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VAPOR ' PERMEATI ON SYSTEM BACKGROUND OF THE | NVENTI \73@ YYQLIHE
mesrbrane- based process 5 that can be used to separlate~m of v pors

I n an exanple of such a. process, a vaporous nixture of n :g
is fed to the feed side of a nenbrane, while a vacuump gas
stream usually in conbi- nation with a congenser, nmintains a suff|C|ent

| ow 10 partial pressure of Vapor B on the perneate side of the nenbrane

to provide a chem cal potential . gaRORE PERMEAYIDAT SBESTFEMOSS e nmenbrane.
Principally Vapor B, and sone Vapor A, are transported to the perneate side
of the menbrane to f.orm a vapor-phase perneate. 15 : Key to the
devel opnent of BACKGRQGND, OBfTHE| ENVENTPON- per neati on process is the nethod

used to maintain a lom,pa#&bg%sgéf%es t £oRf i S#Oﬁeﬁbf%héhﬁagéﬁ”Eﬁﬁ@eééde of

t he nmenbr ane. Theigrlor art e application a vacuumto
perneat e si®¥e dfhabheccanrdpe-pmeed k@ eeparate nixtures pf yaRetfe ofntaw

|oe:Tb neate, ther Q@Haﬁﬁﬂé‘%ﬁgsﬁéﬁ Qprbéess) eésﬁé?o?&uy@?ﬁ&tﬁré?ofhgapor A

nme rane's er neal e_sSi n st apces he cos an

Tomml oxity b e TAREE, Bl T FeRLto FRS Fratoaliesor |4 peRBranhe, vhile

vacuum driven sys¢zesumfpenpl enkgasedusi sweeprstrean) cus@allyt in epnbém

For many separ aflons, &fgﬁca a%&é{déﬂgéf "%A{&%!ﬂ&” SS&&%&eﬁnﬁg}pf&{}ds or

hi ghly fl anmmabl@" conpoun ente 0 en i s undesrira
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4,978, 430 di scl pS@Srand 208 provide a chemical potential gradient of -
Vapor B across the membrane. Principally Vapor B, and
some Vapor A, are transported to the permeate side of the
membrane to form a vapor-phase permeate.

15 _ Key'to the development of a low-cost, efficient
vapor-permeation process is the method used to maintain a
low partial pressure of Vapor B on the permeate side of
the membrane. The prior art describes the application of
a vacuum to the permeate side of the membrane, reducing

20 the total pressure of the permeate, thereby reducing the
partial pressure of Vapor B on the membrane’s permeate
side. However, in many instances the cost and complexity
of a vacuum system makes this impractical. Furthermore,
vacuum-driven systems often leak, allowing air to enter

25 the system. For many separatiohs, especially those with
oxygen—-sensitive compounds or highly flammable compounds;
the presence of oxygen is undesirable or'dangerous.

Thus, alternative methods are desirable.
U.S. Patent No. 4,978,430 discloses a vapor

30 permeation process for dehydrating and concentrating an
aqueous solution containing an organic compound, whereby
the permeate is kept under reduced pressure or a "“dry
inert gas" can be used to reduce the partial pressure.

u. s.'Patent No. 5,226, 932 dlscloses a membrane

35 process for drying noncondensable gases such as air,
nitrogen, carbon dioxide or ammonia that uses low vacuum
levels and a dry countercurrent sweep gas oh the permeate
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39 permeati on process for dehydrating and concentrating an aqueous
' sol ution containing an organi c conpound, whereby the perneate is kept under
reduced pressure or a "dry inert gas" can be used to reduce the parti al
pressure. U S. Patent No. 5,226,932 discloses a nenbrane 35 process for
dryi ng noncondensabl e gases such as air, nigrogen, carbon di oxide or
ammoni a that uses | ow vacuum | evels and a dry countercurrent sweep gas on
t he perneate - sillesiafe tife trembarke aneConfuonigmtgwnad dil. 4 Ratement No.
5. 108,464 al S0:Yy S %P, Ao UG HR6ESS  Heatlidind 'PrSULL AR SGEY €
gases such as alr, lower hydrocarbons and acid gases using a countercurrent
sweep gas, wherdich naondengable Fases SRR AF RAed WY RYFEPFRERANS| de

of a hol | ow fi kgid MRIIY Affsd® il Endita ESuEd AR NBve &P (s Nalhéteh Xes
with the perneate as/ it passes al.ong, the nbrane gnd then exits, at the
feed end of th%s’r?mﬁﬁe&p gas MY hf thr%ge‘ffﬁfi(a)tﬁ @?%c‘?%’é’%%aé\e ¢ 0E 30
process for droldowtfiben menisraiei modul e cate orteee nsesthdret Ao esndjicduels air,
ar 11 al “pr essurda ft o wAtH e RSt A ¢ peded M fond WG
pressure and paemhuaneiand dfhemexitmratcthe tfeed dnd 16t theamddule.
condensabl e sweep gas thaj 4S5 pdEarne NS £ 8V 634 V68L a1 ¥ RIS A YmérbPane
countercurrent flow node, col I'ect- e o _
10 process for drying water vapor-containing noncondensable
- gases such as air, carbon dioxide or natural gas that S
includes maintaining a water vapor partial pressure
differential across the membrane, contacting the lower
pressure and permeate side of the membrane with a dry
15 organic condensable sweep gas that is immiscible with
water, preferably in.a countercurrent flow mode, collect-
ing and condensing the sweep gas containing permeated
water, thereby forming a two-phase organic-aqueous liquid
condensate, then separating the organic and aqueous
20 phases. .
' As is apparent from the foregoing, the prior
art has suggested the use of a countercurrent gaseous
sweep stream on the permeate side of the separation
membrane. However, no guidelines have been suggested as
25 to what properties this sweep gas should have. It has
been-discovered that, in order for the use of a counter- ‘
current gaseous sweep stream on the permeate side to be
practical, it must have a low concentration or a low
partial pressure of Vapor B on the permeate side of the
30 membrane. Furthermore, the method of generating gaseous
sweep containing the low concentration of Vapor B must be
carefully selected so as to maintain a high-performance,-
efficient, low-cost system.

35 SUMMARY OF THE INVENTION _
‘The present invention comprises a vapor _
permeation process for the selective removal of a first
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(i'ig and condensi ng the sweep gas containing perneated water, thereby
formng a t wo- phase or gani c-aqueous |iquid condensate, then separating the
~organi ¢ and aqueous 20 . phases. As is apparent fromthe foregoing, the
prior art has-suggested the use of a countercurrent gaseous sweep stream oOf
the perneate side of the separation nmenbrang. However, no guidelines have
been suggested as 25 to what properties this sweep gas should have. It
has been di scowaiptt tfrdm a nfesd estiernm tdwntsinitig & auixtwre ofirvapbrs,

gaseous sweep s ﬂgﬁge side to be practical, it nust have a
Iom1concentrat§§¢§¥ﬁé¥h%wvpmu% pressure of Vapor B on the perneate side
of the 30 nmenbrane. Furté&y mprovidingra menktane havinggfeedcand sweep

containing the | ow concentrat i t@RP{adk st be carefully selected so-
as to maintain a high- performance, efficient, |ow cost 'gsten1 35 _SUWARY

OF THE | NVENTI ON The pres@ i Hegting ddpriesd stxeam todtheatfeed pideess
for the selective renoval -of aoflﬁua memﬁkaﬁﬂxundrwinuafawih taeﬁeten-

containing a mxture of vapors i sin st Lding
menbr ane having feed and per ne%ﬁfe %epkfete‘f 'éh")i Pifst

from the feed side of the membrane and

withdrawing a permeate stream enriched in
10 " the first vapor from the permeate side of

the membrane; and - ' ' -

(c) directing a gas phase sweep stream to the

permeate side of the membrane, the sweep
-stream flowing countercurrent to the flow
15 . . : of the feed strean,
whereln the partial pressure of the first vapor in the
sweep stream is sufficiently low that the ratio of the
partial pressure of the first vapor in the sweep streanm
" to the partial pressure of the first vapor in the
‘20 retentate stream is less than 0.9.

A closely related aspect of the invention is
the method used to generate the sweep stream. The inven-
tion includes methods selected from membrane separation,
sorption, condensation, bottled purified gases, and gas

25 produced by evaporation of a liquified gas.

Another closely related aspect of the 1nvent10n |
is the use of a vapor-removal process on the permeate
stream that is enriched in the first vapor. ' The vapor-
removal process is selected from condensation, sorption,

30 and a membrane separation. The vapor-removal process can
also be used to produce a depleted gas-phase stream that
can be recycled back to the vapor permeation process,
being introduced as sweep gas in step (c).

