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Description

BACKGROUND

[0001] The shortage of fresh water has become a major problem in many parts of the world. According to the world
health organization (WHO), the lack of fresh water may affect up to 4 billion people by 2050. In order to address this
problem, various studies have been conducted with regard to improving the conversion of sea water into fresh water for
human consumption and irrigation. The growing importance of water desalination has encouraged renewed focus on
existing technology for water desalination. Reverse Osmosis (RO) is a major and commonly used membrane-based
technology for seawater desalination. However, this technology is limited to relatively modest salinity because the osmotic
pressure that must be overcome in RO increases with the salt concentration in the feed stream. In addition, RO processes
are generally energy intensive, have high investment costs, and may have a large footprint due to extensive pretreatment.
[0002] In view of the limitations encountered in the RO process, researchers sought methods that are easier to operate.
One such technique is membrane distillation (MD). MD is a thermally driven process that can be an attractive alternative
for water desalination. In an MD process having a direct contact configuration, feed and permeate streams may flow
along opposing sides (e.g., a feed side and a permeate side) of a hydrophobic microporous membrane. Francis, L. et
al., Fabrication of electrospun nanofibrous membranes for membrane distillation application. Desalination and Water
Treatment 2013, 51 (7-9), 1337-1343.
[0003] Water vapor is transported from the feed to the permeate side due to a vapor pressure gradient across the
membrane. MD desalination process may provide a high purity water product, without the need for external hydraulic
pressure, and may be applied to high concentration salt solutions. However, one of the challenges facing the MD
development is fabrication of suitable membranes with specific characteristics. Khayet, M., et al., Experimental design
and optimization of asymmetric flat-sheet membranes prepared for direct contact membrane distillation. Journal of
Membrane Science 2010, 351 (1), 234-245.
[0004] In the past few years, several studies have been reported in incorporating nanoparticles in electrospun na-
nofibers or in hollow fibers to impart functionalities to distillation membranes. For example, Francis and co-authors
reported the use of hydrophobic silver nanoparticles to functionalize hollow poly vinylidene fluoride (PVDF) fibers. Francis,
L, et al., Fabrication and Characterization of Functionally Graded Poly (vinylidine fluoride)-Silver Nanocomposite Hollow
Fibers for Sustainable Water Recovery. Science of Advanced Materials 2014, 6 (12), 2659-2665. The incorporation of
nanoparticles not only improved the hydrophobicity of the hollow fiber membrane but also improved the mechanical
properties and the distillation performance of the membrane. In recent work, researchers have used surface modifying
macromolecules (SMM) with hydrophilic or hydrophobic properties to make triple layer membranes having a highly
hydrophobic feed side layer and a hydrophilic permeate side layer to prevent pore wetting and to improve distillation
flux. Prince, J., et al., Nanofiber based triple layer hydro-philic/-phobic membrane-a solution for pore wetting in membrane
distillation. Scientific Reports 2014, 4: 6949, 1 - 6. Organically-modified silica nanoparticles have been also used to
impart functionalities to the fiber membranes as well. Xiong Li and co-authors studied the incorporation of different sizes
of super hydrophobic silica nanoparticles in the PVDF nanofibers. In this paper, the composite nanofibers were asserted
to have a higher flux and lifetime, as compared to pure PVDF nanofibers. Li, X., et al.; Electrospun Superhydrophobic
Organic/Inorganic Composite Nanofibrous Membranes for Membrane Distillation. ACS Applied Materials & Interfaces
2015, 7, 21919-21930. In another paper, as a way to improve the hydrophobic properties of polyetherimide (PEI) hollow
fiber membranes, authors used fluorinated silica nanoparticles. Zhang, Y.; et al., Fabrication of novel polyetherimide-
fluorinated silica organic-inorganic composite hollow fiber membranes intended for membrane contactor application.
Journal of Membrane Science 2013, 443, 170-180. The resulting nanocomposite membrane was applied a CO2 separator
gas-liquid membrane contactor system, and researchers claimed a stable performance for 31 days of long term opera-
tions. See also US Patent Publications 2015/005361 1 and 2014/0158610. In the art, article "Recent Advances in
Functionalization of Mesoporous Silica" published in the Journal of nanoscience and nanotechno, American scientific
publishers, inc, col 5, n° 3, 1 march 2005, page 347-371 teaches general knowledge about mesoporous silica membranes.
[0005] However, the above membranes suffer from lower process performance. In addition, biofouling is a potential
drawback of the membrane based desalination process, particularly when the membranes are used in real-world con-
ditions.
[0006] Accordingly, there is a need for improved materials and membranes, particularly for use in MD processes and
MD systems including the same. In particular, a need exists for better improving the anti-biofouling properties for MD.

