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BACKGROUND OF THE INVENTION

The semiconductor industry uses fluorinated gases, such as carbon tetrafluoride ‘
and hexafluorcethane, as etchants and cleaning gases in semiconductor manufacturing
proceéses. These gases do not fully react within the reaction chamber. The unused
gases enter the atmosphere through the process effluent from such reactors. These
gases have long persistence in the atmosphere and absorb infrared radiation. These
gases are, therefore, potential global warming gases. The industry has sought ways to
diminish the amount of fluorinated gases reaching the atmosphere and ways to
potentially recycle such gases for further utilization particularly in light of their low
utilization on a single pass basis for their intended etching and cleaning purposes.

Fiuorochemicals, such as perfluorinated hydrocarbons and perfluorinated
chemicals, are used in the semiconductor industry as safe and noncorrogive sources of
fluorine. In plasma environments, fluorochemicals, such as fluorinated gases, form
fluorine species which are capable of etching wafers or cleaning insides of reactor
chambers. The gaseous products of the etching or cleaning process are exhausted
from the reactor chamber to the scrubber or vent systems of the semiconductor

fabrication plant with potential for venting to atmosphere. Conversion of fluorinated
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effluent stream. While this method effectively destroys the fluorochemicals, thus

preventing environmental pollution, it also makes it impossible to reuse the

fluorochemicals. This method is also disadvantagecus because it generates waste

gases, such as hydrogen fluoride and nitrogen oxides, which require further treatment.

Furthermore, combustion processes require fuel and oxygen to operate, adding further

operating and capital cost to the semiconductor and manufacturing operation.

Alternatively, these fluorochemicals can be recovered for reuse. One process
proposed for the recovery of fluorochemicals is adsorption wherein fluorochemicals are
adsorbed onto an adsorbent under elevated pressure and desorbed from the adsorbent
under lower pressure. This method is disadvantageous because very high power
consumption is needed to carry out the requisite pressurization and depressurization.

Glenn M. Tom, et al. in the article “PFC Concentration and Recycle", Mat. Res.

Soc. Symp. Proc. Vol. 344, 1994, pp 267-272 describes a process for concentrating
perfluorinated gases using carbon-containing adsorptive beds. This process requires
considerable energy demands based upon pressurization and depressurization to
maintain a continuous process in switching adsorptive beds.

US Patent 5,502,969 discloses a process using a mass transfer contact zone
with a wash liquid and one or more stages of cryogenic distillation to recover fluorine
ccmpounds from a carrier gas such-as those constituting an effluent stream from a
semiconductor facility. Both cryogenics and adsorption comprise energy-intensive and

capital-intensive separatory processes.



effluent stream Wile this nethod effectively destroys the
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fluorine qosperRdseds gPug.sgarri er gas such as those constituting an
effluent streamfroma " sem conductor facility. Both cryogenics and

adsor pti on conprisraRhes,3y9,41 §BEbYR A¥dcess whereln a feed gas stream is passed
over two cascade connected semi-permeable membranes with the permeate stream
from the second membrane being recycled to the feed gas prior to the first membrane.
The process is typified by a separation of nitrogen from krypton. Other gases which can
be separated from various binary mixtures include hydrogen, helium, nitrogen, oxygen,
air, neon, argon, Krypton, xenon, radon, fiuorine, chlorine, bromine, uranium
hexafluoride, ozone, hydrocarbons, sulfur dioxide, vinyl chloride, acrylonitrile and
nitrogen oxides. The membranes utilized for these separations include silicon rubber,
polybutadiene rubber, polyethylene, tetramethyl pentane resin, cellulose écetate, ethyl
cellulose, Nuclear Pore, a matetial produced by General Electric, tetrafluoroethylene,
polyester and porous metal membranes.

US Patent 4,654,063 discloses a process for conducting hydrogen purification
using a semi-permeable membrane along with a non-membrane type separation
wherein the retentate from the membrane can be further processed in a cryogenic or
adsorptive separation system.

US Patent 4,701,187 discloses the use of cascade membranes wherein the
retentate from a first membrane is conducted to a second membrane and the retentate

from the second membrane is conducted to a down stream further adsorptive separation



capital -intensive separatory processes.

- 3- Denis Rufin in a presentation at a sem conduct or PFC workshop
in-Austin, Texas, February 7, 1996, presented a process for recycling
perfl uorochem cals froma process tool involving conpression, wet and dry
scr.ubbi ng, additional conpression, filtration, a concentration step

foll oned by condensation and packagi4y for recycle after offsite
purification, certification and additional repackagi ng. The perfl uorocarbon
concentration unit disclosed in the process sequence was not identified.

Rufin madefa praduet tesabvery eTRa batmeateddtrelanirerathe/dstond RiemratETisRkcybleBHA
SYSTEMS TESTI NG UPDATE, 1996, pp 49-54. US Patent 4,119, 417

di scl oses thegfeed esthedinemeembrané.eed gas streamis passed over two cascade
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guard bed and a wet scrubber followed by gas compression, drying and adsorpticn with
recycle of a portion of the purified diluent from the adsorbers to before the gas
compression, while the more concentrated fluorinated gases pass'through further gas
compression, condsnsaﬁon and distillaticn to recover a product, such as $9.9+%
hexaflucroethane. The process can be designed to recover hexafluorcethane, carbon
tetrafluoride, trifluoromethane, nitrogen triflucride and sulfur hexafluoride.

Rautenbach, et al., Gas Permeation-Module Design and Ar rangement Chem.
Eng. Process, 21, 1987, pp. 141-150 discloses various membrane arrangements for gas
separaticn.

Additional patents of interest include US patent 4,180,388, 4,894,088, 5,240,471
and §,252,21¢.

The prior art, although addressing the problem of capture and recycle of
fluorochemicals used in the semiconductor industry, such as perfluorinated compounds
and more specifically perflucrocarbons, has failed to provide a low capital cost, low
energy-intensive process for the capture and concentration of the desired fluorinated
compounds as is achieved by the present invention, which will be set forth in greater

detail below.



ni trogen oxi des. The nenbranes utilized for these separations include
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to an elevated pressure;

{b) heating the gas stream containing a diluent gas and fluorochemicals to an
elevated temperature sufficient to increase the flux of the permeate stream of step (c)
and to increase the selectivity of the membrane of step {(c) for the permeation of the
permeate stream of step (c) relative to the pe'rnﬁeation' of the retentate of step (c);

(c) contacting the gas stream with a membrane which is selectively more
permeable to the diluent gas than the fluorochemicals to result in a permeate stream rich
in the diluent gas and a retentate rich in fluorochemicals;

(d) contacting the retentate with one or more additional membranes which
are selectively more permeable to the diluent gas than the fluorochemicals to result in a
second permeate stream rich in the diluent gas and a second retentate rich in
fluorochemicals; and

(e) . recycling the second permeate stream to step (a) to be compressed with

the gas stream containing diluent gas and fluorochemicals to an elevated pressure.

