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A ZEOLITE CONTAINING COMPOSITION· WITH A SELECTIVITY 
ENHANCING COATING 

' ..• : 

FIELD OF THE INVENTION 

The present invention is directed taward a supported zeolite 
composition containing a coating which enhances tile permselective properties of 

the composition. . . , 

BACK.GROUND OF THE INVENTION •' 

Fabrication of pracd~al ~lite meml'.!tanes has long been a goal of 

separation science. For a zeolite membrane to be pctical, it must have a high 

flux and selectivity fOf the desired penneate molo9P.1e(s). Obtaining such a 
membrane has been difficult because. of defects q interparticle voids inherent 
to the zeolite film. ... This is especially true for mead,>ranes grown from classical 

zeolite synthesis routes described ill. the literature.: :J'hese membranes have a 
heterogeneous ctystlJl,structme -within the membrap layer and require an 
enonnous (> 50 microns) layer thickness to seal pinholes and void structures .. 
What is needed in the art is a thin, continuous zeolite layer with few defects, and 

a method, or methods; .to 'heal' any remaining defeRts and void structures and 
stabilize these to subsequent severe conditions o(qperation. 

.. ·. 
Membranes c,b9{.ij)ed. in the literat.w;s~ are formed with several 

zones (larger crystals grown on tf)P of smaller ~s) across the membrane 
thickness. In several zones, the_ crystals are not SJiwn into a dense mat that is 
free of intercrystallin~ voids To obtain a perm~ve zeolite membrane, the 

· above zeolite layer,s ( cp111prised of zones) must bif.tfl'own to an excessive 
thickness (> SO microns) to seal off voids and d~ within the membrane 
system. This ~dQces a great inass transfer re.ce resulting in very low 

fluxes through the membrane layer. dl 

·~~ 

Alternately, a nietQ.o4 (or method$).-*9 'heal' void. structures and 
defects in the membrane !Ayer, 'W#Jlout having a ~tive effect on penneate flux 
or selectivity, would eliminate the need to grow excessively thick zeolite layers. 
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system. This introduces a great mass transfer resist~c:e resulting in very low 
fluxes through the membrane.layer. : ;.·. 

Alternately, a method (or methods) to 'heal' void structures and 
defects in the membrane layer, without having a neg~tive effect on permeate flux 
or selectivity~ would eliminate the need to grow exc~~,si~ly thick zeolite layers. 
Most successful membrane technologies employ some form of reparation coating 
which repairs existing defects or holes in membrane~.: Reparation techniques 
either selectively seal defects and holes or atfienuate th,eireffects with a 
permeable coating that covers the membrane surface~ ·Reparation techniques 
which selectively seal defects are often based on the $elective application of a 
film forming material which acts as a diffuSion'banier. ·Reparation technologies 
which attenuate rather than selectively seal defects or holes apply a permeable 
layer over the entire surface of the membrane. The ib~s transfer resistance of 
this layer must be sufficient to attenuate the effect of defects in the membrane 
and improve the pennselective properties of the membrane. In all events 
reparation technologies improve the permselective properties of membranes with 
existing defects or holes.· Defects and holes fonn · non5elective permeation 
pathways through the membrane and reparation decrea5es the flux through these 
nonselectiVe pathways relative to permselective path'Ways through the reset of 
the membrane. 

A large number ofreparation ·coating ~hnologies have been 
developed for organic membranes. ·Because of diff~ces in materials, 
conditions of use and physics of the transport mechani5m through different 
membranes, reparation coatings developed for organic membranes cannot be 
used with any predictability repding·reporting. inorganic and zeolite 
membranes. Coating materials which. have been used to reparate polymer 

membranes have been generally polymer and epoxy :iu~erials. When they· are 
used to reparate polymer membranes by selecti'Vely seaiing 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 ~electively 
filling broken fibers with epoxy. When they are used to attenuate defects; 
penneable polymers or epoxies are applied as a thin filin coating over the 

organic membrane slJrface. The polymer and epoxy materials used to seal and 
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attenuate defects in polymer membranes degrade in the harsh chemical 
environments and high temperature operations in which inorganic and zeolite 
membranes are used. 

Methods used to reparate organic meJD.branes are not likely to be 
applicable to microporous or mesoporous ino~Q membranes. This is 
especially true for zeolite membranes for two re8$ons. First, since materials 
used to reparate organic membranes are organic in nature, wettability is an issue 
with oxide materials such as zeolite~ or any system that is heavily hydroxylated 
at the surface. It is not obvious that an organic polymer would adhere to the 

zeolite or support surface much less remain intact to seal voids/defects. 
Secondly, zeolite membranes take advantage of the well defined pore structure of 
zeolitic materials, reparation using organic polymers may seal these pores in 
addition to the desired voids/defects; it is not likely that the material will be able 
to discriminate between void structures or defects and zeolite pores. If the 
coating material enters th~ pore structure of the zeolite, it can occlude or block . 
the pore structure. When it occludes the pore structure, it hinders diffusion 
through the zeolite and no transport occurs through blocked pores. Even when 
the coating material does not enter the pore structure, it can occlude pore mouths 
at the surface of the zeolite and hinder diffusional transport through the 
membrane. There have been proposals that zeolite membranes grown by 
hydrothermal synthesis could be reparated by deposition of a material that is 
different from that 1ised to form the zeolite layer in: the membrane (see for 
example EP 481,660Al, S.A.I. Barri and G.J. Bratton, and T. de V. Naylor, 
British Petroleum, 1991 ), however no specific recipe for reparation has been 
presented. 

SUMMARY OF THE INVENTION 

It has been discovered that thin coafiugs can preserve or enhance 
the pennseJective properties of continuous, intergrown layers of zeolite crystals 
during separation applications. Certain coatings are capable of preventing the 
fonnation of defects and voids in the layer during high temperature use or testing 
which can lead to a loss of molecular selectivity inrseparation 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 
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zeolite layer, allevia~g or dispersing mechanical stresses and defonnations 
arising from harsh process environments. These coatings can also serve a second 
purpose in that they can 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 
nonselective permeation pathways which results in poor separations 
perfonnance. These two functions of stabilization and reparation of defects. or 
voids in the zeolite ·layer enhance the selectivity of the composition, hence,. we 
refer to the coating as a selectivity enhancing coating (sec). 

Accordingly; this invention provides a new composition useful, 
among other.things, for··sej>arations ·ofmolecules and catalytic conversions, 
which comprises a substrate, a zeolite or zeolite-like material in contact with the 
substrate, and a selectivity enhancing coating in contact with the :zeolite~ In a 
preferred embodiment of the invention a permeable intermediate. layer may be 
incorporated between the substrate and the zeolite fayer. Such compositions are. 
often referred to in the art as zeolite membranes and the instant compositions can 
be used as such. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure I· is a diagram of the Cold Wall Reactor usedfor applying a 
selectivity enharicing coating using interfacial gas/liquidCVD. In the figure, (A) 
is the air tank, (B) is the ozone generator, (C) is the mass flow controller, and 
(D) is the membrane holder. (E) is the Cold Wall Reaction Vessel, (F) is the 
zeolite layer, (G) is the substrate, and (H) is the heating surface. 

Figure 2 shows a sc~g electron micrograph of the morphology 
of ail MFI zeolite composition formed by the LAI-ISC Process. The porous 
substrate that is formed from a-alumina with. 800 A pores is seen in the bottom 
third of the figure; ·The dense intergrown layer of MFI zeolite crystals is visible 
in the upper portion of the figure. 

Figure 3 shows a scanning .electron micrograph of the exterior 
surface of a GEL-LAI-ISC MFI zeolite composition. The surface shown is an 
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intergrown dense mat of zeolite crystals which ar0:substantially free of defects 

extending through the thickness of the layer. 
·~r. 

Figure 4 shows a scanning electron<:Qlicrograph of the morphology 

of an MFI zeolite composition containing a Growth Enhancing Layer (GEL, 

optional penneable layer) that was fractured to rev.cal a cross section. The layer 

labeled a) is the porous substrate that is fonned &tiin a-alumina with 800 A 
pores. The layer labeled b) is the GEL layer which is mesoporous and is clearly 

discernible in the micrograph. The layer labeled:e) contains MFI zeolite crystals 

which are intergrown together into a dense mat wkich is free of voids and 

defects. The colwnnar nature of zeolite ciystals in-the layer is readily apparent 

from the morphology of the fracture surface through the zeolite layer( c ). 

Figure 5 shows a scanning electron micrograph of.the exterior 

surface of a GEL-LAI-JSC MFI zeolite composition. The surface shown in an 

intergrown dense mat of zeolite crystals which are free of defects extending 

through the thickness of the layer. ;: 

Figure 6 shows a scanning electron ·micrograph of the cross-section 

of a GEL-LAI-ISC MFI with a selectivity enhancing polyimide coating. The 

coating covers the entire surface of the zeolite layer and is readily visible on top 

of the zeolite layer. · _, 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention describes a new type·of supported zeolite 

composition with a selectivity enhancing coatingi.EC). The selectivity 

enhancing coating prevents the composition's zeolile layer from developing 

defects during process applications. These defect&tlonned during process 

application on the compositions not containing tlt1*electivity enhancing coating 

are found to degrade the pennselective properties--ef the composition. The 

selectivity enhancing coating can also reparate defects~ voids~ and interparticle 

spaces that existed in the zeolite layer of the composition before it was used for 

process applications. Process applications in whiolt the compositions can be 

used include separations of molecular species~ caud.ytic reactors and reactors 

which combine reaction and separation. The composition contains at least a 
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porous substrate, a zeolite layer, and a selectivity enchaining coating .. The 
substrate may also be referred to herein as a support,. The. composition may also 
contain a permeable intermediate layer between the support and the zeolite layer. 
Tue·selectivity enhaneirig coating.is in contact with the.zeolite layer. The zeolite 
layer is in contact with e.ither the substrate or the inte~ediate layer. In 
apreferred composition the zeolite crystals of the zeolite layer are grown so that 
they fonn a continuous film. 

The present invention has a continuous zeolite layer. formed on a 
support (substrate), or on a penneable layer·intennediate between the zeolite and 
support~ Advantageously; the crystals are :contiguous, i~e.; substantially every 
crystal is in contact with one or more of its neighbors~ Such contact may be such 
that neighboring crystals are intergrown, provided they retain their identity as 
individual crystals. In a preferred embodiment, the crystals in the layer are 
closely packed. 