SUMMARY

[0007] The invention is defined by the appended claims.
[0008] A first aspect provides for a nanocomposite membrane (NCM) for membrane distillation, the NCM comprising:
polymer fibers aggregated into a matrix; and periodic mesoporous organosilica (PMO) nanoparticles disposed on the



EP 3 471 864 B1

4

5

10

15

20

25

30

35

40

45

50

55

polymer fibers, the PMO nanoparticles comprising hydrophobic functional groups.
[0009] According to the invention, the hydrophobic functional groups comprise fluorinated organic groups.
[0010] According to the invention, the fluorinated organic groups comprise pentafluorophenyl groups.
[0011] In one embodiment, the pentafluorophenyl groups are covalently bonded to silicon atoms of the PMO nano-
particles.
[0012] In one embodiment, wherein the PMO nanoparticles comprise -CH2CH2-bivalent groups. . In one embodiment,
the polymer fibers comprise polyetherimide (PEI), poly vinylidene fluoride (PVDF), poly(methyl methacrylate (PMMA),
polysulfone, or any combination thereof.
[0013] In one embodiment, the polymer fibers comprise polyetherimide (PEI).
[0014] Methods of making the membranes and compositions are also provides. For example, the method of making
the membrane comprises the step of electrospinning.
[0015] Methods of using the membranes are also provided including membrane distillation.
[0016] A variety of one or more advantages can flow from one or more embodiments described herein. These include,
for example, unexpectedly high membrane fluxes, increased strength and durability, thermal stability, ability to tune
hydrophobicity and hydrophilicity, environmental friendliness, low toxicity, anti-fouling and antiscaling properties, and/or
lower cost. The high porosity can allow a membrane to be loaded with different cargo and functionalize the membrane
with, for example, antimicrobial and/or antioxidant activity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

FIG. 1 is a schematic diagram for one embodiment of a membrane distillation system.
FIG. 2 is a schematic representation of formation of a PMO nanoparticle in one embodiment.
FIGS 3A-3D are TEM micrographs of PMO nanoparticles for some embodiments.
FIG. 4 illustrates a method of forming a nanocomposite membrane in one embodiment.
FIGS. 5A-5D are TEM micrographs (5A-B) and STEM micrographs (5C-D) showing PEI nanofibers doped with PMO
nanoparticles in some embodiments.
FIGS. 6A-6C are SEM micrographs showing PEI nanofibers doped with different concentrations of PMO nanopar-
ticles in some embodiments.
FIG. 7 is a graph showing mass loss with respect to temperature of nanocomposite membranes in some embodiments
along with comparative membranes.
FIG. 8 is a graph showing water contact angles of nanocomposite membranes in some embodiments and comparative
membranes.
FIG. 9 is a graph showing the permeate flux of nanocomposite membranes in some embodiments and comparative
membranes, at different temperatures.
FIG. 10 illustrates four types of membrane distillation embodiments.
FIG.11 illustrates reduction in bacterial attachment compared to the pristine PEI nanofiber.
FIG 12 illustrates the bacterial inhibition of the anti-microbial loaded PMO doped composite membrane.

DETAILED DESCRIPTION

INTRODUCTION

[0018] Additional description for the elements of the aspects and embodiments summarized above are provided below.
[0019] The terms "consisting essentially of" and "consisting of" are part of the present disclosure. For example, they
may be used in place of terms such as "comprising" or "comprises." Basic and novel features of the present inventions
are described and inherently provided herein.

