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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 effects with a permeable coating that covers the membrane surface.
Reparation techniques-which selectively seal defects are often based on the selective appii-

* cation of a film-forming material which acts as a diffision barrier. Reparation technologies
which attenuate rather than selectively seal defects or holes apply a permeable layer over
the entire surface of the membrane. The mass transfer resistance of this iayer must be suf-
ficient to attenuate the effect of defects in the membrane and improve the permselective
properties of the membrane. Reparation technologies improve the permselective
properties of membranes with defects or holes. - Defects and holes form nonselective
permeation pathways through the membrane and reparation decreases the flux through
these nonselective pathways relative to permselective pathways through the rest of the
membrane, |

Coating materials which have been used to reparate polymer membranes have been
generally polymer and epoxy materials. When.they are used to reparate polymer
membranes by selectively sealing 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 atteauste
defects, permeable polymers or epoxies are applied as a thin film coating over the organic
membrane surface. The polymer and epoxy materials used to seal and attenuate defects in
polymer membranes tend to degrade in the haysh chemical environments and high
temperature operations in which inorganic membranes 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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2 applied at high temﬁg(upégﬁ{ S8R0t about 500°C which thermally stresses many
inorganic membrane ‘materials and ‘preciudes the --use.. of many membrane module (

téchnologies. :Chemical vapor deposition (CVD) processes have been extensively used in-

~ the seémiconductor industry-to deposit thin coatmgs used in integrated circuits and other

_ microelectronic devices. Such CVD coatmg processes typicaily- produced silica coatings

~ from reacuon ‘of gaseous silicon: containing molecules introduced from one side of the

" “membrane and an oxidant which is brought from the other 'side.. Unfortunately, silica

coatings made in this way are dense coatings which ‘can-block. the pore structure of a

membrare ‘evidenced by a negligible flux for hydrogen at: temperatures below ~300 -

-400°C. ‘This is the: type .of permselective transport: w_l_uch occurs. in dense silica films. At

high temperatures, hydrogen is transported through the interstices between. atoms in the

-silica film, While-'-'a't'-'low_temp"er_atures'the diffusivity through these:sites becomes so low

that the hydrogen'fliix drops dramatically. 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 selecuvely produce uniform pore

sizes larger than about 3 A. Aﬁxrtherhmnaoonoftheoehxghtemperamrecoanng

‘techniques is‘that many membrane materials are destroyed by heetmg 10 the temperatures

‘reqmredforcoanng

: Problems’ wnh high temperature CVD coating techmques has caused the
sexmconductor mdustry t6 develop fow temperatiire CVD ‘coating techmques based on
using ozone as an oxidant. Examples of the use:of ozone ‘assisted CVD for semiconductor
applxcanonsaregwenby!—l W Fry, 1. P. West, S. Poon B.-A. Boeck and C. C. Yu in
Sohd State Technology (p 31, March 199). Films produced by the semiconductor industry
usmg low temperature ozone assisted CVD processes. nevertheless ‘still tend to be dense
and 1mpemeeble. As such; to date, CVD processes based on ozone cannot be used to
reparate membranes or to selectively alter the size of pores in membranes so that they are
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Figure 3 is a graph of the interfacial pore size reduction of 2 nominal 1pm
Mott stainiess steel membrane during the CVD method of the instant invention as well as
that of 2 0.25um membrane. The x-axis is treatment time in minutes and the y-axis is argon
gas flow through the membrane in ce/min (flux). The treatment was conducted at 150°C.

Figure 4 depicts silica deposition across a porous metal membrane (Mot
thickness=3mm, nominal pore size ~/um). The x-aa;is is the fraction of distance through
the membrane and the y-axis is mole fraction. The silica source was TMOS, the reaction
temperture was 150°C, the ozone concentration was 4% (in air) and the analysis was
across a fractured surface.

Figure § is a schematic diagram of an asymmetric inorganic uitrafiltration
membrane (cross-sectional view).

Figure 6 is a depiction of the ability of the insiant 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 225°C.

Figure 7 is a diagram of the Cold Wali Reacmrnsed for interfacial gas/liquid phase
reparation of zeolite memhranes (A) is the air tank, (B) is the ozone generator, (C) is the
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compounds’ and oZone can react across said first and second surfaces, with ozone on said
first surface and a metal compound on said second su'rface' and wherein said contacting is _
conducted for a time and at a temperture and pressure suﬁcrent to allow said ozone and
said metal compound to form a metal oxide. Apperature as used herein means any
opening in the article acted upon, whether a void, defect,’ pore, pmhole, grain boundary
zone space, etc. Metal oxides as used herein include silicon oxide (silica).

The present invention is a low temperature interfacial ozone assisted CVD

(chemical vapor deposmon) process which can be used to reparate defects in a membrane
or to controllably alter the size of pores within a membrane When it is used to reparate a

) membrane it selecuvely reduces the mass transport through defects or holes in the
' Membrmes ‘which are reparated using this teehmque do not have to be | porous, however
when the invention is used to tailor the pore size of & miemibrane, some pomon of the
membrane structure must be porous. Besides reparatmg a membrane, the coating may also
stabilize the membrarie strueture $o that it retains its permseleetxve propemes during use.
When it is used to tailor the pore size of a membrane, the coating applied by the interfacial
ozone assisted CVD process selectively reduces the size of larger pores contained within
the layer tobe reparated Itis preferred that this layer be the layer that gives permselective
properties to the membrane. The interfacial ozone assrsted CVD process can also reduce
the size of pores contained within this layer or another layer in the in the membrane

- structure. The reduction of the srzes of pores.in the membrane is aiso considered to bea
' tailoring of the pore structure The pennselecuve propernes of the’ membrane are
lmproved whether the techmque is used to reparate defécts in membranes, or to tailor the



Ref erences relating generally to inorganic nmenbranes incl ude U S. Patent

No. 5,167, 8¢fydehadel Ng to porous nenbranes and their use, 9s/Gai£nt
Application No. EP 0 550 071 Al relating to a netheog. for manu cturl&r%lg
i norgani ¢ nmenbr anes by organorret allic chem cal vapor deposition, and U.

Patent No. 4,902 307 r to fhe us nt hesis. 0

Pat ont N0 & 0230l L Bl APk B L el b %deVD
menbr anes are mtmamdmewwﬁlﬁWWSMW&pmw zeohte
US95/08514.  BiiidaibridesitHor s rs BfeciS| e o can s ilize the fe

schematic of the %%Ps atus usSed to.reparate t ranes o #P‘B\ﬁﬁ gzls

(A) is an air (SR8 e, Propesiies underapsratpg c9 "%G‘WW é?)ﬂ ,
(D) an argon tank, (F) a tenperature controlled TMOS or TECS Bubbl er, and

(5 ZrZ°CZL?L'?§rte”Fﬁ&a“$?‘"§?ﬁg‘H€‘=§%ne h ool OF SRR Al Culanli'n

gas. (K) is th&ces a!%ﬂnsxaetprqcsd%eucwpmususw ranes, cempmicyigrafitrations
m?{ﬂﬁr?ne hol femembram sol-gel memﬁaﬂéggon E&ﬁ%ﬂaﬁd J:d:ﬁﬁnﬁiaﬁﬁ‘w OBGi{ifier
W enperatu axis i er i S £
ozone hglpf |,fe%1“ﬁ;£§’§%\3’ﬂ perinselective prop L’I’—ﬁ‘ﬂ%??é“@"‘f’%& gﬂ‘ '?‘ﬁ
i nterfacial pop@cedlzembldamm with aderseaionpérous lageriVand polymerhembranes edth
menbrane durin }nhéﬁ'b \Z: )

%h@hg@ W@feﬂ%ﬂ%ﬁé@ rea &rrgél?ﬁ I e %n%? nut es a?n%tﬂ?;m&f

a 0.25[err]m The x-axis |

y-axis i s argo ?FGIW temPStagHeY vied e the GND #WWﬁWQ%? and must ot rapidly
treatnent was depnaiectvhen akpdsed[ior 63one. Rapid degradation would be a complete loss of

membrane selectivity when exposed to ozone for longer than one hour. _

The instamt procedure improves permselective properties of membranes by
forming a coating on said membranes prdduced by interfacial reaction between a reactive
metal containing compound and ozone which is flowed over one side of the membrans.
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 (smailer pore structure). 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 mixwure can range from .05 to 50 % by volume and is preferably in the
range between 1 and 15% by volume. Gases which 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 primarily 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 properties of
the membrane.

The coating is deposited by introducing the ozone and reactive metal com-
pound so that they meet and react within or at themrface of the membrane. To obtain
such an interfaciai reaction, the ozone is imroduced._gn one side of the membrane and the
'reactive metal compound is introduced through the other side of the membrane or from
material filling or coating the surface of the membrane. When the reactive metal com-
pound is introduced through the membrane, it is permeated 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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the ' reactive metal compound is introduced from wrth:n the membrane or from a film on its
B surface, it must be a nonvolatile liquid which is rmpregnated or ‘coated onto the membrane
before the ozone is introduced. To retain the compound in'or on the membrane during the
o reaction, the vapor pressure at the reaction ternperanire mist be less than 50 torr and more
preferab!y less than 1 torr In ail events, the reactive metal compound is not fed during the
mterfacml reaction from the same side of the membrane as the ozone.

Reactions between the reactive metalcompound and ozone ire conducted
at temperatures of <300°C where the lifetime of ozone is longer than 10 milliseconds.
Preferably the temperature will be <200°C where the hfetlme of ozone is longer than 1,000
"mllhseconds The minimum temperature will be 20°C; preferably 100°C. Controlling the
reaction temperature controls the rate of reaction of the ozone with the reactive metal
compound Thus, controllmg the rate of reaction aﬁ‘ects the nature ‘of the coating. For
example with a porous membrane havmg defects, the’ extent ‘to which the inorganic oxide
coating can selectively’ seal defects and holes is determmed by the relative rates of mass
transport and reaction for ozone and the reactive metal compound " A measure of these
relative rates is the Thiele modulus whxeh equals one when ‘the relative rates of reaction
and mass transport are equal and increases as the relative rite of reaction mcreases. Holes
and defects are preferennally reparated when physrcal operatmg condmons are chosen so
that the Thiele modulus is greater than 0.1 and preferably greater than one. For other
types of membraries as well, the nature of the coatmg deposrted by the interfacial ozone
assisted CVD process is determined by the relative rate ‘of reaction and mass transport.
The rate of reaction can be controlied by not only the temperature, but aso the ozone con-
centration, and the choice of reactive metal compound Methods to controi the mass
Uamponmethroughthemanbranecmbeapreswegmdtunacrossthemembme, and
controllmg the concentratron of the ozoné or metal containing reactant. Concentrations of
ozone or the metal contammg reactant can be ad;usted wrth a dduent The diluent can be a
matenal which does not pamcxpate in the reactxon ' :

Reacttve metal compounds usable with the present mventxon fnust react in
the specified temperature range with ozone to form a ‘solid coating. The reactive metal
compounds can be either in the gas or liquid phase depending on the way the interfacial
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e 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 organosilicon compounds like hexamethyldisilane
(HMDS), tetramethoxysitane {TMOS) and tetraethoxysilane (TEOS) or nonvolatile liquids
like silicone oil. In all of these exampie compounds, the metal atom is silicon. Gaseous
reactive metal containing compounds can be either true gasses like silane or vapors
produced by bubbling an inert gas through a volatile liquid phase reactive metal containing
compound. Vapors from 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 inciude
argon and nitrogen. Volatile liquid compounds that can be used are selected from volatile
organometallics such as boron hydrides, boron halides, or titanium chloride. Preferably,
volatile organosificon compounds such as hexamethyldisilane (HMDS), tetramethoxysilane
(TMOS) and tetraethoxysilane (TEOS) will be used.

