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(7) ABSTRACT

Disclosed is a membrane surface modification method. The
method is applicable to a variety of hydrophobic membranes
by doping selected inorganic particles. One act of the method
involves the in-situ embedment of the inorganic particles onto
the membrane surface by dispersing the particles in a non-
solvent bath for polymer precipitation. Further membrane
surface modification can be achieved by hydrothermally
growing new inorganic phase on the embedded particles. The
embedment of particles is for the subsequent phase growth.
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DOPING OF INORGANIC MINERALS TO
HYDROPHOBIC MEMBRANE SURFACE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to provisional appli-
cation Ser. No. 61/379,505, filed on Sep. 2, 2010, which is
incorporated herein by reference.

TECHNICAL FIELD

[0002] Disclosed are surface modification techniques
involving doping of inorganic minerals into polymeric mem-
branes and related uses for water and wastewater treatment.

BACKGROUND

[0003] Filtration techniques utilizing filtering membranes
having a permselectivity have made remarkable progress.
Filtering membranes are currently utilized in practice in
numerous applications including, for example, production of
ultrapure water, preparation of medicines, sterilization and
finalization of brewages and purification of drinking water.
The use of filtering membranes is particularly valuable in
meeting the requirement to refine water (a high degree treat-
ment). Furthermore, the quality of surface water and ground-
water is getting progressively worse as a result of pollution by
wastewater and, it is increasingly recognized as an important
way to guarantee the safe use of water.

[0004] Membrane filtration has anumber of applications in
water and wastewater treatment. Most membranes are fabri-
cated from organic polymers which are hydrophobic in
nature. Hydrophobic membranes have high tendency to be
fouled by organic foulants deposition and/or biofilm forma-
tion.

[0005] Increasing the surface hydrophilicity is often
attempted. This is typically realized by the coating of hydro-
philic polymer layers, chemical or plasma treatment, graft
polymerization, blending of hydrophilic polymer or
amphiphilic copolymer or doping of inorganic materials.
Doping of inorganic materials is beneficial due to the com-
pletely hydrophilic characteristic of inorganic materials, as
well as the certain functionality to achieve membrane prop-
erty modification and/or fouling reduction. However, the
inorganic materials on/in the membranes modified by current
available doping approaches are either not stable on the mem-
brane surface or do not appear on the membrane surface.

SUMMARY

[0006] The following presents a simplified summary of the
invention in order to provide a basic understanding of some
aspects of the invention. This summary is not an extensive
overview of the invention. Itis intended to neither identify key
or ctitical elements of the invention nor delineate the scope of
the invention. Rather, the sole purpose of this summary is to
present some concepts of the invention in a simplified form as
a prelude to the more detailed description that is presented
hereinafier.

[0007] Described herein generally include surface modifi-
cations of polymeric membranes. More particularly, the dop-
ing of inorganic minerals, which includes embedment of inor-
ganic particles and, in some instances, the growth of
inorganic minerals on the embedded particles, to the surface
of hydrophobic membranes is described herein. In other
words, a method has been developed by which the inorganic
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materials can be stably embedded into a polymer matrix and
be functional in the desired application. Furthermore, mem-
brane hydrophilicity and other properties can be controlled
through the selection and amount of doped materials. The
need of surface modification of hydrophobic polymeric mem-
branes by doping inorganic materials is thereby successfully
satisfied.

[0008] 1In one embodiment, the in-situ embedment of inor-
ganic particles, which are dispersed in a non-solvent bath,
onto the membrane surface during the polymer precipitation
and solidification. In another embodiment, an optional pro-
cess additionally involves the subsequent growth of new inor-
ganic minerals onto the embedded particles.

[0009] To the accomplishment of the foregoing and related
ends, the invention comprises the features hereinafter fully
described and particularly pointed out in the claims. The
following description and the annexed drawings set forth in
detail certain illustrative aspects and implementations of the
invention. These are indicative, however, of but a few of the
various ways in which the principles of the invention may be
employed. Other objects, advantages and novel features of
the invention will become apparent from the following
detailed description of the invention when considered in con-
junction with the drawings.

BRIEF SUMMARY OF THE DRAWINGS

[0010] FIG. 1 depicts a schematic illustration of the device
for fabricating membranes by the wet phase separation tech-
nique, together with the “in-situ” surface embedment of inor-
ganic particles. The inorganic particles are dispersed in the
non-solvent (e.g. water) phase during the polymerization pro-
cess.