COMPOSITE NANOFIBER (NANOCOMPOSITE) MEMBRANE (NCM)

[0020] According to various embodiments, provided is an NCM that includes polymeric fibers functionalized with
periodic mesoporous organosilica (PMO) nanoparticles. The fibers are microfibers and/or nanofibers and are aggregated
into a matrix. The matrix may form a feed (e.g., brine) contact surface of the NCM. The PMO nanoparticles are disposed
on surfaces of the fibers. For example, the PMO nanoparticles may be incorporated into surfaces of the fibers during
the formation of the fibers or may be attached to or coated on previously formed fibers. The PMO nanoparticles may be
attached to the fibers by, for example, electrostatic attraction or covalent bonding reaction.
[0021] The membrane may be utilized in membrane distillation (MD) processes and/or systems. For example, the
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NCM may be included in a direct contact MD system (DCMD), an air gap MD system (AGMD), a sweep gas MD system
(SGMD), and/or a vacuum MD system (VMD). See, Figure 10, for example, for illustrations of these different embodiments.
Other types of MD processes or systems can be used. See, for example, Tijing, L. D., et al., Recent progress of membrane
distillation using electrospun nanofibrous membrane. Journal of Membrane Science 2014, 453, 435-462.
[0022] The properties of the NCM, such as the thickness and/or pore size thereof, may determined according to the
characteristics of a distillation system including the NCM. For example, according to some embodiments, such as when
the NCM is included in a MD system, the NCM may have a thickness ranging from about 30 microns to about 300
microns, or about 50 microns to about 200 microns, or about 50 microns to about 150 microns, and an average pore
size ranging from about 0.1 microns to 1.5 microns. The NCM may also have a water contact angle of at least about
90°, or at least about 120°, or at least 130°, or at least 135°, or at least 140°, or less than about 170°, ranging from about
90° to about 170°. The contact angle can be less than 160°. Further, the NCM may have a flux ranging from about 20
Kg/m2h to about 200 Kg/m2h.
[0023] According to some embodiments, the fibrous matrix of the NCM may be formed by electrospinning. See, for
example, Tijing, L. D., et al., Recent progress of membrane distillation using electrospun nanofibrous membrane. Journal
of Membrane Science 2014, 453, 435-462. The electrospinning technique also may be found in a paper by L. Francis
et al. which is incorporated herein by reference (L. Francis et al., Desalination and Water Treatment 51 (2013) 1337-1342).
However, according to some embodiments, the NCM may be a cast membrane, a hollow fiber membrane, or a phase-
inversion flat sheet membrane, for example.
[0024] In one embodiment, the matrix is formed by electrospinning a mixture comprising the polymer such as poly-
etherimide (PEI), at least one solvent, and the PMO nanoparticles.
[0025] In one embodiment, the solvent comprises an aprotic organic solvent such as, for example, N-methyl-2-pyrro-
lidone (NMP).
[0026] In one embodiment, the mixture comprises: from about 5 to about 25 wt% PMO nanoparticles, based on 100
wt% of the polymer such as PEI; and from about 15 to about 25 wt% of the polymer such as PEI, based on 100 wt% of
the solvent. In another embodiment, the mixture comprises:
from about 5 to about 20 wt% PMO nanoparticles, based on 100 wt% of the polymer such as PEI; and from about 15
to about 20 wt% of the polymer such as PEI, based on 100 wt% of the solvent
[0027] According to various embodiments, the NCM may include a support configured to support the fibrous matrix.
The support can be, for example, hydrophobic or hydrophilic. In one embodiment, a polymeric support such as a polyester
non-woven support can be used.

