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ZEOLITE-COATED MESH FOR OIL-WATER
SEPARATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/741,749 filed Oct. 5, 2018, which 1s

hereby incorporated by reference.

FIELD

The present invention relates generally to the separation
of o1l and water and more specifically, to methods of
separating o1l and water using membranes.

BACKGROUND

The rapid increase of water demand and severe aggrava-
tion of industrial o1ly water discharge has become a world-
wide problem 1n recent days. The presence of oil not only
influences the surroundings, but also damages seli-cleaning
circulations of the ecological system. Thus, considerable
cllorts have been aflorded to obtain energy-eflicient and
environmentally-friendly methods 1n oi1ly contamination
treatment. In the past few decades, polymeric membranes
have dominated the research and development attention,
which exhibit good performance with an o1l-rejection rate of
more than 95%. However, these polymeric membranes are
pressure-driven due to the limited pore size at ultrafiltration
level. Although high oil-rejection rates can be realized by
polymeric membranes, one of the biggest problems 1s foul-
ing, which compresses oils on polymeric materials espe-
cially under the high-applied pressure. As a consequence,
the flux of such membranes will dramatically decline.
Despite many researchers’ attentions on novel self-cleaning
materials for polymeric membranes, the ratios of o1l droplets
adsorbed on membrane surfaces were still as high as 70%-
90% and the ratios of oil droplets cleaned away from
membrane surfaces were as low as 30%-40%.

In order to solve the fouling problem, super-hydrophilic
polymeric materials have been coated on stainless-steel wire
mesh to absorb water passing through the mesh and reject o1l
simultaneously. The super-hydrophilicity of these matenals
caused water to form a layer between membrane and o1l due
to larger density of water that prevented o1l permeation.
However, polymeric material-coated membranes cannot tol-
erate corrosive solutions such as acids and bases, high
temperatures and organic solvents. Swelling 1s also a prob-
lem prevalent to these materials because of the capillary
force or the combination of molecular diffusion and con-
vection 1n the water-filled pores. This can lead to the critical
swelling constraining, which prevents these membranes
from being used under severe environmental conditions.

As understood from the above, there 1s an ongoing interest
in and need to develop systems and methods for oil/water
separation with high separation performance and which
work under severe environmental conditions.

SUMMARY

Embodiments of this disclosure relate to systems and
processes for separation of oil and water mixtures. More
specifically, the systems utilize a membrane for o1l and water
separation. The membrane typically comprises a crystalline
material deposited on a porous support. The crystalline
material 1s made of tectosilicate with a portion of the Si
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atoms substituted with substitute atoms selected from the
group consisting of Al, B, Ga, 11, Fe, Cu, V and combina-
tions thereof, and wherein the ratio of substitute atoms to Si
atoms 1n the tectosilicate 1s 1n the range from about 0.001 to
about 0.1. Optionally, the ratio of substitute atoms to Si
atoms can be 1n the range from 0.01 to 0.07, from 0.02 to
0.06, from 0.03 to 0.05, or can be about 0.04. In embodi-
ments, the crystalline material has an MFI-type framework.

The porous support can be a metal mesh having a mesh
size from 50 to 300 U.S. Mesh. In some embodiments, the
metal mesh 1s a stainless steel metal mesh.

In some embodiments, substitute atoms are selected from
the group consisting of Al, B and mixtures thereotf. In others,
the substitute atoms are either Al or B. In still others, the
substitute atoms are B and the ratio of B atoms to S1 atoms
1s 1n the range from 0.01 to 0.07, or can be about 0.04.

The process of this disclosure typically comprises pro-
ducing one of the above membranes by immersing at least
one surface of the porous support in a mixture including
silicone atoms and substitute atoms. The porous support 1s
immersed such that the crystalline material crystallizes on
the support. The porous support can be immersed vertically
and/or slanted or horizontally 1n the mixture.

The mixture can be produced by adding a silicon com-
pound that degrades in water and a source of substitute
atoms 1nto water. The silicon compound can be tetracthyl
orthosilicate and the source of substitute atoms can be
selected from the group consisting of metal or metalloid
sulfates of Al, B, Ga, T1, Fe, Cu or V, sodium metal oxides
or sodium metalloid oxides of Al, B, Ga, Ti, Fe, Cu or V,
metal or metalloid nitrates of Al, B, Ga, T1, Fe, Cuor V, and
mixtures thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings included with this application illustrate
certain aspects of the embodiments described herein. How-
ever, the drawings should not be viewed as exclusive
embodiments. The subject matter disclosed herein 1s capable
of considerable modifications, alterations, combinations,

and equivalents 1n form and function, as will be evident to
those skilled 1n the art with the benefit of this disclosure.

