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In the | ast couple of-years, nenbrane separations have received
considerable interest. Their applications have broadened consi derably
and nenbranes are now used in a great variety of industries. In today's
paper, | would like to briefly | ook at how nmenbranes work, review the
characteristics of nmenbrane systens that make them desirable for certain
applications, and then | ook at applications for gas separation
menbranes--in particular, the CO-nethane separation as applied in the
natural gas related industries.

Sem - per neabl e menbranes have been used for many years but primarily in
liquid applications such as reverse osnosis for desalination of water
and ultrafiltration for recovery of dyes in the textile industry and
cheese whey in the dairy industry. Mre recently, semn -perneable

menbr anes have found comrercial application in the separation of gases.
Monsanto is largely responsible for the comrercial success of gas
separati on nmenbranes. They used these nenbranes for recovery of hydrogen
in their own amoni a plants for several years before introducing the
product to industry. O her suppliers of gas separation nmenbranes include
Separex, Envirogenics, and Dow.

Menbranes al so have application in the natural gas supply industry, but
before we | ook further into the applications and |inmtations of

menbr anes, let's exam ne just what nenbranes are and how they work.
Basically, menbranes are thin films of any one of a nunber of polyners
whi ch are specially prepared and suitable for a particular application.
Comrercially avail abl e gas separati on nenbranes are of two types:

pol ysul fone and cel |l ul ose acet at e.

Menbranes in use today for gas separations are "asynmetric nmenbranes”;
that is, the menbranes are prepared so that the actual working
surface--the barrier that the conmpounds nust pass through--is a thin

| ayer bel ow which a thicker, porous support substrate lies (Fig. 1). A
coating may be added to the surface of the nmenbrane so that both the
applied surface and the thin, active portion of the polymer act as the
resi stance to the conpounds passi ng through. The polynmers formng the
menbrane may be manufactured in either flat-sheet or hollowfiber form
In the case of the hollow fiber, many parallel hollow fibers are
packaged together in a manner anal ogous to a sheet-and-tube heat



exchanger (Fig. 2). Fast components in the high-pressure gases passing
by the hollow fibers have the opportunity to pass through the surface
and into the core. The hollow fibers are all potted in a seal at the end
of the vessel, so that only gases passing through the nmenbrane and
travelling through the hollow core may exit at the one end. The

hi gh- pressure gases not passing through the nenbrane surface exit at the
opposite end of the vessel.

In order to increase packing density, flat-sheet nenbranes are produced
in spiral -wound nodul es. The polynmer is cast on a support cloth to form
the fl atsheet nenbranes. Then two nmenbrane sheets are pl aced
back-to-back with a spacer material in between (Fig. 3). The spacer

mat eri al provides channels in which gases passing through the nmenbrane
may travel, anal ogous to the core in the hollowfiber type. The two
menbr ane sheets are seal ed al ong three edges, meking a sandw ch (Fig.

4). The sandwi ch is then attached to a product tube. Gases which
perneate through the nmenbrane are thereby routed to the product tube.
The product tube is then tw sted. The nenbrane sheets spiral upon

t hensel ves and produce a spiral -wound el enment (Fig. 5). Spacers are also
used between the menbrane sandwi ches so that the feed gas may pass
through the elenment in contact with the nmenbrane surface. The elenent is
wrapped with fiberglass to give it structural integrity.

The net result for either hollowfiber or spiral-wound nodules is a
smal | package containing a |large surface area of nmenbrane. O the four
gas nenbrane systens available, two are hollowfiber type and two are
spi ral - wound.

Hol | owfi ber nodules tend to be installed vertically to prevent the
fibers fromsagging in the mddle and allowi ng feed gas to bypass the
menbr anes.

Spi ral -wound menbrane systens tend to be oriented horizontally for ease
of installation and replacenment of nenbrane el enents.

Menbranes have a different resistance to different conpounds, and
therefore different conpounds will travel through the menbrane at
different rates. The driving force is the difference in partial pressure
for the conpound from one side of the nenbrane to the other.