Preferably, the gas stream containing a diluent gas and fluorochemicals is initially

scrubbed to remove particulates and water soluble components of the gas stream.

Preferably, after step (e) the second retentate rich in fluorochemicals is further
purified by adsorption or low temperature rectification to provide a fluorochemical-rich

product stream and a diluent-rich vent stream.



325-95410 depicting a process wherein a fluorinated m xture of vacuum punp
diluent and gases froma process tool of a sem conductor fabrication
facility passes through a guard bed and a wet scrubber followed by gas
conpression, drying and adsorption with recycle of a portion of the
purified diluent fromthe adsorbers to before the gas conpression, while
the nore concentrated fluorinated gases pass through further gas

conpr essi on, condensation and distild6ation to recover a product, such as
99. 9+% hexafl uoroet hane. The process can be designed to recover
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pp. 141-150 di scl oses various nenbrane arrangenments for gas separation.
Addi t i onal Cg#ftse@iFe, ©4Fsiand sridutesithrereofde US pat ent 4, 180, 388, 4, 894, 068,
5,240,471 and 5, 252, 219. The prior art, although addressing the
probl em of capture and recycle of fluorochem cals used in the
sem conductor industry, such as perfluorinated conpounds and nore
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| ow energy;intensive process for th ture and concentration of the
desired fl %@P?nggatre%rﬁﬁ&gghﬂagmggné%c%ég;ﬁprgg{g@ B§°4%e present invention,
which will be set forth in greater detail bel ow.

Preferably, the membranes are selected from the group consisting of

polysulfone, polyetherimide, ethyl cellulose, and mixtures thereof.

Preferably, the rectification is driven by heat exchange of the overhead in a

rectification column to produce reflux.
Preferably, the fluorochemical-rich product stream comprises C,Fg .

Preferably, the diluent gas is selected from the group consisting of nitrogen, -

helium, argon and mixtures thereof,

Preferably, the ﬂuorochemi'cal rich product stream is recycled to the -

semiconductor fabrication process.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Fig. 1 is a schematic illustration of a preferred embadiment of the present
invention.

Fig. 2 is a graph of % C,Fs Recovery vs. % N, Rejection by volume of a gas
stream containing 0.6% CF,, 1.4% C;Fg, and the balance N, at two different

temperatures of 70°F and 120°F using a polysulfone membrane.



BRI EF SUMVARY OF THE | NVENTI ON The present invention is a method
for the separation and recovery of fluorochemcals froma gas stream
containing a diluent gas and fluorochem cals by contact of the gas stream

with a nmenbrane, conprising the steps of: (a) conpressing a gas
stream contai ning a diluent gas and fluorochemcals to an elevated
pressure; (b) heating the—-das stream containing a diluent gas and

fluorochemcals to an elevated tenperature sufficient to increase the flux
of the perneate stream of step (c) and to increase the selectivity of the

nenbrane of st efig (T  @aph BEXEFIRatNer, @ %N@Re;sardﬁfb@t\@mﬁd@ram@tasstep (C)
relative to the perneation of the retentate of step (c (c)

cont act i ngsttelaensgaise bavirepOn7 8%t MiF 20136 THC 450,60 04T SiF; Bisd B’lelbawnlcualtmgm rvhile
perneable to the diluent gas than the fluorochemcals to result in a

per meat e stheether hagA.6% GFi,Hed%iCbeand thabalance ritrogane racit & températures of

fl uorochem cal s; o (d) contacting the retentate with one or nore
addi t i onal 7GtE@REAREY vingan e@ybceﬁélpe@mievgr@nenore pernmeabl e to the diluent
gas than the fluorochemcals to result in a second perneate streamrich in
the diluent gas and a second retentate rich in fluorochem cals; and

DETAILED DESCRIPTION OF THE INVENTION

The present invention is a process to recover fluorochemicals, such as NF;, SF,
CF,, CHFg, CHaF, CsFs, CoHFs, CaFs, C4Fs and mixtures thereof from the exhausts of
semiconductor fabrication facilities. These types of gases are used for etching and
cleaning operations in the fabrication of various electronic devices from electronic
materials including the construction of integrated circuits. These gases typically have
low utilization in any given process cycle; therefore, the effluent from the processes will
contribute to the environmental concern of global warming. In addition, these gases
have considerable value if they can be concentrated, purified and recycled for additional
utilization.

The present invention achieves the capture, recovery and purification for
potential recycle of the fluorochemicals described above, wherein the exhaust stream
from a semiconductor fabrication facility which is typically rich in vacuum pump diluent,
such as nitrogen or other inert gas, is sent after compression and scrubbing to a heating
zone to elevate the temperature of the gas stream containing a diluent gas and
fluorochemicals before being introduced into a membrane which is more permeable to
the diluent gas than the fluorochemicals in the gas stream so as to separate the diluent
gas from the flucrochemical gas components. This produces a permeate stream rich in
vacuum pump diluent and a retentate which is rich in the fluorochemicals.

The retentate, comprising an enriched stream of fluorochemicals is sent to a
second cascade membrane station while the permeate stream, rich in diluent gas is

vented. In the second stage membrane in cascade relationship to the first stage



(e) . recycling the second perneate streamto step (a) to be conpressed
wth the gas stream containing diluent gas and fluorochemcals to an

el evat ed pressure. Preferably, the gas stream containing a

di l uent gas and fluorochemcals is initially scrubbed to renove

particul ates and water sol uble conmponents of the gas stream

Preferably, after step (e) the secongretentate rich in fluorochemcals is
further purified by adsorption or |ow tenperature rectification to provide
a fluorochem cal-rich product streamand a diluent-rich vent stream
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an effluent gas stream from a sem conduct or fabrir(f‘at i on gr ocess.
memBrane to capture fluorochemicals, which i minor proportion may have copermeated

through the membranes.

