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MEMBRANE REPARATION AND PORE SIZE REDUCTION USING INTERFACIAL
MI Vv EP

FIELD OF INVENTION

The present invention is directed toward a method for reducing pore size
and reparating defects in 2 porous substrate or an active membrane layer having voids or
defects therein, using chemical vapor deposition.

BACKGROUND QF INVENTION

Reparation technologies apply coatings to membranes to repair existing
defects or holes in membranes. Reparation techniques either selectively seal defects and
holes or attenuate their 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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: - For inorganic'membranes high temperature coating technologies have been
developed to aiter the pore size. _o‘f the:membrane. Anexample of high temperature coat-
ing technology is given by G. R. Gavalas and C. E. Megiris in U.S. Patent 4,902,307
where they describe the synthesis of an SiO2 membrane on: a porous support and method
of use of the same. Properties of membranes coated in this manner are given by S. Woo

- Nam, and G. Gavalas in AICHE Symp: Ser. 85(268)-68-74, 1989 where they describe the
‘stability of H2 permselective SiO2 films. formed by chemical vapor deposition.
Additionally, M. Tspatsis, S. Kim; S. Woo Nam, and G. Gavalas; in I&EC Research
(AICHE), 30, 1991 where they describe the synthesis of hydrogen permselective SiO2,
TiO2, Al»03, and BoO3 membranes from chioride precursors. - The above coatings are
applied at high temperatures in excess of about 500°C' which thermaily stresses many
inorganic membrane ‘materials. and “precludes the .use. of many membrane module (
téchnologies. :Chemical vapor deposition (CVD) processes have been extensively used in-

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

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

~ from reacuon ‘of gaseous silicon: containing moleeules 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
membtane ‘evidenced by a negligible flux for hydrogen at: temperatures below ~300 -
400°C. 'l'lus:sthetype ‘of permselective transpon=v’v_l_ni¢h 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. Aﬁmherhmnaoonoftheeehxghtemperamreooanng
techniques is ‘that many membrane materials are destroyed by heetmg 1o 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
apphoanonsaregwenby!—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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uniform and larger than about 3 A. Developing such an ozone based reparation coating
technology would be advantageous because it could be applied to a large number of
membrane materials that cannot withstand h:gh temperatures.  Furthermore, many
inorganic materials applied to membranes by low temperature ozone assisted CVD coating
techniques could withstand harsh chemical environments.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 is a schematic of the apparatus used to reparate the membranes of
the exampies, (A) is an air tank, (B) an ozone generator, (C) and (E) mass flow controls,
(D) an argon tank, (F) a temperature controiled TMOS or TEOS Bubbler, and (G) 2
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 haif 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 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 cc/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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" mass ﬂow controller, and (D) is the membrane holder (E) is the Cold Wall Reaction
‘Vessel, (F) is the mhte layer, (G) is the membrane substrate. and (H) is the heating
surface.

The instant invention is directed toward a procass for enhancing the permselective
properties, selectively sealing defects and pinholes, controllably aitering the pore size and
stabilizing the pennselccttve properues of arncles havnng apperamres therein comprising
the steps of sunultaneously contactmg an amcle havxng a ﬁrst and second surface, said
first and second surfaces belng capable of passtng ozone ‘and metal compounds

| therethrough and’ satd ‘first and second surfaces bemg onented 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 second surface' and wherein said contacting is _
conducted for a time and at a temperture and pressure suﬁctent 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 techmque 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 structure $o that it retains its permselectxve 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 asststed 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 stzes of pores.in the membrane is aiso considered to bea
' tailoring of the pore structure The pennselecuve properues of the’ membrane are
unproved whether the techmque is used to reparate defécts in membranes, or to tailor the
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pore size of 2 membrane. As such, the low temperature interfacial ozone assisted CVD
process enhances the permselective properties of a membrane. When applied to zeolite
membranes it not only repairs defects, but it also can stabilize the zeolite layer, preserving
its permselective properties under operating conditions at temperatures from 50 to 750°C.