FIG. 1 1s a graph 1llustrating the wettability of membranes
produced by the Secondary Growth Method and In Situ
Crystallization Method, and showing increasing underwater
super-oleophobicity as a function of Al/S1 ratio.

FIG. 2 1s a graph comparing membranes produced by the
Secondary Growth Method and produced by the In Situ
Crystallization Method. The graph shows oil-rejection rates
for hexane-water mixtures for membranes with an Al/Si
ratio of 0 and an Al/S1 ratio of 0.04 Al/S1.

FIG. 3 1s a graph illustrating the oil-rejection rate as a
function of Al/S1 ratio for membranes produced by the
Secondary Growth Method.

FIG. 4 1s a graph showing the oil-rejection rate of mem-
branes produced by the In Situ Crystallization Method with
Al/S1 of 0.04 for 15 separation cycles.

FIG. 5 1s a graph showing the oil-rejection rates of
membranes produced by the In Situ Crystallization Method
with Al/S1 of 0.04 for various oils.

FIG. 6 1s a graph illustrating the oil-rejection rate of
membranes produced by the In Situ Crystallization Method
with Al/S1 of 0.04. FIG. 6 illustrates the rate without
re-calcination and after re-calciming one, two and three
times.



US 11,154,823 B2

3

FIG. 7 1s a graph 1llustrating the wettability of membranes
produced by the Secondary Growth Method and showing

increasing underwater super-oleophobicity as a function of
B/S1 ratio.

FIG. 8 1s a graph illustrating the oil-rejection rate as a 5
function of B/S1 ratio for membranes produced by the
Secondary Growth Method. The data 1s 1llustrated through 4
cycles.

FIG. 9 1s a graph showing the oil-rejection rates of
membranes produced by the Secondary Growth Method 10
with B/S of 0.04 for various oils.

FIG. 10 1s a graph illustrating oil-rejection rate of boron-
introduced zeolite-coated mesh with B/S1 of 0.04 under
normal, acidic, basic and hot separation processes.

FIG. 11 1s a graph illustrating the oil-rejection rate of 15
membranes produced by the Secondary Growth Method
with B/S1 of 0.04. FIG. 11 illustrates the rate without
re-calcination and after re-calcining one, two and three

times.
20

DETAILED DESCRIPTION

The present disclosure may be understood more readily
by reference to this detailed description as well as to the
examples ncluded herein. In addition, numerous specific 25
details are set forth 1n order to provide a thorough under-
standing of the embodiments and examples described
herein. However, those of ordinary skill in the art waill
understand the embodiments and examples described herein
can be practiced without these specific details. In other 30
instances, methods, procedures and components have not
been described in detail so as not to obscure the related
relevant feature being described. Also, the description 1s not
to be considered as limiting the scope of the embodiments
described herein. 35

In the description, component ratios will typically be
reported as decimals; for example, 1.0 represents a ratio of
1:1 of a first component to a second component, and 0.5
represents a ratio of 1:2 of the first component to the second
component. Also, i the description, the term “atoms™ may 40
refer to neutrally charged atoms or to 1ons. Those skilled 1n
the art will realize that generally the crystal structures
contained herein will be composed of 10ons but at times such
ions will be referred to herein as atoms.

In one aspect, the present disclosure relates to systems and 45
processes for separation of o1l and water mixtures. The
systems and processes utilize a membrane for o1l and water
separation. The membrane typically comprises a crystalline
material deposited on a porous support.

The crystalline material 1s made of tectosilicate with a 50
portion of the S1 atoms substituted with metal atoms or
metalloid atoms (hereinafter “substitute atoms” or “M™)).
Tectosilicates are silicates which have a three-dimensional
framework of silicate tetrahedra with S102. Tectosilicates
useful 1n the systems and processes of this disclosure 55
comprise Na, S1, O and M, where M 1s a metal or metalloid
ion. The tectosilicates have a tetrahedral structure and,
somewhat informally, are often referred to as having a
zeolite-type structure or as being a zeolite. One particularly
useful structure for the systems and processes of this dis- 60
closure 1s Na, M Si,.,0,,, 1n an MFI-type framework,
where M 1s a metal or metalloid 1on and n 1s from 1 to 27.
While indicated to be a single type of metal or metalloid 10n
in the formula, M can be 10ns of one or more suitable metals
or metalloids; thus, in some embodiments the formula can be 65
Na,M1 M2, _ Sis 0,6,  (p<n), NaMl M2 M3,
Sio._. O, (p+q<n), etc. For example, where M 1s Al, the

4

tectosilicates having an MFI-type framework 1s a zeolite
known as ZSM-35 and having the formula Na,d Al S1,,._ O, ..

