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MEMBRANE REPARATION AND PORE SIZE I.EDUCTION USING lNTERFACIAL 

OZONE ASSISTED CHE.\1JCA1 V AP01t. DEPOSIDON 

FIELD OF IN\1EN]JQN 

The present invention is directed toward a method for reducing pore size 
and reparating defects in a porous substrate or an active membrane layer having voids or 
defects therein, using chemical vapor deposition. 

BACKGROUND OF INVENTION 

Reparation technologies apply coatings to membranes to repair existing 
defects or holes in membranes. Reparation techniques either selectively seal defects and 

holes or attenuate their etf ects with a permeable ·coating that covers the membrane surface. 
Reparation techniques -which selectively seal defects are often based on the selective appli­
cation of a film-fonning material which acts as a diffilsion barrier. Reparation technol~gies 
which attenuate rather than selectively seal defects or holes apply a permeable layer over 
the entire sur&ce of the membrane. The mass transfer resistance of this layer must be suf­

ficient to attenuate the effect of defects in the membrane and improve the pennselective 
properties of the membrane. Reparation technologies improve the pennselective 

propenies of membranes with defects or holes. Defects and holes fonn nonselective 

penneation pathways through the membrane and reparation decreases the flux through 

these nonselective pathways relative to pennsei•ive pathways through the rest of the 
membrane. 

Coating materials which have been used to rqarate polymer _membranes have been 
generally polymer and epoxy ma.Ws. Wh•~Jhey are used to reparate polymer 
membranes by selectively seaJing defects. film forming polymers or epoxies are applied in a 
manner such that they are selectively absorbed into defects or holes. For example. hollow 
fiber membrane modules containing a small percentage of broken fibers have been 
reparated by selectively filling broken fibers with epoxy. When they are used to attenuate 
defects, permeable polymers or epoxies are applied as a thin film coating over the organic 

membrane surface. The polymer and epoxy materi~ used to seal and attenuate defects in 
poJymer membranes tend to degrade in the haJsh chemical environments and high 

temperature operations in which inorganic m~ can be used. In addition. many of 
these polymer and epoxy materials cannot be used to reparate zeolite membranes because 
they either plug the zeolite pores or fail to adhere to the zeolite surface. 
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For inorgamc·membranes high tenJpef.a~ c~ating technologies have been 
developed·to-ailter th~·pore sizcrofthe;·-memb •. __ ~-=tan1J'le of high temperature coat· 
ing technology is given by G. R. Gavalas and C. E. Megiris in U.S. Patent 4,902.,307 
where they describe the synthesis of an Si02 membrane on .. porous suppon and method 
of use of the same.- Propenies of membranes coated in this manner are given by s'. Woo 
Nam, and G. Gavalas in· AICHE Symp~ Ser.- 85(268)-68~74, l989 where they describe the 
-stability of H2 · permselectiVe -Si02 -films: formed _by ___ c;hei.ncal vapor deposition. 
Additionally, M. Tspatsis. S. -~~ S •. woo Nam, -and _G.-.Gavalas; in .I&EC Research 
(AICHE), 30, 1991 where they describe the synthesis of hydrogen permselective Si02, 
TI02, Al203, and B203 membranes from chlorj.d~ p~~· --- The above coatings are 
applied at high temperatures in excess of about S00°C which thennally ·stresses many 
inorganic membrane materials and precludes the . use· .of many membrane module f 
technologies~ Chetnical vapor deppsidon (CVD) processes .have been extensively used in-

- the semiconductor ·industry. to ·deposit thin coatings used. in- integrated circuits and other 
tnicroelectJ'Onic· devices: · Such CVD coating procesies typically· produced- silica coatings 
&om readlon·'of'gaseous--·silicon: containing molecules introduceli .&om one side of the 
membrane anc1· an oXidant which is brought from the other ·side •. Untonunately. silica 
coatings·m8d~ in this way are am ·coatings which ·can·bigg. the pore structure of a 
menibtane evidenced by a negligible flux f0r hydrogen at temperatures below -JOO -
400°C. Tbii'is the ·t)'pe .ofpennselective transpon which oc:Cursin .dense silica films. At 

high tempeiatutes, -hydrogen is transported through-.the'interstices between.-atoms in the 
-silica fiJJli,- while ·'at 'low_ temperatures 'the diftbsivity through these:: sites becomes so low 
that the hydrogeit'fliix drop·s dramatieilly; These high-temperature CVD coatings are well 
suited to reducing the pore size of inorganic membranes below about 3 A.- however, they 
cannot be applied to reparate membrane materials -or to selectively produce uniform pore 
sites larger ifuin- about 3· A. i fiirdier limitation of ·these-high temperature coaaing 
techDiques is 'that :'many membrane mitiriaJs are destroyed-by-heating to· the temperatures 

-: required for cC>ating. -

Pro~lem5 'With high temperatUre CVD cOaiing techniques has caused the 
semicoDductor induStry to develop ·low temperat&lie cvn· coa1ing techniques based on 
using ozone ai an cmdant. EXamples· of the use'·of ozone Usilted CVD for semiconductor 
applications are gweil by H. W. Fry, I. P. Welt, S'. Poon B~· A Boeck and C. C. Yu in 
Solid State TeebnolOgy (p~ll~ March 199). FilmS·produced by the semiconductor industry 
uiiDg low teinper&ture omne assisted CVD proceiles nevertheleSs 'still tend to be dense 
·and imPermeabte. -As such; to ~ CVD proc:eSSes ·bUed ·on ozone cannot be used to 
reparate membrl!les or to selectively alter the size "of pores ill. membranes so that they are 
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unifonn and larger than about 3 A. Developing such an ozone based reparation coating 
technology would be advantageous because it c~~d be applied to a large nwnber of 

membrane materials that cannot withstand high temperatures. Furthermore, many 
inorganic materials applied to membranes by low temperamre ozone assisted CVD coating 
techniques could withstand harsh chemical environments. 

BRIEF PESCR!PTION OF THE FIGURES 

Figure 1 is a schematic of the apparatus used to reparate the membranes of 
the examples. (A) is an air tank. (B) an ozone generator, (C) and (E) mass flow controls, 
(D) an argon tank. (F) a temperature controlled TMOS or TEOS Bubbler, and (G) a 
controlled temperature sandbath. (H) is the membrane, and (I) and (J) are vents for 
withdrawal of the ozone and volatile metal containing gas. (K) is the zeolite layer, (L) is 
the porous substrate, and (M) is the membrane holder. 

Figure 2 is the halflife change of ozone with temperanire. The x-axis is 
lOOOtr (°K) and the y-axis is the ozone half life in seconds. 

Figure 3 is a graph of the interfaciaJ pore size reduction of a nominal I 11m 
Mott stainless steel membrane during the CVD method of the instant invention as well as 
that of a 0.2Spm membrane. The x-axis is treatment time in minutes and the y-axis is argon 
gas tlow through the membrane in cc/min (flux). The treatment was conducted at lSOOC. 

Figure 4 depicts silica deposition ac~ss a porous metal membrane (Mott 

thickness=Jmm. nominal pore size -t11m). The x-Qis is the fraction of distance through 
the membrane and $e y-axis is mole fraction. The sijica source was TMOS~ the reaction 
tempenure was 150°C, the ozone concentration was 4% (in air) and the analysis was 
across a fi'actured surface. 

Figure S is a schematic diagram of an asymmf:tric inorganic ultrafiltration 
... JI ~ .; 

membrane (cross-sectjonal view). .., 

Fipre 6 is a depiction of the ability of the in-.nt CVD process to reparate defects 
in membranes. The x-axis is reaction time with ozone and TMOS in minutes and the y-axis 
is nitrogen permeability at 22s0 c. 

Figure 7 is a dia~ of the Cold Wall Reactqr..used for imricial gasliiquid phase 
. . -: -. ~ . 

reparation ofzeolite memtPnes. (A) is the air tank.@) is the ozone generator~ (C) is the 
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· mass flow controller, and (D) is the membrane holder~ (E) is the Cold Wall Reaction 
. Ve"ssel, (F) is the %eolite iayer~ (G) is the membrane SuQstrate. and (H) is the heating 
surface. 