35 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
- FIGS. 1-10 are schematics showing alternative
embodiments of the invention.



»

~ 5 >

“nmenbrane and withdrawing a reten- tate streamdepleted in the first vapor

fromthe feed
enriched in 10
t he menbr ane;
side of the me
15

partial pressu
pressure of th

(b). directing the feed streamto the feed side of the

side of the menbrane and withdrawi ng a perneate stream
the first vapor fromthe perneate side of

and (c) directing a gas phasa sweep streamto the perneate
nbrane, the sweep streamflow ng countercurrent to the flow
DETATLED hBESCRIPTION OF THEr ENVENREOMarti al pressure of the

first vapor in the sweep pbiopipssss’bf CLAD b¥obait! IivehbEohd! tRe0l the

re of -the firsg In the sweep streamto the partia

ef¢11%YiQ$p@?f%ﬂ1F£@n§OarerE?@ﬂtate streamis less than 0.9.

A closely rel ated aspect vapbhs-lnfrﬁiagnlnSthéegaetbndsasndlbw ﬂnaerate

t he sweep eére
separation,” so
produced by ev
of the inventi
streamthat is

am, The | nven-

ritial o ShnethPired abd BatEhg 8 Bt S8 B0 LhE BEe ot

areateonthana-100tCii ed gas. Another closely related aspect
on is theu . a cess on ey
§$?%é f|¥a§8 %ﬁ&?¥ 1Hi8 i: e: h8e R rg@ﬁss s

enriched in or- Enova

net hods se%icted fr nbr ane

-

B

sel'ected from cdvadererating cenditienszof tbﬂd@ﬁpﬁﬁﬁﬁiaHéYsbﬁaaavaEﬁr: The

vapor - renova
streamthat ca
10

15

20

25

30

35

PA& CESikg Cas $#£ SRa8Ca USSE é@n@éﬁQESEiénd69|§££€18§5p983§ﬁre
rbge £56¥Cled back to the vapor perneation process,

Vapor B-rich permeate: the partial pressure of
Vapor B in the permeate stream divided by the sum of the
partial pressure of Vapor B and the partial pressure of
Vapor A in the permeate stream is greater than the same
ratio in the feed stream. This term does not necessarily
mean that the partial pressure of Vapor B in the permeate
is greater than the partial pressure of Vapor B in the
feed, since the permeate also contains the gas phase
sweep gas. _ '
For 111ustrat1ve purposes, 1t is assumed that
the feed stream contains two. vapors: Vapor A and
Vapor B. It is further assumed that the membrane is more
permeable to Vapor B than to Vapor A.

FIG. 1 shows the basic process using a membrane
to produce a Vapor B-rich permeate stream and a
Vapor deepleted retentate stream, using a countercurrenﬁ
sweep stream to maintain a low partial pressure of Vapor
B on the permeate side of the membrane.

FIG. 2 shows a process similar to that shown in
FIG. 1 except that the sweep stream is produced by a
membrane~based unit.

FIG. 3 shows a process similar to that shown in
FIG. 1 except that the sweep stream is produced by a
hydrid compression/condensation process.

FIG. 4 shows a process simllar to that shown in
FIG. 1 except that the sweep stream is produced by a
sorption process.



bei ng i ntroduced as sweep gas in step (c). 35 BRI EF DESCRI PTI ON OF THE
SEVERAL VI EWs OF THE DRAW NGS FI GS. 1-10 are schenmatics showing alternative
~enbodi ments of the invention. 4 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
For purposes of the present invention, the follow ng definitions are used. -
Vapors: fluids in the gas phase below theis 5 critical tenperatures and
having a boiling point of greater than -100[err]C Sweep: a gas phase
fluid, i.e., not a I|qU|dFEG opeshows ga cprocessnsinilanctortbatsshowm hn a

vapor, as '0”9%% % %%“&?Qté@ééﬁns&egﬁris bEAERSH" Brdfl
ri at €:

Vapor B. Vapor fhé partial pressure of Vapor B in the
per meat e strearﬁQﬁ*«l@f@cP‘b?lﬁﬂl%d%t)f the partial pressure of Vapor B and

the partial pressure of el é\ showdCa PSFroEake SIMEPAT| BoJERAtEshbBANiIANE
sane 15 r ;qlln the feed s,%%g Thi s ter€1 does, not &cesg |Iy mean
that the p 16y L G¥EERE 7 E‘? fveeR StFeam; is;Rraduced bYhan t he
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assuned t hat o
FIG. 1 except that the sweep stream is produced by

directing the Vapor B-rich permeate stream to a second
10 membrane-~based process; producing a Vapor B-depleted
retentate stream that is used as éhe sweep stream, -
thereby recycling the gas used for the sweep stréam. A
makeup gas stream is used to offset any gas losses from
the second membrane. '
15 o FIG. 8 shows a process similar to that shown in
FIG. 1 except that the sweep stream is produced by
' directing the Vapor B-rich éermeate stream to a
- compression/condensation process, which produces a
Vapor B-depleted non-condensable stream that is used as
20 the sweep stream, thereby recycling the gas used for the
sweep stream. ‘

FIG. 9 shows a process similar to that shown in
FIG. 1 except that the sweep stream is produced by
directing the Vapor B-rich permeate stream to a sorption

25 process, which produces a Vapor B-depleted stream that is
used as the sweep stream, thereby recycling the gas used
for the sweep.stream; '

. FIG. 10 shows a process similar to that shown
in FIG. 1 except that the sweep stream is a gas and a

30 vacuum pump is used on the vapor B-rich permeate streams
to enhance efficiency.

It has been discovered that for the use of a
countercurrent sweep stream to be effective in vapor
removal, the ratlo of the partial pressure of the more-

35 permeable vapor in the sweep to that of the same compo-
nent in the retentate must be less than 0.9, preferably
less than 0.5. If this partial pressure ratio is greater
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FIG 1 shows the basic process using a nenbrane 25 - to produce a Vapor
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countercurrent sweep streamto nmaintain a | 6w partial pressure of Vapor B
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produced by  permeant’s partial pressure ratio is less than 0.9, the
driving force is sufficiently high to permit reasonable
10 feed-flow rates to be used to obtain acceptably high
retentate purity, leading to efficient, low-cost systems. -
- ' The temperature of the feed should be greater
than its condensation temperature at one atmosphere,
. which in turn should be greater than ambient temperature,
15 and most preferably greater than 40°C, while the total '
feed pressure should be greater than ambient pressure,
and preferably less than 10 atm. |
' ' The separation to be achieved by the vapor
permeation process of the present invention is most pref-
20 erably the removal of water vapor'from organic vapors,
 but may also be applied to the removal of volatile
compounds from water, or the separation of organic and
inorganic vapor mixtures. Generally, the membrane used
is selected so that the minor component of the feed
25 stream is selectively removed by the membrane; however,
the invention need not be so limited.

The volumetric flow of the sweep stream at the
sweep inlet port may be adjusted to provide the desired
efficiency. Preferably, the volumetric flow of the sweep

30 stream is sufficient to reduce the parﬁial pressure of
the more permeable component on the permeate side of the
membrane at the retentate end of the module to below
about 90% or less than the value on the feed side of the
membrane at thé retentate end of the module. The amount

35 of sweep used will therefofe depend on the operating .
conditions and desired concentration of the more
permeable component in the retentate stream. Generally,
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gas and a cuu i s used on e viapor B-rich perneate streans to
enhance eff|C|§¥@y 4Hﬂiﬁg? q@%&V@? T&%r the use of a
countercurrent sweep str&he tswenp esfthmaem \lfséd1 mapdre renpo s dme ratio. of
the partial pr t%xé trﬁq,ig gl‘hﬁ?%flﬁp t hat
of the sane cog%gﬁe%s(&;bl%% tf a must be ‘Tess CH%: pr eé erably
10 the vapor to be removed from the feed stream. For
'~ " example, in applications where the inert gas nitrogen is
used to blanket a flammable solvent, the nitrogeﬁ can be
used as the sweep stream. Other examples of fluids that

can be used as the sweep stream include the inert gases

15 argon and helium; hydrogen; air; steam; carbon dioxide;

and carbon monoxide.
The vaporous mixture compr1s1ng the feed stream
to the membrane selected for the vapor permeation process
- may derive from a variety of sources including, but not
20 limited to, industrial process vent streams, the vaporous
overhead from a distillation process, the overhead from a
reflux process, vaporized liqulds from industrial
processes, vaporlzed industrial process vent streans,
chemical process liquids, the production of fine chem-

25 icals; production of pharmaceuticals, the recovery or
purification of flavors and fragrances from natural
products, and fermentation processes.

