 aquecus, cellular biocatalyst-containing phase and a

substantially pure oil phase, comprising the steps of:

(a}) directing the water/oil/cellular biocatalyst
emulsion from an emulsion source through a de-
ciling hydrocyclone;

20 (b) inverting the oil-enriched overflow emulsion from
the de-oiling hydrocyclone from water-continuous
to oil-continuous;

(¢) directing the oil-continuous emulsion through one
or more dehydrating hydrocyclones arranged in

25 _ series; and

(d) collecting the substantially pure oil.

11. The method of Claim 10 wherein the cellular
biocatalyst comprises bacterial cells.

;—__ﬂ_ﬂ____———————f“—
ﬂmRﬂimﬁd
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y about 5% by 5 volunme, which is

vol ume to about 10% by efor
directed to line 20 thrl ”"]J‘Lmlﬁ m
] s

ch Is controlled by val ve 34.
The water can be recycl o lier steps in the process, such as
fromthe underfl ow of t he deoiling hydrocycl one as shown, or it can

come froma WO9M49Marce external to the apparatus. The resBEYYY™ %% ure -
S 10 then directed through static in-line nmxer 29, which

conprises about 4 static mxing elenments (for exanple, a Koch static
m xer type nunber 1" SMW-CX). The resul TG ‘ ri ses
fromabout 2.5%to about 5% by vol une water ikﬂ%gﬁg&ﬁ@ﬂ‘m ned,
and from 15 about 95%to about 97.5% by voléke ¢il. &t | sigh is
then directed, throygh |ljine 2 i nt itd dehydratin hydr.ocycl.one
6 “The under f1 ow 11 o deRparieiy o ETafg £ id:in" Eng ppged X Sqing) fre
rate of about 6 to aboutRBodococcugpeedidsa pressure in range of about 80 to
about 280 psig 20 and conprises fromabout 0.5 to about 0.99 g/L

bi ocat al yst, ' om gbout 99% t out ..9% by, _vol ume ter and .
bi ocat al yst conbi neg,g’an ?_r%?ﬁ%ﬁ%g.gﬁ%“tggl‘% I\?O?Ek}ﬁeem‘\’,\?sm%isf?urce 18
This enul sion is directed, bi¢deayjifuriiget 2on yeaaded.s 25 controll ed by

val ve 30, either back to the BDS reactor or t hrough valve 31 to

centrifuge 10 (Westphali g, nodel - . 0 whi ch separates th

b ocat al vst Tromd hShar b8 ARod OF Chaip, 104N GAmEESAL kNSRS diom, of
hydrocycl one 8 energes pressuxizind Gher aid/vateticaldnderobiabatalss t o
about 80 gpm at 30 a pefsdsish PridRowb 80réer AP Whe2331Pwhber/EéBlular

enul si on conprises, fromapouyt 0.01 to_about 0.5 g/ | ocatal yst,
0.1%to 1% by vol ume wat B?'°‘é%aa§f%c§?‘§wg%‘ E@ﬁb#%‘e%‘,h dhygmcy?f?#ﬁ -about
- 99% to about 99.9% by volune oil, and is directed, through valve 32

and line 22, int( eligctrepbahéthod Tx RABEMPLE Ak iithed ofl PhraCeA B Biuidr
Petrico nmeter cell).

biocatalyst emulsion is pressurized to at least about
120 psi.

16. The method of Claim 10 further comprising the step of
mixing the oil-continuous emulsion of step (c) with
15 between about 1% by volume and about 10% by volume of
fine water droplets, prior to directing the emulsion
to a dehydrating hydrocyclone.

17. The method of Claim 16 wherein the oil-continuous
emulsion of step (c¢) is mixed with the fine water
20 droplets immediately prior to directing the emulsion
through the ultimate dehydrating hydrocyclone.

18. The method of Claim 10 further comprising the step of
directing the substantially pure oil overflow of step
(c) through a de-watering means, whereby the
25 substantially pure 0il is further purified, prior to
collecting the oil.

