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Claims
1. An apparatus for separating gases, comprising
membrane separation stages (1) to (3),' at leagt

one compressor (4) and/or at least one, preferably

one or two, wvacuum pump(s) (15), the feed sfream

separation stage (1) separating a feed strgam (5)

consisting of at least two components intg/ a first

permeate stream (6) and a first retentdte stream

(7)y, the retentate separation stage /f2) dividing

the first retentate gtream (7) iAto a second

permeate stream {(9) which is supplied to the feed

stream (5}, and a second retefitate stream (8)
which 1s withdrawn as a produck, and the permeate
separation stage (3) dividi the first permeate

stream (6) into a third /fretentate stream (10)

which 1s supplied to the/ feed stream (5}, and a

third permeate stream (}l) which i1s withdrawn as a

product, characterized/in that

the first permeat# stream (6) 1is not subjected

to any recompresgion,

at least in e feed stream separation stage
(1), Dbut pfeferably in all three membrane
separation fstages (1) to (3), gas separation

membrane Modules having a mixed gas selectivity

the paratus 1g configured such that the gas
e recycled in the second permeate stream
{ and 1in the third retentate stream (10)
otals less than 60% by volume of the volume of
the crude gas stream (17},
the concentration of at least one permeate gas
of the feed stream separation stage (1), after
recycling of the second permeate stream (9) and
of the third retentate stream (10), is increased
in the feed stream (5), preferably increased by
at least 2%, more preferably by at least 3% and
more preferably by 3 to 40%, Iin each case
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compared to the concentration in the crude gas
stream (17).

The apparatus as claimed in claim 1,

characterized in that

the second permeate stream (9) and the/ third
retentate stream (10) are passed along the suction

side of the compressor (4) for reprocessing.

The apparatus as claimed in claim 1 of 2,
characterized in that

a multistage compressor (4) is used.

The apparatusg as claimed in cléim 3,

characterized in that

the second permeate strea (9) and/or the third
retentate stream (10) ig/are introduced into the

compressor (4) between Ywo compression stages.

The apparatus as claimed in any of claims 1 to 4,
characterized in at

the first retenpate stream (7) and/or the second
retentate streém (8) and/or the third retentate
stream (10} /is/are passed through a pressure-

reducing vadve.

ga gselectivity of at least 35, preferably at

tast 40 and more preferably at least 45 is used
in at least one of the membrane separation stages
(1) to (3).

The apparatus as claimed in any of claims 1 to 6,
characterized in that
at least one of the membrane separation stages (1)

to {(3) comprises more than one gas separation
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10.

membrane module, which are connected in parallel

and/or 1n series.

The apparatus as claimed in any of claims 1 to 7/
characterized in that
the gas geparation membrane module(s) consfdst(s)

of hollow fiber membranes and/or flat membrénes.

The apparatus as claimed in any of claips 1 to 8,
characterized in that
the materials used for the separatign-active laver

of the membranes are amorphous oy semicrystalline

polymers, for example but not exclusively
polyimides, polyamides, polygulfones, cellulose
acetates and derivatives, olyphenylene oxides,
polysiloxanes, polymer with intrinsic

microporosity, mixed matrAx membranes, facilitated
transport membranes, polyethylene oxides,

polypropylene oxides ¢r mixtures thereof.

The apparatus as cfaimed in claim 2,

characterized in/that

the material ed for the separation-active laver
of the membyhines 1s a polvimide of the general
formula
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R 1s selected from the group consisting of
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Chy

Cbty

x,y: mol fraction where O < x <
1 >v > 0.5,

The apparatug as claimed in any of clsaims 1 to 10,
characterized in that

at least 95%, preferably at cast 97%, more
preferably at least 99% and tst preferably at
least 99.5% of the retentate cgmponent of the feed
stream separation stage y° which has Dbeen
introduced into the apparafus with the crude gas
stream (17) is discharged/via the second retentate

stream (8}.

The apparatus as clafZmed in any of claims 1 to 11,
characterized in tHat

not more than %, preferably not more than 3%,
more preferab not more than 1% and most
preferably ngt more than 0.5% of the retentate
compcnent of the feed stream separation stage (1)
introduce¢ into the apparatus with the crude gas
stream #17) is discharged wvia the third permeate
strean/ (11) .

rocess for geparating gas mixtures,

aracterized in that

an apparatus according to any of claims 1 to 12 is

used.