It is preferred that the zeolite crystals' are intergrown in the zeolite 
layer so that nonselective permeation paths through the layer are blocked by the 
narrowest point of approach between crystals. Non'!'selective permeation 
pathways ate taken ·to. be· permeation pathways which exist at room temperature 
that do not pass through the zeolite crystals. ·This blockage of nonselective 
permeation pathways can exist at rooin temperature after a template which 
occludes the pore structure is removed from the zeolite crystals. Templates 
which are used to aid in ~e crystallization Qf zeolite$ 11re typ,ic.ajly removea by a 
calcination step; intergrown zeolite crystals (within a layer) should exhibit a 
blockage of nonselective permeation path\ivays after the. template·: is removed. A 
preferred deilse zeolite layer is··rom1ed such that there exists·•at least one point on 
a crystal that is less than 20 A from a point on an adjacent crystal. Between 
these points can be. inorganic oxide material. that restricts nonselective 
permeation ofmolecules:through the layer~ The spacing.between zeolite crystals 
in this dense intergrown zeolite layer can be established by TEM .or with dye 
permeation tests~ 

The absence of nonselective penneation paths can be detected by 
the ability to prevent the permeation.at room temperatw:e (-20°C) of dye 

· molecules through the layer after any template is removed .from .the pore 



---~----------------------------

W096/01686 PCT/US95/08S13 

• 7 -

structure. Dye molt611es which can be chosen '-i~ect non-selective 
penneation pathways through the layer should b~e minimum dimensions which 
are larger than the controlling aperture through the zeolite and the size of the dye 
molecule should be less than 20 A in at least on~~imension. Nonselective 
pathways transport dye molecules which are lar~~ than the pore size of the 
zeolite. The dye molecules should be carried in.fbsolution made with a solvent 
which can be transported through the zeolite por;~structure and the zeolite layer 
should not be allowed to pick up foreign contmmpants (such as water) before 
being tested. The most preferred zeolite layers in,the present invention block the 
penneation of dye molecules at room temperature through the zeolite layer. All 
of the dye molecules chosen have sizes less than 20 A. The lack of penneation 
at room temperature of dye molecules with sizesJ~ss than -20A demonstrates 
that non-selective penneation pathways withs~ less than -20A are blocked. It -
should be noted that this test does not have to be performed with a dye molecule, 
and any molecular species that can be detected wiving a size less than 20 A and 
greater than the zeolite pore dimension can be us~. The advantage of using a . 
dye molecule is that it can be readily detected by'-pptical means. An example of 
dyes that can be detected by optical means (and •ve molecular sizes less than 
20 A) include Rhodamine B and other laser dyes. 

The zeolite. crystals fonning the ~plite layer of the composition 
may be true zeolites or zeolite-like materials inc¥Jding molecular sieve materials. 
As molecular sieves, there may be mentioned a ~icate, an aluminosilicate, an 
aluminophosphat~ a silicoaluminophosphate, a ~loaluminophosphate, a 
metalloalwninophosphosilicate, or a stannosili.. The preferred molecular 
sieve will depend on the chosen applicatipn fo~~fample, separation, catalytic 
applicatio~ and combined reaction and separatjpp.. These are many known 
ways to tailor the properties of the molecular ~qps, for example, structure type, 
chemical composition, ion-exchange, and-activfion procedures. Representative 
examples are molecular sieves/zeolites of the s~ types AFI, AEL, BEA, 
CHA, F.UO, FAU, F~ KFI, LTA, LTL, ~OR, MEL, MTW, OFF, TON 

and. especially, MFI. Some of these materials .,.le not being true zeolites are 
frequently referred to in the literature as such, a.tt4 this tenn will be .. used broadly 
in the specification below to include such ma~. 
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The thickness of the zeolite sie~e layet\\i~:~advantageously within 
' '' i' 

the range 0.1 to 150 µm, preferably from 0.5 to 20 µ.m'.·: 
;<!' 

Advantageously, the zeolite:layer is s~b~tantially free of voids. 
. ' .. , . 

Voids used herein means spaces between adjacent ~dlite crystals larger than 
-5000 A. It is preferred that the voids between zeo*e crystals are less than 40 
A. Layers which are substantially free of voids confai~ less than 20 volume % of 
voids in the zeolite layer~ ·ana- preferably less than oJI\% voids in the zeolite 
layer. Such zeolite layers which are substantially free.: of voids are taken to be 
dense. 

. '. : 

Advantageously, zeolite layers used with 'the present invention 
should be substantially free of defects. Defects are connected voids and are 
spaces between zeolite crystals extending through the. t}iickness of the zeolite 
layer. It is preferred that any defects in the zeolite lay~r be formed from small 
voids. It is preferred that· the number of defects with :siZes greater than 40 A be . 
< 10000 per square inch, and preferably <I 000 per sq-llare inch. The number of 
defects with sizes larger than 2000 A should be less than I 000 per square. inch 
and preferably less than 100 per square inch. 

The zeolite layer can have either~ shape· preferred orientation, a 
crystallographically preferred· orientation, or both.· . &hape· or crystallographically 

' preferred orientations occur because of the control ofthe relative rates of. 
nucleation and growth.offered by the synthesis procedure. Specifically, during 
synthesis, the rate of groWth ·can be made to dominate the rate of surface 
nucleation of new crystals or incorporation of new crystals. Incorporation of 
new crystals is defined as attachment onto the surface of the growing zeolite 
layer of a crystal fonned in the synthesis mixture. ·Since the growth rate can 
dominate renucleation or incorporation, crystals _can ·Competitively grow for long 
periods of time without significant addition of new czystals into the growing 
layer. Since the growing layer is composed of individual crystals and the 
synthesis method seeks to prevent renucleation or incorporation of crystals, the 
resulting composition can have shape, crystallographically preferred orientation, 
or both. Shape orientation occurs because the crystals grow with preferred 
regular habits (or morphology) at the surface of the zeolite layer. A regular habit 
(or morphology) is taken to be a regularly shaped.outline of a particular 
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crystallographic grain in the layer. Regularly shap$d outlines are defined as 
those which can be fitted or packed together so that-there are no interconnected 
spaces or voids between crystals; Interconnected-\ioids will fonn a pore 
structure. A few examples of regular habits with regular shapes are columnar, 
cubic, rectangular, and prismatic. Spherical, irregufar and elliptical shapes are 
not considered to be regular habits. In a shape pt«erred orientation, defined 
layers will have the same regular habit. This can be measured by cleaving or 
fracturing the substrate on which -the layer is growtf and examining the cross­
sectional morphology of the zeolite layer with a scanning electron microscope. 
Examining the surface of the as grown zeolite layercan also give additional 
infonnation concemmg the shape preferred orientation in the layer. A layer with 
shape preferred orientation is taken to be one whiltt has more than 90% of the . 
crystals within one layer inside the·zeolite layer eXltibiting self similar regular 
habits. The self similar requirement means that the same regular· habit it 
exhibited within a layer that can be drawn in the electron micrograph of the 
cross-section of the zeolite layer, however even thinigh the shapes are the same,· 
they do not all have to be the same size. Because:8fthe growth mechanism of 
the zeolite layer, it is possible to ha°"e one shape pi'tferred orientation at the 
bottom (base) of the layer and another shape preimed orientation in a layer 
drawn near the surface. An example of this is an MFI zeolite layer which has a 
columnar habit at the base of the layer and a rectalgular habit at the surface of 
the layer. Many MFI zeolite layers grown in accdfdance with the present 
invention exhibit only one habit throughout the thickness of the zeolite layer. 
Usually MFI zeolite layers with a preferred C-axitAerientation exhibit a columnar 
habit (or morphology) throughout the entire thiclielfss of the zeolite layer. Often 
shape preferred orientational layers have· a prefer:riid crystallographic orientation . 

.. 5f.' 

The dense zeolite fayer is fonned oli!.tither a support or a 
penneable intennediate layer supported on a supfjitft. The support (substrate) 
can be porous or non-porous. If the support is pOtltl~ it will be porous material 
throughout its entire thickness. Preferably, an in-ofkanic oxide or stainless steel 
wilI be utilized. The porous substrate, hence can·-tit ceramic, metal, carbide, 
polymer, or mixtures thereof. For example, refracting oxides, such as alumina, 

titania, silica, as well as materials such as cordierife, mullite, stainless steel, 
pyrex, zeolite, silica, silicon carbide, carbon, ~. and silicon nitride or 
mixture thereof can be utilized. The substrate hed!t can have a unifonn pore 



WO!&Vl6&6. iiii1mnn1t -10- PCTroS-ll 

\-\~S e,EEl' 
\\-\\S s\-\E;Z,.ciD 

Rf · oughout or may be asymmetrical, having a larger pore structure 
throughout the bulk of the substrate· with a smajler pore structure at the surface. 
The substrate pore size ii; dictated by mass transfer c9nsiderations. It is 
preferred that the pore strticture and thickness of.the substr~te .be chosen such 
that mass transfer resistance does not. lirajt the flux of material. permeating 
throughout the membrane during use. The substrate will hence display a 
porosity of about 5 to 70%, preferably about 20 to 500/o and an average pore size 
of about 0.004 to about 100 microns, preferably about .OS to S microns. 

. .. .· : :. · .. 

Additionally, non-porous _supports will in~lude quartz, silicon, 
glass,·borosilicateglasses, dense ceramics,_.i.e., clay~, ni~~als, polymers,_ graphite 
and mixtures thereof. When non-porous su,pports are utilized, the composjtions 
are useful as sensors. Most preferably,. the support will be a porous ceramic or a 
porous metal. 

It is pref erred that the surface of the substrate, porous or non­
porous, on which the zeolite layer is grown be ~mooth. Roughness in the . 
substrate leads to defects in the zeolite layF~· .. The substrate should have an 
average roughness with an amplitµde ofless thail l 0 µm with an aspect ratio of 
the roughnessless than 1: 1. It is preferable thatthe average roughness of the 
substrate be less than .5 µm with an aspect ratjo of the roughness less than 1: 1. 

Though non-porous substrates may be utilized, porous ~ubstrates are preferred. 