Conditions under which the interfacial ozone assisted CVD process is per-
formed must be chosen so that the decomposition reaction leading uitimately to the
reparation coating occurs primarily on the surface-or 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 femperature 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 moiecules in the heated zones is less that the thermal ozone lifetime. The heated
zones can include any preheating zone which may exist as well as the heated portion of the

- reaction 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 less than one fourth that of the thermal
ozone lifetime. Equivalently, the flow velocity of the gas stream containing the ozone

should satisfy the following inequality:
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 these functions enhance the permselectwe properties of membranes. As such the present
‘invention provides a method. for enhan_e:_ng the .permseiective: properties of membranes.
When the process -is used with membranes having a pore ‘structure, interfacial CVD
‘coatings can be applied so that less than-50% of the'-pores" in the membranes are blocked.
A blocked pore is a. pore through -which molecular species. permeatmg the membrane
cannot flow. or diffuse. L _ -

- One .application involves using the ‘process of the current invention to
improve the.performarice of current.commercial surface microfiltration and ultrafiltration
membranes. In this mode of application, 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 size and make 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 ‘uitrafiitration membrane
modules into gas separation membranes. This conversion could be done after the module

~ has been assembled. Another. application 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 zeolite

- membranes are often not highly selective. We have found that they can be made seiective

- by applying coatings using the process of the. current invention.. The coating imparts

selecnwtytotheassynthesuedmembmneswlnchpemstsdunngusemsepmon

applications. In this application, the coaung serves to reparate defects in the as-

synthesized membranes, and also serves 0 stabilize the permselective properues of as-
synthesized zeohte membranes which do not have defects.



fl'ows. When the reactive tals m@ﬂfg%mo}mound is introduced fromthe

opp05| te m%g@fm&ae memnmb bgAggg ozogq= is flomng, it r@:?ﬁ}sbﬁodsi‘z
ei.ther the gas or |iquid phssesztaaeaus—ran i ve met-al containing conpounds
can be either true gases or vapors Li qui d phase reactive netal conpounds

t hat can be perneated fr osite side.of the menbr . QN which the
ozone fl ows (F:)an be vol at%@ p %{fﬁﬁ ’i‘@fﬂg‘?" t?ﬁ@“&éactive net al
conmpound i s introduced fromW|th|n the nenbrane or froma filmon its
surface, it nu nonvol atile liquid which is inpregnated or coated
onto the menbrane before the ozone is introduced. To retain the conpound in

or on the menbrane during the J.eaction, the vapor pressure at the reaction
t enperature nust be Iess’ﬂl ﬁlstdemcteﬁ(inm bwaiuw&iorrepautprtka‘mmlu@edafss

than | torr(O. I betrolOt
fed during thetglgn er aC| J“r&é‘?tc |on %swﬁ%ﬁ ?gﬁe‘ as

t he ozone. Systems which utilizes Radmmgchsm\mmm}e Theaecveight meaq OFBIB BT
and ozonel are ﬁﬁﬂﬁlt hlﬂ“duﬁﬁhlo atozscmestwoe&f bI r::kd:t mmw ip&d ovee aof
ozone is |onge an m era e

<200[ err] C whe 51&9@2’%‘? é*'é Pg&bﬁgeto

The mi ni mum t%ﬂﬁéﬁhrmmxdﬂe was cdifrolied) t®, sphnmgehaﬂbmntmme st@amtmhn mgst

the reaction t &wﬁvﬁz#&&mw@gﬁ&mm FeaBHici Fon! (The

the reactive al com cont r
t he nature of%

us, ng.ther reactlo af fects

Feagtiomzame Wasidictated by &fﬁmﬁ'ﬁ dimgnsions, ot the mem-
def fac'é sf t he drametiolder anu ithédéstred irésidegatime Gix th&':’reﬁﬁiﬁm 2o9eC hedebinedt sesidence
sea efects ri

e ansnor o i ROE Sedcfon SURI 'A% B delifed rEA b {Emh @R B %ﬁé freime st
of these rel atthatctemperagire.s Thectemperaruse dependeacevnl the ozang| lfettmre ) SpRRe is
relative rat es;h@&n{mgﬁﬂeon and nmass transport are equal and increases as
the relative rate of reaction increases. Holes and defects are

preferentially reparated when physical operating.conditions are chosen so
that the Thi el e nodul us With gnecintie diaineten midmibranes mounted imbirymembraseceil; thergas

one. For ot heroiuhRSs 1636 R 80 Sshidkis Wphificarki)GesdThatl e 25 ck WEIARAUE HP prehest
coil. This gives a residence time of 0.5 second when the flow is ~300 cc/min and a resi-
dence time of ~1.5 secdnds when the gas flow is ~100 cc/min. These residence times are
significantly fess than the ozone lifetime even at temperatures as high as 200°C, By using
these high gas flow velocities and short residence umes the entire membrane surface is

homogeneously reparated.

The volatile metal containing compound that is permeated from the
opposite side of the menibrane is introduced into an inert gas carrier stream which is
flowed across the side of the membrane opposite to that on which the ozone is introduced.
The velocity of the argon stream is set so that only 2 small fraction of the voiatile metal
containing compound is oonsumed in the unerfaaal reacnon with ozone. It is preferred
that less than 20 percent ‘of the volatile metal contammg compound be consumed in the
reaction with ozone. By not depleting the supply of the metal compound, the uniformity
of the reparation is significantly improved.

The use of this interfacial gas phase reparation technique is iliustrated for
the reparation of three different types of membrane structures. The first example is a
metailic filtration membrane, the second is an asyrm}emc ultrafiltration membrane, and the
last example is the application of the reparation technique to a zeolite membrane.
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deposited by the interfam al ozone assi sted CVD process is determ ned by
the relative rate reacti.on and mass transport. The rate of reaction can

be contwolI9berssdy nﬁtﬂS%l—l%E‘llg éﬁgﬁ‘ekawi@,-but al so t he moTwSYS/08512

concentration, a]d theggBPA ctive netal conmpound. Methods to
control the mass ugh the nenbrane can be a pressure
gradi ent across: the nenbrane and control ling the concentration of the
ozone or netal containing reactant. Concentrations of ozone or the netal
- cont ai ni ng BXAMBRELL can be adjusted with a diluent. The diluent can be a
mat eri al whi ch does not part|C|pate in the reactlon o
Reacti ve {2 ‘ J must react in

t he speC|f|f':' T Faye T et g el o coating. The
reactive netal conpounds can be elther |n the gas or . I|qU|d phase dependi ng

gn the \I'N:-g. Elhgnl IntSe::O yﬁ the“uerfaﬁ‘alt re C mont L lgﬁnfolan C%mound-
< coat e TR ¢ PedbRe D€ aiminal poe e aréﬁsr of Sehile SRR HhrRiAg,
ozone, the theopqrelsxzd dlsmbuube Memﬂln\ﬁltkaionlmhbrmesdre Wshle(fmndanuabebef
nonvol at i | g, F;s EbpefiEi ke JePBRAEY bitd P o

vapor i zatlo er'ng. coat I npreghat.ed i Nt Q e merrane. To

retain. t he Stainissheteel membsanepurehased framMett Ingr : membrane i 9y or
pressure atudubpathrmeefwm zhermamh @ﬁut&ecéumwb?hads ih e poreatraes al

preter abl s M TS B s, %ﬂti‘g“ﬂﬂr' sk of e uiiny (il ghith Bkt
t he sur f ac fora¥the membeane fead ¢o avmtlphsl!:timstzyof)ﬂletpba srmnpmmhmmbmel ess

than 1,000 centi stokes. Exarrpl es of reactive rret al containing conpounds

meeting these requi r'Flltme variations in the controllmg pore srze dtstnbuuon can be measured
by a variety of techniques such as the distribution of bubbles formed on the membrane
surface in a bubble pomt test. In this test water is flooded over one surface of the
membrane and a gas pressure xs applted ﬁ'om the opposlte face of the membrane. As the
g gas pressure increases, :solated gas bubbles appear at the pomt of the la.rgest pores By
_ hysu:ally exammmg the spaual dxstnbuuon of bubbles as a functron of pressure the pore
size dtstnbunon can be charactenzed Another charactenzauon of the pore size
distribution is the membrane’ s abllrty to ﬁlter monodlspersed polymer spheres suspended in
‘water. Polymer spheres with less than 0.05 microns variation in pamcle size are
commercially available. It is found that the as received Mott membrane wil pass a small
number of 2.5 microns spheres. The flux of spheres through the membrane steadily
_mcreasesasthespherestzensdecreasedﬁ'omzs rmcronsto 20mtcrons, to 1.5 microns
" to 1.2 microns to 1.0 nucrons ‘Below that size the sphere ﬂux through the membrane
gradually increases. "From a combmauon of bubble pomt and sphere permeauon
'expenments,thenommal poresxzeofthenmualmembranetsesumated to be-l 0 microns
with a pore size dtstnbuuon that eluends up to 2 5. nuorons wrth the centroid of the
dxstnbuuon being w:thm 0. 75 rmcrons of 1 nuerons -

To narrow and reduce the pore sxze dtstribunon of the Mott membrane, it
‘was interfacially reparated at 150°C with a CVD _process that used ozone and TMOS
(teuamethylorthosnlane) Frgure 3 shows how the argon gas flux through the membrane
changed durmg the reparation process. The argon ﬂux was measured wrth two different

transmernbrane gas pressures of 8 an 20 KPa. | | _
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I nclude silicone oils wERFTIIT msah'ﬂ:l“b ts between 300 g/nole and 10, 000
g/ mol e. \Whewo gslee682zeact '
si.de of the nenbrane, t - : cont ai ni ng conpound can be either
a liquid or a gas which rrreates through the menbrane or defects in the

menbr ane. Liquid phase conmpoun &Jﬁké
or ganosi | i coﬂ comgounds I |mlze hgiégrf%tg?]yl 5| Si [ ane fﬂ%@ etr rre'lt“h %} Si | ane
0110”11 o1 gt w0880 ek i o e
oi nall o

reactive netal %3) fg ni ng ﬁsﬁeﬁg%:gw o . be gilmtaiherﬂ?rue %g':jﬁ‘fy | i kn Si ‘%96
or vapors produ 6 minal size, (L his Jeductips fppre sizg W
phase reactive Mahcadumomlxmghc:@upomd disttitmtios, me:hﬂmmwinst of theporsl size
conpound are cagrsmsquwme%cbﬁ}ﬁéa Ry o feliihed W EEeRRARALY fisponed

menbr ane. Exanpl.e I nert ses whi'ch ca

0
ni trogen. Vol at W@‘ﬂhi gembrane. esﬁallxst@esmn% g R"PP&H‘@’
volatile onganopa'rea&rhm&swdtsmrlb@baﬂw ¢ depositddoinahe ﬂnger(hm'e stmmres This
titaniumchlori r
hexanet hyl di si | gﬁ&%ﬁ%t ett?‘g l% Egﬁ% %W a'%g%é?raet oXysl | arclle
(TECS) will be nereaws the pore size distributiaiun dhe ipeaferentiali eoatingi of the large porer staistuses
Gecompos t1on 1 Ay oA Agugheeed ‘%‘fﬁam i & ‘é%@?‘;tﬁ. o o Kaerion is mo
primrily on thﬂg@éﬂ‘a}ﬁ Fﬂ'ﬁgtd 100, (F)hft &m of the

honogeneousl y i mmbnngaﬁ'h@hmrmfaﬂwasgmnnm:ané h&t bmhe mmhmnperamre,

menbrane. Opti nwpr nfhfd 5e %rﬁﬁ eg&ﬁ,;,
profile of nolecu g@&ﬁ%ﬁ?ﬁaﬁ reac |on Z p’hs ‘Hy gogﬁ)r?}‘% are pr u?g
when the ozone i§1S8WRY thepchorce @dﬁé@@‘tﬂ@%h@@?&’t gicoy and ke t‘ﬂ?&"ﬂ“?‘&wﬁ!ﬁ

the ozone shoul sich sizedpdrd strudniire dfahie MERE MeinbfEAS sét® upQw ange MS&mkﬁﬁamhthe

can i nol 33532&@@%@%@%&% R ibResB 0P O 'aéﬂwxha”“';ng B LR il
portion of the whereeipsefile ofithe silicaidepsitismeacrassl thehMiottihembrane usedfor the repasation

shoul d be such dxaadimérdtth FipSle¥SeSkowrl. "eSs for ozone nol ecules in the heated
zones is |less téh‘gn one fogﬁeh that of the thermal ozone lifetine.