Generally, any suitable metal or metalloid that results 1n
a crystalline material having suitable properties for o1l and
water separation can be used. For example, metals or
metalloids selected from the group consisting of Al, B, Ga,
T1, Fe, Cu, V or combinations thereof are beneficial in
substituting for a portion of the Si1 atoms 1n the crystalline
material. More narrowly, the metal or metalloid can be
selected from the group consisting of Al, B, Ga, 11, Fe, Cu
and V, and even more narrowly from the group consisting of
Al, B and combinations thereol, or can be B. The ratio of
metal or metalloid atoms (substitute atoms) to S1 atoms 1n
the tectosilicate can be in the range from about 0.001 to
about 0.1. More typically, the ratio of substitute atoms to Si
atoms can be in the range from 0.01 to 0.07, from 0.02 to
0.06, from 0.03 to 0.05, or can be about 0.04. Thus, for
example, in MFI-type framework crystals having a formula
of Na, M S154,.,0,6-, 1 1s typically from 1 to 8, or from 1
to 7, or from 2 to 6 or from 3 to 5 or 1s 4.

The porous support can be any suitable porous support
which 1s not reactive to the conditions used for separation of
o1l and water and which can suitably retain the crystalline
material. It 1s within the scope of this disclosure to use metal,
polymer, composite, carbon or glass meshes for the support.
Metal meshes are currently preferred for severe environ-
mental conditions. For example, the mesh can be a stainless
steel mesh. The mesh should be suflicient to allow both the
drainage of water through the mesh and adequate 1nteraction
with the crystalline material such that o1l 1s prevented from
passing through the mesh. Generally, the mesh can have a
s1ze from about 50 to 300 U.S. Mesh, or a pore size from
about 44 microns to about 300 microns. In some embodi-
ments, the mesh size can be from about 70 to about 200 U.S.
Mesh or to about 140 U.S. Mesh, or have a pore size of about
74 microns to about 210 microns, or from about 100 microns
to about 200 microns.

The above-described membrane can be produced by a
process wherein at least one surface of the porous support 1s
immersed 1 a synthesis solution including silicone atoms
and substitute atoms. The porous support 1s immersed such
that the crystalline material crystallizes on the support.
Generally, the porous support will be fully immersed 1n the
mixture. In some embodiments, the porous support can be
immersed vertically 1n the mixture, but 1t 1s within the scope
for the porous support to be immersed horizontally or at a
slant.

The synthesis solution can be produced by adding a
silicon compound that degrades mn water and a source of
substitute atoms into water. In some embodiments, the
synthesis solution 1s produced by making a solution of water
and a structure-directing agent, such as a base agent like
tetrapropylammonium, and then introducing the silicon
compound and substitute atom source 1nto the solution. The
s1licon compound can be tetraethyl orthosilicate or S10,, for
example. The source of metal atoms can be selected metal
and metalloids, and more specifically from metal sulfates,
metalloid sulfates, sodium metal oxides, sodium metalloid
oxides, metal nitrates and metalloid nitrates. For example,
metal/metalloid sulfates, sodium metal/metalloid oxides and
metal/metalloid nitrates of Al, B, Ga, Ti, Fe, Cu and V can
be eflective. Suitable metal/metalloid sulfates include: Al,
(504)5: By(SO4);, Gay,(S504);, T1,(80,);, Fe,(SO,)s.
Cu(S0O,) and VOSO,. Suitable sodium metal/metalloid
oxides 1nclude NaAlO,, NaBO,, NaGaO,, NaTli,O;,
NakFeO,, NaCuO and Na,VO,. Suitable metal/metalloid
nitrates include AI(NO,);, B(NO;);, Ga(NO,);, Ti(NO; ).,
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Fe(NO,),, Cu(NO,), and VO(NO,);. It has been found that
boron 1ons are particularly useful in many embodiments,

thus, metalloid atom sources selected from the group con-
sisting of NaBO,, B,(S04),;, B(NO,), and mixtures thereof
can be used.