PMO NANOPARTICLES

[0028] Periodic mesoporous organosilicas (PMOs) are known in the art including nanoparticles of PMOs. See, for
example, Croissant et al., "Syntheses and Applications of Periodic Mesoporous Organosilica Nanoparticles," Nanoscale,
2015, 20318-20334; Croissant et al., Advanced Materials, 2015, 27, 145-149; Croissant et al., Adv. Mater., 2014,
DOI:10.1002/adma.201401931; and references cited in these references. Mesoporous pores can be characterized as
having diameters of about 2 nm to about 50 nm. In contrast, microporous pores can be less than 2 nm, and macroporous
pores can be greater than about 50 nm.
[0029] As noted above, the NCM may include a polymer functionalized with PMO nanoparticles. The PMO nanoparticles
may be generally spherical particles having an average diameter of from about, for example, 50 nm to about 500 nm,
or about 100 nm to about 200 nm. However, according to some embodiments, the PMO nanoparticles may have other
shapes and/or sizes. The PMO nanoparticles can be porous.
[0030] The PMO nanoparticles may include a framework of polysilsesquioxanes connected by organic bridging groups.
For example, the bridged polysilsesquioxane can be generically represented by the formula O1.5Si-R-SiO1.5., where R
represents the organic bridging group. They can be prepared from reactive bridged compounds (R’O)3Si- R - Si(OR’)3,
wherein R’ can be a monovalent moiety such as alkyl and R can be a bivalent moiety such as alkylene as known in the
art. R and R’ can be, for example, C1-C6 moieties, or C2-C4 moieties. R can be, for example, -CH2CH2-. Each individual
organic bridging group may be covalently bonded to two or more silicon atoms in the framework. The pores in the material
can be periodically ordered with diameter in the range 2-50 nm, or 2-30 nm, or 2-10 nm, or 2-5 nm, or 2-3 nm. According
to the type of bridging group, pores of the PMO nanoparticles may have various shapes, such as three-dimensional
hexagonal (P63/mmc), cubic (Pm3n), two-dimensional hexagonal (P6mm), and wormlike, for example. Two or more
reactive silane compounds can be used to create the PMO. For example, one silane compound can provide a hydrophobic
or hydrophilic moiety.
[0031] The PMO nanoparticles are functionalized with one or more modifying groups, in order to change one or more
properties thereof. According to the invention, the PMO nanoparticles are functionalized with hydrophobic groups, in
order to increase the hydrophobicity thereof. In particular, the PMO nanoparticles are functionalized with fluorinated
organic groups comprising a pentafluorophenyl functional group, which may be covalently bonded to silane groups of
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the framework (e.g., covalently bonded to Si atoms of the framework). Examples of non-fluorinated groups include, for
example, aminopropyl, mercaptopropyl, and dodecyl.
[0032] The PMO nanoparticles may be functionalized with other fluorinated groups, such as trifluoromethyl, heptade-
cafluorodecyl, 11-(pentafluorobenzyloxy)-undec-1-yl, and 11-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octyloxy)-undec-
1-yl.
[0033] The hydrophobicity of the PMO nanoparticles may be tuned by controlling the amount and/or type of hydrophobic
groups attached to the PMO nanoparticle framework. In various embodiments, the PMO nanoparticles may include from
about 10 wt.% to about 40 wt% of the hydrophobic groups, based on the total weight of the PMO nanoparticles.
[0034] The PMO nanoparticles can be tested for zeta potential, and can be found to have negative surface charac-
teristics. Hence, they can be attractive to positively charged groups in a polymer such as groups found in nitrogen-
containing polymers such as polyethyleneimine, for example.
[0035] The PMO nanoparticles described herein can be used for a variety of applications which are not limited to
membranes or membrane distillations. (J. G. Croissant et al., Nanoscale 7 (2015) 20318-20334)

NCM POLYMER

[0036] According to various embodiments, the NCM may include a membrane-forming polymer. In particular, the
polymer may be functionalized via doping with the PMO nanoparticles. Synthetic polymers useful for making membranes
are known in the art. They can include, for example, imide repeat units or fluoro repeat units. Imide-containing polymers
can be used such as, for example, PEI, PAI, PI, BTDA-TDI-MDI. The polymer may be any suitable membrane-forming
polymer, such as polyetherimide (PEI), poly vinylidene fluoride (PVDF), poly(methyl methacrylate (PMMA), polysulfone,
or the like. The polymer may be in the form of hollow or solid microfibers or nanofibers, which may be electrospun and
aggregated into a matrix to form the NCM. According to some embodiments, the fibers may have a diameter of about
50 nm to about 1,000 nm, or about 200 nm to about 600 nm. The fiber length is not particularly limited but can be adapted
for the need.
[0037] The polymer may be hydrophobic in its native form, or may be functionalized to be hydrophobic or more
hydrophobic.
[0038] The polymer may have a glass transition (Tg) temperature of less than 25°C or greater than 25°C. The Tg can
be, for example -50°C to 10°C, or about -35°C. Alternatively, the polymer may have a Tg temperature of about or above
about 100 °C, or about or above about 150 °C, or about or above about 200 °C, such as from about 400 to about 450
°C. It can be, for example, about 170°C.
[0039] The PMO nanoparticles may be regularly or irregularly dispersed along the polymer fibers. The polymer fibers
may be doped with from about 2.5 to about 20 wt%, such as from about 5 to about 10 wt% of the PMO nanoparticles,
with respect to the weight of the polymer fibers, when the doped polymer fibers are included in a NCM for a MD system.
[0040] The PMO nanoparticles may be attached to the polymer during electrospinning of the polymers to form the
NCM. For example, Ma et al., which is incorporated herein by reference, discloses a suitable technique for doping
electrospun particles with hydrophobic elements (Ma et al, Adv. Mater. 19 (2007), 255-259).
[0041] However, the PMO nanoparticles may be incorporated into any other kind of membranes used for water recovery
processes, such as micro filtration (MF), ultrafiltration (UF), nanofiltration (NF), forward osmosis (FO), and reverse
osmosis (RO) processes, in order to improve membrane and/or process performance. Such membranes may be fabri-
cated by incorporating the PMO nanoparticles into different types of membranes such as electrospun nanofibrous mem-
branes, phase inversion flat sheet membranes, or hollow fiber membranes.