SUMMARY OF TiiE JNYENTIQN 

The instant invention is directed. toward· a··proc~~ for. ~clng the pennselective 
properties, selectively sealing defects and pinholes, controllably altering the pore size ~ 
stabilizing the 'p~lective"properties of ~cles having appeiatures therein comprising 
the steps. of . sunultaneoiiSJy contacting an article. &avlDs. a first and seeond surface, said 
first and' second "sur&C:~ being .. capable·. or·· :puling·. 6zone' and·· metal compounds 
therethrough aliid·•said•,;-first and ·~ond. surraces'being'orietttecf such that said metal 
compounds·. and omne can react aeross said first an~f secortd sUriaces: •:With ozone on said 
first surface and a metal compound. ~n slid seC:ond ~fface. and. wherein said contacting is -
conducted for a time and at a tempenure and pressure sufficient to allow said ozone and 
said metiJ· compound to fo~ ~ . metal. oxide. Appetature. ai us~d herein means any 
opening in the article acted: upon, whether a void~ defect. ·pore, pinhole, grain boun~ 
zone space, etc. Metal oxides as used herein include silicon oxide (silica). 

the present invention is a low temperatiire intetfacial. ozone assisted CVD 
(chemical vapor deposition) process which can be used to reparate defects in a membrane 
or to controllibly &lter the siZe of pores within a membrane. .Wheh it is used to reparate a 

. membrane, it. ~ecti~ely reduces the mass transport' through detects or holes in the 
membrane '. so . thlt . 'the ·membrane ·js eapible of . pedo~; a· -· dUired 's~aration. 

Membranes which ·are r~parated using this technique do no! haVe ·to 'be potous, however, 
when the invention is used to tailor the pore size of a Membrane, some portion of the 
membrane structure must be porous. Besides reparating a membrane, the ·coating may also 
stabilize the membrane SttUctUre so that it retains its. pamseieenve propenies during use. 
When it is used to tailor the pore size of a membrane. ·t11e·cc;ating'applied by the iiitertacial 
ozone assisted CVD process selectively reduces the size of larger pores contained within 
·the layu to be·rep~ed~ Jt·is p~ tim this layer be the layerthat·giVes permselective 
properties to· the rttetnbrane: The interfacial oione assiited CVD' process can also reduce 
the size of pores contained Within this layer or ~other layet ·in the in· the membrane 
structure. The reduction of the sizes of pores in the membrane is also considered to be a 
tailoring of the pore~ stnictW-e: :The pennlelecti~e pt0perties of the·' membrane are 
improved whether"theiechriiqUe is used to replrate de&cis··in membranes, or to tailor the 
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pore size of a membrane. As such. the low tempem,ture interfacial ozone assisted CVD 
process enhances the pennselective propenies of a membrane. When applied to zeolite 
membranes it not only repairs defects, but it also can stabilize the zeolite layer, preserving 
its permselective propenies under operating condition$ at temperatures from SO to 750°C. 

Inorganic membranes whose peimselective properties can be enhanced in 
accordance with the instant procedure include zeolite membranes, ceramic ultrafiltration 
membranes, sol-gel membranes, metal membranes and combinations thereof. Polymer 
membranes whose permselective propenies can be enhanced in accordance with the instant 
procedure include membranes with a dense nonporous layer, and poJymer membranes with 
porous layers. When used with polymer membranes, the polymer membrane material must 

be stable at the temperatures used in the CVD deposition process and must not rapidly 
degrade when exposed to ozone. Rapid degradation would be a complete loss of 
membrane selectivity when exposed to ozone for longer than one hour. 

The instant procedure improves permselective properties of membranes by 
fanning a coating on said membranes produced by interfacial reaction betWeen a reactive 
metal containing compound and ozone which is flowed over one side of the membrina. 
The ozone can be flowed over either face of the membrane, however if the membrane is 
asymmetrical, it is preferred to pass the ozone over the side of the membrane with the 
greater mass transfer resistance (smaller pore stlUCtlJre). The ozone is one part of a gas 
mixture, the rest of which does not significantly participate in the reaction. Concentration 
of ozone in the gas mixrure can range from .OS to SO% by volume and is preferably in the 
range between 1 and 15% by volume. Gases w~ are essentially inert under reaction 
conditions may form the rest of the gas mixture ie, air .. nitrogen, argon, and oxygen. The 
coating produced by reaction with ozone is primaril_y an inorganic material and contains 
the metal species from within the reactive metal compound. In many cases the coating is 
an inorganic metal oxide. In all cases reaction conditJons are chosen so that ozone and the 
reactive metal compound deposit a coating that enhances the permselective propenies of 
the membrane. 

The coating is deposited by introduc:i_M the ozone and reactive metal com-
. .i •• 

pound '° that they meet and react within or at the ,surti.ce of the membrane. To obtain 
such an interfacial reaction, the ozop is introduced. on one side of the membrane and the . . . l: 

reactive metal compound is introduced through the other side of the membrane or from 
'material filling or coating the sumce of the membrane. When the reactive metal com· 
pound is introduced through the ~~ it is P.~eated through the membrane from 
the side opposite to that on which the ozone flows. In this case the reactive metal com· 
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· pound can he flowed across the fae~ of the membrane c)pposite to that. on Which the ozone 
flows. When the reaciive metaJ comiining compofuid is 'uttri>duced 'from the opposite side 
of the membrane while the ozone is flowing, it ~-'be iD either the gas or liquid phase. 
Gaseous relctiVe JiietaJ contaiDing compourids ·ca:n "b~ eidiet ·tl'Ue ·g1sses or vapors. Liquid 
phase reactive metal compounds that can be penn~ed from the opposite side of the 
membrane on which the ozone tlo\vs can be v0ll.tile 'C>t l'K>DVOlatile liquids. When the 
reaC:tive metal compound is introduced from withuf the membrane or ftQm a film on its 
sUrface, it ·must be a·nonvoiatile liquid whiCh ii ~ecf 0r"·coateci onto the membrane 
before the. ozone is introduced; To retain the compa\fucfiil• or: on the·membrane during the 
reaction, the vapor pressure at the reaction tempeli~'niUst· be less than so tott and more 

preferably less than 1 t~rr. In all events, the niactWe.'·mt!tafC:Ompc>Wui is notfed during the 

iruer&cial reaction from the same side of the mmrae"u the ozone. 

Reactions between .the·· reacnw rmmi··compouhd and. ozone are conducted. 
at tempemures of <300°C where the lifetinie of ozone is lo_nger than 10 milliseconds. 
Preferably the temperature will be <200°C where the 1itetifue· of ozone is longer than 1,000 
·milliseconds. The minimum temperature will be 20°c/preferably 100°c. Contro~g the 
reaction :temperature controls the rate of reaction of the omne "With "the reaC:tive metal 
compound. Thus, controlling. the rate of reletion. affedS •the nature· of the coating. For 
example with a porous membrane having d~ the '~entio Which. the inorganic. oxide 
coating can selectively seal· defects and ·holes is det~~~ by-the r'elative rates of mass 
transport and reaction for ozone· a· 'the reactive· rnetll . eomp0und. ·. A. ineasiire of these 
relative rites is the Thiele modulus which. equus one when.'.the rewive· i'ates of reaction 
and mass transpc)rt are equal and increases IS the felatiw rite of reaction increases. Holes 
and defects are preferentially reparated when' physical operaung·' conditions are chosen so 
that the· Thiele modulus is greater thin 0.1 and preferBbly gteater than one. For other 
types of membrines as Well, the nature or'the coliins d~ted bY the intetfacial ozone 
assisted CVD process is determined by the relatiVe ~ 'of re8ciion and mass transpOrt. 