The second stage membrane, as well as the first stage membrane, is operated at
elevated temperature to increase the flux of diluent gas through the.membrane, while
increasing the selectivity between the diluent gases and the fluorochemical gas
components,

Depending upon the makeup of the feed gas stream containing diluent gas and
fluorochemicals, additional stages of cascade connected membranes may be utilized,
wherein the fluorochemical desired for recovery is rejected by the membrane and the
diluent gas permeates through at a high rate of flux and with greater selectivity at
elevated temperature for recycle to the first or initial stage of membrane separation for
potential recovery of copermeating desired fluorochemicals.

The final retentate from the cascading multi-staged membrane separation,
wherein the fluorochemicals rejected and concentrated have not passed through the
semi-permeable membrane can then be further processed for higher purification in a
typical distillation or adsorptive separation prior to being used as a recycled product for
reutilization by the semiconductor fabrication industry or particularly the particuiar
process from which the fluorochemicals were taken as an effluent stream.

The membrane material may be comprised of polysulfone, polyetherimide,
polypropylene, cellulose acetate, polymethylpentane, amorphous copolymers based on
2,2-bistriflucromethy!-4,5-difluoro-1,3-dioxole, polyvinyltrimethylsilane, polyimide,
polyamide, polyaramide or ethy! ceilulose polymer, alf of which can be configured in

hollow fiber, spiral wound or flat sheet geometries.



Preferably, the nmenbranes are selected fromthe group consisting of

pol ysul fone, polyetherimde, ethyl cellul ose, and m xtures thereof. .
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membrane, but also increasing the selectivity between the diluent gas, such as nitrogen,

and the fluorochemicals. Traditionally, elevated temperatures increase flux rates of the
designed permeating stream, but at the risk of reducing selectivity, whereby the
designed retentate specie also copermeates at an increased permeance or flux rate.

The present invention has found the unique circumstance that increasing the
temperature at which the membrane operates, such as by heating the feed gas stream
to the membrane, WHen separating the gas mixtures typically found in semiconductor
fabrication clean or etching effluents containing fluorochemicals, that the elevated
temperature using the membranes studied results in increased flux or permeance rates
for the diluent gas, such as nitrogen, while also unexpectedly increasing the selectivity
between the diluent gas and the retentate or fluorochemicals, such as the
fluorochemicals and perflucrochemicals mentioned above. This unexpected finding
provides enhanced operaticnal performance of the present invention, whereby increased
throughput can be provided at the cost of heat energy while providing even greater
selectivity and, therefcre, downstream purity of the fluorochemicals captured and
isolated for recovery and potential reutilization.

Depending upon the amount of purity desired and whether downstream
additional processing, such as distillative or adsorptive purificaticn is contemplated, the
two-stage cascade-connected membrane process of the present invention can be
expanded to include a plurality of series cascade-connected membranes, wherein the
retentate from each membrane constitutes the feed to the ensuing membrane. The

permeate stream comprising diluent gas after the first stage membrane would typically



-7- Fig. 3 is a graph of % ([err]Ferr] Recovery vs. % N2

Rej ection by volune of two gas streans, one having 0.75% NF[err], 0.35%
C2F6, 0.04% SF6 and t he bal ance nitrogen, while the other has 0.6%
CFlerr], 1.4% Cerr]F[err] and the bal ance nitrogen, each at tenperatures
of 70[err]F and 130[err]F using an ethyl cellul ose nenbrane.

DETAI LED DESCRI PTI ON OF THE | NVENTI The present invention is a
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and ni xt ur egracheled &t captumtiuorecesrhigals desicdd foseancentralian; recerfifidation and on
facilities. These types of gases are used for etching and cleaning
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selectivity between the permeate and the retentate would be temperatures above

ambient, typically 100-150°F and preferably approximately 120°F.

The process of the present invention will now be set forth in greater detail

regarding a preferred embodiment with reference to Fig. 1. In Fig. 1, a fluorochemical

containing exhaust gas from a semiconductor fabrication facility conducting an etch or

clean process step is provided in stream 12 comprising a diluent gas, such as nitrogen,

and fluorochemicals comprising potentially NF;, SFg, CF4, CHF3, CHaF, CoFs, CoHF5,

CsFs, CsFs, HF, F, and mixtures of these gases. Additional components in this mixture

include; CO, CO,, H,0, G,, CH,, SiF,, SiH,, COF,, N:O, NHg, Og, Ar, Bry, BrCl, CCl,, Cly,

H,, HBr, HCI, He and SiCl,. This gas mixture is typically removed via a vacuum pump

14 from the semiconductor fabrication facility. The gas stream potentially contains

particulates which can be filtered out. Other components which are amenable to wet

and dry scrubbing are remaoved in station 18, which typically removes soluble fluorides

such as fluorine, hydrogen fluoride and carbony! flucride. The wet scrubbing would

typically be an aqueous scrubbing solution which removes the soluble fluorides.

The scrubbed gas stream is then commingled with a recycle stream 18 and sent

to compressor 20 to be compressed to a pressure greater than 70 psia, and preferably

in range of 100-200 psia. The gas stream at elevated pressure is then further heated in

indirect heat exchanger 22 against any elevated temperature process stream, such as a

process stream for the semiconductor manufacturing facility or a heater or export steam

from any given process. The gas stream containing diluent gas and fluorochemicals is



potential recycle of the fluorochem cals described above, wherein the
exhaust stream from a sem conductor fabrication facility which is
typically rich in vacuum punp diluent, such as nitrogen or other inert

gas, is sent after conpression and scrubbing to a heating zone to elevate
the tenperature of the gas stream camgai ning a diluent gas and

fl uorochem cals before being introduced into a nenbrane which is nore
perneable to the diluent gas than the fluorochemcals in the gas stream so
as to separate the diluent gas fromthe fluorochem cal gas conponents.
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retentate which is rich in the fluorochenicals. The retentate,

conpri si nghadeedtpasitee o theedambfank|stiges gbewBibeabatatwd 2@ fordteraBly second
cascade nenbrane station while the perneate stream rich in diluent gas is

vent ed. | nQORESSEcnost psefagdlyrappbodnatelyn 2085 cade rel ationship to the first
st age - 8- menbr ane, the
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di l uent gas perneates selectively through the nenbrane as a perneate
stream The# Weersidhe divene 8as.isych ag pisreen, ead arrertaig apiteidhiomssemisaln ibf t he

first stage menbrane to capture fluorochem cals, which in mnor proportion
may have cSWéi“ﬁ‘E’éﬁeécPr low concentrations permeate with increased selectivity between the two

due to the elevated temperature to become a permeate stream in line 26 which is
acceptably vented or treated as an effluent from the process.