MD SYSTEM

[0042] Membrane distillation is an important application for the membranes. FIG. 1 is a schematic diagram illustrating
a direct contact MD system 100 including an NCM 10, according to various embodiments of the present disclosure.
Referring to FIG. 1, the system 10 includes a feed vessel 110, a feed pump 112, a permeate vessel 120, a permeate
pump 122, and a membrane module 130 including the NCM 10.
[0043] The feed pump 112 is configured to pump a feed fluid (e.g., brine) contained in the feed vessel 110, through
a feed conduit 114 connecting the feed vessel 110 and the membrane module 130, such that the brine passes through
a feed channel 132 of the membrane module 130. The permeate pump 112 is configured to pump a permeate fluid (e.g.,
fresh water) contained in the permeate vessel 120, through a permeate conduit 124 fluidly connecting the permeate
vessel 130 and the membrane module 130, such that the fresh water passes through a permeate channel 134 of the
cell 130.
[0044] The system 100 may also include a heater 134 configured to heat the brine in the feed vessel 110, and a chiller
144 configured to cool the fresh water in the permeate vessel 120. The system 100 may also include a feed bypass
conduit 116 and a feed bypass valve 118, which are configured to allow at least some of the brine to bypass the membrane
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module 130. The system 100 may further include a permeate bypass conduit 126 and a permeate bypass valve 128,
which are configured to allow at least some of the fresh water to bypass the membrane module 130.
[0045] Further, the system 100 may include various other elements, such as thermocouples, pressure gauges, flow
meters, etc., in order to control fluid flow through the system.
[0046] In operation, a fresh water permeate is separated from the heated brine in the feed channel 132 by passing
through the NCM 10. The permeate is then collected and/or condensed by the cool fresh water passing through the
permeate channel 134 and collected in the permeate vessel 120. While the system 100 is shown to be a direct contact
MD system, as would be apparent to one of ordinary skill in the art, the system 10 may also be configured as an air gap
MD system, a sweep gas MD system, or a vacuum MD system, by altering the configuration of various components.
[0047] For example, the permeate can be collected on a condensation surface that can be separated from the NCM
10 via an air gap or a vacuum, or can be discharged via a cold, inert sweep gas. In the latter two cases, condensation
of vapor molecules takes place outside the membrane module. Theoretically, the type of driving force, together with the
water-repelling nature of the membrane, permits full retention of non-volatile components, such as ions, macro-molecules
and colloidal particles.
[0048] The manner in which the vapor pressure difference is generated across the membrane is determined by the
specific module configuration. In the most commonly used configuration, direct contact membrane distillation (DCMD),
the permeate-side consists of a condensation liquid (often clean water) that is in direct contact with the membrane.
[0049] The performance of the inventive membranes is described more in the following working examples. High
permeate flux of greater than about 25 L.m-2.kg-1, greater than about 27 L.m-2.kg-1, or greater than about 30 L.m-2.kg-1

can be achieved including at a temperature of about 65 °C or about 75°C.

WORKING EXAMPLES

[0050] Additional embodiments are provided by the following non-limiting working examples and preparation methods.