The rate of reaction can be comr0nect by not only the tmftp~ but also the ozone con· 
centration, and the choice of reactive metal compound. Methods to Control the mass 

transport rate through the membrane can be a pressure gradient across the membrane, and 
controlling the concentration of the ozone or metafcoritaimng ·reactant. Concentrations of 

. . 

ozone or the metal containing reactant can be adjusted With a'dihient~ The diluent can be a 
material which does not panicipate in the reaction~ 

Re&ctive ·metal compounds usable With the present. invention must react in 
the specified temperature range with ozone to fonn a. Sc>lid coating.. The reactive metal 
compounds can be either in the· gas or liqwd· phlse depeliding··on the way the interf4cial 

liff if 1iii1Ur 



W096/01682 

r.:=====·· .... ·----. 
THIS SHEET H.z.:.S ~:::C..~1-J 

R~,~J~i~'1J E.O - 7 - PCT/US95/08512 

reaction is conducted. · When the reactive metal containing compound is coated onto or 
impregnated into the membrane before exposing it to oz.one, the compound must be a 
nonvolatile liquid. The liquid must be nonvolatile-so that it does not transpon away from 
the membrane by vaporization after being coated onto or impregnated into the membrane. 
To retain the compound in or on the membrane during the reaction, the vapor pressure at 

the reaction temperature of the liquid phase reactive metal containing compound must be 
less than SO. torr and more preferably less than 1 torr. To impregnate it or coat it onto the 
surface of the membrane, the viscosity of the compound must be less that 1,000 
centistokes. Examples of reactive metal containing compounds meeting these 
requirements include silicone oils with molecular weights between 300 glmole and 10,000 
g/mole. When the react:ive metal compound is introduced fi'om the opposite side of the 
membrane, the reactive metal containing compound can be either a liquid or a gas which 
permeates through the membrane or defects in the membrane. Liquid phase compounds 
can be volatile materials such as orpnosiJicon compounds like hexamethyldisilane_ 
(HMDS), tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) or nonvolatile liquids 
like silicone oil. In all of these example compounds, the metal atom is silicon. Gaseous 
reactive metal containing compounds can be either true gasses like silane or vapors 
produced by bubbling an inen gas through a volatile liquid phase reactive metal containing 
compound. Vapors fi'om the volatile metal compound are carried with the inert gas which 
is then flowed over the membrane. Examples of inert gasses which can be used include 
argon and nitrogen. Volatile liquid compounds that can be used are selected fi'om volatile 
organometallics such as boron hydrides, boron halk:les, or titanium chloride. Preferably, 
volatile organosilicon compounds such as hexamethyldisHane (HMDS), tetramethoxysilane 
(TMOS) and tetraethoxysilane (TEOS) will be used. 

Conditions under which the interfaciaJ ozone assisted CVD process is per­
formed must be chosen so that the decomposition reaction leading ultimately to the 
reparation coating occurs priinarily on the surface:ar within the membrane and does not 
occur homogeneously in the gas phase producing-powders that rain onto the membrane. 
Optimum conditions are set by controlling the time t'lmperature profile of molecules in the 
reaction zone. Usually good films are produced· when the ozone flows rapidly across the 
substrate surface. The flow rate of the ozone should be such that the residence times for 
ozone molecules in the ·heated zones is less that the thermal ozone lifetime. The heated 
zones can include any preheating zone which may· eaist as well as the heated ponion of the 

. reacsion zone. It is preferred that flow rate of the ozone should be such that the residence 
times for ozone molecules in the heated zones is l• than one fourth that of the thennal 
ozone lifetime. Equivalently, the flow velocity of the gas stream containing the ozone 
should satisfy the following inequality: 
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: fl . ' su volume iii reaction cell ¥215 'volume ()f preheat zane 
gas. ow rate > . ozone lifetime at reaction temperature.-· · · 

= When the procedure of the·. present invention is applied 'to a membrane 
where the· transport of molecules throughout the membrane -is controlled by a mesoporous 
layer , the procedure can reparate defects in the mesoporous layer as wellas tailor the pore 
size of the mesoporousJayer. 'Specifically, thepresent·invention can be used to make the 
pores in the mesoporous layer more moilodispersed.- ··-When the present invention is applied 
·to microporous membranes· it may not only repmte -the membrane, but it may also 
Stabilize the permselective .. properties- . of membranes which do not have defecu. 
Stabilization of petmselective proplSl'ties:~ is taken to· mean preserving the pennselective 
properties . of the· membrane under conditions in harsh chemical environments or at high 
temperatures. High temperaturesjs· taken to mean temperanns .. above 100°C. All of 4 
these fimctions enhanc~ .. the. permSelective .properties, of membranes. As stich the present 
invention provides a. method. for enhancing the .-.peqnleleeuve· preperties. of membranes. 
When the process ,·-is used With membranes having ·a •pore •struC:ture, interfacial CVD 
coatings can be applied so that less tllan·.·SO% of the_·pores iinhe membranes are blocked. 

A. blocked pore is· a .. pore through -which molecular -species penneating the membrane 
cannot flow. or diftbse. · . 

. · •. · ... 

One .. application invo~ves us~g the ··process of 'the--current invention to 
improve the-. pelformance of currentcommereial sLllface· microfiltr~tion and ultrafiltration 
membranes. In this mode ofapplicatio~ the reparation technology would be applied to 
eliminate defeCts and pinholes in the modules, while at the same time altering the structure 

of all pores to decrease their sizeandmake'them more·monodisperse. Another application 
of this reparation• technology would be to produce gas . separation membranes. With the 
current· invention, it is ·possible .to convert existing ·inorganic ·uttrafiltration membrane 
modules into gas separation membranes.-· This conversion could be done· after the module 
bu · been assembled. Another appliciation of ·the ozone assisted CVD reparation 
technology described in this memo is for the production of a· zeolite membrane. Zeolite 
membranes .have long ·· been a goal of .separation ·science. As .synthesized zeoJite 

membranes are often not highly ;mective .. We have found that they can be made selective 
by applying coatings using the process of .the . current invention. The coating imparts 

selectivity· to .the as synthesized membranes . which persists- during use· in separation 
applications. In this application,· the coating serves to · reparate defects in the as­
synthesized membranes, and also serves ·to . stabilize the · pennselective properties of ~­

synthesized zeolite membranes which do not have defects.· 

• 
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The following examples are for illtisttation and not limiting. 

The ap~tus depicted in Figure 1 wiS used to reparate the membranes of 
the ·examples. A model ·GL-1 ozone generator ~ by PCI Ozone &. Control 
Systems which utilizes a plasma discharge was used. Three weight percent ozone in air 
stream flowing at 0.2 SC:f'.M (5,000 cc/min.) was ~ced. The stream wu piped over a 

distance of approximately 250 yards to the point of .the mass flow control. Mass flow to 
the CVD reaction zone was controlled by splitting the flowing ozone stream so that most 
of the stteam is vented and about 100 .. 300 cc/min ~~flowed into the reaction zone. ne 
flow rate into the CVD reaction zone was dictated by the physical dimensions of the mem­
brane holder and the desired residence time in the reaction zone. The desired residence 
time in the reaction zone ;is set by the desired reacti~ temperatUre and ozone lifetime at 

that temperature. _ The te~perature dependence o~ the ozone lifetime in free space is 
shown in Figure 2. 

With one inch diameter membranes mounted in our membrane cell, the Sas 
volume is less than 0.5 cc.. which is significantly less than the -2 cc volume of the preheat 
coil. This gives a reside~ce time oto.s second wh~ the flow is -300 cc/min and a resi· 

dence time of -l .S secondJ when the gas flow is -100 cc/min. These residence times are 
significantly less than the. o~one lifetime even at temPeratures as high as 200°C. By using 
these high gas flow velocities and shon residence times, the entire membrane surface is 
homogeneously reparated. 

The volatile metal containing coinpound that is perm~ed ftom the 
opposite side of the membrane is introduced into ~ inen gas carrier stream which is 
flowed across the side ~f ~9e membrane opposite t~ that on which the ozone is introduced. 

The velocity of the argon stream is set so that ol#)' a small fi'action of the volatile metal 
.. ·.. ; ~f:~i '.' .. · .. ~.· :J 

containing compound is consumed in the inter&dal reaction with ozone. It is preferred 
. r . ~ ·· t' 

that less than 20 percent. of the volatile metal co~g compound be consumed in the 
reaction with ozone. By not depleting the supply or the metal compound, the uniformity 

of the reparation is signi~~dy improved. 

The use ~r this inter&cial gas phase reparation technique js Ulustrated for 

the reparation of three different types of mem~~- _structures. The first example is a 

metallic filtration membrane, the second is an ~~c ultrafiltration membrane. and the 

last example is the application of the reparation technique to a zeolite membrane. 
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Reparation and Pore Size Reduction of a Metal Microfilttation Membrane 
. . .. -... · . . : :-· . ... .·: .-::: ".';?:-""-. . . . : 

~plying the interfacial gu phise reilmtion tecmiology·to a metallic mem .. 
brane, we redticed the. nomirial pore. size by i fdctor offo~ while ~Pificantly narrowing 
the pore size distnbution .. ·.Metallic filttau~n memb~a' ~ avail.hie fro~ a number of 
suppliers, and experiments· .were performed: ~th ~: n~~ 1 mi~~.· ppre .size porous 

stainless steel 1Demb~e :pure~ ~ ·td~ hii:.~.,1#r~':P~ ni~brane is a tor­
tuous path filter where the filtration properties ans controlled by neckS in the pore struc-

. ture between metal grains. V~atio~ i~· the.~ ~f-th~ .:POwd~ .. <~~ ~) used to 

romi the membrane 1ead to a variation in the ~ oftlle P~l'e suuc:ture iii die rnenibrane. ~ 

