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Process for separation of gases

The invention relates to a specific apparatus, more
particularly a chain of gas separation menbrane
modules, for separation of gas mixtures into two
fractions each of increased purity.

By means of a gas separation membrane, it is possible
to separate gas mixtures on the basis of different
permeabilities (= flow rate per unit time, unit ares,
pressure differential and layer thickness} of the
individual gases in a polymer. The polymers are
generally processed to give hollow £fibers or flat
membranes. The membranes are notable for a very thin
separation layer at the surface of the membrane, such
that the permeance (flow rate per unit time, unit area
and preéessure differential) of the membrane is at =&

masximum,

The separation outcome achievable with a membrane in a
single pass depends not only on the selectivity of the
membrane but also on the pressure ratio between high-
pressure and low-pressure side of the mexbrane. The
greater the pressure ratico, the better the maximum
separation outcome achievable.

In the range of low pregsure ratlos, the curves for the

different selectivities run close to one another (see

figure 1). The separation outcome in this range is
determined by the pressure ratlc. This range is
therefore referred to as "pressure-limited". In the

range of high pressure ratios, the separation outcome
can barely be influenced by the pressure ratlo. This

range is referred to as "selectivity-limited™.

A series of membrane connection arrangements for the
separation of gases 1z known from the literature. In
Baker, IndEngChemRes, Natural Gas Procesging with
Membranes, 47 (2008), there is a comprehensive list of
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various. known connection arrangements. For instance,
using the example of the separation of methane
(retentate gas) and C0O; (permeate gas) with a simple
one-stage membrane separation step according to fig. 2,
high purities can be achieved in the product stream
(98% CH,). However, the guality of the permeate-gide
offgas stream cannot be influenced and is of low purity
(44% CO,). There is corregpondingly large slippage, i.e.
losgs of methane.

In the case of a one-stage connection arrangement with
recycling (fig. 3}, the purities can be increased
slightly. However, 1t is not possible thereby to solve
the fundamental problem of the low retentate gas yield
and of the permeate gas quality.

For higher permeate purities and higher yields of the
component retained, a series of multistage connection
arrangements are known. In a connection arrangement
with a single permeate stage, with recompression and
recycling of the first permeate (fig. 4}, it 1is
possible to improve permeate purity (86%) and methane
vield.

Tf the better-permeating component occurs in increased
concentrations (30%), a connection arrangement
according to fig. 5 may be advantageous according to
the literature. Two permeate gas-rich streams (82% CO,,
93% CO0,) and one retentate gas-rich stream (82% CHy) are
produced.

Bhide (MemSci, Hybrid processes for the removal of acid
gases from natural gas, 1998) disclecses a three-stage
operation for the removal of acid gases from natural
gas (fig. 6). The gas sgtream to be treated is subjected
+o a coarse purification in an upstream nembrane. The
prepurified natural gas which remains on the pressure

side is conducted through a further membrane. On the



10

20

25

30

35

WO 201z2/00072% S . BPCT/EP2011/058636

retentate side, the target product stream forms, the
natural gas depleted of the acid gases. The acid gas-
enriched stream on the permeate side is compressed and
supplied to a further membrane stage. The retentate of
this stage is compressed to the pressure level of the
upstream stage and recirculated upstream thereof. This
additional energy expenditure and financial investment
is intended to increase the vield of methane.
Disadventages of thig connection arrangement are the
expenditures for the compressors and the Inadeguate
purities of the acid gas-enriched stream.

Chenar {MemSci Application of Cardo-type polyimide (PI)
and polyphenylene oxide (PPO) hollow, 2008} describes
an operation with staged arrangement for permeate with
reéompression (fig. Ty Disadvantages of this
connection arrangement are the severely Iimited
purities of the retentate gas and the additional

expenditure for the recompression.

EPOD 789 &34 discloses a connection arrangement
according to £ig. 8. However, disadvantages are an
additional potential introduction of oil or water as a
sealant and lubricant, additiomal high capital costsg,
increased energy consumption resulting from additional
compression, and increased likelihood of failure as &

result of the moving parts.

Disadvantages of the abovementioned processzes are the
additional recompression and the puritieg, which are
still much too low, of retentate gas in the overall
retentatre stream, and the insufficient vyields of the

retentate gas in the retentate stream.

Fig. 9 shows a technology which is freguently proposed
and has also been implemented particularly for the
processing of biogas (Air Liguide and Harasek). What is
disclosed 18 a connection arrangement with staged
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arrangement for retentate with permeate recycling from
the second stage.

Bindhoven Uniliversity of Technology has developed a
connection arrangement with an internal staged
arrangement, which enables methane purities of more
than 90% {(see fig. 10y. A disadvantage of this
connection arrangement ig the inadeguate purity of the
retentate gas.

EP 0 603 798  discloses a multistage connection
arrangement for production of nitrogen. The
disadvantage of this process is the insufficient purity
of the permeating component and the use of at least two
COMPressors.

EP0E695574 discloses a conmection arrangement with
partial wutilization of a permeatse stream as a Ssweep
stream for the production of a retentate of maximum
purity. 2 disadvantage of this procegs is the

insufficient quality of the overall permeate.

Us5753011 discloses a process in which combination of
membrane separation steps with staged arrangement for
the permeate and pressure swing adsorpition, PSA,
achieves high purities for twoe product streams. A
disadvantage of this process is the use of a costly and
inconvenient PSA.

EP1634946 discloses a process for processing of biogas.
Described therein is a thermal utilization of the
methane from the methane-depleted stream. Disadvantages
are the high costs and the loss of the gas.

EPQ596268, finally, discloses various connection
arrangements for production of three different gas

compositions.
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US 6,565,626 B1 and US &,168,64% Bl e=ach disclose
membrans separation processes with three membrane
separation stages, wherein a retentate sgstream and a
permeate stream from stages 2 and 3 respectively are

recycled to the crude gas stream.

A disadvantage c¢f the processez known from the prior
art 1s that either a high purity of the permeate gas or
a high purity of the retentate gas can be achieved. For
the simultansous achievement of high puritiess of
permeate gas and retentate gas, a8 necessary, for
example, 1in the processing and feeding of biogas into
the natural gas grid as a result of the high demands on
the methane purity and as a result of the limitation of
methane slippage, there are no processes which'do not
need a recompression unit or a further purification of
the permeate or retentaie stream (for example thermal
postcombustion of the permeate stream or pressure swing

adsorption for the retentates stream).

Proceeding from this prior art, it was an obiect of the

present embodiments disclesed herein to provide apparatuses

processes for separation and purification of gas mixtures, which
have the disadvantages of the prior art processss and
apparatuses only to a reduced degree, if at all. More
particularly, processes and apparatuses which affoxd
both permezte gas and retentate gas are to be provided
in high purities. In az further gpecific object, this
process and this apparatus are to be advantageous in
terms of investment and operating costz and/or znable a

simpler process regime.

In a next specific object, a process/apparatus usables
with meximum universality iz to be provided for any
desired gas mixtures. More particularly, it should be
possible to separate gas streams which are obtainsd in

the production of hbiogas and natural gas, or which



comprise carbon dioxide and methane in the presence of

other gases such as water, hydrogen, hydrogen sulfide.

It was a further specific object o©f the present
erbodiments disclosed herein to provide a process or an apparatus which

enables purification of methane-containing crude gas

streams, with reduced methane emission compared to the

prior art processes at the same throughput, and hence

reduced environment pollution by this strong greenhouss

gas.

In one aspect, there is provided an apparatus for separating gases,
compriging: membrane separation stages; and,
A COMpressor, 8 VACIIIE pump, of boib,
wherein the mambrane safpa_:atiam stages comprise a fzed stream separanon Swaee, &
rEleritale Separation slage, and & PRNMSEt: SEPATEUOn Shge:
the feed sweam SEPATALION Stags ig :canﬁgmeﬂ to separate a Teed stream *cémp:ising at

~ ~

least Two TOmpoRents It & Trst permeste Sream and o Orstreieniate strear,
fhe reventate seperation stage IS configural to divide fhe first Tetentare Sream o 2
second permests sTream and.2 second Tetmats Stream,
whst:%m
he geoond permezte sweamm is suppizd 16 the Tesd stram, and the sscond
retentate Siream bs withdraws 2s.a prodoct.and
the permeate separation stage is configured to divide the first permeate sweam into a third
Tatzmare stream and.e fnird pommeste S,
whersn
the third retentate stream is supplied 10-the feed stream, and e fhid
pemmegte Sirean is withdrasvn &s's preguct,
{he apparatus is configmred mot to sunyect the first pormeate Strezm o @8y TECOMBrESRION,
the feed stream separation Stage COMPNSss B as separallon membrane modele having a
mixed ges seieouviy of al leas 30,

‘he apparatus 15 configurad such that & gas volurpe recycied inthe second permeate

srears and o the thirt retentate sream otals ess then 60% by volume of & crude gas stream,
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the apparatus is configured 1o inerease & concentration of at lzast one permeate gas of the
feed stream separation stage, afier recyeling of the second permeats stream and of the third

retentate strearn, in the feed stream, compared 1o & concentraton i the crude gas stream.