Inorganic membranes whose permsejective properties can be enhanced in
accordance with the instant procedure inciude zeolite membranes, ceramic uitrafiltration
membranes, sol-gel membranes, metal membranes and combinations thereof. Polymer
membranes whose permselective properties can be enhanced in accordance with the instant
procedure include membranes with a dense nonporous layer, and polymer membranes with
porous layers. When used with polymer membranes, the polymer membrane material must
be stable at the temperatures used in the CVD deposition process and must not rapidly
degrade when exposed to ozone. Rapid degradation would be a complete loss of
membrane selectivity when exposed to ozone for longer than one hour. _

The 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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* pound can be ﬂowed across the face of the membrane opposnte to that on which the ozone
" flows. ‘When the react:ve metal contammg compo_ 1C s'mtroduced from the opposite side
of the meémbrane while the ozone is flowing, it can ‘be in ‘cither the gas or liquid phase.
Gaseous reactive metal contaxmng compourids can be éither trie ‘gasses or vapors. Liquid
phase reactive metal compounds that can be permeated from the opposite side of the
 membrane on which the ozone ﬂows can be volatile or nonvolatxle liquids. When the
" reactive métal compound is introduced from w;thm the fembrane or from a film on its
surface, it must be a nonvolatile liquid which is xmpregnated-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 ternperature 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 thc 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 phystcal 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 deposxted 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 concentratlon of the ozoné or metal containing reactant. Concentrations of
ozone or the metal contammg reactant can be ad;usted w:th a dduent The diluent can be a
metenal which does not pamcxpate in the reactxon ' :

| Re"at':tive-metal c_omp‘ounds usable with tﬁe present inuention 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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reaction is conducted. When the reactive metal containing compound is coated onto or
impregna_ted into the membrane before exposing it to ozone, the compound must be a
nonvolatile liquid. The liquid must be nonvolatile so that it does not transport away from
the membrane by vaporization after being coated onto or impregnated into the membrane.
To retain the compound in or on the membrane during the reaction, the vapor pressure at
the reaction temperature of the liquid phase reactive metal containing compound must be
less than 50 torr and more preferably less than 1 torr. To impregnate it or coat it onto the
surface of the membrane, the viscosity of the compound must be less that 1,000
centistokes.  Examples of reactive metal containing compounds meeting these
requirements include silicone oils with molecular weights between 300 g/mole and 10,000
g/moie. When the reactive metal compound is introduced from the opposite side of the
membrane, the reactive metal containing compound can be either 2 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 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 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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. gas volume in reaction cell +gas volume of greheat zone

s
gas flow fate > T ozone lifetime at reaction temperamre

. : .. When ,the proc_edure of the';-present_- fi_nve_ntion is applied to a membrane
where the transport of molecules throughout the membrane is controiled by a mesoporous
layer , the procedure can reparate defects in the mesoporous layer as well as tailor the pore
size of the mesoporous layer. =Speciﬁcally; the present invention can be used to make the
pores in the mesoporous layer more monodispersed:” When the present invention is applied

. ‘to microporous. membranes it may not-only reparate the membrane, but it may also
- stabilize - the. permselectwe properties- .of membranes which do not have defects.
Stabilization of permselective: propemes is taken to mean preserving the permselective
properties of the miembrane under conditions in harsh chemical environments or at high
‘temperatures. - High- temperatures. is taken to mean temperatures:above 100°C. All of

' these functions enhance thé permselectwe properties of membranes. As such the present
‘invention provides a method. for enhancmg 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’ ultrafiltration 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 propemes of as-
synthesized zeohte membranes which do not have defects.
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The following examples are for illustration and not limiting.

Examples:

The appifatus depicted in Figure 1 was used to reparate the membranes of
the-exampies. A model-GL-1 ozone generator manufactured by PCI Ozone & Control
Systems which utilizes a plasma discharge was used. Three weight percent ozone in air
stream flowing at 0.2 SCFM (5,000 cc!rmn)waspmduced The stream was piped over a
distance of appro:nmately 250 yards to the point of the mass flow control. Mass flow to
the CVD reaction zone was controlled by splitting tixe flowing ozone stream so that most
of the stream is vented and about 100-300 cc/min are ‘flowed into the reaction zone. The
flow rate into the CVD reaction zone was dictated by the physical dimensions of the mem-
brane holder and the desired residence time in the reaction zone. The desired residence
time in the reaction zone is set by the desired reaction temperature and ozone lifetime at
that temperature. The temperature dependence of the ozone lifetime in free space is
shownin Figure 2. ' |

With one inch diameter membranes mounted in our membrane cell, the gas
volume is less than 0.5 cc, which is significantly less than the ~2 cc volume of the preheat
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 seconds 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.