The vapors that comprise the vaporous feed
mixture can be virtually any compounds with sufficient

30 volatility to be present in the vapor phase. Generally,
"this includes compounds with boilinq points that are less
than about 200° c at one atmosphere, preferably greater
than ambient but less than 180°C, and most preferably
greater than 40°C but less than 150°C. Examples of

35 compounds that can be removed from the vaporous feed
mixture by the process of the present invention include,
,but are not limited to, water, chlorofluorocarbons such



fress than 0.5. |If this partial pressure ratio is greater 6 than 0.9,

i the driving force for transport of the vapor fromthe feed side of the
menbrane to the perneat.e/ sweep stream becones unacceptably [ ow, which in
turn leads to low feed-flow rates to achieve a given |level of purity of 5% .
the retentate stream Low feed-flow rates ng&an hi gher system costs due to
the increased nmenbrane area required to treat a given feed-flow rate. -
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10 acid, acetic acid, and other organic acids; amines,
including triethylamine and pyridine; acetonitrile; T
dimethyl formamide, dimethylacetamide, and N-methylbyr—
rolidinone; and volatile inorganic_compounds such as
ammonia, bromine, iodine, sulfur dioxide, and thionyl

15 chloride. ' '

' The types of membranes suitable for use in the
present invention may be broadly described as separation
membranes that are used for their selectively permeable
nature, and more specifically those which are felatively

20 permeable to one vapor relative to other vapors in the
feed stream, and which are "non-reactive" with the vapors
of interest in the sense of not contributing to or caus-
ing any chemical reaction or conversion of the vapor‘
desired to be removed. The membrane can be made entirely

25 of the permselective material or the permselective mate-
rial may be supported on a porous membrane, fabric or ‘
screen. Examples of such permselective materials useful
for such separations include, but are not limited to,
hydrophilic materials, including polyvinyl alcohol,

30 cellulosic materials,'chitin and derivatives thereof;
polyurethanes, polyamides, polyamines, poly(acrylic
acids), poly(acrylates), poly(vinyl acetates), and poly-
ethers; hydrophobic materials such as natural rubber,
nitrile rubbef; polystyrene-butadiene copolymers,

35 poly(butadieneacrylonitrile) rubber; polyurethanes;
polyamides; polyacetylenes; poly (trimethylsilylpropyne) ;
fluoroelastomers; poly(vinylchlorides) ;
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10 the feed stream. . :
| The membrane may be isotropic or asymmetric. -
_ Additionally, the membrane may be homogeneous or™ a
multi~layer composite. In most cases, it is preferred
that the membrane material be crosslinked to provide
15 sufficient resistance to swelling or dissolution by the
components in the feed stream. The membrane may be made
by a solvent phase-inversion pfocess, thermally induced
phase~inversion process, melt-extrusion process, or by a
wet or dry solvent-casting process. In the case of
20 multilayer composites, the selective layer can be formed
by dip-coating, péinting,.spray-coating, solution-
coating, or by interfacial polymerization.
_ - In multilayer composites, the support layers
that provide mechanical strength to the composite (as
25 opposed to the permselective layer) shduld-give as little
resistance to the transport of the permeating species
through the sglective layer as is technically feasible.
'Additionally, the support membrane should be chemically
and thermally resistant, allowing for operétion on hot
30 -feed streams containing various chemical constituents.
Materials suitable for the support membrane include, but
are not limited to, organic polymers such as polyprop-
vlene, polyacrylonitrile, poly(vinylidenefluorides),
: poly(etherimidés), polyimides, polysulfones, poly(ether-
35 sulfones), poly(arylsulfones), poly(phenylquinoxalines),
. polybenzimidazoles, and copolymers and blends of these
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15 operation.
EXAMPLE 1

Utilizing a system of substantially the same
configuration as shown in FIG. 2, a vaporous feed solu-
tion comprising 4.8 wt% water in isopropyl alcohol (IPA)

20 at a.pressure of 0.1 bar (gage) and a temperature of 95°C
~was fed at a rate of 7.8 kg/hr to the lumens of hollow
fiber membranes in a module having an effective membrane
area of 2.8 m®. The inside surfaces of the hollow fibers
were coated with a selective layer of a hydrophilic
25 crosslinked polyamide blended with polyvinyl alcohol.

A sweep stream comprising dry éir at 95°C and
having a dew point of -29°C at 6.9 bar (gage) was gener-
ated by passing compressed air at 6.9 bar (gage) through
an air dehydration module (ADU) manufactured by AquaAir,

30 Inc. of Bend, Oregon. The pressure of this sweep stream
was reduced to ambient using a throttle valve and intro-
duced to the permeate side of the membrane at an inlet
port located near the retentate end of the module so as

. to flow substéhtially countercurrent to the flow of the

35 feed at 280 L (STP)/mln. '

Under the operating conditions described, the
retentate stream had a water partial pressure of



-8 as Freons and Hal ons; chlorinated hydrocarbons, such as nethyl ene
chloride, trichloroethylene, trichloroethanes, carbon tetrachloride, and
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tol uene, xylene, 5 ethyl benzene, cycl ohexane, hexane, and octane; ~
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entirely 25 ggn%ge gernselectlve mai eri al ernsel éctive mate--
guration as shown in FIG. 5, a vaporous feed
solution comprising 5.9 wtd water in IPA at a pressure of -
0.05 bar (gage) and a temperatﬁre of 90°C was fed at a
rate of 4.4 kg/hr to the lumens of hollow fiber membranes
in a module having an effective membrane area of 2.8 m°.
15 The inside surfaces of the hollow fibers were coated with
a selective layer of the crosslinked hydrophllic polymer
of Example 1.
A sweep stream comprising nitrogen from a gas
- cylinder at essentially ambient pressure and 90°C was
20 introduced to the permeate side of the membrane at an
inlet port located near the retentate end of the module
so as to flow substantially countercurrent to the flow of
the feed at 136 L (STP)/min. . '
Under these operatihg'conditions the retentate
25 stream had a water partial pressure of 0.00048 bar (abso-
lute), while the sweep stream inlet had a water partial
-pressure 0f 0.00002 bar (absolute), so that the ratio of
water partial pressure in the sweep stream to water.
partial pressure in the retentate stream was 0.032. This
30 fielded a retentate stream water concentration of
0.01 wt%, corresponding to a water removal rate of 99.8%.
EXAMPLE 3 '
Utilizing a system of substantially the same
configuration as shown in FIG. 10, a vaporous feed
35 solution comprising.7.6 wt¥ water in IPA at a pressure of
0.3 bar (gage) and a temperature of 91°C was fed at a
rate of 8.5 kg/hr to the lumens of hollow fiber membranes



rial may be supported on a porous nenbrane, fabric or screen. Exanpl es of

. such pernselective materials useful for such separations include, but are
not limted to, hydrophilic materials, including polyvinyl alcohol, 30
cellulosic materials, chitin and derivatives thereof; polyurethanes, -
pol yam des, pol yam nes, poly(acrylic acids}2 poly(acrylates), poly(vinyl
acetates), and poly- ethers; hydrophobic materials such as natéjr.al rL*bber,
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1o introduced to the permeate side of the membrane at an
inlet port located near the retentate end of the module
so as to flow substantially countercurrent to thé flow of
the feed at 127 L (STP)/min. A vacuum pump was used to
reduce the pressure of the pe;meate stream to 0.3 bar

15 (absolute). ' ' |

Under such conditions, the retentate stream had
a water partial pressure of 0.00203 bar (absolute), while
the sweep stream inlet had a water partial pressure of
0.00005 bar (absolute), so that the ratio of water

20 partial pressure in the sweep stream to water partial
pressure in the retentate stream was 0.024. This yielded
a retentate stream water concentration of 0.1 wt%,
corresponding to a water removal rate of 99.2%.

