PROCESS FOR REMOVI NG AT LEAST BENZENE FROM
HYDROCARBON STREAMS BACKGROUND [ 0001] The
present disclosure generally relates to nethods of
aromati cs such as benzene from hyd
Wd@@%rsrgs}g and nore particularly to nenbrane, £8§[§§2%87%77109
extraction, and hydrogenation nethods for renoving at
| east benzene from hydrocarbon streans. [ 0002]
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aromati c benzene toluéﬁﬁﬁyﬁﬂl xerne (BTX) from
hydr ocar bon streans, and nore particularly to
nenbrane, and extraction nethods for enhanced BTX
ehh@n from hydrocarbon streans. [ 0003] The
V|ronnental Protecti on Agency (EPA) has nmandated a
near conplete elimnation of benzene from gasoline.
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aromati cs in the hydrocarbon stream by passing the
hydr ocarbon stream through a nenbrane unit havi ng at
| east one nmenbrane to produce a perneate stream and a
retentate stream wherein the perneate streamis
aromatics rich relative to the hydrocarbon stream and
wherei n the nmenbrane conprises a polyner: feeding
the perneate streamto a pre-fractioning colum
operated with a top, mddle and bottom cut and



[0009] In one enbodi nent, a nmethod of renoving
benzene from a hydrocarbon stream conpri ses
concentrating aromatics in the hydrocarbon stream by
passi-ng the hydrocarbon streamthrough a nmenbrane
unit having at | east one nmenbrane to produce a
perneate streamand a retentate stream wherein the
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- hydrocarbon stream and extracting aromatics after
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conlpA@dd] Figure 2 i's a schematic illustration of an
enbedi ment of a nethod of separating at | east benzene
from a hydrocarbon stream usi hg nmenbrane .separation
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tream usi ng nenbrane separatjon to
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extraction; [0017] Figure 5 is a schematic
illustration of an enbodi nent- of a nmethod of

separating at |east benzene from a hydrocarbon feed :
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[0018] Figure 6 is a schematic illustration of an
stredfhodi ment of a nethod of separating at |east benzene:
froma hydrocarbon feed stream using nmenbrane
._separation to concentrate aropmatics prior to .
raciialng it PO FEMald® SREFETARaton Sevieq sorgfluge; ghrezene
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_method of renoving benzene from a hydrocarbon
rich freaiigtrgakiathye e GceHer gt EdE benzene prior to benzene
saturation; [0020] Figure 8 is a schematic
illustration of an enbodi nent of a nethod of renoving
benzene from a hydrocarbon feedstock using nenbrane
separati on; [0022] Figure 9 is a schematic
illustration of an enbodi nent of a nethod of renoving
benzene from a hydrocarbon feedstock using menbrane
separation; and [0022] Figure 10 is a schematic
illustration of an enbodi nent of a nethod of



hydr ocar bon feedstock conpri ses concentrating

aromatics fromthe feedstock before it is
pre-fractionated and extracted. The nmethod is

di scussed hereinafter in relation to benzene,

tol uene, and xylene (BTX) production nmerely for ease

in di scussion to illustrate various optional 7
i tod i.nents. In describing the nethod_*reference is
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unit 12, a pre-fractionation unit 14, an extraction
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and a xylene colum 22. The arrangenent and sel ection

of the apparatus varies depending on the desired
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one or- nDre nenbranes of the menbrane uni't 12 can be
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menbers, end plates, and the like. The selectivity of

t he menbrane(s) of nenbrane unit 12 varies dependi ng

on the desired application. 5 [0028]

Selectivity is calculated by dividing the wei ght

ratio of aromatics to aliphatics on the perneate side

by the weight ratio of aromatics to aliphatics on the

feed side. The selectivity for the applications

di scl osed herein can be greater than or equal to

about 2, within this range the selectivity can be

greater than or equal to out 3. In one enbodi nent,

t he nmenbranes of the nenbrane unit are pel nsel ective

to aronatics. [ 0029] The nenbrane conprises a

material that is pernselective to aromatic

hydr ocar bons and stable at the operating conditions.

For exanple, the nenbrane unit 12 conprises a

pol ynmeri c menbrane. The term pol yner includes, but is

not limted to, honopol ynmers, copol yners,

terpolynmers, prepolyners, polyner blends, and




[ 0040] Again, in operation, the nenbrane unit 12
generates a perneate stream 30 and a retentate stream
32 using perstractive separation techniques,
ratlon separation techniques, and the |ike
Wél)'gggg’g%gr?eat e stream30 is in fluid with thePCT’rUSZO"7’“77]“}9
extraction unit 16. In one enbodi nent, the nenbrane
unit 12 is disposed upstreamof and in direct fluid
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second nmenbrane unit 56, which is disposed downstream
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SCIRENTBE afte S8 PamgRd fom aﬁn)}ayéflS?P%TB% degda sHirash , Lsipenacabrape
seﬂé‘ratﬂt}h B SnlAistdGom bRl ﬁﬁﬁmréﬁaﬁﬁb%a%n‘arexﬂ%ﬁn
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Sui tabl e polyners include, but are not limted to,

t hose pol yners di scussed above in relation to the

menbrane unit 12. In operaion, the second nenbrane

unit 56 generates a perneate stream 60 and a

retentate stream 58 using perstractive separation

t echni ques, pervaporation separation techni ques, and

the like. The retentate stream 58 can be used as a

bl end stock for gasoline or recycled back to the

reforner 10 for further proceSS|ng The pelneate



[0054] Figure 6 is a schematic illustration of an
enbodi nent of a nethod of separating at | east benzene
froma hydrocarbon feed stream usi ng nenbrane
on to concentrate aromatics prior t
Wégg%%‘r%gictl onation and extraction. This enbog?%ﬁytﬂﬁ?gnm
simlar to the enbodinent illustrated in Figure 4
mﬁth the exception that a pyrolysis unit 62 is
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feedstock. The term” pyrolysis i s being used herein
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%?OSS] The hydrocarbon feedstock 24 is fed to the
Y% sis unit 62, where it is heated to produce a
pyrolysis stream 64 that is rich in aromatic