In another aspect, there is provided a process for ssparating a gas mixture

stream comprising: separating the gas mixture with an apparatus compriging:

memiurane scparalon siages; and
@ COMPreesor, & vacuun pump, or-both,
wherein te membrane separation stages comprise 2 fzed siream sepuration stape, 2
retentate separation stags, and a permeals STpAration siEape:
the feed siream separation stage 1s confipursd to separaie the gas mixture siream Imeo &
Frst permeate steam and 2-0rst retentate sre
the retentate separEion wege s conhgored 1o divide the Tt reteniate sroam I 2

second penmeste Srean and & sc0nd TEISMALE SITCATM,

wharein the second permeate stream Iz supplizd io the gas zﬁi}:m,fe stremm, and the
scond retentate stream is withdrawn asa produst, and the permeate szparation stage 15
co-m sured to divide the frst permeate stream Tmo a thind retentate stream and a third
permeate sirearn,
wherein the thind retentate siream is supplied to the gas mixtre stream, and the
d permegte stream s withdzawn & a product,
the ADEETEILS iw-canfipured net i ‘;‘WJ]EN the first prImcHls Blroarm 10 any recOmmpre 25i0m,
the jeed c:tr#m separalion Stage COMPrISSSs & gas separalon mﬂmhmn oodule feving a
mixed gerssiectivity of at least 30,
¢ apparatus is configered such fhat 2 gas volume recyeled'in the second permeate
siream and 1o The third retentate soeam totals tess than 60% by volume of 2 cruge gas stren
the gpparatus is.conbgured o inerease 3 concentration of at least.one permeats gas-of the
=ed strean separaion stage, after recveimga! the second ud permmests sream and of the third

Tetentate stream, vihe feed streem, compared fo 2 copcemration inthe crude gas sreem, and



&b
wherern the third permeale stream comprisss more than 95 vol%-of aretentate gas of the
feed stream separenon swee in-the gas minure stream., and the second retentaicsysem
somgprises more than 85 vol%-of 2 permeate:gas of the feed sream separation stape in the gas

INIHILTE SIrSET.

In another aspect, there is provided a process for separating a gas mixture
stream comprising methane and carbon dioxide, comprising:

separating the gas mivtore with an apparatus comprising:

menibrang separation steges; and,

2 COMPressor, 4 Vacum purmp. o7 both,

whergin the membrane SEparanon stages comprise & Teed stramm soparation stags, &
retentste separation siags,and 2 permeale separdlion stage:

the fesd srream separation stee i .configured 1o separatea ﬁézd streain comprisme At
Teast vwo Components mte a first permeate stream and a Arst retemate seam,

the rotertaie separation stmge s configured to divide the first retervate sreaminto 2
second pemmeale sream and a second reteniate stream,

wherein the second permese stream s supplied 1o fhe feed straam. and the secand
retentate siweam is withdrawn gs @ progusl, and
e permeate separation stage is configured 1o divide the first permeate stream e g thizd

retoptate sream and a ihird pemnearte STCAm,
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whersin the third m&zniaﬁ‘: Fweanis suppled to the feed siream, and the third

Z'IIJ”HTP Rotniscri 15 7% r'tnd:am 2s arprodus,

“the apparatus 15 ccmﬁc*ureﬁ notte sub_} ‘t’a” nrsi i::*:rm:“a“n sirean 1o any I“’"BmprESSIC}P
fhe feed stream 'sepmtion sters comprisesa ges separation membrane moddle having 2
mined gas sslectvityof af least 30,

the appasates is configwed such that 8 gesvolumes recveled tn the second permezts

Strearn mdw :*Jn& fhird retertate siresmn 1otals .lﬂs*'thangﬁﬁkqfo by volumeof & crade gas stroam,
ﬁmzmpma’m 5 mnm : 1o mcr:zsz & cam:., '*atmn af a lmas.i ﬁn“ p..rm,am gas ol T.h,.f
-.fs:ﬁ::':mtm ‘BEDETATINE gta:ga, afﬁ‘:r:m@mungﬁ .ﬂnt:s-m punn:ma- STrEaIm an{}-'am’:'fhﬁ *Lmrd

:mmm strezm, i the feed sream, samparel 68 concenration i fhe crude gas sream.

Further objects which are not stated explicitly are
evident from the overall context of +the claims,

description, examples and figures which follow.

It has now been found that, surprisingly, the apparatus
according to claim 1 or one of the claims dependent
thereon can afford pure streams of permeate and
retentate without reguiring more than one Ccompressor or
any need to purify the permeate or retentate stream
further by other methods. The inventive apparatus thus
enables simultaneous  achievement o©of permeate and
retentate streams in high purity. The capital costs for
the plant ars low; it does not need any additiomnazal
downstream purification processes. It was thus possible
to achieve the stated objects with a pure membrane

separation process.

The present claims therefore provide the apparatus and
process claimed in claims 1 to 12 and 13 to 18
respectively, and defined in detall in the description,
examples and figure 11 which follow.

The present disclosure is described in detazil

hereinafter. First, some important terms are dafined.

The guotient of the permeances of the individual gases

gives the selectivity of the membrane for separation
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with regard tc the two gases, and thﬁs states how well
the membrane can separate a gas mixture with regard to
the two components. Permeate refers to the overall
stream obtained on the low-pressure side o¢f the
menbrane, membrane module or membrans separatlon step.
Permeate gas refers in each case to the component(s)
enriched in each case in the permeate stream relative
to the respective input stream at the membrane, at the
membrane module or in the membrane separation step.
Retentate refers to the entire stream which is obtained
onn the high-pressure side of the membrane, membrane
modules or membrane separation step and does not pass
through the membrane.

Retentate gas refers to the component(s) enriched in
each case in the retentate stream relative to the
respective input stream at the membrane, at the

membrane module or in the membrane separation step.

Crude gas or crude gag mixtura or crude gas stream (17)
referg to a gas mixture of at least two gases or a
gtream of this gas mixture which is to be separated by
means of the process according to the invention or the

inventive apparatus.

Feaed stream (5) refers to a gas gtream which is
supplied to the feed stream separation stage (1). This
stream, for the performance of the process, may
correspond to the crude gas stream (17) or to the crude
gas stream compressed by a compressor, After recycling
of the second permeate gstream (2) or of the third
retentate stream (10), the feed stream (5} 1s compcsed
of the gases of the crude gas stream (17}, of the
second permeate stream {(9) and of the third retentate
gtream (10). The feed gtream (5) can be produced either
by mixing streams (9) and {10) both with  the
uncompressed crude gas stream (17), or mixing both with
the compregssed crude gas stream or mixing one with the

uncompressed crude gas stream and one with the
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compressed crude gags stream, or by mixing streams (9)
and/ocr (L0) with the crude gas stream (17) in the
compresscor. Combinations of the wariants described

above are algo encompassed by the present invention.

Feed stream separabtion stage (1) refers to a menbrane
geparation stage for separation of the feed stream (5)

into a first permeate stream (6) and a first retentate
stream (7).

Retentate separation stage (2} refers to a membrans
separation stage, which may be of identical or
different construction to the feed stream separation
stage (1), for separation of the first retentate stream
(7) intoc a second permeate stream (9) and a second
retentate stream (8).

Permeate separation stage (3) refers t£o a membrane
separation stage, which may be of identical or
different construction to the feed stream separation
stage (1) and retentate separation stage (2), for
separation of the {irst permeate stream (6) 1into a

third permeate stream (11) and a third retentate stream
(10).

The descriptions which follow of preferred and specific
enbodiments of the process according to the invention
and the preferred and particularly suitable executlions
and the drawings and descriptions of the drawings
illustrate the invention in detail merely by way of
example, which means that 1t is not restricted to these
execution and use examples or to the regpective
combinations of features within individual execution
examples.