"EXAMPLE 4

25 Example 3 was substantially repeated with the
following exceptions: the vaporous feed solution
contained 9.4 wt% water at a pressure of 0.1 bar (gage)
and was fed at a rate of 6.0 kg/hr to the hollow fiber
membrane module; the sweep stream was nitrogen from a gas

30 'cylinder at 91°Cc and 0.3 bar (absolute) flowing at
57 L (STP)/min. '

Under these conditions, the retentate stream
had a water partial pressure of 0.00008 bar (absolute),
while the sweép stream inlet had a water partial pressure

35 of 0.00002 bar (absolute), so that the ratio of water
partial pressure in the sweep stream to water partial
pressure in the retentate stream was 0.2. This yielded a



~nulti-layer conposite. In nost cases, it is preferred that the nenbrane
material be crosslinked to provide 15 sufficient resistance to swelling
or dissolution by the conponents in the feed stream The nenbrane may be
made by a sol vent phase-inversion process, thermally induced
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coated with a selective layer as in Example 1.
_ A_sweep stream comprising nitrogen froi a gas
cylinder at 95°C and 0.3 bar (absolute) was introduced to
the permeate side of the membrane at an inlet port
15 located near the retentate end of the module sd as to
flow substantially countercurrent to the flow of the feed
‘at 0.6 L (STP)/min. A vacuum pump was used to reduce the
pressure of the permeate stream to 0.3 bar (absolute).
' Under such operating conditions, the retentate
20 stream had a water partial pressure of 0.01524 bar (abso-
lute), while the sweep stream inlet had a water partial
pressure of 0.00002 bar (absolute), so that the ratio of
water partial pressure in the sweep stream to water
partial pressure in the retentate stream was 0.001. This
25 yielded a retentate stream water concentration of -
0.1 wt%, corresponding to a water'removal rate of 89.9%. '
EXAMPLE 6 -
Utilizing a system of substantially the same
configuration as shown in FIG. 10, a vaporous feed
30 solution comprising 12.2 wt% water in ethanol at a pres-
sure of 0.2 bar (gage) and a temperature of 91°C was fed
at a rate of 0.07 kg/hr to the lumens of hollow fiber
membtanes in a module having an effective membrane area
of 232 cm?. The inside surfaces of the hollow fibers were
35 coated with a selective layer as in Example 1.
A sweep stream comprising nitrogen from a gas'
cylinder at 91°C and 0.3 bar (absolute) was introduced to



naterials; and inorganic materials such as porous gl ass, carbon, ceranics,
rand netals. The nenbrane can be used in the formof a flat sheet or holl ow
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stream to water partial pressure in the retentate stream -
was 0.003. This yielded a retentate stream watet concen-
tration of 0.2 wt$, corresponding to a water removal rate
of 98.7%. L
15 . EXAMPLE 7 .
Utilizing a system of substantially the same
configuration as shown in FIG. 10, a vaporous feed
 solution comprising 7.5 wt$% water in tetrahydrofuran at a
pressure of 0.1 bar (gage) and a temperature of 80°C was
20 fed at a rate of 1.8 kg/hr to the lumens of hollow fiber
" membranes in‘-a module having an effective membrane area
of 1.4 m2. The inside surfaces of the hollow fibers were
coated with a selective layer as in Example 1.
A sweep stream comprising nitrogen from a gas
25 cylinder at 80°C and 0.3 bar (absolute) was introduced to
the permeate side of the membrane at an inlet port
located near the retentate end of the module so as to
flow substantially countercurrent to the flow of the feed
at 85 L (STP)/min. A vacuum pump was used to reduce the
30 pressure of the permeate stream to 0.3 bar (absolute).
Under the operating'conditions described, the .
retentate stream had a water partial pressure of
0.00686 bar (absolute), while the sweep stream inlet had
a water partlal pressure of 0. 00002 bar (absolute), so-
35 that the ratio of water part1al pressure in the sweep
stream to water partial pressure in the retentate stream
was 0.002. . This yielded a retentate stream water



~dnh air dehydration nodul e (ADU) manufactured by AquaAir, 30 Inc. of Bend,
. Oregon. The pressure of this sweep stream was reduced to anbient using a
throttle valve and intro- duced to the perneate side of the nenbrane at an
"inlet port |ocated near the retentate end of the nodule so as to flow =
substantially countercurrent to the flow ofltihe 35 feed at 280 L
(STP)/ m n. Under the operating condltlons described, the retentate stream
had a water pardqngentration of 0.01 Wok3COEFeFRORGING KO aHWaESFhe sweep

stream i nl et hashmovet efaﬁ@réfaégm@,ssure of 0.0005 bar (absolute), so that
the ratio of water partial pressure in the smeeg streamto water partia

pressure in the retentate stream5 waBXHMELE 8 T 5 yielded a retentate
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10 Under such operating cohditions, the retentate
.'stream had a water partial pressuré of 0.00047 bar (absb- -

lute), while the sweep stream inlet had a water partial
pressure of 0.00002 bar (absolute), so that the ratio of
water partial preésure-in the sweep stream to water

15 ' partial pressure in the retentate stream was 0.032. This
yielded a retentate stream water concentration of
0.014 wt%, corresponding to a water removal rate of
99.9%.

Iayer

, COMPARATIVE EXAMPLE 1
20 For comparison, the system and module described
in Example 8 were operated under identical operating
conditions with countercurrent permeate flow but with the
nitrogen sweep flow set to zero so that no nitrogen was
introduced as a sweep gas to the membrane module. Under
25 these conditions, the retentate stream had a water
concentration of 5.2 wt%¥, corresponding to a water
removal rate of only 60%. '
|  EXAMPLE 9
A computerized mathematical model of the system
30 shown in FIG. 8 was prepared and utilized to predict the
performance of the system utilizing various parameters.
A vaporous feed solution comprising 18 wt% water in IPA
at a pressure of 0.1 bar (gage) and a temperature of 95°C
is fed at a rate of 8.9 kg/hr to the lumens of hollow
35 fiber membrane in a module having an effective membrane
area of 2.8 m?, the inside surfaces of the hollow fibers



. of Exanple 1. A sweep stream conprising nitrogen froma gas cylinder at
essentially anbient pressure and 90[err] C was 20 I ntroduced to the
perneate side of the menbrane at an inlet port |ocated near the retentate
end of the nodule so as to flow.substantially countercurrent to the flow af
the feed at 136 L (STP)/m n. Under these opk6ating conditions the retentate
25 stream had a water partial pressure of 0.00048 bar (abso- lute), while
the sweep strea®fiwhichhaveaceated withi thepsawpeut¥pefof. sedectiye layer

(absolute), so jhahsb§eihaplave u&ﬁkﬁém?ﬁééla| pressure in the sweep stream

to water- partial pressure in the retentate streamwas 0.032. This 30 -
yiel ded a retentate streafh fHeeP ebream: Pht ndkregen. at 9PSF a8vf; 8%pondi ng

to a water reniyssenBiglly MbBentENLYEEErd bhidl havifigaaswatew 9hpor
substantially the anf cgnéigurat&gﬁ 68 2h$mn_in Fgﬁi 18,.a %a arqQus f.eed
35 sol uti®n BRBELSEIRTISEUARoRhaPcPOPA PRR fRbEOFLEL, 8 dhtgodugen
(gage) and a tehpe;heuperméaﬁé[sidéGoﬁaghéemembraneaat.aﬁ 8n5etgpbrtto t he
! o ofobkbel, HEA eRkcrerehlatl Sl ERUNLARLEGE ECLLLC,
coated with a sEleetsubstapbiablyt aeuntercurnral hodtbghflow o8l Fher feed
at 516 L (STP)/min. ' _
10 Under these conditions, the permeate éxiting
the module has a calculated_water vapor partial pressure -
of 0.047 bar (absolute). This stream is fed to a
compressor, where the pressure is increased to 6.9 bar
(gage). The resulting high pressure stream is sent to a
15 condenser operating at a temperature of 0°C, where the
water vapor is cdndgnsgd. The non-condensable stream
exiting the condenser is reduced to essentially ambient
pressure using a throttle valve. The resulting ambient
pressure stream is assumed to have a water vapor partial
20 pressure of 0.0005 bar (absolute). The stream is then
heated to 95°C and introduced into the module as a
countercurrent sweep streanm. _
Under such operating conditions, the retentate
stream has a calculated water concentration of 0.05 wt%,
25 corresponding to a water vapor partial pressure .of
0.00014 bar (absolute). Thus, the module has a
calculated water removal rate of 99.7% and. the ratio of
the water vapor partial pressure in the sweep stream to
that of the retentate stream is calculated to be 0.36.
30 ' EXAMPLE 10
_ A computerized mathematical model of the system
shown in FIG. 7 was prepared and utilized to predict the
performance of the system utilizing various parameters.
The same vaporous feed solution as in Example 9 is fed in
35 the same manner and at the same raté to the same hypo-
thetical hollow fiber membrane module and using the same
sweep stream of Example 9, to produce a permeate exiting