If a penneable intermediate layer is present. it may be mesoporous 
or microporo~. Microporous and mesoporous intennedi_ate layers can contain 
zeolites. Mesoporous. intennediate layers can contain inorganic oxides, metals or 
carbides. Zeolites in the permeable intermediate layer can be used to nucleate 
the growth of the zeolite layer. When the Uitennediate layer nucleates the 
growth of the ~olite layer in ~ hydrothennal synthesis process, the morphology 
of czystals in the zeolite layer can be columnar platelike or mixtures of the two 
and a czystallographically preferred orientation may be observed. When the 
intermediate layer is mesoporous and contains nanoczystalline zeolites, it is 
referred to as a growth enhancing layer (GEL). When the intenneditate layer is 
microporous and contains nanoczystalline zeolites it is referred to as a Seeding 
layer. A growth enhancing layer (GEL) c~ntains identifiable particles with 
interstices between said particles of colloidal zeolites; or colloidal zeolites and 
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metal oxides; colloidal zeolites and coUoidal mtl~; and mixtures thereof. The 
oxides which can be used herein are selected frotp. the group consisting of 
colloidal alumina, colloidal sili~ colloidal zircorµa, colloidal titania and 
polymeric metal oxides. prepared from sol-gel processing and mixtures thereof. 
Preferably colloidal alumina will be used. The CQlloidal metals which can be 
used include copper, platinum, and silver~ Said inierstices in the GEL are 
mesoporous. In a preferred embodiment, said me~porous 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. Molecules can permeate 
through these interstices because they are devoid e>f any material which would 
hinder mass transport during the compositions use. GEL and Seeding layers 
nucleate the fonnation of the dense mat of zeolite .crystals grown on the surfaces 
of these layers. This dense mat of crystals is clo~~ly packed together such that 
99°!0 of the grain boundary zones stretching betw~n top and bottom of the 
zeolite layer have at least one point along their length where the width does not 
exceed 20 A. As the zeolite layer grows from the interface at the GEL layer, · 
crystal width may increase, however the individW} crystals remain separated at · 
their boundaries by a distance between adjacent crystals of~ 20 A. This densely 
packed mat can have a columnar morphology. Zeolite membranes grown 
without the use of seeding or growth enhancing layers do not have the degree of 
perfection of such col~ compositions. 

Both seeding and GEL layers contain nanocrystalline zeolites. 
Growth enhancing layers can be fonned from a lp'lution containing a 
nanocrystalline zeolite; a mixture of metal oxide and nanocrystalline zeolite; 
a mixture of coUoidal zeolite and colloidal metal; or mixtures thereof. 
Preferably, colloidal zeolite or a mixture of colloidal zeolite and metal oxide 
will be used to fonn the GEL layer. Seeding la)'4fs are fanned from 
solutions containing nanoerystalline zeolites. Ne,ocrystalline zeolites have 
sizes between 50 and 5,000 A and fonn a stab~f!ispersion or solution of 
discrete particles. In that process, a synthesis m~e is prepared by boiling 
an aqueous solution of a silica source and an organic structure directing agent 
in a proportion sufficient to cause substantially ~plete dissolution of the 
silica source. The silica source is advantageou&lrrJ>articulate silica or 
polymeric silica which is prepared by methods· l.qwwn in the art; see for 
example Brinker and Seherer, Sol-Gel Science,-Academic Press, 1990. A 
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preferred method for preparing polymeric silica is by the acid hydrolysis of 
tetraethylorthosilicate and a·preferred method.for preparing,colloidal silica is 
by the base hydrolysis of tetraethyloithosilicate; The· organic structure 
directing agen~ if used,· is advantageously introduced into the synthesis 
mixture in the form of a base, specifically in the fonn of a hydroxide, or in 
the form of a salt, e.g., a halide~ especially a bromide~ :the structure directing 
agent may be, for example, the hydroxide or salt of tetramethylammonium 
(TMA), tetraethylammonium (TEA), triethylmethylammonium (TEMA), 
tetrapropylammoniwn (TPA), tetrabutylarnrnonium (TBA), 
tetrabutylphosphonium ··(TBP), trimethylbenzylaimrionium (TMBA), 
triinethylcetylammonium (TMCA), trimethylneopent)'lammonium (TNNA), 
triphenylbenzylphosphonium (TPBP), bispyrrolidinitlm (BP), 
ethylpyridinium (EP), diethylpiperidinium (DEPP) or a substituted 
azoniabicyclooctane~ e.g. methyl or ethyl substituted quinuclidine or l,4-
diazoniabicyclo-(2,2.2 )octane. Pref erred structure- directing agents are the 
hydroxides and halides of TMA~ TEA, TP A and TBA, and mixtures of 
hydroxides and halides thereof. 

Either GEL or seeding layers can be formed from solutions 
containing the· colloidal zeolites. Composition of the solutions and 
processing conditions determine if a GEL or seeding layer is obtained: For 
the GEL layer, it is preferable to calcine it at temperatures~ 1000°C, 
preferably from about 300 - 600°C. When: a GEL layer is formed, it is 
maintained in the final composition as a distinct layer having a thickness of 
about .1 to 20 µm, preferably about l to 5 µm. This layer contains interstices 
as described above. 

By adjusting the ratio of colloidal zeo1ite and metal oxide, the 
density of nucleation sites on the GEL can be controlled. This density 

. . .· 

controls the morphology of the zeolite layer grown over the growth 
enhancir.g layer in a subsequent hydrothermal synthesis step. The higher the 

· nucleation density, the narrower the zeolite- crystal width the layer will 
exhibit at the GEL-zeolite interface. :Nucleation density can be controlled by 
the relative proportions of nanocrystalline zeo1ites, and nietal oxides (with the 
density decreasing as the amount of the metal oxide utilized increases) as 
well as the size of the nanocrystalline zeolites in the GEL; Nanocrystalline 
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sized zeolites in the range of from SO - 10,000 A are thus used in the GEL. 
The larger the nanocrystalline zeolite crystals utili%ed in the GEL, the wider 
the zeolite columns in the membrane will be. Applicants believe that the 
addition of metal oxide. colloidal metal or mixtur~s thereof to the colloidal 
zeolite in the GEL layer provides spaces between nucleation sites allowing 
for control of the crystal width in the zeolite layer~ 

GEL's containing pure metal oxide$ or colloidal metal fail to 
produce nucleation sites. A preferred fonnulation bf GEL contains 100-x Wl°/o 
of colloidal metal or metal oxide and x Wl°/o of colloidal zeolite, where x is at 
least 0.01 when the GEL is not fonned from ptire'bolloidal zeolite. Hence, 
the nucleation density isset by the above fonnula'.as well as the size of the 
particles of colloidal zeolite. colloidal metal and metal oxide. The smaller the 
particle size of the colloidal zeolite particles, th~ denser the nucleation sites 
which produces narrower zeolite crystal.widths.· ;i· 

•. 

The hydrothennal treatment to form the erYstalline zeolite layer is 
advantageously carried out by contacting the GE!.! or seed layer with a zeolite 
synthesis mixture, and heating for a time and at· tire temperature sufficient to 
effect crystallization. Contacting as used herein ·mcludes total and partial 
immersion. Heating times may be, for example7 : iit the range of from 1 hour 
to I 0 days, preferably from 24 hours to 4 days. Temperatures may be. for 

example, from so to 300°C, preferably from l SO to 200°C. Contacting of the 
substrate with GEL or seed layer must be carried'Out such that there is no 
settling of crystals fonned in the synthesis mixntte during hydrothennal 
treatment onto the GEL or seed layer. When a de zeolite material is 
fonned, the synthesis mixture contains a source·@silica; optimally a 
structure directing agent,' and a source of any Ot1h& component desired in the 
resulting zeolite. It may also contain nanocrys~e zeolites or seed crystals. 
Synthesis mixtures from which zeolite crystillSi. grown are well known in 
the art (see e.g., Handbook of Molecular Siever. l.osemarie Szostak, Van 
Nostrand Reinhold, NY i 992). · A preferred rat4e for MFI zeolites, e.g., is 
from a Low Alkaline synthesis mixture having a 'f'H of about 6 to about 13 
preferably about 8 to about 13, and from whicJi1MfI zeolite crystals can be 
grown. Such mixtures are readily prepared by tlf6se skilled in the art. For 
example, suitable mixtures include Na20, TPASI!< 
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tetrapropylammoniwnbromide, Si02 and water .. Th~· compositions are 
grown by contacting the GEL coated substrate of choice. in the low a}kaline 
synthesis mixture. The .synthesis mixture is then heated to about 50. to about 
300°C, preferably about l 80°C for a period ofabout 30 mi~utes to about 300 

. hours. preferably for about 30 minutes. After crystallizatioll, the supported 
layer may be washed, dried. and calcined by methods known in the art. 

. A preferred synthesis technique used with. this invention is the 
growth of zeolite crystals on the face of a support or itjtennedia.te layer 
which is oriented from 90. to 270 degrees in_ a syn~~esis mixn.ire. In the 180 
degree orientation. the preferred orientatio1_1, th~ sur{ace on \Vhich the zeolite 
layer is to be grown is horizontal and facing doWJ.lvvilJ'd,. thus ~eing referred 

... ' . . .. . ·. . .· . . 

. to. as inverted. Applicants believe• this prevents zeolites. which. are 
. .. . . - : . ~ 

homogeneously nucleated in the synthesis mixture from settling. by 
gravitation and incorporating into the growing zeol.ite lay_er .. Thus, the zeolite 
layer is not perturbed during the growth process; -·This synthesis technique is 
referred to as an Inverted In-Situ-Crystallization (I-1$C)pro~ess. Growth on 
a GEL from a Low-Alk~li.ne-synthesis solution using, the .. · I-ISC process is 

. . : ... ·. . 

referred to as a GEL-LA.1-ISC: process or composition. Growth using a 
Seeding Layer from a L~w-Alkaline-synthesis solution using the I-ISC 
process is referred to as a S-LAI-ISC process o~ compositio~. Forl-ISC, 
GEL-LAl-ISC and S-LA,1-ISC pro~esses, the Crf~tal wi<ftlt.in tile zeolite layer 
is between 0.1 and 20 µm. It has be~n found that vv~en }vlFI layers are 

. ·: . .· ·· ... 
grown by the· LAI-ISC process, a degree of crystallographic.orientation 
occurs. Much more significant crystallographic Qrie11tation occurs when 
MFI layers are grown by the GEL-1..AI-ISC process or th~. S-LAI-ISC 
process. Preferred orientation will be different depending on the zeolite 
grown, however, a preferred orientation can be exhibited. When MFI· zeolite 

. . . - . . . . . . 

. layers are grown using ~ J..;ISC process from a Low Alkaline synthesis 
solution, the crystallograpµic orientation of the MFI :z:eolitesis such that at . 
leasf75% of the crysta}s in the zeolit~ layer are aligned in the orientation 
(with the c-axis parallel°to the growth direction within 15.0 preferably 5° of 
the nonnal to the s~ace of the zeolite.layer), preferably at least 90% of the 
crystals will-display the p~eferred: orientation. A• _meas~e of ~he proportion 
of the crystals that have tlte longest _axis n~nnal to. th~· plane of the layer may 
be obtained by comparison of the X-ray diffraction patteJ'.11 of the layer with 
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that of a randomly oriented zeolite powder. In the case of an MFI-type 
zeolite, 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 tenned the 
crystallographic preferred orientation (CPO). Measured in this way, layers in 

accordance with the invention have a CPO of at least 2, and may have a CPO 

higher than I oS. 

Zeolite compositions fabricated using the above described LAI­
ISC, GEL-LAI-ISC, or S-LAI-ISC techniques can have dense zeolite layers in 

which the zeolite crystals are intergrown such that non-selective penneation 
pathways in these as-synthesized zeolite layers are non·existent. Absence of 
these non-selective pathways can.be established using the previously 
described Dye Test. 