DEDAR@NOESCRIPMaN ous enbodi nents, the pyrolysis unit
62 can enpl oy hydrous pyrolysis or anhydrous
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di sposed downstream of and in fluid conmuni cati on
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enbodlnent t he second nmenbrane unit 56 can be

with @sounsiarsigpdingethtt drc BNtofs, 2R pefcto P dingted to the apparatus

mé%&@@ﬂhﬁ@@&ﬂﬂs@hb&ﬁﬁ@ﬁSHEHbrane unit 12. For exanpl e,
the second nmenbrane unit 56 can be arranged in series
with the nmenbrane unit 12. In operation, the nmenbrane

uni {0024] Bethe rdss@ttigng thehidlon’, 901 entiean” dfactpn refers to the
I o n 7
cirb SRR SR TEAME Fow s comil) Whlfe £ 280 FREREACBildioh ks
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' ract.l o ate at e .
rrBF A AGHUR TS 30 of T b @TRREC ST 8 iR Brs it
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stream 38 c rlse fraction, is
reaF W 5%&? ?ﬂf@&ﬁfgmggﬁm&wcaﬁ% i tuschherq*ﬁ gefers to a
corﬁiﬁhﬁi@%dno Betbk‘%bﬁ al GirktSpéthd @@@%d selonmsidugan af saneh ikt is
fluid conmuni cation wwth the pre-fractionation unit
Un@ﬁmﬂﬂﬁébﬁﬁ#ﬂ&@ﬁpﬁﬁﬁﬁﬁ¢$0@6d@ﬁﬁﬁoys a sel ective
aromatics extraction solvent to produce an aromatics
ri CP)OQﬁ R &ekring th GF‘?%]:@@ 9@61&9&1@'11%&&0%5@ #bodiment of a
raffi nate streéea The extract stream
mef@dnely strarfiget Hefeapr bwg@%ecfroma as pérperreony deddo sﬁseam usmg
t one n ,
RS pebaf 0RO Molicenfille EXATRLE prcd BIBrERRATHIE jond
exttdggohanziéingra¢al unfhel Sncghreth farh admddenyz @endedss ’rreamm‘aeﬁom a
fromthe extract stream 42 as a benzene over head
stream 44. In other words,4the benzene over head
stream 44 is benzene rich conpared to the extract
stream 42, whereas a benzene bottom stream 46 is
benzene | ean. The benzene bottom stream 46 of the
benzene colum 18 nmay be further processed to renove
ot her aromatics (e.g., toluene and xyl ene). For
exanpl e, the benzene bottom stream 46 is fed to the



nodel i ng program ASPEN (Aspen Technol ogy, Inc.,

Canbridge, MA), to illustrate an extraction process

wi t hout using a nmenbrane upstream of the extraction

[ ss. The Aspen program generated predicted
weﬁgﬁ%ﬁzgﬁzg performance data on the fol | owi ng Y¢1/US2007/677109

assunptions. The process was assuned to be carried

out as shown in Figure 10. The process was assuned to
rri-ed oyt in a nmanner where a.reﬁon t trea
e e g Sl
it BrpecBbititaaed mchetcper Mahetmt iedpouwas hpaiseer iheedhon to

extraction unit. Th omatics extract from.the )
beBRTF QN BR T E5T P Loh PROBC R <00 1 dbsysion t©
ilthstdicwdiddd oftRAZIeRMOdRME NG de@PBindthERSHBE, Gefednse RYmade
tt%:@re}rc))le_fractlonatlon. [0067] The flow rate of
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cobuombs,i € ©luchf teehimrhd0,pmd- 4 kpletd orlami @3. sTleparrang2Oektboid
freamwas sent to the traction.colum. . The
soR ST ERE R b BeaBotitle bt PR Eiptiischt “benzene,
tol uene, and xyl ene product are 2.0 kbd, 4.3 kbd, and
6. 1 [id] I espadiodiedny, a bydrocarfod F&&todiha4 nmoké cuthareformer

iti the f t. : te, .
1030 Bl b S Re Pt AT el Ry Rt ip Rt ajefosmete
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0.1 0.2 n-Butane 0.6 0.6 0,6 1-Butene Q.0 0.0
descri%)e a concentration relative to a feed (e.g., hydrocarbon feedstock 24}, wherein a

concentration of a given component (e.g., aromatics) is greater in the rich stream than
in the feed stream. In one embodiment, the hydrocarbon feedstock 24 comprises a
petroleum distillate (e.g., naphtha). The catalyst employed in the reformer 10 varics
depending on the desired application. Suitable catalysis emploved in the reformer 10
include, but are not limited to, but are not limited to those discussed in “Catalyst
. Naphtha Reforming”, 2™ Ed., George J. Antos and Abdulih M Aitani Editor, Marcel
Dekker, 2004 and “Handbook of Petroleum Refining Processes”, 3" Ed. Robert A.
Meyvers Editor, McGraw-Hill, 2003. For éxample, suttable catalyst compositions
mnclude formulations based on platinum, which may be employed alone or in
combination with rhenium, tin, or iridium. A portion of the reformate stream 26
iliustrated as stream 28 may be diverted from the reformate stream 26 to be used as an

additive to gasoline or the like.

[0027] The reformate stream 26 1s in fiuid communication with the membrane
unit 12. The membrane unit 12 comprises one or more membranes arranged in any
suitable fashion, generally within a housing. For example, the ome or more
membranes of the membrane unit 12 can be spirally wound, plate and frame, hollow-
fiber, or the like. As is readily understood in the art, the membrane unit 12 can further
comprise support members, end plates, and the like. The selectivity of the
membrane(s) of membrane unit 12 varies depending on the desired application.

>
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[0028] Selectivity is calculated by dividing the weight ratio of aromatics to
aliphatics on the permeate side by the weight ratio of aromatics to aliphatics on the
feed side. The selectivity for the applications disclosed herein can be greater than or
equal to about 2, within this range the selectivity can be greater than or equal to about
3. In one embodiment, the membranes of the membrane unit are permselective to

aromatics.