zH
~of Exanple 1. 5 A sweep streamconprising dry air at 91[err]C
-and 0.3 bar (absolute) and a dew point of -30[err]C at 6.9 bar (gage) was
generated by passing conpressed air at 6.9 bar (gage) through the sanme ADU
nodul e used in Exanple 1. The dry air sweep stream produced by this nodul e;
was 10 introduced to the perneate side oflh he nenbrane at an inlet port
| ocated near the retentate end of the nodule so as to flow substantially
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rate of 103 L (STP)/min is blended with this stream. The -
blended stream, which has a calculated water vapor
partial pressure of 0.0005 bar (absolute), is then heated
to 95°C and introduced into the module as a sweep strean.
15 L Under such operating conditions, the retentate
stream has a calculated water concentration of 0.05 wt%,
corresponding to a water vapor partial pressure of
0.00014 bar (absolute). Thus, the module has a water
removal rate of 99.7% and the ratio of the water vapor
20 partial pressure in the sweep stream to that of the
. retentate stream is 0.36.
EXAMPLE 11
A computerized mathematical model of the system
shown in FIG. 9 was prepared and utilized to predict the
25 performance of the system utilizing various parameters. _
The same vaporous feed solution is fed in the same manner
and at the same rate to the same module and using the
.same-sweep stream of Example 9, to produce a permeate
exiting the module having a calculated water vabor
30 partial pressure of 0.047 bar (absolute). This stream is
fed to a compressor, where the pressure is increased to
6.9 bar (gage). The resulting high pressure stream is
sent to a desiccant bed where water is removed to a pres-
sure dew point of 0°C. The pressure of the desiccant-
35 dried nitrogen is then reduced to essentially ambient '
pressure using a throttle valve. . The resulting ambient
pressure stream has a calculated water vapor partial



. Under these conditions, the retentate stream had a water partial pressure
of 0.00008 bar (absolute), while the sweep streaminlet had a water parti al
pressure 35 of 0.00002 bar (absolute), so that the ratio of water parti al
pressure in the sweep streamto water partial pressure in the retentate -
streamwas 0.2. This yielded a 13 retentpge stream water concentration
of 0.002 wt% corresponding to a water renoval rate of 99.9% EXAMPLE 5
Utilizing a syspress@reubftanodas| parh¢abackute}onfTher atreamagssthen in

FIG 10, a vap e LMt n,et Qy tate
at a pressure 8#8%§§&bg§ ?3 Eeqiid %ﬁﬁP%&ﬁbera?ﬁggmﬁgﬁmﬁéﬁ 16 gdgakwggﬁate
of 0.14 kg/hr t%trﬁ@miunens of hollom/flber menbranes in a nndule havi ng an

effective nenbrane area lgngeffsddR éﬁgratIHQ eaﬁas!elsﬂéf agRe pbtbheakel | ow
fibers were coated with a sele tive
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was used to redlabedwapersremeval rhbepefnﬁat3%scnéahheorat30bef the
(absol.ute). water vapor partial pressure in the. sweep stream to that
10 of the retentate stream is 0.36.
| EXAMPLES 12 TO 17 .
A computerized mathematical model of the system
shown in FIG. 10 was prepared and utilized to predict the
' performance of the system utilizing various parameters.

15 A vaporous feed solution comprising 10 wt%$ water in IPA
at a pressure of 0.1 bar (gage) and a temperature of 95°C
is fed to the lumens of hollow fiber membranes in a

~module having an effective membrane area of 2.8 m?, the
inside surfaces of the hollow fibers of which are coated

20 with the same type of selective layer as in previous
Examples. The flow rate of this feed stream was varied
as shown in Table 1 and as discussed below.

A sweep stream of nitrogen at 95°C and at a
pressure of 0.2 bar (absolute) and having the various

25 water vapor partial pressures shown in Table 1 is intro-
duced to the permeate side of the membrane at an inlet
port located near the retentate end of the module so as
to flow substantially countercurrent to the flow of the
feed at 57 L (STP)/min.

30 . The flow rate of the vapdrous feed solutioh was
varied as shown in Table 1 so that under the specified
operating conditioné, the retentate stream had a water
partial pressure of 0.0039 bar (absolute), corresponding
to a retentate stream water concentration of 0.1 wt%

35 water,,corresponding to a water removal rate of 99%. The
results in Table 1 show that when the ratio of water
partial pressure in the sweep stream to water partial



~Under such operating conditions, the retentate 20 stream had a water
“partial pressure of 0.01524 bar (abso- lute), while the sweep streaminl et
had a water partial pressure of 0.00002 bar (absolute), so that the ratio
of water partial pressure in the sweep streamto water partial pressure in-
the retentate streamwas 0.001. This 25 viel ded a retentate stream water
concentration of 0.1 wt% corresponding to a water renoval rate of 89.9%
EXAMPLE 6 Ui | iprtempure yiai cthefratastatd | sttean hiss sansatoen fthan abowt as

shown in FIG o ' | LAt A : r .Sl O/ r

in ethanol at 3;100 ';%’esﬁf&ggé%%fhg&g xg%?e (%gg%é g%’d&gi? éﬂ%@%%ﬁé@#“]ﬁ%f] C

was fed at a r#&htain loy depired retrntake watgr eaneentrakione eswle-i n

a nmodul e havi ng R 3§ faﬁq{i%ﬂéw@rm PEfe i nt? Sfken N THS Fleasiils f aces
. ] £ . :

T A cveep Bt r At SR (€990 TAEY JEhP (e RIELS R BR GATE YO Hhd
- 0.3 bar (absol WiHaimthetdesiiell tetentdtde twetae cndentatatcion ide
e o oo b Wi S S A Gl 5 A AR
(STP)/ min. A vamessyneniniwing efbree riiuctranspdrt peseatar ofapdre per neat e
streamto 0.3 hat.dabsqld!tfdmbrane also becomes low. Therefore, to
10 achieve a given retentate water concentration, the flow
' rate of feed solution to the module must be reduced to -
allow sufficient time for water to be removed from the
feed solution. The reason that a >0.9 ratio results in a
high-cost and inefficient system is because when the
15 ratio is greater than 0.9, the feed flow rate to the
module must be low compared with when the ratio is less
than 0.9. As a result, to treat a given volume of feed
solution, more membrane area will be required which is
less efficient, and the requirement for more membrane
20 surface area leads to higher membrane costs, and
ultimately to a higher-cost systemn.

Table 1
Water Vapor Ratio of
- 25 Partial Pressure Sweep to
(bar [absolute]) Retentate Feed Flow
Partial Rate
' Sweep Retentate Pressure {kg/hr)
0.0013 0.0039
30 0.0021 0.0039
0.0027 0.0039 0.70 6.0
0.0036 0.0039 0.94 5.0
0.0038 0.0039 0.97 4.6
0.0039 0.0039 1.00 4.2 "
35

The terms and expressions which have been
employed in the foregoing specification are used therein
as terms of description and not of limitation, and there



Under the operating conditions described, the retentate stream had a water
partial pressure of 0.00460 bar (absolute), while the sweep streaminl et

.had a water partial pressure of .0.00002 bar (absolute), so 10 t hat the

ratio of water partial pressure in the sweep streamto water partial =
pressure in the retentate streamwas 0.003.2¢his yielded a retentate stream
wat er concen- tration of 0.2 W% corresponding to a water renoval rate of
98. 7% 15 is no intention, in th¥AlMBeFof Such temrmsa angs expres-
substantially t ge L0 f

sol ution conprlg?ﬁ 7. g%wg&ciﬂ ihb gq?%?%%%“%ro?&fgﬁéh#ghtﬁﬁéggure a@ﬁq
bar (gage) and desenpbedtgreportsopertperneg.zdt bﬁemgaﬁesqqmmzaﬁ thd?
kg/hr to the 'U%ﬁasseapa%komz@ Eﬁbaﬁ%&%haags de?ifciDgnae 1HaMited dnhly by
effective nenbrane area of n%prr he i1 nside surface$ of the hoIIow

fi bers were3coatbs ﬁﬂ?ﬁmﬁ ?BFSB 9@19Eyer as in Exanple 1. A sweep stream

.conprising nitrogen froma gas 25 cylinder at 80[err]C and 0.3 bar
" (absolute) was introduced to the perneate side of the nmenbrane at an inlet

port |ocated near the retentate end of the nodule so as to flow
substantially countercurrent to the flow of the feed at 85 L (STP)/mn. A
vacuum punp was used to reduce the 30 pressure of the perneate streamto
0.3 bar (absolute). ‘Under the operating conditions described, the retentate
stream had a water partial pressure of 0.00686 bar (absolute), while the
sweep streaminlet had : -



