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APPLICATION OF CARBON NANOTUBES OR CARBON PARTICLES ONTO
HOLLOW FIBER POLYMERIC MATERIALS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No.
61/829,838, filed May 31, 2013, the content of which is herein incorporated by

reference in its entirety.

BACKGROUND

In the past decade, the unique physicochemical properties of nanomaterials,
such as nanosilver, nano-scale metal oxides, and carbon nanotubes (CNTs), have
allowed for significant breakthroughs to be realized in numerous fields, including
commercial products, analytical tools, water purification, and medicine. J.M.
Schnorr, T.M. Swager, Chem. Mater. (2010); M. Paradise, T. Goswami, Materials and
Design (2007); S. R. Corrie, et al., J. Mater. Chem. (2008); N. Savage, M.S. Diallo, J.
Nanopart. Res. (2005); and M.R. Wiesner. Water Sci. Technol. (2006). Among the
various types of nanomaterials, CNTs are particularly well suited to positively impact
water treatment as transformative components in the design of new nano-enabled
environmental technologies based on separation processes (adsorption, filtration, and
the like). X. Ren, et al., Chem. Eng. J. (2011); and A.V. Herrera-Herrera et al., Anal.
Chim. Acta (2012).

In part, this interest in CNTs is driven by their extremely high surface area-to-
volume ratios, which makes them attractive candidates as a new class of carbon-based
sorbents for chemical and microbial removal from water. B. Karn, et al., Environ.
Health Perspect. (2009); T.C. Zhang, et al., Nanotechnologies for water environment
applications. American Society of Civil Engineers (2009); and N. Savage, M.S.
Diallo. J. Nanopart. Res. (2005).

CNT surfaces also can be selectively functionalized to enhance sorption
properties by introducing specific functional groups. C. Lu, H. Chiu, Chem. Eng. Sci.
(2006); Y.-H. Li, et al., Carbon (2003); C. Chen, X. Wang, Ind. Eng. Chem. Res.
(2006); H.H. Cho, et al., Environ. Sci. and Technol. (2008); and H.H. Cho, et al.,
Langmuir (2010). Thus, CNTs are effective at removing hydrophobic organic
chemicals, H. Li, et al., Chem. Commun. (2010); J. Heo, et al., Water Sci. Technol.
(2011); and C.D. Vecitis, et al., J. Phys. Chem. C (2011), heavy metals, T.

1
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Mohammadi, M.A. Tofighy, J. Hazard. Mater. (2011); O. Moradi, Chem. Biochem.
Eng. Q. (2011); D.S. Su, et al., New Carbon Mater. (2011); O. Moradi, et al., Carbon
Nanostruct. (2010); and X.K. Wang, et al., J. Hazard. Mater. (2009), natural organic
matter, J. Heo, et al., Water Sci.Technol. (2011), as well as viruses and bacteria. A.S.
Brady-Estévez, et al., Water Res. (2010); S.T. Mostafavi, et al., Desalination (2009);
and S. Kang, et al., Environ. Sci. Technol. (2009).

The high surface area and conductivity also enables CNT mats to function as
three-dimensional porous electrodes. This characteristic has opened up the possibility
of using redox reactions to destroy contaminants when they adsorb onto CNT mats,
augmenting sorption as a means for contaminant removal. C.D. Vecitis, et al.,
Environ. Sci. Technol. (2011); C.D. Vecitis, et al., J. Phys. Chem. C (2001); A.
Tiraferri, et al., ACS Appl. Mater. Interfaces (2011); M.S. Rahaman, et al, Environ.
Sci.Technol. (2012); H. Liu, C.D. Vecitis, J. Phys. Chem. C (2012); G.D. Gao, C.D.
Vecitis, ACS Appl. Mater. Interfaces (2012); and G. Gao, C.D. Vecitis, Environ. Sci.
Technol. (2011).

For example, concomitant electrolysis during filtration through CNT mats was
found to remove E. coli bacteria and MS2 viruses by more than 6-log;o. C.D. Vecitis,
et al., Environ. Sci. Technol. (2011). In addition to contaminant removal, previous
studies have shown that microporous CNT mats, when attached to flat sheet
membranes enhance fouling resistance, tripling the time for the transmembrane
pressure (TMP) to increase with minimal reduction in the membrane's clean water
permeability. G.S. Ajmani, et al., Water Res, (2012). This enhanced resistance to
fouling has been ascribed to the ability of the CNT mat to trap species responsible for
fouling. X. Yang, etal., Carbon. (2013).

The potential for CNTs to enhance a membrane’s fouling resistance is further
aided by their chemical stability towards harsh chemicals, such as sodium
hypochlorite, used to control organic fouling and prevent biofilm formation on
membrane surfaces during water purification. J.S. Baker, L.Y. Dudley, Desalination
(1998); and A. Subramani, E.M.V. Hoek, Desalination (2010). Membranes modified
by CNT mats clearly hold significant promise for improving the energy efficiency and
sustainability of next-generation membranes for water purification.