In some embodiments, the porous support 1s added
directly to the above described synthesis solution without
any pretreating other than washing or cleaning. In other
embodiments, the porous support can first be seeded by
immersing it 1n a seed suspension. The seed suspension 1s a
suitable mixture for inducing the formation of tectosilicate
and can be produced using S10,, for example. After the
formation of tectosilicate crystals on the porous support, the
support 1s dried and transierred to the synthesis solution.

The membrane described above can be used 1n relation to
o1l and water mixtures to separate the o1l and water. “O1l”,
in relation to oil-water mixtures, refers to any nonpolar
chemical substance that is a wviscous liquid at ambient
temperatures and 1s both hydrophobic (does not mix with
water, literally “water fearing™) and lipophilic (mixes with
other oils, literally “fat loving”).

The separation of o1l and water can be carried out by any
suitable process which places the oi1l-water mixture 1n posi-
tive pressure contact with a surface of the membrane. In
such positive pressure conditions, the water portion of the
mixture will pass through the membrane and the o1l portion
will be held back by the membrane, or not pass through. For
example, the membrane can be positioned horizontally and
the oi1l-water mixture contacted under gravity with an upper
surface of the membrane so that water passes down through
the membrane and o1l i1s retamned above the membrane.
Alternatively, the membrane can be positioned vertically
and the oil-water mixture pumped into a positive pressure
contact with a membrane surface or by gravitational force.
As will be appreciated, such membranes generally have two
surfaces with a large surface area in comparison with the
edges or thickness of the membrane. The positioning of the
membrane 1s described 1n relation to these two large-area
surfaces.

Typically, the membranes of this invention can be used to
achieve an oil-rejection rate of greater than 96%, and more
typically, an oil-rejection rate of greater than 97%, 98% or
99% can be achieved. In some embodiments, the oil-rejec-
tion rate can be greater than 99.5%. For example, the
separation of hexane-water mixtures using a membrane
having a B-substituted crystalline material, as described
above, can achieve an o1l reaction rate of 99.5% or greater
or of 99.7% or greater.

EXAMPLES

The following examples 1illustrate specific embodiments
consistent with the present disclosure but do not limit the
scope of the disclosure or the appended claims. Concentra-
tions and percentages are by weight unless otherwise indi-
cated.

The membranes of the Examples were produced by either
the Secondary Growth Method or the In Situ Crystallization
Method, both of which are described below.

Membrane Synthesized by Secondary Growth Method

MFI-type crystal-structure membranes were synthesized
by a Secondary Growth Method. To prepare MFI seed
suspension, NaOH (99.99%, Sigma-Aldrich) was dissolved
in the mixture solution of H,O and tetrapropylammonium
hydroxide (TPAOH) solution (1 M, Sigma-Aldrich). S10,
(0.2-0.3 um powder, Sigma-Aldrich) was added to the above
solution gradually at 80° C. 1n water bath to clear solution
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with stirring so as to achieve a molar ratio of each compo-
nent of NaOH:H,O:TPAOH:S10,=1:131.5:2.86:9.42

respectively. After aging for 4 h, the solution was transierred
into hydrothermal vessel and synthesized at 120° C. for 6 h.
The synthesized powder was washed 1n deionized water 1n
a centrifuge until a milky colloid was obtained (*seed
suspension”).

A pristine stainless steel mesh (100 scale, MSC) was cut
into 1 inchx1 inch pieces, and then washed and cleaned with
deionized water, ethanol, acetone and deionized water suc-
cessively and dnied at 50° C. overnight. After drying com-
pletely, the rinsed mesh was 1mmersed 1nto the seed sus-
pension for 1 min for seeding.

A secondary growth solution (synthesis solution) was
prepared by dissolving NaAlO, (anhydrous, Sigma-Aldrich)
into the mixture of water and TPAOH. After stirring for 30
min, tetracthyl orthosilicate (TEOS) (98%, Sigma-Aldrich)
was added into the transparent solution dropwise with
stirring. The mixture was continuously stirred for 3 more
hours. The preparation of the secondary growth solution was
designed to result in a molar ratio of each component of
TEOS: TPAOH:H,O:NaMQO,=1:0.095:35.42:X respectively.
Where “M” 1s a metal or metalloid 1on (for these examples
Al or B) and the value of X varied from 0 to 0.04, so as to
produce crystals with a M/S1 ratio (ASR) of from 0 to 0.04.

After drying completely, the seeded mesh was placed
vertically mto the synthesis solution and synthesized at 150°
C. for 17 h. After hydrothermal synthesis, the membrane was
calcined as 550° C. for 6 h at the temperature increasing and
decreasing rate of 30° C./h.