Individual features which are specified and/or
described in connection with specific execution

examples are not restricted to these execution examples
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or the combination with the other features of these
executlon examples; instead, they can be combined,
within the range of technical possibilities, with any
other variants, even 1f they are not discussed
specifically in the present documents.

Tdentical reference symbols in the individual £igures
and diagrams of the drawings refer to identical or
gsimilar or identically or similarly acting components.
The diagrams in the drawing also make clear those
features which are not provided with reference
numerals, irrespective of whether gsuch featuregs are
described hereinafter or not. On the other hand,
features which are included in the present description
but are not visible or repregented in the drawing are
algco immediately understandable to a person skilled in
the art.

The inventive apparatug (gsee, for example, figure 11 )
comprises a chain of three membrane separation stages.
Each stage consists of one or more physical gas
gseparation modules, which are connected in parallel
and/or in series within one stage. The driving force
produced for the gas separation in the modules is a
partial pressure differential between the retentate
gide and the permeate side in the respective membrane
separation stages. The partial pressure differential
can be generated either by means of a compressor (4]}
arranged on the feed side of the feed stream separation
stage {1) and/or by means of at least one, preferably
one or two, vacuum pump{s) (not shown in fig. 11),
preferably in the second permeate stream (9) on the
permeate gide of the retentate separation stage (2)
and/or in the third permeatse stream {11} on the
permeate side permeate separation stage (3). It may
optionally be advantageous, 1in one or more of the
membranse separaticn stages, to gdgenerate o©or to enhance
the partial pressure difference by means of a permeate-

gide purge gas stream.
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In a preferred configuration of the present invention,
a compressor {4) brings the c¢rude gas mixture or the
gas mixture of the crude gas stream (17) and the second
permeate stream (9) and/or the third ratentate stream
(10) to the desgired pressure in the range from 5 o
160 bar, but preferably to a pressure of % to 75 bar.
The resulting feed stream (5} 1s introduced into the
feed stream separation stage (1). In the feed stream
geparation stage (1), a preseparation of the crude gas
mixture into more easily permeating components
(permeate gas), which pass mainly intc the permeate of
the first stage, and components which permeate Iess
quickly {retentate gas), which are predominantly
retained by the membrane and are enriched in the
retentate, 1s obtained.

The process according to the invention or the inventive
apparatus is notable in that it is configured such that

the concentration of at least one permeate gas of the

feed gtream 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 by at least 2%, more preferably by at
leazst 3% and most preferably by 3 to 40%, in each case
compared to the concentration in the crude gas stream
{17). The increase may depend on the composition of the
crude gag stream {17) and is particularly marked in the
case of low concentrations of a permeate gas (10 to
20%). In general, the increase in concentration of one
0of the permeate gases 1s between 2 and 15%, more
preferably betwesen 3 and 8%, when the content of the
permeate gas in the crude gas stream {(17) is between 30
and 70%. This is because the inventors have found that
the vield of retentate gas 1in the overall process
increases and hence the loss of retentate gas decreases
when the concentration of the permeate gas in the feed

stream separation stage {1) 1s increased. At the same
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cut in the separation stage (=ratio of permeate stream
to feed stream in the stage in question), much less
permezte gas passes 1into the permeate c¢f the Ifeed
stream separation stage (1) when the concentration of
at least one component A which permeates relatively
easily in the feed stream separation stage (1) or of a
permeate gas {A) 1s increased in feed stream (5).
Analogously, a lowering was found whean the
concentration of component A or of a permeate gas A in
the feed stream {5) to be purified 1is reduced. For
instance, the cut in the separation stage for a
concentration of 50% of a component A or of a permeate
gas A 1in the feed stream {5) to be purified is between
10 and 60%, preferably between 15 and 53% and more
preferably between 20 and 50%. In a particularly
preferred embodiment of the present Iinvention, the
process according to the invention or the inventive
apparatus is therefore configured such that the content
of permeate gas(eg) of the feed stream separation stage
(1) in feed stream (5) 1s greater than or equal to 40%
by volume, preferably more than 50% by volume and very
particularly more than 55% by volume, Dbased on the
volume of the feed stream (%), after recycling of the
second permeate stream (9) and of the third retentate
stream (10).

This increase in concentration of the permeate gases in
the feed stream (%), as already explained, increases
the efficiency of the feed stream separation stage (1),
which i1n turn has the result that less retentate gas B
passes into the first permeate stream (6). This in turn
increases the efficlency of the permeate separation
stage (2) and ensures that less unwanted retentate gas
passes into the third permeate stream (10) here foo.
Especially in the case o0f separation of methane-
containing crude gases, thisg leads to the advantage
that the unwanted emissions of methane, which 1is

harmful to the climate, were reduced significantly.
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In general, it can be =stated that, in the feed strean
separation stage (1), praferably 20 to 100%, more
preferably 40 to 70%, of component A or of a permeate
gas A are transferred from the feed stream (5) to the
permeate. '

The retentate of the feed stream separation stage (1),
opticnally with pressure reduction by an optionally
pregsent pressure-reducing valve {12y, or with a
pregsure increasze, is supplied by means of the first
retentate stream (7) to the retentate separation stage
(2) in which the fine purification is effected. On the
retentate gide of the retentate separation stage (2},
i.e. in the second retentate stream (8), there is
preferably a pressure-reducing valve (13), by means of
which the pressure in the gystem can be maintained and
kept  constant. The content of the less easily
permeating components or of a retentate gas B is
increased further in the retentate sgeparation stage
{2y, such that the content of component B or of a
retentate gas B in the second retentate stream (8) 1s
more than 90%, preferably more than 95% and more
preferably more than 97%. In a particularly preferred
variant, the process according to the invention or the
inventive apparatus 1g thus notable in that at least
95%, preferably at least %97%, more preferably at least
99% and most preferably at least 99.5% of the retentate
component of the feed stream separation stage (1) which
has been introduced into the apparatus with the crude

gas stream {17) is discharged via the zecond retentate
stream (8).

The cut in the separation stage of retentate separation
stage (2), at a concentration of component A or of a
permeate gas A of 50% in the first retentate stream

(7Y, is Dbetween 10 and 60%, preferably betwesen 20 and
50%.
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The permeate of the retentate separaticn stage (2} is
recycled by means of the second permeate stream (92,
supplied to the feed stream (3) and reprocessed. This
can, ag already explained above in the definition of
the term "feed stream", be effected in different ways
according to whether a compressor (4) or even a
multistage compressor {4) is used. In the case of a
one-stage compressor (4), the second permeate stream
(9) is preferably supplied to the sucticn side of the
compressor (4) {see fig. i1). If a multistage
compressor 1s used, 1t is preferable that the second
permeate stream (9} is introduced into the compressor

between two compression stages.

The permeate of the feed stream separation stage (1)
which has been greatly enriched with component A or a
permeate gas A 1is supplied by means of the first
permeate stream (6) to the permeate separation stage
(3). If necessary, it. is possible by means of a
pressure-reducing valve (14) in the retentate stream of
the permeate separation stage (3), i1.e. the third
retentate stream {10), to prevent the pressure of the
permeate of the feed stream separation stage (1) from
declining to ambient pressgsure (see fig. 11). In this
way, the driving force for the permeate sgeparation
stage (3) can be maintained. The permeate gseparation
stage (3} produces a permeate with a content of
component B oxr of a retentate gas B o©of greater than

¢5%, preferably greater than 9%7% and more  preferably

greater than 98%, which 1s discharged £fzxrom the
apparatus via the third permeate gtream ({11). In a
particularly  preferred embodiment, the inventive

apparatus is configured such that not more than 5%,
preferably not more than 3%, more preferably not more
than 1% and most preferably not more than 0.5% of the
retentate component of the feed stream separation stage

{1) introduced intc the apparatus with the crude gas
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stream (17} is discharged via the third permeate stream
(11) .

The cut 1in the separation stage of the permeate
separation stage (3) is between 50 and 95%, preferably
between 70 and 93%.