Moreover, the commercial and economic viability of integrating CNTs into
membranes has been made possible by increased demand and production. The

Project on Emerging Nanotechnologies; Woodrow Wilson International Center for
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Scholars. Kilogram quantities of CNTs can now be purchased for less than $1,000.
Thus, at the present time, the most significant obstacles to successful integration of
CNTs within hybrid membranes for full-scale water purification are technical
limitations, including: (i) incorporation of CNTs into the membrane in such a way
that the full benefits of the CNTs are preserved; and, (ii) creation of a hybrid structure
that remains stable during water purification.

CNTs have been used to create membranes by growing vertically aligned
CNTs, J.K. Holt, et al., Science (2006), and by forming CNT-polymer composites,
where the CNTs are incorporated within a porous polymeric matrix. E. Celik, et al.,
Water Res. (2011); X. Chen, et al., ACS Appl. Mater. Interfaces (2012); and H.A.
Shawky, et al., Desalination (2011). Since vertically aligned CNTs are difficult to
scale-up, most research has focused on creating CNT-polymer composites.
Depending on the preparation processes and CNT characteristics, however, CNT-
composite membranes show no major improvement, in terms of water flux and
separation characteristics, compared to available commercial membranes. H. Wu, et
al., J. Membr. Sci. (2010); and E. Celik, et al., Water Res. (2011). Mechanically
stable CNTs also have recently been successfully grafted onto the surface of cellulose
nitrate membranes as a minor (20% maximum) component of a matrix containing
poly(vinyl) alcohol and succinic acid. C.F. DeLannoy, et al., J. Membr. Sci. (2012).
For CNTs to exert their full benefit in a hybrid membrane, however, they should be
present on the membrane’s surface to the exclusion of any polymer, as shown by the
high contaminant removal efficiency and improved fouling resistance of pure CNT
mat filters. A.S. Brady-Estévez, et al., Water Res. (2010); and G.S. Ajmani, et al.,
Water Res, (2012).

Unfortunately mats created from pure CNTs on flat sheet membranes exhibit
poor hydraulic stability and cannot be easily handled or integrated into real world
membrane systems. A. Deneuve, et al., Appl. Catal., A (2011). A major limitation
caused by this hydraulic instability is that the CNT mats cannot be cleaned by
backwashing or exposure to cross-flow because large quantities of the CNTs are
immediately released from the membrane’s surface and into the permeate during
backwashing. This limitation due to the release of CNTs from the membrane not only
greatly restricts their practical value, but also raises important health and safety
concerns associated with the potential presence of CNTs in the filtrate, e.g., treated

water. Synthetic strategies have recently been used to chemically graft CNTs onto the
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surface of cellulose nitrate membranes, although only as a minor component (20%)
maximum) of a matrix containing poly(vinyl) alcohol and succinic acid. C.F.
DeLannoy, et al., J. Membr. Sci. (2012).

Further, membrane processes for full-scale water treatment, excepting
desalination, mainly operate with hollow fiber membranes made out of materials,
such as polyvinylidene fluoride (PVDF) and polyether sulfone (PES), D. Furukawa, A
Global Perspective of Low Pressure Membranes, National Water Research Institute,
Fountain Valley, California, 2008, studies of hybrid CNT membranes have
concentrated on flat sheet membrane configurations. S. Steiner, et al., Carbon (2012).
Hollow fiber, low pressure membranes (LPMs) may be operated in either an inside-
out (active layer on the inner surface) or outside-in (active layer on the outer surface)
configuration. LPMs are a physical barrier for contaminant removal, G.P.
Westerhoff, et al., Water Supply (1996), removing aquatic constituents larger than
membrane pores, such as algae, bacteria, and parasites. The removal of human
enteric viruses (20 nm to 90 nm in diameter) by LPMs, however, is often incomplete
as these small diameter viruses can pass through the larger diameter pores in LPMs.
Additionally, LPMs cannot remove most dissolved substances with the exception of
limited adsorption of some organic chemicals. K. Majewska-Nowak, et al.,
Desalination (2006); H. Huang, et al., Environ. Sci. Technol. (2009); C. Jucker, M.M.
Clark, J. Membr. Sci. (1994); and G. Amy, J. Cho, Water Sci. Technol. (1999).

