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METHOD OF SEPARATING A GAS USING fluid can provide enhanced flux of a component desired to be 
AT LEAST ONE MEMBRANE IN CONTACT separated through the membrane . In some embodiments , by 

WITH AN ORGANOSILICON FLUID using a nonporous membrane , less leakage of a sweep liquid 
occurs , and less clogging of the membrane can occur , as 

CROSS REFERENCE TO RELATED 5 compared to porous or microporous membranes having 
APPLICATIONS pores passing all the way through the membrane . By com 

bining the dense membrane with a sweep fluid including an 
This application is a U . S . national stage filing under 35 organosilicon fluid , various embodiments of the present 

U . S . C . $ 371 of PCT Application No . PCT / US13 / 061625 invention can provide a clog and leak resistant membrane 
filed on 25 Sep . 2013 , currently pending , which claims the 10 system requiring less maintenance and having superior 
benefit of U . S . Provisional Patent Application No . 61 / 705 , separation abilities including greater efficiency and greater 
663 filed 26 Sep . 2012 under 35 U . S . C . $ 119 ( e ) . PCT degree of separation . In some embodiments , by using a 
Application No . PCT / US13 / 061625 and U . S . Provisional dense unsupported membrane with a sweep fluid , the 
Patent Application No . 61 / 705 , 663 are hereby incorporated absence of pores in a porous supports contributes to less 
by reference . 15 fouling and less mass transfer resistance from condensation 

of absorbates in the pores of the support . For example , the 
CLAIM OF PRIORITY method of the present invention can remove a gas from 

various gas mixtures , such as CO , from various gas mix 
This application claims the benefit of priority of U . S . tures , such as CO2 and nitrogen , CO2 and methane , or water 

Patent Application Ser . No . 61 / 705 , 663 , entitled “ METHOD 20 from various gas mixtures , such as water and air , more 
OF SEPARATING A GAS USING AT LEAST ONE MEM efficiently than other processes , for example , using less 
BRANE IN CONTACT WITH AN ORGANOSILICON energy , using less time , or costing less . In embodiments 
FLUID , ” filed on Sep . 26 , 2012 , and of U . S . Patent Appli including separation of water from air , dried air provided by 
cation Ser . No . 61 / 778 , 952 , entitled “ METHOD AND the gas - drying method can be used to dry materials more 
APPARATUS FOR SEPARATING ONE OR MORE COM - 25 efficiently than other methods , including using less energy , 
PONENTS FROM A COMPOSITION , ” filed on Mar . 13 , using less time , or costing less money . 
2013 , each of which applications is incorporated by refer - In various embodiments , the present invention provides a 
ence herein in its entirety . method of removing a gas from a mixture . The method 

The use of membranes to separate gases is an important includes contacting a first side of a first dense silicone 
technique that can be used in many industrial procedures . 30 membrane with a feed mixture . The feed mixture includes at 
Examples can include recovery of hydrogen gas in ammonia least a first gas component . The feed mixture also includes 
synthesis , recovery of hydrogen in petroleum refining , sepa - at least one of and a second gas component and a first liquid 
ration of methane from other components in biogas synthe - component . The method also includes contacting a second 
sis , enrichment of air with oxygen for medical or other side of the membrane with a sweep liquid . The sweep liquid 
purposes , removal of water vapor from natural gas , removal 35 includes an organosilicon fluid . The contacting produces a 
of carbon dioxide ( CO , ) and dihydrogen sulfide ( H , S ) from permeate mixture on the second side of the membrane and 
natural gas , carbon - capture applications such as the removal a retentate mixture on the first side of the membrane . The 
of CO2 from flue gas streams generated by combustion permeate mixture can include all material on the second side 
processes , degassing of liquids , air purification , dehumidi of the membrane , including material that has passed through 
fication of air for HVAC and drying systems , dehydration of 40 the membrane , and material that was already on the second 
liquids , and degassing of liquids . side of the membrane . The permeate mixture is enriched in 

Water needs to be removed on a large scale from many the first gas component . The retentate mixture is depleted in 
varied materials , including gases , solids , and liquids , as part the first gas component . 
of many routine industrial operations . For example , in the In various embodiments , the present invention provides a 
chemical industry , a particular process step may require that 45 method of removing a gas from a liquid . The method 
the moisture content of certain gases be below a certain includes contacting a first side of a first dense silicone 
concentration . In another example , a building may require membrane with a gaseous stream . The method also includes 
dehumidified air in order to keep its occupants comfortable . contacting a second side of the membrane with a liquid 
Corn and other grains , coffee and other foodstuffs , coal , including an organosilicon fluid . The organosilicon fluid 
tobacco , wood , lumber , chemicals , sand , plaster , wastewater 50 includes a first gas component . The contacting produces a 
sludge , gas including air , and paint are all examples of gaseous permeate mixture on the first side of the membrane 
non - gaseous materials from which water is removed or and a retentate organosilicon fluid on the second side of the 
reduced in concentration on a large scale . However , current membrane . The permeate mixture can include all material on 
methods of drying gases , liquids , and solids can be expen the first side of the membrane , including material that has 
sive , time - consuming , inefficient , and inconvenient . 55 passed through the membrane , and material that was already 

on the first side of the membrane . The permeate mixture is 
SUMMARY OF THE INVENTION enriched in the first gas component . The retentate organo 

silicon fluid is depleted in the first gas component . 
The present invention provides a method of removing a In various embodiments , the present invention provides a 

gas from a mixture , such as a gaseous mixture , using a 60 method of removing a gas from a mixture . The method 
membrane with a sweep liquid that includes an organosili - includes contacting a first side of a first dense silicone 
con fluid . The present invention also provides methods of membrane with a feed mixture . The feed mixture includes at 
removing a gas from a liquid , and methods of regenerating least a first gas component . The feed mixture also includes 
and recycling an organosilicon sweep liquid . at least one of a second gas component and a first liquid 

Various embodiments provide certain advantages over 65 component . The method also includes contacting a second 
other separation methods , some of which are surprising and side of the first membrane with a sweep liquid including an 
unexpected . The sweep liquid including an organosilicon organosilicon fluid . The contacting produces a first permeate 
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mixture on the second side of the first membrane and a first The term “ about ” as used herein can allow for a degree of 
retentate mixture on the first side of the first membrane . The variability in a value or range , for example , within 10 % , 
first permeate mixture is enriched in the first gas component within 5 % , or within 1 % of a stated value or of a stated limit 
The first retentate mixture is depleted in the first gas com - of a range . When a range or a list of sequential values is 
ponent . The method also includes contacting a first side of 5 given , unless otherwise specified any value within the range 
a second dense silicone membrane with a gaseous stream or any value between the given sequential values is also 
and contacting a second side of the second membrane with disclosed . The term " substantially ” as used herein refers to 
the first permeate mixture . The contacting produces a second a majority of , or mostly , as in at least about 50 % , 60 % , 70 % , 
permeate mixture on the first side of the second membrane 80 % , 90 % , 95 % , 96 % , 97 % , 98 % , 99 % , 99 . 5 % , 99 . 9 % , 
and a second retentate on the second side of the membrane . 10 99 . 99 % , or at least about 99 . 999 % or more . 

The term “ organic group ” as used herein refers to but is The second permeate mixture is enriched in the first gas not limited to any carbon - containing functional group . component . The second retentate is depleted in the first gas Examples include acyl , cycloalkyl , aryl , aralkyl , heterocy component . The method also includes reperforming the clyl , heteroaryl , or heteroarylalkyl , linear and / or branched contactings of the first and second side of the first membrane 15 groups such as alkyl groups , fully or partially halogen 
using at least some of the second retentate as at least part of substituted haloalkyl groups , alkenyl groups , alkynyl 
the sweep liquid . groups , acrylate and methacrylate functional groups ; and 

other organic functional groups such as ether groups , 
DETAILED DESCRIPTION OF THE cyanate ester groups , ester groups , carboxylate salt groups , 

INVENTION 20 and masked isocyano groups . 
The term " substituted ” as used herein refers to an organic 

Reference will now be made in detail to certain claims of group as defined herein or molecule in which one or more 
the disclosed subject matter . While the disclosed subject bonds to a hydrogen atom contained therein are replaced by 
matter will be described in conjunction with the enumerated one or more bonds to a non - hydrogen atom . The term 
claims , it will be understood that the exemplified subject 25 " functional group " or " substituent ” as used herein refers to 
matter is not intended to limit the claims to the disclosed a group that can be or is substituted onto a molecule , or onto 
subject matter . an organic group . Examples of substituents or functional 

Values expressed in a range format should be interpreted groups include , but are not limited to , any organic group , a 
in a flexible manner to include not only the numerical values halogen ( e . g . , F , C1 , Br , and I ) ; a sulfur atom in groups such 
explicitly recited as the limits of the range , but also to 30 as thiol groups , alkyl and aryl sulfide groups , sulfoxide 
include all the individual numerical values or sub - ranges groups , sulfone groups , sulfonyl groups , and sulfonamide 
encompassed within that range as if each numerical value groups ; a nitrogen atom in groups such as amines , hydroxy 
and sub - range is explicitly recited . For example , a range of lamines , nitriles , nitro groups , N - oxides , hydrazides , azides , 
“ about 0 . 1 % to about 5 % ” or “ about 0 . 1 % to 5 % " should be and enamines ; and other heteroatoms in various other 
interpreted to include not just about 0 . 1 % to about 5 % , but 35 groups . 
also the individual values ( e . g . , 1 % , 2 % , 3 % , and 4 % ) and The term “ alkyl ” as used herein refers to straight chain 
the sub - ranges ( e . g . , 0 . 1 % to 0 . 5 % , 1 . 1 % to 2 . 2 % , 3 . 3 % to and branched alkyl groups and cycloalkyl groups having 
4 . 4 % ) within the indicated range . from 1 to 40 carbon atoms , 1 to about 20 carbon atoms , 1 to 

In this document , the terms “ a , ” “ an , ” or “ the ” are used to 12 carbons or , in some embodiments , from 1 to 8 carbon 
include one or more than one unless the context clearly 40 atoms . Examples of straight chain alkyl groups include those 
dictates otherwise . The term “ or ” is used to refer to a with from 1 to 8 carbon atoms such as methyl , ethyl , 
nonexclusive “ or ” unless otherwise indicated . In addition , it n - propyl , n - butyl , n - pentyl , n - hexyl , n - heptyl , and n - octyl 
is to be understood that the phraseology or terminology groups . Examples of branched alkyl groups include , but are 
employed herein , and not otherwise defined , is for the not limited to , isopropyl , iso - butyl , sec - butyl , t - butyl , neo 
purpose of description only and not of limitation . Any use of 45 pentyl , isopentyl , and 2 , 2 - dimethylpropyl groups . As used 
section headings is intended to aid reading of the document herein , the term “ alkyl ” encompasses n - alkyl , isoalkyl , and 
and is not to be interpreted as limiting ; information that is anteisoalkyl groups as well as other branched chain forms of 
relevant to a section heading may occur within or outside of alkyl . Representative substituted alkyl groups can be sub 
that particular section . Furthermore , all publications , pat stituted one or more times with any of the groups listed 
ents , and patent documents referred to in this document are 50 herein , for example , amino , hydroxy , cyano , carboxy , nitro , 
incorporated by reference herein in their entirety , as though thio , alkoxy , and halogen groups . 
individually incorporated by reference . In the event of The term “ alkenyl ” as used herein refers to straight and 
inconsistent usages between this document and those docu - branched chain and cyclic alkyl groups as defined herein , 
ments so incorporated by reference , the usage in the incor - except that at least one double bond exists between two 
porated reference should be considered supplementary to 55 carbon atoms . Thus , alkenyl groups have from 2 to 40 
that of this document ; for irreconcilable inconsistencies , the carbon atoms , or 2 to about 20 carbon atoms , or 2 to 12 
usage in this document controls . carbons or , in some embodiments , from 2 to 8 carbon atoms . 