The retentate or stream which does not permeate the semi-permeable
membrane in stage 24 is removed with an enriched content of the fluorochemicals. This
stream is further heated to an elevated temperature in heat exchanger 28 comparable to
the heating discussed in heat exchanger 22. The elevated pressure and elevated
temperature gas stream which is the retentate from the first membrane in station 24
contacts an additional membrane stage in station 30 producing a second permeate
stream comprising substantially diluent gas, such as nitrogen, and a minor amount of
fluorochemicals, while also producing a second retentate, which does not permeate the
membrane, as a stream rich in fluorochemicals that can be further processed through
additional stages of membranes in a comparable context depending upon purities and
the gas mixture being separated. The permeate stream from the second and all ensuing
stages of the membrane station(s) 30 is recycled as stream 18 upstream of the
compression stage 20 in order to recapture fluorochemicals which may copermeate to a
minor degree with the diluent gas. The elevated temperature operation of the
membranes diminishes the concentration of these recycled fluorochemicals, due to the
elevated temperature having the effect of increasing the permeate flux while increasing
selectivity between the diluent gas and the fluorochemicals.

The preduct as stream 32 may be recycled back to the semiconductor process or

can be further enhanced or purified for reutilization and recertification by a passage



t hrough t he nenbranes. The second stage nenbrane, as well as the
first stage nenbrane, is operated at elevated tenperature to increase the
flux of diluent gas through the nenbrane, while increasing the selectivity
bet ween the diluent gases and the fluorochem cal gas conponents.

Dependi ng upon the makeup of the feed gas stream containing diluent gas and
fluorochem cal s, additional stages _gf,_cascade connected nenbranes may be
utilized, wherein the fluorochem cal desired for recovery is rejected by
the nenbrane and the diluent gas perneates through at a high rate of fl ux
and w th greageapsrepees dtildfiodlor aédoptaihesstafsinss plodiéng @flusreelsrhieatt 0 t he
first or initial stage of nenbrane separation for potential recovery of
coper meat ipngdude S8 waithftypicallp cbadicompdse 99.9% hexafllibeoettianaland attsmiratigctf rom t he
cascading nulti-staged nenbrane separation, wherein the fluorochem cals
rej ect ed atdamditoenich atwid corgie otietr fipersstemnitd gase stdreas cxbon eaafieaidee
menbrane can then be further processed for higher purification in a

typi cal diBweidistdativeroradsergtvr past-reatsephstage brstationdd cao bealinegtyusmdecteda
recycled product for reutilization by the sem conductor fabrication

i ndust ry o¥ithphe meshrane purfisationensiream aF altypativelysthedyaiorhenisak gas stream
quorochenic%Ls were taken as an effluent stream e nenbr ane

ma]t Ier: al rE§HRg 385%?}?§8@dﬁﬁlp}§8’|‘?}9§glf?rdﬁé‘§p?f?%??f@ﬂ 1???}@3" rgrEBY%ﬁg?ropyl ene,
> 2-bi ot r I FTEERAE Rarar el PRRR R oAU DA etV g] oeT IR s 1 ane,

pol yi m de

'repackaging and recertification for reuse by the semiconductor fabrication facility or
facilities of similar demands.

Various downlstream optional distillation prccesses can be contemplated, but a
preferred distillation process would utifize liquid nitrogen cryogenic fluid to operate the
overhead condenser of a distillaticn column to provide reflux to the column, while
heating by any traditional means could provide reboil to a column, wherein the column is
operated initially to purify carbon tetrafluoride from inert gases, such as nitrogen, and
subsequently the column is operated to remove hexafluoroethane from the sump of the
distillation column to provide high purity gaseous hexafluoroethane product for
repackaging and recycle.

Although the process has been described with regard to producing 99.9+%
hexafluoroethane, it is also possible to reconfigure the process to produce carbon
tetrafluoride, trifluoromethane, octafluoropropane, octafluorobutane, nitrogen trifluoride
or sulfur hexafluoride, which are all widely used gases comprising fluorcchemicals in
etch and clean processes of the semiconductor fabrication industry. An important
aspect of the present invention is the use of elevated temperatures in a membrane
separation to separate inert diluent gases from fluorochemicals. Typically, elevated
temperatures increase flux at the loss of selectivity. However, in the present invention, it
has been found that not only does the flux of the permeate stream increase, but the

selectivity between the diluent gas and the fluorochemical is increased given the



pol yam de, pol yaram de or ethyl cellul ose polyner, all of which can be
configured in hollow fiber, spiral wound or flat sheet geonetries.

-9-- In the present invention, it has been unexpectedly
ascertained that in conducting the nenbrane separation of fluorochem cals
fromdiluent gases, such as nitrogin and helium the operation of the
menbrane at el evated tenperature h $”t he surprising effect of not only
increasing the flux rate or the perneance of the diluent gas through the
menbrane, but al so increasing the selectivity between the diluent gas, such

as nitrogervatedtsmpdratufdsust saritaventiol & the efeaibraheseinfdfabrdot enper at ur es

increase flux rates of the esi gned perneating stream but at the risk of

reduci ng sepaatriguilugnt indregasey, suth astitriggheftom dt@ntiandcaneaatieasal so

coperneates at an increased pernmeance or flux rate. The present

i nvent i onhexaflubmetidnehe uni que circunstance that increasing the

tenperature at which the nenbrane operates, such as by heating the feed gas

stream to theWinBgamdo Fighém sepparsonefa7RE sireameha.eftesrhoppi cal |y found

in sem conductor fabrication clean or etching effluents containing

f | uor ocheft@iraride; hgfe hewatldoragtheagand ghaiance Pdroged FoMmparis@hieraanes st udi ed

results in incrggsed flu ate for the ci:abuent gas, such as
hane

it ogen, SARPREORISGAMAIBREBAIPTERAT ELIPRIP PRESEn rRlarget
recovery (C.Fe in retentate/C,F; in feed) against the percent of nitrogen rejection (N; in
permeate/N; in feed) . This is in the context of a polysulfone membrane. As can be
seen, the recovery of hexafluoroethane for a given rejection of nitrogen by the
membrane at increased temperature is uniformly superior to the recovery for the same
rejection at lower teﬁperatures. The enhanced flux rate is set forth in greater detail with
regard to Table 1 below.