The process as claimed in claim 13,

characterized in that

the gas mixture used is a mixture of predominantly
but not exclusively carbon dioxide and methane or

predominantly but not exclusively hydrogen and
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methane or predominantly but not exclusively
carbon monoxide and hydrogen or crude biogas or
crude natural gas.

5 15. The process asgs claimed in either of claimg 13/ and
14,
characterized in that

the pressure on the permeate side (6) of/ the feed

stream separation stage (1) is adjusted,

10 preferably by means of a pressure-rgducing valve
(14) on the retentate side of/ the permeate
separation stage (3), to 1 to 3) bar, preferably
to 2 to 20 bar and more preferably to 3  and
10 bar.

15

16. The process as claimed in v of claims 13 to 15,

characterized in that
the pressure of the rst and second retentate
stream (7)) and (8) /is adjusted, preferably by

20 means of a pressupk-reducing wvalve (13) in the
second retentate /stream (8), to 1 to 100 bar,

preferably to 5/to 80 bar and more preferably to
10 to 70 bar.

25 17. The procesg/as claimed in any of claims 13 to 16,
characterdzed in that
the drifing force used for the separation task is
a paftial pressure differential Dbetween the
retefitate side and the permeate side in the
30 refpective membrane separation stages, the partial
ressure differential being generated Dby a
compressor in the feed stream (5) and/or by a
vacuum pump (15) in the second and/or third
permeate gstream (9) and/or (11} and/or by a

permeate-side purge gas stream.

The process as claimed in claim 16 or 17,
characterized in that
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the pressure of the permeate of the feed stream
separation stage (1) 1is the same or increased
relative to the ambient pressure, such that

partial pressure differential still exists betwéen

5 retentate and permeate of the permeate separgtion
stage (3), and hence there is a driving fofce in
the «c¢ase that the permeate of the ermeate

separation stage (3} 1s at ambient pressure or

reduced pressure is applied.
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CURRENT CLAIMS

Claim 1: An apparatus for separating gases, comprising: membrane separation stages;
and,
a compressor, a vacuum pump,-or both,
wherein the membrane separation stages comprise a feed stream separation stage, a
retentate separation stage, and a permeate separation stage:
the feed stream separation stage is configured to separate a feed stream comprising at
feast two components into a first permeate stream and a first refentate stream,
the retentate separation stage is configured to divide the first retentate stream into a
/smom:%. permeate stream and a second §é§&ﬁ§a{8 stream,
wherein
the second permeate stream is supplied to the feed stream, and the second
retentate stream is withdrawn as a product, and
the permeate separation stage is configured to divide the first permeate stream into athird -
retentate sream and.a third permeate stream,
whamiﬁ
the third reétentate stream is sﬁ;}pbeé to the feed stream, and the third
permeate stream s withdrawn as a;;pmduetﬁ
the apparatus is configured not to subject the first permeate stream to any recompression,
the feed stream séparation stage comprises a gas separation membrane module having a
mixed gas selectivity of at least 30,
the apparatus is configured such thata gas volume recycled inthe second permeate

stream and in the third retentate stream totals less than 60% by volume of a crode gas stream,
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the apparatus is configured to increase a concentration of at least one permeate gas of the
feed stream separation stage, after recycling of the second permeate stream and of the third

retentate stream, in the feed stream, compared to a concentration in the crude gas stream.

Claim 2: The apparatus of claim 1,
wherein
the apparatus is-configured 1o pass the second permeate stream and the third refentate

stream along & suction side of the compressor.

Claim 31 The apparatus of claim 1, comprising:
pp prisug

a multistage compressor as @ Compressor,

Claim 4: The apparatus of claim 3, wherein the apparatus is configured to introduce the
second permeate stream, the third retentate stream, or both into the compressor between two

compression stages,

- Claim 5: The apparatus of claim 1, wherein the apparatus is configured to pass at least
one selected from the group consisting of the first retentate stream, the second retentate stream,

and the third retentate stream through a pressure-reducing valve,

Claim 6: The apparatus.of claim 1, wherein the gas separation'membrane module in at

least one-of the membrane separation stages has a mixed gas selectivity of at least 35.
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- Claim 7: The-apparatus-of ¢laim 1, wherein. at least one-of the membrane separation
stages comprises more than one gas separation membrane module, wherein the modules are

- connected in parallel, in series, or in parallel and in series.
Claim 8: Theapparatus of claim 1, wherein at least one of the membrane separation
stages comprises a gas separation membrane module comprising a hollow fiber membrane, a flat

membraﬁg or ‘-bcxth;‘ o

 Claim 9 The apparatus of claim 1, wherein a separation-active layer of a membrane.

comprises a material that is an amorphous or semicrystaliine polymer.