In the methods of manufacturing described herein , the Examples include , but are not limited to vinyl , - CH = CH 
steps can be carried out in any order without departing from ( CH3 ) , - CH = C ( CH3 ) 2 , C ( CH3 ) = CH2 , C ( CH2 ) 
the principles of the invention , except when a temporal or 60 - CH ( CH ) , — C ( CH . CH3CH , , cyclohexenyl , cyclo 
operational sequence is explicitly recited . Furthermore , pentenyl , cyclohexadienyl , butadienyl , pentadienyl , and 
specified steps can be carried out concurrently unless hexadienyl among others . 
explicit claim language recites that they be carried out The term “ resin ” as used herein refers to polysiloxane 
separately . For example , a claimed step of doing X and a material of any viscosity that includes at least one siloxane 
claimed step of doing Y can be conducted simultaneously 65 monomer that is bonded via a Si — o — Si bond to three or 
within a single operation , and the resulting process will fall four other siloxane monomers . In one example , the polysi 
within the literal scope of the claimed process . loxane material includes T or Q groups , as defined herein . 
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The term “ radiation ” as used herein refers to energetic The term “ permeability ” as used herein refers to the 
particles travelling through a medium or space . Examples of permeability coefficient ( Px ) of substance X through a 
radiation are visible light , infrared light , microwaves , radio membrane , where Imx = Px * A * Apx * ( 1 / 8 ) , where Imx is the 
waves , very low frequency waves , extremely low frequency volumetric flow rate of substance X through the membrane , 
waves , thermal radiation ( heat ) , and black - body radiation . 5 A is the surface area of one major side of the membrane 

The term " cure ” as used herein refers to exposing to through which substance X flows , Apy is the difference of 
radiation in any form , heating , or allowing to undergo a the partial pressure of substance X across the membrane , and 
physical or chemical reaction that results in hardening or an d is the thickness of the membrane . Pycan also be expressed 
increase in viscosity . as V : 8 / ( A . t : Ap ) , wherein Py is the permeability for a gas X 

The term " dense ” as used herein with regard to mem - 10 in the membrane , V is the volume of gas X which permeates 
branes refers to a liquid material being unable to pass through the membrane , d is the thickness of the membrane , 
through the membrane without making a phase transition to A is the area of the membrane , t is time , Ap is the pressure 
the gas phase . A dense membrane can be substantially difference of the gas X at the retente and permeate side . 
nonporous . The term “ Barrer ” or “ Barrers ” as used herein refers to a 

The term “ pore ” as used herein refers to a depression , slit , 15 unit of permeability , wherein 1 Barrer = 10 - 11 ( cm gas ) cm 
or hole of any size or shape in a solid object . A pore can run cms - ' mmHg - , or 10 - 1° ( cm gas ) cm cm - - s - cm Hg , 
all the way through an object . A pore can intersect other where " cm gas ” represents the quantity of the gas that 
pores . would take up one cubic centimeter at standard temperature 

The term " nonporous ” as used herein with regard to and pressure . 
membranes refers to the membrane having substantially no 20 The term “ total surface area ” as used herein with respect 
pores that form paths that penetrate all the way through the to membranes refers to the total surface area of the side of 
thickness of the membrane from one major side to the other the membrane exposed to the feed gas mixture . 
major side , unless otherwise indicated . The term “ air ” as used herein refers to a mixture of gases 

The term “ free - standing ” or “ unsupported ” as used herein with a composition approximately identical to the native 
refers to a membrane with the majority of the surface area 25 composition of gases taken from the atmosphere , generally 
on each of the two major sides of the membrane not at ground level . In some examples , air is taken from the 
contacting a substrate , whether the substrate is porous or not . ambient surroundings . Air has a composition that includes 
In some embodiments , a membrane that is " free - standing ” approximately 78 % nitrogen , 21 % oxygen , 1 % argon , and 
or " unsupported ” can be 100 % not supported on both major 0 . 04 % carbon dioxide , as well as small amounts of other 
sides . A membrane that is “ free - standing ” or “ unsupported ” 30 gases . 
can be supported at the edges or at the minority ( e . g . , less The term " room temperature ” as used herein refers to 
than about 50 % ) of the surface area on either or both major ambient temperature , which can be , for example , between 
sides of the membrane . about 15° C . and about 28° C . 

The term “ supported ” as used herein refers to a membrane The term " gas ” as used herein includes vapor phase 
with the majority of the surface area on at least one of the 35 materials . 
two major sides contacting a substrate , whether the substrate The term “ absorption ” or “ absorb ” as used herein refers to 
is porous or not . In some embodiments , a membrane that is dissolving or carrying an absorbed component . For example , 
" supported ” can be 100 % supported on at least one side . A a fluid can absorb a gas as at least one of a dissolved gas , and 
membrane that is “ supported ” can be supported at any as bubbles of any suitable size such as to allow transport of 
suitable location at the majority ( e . g . , more than about 50 % ) 40 the gas in the fluid . An absorption process can include any 
of the surface area on either or both major sides of the suitable mechanism , such as chemical interactions ( e . g . , 
membrane . chemisorption ) , physical interactions ( e . g . , physisorption ) , 

The term “ enrich ” as used herein refers to increasing in bulk interactions , surface interactions ( e . g . , adsorption ) , or 
quantity or concentration , such as of a liquid , gas , or solute . combinations thereof . 
For example , a mixture of gases A and B can be enriched in 45 The term “ desorption ” or “ desorb ” as used herein refers to 
gas A if the concentration or quantity of gas A is increased , ejecting an absorbed component . 
for example by selective permeation of gas A through a Method of Gas Separation 
membrane to add gas A to the mixture , or for example by The present invention provides methods of using a mem 
selective permeation of gas B through a membrane to take brane in combination with a fluid that includes an organo 
gas B away from the mixture . When a first gas component 50 silicon fluid . In some embodiments , the fluid is conveyed 
moves across a membrane into a fluid on the other side , the through the permeate side of a membrane to help sweep 
fluid is enriched in the first gas component , and the combi - away some or substantially all of a first gas component that 
nation of the fluid and the gas that permeated the membrane permeates through the membrane into the permeate side , 
can be referred to as the permeate . thus helping maintain a strong driving force for mass 

The term " deplete ” as used herein refers to decreasing in 55 transfer of the first component across the membrane . In 
quantity or concentration , such as of a liquid , gas , or solute . some embodiments , the fluid is conveyed through the feed 
For example , a mixture of gases A and B can be depleted in side of a membrane to help introduce a first gas component 
gas B if the concentration or quantity of gas B is decreased that permeates through the membrane into the permeate 
for example by selective permeation of gas B through a side , thus helping maintain a strong driving force for mass 
membrane to take gas B away from the mixture , or for 60 transfer of the first component across the membrane . 
example by selective permeation of gas A through a mem - In some embodiments , the fluid absorbs a first gas com 
brane to add gas A to the mixture . ponent from a feed gas mixture through the membrane . In 

The term " selectivity ” or “ ideal selectivity ” as used herein other embodiments , the fluid desorbs a first gas component 
refers to the ratio of permeability of the faster permeating into a gas stream through the membrane . In other embodi 
gas over the slower permeating gas , measured at the same 65 ments , the fluid absorbs a first gas component from a feed 
temperature ( assumed to be room temperature unless other gas mixture through a membrane , then desorbs that first gas 
wise specified ) . component through a separate membrane into a separate gas 
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stream , regenerating the fluid . The fluid can then be reused of several gases in the feed gas . The one or more membranes 
for further absorptiveldesorptive cycles . An embodiment can be selectively permeable to all but any one gas in the 
that includes desorption of a first gas from the fluid through feed gas . The one or more membranes can be selectively 
a membrane can also include absorption of the first gas into permeable to water vapor . The feed gas mixture can be 
the fluid without the use of a membrane . An embodiment 5 drawn from any suitable source . For example , the feed gas 
that includes absorption of a first gas into the fluid through mixture can be drawn from a supply tank , the reaction 
a membrane can also include desorption of the first gas from products of a chemical reaction , gases resulting from petro 
the fluid without the use of a membrane . The methods of the leum refining , or from hydraulic f racking . In another 
present invention can be utilized to , for example , efficiently example , when the feed gas mixture includes air , the feed 
separate various mixtures of gases , including CO , and 10 gas mixture can be drawn from the ambient air . 
nitrogen , CO , and methane , and to dehumidify ( e . g . , remove The feed gas mixture can be contacted to the one or more 
water vapor from ) a gas . The method of the present inven membranes in any suitable fashion . Preferably , the feed gas 
tion can be utilized for , for example , dehumidification of air mixture is allowed to contact the one or more membranes at 
for heating , ventilation , and air conditioning systems a pressure such that there is a positive gradient in partial 
( HVAC ) , drying systems , dehydration of liquids , degassing 15 pressure of the first gas component across the membrane to 
of liquids , removal of volatile organic components , removal drive the permeation of the at least one gas component into 
of pollutants such as nitrous or sulfur containing compounds the permeate side of the membrane . In one example , the feed 
from combustion streams , purification of hydrocarbons , air gas mixture is allowed to contact the one or more mem 
purification , and CO2 capture . branes at ambient pressure . In another example , both the 

In various embodiments , the present invention provides a 20 feed gas mixture / retentate side and the permeate side are 
method of removing a first gas component from a feed gas kept near ambient pressure , but a sweep fluid or gas intro 
mixture . The method can remove more than one gas com - duced to the permeate side allows a positive partial pressure 
ponent . The removal can include decreasing the concentra gradient of the first gas component to be maintained . In 
tion of the first gas component in the feed gas mixture , or the another example , the feed gas mixture is allowed to contact 
removal can include the removal of substantially all of the 25 the one or more membranes such that a pressure difference 
first gas component from the feed gas mixture . In some between the first and second sides of the one or more 
embodiments , substantially all of one gas component is membranes occurs . The pressure difference can be such that 
removed , while only part of another gas component is the pressure of the feed gas mixture ( on the first side of the 
removed . In some embodiments , the concentration of one one or more membranes ) is greater than the pressure at the 
particular gas component can be decreased by a first amount , 30 second side of the one or more membranes . In one example , 
while the concentration of another particular gas component the pressure difference is caused by the pressure of the feed 
can be decreased by a second amount that is different than gas mixture being at above ambient pressure ; in such 
the first amount . examples , the pressure of the feed gas mixture can be raised 

In a method for removing a gas from a mixture , the above ambient pressure using a fan , blower or compressor . 
method includes contacting a first side of a first dense 35 In another example , the pressure difference is caused by the 
silicone membrane with a feed mixture . The feed mixture pressure at the second side of the one or more membranes 
includes at least a first gas component . The feed mixture also being at below ambient pressure ; in such examples , the 
includes at least one of a second gas component and a first pressure of the second side of the one or more membranes 
liquid component . The feed mixture can include a first gas can be reduced below ambient pressure using any suitable 
component and a second gas component , along with other 40 device such as a blower or vacuum pump . In other examples , 
optional gas or liquid components which can be present or a combination of lower than ambient pressure at the second 
absent . The feed mixture can include a first gas component side of the one or more membranes , and higher than ambient 
and a first liquid component , along with other optional gas pressure at the first side of the one or more membranes , 
or liquid components which can be present or absent . contributes to the pressure difference across the one or more 

The at least one gas component that is removed from the 45 membranes . In some embodiments , a higher than ambient 
feed gas mixture in an absorptive method , from the fluid in pressure on the first side of the one or more membranes can 
a desorptive method , or from both in a method that includes be achieved by pumping feed gas to the first side of the one 
absorption and desorption cycles with a recycled fluid , can or more membranes and restricting the exit pathway of the 
be any suitable gas component . For example , the first gas retentate mixture from the one or more membranes . In some 
component can be water , oxygen , helium , hydrogen , carbon 50 examples , if the concentration of the first gas component at 
dioxide , nitrogen , ammonia , methane , or hydrogen sulfide . the second side of the one or more membranes is allowed to 
Any suitable proportion of the first gas component can be in reach certain levels , the rate of separation of the first gas 
a vapor phase . In some embodiments , the method is used for component from the feed gas mixture can be decreased . 
humidification or dehumidification ; thus , the first gas com - In some embodiments , the method can include pressur 
ponent can be water . 55 izing the feed stream with a compressor , blower , or fan . The 