Equi val ently, the flow velocity of the gas stream containing the ozone

shoul d satisfy EXAMPLE 2

Applying the interfacial gas phase reparation technoiogy to an inorganic
ultrafiltration membrane, we were able to selectively reparate defects and controliably aiter
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 permseiective gamma-alumina iayer on the surface of the
membrane shown in Figure 5 was produced using sol-gel chemistry. The sol-gel coating
tends to have defects when it is applied over the large 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 laygr defects can still exist in the sol-gel
coating. The ozone assisted interfacial gas phase CVD process has been shown to seal
these defects. An exampie of the ability of the interfacial ozone assisted CVD process to
reparate defects in membranes is shown in Figure 6. This Figure shows the permeability
change during reparation of an asymmetric inorgaiﬁc ultrafiltration membrane with defects
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followi ng inequality: WO 96/ 01682 LT

PCT/ US95/ 08512 reaction is conduct ed. V\hen the reactive net aI

cont ai nWV@%Qiﬁ%und i's coated onto or- . mpregnat ed PCTAISHHESSAZTOr ane
before exposing it to ozone, the corr.prz.lnd must be a - nonvol atil e
liquid. The liquid nust be nonvolatile so that it does not transport away
from ' thaherwltgehmdng \szmglthahutuhsmgesarfrbmral@pmdentlhe@pmng is
b egnated b that 15Cueiéeh 3 refdhenaly BaNALs| daied By b

menbr ane dur t e reactlon {aﬁte vapor pre s react |
t enper at ure l‘é’-%’é{%aﬂ permpeshility of the ni be

| ess t han 50a§ewcbwwliﬁsiﬁgl eﬁrﬁﬁﬁoﬂb@&nﬁeﬁmbeloﬂhewmhnize Int or

et
o okl &??wftﬂifmﬂm‘?“%ﬁt Pl splpeiiok 8 R {’,rea ve

conpound rrus m?lep
metal cont a.brmgadr&nsddimdsmldcq seipctivitiese Continuing-the mmmprpm

si 1 cone of | he ikabilihe m%rﬂﬁtbSr@ﬁdﬁ%eﬂ\e?aQ&a porecsizerial tHpdfiel
/ ol |. d h
dide of tne et Atiatod S ehanon pricsdue. e toimyag f%;f%“ : W%%abe

either a li cpylptrmeatmngﬂwawennlcs of oligonees. iNatrerw mdletmlagrwel polyethylenecgiygol

defects int 0, Rhdit Bux
materials su as orga‘r?ogll' %ué% ?(g)ﬁms)ﬁﬁ%gsm\ Hlﬁp&ﬁgxognﬂéet h b?@lelﬁaurile
(HVDS), tet rﬁmsh é'gleg rae blocked

nonvol atil e the pwsdge of ohgonletd@nﬁ hﬂdlé‘cﬁlae w%idhts zlsnsnwll asofOOtymele es«a-rgal mem-

conpounds, tomis.s Gaseous

cont ai ni ng cgfﬂfgfmﬁ'%“@dﬁ PRESSe ‘ﬁ PPlY&‘hi‘gl?‘aﬁfl é&gx;ssmth ‘
molecular weights above ~2 000 glmole From thrs expenment the pore srze was_
estimated to be slightly above ~104" | '

Zeolite layers can be produced on top of layers intermediate between the
intergorwn zeolite crystals and the: support material of the membrane system. If zeolites
are present in the permeable intermediate layer, they can be used to nucieate the growth of
the uppermost zeolite layer. When the intermediate layer ‘fiucleates the growth of the
zeolite layer in a hydrothermal synthesis process, the morphology of erystals in the zeolite
layer can be columnar and a crystallograph:cally preferred onentanon may be observed.

When the intermediate layer contains mesoporous as well as colloidal zeohtes, itis

~ referred to as a growth enhanemg layer (GEL). A growth enhancing (GEL) layer contains
identifiable particles with i interstices between said particles of colloidal zeolites, or colloidal
ze_olrtee and metal oxrdee, or eollo:dal zeolites and colloidat metal and mixtures thereof.
 The metal oxides which' can be used herein are selected from the group consisting of
colloidal alurmna. colloidal srlxca, collo:da.l zxrcoma, “colloidal titania and polymeric metal
oxides prepared from sol-gel proeeesmg and mixtures thereof. Preferably colloidal alumina

will be used The collordal metals which can be used include copper, platinum and silver.
Saxd interstices in the GEL are mesoporous Ina preferred embodunent sa:d mesoporous



produced by bubbling an inert gas through a volatile |iquid phase reactlve
met al cont figyedcs2 compound. Vapors fromthe vol atil e n@CITUSEHPISEY

are carried with the inert gas which is then fl owed over the
nenbrane. Exanpl es of inert gasses whi cH3zan be used include argon,
and ni trogen. Vihicilétichﬁ ih it GEL chawe sizesdef 2bout 2@ 40 abeut 2080 Aqr Jnteerices E‘d‘%f’r%?ﬁ

vol atile ggﬁ&qﬁgqﬁﬁ‘ﬁ&‘wﬁghq& SikQilestibukh fife, GEIO Layer. hal i des, or

titani um chlori ﬁg volatile organ05| licon corrpounds such
as hexamet hyl di si |l ane (HVDS), tetramethoxysil ane (T™MOS) and

tetraet hoxysil ane (Tﬂa@:ulé& kin pé@memedhrough these interstices because msqu deyoid ofanmyr

whi ch the interfaci one ted

chosen so t hat Pﬁ’é“%e‘ﬂb}ﬁ}bggpﬁ% %éfﬁﬁﬁ'g%gﬁ%x |@| et eTy fo tgg}m
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substrate surface. The flow rate of the ozone should be such that the

resi dence tines for ozone nol ecul es i n t he eateclhz](ggﬁ is |le

the thermal ozone |iAsthegeoliteriayen geawsfrom th & ¢ ahthe eatl ™
zone which nmay ggjeade, HOWERI thémdivitah separated ahtheir bounm Mm!t least
zone. It is preferredt t flow rat e q,gér&agom
resi dence t PBfe oI, O iﬂfﬁ’@gn%flrgcg? Hﬂﬁt ﬁé‘%ﬁ@a %uégﬁ%sc?g Igss quan
one fourth that mofphblogyt hZestiaé membrapes grown wishoutdhe mag of &0 9\/9

veloci ty of the @%@@I&%@&&Q%ﬁé&:&%ﬁﬂ@ne&%ﬁammml d satlsfy the

foll ow ng inequ - 9-

GEL layers contam colloidal-sized zeolus Growth enhancing layers can be
formed from a solution containing a nanocrysta!ime zeolite or a mixture of metal oxide and
nanocrystailine zeolite or a mixture of colloidal z:ohte and colloidal metal. Preferably,
colloidal zeolite or a mixture of colloidal zeolite and metal oxide will be used to form the
GEL layer. Nanocrys:amne zeolites have sizes between 50 and 5,000 A and form a stable
dispersion or solution of discrete particles. In that 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 compiete dissolution of the silica source. The
silica source is advantageously colloidal silica or polymenc which is prepared by methods
known in the art; see for example Brinker and Scherer, Sol-Gel Science, Academic Press,
1990. A preferred method for preparing polymenc silica is by the acid hydrolysis of
tetraethyl orthosnhcate and a preferred methd for ; preparing colloidai silica is by the base
hydrolysis of tetraethyl orthosilicate. The organi¢ structure directing agent, if used, is
advuwageouslymtroducedmtothesymhmmmremthefomofabase, specifically in
the form of a hydro:ude. or in the form of a salt, &.g., a halide, especially a bromide. The
structure du'ectmg agent may be, for example. the hydroxide or salt of
tetmnethylammomum (TMA), tmethylumnowum (TEA), triethylmethylammonium
(TEMA), tetrapropyiammomum (‘I'PA), ) tetrabutylammonium (TBA),
tetrabutylphosphonium (TBP), mmethylbenzylammommn (TMBA),
trimethylcetylammonium {TMCA), tnmethylneopemylammomum (TNNA),
triphenylbenzylphosphonium (TPBP), bispyrrofidinium (BP), ethylpyridinium (EP),
diethylpiperidinium (DEPP) or a substituted azoniabicyclooctan-, e.g. methyl or ethyl



The follow ng exanples are for illustration and not limting. Exanpl es:
The apparatus depicted in Figure 1 was used to reparate the nenbranes of

t he exaM? #1682 nodel G.-1 ozone generator manufact ured BETASISA8SEhe &
Control Systens which utilizes a pl asma EI scharge was used. Three wei ght
percent ozone in air _stream flow n 6 2 SCFM 5, 000 - cn{errl /mn.) was
produced. Bhbstigied: aguinuelidipe pos d mapxmbwsln 2631088 0 F y SRS ar ds

(228.6 m t&&th@agel@he@ﬁeﬁyhmwanamesermmwswﬁmQ the CVD

reaction zone was controlled y splitting the flowi ng ozone stream so that
nost of the stream.is. vented. and about . 100-300,cn{err]/mn are flowed into
t he reaction zoﬁheGﬂdaﬁ&mhafmedmmmcomg calloisaleeolites.cFor ed by

the physi cahe SEREIRG48 D forhik mppre rb%d%hcﬁedt b fenfiRpirars < fod0dence

time in the reaction zone: ‘resldence -t

® 10 Lh
s set by rREEd ARBDONG 309 0 SO0y WBERA obmed, s Sinctiped i ge <"

t enper at ur éinal ompbsiIREESS distined diyen daving a ehiciress ofabost ouf:etzumm preferably space
: 'all&l;b di anet er nenbr anes

is shown in th.ope
nount ed |n%5pq#é§ﬂ%rg“scléﬁ"°?tﬁ'@s§5§'m“¥v‘sg A 3 volune is
| ess than 0.5 cm which is significantly | ess than the ~2 cn{err] vol une
of the preheat 'ad;ustiﬂg'tﬁe &rts%?cauérsa'zdanes:umam aad&tﬁewdfmdme
flowis ~300 cnB ﬁ-{h‘ar a resi- enc t} me of - ecan slmheorh“lw?es fl ow
is ~100 cnf’é"?sr‘i“/llﬁ FAncDe controlied ‘morphology

film grown over the growth enhancmg layer ina subsequent hydrothermal synthesrs step.
The higher the nucleanon denstty, the narrower the z€o. e-érystal-w:dth the membrane (
will exhibit at the GEL columnar zeoltte utterface Nucleat on densrty can be controlled by
the refative proportrons of colloidal zeclites and metal oxxdes (Wlth the density decreasing
as the amount of the metal oxide utilized increases) as well as the size of the colloidal
zeolites in the GEL. Colloidal stzed zeolites i in the range of ﬁ'om 50 - 10,000 A are thus

_used in the GEL The larger the collotdal zeohte crystals utthzed tn the GEL. the wider the

'oxtde. colloidal metal or mrxtures thereof to the collotdal zeohte tn the GEL layer provides
spaces between nucleatxon sttes allowmg for control of the crystal width in the columnar
zeolite layer. .

GEL's contatmng pure metal oxtdes or collotdal metal fatl to produce nucleetton
sites. A preferred formulatton of GEL contams IOO-x wt% of collordal metal or metal oxide
and x wt% of collotdal zeolrte where xisat Jeast 0.01 when the GEL is not formed from
pure collordal zeolite. Hence. the nucleauon denstty is set by the above formula as well as
the size of the pamoles of collordal zeohte, collordal metal and metal oxide. The smaifer
the particle size of the collotdal zeohte parttclee, the denser the nucleatton sites which

 produces narrower columnar zeohte crystal wrdths '

| The hydrotltermal treatment to form the erystallxne zeolite layer is advantageously
: camedautbytmmersmgthelayermasynthestsmu:ture, andheattngforaumeandatthe
temperature necessary to effect crystalhzanon. Heatmg tunes may be, for example, in the
‘range of from 1 hour to 10 days, advantageously from 24 hours to 4 days Temperatures
may be, for example, from 50 to 300°C, advantageously from 150 to 200°C. When a true
zeolite material is formed, the synthesrs mixture contams a source of silica, a structure



significantly |l ess than the ozone |lifetine even at tenperatures as high as
200[ err] CW@®96/4168hg t hese high gas flow vel ociti es and shorrCIresssadgsize
times, the entire nmenbrane surface is nogeneously reparated.