Claim 10: The process of claim 15, wherein the material is 2 paiyimidﬂhf formula

wherein

ench Ris independently selected from the group consisting of
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x and y are mol fractions,
0 <x < 0.5, and

1>y > 05

Claim 11: The apparatus of claim 1, wherein the apparatus is configured to discharge at
least 95% of a retentate component of the feed stream separation stage which has been

introduced into the apparatus with the crude gas stream via the second retentate stream.

Claim 12: The apparatos of claim 1, wherein the apparatus is configured to discharge not
more than 3% of a retentate component of the feed stream separation stage introduced into the

apparatus with the-crude gas stream via the third permeate stream.

Claim 13: A process for separating a gas mixture stream comprising:

separating the gas mixture with an apparatus comprising:

‘membrane separation stages; and

4 COmpressor, a vacuwm pump, or both,

wherein the:membrane separation stages comprise a feed stream separation stage, a
refentate separation stage, and a permeate separation ’szage:

the feed stream separation stage is configured o separate the gas mixture stream into 4
first permeate stream and a first retentate stream,

the reteniate separation stage is configured to divide the first retentate stream into a

second permeate stream and a second retentate stream,
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wherein the second permeate stream is supplied to the gas fmixmre stream, and the
second retentate stream is withdrawn ag.a product, and the permeate separation stage is
csgf; gured to divide the first permeate stream into a third retentate stream and a ‘éﬁiﬁ‘d
permeate stream,
wherein the third refentate stream is supplied to the gas mixture stream, and the
third permeate stream is withdrawn as a product,
the apparatus is configured not to subject the first permeate stream to any recompression,
the feed stream separation stage comprises a gas separation membrane module having a
mixed gas selectivity of at least 30,
the apparatus is configured such that 2 gas volume recycled in the second permeate
stream and in the third retentate stream totals less than 60% by volume of a-crude gas $treém§
the apparatus is configured to increase a concentration of at least one permeate gas of the
feed stream separation stage, after recyveling of the second permeate stream and of the third
reteritate stream, in the feed stream, compared to a concentration inthe crude gas stream, and
wherein the third permeate stream comprises more than 95 vol% of a retentate gas of the
feed stream separation stage in the gas mixture stream, and-the second retentate system
comprises more than 95 vol% of a permeate gas of the feed stream separation stage in the gas

mixture stream.

Claim 14: The process of claim 13, wheremn
the crude gas stream comprises:
at least-one of

a crude biogas and
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a crude natural pas.

Claim 15: The process of claim 13, wherein the separating comprises adjusting a
pressure on a permeate side of the feed stream separation stage with a pressure-reducing valve on

aretentate side of the permeate separation stage, to from 1 to 30 bar.

Claim 16: The process-of claim 13, wherein the separating comprises adjusting a
pressure of the first-and second retentate stream with a pressure-reducing valve in the second

retentate stresm, W-from 1 to 100 bar,

Claim 17: The process of claim 13, wherein a driving force is a partial pressure
differential between a retentate side and a permeate side in the respective membrane separation
stages,

wherein the partial pressure differential is generated by at Jeastone selected from the
group consisting of a compressor in the feed strean, a vacuum pump in the second permeate

strear, a vacuum pump in the third permeate stream, and a permeate-side purge gas stream.

Claim 18: The process of claim 17, wherein a pressure of the permeate side of the feed
stream separation stage is greater than or equal to an ambient pressure,
the driving force comprises the ambient pressure or a reduce pressure af the permeate side

of the permeate separation stage.
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Claim 19; The apparatus of claim 1, wherein the material is at least one selected from the
group consisting of a polyimide, a polyamide, a polysulfone, a cellulose acetate, a cellulose
acatatéderivathfﬁ:, a paiypb&njg}mé oxide, a polysiloxane, a polyimer with an intrinsic
microporosity, a mixed matrix membrane, a facilitated transport membrane, a polyethylene

oxide, and a polypropylene oxide.

Claim 20: The process of claim 14, wherein the crude gas mixture consists essentially of

carbon dioxide and methane.

Claim 21: The process of claim 13, wherein the third permeate stream comprises more

‘than 97 vol% of the carbon dioxide in the gas mixture stream,

Claim 22: The process of claim 13, wherein the second retentate stream comprises more

than 97 vol% of the methane in the gas mixture stream.

Claim 23: The process of claim 13, wherein the crude gas stream comprises carbon

diexide and methane.