,These· variation$ in the controlling p~fe:me' disqibution can be measured 
by a variety of techniques such as the distribution of bubbles · f'orined on ·the membnne 
surface "in a bubble point test. In this test water is tl()()(fed _over one surface of. the 
membriDe and a gas 'pressure "is applied ffuni'the_.C>pposite''rlce of the membrane. As the 

ps pressure increase~. isolated gas -~~bbla: app~ at' di~ pomt '~(the: tar8$. pores. By 

physically eXamining the. spatial cliitribution of bubbl~s .s··a fimcti~n .of p~essure,· tu pore 
size distributiori can be chanlct~~, ·. An9lli~' ~on ri the pore size 

distribution is the membraneis ability to rut..: ~onodi~~~ pol~ spheres Suspended in 
water~ Polymer spheres with·· l~s than o:os mia:o~ ~atio~ ··hi -~pllJ'ticle . size are 

commercially available. It is found that the as received Mott ~emb~~ ;u. pass a small 
number of 2.S microns spheres. The flux of spheres through the membrane steadily 
iimases as the.sphere site is decreased b 2.S ~cr0~ to 2."o microns, to 1.5 microas 
to 1.2 micfoils to I.omicrons. ·ae1~ that size die'sph~ ftux ~sh the .membrane 
gi'adU8lly increases. From a cmlibiriaiion of btibb~ 'pcrint ind< sJ,liere permeation 
experiment$, the ·nominal pore ~-of die iDiual ~ is admat~ to be -t .o microns 
with a pore size distribution ~ extencls tip to 2.s. ~cfons With the. cemroid or the 
distribution being within o.1S microns ofl Dlicrons .. · · 

To narrow and reduce the pore Size diStribuaon of the· Mott membrane. it 

was intedacially reparated at 1 S0°C with a CVD. proc~ that "1$ed ozone and TMOS 
(tettamethyionhosme). Figure. 3· shows h~w the ·q~n --flax~ through the membrane 

changed during the· reparation proce5s. The qon· BIJx ·Was· meaDecl with two different 

transmembrane gas pressures of 8 an·20 KPa. 

This Sheet Has Be . 

1111111;1r 
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At the . end of the reparation procedure shown in Figure Jt the 

average pore size and size distribution was ~d. It was found that the pores were 

reduced to an average size of 0.2.S microns and that the pore size distribution was within 

O.OS microns of this nominal size. This reduction in pore size is dearly accompanied by a 
.. -- -

dramatic reduction in the pore size distribution. Such a narrowing of the pore size 
distribution can be accounted for by realizing that reactants are preferentially uansponed 

through larger pores of the membrane. Preferentially transporting reactants through large 

pore structures causes more coating to be deposited in the larger pore sttuctures. This 

preferential coating of the larger pore structures is what reparates the membrane and 

narrows the pore size distribution. The preferential coating of the large pore structures 

occurs eVen though reaction is not much faster _than difibsion. When reaction is not 

significantly faster than diffusion, the coating can c{eposit across the entire thickness of the 

membrane. The mass transfer across the membrane is set by the pore size. temperamre. 

concentration gradient and pressure gradient across the membrane. while the reaction rat~ 

is set by the choice of reactant (TEOS, TMOS. etc.), and the temperature. The large 

micron sized pore structure of the Mott membrane sets up a large mass transfer and the 

coating deposits across the entire thickness of the membrane. This can be seen in Figure 4 

where a profile of the silica deposition across the Mott membrane used for the reparation 

experiment in Figure 4 is shown. 

EXAMPLE2 

Reparation and Pore Size Reduction of an lnorganjc Ultratiltration Membrane 

Applying the interfacial gas phase reparation technology to an inorganic 

ultrafiltration membrane, we were able to selectively reparate defects and conuoHably alter 

the effective pore size. The inorganic ultrafiltration membranes used were produced using 

sol-gel chemistry. A schematic diagram of the membranes is shown in Figure 5. 

The pennielective ~-alumina layer on the surface of the 

membrane shown in Figure S was produced using,sol-gel chemistry. The sol-gel coating 

tends to have defects when it is applied over the lqe pore support. As such, a layer with 

intermediate pore size is incorporated into the membrane to reduce the defect density. 

Even with the use of an intermediate pore size lay~ defects can still exist in the sol-gel 

coating. The ozone assisted intertacial gas phase, CVD process has been shown to seal 
these defects. An example of the ability of the interfacial ozone assisted CVD process to 

reparate defects in membranes is shown in Figure. 6. This Figure shows the penneability 

change during reparation of an asymmetric inorgmuc ultrafiltration membrane with defects 
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in the sol-gel coating: Duling the.initw stages of rep2U'Btion. the defect in the coating is 

preferentially sealed. . The fact that the ; defeC:t is ··pref#=tillly sealed is deduced by the 

relative changes in selectiVity.and 'pennmlliiY of the melnbraile. The initial membrane had 

a seleCtiVit)r in slligl~ ·component las. permeation expCriMents•beio\v the Knudsen limit. In 

the initial phases of the reparation procedure, the pel'lileation ten slightly and the mem­

brme exhibited Kmidsen like. selectiviaes: Contiui.UD8 the reparation process decreased 

the permeability of the membrane by redii~g the ava:aae pore SiZe in the pennselective 

layer .. At the end of the repiration procedure, the ~ pore size was charact=rized 

by permeation chliacteristics of oligomers. Narr0?/molecwar weilht polyethylene glycol 
·ongomeri dissolVed·· in Water were plaCed on one face of the membrane and their flux 

through the membrane was mea5ureci .. · It was found. that 'the ·repatated membrane blocked 

the passage of oligomets with· molecwar Weights as si11all as· 400 gtmole. . Sol-gel mem­

branei with 40 A pores will cut oil' peimeation of polyethylene glycol oligomers with 

molecular weights above -2,000. g/mole. From· thiS · exPerimellt the pore size was_ 
estimated to be slightly above - 10 A. ·· ·· 

EXAMPLE3 

Reparation of a GElJl.AI-ISC Zeolite Membrane· Using ··smcone Oil As a Selectiyity 

Enhancing Coating Precursor 

Zeolite layers can .be produced on top of ·layers intennediate between the 

intergol'Wn zeolite Crystals ind the· support material of the membrane system. If zeolites 

are present in. the permeable intermediate layer, they can be used to nucleate the growth of 

the uppermost . zeolite l&yer. When .the intermediate · 1ayer 'nucleates the growth of the 

Zeolite layer . in a hydrotherlnal synthesis process. the morphology of Crystals in the zeOlite 

layer can be eolwnnar and a erylt8uographically preferrecforiemation may be observed. 

When the intermediate layer contains mesoporous as well as colloidal zeolites, it is 

refemcho as a grt)Wth ellhancing layer (GEL); A growth enhancing (GEL) layer contains 

identifiable particles With interStices between Said plidcles of colloidal %eolites, or colloidal . 

zeolites and metal oxides,· or colloidal. zeolit.es and colloidal metal and inixtures thereo£ 

The metal oxides whiclr can be -used hereiii are selected &Om the sroup consisting of 

colloidal alumina, coJloidal silica. colloid&l zircoiiia,. colloidal titania and polymeric metal 

·oXides p~ ttom sol-gel pr<>Cessing and mixtures thereat Pteferably colloidal alumina 

will bemed. Tiie·colloi~ metal~ .. ~hich can be used iiiclUae·copper, platinum and silver. 

Said intmucel in the GEL are mesoporous. In a preferred embodiment, said mesoporous 
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interstices in the q):tt_ have sizes of about 20 to about 2000 A Interstices in this size 

range provide a Pem.t.eation path for molecules through the GEL layer . 
. ·· 

Molecules ~ penneate through these i~ices because they are devoid of any 

material which wou!ci hinder mass transpon during, ~brane use. GEL layers nucleate 

the formation of the dense mat of zeolite crystals pwn on the sur&ces of these layers. 

This dense mat of crystals is closely packed t~Jether such that 99.9°.4 of the grain 
. ~ . i • 

boundary zones stretching bet:Ween top and botto~ of the columnar zeolite layer have at 

least one point along Uieir length where the width does not exceed 20A. 

As the zeolite layer grows from the interface at the GEL layer, crystal width may 

increase, however the individual crystals remain ~arated at their boundaries by at least 

one point of sp~ci~,g of ~ 20 A. This dens~.!)' packed mat can have a columnar 

morphology. Zeolite. membranes grown withou~ 'the use of growth enhancing layers do 

not have l:he degree of perfection of such columnar membranes. 