The feed gas mixture can be any suitable feed gas mixture compressor , blower , or fan can be any suitable compressor , 
that at least includes the first gas component and also blower , or fan . The pressurization of the feed stream can 
includes at least one of another gas component and a liquid help to maintain a desired pressure differential across the one 
component . For example , the feed gas mixture can include or more membranes . In some embodiments , the method can 
oxygen , helium , hydrogen , carbon dioxide , nitrogen , ammo - 60 include treating the feed stream with at least one pre - filter to 
nia , methane , hydrogen sulfide , argon , air , volatile organic remove particulates . The treatment of the feed stream with 
compounds , nitrous oxides ( NOx ) , sulfur oxides ( SOx ) , at least one pre - filter can occur before or after compression 
volatile siloxanes including linear siloxanes and cyclosilox - of the feed stream , if the feed stream is compressed . The 
anes , or any combination thereof . The feed gas can include filter can be any suitable filter that removes particulates from 
any suitable gas known to one of skill in the art . The one or 65 the feed stream . 
more membranes can be selectively permeable to any one The method for removing a gas from a mixture also 
gas in the feed gas ( e . g . , the first gas component ) , or to any includes contacting a second side of the membrane with a 
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sweep liquid . The sweep liquid includes an organosilicon Such reuse can enhance efficiency of the separation of the 
fluid . The contacting produces a permeate mixture on the first gas component , and can occur for multiple cycles ( e . g . , 
second side of the membrane and a retentate mixture on the about 2 , 3 , 4 , 5 , 10 , 100 , 1000 , or more cycles ) . By 
first side of the membrane . The permeate mixture is enriched regenerating and recycling the fluid , a dehumidification or 
in the first gas component ; the sweep liquid has at least one 5 degassing process can be efficiently performed . For 
of a higher concentration or a higher quantity of the first gas example , in a dehumidification process , the first permeate 
component therein after being contacted with the membrane mixture can be dried by contacting a first side of a second 
as compared to the concentration before being contacted dense silicone membrane with the first permeate mixture and 
with the membrane . The retentate mixture is depleted in the contacting a second side of the second dense silicone 
first gas component ; the feed gas mixture has at least one of 10 membrane with a dry sweep gas . 
a lower concentration or a lower quantity of the first gas In various embodiments , the present invention provides a 
component therein after being contacted with the membrane method of removing a first gas component from a liquid . The 
as compared to the concentration or quantity of the first gas method can remove more than one gas component from the 
component before being contacted with the membrane . In liquid . The method includes contacting a first side of a first 
some embodiments , the feed gas mixture includes carbon 15 dense silicone membrane with a gaseous stream or liquid 
dioxide and at least one of nitrogen and methane and the stream . The method also includes contacting a second side 
permeate gas mixture is enriched in carbon dioxide . In some of the membrane with a liquid including an organosilicon 
embodiments , the feed gas mixture includes at least one of fluid . The organosilicon fluid includes a first gas component . 
water and water vapor and the permeate gas mixture is The gaseous or liquid stream can be any suitable stream that 
enriched in at least one of water and water vapor . In some 20 has an absorptive capability for the first gas component . For 
embodiments , the feed gas mixture includes at least a first example , the stream can be a gaseous stream . The method of 
gas component and a first liquid component and the perme removing a gas from a liquid can be used , for example , to 
ate gas mixture is enriched in the first gas component . dehydrate the organosilicon fluid , or to hydrate a gas mix 

In embodiments herein , the feed gas mixture or gas stream ture , such as for humidity control in HVAC and other 
on one side of the membrane and the liquid on the other side 25 environmental control systems . In some embodiments , the 
of the membrane can have any suitable flow configuration gaseous stream can be subjected to a process to remove the 
with respect to one another . The movement of the gas and / or first gas component therein , allowing recycling and reuse of 
liquid with respect to one another can lessen the concentra - the gaseous stream , which can occur for multiple cycles . In 
tion of the first gas component immediately adjacent the some embodiments , the gas stream is not recycled . 
membrane , which can increase the rate of transfer of the first 30 The gaseous stream includes at least one gaseous com 
gas component across the membrane . By moving the liquid ponent , such as oxygen , helium , hydrogen , carbon dioxide , 
and gas with respect to one another , the amount of the liquid nitrogen , ammonia , methane , hydrogen sulfide , argon , air 
and gas contacting the membrane over a given time can be ( e . g . , ambient air or treated / modified air ) , or any combina 
increased or maximized , which can improve the separation tion thereof . The gaseous stream has a sufficiently low 
performance of the membrane by increasing or optimizing 35 concentration of the first component to enable removal of 
the transfer of the first gas component across the membrane . the first gas component from the liquid including the organo 
In some examples , the liquid and feed gas or gas stream flow silicon fluid . The gaseous stream has at least some capacity 
in similar directions . In other examples , the liquid and feed to absorb the first gas component from the fluid including the 
gas or gas stream flow in at least one of countercurrent or organosilicon fluid prior to being contacted with the mem 
crosscurrent flow . Flow configurations can include multiple 40 brane . A particular gaseous composition has a characteristic 
flow patterns , for example about 10 , 20 30 , 40 , 50 , 60 , 70 , speed with which it can absorb a particular quantity of a gas 
80 , or 90 % of the liquid and gas can have a crosscurrent flow component . Different gaseous compositions can have dif 
while the other about 90 , 80 , 70 , 60 , 50 , 40 , 30 , 20 , or 10 % ferent abilities to absorb certain gas components , with 
of the liquid and gas have a countercurrent flow or a similar regard to the volume of the gas component that can be 
flow direction . Any suitable combination of flow patterns is 45 absorbed , the total volume of the gas component that can be 
encompassed within embodiments of the present invention . absorbed , and the concentration of a gaseous component at 
The flow rate of the gas phase on one side of a membrane , which the gaseous composition begins to become saturated 
and the flow rate of the liquid on the other side of the with the gas component . As the gaseous composition 
membrane can be varied independently to give any suitable becomes saturated with the gas component , the rate of 
liquid to gas flow ratio for a membrane system . There can be 50 absorption will be lower . When the gaseous steam is rela 
an optimum range of liquid to gas flow ratios to accomplish tively depleted of the gas component , as compared to the 
a desired separation for a given membrane system , configu concentration at which saturation begins to occur , the rate of 
ration and operating conditions . When a liquid is used to absorption of the gas component will be higher . 
assist in removal of a first gas from a feed gas mixture ( as Therefore , to maximize the efficiency of the removal of 
in a membrane absorption processes ) , the optimal liquid to 55 the first gas component from the fluid , the gaseous stream 
gas flow ratio can be quite different from the optimal ratio can be depleted in the first gas component ( as compared to 
for a process where the first gas is removed from the liquid a saturated or semi - saturated state ) , or introduced at a 
into another gas stream ( as in a membrane desorption favorable temperature and pressure to achieve a more rapid 
process ) . transfer of the first gas component from the fluid into the 

In some embodiments , the method for removing a gas 60 gaseous stream , e . g . , to increase the flux of the first gas 
from a mixture can also include removing the first gas component across the membrane . 
component from the permeate mixture ( e . g . , the fluid includ - In the method of removing a gas from a liquid , the 
ing an organosilicon fluid ) by at least one of decreasing the contacting of the membrane by a gaseous stream on the first 
concentration or quantity of the first gas component in the side and the fluid on the second side produces a gaseous 
permeate mixture . The method can further include recircu - 65 permeate mixture on the first side of the membrane and a 
lating the first permeate mixture into contact with the second retentate organosilicon fluid on the second side of the 
side of the silicone membrane , allowing reuse of the fluid . membrane . The permeate mixture is enriched in the first gas 
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component ; the gas stream has at least one of a higher Liquid Including an Organosilicon Fluid 
concentration or a higher quantity of the first gas component The method includes using a liquid including an organo 
therein after being contacted with the membrane as com silicon fluid adjacent one side of the membrane . The organo 
pared to the concentration or quantity of the first gas silicon fluid can be at least one of absorbent and adsorbent , 
component before being contacted with the membrane . The 5 e . g . , the organosilicon fluid can be a sorbent fluid . The 
retentate organosilicon fluid is depleted in the first gas organosilicon fluid includes at least one organosilicon com 
component ; the fluid has at least one of a lower concentra - pound , and can additionally include any other suitable 
tion or a lower quantity of the first gas component therein compound , including any suitable organic or inorganic com 
after being contacted with the membrane as compared to the ponent , including components that do not include silicon , 
concentration or quantity of the first gas component before 10 including any suitable solvent or non - solvent . The organo 
being contacted with the membrane . silicon fluid can be , for example , a silane ( e . g , an organosi 

In various embodiments , the present invention provides a lane ) , a polysilane ( e . g . , an organopolysilane ) , a siloxane 
combination of the method of removing at least one gas ( e . g . , an organosiloxane such as an organomonosiloxane or 
component from a feed gas mixture and the method of an organopolysiloxane ) , or a polysiloxane ( e . g . , an organo 
removing at least one gas component from a fluid . Thus , the 15 polysiloxane ) , such as any suitable one of such compound as 
present invention provides a method of removing a first gas known in the art . The organosilane can be a monosilane , 
component from a feed gas mixture by absorbing into a fluid disilane , trisilane , or polysilane . Similarly , the organosilox 
through a membrane and subsequently removing the first gas ane can be a disiloxane , trisiloxane , or polysiloxane . The 
component from the fluid such that the fluid can be reused structure of the organosilicon compound can be linear , 
for multiple cycles of gas component removal . 20 branched , cyclic , or resinous . Cyclosilanes and cyclosilox 

The membrane can be any suitable membrane or combi - anes can have from 3 to 12 silicon atoms , alternatively from 
nation of membranes as described further herein . For 3 to 10 silicon atoms , alternatively from 3 to 4 silicon atoms . 
example , for a method including absorption , or desorption , In various embodiments , the method results in the absorp 
of a first gas component to or from an organosilicon fluid , tion of a first gas component from a feed gas mixture into the 
the first dense membrane , the second dense membrane , can 25 organosilicon fluid . The absorptive method includes con 
be a single membrane , or a bank or array of membranes of tacting the organosilicon fluid to the side of the dense 
any size , shape , or form factor , including a module of hollow membrane opposite the side which is contacted by a feed gas 
fiber membranes . mixture , and allowing the organosilicon fluid to absorb the 

The first component can be water . In various embodi - first gas component from the feed gas mixture . 
ments , the contacting and the sweep fluid can be sufficient 30 In other embodiments , the method results in the desorp 
for the sweep fluid to absorb about 1 . 0 - 1 . 0x10 – 14 mol t ion of a first gas component from an organosilicon fluid into 
H , O / Pag of the sweep fluid , 1 . 0x10 ̂ - 1 . 0x10 - 12 , or about a gas . The desorptive method includes contacting the 
1 . 0x10 - 4 - 1 . 0x10 - 10 mol H2O / Pa : g of the sweep fluid . In organosilicon fluid to the side of the dense membrane 
some embodiments , the contacting and the sweep fluid can opposite the side which is contacted by a gas stream , and 
be sufficient for the sweep fluid to absorb about 1x10 - 14 or 35 allowing the organosilicon fluid to desorb a first gas com 
less mol H2O / Pa : g of the sweep fluid , or about 1x10 - 5 , ponent into the gas stream through the membrane . In other 
1x10 - 12 , 1x10 - 11 , 1x10 - 10 , 1x10 - 9 , 1x10 - 8 , 1x10 - 7 , 1x embodiments , the method provides a combined absorptive 
10 - 6 , 1x10 - 5 , 1x10 - 4 , 1x10 - 3 , 1x10 - , 1x10 - 1 , or about 1 or and desorptive method , wherein the organosilicon fluid first 
more mol H2O / Pa . g of the sweep fluid . In some embodi - absorbs a first gas component from a feed gas mixture and 
ments , the feed composition further includes nitrogen , natu - 40 is then regenerated by desorption of the first gas component , 
ral gas , air , or a combination thereof . allowing reuse of the organosilicon liquid in multiple 

The first component can be carbon dioxide . In various absorption / desorbtion cycles . 
embodiments , the contacting and the sweep fluid can be In an absorptive embodiment , the sweep liquid has prop 
sufficient for the sweep fluid to absorb about 1 . 0x10 - 1 - 1 . 0x erties that allow it to absorb the first gas component at a 
10 - 15 mol CO , / Pa . g of the sweep fluid , 1 . 0x10 - 3 - 1 . 0x10 - 13 45 suitable speed , and the sweep liquid can absorb a suitable 
mol CO , / Pa . g of the sweep fluid , or about 1 . 0x10 - 6 - 1 . 0x quantity of the first gas component in a given volume , such 
10 - 12 mol CO2 / Pa : g of the sweep fluid . In some embodi - that a sufficiently efficient separation process occurs . In a 
ments , the contacting and the sweep fluid can be sufficient desorptive embodiment , the liquid has properties that allow 
for the sweep fluid to absorb about 1x10 - 15 , 1x10 - 14 , it to desorb the first gas component to achieve a suitably low 
1x10 - 13 , 1x10 - 12 , 1x10 - 11 , 1x10 - 10 , 1x10 - 9 , 1x10 - 8 , 1x 50 concentration of the first gas component in the liquid over a 
10 - 7 , 1x10 - 6 , 1x10 - 5 , 1 10 - 4 , 1x10 - 3 , 1x10 - 2 , or about suitable short period of time , such that a sufficiently efficient 
1x10 - 1 or more mol CO2 / Pa . g of the sweep fluid . In some separation process occurs . In an embodiment that includes 
embodiments , the feed composition further includes nitro absorption and desorption from the liquid , the liquid has 
gen , natural gas , air , or any combination thereof . properties under the independently chosen process condi 