Claim 24: The process of claim 13, wherein the crude gas stream comprises hydrogen

and methane.

Claim 25: The process of claim 13, wherein the crude gas stream-comprises carbon

monoxide and hydrogen.
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Claim 26: The process of claim 13, wherein the apparatus is configured to pass the

second permeate stream and the third refentate stream along a suction side of the compressor.
Claim 27: The process of claim 13, wherein the compressor is amultistage compressor.

Claim 28: The process of claim 13, wherein the apparatus is configured to introduce the
second permeate stream, the third retentate stream, or both inte the multistage compressor

between two compression stages.

Claim 29: The process of claim 13, wherein the apparatus is configured to pass at least
one selected from the group consisting of the first retentate stream, the second retentate stream,

and the third retentate stream through a pressure-reducing valve.

Claim 30: The process of claim 13, wherein the gas separation membrane module in at
least one of the membrane separation stages having amixed gas selectivity for carbon dioxide

and methane of at least 35,

Claim 31: The process of claim 13, wherein at least one of the membrane separation
stages comprises more than one gas separation membrane module, wherein the modules are

connected in parallel, in series, or in parallel and in series,
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Claim 32: The process of clatm 13, wherein at least one-of the membrane separation
stages comprises a gas separation membrane module comprising a hollow fiber membrane, a flat

membrane, or both,

Claim 33: The process of claim 13, wherein a separation-active layer of a membrane

comprises a material that is.an amorphous or semicrystalline polymer.

Claim 34: A process for separating a gas mixture stream comprising methane and carbon
dioxide, comprising:

separating the gas mixture with an apparatus comprising:

membrane separation stages;-and,

A TOMPressor, & vacuum pump, or both,

wherein the membrane separation stages comprise a feed stream separation stape, a
retentate separation stage, and a permeate separation stage:

the feed stream sepamtim: stage is.configured to separate a feed stream comprising at
least two components nto a first é&me&i& stream and z first retentate stream,

the retentate separation stage is configured to divide the first retentate stream into a
second permeate stream and a second refentate stream,

wherein the Sf:cond permeate siream is supplied to the feed stream, and the second
retentate stream is withdrawn as-a product, and
the permeate separation stage is configured to divide the first permeate stream into & third

retentate stream and a third perrfeate stream,
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‘wherein the third retentate stream is supplied 1o the feed stream, and ‘the third
: ;)erméatﬁ strean’ is »With&rawﬁ asa pmdﬁcg
"’theé;}pamms is ganﬁgum& not 1o subject the ﬁrst penﬁeate stream to any recmﬁpréssion,
iﬁ& feed stream separation stage comprises a gas separation mmmm module havitig a
‘mimﬁ gas 3@1@(5&\&@ of at i@ést‘ 34,
| the apparatus is configured such that a gas m’kume.mcyﬂ@d in the-second pmﬁcaw
‘sirean anci in the third retentate stream totals less than 62}% b}; mlum{: ofa crude gas stream,

ﬁh{: apparatus is Cﬁﬁﬁg&ﬁd to increase a cmc&ntra‘tmn of at L@a&t one: p:::rm etate gas of the

 feed stre:am separamn stage, aﬁer recycling m‘“ the: %:wnd permeme stream and: ai‘ the third

mteni:ate stream, in .’she feed-stream, mmpared toa mnmﬁtz‘a‘ﬁmn”m the cmt‘:&,ga& :-str&‘am.

Claim 35: The process of claim 34, whemﬁﬁ%bﬁmateriél‘i.s; zit Jeast one selected from the
;bmup canmsnng, ofa pa}wmzdc, a polyamide, 4 polysulfone, a miluimc acetate, o cellulose
; acetaie derzvamfﬁ a paiyphemlem oxide, & pelysﬁm\ane, & p@i}m@r wx&: an mmnsxc
mi‘acmpnm‘s;it}g amixed matrix:membmﬁe? a facilitated transport membrane, a pm}ye”ihyiens =

oxide, and a;pa“if;xpm;}yiene oxide:

Claim 36: The process of claim 35, wherein the material is a-polyimide of formula
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wherein each R i indépendanﬂy selected from the group consisting of

iy

- xand y are mol fractions,

0<x<05,and

1>y > 05,

Claim ”%? The :‘gmcesé.\;}f ::Iaﬁ’nk 34, Wi'sér&iﬂ the crude gés‘ls‘éxe&m &m@ﬁs&saaﬂeas{ one
gas pair selected from t’hé ‘group ‘ccm‘siszing' of:
| carbon di&xiﬁexaﬁd mefhaxlﬁi B
hydrogen and methane;
‘.::::afhen monoxide and '.ﬁydmgm;
acradebiogas; and

a crude natoral gas,

Claim 38: The process:of élaim ‘3«4; whereit the crude gas stream consists-essentially of
atleast one gas pairselected from the group consisting oft |
carbon dioxide and methane;
‘hydrogen and methane;
carbon monoxide and. hy&regeﬁ;

a crude biogas; and
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a crude natural gas.