The voI atile nmetal containing conpound'that is perneated fromthe opposite

side of the nuimetingcagess, and p sdurce cbfiany othen component) desired rin ithe resulting, pealits. dh

is flowed acr gy alsb@oftaihaRbcriRRIARIRRE 8r Re@eRsaB. (O that on which the
ozone is introduced. The veloctity of the argon’streamis set so that only a

smal|l fraction of the volatile metal containing conmpound is consuned in the
interfacial reacti Synﬂustshnmmeeﬁ'ohtwhxsh peotifecorystals arie growre sre welkimoad qndumnt

of the vol atl n m
ozone. By not ﬁg&é& %Rgfm%%d@he uniform y of
the reparatio grft ﬂMHMerfprb%cmhtes 15&01“31-0“‘”‘“"% SUXFR S
interfacial gasvish®pH of abatit 3tto ABowtcI preferibly dboixd 9.5 96 hvdut d 1f &id frdie which MFI

reparation of er.ent typ of rrenbra e structure rst
exanple is a e aﬁwgﬂ 'gﬁ ﬁi‘ 'P'ﬁﬁ"i’e’ébﬁ?"#% %ﬁ"&g&’r&i‘&sﬁwd
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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
50 to about 300°C, preferably about 180°C for a periad of about 30 minutes to about 300
hours, preferably for about 30 minutes. After crystallization, the supported layer may be
washed, dried, and caicined in the normal way. :

A preferred synthesis technique used with this invention is the growth of zeolite
crystals on the face of a porous support or intermediate layer which is oriented from 90 to
270 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 referred to as inverted. Applicants believe this prevents zeolites which are
homogeneously nucieated in the synthesis mixture from sestling by gravitation and
incorporating into the growing columnar zeolite layer. Thus, the zeolite layer is not
perturbed during the growth process. We refer to this synthesis technique as an Inverted In
Situ Crystallization (I-ISC) process. Growth on a GEL from a Low-Alkaiine-synthesis
solution using the I-ISC process is referred to as a GEL/LAI-ISC process or GEL/LAI-
ISC membrane. For GEL/LAI-ISC membranes, the erystal width in the zeolite layer is
between 0.1 and 20 pm.

Surprisingly, it has been found that when MFI membranes are grown by the LAI-
ISC process, a degree of crystallographic orientation occurs. Much more significant
crystallographic orientation occurs when MFI membrane are grown by the GEL-LAI-ISC
process. Preferred orientation will be different depending on the zeolite grown, however,
a preferred orientation will always be exhibited. When MFI zeolite membranes are grown
using a2 I-ISC process from a Low Alkaline synthesis solution, the crystailographic
orientation of the MFI zeolites is such that at least 75% of the crystals in the zeolite layer
are aligned in the orientation (with the c-axis parallel to the growth direction within 15°



EXAMPLE 1 Reparation and Pore Size Reduction of a Metal Mcrofiltration
Menbr ane Applying the interfacial gas phase reparation
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spheres suspended in.wat er. yner spheres W th I ess than _
- Zeolite membranes fabricated using the above desenhed GEL/LAI-ISC technique
~can have dense’ zeolite layers in which the. zeohte erystals are intergrown such that non- -
selective permeation pathways in these as-synthes:zed films are non-existent. - Absence of
these non-selecnve pathways can be estabhshed usmg a Dye Test described below.

~In this state, it would be expected that these con"nuous ﬂlms of intergrown zeohte

crystais would effect selective separations of molecules. An example of an expected

~ selective separaton - is: through molecular sxevmg mechanisms. Such separations are

realized when speexﬂc molecules are sterically. unrestricted by the zeolite pores (becoming

permeate molecules) while larger molecules (retentate molecules) are rejected because of

steric constraints. Thus the effective- zeolite pore. diameter becomes the controlling

aperture of the selective permeation pathway. An example of such, separations effected

~ -through ‘molecular sieving would be -the.';_-.separa:xign_; of para-xylene from a mixture of

Xylenes isomers. utilizing an MFI-based"2eolite - membrane layer. The controlling pore

aperture for the seléctive permeation pathway in the:MFI system is larger than the kinetic

diameter of para-xylene and smaller than the kinetic diameters of ortho-xylene and meta-
xylene.

Contrary to expectations, the previously described zeolite membranes produced
using the GEL-LAI-ISC technique, and having: dense, intergrown, continuous zeolite
layersexhibltaseparauonthatlsleesthanexpeeted _This is very evident when the
membranes with dense, intergrown, continupus zeolite layers are tested in molecular '
sieving. Generally ‘expected separanon perfonmmce can be estimated from independent
measurements of thie diffusivity of molecular species in-the zeolites and the partition

- coefficient for molecules entering the zeolite form:a. molecular mixture being processed.
Techniques to measure these quantities have been described J. Karger and D. Ruthven in
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movement of one crystal will affect the neighboring crystals as well as the grain boundary
separating the crystals.

Most of these dense intergrown zeolite memrbranes completely reject dye prior to
testing (indicating continuous zeolite layers), then exhibit less than expected performance
characteristics during use for high temperature moiecular separations, and finally fail the
dye test in post-testing evaluations by passing dye through the zeolite layer. Dense
intergrown zeolite membranes which do not reject dye in testing prior to testing in
separations typically have a small number of isolated defects.

It has been discovered that thin coatings applied to the zeolite layer can preserve or
enhance the permselective properties of continuous, intergrown layers of zeolite crystals
during separation applications. Certain coatings are capable of preventing the formation of
defects and voids in the layer during high temperatrure use or testing which can lead to a
loss of molecular seiectivity in separation processes. When acting in a preventative sense,
these coatings may serve to stabilize the separation between the intergrown zeolite crystals
or ‘cushion’ crystals within the zeolite layer, alleviating or dispersing mechanical stresses
and deformations arising from harsh process environments. 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 can be advantageous when used in the absence of any defects or
voids. It is critical to heal’ defects and voids since they provide non-selective permeation
pathways which result in poor separations performagce.  These two functions of

. stabilization and reparation of defects or voids in the membranes eahance the sefectivity of
the membrane, hence, we refer to the coating as a selectivity enhancing coating.

In order for coatings to be effective, they must be applied directly to the as-
synthesized zeolite layer. The coating can be applied to gither surface of the zeolite layer.



m croneters of this nomnal size. This reduction in pore size is clearly
acconpani ed by a dramatic reduction in the pore size distribution. Such a
nar r owi ngwof60182pore si ze distribution can be accounted fRCT/ISISIO8IIRI zi ng
that reactants are preferentially transported through |arger pores of the
menbrane. Preferentially transportl ng reattants through | ar ge pore
structures cameﬁﬁwaﬁwdiman thécdating BrRpplicdad e sutflice ofaheesolipolayer which is

eparat ee. t notanBpaiRE R R RSt b Aol Bl BafBbdlyy ok bdihligs st
preferential istsmct nghcthe zenlite layerewithous tof impediag: moleculer ransppg thtpugh
reaction i's ngdre g dF llﬁrzeﬁma'lhy@l' f fIhtSraQt'ibn mcdﬁ Wltﬁﬂhé ﬁedﬁtﬁ layer shouid

f tly, f diff t d t
nt e ¢ oo i dha A Rosis g P, itk Gstaporh obh, ARCBh BLARR dre
set by the- pmﬁaa-mosedq:weomngspfmatelw dni'a pre embodiment cigtetaction
radi ent acr i ce
gf react ant (%&ngﬁq‘% m{té Saﬁﬂgh(fuz@ng&e rsg%u?? %&@P Je&stnla? Sm
si zed por e sttanERAt threnghimere ge-Expose avrgé’mss &éﬁ °and
the coating degyesi Aa elusios dbbene,n&mﬁ md(dkems heofmolecdercthratighthe an

be seen in Figure whet Qf. 1 |

ot £ ribr and e P AiERath ey Bibich i - 5l°?il1*=?=§l&ﬁ%‘t%
EXAVMPLE 2 Rerporeit Avsuchiodclaions l@@eﬂwmmnsferrrmancno dhe
Utrafiltration Menbrane = . o Applyi:ng the |nterfaC|aI gas

h t | t Ltrafilt. |
here abl e to sele Pos%?ﬁ?%ﬁsaé’sgﬁ& Bf‘ﬁeﬁ’?é"a%n%ms&%x#arﬁh@ron gy prgond g
ef fective porchametadsticseecdaring gaust posséss iseerdl othet leoticalrprdnearess Fltste chemnaong_
produced usi rl&ts?gé bt sedblET efvd £aimcéxﬂ';h“:@:ﬁ€§£:hfﬁ h@ﬂlb%et h A8 BikeR td S

shown in Figure ve gamma-af Umina 1ayer on
the surface e beth m%aﬂd chemical stability. The coatms can change its phy

charactensncs within the first ~200 hours’ of use, after which the coating material should

be stable. Secondly, the coating must adhere’ 10 ‘the ‘zeolite fayer and should not tmpede

molecular transport’ through a significant number of surfaee-exposed pores of the zeolite

layer. This means that the coating layer prectrsor material ‘must adhere to the zeolite

without diffusing significantly into the pore structure of the zeolite crystallites, inhibiting
" transport of the destred molecular spectes through the zeoltte '

For example many polymeric coating materials ‘cannot be used (even though they
are stable under process conditions” and they adhere to the zeolite layer) because their
precursor molecules have molecular sizes whtch permit thetr introduction into the zeolite
 pore system. As such, many polymeno coattng ‘materials mhtbtt transport of the desired
" moleculés through the zeolite. It is' possible, however to choose polymeric coating
' precursor matenals whtch are stencally incapable of entermg the pores of the zeolite |
crystals. An example of such a coating layer preeursor is’ Invotl 940 silicone diffusion |
‘pump ﬂutd (Inland Vacuum Industnes) a stltca precursor :

For the membrane to have an adequate flux, the -selectivity enhancing coating

~ should mcrease the mass transfer resistance the membrane offers to moiecules permeating
through the mltte_layer by no more than a factor of five. Ini a preferred embodiment, the
selectivity enhanemg coating should increase the mass transfer resistance the membrane
offers to. molecules penneatmg through the zeoltte layer by no more than a factor of two.

The coattng can increase the mass transfer restsmnce of the membrane offers to |
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impermeable material, it cannot completely 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 iayer. Ideally an inpermeable coating must bridge the boundaries of
enough zeolite crystals to prevent defects and voids from arising without blocking a
significant fraction of the zeolite membrane. Prefersbly, this type of selectivity enhancing
coating bridges boundries between at least 10% of the surface-exposed crystals in the
zeolite layer and, more preferably, the coating bridges the boundaries between at least 50%
of the surface-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 permeable (to process
moiecules) in some regions of the layer and impermeable in other regions of the membrane
An exampie of such a coating is thin silica film which when deposited on the surface of a
zeoﬁtenuc!utsandgrowsaporousﬁlminsomei;fqasandadenseﬁ!minohters. The
applicants believe that such silica films can be deposié& by interfacial ozone assisted CVD
processes. In the bulk phase, silica is a dense impermeable material for the permeation of
hydrocarbon molecuies, however when deposited as a thin film, some regions of the film
can be formed into pores or as isolated moelcular or, nanoscale aggregates of the coating
materisl on the surface of the zeolite jayer. In the rquon of the zeolite layer covered by
either pores in the silica film or isolated moelcular or nanoscale aggregates of the silica
coating material, -the.coating is.said to be porous. -The gomusxegmn may occur at the edge
of a dense region in the film.



occurs even though reaction is not nuch faster than diffusion. Wen
reaction is not . significantly faster than diffusion, the coating can
deposit XMO9M68%he entire thickness of the menbr ane PCTYUSISOS532
transfer across the nenbrane is set by he pore size, tenperature,
concentration gradient and pressure greaent acr.oss the menbr ane, while the
reacti on rat @ye Testing Frodsdt: iod e 7 oy Fitd e

and the tenpéerature. The - arge ST m Cron. srzeE pore structure of the
Mbtt nenbrane sets_up .a |large transfer .and.th oat osits
across the entire BRES !dsl“hée Layer is refle gm&"@‘&@ 'Jrqugiglﬁﬁre 4
V\ﬂere a prof mmco&estdudxssrhbamdeaaelpmmmmgﬁ" ieyé: o:hmbstaue used for -
the reparati

Repar ati on a%ng‘ oengfdy%ggggiﬁhezgolﬂﬁ!&eeaﬁgb AN C t°r aef“ﬁra g rane
Appl yi ng t he intgtherporaus subsymate. Sy pesmeating; %Ké'@hﬁmﬂb ganr c
ultrafiltrat Mdkem@ﬁie%oub%um&rﬂ@nﬁrh&ﬁﬂﬁﬁ%h 'thﬁﬁo’dltktrﬁto(iqfteuetof and

controll ably ter t-he.sef f or e st:ze.. :The- i nar
uItrafrItratP@ rn%ﬁ?ﬁ?aﬂ?s‘”ﬁ%‘@f? wgaﬂﬁ"é'ﬁ- ¥ sespeergl@ (o defest; stry.
A schematic whelgthersuhstratmenuderﬁomrots eranmth_ah'_diesglot ‘gbsBrb light. Light