The third retentate stream (10) 1is recycled, supplied
toc the feed stream (5) and reprocessed. This can, as
already explained above, be.effected in different ways
and may depend, for example, on whether a compressor
(4} or even a multistage compressor (4) is used. In the
case of a one-gstage compressor (4), the third retentate
stream (10) 1s preferably supplied to the suction side
of the compressor (4} (see fig. 11). If a multistage
compressor is used, it i1g preferable that the third
retentate stream (10) is introduced into the compressor
between two compression stages. In a preferred
embodiment the retentate of the permeate separation
gstage (3) is recycled without total decompression into
an elevated compression stage of the compressor (4)
and/or the permeate of the second stage is recycled

into an elevated compression stage of the compressor

(4).
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The process according to the invention or the inventive
apparatus is notable particularly in that 1t is
configured such that the gas volume recycled in the
second permeate stream (9) and in the third retentate
gstream (10) totals less than 60% by volume, preferably
10 to 50% by wvolume, most preferably 20 to 40% by
volume, of the volume of the crude gas gtream (17). The
contrel of the amount ©f the retentate gas streams to
be recycled can be controlled, for example, through
gselection o©f the respective membrane modules in the
membrane separation stages (1) to (3) or by the
pressures in the system or by the flows. The process
according to the invention or the apparatus is thus
nctable in that, in spite of very low return streams,
the increase in the concentration of the permeate
component in the feed stream (5), which has been
explained in detail above, i1s ensured. This distinctly

increases the efficiency of the overall process.
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The first permeate stream (6} 1s preferably conducted
such that the feed pressure of the permeate sgeparation
stage (3), preferably by means of a pressure-reducing
valve (14) on the retentate side o¢f the permeate
gseparation stage (3), 1is  Dbetween 1 and 30 bar,
preferably between 2 and 20 bar and more preferably 3
and 10 bar.

Ag already explained, it i1s particularly advantageous
when a multistage compressor {(4) 1s wused. This is
because it 1s possible in this case to dispense with a
complete decompression cof the retentate of the permeate
geparation stage (3}, =since the retentate o0f the
permeate separation stage (3) can be fed in between two

compressoy stages of the compressor (4).

Since the retentate separation stage (2), in the case
of decompression to feed pressure, would generally he
cperated in the selectivity-limited range, it may be
advisable to decompress the sgecond permeate stream (9)
meyrely to a higher pressure level of a multistage
pressure-increasing unit, i.e. of a multistage
compressor (4), since this reduces the operating costs
for the compression unit without distinctly worsening
the separation outcome. In a particularly preferred
embodiment of the present invention, therefore, a
multistage compressor {4) is used and the gas streams
(9) and (10) are supplied to this compressor in each

cagse between Lwo compresgion stages.

As already mentioned, the inventive apparatus may
comprise one or more pressure-reducing wvalves (12},
(13} or (14). In a preferred embodiment, preferably by
means of a pressure-reducing valve (14), it is ensured
that the pressure drop over the feed stream separation
stage (1) 1s restricted to 1 and 30 bar, preferably



10

15

20

25

30

WO 2012/000727 - 16 - PCT/EP2011/058636

between 2 and 20 bar and moreg preferably between 3 and
10 bar. Simultansously or alternatively, preferably by
means of a presgssure-reducing wvalve (13), it 1s ensured
that the pressure drop over the feed stream separation
stage (1) and the retentate separation stage (2}, is
restricted to 1 and 100 bar, preferabhly between 5 and
80 bar and more preferably between 10 and 70 bar.

The inventive apparatus or the process according to the
invention can in principle be implemented with all
membranes which are capable of separating binary gas
mixtures or multigas mixtures. The membrane materials
used are preferably but not exclusively polymers.

Useful polymers in the separation-active laver are more

preferably polvimides, polyamides, polysulfones,
celiuleose acetates and derivatives, polyphenylene
oxides, polysiloxanes,’ polymers with intrinsic
microporosity, mixed wmatrix membranes, facilitated

transport membranes, polyvethylene oxides, polypropylene
oxides, carbon membranes or zeolltes, or mixtures
thereof.

Particularly preferred membranes comprise, as materials
for the separation-active layer or as a material for

the complete membrane, & polyimide of the general

- formula

N--~—R——Tw

R is selected from the group consisting of
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Cl

!

My Chy
’ ! | CHE @
HaC CHy . CHe

#x,y: mol fraction where 0 < x < 0.5 and
1 >v > 0.5,

Such membranes are cbtainable from Evonik Fibres GmbH
under the Polyimid P84 and Polyimid P84 HT names. A
process for producing these preferred membranes is
digcleosed in WO 2011/009919 Al. All membranes disclosed
in this publication can be used with preference in the
Process according to the invention. To avoid
straightforward repetition, reference 1is hereby made
completely to the content of this patent application.
It has been found that these membranesg can achieve the
best separation outcomes.

The membranes are preferably used in the form of hollow
fiber membranes and/or flat membranes. The membranes
are assenmbled into modules, which are then used in the
separation task. The modules used may be all gas
geparation modules known in the prior art, for example
but net @ exclugively hollow fiber gas separation
modules, spiral-wound gas separation modules, cushion

gas separation modules or tube bundle gas separation
modules.

according to the invention, the gas separation membrane
modules have a mixed gas selectivity of components A
and B (= ratic of stream A to stream B through the
membrane) of at least 30, preferably at least 35, more
preferably at least 40, even more preferably of at
least 45 and especially preferably of at least 45 to
80. Membranes of higher sgelectivity have the advantage
that the separation becomes more effective and less

permeate has £o be recycled from retentate separation
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stage (2), or less retentate from permeate separation
stage (3). Thus, especially in the case of use o0of a
one-stage compressor (4), it 1s necessary to compress

less gas twice, which entails economic advantages in
the operation of the plant. In the case o0of very
selective membrane modules having a selectivity of 45,
only approx. 35% of the gasg introduced into the feed
stream separation stage (1} as crude gas need be
compressed twice; with a membrane module having a
selectivity of only 10, it may be the case that the
double compression 1s up to 300%. The figures of 35%
and 300% are based on experiments in which & gas
mixture with eguimolar amounts of components A and B (=
feed) was applied, with 98.5% component B present in
the retentate gas o©of gtages (2) and 29% of component B
in the permeate strzam of stage {(3).

It 1z evident that the inventive operation can be
conducted in a much more economically wviable manner
with more selective membranes, and the necessary gize

of the compressor and the energy regquired can be
raduced.

The process according to the invention / the inventive
apparatus has the particular advantages that it is =a
pure membrane process and does not need any additional
purification of the permeate and/or retantate streams
{11y or (8) for many applications. For example, in the
case of purification of Dbiogas or natural gas (=
removal of carbon dioxide £from methane}, there 1s no
longer any need for a pressure swing adsorption or
amine scrubbing for fine purification of the retentate,

and so it can be fed into the natural gas grid.

In &addition, with the process according to the
invention / the inventive apparatus, it i1s possible at
the same time to produce a pure retentate stream (8)

and a pure permeate stream (11) in the bilogas and
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natural gas purification. It can therefore be released
into the atmosphere without any great lossegs of methane
and without any great impairment of the environment,
without any need for further treatment of the gas by a
catalytic postcombustion or utilization in a combined
heat and power plant. There is therefore no need for
investment in further plant parts, which leads to a
more economically wviable purification process for

biogas and natural gas.

4  further advantage 1is congsidered to be that the
process according te the invention / the inventive
apparatus needs a much lower level o¢f apparatus
complexity and energy expenditure than the known prior
art processes.

Especially through the combination of the inventive
features of mixed gas selectivity, control of the
amount of the retentate streams recvceled and increase
in the permesate component in the feed stream (5), an
apparatus or a process much superior te the prior art
processes can pe provided.

The inventive apparatus or the procegs according to the
invention can esgspecially be used for separation of gas
mixtures comprising at least two gases, the gas mixture
separated most preferably being a mixture of
predominantly but not exclusively carbon dioxide and
methane or predominantly but not exclusively hydrogen
and methane or predominantly but not exclusively carbon
monoxide and hydrogen or crude biogas or crude natural
gas.

The examples which follow are intended to illustrate
and describe the present invention in detail, but do
not restrict it in any way.
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In the examples which follow, i1t was shown that,
according to inventive connection arrangement of the
modules and application of particular pressures, 1t was
possible to simultaneously produce methane with a
purity of more than 96% and carbon dioxide with a
purity of mere than 97% from a mixture of carbon

dioxide and methane in a ratio of 50 to 50.