_a'maggi_EgLLLgL_pLessuLe of 0.00002 bar (absolute), so 35 that the ratio
; partial. pressure in the sweep streamto water pagtal-pressure jin
the r ‘mm“as 0.002. This yielded a retentat e |SEHI8BHEEItHAS BEEN 3
conceB mllﬁ“‘ W % corresponding to a water renojal raREPIQ{CEPP. 9%
¢ Exanp! e ®3 Was substantially repeatied with the J‘TU#?Umrﬁu
exceptions: the vaporous.feed solution contained 12.7 wt % water at a
_pressure of 0.€CLBAMS(gage) and a tenperature of 95[err]C, the sweep stream
:was nitrogen froma gas cylinder at 95 err]C and 0.3 bar (absolute) and
‘flowed at 57 L (STP}/ mn. 10 Under such operating conditions,
the retentate stream had &-wafePhegassfox dhg renavad o4 T

lute), while tmromwaeﬁlauaeaaemls&iréw contalierinenrd mndlxtures B &apiors 00002
bar (absol rtlal pressure in the sweep

‘vtlba a‘gthat thecratiaof V\ﬁ:t‘}
streamto F t pﬁgFﬁﬁﬁ ﬁﬂﬁﬁﬁﬁ%?q éntate stream was 0. 032.
This yielded a retentate (ﬁ)remﬁ@n@mmﬂhﬁﬁmmmﬁr@ Eeeditaryd

corresponding to a water rem)x,@m)ﬁtee %re %{Qéi W%Tlsﬁé@ﬁwalzyl 20

For conparison, the system an scrib
permeable to said first vapor:;

(b) directing said fluid feed stream to the
10 ' feed side of said membrane and withdrawing
'~ a retentate stream depleted in said first -

vapor and withdrawing a permeate Stream
enriched in said first vapor from the
permeate side of said membrane; and

15 _ (c) directing a gas-phase fluid sweep stream
to the permeate side of said membrane,
said sweep stream flowing countercurrent
to the flow of said fluid feed strean,
wherein the partial pressure of said first

20 vapor in said sweep stream is sufficiently
low that the ratio of the partial pressure
of said first vapor in said sweep stream
to the partial pressure of said first
vapor in said retentate stream is less

25 than 0.9.

2. The process of claim 1 wherein said gas-
phase sweep stream is generated by a process selected
from membrane separation, sorption, and condensation.

30
3. The process of claim 1 whe:ein said gas-
phase sweep stream is obtained from bottled, purified
gases.
35 4. The process of claim 1 wherein said gas-

phase sweep stream is obtained by evaporation of a liquid
gas. '
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. in Exanple 8 were operated under identical operati |tions with
countercurrent perneate flow but wth the nitrogenﬂi @ l 0 zero
so that no nitrogen was introduced as a sweep gas t ! f¥odul e.

Under 25 these conditions, the retentate streamhad a water concentration
of 5.2 wt% corresponding to a water renovg2rate of only 60% EXAMPLE 9 A
conputeri zed mat hemati cal nodel of the system 30 showmn in FIG 8 was
prepared and utilized to BediThe tpro@ess cofraelaimf 1) hineslsdbng uthéi zi ng

i Ler See A d | 00s i si o in IPA
n a preseur e GRbLGLGET (HERS, (8 of WLHLOCLAG RS BEidate SAPLE, T |
rate of 8.9 kg/enrichedein smid Birsb| vappBsto & veporymrenayel | procesd.l e

having an effective nenbrane area of 2.8 nR2, the inside surfaces of the

hol | ow fi bers 16 ‘of which are coated with the, same type of sel ective

| ayer- as used in previous ExanfRProces® Pt s¢tatm bioki2Feh ¥ $5PErP| C
and at essenti giHeraili£nfadinh SiE cafpli &d Vtd Ote Va@bwistrheat Sifarbeal
pressure of 0.0Q%{ bar éabsolute) is introduced to the perneate side of the
menbrane at an ¥ QHs%ﬁ)Q ?Eﬁ%ﬁ%ﬂ near the retentate end of the nodule so
as to flow substantially countercurrent to the flow of the feed

7. The process of claim 5 wheréin said
10 vapor—removal process of step (d) is selected from
condensation, sorption, and a membrane separation.
8. The process of claim 5 wherein said vapor-
removal process of step (d) produces a depleted gas-phase
15 stream that is depleted in said first'vapor, wherein the
concentration of said first vapor in said depleted gas-
phase stream is sufficiently low such that the ratio of
the partial pressure of said first vapor in said depleted
gas-phase stream to the partial pressure of said first
20 vapor in said retentate stream is less than 0.9.

9. The process of claim 8 wherein said
depleted gas—-phase stream is used as the sweep stream in
step (c), thereby recycling said gas-phése sweep stream.

25
10. The process of claim 1 wherein said
membrane is a hollow fiber composite membrane.

11. The process of claim 1 wherein said first
. \
- 30 vapor is water vapor. '

12. The process of claim 1 wherein said
mixture of vapors comprises water vapor and at least one
organic vapor. . ' _

35 - : -

13. The process of claim 12 wherein said at
least one organic vapor éomprises predominantly organic




at 516 L (STP)/mn. 10 Under these conditions, tThe perrreate
“exiting the nodul e has a cal cul ated wat er vapor partia 47
bar (absolute). This streamis fed to a conpressor, g!ﬂlﬂﬂ |s
increased to 6.9 bar (gage). The resulting high pressu raammi sssent tQ
a 15 condenser operating at a tenperature®f O[err]C, where the water
vapor i s condensed. The non-condensable streamexiting the condenser is
reduced to esseumprundsatinwing petking points greatar [ttham| ¢ hwke less
resul ting anbi q.Tq,t me streamis assuned to have a water vapor partial

20 pressure 0O ar (absolute).  The streamis then heated to
95[err] C and |ntroduced into the nodul e as a countercurrent sweep stream

Under such operating condi4] Onmetﬂi&é@é@%ﬁt@léﬁieﬂnﬁl@&r@lﬁ%&i&%ed
wat er conc trﬁé of 0.05 w29 é corres]?%r]g &g%ré %@ter vapor
parti al ;O PRIt (‘éﬂfg%‘f'u’t%) e OBt SHAP a

cal cul at ed wat e:orrsars:bcaig ref el=sdpspyloalcbhdlk, r@h'cmm]f tetchyht acetvaper
parti al pressurg, Wﬂéﬁamto that of the retentate streamis

calcul ated to be EXAMPLE 10 A
conmput eri zed mat hemati cal nodel of the systemshown in FIG 7 was prepared

and utilized to predict t, pef@r é’fof"tﬂﬁﬁtfrﬂhéféiﬂ'é&dafééﬁ's
paranmeters. The sane vaporous feed soJ ution as | fed in 35

the same AghneSthrpmbas a Sopdengat ’t%“t‘H%m%%’F% ‘F%d’r?t‘-’ﬁ'é‘f?*&%? Har ow
fiber menbrane qordilat mchtmsmlém same -

16. The process of claim 15 wherein the
temperature of the feed stream is maintained at a temper-
15 ature that is greater than or equal to the condensation
temperature of the feed stream at 1 atmosphere.

17. The process of claim 1 wherein said feed
stream is maintained at a pressure of greater than 0 bar
20 (gage) and less than 10 bar (gage).

18. The process of claim 17 wherein said feed
stream is maintained at a pressure of less than 4 bar

(gage) .
25
- 19. The process of claim 1 wherein said ratio |
of the pértial pressure of said first vapor in said sweep
stream to the partial pressure of said first vapoi:' in
said. retentate stream is less than 0.5.

30
' 20. A process for the removal of water vapor

from a gas-phasé feed stream containing a mixture
comprising water and organic vapors, wherein said organic
vapors éomprisé_predominantly organic compounds with

35 boiling points greater than 0°C but less than 200°C, and
wherein said feed stream has a condensation temperature
of greater than 40°C at 1 atmosphere and said feed stream



smeep sta@ﬂ[wof Exanple 9, to produce a perneate exiting 17 the nDduIe

"~ havi ng mmm vapor partial pres- sure of 0.04f T old
Thi s st "ﬂgonpressor where the pressure is bk

bar (gage), he 1e§u|?|ng hi gh pressure streamis cal cul afed 5 ,
dew poi nt tenperature (at 6. 9 bar (gage)) 4 74[err]C. This streamis then
directed to a nmenbrane gas- ing nodule to reduce the dew point of the
gas to ( err]C isitmsintained ée? tehpepaturergreateni than aaid; conden-

reduced to essedytfon Yté:ﬁ@éfé‘éufé eSéH& ewHéi:Qﬂn atﬁ@ﬁféé@uﬁ@ ofVa8hi& g8da
make-up nitrogen frema q;s g |n er a flowrate of nis

bl ended with t SRR chen gtpéﬁn{giﬁ?bhaﬂ%s %$§a %Pai@dbﬁﬁter

vapor part|a|IN§5§%Uﬁ3s&l@jﬂﬁ@éebsrcéﬁbﬁbéﬂmg)the5stép9 heated to 95[err]C
and |ntrodqged into the

operating conditions, the gtte%?%Ygdiﬁgegﬁﬁé%Eg% %%E%ﬁl%ﬁ%%lﬁé?iyynder sueh

~concentration of O. 05 wt % corfes@oand nyetentatetendssand Heedi ahdpressure
. of 0.00014 bar (absolute). Thug etéﬂ@aﬂ@?%&ftgaén *@Ifgaéengygl éﬁﬁ@aﬁ&