SUMMARY

In some aspects, the presently disclosed subject matter provides a method for
preparing a carbon mat on an inner surface of a polymeric hollow fiber membrane, the
method comprising: (a) providing a plurality of carbon nanotubes and/or carbon
particles; (b) suspending the plurality of carbon nanotubes and/or carbon particles in a
solution to form a suspension of carbon nanotubes and/or carbon particles; (c)
providing one or more polymeric hollow fiber membranes, wherein the one or more
polymeric hollow fiber membranes have at least one open end in fluid communication
with a lumen, and wherein the lumen defines an inner surface of the one or more
polymeric hollow fiber membranes; (d) dispensing the suspension of carbon
nanotubes and/or carbon particles in the at least one open end of the one or more
polymeric hollow fiber membranes; and (e) filtering the suspension of carbon

nanotubes and/or carbon particles through the one or more polymeric hollow fiber
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membranes operating in dead-end mode from the inside-out to deposit a carbon mat
on an inner surface of the polymeric hollow fiber membrane.

In other aspects, the presently disclosed subject matter provides a polymeric
hollow fiber membrane prepared by the presently disclosed methods, wherein the
polymeric hollow fiber membrane has a carbon mat deposited on an inner surface
thereof.

In yet other aspects, the presently disclosed subject matter provides a method
for filtering an effluent, the method comprising passing the effluent through a
polymeric hollow fiber membrane having a carbon mat deposited on an inner surface
thereof.

Certain aspects of the presently disclosed subject matter having been stated
hereinabove, which are addressed in whole or in part by the presently disclosed
subject matter, other aspects will become evident as the description proceeds when
taken in connection with the accompanying Examples and Figures as best described

herein below.

BRIEF DESCRIPTION OF THE FIGURES

Having thus described the presently disclosed subject matter in general terms,
reference will now be made to the accompanying Figures, which are not necessarily
drawn to scale, and wherein:

FIG. 1 depicts preparation of a CNT mat by filtering a CNT suspension
through a hollow fiber membrane from the “inside out.” Membrane before loading
(Left). Modified membrane (Right);

FIGS. 2A and 2B show variation in TMP (bar) vs. Filtration time (min) during
the preparation of MWCNT mats on the inner surface of HF-PVDF (A) and HF-PES
(B) hollow fiber membranes. Stage 1: Filtration of the MWCNT suspension through
the membrane from the “inside out”. Stage 2: Filtration of Milli-Q water through the
membrane following MWCNT loading;

FIGS. 3A and 3B are SEM images of CNT mats created on the inner surface
of (A) PVDF and (B) PES hollow fiber membranes. The white arrows show the mat
depth on each membrane (depth corresponding to 11 g m™ mass loading);

FIGS. 4A and 4B show mass of MWCNTs released from HF-PVDF-CNT (A)
and HF-PES-CNT (B) membranes during a sequence of backwashing steps where the

flow direction was reversed (i.e., from the “outside in”). Results are shown for
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experiments performed on three different HF-PVDF-CNT and HF-PES-CNT
membranes. The backwashing steps consisted of (in order) prolonged backwashing
with Milli-Q water, hydraulic stress with Milli-Q water and finally chemical cleaning.
During each step the mass of CNTs released was determined by UV-vis analysis of
the backwash;

FIGS. 5A and 5B are SEM pictures of MWCNT mats on the inner surface of
PVDF (Al and A2) and PES (B1 and B2) hollow fiber membranes after the
membranes were backwashed. Al and B2 are zoomed out SEM images that show the
cross section of the modified hollow fibers. A2 and B2 SEM images show the
detailed nature of the membrane/MWCNT interface;

FIGS. 6A and 6B show TMP increase (P-P0) during the filtration of a 5 ppm
alginate suspension through (A) PVDF and (B) PES virgin and MWCNT modified
hollow fiber membranes. The flux of alginate was held constant at 67 L h™ m™. The
vertical arrows indicate times at which the membrane was backwashed with the
permeate at 134 L h™ m™. Data are shown for four cycles of 80 min filtration
followed by 6 min backwashes;

FIG. 7 shows a representative loading procedure used to create a CNT mat on
the inner surface of HF-PVDF membrane (HF-PVDF-CNT);

FIG. 8 is UV-Vis spectra showing that in the region between 800 nm to 900
nm there is no absorbance from the surfactant (Triton-X), but absorbance from CNTs
is still observed in this region;

FIG. 9 is a calibration curve showing how the absorbance in the 800-nm to
900-nm range is related to MWCNT mass concentration;

FIG. 10 is UV-Vis spectra showing that in the region between 800 nm to 900
nm there is no absorbance from SRNOM,;

FIG. 11 shows backwashing of CNT mats created on the outer surface of a
HF-PVDF membrane with Milli-Q water. The darkening of the solution and the
appearance of ‘white’ regions on the membrane’s surface during backwashing
highlight the mat’s hydraulic instability;

FIG. 12 is a graph showing the variation in transmembrane pressure (TMP)
during SRNOM filtration;

FIG. 13 is a visual analysis of CNTs released from the least stable HF-PES-
CNT membrane studied during several different backwashing steps. For comparison

an example of a CNT feed solution used to create the mats also is shown;
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FIG. 14 shows and high resolution SEM images of Powder Activated Carbon
(PAC) mats created on the inner surface of PVDF hollow fiber membranes. In the
higher resolution SEM images (lower image) the PAC mat is clearly visible as a

discrete structure on the inner surface of the PVDF membrane.