Membrane Synthesized by In Situ Crystallization Method

MFI-type crystal-structure membranes were synthesized
by an In Situ Crystallization Method. The synthesis solution
for 1n situ crystallization was prepared following the same
procedures as described above for the Secondary Growth
Method, while the molar ratio of each component was
TEOS: TPAOH:H,0O:NaMO,=1:0.095:35.42:X. Where “M”
1s the metal or metalloid 10n (only NaAlO, was used for the
in situ crystallization method for the below examples) and
the value of X varnied from 0 or 0.04 respectively. The
pristine stainless steel mesh was rinsed with same treatments
as described. After drying completely, the mesh was
immersed into the synthesis solution directly without seed-
ing. The hydrothermal synthesis was operated at 150° C. for
1’7 h. After hydrothermal synthesis, the membrane was dried

and calcined at 550° C. for 6 h with the ramping rate of 30°
C./h.

Example 1

Zeolite membranes were prepared in accordance with the
Secondary Growth Method and In Situ Crystallization
method. NaAlO, was used to prepare the synthesis solution.
The zeolite membranes were prepared by the Secondary
Growth Method so as to have Al/S1 ratios o1 0, 0.01, 0.02 and
0.04. The zeolite membranes were prepared 1n accordance
with the In Situ Crystallization Method so as to have Al/S1
ratios of either O or 0.04.

The membranes were tested to determine their oil/water
separation capabilities by the following method. A synthe-
s1zed membrane was fixed between two polytetratluoroeth-
ylene sheets (marketed under the brand name Teflon) and
sealed by epoxy resin. Belore the separation test, 20 mL of
deionized water was poured one time on top of the zeolite
meshes for pre-wetting. Afterwards, the oi1l/water separation
was performed immediately. A bottle was put on the top of
the membrane and then an oil/water mixture (50% v/v, 40
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ml.) was poured into the bottle, and the filtration occurred
with gravity as the driving force. The separation etfliciency
was defined and calculated by the oil-rejection rate ) accord-
ing to the following equation:

where m, 1s the weight of the o1l passed through the
membrane; m, 1s the total weight of the o1l before separa-
tion. The permeation flux J was calculated as:

where W 1s the weight of permeate; A 1s the eflective
membrane area; t 1s the permeant time.

The oil/water mixture (50% v/v) was poured into the
zeolite membrane. Water quickly passed through the mesh,
meanwhile the o1l was repelled on the mesh. The required
time for separation of 40 ml of o1l/water mixture was around
5-10 s, depending on the Al/S1 ratio of the zeolite mesh.

To examine membrane stability, filtrations were repeated
several times successively for each membrane without fur-
ther wetting and cleaning unless mentioned otherwise. The
membrane performance was investigated by comparing o1l-
rejection rates. In order to reproduce the membrane, the
tested membranes were placed into an oven and calcined at
550° C. for 6 h at the temperature increasing and decreasing
rate of 30° C./h, which was repeated three times. The
performance of the re-calcined membrane was measured
tollowing the same procedures described above.

Four kinds of oils and organic solvents were used 1n this
Example 1: hexane, cyclohexane, crude o1l and vegetable
oi1l. They were colored with Sudan Red. In Example 1,
hexane was used as the o1l unless otherwise indicated.

Initially, hexane was used to test the wettability of the
zeolite-coated meshes. Wettability was determined by con-
tact angle measurement. An increased amount of Al’* ions
raised the contact angle between hexane droplet and zeolite-
coated mesh, showing that underwater super-oleophobic
materials were obtained (FIG. 1). When the Al/S1 ratio
reached 0.04, the o1l contact angle was 163.5°, indicating the
possible formation of water layer between the hexane drop-
let and zeolite-coated mesh. The water layer could be firmly
held by zeolite crystal through hydrogen bonding, which
resulted 1n the repulsive properties to o1l and the high
oil-rejection rate. Thus, the oil-adhesion of the surface
became lower with increasing Al/S1 ratios from 0 to 0.04.
Contact angles were measured for i situ and secondary
grown MFI membranes, respectively. As shown 1n FIG. 1,
the o1l contact angles of 1n situ MFI membranes were higher
than secondary grown membranes, which shows higher
hydrophilicity of 1n situ membrane.