99. 7% and the ratio of the water vapor ressure |n t
streamto that of the retenta129§¥$ea§@}§ ko WE&@R#%EPQQP%@c%ﬁﬁﬂ?éﬁiEGd

mat hemati cal nodel of the systgnplurality of hollow fiber membranes
10 arranged substantially parallel to each
other and sealed into a chamber, said -
hollow fiber membranes comprising a -
seléctive layer on a support layer:;
(b) directing said gas-phase feed stream to
15 the feed port of said hollow fiber module,
' withdrawing a retentate stream depleted in
water vapor from said retentate port, and
withdrawing a permeate stream enriched in

water vapor from a permeate port loqated
20 near the feed end of said module; and
(c) directing a gas—phase fluid sweep stream
to a permeate port located near the
retentate end of said module, said sweep
stream flowing countercurrent to the flow
- 25 of said gas-phase feed stream, wherein the
partial pressure of water vapor in said |
sweep stream is sufficiently low that the
ratio of the partial pressure of water
vapor in said sweep stream to the partial
30 pressure of water vapor in said retentate
' stream is less than 0.9.
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shown in FIG 9 was preparéd and utilized to predi ct the 25 per formance
of the systemutilizing various par apet'ér ¢ -“The sanme vaporous feed sol ution
"is fed in the same manner and at the sanme rate to the same nodul e and using
| the same sweep stream of Exanple 9, to produce a perneate exiting the P
nodul e having a cal cul ated water vapor 30 25partial pressure of 0.047 bar
(absolute). This streamis fed to"a conpressor, where the pressure.is
increased to 6.9 bar (gage). 'ﬂﬂiBQRnHERMﬁ}WﬁQN1%W%E@hre streamis sent to
a desiccant bed where water is renoved to a pres- sure dew poi nt of

O[err]C. The pressure of the desiccant- 35 dried nitrogen is then reduced
to. essentially anbient pressurBBETRAGTAOFhTHE PESGQP§BIU%The resul ting

anbi ent pressure stream fRabrane-baksede Fapore permeatipn syattem £ pressure
of 0.0005 bar sol'yte). The streamis_then_heate 9 [

i nt r oduced®i nt% Eﬁ& &U&uf"’?‘“&?aj ﬁ@pvgﬁ"é’a%‘nr‘%né %ﬁﬁ %g%g; ]ast%r%rgiqn

condi tions, thghegednt at eoﬁnta:bmmitammepalscbnmds/msad dchadehasatd on

of 0.05 wt% cQqr NGOl Y g&ew% Fenfbyt14 bar
(absol ute). Thgggﬁ'ﬁgigﬁ%ﬁé‘g’has - caslscu- Ieﬂ)g:?i1 wat'-=l enoval reate of 99.7%
and the ratio of the water vapor partial pressure in the sweep streamto
that 10 of the retentate streamis 0. 36.
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EXAMPLES 12 TO 17 A conputerized mat hemati cal nodel of the system shown in
"FIG 10 was prepared and utilized to predict the performance of the system
utilizing various paraneters. 15 A vaporous feed:splution conprising 10
wt% water in | PA at a pressure of 0.1 bar (gage) and a tenperature of
"95[err]Cis fed to the |unens of hollow fiber nenbranes in a nodul e having
an -effective nmenbrane area of 2.8 nferr],q4he inside surfaces of the holl ow
fi bers of which are coated 20 wth the sane type of selective layer as in
previ ous Exanples. The flow rate of this feed streamwas varied as shown in
Table 1 and as di scussed below. A sweep streamof nitrogen at 95 err]C and
at a pressure of 0.2 bar (absolute) and having the various 25 wat er vapor

partial pressures shown in Table 1 is %Eqﬁduced to the perneate side of

t he rrenbranem xl et port | ocat retentate end of the nodule
so as to flo tially counter l7\\eflowof the feed at 57 L

(STP)/ m n. The flow ratM vaporous feed sol uti on was

varied as s A at'under the spec] fi ed operating
condi ti ons, hPVTVQJ %e%*ﬁl\% hiad a water partj al REEI'EENTI'A'FE &

(absolute), corres Iﬁ£to ar ntate stream Q@S/@
5 ter renoval \rAEte of Ig‘he res ts |n

W% 35 water, corVAB ng to a
pressure in the sweep

Table 1 show that when the ratio
streamto water parti al

PERMEATE  GAS PHASE
STREAM  SWEEP STREAM
VAPOR B-RICH

l“ig; 2 VAPOR

PERMEATION
MODULE
FLUID FEED |
STREAM _ | RETENTATE STREAM
VARSI —  VAPOR B-FOOR:
VAPOR B
l A
PERMEATE i COMPRESSED _
STREAM .
VAPOR B-RICH
MEMBRANE
SEPARATION UNIT |




~

19 pressure in the retentate streamis greater than about 0.9, the feed
flowrate to the nodule nust be very lowto obtain the desired retentate
wat er concentration, result- ing in a high-cost and inefficient system The
reason 5 that the feed flowrate to the nodul e nust be very low to obtain
the desired retentate water concentration is because when the ratio is
greater than 0.9, the partial- pressure dgsving force for transport of

wat er vapor across the nmenbrane al so beconmes | ow. Therefore, to 10-

achieve a given retentate water concentration, the flowrate of feed
solution to the nodul e nmust be reduced to allow sufficient time for water
to be renoved fromthe feed solution.\&hs ason that a >0.9 ratio results
in a high- nq:*nefficient syskﬁﬁ%bméﬁé$ e when the 15 ratio is
greater thgﬂﬁkl; 1e feed flow ra ' ul e nust be | ow conpared
with when the ratio is less than 0. MORULE esult, to treat a given vol une

of feed SOWﬂ%iﬂ?’ ERS ¢ ) qrea w1l be required which is |ess :
ef ficient, H %’f e fdr nore nenbrand 2QREEENTEAEE.SEREAMs t o
hi gher nenbr ane , d ulTi Fﬁ'tel y to a hi ghdr-cost VARORB-POODR 1

Wat er Vapor VAROR Bf 25. : Pdrtial Pressure Sweep to
(bar [absol ute]) Retentate Heed FTow : _ '

v
PERMEATE
STREAM

VAPOR B-RICH GAS

CONDENSER

. VAPOR
Fig. 4 PERMEATION
| MODULE
FLUID FEED STREAM | ' RETENTATE STREAM
VAPORA —»| — VAPOR B-POOR

VAPOR B

v |
PERMEATE
STREAM
VAPOR B-RICH

SORPTION
BED



- Partial Rat e Exanpl e Sweep Ret ent at e Pressure (kg/hr) 12

0. 0013 0. 0039 0. 33 6.8 30 13 0. 0021
0. 0039 0.55 6.4 14 0. 0027 0. 0039 0.70
6.0 15 0. 0036 0. 0039 0.94 5.0 16 0. 0038
0. 0039 0.97 - 4.6 17 0. 0039 0. 0039 1.00

4.2 35 The ternms and expressions which hagg been enployed in the foregoing
specification are used therein as ternms of description and not of
limtation, and there 20 is no intention, in the use of such terns and
expres- sions, of excluding equivalents of the features shown and descri bed
or portions thereof, it being recognized that the scope of the invention is

defined and limted only by 5 t he cI\gAPORhi ch foll ow. - 21 CLAIMS 1. A
process for § T eﬁval of a first pEVEAPIOR fluid feed stream
cont ai ni ng ture of vapors, "MODULE o
FLUID FEED STREAM | - RETENTATE STREAM
‘VAPOR A —> —>»  VAPOR B-POOR
VAPOR B ' _

PERMEATE T plg— 9P

STREAM
VAPOR B-RICH
HIGH PRESSURE
BOTTLED GAS
. 'VAPOR
Fig. 6 PERMEATION
MODULE

FLUID FEED STREAM | _ _ .
: RETENTATE STREAM
VAPOR A > > "VAPOR B-POOR

VAPOR B

PERMEATE T 5%} 3 |
STREAM AAAALARANNA |
VAPOR B-RICH

LIQUIFIED GAS



5° said process conprising the steps: (a) providing a nmenbrane having feed
and perneate sides and that is selectively perneable to said first vapor;
(b) directing said fluid feed streamto the 10 feed side
of said nenbrane and withdrawing a retentate stream depleted in said first
vapor and withdrawi ng a perneate streamenriched in said first vapor from

t he perneate side of said nenbrane; and 1ls (c) directing a

gas- phase fluid sweep streamto the perneate side of said nenbrane, said
sweep stream flow ng countercurrent to the flow of said fluid feed stream
wherein the partial pressure of said first 20 vapor in said
sweep streamis sufficiently lowthat the ratio of the partial pressure of

said first or i, said sweep strea partial pressure of said first
vapor in saﬁo Qtefitate streamis Iegy}\%é&e than 0.9. 2.