[0011] FIGS. 2(a) and 2(b) are pictures of top surfaces of
(a) the ultrafiltration and (b) the microfiltration polyvi-
nylidene fluoride (PVDF) membranes fabricated by the wet
phase separation technique without particle doping.

[0012] FIGS. 3(a) and 3(b) are pictures of top surfaces of a
gamma-alumina-embedded PVDF membrane showing (a)
the particle-modified surface and (b) the details of the
anchored particles.

[0013] FIGS. 4(a) and 4(b) are pictures demonstrating the
gibbsite growth on the gamma-alumina-embedded surface.
The result was achieved by hydrothermally (105° C.) treating
the base membranes in a 3 mM aluminum sulfate solution for
(@) 8 hours and (b) 2 days.

[0014] FIG. 5 illustrates a Table describing the enhanced
membrane surface hydrophilicity due to gamma-alumina par-
ticle embedment and the subsequent gibbsite growth.

DETAILED DESCRIPTION

[0015] The methods of surface modification of polymeric
membranes involve doping of inorganic minerals by in-situ
embedment of inorganic particles during polymeric mem-
brane solidification. Generally speaking, wet phase separa-
tion membrane formation process is employed to make the
embedded polymeric membranes. A wet phase separation
membrane formation process involves precipitating a dis-
solved polymer by immersion in a non-solvent bath to form a
membrane structure. That is, the process involves the immer-
sion of the cast solution of the polymers into a bath of non-
solvent for the polymer precipitation and solidification.

[0016] The embedded polymeric membrane is made of any
polymer that can be used in a wet phase separation membrane
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formation process. Examples of polymers include one or
more of polyvinylidene fluorides (PVDF), polysulfones (PS),
polyethersulfones (PES), polyacrylonitriles (PAN), polyim-
ides, and polyvinyl chlorides (PVC), polyphenylsulfones
(PPES), cellulose nitrate, and cellulose acetate, and copoly-
mers and terpolymers thereof.

[0017] A number of inorganic particles can be used for the
embedment. Suitable inorganic particles impart or increase
the hydrophilicity of the polymer membrane while occupying
surface positions on the polymer membrane. Examples of
inorganic particles include aluminum oxides, aluminum
hydroxides, titanium dioxide, and silver particles. Specific
examples of alumina include gamma-alumina, eta-alumina,
theta-alumina, and the like.

[0018] In oneembodiment, the inorganic particles have an
average particle size from 5 nm to 500 nm. In another embodi-
ment, the inorganic particles have an average particle size
from 10 nm to 250 nm. In yet another embodiment, the
inorganic particles have an average particle size from 20 nm
to 100 nm.

[0019] Requirements of this in-situ particle embedment
approach are straightforward. Firstly, the particles are well
dispersed in the non-solvent (e.g., water) bath, which can be
easily attained by sufficiently reducing the particle size of
dopants using conventional techniques. Secondly, the optimi-
zation of embedding particles to a specific membrane can be
predicted by calculating the change of interfacial energy for
the attachment of particles on the target membrane.

[0020] As described herein, the term “cast solution” refers
to a polymer solution in which the polymer is well dissolved
in a suitable solvent. The cast solution can also contain a
suitable amount of a non-solvent, additive, and/or co-poly-
mer. The term “non-solvent” refers to as a liquid or mixed
liquid in which the polymer coagulates and/or precipitates.

[0021] Examples of solvents include one or more of N-me-
thyl-2-pyrrolidone, dimethylformamide, dimethylacetamide,
and the like. Examples of non-solvent, additive, and/or co-
polymer include one or more of aliphatic polyhydric alcohols
such as diethylene glycol, polyethylene glycol or glycerol;
lower aliphatic alcohols such as methanol, ethanol or isopro-
pyl alcohol; lower aliphatic ketones such as methyl ethyl
ketone; water; and polyvinylpyrrolidone.

[0022] In one embodiment, the cast solution contains from
5% to 40% of polymer, from 10% to 90% of solvent, and from
1% to 40% of poor solvent, non-solvent, additive, and/or
co-polymer. In another embodiment, the cast solution con-
tains from 10% to 30% of polymer, from 20% to 80% of
solvent, and from 2% to 30% of poor solvent, non-solvent,
additive, and/or co-polymer.