JABLE1

Polysulfone

P/l 70°F* N,/C,Fg selectivity P/L120°F* N /C./Fg selectivity
N, 3.2x10° 27 7.9x10° 53
CzFs 1.2x107 1.5x107
*P/L is permeability divided by membrane thickness in units of

scc/(cm®.sec.cm Hg)

The present invention has also been evaluated with regard to the unexpected
property of elevated temperature membrane separation of flucsrochemicals from inert
gases by using an ethyl cellulose membrane as depicted in Fig. 3. Again a graph of
hexafluoroethane percent recovery versus percent nitrogen rejection is illustrated with
regard to a stream comprising 0.75% nitrogen trifluoride, 0.35% hexafluoroethane,

0.04% sulfur hexafluoride and the balance of nitrogen at 70 and 130°F, as well as a



bet ween the diluent gas and the retentate or fluorochem cals, such as the
fluorochem cals and perfluorochem cals nentioned above. This unexpected
finding provides enhanced operational perfornmance of the present

i nvention, whereby increased throughput can be provided at the cost of
heat energy while providing even greagf _ selectivity and, therefore,
downstream purity of the fluorochem ca captured and isolated for
recovery and potential reutilization. Dependi ng upon t he anount of
purity desired and whet her downstream additional processing, such as
distillati¥gedth castaminy 0.8% dArdnf tbealuofdle, 154% PRk ANBlIotREe dhliehe baansd &ge
cascade- connect ed nenbrane process of the present invention can be
expanded t aitiogeh bod s 7ptRiamd 1307F01In savhiiestansthadienilapphlienoineda merdsrtares,
wherein the retentate from each nenbrane constitutes the feed to the
ensui ng nettat theeselédiivity foe theedit entgas dwmasespith diafyxdatedenthe gilgerdfgasrt t he
first stage nenbrane would typically

-10-  be r &®yhigker or nara ptevpiedtemnprraiiine ni elneregesd fluxdate@gainop fwtier at i on,
recertification and reutilization in the ?rocess of the present invention.

The el evat dystrated byireferenre Knfaie ddorredy! eplblase mEmalirAnes it farid g s ent

i nvention

TABLE 2

Ethyl Cellulose

P/L70°F" - No/C,Fg selectivity P/L 130°F*  N/C./F; selectivity
Nz 3.7x10° 7.8 7.5x10° 20
" CoFs 4.9x10°® 3.7x10°®
*P/L is permeability divided by membrane thickness in units of

sce/(cm?.sec.cm Hg)

The capture, recovery, concentration and .recycle of fluorochemicals, such as
perfluorochemicals and more particularly perfluorocarbons has been a vexing problem
for the semiconductor fabrication industry, which widely utilizes such fluorochemicals for
etching and cleaning operations in the production of electronic devices and integrated
circuits. Various attempts at providing economical, effective processes for abatement of
fluorochemicals have been proffered by the prior art to avoid the venting or distribution
of such fluorochemicals to the atmosphere, where they constitute a problem for their
global warming potential. These prior art processes have typically been capital intensive
requiring elaborate equipment and are energy intensive requiring significant
compression and less of compression in processing as well as circulating energy
requirements dictated by physical adsorptive wash systems and multiple cryogenic

distiflation columns. The present invention overcomes these drawbacks to provide a



typically would be a pressure greater than 70 psia and nore preferably
pressures of 100-200 psia. The tenperatures to which the process may be
subj ected to achieve the enhanced performance characteristics of increased
perneate flux and increased selectivity between the perneate and the
retentate woul d be tenperatures above anbient, typically 100-150[err]F and
preferably approximately 120[err]F. The process of the present
invention will now be set forth in grester detail regarding a preferred
enbodi nent with reference to Fig. 1. In Fig. 1, a fluorochem cal

cont ai ni ng vektesuretesgder ffuoconhamiahtapurd Leoneéntfaibh | matitaidnfaagipbidnyiaconduct i ng
an etch or clean process step is provided in stream 12 conprising a

di | uent gasecysigcisirgsrelativelp gedest capith! fdquiremehisif cantinucesnprunaingGepetignt i al |y
NF[err], SFlerr], CFlerr], CHF[err], CHerr]F, Cerr]F[err], Cerr]HF[err],
[ er r] F[ er Flemicpes systgras.r The mrquaRtiizatipnmf etevated terhperhtises galeethe Addi ti onal
conponents in this mxture include, CO CJerr], Herr]O (Jerr], CHerr],
SiFlerr], SPR§itqns|of thegpeaentinverfies y§ng anarprsiatg membeanes selagtiveBoftea r], Brd ,
Cllerr], dlerr H err HBr, HQ, He and SiC[err]. This gas mxture is
typically Pgé%?lad‘fé\ﬁf 5‘[95 Q?gé%lfH?rbG?@“"O@.%’?FBFH%ch@mt'éﬁﬁﬂhh@twlf‘?%bri cation

facility. tentiall t ai ticul ates which can b
fiiteren olbroluREaRaRtRIEe I el e Parihrin st bhlaethanang Selegtdyrctibi ng
j | | tay ) ; Lubl e, fl i.d h
25 1 tori nee Pln SR ot e BB B ER AR R e 8 b1 ng.
ld typies§ I j i - | ubl
T lor | dear roienty BRd S rRRARNE LS Mg PP 1S otk by R el Rehith. 37 7 ©
recycl e stO@&ﬁérﬂt&tiandfﬁ\%ﬁlhorobﬁerﬁi@alﬁé’t%?ﬁé%rtl@@nfeﬂnb%é’@&ﬂ’gl?e%@r_@ id he? Pressure

greater than 70 psia, and preferably in range of 100-200 psia. The gas
stream at pteseatisdenior psamtdesisavihgein downbtiedm Re&ige deduirements over the prior art
systems.
The present invention has been set forth with regard to several preferred

embodiments, but the full scope of the invention should be ascertained by the claims

which follow.