The process of~claim 1l wherein sai E’EBMEN;EQN sweep streamis generated by
a process sel ected from nenbrane sepM@DIUhE sorption, and condensation. 30

3. The prog f ' i - sard gas- pnaje sweep streamis obtai ned
from botuiﬁ—ﬁﬁﬂﬁﬁf'j%%g%@w | RETENTATE STREAM
- > -+ [ VAPORB-POOR

VAPOR B
MAKE-UP
_ GAS
4 SWEEP STREAM .
PERMEATE|
STREAM MEMBRANE
VAPOR B-RICH! SEPARATION UNIT
_ VAPOR B-POOR |
COMPRESSOR l STREAM
VAPOR B-RICH |
~ STREAM
e VAPOR
Fig. 8 PERMEATION
' MODULE
FLUID FEED STREAM [ __RETENTATE STREAM
VAPORA  —> 7> VAPORB-POOR

VAPOR B

| T SWEEP STREAM
PERMEATE STREAM |
VAPOR B-RICH | COMPRESSOR

e

CONDENSER




35 4. The process of claim1l wherein said gas- phase sweep
~streamis obtained by evaporati-on of a |liquid gas. 22 5. The process of
‘claim1, including the additional step (d) of directing said perneate
streamenriched in said first vapor to a vapor-renoval process. 5

6. The process of claim1 or 2 or 3 or 4 or 5 wherein a vacuumis applied
to the downstream side of said sweep stregm 7. The process of claim5
wherein said 10 vapor -renoval process of step (d) is selected from
condensati on, sorption, and a nenbrane separation. 8. The process of claim
5 wherein said vapor- renoval process of step (d) produces a depleted

gas- phase 15 streamthat is depleted in said first vapor, wherein the
concentration of said first vapor in said depleted gas- phase streamis

sufficientlaﬁi sg;h that the ratio Qg-_ sppartial pressure of said first
vapor in sai §f§| ed gas-phase stxea 0 partial pressure of said
first 20 vapor in said retentate st

a&fh s than 0.9. 9. The process
of claim8 wherein said depleted qas-‘ ol reamis used as the smeep

t A d - tr
streamin SPHUIS FEELPSTRERMY C| 1 N0 sald 935- Phas G peat A e P AM

VAPORA —>»| —>
VAPOR B | VAPOR B-POOR

4" SWEEP STREAM'

PERMEATE| - N
STREAM | SORPTION
VAPOR B-RICH | | BED

COMPRESSOR/
BLOWER

Fig. 10 VAPOR

PERMEATION
MODULE |

FLUID FEED STREAM | RETENTATE STREAM
VAPORA —»| —> VAPOR B-POOR

VAPOR B |
 PERMEATE | N |

STREAM - v ls . L cAsPHASE

VAPOR B-RICH " SWEEP STREEM

VACUUM
PUMP



10. The process of claim 1l wherein said nmenbrane is a holl ovﬂf"(@b_ﬂ l“(‘l*
conposi te nenbrane. 11. The process of claim1 wherein said first 30

~vapor is water vapor. 12. The process of claim1l wherein salq u’r@ %P\‘(
“vapors conprises water vapor and at |east one organic vapor. 35 13. The
process of claim 12 wherein said at | east one organi c vapor conprises

predom nantly organic 23 conpounds haging boiling points greater than
Oferr]C but less than 200[err]C. 14. The process of claim 13 wherein said
at 5 | east one organi c vapoyap group consisting of

i sopropyl al cohol, ethanol, et hy? acet ate anlg tetrahydrofuran. 15. The
process .of claim 1 wher ei n S@| a condensati on
tenperature of greater than 45%1-&?‘ %‘?Jgﬁere é}‘E:ﬁzThe process of clali m
15 wherein the terrper i er -
ature that is greater #é@raﬁé—bé%eed {a%?ppéﬂe%@ghgisﬁé@ IO%I%Z%JE&L# gf%f the
feed st reamygygorjfrom g?lui%q‘eeg stre1a7m vme?‘el "acoun erngre% sweeplstvr@a% %' used ?haq hfaged

a particular partial pressure of the vapor to be removed.
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a3
3

sg&éan1is mai nt ai ned at

REP'{A(‘&EMENL SHEEJr eater than 0 bar QZQ%\EF{ZLQPd

| ess than-10 bar (gage).i 18. The procdsy of claim 17 mhereln

streamis maintained af p PreEHBy 493§ | dss than 4 bar (gage) 285 NOh¢q

. process of claim1 whefejn said ratio jof the partial pressure é) d first
‘vapor in said sweep st{eamtotteparti gl essure of said fltgﬂ? 3% dr8i 1I€o

‘said retentate stream|s less than 0.5. 30 20 A process for the renoval

val o1 Bndor Ganic wapor & wher oi n sai d.or gani ?1‘||!|||1ﬁ||ﬂ||lllm ||

predom nantly organi ¢ conpounds wi th 35 boi | i*ng “pot nt’s dredter t han

O[err] C but
condensati on
f eed stream

| ess than 200[er 1A @rosess\ntorithe aremdeall of raafiihat wapor

of

CaAleth d)ffé?gc?aéi?feéﬁ'a&r{‘@ifﬁﬂ& @tmixeﬁfgsab%s gpd said

'S nal ntal ned at a tenperature greater t

an sar 8 cohden-
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(b)

permeable to said first vapor:

directing said fluid feed stream to the
feed side of said membrane and withdrawing
a retentate stream depleted in said first
vapor and withdrawing a permeate Stream
enriched in said first vapor from the
permeate side of said membrane; and
directing<gygas—phase'fiui& sweep stream

Sutstantralty 1)
Aon —condensable

2.

to the permeate side of said membrane,
said sweep stream flowing countercurrent
to the flow of said fluid feed strean,
wherein the partial pressure of said first
vapor in said sweep stream is sufficiently
low that the ratio of the partial pressure
of said first vapor in said sweep stream
to the partial pressure of said first
vapor in said retentate stream is less
than 0.9.

The process of claim 1 wherein said gas-

phase sweep.stream is generated by a process selected

from membrane separation, sorption, and condensation.

3.

The process of claim 1 wherein said gas-

phase sweep stream is obtained from bottled, purified

gases.

4.

The process of claim 1 wherein said gas-

phase sweep stream is obtained by evaporation of a liquid

gas.
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retentate ports and at |east two perneate ports, ' ' modul-e
conprising a plurality of hollow fiber. meabranes.10

arranged substantially parallel to each other andm ﬁlﬂ“ mﬁu anber,
sai d 'hol |l ow fi ber nmenbranes conprising a selectiv ort
| ayer; (b) directing said gas-phase feed gfg4eamto 15

feed port of said hollow fiber nodule, withdrawing a retentate stream
depleted in mﬂﬁemmamalﬁed)misa dcemperatiure pyreatandthin saidi agnden-

erneate stre ré;@@é réel
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that the ratio of the parti alfeedsand eretentdte enjwrand Seed andep stream
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retentate streamis |less than
ports, said hollow fiber module comprising

a plurality of hollow fiber membranes
10 arranged substantially parallel to each
other and sealed into a chamber, said -

;i&vf hollow fiber membranes comprising a
: selective layer on a support layer;
(b) directing said gas-phase feed stream to

15 the feed port of said hollow fiber module,
withdrawing a retentate stream depleted in
water vapor from said retentate port, and
withdrawing a permeate stream enriched in
water vapor from a permeate port located

20 near the feed end of said module; and

8h£&éQMk” (c) directinggifgas—phase £luid sweep stream

Aon.- tendlesiatye to a permeate port ]'.ocated near 1':he
retentate end of said module, said sweep
stream flowing countercurrent to the flow
S/ 25 _ of said gas-phase feed stream, wherein the
- partial pressure of water vapor in said
sweep stream is sufficiently low that the
ratio of the partial pressure of water
vapor in said sweep stream to the partial
30 pressure of water vapor in said retentate

stream is less than 0.9.
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