[0029] The membrane comipriscs a material that is permselective to aromatic
hydrocarbons and stable at the operating conditions. For example, the membrane unit
12 comprises a polymeric membrane. The term polymer includes, but is not limited
to, homopolymers, copolymers, terpolymers, prepoiymers, polymer blends, and
oligomers. For example, suitable polymers include, but are not imited to, polyesters,
polyethers, polysuifones, polyimides, polyamides, polymers derived from bisphenol-A.
dianhydride, polyvinyl alcohols, polyacrylonitriles, polyurethanes, polyureas,
polyacrylic acids, polyacrylates, elastomeric polymers such as polybutadiene,
polyisoprenes, polyvinylpyridines, halogenated polymers, fiuoroelastomers, polyvinyl
halidés, polysiloxanes, poly dimethyl siloxanes, a copolymer comprising at least one
of the foregoing polymers, a blend comprising at Icast. one of the foregoing polymers,
an alloy comprising at jeast ';one of the foregoing polymers, or & combination
comprising at least one of the foregoing polymers, copolymers, blends, or alloys. The
polymers could be further physically or chemically cross-linked to increase chemical
stability.

[0030] The membrane unit 12 generates a permeate stream 30 and a retentate
stream 32 using perstractive separation techmiques, pervaporation separation
techniques, and the like. For example, the reformate stream 26 s passed along one
side of a membrane of the membrane unit 12 and a vacuum is applied to the
membrane at the opposite side so that the aromatics selectively permeate through the
membrane to produce the permeate stream 30 (i.e., pervaporation}). In other
embodiments, the reformate stream 26 is passed along one side of a membrane of the
membrane unit 12 and a sweep gas or liquid is passed on the opposite side of the

membrane (i.e., perstraction).
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[0031] In one embodiment, the retentate stream 32 can be used as a blend
stock for gasohine and the like without further processing. The permeate stream 30 is
in fluid communication with the pre-fractionation unit 14, which may be a distillation
device such as a distillation column. In one embodiment, the membrane unit 12 is
disposed upstream of and in direct fluid communication with the pre-fractionation
unit i4. The pre-fractionation unit 14 separates the permeate stream 30 into an
overhead stream 34, a botiom stream 36, and an intermediate stream 38, The
intermediate stream 38 comprises a C6-C8 fraction, which is further processed in the

extraction unit 16.

{0032] The extraction unit 16 is disposed downstream of and in fluid
communication with the pre-fractionation unit 14, The extraction unit 16 employs a
selective aromatics extraction solvent to produce an aromatics rich extract strcam 42
and an aromatics lean raffinate stream 40. The raffinate stream 40 can be used as a
blending component of gasoline or used in aliphatic solvents. Suitable aromatic
extraction solvents include, but are not limited to, tetrahydrothiophene 1,1 dioxide
(Sulfolan¢), propylene carbonate (PC), diethylene giveol (DEG), tricthylene glycol,
and tetraethylene glycol, N-methyl pyrollidene (NMP), N-formyl morpholine, phenol,
furfural, N,N-dimethy] formamide (DMF), dimethyl sulfoxide (DMSO), and
dimethyi- acetamide (DMAC). 7

[0033] In various embodiments, the extract stream 42 may be further
processed to scparate various aromatic components. For example, in one
embodiment, the extract stream 42 is in fluid commmmication with the benzene
column 18 such that benzene is removed from the extract stream 42 as a benzene
overhead stream 44. In other words, the benzene overhead stream 44 is benzene rich
compared to the extract stream 42, whereas a benzene bottom stream 46 is benzene
lean. The benzene column 18 can be a fractional distillation device. The number of
trays, reflux ratic, and the like of the distillation device vary depending on the desired

composition of the benzene overhead stream 44.

[0034] The benzene bottom stream 46 of the benzene column 18 may be

further processed to remove other aromatics (e.g., toluene and xylene). For example,

7
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the benzene bottoms stream 46 is fed to the toluene column 20 such that toluene is
removed from the benzene bottom stream 46 as a toluene overhead stream 48 that is
toluene rich compared to the benzene bottom stream 46. A toluenc bottom stream 50
from the toluene column 20 may further be fed to the xylene column 22, wherein it is
split into a xylene top stream 52 and a xylene botiom stream 54. The toluene column
20 and the xylene column 22 can each be fractional distillation devices. Again, the
number of trays, reflux ratio, and the like of the distillation device vary depending on
the desired composition of the respective toluene overhead stream 48 and the xylene

overhead stream 52.

[0035] Referring to Figure 2, a schematic illustration of an embodiment of a
method of separating at least benzene from a hydrocarbon feed stream using
membrane separation to concentrate aromatics prior to extraction without pre-
fractionation 1s illustrated. In this embodiment, the hydrocarbon feedstock 24 is fed
to the reformer 10 where the hydrocarbon feedstock 24 is catalytically reacted to
produce the reformate stream 26 that is rich in aromatic compounds. The stream 28
may be diverted from the reformate stream 26 to be used as an additive to gasoline or

the like.

[6036] The reformate stream 26 is in fluid communication with the membrane

- unit 12, The membrane unit 12 generates a .permeate stream 30 and a retentate stream
32 using perstractive separation techniques, pervaporation separé,tion techniques, and
the like. The permeate stream 30 is in fluid communication with the extraction unit
16. In one embodiment, the membrane unit 12 is disposed upstream of and in direct
fluid communication with the extraction unit 16. The extraction unit 16 employs a
selective aromatics extraction solvent to produce an aromatics rich extract stream 42

and an aromatics fean raffinate stream 440.

[0037] The extract stream 42 may be further processed to separate valuable
aromatic components. For example, in one embodiment, the extract streams 42 1s in
fluid communication with the benzene column 18 such that benzene is removed from
the extract stream 42 as a benzene overhead stream 44. The benzene bottom stream

46 of the benzene column 18 may be further processed to remove other valuable

8
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aromatics. For example, the benzene bottoms stream 46 is fed to the toluene column
20 such that toluene is removed from the benzenc bottom stream 46 as a toluene
overhead stream 48 that is toluene rich compared to the benzene bottom stream 46. A
toluene bottom stream 50 from the toluene column 206 may further be fed to the
xylene column 22, wherein it is split into a xylene top stream 52 and a xylene bottom
stream 34. The toluene column 20 and the xylene column 22 are cach fractional

distiliation devices.