[0023] Two specific examples of cast solutions were pre-
pared as follows. Cast solution A comprises 18% PVDF (by
weight), 3% glycerol (as poor solvent) and 79% N-Methyl-
2-pyrrolidone (as the solvent for PVYDF). Cast solution B is
identical 1o cast solution A except that it contains 10% (by
weight of PVDF) of polyvinylpyrrolidone (as additive). The
non-solvent for PVDF precipitation was water, and the tem-
perature of water can be increased above room temperature
for increased membrane structure control.

[0024] The polymer membrane can be fabricated by the wet
phase separation technique, by using the device as shown in
FIG. 1. Both ultrafiltration and microfiltration membranes
can be fabricated by this technique. The polymeric mem-
branes are for microfiltration, for ultrafiltration, or for the
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supporting membranes of nanofiltration or of reverse/forward
osmosis. The polymeric membranes can have either isotropic
or anisotropic structure.

[0025] The product examples are demonstrated in FIG. 2,
with the ultrafiltration membrane fabricated using cast solu-
tion A in a water (non-solvent) bath at room temperature and
the microfiltration membrane fabricated using cast solution B
in a water (non-solvent) bath at 90° C. The in-situ particle
embedment technique involved in the invention makes slight
modification to the classical wet phase separation technique
by dispersing the inorganic particle dopants in the non-sol-
vent bath. In our demonstration, nano-sized (average diam-
eter of 40 nm) gamma-alumina particles were dispersed in the
water bath at a concentration of 0.15 g/L. The particles were
embedded onto the PVDF membrane surface during the poly-
mer precipitation and solidification (membrane formation)
processes. The distribution of particles on the membrane is
uniform (FIG. 3a) and the particles are tightly anchored into
the PVDF matrix (FIG. 3b). This in-situ particle embedment
technique is simple and easy to be adopted by current mem-
brane fabrication facilities.

[0026] The invention extends to the growth of new inor-
ganic phases on the embedded particles. Generally, the
growth of new inorganic phases on the embedded particles is
conducted under elevated temperatures in an aqueous solu-
tion of inorganic materials. In other words, additional growth
of other anhydrous or hydrated minerals such as aluminum
oxides can be accomplished.

[0027] TIn one embodiment, the growth of new inorganic
phases is carried out in an aqueous solution at a temperature
from 30° C. to 150° C. In another embodiment, the growth of
new inorganic phases is carried out in an aqueous solution at
a temperature from 40° C. to 100° C. In yet another embodi-
ment, the growth of new inorganic phases is carried out in an
aqueous solution at a temperature from 40° C. to 100° C.
Examples of the inorganic materials are the same as or deri-
vates (such as (hydr)oxides of aluminum, oxides of titanium,
and metal silver) of the inorganic particles described above.

[0028] An example is shown by the growth of gibbsite
(gamma-Al(OH);) on the embedded gamma-alumina par-
ticles by hydrothermally treating the membrane in a 3 mM
Al,(S0O,); solution at 105° C. (FIG. 4). The coverage ratio of
the grown phase can be easily controlled by, but not limited to,
the duration of the hydrothermal treatment. No inorganic
substance was found to stably grow on the bare membrane
(without precedent particle embedment), which beneficially
prevents the blockage of the membrane pores and reveals the
necessity of embedding the “root” particles on the membrane.
The process of growing inorganic phases to further modify
the membrane surface property is optional but provides the
flexibility of creating the surface-root composite structure,
based on the different particle materials anchored on the
membrane surface.

[0029] The resultantembedded polymeric membranes con-
tain embedded inorganic particles, polymer, and optionally
grown inorganic material (if the hydrothermal growth tech-
nique is exercised). In one embodiment, the resultant embed-
ded polymeric membranes on the surface contains from 2% to
70% of inorganic particles, from 30% to 98% of polymer, and
from 0% to 70% grown inorganic material. In another
embodiment, the resultant embedded polymeric membranes
contains on the surface from 5% to 60% of inorganic par-
ticles, from 40% to 95% of polymer, and from 0% to 60%
grown inorganic material.
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[0030] Regardless of the precise manner in which inorganic
particles are embedded in the surface of polymeric mem-
branes, the term “surface” in this context means to a depth of
0.5 microns or less. That is, the term surface is from the
superficial or outermost boundary of the polymeric mem-
branes to a depth of 0.5 microns or less. In some instances,
surface includes to a depth of 0.25 microns or less. In other
instances, surface includes to a depth of 0.1 microns or less. In
still other instances, surface includes only the exposed outer-
most boundary of the polymeric membranes (what is present
on the superficial surface).