This Sheet Has Been Re’placed
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- 16- The substanti al es fromelectrostatic
precipitation unit 9 at a f ﬂmmﬂ‘aﬂ! m 55 to about 80 gpm at a
pressure in the range from akou psig and conpri ses

fromO.to abwm9780%®3 g/ L bi ocat al yst, from about 0% t ®CIASNTO78101% by
vol unme water and bi ocat al yst conblned and from about 99.99%to about
100% by volune oil. This oil i s col | ected. The et hod and
apparatus of the present invention can be ta mrsegHEEq' HAS"BE&N oi | of

t he desired degree of purity. 10 For exanple, th ﬁ!éé’éb hydr ati ng
hydr ocycl ones in the hydrocyclone seriégztan ewer

dehydrati ng dr I elativ J_ow urlty
is accept ablgy ?ﬁnﬂﬁ%ﬁ’%%r ??g‘a% rocﬁ?cl tf’e & Q‘vgf eansml
of higher purity is desi® &n thpsteﬁwmmmmme unms, allsetdtiag
dehydr ating hydrocycl ongaign deresk! embedfpxcer, a cefibPifedEL bt &

el ectrostatic precipit ol | ectlon dependi ng upon the
purity requirenents of a‘%‘ﬁgs{ym%r mE%Frane £ilter The renoval of the

bi ocat al yst, foP exanpl e, bacteri al 20 cells, fromthe oil is based on

t he observation thao.i mrarhpparatuselfbkssqﬁhiahﬁr@eb' &aﬁéﬂ%f‘gam:l&}'sld’l%d
di spersed phase, whet he% enul sion

ener i,n a
BDS react or, such i nbal%‘ﬁrgg' ed sFoéld'cr:q]f SPmpﬁﬁ?% (ﬂ‘?%ﬁ%&?
about 75% by vol imko \an @:qu&naprbc%e #ng tanc orpangd, plamb,about 25%
25 by volure oil, and ¢Smpiisimgconti nuous, i.e., the dispersed

-~ 10 a hydrocyclone series comprising two or more
hydrocyclones connected in series, wherein the intake
tube of the first hydrocyclone is connected by a line
to an emulsion source; and
a means for inverting the phase of the emulsion,

15 interposed in the hydrocyclone series.

21. The apparatus of Claim 20 further comprising a line
connecting the underflow end of one or more
hydrocyclones to the emulsion source.

22, The apparatus of Claim 20 wherein the hydrocyclone
20 series comprises one or more de-oiling hydrocyclones
and two or more dehydrating hydrocyclones.

23. The apparatus of Claim 20 wherein the emulsion source
is a biodesulfurization reactor.

24. The apparatus of Claim 20 further comprising one or
25 more pumps, wherein each pump is interposed in the
hydrocyclone series.

25. The apparatus of Claim 20 further comprising a surge
tank, wherein the surge tank is interposed in the
hydrocyclone series.

(L]
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phase is oil. The overflwng hydr ocycl one, unl ess
I nverted by the pressure acr oss the de-oiling hydrocycl one,

remai ns water-conti nuous ff‘ﬁ’l he fact that the enulsion is now
greatly enriched

i cal conposition of 10 by vol ume
water - aW@ﬂ?H@?@ht aI yst cor‘rbl e s 90% by vol ume oi | . PERS ?"Y‘P"s‘
| ine m xer, described above, applies sufficient shear force to the
entering water-continuous enulsion that this enu!s{uw+ia téwerted to
become oil - conti nuous. WD 97/ 40903 THIS SHEET HAS B
PCT/ US97/ 07181 - 1REPLACED The
apparatus can al so be operated under conditi o3 Whi ch the pressure

drop across the de-gjd i n&hgyggasmw%f laim ?o%ﬁé‘é %mhfnggngre&'yce

sufficient shear forces nvert e 0i [-entiched enul'sion ener gi ng
fromthe overflow 5 eﬁ&veTHEEQ 9@?ﬂﬁh§ﬁ%§°ﬁthF empksiQn 118 apainnd vt he
aqueous phase and are rermdwed#.wi th the water via passage t hrough the
dehydrating hydrocycl ones. The invention will now be further and
specifically descri bed by the foll ow ng exanple. 10
EXEMPLI El CATI ON . 27. The apparatus of Claim 20 wherein the means for

5 inverting the phase of the emulsion is a pressure drop

across a hydrocyclone.