[00'38} Figure 3 is a schematic illustration of an embodiment of a method of
separating at least benzene from a hydrocarbon feed stream using membrane
separation to concentrate aromatics prior to extraction. In this embodiment, the
hydrocarbon feedstock 24 is fed to the reformer 10 where the hydrocarbon feedstock
24 is catalytically reacted to produce the reformate stream 26 that is rich in aromatic
compounds. The stream 28 may be diverted from the reformate stream 26 to be used

as an addttive to gasoline or the like.

. [0039] The reformate stream 26 is in fiuid communication with the pre-
fractionation unit 14. In one embodiment, the pre-fractionation unit 14 is disposed
upstream of and in direct fiuid communication with the membrane unit 12. The pre-

fractionation unit 14 separates the reformate stream 26 into an overhead stream 34, a
bottom stream 36, and an intermediate stream 38. The intermediate stream 3%

comprises a C6-C8 fraction, which is further processed in the membrane unit 12.

[0040] Again, in operation, the membrane unit 12 generates a permeate stream
30 and a retentate stream 32 using perstractive separation techniques, pervaporation
Separation technigues, and the like. The permeate siream 30 is in fluid with the
extraction unit 16. In one embodiment, the membrane unit 12 is disposed upstream of
and in direct fluid communication with the extraction unit 16, The extraction unit 16
employs a selective aromatics extraction solvent to produce an aromatics rich exiract

stream 42 and an aromatics lean raffinate stream 40.

[0041] The extract stream 42 may be further processed to separaic valuable

aromatic components. For example, in one embodiment, the extract stream 42 is in
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fluid communication with the benzene column 18 such that benzene is removed from
the extract stream 42 ag a benzene overhead stream 44. The benzene bottom stream
46 of the benzene column 18 may be further processed to remove other valuable
aromatics. For example, the benzene bottoms stream 46 is fed to the toluene column
20 such that toluene is removed from the benzene bottom stream 46 as a toluene
overhead stream 48 that is toluene rich compared to the benzene bottom stream 46. A
toluene bottom stream 50 from the toluene column 20 may further be fed to the
xylene column 22, wherein it is split into a xylene top stream 52 and a xylene bottom
stream 534. The toluene column 20 and the xylene column 22 are each fractional

distillation devices.

[0042] Figure 4 is a schematic illustration of an embodiment of a method of
separating at least benzene from a hydrocarbon feed stream using membrane
scparation to concentrate aromatics prior to pre-fractionation and extraction. The
hydrocarbon feedstock 24 is fed to the reformer 10 where the hydrocarbon feedstock
24 is catalytically reacted to produce a reformate stream 26 that is rich in aromatic
compounds. The reformate stream 26 is in fluid communication Wwith an optional
second membrane unit 56, which i$ disposed downstream of and in fluid
cormmunication with the reformer 10, and is disposed upstream of in and fluid

communication with the membrane unit 12.

[0043] The sccond membrane unit 56 comprises one or more membranes
arranged in any suitable fashion, generally within a housing. For example, the one or
more membranes of the second membrane unit 56 can be spirally wound, plate-and-
frame, hollow fiber, or the like. As is readily undersiood in the art, the second
membrane unit 56 can further comprise support members, end plates, and the like.
The selectivity of the membrane(s) of membrane unit 56 varies depending on the
desired application. In one embodiment, the membranes of the second membrane unit

56 are permselective to aromatics.

[0044] The second membrane unit 36 comprises a polymer membrane.
Suitabie polymers include, but are not limited to, those polymers discussed above in

relation to the membrane unit 12. In operation, the second membrane unit 56
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generates a permeate stream 60 and a retentate stream. 58 using perstractive separation
techniques, pervaporation separation techniques, and the like. The retentate stream 58
can be used as a blend stock for gasoline or recycled back to the reformer 10 for
further processing. The permeate stream 60 is in fluid communication with the
membrane unit 12. In one embodiment, the second membrane unit 56 can be
disposed upstream of and i direct fluid communication with the membrane unit 12.
For example, the second membrane unit 56 can be arranged in series with the
membrane unit 12. In operation, the membrane unit 12 generates a permeate stream

30 and a retentate strearmn 32.

[0045] The membrane unit 12 is disposed upstream of and in direct fluid
communication with the pre-fractionation unit 14. The pre-fractionation unit 14
separates the permeate stream 30 into an overhead stream 34, a bottom stream 36, and
an infermediate stream 38. The intermediate stream 38 comprises a C6-C8 fraction,
which is further processed in the extraction unit 16. The extraction unit 16 is disposed
downstream of and in fluid communication with the pre-fractionation unit 14. The
extraction unit 16 employs a selective aromatics exfraction solvent to produce an

aromatics rich extract stream 42 and an aromatics lean raffinate stream 460.

[0046] The extract stream 42 may be further processed to separate various
aromatic components. For example, in one embodiment, the extract stream 42 is in
fluid communication with the benzene column 18 such that benzene is removed from
the extract stream 42 as a benzene overhead stream 44. In other words, the benzene
overhead stream 44 is benzene rich compared to the extract stream 42, whereas. a
benzene bottom stream 46 is benzene lean. The benzenc bottom stream 46 of the
benzene column 18 may be further processed to remove other aromatics (e.g., toluene
and xylene). For example, the benzene bottoms stream 46 is fed to the toluene
column 20 such that toluene is removed from the benzene bottom stream 46 as a
toluene overhead stream 48 that s toluene rich compared to the benzene bottom
stream 46. A toluene bottom stream 50 from the toluene column 20 may further be
fed to the xylene column 22, wherein it is split into a xylene top stream 52 and a
xylene bottom stream 54. The toluene column 20 and the xylene column 22 can each
be fractional distillation devices.

i1
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[0047] Referring to Figure 5, a schematic illustration of an embodiment of a
method of separating at least benzene from a hydrocarbon feed stream using
membrape separation to concentrate aromatics prior to pre-fractionation and
extraction is illustrated. This embodiment is similar to the embodiment illustrated in

Figure 1 with the exception that an optional second membrane unit 66 is employed.