Comparative example 1: Separation of a mixture of
methane and carbon dioxide with a mixing ratio of 50 to

50 with a moderately selective polyimide membrane

The fig. 11 shown connection arrangement was used. Each
stage consisted of a hollow fiber membrane module
consisting of  hollow polyimide fibers from UBE
(NM BO1 & type). 1.78 m®/h of a crude gas mixture of 50%
methane and 50% carbon dioxide, which corresponds
approximately tc a gas mixture of biogas, is introduced
into a mixing chamber {(not shown in fig. 11) and then
compressed to 25 bar together with recycled gas
composed of gas streams (%) and {(10). The gas which has
been compressed and cooled to 20°C is applied to the
feed stream separation stage (1). The retentate of the
feed stream separation stage (1) is subseguently passed
via the first retentate stream (7) to the retentate
separation stage {2). A reducing wvelve {(13) on the
retentate side of the retentate separation stage (2} 1is
set to 18.2 bara and thus determines the driving force

through the membrane of membrane separation stages (1)

and (2). The retentate o¢f the retentate separation
stage (2) has & content of 098.5% methane and 1.5%
carbon dioxide. 0.895 m’/h  of thiz mixture leaves
retentate separation stage {2). The permeate of

retentate separation stage {2} has a wvolume flow rate
of 0.743 ©’/h with a methane content of 34.5% and a
carbon dioxide content of 65.5%, and i1s recycled via
the second permeate stream (9) into the mixing chamber
and compressed again by the compressor (4}.



20

25

30

35

WO 2012/000727 - 21 - PCT/EP2011/058636

The permeate of the feed stream separation stage (1)
has a volume flow rate of 1.67 m'/h with a carbon
dicxide content of 91.0% and a methane content of 9.0%,
and is passed via the first permeate stream (6) as feed
inte the permeate geparation stage (3). The pressure
drop over the membrane of gstage (1)'does not extend to
amblent pressure, but is limited to 4.2 bara by a
reducing wvalve {14} on the retentate side of the
permeate separation stage (3). This gives a third
permeate stream (11) from permeate geparation stage (3)
of 0.885 m’/h with a composition of 99.0% carbon dioxide
and only 1.0% methane. The third retentate stream (10)
from the permeate separation stage (3) is 0.801 m° /h
with a composition of 17.9% methane and 82.1% carbon
dioxide and 1s recycled into the mixing chamber and
compressed again. The sum of recycled gas streamé (93
and (10) is therefore 1.544 m’/h or 86.7% based on the
amount of gas to be separated supplied. Pure product
streams are obtained with a relatively high double
compression rate. The membranes used exhibit a moderate

mixed gas selectivity Ifor carbon dioxide over methane
of 20.

Example 1: Separation of a mixture of methane and
carbon dioxide with a mixing ratio of 50 to 50 with a
highly selective polyimide membrane

The fig. 11 ghown connection arrvangement was used. Each
stage consisted of a hollow fiber membrane module
consisting of highly selective hollow polyimide £ibers
with a separation area of about 5 m’ per module. These
hollow polyimide fibers were produced according to
example 19 of Austrian patent application All64/2009,
except working with a precipitation bath temperaturé of
40°C rather than 10°C. 1 m®/h of a crude gas mixture of
50% methane and 50% carbon dioxide, which corresponds
approximately to a gas mixture of biogas, 1s introduced

into a mixing chamber and then compressed to 25 bar
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together with recycled gas composed ¢f gas streams (9)
and {(10). The gas which has been compressed and cooled
to 20°C is applied to the feed stream separation stage
(1). The retentate of this stage 1is passed via the
first retentate stream (7) to the retentate separation
stage (2). A reducing wvalve (13) on the retentate side
of the retentate geparation stage (2) 1s sget to
18.4 bara and thusg determines the driving force through
the membrane of membrane separation stages {1} and (2}.
The retentate of the retentate szeparation stage (2) has
a content of 98.5% methane and 1.5% carbon dioxide.
0.503 m’/h of this mixture leaves retentate separation
stage {(2). The permeate of retentate separation stage
(2) has a volume flow rate of 0.262 m’/h with a methane
content of 24.6% and a carbon diocxide content of 75.4%,
and is recycled via the second permeate stream (%) into
the mixing chamber and compressed agailn by the
compressor {(4).

The permeate of the feed sgstream sesparation stage (1)
has a volume flow rate of 0.547 m’/h with a carbon
dioxide content of 92.4% and a methane content of 7.6%,
and is passed via the first permeate stream (6) as feed
into the permeate geparation stage (3). The pressure
drop over the membrane of stage (1) does not extend to
ambient pressure, but iz limited to 5.0 bara by a
reducing wvalve (14) on the retentate side of the
permeate separation stage (3). This gives a third
permeate stream (11) from permeate separation stage (3)
of 0.497 m’/h with a composition of 99.0% carbon dioxide
and only 1.0% methane. The third retentate stream (10)
from the permeate separation stage {3) is 0.050 m*/h.
The sum of recycled gas streams (92} and (10) is
therefore 0.312 m°/h or 31.2% based on the amount of gas
to be separated supplied. Pure product streams are
obtained with a moderate double compression rate. The
membranes used exhibit a high mixed gas selectivity for
carbon dioxide over methane of 45. The high selectivity

of 45 compared to 20 in the comparative example



10

20

25

30

35

WO 2012/000727 - 23 - PCT/EP2011/058636

therefore enables a more economically favorable process
by a lower recompression of 31.2% rather than 86.7%.

Example 2: Separation o¢f a mixture of methane and
carbon dioxide with a mixing ratio of 50 to 50 with a
highly selective polyimide membrane with a methane

content in the parmeate stream of lesg than 0.5%

In order to satisfy wvarious legislators, it i1s
necessary to minimize the methane logs into the
atmosphere. The fig. 11 shown connection arrangement
was used to lower the concentration of methane in the
third permeate stream (11) to below 0.3% by volume.
Fach stage consisted of a hollow fiber membrane module
consisting of  Thighly selective polvimide with a
2 per module. These hollow
polyimide fibers were produced according to example 19
of Austrian patent application Al164/2008, except
working with a precipitaticn bath temperature of 40°C

rather than 10°C. 1 m*/h of a crude gas mixture of 50%

separation area of about 5 m

methane and 50% carbon dioxide, which corresponds
approximately to a gas mixture of biogas, i1s introduced
into a mixing chamber and then compregssed to 25 har
together with recycled gas composed_of gas streams (9)
and (10). The gas which has been compressed and cooled
to 20°C is applied to the feed stream separation stage
(1). The retentate of this stage is passed via the
first retentate stream (7) to the retentate separation
stage (2)}. A reducing valve (13) on the retentate side
of  the retentate separation stage (2) 1s set to
18.1 bara and thus determines the driving force through
the membrane of membrane separation stages (1} and (2).
The retentate of the retentate separation stage (2} has
a content of 98.5% methane and 1.5% carbon dioxide.
0.505 m°/h of this mixtures leaves retentate separation
stage (2). The permeate of retentate separation stage
{2} has a volume flow rate of 0.244 m’/h with a methane

content of 26.1% and a carbon dioxide content of 73.9%,
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and is recycled via the second permeate stream (9) into
the mixing chamber and compressed again by the
compressor (4).

The permeate of the feed sgtream separation stage (1)
has a volume flow rate of 0.607 m’°/h with a carbon
dioxide content of 93.1% and a methane content of 6.9%,
and is passed via the first permeate stream (6) as feed
into the permesate sgeparation stage (3). The pregsure
drop over the membrane of stage (1)} does not extend to
ambient pressure, but i1s limited to 4.4 bara by a
reducing wvalve {14) on the retentate side o¢f the
permeate geparation stage {3). This gives a third
permeate stream (11) from permeate separation stage (3)
of 0.495 m’/h with a composition of $9.5% carbon dioxide
and only 0.5% methane. The third retentate stream (10)
from the permeate geparation stage (3) ig 0.112 m’/h and
has a composition of 35% methane and 65% carbon dioxide
and is recycled into the mixing chamber and compressed
again. The gum of recycled streamz (%) and (10) is
therefore 0.356 m*/h or 35.6% based on the amount of gas
to be separated supplied. Pure product streams are
obtained with a moderate double compression rate. The
membranes used exhilkit a high mixed gas selectivity for
carbon dioxide over methane of 45.