The pernsel e iy ) hife whed Viewed wi rane
shown .i n Fi gg‘%‘g&?%s produce%eusr ng sol - Jﬁft W

s
Ll -

lem.stry. The sol-gel coating
tends to havBaked®¥&ts when it is applied over the [arge pore support. As

such, a layer with I nternmedi ate pore size is incorporated-into the
menbrane to reduc de ve

internedi ate- poreﬁ'g*a%e?gg'ﬁg ‘iﬁf‘@@ kgeysggstraﬁthﬁ @ﬁw pm?he Soﬁher@?m ‘
coati ng. Theﬂsiﬂehwﬂhwesﬂ!msiﬂﬁa;rﬂfmmoww cepamip sehstrats. Pars been _

shown to seainolecuies Wﬁﬁﬁeﬂﬁfﬁ‘iﬁﬁtm@ﬁoﬁm_ tur hﬂllﬂbdthnbpbrﬂfmdihe
|nterfaci aI und) yi as 's?rgtteedext(-?evp?tlﬂougche?e%ect sttes ’I'he ' 'at which the dye transports
_ through a pmhole is dtﬂ'erent from the rate at whrch dye_ preeds over the underlymg
' -porous ceramic can be removed through the same puthole subsequent washing step.
~ Thusa sxmple way of deteetmg dye permeauon into the porous substrate consists of
applymg a dye solutron to the membrane surface and subsequent washmg excess dye away
to reveal pinhioles in the membrane AR

_ The test can be conducted with a soluble dye which has a physical size larger than
' the controlling aperture size of the zeolite. A preferred dye is Rhodarnine B, which is a
commonly used laser dye A convement solvent to ‘make a solution of this dye is
‘methanol, however other solvents such as toluene can ‘also be used as long as they tend to
“wet (or wxck mto) the ceramic substrate Water isnot'a recommended solvent for this
~ test. Thts dye shou!d be applred ﬁ'om a concentrated solutlon which has a coloration
similar to that of eommonly avmlable red wmes " This range of colorattons can be obtained
from soluttons wnh Rhiodamine B concentrations in the ragen of .05-5 wi%. With
different concentrattons, the amount of time requtred for the dye soaking through to the
substrate to become vrsible changes A preferred procedure for dye testing zeolite
‘membzanes formed on whrte porous cerarmc substratee ts, o

1) Make 20 mi of & st6ck solution & contmmng 0.5 wt% othodamme B in methanol. This
solution should be stored in a sealed bottle to prevent evaporation of the methanol.

2) From the stock dye solution remove 5 drops wrth an eye dropper and epply the dye
dropwise to the center of the dry ( 120°C for 30 minutes) membrane so that the surface is
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EXAMPLE 4

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

A model GL-1 ozone generator manufactured by PCI Ozone and Control Systems
was used for the experimems. The instrument utifized 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 ~100 - 300 cc/min 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 -life at given temperatures.

With a reactor volume of 50cc, a reactor pressure of 1 atm, and temperature of
200°C, the residence time of ozone flowing at 300 cc/min was 10 seconds. The fiquid
phase oxidized by ozone to produce the silicon oxide SEC was Invoil 940 silicone
diffusion 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



EXAMPLE 3 Reparation of a GEL/LAI-1SC Zeolite Menbrane Using .
Silicone Ol As a Selectivity Enhanci ng Coating Precursor
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are nesopor od vqmem@ddtgqn tnenating thetsurfaces Qfﬂlegecpllte otystals. After 5
minutes, any remaining silicone oil was removed from theceram:c by blotting with a towel. ‘
The treated disk was inserted into the Cold Wall Reactor, the entire system placed
on a heating plate (at room temperature), and the ozone/air mixture flowed over the
surface. The temperature was then raised to 200°C and held at these conditions for 0.1 - 4
hours. After ozone treatment, the membrane was cooled and washed with technical grade
toluene (drawn. through the membrane).

- 'l'he GEL-LA! ISC membranes were tested for xylenes separauons thh and
without a seleenv:ty enhancement coating.. Membranes fabricated on 3mm thick 1 inch
diameter alpha-alumina supports (800 A pore s:ze) were mounted into a permeation cell
and sealed with a graphite O-ring. The permeation cail was heated to temperatures
between 150 °C and 300 ‘°C while a mixture of xyiene isomers flowed across the face of
the membrane which had the zeolite layer, ‘l'he flow rate of the xylene feed was 1 mi/
minute. Across the opposite face of the membrane an. argon sweep was flowed at rates
between 100 and 400 ce/mmute . Pressure of both the argon sweep and the xylene feed
was fixed at ] annosphere (absolute). The maximum selectivity for separation of the para
isomer from either the meta or othoxylene isomer was determiend. Without 2 seleetmty
enhancement coating observed selectivities for separation of the xylene isomers by the
GEL-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 Four
GEL- LAI-ISC membranes were tested in this manner, without a selectivity. enhancement
coating. Three GEL-LAI-ISC membranes were tested with the SEC coatings, and
showed significantly higher selectivities for the separation of the xylene isomers. Three
GEL-LAI-ISC membranes tested with selectivity enhancing coatings showed maximum
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interstices in the GEL H ve sFFEELAGEDabout ﬁ) to about 2000 A.
Interstices in this size range provrde a perneation path for

nmol ecul es through the GE (o] GRAv R eat e

t hrough t hese E‘éb B’é‘%&ﬁ‘?ﬁ'%ﬂé@%&‘ﬁ”@%‘dﬂ%ﬂe‘ﬁ%gg‘ mat eri al
whi ch woul d hi WM‘lran,sport during menbrane, use. GEL | ayers nucl eate
the formation of the dense mat of zeolite crystals grovvn on the surfaces of

these |ayers. _
such that 99. 9%

and bottom of the colurmar zeoI ite ayer have at i | I eas onepoi nt
along their length nins

the zeolite |ayer ng‘gﬁ?wﬁgﬁﬁ?’&?‘?@@%@ﬁgw ! ea} cryglpo?)vm dt h
may i ncpleeesan Invol 940 silicone diffasion plung fluid (Inland & industsies) sueh-thatthe

Td heir | boundEr Idsxc&neratm% Bitklside of the diSle) Bufdit bt &fnt&?ﬁﬁlzﬁﬂneiay&l 2PheAlisk RdsS
ensel y packe can have a .colu r o ol i anes
grown Wit hout FJF?S"G%“GP d?%‘ﬂ%&gmwﬂ?&@"@ S&\éﬁ‘%ﬁgt w
degree of perfMolbwenfnaﬁyjpémmdedmamhmemwmedefectsmdvozdsmthemjnwbygrs

contain col | 0lﬂﬂ|=r f] L@ymwmmnm
formed froma sol ut g conta| nJ ngq? nanogrystal Ine Zeolite or a m xture of
by blg

met al oxi de an’éfm tHeg Wihatewelor o i xture of coll oi dal

zeolite and coll oi dal net aI Pref erably, coI | oi dal zeolite or a

m xture of coll oi da.b ﬁ'ﬁg!l lﬁ? Q,c,fg‘,g

GEL | ayer. Nanocrysta édt@‘ekak{}%@g&%g ,gzggtfee% Ie"n: Eg'o an W and-
forma stable ona tmunmmtanomnemmm m@@ p/air anixryre fowedsover thet hat

pr f)c;ass af synmla& %%ﬂ&ﬁu&e?v&&ﬁ&ﬂfaﬁédm zc%o'*c a?a’hélalaﬂha&t @mdmwmfe: -4
solution of a silica source and an.organi ¢ Struc cting .agen
a proportion sﬁﬂ"ﬁ c'&“l%?ft OZpRe treatments the #ﬂl‘@‘? M&W?%e

sili ca sour ce.tolliene (drawn through themembrane)

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 supports (800 A pore size) were mounted into a permeation cell
and sealed with a graphite O-ring. The permeation cell was heated to temperatures
between 150 °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 mi/
minute. Across the opposite face of the membrane an argon sweep was flowed at rates
between 100 and 400 cc/minute. Pressure of both the argon sweep and the xylene feed
was fixed at 1 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 seiectivities 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 coating, it showed a maximum selectivity near 4.5.

Applying the interfacial gas phase reparation technology to a GEL/LAI-ISC zeolite
membrane, we were able to impart a selectivity for the separation of xylene isomers.
Through interfacial gas phase CVD we were able to make a selective zeolite membrane.
Without the gas phase reparation, the as-synthesized mqnbranes were completely
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silica source is advantageously col.l.oi.dal-silica-or. polymeric which is

pr epar ed net hods known in the art; see for exanple Brinker and
Scherer, “S%?‘l”@qz Science, Academic Press;24 ~ ° 1990. A BEEUSIYB§1ret hod
for preparing polyneric silica is by the acid hydrolysis of

tetraethyl orthosilicate and a preferred method for preparing colloidal

silica is by gbhRib@aeror the sepafiYidh @F ¥ bmeA! B@%@ﬂﬁu&i U’&Sildei thémbrafe at
o rotaced 1 ISR 18 feie%?n%feﬁles B 290 s mmareed R IBLSCBERRNT o pamp |
in t h&oﬁwﬂnnfnea- bydnho@xylem, hnmesa‘e:dphanéms,ra mubber @-mins wag uged tooseal
gg'  de, gigeq@&%&pﬂ%@}dg; fi?.s beliey tﬁ{;{i‘%ﬁfoﬁ oﬂhga id Sfthégﬁ‘éi‘ﬁbm ciY
(TMA), tetr aeewmmr&ns wrmrep WJ‘HM&

tetrapropyl apesfstimifice of the ﬁnal zeolitil?d&nbranet The &wwh gmshm Qdring shiobid/ glleviate

tetrabutyl phansoho ATBP), -~ trinmethyl’benzyl anmoni um

(TVBA) , F% hyl cet yl ammoni.um (TMCA), _ _

trimethyl neopentyl anmoni um - ( TNNA) , _ I

tri phenyl benzyl phosphoni um :-(TPBP), bi spyrrolidiri.um:- (BP), ethylpyridinium

(EP), -~ - di et hyl-pi perdi Ai um (DEPP) or. a substituted P

azoni abi cycl ooctan-, e.g. met hyI or et hyl _ V\D 96/ 01682

PCT/ US95/ 08512 ' o - -14-

substituted quinuclidine or '1,4-diazoniabi cycl 0-(2,2;2)octane. Preferred
- structure- directing agents are the hydroxides and halides of TMA

TEA, TPA and TBA. _ L The GEL | ayer can be forned from sol uti ons ‘

containing the coI | oi daI zeol i tes For



the GEL | ayer to be formed, it is prg O . x—etne it at tenperatures
< 1000C, wopes/efesz abl y from about i ] lhen a

formed, it is maintained in the ' . AS d%.’lunﬁ%s‘f’gyer
having a thickness of about 0.1 to 20 [err]ru ~about 1 to 5
[err]m This layer contains interstices as described above. By
adjusting the ratio of colloidal zeolite and netat oxide,- the density of
nucl eati on sites on the GEL can be controlle ont rols

t he norphol ogy of 4 gfuszeolite filmgrown oveilmimlml(@] .lg nci ng

| ayer in a subsequent hydr ot her mal synthesis ste t he

nucl eation density, the narrower the zeolite-crystal-width the rrenbrane

will exhibit at the GE zepl | te i nterface. Nucl eati nsi

be controlled by the ré#g%}??? B§ the &m&"e BrEpeRss ?g °§:

metal oxides (wi t fo4 Righefes; §P*!19°ﬂa@t mnsmly pore sizesandistabilizing the mdvstmapemes
oxi de utilized i nwfmles)xzm kit tmnee,.aﬁ,smgmaae f Ginibheously cbRQkingah
in the GEL. CoIIO| es i of f om,50 000

are thus used | n % %EE{?%} %P f“'gﬁ |’d’5| °§°é‘8lﬁ“ffé° Eg e of
utilized in the CEE‘S“'SWE"% G'érmweompout@sﬂlem!uough m:xdmsttahésmmmees\hdng
bet f\pp' I Can: s belorened id&ﬁ:thm‘ttbﬁd adehl EorRboun A | t th sCﬁH sk second
metal or m xtures e Q e c | n e

provi des spacg';s&g&t‘% ﬂ%fc?'b%ﬂ‘*@ g‘?@%"“g ?WW‘?EHP?’%%{)F“@H% and
crystal width in Semmaﬁﬂms is gendlicted far aytime and at a temperture agiipressure sufficient

cont ai ni ng pur e  mef allowaidteBneindaai el 3bmPEind'ro i 2 maaltguce nucl eat i on
sites. A preferred formulation of GEL contains 100-x w % of colloidal netal
or netal oxide and x wt % of colloidal zeolite, where x is at least 0.01
when the GEL is not fo¥n@racessraccording i claigol wberemsaxaem;:mremeaboegwfaaeo about
nucl eati on densityoeg. set by the above fornula as well as - the size of
the particles of colloidal zeolite, colloidal netal and netal oxide. The
smal | er the particle size of the colloidal zeolite particles, the
denser the nucl eati on i AdEoaeps ashording tp rchaitu d sxhermin sadverticleds seievead fram Kliet group

crystal widths. consisting of zeolite membranes, ceramic ultrafiltration membranes, soigel membranes,
polymer membranes. metal membranes, porous substrates and mixtures thereof.