Sheet Has Been R laced

T IIIIll Al




WOSGMIG2 | THIS SHEET HAS BEEN || = 10 =~ PCT/USOSNESL
REPLACED |

_ Applymg the tnterfat:tal gas phase reparatton technology to a metalltc mem-
' brane, we reduced the nommal pore size by 2 factor of four while sxgmﬁcantly narrowing
the pore sxze dtstnbutton Metalltc ﬁltratton membranes are avatlable from a number of
‘suppliers, and expenments were performed wnth a nommal 1 mtcron pore stze porous
stamless steel membrane purchased from Mott lnc The as purchased membrane is a tor-
) tuous path ﬁlter where the ﬁltratton properttes are controlled by necks in the pore struc-
ture between metal grams Vanattons in the stze of the powder (metal grams) used to
form the membrane lead toa vanatton in the stze of the pore stmcture in the membrane
‘These variations in the controlhng pore stze dtstnbutton 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 ts applted ﬁ'om the opposlte face of the membrane. As the
g gas pressure increases, :solated gas bubbles appear at the potnt of the largest pores By
_ physlcally examtmng the spattal dxstnbutxon of bubbles as a functton of pressure the pore
size dtstnbutton can be charactenzed Another charaetenzatton of the pore size
distribution is the membrane’ s abtltty to ﬁlter monodrspersed 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
_mcreasesasthespherestzetsdecreasedﬁ'omzs mtcronsto 20mtcrons, to 1.5 microns
" to 1.2 microns to 1.0 m:crons ‘Below that size the sphere ﬂux through the membrane
gradually increases. "From a combmatton of bubble potnt and sphere permeatton
'expenments,thenommal porestzeofthenmualmembranetsesttmated to be-l 0 microns
with a pore size dtstnbutton that etctends up to 2 5 1mcrons thh the centroid of the
dtstrlbutton being w:thm 0. 75 mtcrons of 1 rmcrons -

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

transmembrane gas pressures of 8 an 20 KPa. | | _
ﬁlaced
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At the end of the reparation procedure shown in Figure 3, the
averége pore size and size distribution was measured. It was found that the pores were
reduced to an average size of 0.25 microns and that the pore size distribution was within
0.05 microns of this nominal size. This reduction in pore size is ciearly accompanied by a
dramatic reduction in the pore size distribution, Such a narrowing of the pore size
distribution can be accounted for by realizing that reactants are preferentially transported
through larger pores of the membrane. Preferentially transporting reactants through large
pore structures causes more coating to be deposited in the larger pore structures. This
preferential coating of the larger pore structures is what reparates the membrane and
narrows the pore size distribution. The preferential coating of the large pore structures
occurs even though reaction is not much faster than 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, erc.), and the temperature. The large
micron sized pore structure of the Mott membrane sets up a large mass transfer and the
coating deposits across the entire thickness of the membrane. This can be seen in Figure 4
where a profile of the silica deposition across the Mott membrane used for the reparation

experiment in Figure 4 is shown.