I ndirect heat exchanger 22 agai nst any el evated tenperature process stream
such as a process streamfor the sem conductor manufacturing facility or a
heater or export steam fremany given process. The gas stream containing

di | uent gas amnd fT uor ochegi i s ]
-11- heat ed mma&g‘w above ambient, typical ymi)getsﬁnﬁvﬁgggpw or
any terrperaturu‘ ' “he'sdeconposi tion of the menbrane st arf@sAye
contacted and pr*eféra‘bl y 100-150[ g ] F, nost preferabl ppr oxi mat el y
120[err]F. The feed gas streamthen contacts a first stage of a
sem - perneabl e nenbrane 24 wherein tigapdsl uent gas, such as nitrogen, and
a certain anount of fluorochenicals in Tow quantities or |ow
concentrations perneate with increased selectivity between the two due to
the el evated tenperature to becone a perneate streamin line 26 which is
accept abl y1. ventlbd nmethaed ieathedseparatinn ehd racenery fof tumrodhenicalckes.a gas The
retentate or stream which does not perneate the sem -perneable nenbrane in
stage 24 is¥eawraovaning a Hiluent gas andhiubrechemigals kif cantast of thegee ksearo alith.a Thi s
streamis further heated to an elevated tenperature in heat exchanger 28
conpar abl énembrapgcompaisingdheisteesssed i n heat exchanger 22. The el evat ed

pressure and el evated , . . .
(a) compressing a gas stream containing a diluent gas and fluorochemicals

o an elevated pressure;

(b) heating the gas stream containing a diluent gas and flucrochemicals to an
elevated temperature sufficient to increase the flux of the permeate stream of step (c)
and to increase the selectivity of the membrane of step (c) for the permeation of the
diluent gas of step (c;) relative to the permeation of the flucrochemicals of step (¢);

(c) contacting the gas stream with a membrane which is selectively more
permeable to the diluent gas than the fluorochemicals to result in a permeate stream rich
in the diluent gas and a retentate rich in fluorochemicals;

(d) contacting the retentate with one or mere additional membranes which
are selectively more permeabile to the diluent gas than the fluorochemicals to result in a
second permeate stream rich in the diluent gas and a second retentate rich in
fluorochemicals; and

(e) recycling the second permeate stream to step (a) to be compressed with

the gas stream containing diluent gas and flucrochemicals to an elevated pressure.

2 The method of Claim 1 wherein the gas stream containing a diluent gas and
fluorochemicals is initially scrubbed to remove particulates and water soluble

components of the gas stream.

This Sheet Has Been Replaced

U




tenperature gas streamwhich is the retentate fromthe first nenbrane in
station 24 -—contaects—anmadditional nenbrane stage in station 30 producing a

second per neat g iSi ng substantially dilu such as
nitrogen, and E!“ﬂ ﬂﬂ“ﬁﬁﬂ] |mf fl uorochem cal's, whi ljerrab gqy '
second retent , cWNLChm does *not perneate the nenbrape, REB]

In fluorochem cals that can be further processed throug Tla\l\st ages
of menbranes in a conparabl e cont ext “dependi ng upon purities and the gas
m xture being separated. The perneate streamfromthe second and all

ensui ng 9 agesThefméthed sEORINANhsteM aftdt(stdp @PtheSetareiretepeht@ficisin eam 18
upstream of the conpression stage 20 in order to recapture fluorochem cals
whi ch nmay fluomehemihls is turther parified by eds@ption drhow henpdirdtuenkctifieationfoe el evat ed
tenperature operation of the nenbranes di m nishes the concentration of

t hese recymbéde & fluonootdreinalaieh prodiiobstteant dred a diuenhiidadventstpmat ur e havi ng t he
effect of increasing the perneate flux while increasing selectivity

bet ween the diluent gas and the fluorochem cal s. The product as
stream 32 may be recycl ed back to the sem conductor process or can be
further ertfhancededrepat rt Flaln 1 ytheralnthe gassitredm cap@ninacefifuent gag #ansh by a
passage

-12-
fluorochemicals contains fluorochemicals selected from the group consisting of NFj,

SFg, CF., CHF3s, CHgF, CyF5, CsHFs, CaFa, CiFs and mixtures thereof.

5. The method of Claim 1 wherein the gas stream containing a diluent gas and

fluorochemicals is an effluent gas stream from a semiconductor fabrication process.

6. The method of Claim 1 wherein the membtranes are selected from the group
consisting of polysulfone, polyetherimide, polypropylene, cellulose acetate,
polymethylpentane, amorphous copolymers based on 2,2-bistriflucromethyl-4,5-difluoro-
1,3-dioxole, polyvinyltrimethylsitane, polyimide, polyamide, polyaramide, ethyl cellulose

and mixtures thereof.

7. The method of Claim 1 wherein the rectification is driven by heat exchange of the

overhead in a rectification column to produce refiux.

8. The method of Claim 3 wherein the fluorochemical rich product stream comprises
CZFG .
9, The method of Claim 1 wherein the second retentate rich in fluorochemicals is

recycled to the semiconductor fabrication process.

-
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t hrough apprepriate distillation or adsorption in station 34 producing a

fl uorochem cal __product 38 which typically could conprise 99.9%

hexaf | uor oet h ﬂ ﬂﬂ”ﬂmw uct stream 36 which could contain other

f1 uorochem cal'§ &ﬂncarbon tetrafluoride. The distillative or
adsorptive post-trea%néhtsstage in stigdion 34 can be directly connected
with the nenbrane purification upstreamor alternatively, the
fluorochem cal gas stream resulting in line 32 could be packaged for
transport to a _central |ocation renoved or isolated fromthe nenbrane
separ at i oA0f or Theimetrad ofiGiaim 3 wheret the flastseiepiital eich BddlECaleaBls T epackagi ng
and recertification for reuse bg t he sem conduct or Pabrication facility or
faciliti efecypled iqihesemirongueter fabrication prodass.ous downst r eam opt i onal
distillation processes can be contenplated, but a preferred distillation
process would utilize liquid nitrogen cryogenic fluid to operate the