The first component can be oxygen . In various embodi - 55 tions ( pressure , temperature , concentrations , flow rates , liq 
ments , the contacting and the sweep fluid can be sufficient uid / gas ratios and membrane areas ) that allow it to both 
for the sweep fluid to absorb about 1 . 0x10 - 2 - 1 . 0x10 - 16 mol absorb and desorb the first gas component over suitable 
0 , / Pa : g of the sweep fluid , 1 . 0x10 - 6 - 1 . 0x10 - 14 mol 0 , / Pa : g lengths of time and in suitably large volumes , such that a 
of the sweep fluid , or about 1 . 0x10 - 7 - 1 . 0x10 - 13 mol 0 , / Pa : g sufficiently efficient absorption and desorption occur . While 
of the sweep fluid . In some embodiments , the contacting and 60 some liquids including organosilicon fluids can have the 
the sweep fluid can be sufficient for the sweep fluid to absorb right balance of properties allowing efficient combined 
about 1x10 - 16 , 1x10 - 15 , 1x10 - 14 , 1x10 - 13 , 1x10 - 12 , 1x absorption and desorption processes , others can be better 
10 - 11 , 1x10 - 10 , 1x10 - 9 , 1x10 - 8 , 1x10 - 7 , 1x10 - 6 , 1x10 - 5 , suited for either absorption or desorption process . The 
1x10 - 4 , 1x10 - 3 , or about 1x10 - 2 or more mol O2 / Pa . g of liquids including organosilicon fluids of the present inven 
the sweep fluid . In some embodiments , the feed composition 65 tion can be advantageously better suited for absorption , 
can further include nitrogen , air , or any combination desorption , or for absorption / desorption loops , than other 
thereof . absorbant or desorbant fluids , giving a more energy efficient 
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or cost effective method than other methods of separation of group ; in some embodiments , the group can be silicon 
a gas component . It will be appreciated that depending on bonded , such as to a terminal or non - terminal silicon atom . 
the use for the fluid , certain characteristics of the fluid may For example , the organosilicon can include a silicon - bonded 
be more valuable . For example , in an absorptive process ether ( bonded via an alkyl group or via an oxygen - atom ) , a 
wherein the fluid is not recycled , predominantly the absorp - 5 silicon - bonded polyether ( e . g . , a homo or heteropolyether 
tive properties of the fluid are valuable . In another example , bonded via an alkyl group or an oxygen - atom ) , a silicon 
in a desorptive process wherein the fluid is not recycled , bonded acrylamide or methacrylamide group ( e . g . , bonded 
predominantly the desorptive properties of the fluid are via an alkyl group or via a nitrogen - atom ) , or a silicon 
valuable . However , in a process wherein the fluid is bonded acrylate or methacrylate group ( e . g . , bonded via an recycled , an effective combination of beneficial absorptive 10 alkyl group or via a nitrogen - atom ) . The absorbent organo properties and desorptive properties is desirable . silicon fluid can include an amount of an organosilicon In some embodiments , the organosilicon fluid is an 
organosilane fluid . In one example , an organosilane can have having at least of a hydroxy group , an ether group , an 
the formula RizSi – R2 _ SiR 3 , wherein Rl is C1 - 10 hydro acrylate group , a methacrylate group , an acrylamide group , 
carbyl or C1 - 10 halogen - substituted hydrocarbyl , both free of 15 a methacrylamide group , and a polyether group such that the 
aliphatic unsaturation , linear or branched , and R2 is a hydro organosilicon fluid can absorb at least some of the first 
carbylene group free of aliphatic unsaturation having a component , such as about 0 . 1 wt % or less , or about 1 wt % , 
formula selected from monoaryl such as 1 , 4 - disubstituted 2 , 3 , 4 , 5 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 95 , 96 , 97 , 98 , 
phenyl , 1 , 3 - disubstituted phenyl ; or bisaryl such as 4 , 4 ' 99 , or about 99 . 9 wt % or more , such as about 1 - 99 . 9999 wt 
disubstituted - 1 , 1 ' - biphenyl , 3 , 3 ' - disubstituted - 1 , 1 ' - biphenyl , 20 % , 1 - 40 wt % , 1 - 20 wt % , 1 - 10 wt % , 40 - 99 . 999 wt % , or 
or similar bisaryl with a hydrocarbon chain including 1 to 6 about 50 - 99 . 99 wt % . In some examples , an organosilicon 
methylene groups bridging one aryl group to another . including at least one hydroxy group can be a hydroxydi 

In various embodiments , the organosilicon fluid can be an organosilyl - terminated polydiorganosiloxane , such as a 
organosiloxane fluid . In some embodiments , the organosi - hydroxyldimethylsilyl - terminated polydimethylsiloxane , a 
loxane fluid can include an organopolysiloxane compound . 25 hydroxyl methylvinylsilyl - terminated polymethylvinylsi 
An organopolysiloxane compound can be nonfunctional - loxane , a hydroxyl - terminated polymethylvinylsiloxane 
ized , having only alkyl groups substituted to each siloxy polydimethylsiloxane random copolymer , a hydroxydior 
group . An organopolysiloxane compound can be function - ganosilyl - terminated polyalkyl ( haloalkyl ) siloxane , a 
alized , having groups other than alkyl groups substituted to hydroxylmethyl ( trifluoromethylethyl ) silyl - terminated 
at least one siloxy group , such as — OH , — H , halogen , or 30 polymethyl ( trifluoromethylethyl ) siloxane , a hydroxyl - ter 
other groups . For example , an organopolysiloxane can minated polydimethylsiloxane oligomer diol , or a hydroxyl 
include at least one – OH group , such as an organopolysi - terminated oligomeric trifluoropropyl methylsiloxane . In 
loxane diol . An organopolysiloxane can include about 5 - 15 various embodiments , an organosilicon having at least one 
wt % non - alkyl groups , or about 3 - 30 wt % , or about 0 . 1 - 50 ether or polyether group can be a hydroxy - terminated 3 - ( 3 
wt % non - alkyl groups . 35 hydroxypropyl ) - heptamethyltrisiloxane which has been 

In some examples , the organopolysiloxane compound has ethoxylated ( e . g . , poly ( ethylene oxide ) substituted at one or 
an average of at least one , two , or more than two functional more hydroxy groups , or a hydroxyl - terminated heptam 
groups ( non - alkyl groups ) per molecule . The organopolysi - ethyl - 3 - ( propyl ( poly ( ethylene oxide ) trisiloxane ) , an 
loxane compound can have a linear , branched , cyclic , or acetoxy - terminated heptamethyl - 3 - ( propyl ( poly ( ethylene 
resinous structure . The organopolysiloxane compound can 40 oxide ) ) trisiloxane , and blends of such organopolysiloxanes 
be a homopolymer or a copolymer . The organopolysiloxane having at least one ether or polyether group with hydroxyl 
compound can be a disiloxane , trisiloxane , or polysiloxane . terminated polydimethylsiloxane oligomer diols and capped 

The sweep fluid can include one compound or more than polyethers . 
one compound . Examples of the sweep fluid can include one In some embodiments , the sweep fluid can include a 
or more of fluids selected from a water - compatible organic 45 silicone fluid ; in some embodiments , the sweep fluid can be 
polymer and an alcohol - compatible organic polymer . The a silicon fluid . As used herein , a silicone fluid is any fluid 
sweep fluid can further include an alcohol , a diol , a polyol , that includes at least one organopolysiloxane . The silicone 
a solvent , a salt ( e . g . , lithium chloride ) , or a combination fluid can include any one or more components in addition to 
thereof the at least one organopolysiloxane , for example , any suit 

In some embodiments , the sweep fluid can include a 50 able solvent , a silane ( e . g . , an organosilane ) , a polysilane 
silicone fluid , a glycol , or an aqueous lithium chloride ( e . g . , an organopolysilane ) , or suitable components that do 
solution . The sweep fluid can include one or more organic not include silicon . In some embodiments , the silicone fluid 
compounds dissolved or suspended therein , wherein the can include any sweep fluid as described herein . In other 
compounds can be liquid , solid , or gas ( e . g . , in pure form at embodiments , the silicone fluid includes predominantly one 
standard temperature and pressure ) . In some embodiments 55 or more organopolysiloxanes . In various embodiments , the 
the sorbent fluid can be pre - charged with a suitable level of silicone fluid can include 0 . 1 wt % or less organopolysilox 
the first component at a level suitable for efficient operation ane , or 1 wt % , 2 , 3 , 4 , 5 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 
of the absorption process or an optional desorption or 95 , 96 , 97 , 97 , 98 , 99 , or about 99 . 9 wt % or more 
regeneration process . For example , a sweep fluid for remov - organopolysiloxane . In some embodiments , the silicone 
ing water vapor may contain some water at the outset , with 60 fluid can include about 1 - 99 . 9999 wt % , 40 - 99 . 999 wt % , or 
the water concentration increasing as the absorption process about 60 - 99 . 99 wt % organopolysiloxane . 
is performed . The organopolysiloxane compound can be any suitable 

In various embodiments , the organosilicon fluid can organopolysilxoane compound . The structure of the organo 
include an organosilicon ( e . g . , an organopolysiloxane or silicon compound can be linear , branched , cyclic , or resin 
other organosilicon ) having at least of a hydroxy group , an 65 ous . The organopolysiloxane compound can be a homopo 
ether group , an acrylate group , a methacrylate group , an lymer or a copolymer . The organopolysiloxane compound 
acrylamide group , a methacrylamide group , and a polyether can be a disiloxane , trisiloxane , or polysiloxane . 
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In some embodiments , the organopolysiloxane can less than about 100 , 000 pores per mm ? , or less than about 

include only siloxy - repeating units ( e . g . , can be non - copoly - 10 , 000 , 1000 , 100 , 50 , 25 , 20 , 15 , 10 , 5 , or less than about 
meric ) . In other embodiments , the organopolysiloxane can 1 pore per mm² . Pore size can be determined by the average 
be a copolymer that includes at least one other repeating unit size of the pore throughout its path through the entire 
in addition to siloxy - repeating units . In some examples , the 5 thickness or only partway through the membrane . Pore size 
other repeating unit in the copolymer can be formed by a can be determined by the average size of the pore at the 
water - compatible organic polymer , an alcohol - compatible surface of the membrane . Any suitable analytical technique 
organic polymer , or any combination thereof . can be used to determine the pore size . Embodiments 
An organosilicon compound can contain an average of encompass dense membranes having any combination of 

about 0 . 001 mole % to about 100 mole % of a silicon - 10 approximate maximum sizes from the dimensions given in 
bonded group that is at least one of at least one of a hydroxy this paragraph for each of the pores passing all the way 
group , an ether group , an acrylate group , a methacrylate through the membrane , cylinder pores , sponge pores , blind 
group , an acrylamide group , a methacrylamide group , and a pores , any other type of pore , or combination thereof . In 
polyether group , and any range of mole % therebetween , some embodiments , the dense membrane does have at least 
such as about 0 . 001 mole % or less , or about 0 . 01 , 0 . 1 , 0 . 5 , 15 one of pores passing all the way through the membrane , 
1 , 2 , 3 , 4 , 5 , 6 , 8 , 10 , 12 , 14 , 16 , 18 , 20 , 25 , 30 , 40 , 50 , 60 , cylinder pores , sponge pores , blind pores , and any other type 
70 , 80 , 90 , 95 , 96 , 97 , 98 , 99 , or about 99 . 9 mole % or more . of pore , wherein the pores have a size smaller than the 
In an organopolysiloxane , the mole percent of silicon - maximum size of the dimensions given in this paragraph . 
bonded functional groups is the ratio of the number of moles The one or more membranes of the present invention can 
of siloxane units in the organopolysiloxane having the 20 have any suitable thickness . In some examples , the one or 
silicon - bonded group to the total number of moles of silox - more membranes have a thickness of about 1 um to about 20 
ane units in the organopolysiloxane , multiplied by 100 . um , or about 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , or 15 
Silicone Membrane um to about 20 um . In some examples , the one or more 