Next, the oil-rejection rate for hexane/water mixture was
used to determine the oil-rejection rate for membranes
produced by the Secondary Growth Method and by the In
Situ Crystallization Method. FIG. 2 shows a comparison of
oil-rejection rate of in situ and secondary grown MFI
membranes with two different Al/S1 ratios (0 and 0.04). The
oil-rejection rates of 1n situ membranes were slightly higher
than that of secondary grown membranes under the same
oil/water separation ambient conditions. While not wishing
to be bound by theory, this may be due to the relatively
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rougher surface of the in situ synthesized zeolite- Coated
mesh, wherein the larger surface area contributed to 1

interactions between coated zeolite layer and water. I
case, water was held more firmly by the zeolite crystal layer
to obtain higher oil-rejection rates. FIG. 2 shows the 1n situ
synthesis of the zeolite-coated mesh can be applied to save
chemicals and time and thus provide a resource-saving
alternative way to synthesize the MFI zeolite mesh without
loss of membrane performance.

FIG. 3 illustrates the oil/water separation efliciency as a
function of Al/S1 ratio for the membranes produced by the
Secondary Growth Method. As can be seen from FIG. 3, the
oil-rejection rate increased with increasing Al/S1 ratios. This
clearly indicates the membranes with higher Al/S1 ratio are
more hydrophilic.

The stability of a zeolite-type mesh 1s one of the most
important aspects for industrial applications. To examine the
stability, the prepared membranes underwent multiple sepa-
ration cycles. FIG. 4 shows the oil-rejection rate of the in
situ synthesized mesh with Al/S1=0.04 for 15 separation
cycles, which were performed for ~3 h with 10 min break
between each separation cycle. The oi1l/water separation was
fimished within 10 s for each cycle. During 15 separation
cycles, the oil-rejection rates were above 96% with the
average value of 99.7%. These results strongly indicate the
good stability of the membrane.

To further evaluate the separation capability of the zeo-
lite-coated mesh, FIG. 5 shows the separation ability of the
zeolite-coated mesh for various oils and organic solvents.
The 1n situ synthesized zeolite-coated mesh with Al/S1=0.04
was selected, which resulted 1n oil-rejection above 96% for
n-hexane, cyclohexane, mineral oil, and vegetable oil. It was
found that the prepared hydrophilic zeolite mesh showed
great potential for future industrial production.

Furthermore, a very important property of a zeolite mesh
1s reusability. The reusability of zeolite mesh was mnvesti-
gated via re-calcination processes. Alter oil/water separa-
tions, the zeolite-coated mesh film was re-calcined 1n the
oven at 550° C. for 6 h with the heat ramping rate of 30° C./h
in stagnant air. As shown in FIG. 6, oil-rejection rates of the
re-calcined membranes were >98.8% during 15 separation
cycles. After each of three re-calcinations, the average
oil-rejection rate during 15 separation cycles can still reach
99.5%, 99.7% and 99.6% respectively. This can be com-
pared with the oil-rejection rate of the pristine membrane
(99.7%). The results indicate the membrane performance 1s
thermally stable. The re-calcination step provides a simple
way to regenerate the used zeolite-mesh membranes. This
can save the expensive chemicals and save the membrane
synthesis time. These results indicate the good reusability
and good recyclability of the MFI zeolite mesh.

Example 2

Zeolite membranes were prepared in accordance with the
Secondary Growth Method. NaBO, was used to prepare the
synthesis solution. The zeolite membranes were prepared
having B/S1 ratios of 0, 0.01, 0.02 and 0.04.

The membranes were tested as outlined above 1n Example
1 to determine their oil/water separation capabilities. To
examine membrane stability, filtrations were repeated sev-
eral times successively for each membrane without further
wetting and cleaning unless mentioned otherwise. The mem-
brane performance was investigated by comparing oil-re-
jection rates. The corrosive solutions were prepared by
mixing 1 mol/L NaOH solution, 1 mol/L HCI solution or hot
water at 60° C. with hexane respectively. In order to repro-
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duce the membrane, the tested membranes were placed into
an oven and calcined at 550° C. for 6 h at the temperature
increasing and decreasing rate of 30° C./h, which was
repeated three times. The performance of the re-calcined
membrane was measured following the same procedures
described above.

Four kinds of oils and organic solvents were used 1n this
Example 2: hexane, cyclohexane, crude o1l and vegetable
oi1l. They were colored with Sudan Red. In Example 2,
hexane was used as o1l unless otherwise indicated.

Initially, hexane was used to test the wettability of the
zeolite-coated meshes. Wettability was determined by con-
tact angle measurement. The B>* ions increased the contact
angle between hexane droplet and zeolite-coated mesh,
showing underwater super-oleophobic matenials were
obtained (FIG. 7). The highest o1l contact angle of 162.0°
was obtained at B/S1=0.04. Thus, the oil-adhesion of the
surface became lower with increasing B/S1 ratios from O to
0.04.