over head condenser of a distillation colum to provide reflux to the
colum, while heating by any traditional means could provide reboil to a
col um, wherein the colum is operated initially to purify carbon
tetrafluoride frominert gases, such as nitrogen, and subsequently the
colum is operated to renove hexafl uoroethane fromthe sunp of the
distillation colum to provide high purity gaseous hexafl uoroet hane product
for repackaging and recycle. Al t hough the process has been
described with regard to producing 99.9+% hexafluoroethane, it is also
possible to reconfigure the process to produce carbon tetrafl uoride,
trifluoronethane, octafl uoropropane, octafluorobutane, nitrogen trifluoride



or sul fur hexafluoride, which are all w dely used gases conpri sing
fluorochemcals in etch and clean processes of the sem conductor
fabrication industry. An inportant aspect of the present invention is the
use of elevated tenperatures in a nenbrane separation to separate inert

di l uent gases from fl uorochem cal s. pically, elevated tenperatures
increase flux at the | oss of select|¥%ty However, in the present

invention, it has been ngeﬁ ?a{mn&s iycg&?ﬁ% g he flux of the perheate

streamincrease, but the i Vi ty di  uent gas and the

f1 uorochem cal 5‘ %O'R’E')(‘crﬂ%@ﬁ%ﬂr,gkyé?\ﬁéﬁ'ﬁ AND RECYCLE USING MEMBRANCES

- 13- el evated tenperatures o e present I nvention and the nenbranes
anenable to separating diluent inert gases, such as nitrogen, from
fluorochem cals, such as hexafl uoroet hane. Wth regard to Fig. 2,
a conparison of a 70[err]F streamof 0.6% carbon tetrafluoride, 1.4%
hexaf | uor oet hane and t he bal ance nitrogen in conparison to a conparable
streamat 120[err]F is graphed in relation to the percent hexafl uoroet hane

per cent”of ni  PUBBIOR &bt PEHTEID 4T R TBPRERRRPSR OTCRASS ST s i s i n
EREENC et A il et e
membrane, comprising the steps of: compressing a gas stream containing a diluent gas
and fluorochemicals to an elevated pressure; heating the gas stream containing a
diluent gas and fluorochemicals to an elevated temperature sufficient to increase the flux
of the permeate stream and to increase the selectivity of the membrane for the
permeaticn of the diluent gas relative to the permeation of the flucrochemicals;
contacting the gas stream with a membrane which is selectively more permeabie to the
diluent gas than the fluorochemicals to result in a permeate stream rich in the diluent
gas and a retentate rich in fluorochemicals; contacting the gas stream with one or more
additional membranes which are selectively more permeable to the diluent gas than the
fluorochemicals to result in a second permeate stream rich in the diluentgasand a -
second retentate rich in fluorochemicals; and recycling the second permeate stream to
be compressed with the gas stream containing diluent gas and fluocrochemicals to an
elevated pressure. Preferably, the second retentate rich in fluorochemicals is further
purified by adsorption or low temperature rectification to provide a flucrochemical-rich

product stream and a diluent-rich vent stream.

(Figure 1)



menbrane at increased tenperature is uniformy superior to the recovery for
the same rejection at |ower tenperatures. The enhanced flux rate is set
forth in greater detail with regard to Table 1 bel ow

TABLE 1 Pol ysul f one

P/IL-70[err]F* Nerr]/Cerr]Ferr] selectivity P/L 120[err] F*
Nerr]/(err]/Flerr] selectivity lN2 ' 3.2x10[ err] 27
7.9x10[ err] 53 C2F6 TTT1.2x10[err]” '
1.5x10[err] *P/L is perneability divided by nbrane thickness in
uni ts of scc/(cnferr].secacm TEF present invention
has al so been evaluated with regard to {the unexpected property of elevated
t enper ature nenbrane separation of \{] yojochem cals friominert gases by
using an ethyl cellul ose nenbrane as| fepicted in Fig.| 3. Again a graph of
hexaf | uor oet hane percent re r/'su¢$ percent nitrjogen rejection is

illustrated wwth regard to|a streanycofprising 0. 759 nﬁﬁrogen trifluoride,
0. 35% hexaf | uor oet hane, 0. 04% sul f hexaf | uori de anf/)he bal ance of

nitrogen at 70 and 130[err]F, as welTj}as a

T
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-14- stream contai ning 0.6% carbon tetrafluoride, 1.4% hexafl uoroethane
and the balance of nitrogen both at 70[err]F and 130[err]F. In each

i ngstance the simlar phenonmena holds true, that the selectivity for the

di luent gas increases with the flux rate for the diluent gas at the higher
or ,.nore elevated tenperature. The increased flux rate again is further
|IIustrated by reference to Table 2 for ethyl cellul ose nenbranes set forth

bel ow. TABLE 2

Et hyl Cel | ul ose -2IL 70[err] F* Nerr]/Cerr]F[err]
selectivity P/L 130[err]F* Nerr]/Clerr]/Ferr] selectivity N err]
3.7x10[ err] 7.]err] 7.5x10[ err] 20 '
Clerr]Flerr] 4.9x:10[err] 7x10 [err]

*P/L is permeability divided by menbr ;ﬂe 7BFcKhb¢'s Gi'_n4uﬂu4é pPF6

scc/(cnferr].sec.cm recovery, concentration and
recycle of fluoroche Q @ch as per?@égrg{%em cals and nore
particularly perfl uoroca ons has been a vexi ng probl em

120F, 0.6% CF4,1.4% C2F6
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for the sem conductor fabrication industry, which widely utilizes such
fluorochemcals for etching and cleaning operations in the production of
el ectronic devices and integrated circuits. Various attenpts at providing
econom cal, effective processes for abatenment of fluorochem cals have been
proffered by the prior art to avoid the venting or distribution of such
fluorochem cals to the atnosphere, where they constitute a problem for
their global warm ng potential. These prior art processes have typically
been capital intensive requiring-&taborate equi pnent and are energy
intensive requiring significant conpression_and |oss of cog)r ession in
processing as wel | as circulating energy ped@rndeid YFerddetbhyCpini cal
adsorptive wash systems and multiple cryogenpcpsdi SAd | gia oNgol ums. The
present invention overconmes these drawbacks to provide a

ur’ i cation and potential recycle using el otnlae et can ralC 28
requi renents of continuously running sel ecti \bgéé'@r%-rg’ﬁgggyﬁms The

uni que utilization of elevated tenperatures 7|@#ero_td1)§ Cpq_nqig_i/oefzpé t he
present invention using appropriate nenbr ane%@iﬁl'}?ztl ve td the Tperneance
t