Claim 39: The process of claim 34, wherein the third permeate stream comprises less
than 5 vol. % of the retentate gas compared to the amount of said reientate gas originaily
introduced into the process with crude gas stream and that the second retentate stream comprises
more than 95 vol. % of the retentate gas of the feed stream separation stage compared to the

amount of said retentate gas originally introduced into the process with the crude gas stream.

Claim 40: The process of claim 39, wherein a driving force is a partial pressure
differential between a retentate side and a permeate side in the respective membrane separation
stages, and.

wherein the partial pressure differential is generated by at least one selected from the
group cmzistmg of a compressor in the feed stream, a vacuum pump in the second permeate

stream, a vacuum pump in the third permeate stream, and a permeate-side purge gas stream.

-Claim 411 The process of claim 39, wherein a pressure of the permeate side of the feed
stream separation stage is greater than or equal to an ambient pressure,
the driving force comprises the ambient pressure or a reduce pressure at the permeate side

of the permeate separation stage.

Claim 42: The process of claim 39, wherein the material is at least one selected from the
group consisting of a polyimide, a polyamide, a polysulfone, a cellulose acetate, a cellulose

acetate-derivative, a polyphenylene oxide, a polysiloxane, a polymer with an intrinsic
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microporosity, a mixed matrix membrane, a facilitated transport membrane, a polyethylene

oxide, and 2 polypropylene oxide.

Claim 43: The process of claim 34, wherein the separating comprises adjusting a
pressure of the first and second retentate stream with a pressure-reducing valve in the second

retentate stream, to from 1 to 100 bar,

Claim 44: The process of claim 34, wherein the separating comprises adjusting a
pressure on a permeate side of the feed stream separation stage with a pressure-reducing valve on

a retentate side of the permeate separation stage, to from 1 to 30 bar.

Claim 45: The process of claim 34, wherein the gas separation membrane module in at

least one of the membrane separation stages has a mixed gas selectivity of at least 35,

Claim 46: The process of claim 34, wherein the gas separation membrane module in at

least one of the membrane separation stages has a mixed gas selectivity of at least 45,

Claim 47: The process of claim 34, wherein the apparatus comprises al least one gas
separation membrane module comprising hollow polyimide fibers having a separation area of

about 5nr°.

Claim 48; The process of claim 34, wherein the apparatus is configured to pass the

second permeate stream and the third retentate stream along a suction side of the compressor.
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Claim 49: The process of claim 34, wherein the compressor is a multistage compressor.

Claim 50: The process of claim 34, wherein the apparatus is configured to introduce the
second permeate stream, the third retentate stream, or both mnto the multistage compressor

between two compression stages.

Claim 51: The process of claim 54, wherein the apparatus is configured to pass at least
one selected from the group consisting of the first retentate streant, the second retentate stream,

and the third retentate stream through a pressure-reducing valve,

Claim 32: The process of claim 34, wherein at least one of the membrane separation
stages comprises more than one gas separation membrane module, wherein the modules are
connected in parallel, in series, or in parallel and in series.

Claim 533: The process of claim 34, wherein at least one of the membrane separation
stages comprises a gas separation membrane module comprising a hollow fiber membrane, a flat
membrane, or both,

Claim 54: The process of claim 39, wherein a separation-active layer of a2 membrane

comprises a material that is an amorphous or semicrystalline polymer.

Claim 55: The process of ¢claim 39, wherein the material is a polvimide of formula
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wherein

each R is independently selected from the group consisting of

x andy are-mol fractions;

Y=< 0.5, and

15y >0.5,

Claim'56: The apparatus of claim 1, wherein the second refentate streani comprisés more

than 97 vol% of the methane in-the gas mixture strear. ,

Claim 57: The apparatus-af.claim 1, wherein the apparatus comprises at least one gas
separation membrane module having & gas selectivity for methane and carbon dioxide of at least

45,
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Claim 58: The apparatus of claim 1, wherein the apparatus comprises at least one gas
separation membrane module comprising hollow polyimide fibers having a separation area of

about 5m’,