DETAILED DESCRIPTION

The presently disclosed subject matter now will be described more fully
hereinafter with reference to the accompanying Figures, in which some, but not all
embodiments of the presently disclosed subject matter are shown. Like numbers refer
to like elements throughout. The presently disclosed subject matter may be embodied
in many different forms and should not be construed as limited to the embodiments
set forth herein; rather, these embodiments are provided so that this disclosure will
satisfy applicable legal requirements. Indeed, many modifications and other
embodiments of the presently disclosed subject matter set forth herein will come to
mind to one skilled in the art to which the presently disclosed subject matter pertains
having the benefit of the teachings presented in the foregoing descriptions and the
associated Figures. Therefore, it is to be understood that the presently disclosed
subject matter is not to be limited to the specific embodiments disclosed and that
modifications and other embodiments are intended to be included within the scope of

the appended claims.

L CARBON MATS ON THE INNER SURFACE OF POLYMERIC HOLLOW

FIBER MEMBRANES

Novel membrane technologies for water purification are urgently needed to
meet the increasing demand for clean industrial water and safe drinking water.
Toward this goal, porous carbon nanotube (CNT) mats adsorbed on flat sheet
membranes have been shown to significantly improve fouling resistance and
contaminant removal capabilities. Unfortunately, these CNT mats are easily removed
by backwashing, which severely limits their practical value in commercial
membranes.

A significant challenge originates from the low mechanical stability of CNTs
deposited on polymeric materials, which prevents their effective sustained use. To
overcome this limitation, the presently disclosed subject matter provides carbon mats,

comprising single-walled and/or multi-walled CNT (SWCNTs and MWCNTSs) hollow
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tube structures and/or carbon particles, built inside polymeric hollow fiber membranes
(HFMs). The carbon mat structure is established by filtering a SWCNT and/or
MWCNT and/or carbon particle suspension through the lumen of hollow polymeric
fibers using an inside-out process. The CNTs and carbon particles are rejected by the
porous polymer and accumulate at the inner surface of the HFMs, thereby creating a
stable, highly porous carbon mat structure.

The presently disclosed carbon-coated HFMs exhibit, depending on the CNT
and/or carbon particle and HFM properties, high fouling resistance and high separation
capacities for both chemical and biological contaminants. The confined volume inside
each fiber lumen and the symmetric geometry of the hollow tube restricts CNT or carbon
particle resuspension and improves the stability of the carbon mat structure without the
need of additional process or chemical addition. As such, the carbon mat structure inside
a HFM shows superb hydraulic and chemical stability and remains stable following
backwashing and chemical cleaning.

The stability of the presently disclosed carbon mats can be determined, for
example, from scanning electron microscopy images of the hybrid membranes and by
quantifying the mass of carbon lost during prolonged backwashing, hydraulic stress,
and exposure to harsh chemical cleaning agents. Compared to virgin membranes, the
presently disclosed carbon-modified membranes exhibited improved fouling
resistance during filtration of alginate which was sustained through multiple
backwashing cycles, further demonstrating the stability of the carbon mats. Separate
experiments determined that no measureable quantities of carbon entered the
permeate when natural organic matter was filtered through a carbon-modified
membrane. Collectively, these results demonstrate that the presently disclosed
carbon-modified membranes could positively impact the sustainability and
performance of existing hollow fiber membranes being used in water purification. In
addition, the presently disclosed integrated CNT-HFM composites contain electrical
conductive properties conducive to charge-associated contaminant removal and
membrane cleaning processes.

By integrating CNTs and/or carbon particles and HFMs, the presently disclosed
methods provide filters with high fouling resistance and high contaminant (both chemical
and biological) removal efficiency that remain stable following backwashing and
chemical cleaning. These capabilities will improve the capacity of impurity removal, as

well as decrease power requirements for filtration separation, and offer the potential to
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provide considerable cost savings to the end users when applying treatment. Accordingly,
the development of stable carbon mat structures onto polymeric materials provides a
sustainable, scalable technique to dramatically improve the capacity and sustainability of
filtration separation.

Further, the use of functionalized CNTs and/or carbon particles enables a carbon-
HFM to be customized for removal of targeted impurities. This characteristic
dramatically increases applications for which carbon-HFMs can be used including, but
not limited to, water and wastewater treatment, water reuse, medical procedures and
treatments (e.g., kidney dialysis), industrial processes (e.g., microchip processing, food
production, and the like), and analytical processes (e.g., solid phase microextraction,
electrical sensors, and the like). The presently disclosed subject matter also provides a
non-metallic electrical conductance material for use in separation processes and power
transfer.