In this state. it would be expected that these continuous layers 
of intergrown zeolite crystals would effect selective separations of molecules. 
An example of an ex.;ected selective separation is through molecular sieving 
mechanisms. Such separations are realized when specific molecules are 
sterically unrestricted by the zeolite pores (becoming penneate molecules) 
while larger molecules (retentate molecules) are l'ejected because of steric 
constraints. Thus the effective zeolite pore diamQter becomes the controlling 
aperture of the selective penneation pathway. Anexample of such 
separations effected through molecular sieving would be the separation of 
para-xylene from a mixture ofxylenes isomers utilizing an MFI-based zeolite 
composition. The controlling pore aperture for .the selective penneation 
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 previct¥sly described zeolite 
compositions produced using LAI-ISC, GEL-LAI,.ISC, or S-LAI-ISC 
techniques, and having.dense, intergro~ contiapus zeolite layers, exhibit a 
separation with selectivities less than expected. This is veiy evident when 
the compositions with dense, intergrown, continuous zeolite layers are tested 
in molecular sieving. Generally, expected separation perfonnance can be 
estimated from independent measurements of the diffi.tsivity of molecular 
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species in the zeolites and the partition coefficient for molecules entering the 
zeolite fonn a molecular mixture being processed. Techniques to measure 

. these quantities have been described J. Karger and D. Ruthven in "Diffusion 
In Zeolites And Other Microporous Solids" (John Wiley And Sons Inc. NY, 
1992). 

Applicants ascribe the less than ideal perfonnance in . 
separations applications for these as-synthesized zeolite compositions 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 mechanical stresses and defonnations which occur because of 
exposure of the zeolite layer to elevated temperatures. and pressures in the 
presence of hydrocarbon molecules. Applicants believe that stress or 
mechanical defonnations in a layer of closely packed zeolite crystals may 
introduce defects or voids in the layer which can degrade the pennselective 
properties of the layer. Specifically the defonnation or movement of one 
crystal will affect the neighboring crystals as well as the grain boundary 
separating the crystals. 

Although, most of these dense intergrown zeolite layers 
completely reject dye (using the Dye Test procedures described above) prior 

. to testing (indicating continuous zeolite layers)~ they then exhibit less than 
expected perfonnallce _characteristics during use for high temperature 
molecular separations~ and finally fail the dye test in post-testing evaluations 

· by passing.dye through the zeolite-layer. Dense intergrown zeolite layers 
which do not reject-dye in testing prior to testing in separations typically have 
a small nlimber ofisolated defects. 

In order for coatings to be effective, they must be applied 
directly to the· as-synthesized zeolite layer.· The coating can be applied to 
either surface of the zeolite layer. In a preferred embodiment the coating is 

. applied to the stirface of the zeolite layer which is not in contact with the 
support or intennediate layer. Additionally, these coatings must interact with 
the zeolite layer without blocking or impeding molecular transport through 
pore openings ofthe zeolite· layer. Interaction of the coating with the zeolite 
layer should be such that the coating does not block transport through more 
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than nine .. tenths of the surface-exposed pore op$Utgs of the zeolite layer. 
In a preferred embodiment, interaction of the coatibg with the zeolite layer 
should be such that the coating does not block trmtsport through more than 
one-half of the surface-exposed pore openings of the zeolite layer. An 
occlusion does not completely block the diffusion of molecules through the 
pores, but significantly hinders diffusion of the molecular species of interest 
through the pore. As such occlusions increase the mass transfer resistance of 
the composition. J 1 

(' .,, 
In order to successfully perfonn as-a· coating layer with the . 

previously mentioned characteristics, a coating mmt possess several other 
properties. First. the coating must be stable at th&. application temperature of 
the compositions. StabiJity is tak~n to be both meehanical and chemical 
stability. The coating can change its physical characteristics wi~in the first 
-200 hours of use, after which the coating material should be stable. 
Secondly, the coating must adhere to the zeolite larer and should not impede 
molecular transport through a significant number of swface-exposed pores of 
the zeolite layer. This means that the coating layof precursor material must 
adhere to the zeolite without diffusing significan- into the pore structure of 
the zeolite crystallites, inhibiting transport of the «sired molecular species 
through the zeolite. For example many polymeriocoating materials cannot 
be used even though they are stable under processleonditions because their 
precursor molecules ·have molecular sizes which permit their introduction 
into the zeolite pore system. As such many polynteric coating materials 
inhibit transport of the desired molecules through the zeolite. It is possible, 
however, to choose polymeric coating precursor-materials which are 
sterically incapable of entering the pores of the molite cxystals. An example 
of such a coating layer precursor is a polyimide resin which can be thermally 
cured to produce a polyimide coating. Polyimidotfilms have been extensively 
used in the semiconductor industry and are known to be thermally stable in 
non-oxidizing atmospheres to temperatures as higlt as -500 °C. Additionally, 
these polymers have excellent mechanical properties and adhere well to oxide 
materials. This is especially true when an adhesien promoter is incorporated 
in the precursor resin. These characteristics indicate that polyimide 
represents an excellent ·candidate material for a selectivity enhancing coating. 
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For the· composition. to have an adequate flux, the selectivity 
enhancing coating should increase the mass transfer resistance the 
composition offers to molecules penneating thr()Ugh Pte ~eolite layer by no 

more than a factor of five. In a-preferred embodiment. .. the_s.electivity 

enhancing coating should increase the mass transfer, resjstance the 
compositi~n offers to molecules permeating through the .zeolite layer by no 
more than a factor of two. The coating can increase, the mas~ transfer 

resistance of the composition offers to molecules permeating through the 
zeolite ciystals by either occluding the zeolite pore structure, or covering the 

zeolite pore structure. Invariably some portion ofthe zeolite pore structure 

exposed on one· of the sides of the zeolite layer is covered by the coating. 
The increase of mass transfer resistance due to the coverage of the zeolite 
pore structure is determined by th~ material used to fonn the selectivity 

enhancing coating: 

The selectiVity enhancin$ coating material can be-a permeable 
or impenneable material. or a material which in S()~e regions is permeable 
and in other regions impenneable; The permeability of the coating is taken to 
mean its ability to pass the molecules transported tlu:ough the zeolite layer at 
the temperature ofcotnpositiori use. Some c.oating materials are almost 

impenneable at low temperatures and become permeable at high 
temperatures. An example of a polymeric coating material which has a 

temperature· dependent permeability is polyimide; At room temperature, 

polyimide films with thicknesses greater than_ .5 µmhave a veiy low 
penneability too hydrocarbon molecules containing·bl$Veen Sand 15 carbon 
atoms. At elevated temperatures (between 100°C and 500°C). these. 
hydrocarbon molecules can permeate through the free volwne left in dense 

polyimide films. As such, polyimide films meet the requirements for a 

permeable selectivity enhancing coating. 

If the selectivity enhancing coating is made from a permeable 
material, the material can be coated over the entire .surface of the zeolite 
layer. Permeable materials can either have a pore structure which transports 

molecules that can pass through the zeolite or it can be a dense material. 

· which has a free volwne sufficient to permeate molec1:1les which can pass 

through the zeolite. Examples of penneable inorganic materials containing a 
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pore structure are materials produced by sol-gel processing. Examples of a 
dense material which has a free volume sufficient to penneate molecules 
which can pass through the zeolite are polymers. A preferred polymeric 
material used for the selectivity enhancing coating is polyimide. Preferably 
the selectivity enhancing material is fonned into a film which has well 
mechanical properties sufficient to stabilize the z~lite layer during use. 

If the material used for the selectivity enhancing coating is 
made from an impenneable material~ it cannot cOJDpletely cover and block 
the pore structure of the zeolite membrane. lmptmneable materials must be 
applied so that they cover only a fraction of the zeolite layer. Ideally an 
impermeable coating must bridge the boundarie$ _.enough zeolite crystals to 
prevent defects and voids from arising without blocking a significant fraction 
of the zeolite composition. Preferably, this type of selectivity enhancing 
coating bridges boundaries between at least l 0% of the surface-exposed 
crystals in the zeolite layer and, more preferably, ·the coating bridges he 
boundaries between at least 50% of the surface·e~osed crystals in ·the 
zeolite layer. 

A third type of selectivity enhancing coating may combine the 
characteristics of the two previousJy described coating systems. It may be 
both penneable (to process molecules) in some regions of the layer and 
impenneable in other regions of the composition._;An example of such a 
coating is a thin silica film which when deposited:on the surface of a zeolite 
nucleates and grows a porous film in some areas. and a dense film in others. 
Applicants believe that such silica films can be dew>osited by interfacial ozone 
assisted CVD processes. In the bulk phase, sili~is a dense impenneable 
material for the penneation of hydrocarbon moltl)lles, however when 
deposited as a thin film, some regions of the fiiJa;ean be fonned into pores or 
isolated molecular or nanoscale aggregates of tho~oating material on the 
surface of the zeolite layer. In the region of the polite layer covered by 
either pores in the silica film or isolated molecul• or nanoscale aggregates of 
the silica coating material. the coating is sai~_to be porous. The porous 
region may occur at the edge of a dense region-il!r Pie film. 
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The selectivity· enhancing coating can ·serve two· functions. 
First, it can attenuate the flow through defects in a:composition, thereby 
providing a reparation of exis_ting _defects. Secondly; it can prevent the · 
formation of defects during use. The second of these functions is especially 
important and is referred to as stabilization of the composition~· Defects 
which are observed to form during use are crackstructures in the zeolite layer 
which degrade the performance of the composition.· In many cases, these 
cracks extend into the growth etihancing·Iayer. 'Cracks·in the zeoliter layer 
provide a very permeable tionselective pathway that reduces the overall 
selectivity of the composition. ·Isolated crack structures may form or ,grow by 
temperature cycling, or by cycling the trans-composition pressure, or by 
cycling the total system pressure. or by introducing a liquid phase feed onto 
the composition. Crack structures. grow by either branching or by extending 
their length. As ·crack structures grow they form an intergrown crack network 
in the zeolite layer. The selectivity enhancing coating prevents these cracks 
and crack networks from fonnirig. As such. the selectivity enhancing coating 
stabilizes the compositfon, preventing defectsti'Uctures (Le. cracks) which 
were not in the as synthesized composition forming during use or changing of 
the physical conditions. By preventing defect structures from forming, the 
selecitivity enhancing coating improves the separation properties of the 
zeolite composition. 

All selectivity enhancing coating materials must be able to. 
improve the separation propenies of the zeolite layer' of the composition. 
Separation properties are measured as the ability of a composition to pass one 
molecular species through the zeolite layer while· impeding the transport of at 
least one other 111olecular species. Because flux through zeolite. layers tends 
to increase with temperature, it is preferred to conduct these separations at 
elevated temperatures above room temperature, preferable.above 100°C. For 
hydrocarbon molecules other-than methane andethane,.it is preferred to 
conduct these separations at temperatures less ·dtan 600°C to avoid thennal 
degradation of the hydrocarbons. 