[0048] Like the embodiment illustrated in Figure 1, the hydrocarbon feedstock
24 1is fed to the reformer 10 where the hydrocarbon feedstock 24 is catalytically
reacted to produce a reformate stream 26 that is rich in aromatic compounds. The
reformate stream 26 1s in fluid communication with the membrane unit 12. The
membrane unit 12 generates a permeate stream 30 and a retentate stream 32 using

perstractive separation techniques, pervaporation separation techniques, and the like.

[0049] The permeate stream 30 is in fluid communication with the pre-
fractionation unit 14, In one embodiment, the membrane unit 12 is disposed upstream
of and in direct fluid communication with the pre-fractionation unit 14. At the same
time, the second membrane wnit 66 is also disposed upstream of and fluid
communication with the pre-fractionation unit 14. More specifically, the second
membrane unit 66 is arranged parallel to the membrane unit 12, and receives a make-
up feed 68. The make-up feed 68 comprises a hydrocarbon feedstock. For example,
the make-up stream 68 can comprise a similar or different composition than the
hydrocarbon feedstock 24. In one embodiment, the make-up feed 68 comprises
reformed petroleum paphtha (reformate), pyrolysis gasoline (pygas), or coke oven
light oil (COLO). The make-up feed advantageously allows the pre-fractionation unit
14 to utihze its maximum capacity since the permeate stream 30 has significantly

lower flow rate than the reformate stream 26.

[0050] The second membrane unit 66 comprises one or more membranes
arranged in any sunitable fashion, generally within a housing. For example, the one or
more membranes of the second membrane unit 66 can be spirally wound, plate-and-
frame, hollow fiber, or the like. As is readily understood in the art, the second
membrane unit 66 can further comprise support members, end plates, and the like.

The seiectivity of the membrane(s) of membrane unit 66 varics depending on the

12
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desired application. In one embodiment, the membranes of the second membrane unit

66 are permselective to aromatics.

[0051] The sccond membrane unit 66 comprises a polymer membrane.
Suitable polymers include, but are not limited to, those polymers discussed above in
relation to the membrane unit 12. In operation, the second membrane unit 66
gencrates a permeate stream 72 and a retentate stream 70 using perstraciive separation
techniques, pervaporation separation techniques, and the like. The retentate stream, 70
can be used as a blend stock for gasoline or recycled back to the reformer 10 for
further processing. The permeate stream 72 is in fluid communication with the pre-

fractionation unit 14.

[0052] The pre-fractionation unit 14 separates the permeate stream 30 and the
permeate stream 70 into an overhead stream 34, a bottomn stream 36, and an
intermediate stream 38. The intermediate stream 38 comprises a C6-C8 fraction,
which 1s further processed in the extraction unit 16. The extraction unit 16 is disposed
downstreamn of and in fluid communication with the pre-fractionation unit 14. The
cxtraction unit 16 employs a selective aromatics exiraction solvent to produce an

aromatics rich extract stream 42 and an aromatics lean raffinate stream 40.

[0053] The extract stream 42 may be further processed fo separate various
aromatic components. For example, in one embodiment, the extract stream 42 is in
fluid communication with the benzene column 18 such that benzene is removed from
the extract stream 42 as a benzene overhead stream 44, In other words, the benzene
overhead stream 44 is benzene rich compared to the extract stream 42, whereas a
benzene bottom stream 46 is benzene lean. The benzene bottom stream 46 of the
benzene column 18 may be further processed to remove other aromatics (e.g., toluene
and xylene). For example, the benzene bottom stream 46 is fed to the toluene column
20 such that toluene is removed from the benzene bottom siream 46 as a toluenc
overhead stream 48 that is toluene rich compared to the Benzene bottom stream 46. A
toluene bottom stream 50 from the toluene column 20 may farther be fed to the

xyiene column 22, wherein it is split into a xylene top stream 52 and a xylene bottom
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stream 54. The toluene column 20 and the xylene column 22 can cach be fractional

distillation devices.

[0054] Figure 6 1s a schematic illustration of an embodiment of a method of
scparating at least benzene from a hydrocarbon feed strcam using membrane
separation to concentrate aromatics prior to pre-fractionation and extraction. This
embodiment is similar to the embodiment illustrated in Figure 4 with the exception
that a pyrolysis unit 62 is employed in lieu of the reformer 10 (Figure 4). In other
words, this embodiment illustrates the flexibility of producing aromatics from a
hydrocarbon feedstock. The term “pyrolysis” is being used herein to generically refer
to the chemical decomposition of organic materials by heating in the absence of

oxygen or any other reagents, except possibly steam.

[0055] The hydrocarbon feedstock 24 is fed to the pyrolysis unit 62, where it
is heated to produce a pyrolysis stream 64 that is rich in aromatic compounds. In
various embodiments, the pyrolysis unit 62 can employ hydrous pyrolysis or
anhydrous pyrolysis to produce the pyrolysis stream 64. The pyrolysis siream 64 is in
fluid communication with the optional second membrane unit 56, which is disposed
downstream of and in fluid communication with the pyrolysis unit 62, and is disposed

upstream of in and fluid cormmunication with the membrane unit 12.

[0056] The second membrane unit 56 generates a permeate stream 60 and a
retentate stream 58 using persiractive separation techniques, pervaporation separation
techniques, and the like. The retentate stream 58 can be used as a blend stock for
gasoline or recycled back to the reformer 10 for further processing. The permeate
stream 60 is in fiuid communication with the membrane unit 12. In one embodiment,
the second membrane unit 56 can be disposed upstream of and in direct fluid
communication with the membrane unit 12. For example, the second membrane unit
56 can be arranged in series with the membrane unit 12. In operation, the membrane

unit 12 generates a permeate stream 30 and & retentate siream 32.