Accordingly, referring now to FIG. 1, in some embodiments, the presently
disclosed subject matter provides a method for preparing a carbon mat on an inner
surface of a polymeric hollow fiber membrane, the method comprising: (a) providing
a plurality of carbon nanotubes and/or carbon particles; (b) suspending the plurality of
carbon nanotubes and/or carbon particles in a solution to form a suspension of carbon
nanotubes and/or carbon particles; (¢) providing one or more polymeric hollow fiber
membranes 100, wherein the one or more polymeric hollow fiber membranes 100
have at least one open end 110 in fluid communication with a lumen 120 and at least
one dead end 130, and wherein the lumen 120 defines an inner surface 140 of the one
or more polymeric hollow fiber membranes 100; (d) dispensing the suspension 150 of
carbon nanotubes and/or carbon particles in the at least one open end 110 of the one
or more polymeric hollow fiber membranes 100; and (e) filtering the suspension 150
of carbon nanotubes and/or carbon particles through the one or more polymeric
hollow fiber membranes 100 operating in dead-end mode from the inside-out to
deposit a carbon mat 160 on an inner surface 140 of a polymeric hollow fiber
membrane 100.

In particular embodiments, the plurality of carbon nanotubes comprise multi-
walled carbon nanotubes. Multi-walled nanotubes (MWNT) comprise, in some
embodiments, multiple rolled layers of concentric tubes of graphene or a single sheet
of graphite is rolled in around itself, for example, like a scroll of parchment or a rolled

newspaper.
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In yet other embodiments, the plurality of carbon nanotubes comprise single-
walled carbon nanotubes. For example, a single-walled carbon nanotube can include
a one-atom thick layer of graphite, e.g., graphene, that can be wrapped into a seamless
cylinder.

In some embodiments, the plurality of carbon nanotubes have a diameter from
about 50 nm to about 80 nm. In other embodiments, the plurality of carbon nanotubes
have a length from about 10 pm to about 20 um. In still other embodiments, the
plurality of carbon nanotubes have a specific surface area of about 60 m” g"'. In
further embodiments, the plurality of carbon nanotubes comprise unfunctionalized
carbon nanotubes.

In some embodiments, the carbon particles comprise powdered activated
carbon particles.

Many polymeric hollow fiber membranes known in the art aresuitable for use
with the presently disclosed methods and compositions. Common polymeric hollow
fiber membranes include, but are not limited to, polymers or copolymers selected
from the group consisting of cellulose acetate (CA), nitrocellulose (CN), cellulose
esters (CE), polysulfone (PS), polyether sulfone (PES), polyacrilonitrile (PAN),
polyamide, polyimide, polyethylene (PE), polypropylene (PP),
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and
polyvinylchloride (PVC).

Criteria for selecting polymeric hollow fiber membranes suitable for use with
the presently disclosed methods and compositions can include, but are not limited to,
a desired binding affinity for compounds to be separated, an ability to withstand the
required cleaning conditions, rigidity, stereoregularity, crystallinity, glass transition
temperature, polarity of its functional groups, hydrophilicity or hydrophobicity (e.g.,
related to surface free energy), presence of ionic charge, chemical or thermal
resistance, density, porosity, and an ability to bind the carbon nanofiber mat deposited
therein, in addition to practical considerations, such as cost and availability.

In some embodiments, the one or polymeric hollow fiber membranes are
hydrophilic. In such embodiments, the one or more hydrophilic polymeric hollow
fiber membranes comprise polyether sulfone (PES). In some embodiments, the one or
more polymeric hollow fiber membranes have a nominal pore size of about 0.03 um.

In other embodiments, the one or more polymeric hollow fiber membranes are

10
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capable of sustaining a maximum flux of pure water flux of about 1200 + 120 L. h'm
> bar.

In other embodiments, the one or more polymeric hollow fiber membranes are
hydrophobic. In such embodiments, the one or more polymeric hollow fiber
membranes comprise polyvinylidene fluoride (PVDF). In such embodiments, the one
or more polymeric hollow fiber membranes have a nominal pore size of about 0.1 pm.
In some embodiments, the one or more polymeric hollow fiber membranes are
capable of sustaining a maximum flux of pure water of about 655 + 85 L h™" m™ bar ™.

In some embodiments, the carbon mat comprises powdered activated carbon
(PAC). Activated carbon is a form of carbon comprising small, low-volume pores
that result in an increase in surface area available for adsorption. Due to its high
degree of microporosity, one gram of activated carbon can have a surface area in
excess of 500 m”. An activation level sufficient for useful application may be attained
solely from high surface arca; however, further chemical treatment can enhance its
adsorption properties.

Active carbons can be made in particulate form as powders or fine granules
less than about 1.0 mm in size. Powdered active carbon (PAC) is made up of crushed
or ground carbon particles, 95-100% of which will pass through a designated mesh
sieve. Particle sizes corresponding to an 80-mesh sieve (0.177 mm) and smaller are
designated as PAC.