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 inorgahic ultrafiltration membrane with defects
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in the sol-gel coating; Dunng the initial stages of reparanon, the defect in the coating is
preferemxally sealed. - The fact that the ‘defect is’ preferenually sealed is deduced by the

 relative changes in selectrvny and permeabrlrty of the membrane The initial membrane had
a selectivity in smgle component gas permeation expenrnents below the Knudsen imit. In
the initial phases of the reparation procedure, the permeation fell shghtly and the mem-
brane exhibited Krudsen like selecnvmes Conunumg the reparation process decreased
the permeabrlrty of the membrane by reduemg the average ‘pore size in the permselective

" layer.” At the end of the' reparation procedure, the menibrane pore size was characterized
by permeation charscteristics of olrgomers Narrow molecular werght polyethylene giycol
‘oligomers dissolved in water were placed on one face of the membranie and their flux
through the membrane was measured It was found. that the' reparated émbrane blocked
the passage of oligomers with molecular weights as small as’ '400. g/mole. - Sol-gel mem-
branes with 40 A pores will cut off permeation of polyethylene glycol oligomers with
molecular weights above ~2,000 g/mole. From this expenment ‘the pore size was_
estimated to be slightly above~10A.

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 zeolttes, 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_olxtea and metal oxrdes, 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 sxlxca, collo:dal zxrcoma, “colloidal titania and polymeric metal
oxides prepared from sol-gel proeessmg 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
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interstices in the GEL have sizes of about 20 to about 2000 A. Interstices in this size
range provide a permeation path for molecules through the GEL layer.

Molecuies can permeate through these interstices because they are devoid of any
material which would hinder mass transport dunng membrane use. GEL layers nucleate
the formation of the dense mat of zeolite crystals grown on the surfaces of these layers.
This dense mat of crystals is closely packed together such that 99.9% of the grain
boundary zones stretchmg between top and bottom of the columnar zeolite layer have at
least one point along their length where the width does not exceed 20A.

As the zeolite layer grows from the mterface at the GEL layer, crystal width may
increase, however the individual crystals remain separated at their boundaries by at least
one point of spacing of < 20 A. This densely packed mat can have a columnar
morphology. Zeolite membranes grown without the use of growth enhancing layers do
not have the degree of perfection of such columnar memhranes

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
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subsututed qmnucltdme or 1 4-dtazontabtcyclo-(2,2 2)octane Preferred structure-
directing agents are the hydroxtdes and halides of TMA, TEA, TPA and TBA.

The GEL laver can be formed from solunons conta_mtng the colloidal zeolites. For
the GEL layer to be formed it is preferable to "calctne"tt at temperatures < 1000°C,
| preferably from about 300 600°C When a GEL_layer is’ formed, it is maintained in the
final composmon asa dtsttnct layer havmg a thtckness f about 0.1to 20 um, preferably
about 1to 5 um. Tlus layer contains interstices as descrlbed above :

By adjusting the ratio of colloidal zeolite and metal oxide, the density of nucleation

_ sites on the GEL can be controlled ‘I'hts densny controls the morphology of the zeolite
film grown over the growth enhancmg layer in a subsequent hydrothermal synthes:s step.

The higher the nucléation density, the narrower the 266 e-crystal-width the membrane

will exhibit at the GEL columnar zeoltte mterface Nucleat on densxty can be controlled by

the relative propomons of colloidal zeclites and metal oxtdes (wrth the density decreasing

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

zeolites in the GEL. Collordal stzed zeolites i in the range of ﬁ'om 50 - 10 000 A are thus

_used in the GEL The larger the collotdal zeolxte crystals uttltzed tn the GEL. the wider the

'oxtde. colloidal metal or mtxtures thereof to the collondal zeohte m the GEL layer provides
spaces between nucleatton sttes allowmg for control of the crystal width in the columnar
zeolite layer. .

GEL's contatmng pure metal oxrdes or collordal metal fatl to produce nucleatton
sites. A preferred formulatton of GEL contams IOO-x wt% of collotdal metal or metal oxide
and x wt% of collotdal zeoltte 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 parttcles of collordal zeoltte, collotdal metal and ntetal oxide. The smaifer
the particle size of the collotdal zeohte parttcles, the denser the nucleauon sites which

 produces narrower columnar zeoltte crystal wndths o

| The hydrotltermal treatment to form the crystallxne zeolite layer is advantageously
: camedoutbyrmmersmgthelayermasynthesrsmnrture, andheattngforaumeandatthe
temperature necessary to effect crystalllzatton. 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 synthests mixture contams a source of silica, a structure
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directing agent, and a source of any other component desired in the resulting zeolite. It
may also contain nanocrystalline zeolites or seed crystais.