PMO Nanoparticle Preparation

[0051] A template was prepared by adding a sodium hydroxide catalyst to an aqueous solution of cetyltrimethylam-
monium bromide (CTAB, surfactant template). A mixture of CTAB (250 mg, 6.86 10-1 mmol), distilled water (120 mL),
and sodium hydroxide (875 mL, 2 M) was stirred at 80 °C during 50 minutes at 700 rpm in a 250 mL three neck round
bottom flask. The resultant mixture was stirred for 1 h, then 600 mL of bis(triethoxysilyl)ethylene and 200 mL of pen-
tafluorophenyl triethoxysilane were quickly added to the mixture to produce a sol-gel reaction, followed by stirring at 80
°C for 3 h. The mixture was then centrifuged during 20 minutes at 10 krpm, and the supernatants were removed.
[0052] After centrifugation, a solution of ammonium nitrate (6 g.L-1) was added to the mixture, which was then sonicated
at 45 °C to remove the template.
[0053] Acetone was added to the mixture, followed by centrifugation at 10,000 rpm for 20 min. A supernatant was the
removed from the mixture. This process was repeated three times. PMO nanoparticles were collected as a precipitant
and then dried at room temperature for 24 hours.
[0054] FIG. 2 is a schematic representation of a PMO nanoparticle 10, and FIGS. 3A-3D are transmission electron
microsocpy (TEM) micrographs of PMO nanoparticles, according to various embodiments of the present disclosure.
Referring to FIG. 2, the PMO nanoparticle 10 may be formed by reacting bis(triethoxysilyl)ethylene and pentafluorophenyl
triethoxysilane in the presence of a template. The PMO nanoparticle 10 may include ethylene bridging groups and
pentafluoro hydrophobic groups. Accordingly, the diversity in the chemical nature of the pore walls of the PMO nanoparticle
10 is theoretically unlimited.
[0055] Referring to FIGS. 3A-3D, the PMO nanoparticles were shown to be spherical particles have diameters ranging
from about 100 to 200 nm. The PMO nanoparticles may have cubic pores, due to the ethylene-pentafluorophenylene
bridging groups. However, the structures of the pores may be varied by varying the bridging groups. For example, varying
the bridging groups may result in pores having three-dimensional hexagonal, two-dimensional hexagonal, and wormlike
structures. When the ethylene silane is the only precursor, the pores can be cubic. When a mixture of silanes are used,
the pores can be cubic or hexagonal or a mixture of both.
[0056] The nanoparticles were subjected to zeta potential measurement and found to have negative charge.

PEI/PMO Nanocomposite Fiber Membrane Preparation

[0057] FIG. 4 illustrates a method of forming a PEI/PMO NCM according to various embodiments of the present
disclosure. The structure of the PEI is shown below:



EP 3 471 864 B1

8

5

10

15

20

25

30

35

40

45

50

55

[0058] As-prepared PMO nanoparticles (5 or 10 wt%, wNPs:wPEI) were dispersed into N-methyl-2-pyrrolidone (NMP)
followed by ultra-sonication. Then, PEI was added into the solution (17 to 20 wt%, wPEI:wNMP) and stirred at 50 °C for
24 h. The solution was electrospun using a 10 mL syringe with a 21 gauge needle, at a mass flow rate of 1 mL.h-1. A
high voltage (20 KV) was applied between the needle and a plate collector. The needle was moved in a zig-zag pattern
above the plate collector using an automatic system to obtain a uniform membrane.
[0059] FIGS. 5A and 5B are TEM micrographs of PEI/PMO composite nanofibers 30. FIGS. 5C and 5D are scanning
transmission electron microscopy (STEM) micrographs of the composite nanofibers 30. FIGS. 6A-6C are SEM micro-
graphs of PEI/PMO composite nanofibers formed respectively from 20 wt%, 10 wt%, and 5 wt% PEI to solvent solutions.
[0060] Referring to FIGS. 5A-5D, the composite nanofibers 30 were shown to include PMO nanoparticles 10 that were
generally uniformly dispersed along PEI nanofibers 20. However, some aggregation of PMO nanoparticles 10 was
observed, as shown in FIG. 5B.
[0061] Referring to FIGS. 6A-6C, higher concentrations of PMO nanoparticles resulted in higher density deposition of
PMO nanoparticle deposition on PEI nanofibers.
[0062] FIG. 7 is a graph illustrating weight loss of various membrane compositions. Referring to FIG. 7, thermo-
gravimetric analysis studies were performed on PEI nanofibers, PMO nanoparticles, and PEI/PMO nanocomposite
nanofibers. The results show that PMO nanoparticles do not significantly affect the thermal properties of the composite
membranes including the same.
[0063] FIG. 8 is a chart showing the hydrophobicities of a cast PEI membrane, an undoped electrospun PEI membrane,
and electrospun membranes doped with various amounts of PMO nanoparticles, according to various embodiments of
the present disclosure. Referring to FIG. 8, it can be seen that the electrospun membranes showed higher hydrophobicity
than the cast PEI membrane, which is demonstrated by a contact angle increase from 64° to a minimum of 123° for the
undoped electrospun membrane. The results also show a contact angle increase from 123° to 144° corresponding to
increased amounts of PMO nanoparticle doping. In particular, the contact angle for the PMO nanoparticle-doped fibrous
PEI membranes ranged from about 130° to about 144°, in accordance with increased PMO nanoparticle doping. This
arose from the increase the hydrophobicity of the nanofiber membranes via the composition of PMO nanoparticles, via
the low free-energy of fluorinated PMO. Note that, the change of surface roughness in the PEI/PMO membrane may
have impacted the hydrophobicity as well, especially with regard to the difference between cast and fibrous membranes.
[0064] Table 1 shows the PEI concentration (%), thickness (microns), and PMO wt% of a commercial PTFE membrane
(sample 0), PEI membranes (samples 1 to 4), and PEI/PMO composite membranes (samples 5 and 6).