GEL layers contain colloidal-sized zeol~es. Growth enhancing layers can be 

formed from a solution containing a nanocrystalline'zeolite or a mixture of metal oxide and 

nanoaystalline zeolite or a mixture of colloidal ·~ite and colloidal metal. Preferably, 

colloidal zeolite or a mixture of colloidal zeolite ind metal oxide will be used to form the 

GEL layer. Nanocrystalline zeolites have sizes between SO and S,000 A and form a stable 

dispersion or solut~ ~f discrete particles. In ttW :process, a synthesis mixture is prepared 

by boiling an aqueous solution of a silica source and an organic structure directing agent in 

a proportion sufficient to cause substantially complete dissolution of the silica source. The 

silica source is advaiitag~ously colloidal silica or polymeric which is prepared by methods 

known in the art; ~ for example Brinker and S~, Sol-Gel Science, Academic Press, 

1990. A p~ method for preparing po~c silica is by the acid hydrolysis of 

tetraethyl onhosilic:ate' and a preferred methd rOr preparing colloidal silica is by the base 

hydrolysis of teuUthyl onhosilicate. The orpiiC structure direcling agent, if used, is 

advantageously mtfoducecl into the synthesis mbCtUre in the form of a base, specifically in 

the form of a hydroxide.. or in the fonn of a sal~-~e.g., a halide, especially a bromide. The 

structure directing agent may be, for example, the hydroxide or salt of 
. ; ~ . ·. . • ' -~ 'S"~.·' 

tetramethylammoniµm (TMA), tetraethylammonium (TEA), triethylmethylammonium 
~ ~ . . ·r~! 

(TEMA), tetrapropylammonium (TP A)., . tetrabutylammonium (TBA), 

tetrabutylphosphonium (IBP). tri!Uthyn,enzyiammonium (TMBA), 

trimethylcetylammo~ (TMCA), ~neopentylammonium ('INNA), 

triphenylbenzylphosphonium (TPBP), bispyrro&dinium (BP), ethylpyridinium (EP), 

diethylpiperidinium (DEPP) or a substituted azahiabicyclooctan-, e.g. methyl or ethyl 
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substituted qUinucli9ine: :. or l,4-di&zoniabicyclo~2.,2,2)octane, · PrefeiTeci smzcmre­

directing agents are th~ hydrOXides and halides of~ TE~ TI' A and TBA 

The GEL layer can be formed from sotu&riS ~~~j the colloidal zeolites. For 

the GEL layer to be fotrited. it is . pre£era1>1e· to ~:.if° at .temperatures ~ 1 OOO°C, 

preferably from abo\Jt 300· • 60o0 c: When.a GEL ~Yer i~~foii1ied,. it is inaintained in the 

final compoSition as a ~nci rafm- having' a thiclcii·r~f lbo~t :0.1 to 20 "~ preferably 

about l to s µm. This layer c~ntlins interSti~ as delen~ above. 

By adjU#ing the ratio of colloidal zeolite and ~.~xi~ the density of nucleadon 

sites on the GEL c~ . be conwli~ .. This density. ~oiitiOi; the. moil>hology of the zeolite 

film groMi over the growth ~g layer i~ a su-~t bydtotheimai' synthesis step. 

The higher thO nu~l~tion denSity; ihe narrower the ·:zebfii~-width the membrane · 

will exhibit at the GEL ~ol~mnar zeolite int~. Nucl·i~~ ~ can be controlled by -

the relative proportions ~f ~olloida1 ~eelites and m~~ :o,dd~s (~th ihe· densit}' decreasing 

as the ·amount of the metal oxide utilized increases) as well as the ·size of the colloidal 

zeolites in the GEL. Colloidal s~ 'zeolites in the 'range\~r&om so -. 10,000 A are thus 

used in the GEL. The :iarger the,·con~idal zeolite crYsws ~tl'i~ in the Ga... the wider the 
zeolite colummi in. the:. rilenibrane' "will i;e. Appli~ -b.ilieve that: the addition of metal 

oxide, colloidal metal ~r ~i~th~f to the" colloidal: ~.;,lite in the GEL layer provides 
. . . -·. . . .. . . . . 

sp~es betWeen nucleation sites. Bllowing for control . of the. crystal width in the columnar 

zealite layer. 

GEVs ·containing pure metal. oxides or colloidal metal.·· WI to . produ~e nucleadon 

sites. A preferred fo~luion ~(GEL ~ontUis·100-x ~"· ~f colloi~ nieUi or metal oxide 

and x wt% of c:Olloi~ zeolite, ~Ii~ xis at least.·0.01 ~-the.GEL is n~tfonned from 

pure colloidal zeolite. H~~e. ~ ~cleati~n density is ~et by the ~ ronnula as well as 
the size. of the pardcie~: ~f ;colloid~ zeolite. ~lloidal meW. and lneta1 oxide. The smaller 

the panicle size of the ~lloidal zeolit~ particles, the d~ the nucleation sites which 

produces narrower c0lumnar zeolite crystal widths. . .. 
. . . 

The hydro~al t~ent· to form the crystallirds ~e layer is advamageously 

c8rried 'lut by munening i~ layer m ·a-~. 1riixtu~ ~cf h~~1··ror a time and at the 

temperature necesslry to. effect ctysta11ization.. ··H~g t~ lnay be. for· example, in the 

range of fi'om 1 hour to . l .O d~ advantageously from. 24 · hC>urs to 4 ·days. Temperaiures 

may be, for m.,le, from so ·to 300°c, ad-eously ft.om ISO to 20ooc. When a uue 

zeolite material is fonned, the.· synthesis ~ co~· a source of silica. a suucture 
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directiiis agenr. and a source of any other component desired in the resulting zeolite. It 
may also contain m.nocrystalline zeolites or seed crystals. 

Synthesis mixtures from which zeolite crystals are grown are well known in the art 

(see e.g., Handbook gt Molecular Sjeyes, Rosemorie Szostak. Van Nostrand R.einho!~ 
NY 1992). A preferred route for MFI zeolites is from a Low Alkaline synthesis mixture 
having a pH of about 8 to about 12 preferably about 9.5 to about 11, and from which MfI 
zeolite crystals can be grown. Such reaction mixtures are readily prepared by those skilled 
in the art. For example, suitable mixtures include Na20, TPABr, 

tettapropyiammoniumbromide. Si02 and water. 

The membranes are grown by suspending the GEL coated porous substrate of 
choice in the low alkaline synthesis mixture. The synthesis mixture is then heated to about 
SO to about J00°C. preferably about I 80°C for a period of about 30 minutes to about 300 
hours, preferably for about 30 minutes. After ciystallization, the supported layer may b~ 
washed, dri~ and calcined in the normaJ way. 

A preferred synthesis technique used with this invention is the growth of zeolite 
crystals on the face of a porous support or intennediate layer which is oriented from 90 to 

210 degrees in a synthesis mixture. In the 180 degree orientation, the preferred 
orientation, surface on which the zeolite is to be grown is horizontal and facing downward, 
thus being refened to as invened. Applicants believe this prevents zeolites which are 
homogeneously nucleated in the synthesis mixture- fi'om settling by gravitation and 
incorporating into the growing columnar zeolite layer. Tbust the zeolite layer is not 
perturbed during the growth process. We refer to this synthesis technique as an Inverted In 
Situ Ciystallization (I-ISC) process. Growth on a GEL from a Low-Alkaline-synthesis 
solution using the I-ISC process is referred to as a GELILAI-ISC process or GEI.JLAI­
ISC membrane. For GEIJLAI-ISC membranes. the .. mysta.I width in the zeolite layer is 
between 0.1 and 20 JIM. 

Surprisingly. it has been found that when MFI membranes are grown by the LAI· 
ISC Pl'OCeSSt a degree of crystallographic orientation occurs. Much more significant 
crystallographic orientation occurs when MFI m~ are grown by the GEL-LAI·ISC 
process. Preferred orientation will be different depending on the zeolite grown. bowever9 
a praared orientation will always be exluDited. When:.MFI zeolite membranes are grown - . ·- . . ·-- . . 
using a 1-ISC process from a Low Alkaline synthesis solution, the crystallographic 
orientation of the MFI zeolites is such that at least 7Sol0 of the crystals in the zeolite layer 
are aligned in the orientation (with the c-axis parallel to the growth direction within 1 S0 
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preferably 5° of the normal to ·th~ ~e ofthe zeolite layer), preferably at least 90% of 

the crysials will display the preferred orientation. 
·.-.: .. 