[0057] The membrane vmit 12 is disposed upstream of and in direct fluid

communication with the pre-fractionation unit 14. The pre-fractionation unit 14

14
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an intermediate stream 38. The intermediate stream 38 comprises a C6-C8 fraction,
which 1s further processed in the extraction unit 16. The extraction unit 16 is disposed
downstream of and in fluid communication with the pre-fractionation unit 14. The
extraction unit 16 employs a selective aromatics extraction solvent to produce an

aromatics rich extract stream 42 and an aromatics lean raffinate stream 44.

[0058] The extract stream 42 may be further processed to separate various
aromatic components. For example, in one embodiment, the exiract stream 42 is in
finid commumication with the benzene column 18 such that benzene is removed from
the extract streaml 42 as a benzenc overhead stream 44. In other words, the benzene
overhead stream 44 is benzene rich compared to the extract stream: 42, whereas a
benzene bottom stream 46 is benzene lean. The benzene bottom stream 46 of the
benzene column 18 may be further processed to remove other aromatics (e.g., toluene

- and xylene). For example, the benzene bottom stream 46 is fed to the toluene column
20 such that toluene is removed from the benzene bottom streani 46 as a toluene
overhead stream 48 that is toluene rich compared to the benzene bottom stream 46. A
toluene bottom stream 50 from the toluene column 20 may further be fed to the

~ xylene column 22, wherein it is split into a xvlene top stream 52 and a xviene bottom
stream 54. The toluene column 20 and the xylene column 22 can each be fractional

distillation devices.

[0059] Figure 7 is a schematic illustration of an embodiment of a method of
removing benzene from a hydrocarbon feedstock by concentrating benzene prior to
benzene saturation. In one embodiment, the hydrocarbon feedstock 24 is fed to the
pre-fractionation unit 74, which may be a distillation device such as a distillation
column. The pre-fractionation unit 74 essentially acts as a éplitter, wherein Cq and
lighter materials are removed in a top stream 76 and C; and heavier materials are
removed in a bottom stream 78. The bottom stream 78 may be fed to the reformer 10
where 1t 1s catalytically reacted to produce a reformate stream 26 that is rich in
aromatic compounds. The top stream 76, on the other hand, may optionally be fed to
a fractionation unit 80, wherein Cs and lighter materials are removed in a top stream
82 and C¢ and heavier materials are removed in a bottom stream 84. The pre-
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fractionation unit 74 and the fractionation unit 80 may be distillation devices such as -
distillation columns. The number of trays, reflux ratio, and the like of the distillation

device vary depending on the desired composition of the respective overhead streams.

[6060] The bottom stream 84 is in fluid communication with the membrane
12. The membrane unit 12 generates a permeate stream 30 that is benzene rich and a
retentate stream 32 that i1s benzene lean using perstractive separation techmiques,
pervaporation separation techniques, and the like. In one embodiment, the permeate

stream 30 1s 1o fluid communication with a bepzene saturation unit 86.

[0061] In operation, a hydrogen stream 88 and the permeate stream 30 are fed
to the benzene saturation unit 86, where they are catalytically reacted to saturate
benzene with hydrogen. Suitable catalyst employed in the benzene saturation unit 86
include, but are not limited to, platinum, rhenium, cobalt, molybdenum, nickel,
tungsten, palladium, and combinations comprising at least one of the foregoing.
Employing the membrane unit 12 upstream of the benzene saturation unit 86
advantageously reduces the size of the benzene saturation unit compared to benzene
separation units that would be employed if the membrane unit 12 were not employed,
thereby reducing equipment capital costs. Further, the resulting exit stream 90 is
essentially benzene free. At the same time, the retentate stream 32 may optionally be

~ fed to an isomerization unit 92 or fed directly to the gasoline blending pool. In the
1somerization unit 92, cyclohexane, for example, is isomerized to higher-octane
product such as methyl cyclopentane. However, it is to be understood that other

1somerization reactions can occur in the isomerization unit 92.

[0062] Figure 8 is a schematic illustration of an embodiment of a method of
removing benzene from a hydrocarbon feedstock using membrane separation. Unlike
the embodiment illustrated in Figure 7, benzene is not converted to isohexane.
Rather, benzene is separated, which can later be sold as a recovered product. For
example, the hydrocarbon feedstock 24 is fed to the pre-fractionation unit 74. Again,
the pre-fractionation unit 74 essentially acts as a splitter, wherein Cs and lighter
materials are removed 1 a top stream 76 and C- and heavier materials are removed in

a bottom stream 78. The bottom stream 78 may be fed to the reformer 10 where it is
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catalytically reacted to produce a reformate stream 26 that is rich in aromatic
compounds. The top sircam 76, on the other hand, may optionally be fed to a
fractionation unit 80, wherein Cs and lighter materials are removed in a top stream 82
and Cs and heavier materials are removed in a bottom stream 84. The pre-
fractionation unit 74 and the fractionation unit 80 may be distillation devices such as

distillation colwmns.

[0063] The bottom stream 84 1s m fluid communication with the membrang
unit 12. The membrane unit 12 generates a permeate stream 30 that is benzene rich
and a retentate stream 32 that is benzene lean using perstractive separation technigues,
pervaporation separation techmiques, and the like. The retentate stream 32 may
optionally be fed to an isomerization unit 92 or fed directly to the gasoline blending
pool. The permeate stream 30 may be further processed to recover benzene. Benzene
recovery methods include, but are not limited to, those methods embodied in Figures

1-6.