28. The apparatus of Claim 20 further comprising a mixing
means interposed in the hydrocyclone series, wherein
the mixing means is connected by a line to a water

10 ' source.

29. The apparatus of Claim 28 wherein the mixing means is
a mixing valve.

30. The apparatus of Claim 28 wherein the mixing means is
interposed in the hydrocyclone series between the
15 penultimate dehydrating hydrocyclone and the ultimate
dehydrating hydrocyclone.

31. The apparatus of Claim 20 further comprising an de-
watering means connected by a line to the overflow end
of the ultimate dehydrating hydrocyclone.

20 32. The apparatus of Claim 31 wherein the de-watering
means is an electrostatic precipitation unit, a
settling tank, a cross flow filter, a centrifuge or a
coalescing membrane filter.

33. An apparatus for separating a water-continuous
25 oil/water/biocatalyst emulsion into an aqueous,
biocatalyst-containing fraction and substantially pure
oil, comprising:
T
as Been Reﬁaced
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In one exanpl e of the nethod, The Di ocatatyst conprised intact cells
of Rhodococcus strain | .53968). The water-conti nuous

oi | /wat er/ bi ocat al yst G]ﬂm ﬂ“ umfa batch-stirred BDS reactor had
t he 15 conposition 75% By ¥o urre»: and cells conbined and 25%

by vol une oi |woawmemtered t he apparatus of the Figure at apcTwsye7ist

tenperature of 30 [err]C and a pressure of 40 psi. The enul si on was
pressurized by punp 1 to 120 psi prior to i ng
hydrocycl one at a flow rate between 20 about 250THEJSHEED RAS BEEN |per

m nute (gpn. The underflow fromthe de-oil iREBLAGESr ocycljone was
at 50 psi pressure and had the conpositizan Dy ~Vorume wat er,
5% by volune oil and cells conbi ned. The overfl ow fromthe de-oiling

hydrocycl one was 90% by (@] ufrefd¥st pump, cpBnpreed by fli2@ psi a Wbihcé her
bal ance conprising water andsaid em&®diloh; and was wat er-conti nuous, as
shown by conduct ance y NRaguLe $En3§ The enul si s inverted from
wat er - cont i nuous ‘Fd of| Seor ol ?ebﬁrp38§%d§* hygdeosyalores,
in-line mxer, as verified byresgtucthendatakastvbeesft She £id8t de-offimg

passage through girst dehydrnyaf@cmxgcigl EBﬁnected bﬁ,a qg%o t{:‘ﬁe Eirst
original water and cells had bout 3% VBt eF

n
stream was added to the overPPrﬁ 4R e 701 OPER ?9§5ﬁ9ﬂ99§néeﬁgﬁyﬂFH§$ng
hydrocycl one 7 through a hydrwml@mzzl e, creating fine water droplets

gk%?bggg?87181 WO 9¢)40208urge tank interposed in the series between the
ultimate de-oiling hydrocyclone and the first
10 dehydrating hydrocyclone;

(d) a second pump interposed in the series between
the ultimate deoiling hydrocyclone and the first
dehydrating hydrocyclone;

(e) an inline mixer interposed in the series between

15 the second pump and the first dehydrating
hydrocyclone;

(f) a mixing valve interposed in the series between
the penultimate dehydrating hydrocyclone and the
ultimate dehydrating hydrocyclone, and further

20 ' connected by a line to a water source; and

(g) a de-watering means connected by a line to the
overflow end of the ultimate dehydratlng
hydrocyclone.