A measure of the: proportion of the ~s. that 11,ave th~ lo~gest axis nonnal to 

the plane of the layer may: be obtained by comparison of the X-ray difti'action pattern of 

the• layer wi~ that of a· randomiy orient~d ~lite· powder. In the· case of an MFI-type 

zeolite, for example. the longest ecige ~e>.rresponding,to :the:c axis. the ratio of the intensity 

of the 002-peak: to the :combined 200 and. 020. peak is divided by the same ratio for 

randomly oriented powder; tbe · quotiepr is tenned the crystallographic prefemd 

orientation (CPO). Measured in this way, layers in accordance with the invention have a 

CPO of at least 2, ind may haVe a CPO higher than 10s .. 

Zeolite menibranes fabricated using· ~e above described.· GEIJLAI-ISC technique 

can have dense· zeolite· layers in which the. zeolite crystals.·~ intergrown s~ that non- -

selective permeation· pathways in these as-synthesized .films are non-existent. Absence of 

these non-selective pathways can be established using a Dye Test described. below. 

In this state, it would· be expected·that these contlliuous films of intergrown zeolite 

crystals would eff'ect· selective separations. of molecule$; _.An example of ·an eXpected 

·selective separaton '·is.· through· molecular .·sieving mechanisms. Such separations are 

realized when ipecific molecules are .nca11y ~cted by the zeolite pores (becoming 

penneate moleculei) while larger molecules (retentate molecules) are· rejected because of 

steric constfaims; Thus the effective zeolit~ .. pore> diameter becomes the controlling 

aperture. of the selective permeation pathway.. An ·exanipl~. of such, separationS effected 

through · molec:ular sieving would be the. separati~n,· of para-xylene ftom a mixture of 

xylenes isomers utiliiing an MFI-based:zeolite memb~e layer. The controlling pore 

apermre for-the selective permeation ·pathway in •'MFl,$)'Stem is larpr than the kinetic 

diameter of para-xylene and smaller than the kiiietic ~ers of ortho-X)'lene and meta· 

xylene .. 

Contrary to expectations. the ~ously· descn~ zeQlite membranes produced 

using the GEL-LAI•ISC technique, and· having· dense, imergrown, continuous zeolite 

layers exhibit a seplration ,that is less than ~ed. This is very evident when the 
. . . . . 

membranes· ·with .dense. intergrown; colitiimpllS Z.Olite layers are tested in molecular 

sieving. Generally expected separation performance can be estimated fi'om independent 

measurements of· the diftbsMty of molecwar sp.eci~ in.· the zeolites and the partition 

coefficient for molecwes entering ·.the• zeolite fqrm • moleculir ~ being processed. 
. ·. . . 

Techniques to measure these quantities have been described 1. Karger and D. Ruthven in 
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"Diflbsion In Zeolites .A.nd Other Microporous Solids" (John Wiley And Sons Inc. NY, 

1992). rife·· .. ,.,,:_. .. ~ 

The applicants _ascribe the less than ideal performance in separations applications 

for these as·synth~ zeolite membranes to physi .. changes which occur in the zeolite 

layer during separati~ iesting or use. These ph~ changes in the zeolite layer which 

arises during use •Y .be due to mechanical stresses and deformations which occur because 

of eposure of the m~brp.e layer to elevated temperatures and pressures in the presence 

of hydrocarbon m~les. The applicants believe that stress or mechanical defonnations 

in a layer of closely packed crystals may introduce d#i=Cts or voids in the layer which can 

degrade the pennseiective properties of the membrane. Sepcifically the deformation or 

movement of one crystal will affect the neighboring crystals as well as the grain boundary 

separating the crystals. 

Most of these dense intergr0wn zeolite memrbranes completely reject dye prior to 

testing (indicating conii~ous zeolite layers), then exhibit less than expected perfonnance 

characteristics during use for high temperature molecular separations, and finally fail the 

dye test in post-testing evaluations by passing dye through the zeolite layer. Demo 

intergrown zeolite membranes which do not reject, . dye in testing prior to testing in 

separations typically hav4= a small number of isolated defects. 

It has been ~overed that thin coatings appli~ to the zeolite layer can preserve or 

enhance the pennselective propenies of continuous, intergrown layers of zeolite crystals 

during separation applications. Certain coatings are capable of preventing the fonnation of 

defects and voids in the layer during high temperatrure use or testing which can lead to a 

loss of molecular seieccivity in separation processes. When acting in a preventative sense, 

these coatings may serve to stabilize the separation bei;ween the intersrown zeolite crystals 

or 'cushion' crystals within the zeolite layer, alleviatin$ or dispersing mechanical streSSeS 

and defonnations arising. from harsh process environmeQtS. These. coatings can also serve 

a second purpose in that __ they can also act to seal defects in the zeolite layer, although. as 

described above, they C81l be advantageaus when u. ,in the absence of any defects or 

voids. It is critical to 'heal' defects and voids since they provide non-seJective permeation 

pathways which result in poor separations ~ These two functions of 

stabilization and reparation of defects or voids in the meqsbranes enhance the Selectivity of 

the membran~ hence, we refer to the coating as a seleeiivity enhancing coating. 

In order for coatings to be eft"ectiv~ they must be applied directly to the as­

synthesi7.ecl zeolite ta,er. The coating can be applied to pither sudice of the zeoJite layer. 
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In a preferred embodlmelit the cqating is applied to thi Suif8ce of the zeolite layer which is 

not in contact with the suppon or intennediate ·layer .. Additionally, these eoatings must 

interact with the zeolite layer without blocldng or bnpeding molecular transpOn through 

pore openings of the zeolite Jayer. Interaction of the~cci"ating With ·the zeolite layer should 

be such that the· coating ·does . not block transpon .. throujf more than. four-fifths of the 

sumce-eXposed pore openmp of the zeolite Jayet; mi prifefred. embodiment, interaction 
of the. coating with'the· zeolite· la}'er ·showd be ludi·that ·the comng· doel ·not block 

transport through more than°c>ne-bllfofthe ~-fpore opemngs ofthe zeolite 

layer. AD oC:clusion do~s nof·completeJY l>lock the;··aiftusion of Dlolecules through the 

pores, but signilicantiy ·hihders diflUSjon of the moieCU!al' spmei of inttest through the 

pore. As such occlusions increale the. masa·tra.Dsfer resiStance·:of the membrane. 

In order to successfully perfonn as a coating layer· With the·pteviously mentioned 4 
characteristics, a coating must pos~ess several other critical properties. First, the coating_ 

must be both stable ii th~ applicatlori temperawre C>fthe:mem&rme:. ·Stability is taken to 

be both mechanical _·and~ chemic31 Silbilify. . The· 'Cciaung· c:an chinge its physical 

characteristics withirt the. first. ~200" hours or~· after· whi~ the coating material sh_ould 

be stable. Secondly, ttie coatmg ·must adhere to the 'ze()lite lafel' and should not impede 

molecuJar transport· through a sipincant numbet of Siirf'ace-e'xpoSed pores of the zeolite 

layer. This means that the coating layer precUrsc>r material. nlUSt adhere to the zeolite 

without diftbsing significantly into the pore· sttucture of the zeolite crystallites, inluoiting 

transport of the deiireif niolecwar species thfough the ze0lite. 

For example many polymeric c<>8ting materials; cannot be used (even though they 

are stable under process conditions and·. they adhere to' the . zeolite layer) because their 

precursor moleeules ha~e molecillar sizes which "permit 'their" introduction into the zeolite 
. . 

ponf sYSiem. As s\lch, inany polYDleric coatinfmaterialS irihibit trlnspon of the desired 
moleCules thi0u8h the, zeelite. · n is· poSiible, ~, to c:hOose polymeric coating 

precursor ~ WbiCh are · sterically incaplble :of .entmng the pores of the zeolite 

crystals. Aft example ·of such a c:Oiting layer' preCuridr· is. InVOil 940 silicone difthsion 

·pump fluid (InlancfVac:Uum Industries),:'a silica precursor. 

For the membrln~ · to haVe an ad~e tlllx, the -!selectivity enhancing coating 

should· increase ·the miss ttansfer' resistance· the'niembraile ·otters· to molef;Ules penneacing 

through the zeali~ayel" br llo more:,¥:& fa&:tor of five~.~~ ID. a prefemd .. embodiment, the 

selectivity enhancing coating should increase the mass transfer resistance tne membrane 

offers to moleC:Ules p:enneating through the zec)Ute layer by no more than a factor of two. 