Example 3: Separation of a mixture of methane and
carbon dioxide with a mixing ratio of 50 to 50 with a
highly selective polyimide membrane with a methane
content in the permeate stream of less than 0.5% with

the aid of a vacuum pump for the permeate of stage 2

In order to satisfy wvarious Jlegisliators, it iLs
necegsary to minimize the methane loss into the
atmesphere. The fig. 11 shown connection arrangement,
supplemented with a vacuum pump not shown in fig. 11,
was used to lower the concentration of methane in the
third permeate stream (11} to below (.5% by volume.

Each stage consisted of a hollow fiber membrane module
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consisting of highly selective hollow polyimide fibers
with a separation area of about 5 m° per module. These
hollow polyimide fibers were produced according to
example 19 of Austrian patent appiication AL1164/2009,
except working with a precipitation bath temperature of
40°C rather than 10°C. 1 m*/h of a crude gas mixture of
50% methane and 50% carbon dioxide, which corresponds
approximately to a gags nixture of biogas, is introduced
inte a mixing chamber and then compressed to 25 bar
together with recycled gas composed of gas streams (9)
and (10). The ges which has been compressed and cocoled
to 20°C is applied to the feed stream separation stage
(1}. The retentate of this stage is passed wvia the
first retentate stream (7) to the retentate separation
stage (2). A reducing valve (13) on the retentate side
of the retentate separation stage (2} is set Lo
14.5 bara and thus determines the driving force through
the membrane of membrane separation stages (1) and (2).
The retentate ©of the retentate separation stage (2) has
a content of 98.5% methane and 1.5% carbon dioxide.
0.505 m°/h of this mixture leaves retentate separation
stage {(2). The permeate of retentate separation stage
{2) has a pressure of 0.2 bara, established by a vacuum
pump, and has a volume flow rate of 0.371 m’/h with a
methane content of 13.3% and a carbon dioxide content
of 86.7%. The gas stream is recycled from the pressure
side of the vacuum pump via the second permeate stream
{9) inte the mixing chamber and compressed again by the
compressor (4},

The permeate of the feed stream separation stage (l)
has a volume flow rate of 0.542 m’/h with a carbon
dioxide content of 94.8% and a methane content of 5.2%,
and is passed via the first permeste stream {(5) as feed
into the permeate separation stage (3)., The pressure
drop over the memwbrane of stage (1) does not extend to
ambient pressure, bDbut is limited to 4.4 bara by a
reducing valve (14) on the retentate side of the

permeate sgeparation stage (3). This gives a third
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permeate stream (11) from permeate separation stage (3)
of 0.495 m’/h with a composition of 99.5% carbon dioxide
and only 0.5% methane. The third retentate stream (10}
from the permeate separation stage {3) is 0.047 m’/h and
has a composition of 54.9% methane and 45.1% carbon
dioxide and 1lg recycled intc the mixing chamber and
compregssed again. The sum of recycled streams (9) and
(10) is therefore 0.417 m°/h or 41.7% based on the
amount ©of gas to be sgeparated supplied. Pure product
streams are cbtalined with a moderate double compression
rate. The mnmembranes usged exhibit a high mixed gas
selectivity for carbon dioxide over methane of 45. In
contrast to the above example 2, less pressure is
required ({(14.5 bar rather than 18.1 bar = 80.1% of the
pressure), and only 6.1% more double compression, which

leads to a saving in compression work.

Example 4: Separation of a mixture of methane and
carbon dioxide with a mixing ratic of 50 to 50 with a
highly selective polyimide membrane with a methane
content in the permeate stream of less than 0.5% with
the aid of a wvacuum pump for the permeate of stage 2
and improved retentate purity

In order to satisfy various legislators, it  is
necessary to minimize the methane loss into  the
atmosphere.

The fig. 11 shown connection arrangement, supplemented
with a vacuum pump not shown in fig. 11, was used to
increase the concentration of methane in the second
retentate stream (8). The wvacuum improves the pressure
ratio in the retentate separation stage (2) by reducing
the pressure in the sgecond permeate stream (9), such
that the driving force is increased and higher purities
can be achieved in the second retentate stream (8).

Fach stage consisted of a with a separation area of
about 5 m®* per module. These hollow polyimide fibers
were produced according to example 19 of Austrian
patent application AL1164/2009, except working with =a
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precipitation bath temperature of 40°C rather than
10°C. 1 m’/h of a crude gas mixture of 50% methane and
50% carbon dioxide, which corresponds approximately to
a gas mixture of bilogas, is introduced into a mixing
chamber and then compressed to 25 bar together with
recyclied gas composed of gag streams (9) and (10). The
gas which has been compressed and cooled to 20°C is
applied to the feed stream separation stage (1). The
retentate of this stage is passed wvia the first
retentate stream (7} to the retentate separation stage
{2). A reducing valve {13) on the retentate side of the
retentate separation stage (2) is set to 18.1 bara and
thus determines the driving force through the membrane
of membrane separation stages (1) and (2. The
retentate of the retentate separation stage (2) has a
content of 99.7% methane and 0.3% carbon dioxide.
0.499 m’/h of this mixture leaves retentate separation
stage (2). The permeate of retentate separation stage
{2} has a pressure of 0.2 bara, established by a vacuun
pump, and has a volume flow rate of 0.258 m®/h with a
methane content of 25.8% and a carbon dioxide content
of 74.2%. The gas stream is recycled from the pressure
side of the vacuum pump via the second permeate stream
(9) into the mixing chamber and compressed again by the
compressor (4).

The permeate ©of the feed stream separation stage (1)
has a volume flow rate of 0.608 m°/h with a carbon
dioxide content of %3.2% and a methane content of 6.8%,
and 1s passed via the first permeate stream (6) as feed
into the permeate separation stage (3). The pressure
drop over the membrane of stage (1) does not extend to
amblent pressure, but i1s limited to 4.4 bara by a
reducing valve ({14) on the retentate side of the
permeate separation stage (3). This gives a third
permeate stream (11} from permeate separation stage (3)
of 0.501 m’/h with a composition of 99.5% carbon dioxide
and only 0.5% methans. The third retentate stream {10)
from the permeate separation stage (3) is 0.107 m°/h and
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has a composition of 36.2% methane and 63.8% carbon
dioxide and is recycled into the mixing chamber and
compreszed again. The sum o0f recycled streams (9} and
(10) is therefore 0.366 m’/h or 36.6% based on the
amount o©f gas to bhe separated supplied. Pure product
streams are obtained with a moderate double compression
rate. The membraneg used exhibit a high mixed gas
selectivity for carbon dioxide over methane of 4L, In
contrast to the above example 3, use of a vacuum pump
on the permeate side of the retentate separation stage
(2) gives a much cleaner retentate with the same
compressor output (99.7% methane rather than 28.5%).
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figures:

Fig.

1:

[ 831
ae

Influence of the pressure ratio and of the

selectivity on the separation ocutcome

One-stage membrane separation stage without

recycling

One-stage membrane separation stage with

recycling

Two-stage maembrane separation stage with

recomprassion and recvcling

Staged arrangement for retentate and permeate
with recompression and recycling in the
second retentate stage upstream of the first
retentate stage

Staged arrangement for retentate and permeate
with recompression and recycling in the
second retentate stage upstream of the second
retentate stage

Staged arrangement for permeate with

recompresgion

Staged arrangement for retentate with
permeate recycling from the sscond stage and
staged arrangement for permeate with
recompression '

Staged arrangement for retentate wit

permeate recycling f£rom thes second stags

Connection arrangement with internal staged

arrangement for permsate
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Fig. 11: ZIllustrative connection arrangement of
several membrane modules according to

invention

- List of reference numerals:

Feed stream separation stage
Retentate separation stage
Permeate separation stage 3

Cne-stage or multistage compressor

i

2

3

4

5: Feed stream
6: First permeate stream

7: First retentate stream

8: Seccond retentate stream

9: SBecond permeate stream

10: Third retentate stream

11: Third permeate stream

12: Optional pressure-reducing wvalve 1n the
retentate stream 7

13: Optiomal pressure-reducing walve in the
retentate stream 8

14: Optional pressure-reducing valve in the

retentate gtream 10

First

second

rhird
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15:
16:
i7:

Vacuum pump (not reproduced in the figures)

Mixing chamber (not reproduced in the figures)
Crude gas stream
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CURRENT CL AIMS