34. The method of Claim 33 wherein the de-watering means
25 is an electrostatic precipitation unit.

35. A method for separating an oil-continuous
water/oil/biocatalyst emulsion into an aqueous,
biocatalyst-containing phase comprising directing the
emulsion through one or more dehydrating hydrocyclones

30 and collecting the substantially pure oil.
mlslliie'tllliii|imli{|€|im




-18- " enul si on. Thmm dehydrating cycl one 8

contained | ess than 1% by and 0. 2% by vol une cells. The
effluent fromthe el ectr ﬁy i on unit was 99. 9% by
volune oil, with the bal ance coﬁrprn 5 water and cel |s

EQUI VALENTS wo 97/40003 Those skilled in the art will recogﬁqg)s%"lmbe abl e
to. ascertain using no nore than routine experimentati on nany 10

eqU| valents to the specific enbodi nents of the |I\m[§ SRBET Hé\é Bﬂﬁs ri bed
enc

herein. Such equival ents are intended to be ne scope
of the follow ng clains. 25
CLAI V5 1. A nethod for separating a first €l si on conpri si ng a

first continuous phage, Q&frde"tﬁbddféﬁoﬁéﬁam&llﬁgpééiﬁd part &b ifR8msahi d

Pﬁ;ELSIhEZ ff(r)g{)“ sing the Stls:.on comprlsirgg the 6 «I:ingar:['ft]lecfésr,St %r,ml gl on

liquid phase and a second liquid phase with a pre-
selected phase comprising directing the emulsion

5 - wherein the pre-selected phase is the discontinuous
phase of the emulsion through one or more
hydrocyclones and collecting the solid particles in
said pre-selected phase.

—_—_—
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hydr ocycl one, whereby the first enmulsion is separated into an

overfl ow enul si on and an underfl ow enul si on, said overflow

enul si on conprising at least a portion of said first

conti nuous phase, at |east a portion of said first discontinuous

phase and at |%@&P40%03,5, ¢ on of said fine solid paPENEsoaTI8L

(b) inverting the phases of said overfl ow enul sion t her eby

obtai ning an inverted emnul si on whereby 1/1 said first continuous

phase of said overfl ow emul sion I's a second di sconti nuous phase

In said i nverted enul sion and said first discontinuous

phase of said eglgrf 1w enmul sion is a second conti nuous phase in,

said inverted em@ sign; @ (c)gF directing said inverted emul sion t gE

one or R empre su Sequent“hRydr ocycl ones arranged in series:;yg <

and (d) (g)ﬁl w sai d se&dhd conti nuous phase and said 8 g
. . H Vi . .

second di scont i+4&0 p f saL,.(El nverted emul si on, vw%r 2

said fine soliﬁ'ﬁartic = ollected with sgid secgnd [&)

di sconti nuous phase. of ' whetten the s@lid

particl es have aeJ st i qQn It han ou err]%
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20- 3.

bi ocat al yst

emul sion tAroticht- at i 5-1*ne m xer.

The nethod of Caim?2 mhereln the solid particles are _
particles. 4. The method of-:Claim3 wherein the first:

over 1 ow LININBFREARIIIR<: oo 20 56 et ou by Ch s e et o

The nethod of Claimb5 wherein the

in-line mxer is a statirc mxer. - 7. The nethod of C aim4 wherein
t he overfl ow enul si on of step (a) is9nverted by a pressure drop
first hydrocycl one. 8. The met hod of Claim5 further

across the

conpri si ng the step of

prior

of step (c).

1 A method for separating a first emulsicn comprising a
first continucus pnase, a first discontinucus phase
and fire sclid particles, comprising the steps cf:

(a) directing the first emulsion through a first
hydrocyclone, whersby the first emulsion is
separated into an cverflow emulsicn and an
underflow emulsion, said overflow emulsion
comprising at least a portion of said first
continuous phase, at least a portlon of said
first discontinuous phase and iﬁ}lnast a portion
of said fine solid: partlcles,

(b) inverting the phases of said overflow emulsion
thereby obtaining an inverted emulsion wheresby
said first continuous phase of said overflow
emulsion is a second discontinuous phase in said
inverted emulsion and said first discontinuous
phase of said overflow emulsion is a second
continuous phase in said inverted emulsion;

(c) directing said inverted emulsion through ore or
more subsequent hydrocyclones arranged in series;
and

(d) collecting said second continuous phase and said
second discontinuous phase of said inverted
emulsion, wherein said fine solid particles are
collected with said second discontinuous phase.