The controlling equation states that the quantity of perneate of a
conmponent i passing through a nenbrane is equal to the perneation rate
for the conponent times the area of nenbrane available tinmes the
difference in partial pressure fromone side of the nenbrane to the
other for that component. The perneation rate for conponent i, R, is a
function of the polynmer being used and the thickness of polyner through
whi ch the specie nust pass

Po=R (ppi - ppi') A
P = Perneate
R = Rate of component i

ppi = partial pressure component i, high.-pressure side
ppi' = partial pressure conponent i, |ow pressure side
A = Area

Separations are possible because different conponents have different
perneation rates.



Since the partial pressure is constantly changing as gas travels from
one end of the menbrane to the other due to the selective renoval of the
faster species fromthe feed gas, this equation is applied to small

i ncrements of area producing a small increnent of permeate and then
integrated over the entire area avail abl e.

Pi= ] A py = Ryleny - pmy) A

The driving force is greatly dimnished as the partial pressure is
reduced, and the anount of perneate produced for the sanme snall

i ncrement of area is nuch |less than when the partial pressure is high
Wth a feed gas at 500 psia and a CO, perneate at 50 psia, it takes

al nost ten times as nmuch menbrane area to all ow one mol e/ hour of CO to
pass at 10% CO, in the feed as it does at 70% CO, in the feed.

On the other hand, the partial pressure and therefore driving force of
the slow gas is increasing as the fast gas is renoved. At |ow
concentration of fast gas not only is nore nenbrane area required, but
the | oss of other conmponents becones significant.

This points up the very significant characteristic of nmenbrane systens,
and that is their viability as a gas separation process is extrenely
hi gh at high concentrations of fast gases but dimnishes rapidly with
the concentration of fast gas to where nenbranes are not the process of
choi ce under normal circunstances at very | ow concentration of fast
gases.

To overcone the potential |oss of desired product, nmenbranes may be used
for bulk renoval followed by a nore conventional process. Staging of
menbranes i s al so possi bl e.

Usi ng t he CO,- et hane separation as an exanple (Fig. 6), a gas with high
concentration of CO, is processed in the first stage of menbranes unti
the CO, concentration is reduced to some nom nal |evel--usually 15 to
20% The CO, produced as the | owpressure perneate is relatively pure.

The hydrocarbon gas still containing 15-20% CO, is fed to a second stage
of menbranes where the desired low level OF CO, is achi eved. The
perneate fromthis stage contains considerable nethane but is still rich

in CO (50-80% CQO,). This perneate is conpressed and recycled to the
first stage of nmenbranes to recover the nmethane and reject the CO.

Si nce conpression costs are related to pressure ratio rather than
pressure difference, it is advantageous to produce the | ow pressure
perneate at some internediate pressure (usually between 50 and 100
psia). For the same reason perneate fromthe first stage of menbranes
will also be produced at an intermediate pressure if the CO, is to be
conpressed for further use.

The econonics of a second stage of menbrane processing with conpression
shoul d be eval uat ed agai nst nore conventi onal process alternatives.

Characteristics

Now let's | ook at sone of the characteristics of nenbrane systens. They
are sinple. They do not have a great deal of associated hardware; there
are no noving parts, and this is usually an advant age.




They are nodular in nature. That is, there is no significant econony of
scale, so they will tend to be nore attractive when processing | ower
flow rates than larger flow rates. (Mst conventional technol ogies do
realize an econony of scale.)

Agreat deal of nenbrane area is typically packaged in a small vol une.
Therefore, the entire nmenbrane plant usually requires | ess space than
conventional processing.

Because nenbranes are sinple and have no noving parts, start-up and
operation of a menbrane facility is rather straightforward.

Menbranes are expensive; therefore, care nust be taken in the design,
start-up and operation, to protect nmenmbranes from contamnm nants, which
woul d have a deleterious effect on the |life of the nmenbrane surface.