The coating 'can · inciase the ma5s trimsfer resimnce or" the membrane offers to 
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molecules permeating through the zeolite crystals by either occluding the zeolite pore 
structure, or covering; the zeolite pore structure. Jivariably some ponion of the zeolite 
pore suuc:ture exposed on one of the sides of the ~llt~'layer is covered by the coating. 
The increase of mass ~er resistance due to the ~ge of the zeolite pore structure is 
detennined by the material used to fonn the selectivity enhancing coating. 

The selectivity enhancing coating material ."11 be a penneable or impermeable 
material, or a material which in some regions -~ permeable and in other regions 
impermeable. Penneability is taken to mean the abilitf to transport a molecule through the 
layers of the membrane at the application temperature:., If the selectivity enhancing coating 

'•.'·· 
is made from a permeable material. the material can be coated over the entire sur&ce of 
the memrbane. 

If the material used for the selectivity enhancing coating is made from an 
impenneable material. it cannot campletely cover and block the pore structure of the -
zeolite membrane. Impermeable materials must be applied so that they cover only a 
fraction of the zeolite layer. Ideally an inpermeable_ c;oating must bridge the boundaries of 
enough zeolite crystals to prevent defects and voi. ftom arising without blocking a 
significant fraction of the zeolite membrane. PreferabJy, this type of selectivity enhancing 
coating bridges boundries between at I~ 100/0 of the surfice-exposed ciystals in the 
zeolite layer and, more preferably, the coating bridges the boundaries between at least SO% 
of the surfkce-exposed crystals in the zeolite layer. 

A third type of selectivity enhancing coating may combine the characteristics of the 
two previously described coating systemS. It may be both penneable (to process 
molecules) in some regions of the layer and impenneable in other regions of the membrane 
An example of such a coating is thin silica fi1m which when deposited on the sur&ce of a 
zeolite nucleates and grows a porous film in some areas and a dense film in ohters. The 
applicants believe that such silica films can be deposi~ by interfacia1 ozone assisted CVD 
processes. In the bulk phase, silica is a dense impenn.eable material for the penneation of 
hydrocarbon molecul~ however when deposited as a thin film, some regions of the film 
can be fonned into pores or as isolated moelcular or nanoscale aggregates of the coating .-,,.. 
mateml on the surface of the zeolite layer. In the ~on of the zeolite layer covered by 
either pores in the silica film or isolated moelcular o~ .nanoscale agregates of the silica 
coating material.-the-coating is.said-to he-porous.~ Fus-legion may_occur at the edge 
of a dense region in the film. 

.;.r 
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Dye Testing ptpceciure· Qled. To ChmctedK .zeOllte. Merubmles· 
·'· . . ... · ' :_· ... < ':-:.. .. ·.··· :"' . ·. -:·::~· , .. _~·~: .·\-".. . , 

TJie ~s~~ bfyoids in the Zeolite layer is retl~ .. d in the inability oflarge dye 

moleculrP such .s· rful~ne s· to p~·e thtouSh:di~Jayer'into the substrate. 

Penneation ~f dye thtoµ~ the zec>lite layer~ be· det~~':·&y observing the way it soaks 

into the porous substll.~e. Dy permeating through the columnar zeolite layer will be 
wick~d into th~ ~oro~s $,\lbstrate In ·1 mariner·shluiar·io';the\wY ilik soalds into a piece of 

blotter piper.·' 1he' Fe'sb~e ~idye in the. por0us~$dt,Sttate'ss'~eeiilly easy to detect 
when the substr~e is ~e fto~ .• poroUs ceraiimc that~aa~··Jiot:llbsarb light. Light 

scattering in slich porous substnies causes them to. app~af white when Viewed with the 
naked eye. · · ·· · •·· 

. _Any _dye whi~h wicks into the substrate thre>ugh a sina11 pinhole in the membrane 

.. ~e will be readlf~sible as ;{cO!otitioll change:ni;the;·cirlmic substrate. Dye 4 
molecules with siZes" ~ge thaD the ieoiiie; pore stfizclure "win not tralispon. into the 

underlying sublti'ate' ~~ept throu8h d~ Sites. 'The'.~ at which' the aye transpons 
through a Pinhole is diff.~teht from the ~eat ~dt d~''.$p~ over tbe underJ)-ing 

. porous ~eramic tan be .renJOVed through the same· piDhoJe'ii{a'siJbseqUellt _washing SteP. 
Thus a simple~ of det~g'dye.penneation iltt~'ifie'potous 5ubsttate comiits of 

applying a dYe solution to .the 'meinb~e ~e and sub~uent washing excess dye away 
to reveid piDholes m th~ membtane~ . ' . 

The test can be conducted with • soluble dye which has a physical size larger than 

the controlling apemJ~ Size of the ze0lite. A prefeirei"d~ is Rhoclamine B, which is a 

commonly used ~ (tye. A conv~ent Solvent to mab 'a· ·loiution of this dye is 

methanol, h~ other solvents stieh is toluend "dui' 81SO' be Used aS long as they tend to 
·wet (or Wick into) th~'~erBmic sul>$~e. · Water is noi'a'recommmmed solvent for this 

test. This dye shOuid'b~·appliecrfi.o~ • c~C:•tiat~~sohltion which bas a coloration 

similar to thal'or c:O~oDJY available tea~- This;ilnse of coloratiom can be obtained 

&om solutions .With Riitidlmine·s ~ollS in. the'rapn of ~os~s wt'.4. With 

different corK:entrauo~ the amollnt of arms ~ tot the;cfye soaking through to the 

sub.me to ~e: ~ble~dumg~~ · A~·pn>Cedme:for dye testing zeolite 

memb:Bnes roriUd on~\Yhite i>~C>iis, ~~ sUt;strites ·it; · · 

1) Make 20 ml of a stti~k solution ca~g O.S Vil%' of~daniine B in methanol. This 

solution should be stored in a sealed bottle to prevent e\iapotition of the methanol. 

2) From the stock dye solution remove S clrops with an eye dropper and apply the dye 

dropwise to the center of the dry (l200C for 30 minutes) membrane so that the surface is 
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covered. Typically 2-3. drops are needed to cover the membrane surfkce. Each drop 

contains -0.25 milli~ of dye. Do not let the dye ~lt ~ver the edge of the membrane 

into the porous ceramic exposed at the rim of the membrane. 

3) Let the dye covered membrane stand for -JO seconds and then blot off the excess dye 

solution with a paper towel. 

4) Apply methanol to a clean section of the paper towel and blot the surface again with 

the towel to remove more dye. 

S) Rinse the disk surface with methanol for JQ .. JO seconds. A convenient way to do this 

is with a methanol wash bottle. 

6) Visually examine the substrate for any red colorations. 

EXAMPLE4 

Re,panion Usina Silicone Oil 

The apparatus depicted in Figure 7 (Cold Wall Reactor which minimizes ozone 

degradation outside of the reaction zone) was used to apply selectivety enhancing coatings 

(SEC) to the membranes in the following examples. The Reactor eliminates the need for 

0-rings in the system and is amenable to large scale fabrication operations. 

A model GL-1 ozone generator manufacrured by PCI Ozone and Control Systems 

was used for the experimems. The instrument utilized a plasma discharge system to 

produce ozone (four weight percent in flowing air, 0.2 SCFM, 5000 cc/min). This stream 

was split by a mass flow controller so that -too -300 ·cc1min reached the reaction zone. 

The residence time of the ozone in the reaction zone is· governed by regulating the reactor 

temperature, since ozone has a specific half -lif'e at given temperatureS. 

With a reactor volume of S~ a reactor pressure of 1 atm. and temperature of 

2000C, the residence time of ozone flowing at 300 cc/min was 10 seconds. The Bquid 

phase oxidized by ozone to produce the silicon oxide SEC was Invoil 940 silicone 

diftbsion pump fluid (Inland Vacuum Industries}. 

The use of this technique to produce SECs is illustrated for two different zeolite 

membrane systems. The first example involves application of a liquid SEC precursor to 
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_ the front side of a GEJ,JLAI-I.SC zt;alite ia~ follo~ed-by omlie tRaunent in the Cold 
-Wall hactor. The .~~d ~le lll~es th~ appij~~~:or a JlquicfSEC precursor to 
the back side of a 0Er.Ji.AI .. 1sc zeolite layer foli~'bY ozone treatment in the Cold 

SideR.~or. 

. . : ... 