Synthesis mixtures from which zeolite crystals are grown are well known in the art
(see e.g., Handbook of Molecuiar Sieves, Rosemarie Szostak, Van Nostrand Reinhold,
NY 1992). A preferred route for MF1 zeolites is from a Low Alkaline synthesis mixture
having a pH of about 8 to about 12 preferably about 9.5 to about 11, and from which MFI
zeolite crystals can be grown. Such reaction mixtures are readily prepared by those skilled
in the art. For example, suitable mixtures include Na20, TPABr,
tetrapropylammoniumbromide, SiO2 and water.

The membranes are grown by suspending the GEL coated porous substrate of
choice in the low alkaline synthesis mixture. The synthesis mixture is then heated to about
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°
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preferably 5° of the normal to the- surface of the zeohte layer), preferably at least 90% of
the crystals wnll dxspiay the preferred onentauon.

A measure of the: propomon -of the cryst _'__ Is. thar. have the longest axis normal to
the piane of the layer may ‘be obtained’ by companson of the X-ray diffraction pattern of
the: layer with that of a randomly onented zeollte powder. In the case of an MFI-type
zeolité, for example, the longest edge corresponding-to the.c axis, the ratio of the intensity
of the 002-peak to the combined 200 and. 020 peak is divided by the same ratio for
randomly oriented powder, the: ‘quotient. is termed the . crystallographic preferred
orientation (CPO). Measured in this way, layers in accordance with the invention have a
CPO of at leastz, andmay haveaCPO hxghenhan 105, .

- Zeolite membranes fabncated .using 1 the above descnhed GEL/LAI-ISC technique
~can have dense’ zeolite layers in which the. zeohte crystals 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 specxﬂe 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 wouid - be -the.';_-.sepnra:xion_; 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 prevnously deeen’bed zeohte membranes produced
using the GEL-LAI—ISC technique, and having dense, xmergrown, continuous zeolite
layersexhibltnseparauonthatlsleesthanupeeted _This is very evident when the
membranes with dense, intergrown, continupus zeolite layers are tested in molecular '
sieving. Generally ‘expected separanon perfonnmee 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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"Diffusion In Zeolites And Other Microporous Solids” (John Wiley And Sons Inc. NY,
1992). e s

The applicants ascribe the less than ideal performance in separations applications
for these as-synthesized zeolite membranes to physical changes which occur in the zeolite
layer during separations testing or use. These physical changes in the zeolite layer which
arises during use may be due to mechanica stresses and deformations which occur because
of eposure of the membrane layer to elevated temperatures and pressures in the presence
of hydrocarbon molecyles. The applicants believe that stress or mechanical deformations
in a layer of closely packed crystals may introduce defects or voids in the layer which can
degrade the permselective properties of the membrane. Sepcifically the deformation or
movement of one crystal will affect the neighboring crystals as well as the grain boundary
separating the crystals.

Most of these dense 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.
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Ina preferred embodiment the coattng is applied to the sutface of the zeolite layer which is
not in contact with the support or intermediate layer. Addmonally, these coatings must
interact with the zeolite layer without blocking or rmpedmg molecular transport through
pore openmgs of the zeollte layer Interaction of the' coating with the zeolite layer shouid
be such that the coatmg ‘does not block transport- through more than four-fifths of the
sutface-exposed pore opemngs of the zeolite layer. In'a preferr embcdtment, interaction
of the coating mth the zeolite layer should be such that the coatmg does not block
transport through more than‘one-half of the surface-exposed pore openings of the zeolite
layer An occluston dOes not completely block the dtﬁitston of moiecules through the

- pores, but s:gmﬁcantly hrnders dtﬁ’uston of the molecular Spectes of intrest through the |
pore. As such occlustons increase the mass transfer resrstance ot‘ the membrane

In order to successfully perform'as a coating layer with the préviously mentioned ‘

characteristics, a coating must possess several other critical properttes First, the coating_