Aswe have seen, the separation carried out by menbranes is not absol ute.
Whil e some gases will pass through a nenbrane surface nore rapidly than
others, there is always sone associ ated "l eakage." Therefore, very pure
conpositions are not economcally or practically attained. Menbranes are
nmost effective at bul k renpval of fast gases. Care nust be taken in the
application of menbrane technol ogy to include conbi nati ons of nenbrane
and ot her technol ogies to provide best overall econon cs.

There are differences in the characteristics of nenbranes avail abl e and
these may cone into play in the selection and design of the overal
process. Cellul ose acetate nenbranes enjoy higher selectivity between
CO, and net hane than pol ysul fone; therefore, a cleaner separation is
possi ble. In other words, the nethane recovery will be higher. However,
pol ysul fone enjoys a distinct tenperature advantage in that the

pol ysul f one nenbrane nay be operated at close to 200°F.

This is particularly inportant when treating associ ated gases with heavy
hydr ocar bon content.

In order to avoid condensati on of heavi er hydrocarbons or natural gas
liquids during CO, renpval, it is normally necessary to pretreat the gas
before the nenbrane separation. In the case of cellul ose acetate

menbr anes, the gas may be chilled to condense out the heavier

hydr ocar bons and then warned back up before feeding to the nenbrane
unit. Another option is to heat the gas up directly so that the

hydr ocar bon dew point is not reached even after CO, renoval. The probl em
with this approach is the tenperature limtation of the nenbrane. Wth
pol ysul fone operated at the higher tenperature, the second approach is
possi bl e and advantageous. It is possible to take gas directly fromthe
conpressor discharge and feed it to the nenbrane separation. The higher
tenperature also allows nore CO, gas to perneate the menbrane since the
perneation rate is a function of tenperature; therefore, |ess nmenbrane
area will be required.



Appl i cati ons

"Fast gases" will perneate the sane nenbrane nore readily than "sl ow
gases"” with an equal driving force (Fig. 7). Hydrogen, helium and water
vapor are considered very fast gases. That is, they will travel through

t he nmenbrane much nore rapidly than other gases. Mdderately fast gases
include the acid gases, carbon dioxide and hydrogen sulfide. Sl ow gases
which tend to remain behind and not perneate the nenbrane include the

al i phatic hydrocarbons, nitrogen, and argon. It is, therefore, not
surprising that the first applications of these gas separation nenbranes
have been the recovery of hydrogen, a fast gas, from purge streans in

t he production of anmoni a which contain nitrogen and argon, slow gases;
and in refinery applications where hydrogen is recovered from

hydr ocar bon streans.

On the surface, it would appear that dehydrati on woul d be anot her
excel l ent application for nenbranes. However, nost dehydration
applications require water concentration remaining in the high-pressure
gas to be quite low. Therefore, there is little driving force (parti al
pressure of water) and consi derabl e slippage of other components cannot
be econonically avoi ded. The use of menbranes for noderate dehydration,
foll owed by other conventional techniques, is certainly a possibility
and dehydration concurrent with another separation may be taken

advant age of. Al so, where the | oss of other conponents is an acceptable
expense and the space savings afforded by nmenmbranes is an advant age,
menbranes may find use in dehydration.

One area which is an attractive potential nmarket for nenbranes and of
special interest to the gas industry is separation of acid gases from
hydr ocar bon streanms, specifically the separation O CO, from net hane.

Let's look at some of the applications for this separation.

Certain type gas and oil wells are suitable for increased production by
fracturing. In the fracturing process high-pressure fluids are injected
into the well reservoir to swell and fracture the formati on. Next, a
slurry of sand is fed into the well to fill the fracture. This fornms a
hi ghly porous channel for gas and oil to flow to production wells.
Recently, carbon di oxi de has found use as the pressurizing fluid for gas
and oil well fractures.

Fracture treatments using CO, are boosting production fromtight oil and
gas sands in North Louisiana, South Arkansas and East Texas. The

i ncrease in production, after fracs, has averaged 6 tines for oil wells
and 3-4 times for gas wells. The payout tine for a CO, frac project

aver ages one-and-a-half nonths. The associ ated gas i nmedi ately foll ow ng
CO, fracture necessarily contains |arge concentrations of carbon

di oxi de. The concentration di m nishes rather rapidly so, for exanple, in
one project the initial CO, concentration one day after the fracture was
50 to 70% CO,. Wthin a week the concentration O CO, had reduced to
approxi mately 10% and nore slowy thereafter until reaching |evels
suitable for pipeline transm ssion.