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

5. A method according to claim 4 wherein said metal compounds are selected
from the group consisting of organasilicon compounds, sificon oil, silane. organometallics
siloxanes, polydimethyisiloxanes and mixtures thereof.

6. A method according to claim 5 wherein said metal organosilicon compounds
are selected from the group conmsisting of hexamethyidisilane, tetramethoxysilane,
tetraethoxysilane and mixtures thereof, said organometallic compounds are selected from
the group consisting of boron hydrides, boron halides, titanium chioride and mixtures
thereof,

7. A method according to claim 3 wherein when said article is a zeolite membrane,
said process additionally stabilizes said zeolite membrane preserving the membranes
permselective properties allowing said membrane to be utilized at temperatures of from
about 50 to 750°C.
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The hydr ot her mal treatrrent to formthecrystalline zeolite layer is

advant ageousl y carried out—by—tfrr 8ing the layer in a synthesis
m xt ur e, WQAE0¥8%t i ng || QH@SQEHBHAS(B% he . t enper at UrRCTER9SO8MRY t O .
effect crystalizatio By-be, for exanple, in the range

ewtepm,gclEDrres-'
ssavEs y from 24 hours to 4 days.

T { ' m 50 to 3Q0C. .ad ly f
Tem Lo 200[ orr] CE Sﬁ&ade?ﬁ?é&"st %ﬂmiwﬁﬂ Oaf' mg&ﬁés&gwugyﬁt hesi s

. mixture conmem @ne said membrang fs stable gt femperatures
PCT/ US95/ 0Sglembrane does not degrade when exposed to ozone. -15- directing
agent, and a source of any other conponent desired in the resulting
zeolite. It may al so contain nanocrystalline zeolites or seed
crystals. 9. A procesSyitdonding to claint Liwhereinrsaitdhozbnetns acmhcéntratioryef al s ar e
grown -ar e Wgdut 65109\ about 50 Qolatre %. (see e.g., Handbook of Mol ecul ar
Si eves, Rosemarie Szostak, Van Nostrand Rei nhol d,. NY 1992). A

preferred route for M zeolltes is froma Low Al kallne synthesis m xture

having a pH of aiw% gth 9 GeRpdth i@l&lineéﬁrh Yaid? F is 23002 e the 2N
from whi oh ek ?{ﬁ", ; rvﬁaxab% ﬁeﬁaﬂﬁ&%ﬁﬁ" pei oo ur oo
Suitabie  oPBEL 2t 'msafaa%ﬂ“fi flob ifseogpds

t et r apr opyl ammoni unbr om de, S|Qerr] and water. : The nmenbranes

are- grown by suspending the GEL coated porous substrate of .

mmmwmw p
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choice in gﬁg %6ﬁ&fjkaline synthesis m xture. The synthesis mxture is then
heated to abou 50 to about 300[err]C, preferably aboutPdEU$5/e512C f or
a period of about 30 nminutes to about 360 hours, preferably for about
30 mnutes. After crystallization, the supported |ayer may be washed,
dried, and calcined in the normal way. A preferred synthe5|s
techni que used with this invention is Fﬁ% grﬂﬁﬂh of zeolite crystals on
the face of a porous support or interngdi atg | ayer which is oriented from
90 to 270 degrees in a synth ' ] d he 180 degree
orientation, the preferred -jon which the zeolite is
to be grown is horizontal and N\ j:j::thus being referred to
as inverted. Applicants beI|ewe t hi-s pf ‘ tles which are

----------------

gravitation and |ncorpora11ng' ‘ ey ng qolunnar zeollte | ayer.

Thus, the zeol mme dyetmi-c—itad - ocess. W
refer to this synthesis techniglhg ¥

Crystallization (I-1SC) procegs: -

Sltu

ma

Low- Al kal i ne-synt hesi s sofuii Jprocess is referred to
as a CEL/LAI-I1SC process or, GELT t arle. For CEL/LAI-1SC
menbranes, the crystal wd N. between 0.1 and 20
[err]m Surprisinfly,. unogYt hat when MFI nmenbr anes
are grown by the LAI- | SC} pr Pyiéallographic
orientation occurs. Mich norg sig ysijal ggaphic orientation
occurs when MFI nmenbrane arelQr Al -1 process.
Preferred orientation will be|-di s Y the zeolite grown, .

e.]lexhi bited. When M
4s froma Low Al kal i ne
iti on of the M

gls: jin the zeolite |ayer

however, a preferxaud-e&+4;"
zeol ite nenbranes ar @ grown

synt hesi s sol ution, tlhe crysth
zeolites is such that] at | eas}:

uuuuu

Figure 1
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are aligned in the orientation (wth the c-axis parallel to the growth

di rection WPRHe WD 96/ 01682 PCT/US95/08512
PCT/ US95/ 08512 2/7 - 16-
preferably 5 of the normal to the surface of the zeolite layer), preferably
at | east 90% of the crystals will display the preferred orientation.
A neasure of the proportion of the cystals that have the | ongest axis
normal to the plane of the |ayer nmay be obtai ned by conparison of the
X-ray diffraction pattern of the layer with that of a randonly

1 - [

oriented zeolite powd g & for
exanpl e, the | ongest gdge corresponding to the ¢ axis, ratio of the
intensity of the jJ002-peak to the conbined 200 and 020 peak is

di vided by the sanme ratio for random y oriented powder; the quotient
is termed the crystal ljographic preferred orientation (CPQl. Measured
in this way, |ayers ¥n agcordance with the invention have a <PO of at
l east 2, and may hawe fa CRO hi gher than 10[err]. Yeolite
nenbranes fabri cat edy he above described GEL/LAI-1SC techni que

can have dense zeolit in which the zeolite crystals afe intergrown
such that non- - perneation pathways in these as$-synthesized
films are non-existent}. of t hese non-sel ective pat hwgys can be
established using a ri bed bel ow. - o
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In this stg 1vb{md/voul d be expected that these continuous filnms of

i ntergrown zeo crystals woul d effect selective separe€T/usgs/oasi2
nol ecul es. An exanpl e of an expected §:7ect| ve separaton is through
nol ecul ar si eving nechani sns. Such separati'ons are real i zed when
specific nolecules are sterically unrestricted by the zeolite pores

(becom ng perneate nol ecul es) while larger nolecules (retentate
nol ecul es) are rejected because of steric constraints. Thus the
effective zeolite pore dianeter becones the controlling aperture of the

sel ective permeation pat hvvay An exarrpl e of such separ ations effected

through nol ecul ar si e froma
m xt ure of Xyl eR 1S ¢ menbr ane

| ayer. The controll p- aperture f@ € pgrneation
pathway in the MFl Bystemiszlarger than EI® kinetic di ajreger of

par a- xyl ene and smald er taan-the ki netic Jl‘gimeter ene and
net a- xyl ene. = & Contrary to &pectations, the greviously
descri bed zeolite roduced usi ng tphe CGEL-LAIj-1$C technique,
and havi ng dense, i V\g continuous zeolit exRibit a
separation that is % agRexpect ed. i i en the
menbranes with densp, Wntser g own, continuous zgolite |ayefs qre tested in
nmol ecul ar si evi fig. :Geaeg.;ll |y expected segfati on perf hnce can be
estimated fromi ndeer\'detﬁ ew neasurenents O6f the diffuspvi ! Yoo of nol ecul ar

entering the zeolitkg f or nGa Sl ecul a myfure being procgssed.
Techni ques teq} Nneasufe the;em]uanti tigs ave been describgd J Ka%er and D.
Ruthven in @

species in the zeol it es #d *the partltli}n/ coefficientf fad &Di‘:scul es
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WD 96/ 01682

PCT/ US95/ (8 96/01682 RGY/USH5/08512
"Diffusion In Zeolites And Ot her M croporous Solids" (John Wley And Sons

I nc. NY, 1992). The i cants ascribe the |less than

i deal perf.ormance in separations applications for these as-synthesized
zeolite nenbranes to physical changes which occur in the zeolite | ayer
during separations testing or use. These physical changes in the zeolite

| ayer whi ch arises during use may be due to nechanical stresses and
def ormati ons whi ch occur because of eposure of the nmenbrane | ayer to
el evated tenperatures and pressures in the presence of hydrocarbon

nol ecul es. The applicants believe that stress or nechanical deformations

in a layer of closely packed crystals may introduce defects or voids in the
| ayer whi ch can degrade the pernsel ective properties of thég nbr ane.
Sepcifically the defognmation or QDV e el _QloRgtareat-ai— W2 tiif f ect

t he nei ghbori ng cryst@ as Wel T as the grain boundgg’y depdTating the
crystals. Most of these den tergepwn zeol i t g, menbranes
conpletely reject dyesprior to- testing (i d¥c Lng continuous zeolite

| ayers), then exhibitjless than expected perfdy ikince charfacteristics
during use for high ténperature nol ecul ar sepgAstti ons,\and fijnally fail the
dye test in post-testiing eval uati ons by passKXgg Mye thr tlhe zeolite

| ayer. Dense i ntejgrown zeolite nmenbranes ¥gfch do n rgject dye in
testing prior to testilng in separations tyfrgal |y have a-emal | nunber
of isolated defects. It has been i stbvered thatJthin coati ngs

applied to the zeolité¢ | ayer can preserve or a,enhance t he |pernsel ecti ve

properties of continudqus, intergrown |ayers of *2

Zgol ite crystals
¥ _
&
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N
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during separation applications. Certain coatings are capag,lcﬁ_ f enting
t he fornﬁ‘{)qwlﬁﬁz defects and voids in the layer durin F&?SB&%/
.tenmperatrure use or testing which can 5&d to a | oss of nol ecul ar

selectivity in separation processes. Wen acting in a preventative sense,
t hese coatings may serve to stabilize the separation between the intergrown

zeolite crystals or 'cushion' cr,,y g wg hin the zeolite |ayer,
al l'eviating or dispersing nmechani caloﬁ geSes and deformations arising
from harsh process environnents. e c,oar ngs can al so serve a

second purpose in that they can also act to seal defects in the zeolite

I ayer, although, as descri bed abo they can be advantageous when used
in the absence of any defects or §§ is critical to 'heal’

defects and voi ds since they provi de-. |E’Jtl ve perneation pat hways
which result in poor separations pe These two functions of
stabilization and reparation of defec or v0| ds in the nenbranes enhance
the selectivity of t he nenbr ane, REw W refer to the coating as a
sel ectivity enhancing coati ng. | & order for coatings to be
effective, they nust be applied direc t§1e as- synt hesi zed zeolite

| ayer. The coating can be applied to rface of the zeolite | ayer.
WD 96/ 01682

PCT/ US95/ 08512

a preferred enbodi ment the coating is aj

| ayer which is not in contact wt

Additionally, these coati nq@ nmust
i
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3 -

- 18- In
o the surface of the zeolite
pport or internediate | ayer.
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por e openings
zeolite | a‘}'gr"@m?&l d

transport through nore th

openi ngs of the zeolite |ayer.

of the zeolite |ayer.