_ must be both stable at the applrcatton temperature of the membrane - Stability is taken to
be both - mechamcal and chermcal stabtltty ’l'he coatmg can change its physical
characteristics within the first ~200 hours of use, after which the coating material should
be stabie. 'Secondly, the coating must adhere o the zeolite layer and should not impede
molecular transport’ through a significant number of surface-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"poly'meric' coating materials ‘cannot be used (even though they
are stable under process conditions” and they adhere to the zeolite layer) because their
precnrsor molecules have molecular sizes whrch permit thetr introduction into the zeolite
 pore system. As such, many polymertc coattng ‘materials mlnbtt transport of the desired
" moleculés through the zeolite. It is' possible, however to choose polymeric coating
' precursor matenals whrch are stertcally incapable of entenng the pores of the zeolite |
crystals. An example of such a coating layer precursor is’ Invotl 940 silicone diffusion |
‘pump flmd (Inland Vacuum Industnes) a sthca precursor :

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

' should mcrease the tnass transfer reststance the membrane oﬁ‘ers to molecules permeatmg
selectmty enhancmg coatmg should mcrease the mass transfer resistance tne membrane
offers to. tnolecules pemteatmg through the zeollte layer by no more than a factor of two.

The coating can increase the mass transfer rest:tance of the membrane offers to
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moiecuies permeating through the zeolite crystals by either occluding the zeolite pore
structure, or covering the zeolite pore structure. Hivariably some portion of the zeolite
pore structure exposed on one of the sides of the zeohte layer is covered by the coating.
The increase of mass transfer resistance due to the coverage of the zeolite pore structure is
determined by the material used to form the seleczivixy enhancing coating.

The selectivity enhancing coating matenal can be a permeable or impermeable
material, or a material which in some regions is permeable and in other regions
impermeable. Permeability is taken to mean the ability to transport a molecule through the
layers of the membrane at the application temperatuge. If the selectivity enhancing coating
is made from a permeable material, the material can be coated over the enatire surface of
the memrbane.

If the material used for the selectivity enhancing coating is made from an
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
zeohtenuc!utsandgrowsapomusﬁlmmsomeamsandadenseﬁ!mmohters. The
applicants believe that such silica films can be deposned by interfacial ozone assisted CVD
processes. In the bulk phase, silica is a dense impermeable materiai 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.
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Permeatton of dye througlt the zeoltte layer can be detected:'-"by obsemng the way it soaks
~ into the porous substrate. Dy permeattng through the columnar zeolite jayer will be
wicked i tnto the porous substrate m a manner sum'lar to the way tnk soalds intoa ptece of

when the substrate is. made'frotn a porous ceranuc'that"does"not absorb light. Light
scattenng tn such | porous substrates causes them to app_ whtte when viewed w:th the
naked eye. | ST 3

_ Any dye which wrcks into the substrate through a small pinhole in the membrane

) surt'ace will be readly VlSlble as a coloratton change ut the ceramic substrate. Dye

| molecules wrth sizes large than the zeoltte pore stmcture will not transport into the
underlytng substrate cept through defect sites. ’I'he 'at which the dye transports

~ througha ptnltole is différent from thie rate at which dye spreads over the underlying

' -porous ceramic can be removed through the same ptnhole s subseqtient washing step.

~ Thusa stmple way of detecttng dye permeatton into the porous substrate consists of
applymg a dye solutron to the membrane surface and subsequent washtng excess dye away
to reveal pinhioles in the membrane R

_ 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 reeornmended solvent for this
~ test. 'l'hts dye should be applted ﬁ'orn a concentrated solutton which has a coloration
similar to that of commonly avarlable red wxnes " This range of colorattons can be obtained
from soluttons wrth Rhiodamine B concentrations in the ragen of .05-5 wi%. With
different concentrattons, the amount of time requtred for the dye soaking tbrough to the
substrate to beconte vrsible changes A preferred procedure t'or dye testing zeolite
‘membzanes formed on whtte porous cerarmc substrates ts, o

1) Make 20 mi of & stk solution & contatntng 'o'.s- wt% othodanune 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 apply the dye
dropwise to the center of the dry ( 120°C for 30 minutes) membrane so that the surface is
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covered. Typically 2-3 drops are needed to cover the membrane surface. Each drop
contains ~0.25 milligraims of dye. Do not let the dye wigk over the edge of the membrane
into the porous ceramic exposed at the rim of the membrane.