2. The method of Claim 1 wherein the solid particles have
at least one cdimension smaller than about 50 um.

AMENDED SHEET

pressuri zChYiMBe i nverted enul sion of step (b)
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The netnoa of Crarm8 wherein step (c) conprises directing.the

|hvert h two or nore dehydrating hydrocycl onés. . 10.
The net ﬂnﬂﬁerein t he bi ocat al yst parti'cles conprise a.
cel lul ar* mocat e first continuous phase is an agqueous phase;

the first di'sconti nuous phase is an oil phase; the first

hydr ocycl one of step (a) is a deoiling hydrocycl one; and each
‘hydrocycl one of step (c) is a dehydrating29-

AVENDED SHEET -21-

hydrocycl ont 8.  Fhe mpidogetfod lefinCi2aiwherte iwhdrhes eelid iyl akes ar
bi ocat al yst conpriges Q%QT\/@L %Ia_ qldss .

15

The methed of Claim 3 wherein the first continucus

phase is aguecus.

(&

The method of Claim 4 wherein the overflcw emulsicn of
step (a) is inverted by directing said overflcw

emulsion thrcugh an in-line mixer.

6. The method of Claim 5 wherein the ip-line mixer is a
static mixer. gﬁ

7. The method of Claim 4 wherein the overflow emulsion_of
step (a) is inverted by a pressure drop across the

first hydrocyclone.

h

8. The method of Claim S further comprising the step of

pressurizing the inverted emulsion of step (k) prior
to directing the said inverted emulsion to the

hydrocyclone of step (c).

9. The method of Claim 8 wherein step (c) comprises
directing the inverted emulsion through two or more

dehydrating hydrocyclones.

10. The method of Claim 3 wherein the biocatalyst
particles comprise a cellular biocata}yst; the first
continuous phase is an aqueous phase;'the first
discontinuous phése is an oil phase; the first
hydrocyclone of step (a) is a deoiling hydrocyclone;

and each hydrocyclone of step (¢} is a del hydrating

AMENDED SHEET



i2. The nethod of Cdaiml1ll wherein the bacterial cells are

Rhoddcocc The nmethod of O aim 10 wherein the emul sion

sour ce is l‘mml“ﬁ“mmtm“um zation reactor. 14. The nethod of " ai;m 10
further conpricsi hg ¥ he st'ep of pressurizing the first emul sion prior
to directing the enul si on through the deoiling hydrocycl one. 15.

The net hod of Clain114 wherein the first emulsion is pressurized to at
| east about 120 psi . 16. The nethod of ~€¢}aim 10 further conprising the
step of hgg t he |3yerted emul sion of step (c) with between

about 1% by vqu AEEX530F210% by vol une of fine wat er droplets,
prior to directing the emulsion to a dehydrati ng hydrocycl one. 17
The net hod of Claim16 wherein the inverted enul sion of step (c)
mxed with fihe ma?@rmﬁﬁéﬁpeps Claim ARedihereiy prioorcglduliaect i ng the

emul sion to an  pigkh aTRe ggh%c_ir_gg ng)a@EQr,,Q%y,cl ne..  18. The met hod of

Claim 10 further conprising the St “direc |ng the substantially
pure 0|I_overflom10f step (c) through a de-wat eri ng neans, whereby the

12. The method of Claim 11 wherein the cac'er;;L cells ars

Rhcdococccus cells

W

The method of Claim 10 whersin the emulsion source is

[

a biodesulfurization reactor.
14. The method of Claim 10 further compﬁgsing the step of
pressurizing the first emulsion pri to directing the

emulsicn through the deoiling hydrocyclone.

15. The method of Claim 14 wherein the first emulsion is

pressurized to at least about 120 psi.

16. The method of Claim 10 further comprising the step of
mixing the inverted emulsion of step (c) with between
bout 1% by volume and about 10% by volume of fine
water droplets, prior to directing the emulsicn to a

dehydrating hydrocyclone.