[0031] The increase of hydrophilicity of resultant embed-
ded polymeric membranes is attributable to inorganic par-
ticles on the surface of the polymer. In one embodiment, at
least 25% area of the surface of the resultant embedded poly-
meric membranes is the inorganic particles. In another
embodiment, at least 50% area of the surface of the resultant
embedded polymeric membranes is the inorganic particles. In
yet another embodiment, at least 60% area of the surface of
the resultant embedded polymeric membranes is the inor-
ganic particles.

[0032] The increase of hydrophilicity is apparent after the
particle embedment and the subsequent inorganic phase
growth. In one embodiment, the resultant embedded poly-
meric membrane has contact angle of 80° or less. In another
embodiment, hydrophilic surfaces have contact angles of 70°
or less. In yet another embodiment, hydrophilic surfaces have
contact angles of 60° or less.

[0033] Hydrophilicity refers to the physical property of a
surface to like or attach water. Hydrophilicity can be
described in more quantitative terms by using contact angle
measurements. Referring to FIG. 6, the contact angle 0 is
defined by the equilibrium forces that occur when a liquid
sessile drop 3, 4 is placed on a smooth surface 2. The tangent
5, 6 to the surface 2 of the convex liquid drop 3, 4 at the point
of contact among the three phases (solid, liquid, and vapor) is
the contact angle 6,, 6, as illustrated in FIG. 6. Young’s
equation, y =y Y, cos defines the relationship between the
surface tension of the solid-vapor (ys, vector along surface 2
away from center of drop 3, 4), solid-liquid (y;, vector along
surface 2 toward center of drop 3, 4), and liquid-vapor (y,,
tangent 5, 6).

[0034] For purposes of this invention, hydrophilic surfaces
have contact angles of about 90° or less. In another embodi-
ment, hydrophilic surfaces have contact angles of increasing
the hydrophilicity means decreasing the contact angle, evenif
the decreased contact angle is more than 90°, for example, a
decreased contact angle from 120° to 95°.

[0035] Comparing the resultant embedded polymeric
membranes with similar polymeric membranes but not con-
taining the embedded inorganic particles, the resultant
embedded polymeric membranes have a contact angle at least
10° less than the contact angle of the similar polymeric mem-
branes but not containing the embedded inorganic particles.
In another embodiment, the resultant embedded polymeric
membranes have a contact angle at least 15° less than the
contact angle of the similar polymeric membranes but not
containing the embedded inorganic particles.

[0036] An example is shown in the table of FIG. 5. The
nascent membrane is quite hydrophobic with a water droplet
contact angle of 94°. With the particle embedment, the con-
tact angle is reduced to 77°. Further contact angle decrease to
50° is observed with gibbsite growth.
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[0037] The invention is not limited to only increasing the
membrane hydrophilicty. For example, nano silver particles
are found to have bactericidal function and as such are ben-
eficial for biofilm formation control. Nano silver particles can
be embedded onto the surface of a number of membranes by
dispersing the particles in the non-solvent bath for the poly-
mer of this invented technique. Another example is the
employment of this invention to embed titanium dioxide par-
ticles on a suitable membrane surface. As a type of photocata-
lysts, the embedded titanium dioxide will undergo photocata-
Iytic reaction to achieve the pollutant degradation or
detoxification under the irradiation of UV or sun light. There-
fore, this invention is also providing a fabrication method for
photocatalytically active membranes.

[0038] The embedded polymeric membranes have reduced
fouling rates compared to polymeric membranes not contain-
ing the embedded inorganic particles. For example, using
calcium alginate in a feed solution shows that the doping of
either gamma-alumina or gibbsite in PYDF membrane
reduces the rate of formation of an undesirable gel layer on
membrane surface. The addition of inorganic materials in
embedding polymeric membranes leads to increased mem-
brane permeability and improved control of membrane-sur-
face properties. Therefore, a hydrophilic, less fouled and
preferred property of polymeric membrane surface can be
achieved to allow the use of water membrane treatment tech-
nology for bioreactors and high solid-content feed water. The
embedded polymeric membranes have usefulness in treating
water having high organic solids, such as industrial waste
streams, bioreactors, sewage, and landfill leachate.

[0039] Unless otherwise indicated in the specification and
claims, all parts and percentages are by weight, all tempera-
tures are in degrees Centigrade, and pressure is at or near
atmospheric pressure.