The method of the present invention includes the use of membranes have a thickness of about 0 . 1 um to about 200 
one or more dense silicone membranes . The one or more 25 um , or about 10 , 15 , 20 , 25 , or 30 um to about 200 um . In 
silicone membranes can include a cured product of an other examples , the one or more membranes have a thick 
organosilicon composition , such as any suitable polysilox - ness of about 0 . 01 um to about 2000 um , or about 10 , 15 , 20 , 
ane . Curing the composition that forms the membrane can 25 , 30 , 40 , 50 , or 60 um to about 2000 um . 
include a variety of methods , including , for example , the The one or more membranes of the present invention can 
curing of the organosilicon composition can be hydrosily - 30 be selectively permeable to one substance over another . In 
lation curing , condensation curing , free - radical curing , one example , the one or more membranes are selectively 
amine - epoxy curing , radiative curing , evaporative curing , permeable to one gas over other gases or liquids . In another 
cooling , or any combination thereof . example , the one or more membranes are selectively per 
Some types of pores can penetrate from one major side of meable to more than one gas over other gases or liquids . In 

a membrane to another major side , such as cylindrical pores 35 one embodiment , the one or more membranes are selectively 
shaped approximately as cylinders , or such as sponge pores , permeable to one liquid over other liquids or gases . In 
for example pores that include randomly shaped cavities or another embodiment , the one or more membranes are selec 
channels , that form a connection from one major side to the tively permeable to more than one liquid over other liquids . 
other major side . Some types of pores do not penetrate from In an embodiment , the one or more membranes are selec 
one major side of a membrane to another major side , such 40 tively permeable to water , carbon dioxide , or methane over 
as blind pores , also referred to as surface pores . Some types other gases or liquids . In some examples , the membrane has 
of sponge pores can also not penetrate from one major side a CO , / N , selectivity at room temperature of at least about 
of the membrane to the other major side . In some embodi 1 - 150 , 10 - 75 , or about 20 - 40 when tested without the liquid 
ments , the dense membrane of the present invention can present . In some examples , the membrane has a CO2 / CH4 
include substantially no pores , including both pores that 45 selectivity at room temperature of at least about 1 - 150 , 
penetrate from one major side to the other major side , and 10 - 75 , or about 20 - 40 when tested without the liquid pres 
including pores that do not penetrate from one major side to ent . In some embodiments , the membrane has a CO , per 
the other major side , such as less than about 100 , 000 pores meation coefficient of about 0 . 001 or less , or at least about 
per mm² , or less than about 10 , 000 , 1000 , 100 , 50 , 25 , 20 , 0 . 01 Barrer , 0 . 1 , 1 , 5 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 100 , 
15 , 10 , 5 , or less than about 1 pore per mm² . In some 50 120 , 140 , 160 , 180 , 200 , 240 , 280 , 300 , 400 , 500 , 600 , 700 , 
embodiments , the dense membrane can include substantially 800 , 900 , 1000 , 1200 , 1400 , 1600 , 1800 , or at least about 
no pores that penetrate from one side to the other , such as 2000 Barrer , when tested at room temperature without the 
less than about 100 , 000 penetrating pore per mm² , or less liquid present . In some embodiments , the membrane has a 
than about 10 , 000 , 1000 , 100 , 50 , 25 , 20 , 15 , 10 , 5 , or less CHA permeation coefficient of at least about 0 . 001 Barrer or 
than about 1 penetrating pore per mm² , but the membrane 55 less , or at least about 0 . 001 , 0 . 01 , 0 . 1 , 1 , 2 , 4 , 6 , 8 , 10 , 12 , 
can also include any suitable number of pores that do not 14 , 16 , 18 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , or at least about 
penetrate from one major side of the membrane to the other 100 Barrer , when tested at room temperature without the 
major side of the membrane , such as at least one of surface liquid present . In some examples , the membrane has an 
pores and sponge pores , such as equal to or more than about H , O / nitrogen selectivity of at least about 50 , at least about 
100 , 000 non - penetrating pores per mm² , or less than 10 , 000 , 60 90 , at least about 100 , at least about 120 , at least about 130 , 
1000 , 100 , 50 , 25 , 20 , 15 , 10 , 5 , or equal to or more than at least about 150 , at least about 200 , or at least about 250 
about 1 non - penetrating pore per mm² . In some embodi - at room temperature , when tested at room temperature 
ments , the dense membrane can have substantially zero without the liquid present . In some embodiments , with a the 
pores penetrating from one major side of the membrane to one or more membranes has an H , O in air vapor perme 
the other major side having a diameter larger than about 65 ability coefficient of at least about 10 , 000 Barrer , 15 , 000 
0 . 00001 , 0 . 0001 , 0 . 001 , 0 . 005 , 0 . 01 , 0 . 05 , 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4 , Barrer , 20 , 000 Barrer , 25 , 000 Barrer , 30 , 000 Barrer , 35 , 000 
0 . 5 , 0 . 6 , 0 . 7 , 0 . 8 , 0 . 9 , 1 , or larger than about 2 um , such as Barrer , 40 , 000 Barrer , 50 , 000 Barrer , 60 , 000 Barrer , or at 
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least about 70 , 000 Barrer at room temperature , when tested more hollow tube or fiber membranes can be the first side of 
at room temperature without the liquid present . Permeability the one or more membranes , and the outside of the one or 
can be measured in any suitable fashion , for example , as more hollow tube or fiber membranes can be the second side 
described in the Examples . of the one or more membranes . In another embodiment , the 

The one or more membranes of the present invention can 5 outside of the one or more hollow tube or fiber membranes 
have any suitable shape . In some examples , the one or more can be the first side of the one or more membranes , and the 
membranes of the present invention are plate - and - frame inside of the one or more hollow tube or fiber membranes 
membranes , spiral wound membranes , tubular membranes , can be the second side of the one or more membranes . In 
capillary fiber membranes , or hollow fiber membranes . The some examples , a pressure difference is maintained between 
one or more membranes can be a hollow fiber membrane 10 the first and second side of the one or more hollow tube or 
module containing a plurality of hollow fiber membranes , fiber membranes . 
each fiber having a bore side and a shell side . The fibers in In some embodiments , various embodiments of the pres 
a hollow fiber membrane module can collectively have a ent invention can provide a module that allows limited or no 
bore side and a shell side accessible through a single heat transfer from the sweep fluid to the feed components or 
connector on each side of the module . Alternately , the fibers 15 retentate components or vice versa . In other embodiments , 
in a hollow fiber membrane module can have a bore side and various embodiments of the present invention can provide a 
a shell side accessible through multiple connectors placed at module that allows substantial heat transfer from the sweep 
various points in the module . In some embodiments of the fluid to the feed components or retentate components or vice 
method , the gaseous mixture can be contacted to the bore versa . For example , the present invention can provide a 
side of the one or more hollow fiber membranes , and the 20 system that allows concurrent heat and mass exchange 
organosilicon fluid can be contacted to the shell side . In between the feed composition and the sorbent fluid , as 
other embodiments of the method , the gaseous mixture can exemplified by a membrane based liquid desiccant air con 
be contacted to the shell side of the one or more hollow fiber ditioner . 
membranes , and the organosilicon fluid can be contacted to In some embodiments of the present invention , the mem 
the bore side . In embodiments , the gas or liquid contacted to 25 brane is supported on a porous or highly permeable non 
the shell side and bore side can be introduced in any flow porous substrate . The substrate can be any suitable substrate . 
pattern with respect to one another that is known in the art , supported membrane has the majority of the surface area 
for example crosscurrent ( e . g . , shell and bore side streams of at least one of the two major sides of the membrane 
move at approximately right angles to one another ) , co - contacting a porous or highly permeable non - porous sub 
current ( e . g . , shell and bore side streams move in approxi - 30 strate . A supported membrane on a porous substrate can be 
mately the same direction with respect to one another ) , or referred to as a composite membrane , where the membrane 
countercurrent ( e . g . , shell and bore side streams move in is a composite of the membrane and the porous substrate . 
approximately opposite directions with respect to one The porous substrate on which the supported membrane is 
another ) , or combinations thereof , with flow relationships located can allow gases or liquids to pass through the pores 
occurring in , for example , a linear or radial pattern . 35 and to reach the membrane . The supported membrane can be 

The one or more membranes can be free - standing or attached ( e . g . , adhered ) to the porous substrate . The sup 
supported by a porous substrate . In some embodiments , the ported membrane can be in contact with the substrate 
pressure on either side of the one or more membranes can be without being adhered . The porous substrate can be partially 
about the same . In other embodiments , there can be a integrated , fully integrated , or not integrated into the mem 
pressure differential between one side of the one or more 40 brane . 
membranes and the other side of the one or more mem - In some embodiments of the present invention , the mem 
branes . For example , the pressure on the feed and retentate brane is unsupported , also referred to as free - standing . The 
side of the one or more membranes can be higher than the majority of the surface area on each of the two major sides 
pressure on the permeate side of the one or more mem - of a membrane that is free - standing is not contacting a 
branes . In other examples , the pressure on the permeate side 45 substrate , whether the substrate is porous or not . In some 
of the one or more membranes can be higher than the embodiments , a membrane that is free - standing can be 
pressure on the retentate side of the one or more membranes . 100 % unsupported . A membrane that is free - standing can be 
Any number of membranes can be used to accomplish the supported at the edges or at the minority ( e . g . , less than 50 % ) 

separation . Any combination of free - standing and supported of the surface area on either or both major sides of the 
membranes can be used . Any suitable surface area of the one 50 membrane . A free - standing membrane can have any suitable 
or more membranes can be used . For example , the surface shape , regardless of the percent of the free - standing mem 
area of each membrane , or the total surface area of the brane that is supported . Examples of suitable shapes for 
membranes , can be about 0 . 01 m² , 0 . 1 , 1 , 2 , 3 , 4 , 5 , 10 , 100 , m free - standing membranes include , for example , squares , 
200 , 300 , 400 , 500 , 600 , 700 , 800 , 900 , 1000 , 1200 , 1400 , rectangles , circles , tubes , cubes , spheres , cones , cylinders , 
1600 , 1800 , 2000 , 2200 , 2400 , 2600 , 2800 , 3000 , 3200 , 55 and planar sections thereof , with any thickness , including 
3400 , 3800 , 4000 , 5000 , 10 , 000 , 50 , 000 , 100 , 000 , 500 , 000 , variable thicknesses . 
or about 1 , 000 , 000 m² . Cured Product of an Organosilicon Composition 

In one example , the one or more membranes are one or The one or more membranes of the present invention can 
more hollow tube or fiber membranes . Any number of include the cured product of an organosilicon composition . 
hollow tube or fiber membranes can be used . For example , 60 The organosilicon composition can be any suitable organo 
1 hollow tube or fiber membrane , 2 , 3 , 4 , 5 , 10 , 20 , 50 , 100 , silicon composition . The curing of the organosilicon com 
500 , 1000 , 2000 , 5000 , 10 , 000 , 100 , 000 or about 1 , 000 , 000 position gives a cured product of the organosilicon compo 
hollow tube or fiber membranes can be used together as the sition . The curable organosilicon composition includes at 
one or more membranes . The one or more hollow tube or least one suitable organopolysiloxane compound . The sili 
fiber membranes can be in the form of a modular cartridge , 65 cone composition includes suitable ingredients to allow the 
such that the one or more membranes can be easily replaced composition to be curable in any suitable fashion . In addi 
or maintained . In one embodiment , the inside of the one or tion to the at least one suitable polysiloxane , the organosili 
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con composition can include any suitable additional ingre The organosilicon compound can be an organopolysilox 
dients , including any suitable organic or inorganic ane compound . In some examples , the organopolysiloxane 
component , including components that do not include sili compound has an average of at least one , two , or more than 
con , or including components that do not include a polysi two functional groups that allow for curing . The organop 
loxane structure . In some examples , the cured product of the 5 olysiloxane compound can have a linear , branched , cyclic , silicone composition includes a polysiloxane . or resinous structure . The organopolysiloxane compound The curable silicon composition can include molecular can be a homopolymer or a copolymer . The organopolysi components that have properties that allow the composition loxane compound can be a disiloxane , trisiloxane , or poly to be cured . In some embodiments , the properties that allow siloxane . the silicone composition to be cured are specific functional The organopolysiloxane compound can be a single orga groups . In some embodiments , an individual compound nopolysiloxane or a combination including two or more contains functional groups or has properties that allow the organopolysiloxanes that differ in at least one of the follow silicone composition to be cured by one or more curing 15 ing properties : structure , viscosity , average molecular methods . In some embodiments , one compound can contain weight , siloxane units , and sequence . functional groups or have properties that allow the silicone Embodiments of the membrane include a cured product of composition to be cured in one fashion , while another a silicone composition . Various methods of curing can be 
compound can contain functional groups or have properties used , including any suitable method of curing , including for 
that allow the silicone composition to be cured in the same 20 example hydrosilylation curing , condensation curing , free 
or a different fashion . The functional groups that allow for radical curing , amine - epoxy curing , radiation curing , cool 
curing can be located at pendant or , if applicable , terminal rminal ing , or any combination thereof . 
positions in the compound . Various embodiments can be better understood by refer 