FIG. 8 illustrates the oil/water separation efliciency of
tour diflerent B/S1 ratio membranes (0, 0.01, 0.02 and 0.04).
Each membrane was tested through 4 cycles. As shown 1n
FIG. 8, the oil-rejection rate of the zeolite-coated mesh
without boron (B/S1=0) decreased with increasing separa-
tion cycle numbers, which reflected that the boron-less
zeolite-coated meshes are less stable. Once the boron was
introduced into the zeolite structure (B/S1=0.01, 0.02 and
0.04), the oil-rejection rates increased to over 99.5% with
the water flux of 14,209-28,418 L m~* h™' depending on the
different B/S1 ratios with their high stabilities compared to
boron-less mesh.

When compared with various hydrophilic materials-
coated meshes (Table 1), the boron-introduced zeolite-
coated mesh showed better performance at each B/S1 ratios.
Additionally, the boron-introduced zeolite-coated meshes
show higher oil-rejection rates than aluminum-introduced
zeolite-coated meshes of Example 1.

TABLE 1

Inorganic hydrophilic materials Hexane rejection rate

MFI-Zeolite 96-98%
Cu,S >09%
S105 97.5%
S10, >00%
T10, 94%
Zn0O >05%
Palygorskite >06%
Boron-introduced zeolite >09%,

FIG. 9 shows the separation ability of the zeolite-coated
mesh for various oils and organic solvents. The boron-
introduced zeolite-coated mesh with B/S1=0.04 showed o1l-
rejection above 96.9% for n-hexane, cyclohexane, mineral
o1l, and vegetable o1l. It was found that the prepared hydro-
philic zeolite mesh can separate water from various types of
organic solvents eflectively. Since most of the o1ls or organic
solvents are insoluble 1 water, the various o1l rejection
results demonstrated great potential of the boron-introduced
zeolite-coated mesh for future industrial applications 1n
two-phase oily-water separation. To further evaluate the
separation capability, the intrusion pressure of the mesh
(B/51=0.04) was measured. The maximum stable supporting
height of hexane was 12.2 c¢m, indicating the intrusion
pressure of the mesh can reach 0.96 kPa. The intrusion
pressure measurement showed the solid mechanical strength
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of the boron-introduced zeolite-coated meshes, and their
potential to be treated with large amount of o1l/water mixture
at one time.

The stability of a zeolite mesh 1s required for sustainable
industrial applications. The boron-introduced zeolite-coated
mesh was examined 1n order to separate corrosive and hot
o1l/water mixtures 1in multiple separation cycles. The boron-
introduced zeolite-coated mesh with B/S1=0.04 was tested
under acidic, basic, and hot media. As shown in FIG. 10,
compared with the normal cases, when the zeolite-coated
mesh was treated with acid or base respectively, the oil-
rejection rates showed little deviation less than 0.2% during
multiple cycles. The hot water/hexane mixture had nearly no
cllects on oil-rejection rate. The oil-rejection rates were
higher than 99.4% 1n these four cases, indicating zeolite-
coated mesh performance was not greatly aflected when
treated with the corrosive or hot aqueous solutions. SEM
images were taken before and after corrosive and hot solu-
tions. Some small crystals were observed on the corrosive
media treated mesh compared with the pristine one. How-
ever, the main structures of the coated zeolite were not
significantly damaged compared with the pristine one,
which indicated the excellent resistance of our boron-intro-
duced zeolite-coated mesh towards acidic, basic, and hot
media. It was found that the zeolite crystal structures were
not obviously changed and the super-hydrophilicity
remained with high performance of oil/water separation.
Thus, the results indicate the zeolite-coated mesh could be
used under severe conditions.

The reusability of zeolite mesh was investigated via
re-calcination processes. After oil/water separations, the
zeolite-coated mesh film was re-calcined 1n the oven at 550°
C. for 6 h with the heat ramping rate of 30° C./h. As shown
in FIG. 11, oil-rejection rates of the re-calcined membranes
were >98.8% during 15 separation cycles. After re-calcina-
tions for three times, the average oil-rejection rate during 15
separation cycles can still reach 99.5%, 99.7% and 99.6%
respectively. This can be compared with the oil-rejection
rate of the pristine membrane (99.7%). The results indicate
the membrane performance 1s thermally stable. The re-
calcination step provides a simple way to regenerate the
used zeolite-mesh membranes. This can save the expensive
chemicals and save the membrane synthesis time. These
results indicate the good reusability and good recyclability
of the MFI zeolite mesh.