The compositions with selectivity enhancing coatings are useful 
for a variety of separations. The compositions are useful for separation 
processes whereby feedstock derived from petroleum. natural gas, 
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hydrocarbons, or air comprising at least two molecular species is contacted 
with the composition comprising a substrate, a iiftite or zeolite-like layer, a 
selectivity enhancing coating in contact with the§olite layer, and optionally 

a penneable intennediate layer in contact with tffisubstrate, the zeolite layer 
or zeolite-like layer. being in contact with the sul'J~te or the optional 
intennediate layer, wherein at least one molecul~~pecies of. said feedstock is 
separated from said feedstock by said compositiog and wherein said 
hydrocarbon feedstocks are coal, bitumen and ~gen derived feedstocks. 
Separations which may be carried out using a c~osition comprising a 
zeolite layer in aceordance with the invention inclUde, for example, 
separation of nonnal alkanes from co-boiling hyckocarbons, especially n-C 1 o 
to C 16 alkanes from kerosene; also nonnal alkanes and alkenes from the 
corresponding branched alkane and alkene isomer,~; also alcohols from other 
hydrocarbons, panicularly alkanes and alkenes t114t may be pre~ent in 
mixtures fonned during the manufacture of the al~ohols; separation of 
aromatic compounds from one another,. especiall,..:separation of Cg aromatic 
isomers from each other. more especially para-xylene from a mixture of 
xylenes and, optionally, ethylbenzene, and separ~on of aromatics of 
different carbon numbers, for example, mixturesjfbenzene,. toluene, and 
mixed Cg aromatics; separation of aromatic com.p,ounds from aliphatic 
compounds, especially aromatic molecules widf ltom 6 to 8 carbon atoms 
from Cs to C10 (naphtha range) aliphatics; separation of olefinic compounds 
from saturated compounds. especially light alkenes from alkane I alkene 
mixtures, more especially ethene from ethane an(:propene from propane; 
removing hydrogen from hydrogen-containing streams, especially from light 

refmery and petrochemical gas streams, more especially from C2 and lighter 
components; and alcohols from aqueous streams.· 

. ~!~~: 

Specifically, the following table Stii\vs some possible feedstocks 
derived from petroiewn, natural gas or air and ·tll molecular species separated 
therefrom by use of the ·instant compositions. ti; table is not meant to be 

' ·-limiting. .;•: 
1.·· 

. ,-. ...... "' 
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-Feedstock Senarated Molecular Snecie!ll 
Mixed. xvlenes ( onho, para. meta). and ethvlbenzene Par8xvlene 
Mixture of hvdroe:en. H, S, and ammonia Hvdroaen 
Mixture of normal and isobutanes - N'orinal butane 
Mixture of normal -and isobtitenes Nonnal butene 
Kerosene containing CQ to Ci R normal paraffins _Co to-Cl R normal paraffins 
Mixture of nitroRen and oxv2en . - __ NitrQgen (or oxygen) 
Mixture of hvdroaen and methane Hvdrogen 
Mixture ofhvdro2en. ethane, and ethvlene :f1Vdfo2en and/or ethvlene 
Coker naphtha containing· C 5 to· c 1 o normal -olefins arid Cs to'Cfo normal olefins and 
oaraffins -• -paraffins 
Methane and ethane mixtures containing argon, helium, __ He,lium, neon, and/or argon 
neon. or nitroaen -- , -

Intermediate reactor catalytic reformer products Hydrogen, and/or light gases 
containimz hvdro2en and/or liszht szases (C1-C1) 
Fluid Catalytic Cracking·products-containing H1 and/or Hydrogen, and/or light gases 
li2ht 2ases 
Naohtha containina Cc: to C 1 n normal paraffins ·cc; to C 1 n normal paraffins 
Light coker gas oil containing C9 to C 18 normal olefins C9 to C 18 normal o1efins and 
and oaraffins 

- - pai'aftins -
Mixture of nomuil and isopentanes · Normal pentane -
Mixture of normal- and isopentenes -Normal pentene 
Mixture of ammonia, hvdroRen~ -and nitrogen Hvdi:o2en and nitrogen 
Mixture of AIO (10 carbon)_aromatics. e.g. Paragiethylbenzene 

(PDEB) 
Mixed butenes ri-butenes 

Sulfur and/or nitro2en comoounds __ H?S and/or NH1 
Mixtures tontainin2 Benzene (Toluene) Benzene 
H.,, orooane_and proovlene -Hydrogen and/or pronvlene 

Applicants believe that molecular diffusiOn is responsible for the 

above s~parations. Additionally, the compositi9ns can be used to effect a 
chmrlcal reaction to yiel~ at least· one reaction prodU(:t by contacting the 
feedstocks as described above or below with the compositions having a catalyst 
incorporated within the zeolite layer, support, or intennediate layer or by placing 
the catalyst in close enough prQximity with the composition to foi:m a module. A 

module would react the feedstock just prior to its entrance into the composition 

or just after its exit from the composition. In this manner one can separate at 

least one reaction product or reactant from the feedstocks. The catalysts of 

choice for particular process fluids are well known to those skilled in the art and 
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are readily incorporated into the instant compositi&ns or fonned into modules by 
one skilled in the art. The following table represents some of the possible 
feedstocks/processes, in addition to those above which can be reacted and some 
possible products yielded. The table is not mearif'to be limiting. 

Feedstock/nrocess r Product Yielded 

Mixed xylenes (para, ortho, meta) and Par~Iene and/or ethylbenzene 

ethvlbenzene 

Ethane dehvdrogenation to ethvlene Hydrogen and/or ethylene 

Ethylbenzene dehydrogenation to C.i Hydrogen 
styrene .. .,, 

Butanes dehydrogenation butenes 
.. 
' Hydrogen 

(iso's and nonnals) 

Propane dehydrogenation to Hyfdrogen and/or propylene 
propylene 

t 

C 1o-C18 nonnal paraffin 
.. , 

Hydrogen 
;{ 

dehvdrogenation to olefins 

Hvdro~en Sulfide de~omposition 
:; 

Hydrogen .. 
Refonning Hydrog~p. light hydrocarbons (C1· 

dehvdrogenationlaromiitization . C1) 
• 

Light Petroleum Gas Hydrogen 
dehydrogenation/aromatization 
Mixed Butenes n-butenes 

.. ~ 

.. .•. 
The.supported zeolite layer ofthe,,Wvention may be employed 

. 'If .. 

as a membrane in such separations without the .. blem of being damaged by 
contact with the m!f,terials to be separated. F~ore, many of these 
separations are carried out at elevated tempera~, as high as 500°C, and it 
is an advantage of the supported layer of the preqnt invention that it may be 
used at such elevated temperatures. 

.:~ r. 

The present invention accordingl)'rfSO provides a process for 
the separation of a fluid mixture which comprisM: ~ontacting the mixture with 

one face of a zeolite layer according to the in~on under conditions such 
that at least one component of the mixture has a different steady state 
permeability through the layer from that of another component and 
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recovering a component of mixture of components from the other face of the 
layer. 

. The invention further provides a pro~~ss for catalyzing a 
chemical reaction which comprises contacting a feedstock with a zeolite layer 
according to the invention which is in active catalytic fo~n, under catalytic 
conversion conditions and recovering·a compo~itio~ comprising.at least one 
conversion product. 

The invention further provides a proc~ss for cat~lyzing a 
chemical reaction which comprises contacting a feedstock with one face of a 
zeolite layer according to the invention, in active catalytic fonn~ under 
catalytic conversion conditions. ~d recovering fr~m' 8n opposite face of the 
layer at least one conversion· product~ advantageously in a concentration 
differing from its equilibrium concentration in the r~~ctfon mixtl:Jre. For 
example, a p~-xylerte rich mixture from the reactor or reactor product in a 
xylenes isomerization process; aromatic compounds froih aliphatics and 
hydrogen in a refonning reactor; hydrogen re111ovaifrom refinery and 
chemicals processes such as alkane dehydfogeriatfonin .. the formation of 
alkenes, light alkane I alkene dehydrocyclisation in the formationof 
aromatics (e.g., Cyclar), ethylbenzene dehydrogenation to styrene. 

The invention further provides a process for catalyzing a 
chemical reaction which ·comprises contacting one reactant of a bimolecular 
reaction with one face· of a zeolite layer according to the invention, in active 
catalytic form. under catalytic conversion conditions/and ·controlling the 
addition of a second reactant by diffusion·ftom the·opposite face·ofthe layer 
in order to more precisely control reaction conditions~ Examples include: 
controlling ethylene, propylene or hydrogen addition to benzene in the 
fonnation of ethylbenzelle, ciunene or cyclohexarie respectively .. 

The invention further contemplates separation of a feedstock as 
described herein wherein the separated species reacts as it leaves the zeolite 
layer or as it passes through the membrane and thus for another product. 
This is believed to ·increase the driving force for diffusion· through the zeolite 
layer. 
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Catalytic functions can be incorporated into the compositions. 
When a catalytic function is incorporated into the compositions, it can be 
used as an active element in a reactor. Several different reactor architecture's 

·can be constructed depending on the location of the catalytic site in the 
composition. In one case the catalytic function c~·be located within the 
zeolite layer. while in another case the catalytic function can be located 
within the support, and in another case the catalytic function can be 
distributed throughout the support, GEL layer or seed layer and the zeolite 
layer. Impregnating with catalytically active metals such as Pt can impart 
the catalytic function to the composition. In additi:on, catalytic function can 
be incorporated into a membrane reactor by locating conventional catalyst 
particles near one or more surface~ of the composi~on such that specific 
reaction products or reactants are continuously and selectively removed or 
added to the reaction zone throughout the reactor. 

: ~ .. 

!·•. 

!.' 
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Example 1: 

Xvlene Separation Using MFI Compositions·Svnthesized With The LAl·"1SC 
Process 

·Several different MFI compositions were prepared and·tested 
for the separation of xylene isomers. The testswere·.conducted on as 
synthesized membranes which did not have a selectivify stabilizing coating. 
The materials used for synthesis of LAI-ISC compositions will first be 
described; followed by the hydrothennal synthesis conditions used, followed 
by a description of the products made and then by a summary of results from 
dye testing before and after xylene separation experiments which exhibited 
low selectivities. The ·results of*e xylene sepatation'experiments showed 
selectivities which were less than expected. For the range of conditions 
under which the xylenes testing experiments were conducted, the selectivities 
for the separation of para from either the metal or ortho isomer were expected 
to be greater than 2.5 over the entire range temperatures used. This lower 
limit for the expected selectivity was determined from measurements of 
diffusion coefficients of the xylene isomers in the type of high silica MFI 
crystals present in the membrane. 