In some embodiments of the presently disclosed methods, the solution in
which the carbon mat is prepared comprises an aqueous solution. In other
embodiments, the aqueous solution comprises a non-ionic surfactant. In still other
embodiments, the method comprises sonicating the solution of carbon nanotubes for a
period of time.

Accordingly, in some embodiments, the presently disclosed subject matter
provides a polymeric hollow fiber membrane having a carbon nanotube mat deposited
on an inner surface thereof. In some embodiments, the polymeric hollow fiber
membrane comprises a polymer selected from the group consisting of a hydrophilic
polymer and a hydrophobic polymer. In still other embodiments, the polymeric
hollow fiber membrane comprises a polymer selected from the group consisting of
polyether sulfone (PES) and polyvinylidene fluoride (PVDF).

In some embodiments, the polymeric hollow fiber membrane comprises a total

mass of carbon nanotubes deposited on the inner surface thereof of about 11 gm™. In
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other embodiments, the polymeric hollow fiber membrane comprises an clectrical
conductance material.

In yet other embodiments, the presently disclosed subject matter provides a
method for filtering an effluent, the method comprising passing the effluent through a
polymeric hollow fiber membrane having a carbon mat deposited on an inner surface
thereof. In certain embodiments, the effluent is selected from the group consisting of
water, wastewater, and a biological fluid. In particular embodiments, the biological
fluid comprises blood.

In other embodiments, the method further comprises an industrial process. In
such embodiments, the industrial method comprises a process selected from the group
consisting of microchip processing and food processing.

In yet other embodiments, the presently disclose method further comprises
removing anthropogenic and/or naturally occurring substances, e.g., arsenic, from
groundwater and the like. Generally, the presently disclosed methods can be used to
remove contaminants from a source of water.

In further embodiments, the method further comprises an analytical process.
In such embodiments, the analytical process comprises solid phase microextraction.

Following long-standing patent law convention, the terms “a,” “an,” and “the”
refer to “one or more” when used in this application, including the claims. Thus, for
example, reference to “a subject” includes a plurality of subjects, unless the context
clearly is to the contrary (e.g., a plurality of subjects), and so forth.

Throughout this specification and the claims, the terms “comprise,”
“comprises,” and “comprising” are used in a non-exclusive sense, except where the
context requires otherwise. Likewise, the term “include” and its grammatical variants
are intended to be non-limiting, such that recitation of items in a list is not to the
exclusion of other like items that can be substituted or added to the listed items.

For the purposes of this specification and appended claims, unless otherwise
indicated, all numbers expressing amounts, sizes, dimensions, proportions, shapes,
formulations, parameters, percentages, quantities, characteristics, and other numerical
values used in the specification and claims, are to be understood as being modified in
all instances by the term “about” even though the term “about” may not expressly
appear with the value, amount or range. Accordingly, unless indicated to the
contrary, the numerical parameters set forth in the following specification and

attached claims are not and need not be exact, but may be approximate and/or larger
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or smaller as desired, reflecting tolerances, conversion factors, rounding off,
measurement error and the like, and other factors known to those of skill in the art
depending on the desired properties sought to be obtained by the presently disclosed
subject matter. For example, the term “about,” when referring to a value can be
meant to encompass variations of, in some embodiments, + 100% in some
embodiments £ 50%, in some embodiments = 20%, in some embodiments + 10%, in
some embodiments + 5%, in some embodiments +1%, in some embodiments + 0.5%,
and in some embodiments & 0.1% from the specified amount, as such variations are
appropriate to perform the disclosed methods or employ the disclosed compositions.

Further, the term “about” when used in connection with one or more numbers
or numerical ranges, should be understood to refer to all such numbers, including all
numbers in a range and modifies that range by extending the boundaries above and
below the numerical values set forth. The recitation of numerical ranges by endpoints
includes all numbers, e.g., whole integers, including fractions thereof, subsumed
within that range (for example, the recitation of 1 to 5 includes 1, 2, 3, 4, and 5, as
well as fractions thereof, e.g., 1.5, 2.25, 3.75, 4.1, and the like) and any range within
that range.

EXAMPLES

The following Examples have been included to provide guidance to one of
ordinary skill in the art for practicing representative embodiments of the presently
disclosed subject matter. In light of the present disclosure and the general level of
skill in the art, those of skill can appreciate that the following Examples are intended
to be exemplary only and that numerous changes, modifications, and alterations can
be employed without departing from the scope of the presently disclosed subject
matter. The descriptions and specific examples that follow are only intended for the
purposes of illustration, and are not to be construed as limiting in any manner to make

compounds of the disclosure by other methods.