17. The method of Claim 16 wherein the inverted emulsion
of step (c) is mixed with fine water dropléts
immediate’y prior to directing the emuléion to an

ultimate dehydrating hydrocyclone

th

18. The method of Claim 10 further comprising the step o
directing the substantially pure oil overflow of step

(c) through a de-watering means, wheresby the
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Z22- substantlally pure oil is further purified, prior to

col | ecting t

reans ]!MIH“IH“I]@“H;“ preC| pitation unit, a settling = tank, a
Cross flom1f|I erc, a centsifwuge or coaIeSC|ng menbrane filter. 20.
An apparatus for separating a mater/organlc/solld enul si on, wherein
the solid conprises fine particles, I nto an aqueous phase and an
organi ¢ phase, conpri si ng: a hydrocycl one series conprising two

nmet hod of C aim 18 wherein-the de- matérlng

or nore : hydrocycl ones connected in series, wherein the

i ntake tube of tbabbktestiBYdioeyeboBeli $5 Ffurther UQQE“Q%E?d:P¥cﬁ:|kPe to

an emnul si on source,I and a neans for inverting the phase~of t he

enul si on, collpRténrgo5e8 PAlthe hydrocycl one series. 21. The

~apparatus of Claim20 further conprising a line connecting the

underfIOM/end of one or nore hydr ocycl ones to the enul sion source.
1s The method of Claim 18 wherein the de-watering means

20.

22.

- 23.

-

S an electrostatic precipitation unit, a settling
tank, a cross flow filter, a centrifuge or a

coalescing membrane filter.

An apparatus fcr separating a water/organic/solid

emulsion, whersin the solid comprises fine particles,

into an aqueous phase and an organic:phase,

comprising: | Ei |

a hydrocyclone series comprising two or more
hydrocyclones connected in series, whersin the
intake tube of the first hydrocycione is
connected by a line to an emulsion source; and

a means for inverting the phase of the emulsion,

interposed in the hydrocyclone series.
The apparatus of Claim 20 further comprising a line
connecting the underflow end of one or more

hydrocyclones to the emulsion source.

The apparatus of Claim 20 wherein the hydrocyclone

~ series comprises a de-oiling hydrocyclone and two or

more dehydrating hyarocyclones

The apparatus of Claim 20 wherein the emulsion source

is a biodesulfurization reactor.

The apparatus of Claim 20 further comprising one or

more pumps, wherein each pump is interposed in the

AMERNDED SHEET
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22. The apparatus of C aim:20 wherein the hydrocycl one . series

conpri ses”ﬂ!"ﬁ”mi' ' ocycl one and two or nor e dehydrating
hydrocycl . .ﬂ" Lpparatus of Claim 20 wherein the enul sion source

i s a bi odesulfuti z&ti®on ¥ eact or . 24. The apparatus of Caim 20 further
conpri sing one or nore punps, wherein each punp is interposed in the
-23- hydr ocycl one seri es. 25. The apparatus of Claim 20 further
conprising a surge tank, wherein the,surge tank is interposed in the
hydrocycl one series. . 26. The apparatus of C aim 20 wherein the.neans for
inverting the phaggspbclbeogauULglensi s an in-line m xer.

25. The apparatus cf Claim 20 further comprising & surge

tank, wherein the surge tank is intersosed in the

hydrocyclcne series.

26. The apparatus of Claim 20 wherein t
inverting the phase of the emulsicrn is ar in-line

mixer,

27. The apparatus of Claim 20 wherein the means for
. . N
inverting the phase of the emulszcw1§§ & pressure drop

across a hydrocyclone.

28. The apparatus of Claim 20 further comprising a mixing.
means interposed in the hydrocyclone series, wherein
the mixing means is connected by a line to a water

source.

23. The apparatus of Claim 28 wherein the mixing means is

a mixing valve.

30. The apparatus of Claim 28 wherein the mixing means is
interposed in the hydrocyclcne series between the
penultimate dehydrating hydrocyclone and the ultimate

dehydrating hydrocyclone.