3) Let the dye covered membrane stand for ~30 seconds and then blot off the excess dye
solution with a paper towel.

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

5) Rinse the disk surface with methanol for 10-30 seconds. A convenient way to do this
is with a methanol wash bottle.

6) Visually examine the substrate for any red colorations.
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 liquid
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
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" the front side of a GELILAI-ISC zeolite layer followed by ozone treatment in the Cold
Wall Reactor. The second example xllustrates the apphcauon of a hqmd SEC precursor to
the back side of a GEL/LAI-ISC zeoltte layer followed by ozone treatment in the Cold
Side Reactor.

A GEIJLAI-ISC zeohte layer (supported by a porous A16 alumma snpport) was
coated with a thin layer of Invoil 940 silicone diffusion pump fluid (Inland Vacuum
Industnes) applied by pourmg the material directly on top. of the zeohte iayer. This oil was
allowed to stand, in air, on the zeolite ‘crystals, partly permeenng into the mtererystalhne
defects and voids in addition to coating the surfaces of the zeolite crystals. After 5
minutes, any remaining _sx_hcon__e 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 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 selectmty enhancement coating.. Membranes fabricated on 3mm thick 1 inch
diameter alpha-alumina supports (800 A pore srze) were mounted into a permeation cell
and sealed with a graphite O-ring. The permeauon 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, ‘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 cc/mmute . Pressure of both the argon sweep and the xylene feed
was fixed at ] atmosphere (absolute). The maximum selectivity for separation of the para
isomer from either the meta or othoxylene isomer was determiend. Without 2 selectmty
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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selectivities in the range from 3.5 to 5. The average maximum selectivity was
approximately 4.

A GEL/LAI-ISC zeolite layer (supported by a porous A16 alumina support) was
placed in Invoil 940 silicone diffiision 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 2 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 technical grgde

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 .l 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 xyfene 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 selectivities were in fhe
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 technoiogy to 2 GEL’LAI—IS(} zeolite
membrane, we were able to impart a selectivity for the separation of xg.rlene 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

This Sheet Has Been R,

T



WO 96/01682 |  _ 24 . PCT/USOSWESI2

nonselective for the separation of xylene isomers. By reparatlon., a zeolite membrane at
150°C for 1.5 hours a selectivity of 1.5 at 200°C was imparted for the separation of para-
from either meta- or, ortho-xylene In these expenmems, a rubber O-ring was used to seal
the membrane in the hdlder It is believed that a portion of the region of the membrane
under the o-ring that was not reparated became exposed in this experiment and limited the
performance of the ﬁnal zeohte membrane The use’ of a graphxte O-rmg should alleviate

th:s problem
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1. A process for enhancing the permselective properties, selectively sealing defects
and pinhoies, controllably aitering the pore size and stabilizing the permselective properties
of articles having apperatures therein comprising the steps of: simuitaneously contacting an
article having a first and second surface, said first and second surfaces being capable of
passing ozone and metal compounds therethrough and said first and second surfaces being
oriented such that said metal compounds and ozone can react across said first and second
surfaces, with ozone on said first surface and a metal compound on said said surface, and
wherein said contacting is conducted for a time and at a temperture and pressure sufficient
to allow said ozone and said metal compound to form 2 metal oxide. -

2. A process according to claim 1 wherein said temperature is about 20°C to about
300°C. '

3. A process according to claim 1 wherein said article is selected from the group
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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8. A method according to claim 3 wherein when said membrane is a polymer
membrane said membrane is stable at temperatures of about 20 to about 300° and said
membrane does not degrade when exposed to ozone.

9. A process accordmg to claim 1 wherem saxd ozone has a concentration of
about 0.05 to about 50 volume %. : :

10 A method'accor'dtmg fo claim 8 wherein said temﬁeratdre is <300°C when the
lifetime of ozone is longer than 10 milliseconds and wherem sa:d temperature is <200°C
when the lifetime of ozone is 1, 000 milliseconds..
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