As can be seen from the above example, the membranes
of this disclosure have high separation performance for oil
and water mixtures and have high water flux. Additionally,
the membranes are stable, allow for regeneration while
retaining good performance, and work under severe envi-
ronmental conditions.

Therefore, the present compositions and methods are well
adapted to attain the ends and advantages mentioned, as well
as those 1nherent therein. The particular examples disclosed
above are illustrative only, as the present treatment additives
and methods may be modified and practiced in different but
equivalent manners apparent to those skilled in the art
having the benefit of the teachings herein. Furthermore, no
limitations are intended to the details of construction or
design herein shown, other than as described 1n the claims
below. It 1s therefore evident that the particular illustrative
examples disclosed above may be altered or modified, and
all such vanations are considered within the scope and spirit
of the present treatment additives and methods. While
compositions and methods are described in terms of “com-
prising,” “‘containing,” “having,” or “including” various
components or steps, the compositions and methods can
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also, 1n some examples, “consist essentially of” or “consist
of” the various components and steps. Whenever a numeri-
cal range with a lower limit and an upper limit 1s disclosed,
any number and any included range falling within the range

are specifically disclosed. In particular, every range of 5

values (of the form, “from about a to about b,” or, equiva-
lently, “from approximately a to b,” or, equivalently, “from
approximately a-b”) disclosed herein 1s to be understood to
set forth every number and range encompassed within the
broader range of values. Also, the terms 1n the claims have
their plain, ordinary meaning unless otherwise explicitly and
clearly defined by the patentee.
What 1s claimed 1s:
1. A membrane for o1l water separation, the membrane
comprising:
a porous support; and
a crystalline material deposited on the porous support; the
crystalline material 1s made of tectosilicate with a
portion of the S1 atoms substituted with substitute
atoms, wherein the substitute atoms are B atoms, and
wherein the ratio of substitute atoms to S1 atoms 1n the
tectosilicate 1s from about 0.001 to about 0.1.
2. The membrane of claim 1, wherein the crystalline
material has an MFI-type framework.
3. The membrane of claim 1, wherein the ratio of substi-
tute atoms to S1 atoms 1s from 0.01 to 0.07.
4. The membrane of claim 1, wherein the ratio of substi-
tute atoms to S1 atoms 1s from 0.02 to 0.06.
5. The membrane of claim 1, wherein the ratio of substi-
tute atoms to S1 atoms 1s from 0.03 to 0.05.
6. The membrane of claim 1, wherein the ratio of substi-
tute atoms to S1 atoms 1s about 0.04.
7. The membrane of claim 1, wherein the porous support
1s a metal mesh having a mesh size from 30 to 300.
8. The membrane of claim 7, wherein the metal mesh 1s
a stainless steel metal mesh.
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9. The membrane of claim 7, wherein the ratio of B atoms
to S1 atoms 1s from 0.01 to 0.07.

10. The membrane of claim 9, wherein the crystalline
material has an MFI-type framework.

11. The membrane of claim 10, wherein the ratio of B
atoms to S1 atoms 1s about 0.04.

12. A process for the production of a membrane compris-
ing a crystalline material deposited on a porous support, the
process comprising:

immersing at least one surface of the porous support 1n a

mixture including silicone atoms and substitute atoms,
wherein the porous support 1s immersed such that the
crystalline maternial crystallizes on the porous support
such that the crystalline material 1s made of tectosili-
cate with a portion of the S1 atoms substituted with
substitute atoms, wherein the substitute atoms are B
atoms, and wherein the ratio of substitute atoms to Si
atoms 1n the tectosilicate 1s from about 0.001 to about
0.1.

13. The process of claim 12, wherein the mixture 1s
produced by adding a silicon compound that degrades in
water and a source of substitute atoms into water.

14. The process of claim 13, wherein the silicon com-
pound 1s tetraethyl orthosilicate and the source of substitute
atoms 1s selected from the group consisting of metal or
metalloid sulfates of B, sodium metal oxides or sodium
metalloid oxides of B, metal or metalloid nitrates of B, and
mixtures thereof.

15. The process of claim 14, wherein the ratio of substi-
tute atoms to S1 atoms 1s from 0.01 to 0.07, and the porous
support 1s a metal mesh having a mesh size from 50 to 300.

16. The process of claim 15, wherein the ratio of substi-
tute atoms to S1 atoms 1s from 0.03 to 0.05.
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