Claim 1. An apparatos for separaiing gases, comprising: membrane separation stages;
4 COmMPressor, & VaCRun pumnp, of both,
wherein the membrane separation stages comprise & feed siream separation stage, a
retertate separation stage, and a permeate separation siage:
the feed stream separation stage is configured 1o separate a feed stream éﬁm;}risi,ng &t
fzast two components:ino a £irst permeate q:raam and a {irst retentate siream,
the retoptate separation slage is confipured 1o divide the first retentate stream into @
2 0nd perzﬁﬁate strearn and 2 second retentate stream,
wherzif
the second permeate stream is supplied to the feed stream, and the second
relemtate giream s withdreen as & product, and
the permeate separation stage 1s configured to divigie the fivst permeate stz*aém.im-xo 2 thod
reteritare stream and.a third pem.eaté strean,
wherein
ihe third refentate stream 15 supplied 1o the feed stream, and the fhird
permente siraam is withdrawn as 2 profuct,
{he apparatus is confipured not 1o subject the first perrpeate stream 1o any T6COMpPression,
the feed stream separation slage COMpRSes & gus separaiion membrane moduls having a
mixed gas selectivity of gi least 30,
the apparatus is configured such thata gas voluroe recyveled in the second permeate

strestn-and 1n the third retemtate stresm twials less than 60% by volume of a crode gas stream,
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the apparatus is configured 1o Increase & concentration of at least one permeate gas of the
eed stream separation stage, afier recyeling of the second permeate stream and of the third

retentate sirearn, in the feed stream, compared 10 2 conceptration m the crude gas siream.

Claim 2: The-apparatus of claim 1,
wherein
the apparatus isconfigured 1o pass the second permeate stream and the thivd retentae

sweam along 2 suclion side-of the-compressor.

Claim 3: The apparatus of claim 1, compriging:

& multistaye Compressor as a COmpressar.

labm 4 The apparatos of claim 3, wierein theapparatas 1s configured o Imtroduce the
second permeate stream, the third relentate sweam, or both nto the compressor berween two

cempression stages.

Claim % The spparatas-of clasm 1, whersin the apparatis is configured to pass at least
one selected from the growp consisting of the fivst retentate stream, the second retentate stream,

und the fhird reteataie stream through g pressure-reducing valve.

Claim 6; The apparates of claim 1, wherein the gas separationmenrbrane module o at

teagt one of the membrane sepanation stages has a mixed gas-selectivity of ai lzast 35,



Claim 7: The apparatusof claim 1, wherein at lzast one of the membrane separation
stages comprises:mere than one gas separation mentbrane module, wherein the modules are

connecied n parallel, in series, or in parallel and in series.
Claim &: The apparates of claim 1, wherein at least ope of the membrane separation
stages Comprises &,gas separation membrane module comprising 2 hollow fibermembrane, a flat

membirane, o both

- Cleim S The apparatus-of clane 1, wherein a sepavation-acive:laverof a membrane

comprises amaterial that 18 an amorphous orsemicrystalline polymer.

Chairs 10: The processof claim 135, wherein the masteris] is o polyimide of formuta

whersin

each B & independently selected from the group consistimg of




35

x and v are mel fractons,

O<x <03, and

Clatm 11: The apparatus of claim 1, wherein the apparatus 1s 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 apparatus of claim 1, wherein the apparatus 1s configured to discharge not
more than 5% of e retentate component of the feed stream separation stage imtroduced dnte the

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

Claim 13: A process for separating a gas mixiure siream COMprising

se:p-;émti-ug the gas mixture with an apparatas comprising:

membrane separation stages; and

A COMpPTesser, & vacuum pump, or botl,

wherein the membrane separation stages comprise s fzed stream separation stage, 2
retemtate separation siage, and a permeste separaton siage:

the feed stream separation siage 18 configured to separate the gas mipdiure siream 100 &
first permeate stream and a first retentaice streans,

the Toleniate separation sage is configured to divide the first retentate stream into a

id L

szeond permeate Stream and 2 second rewentale sream.



wihierein the second permeate stream 1s suppiied o the cas zﬁix.tma streamn, and the
second Tetentate stream s withdrawn asa product, and the permeate separation siage 1s
csgﬁ cured to divide e first permeate streamn intw e third retentate stream and a thixd
permeate strearn,
wherein the third refentate sirzam is supphied to the gas mixture stream, and the
third penmeate streem s withdrawn 25 o produost,
the apparawus is configured not 1o subjectthe frst permeste stream to any recompression,
the feed stream scparation stage Comprises & gas separation membrane module having a
mixed gassslectvity of at Jeast 30,
the apparatus 1sconfigerad such that & gas volume recycledan the second permeats
stream and in the third retentate steam totals less-than 60% by.'v:)mmfs of acrude gas stre:m
the apparatus is.configured to incresss a concentragon of at jeast une permneate gas of the
feed stroany separation stage. afier recyelingof the second pE‘I’n"Iﬁatﬁ‘StJﬁﬁm: and of the fhard
relentate stream, i the-feed stream, compared 1o & concentrationdn the crufe gas-stream, and
wherein the third permeate stream comprises mare than 93 vol% of aretentate gas of the
feed streamn separation stage in the gas mixture stream, snd the second retentate system
somprises more than 95 vol%-of a permeste gas of the feed stream separation stage 1o the gas

TIXTUrE SUream.

Clatm 14: The process of claim 13, -wherein
the crude gas Stream . coOmprises:
at leest one of

a crudebingas and
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a crude natural gas,

Clairn 15: The process of claim 13, whersin the separating comprises adjusiing a
pressure on 2 permeste side of the feed stream scparation stage with a pressure-reducing valve on

a retemiaie side of the permeate separation stage, t© from | to 30 bar,

Claim 16: The processof claim 13, wherein the sepurating comprises adjusting a
pressurs of the first and second retentate stream witha pressurs-reducing valve w the sscond

retentute stream, tofrom 1 1o Y00 bar,

Claim 17: The process-ofclamm 13, wherein a-friving force-is a partial pressure
-differential betwesn a rﬁmnta =.5ide and @ permeats side m fhe respective mom “«mc: SELUTEL O
STEgCS,

wherein the panial pressure differential .i‘s.:ge:nemmd'ﬁby at jeastone sclected from the
group consisting of a compressor in the feed stream, a vacumm pump in the second pertneate

stream, & vacuum pemp 1o the third permeate strean, and 0 permeste-side purge gas sirean.

Claim 18: The process of clanm 17, wherein a pressure of the permeate side of the fee
stream separation slage s greater than or equal to an ambient pressure,
the driving force comprises the ambient pressure or 2 reduce pressare gt the permeste side

of the permesate separation stage.
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Claim 19: The apparatus of claim 1. wherzin the matenal s af least one selected from the
group consising of a polyimide, & polvamide, a polysulfone, a cellujose acetate, & cellulose
acetate derivative, a p@l}:‘ph{znylaﬁs oxide, a polysiloxane, a polvmer with an intrinsic
microporosity, 2 mixed matrix membrane, a faciiitated Tansport membrane, a polyethylene

oxide, and & polypropylene oxades.

Claims 20n The process of claim 14, wherein the crude gas mixture consists essentially of
carbon dioxide and methane.
Claim 21: Theprocess of claim 13, wherein the third permeste stream comprises miore

then %7 vol% ofthe carbon digxide in the gas mixture streanm.

Claim 22 The process of claim 13, wherein the second retentate stream comprises more
than 97 val% of the methane inthe gos mistwre stream.
‘Claim 23: The process of claim 13, wherein the-crude gas stream comprises carbon

teside and methans.

Claim 24: The process of élatms 13, wherein the crude pas stream comprises hydroeen

and methane,

Claam 25 The process of claim 13, wherein the crude gas stream comprises carbon

monazxide and hydrogen.
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Claim 26: The process of claim 13, wherein the apparatus is configured 1o pass the

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

Clgim 28: The process of claun 13, wherein the apparatis 1 confirured 1o introduce the
second permedte stream, the third retentste stream, or both into the muliistage compressor

berween two compression stages.

Claim 29: The process of claim 13, whersin the apparates is configured 1o pass at least
one selected from the group consisting of the first retertate strearn, the second reientate stream,
and the third retentate stream through a pressure-reducing vatve.