Interaction of the coating with the
be such that the coating does noPCBIUSE 08512
an four-fifths t he

In a preferred enbodi nent, interaction

sur f ace- exposed pore

of the coating with the zeolite |ayer should be such that the coating does

not bl ock

pore openi ngs of the zeolitle

bl ock the diffusion of nol

| ayer.

cul es through the por es,

LB T

_—

transport tlhrough nore than one-half of the surface-exposed
An occl usi on does not conpletely
but _significantdy

hi nders diffusion of the myl ggular 'speci es of "I ntrest thrbggh the” =
pore. As such occlusions ifcrgase the mass transfer resistance of t

menbr ane. I nlokgffer to successfully performa%a coatirfg | qyer
with the previously nmentionpelf haracteristics, a cBatg ng ostess
several other critical propesfies. M&rst, the coating B mist b gcg
stable at the application te ratyre of the nmenbrane. S lity i B
to be bot h nmechani cal chenTecal stability. The- (;bati ngfcaped ©
change its physi cal hartact dRi 8tics within the first&200 hourked =
use, after which the coating ter‘]’: shoul d be st@i2. Sefond E-the’;
coating nust adhere to the|zed iteglgyer and shoul d not inﬁede Q. -
mol ecul ar transport through aisi gnEfgcant nunber of surfa@e-eyposed] B a3 4
of the zeolite | ayer| Thi s n’é%s that the coating | af®r recurp@. SE
material nust adhere to the zgolit® % wi t hout diffusi_ngsgnificvfug_y -
into the pore structure of Jthg zeogi®e crystallites, inhibitfng £

For exanpl e many \N&@j yreri c

-

o =]
t hey are sta@ghe under|pracesss ditions and®t hey adhg¢re to the n
zeolite layer) be se thegr Qreacursor nol ec@l es havg nol ecul ar sifes
which permt thei f@) ntrodugtign i ggthe zeolitg.2 porg system As ]
such, many pol yne@fE coati hg terr s inhibit ®r@nsport fof the desired]
nol ecul es throug@ethe zeol [tef It isgpossible, @Qogever, o choose pol yirer
coating pre or matpridts whi®h are stefaall y i icapabl e of enteti®
the pores of the zeolite - & s 'gg 1
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®

crystals. l e of such a coating layer precursor is |nvoil 940
silicone dP@Pﬂ@ﬁg@) punp fluid (1nland Vacuum | ndust ri eHCIUSISOBIIZ 5

pr.ecur sor. For the menbrane to have an adequate flux, the
selectivity enhancing coating shoul d increase the nass transfer

resi stance the nenbrane offers to nol ecul es perneating t hrough the
zeolite layer by no nore than a factor of five. In a preferred enbodi nent,
t he selectivity enhancing coating should increase the mass transfer
resi stance the nenbrane offers to nol ecules perneating through the
zeolite layer by no nore than a factor of two(7 The coating can
i ncrease the mass transfer resistance of the nenbrane offers to
96/ 01682 o :
PCT/ US95/ 08512 R R
nol ecul es perneating through the zeglite cr stalggb ei t her occl
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| ayers of the menbrane at the application tenperature. [If the selectivity
enhanci ng coati ng Is made froma perneable material, the material can

be coat ed ove t he nt ire r t he
mat eri al us‘g‘d éarggf 3@51 °§‘§3é!hh;§) Aéﬁ g%igaﬂ%zone g as?u rerg'arzltfo
i mper neabl eoamtgtechhplogy waukddie mmapta@eeu ecaAnse xra¢m1 18 bscippligd tp@rlarge

structure {%hﬁgta r plied
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crystals t t d CVDScldtRip ddhai wfcb@l@umﬂis@&id glrsh
signifi can%r?éiiﬁf}gngg‘%ﬁ{rﬁsggol ite rr%mbiri’!a@ne Prcgfﬁgr ably, this type of

sel ect i vi t fERHEHENKEONMEBSat i ng bri dges boundries between at | east 10% of
the surface-exposed ®efefenkes rdlattirkgs eneraB?hotlﬁoﬂ ia:rmgnbram mchudef dfabl y,
SUr T ace- exoCBPTEYR: S4167 200 TRz pFeRs Bpmb P afd'their Bid Hgopean, o
sel ecti v: t ?gwnharpl?lmgtzonaﬁm P @BSéOoﬁmbMerddctmgma method §ori manufactmmg t wo
previously | ng. s e p&ocess
nmol ecul es) xr}oﬁig%lﬁeﬁg g%(}%%s §¥ O%f @etairl ag}?hﬂﬁl %Q{)B@ﬁ&qﬁ%ﬁé& (rUegigons of
t he nenbr aRatent Mg 4982305 rﬁlatmg:tp éhQ:@aft iand ay@thersmog iSiQg anembranghiash when
deposi ted BBrddupgoldC AR %%nerany%lat BUBbARHNES biahey dricdpedire 11 m

i %
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processes. In the bulk phase, silica is a dense inperneable material for

t he perneat| d r ., however when deposited as a
thlnfllmh@%mﬁﬁ&ﬁ. be fornmed into pores or as -
| sol ated noel cul ar or nanoscal e aggregat es of the coating mat er i aI on

covered by el ther (3PS B BrstisfisCof Tt brtatby Ol sfpuniCine
nanoscal e mggukmgacsof the exampliesi €A) is an @intank, () an pgene gererawit (Ghand sai d
to be porousy mhEe B CotfrSBY (P it 4rgdh tAMl€ (PY'dRemperature 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 half life change of ozone with temperature. The x-
axis is 1000/T (°K) and the y-axis is the ozone half life in seconds.

Figure 3 is a graph of the interfacial pore size reduction of a
nominal lpm Mott stainless steel membrane during the CVD method of the
instant invention as well as that of a 0.25um membrane. The x-axis is treatment
time in minutes and the y-axis is argon gas flow through the membrane in cc/min
(flux). The treatment was conducted at 150°C.

Figure 4 depicts silica deposition across a porous metal membrane
(Mott thickness=3mm, nominal pore size ~/um). The x-axis is the fraction of
distance through the membrane and the y-axis is mole fraction. The silica source
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Testing Proceduyr d To Characterjze Zeoll Me S : The
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the surface is o . -
temperatures of <300°C where the lifetime of ozone is longer than 10 milliseconds. Preferably

the temperature will be <200°C where the lifetime of ozone is longer than 1,000 milliseconds.
The minimum temperature will be 20°C, preferably 100°C. Controiling the reaction
temperature controls the rate of reaction of the ozone with the reactive metal compound. Thus, '
controlling the rate of reaction affects the nature of the coating. For example with a porous
membrane having defects, the extent to which the inorganic oxide coating can selectively seal
defects and holes is determined by the relative rates of mass transport and reaction for ozone
and the reactive metal compound. A measure of these relative rates is the Thiele modulus
which equals one when the relative rates of reaction and mass transport are equal and increases
as the relative rate of reaction increases. Holes and defects are preferentially reparated when
physical operating conditions are chosen so that the Thiele modulus is greater than 0.1 and
preferably greater than one. For other types of membranes as well, the nature of the coating
deposited by the interfacial ozone assisted CVD process is determined by the relative rate of
reaction and mass transport. The rate of reaction can be controlled by not only the
temperature, but also the ozone concentration, 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 metal containing
reactant. Concentrations of ozone or the metal containing reactant can be adjusted with a
diluent. The diluent can be a material which does not participate in the reaction.

Reactive metal compounds usable with the present invention must react in the
specified temperature range with ozone to form a solid coating. The reactive metal compounds
can be either in the gas or liquid phase depending on the way the interfacial
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The Reactor elimnpates 'the nee )
include silicone oils with molecular weights between 300 g/mole and 10,000 g/mole. When

the reactive metal compound is introduced from 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 organosilicon compounds like hexamethyidisilane (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 inert gas through a
volatile liquid phase reactive metal containing compound. Vapors from 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 from volatile organometallics such as boron hydrides, boron halides,
or titanium chioride. Preferably, volatile organosilicon compounds such as hexamethyldisilane
(HMDS), tetramethoxysilane (TMOS) and fetraethoxysilane (TEOS) will be used.

Conditions under which the interfacial ozone assisted CVD process is
performed must be chosen so that the decomposition reaction leading ultimately to the
reparation coating occurs primarily on the surface or 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 temperature 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 than the thermal ozone lifetime. The heated zones can include any
preheating zone which may exist as well as the heated portion of the reaction 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 less than one fourth that of the thermal ozone lifetime.
Equivalently, the flow velocity of the gas stream containing the ozone should satisfy the
following inequality:
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oper ati ons. A m)del GL 1 ozone generator nmanufactured by PCl
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Wwas appr oxktreaneik yentdd and about 100-300 cm’/min are flowed into the reaction zone. The flow rate
‘ into the CVD reaction zone was dictated by the physical dimensions of the membrane holder

and the desired residence time in the reaction zone. The desired residence time in the reaction
zone is set by the desired reaction temperature and ozone lifetime at that temperature. The

temperature dependence of the ozone lifetime in free space is shown in Figure 2. -

With one inch diameter membranes mounted in our membrane cell, the gas
volume is less than 0.5 cm®, which is significantly less than the ~2 cm’ volume of the preheat
coil. This gives a residence time of 0.5 second when the flow is ~300 cm’/min and a residence
time of ~1.5 seconds when the gas flow is ~100 cm*min. These residence times are
significantly less than the ozone lifetime even at temperatures as high as 200°C. By using
these high gas flow velocities and short residence times, the entire membrane surface is

homogeneously reparated.

The volatile metal containing compound that is permeated from the opposite
side of the membrane is introduced into an inert gas carrier stream which is flowed across the
side of the membrane opposite to that on which the ozone is introduced. The velocity of the
argon stream is set so that only a small fraction of the volatile metal containing compound is
consumed in the interfacial reaction with ozone. It is preferred that less than 20 percent of the
volatile metal containing compound be consumed in the reaction with ozone. By not depieting

the supply of the metal compound, the uniformity of the reparation is significantly improved.

The use of this interfacial gas phase reparation technique is illustrated for the
reparation of three different types of membrane structures. The first example is a metallic
filtration membrane, the second is an asymmetric ultrafiltration membrane, and the last

example is the application of the reparation technique to a zeolite membrane.
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B) Formation of a SEC from Back Side Tr e‘gt'rrent of a CGEL/LAI-ISC Zeolite
Menbr ane A GEL/LAI-1SC zeolite | ayer (supported by a
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face of the menbrane m&gﬁrﬂﬁ%stip&e%&%dlﬁ pdo?é’ﬁfe dig;nﬁutfoh%% Bea&lgasf?lfed 599

xyl ene feed was 1 m/mnute
variety of techniques such as the distribution of bubbles formed on the membrane surface in 2

bubble point test. In this test water is flooded over one surface of the membrane and a gas

pressure is applied from the opposite face of the membrane. As the gas pressure increases,

isolated gas bubbles appear at the point of the largest pores. By physically examining the
spatial distribution of bubbles as a function of pressure, the pore size distribution can be
characterized. Another characterization of the pore size distribution is the membrane's ability
to filter monodispersed polymer spheres suspended in water. Polymer spheres with less than
0.05 micrometer variation in particle size are commercially available. It is found that the as
received Mott membrane will pass a2 smail number of 2.5 micrometer spheres. The flux of
spheres through the membrane steadily increases as the sphere size is decreased from 2.5
micrometer to 2.0 micrometer, to 1.5 micrometer to 1.2 micrometer to I_.O micrometers.
Below that size the sphere flux through the membrane gradually increases. From a
combination of bubble point and sphere permeation experiments, the nominal pore size of the
initial membrane is estimated to be ~1.0 micrometers with a pore size distribution that extends
up to 2.5 micrometers with the centroid of the distribution being within 0.75 micrometers of 1

micrometers.

To narrow and reduce the pore size distribution of the Mott membrane, it was
interfacially reparated at 150°C with a CVD process that used ozone and TMOS
(tetramethylorthosilane). Figure 3 shows how the argon gas flux through the membrane
changed during the reparation process. The argon flux was measured with two different
transmembrane gas pressures of 8 an 20 KPa.
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face of the nmenbrane an argon sweep wasltt owed at rates between 100 and 400
cc/mnute. Pressure of both the argon sweep and the xylene feed was fixed
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of xylene i3AN®JfShe membrane. Preferentially transporting reactants through large pore, siraifire
Thr ough intpgrfaci al gas phase CVD w)é were a%l eto makeg% séel Eetive zeolite

nmenbr ane. \APEKHHTOTS $oating© bsiarasitedoin shelareerpore sEuchsess yihisyaefereatinl seatisg ofies
were conpl efeliabger pore structures is what reparates the membrane and parrows the pore size

distribution. The preferential coating of the large pore structures occurs even through reaction
is not much faster than diffusion. When reaction is not significantly faster than diffusion, the
coating can deposit across the entire thickness of the membrane. The mass transfer across the
membrane is set by the pore size, temperature, concentration gradient and pressure gradient
across the membrane, while the reaction rate is set by the choice of reactant (TEOS, TMOS,
etc.), and the temperature. The large micrometer 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.