[0065] FIG. 9 is a chart comparing the permeate flux of the sample membranes of Table 1, which were all tested for
MD under the same operating conditions and at different temperatures. Referring to FIG. 9 and Table 1, it can be seen
that permeate flux increased with the addition of PMO nanoparticles. This is particularly true for the temperatures of
65°C and 65°C. Further, the membrane sample doped with 5 % PMO nanoparticles generated the highest permeate
flux of about 31 L.m-2.kg-1, which is significantly higher than the commercial membrane (13 L.m-2.kg-1). The color code
in Figure 9 is from left to right, for each temperature: 0 (black), 1 (red), 2 (light blue), 3 (pink), 4 (green), 5 (dark blue),

Table 1

Sample PEI Concentration Thicknesses PMO %

0 Commercial membrane

1 20 60 0

2 20 90 0

3 20 130 0

4 17 60 0

5 17 60 5

6 17 60 10
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and 6 (purple).
[0066] In addition, one can use the PMOs porosity to load anti-microbial molecule(s) to prevent biofilm on the membrane
(Figures 11-12). Anti-microbial agents and related compounds such as anti-fungal agents and biocides are known in
the art and can be metallic such as cuprous oxide, or can be organic, such as thymol, eugenol, guaiacol, or triclosan
(5-chloro-2-(2,4-dichlorophenoxy)phenol). Mixtures of agents can be used. For example, a metallic agent can be used
together with an organic agent.
[0067] Eugenol is an algaecide and antimicrobial molecule. The antibacterial activity of the antioxidant-loaded mem-
brane was evaluated using ampicillin resistant E. coli to detect only the used bacteria. The bacterial growth can be
visualized directly in a Petri dish. The inhibition zone were clearly observed after 24h around the drug loaded nanofiber
membrane, while the PEI/PMO nanocomposite did not show inhibition. The Eugenol and Triclosan loaded membrane
inhibit bacterial growth in the area larger than the membrane itself because of the cargo diffusion into agar.
[0068] Furthermore, to evaluate the bacterial adhesion in the membrane the ampicillin resistant bacteria were used.
PEI nanofiber, PEI/PMOs nanofibers and cargo-loaded PEI/PMOs nanofiber were soaked in the bacterial solution. The
bacterial adhesion were significantly reduced by adding the F-PMOs. While the inventions are not limited by theory, this
is likely due to the low surface energy of the F-PMOs nanoparticle and to the surface roughness of the composite
nanofibers. Further improvement was observed by loading the antibacterial cargo to the PMOs nanoparticle due to the
bacterial killing of the molecule.
[0069] According to various embodiments, provided are PMO nanoparticle functionalized NCM’s that exhibit increased
strength and durability, as compared to conventional membranes. The MCM’s are environmentally friendly, cost effective,
and may be highly hydrophobic. In addition, the characteristics of the NCM’s, such as hydrophobicity, flux, and biofouling
time, may be tuned by controlling the concentration of the PMO nanoparticles.
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Claims

1. A nanocomposite membrane (NCM) for membrane distillation, the NCM comprising:

polymer fibers aggregated into a matrix; characterized by
periodic mesoporous organosilica (PMO) nanoparticles disposed on the polymer fibers, the PMO nanoparticles
comprising hydrophobic functional groups, said hydrophobic functional groups comprising pentafluorophenyl
organic groups.

2. The NCM of claim 1, wherein the pentafluorophenyl groups are covalently bonded to silicon atoms of the PMO
nanoparticles.