[0040] With respect to any figure or numerical range for a
given characteristic, a figure or a parameter from one range
may be combined with another figure or a parameter from a
different range for the same characteristic to generate a
numerical range.

[0041] Other than in the operating examples, or where oth-
erwise indicated, all numbers, values and/or expressions
referring to quantities of ingredients, reaction conditions,
etc., used in the specification and claims are to be understood
as modified in all instances by the term “about.”

[0042] Whilethe invention has been explained in relation to
certain embodiments, it is to be understood that various modi-
fications thereof will become apparent to those skilled in the
art upon reading the specification. Therefore, it is to be under-
stood that the invention disclosed herein is intended to cover
such modifications as fall within the scope of the appended
claims.

What is claimed is:

1. A method of surface modification to polymeric mem-
branes by doping of inorganic minerals; wherein the doping
comprises the in-situ embedment of inorganic particles dur-
ing membrane solidification in a non-solvent bath.

2. The surface modification method of ¢claim 1, wherein the
inorganic particles comprise one or more selected from the
group consisting of: aluminum oxides, aluminum hydrox-
ides, titanium dioxide, and silver particles.

3. The surface modification method of claim 1, wherein the
polymeric membranes that are fabricated through a phase
separation technique from one or more selected from the
group consisting of: polyvinylidene fluorides, polysulfones,
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polyethersulfones, polvacrylonitriles, polyimides, and poly-
vinyl chlorides, polyphenylsulfones, cellulose nitrate, and
cellulose acetate, and copolymers and terpolymers thereof.

4. The surface modification method in claim 3 involves the
immersion of the cast solution of the polymers into a bath of
non-solvent for the polymer precipitation and solidification.

5. The surface modification method of claim 3, wherein the
polymeric membranes are for microfiltration, for ultrafiltra-
tion, or for the supporting membranes of nanofiltration or of
reverse/forward osmosis.

6. The surface modification method of claim 3, wherein the
polvmeric membranes have ecither isotropic structure or
anisotropic structure.

7. The surface modification method of claim 1 involves the
dispersion of the inorganic particles in a non-solvent for the
polymeric materials of the membrane.

8. The surface modification method of claim 1, wherein the

inorganic particles have an average particle size from 5 nm to
500 nm.

9. The surface modification method of claim 1, wherein the
cast solution comprises from from 5% to 40% of polymer,
from 10% to 90% of solvent, and from 1% to 40% of non-
solvent, additive, and/or co-polymer.

10. A method of surface modification to inorganic mineral
embedded polymeric membranes by growing inorganic min-
erals on the embedded particles under an elevated tempera-
ture in an aqueous solution.

11. The method of surface modification of claim 10
involves the precipitation and/or crystallization of the inor-
ganic minerals on the surface of the embedded particles but
not the surface of the polymer materials.
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12. The method of surface modification of claim 10,
wherein the grown inorganic minerals may have the same or
different crystalline phase and/or chemical composition from
the embedded particles.

13. The method of surface modification of claim 10,
wherein the elevated temperature from 30° C. to 150° C.

14. An embedded polymeric membrane, comprising on the
surface from 2% to 70% of inorganic particles, from 30% to
98% of a polymer, and from 0% to 70% grown inorganic
material.

15. The embedded polymeric membrane of claim 14,
wherein the inorganic particles have an average particle size
from 5 nm to 500 nm.

16. The embedded polymeric membrane of claim 14,
wherein the inorganic particles comprise one or more selected
from the group consisting of: aluminum oxides, aluminum
hydroxides, titanium dioxide, and silver particles.

17. The embedded polymeric membrane of claim 14,
wherein the polymer comprises one or more selected from the
group consisting of: polyvinylidene fluorides, polysulfones,
polyethersulfones, polyacrylonitriles, polyimides, and poly-
vinyl chlorides, polyphenylsulfones, cellulose nitrate, and
cellulose acetate, and copolymers and terpolymers thereof.

18. The embedded polymeric membrane of claim 14,
wherein the embedded polymeric membrane contact angle of
80° or less.

19. The embedded polymeric membrane of claim 14,
where comparing the embedded polymeric membranes with
similar polymeric membranes but not containing the embed-
ded inorganic particles, the embedded polymeric membranes
have a contact angle at least 10° less than a contact angle of
the similar polymeric membranes but not containing the
embedded inorganic particles.

¥ ok ok kX



	Bibliography
	Abstract
	Drawings
	Description
	Claims