Applying the interfacial gas phase réparation technology to an inorganic
ultrafiltration membrane, we were able to selectively reparate defects and controllably 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 permselective gamma-alumina layer on the surface of the membrane
shown in Figure 5 was produced using sol-gel chemistry. The sol-gel coating tends to have
defects when it is applied over the large 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 layer defects can still exist in the sol-gel coating. The ozone assisted
interfacial 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 permeability change during reparation of an
asymmetric inorganic ultrafiltration membrane with defects
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selectivities in the range from 3.5 to 5. The average maxinum selectivity was approxinlately

A GEL/LAI-ISC zeolite layer (supported by a porous A16 alumina support)
was placed in Invoil 940 silicone diffusion pump fluid (Inland Vacuum 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 capillary action. The
oil eventually permeated into the intercrystalline defects and voids in the zeolite layer. After
30 minutes, the disk was removed from the oil and any remaining silicone oil was removed

from 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 conditions for 0.1 - 4
hours. After ozone treatment, the membrane was cooled and washed with techhical 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 supports (800 A pore size) were mounted into a permeation cell and
sealed with a graphite O-ring. The permeation cell was heated to temperatures between 150°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 mi/minute. Across the opposite
face of the membrane an argon sweep was flowed at rates between 100 and 400 cc/minute.
Pressure of both the argon sweep and the xylene feed was fixed at 1 atmosphere (absolute)
(1.0132 bar). Without a selectivity enhancement coating observed 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 coating, it

showed a maximum selectivity near 4.5

Applying the interfacial gas phase reparation technology to a GEL/LAI-ISC
zeolite membrane, we were able to impart a selectivity for the separation of xylene isomers.
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REPLACEMENT SHEET Wat is claimed is:-. 1. A method for
enhanci ng and stabilizing the pernsel ective properties, selectively sealing

defects an i nhol es,. and _con | | abl |tering the.pore.size. of porous
membr anes gﬁ’%ﬁ ‘é‘teéf?“"ﬁgg‘a"‘é ipﬁﬂje nee ‘5?% a@f’ h ’gﬂﬁg‘c%ﬁﬁb‘%ﬁa@fw PREERE hod

conpri si ng Witheutsthegess phiise reparation, the as-syntheived cteimbranes woe ourspletelybr ane with a
silicon conpound wherein the silicon conpound is coated on or
i npregnated in the porous nmenbrane, and then-
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- reacting the silicon conpound coa‘? ed on or .inpregnated in the porous
menbrane with ozone for a tine and at a reactlon terrperature —and pressure

oxi de. o WHATISELAMERISOC A0 oy ane o] ﬂﬂfﬂﬁ'ﬂ!ﬂfm M2 Swherein
ng

the silicon conmpound is a nonvolatile Iiquid havi vhpot pressure

| ess than 50 tOlrrAaﬂ}gcgs[sz'&Eﬂﬁ%rfc)I'%éﬁl%ﬁ:fmgaeiugg?ﬁdé%%éétOkes at the

reaction according to claim1
wher ei n sactectxernbfemimgeief@tamplrmolasegormoliabhawaﬂng@hm deg C. 3. A

met hod ac Gy gg&gt@%gﬁéa@l%tﬁ@?ﬁh#braneﬁg&lﬂﬁs iSeg is selected from

the group consis eramc ultrafiltration

menbr anes haymgg@erﬁir% Qg copaprsing thesstepsdfes, metal nenbranes. por ous
substrates and m xtures thereof. 4. A met hod according to claim1
wherein said sili cggnco oun A nmet hod according to

cl ai m 3 wher ei F1R# C{Iagqnég pgagxc}%&v{lpg ané’f?ﬁf“ﬂf’l sai d process
addi t i onalskyorsd amficezssxdsﬁmsﬂamkeécond saefabescrein g cap: alle@fve the nenbrane' s

Ferper at s ipl oppEh el oo i gk B AR UEid fisp® 1111 2o &
and second surfaces being oriented such that said metal
compounds and ozone can react across said first and second
surfaces, with

(a) flowing ozone whereby the ozone residence time is
less than one fourth the ozone thermal lifetime on said first REPLACEMENT SHEET
surface
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and

(b) a metal compound having a viscosity less than 1,000
centistokes on said surface, and

wherein said contacting is conducted for at a temperature
ranging from about 20°C to 300°C and at a pressure ranging from
1 torr to 50 torr thereby forming said ozone and said metal
compound into a metal oxide.

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

3. A method according to claim 1 wherein said metal compounds
are gaseous or liquid compounds.
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6. A net hod according to claim3 whek®n when and said nenbrane is a
pol ymer nenbrane said nenbrane is stable at tenperatures of about 20 deg.
t.o about 300 deg C. and said nenbrane does not degrade when exposed to
ozone. 7. A net bdAamethodi acgonding taatlaim vvlersiim saidi metat compousds

concentrati ; LA :
accordi ng tag@ %@%?%Bg’ﬂéﬂgpg%é}g’a?ﬁgﬁam g)r,ﬂaﬁt}%r e r1 g%%%g&FPgﬁqn%gﬁ %‘E’S‘d‘”{: to
300 deg C. sipee) anganpmetallieresiloxanes, pelydimgthy Isiloranes anf mixserss teeree 1, 000
m|liseconds and wherein said:tenperature is | ess than 200 deg C. when the

lifetime of ozone is 1,Q00 mlliseconds ar.npre . .
51. 3. method according to glau{m wherein said metal

organosilicon compounds are selected from the group consisting of
hexamethyldisilane, tetramethoxysilane, tetraethoxysilane and mixtures thereof,
said organometallic compounds are selected from the group consisting of boron
hydrides, boron halides, titanium chloride and mixtures thereof,

6. A method according to claim 2 wherein when said article is a
zeolite membrane, said process additionally stabilizes said zeolite membrane
preserving the membranes permselective properties allowing said membrane to
be utilized at temperatures of from about 50 to 750°C.
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9. A met‘hod according to claim|l wgr-ein said silicon_conpound is.
contained in silicon fluid or diffusion punp fluid.

-26-. - 7. A nmethod according to claim il“ﬂﬂ lﬂumn/ﬂm:
menbrane is a polyner nenbrane said nenbrane is stabl

about 20 to about 300[err]C and sai d menbrane does not *dedrabe %heh exposed
to ozone. 8. A process according to claiml wherein said

ozone has a concent7ai artlndd advonding.t6cldim alwharefnOvken said fiémbrane is

200 err ) & PR SHREPPpETh iE HRlREF Wb B RRRFLTS U SpbATAGR | "

m | | i secoabmt 860IC@0d said inesdiraneidoesmotdegradswhan ¢xpessgdoaizone. i s | ess
than 200[err] C when the lifetine of ozone is 1,000 mlliseconds or nore

8. A process according to claim 1 wherein said ozone has a
concentration of about 0.05 to about 50 volume %.

9. A method according to claim 7 wherein said temperature ranges
from 200°C to 300°C when the lifetime of ozone ranges from 10 milliseconds to
1,000 milliseconds and wherein said temperature is less than 200°C when the
lifetime of ozone is 1,000 milliseconds or more
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CLAI Ms: Mprocess for enhanci ng_the pernsel ective

oo SNMEMMTAIE. oo per e RECR GREVTRREER

of articles having appera therein conprising t stdpg oM

si mul t aneously contacting an _ article havin ani

surface, wahfisfdidigfedagtd second surfaces bei ng capabl e of passi ng
ozone and netal conpounds therethrough and said first and second surfaces
bei ng oriented such that said netal conpounds and ozone can react

id fi e s f . i i St
St face ahd a MESter S ng pnd syt e R Rei kv (B atEs SReaR Sl
sai d contdefédtdgnd pinbeies] wal edntrsllably dltefigahdipere sixelof PORUS ictnbaatbs Rapsde oL

sufficient to .allow said_ ozone glnd sai d, petal conpound to forma
met al oxiRAEsing ozone and silicon compounds, the method compaising the sePHipkn | wherei n sai d

tenmperature is abouéon?a%iﬁé A |rIr)n&§| ﬁﬁ&%ﬂ}me with a C?il?tgﬂ[c%ﬁfghﬁld whlerein thdp ?ilicon

3. A process according to cl ereln sard artic I's selecte romthe
group consi stanmmpuntl iv ecdtéd en oe ithpregested methe mpooous|hembrahé, ramtli then
menbr anes, sol gel rrenbran?hs, vye \ .

- reacting the silicon compound coated on or impregnated in the porous
membrane with ozone for a time and at a reaction temperature and pressure
sufficient to allow said ozone and the silicon compound to form a silicon oxide
at the porous membrane’s surface,

- wherein the silicon compound is a nonvolatile liquid having a vapor pressure
less than 50 torr and a viscosity less than 1,000 centistokes at the reaction

temperature.

2. A method according to claim 1 wherein said temperature is about 20 deg C. to about
300 deg C.

3. A method according to claim 1 wherein said porous membrane is selected from the
group consisting of zeolite membranes, ceramic ultrafiltration membranes, solgel membranes,

polymer membranes, metal membranes. porous substrates and mixtures thereof,
4, A method according to claim 1 wherein said silicon compound is silicon oil.

5. A method according to claim 3 wherein when said article is a zeolite membrane, said
process additionally stabilizes said zeolite membrane to preserve the membrane’s
permselective properties and to allow said membrane to be utilized at temperatures of from
about 50 deg C. to 750 deg C.



pol ymer nenbranes, netal nenbranes, porous substrate ) Qﬁ@
4x A nethod according to claim| wherein said netal _ a T

or | i quid conpounds. - 5. A net according to claim4
wherein said netal conpounds are sel ected fr nhé% o] =3{ | ng
of organosilicon conpounds, silicon oil, silane, organomgt AMENGSHEET

si | oxanes, pol ydi met hyl si oxanes and m xtyres thereof. . A
net hod accor di ngmmm’ﬁﬂ mjwmtl n sai ggmet al org Deb 08 n“l"dchg)f%md

are selected from N rEghsi sting of hexanethyl disilang;

t et r amet hoxysi | ane, tetrat hoxysilane and m xtures thereof, said
organonetal I i ¢ conpounds are selected from the group consisting of
boron hydgi des i i i { ol €0 RN gL T :

t her eof . % A HE668 %x‘dﬁ@i&ot %’g} ;yc %eﬁ%?‘%ﬁeg ac@a%&néﬁé V\I%Ee@g? rlls \%h%orllyglglf d
articl e imeabrmelshitanembranaizestable at temperatiresrafabost 20ddkigt tcoatwiut §06 tehCl amb s

said zeolite nmenbran reservi he nenby anes pernsel ecti ve
propertie?“ﬁmem% ‘f"f?(‘}o m%nggﬁ?%eﬁygsqéqu@ga at tenperatures of from

about 50 to 750[err]C. WO 96/ 01682
PCT/ US95/ 08512
7. A method according to claim 1 wherein said ozone has a concentration of about 0.05

to about 50 volume %.

8. A method according to claim 6 wherein said temperature ranges from 200 deg. C. to
300 deg C. when the lifetime of ozone ranges from 10 milliseconds to 1,000 milliseconds and
wherein said temperature is less than 200 deg C. when the lifetime of ozone is 1,000

milliseconds or more.

9. A method according to claim 1 wherein said silicon compound is contained in silicon

fluid or diffusion pump fluid.



REPLACED ! 8. A net hod accoréll ng tocl ai '3 wher ei ‘q»'a""""f""?:z
menbrane is a i‘ma menbr ane sai d rre tabl e aggiMB@ber atvEegs
of about 20 tclg&) t 300[ervﬂm‘%% ugﬁnwe%g%ém oes not d7 ade eo
exposed t0.0
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10. ASHritereptonal Ratsnt filssgicaton €1 ai m 8 viher U mm@mmmrs <3ooYVé) ppi1682 |/
when th@on)eﬂmU6$anBﬂDEmmzone i s (lAhger than 1 econd |

sai dj tenperature is <200[err]C V\haﬁ’)tlﬂ%mﬁ“ gﬁ% ?"'S‘zonés "‘%‘8&‘30&6)
m |1} seconds.
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(57) Abstract

The instant inrvention is directed toward a process for enhancing the permselective properties, selectively sealing defects and pinholes,
controliably altering the pore size and stabilizing the permselective properties of articles having apertures therein comprising the steps of:
simultaneously contacting an article (H) having a first and second surface (K, L); Said first and second surfaces being capable of passing
ozone and metal compounds therethrough and said first and second sutfaces being oriented such that said metal compounds and ozone can
react across said first and second surfaces, with ozone on said first surface and a metal compound on said secord surface and wherein said
contacting is conducted for a time and at a temperature and pressure sufficient to allow said ozone and said metal compound to form a
metal oxide,
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