EXAMPLE 1
Materials and Methods

Carbon Nanotubes: Commercially available pristine (unfunctionalized)
multiwalled CNTs (MWCNTSs) were purchased from Cheap Tubes, Inc. (Vermont,
USA). According to the manufacturer’s specifications, the MWCNTSs exhibit
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diameters ranging from 50 nm to 80 nm and lengths between 10 um to 20 um and a
specific surface area of 60 m”> g, Prior to loading, MWCNT suspensions were
prepared at a concentration of approximately 750 mg L™ in Milli-Q water (18 MQ
cm™) with 0.9 % v/v H>O of non-ionic surfactant (Triton X100). To disperse the
CNTs, all MWCNT suspensions were sonicated in a water bath sonicator for 30 min
(Aquasonic 250HT).

Hollow Fiber Membranes: Two types of commercially available hollow fiber
(HF) membranes were used; PES and PVDF. The PES membranes were hydrophilic
with a nominal pore size of 0.03 pm and are capable of sustaining a maximum pure
water flux of approximately 1200 + 120 L h™ m™ bar'. The PVDF membranes are
hydrophobic with a nominal pore size of 0.1 um and are able to sustain a maximum
flux of pure water of approximately 655 + 85 L h™' m™ bar".

Creating Membrane Modules: All filtration experiments were performed
using the bench-scale filtration system described in Huang et al., Water Res. (2007).
Virgin hollow fiber PES (HF-PES) and PVDF (HF-PVDF) membranes, 9.5 cm in
length, were potted in epoxy at each end with one end cut open to allow inside out,
dead end filtration. The inner surface area of approximately 9 cm® was kept
consistent across different modules by modifying the number of fibers per module:
four fibers for HF-PES and six fibers for HF-PVDF modules.

Once prepared, the HF-PVDF and HF-PES membrane modules were soaked
overnight in a 25 %v/v H,O isopropanol solution and then attached to the filtration
system. Prior to each experiment the module was flushed with Milli-Q water and the
pure water flux measured by the flux step method. E. Filloux, et al., Water Res.
(2012). A new membrane module was used for each experiment.

FIG. 1 summarizes the approach used to create CNT mats on the inner surface
virgin HF-PES and HF PVDF membranes. PES and PVDF hollow fiber membranes
modified by the addition of CNT mats to their inner surfaces are referred to herein as
HF-PES CNT and HF-PVDF-CNT membranes, respectively.

CNT mats were created by filtering 13 mL of a 750 mg L™ CNT suspension
through each hollow fiber in the module (6 fibers for HF-PVDF and 4 for HF-PES) in
an inside-out mode at a constant filtration flux of 134 L h™ m™ using a peristaltic
pump (Masterflex L/S, Cole-Palmer, USA). The CNT loading was maintained at

approximately 11 g m™.
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During the CNT loading process, the TMP was recorded every 10 seconds
with a pressure transducer (A-68075-32, Cole Parmer) connected to an electronic
board (PersonalDaq 55, Measurement Computing Corporation, USA). The mat was
created during the filtration process at CNTs were trapped on the inner surface of the
hollow fibers. Once the CNTs had been loaded, the residual surfactant was flushed
from the module with Milli-Q water until the TMP reached a constant value. Once
created, the pure water flux passing through the HF-PES-CNT and HF-PVDF-CNT
membranes was determined using Milli-Q water and the flux step method. E. Filloux,
et al.,, Water Res. (2012). Referring now to FIG. 7, is a photograph of a module
during the formation of a HF-PVDF-CNT membrane.

The CNT loading (mg MWCNT m™) was determined by multiplying the
MWCNT concentration (mg L'l) by the total volume of MWCNT-containing solution
filtered through the hollow fibers. This allowed the total mass of MWCNTSs (mg)
used during the loading process to be calculated. This value was then divided by the
inner surface area of the HF-PVDF or HF-PES modules (mz) to obtain the CNT
loading (mg MWCNT m™).

EXAMPLE 2
Evaluating the Hydraulic Stability of CNT Mats

Once the CNT mats were created, mat stability was evaluated by reversing the
flow of water through HF-PES-CNT and HF-PVDF-CNT membranes using hydraulic
backwashing, i.e., outside-in filtration. These backwashing studies tested CNT mat
stability over a range of hydraulic conditions and solution chemistries. Three
different backwash conditions were applied in sequence: (i) long term stress that
involved two hours of backwashing with Milli-Q water at 85 L h™" m; (ii) hydraulic
stress where four shorter (three minute) backwashing steps with Milli-Q water at
increasing fluxes ranging from 85 L h™ m™ to 420 L h™" m™ were performed; each
step was performed by flux pulsation (the flux was increased instantaneously and not
incrementally) to simulate the effect of hydraulic stress; and (iii) chemical stress
where three sequential (three minute) backwashing steps at 85 L h™ m™ were
performed with three different chemicals in Milli-Q water: (a) synthetic surface water
(49 ppm NaHCO3, 28 ppm CaSOy, 25 ppm MgSO, and 1.9 ppm KCl); (b) 5 ppm and
500 ppm sodium hypochlorite solution; and (c) a non-ionic surfactant suspension (0.9