The silicon composition can include an organic com - 25 ence to the following examples which are offered by way of 
pound . The organic compound can be any suitable organic illustration . All experiments were conducted at 22 1° C . 
compound . The organic compound can be , for example , an unless otherwise noted . Unless otherwise noted , the sweep 
organosilicon compound . The organosilicon compound can fluids were used as - received from sealed high density plastic 
be any organosilicon compound . The organosilicon com - or glass containers . 
pound can be , for example , a silane ( e . g , an organosilane ) , 30 

REFERENCE EXAMPLE 1 a polysilane ( e . g . , an organopolysilane ) , a siloxane ( e . g . , an 
organosiloxane such as an organomonosiloxane or an orga Membrane Absorption nopolysiloxane ) , or a polysiloxane ( e . g . , an organopolysi 
loxane ) , such as any suitable one of such compound as 35 A dry compressed air stream was fed to a bubbler , which 
known in the art . The silicone composition can contain any included a 1 L stainless steel cylinder ( Swagelok Model 
number of suitable organosilicon compounds , and any num 304L - HDF4 - 1000 ) containing de - ionized water . Air flow 
ber of suitable organic compounds . An organosilicon com rate was controlled with a rotameter ( Dwyer Model RMB 
pound can include any functional group that allows for 54 - SSV ) . The moistened air exiting the bubbler was fed 

40 bore - side to a dense nonporous unsupported crosslinked curing . silicone hollow fiber module ( MedArray Inc . ) having 0 . 83 In some embodiments , the organosilicon compound can m² membrane area , having about 11 , 000 polydimethylsilox include a silicon - bonded hydrogen atom , such as organohy ane - based fibers . The hollow fibers comprising the module 
drogensilane or an organohydrogensiloxane . In some each had an outer diameter of 300 um and wall thickness of 
embodiments , the organosilicon compound can include an 45 55 um , with an active length of approximately 8 cm . The 
alkenyl group , such as an organoalkenylsilane or an organo - relative humidity ( RH ) and temperature of the air was 
alkenyl siloxane . In other embodiments , the organosilicon monitored at both the bore - side inlet and outlet with digital 
compound can include any functional group that allows for humidity sensors ( Omega Model HX86A ) . The liquid sweep 
curing . The organosilane can be a monosilane , disilane , was pumped shell - side to the hollow fiber module with a 
trisilane , or polysilane . Similarly , the organosiloxane can be 50 peristaltic pump ( Cole - Parmer Masterflex Model 77200 - 60 ) , 

countercurrent to the air stream by being introduced through a disiloxane , trisiloxane , or polysiloxane . The structure of an orifice located at the centerline of the cynlindrical fiber the organosilicon compound can be linear , branched , cyclic , bundle on the end opposite the feed port . Stainless steel 
or resinous . Cyclosilanes and cyclosiloxanes can have from tubing and Tygon tubing ( St . Gobain , R - 3603 ) were used for 
3 to 12 silicon atoms , alternatively from 3 to 10 silicon 55 passage of the air , and Masterflex Tygon tubing ( Model 
atoms , alternatively from 3 to 4 silicon atoms . 06475 - 18 ) was used for the liquid sweep . When changing 

In one example , an organohydrogensilane can have the between fluids , the liquid lines were thoroughly purged by 
formula HR ' Si - R2 - SiR ' H , wherein R ' is C1 - 10 hydro - pumping the next fluid for several minutes prior to attaching 
carbyl or C , 1 halogen - substituted hydrocarbyl , both free of a module dedicated to that fluid type . This eliminated 
aliphatic unsaturation , linear or branched , and R2 is a hydro - 60 potential issues with mixed fluid effects from change - overs . 
carbylene group free of aliphatic unsaturation having a REFERENCE EXAMPLE 2 formula selected from monoaryl such as 1 , 4 - disubstituted 
phenyl , 1 , 3 - disubstituted phenyl ; or bisaryl such as 4 , 4 ' Membrane Desorption 
disubstituted - 1 , 1 ' - biphenyl , 3 , 3 ' - disubstituted - 1 , 1 ' - biphenyl , 65 
or similar bisaryl with a hydrocarbon chain including 1 to 6 Dry compressed air was fed directly bore - side to a cross 
methylene groups bridging one aryl group to another . linked silicone hollow fiber membrane module described in 
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Reference Example 1 . For trials with a moderately wet air following formula : ARH = Feed RH - Retentate RH , all 
feed , the dry air was first passed through the bubbler as reported in % . Details are shown for each Comparative 
described previously , before being fed into the module . In Example in Table 2 . 
the case of Comparative Example C20 and Example 85 , a 
comparably designed but lower area module having a nomi - 5 
nal surface area of 0 . 25 m² was used ( MedArray Inc . ) , EXAMPLES 1 - 55 , COMPARATIVE EXAMPLES having about 3300 polydimethylsiloxane - based fibers . This C6 - C10 module was comprised of dense nonporous unsupported 
silicone hollow fibers of the same dimensions as the larger 
modules . Air flow rate was controlled with a rotameter 
( Dwyer Model RMB - 54 - SSV ) . The RH and temperature of The method of Reference Example 1 was used to test the 
the air was monitored at both the bore - side inlet and outlet change in relative humidity between feed and retentate 
with digital humidity sensors ( Omega Model HX86A ) . The streams by passing the wet air stream at a specified feed RH 
liquid sweep was pumped shell - side to the hollow fiber 15 content and feed rate through the bore side of the silicone 

15 
module with a peristaltic pump ( Cole - Parmer Masterflex hollow fiber module while simultaneously flowing an 
Model 77200 - 60 ) , countercurrent to the air stream , as organosilicon fluid ( or ethylene glycol in the case of Com 
described for Reference Example 1 . Stainless steel tubing parative Examples C - C10 ) at a given pump setting ( cali 
and Tygon tubing ( St . Gobain , R - 3603 ) were used for brated to a flow rate ) , and the difference between the RH of 
passage of the air , and Masterflex Tygon tubing ( 06475 - 18 ) 20 the feed and retentate streams was recorded as ARH . The 
was used for the liquid sweep . When changing between various sweep fluids are summarized in Table 1 . Results and 
fluids , the liquid lines were thoroughly purged by pumping experimenta experimental conditions are shown for each Example in 
the next fluid for several minutes prior to attaching a module Table 2 . In Table 2 , the term “ used ” before a fluid indicates 
dedicated to that fluid type . This eliminated potential issues that the fluid had previously been cycled through an absorp 
with mixed fluid effects from change - overs . 25 tion experiment at least one time . In each set of these 
Membrane Absorption Experiments experiments , the ARH measured when a sweep fluid was 

used was significantly greater than the baseline ARH 
COMPARATIVE EXAMPLES C1 , C2 , C3 , C4 , obtained from the corresponding ‘ dry ’ Comparative Experi 

C5 , C11 , C12 ment listed at the beginning of each series in Table 2 , 
30 indicating the increased efficiency in water vapor removal 

The method of Reference Example 1 was used to test the ( dehumidification ) afforded by sweeping the shell with the 
intrinsic change in relative humidity between feed and fluid under the conditions specified . 

TABLE 1 
Summary of Sweep Fluids Used In Membrane Studies 

Kinematic 
Viscosity 

( cSt ) at 25° C . Fluid Description Source 
Wt % 
OH 

50 Dow 
Corning 
Dow 
Corning 
Dow 
Corning 

og ö t 

0 

Dow 
Corning 
Dow 
Corning 

ce har 

A Trimethylsilyl terminated 
polydimethylsiloxane 

B Hydroxyldimethylsilyl - terminated 
polydimethylsiloxane 
Hydroxylmethyl ( trifluoromethylethyl ) silyl 
terminated 
polymethyl ( trifluoromethylethyl ) siloxane 

D Hydroxylmethylvinylsilyl - terminated 
polymethylvinylsiloxane 

E Hydroxyl - terminated 
polymethylvinylsiloxane 
polydimethylsiloxane random 
copolymer * 

F Hydroxyldimethylsilyl - terminated 
polydimethylsiloxane 

G Hydroxy - terminated heptamethyl - 3 
( propyl ( poly ( ethylene oxide ) ) trisiloxane 

H Hydroxy - terminated heptamethyl - 3 
( propyl ( poly ( ethylene oxide ) ) trisiloxane 

I Acetoxy - terminated heptamethyl - 3 
( propyl ( poly ( ethylene oxide ) ) trisiloxane 

I Methoxy - terminated heptamethyl - 3 
( propyl ( poly ( ethylene oxide ) ) trisiloxane 

IS ì 

ö 

I Q 

40 

Dow 
Corning 
Dow 
Corning 
Dow 
Corning 
Dow 
Corning 
Dow 
Corning 

2 . 8 
huo 

huo 

* Denotes that terminal groups are randomly distributed between hydroxylmethylvinylsilyl groups , hydrox 
yldimethylsilyl groups . A small fraction of the hydroxyl terminal groups are substituted by methoxy groups . 

retentate streams by passing the wet air stream at a specified Examples 1 - 55 , taken together with the Comparative 
feed RH content and feed rate through the bore side of the Examples C1 - C5 , and C11 , C12 provide evidence that 
silicone hollow fiber module . No sweep fluid was used in 65 sweeping an organosilicon fluid through one side of a dense 
these examples . The difference between the RH meters of silicone membrane module can produce a significant 
the feed and retentate streams was recorded using the decrease in the concentration of one species of a gas mixture 
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TABLE 2 
Absorption Examples . 

on the other side of the module , and that organopolysiloxane 
fluids can provide significant dehumidification of a wet air 
stream . These examples taken in light of Comparative 
Examples C6 - C10 show that , in light of the concentration of 
- OH groups in each fluid , the magnitude of water vapor 5 
removal afforded by the siloxane fluids is disproportionately 
high relative to ethylene glycol , a well known hydrophilic , 
water soluble fluid that has a much higher concentration of 
- OH groups than any of the siloxane fluids . 10 Membrane Desorption Studies ( Regeneration of the Sweep 

Fluid ) 

Sweep 
Flow 
Rate , 
ml / min 

Feed 
Flow 
Rate , 
SCFH 

Sweep 
Fluid 

Feed 
RH , % 

Retentate 
RH , % 

A 
RH , % Example 

60 . 3 0 
428 
702 

60 
30 
30 
30 
30 
30 

839 

au AWNE 

None 
Used A 
Used A 
Used A 
Used A 
Used A 
Used A 
Used A 
None 
Used B 
Used B 
Used B 
None 

59 . 9 
59 . 9 
59 . 9 
59 . 9 
59 . 9 

1113 
291 

1386 
839 

0 
215 
456 

56 . 1 
53 . 3 
52 . 5 
52 . 1 
51 . 8 
53 . 6 
51 . 9 
47 . 8 
55 . 5 
39 . 2 
37 . 7 

4 . 2 
6 . 7 
7 . 4 
7 . 8 
8 . 1 
6 . 3 
8 

10 . 5 
3 . 9 

OOO COMPARATIVE EXAMPLES C13 , C14 , C16 , 
C17 , C18 , C20 15 C2 

30 
30 

20 
9 

59 . 2 
59 . 1 

697 30 59 10 
C3 

37 
21 . 4 
22 

3 . 3 
43 . 4 

0 
215 

10 
11 10 

56 . 4 
20 . 4 
21 . 6 
39 . 2 

12 215 10 44 . 3 
13 
14 

215 
215 38 

15 

The method of Reference Example 2 was used to test the 
intrinsic change in relative humidity between feed and 
retentate streams by passing a dry , or moderately wet , air 20 
stream at a measured feed RH content and feed rate through 
the bore side of the silicone hollow fiber module . No sweep 
fluid was used in these control experiments , and the differ 
ence between the RH of the feed and retentate streams was 
recorded using the following formula : ARH = Feed RH - Re - 25 19 
tentate RH , all reported in % . Results and experimental 
conditions are shown for each Example in Table 3 . 
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60 
10 
10 
60 697 