31. The apparatus of Claim 20 further comprising an de-
watering means connected by a line to the overflow end

of the ultimate dehydratihg hydrocyclone.



27. The apparatus of O aim20 wherein the neans for inverting the

phase of l"ﬁ " ' ' pressure drop .across a hydrocyclone.- 28.
iThe appar mm' ﬂlmmnﬁuﬁfurther conprising a m xing means i nterposed
in the hydfocycllone" seri es, wherein the m xi ng means i s connected by a
line to a water sour ce. 29. The apparatus of C aim 28 wherein the

m xi ng nmeans is a m xi ng val ve. 30. The apparatus of Claim28 -
wherein the m xing nmeans is ’ inteFﬁﬁ§éd i n the hydrocycl one series

bet ween t he penul ti nate dgﬁgdratin hydrocycl one and the ultimte
dehydr at i my2 hydFoeyePBREaCUS 33F #%bma%gaw BGSLi5f CERaCR Y6 SRFERer
conprising an dgeans iALENENG-EBEHE2£P8NEELEMBY 23 1lnne i@ the overflow
end of the ultimte deh%drating hydr ocycl one.

-24- settling tank, a cross flow filcer, a centrifuge or a

us cf Claim 22 wherein the deoiling

cr

33. The appara

e
hydrocyclone precedes the dehydrating hydrccyclones in

3
{

the hydrocyclcne series and said first nvdrocyclone is

a deoiling hydrccyclone; the me

41}
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phase of the emulsion is an inline mixer, said

apparatus further comprising: .

a first pump connected by a line to said emulsion
source; '

a surge tank interposed in the hydrocyclone series
between the ultimate deoiling hydrocyclone and

. the first dehydrating hydrocyclone;

)

second pump interposed in the hydrocyclone series
between thé ultimate deoiling hydrocyclone and

~ the first dehydrating hydrocyclone;

a mixing valwve interposedlin the series between the

penultimate dehydrating hydrocyclone and the

ultimate hydrocyclcne, said mixing valve being

further cconnected by a line to a water source;

51

and
a dewatering means connected by a line to the overflow

end of the ultimate dehydrating hydrocyclone.

34. The method of Claim 33 wherein the de-watering means

is an electrostatic precipitaticn unit.



32.
el ectrost
filter,

a centrifuge or a

The apparatus of Caim 31 wherein the de-watering
settling tank,
coal esci ng nmenbrane fiter.

atic precipitation unit, a

apparatus of C aim 22 wherein the deoiling

dehydrati
hydr ocycl
phase of

ng hydrocycl ones in

one is PCT deoili ngohyd«mm@;‘um
the emul sion is an inline mx

t he hydrocycl one series and

atlonél Bareau

neans, i S

a Cross ﬁ%’\?e\"a
33. s copy

hydrocycl one Pr ogmedles t he
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(57) Abstract

A method and an apparatus for separating a water/organic/solid emulsion, wherein the -solid comprises particles having 2 length of
about 50 um or less, are disclosed. The method comprises the steps of (1) directing the water/organic/solid emulsion from an emulsion
source through a first hydrocyclone; (2) inverting the phase of the overflow emulsion from the first hydrocyclone; (3) directing the overflow
emulsion through one or more subsequent hydrocyclones arranged in series; and (4) collecting the aqueous phase and the organic phase. The
solid can be a biocatalyst, such as an intact bacterial, fungal or yeast cell. The organic phasc is a liquid material substantially comprising
carbon, which is substantially immiscible with water, such as petroleum. The apparatus of the present invention comprises a hydrocyclone
series comprising two or more hydrocyclones connected in series, wherein the intake tube of the first hydrocyclone is connected by a line

to an emulsion source; and a means for inverting the phase of the

emulsion, interposed in the hydrocyclone series. The hydrocyclones

series can comprise one or more de-oiling hydrocyclones, one or more dehydrating hydrocyclones or a combination thereof. The means for
inverting the emulsion can be any means for sufficiently agitating the emulsion.