1. Materials 

Th~ hydrothermal experiments wc:re performed using mixtures 
of the following reagents: NaOH(Baker), Al(N03)3.9H20(Baker), Ludox AS­

. 40 (Dupont), tetrapropylamonium bromide (98% Aldrich), and distilled 
water. 

Porous alumina and stainless steel substrates were used for the 
support of the zeolite layers. The alumina substrates alpha phase and has an 
average, pore size and porosity of about 800A and 32%., respectively. Porous 
sintered stainless steel substrates from Mott (0.25 µm) and Pall (M020, 2 µm) 
were obtained. All of the substrates were cleaned with acetone in an ultra­
sonic bath, dried at 120°C and then cooled down to room temperature before 
use. 
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2. Hydrothennal Reaction 

MFI compositions were prepared ftom two different reaction 
batch mixtures, one contained silica only to malaisilicalite and the other was 
doped with alumina to make ZSM-5. They have the general formulation x 
M20: 10 Si02: (0-0.045) AI203: 0.5 TPA Br :,yH20; where M can be Li, 

Na, K, Rb, and Cs, x varied from 0 to 0.5. and y varied from SO to 3000. 
TP ABr may be replaced with tetrapropylammonium hydroxide if desired. 
All the results shown in the next section have the composition of 0.22 
Na20: 10 Si02:280 H20:0.5 TPA Br and doping with 0.05 Al203 for the 
ZSM-5 sample. The 1.74 g ofTPA Br and 0.45g~fNaOH (50 wt°/o) were 
dissolved in 52 ml of distilled water with stirring~ To this solution, 18.8 g of 

Ludox AS-40 was then added with agitation for at least 15 minutes until a 
uniform solution was fonned. 

.. :: 

The substrates were placed inverted;in a Teflon lined reaction 
vessel supported on a stainless steel wire frame .. ·l'he distance between the 
substrate and the bottom of reactor was at least Sr mm. The synthesis solution 
was then poured into the reactor to cover the whole substrate. The autoclave 
was sealed and placed in an oven which was preheated at the desired 
temperature. The reaction bombs were removed from the oven after reaction 
and cooled to room temperature. The coated subllrates were washed with hot 
water for at least 6 hours, then calcined at SOO°C: for 6 hours in air. The 
hearing rate was controlled at 10°C/hour. 

3. Products 

The following table shows some tyP.ical examples synthesized 
under different experimental conditions., such aw.seaction time, and substrate. 

4. Phvsical Characterization Of Compositions · 

The resulting compositions were characterized by x-ray 

diffraction and electron microscopy. X-ray diffraction revealed that the 
zeolite grown was MFI with no other phases detected. The x-ray diffraction 
analysis also revealed a degree of preferred oriemation in the as-synthesized 
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membrane. To establish that the zeolite layer wa,s sqbstantially free of voids, 
membranes were cleaved and the cross-sectional profile of the zeolite layer 
was viewed in the scanning electron microscope. Fi~e 2 shows a cross 
sectional view of a LAI~:ISC composition grQ\Vll 00° ~ alpha-alwnina -
substrate with -800 A pores. It is .seen that the zeolit~ layer is continuous 
and substantially free of voids. Figure 3 shows a plan ~view of the surface of 
a LAI,;;ISC composition· showing that the ciystals are intergrown. 

S. Dve Testing Procedure Used To CharacterizeCompositions 

The absence of voids in the zeolite layer is. reflected in the 
inability oflargedye molecules such as rhodamine a t9 pe~eate·through the 
layer into the substrate. Permeation of dye through the zeolite layer can be . . . 

detected by observing the way it soaks into the porous st1bstrate. Dye 
permeating through the columnar zeolite layer will be wicked into the porous 
substrate in a manner similar to . the way ink soaks into a piece of blotter 

. . 

paper. The presence of dye in the porous s11bstrate is c:spec~ally easy to 
detect when the substrate is made from a porous ceram~c ~at.does not absorb 
light. Light scattering in such porous substrates.c:auses themto appear white 
when viewed with the naked, eye. Any dye which. wicks into the substrate 

. . 

through a small pinhole in the·zeolite layerwill,be readily yisible as a 
coloration cfu!nge in the ceramic substrate. Dye ,molecules with sizes large 
than the zeolite pore structure will not transport. into the: underlying substrate 
except through defect sites. The rate at which the dye tra.nsports through a 
pinhole is different from the rate at which dye spread over the underlying 
porous ceramic can be removed through the same pinhole in a subsequent 

. washing step. Thus a simple way of detecting dye penneation into the porous 
substrate consists.of applying a dye solution to th~,Zeplite layer and 
subsequently washing excess dye away to reveal pinholes in the zeolite layer. 
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 
Rhodamine B , which is a colilmonly used laser dye. A convenient solvent to 
make a solution of this dye is methanol, however :other ~olvents such as 
toluene can also be used as long as they tend to wet (or wick into) the 
cer~c·substrate. Water is not a recommended· solvent for this test. This 
dye should be applied from a concentrated solution which has a coloration 
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similar to that of commonly available red wines. This range of colorations 
can be obtained from solutions with Rhodamine B:concentrations in the 
range of .05-S wt>/o. With different concentratio~ the amount of time 
required for the dye soaking thorough to the substRtte to become visible 
changes. A preferred procedure for dye testing zeelite membranes fonned 
on white porous ceramic substrates is; 

1) Make 20 ml of a stock solution containing O;S wt°/o of Rhodamine 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 with 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 covered. Typically 2-3 drops are 
needed to cover the membrane surface. Each drop contains -0.25 

milligrams of dye. Do not let the dye wick 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 
sutface 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 

6. Dve Testing Of Compositions Before Separations Testing 

As-synthesizes LAI-ISC MFI zeolite compositions were dye tested 
before being used in separations experiments. It was detennined that the 
compositions were essentially free of defects ancl4hat dye molecules did not 
penneate through boundaries between ciystals. -1 

7. Xvlene Separations Testim? 

LAI-ISC MFI zeolite composition fabricated on 3mm thick 1 inch 
diameter alpha-alumina supports (800 A pore sig} were mounted into a 
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permeation cell and sealed with a graphite o-ring. The membranes chosen for 
separations testing passed the dye test. · The permeation cell was heated to 

. temperatures between 170 °C and 300 °C while a. mixture of xylene isomers 
flowed across the face of the composition which had the zeolite layer. The 
flow rate of the xylene feed was I mV 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 fee~ was fixed at 
I atmosphere (absolute). Observed selectivities for separation of the xylene 
isomers by the LAI-ISC compositions was less than 1. 75 .(para/ortho or 
para/meta) at all temperatures tested. Typical selectivitie$ were in the range 
between 1.0and1.4. A total offourLAI-ISC compositionswere tested in 
this manner. The ·LAI-ISC compositions tested had.zeolite layer thicknesses 
in a range between S and 25 µm. 

8. bve Testing Of Compositions After Separations Testing 

LAI-ISC MFI zeolite compositions were dye tested after being used 
in xylene separations experiments. It was determined that compositions pass 
dye into the substrate. A reddish color not present.in the dye test before 
using in xylene separation experiments was clearly visible in the. substrate. 
This indicated that defects formed during separations testing. 

Example 2 

Xvlne Separation By An MFI Composition Svnthesized Using A GEL-LAI­
ISC Process 

Several different MFI compositions were prepared and tested 
for the separation of xylene isomers. · The tests were conducted on as 
synthesized compositions which• did nothave a selectivity stabilizing coating. 
The ma~erials used for the GEL layer will first be described, followed by the 
technique used to form the GEL layer, followed by the hydrothermal 

synthesis cond~tic;ms ~~d, an4. a description of the. f111al membrane structure. 
Finally results are presented from dye testing before and after xylene 
separation experiments which eXhibited low selectivities. The results of the 

xylene separation experiments with these GEL-LAI-ISC · ~ompositions 
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showed selectivities which were less than expectyj. For the range of 
conditions under which the xylenes testing experiF.ents were conducted, the 
selectivities for the separation of para from either the meta or ortho isomer 
should be greater than 2.5 over the entire range. Ri:temperatures used. This 
lower limit for the expected selectivity was detei:mjnes from measurements 
of diffusion coefficients of the xylene isomers in the type of high silica MFI 
crystals present in the compositions. 

1. GEL Coating Materials 

The following reagents were used in preparing GEL coatings: 
colloidal alumina solutio.n. colloidal titania pre~d from a sol-gel process. 
colloidal silicalite solutions. and distilled water .. ;~everal batches of colloidal 
silicalite solutions prepared in accordance with *f previously described 
nanocrystalline synthesis method were used for t!\~ preparation of GEL 
coatings. More infonnation on these solutions ~Jhown below: 

;'.;? 

Batch# Silicalite Silicalite Final Silicaliffl, Solids Particle 

Synthesis Temp. Washed? Solution p~li. , (%) Size. run 

1 68 yes 10.3 8.7 -50 

2 509 no >13 -9 -50 

3 81 yes 9.9 
~j£ 

9.1 -90 

4 50 no >13 'f; -9 -60 
1 

4 so yes -10 -9 -60 

Remarks: 
'.11!; .. , .· 

1. All suspensions were prepared from the s~ type of synthesis solutions 
with the same raw materials. · 

..r 

2. Batch 4 was a duplication of 2. The solids c~~tent of batches 2 and 4 
were calculated asswning 55% conversion of amorphous silica to 
zeolite. The actual solids content of these 2 1Hlwashed samples is of 

·~ti· 

coW'Se higher, e.g. for batch 4 the solids c~t (evaporation to rmr·---
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dryness) was 23 .3 wt°/o, but this includes zeolite, amorphous silica and 
residual TP AOH.;.NaOH. · 

Porous alumina and stainless steel substrates were used for the 

support of GEL and zeolite ·coatings. The average pore size'and porosity of 

the alumina is about SOOA 'and.32o/o, respectively~ -Porous sintered stainless 

steel substrates from Mott (0.25 micron) and Pall (M020, 2 micron) were 
obtained. All the substrates were cleaned with acetone in an ultra-sonic bath, 

dried at 120°C and then cooled down to room temperature before use. 

2. GEL Coating 

In general. a dilute ~olution is preferred fo produce a·high 

quality growth enhancing'layer. Dilution: with distilled watert~ obtain a 
solids concenmltion les.s than I wt% is' generally preferred. Colloidal 

silicalites and metal. oxides are first diluted separately ~th distilled water to 
the concentration· of O .5 wt°/o. the diluted colloidal· silicalite solution was 

slowly added into the desired amount of metal oxide solution with continuous 
stirring. The resulting sohitioris with the desired wt°/o of colloidal silicalite 
and metal oxide were then degassed for 15 minutes to.remove the trapped air 
in solutions. 