697 

20 . 5 
19 . 9 
36 . 3 
36 . 7 
22 . 1 
21 . 6 
20 . 9 
21 . 4 
20 . 4 
18 . 9 

456 www8 

59 . 7 
63 . 8 
65 . 9 
59 . 7 
57 . 9 
60 . 3 
59 . 7 
58 . 6 
59 . 8 
54 . 7 
54 . 3 
52 . 7 
56 . 6 
56 . 4 
56 . 2 
59 . 8 
60 

456 mmmmmmmmmmmmmmmmmmmmmm O O O NaäAWNION 

50 
50 21 

456 
13 . 2 
28 . 4 
41 . 6 
13 . 2 
28 . 4 
41 . 6 

50 21 . 5 
30 25 30 EXAMPLES 56 - 86 , COMPARATIVE EXAMPLES 

C15 , C19 
20 . 2 

30 
30 

24 
23 
36 . 5 
38 . 2 
33 . 8 
32 . 9 
32 . 3 
37 . 7 
35 . 4 
34 . 7 
39 . 6 
36 . 5 
35 . 3 
35 . 2 
28 . 3 
24 . 7 
23 . 4 
23 . 1 
91 . 6 
35 . 6 
36 
40 . 7 
58 . 2 
63 . 4 
70 . 1 

23 . 5 
24 . 7 
24 . 8 53 60 30 

10 13 . 2 36 
28 . 4 10 
41 . 6 
53 

10 
10 32 

None 0 30 
33 10 

10 
35 10 

64 . 3 
64 . 4 
64 . 3 
64 . 3 
92 . 5 
93 . 6 
93 . 7 
93 . 7 
92 . 4 
92 . 4 
92 . 4 
90 . 1 
90 . 3 
90 . 5 
60 . 4 
60 . 3 

41 . 6 
28 . 4 
13 . 2 
41 . 6 
28 . 4 
13 . 2 
41 . 6 
28 . 4 
13 . 2 

36 30 
30 

39 . 7 
40 . 9 
41 . 2 

0 . 9 
58 
57 . 7 
53 
34 . 2 
29 
22 . 3 
22 . 1 
20 . 8 
17 . 3 
2 . 2 

32 . 8 

w 

30 
50 68 
50 

41 50 
30 

69 . 5 
73 . 2 
58 . 2 
27 . 5 

None 
Ethylene 219 30 
glycol 

475 30 60 . 3 26 . 9 33 . 4 

731 30 60 . 3 26 . 7 33 . 6 

Ethylene 
glycol 
Ethylene 
glycol 
Ethylene 
glycol 
Ethylene 
glycol 
None 

859 

The method of Reference Example 2 was used to test the 
change in relative humidity between feed and retentate 
streams by passing a dry air stream at a measured feed RH 35 
content and feed rate through the bore side of the silicone C4 

hollow fiber module while simultaneously flowing an 34 organosilicon fluid that had been cycled through the mem 
brane absorption cycle previously to absorb water ( or a so 
fresh , as - received relatively dry organosilicon fluid in the 
case of Comparative Example C15 ) at a given pump setting 
( calibrated to a flow rate ) , and the difference between the RH 40 
meters of the feed and retentate streams was recorded as 
ARH . A negative ARH value corresponds to a case where 45 có 
water vapor is returned to the feed side gas mixture from the 
organosilicon fluid . Thus , negative values indicate success - C7 
ful drying ( regeneration ) a fluid that had absorbed water in 
a previous study . In the case of Example 86 , it was found that 
the fluid was received with a high level of moisture , and is 50 C9 
therefore denoted as “ wet ” . Results and experimental con 
ditions are shown for each Example in Table 3 . 

The Examples 56 - 86 , taken together with the Compara 
tive Examples C13 , C14 , C16 - C18 , and C20 provide evi 
dence that at least one gas or vapor phase component of 
organosilicon fluid mixture on one side of a dense silicone 46 membrane can be removed by passing a separate gas on the 
other side of the membrane , wherein the second gas contains 48 
a lower partial pressure of the one gas or vapor phase 60 
component . Comparative Examples C13 - C14 show that 
ethylene glycol that had been used previously for absorption 
cannot be regenerated under similar conditions , giving evi 53 dence that organosilcon sweep liquids are particularly well 
suited for efficient use in gas separation processes involving 65 55 
sequential absorption and desorption of a first gas from a 
mixture , such as water vapor from air . 

30 60 . 3 26 . 6 33 . 7 

C10 347 30 60 . 3 26 . 8 33 . 5 

C11 30 
42 R 

so 43 
44 
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Used C 
Used C 
Used C 
Used C 
Used C 
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292 

30 
30 
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61 . 7 
61 . 7 
60 . 6 
58 . 9 
60 . 1 
61 . 2 
61 . 1 
61 . 1 
61 
59 . 4 
61 . 2 61 . 2 

1 . 5 
26 . 8 
26 . 6 
25 . 8 
25 . 2 
22 . 9 
19 . 9 
22 . 5 
2 . 8 

25 . 9 
28 . 4 
29 . 3 

50 
30 

62 . 2 
35 . 7 
35 . 0 
35 . 9 
36 . 5 
37 . 7 
39 . 0 
37 . 6 
58 . 4 
35 . 2 
32 . 7 
31 . 7 
37 . 4 
31 31 
35 . 7 
37 . 7 

C12 0 ??? ??? ??? 
49 226 

478 
731 

30 
30 
50 
20 

52 478 22 
53 

Used D 
Used D Used D 
Used D 
Used D 

478 478 
731 
478 

54 WN 30 60 . 5 
30 . 2 30 . 2 
24 . 8 
22 . 7 30 60 . 4 
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TABLE 3 TABLE 4 
Desorption Examples ( Stripping Membrane ) Sweep Fluid G . 

Inlet dew point ( °C . ) Water vapor removal rate ( grains / hr ) Sweep 
Flow 
Rate , 
ml / min 

Feed 
Flow 
Rate , 
SCFH 

Sweep 
Fluid 

Feed 
RH , % 

Retentate 
RH , % 

A 
RH , % Example 14 . 6 

11 . 7 
C13 50 5 . 9 8 . 8 

? 

84 . 7 
67 . 5 
53 . 2 
36 . 5 
25 . 2 

None 
Used A 
None 

5 . 7 
9 . 2 56 4 . 3 

? 
291 

0 
456 

50 
30 
30 

0 . 0 C14 
C15 
57 

10 0 . 1 
? ? 

456 OOOO 50 
50 

O aaa ?? ? 0 . 5 30 
697 
697 
456 
456 
215 

TABLE 5 0 . 6 30 
20 
20 

- 2 . 2 
0 . 5 

- 2 . 8 
- 11 . 8 
- 12 . 4 
- 19 . 7 
- 19 . 4 
- 24 . 2 
- 23 . 8 

4 . 7 
- 4 . 6 
- 5 . 3 
- 6 . 3 
- 6 . 2 

3 . 2 
12 . 3 
12 . 9 
20 . 2 
20 
24 . 7 
24 . 3 
20 . 6 
30 . 4 
31 . 2 
30 . 8 
31 . 0 

Sweep Fluid H . ILILILITI TITILLILIITTU 62 
C16 

Inlet dew point ( ° C . ) Water vapor removal rate ( grains / hr ) 63 
64 

215 
215 
697 

0 . 5 
0 . 5 

25 . 3 
25 . 8 
25 . 9 
24 . 5 
24 . 8 
1 . 3 
1 . 3 

NNNNN uuuuu 65 13 . 5 
10 . 9 

8 . 9 66 697 

83 . 1 
66 . 2 
51 . 9 
32 . 4 
22 . 3 

0 0 20 C17 
67 

50 
50 4 . 1 

1 . 3 - 0 . 5 28 . 4 
41 . 6 
13 . 2 
13 . 2 
28 . 4 

50 
50 1 . 3 

1 . 3 30 
30 1 . 3 

41 . 6 30 25 . TABLE 6 

Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
None 
Used B 
Used B 
Used B 
Used B 
None 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
Used B 
None 
Used 
Ethylene 
Glycol 
Used C 
Used C 
Used C 
Used C 
Used D 
Used D 
Used D 
None 
Used E 
Wet F 

10 . 3 
11 . 0 

8 . 5 
13 . 3 
16 . 0 
17 . 0 
17 . 3 
26 . 0 
28 . 1 
29 . 0 
29 . 5 
O 

PA 

- 9 
- 9 . 7 
- 7 . 2 

- 12 . 0 
- 14 . 7 
- 15 . 7 
- 16 . 0 
- 24 . 7 
- 26 . 8 
- 27 . 7 
- 28 . 2 

0 . 3 

30 
10 

53 
13 . 2 
28 . 4 
41 . 6 

1 Sweep Fluid I . 
1 . 3 10 

10 
? 76 Inlet dew point ( °C . ) Water vapor removal rate ( grains / hr ) 
? 77 53 10 
? 30 13 . 6 30 C18 

C19 475 30 0 . 3 0 0 . 3 10 . 5 
8 . 7 

80 . 0 
58 . 4 
43 . 6 
26 . 0 
11 . 8 

3 . 9 

292 30 0 . 6 - 1 . 3 
292 20 0 . 6 
551 20 0 . 6 35 0 . 5 

OOOOO 30 

10 . 8 
13 . 0 
13 . 4 
9 . 6 

12 . 1 
15 . 7 
16 . 2 
0 
27 . 5 
44 . 5 

- 10 . 2 
- 12 . 4 
- 12 . 8 
- 9 . 1 

- 12 . 1 
- 15 . 7 
- 16 . 2 

1 . 0 
- 26 . 5 
- 44 . 3 

TABLE 7 
20 

551 
479 
479 
731 

0 
492 
364 

0 . 0 
84 20 Sweep Fluid J . 
C208 20 

0 . 0 
1 . 0 
1 . 0 
0 . 2 

20 85 * 
86 

Inlet dew point ( °C . ) Water vapor removal rate ( grains / hr ) 
30 

13 . 9 
11 . 5 * Indicates that the 0 . 25 m´ module was used for these experiments 

72 . 8 
60 . 0 
43 . 5 
31 . 2 
17 . 6 

?? 
. 

- 1 . 3 
EXAMPLE 87 45 

Membrane Water Vapor Absorption EXAMPLE 88 

A dry compressed air stream was fed to a bubbler , which 50 
included a 1 L stainless steel cylinder ( Swagelok Model Membrane Water Vapor Absorption Using Blended 
304L - HDF4 - 1000 ) containing de - ionized water . Air flow Sorbents 
rate was controlled with a rotameter ( Dwyer Model RMB 
54 - SSV ) . The moistened air exiting the bubbler was fed A gas / vapor feed mixture of air and water vapor of 
bore - side to a dense nonporous unsupported crosslinked > > volumetric flow rate 20 scfh at various inlet dew points 
silicone hollow fiber module ( MedArray Inc . ) having 0 . 75 entered the bore side of a membrane module consisting of 
m² membrane area . The gas / vapor feed mixture of air and dense nonporous unsupported crosslinked silicone hollow 
water vapor entered the bore - side of the membrane module fibers ( MedArray Inc . ) of surface area 0 . 75 m² . Sweep Fluid 
at a volumetric flow rate of 30 scfh at various inlet dew G , and a blend of 80 wt % Sweep Fluid G and 20 wt % 
points . Sweep fluids G , H , I , and I were each independently Sweep Fluid B ( Fluid Blend 1 ) were each independently 
pumped through the shell side of the membrane module at pumped through the shell side of the membrane module at 
a flow rate of 600 cfm , contacted the membrane , and a flow rate of 600 cfm , contacted the membrane , and 
absorbed water vapor that permeated the membrane . A dried absorbed water vapor that permeated the membrane . A dried 
air stream exited the module as the retentate . The rate of 65 air stream exited the module as the retentate . The rate of 
water vapor removal in grains per hour for various inlet dew water vapor removal in grains per hour for various inlet dew 
points is given in Tables 4 - 7 below . points is given in Table 8 below . 
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TABLE 8 TABLE 10 

Inlet de Inlet dew point ( °C . ) 
Water vapor removal rate 

( grains / hr ) 
Inlet dew point of 
air / water vapor 
mixture entering 
Module 1 ( °C . ) Sweep Fluid G 