Menbranes are excellent for treating these associ ated gases because of
their nodul ar nature and portability. Immediately following a CO frac,
menbr anes may be used to renove CO, from net hane in the associ ated gas
and as the CO, content cones back down, the nenbranes may be renoved and



used el sewhere. Separex reports at |east two portable nenbrane systens
are in use for this application and one of these has already been used
at three sites. The CO, has sone nethane in it and is typically burned
for fuel or flared.

One of the newer sources of nethane gas cones fromlandfill and al so

di gester gas. Both these gases are approxi mately 50% carbon di oxi de and
50% net hane. This high CO, concentration and | ow vol une of gas | ends
itself well to nenmbrane processing. In fact, Mnsanto reports one pl ant
has al ready been sold in Al abama. This plant treats 100, 000 SCFD and
upgrades the gas from 600 BTU SCF to 960 BTU SCF. Ot her |andfill and

di gester gas applications are being considered.

Sonmetinmes gas will be produced which is not acceptable for pipeline
transm ssion, but if the CO, concentration can be reduced slightly the
gas can be blended with other sources and neet specifications.

Let's | ook at the case where 2 MMSCFD of gas containing 8% CO, nust be
treated to at | east 6% CO,. A small amine plant could be used to treat a
portion of the gas.

In this case, about 375,000 BTU H would be required for the
regeneration of the amne. This represents 10 MSCFD of net hane product
if methane is used to supply the heat. This would be a very small plant.

Alternately nenbranes can be used.

As the material balance in Fig. 8 shows, the CO, rich streamw ||

contain 60% nmet hane and will have a heating val ue of approximtely 3
MVMBTU Hr. This stream contains 70 MSCFD net hane but may be used as | oca
fuel, in which case there would be no energy penalty for the process. In
any case, the sinplicity and nodul ar nature are advantageous for
smal | -scal e applications such as this.

The | argest potential application for gas separati on nenbranes today is
in the processing of gases associated with CO, m scible flood for
enhanced oil production.

Once the easy oil has been renoved and secondary increnental oil has
been rempoved through recovery techni ques such as water fl ooding,
tertiary nethods may be used to aid in the recovery of oil still in

pl ace. Carbon dioxide injection is one of the nost w dely accepted forns
for tertiary oil recovery.

Figure 9 shows how the viscosity of the oil underground is reduced
dramatically with carbon di oxide. The top curve represents the viscosity
of oil as it exists in a typical California reservoir. The | ower curve
represents the sanme oil once it has been saturated with carbon di oxide.
You will note the viscosity at the reservoir pressure has been reduced
by a factor of alnpbst 10. Once the viscosity has been reduced the oi

can flow nmuch nore readily through the formation to the production well.

Use of carbon di oxi de has been eval uated for enhanced oil recovery by
nmost of the major oil companies. Confidence in the ability of COto
enhance oil recovery has matured to where several major oil conpanies 2
are enbarki ng on | arge projects.



Three major pipelines are in place to supply COto EOR projects in \West
Texas (Fig. 10). The SACROC project receives |00-200 MMSCFD of CO, by

pi peline from several natural gas-treating plants. The Sheep Muntain

pi pel i ne owned by ARCO, Anerada Hess, and Exxon is capable of delivering
500 MMSCFD of CO, fromnaturally occurring CO, wells in Col orado and New
Mexi co. The nost recently conpl eted pipeline, the CORTEZ pi peline, owned
by Shell, Mbil and Continental Resources, w |l deliver 650 MVSCFD to
1.0 MUWSCFD OF CO, from New Mexico to West Texas, and AMOCO recently
announced their conmmtment to construct their own CO, pipeline from New
Mexico into West Texas. The CO, fromthis pipeline will be used for
several AMOCO ECR projects under way.