The substrates were then spin coated with these solutions at 

4000 rpm and calcined at S00°C for 6 hours in air. The heating rate was 
controlled at 20°C/hr. 

3. Svnthesis Of Zeolite Compositions Under Hydrothermal Conditions 

The hydrothermal experiments were performed using mixtures 

of the following reagents: NaOH (Baker), Al(N03)3•9H20 (Baker), Ludox 

AS-40 (Dupont), tetrapropylammonium bromide (98%, Aldrich), and 

distilled water. 

MFI compositions were prepared from two different reaction 

batch mixtures, one containing silica only to make silicalite ·and the other 

doped with alumina to make ZSM-5. They have the general formulation 
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xM20: 10 Si02: (0-0.045) Al203: 0.5 TPA Br:~ H20; M can be Na, Li, 
K., Rb, and Cs, x was varied from Oto 0.5, and y v.-ied from 50 to 3000. All 
the results shown in the next section have the composition 0.22 Na20:IO 
Si02:280 H20:0.5 TPABr and doping with 0.05 AQ03 for the ZSM-5 
sample. The 1.74g ofTPABr and 0.4Sg ofNaOH1(60 Wi°IO) were dissolved in 
52 ml of distilled water with stirring. To this solution, 18.Sg of Ludox AS-40 
was then added with agitation for at least 1 S minutes until a uniform solution 
was fonned. TPA Br can be replaced with aqueous tetrapropylammoniwn 
hydroXide if desired. Substrates with GEL coatin9were placed inverted 
(180° orientation) in a Teflon lined autoclave by supporting them on the 
stainless steel wire frame. The distance between tie substrate and the bottom 
of autoclave reactor was at least S mm. The syntiu=sis solution was then 
poured into the reactor to cover th~ whole substrate. The autoclave was 
sealed and placed in an oven. which was preheated at the desirec;i 
temperature. The autoclaves were removed from the oven after r~action and 
cooled to room temperature. The coated substrate~ were washed with hot 
water for at least 6 hours, then calcined at 500°C for 6 hours in air. The 
heating rate was controlled at 10°C/hour. 

4. Products 

. ': 

The following table shows some typical examples synthesized 
under different experimental conditions, such as G,EL composition, reaction 
time and substrate. 

5. General Observations 
- H), 

The x-ray diftiaction pattern of typiel inverted zeolite 
composition (LAI-ISC)t noninverted zeolite compasition (LA-ISC)~ 
noninverted zeolite composition grown on a GELnooated substrate (LA­
GEL-ISC)~ and inverted zeolite composition growa on a GEL coated 
substrate (LAI-GEL-ISC) were observed. Reflections of MFI type zeolite 
were identified in all diagrams. No zeolite seco1l4phase was observed. The 
only lines in the patterns not associated with the zeolite identified with the 
porous support. The pattern associated with the OBL-LAI-ISC membrane was 
dramatically different from other samples. It is se.ea that the MFI crystal layer 
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prepared from GEL-LAI-ISC exhibits pronowiced 001 pe~s with no other 
significant zeolite peaks occurring in the pattern. This -is strong evidence that 
a preferred orientation of(OOI) directions parallel to the growth direction 
exists in the membrane. Another way of saying. this is that the MFI crystal 
layer in GEL-LAI-ISC membranes shows very strong orientation with c-axis 
normal to the GEL layer. 

Figure S shows a plan view of a typical GEL-LAI-ISC 
membrane (sample #2). The cauliflower-like top surface and columnar cross­
sectional morphologies were observed in the membrane. Figure 4a shows the 
zeolite layer (C), ·the growth enhancing layer (B) and porous support (A). The 
major part ofFigilre 4a shows-the continuous growth ofzeolite-that 
completely covers the surface of tqe GEL layer. The formation of a columnar 
structure in the zeolite layer is apparent. The width-of the colu~s right_ on 
the growth enhancing layer is very narrow and becomes larger· and larger as -
the layer grows. As· such, the average grain size ·of zeolite crystals increases 
with increasing layer thickne·ss. The columnar nature of the microstructure is 
consistent with the x-ray powder diffraction pattern. The c-axis-is the fastest. 
growth for the MFI zeolite in the membrane. In Figure Sb, it is clear that 
zeolite surface consists of a continuous array of densely packed zeolite 
crystals, which are < 10 µm in width. 

6. Dye Permeation Test Before Xvlene Separation Testing 

The dye permeation test described in Example 1 was applied to 
test the integrity ofGEL-LAI-ISC compositions gro~;on·porous alpha­
alwnina supports. -It was fowid that compositi·ons grown with MFI zeolite 
layers thicker than S µ.m did not penneate dye into the substrate even after 
they had been calcined. For.I-inch diameter compositions grown on 3 mm 
thick alpha-alumirta supports, even isolated defects.-were not detected in over 
-95% of the membranes tested. 

' 

7. Xylene Separations Testing 

GEL- LAI-ISC MFI zeolite compositions fabricated on 3mm 
thick I inch diameter alpha-alumina supports (800-A pore size) were 
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mounted into a permeation cell and sealed with a graphite o-ring. Xylene 

separations tests were conducted using the method described in example I. 
Observed selectivities for separation of the xylene isomers by the GEL-LAI­

ISC membranes was less than l. 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- LAl-ISC compositions were tested in this manner. 

The GEL - LAI-ISC compositions tested had zeolite layer thicknesses in a 

range between 5 and 25 µm. 

8. Dye Testing Of Compositions After Separations Testing 

GEL-LAI-ISC MFI zeolite compositions' were dye tested 

after being used in xylene separations experiments. It was determined that 

membranes pass dye into the substrate. A reddish color not pre$ent in the 

dye test before using in xylene separation experiments was clearly visible in 

the substrate. This indicated that defects fonned during separations testing. 
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TABLE l 

@ Pore Size Reaction Reaction Zeolite Layer C-Axis 
Sample Substrate µm Temp., °C Time, Hrs. Thickness, µm Result 

1 alumina 0.08 180 4 4 CPOMFI 

2 alumina 0.08 180 8 12 CPO.MFI 

3 alumina 0.08 180 18 30 · CPOMFI 

4 SS 0.2S 180 4 4 CPOMFI 
s SS 0.25 180 8 11 CPOMFI 

6 SS 0.2S 180 20 30 · CPOMFI 

7 alumina 0.08 158 64 45 CPOMFI 

8 alumina 1.0 158 64 ... 45-SO CPO:MFI 
.. 

9 SS 0.25 1S8 64 so ·CPO·MFI 

10 SS 2.0 1S8 64. so CPOMFI 

@ alumina: 0.08 µm and 1 µm pore size; SS = stainless steel, Pall Corporation, PMM Grade M020 (2 µm) 
and Mott Corp. (0.25) 

CPO - Crystallographic Preferred Orientation 
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TABLE2 ~ 
'° ~ -0\ 

i 
@ GEL Reaction Reaction Zeolite Layer C-Axis 

Sample Substrate Composition# Tem~.2 °C Time, Hrs. Thickness2 µm Result 

I alumina a 16S 18 18 CPOMFI 

2 alwnina a 165 90 81 CPOMFI 

3 alumina b 180 18 22 CPOMFI 
(/) 
c: 4 alumina c 180 18 22 CPOMFI co 
~ s alumina 180 18 28 CPOMFI ~ a 
c:: 
-·i 

6 alumina d 180 18 21 CPOMFI m 
(/) 
::r: 

7 alumina 180 20 30 CPOMFI m e w 
rn ......, 
-! 

.... -... 8 alumina f 180 18 23 CPOMFI ::i:> c= ,-
9 SS a 180 24 40 CPOMFI rn .. _ .. 

""' ,,, ... - . ~. . . 
C> . :i ... ~~-· 

,. ., 

CPO • Crystallographic Preferred Orientation 

@ alumina: 0.08 µm pore size; SS = stainless steel, Pall Corporation, PMM Grade M020 

# a l 00 wt% unwashed solution (batch 2) 
b 100 wt°/o washed solution (batch 1) 

"d 

~ c SO wtO/o washed solution (batch l ); 50 wt°/o alumina 
d SO wt°lo unwashed solution (batch 2); 50 wt°/o alumina fa 

~ 
e 10 wt°/o unwashed solution (batch 4); 90 wi°/o alumina QD 

Ult 

f 100 wt°/o washed solution (batch 3) -w 
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EXAMPLE3 

Selectivity Enhanicng Coatings Made From Polvimide . 

A selectivity enhancing coating made from polyimide was 

applied to zeolite membrane laye~s (produced using one of the LAI-ISC, 
GEL/LAI-ISC, or S/LAI-ISC methods described above}; The zeolite layer 

thicknesses ranged from 2 to 25 µm. All of the composi?ons chosen passed 

the dye test described in example 1: As such they appeared to be free of 
defects. 

Zeolite composition~ were coated utilizing a spin coating 

apparatus (Headway Research. Inc.}. The coating material was a polyimide 
precursor resin, PIX-8203, from Hitachi Chemical Company, which 
contained an adhesion promoter. The composition material was initially 
dried at 120°C and any dust or foreign material removed with high pressure 
filtered nitrogen just prior to applying the permeation stabilization coating. 

The compositions were placed on the spinner and the apparatus set to the 

desired spin speed and duration, two of the principle·factors which 
determine coating thickness. As the spin speed increases, the coating 
thickness decrea5es. 

The entire surface of the zeolite layer is next covered with 

polyimide precursor resin (neat, as received) and allowed to sit, without 

spinning, in air, for 10 to 20 seconds.. Nex~ the spinner is turned on which 

spins the material, removing any excess polymer resin from the surface. As 

an example, the material is spun at a rate· of 6000 rpm for 30 seconds_ which 

results in a coating layer thickness of 1 mm. 

The co.ated compos~tion in then placed in a 120°C oven, in 
argon, for 30 minutes to remove any solvents (inherent to the as received 
polymer precursor: N-methyl pyrrolidone and/or dimethylacetamide}. The 

oven temperature is then raised (over a one hour period) to 400°C and held 

at this temperature for 2 hours. . A cross sectional view taken in the 

scanning electron microscope of a GEL-LAI-ISC composition with a 



W096/01686 PCT/US95/08513 

-39 -

thennally cured polyi.ntide selectivity enhancing ottating is shown in Figure 
5. ;IT; ~ 

The method of example 1 and 2 wa~ed to measure the 
selectivity for the separation of xylene isomers. The maximum selectivities 
for the separation the xylene isomers was determined. This maximum 
selectivity is taken to be either the separation factor for the para with respect 
to the ortho isomer or the separation factor for the tf>ara with respect to the 
meta- isomer, whichever is higher. Three polyindde coated LAI-ISC 
compositions were tested which showed maximum .selectivities in the range 
from 2.5 to S. The average maximum selectivitY :was approximately 3 .S. 