[0064] Figure 9 1s a schematic illustration of an embodiment of a method of
removing benzene from a hydrocarbon feedstock using membrane separation. Figure
9 is included to illustrate simply an embodiment where a hydrocarbon feedstock is
split prior to being sent to the membrane unit 12 and the reformer 10. For example,
the hydrocarbon feedstock 24 is fed to the pre-fractionation unit 74. Again, the pre-
fractionation unit 74 essentially acts as a splitter, wherein Cs and lighter materials are
removed in a top stream 76 and C; and heavier materials are removed in a bottom
stream 78. The bottom stream 78 may be fed to the reformer 10 where it is
catalyticaily reacted to produce a reformate stream 26 that is rich in aromatic
compounds. The top stream 76 is in fluid communication with the membrane unit 12.
The membrane unit 12 generates a permeate stream 30 that is benzene rich and a
retentate stream 32 benzene stream that is benzene lean using perstractive separation
techniques, pervaporation separation techniques, and the like. The retentate stream 32
may optionally be fed to an isomerization unit 92 or fed directly to the gasoline
blending pool. The permeate stream 30 may be further processed to recover benzene.
Benzene recover methods inciude, but are not limited to, those methods embodied in
Figures 1-6.
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[0065] Other embodiments are envisioned where a reformer, pyrolysis unit,
and the like are disposed upstream of and in fluid communication with the membrane
unit. Some of these embodiments are iilustrated in Figures 1-6. Furthermore, other
embodiments are envisioned where the membrane unit is disposed upstream of and in
fluid communication with a benzene saturation unit, as illustrated for example in
Figure 7. One of skill in the art will readily understand that numerous combinations
of methods can be employed. More specifically, one of skill in the art will understand
that in Figures 1-9 apparatus may be added or omitted as part of the method based on
the desired application. The scope of this disclosure breadly covers any method
where membrane separation is employed prior to benzene saturation aﬁd/or any

method where membrane separation is employed prior to aromatic extraction.

EXAMPLE

[0066] Comparative Example 1. Computer calculation was performed with a
modeling program, ASPEN (Aspen Technology, Inc., Cambridge, MA), to illustrate
an extraction process without using a membrane upstream of the extraction process.
The Aspen program generaied predicied membrane performance data on the
foliowing assumptions. The process was assumed to be carried out as shown in
Figare 10. The process was assumed to be carried out in a manner where a reformate
stream was sent to the pre-fractionation column. The aromatics-enriched permeate
stream was passed to an extraction unit. The aromatics extract from the extraction
unit were sent to BTX columns to recover individual benzene, toluene, and xylene

products by simple fractionation.

[0067] The flow rate of the reformate to the pre-fractionation column was
assumed to be 28 kbd (thousand barrel per day), and the feed was assumed to contain
61 volume percent aromatics. After the pre-fractionation step, a 20 kbd stream was
sent to the extraction column. The calculations indicate that the throughput of

benzene, toluene, and xylene product are 2.0 kbd, 4.3 kbd, and 6.1 kbd, respectively,

[0068] The molecular composition of the feedstream, permeate, and retentate

were entered into ASPEN as indicated below.
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100.0 Total gas 57338 92.2 79.7 86.0 5.9 52.6
[0070] Exanple 1: A conputer cal cul ati on was
perfoi med using a nenbrane/ extraction separation
The process was assunmed to be carrj u S
w@%@\%\ﬁ%?zr? Figure 1. The nmenbrane aronatic/al F’ﬁ%@g’r“@"’%ﬂ”
selectivity was assuned to be 1.82. The flow rate of
the reformate to the nenbrane unit was assuned to be

52—kbd—and—the fleed—was SH ] tcont ain 61
vol unetric percent.armatigs, ALLer it he nmenbrane
L meRaration, a strjeam;of |26 Kbd wy§nh|73. 6 vol une
ReRCeNt aromaii cy wWgg Seéntyt0 fhggpre-fractionation
LR M. ATter pre-ihpgctionggion, @& 40 kbd stream was
i FS@RL tOo the extrgctizgn col gm. | 11e nesults of the
nfe@leUl At 1 ONS ar € [supgari zeg, inf Tapl¢ 2. Table 2:
CIRERRy ane at 50% Stage cutl § Kef pr ggr |severity = 97
c afc€1 OT MET 1 ead ggtpoi Nl = B3PF) | Bbl /day RON MON
22%&1}@1 % benzene VYol Yo arpmag  Cs| Rgt 1 to gas
23-Mbutane 0.1 G.1 0.2
2-Mpentane 13 0.7 19
3-Mpentane 1.3 0.7 1.9
m-Hexane 6.1 4.1 8.1
C6 olefins 0.4 0.5 0.3
Meyelopentane _ 02 0.1 0.4
[Benzene 7.2 1.2 33
Cvclohexane 0.1 0.1 0.1
2 2-Mpentane 0.1 0.0 0.2
23-Mpentane 0.1 0.0 0.2
24-Mpentane 0.1 0.0 0.2
2-Mhexane 1.0 8.5 1.6
3-Mhexane . 1.0 0.4 1.6
3-Epentane 1.0 0.4 1.6
* p-Heptane 60 | 33 8.7
IC7 olefins 0.3 0.2 0.3
1 1Mcyepentane: 0.3 0.1 0.6
Ecvclopentane 0.3 0.1 0.5
[Toluene 152 21.3 9.1
Meyclohexane 0.1 0.0 0.1
muiti-branched C8 paraffing 0.1 .0 0.1
single-branched C8 paraffins 8.3 0.1 0.5
(C8 olefins 0.0 0.0 0.0
- m-Octane 0.3 0.1 .5
C8 cvclopentane derivatives 0.1 0.0 0.2
[E-Benzene 4.0 4.5 3.6
o-Xylene 55 6.1 49
m-Xylene . 9.2 1.1 7.3
-Xylene 3.2 4.2 2.2
C8 cyclohexane derivatives 6.6 0.0 0.1
C9 isoparaffins 0.1 0.0 02
n-Nonane 0.0 0.0 0.0
C9 cyclopentane denivatives 0.1 0.0 0.2
KCS aromatics 98 9.7 g9
ICS cycichexane derivatives 0.0 0.0 0.0
C10 isoparafting 0.1 0.0 6.2
n-Decane _ 0.0 0.0 0.0
IC10 cyclopentane derivatives 0.1 0.0 0.1
IC10 aromatics 6.2 5.1 7.3
C10 cyclohexane derivatives 0.0 0.0 0.0
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17646 97.0 84.2 90.6 8.1 61.0 Retentate to gas 26032
88.5 77.0 82.8 14 47.9 Perneate to PF 26032 12. 8
74.1 PP Ovhd 4107
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C11 isoparaffins 0.0 0.0 0.0
n-Ct | 0.0 0.0 0.0
IC11 cyclopentane denivaiives 0.0 0.0 0.0
C11 aromatics 0.6 0.6 0.7
C1! cyclohexane derivatives 0.0 0.0 0.0

[0069] The results of the calculations are summarized in Table 1.