3. The NCM of any one of claim 1 or 2, wherein the PMO nanoparticles comprise -CH2CH2- bivalent groups.

4. The NCM of any one of claims 1 to 3, wherein the polymer fibers comprise polyetherimide (PEI), poly vinylidene
fluoride (PVDF), poly(methyl methacrylate) (PMMA), polysulfone, or any combination thereof.

5. The NCM of any one of claims 1 to 4, wherein the polymer fibers comprise polyetherimide (PEI).

6. The nanocomposite membrane (NCM) of claim 5, wherein PEI fibers have a diameter ranging from about 200 to
about 600 nm.

7. The NCM of any one of claims 1 to 6, wherein the PMO nanoparticles are spherical particles having an average
diameter of from 50 nm to 500 nm.

8. A method of forming the NCM of any one of claims 1 to 7, the method comprising the step of electrospinning.

Patentansprüche

1. Nanoverbundmembran (NCM) zur Membrandestillation, wobei die NCM umfasst: in eine Matrix aggregierte Poly-
merfasern; gekennzeichnet durch:
Nanopartikel aus periodisch mesoporösem Organosiliciumdioxid (PMO), die auf den Polymerfasern angeordnet
sind, wobei die PMO-Nanopartikel hydrophobe funktionelle Gruppen umfassen, wobei die hydrophoben funktionellen
Gruppen organische Pentafluorphenylgruppen umfassen.

2. NCM nach Anspruch 1, wobei die Pentafluorphenylgruppen kovalent an die Siliciumatome der PMO-Nanopartikel
gebunden sind.

3. NCM nach einem der Ansprüche 1 oder 2, wobei die PMO-Nanopartikel zweiwertige -CH2CH2--Gruppen umfassen.

4. NCM nach einem der Ansprüche 1 bis 3, wobei die Polymerfasern Polyetherimid (PEI), Polyvinylidenfluorid (PVDF),
Poly(methylmethacrylat) (PMMA), Polysulfon oder eine beliebige Kombination davon umfassen.
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5. NCM nach einem der Ansprüche 1 bis 4, wobei die Polymerfasern Polyetherimid (PEI) umfassen.

6. Nanoverbundmembran (NCM) nach Anspruch 5, wobei PEI-Fasern einen Durchmesser im Bereich von ungefähr
200 bis ungefähr 600 nm aufweisen.

7. NCM nach einem der Ansprüche 1 bis 6, wobei die PMO-Nanopartikel kugelförmige Partikel mit einem durchschnitt-
lichen Durchmesser von 50 nm bis 500 nm sind.

8. Verfahren zum Bilden der NCM nach einem der Ansprüche 1 bis 7, wobei das Verfahren den Schritt des Elektro-
spinnens umfasst.

Revendications

1. Membrane nanocomposite (NCM) pour distillation sur membrane, la NCM comprenant :

des fibres polymères agrégées en une matrice ;
caractérisée par
des nanoparticules de silice organique mésoporeuse periodique (PMO) disposées sur les fibres polymères, les
nanoparticules de PMO comprenant des groupes fonctionnels hydrophobes, lesdits groupes fonctionnels hy-
drophobes comprenant des groupes organiques pentafluorophényle.

2. NCM selon la revendication 1, dans laquelle les groupes pentafluorophényle sont liés de manière covalente à des
atomes de silicium des nanoparticules de PMO.

3. NCM selon l’une quelconque des revendications 1 et 2, dans laquelle les nanoparticules de PMO comprennent des
groupes divalents -CH2CH2-.

4. NCM selon l’une quelconque des revendications 1 à 3, dans laquelle les fibres polymères comprennent du polyéther-
imide (PEI), du poly(fluorure de vinylidène) (PVDF), du poly(méthacrylate de méthyle) (PMMA), de la polysulfone,
ou l’une quelconque de leurs combinaisons.

5. NCM selon l’une quelconque des revendications 1 à 4, dans laquelle les fibres polymères comprennent du polyéther-
imide.

6. Membrane nanocomposite (NCM) selon la revendication 5, dans laquelle les fibres de PEI ont un diamètre situé
dans la plage allant d’environ 200 à environ 600 nm.

7. NCM selon l’une quelconque des revendications 1 à 6, dans laquelle les nanoparticules de PMO sont des particules
sphériques ayant un diamètre moyen de 50 nm à 500 nm.

8. Procédé de formation de la NCM de l’une quelconque des revendications 1 à 7, le procédé comprenant une étape
de filage électrostatique.
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