Here in California, Long Beach Q| Devel opnment Conpany is using CO, for
an immscible flood at the WIm ngton field in Los Angel es County.

El even to thirteen MVSCFD of vent gas froma nearby refinery

hydr ogenati on unit containing 82% CGO, i s used.

Champlin Petroleum has started a $20 m|lion expansion of its CO, flood
at the Wlmngton field. CO,is purchased froma nearby ARCO refinery and
they are currently negotiating for additional CO, from other conpanies.

The evidence is clear CO, injection for enhanced oil recovery is a
reality today.

The gases associated with this stinulation technique vary greatly in
conposition and volume over the life of the project.

In many instances, existing gas processing facilities for acid gas
removal and NGL recovery are avail able but incapable of handling the
i ncreased vol unme and high CO, concentration.

The carbon di oxi de concentration in the associ ated gases can increase to
| evel s as high as 90 percent in as short a period as 6 nonths, although
carbon di oxi de breakthrough within 3 to 5 years is nore likely. This

means the gas processor will have-to contend wi th gases containing 80-90
percent carbon dioxide and 5 to 10 tines the volune of gas in the space
of 2 to 3 years! This rise in gas volune will have a profound effect on

gas gathering and treatnent.

As we have seen, nenbranes are excellent for renoving carbon dioxide
from nmet hane at the high concentration levels. Al so, due to their
nmodul ar nature, nmenbranes can be added, as required, as the CO
concentration rises. The CO, can be produced at internediate pressure to
reduce conpression costs for reinjection. Therefore, menbranes can be
effectively used for bulk renoval O CO, so that the renmmining gas can
be processed in existing equipnent. In fact, this option is already
bei ng chosen by several CO, fl ood operators.

Uni on Texas Petrol eum has begun injection in Texas with 10 MMSCFD of CG,
purchased fromthe Sheep Mountain pipeline. They will be using Mnsanto
menbranes for CO, renmoval fromthe associated gas upstream of an

exi sting am ne unit and cryogenic NG recovery facility.



SACROC is the only large comrercial -scale CO, flood project with a
significant history. This CO, flood project has been in operation since
1972. After pilot testing nenbranes for over one year at the project,
plans to install two holl ow fiber menbrane plants were announced. These
two units are owned and operated by CYNARA, a Dow subsidiary. The units
handl e 50 MVSCFD and 20 MMSCFD of associ ated gas containing 40 to 70%
CO,. Menbranes are used for bulk removal OF CO, upstream of the hot

pot assi um car bonate units. The CO, product fromthe menbranes is
reinjected into the field. Start-up of these units was conpleted early
this year.

The use of nenbranes for gas separations is relatively new. In
particular, this is so for the CO, nmethane separation. W have | ooked at
the characteristics of menbranes and how they operate. It is evident

that for the separation of bulk quantities OF CO, from hydrocarbon gases
contai ning high concentrations of CO, nenbranes have a definite place.
We have reviewed several of the comrercial applications today: CO wel
fracture, landfill and di gester gas upgradi ng, and processing associ ated
gas from CO, fl oods for enhanced oil recovery. The experiences gai ned
fromthese initial applications of nmenmbranes are bound to encourage

wi despread use in other areas as well, particularly in those areas where
they uniquely fit, such as where space is a problem where the nodul ar
aspects allow portability in phasing in and out of menbranes, and in the
ease of separation when very high concentrations O CO, are present.

Today we have | ooked at how menbranes work, what they can and cannot do,
where they show an obvi ous advantage, and where they should be
considered. It is essential to keep an open mnd to see where nenbranes
can fit an overall processing scheme. This is so not only in retrofits,
but also in new grass-roots facilities as well.
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FIGURE 3

MEMBRANE SANDWICH
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FIGURE 4

MEMBRANE SANDWICH ATTACHED TO PRODUCT TUBE
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FIGURE 5

SPIRAL WOUND MEMBRANE ELEMENT
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FIGURE 6
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FIGURE 7

HIERARCHY OF PERMEATION RATES
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FIGURE 9

EFFECT OF CO2 ON OIL VISCOSITY
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