Six polyimide coated GEL-LAI-ISC compositions-ere measured which 
showed a maximum selectivity between 4 and 1 O} The average of these 
maximum selectivities was approximately 6.5. One S-LAI-ISC composition 
was measured which showed a maximum selectivity near 5. These 

· maximum selectivities are significantly higher thflt!the selectivities observed 
for LAI-ISC and GEL-LAl-ISC compositions (des·cmbed in Examples 1 and 
2) that were tested without the selectivity enhanciftg coating. The 
selectivites measured are in line with the expected maximum selectivity. 

Alternately, different coating thic~sses can be effected by 
varying the spin rate of the spinner and/or the spinning time duration. A 
thicker coatings was produced on a GEL-LAI-ISC composition by spinning 
at 5000. The maximum selectivity for separatiotf'of the para isomer from 
either the meta- or ortho- isomer was 6. •r: 

EXAMPLE4 

Repartion Using Silicone Oil 
......... 

. ,_ 

Selectivity enhancing coatings wereijipplied to zeoJite 
membrane layers (produced using one of the LAl·ISC, GEL/LAI-ISC. or 
S/LAI-ISC methods describ~dabove). The zeol~yer thickn~sses ranged 
from 2 to 25 µm. All of the membranes chosen -pilsed the dye test 
described in Example 1. As such they appeared UJ!be free of defects . 

. ]~jf 
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The apparatus depicted in Figure. I (Cold Wall Reactor which 
minimizes ozone degradation outside of the reac~on zone) was used to apply 
selectivity enhancing coatings to the compositions. The Reactor eliminates 
the need for 0-rings in the system and is amena~le to large scale fabrication 
operations. 

A model GL-1 ozone generator manufactured by PCI Ozone and 
Control Systems was used for the experiments., The. instrument utilized a 
plasma discharge system to produce ozone (four-weight percent in flowing air, 
0.2 SCFM, 5000 cc/min). This stream was spli,t by a m~s 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 -if~ at given temperatures. 

With a reactor volupie of_50cc, a react0,rpressure of 1 atm, and 
temperature of 200°C, the residence time of oz;one flowing at 300 cc/min was 
10 seconds. The liquid phase oxidized by ozone to produce the silicon o~de 
SEC was Invoil 940 silicone diffusion pump flqid (Inland Vacuum Industries). 

The use of this techriique to produce selectivity enhancing 
coatings is illustrated for to ozone assisted CVD coati'1g methods. The first 
method involves application of a liquid _selectivity ~nhancing coating 
precursor to the front side of a zeolite layer follow~d by ozone treatment in 
the Cold Wall Reactor. The front side of the zeolite layer is taken to be the 
side of the zeolite layer opposite to the side nearest the porous substrate. The 
second example illustrates a application of a liquid selectivity enhancing 
coating precursor to the back side of a zeolite layer followed by ozone 
treatment in the Cold Wall Reactor. 

A) Fonnation of an Selectivity Enhancing Coating from Front Side 
Treatment of a GEL/LAI-ISC Zeolite Composition 

A GEI/LAI-ISC zeolite layer (supported by a porous A16 
alumina support) was coated with a thin layer of.lnv()il 940 silicone diffusion 
pump fluid (Inland Vacuum Industries) applied by pouring the material 
directly on top of the zeolite layer. This oil was allowed to stand, in air, on 
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the zeolite ciystals, partly penneating into the interciystalline defects and 
voids in addition to coating the surfaces of the zeoiie crystals. After S 
minutes, any remaining silicone oil was removed ·ftom the ceramic by blotting 
with a towel. ·; · 

·The treated disk was inserted into the :cold Wall Reactor~ the 
entire system placed on a heating 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). : 1 

'. .\ 

The method of example l and 2 w:as.'lJsed to measure the 
selectivity for the separation of xylene isomers, SJUJ· the maximum 
selectivities for the separation the xylene isomers was detennined. This 
maximum selectivity is taken to be either the separation factor for the para 
with respect to the ortho isomer or the separation factor for the para with 
respect to the meta isomer, whichever is higher. Three GEL-LAI-ISC 
membranes tested showed maximum selectivities in the range from 3 .S to S. 
The average maximwn selectivity was approximately -4. These maximum 
selectivities are significantly higher than the selectivities observed for LAI­
ISC and GEL-LAI-ISC membranes (described in Examples 1and2) that 
were tested without the selectivity enhancing coating. The selectivites 
measured are in line with the expected maximum selectivity. 

B) Fonnation of a Selectivity Enhancing Coating from Back Side Treatment 
of a GEULAI-ISC Zeolite Composition 

A GEULAI-ISC zeolite layer (supported by a porous Al6 
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 penneated into -the substrate by capillary action. The oil 
eventually penneated 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. 
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The treated disk was inserted into the. Co~d. Wall Reactor, the 
entire system placed on· a heating surface (at room ten;iperature ), and the 
ozone/air mixture flowed over the surface. The temper~ture 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). 

. :: .i. i 

The method of example l and 2 was used to meas~e the 
selectivity for the separation of xylene isomers. The maxim1JJD selectivities for 
the separation the xylene isomers were determined. One .GEL-LAI-ISC 
membrane tested showed· a maximum selectivity near 4.5. Comparing these 
separation factors with example 2,, it is seen:thatapplyiµg the interfacial gas 
phase reparation technology to GEL-LAI-ISC zeolit~ 1nembran~s, the 
selectivity for the separation of xylene isomers has b~en improved. 
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CLAIMS: 

1. A composition which allows selective molecules to pass 
therethrough comprising a substrate, a zeolite or ~lite4like layer, a selectivity 
enhancing coating in contact with the zeolite layer~ and optionally a penneable 
intennediate layer in contact with the substrate, the zeolite layer being in contact 
with the substrate or the optional intennediate lay~. 

·'.! 

2. The composition of claim l wherein the crystals of the zeolite 
layer are contiguous. 

3. The composition of claim I wherein the crystals of the zeolite 
layer are intergrown. 

4. The composition of claim 3 wherein the zeolite layer has a 

thickness ranging from 0.1 to about 150 microns. 

5. The composition of claim I wh«ein at least about I 0% of the 
zeolite pore openings remain unblocked by the coding. 

6. The composition of claim 5 wherein at least about 50% of the 
zeolite pore openings remain unblocked by the coating. 

: , 

7. The composition of claim 3 wherein the coating increases the 
mass transfer resistance of the zeolite to penneating molecules by a factor of five 
or less. 

:::e-· 

8. The composition of claim 7 wblrein the coating is penneable. 

9. The composition of claim 7 wherein the coating is 
impenne'lble. 

10. The composition of claim 7 wherein the coating is both 
penneable and impenneable. ~i~ 

1~; 
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L-:.:.·~~-:-'.:--..--r:r.-. The composition of claim 8 wherein the coating is a 

· polyimide. 

12. The composition· of claim 8 wherein the coating comprises a 
silica oil. 

13. The composition of claim 1 wherein the optional layer is a 
microporous or mesoporous growth enhancing layer containing zeolite. 

14. The composition of claim 1 wherein the selectivity enhancing 
is a coating attenuating the passing of molecules through said composition. 

15. The composition of claim 1 wherein the selectivity enhancing 
is a coating preventing the formation of defects in said composition during use. 

16. A separation process comprising contacting a feedstock 
derived from petroleum, natural gas, air or hydrocarbons, comprising at least two 
molecular species with a composition comprising.a substrate, a zeolite or zeolite­
like layer, a selectivity enhancing coating in contact with the zeolite layer, and 
optionally, a penneable intermediate layer in contact with the substrate,, the 
zeolite layer being in contact with the substrate or optional intennediate layer, 
wherein at least one molecular species of said feedstock is separated from said 
feedstock by said composition, and wherein said hydrocarbon feedstocks are 
selected from the group consisting of coal, bitumen, kerogen and mixtures 
thereof. 

17. A process according to claim 16 wherein said molecular 
species is separated via molecular diffusion. 

18. A process according to claiml6 wherein said feedstock is 
selected.from the group consisting of mixed xylenes and·ethylbenzene; 
hydrogen, H2S and ammonia; mixtures of nonnal and isobutanes; mixtures of 
normal and isobutenes; kerosene containing normal paraffins; miX1'.'D'es of 
nitrogen and oxygen; mixtures of hydrogen and methane; mixtures of hydrogen, 
ethane and ethylene; mixtures of hydrogen, propane and propylene; coker 
naphtha containing C5 to CI o mixtures containing argo:r:i. helium, ~eon or 
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nitrogen; intennediate reactor catalytic refonner.,oducts; fluid catalytic 
cracking products; naphtha; light coker gas oil; ~tures of normal and 
isopentanes; mixtures of nonnal and isopentenest,,ll"xtures of ammonia, 
hydrogen and nitrogen; mixtures of 10 carbon aromatics, "mixtures of butenes," 
mixtures of sulfur and nitrogen compounds; mixt;ures of sulfur compounds; 
mixtures of nitrogen compounds; mixtures cont~g benzene and mixtures 
thereof. 

19. A process for catalysing a chemical reaction comprising 
contacting a reaction stream with a composition comprising composition 
comprising a substrate, a zeolite or zeolite-like layer, a selectivity enhancing 
coating in contact with the zeolite layer and optionally a permeable intennediate 
layer in contact with the substrate. the zeolite layer being in contact with the 
substrate or optional intennediate layer. 

20. A process according to claim 19 wherein a catalyst fonns a 
module with said composition or is contained within said composition. 

21. A process according to claim 20 wherein said feedstock is 
comprised of mixed xylenes and ethylbenzene; ethane; ethylbenzene; butanes; 
propane; C10-C1s normal paraffins; H2S; catalytic reforming streams; light 
petroleum gases (LPGs ); sulfur and hydrogen compounds; nitrogen compounds; 
mixed butenes, and mixtures thereof. 

22. A process according to claim 20 wherein when said feedstock 
is reacted with said composition a reactant or reaction product is obtained. 

23. A composition according to claim I wherein said zeolite layer 
exhibits a shape preferred orientation, a crystallographic preferred orientation or 
a mixture of the two. 

24. A process for catalysing a chemical reaction which comprises 
contacting one reactant of a bimolecular reaction mixture with one face of a 
composition comprising a substrate, a zeolite or zeolite-like layer, a selectivity 
enhancing coating in contact with the zeolite layer, and optionally a permeable 
intennediate layer in contact with the substrate, the zeolite layer being in contact 
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with the substrate or the optional intennediate layer, that is in active catalytic 
form, under catalytic conversion conditions, and controlling the· addition of a 
second reactant by diffusion from the opposite face of the structure. 

25. A process accordingto:claim 16 wherein said composition 
adsorbs at least one molecular species of said feedstock. 