Al formatiqn of an SEC from Front Side Treatment ofa GEI,/LAl-ISC Zeolite Membrane 

A GEIJLAI~ISC zeolite layer (suppontHl
0

bf-~~~rqµs J\16 .-Una suppon) was 

coated with a thin layer oflnvoil 940 silicone dit1bSioD'Pti.Dp-ftldd (IDland V~ 
Industries) _applied by pe>uri~g the-~~ ~ly_.011 tC)pJ>f the ~~li~e la~. 'J:'his oil was 
alloWect to stan~ in air.,- on the z~llte -~ pl.rtiyp~g Dito the buerciystalline 
defects and voids in addition to coating the sur&ces ~fthe ~fit~'crystals. Mer S 

minutes, any remaining silicone oil was remoVed fi"c>~ ~~-~c by blotting with a towel. f 

The treated disk was insened into the Cold Wall Reactor, th~ entire system placed 
on a heating plate (at room temperature), and the ozone/iir mixture flowed over the 
surface. The temperature was then raised to 200°C and hel~_ at tbeie· conditions for 0.1- - 4 

hours. After ozone treatment. the membrane was cooled and washed with technical grade 
toluene (drawn through the membrane). 

The GEL-L>:J I~C megib~es ~J•ed for ~l~es,,eparations with and 
without.a selectivity enhancement ce>ating. Membranes fabricated on 3mm thick 1 inch 

diameter alp~-alumina s~p~ons (800 A p~~ ~) ~ ~un~ed ~to a p«m~tion cell 
and sealed with a graphite 0-ring. The perJllealio~ c::ell ~.~eel tQ teinperatures 
benveen ISO 0 C:: ~ 300 °C wtule a, mixm.r,e,,Qf~epe:iso~ fl~ across the face of 
the membrane whicll ,~dJh,~ zeoµte layer! The. tl~ .__ ()f the xylcme feed~ 1 mV 

minute. Across: the qpposite:f~ce of the~~~;-~~~ tlo~.at rates 
between lOQ • 400 c~m.inu,te. _ Pr:essure ofb~th.the argq~ SV'f~ and the x.yl.ene feed 
was fixed atJ atmosp~ere.(absolute). _TJ.ie ~-~~ty"fe>r s~tion of the para 
isomer from either the meta or othoxylene isomer wu detenniencl. Without a selec:rivity 

enhancement.coating 9bseryed-selectivitiesfor ~11.of.the xylene isomers by the 
GEL-LAI-ISC m.embrazies_was -I•~ 1.7~ -c~o.mt.c>:or;.para/met&) at all 

temperatures ~ested- Typical- selectivi~r;s were i~;1~e ~P between 1.0 11'.ld 1.4. Four 

GEL- LAI-ISC membranes weret~ed in .this. ~~·t ~ selectivity_~ement 
coating. Three GEL-LAI-ISC membranes were tested with the SEC coatings, and 
showed significantly higher selectivities for the separatj9~, of the .X)1ene_ isomers. Three 

GEL-LAI"'.ISC membranes tested with selectivity ~cing co?p showed maximum 

f 
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selectivities in the range from 3.S to S. The average maximum selectivity was 

approxiniitely 4. r , . (·h., '! 

Bl Formation of a SEC ftom Back Sicie Ireannent of a GEIJLAl-ISC Zeolite Membrane 

A GEIJLAI-ISC zeolite layer (iupported by a porous A16 alumina support) was 
placed in Invoil 940 silicone diffusion pump fluid (Inland Vac:uum Industries) such that the 

oil covered the back side of the disk. but did not contact the zeolite layer. The disk was 
allowed to stand, in air, in the oil, which permeated into the substrate by capillaly action. 

The oil eventually permeated into the interaystalline defects and voids in the zeolite layer. 

After 30 minutes, the disk was removed ftom the oil and any remaining silicone oil was 

removed ftom the ceramic by blotting with a towel. 

The treated disk was inserted into the Cold Wall Reactor, the entire system placed 

on a heating surface (at room temperature), and the ozone/air mixture flowed over the 

surface. The temperature was then raised to 200°C and held at these eonditions for 0.1 - 4 

hours. After ozone treatment. the membrane was cooled and washed with technical grade 

toluene (drawn through the membrane). 

The GEL-LAI ISC membranes were tested for xylenes separations with and 

without a selectivity enhancement coating. Membranes fabricated on 3mm thick 1 inch 

diameter alpha-alumina suppons (800 A pore size) were mounted into a penneation cell 

and sealed with a graphite 0-ring. The permeation cell was heated to temperatures 

between ISO °C and 300 °C while a mixture of xylene isomers flowed across the face of 

the membrane which had the zeolite layer. The flow rate of the xylene feed was 1 ml/ 

minute. Across the opposite face of the membrane an argon sweep was flowed at rates 

between I 00 and 400 cc/minute. Pressure of both the argon sweep and the xylene feed 

was fixed at I atmosphere (absolute). Without a selectivity enhancement coating bserved 

selectivities for separation of the xylene isomers by the LAI-ISC membranes was less than 

1.75 (para/ortho or para/meta) at all temperatures tested. Typical selectivities were in the 

range between 1.0 and 1.4. A total of five GEL- LAI-ISC membranes were tested in this 

manner without a selectivity enhancement coating. When a GEL-LAI-ISC membrane was 

tested with the SEC coatin& it showed a maximum selectivity near 4.5. 

Applying the interfacial gas phase reparation technology to a GELJLAI-ISC zeolite 

membrane, we were able to impan a selectivity for the separation of xylene isomers. 

Through interfaciaJ gas phase CVD we were able to make a selective zeolite membrane. 

Without the gas phase reparation, the ·~~ membranes were completely 

1JiiiOr 



W096/01682 - 24 - PCT/US95/08512 

nonselective for the separation of xylene isomers. By reparation. a :zeOlite membrane at 

IS0°C for 1.5 hours, a selectivity of 1.5 at 200°C was impaned for the separ&tion ofp-.­

ftom either meta- O,r, 'e>f.tho-xylene. In these experiments. a rubber 0-ring was used to seal 

the membrime ~ th~r:h~lder:·fns b~msd that a portf6ri of the:'fesion of the membrane 

under the o-r.ing that,~ not reparated became exposet:l in this experiment ind limited the 

perfo~ce 'or' the:~ zeolite meriibrane. nie ,useof'l;'·gr&phite O•ring should alleviate 
this problem. , , , , ' , , , ' 

.:·, .. ·,. 

'• 

.... . "' 
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1. A process for enhancing the permselec:rive propenie.s. selectively sealing defects 
and pinholes. controllably altering the pore size and stabilizing the permselective properties 
of anicles having apperatures therein comprising the steps of: simultaneously contacting an 
anicle having a first and second surface, said first and second surfaces being capable of 
passing ozone and metal compounds therethrough and said first and second surfaces being 
oriented such that said metal compounds and ozone can react across said first and second 
sumces, with ozone on said first surface and a metal compound on said said surface. and 
wherein said contacting is conducted for a time and at a tempenure and pressure sufticient 
to allow said ozone and said metal compound to form a metal oxide. 

2. A process according to claim I wherein said temperature is about 2C>°C to aboot 
JOO°C. 

3. A process according to claim 1 wherein said anicle is selected from the ·group 
consisting of zeoJite membranes. ceramic ultrafiltration membranes, solgel membranes. 
polymer membranes. metal membranes, porous substrates and mixtures thereof. 

4. A method according to claim 1 wherein said metal compounds are gaseous or 
liquid compounds. 

S. A method according to claim 4 wherein said metal compounds are selected 
from the group consisting of organosilicon compounds, silicon oil. siiane. organomerallics 
siloxanes, polydimethylsiloxanes and mixtures thereof. 

6. A method according to claim 5 wherein said metal organosiiicon compounds 
are selected ftom the group consisting of hexamethyldisilane. tetramethoxysilane. 
tetraethoxysilane and mixtures thereo( said organometallic compounds are selected !um 
the group consisting of boron hydrides. boron halides. titanium chloride and mixtures 
thereo£ 

1. A method according to claim 3 wherein when said anicle is a zeolite membrane. 
said process additionally stabilizes said zeolite membrane preserving the membranes 
permseJective properties allowing said membrane to be utilized at temperatures of fi'om 
about SO to 1SOOC. 
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8. A method according to claim 3 wherein when said membrane is a polymer 
membrane said membrane is stable at temperatures of about 20 to about 300° and said 
membrane does not degrade when exposed to ozone. 

9. A process according to claim 1 Wherein said ozone has a concentration of 
about 0.05 to about· SO volume%. 

10. A method according to claim 8 wherein s&id temperature is. <300°C when the 
lifetime ofozone is longer than 1 o milliseconds and wherein said temperature is <200°C 
when the lifetime of ozone is .1,000 milliseconds .. 
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