of inert gases, such as mstl n, mand the co tion of the desired
fl uorochem cal s, increasestt gfl of the pegRpalL g rgaun W*ecgp#@nci ng

| ectivit f
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PR

“the diluent gas with respect to the fluorochem cal to provi de enhanced
degrees of efficiency and econony in the processing of fluorochem cals by
the pr.esent invention. Concentration of the fluorochenm cal at or near the
menbrane feed pressure in the present invention Substitutesshesti-rdfy 12497
downstream energy requirenents over the prior art systens. The
present invention has been set forth with regard to several preferred
embodi ments, but the full scope of thelirnvention shoul d be ascertai ned by
the clains which follow. F\ﬁclaim 1. The nethod for the
separation and recovery of fl uor BTLE RERHGRINVENTRN, gas stream containing a
di l uent gas and fluorochem cals by contact of the gas stream wth a
menbrane, conprising the steps of: (a) conpressing a gas stream

conta, i ng = 11 v e, b ARG FRLS G B8y i esoor

fluorochemcals to an el evated tenperature sufficient to I ncrease the

flux of the perneate stream of step (c) and to increase the

selectivity of the nmenbrane of step (c) for the_perneation. of uma]
ET

di luent gas of step (c) relative to the perneat} CI'{EPW\GEWIEW SHE
fluorochemcals of step (c):

30 DEC 1897

BACKGROUND OF THE INVENTION

The semiconductor industry uses fluorinated gases, such as carbon tetrafluoride _
and hexafluoroethane, as etchants and cleaning gases in semiconductor manufacturing
processes. These gases do not fully react within the reaction chamber. The unused
gases enter the atmosphere through the process effluent from such reactors. These
gases have long persistence in the atmosphere and absorb infrared rédiation. These
gases are, therefore, potential global warming gases. The industry has sought ways to
diminish the amount of fluorinated gases reaching the atmosphere and ways to
potentially recycle such gases for further utilization particularly in light of their low
utilization on a single pass basis for their intended etching and cleaning purposes,

Fluorochemicals, such as perfluorinated hydrocarbons and perfluorinated
chemicals, are used in the semiconductor industry as safe and noncorro§ive sources of
fluorine. In plasma environments, fluorochemicals, such as fluorinated gases, form
fluorine species which are capable of etching wafers or cleaning insides of reactor
chambers. The gaseous products of the etching or cleaning process are exhausted
from the reactor chamber to the scrubber or vent systems of the semiconductor

fabrication plant with potential for venting to atmosphere. Conversion of fluorinated



(c) contacting the gas streamwith a nmenbrane which is

nore perneable to the diluent gas than the

sel ectively
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to increase the selectivity of the membrane of step (¢)
for the permeation of the diluent gas of step (c) relative
to the permeation of the fluorochemicals of step (c)i
(c) contacting the gas sqeam with a membrane which is
sclectively more permeable to the dilueat gas than the
fluorochemicals to result in a permeate stream rich in
the dilueat gas and a retentate rich in fuorochemicals:

(d) coatacting the retentate with oge or more additional

membranes which are selectively more permeable to
the dilucat gas than the fluorochemicals to result in &
second permeate sgeam rich in the dilucat gas and a
sccond reteatate rich in fluorochemicals; and

(e) recycling the second permeate stream to step (a) to be

compressed with the gas stream containing dilueat gas
and fluorochemicals to an elevated pressure.

2. The method of claim 1 wherein the gas stream con-
taining a diluent gas and fluorochemicals is initially
scrubbed to remove particulates and water soluble compo-
pents of the gas stream.

3. The method of claim 1 wherein after step (e) the second
reteatate rich in flucrochemicals is further purified by
adsorption or low temperature rectificatioa to provide a
fluorochemical rich product. stream and a diluent rich veat
stream.

4. The method of claim 3 wherein the rectification is
driven by heat exchange of the overhead in a rectification
columa to produce reflux.

§. The method of claim 3 wherein the flucrochemical rich

product stream comprises C.F,.

6. The method of claim 3 wherein the gas soream coe-
taining a diluent gas and flucrochemicals is an efflucnt gas
stream from a semiconductor fabrication process and the

b £ ’_-; o
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flurochem cal, rich product streamis recycled to the sem - conduct or
fabi cati on process. 7. The nethod of claim1 wherein the gas steam con-
taining a diluent gas and fluorochenmicals contains fluoro- chemcals

sel eced from the ngHSI sting of NF[err]. SF[ erél]t}gfc %err CHF err],

CH err] F. C[err]F[err “l Jerr]Flerr] §Q%§i}1%ﬁﬁgs

m xt ures thereof. ﬂwm&ﬁﬂ) claiml wherein the gas stream con-
taining a diluent gaS*an fLuotocherficals is an effluent gas streamfroma
sem conducror fabrication process. 9. The thod of claim8 wherein the
second retentate rich in fluorochemcals Ts! ecycled to the sem conduct or
fabrication process. 10. The nmethod of claim1l wherein the nenbranes are

selected from the group consisting of polysul foue. polyetherin de.
pol ypropyl ene. cel |l ul ose acetate. pol ynet hyl pentane. anorphous copol yners

based on 2.2- bistriflug
pol yvi nyl trimet hyl sil aneﬁ f/iiﬁcémgg{gfgﬁ g‘wa'?Fg%e‘ t.h[chssﬁxm-
cel lul ose and m xtures ess.

. The method of claim 1 wherein the gas stream con-
taining a dilueat gas and fluarochemicals contains Suoro-
chemicals selected from the group comsisting of NF,. SF,,
CF,. CHF,. CH,F. C,F,. C,HF s« CaFg. C F, and mixtures
thereof,

8. The method of claim 1 wherein the gas stream con-
taining a diluent gas and fluorochemicals is an effluent gas
stream from a semicoaductor fabrication process.

9. The method of claim 8 wherein the second retentate
rich in fucrochemicals is recycled to the semiconductor
fabrication process.

10. The method of claim 1 wherein the membranes are
selected from the group coasistiag of polysulfoae.
polyetherimide. polypropyleae. cellulose acetate.
polymethylpeatane, amorphous copolymers based on 2.2-
bistriluoromethyl-4.5-difluoro-1.3-dioxole.

- polyvinyltrimethylsilane, polyimide. polyamide.
polyaramide. ethyl cellulose and mixtures thereof.
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