+

Claim 3t The process of claim 13, wherein the gas separstion membrans medule n st

3

leasi one of the membwane separation stapes having aumixed gaswselectivity for carbon dioxide

=

and mothane of at least 335,

Claim 31: The process of claim 13, wherein at leasi one of the membrane separaiion
stapes comprises more thap one pas separation mesnbrane module, wherein the modulss are

connecied in parallel, in sertes, or In parallel and in series.
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Claim 32: The process of clatm 13, wherein at Jeast one of the membrane separation
stages comprises a gas separation membrane module comprising a hollow fiber membrane, a flat

emibrane, or both,

Claim 33; The process of claim 13, whereln a separation-actve layer of a membrane

comprises a mgierial that is an amorphouns or semicrysialline polymer,

{laim 34: A process for separatinga gas mixnre stream comprising methane and carbon
dioxide, comprising
separating the ges mixture with an apparatus comprising:
membrang separaiion stayges,-and,
‘2 COMPressor, & vacuum pump, or both,
whersin the membrane separation stages cornprise & feed stresm separation slage, a
relentate separation stage, and & penmeate separalion stage:
the feed suweam separation swge is configured 10 separate & feed stream comprising at
least two components o a first permeate stream and & Drst refeniate stream,
the-retentale separation stage is configured vo divide the first retentate sream into 2
second permeate streamuand a second retentate stream,
wiherein the second permeste siream 18 supplied 1o the feed stream, and the secont
retentate stream is withdrawn es-a product, and
the pernmeate separation stage 1s configured 10 divide the first permeate stream into-2 third

retentate sweam and & tird permearte strearn,
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whersin the third retentate Stream-is supphied to the f:-_:gd si’rt:’am.? and the third

_Epf':nﬁc_ate stream is W'xtbdra#m 5 2 product, |

the :aﬁpammg is ,canﬁgﬁé:cd not te s;ubjsci'ﬁg first -pame&tﬁ stream to any racﬁmp;assi@n_,

.1‘:1.5_ feed stream sepazation .st%ge COMPIIses @ gas s&émﬁmn membrans ..médu.}e having a
mixed gas seiact‘i*@rity é‘f at .isést 34,

_ ' t}daap‘;:xgr;ﬂms iz configured such that &' gas vohone -_‘remyci?ed in the second permeats

strearn and in Lheﬁuré ﬁgmnt_até streamtotals kfss_rt'haz{ 60% by volumeof & crade ges stream,

: %hé-.a?pamt;s is cam'lgmaﬁ 10 i-incmasé 3%-5@&&2@?1@ of at least one pm:mﬁaté gas of ths
.fé&-di:::‘sﬁféani"S&pi_l‘i‘aﬁgﬁ :Sté.g'&: afier racvmmg m’“’ %hé-éa‘cﬁanﬁ. pemaammaam aid df*f‘he- ‘t}m{i

retentate stream, in the feed stream, compared o8 concentration in the.crude. gas stream.

o Ci;nm 35 The process of clsim 34, Wh&rﬁih‘ﬂ’lﬁ'matﬁriaﬁr‘i&ﬁi-fiﬁasf—Gnﬂf-iﬁlﬁﬁa‘:@ From the
group consising of a polyimide, a p&hamldta a.pé}ﬁsﬂfezzﬁ, a ‘cﬁﬁ:ﬁimsfe ;a:csrtat&ﬁ a éﬁiﬁniﬂs& ..
acetate &erivativei a pé]ﬁfﬁhﬁ:ﬁyieﬁ& -Q}d&cz;a,-pcz«lysﬂm;an& apa}}mar wzthan zm:rmsxc '
-'micmpmz‘ositj;; 2 mixed mia mermbiane, @ fac’iiim’mﬁﬁ:rangpmrt m.ambrm, a:pm’}yﬁthylﬁné

-oxide, and a-palypropylene oxide,

Claim 35 The processof claim 35; wherein the material is & potyimide of formula

- - o gy



wherein each R 'is in&épéhﬁmﬂy selected from the group consisting .of

TH

% and 5 are mol fractions,
D<x<{.5 and

C1myEas

‘Claim 37: The processeof claim 34, whersin the crude gas stream comprises at least one

gas ﬁmr selecied fromfh ‘; z:}up c’ﬁhs‘tsiiﬁgf of:
«carborn doxide and ‘mathang;
hydroger and metkiane;

cabor morioxide and hydroger:

sorude biogas; and

& crude natral gas.

Cisim 38: “The-proceds:of claim 34, wherdin fhé crude gos streah consisis sssertially of
at least-one gas pairseiected from the proup consisting-oft

carbon diogxide and ..meihaﬁg;

hydrogen and methane;

carbon menoxide and hvdrogen;

a:crude bleges;-and
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a crude natural gas,

Claim 39: The process of claim 34, wherein the third permeate stream comprises less
than 3 wvol. % of the retentate gas compared to the amount of said retentate pas oniginally
introduced into the process with crude gas soreamn and that the second retentate strearn comprises
miore Than 95 vel. %e-of the retemtate gas of the feed stream separation stage compared to the

ameurt of said retertate gas originally introduced into the process with the crude gag stream.

Claim 40: The process of claim 39, wherein adﬁving force is & partial pressure
differential between a retentate side and @ permeate side inthe respecuvemembrane separation
stages, and.

wherein the partal pressure differential is gencrated by at least one selected from the
group consisting of & compresser m the feed stream, o vacman pamp i the-second permieate

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

Claim 41 The process of clalm 39, wherein a pressure of the permeate side of the fee
strearn separation stage is greater than or squal to an ambient.pressure,
{he driving force comprises the ambient pregsure or a reduce pressure atthe permeate side

of the permeste seprration stage,
T g

Claim 42 The process of claim 39, whersin the material Is at least one selecied from the
eroup-eonsisting of 8 polyimide, o polvamide, a polvsulione, a cellulose acerate, a cellulose

acetate-derivative, a polyphenyiene oxtide, npolysilonane. a polvmer with an mirinsic
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micToporesity, a mixed matrix membrang, & facilitzted transport membrane, 2 polvethylene

oxide, and & polypropylene oxide.

Claim 43: The process of claim 34, whereln the separating compriszs adjusting a
pressure of the first and scoond retentate stream with s pressure-reducimg valve in the second

retentare sireen, io from 1 to 100 bar,

Claim 44: The process of claim 34, whersin the separating comprises adjusting a
pressure on @ permeate side of the feed stream separation siege with 2 pressure-reducing valve on

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

Claim £3: The process of claim 34, whersin the gas separation membrane moduie in at

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

Claim 46 The process of ¢laim 34, wherein the gz separation membrane module n gt

least ome of the membrane separation slages has a mixed gas selectivity of af least 43

Claim 47, The process of claim 34, wherein the apparaius comprises. al leas! one gas
geparation membrane moduls comprising holiow polyirmde fibers having o separation area of
Teryin S
abont 5o
Ciazim 48 The process of claim 34, whereinihe apparams is configured o pass e

seoond permeare steam and the third retentate stream along = suetion side of the compressor.



Claim 49 The process of claim 34, wherein the compressor is 2 multistage compressor.

Clatm 5300 The process of claim 34, wherein the apparatus is configured o introduce the
2 Y g
second penmeate streams, the third retentate stream, o7 both mie the multisiage compressar

between two compression stages,

Claim 51: The process of claim 34, whersm the apparatos 15 confioured o pass gt least
one sslecied from the group-consisting of the first retentate siream, the second retentate stream,

and ‘the third retentate sweam through a pressure-recducing vabve,

Claim 32 The process.of claim 34, whersin & least-one of the membrane separafion
stages comprises more than one gas separation membrans module, wherein the modules-are

connested in parallel, in series, orin parallel and in series.

Claim 23 The process of claim 34, wherein &t least one of the mentbrane separation
zages comprises a pas scparation menybrane module comprising a hollow fiber mermbrane, o flat
membrane, or both.

Claim 34 The process of claim 39, wherpin e separation-aeiive laver of 8 membrane

comprises a marerial that is an amorphous or semicrystatling polvmer.

Clatm 25: The process of claim 39, wherein the marerial 1s & pobvimide of formula
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wherem

each B is independently selected from the-group-consisting of

x andv argmwol fractions,

@ << 0.5, and

Tey Q5

Clatin 56: Theapparates:of ¢laim 1, whiercir the second retentate $tream cOmprises more

fhan 97 vol¥%% of fhe mesthane inthe gas mixture sream.

Clgim 57 The-gpparatuseof cldim 1, wherein the apparatus comprises at least one gas

sepasation snembrane module baving & gas setecivity for methane and carbon dioade of at Jeast

11

4
3
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Claim 58: The apparatus of claim 1, wherein the apparatus comprises 2t least one gas
separation membrane module comprising hollow polyirmde fibers having a separation area of

ahout Sm’.