Table 1: baseline extraction case, no membrane
(Reformer severity = 97 RON (Research Octane Number), MON (Motor Octane
Number), DON (Road Octane number = (RON+DON)/2 reformer feed cutpoint =

330°F)
Bbl/day RON MON DON Wt% Vol%
benzene aromatics
Fraction of 97.0 84.2 90.6 8.1 61.0
reformate to
gasoline 41748
Pre- 8.1 61.0
fractiopation :
Feed 27939
Pre- 87.5 78.5 83.0 0.5 0.4
fractionation
Overhead 5723
Pre-frac. 115.2 931 163.7 6.0 97.9
Botioms 2068 :
Extraction 11.2 75.0
feed 20000
Raffinate 5225 | 37.1 31.8 345 0.0 1.4
Benzene 2005 ‘ ‘
Toluene 4250
Xylene 6094
Xyl col Bims 2574 | 118.8 97.6 108.2 0.0 100.0
Total gag 57338 | 922 N 86.0 5.9 52.6

[0070] Example 1: A computer calculation was performed using a
membrane/extraction separation process. The process was assumed to be carried out
as shown in Figure 1. The membrane aromatic/aliphatic selectivity was assumed to
be 1.82. The flow rate of the reformate io the membrane unit was assumed to be 52
kbd, and the feed was assumed to contain 61 volumetric percent aromatics. After the
membrane separation, a stream of 26 kbd with 73.6 volume percent aromatics was

sent to the pre-fractionation column. After pre-fractionation, a 20 kbd stream was
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87.6 77.6 82.6 0.5 0.4 PP Btns 1783 116.3 93.1 104.7
0.0 99.5 Extr feed 20000 16.6 87.5 raffinate 2719
35.7 :
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sent to the extraction column. The results of the calculations are summarized in Table

2,

Table 2: membrane at 50% stage cut
(Reformer severity = 97 RON, reformer feed cutpoint = 330°F)

Bbl/day RON MON DON Wit% Vol%
benzenc aromatics
Reft 1o gas 17646 | 97.0 84.2 90.6 8.1 61.0
Retentate to gas 26032 | BBS 77.6 £82.8 3.4 479
Permeate to PF 26032 12.8 74.]

- PF Ovhd 4107 | 876 77.6 82.6 0.5 0.4
PF Btms 1783 | 116.3 93.1 104.7 0.0 955
Extr feed 20000 166 87.5
rafTinate 2719 | 35.7 30.0 32.9 0.0 2.4
benzene 209¢)
tohiene 5689
xvlene 6508
Xyl col Btms 2235 1 1189 97.8 108.4 0.0 100.0
Total gas 54528 90,7 784 84.6 4.3 50.1

[0071] The process yielded 3.0 kbd of benzene, 5.7 kbd of toluene, and 6.5
kbd of xylene. This represents a 50% gain in benzene production and 35% gain in
toluene production as compared to the base case in Comparative case 1, while
maintaining the same extraction capacity in both cases. Additionally, the amount of

benzene going to gasoline is significantly less than in the base case.

[0072] Advantageously, the method combination of membrane separation and
extraction allows for efficient and economic recovery of BTX by, for example,
mcorporating a membrane unit to concentrate aromatics before they are extracted.
Additionally, the membranes are a modular plant technology that allows for quick

deployment, as well as flexibility in refining operations.

{0073] While the disclosure has been described with reference fo an
exemplary embodiment, it will be understood by those skilled in the art that various
changes may be made and equivalents may be substituted for clements theresof
without departing from the scope of the disclosure. In addition, many modifications
may be made to adapt a particular sifuation or material to the teachings of the

disciosure without departing from the essential scope thereof. Therefore, it is
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30.0 32.9 0.0 2.4 benzene 2990 t ol uene 5689
xyl ene 6508
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mtended that the disciosure not be limited to the particular embodiment disclosed as
the best mode contemplated for carrying out this disclosure, but that the disclosure

will include all embodiments falling within the scope of the appended claims.



Xyl col Btnms 2235 118.9 97.8 108.4 0.0 100.0 Tot al
gas 54528 90.7 78A 84.6 4.3 50.1 [0071] The
process yielded 3.0 kbd of benzene, 5.7 kbd of
tol uene, and 6.5 kbd of xylene. This represents a 50%
gain in benzene production and 35%gain in tol uene
production as conpared to the base case in
WhatGiIBatsakI ve case 1, while maintaining the sane
extraction capacity in both cases. Additionally, the
amount of benzene going to gasoline is signichantlg
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throud AHBLbGS. Bl 058ud 1 80,0 AL LLNAL Yoot and
o e R Al AR P b Bt Bh e frean and
2 reteatdiowsedr woieok tote peoymentsireas Medrbmascst Fieki laiative o the
hvdrok i 8f .0l ng operations. LOO]Q] Wi | e the L
VArOGHRY EAP A IEHELKE FrIBrRBSIR OF 3 9P Ehce to an
exenplary enbodinment, it will be understood by those
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made to adapt a particular situation or material to
‘the teachings of the djsclogsyre withou QQHartipg .
extractnegramanes Taasthsmiddle culuiginga paleP Wi OMAST BFTaTeT Sylyen X an extraction

umit to produce an extract stream, wherein the extract stream is aromatics rich relative to the permeate

stream:

fractionating the exwact stream in g benzene distdliation device to produce & benzene
overhead stream and a benzene botiom stream. wherein the benzene overhead stream is

rich in benzene relative to the extract stream:

o

fractionating the benizene botom stream in @ toluene distiliation device 10 produce a
toiuene overhead swream and 2 toluene bottom siream. wherein the toluens overhead

stream 15 rich in toluene relauve to the benzene bottom stream: and
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