Fluid Blend 1 
16 . 0 
17 . 2 

56 . 1 
57 . 1 

Water vapor removal rate 
( grains / hr ) 

Sweep Fluid G 17 . 9 169 . 4 

10 

15 

EXAMPLE 89 
TABLE 11 

Membrane Water Vapor Absorption and Desorption Inlet dew point of Using Blended Sorbents air / water vapor 
mixture entering Water vapor removal rate 

A gas / vapor feed mixture of air and water vapor of Module 2 ( °C . ) ( grains / hr ) 
volumetric flow rate 20 scfh at various inlet dew points Sweep Fluid G 11 . 5 128 . 1 
entered the bore side of a membrane module consisting of 
dense nonporous unsupported crosslinked silicone hollow 
fibers ( MedArray Inc . ) of surface area 0 . 75 m² . Sweep Fluid COMPARATIVE EXAMPLE C21 G and Fluid Blend 1 were each independently pumped 20 
through the shell side of the membrane module at a flow rate Water Vapor Absorption Using a 1 . 25 m² Porous 
of 600 cfm , contacted the membrane , and absorbed water Membrane vapor that permeated the membrane until the fluid was 
saturated with water vapor . Dry air at various inlet dew A gas / vapor feed mixture of air and water vapor of 
points entered the bore side of a membrane module having 25 volumetric flow rate 30 scfh at an inlet dewpoint of 14 . 5° C . 
dense nonporous unsupported crosslinked silicone hollow entered the tube side of a membrane module comprising 
fibers ( MedArray Inc . ) of surface area 0 . 75 m² . The rate of porous polypropylene hollow fibers ( Membrana Liqui - cell 
water vapor desorption from the saturated fluid to the dry air Superphobic ) of surface area 1 . 25 m² . Sweep Fluid G was 
in grains per hour is given in the Table 9 below . pumped through the shell side of the membrane module at 

30 a flow rate of 40 ml / min , contacted the membrane , and 
TABLE 9 absorbed water vapor that permeated the membrane . A dried 

air stream exited the module as the retentate . The rate of 
Water vapor removal rate 

Inlet de 
water vapor removal in grains per hour and the water vapor Inlet dew point ( ° C . ) ( grains / hr ) flux in grains / hour - m for this test is given in the first full 

Sweep Fluid G - 44 . 6 69 . 3 35 row of Table 12 . 
Fluid Blend 1 - 60 . 0 56 . 3 56 . 3 

EXAMPLE 91 

Creo 

40 
EXAMPLE 90 Water Vapor Absorption Using a 1 . 0 m² Dense 

Silicone Membrane 
Continuous Water Vapor Absorption and Desorption 
Using Two Membrane Modules and a Recycled A gas / vapor feed mixture of air and water vapor of 

Sorbent volumetric flow rate 30 scfh at an inlet dewpoint of 14 . 1°C . 
entered the tube side of a membrane module comprising 

45 dense nonporous unsupported crosslinked silicone hollow A gas / vapor feed mixture of air and water vapor of fibers ( MedArray Inc . ) of surface area 1 m² . Sweep Fluid G volumetric flow rate 1 scfm at an inlet dew point of 17 . 9° C . was pumped through the shell side of the membrane module entered the bore side of a membrane module , denoted at a flow rate of 40 ml / min , contacted the membrane , and Module 1 , consisting of dense nonporous unsupported cross absorbed water vapor that permeated the membrane . A dried 
linked silicone hollow fibers ( MedArray Inc . ) of surface area 50 air stream exited the module as the retentate . The rate of 
2 . 1 m “ . Sweep fluid G was pumped through the shell side of water vapor removal in grains per hour and the water vapor 
Module 1 and cooled to 15° C . prior to entering Module 1 . flux in grains / hour - m for this test is given in the second full 
Sweep fluid G contacted the membrane and absorbed water row of Table 12 . 
vapor that permeated the membrane . A dried air stream 
exited Module 1 as the retentate . Sweep fluid G exiting 55 COMPARATIVE EXAMPLE C22 
Module 1 was heated to 35° C . prior to entering the shell side 
of a membrane module , denoted Module 2 , consisting of Water Vapor Desorption Using a 1 . 25 m² Porous 
dense nonporous unsupported crosslinked silicone hollow Membrane 
fibers ( MedArray Inc . ) of surface area 2 . 1 m2 . The flow rate 
of sweep fluid G was 40 g / min . A gas / vapor mixture of air 60 A dry air stream of volumetric flow rate 30 scfh at an inlet 
and water vapor of volumetric flow rate 0 . 67 scfm entered dewpoint of - 60° C . entered the tube side of a membrane 
the bore side of Module 2 to regenerate sweep fluid G . The module comprising porous polypropylene hollow fibers 
water vapor removal rate in grains / hr between the feed ( Membrana Liqui - cell Superphobic ) of surface area 1 . 25 m² . 
entering Module 1 and the retentate exiting Module 1 is A wet Sweep Fluid G containing 1 . 8 wt % water was 
included in Table 10 . The rate of water vapor desorption 65 pumped through the shell side of the membrane module at 
from sweep fluid G in grains / hr in Module 2 is included in a flow rate of 40 ml / min , contacted the membrane , and 
Table 11 . desorbed the water into the air stream . A humidified air 
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stream exited the module as the retentate . The rate of water ane , a polysiloxane or a combination of two or more of 
vapor removal in grains per hour and the water vapor flux in a silane , a polysilane , a siloxane , and a polysiloxane , to 
grains / hour - m´ for this test is given in the third full row of produce a permeate mixture on the second side of the 
Table 12 . membrane and a retentate mixture on the first side of 

the membrane , wherein the permeate mixture is 
EXAMPLE 92 enriched in the first gas component , and the retentate 

mixture is depleted in the first gas component . 
Water Vapor Desorption Using a 1 . 0 m² Dense 2 . The method of claim 1 , wherein the first dense silicone 

Silicone Membrane membrane is a nonporous silicone membrane . 
10 3 . The method of claim 1 , wherein the first dense silicone 

A dry air stream of volumetric flow rate 30 scfh at an inlet membrane is a hollow fiber membrane module comprising a 
dewpoint of - 60° C . entered the tube side of a membrane bundle of hollow fibers , wherein the fibers collectively have 
module comprising dense nonporous unsupported cross - a bore side and a shell side , wherein at least one of 
linked silicone hollow fibers ( MedArray Inc . ) of surface area the first side of the hollow fiber membrane is the bore side 
1 m² . A wet Sweep Fluid G containing 1 . 8 wt % water was 15 and the second side of the hollow fiber membrane is the 
pumped through the shell side of the membrane module at shell side , and 
a flow rate of 40 ml / min , contacted the membrane , and the first side of the hollow fiber membrane is the shell side 
desorbed the water into the air stream . A humidified air and the second side of the hollow fiber membrane is the 
stream exited the module as the retentate . The rate of water bore side . 
vapor removal in grains per hour and the water vapor flux in 20 4 . The method of claim 1 , wherein the organosilicon fluid 
grains / hour - m2 for this test is given in the 4th full row of comprises at least one of an organosiloxane and an organosi 
Table 12 . lane . 

5 . The method of claim 1 , wherein the organosilicon fluid 
TABLE 12 comprises at least one at least one silicon - bonded hydroxy 

25 group , at least one silicon - bonded ether , at least one silicon Inlet dew Water vapor removal Water Vapor Flux bonded polyether , or a combination thereof . point ( °C . ) rate ( grains / hr ) ( grains / hr - m ) 6 . The method of claim 5 , wherein the silicon - bonded 
Absorption - 14 . 4 93 . 4 74 . 72 hydroxy group , silicon - bonded ether , or at least one silicon 
Example C21 bonded polyether is bonded to a non - terminal - silicon . Porous 
Membrane 30 7 . The method of claim 1 , wherein the feed mixture 
Absorption - 14 . 0 101 . 9 101 . 9 comprises water vapor and the permeate mixture is enriched 
Example 91 in water vapor . 
Dense Silicone 8 . A method of removing a gas from a mixture , the method Membrane 
Desorption - - 60 . 0 36 . 9 29 . 5 comprising : 
Example C22 35 contacting a first side of a first dense silicone membrane 
Porous with a feed mixture comprising a first gas component 
Membrane and at least one of a second gas component and a first Desorption - - 60 . 0 55 . 7 55 . 7 
Example 91 liquid component ; and 
Dense Silicone contacting a second side of the membrane with a sweep 
Membrane liquid consisting essentially of an organosilicon fluid 

consisting essentially of a silane , a polysilane , a silox 
The terms and expressions which have been employed are ane , a polysiloxane or a combination of two or more of 

used as terms of description and not of limitation , and there the silane , the polysilane , the siloxane , and the polysi 
is no intention that in the use of such terms and expressions loxane , wherein the silane , the polysilane , the siloxane , 
of excluding any equivalents of the features shown and 45 the polysiloxane or the combination of two or more of 
described or portions thereof , but it is recognized that the silane , the polysilane , the siloxane , and the polysi 
various modifications are possible within the scope of the loxane comprises at least one of a hydroxy group , an 

invention claimed . Thus , it should be understood that ether group , an acrylate group , a methacrylate group , an 
although the present invention has been specifically dis acrylamide group , a methacrylamide group , and a 
closed by preferred embodiments and optional features , 50 polyether group , to produce a permeate mixture on the 
modification and variation of the concepts herein disclosed second side of the membrane and a retentate mixture on 
may be resorted to by those of ordinary skill in the art , and the first side of the membrane , wherein the permeate 
that such modifications and variations are considered to be mixture is enriched in the first gas component , and the 
within the scope of this invention as defined by the appended retentate mixture is depleted in the first gas component . 
claims . 55 9 . The method of claim 8 , wherein the first dense silicone 

membrane is a hollow fiber membrane module comprising a 
We claim : bundle of hollow fibers , wherein the fibers collectively have 
1 . A method of removing a gas from a mixture , the method a bore side and a shell side , wherein at least one of 

comprising : the first side of the hollow fiber membrane is the bore side 
contacting a first side of a first dense silicone membrane , 60 and the second side of the hollow fiber membrane is the 

wherein the first dense silicone membrane is a free shell side , and 
standing membrane , with a feed mixture comprising a the first side of the hollow fiber membrane is the shell side 
first gas component and at least one of a second gas and the second side of the hollow fiber membrane is the 
component and a first liquid component ; and bore side . 

contacting a second side of the membrane with a sweep 65 10 . The method of claim 8 , wherein the organosilicon 
liquid consisting essentially of an organosilicon fluid fluid comprises at least one of an organosiloxane and an 
consisting essentially of a silane , a polysilane , a silox organosilane . 

40 
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11 . The method of claim 8 , wherein the organosilicon contacting a second side of the membrane with a liquid 
fluid comprises at least one at least one silicon - bonded consisting essentially of an organosilicon fluid consist 
hydroxy group , at least one silicon - bonded ether , at least one ing essentially of a first gas component and a silane , a 
silicon - bonded polyether , or a combination thereof . polysilane , a siloxane , a polysiloxane or a combination 

12 . The method of claim 11 , wherein the silicon - bonded 5 of two or more of the silane , polysilane , siloxane , and hydroxy group , silicon - bonded ether , or at least one silicon 
bonded polyether is bonded to a non - terminal - silicon . polysiloxane and where the silane , polysilane , siloxane , 

13 . The method of claim 8 , wherein the feed mixture polysiloxane or the combination of two or more of the 
comprises carbon dioxide and at least one of nitrogen and silane , polysilane , siloxane , and polysiloxane com 
methane and the permeate mixture is enriched in carbon prises at least one of a hydroxy group , an ether group , 
dioxide . an acrylate group , a methacrylate group , an acrylamide 

14 . The method of claim 8 , wherein the feed mixture group , a methacrylamide group , and a polyether group , 
comprises water vapor and the permeate mixture is enriched to produce a gaseous permeate mixture on the first side 
in water vapor . of the membrane and a retentate organosilicon fluid on 

15 . The method of claim 8 , wherein the first dense silicone the second side of the membrane , wherein the permeate 
membrane is a free - standing membrane mixture is enriched in the first gas component , and the 

16 . A method of removing a gas from a liquid , the method retentate organosilicon fluid is depleted in the first gas comprising : component . contacting a first side of a first dense silicone membrane 
with a gaseous stream ; and * * * * * 

10 

15 