% v/v HyO Triton-X).
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The (i), (i1), (iii) sequence of backwashing steps was performed in triplicate,
i.e., on three HF-PES-CNT and three HF-PVDF-CNT modules. In general, the
backwashing conditions used to test the hydraulic stability of the CNT mats represent
worst case scenarios in terms of duration, flux and chemical reagents compared to
those used in normal filtration operation. The mass of CNTs dislodged from the mats
was determined by analyzing the backwashed water using UV-Vis Spectroscopy (UV-
Vis). For the long backwash step, an aliquot of backwashed water was collected
every 10 minutes. For each of the steps described in stress tests (ii) and (iii), a 3 mL
aliquot of the backwashed water sample was collected.

The mat's stability during each backwashing step was assessed by determining
the mass of CNTs dislodged from the mats. This assessment was done by analyzing
the concentration of MWCNTSs in the backwashed water using UV-Vis spectroscopy
(UV-Vis). To determine the concentration (and thereby the mass), of CNTs released
during each backwash step by UV-Vis, it is necessary to ensure that all of the CNTs
are dispersed. CNT dispersion of any aggregates was accomplished by first adjusting
the pH of the backwash solution to 10, as it has been shown previously that high pH
improves CNT dispersion. B. Smith, et al., Environ. Sci. Technol. (2009). Following
this step, 0.5 % v/v H,O of the surfactant Triton X100 was added to the solution and
sonicated at 70 W (Branson 1510) for approximately 15 min. The CNT concentration
was then determined by measuring the average UV absorbance (Cary 50 UV-Vig
Spectrophotometer, Varian Medical Systems, Palo Alto, CA, USA) in the 800-nm to
900-nm range, where control studies (see FIG. 8) showed that Triton X100 does not
absorb, but MWCNTSs absorb/scatter light. The sensitivity of these measurements
was enhanced by using a 5-cm path length UV-Vis cell (Starna Cells, Inc.,
Atascadero, CA, USA).

The correlation between UV absorbance in the 800-nm to 900-nm range and
MWCNT mass concentration (mg L") was determined by conducting separate control
studies where known masses of MWCNTSs powders were dispersed in Milli-Q with
0.5% Triton X100 v/v H,O (see FIG. 9). The CNT mass released from the mat in any
backwash experiment was determined by multiplying the CNT mass concentration
determined by UV-Vis by the total volume collected during the backwash. The limit
of MWCNT detection was determined by discerning the lowest UV-Vis absorbance
value that could be discerned from the baseline (0.011 absorbance units). A range of

uncertainty in the MWCNT detection limit was then calculated from the uncertainty

16
111232-00258.P12108-02



WO 2014/194228 PCT/US2014/040289

10

15

20

25

30

in the calibration curve shown in FIG. 9. Based on this analysis, the limit of

MWCNT detection was estimated to be between 2.5 — 6.6x10” mg MWCNT.

EXAMPLE 3
SEM Imaging of the CNT Mats
The inner surfaces of HF-PVDF-CNT and HF-PES-CNT hollow fiber

membranes were imaged using a cold cathode field emission scanning electron
microscope (JEOL 6700F, FESEM) with 1.0 nm resolution at 15 keV. Hollow fiber
membrane surfaces were imaged after CNT loading and then again after the
backwashing steps described in Example 2. Prior to analysis, each membrane sample
was dried for 48 hours at room temperature. Cross-sectional images were taken by
first cryo-snapping the CNT modified membranes in the presence of liquid nitrogen
and then sputter-coating them with platinum to prevent charging during SEM.
Samples were then mounted vertically onto the side of a sample stub and imaged at

various magnifications.

EXAMPLE 4
Evaluation of CNT Release into the Permeate During NOM Filtration

During membrane operation, there is a potential for organic matter to
remobilize CNTs from the mats and transport these CNTs through the hollow fiber
membranes into the permeate. To evaluate this possibility, Suwannee River Natural
Organic Matter (SRNOM) was used; a type of NOM that has been used extensively in
previous membrane studies. N. Her, et al., Water Res. (2004); and W.-Y. Ahn, et al,,
J. Membr. Sci. (2008). The SRNOM suspension was prepared at a concentration of 5
mg L' SRNOM diluted in 49 ppm NaHCOs, 28 ppm CaSO4, 25 ppm MgSO, and 1.9
ppm KCl and was filtered through a HF-PVDF-CNT module at 67 L h™ m? in two,
60 minute cycles. In between these two cycles, the HF-PVDF-CNT membrane was
backwashed with the permeate at 85 L h'm™. The concentration of CNTs in the
permeate and the backwash solutions was determined by the method described in
Example 2, also taking advantage of the fact that NOM does not adsorb in the 800-nm
to 900-nm region (see FIG. 10). Data from the UV-Vis analysis of the permeate are
provided in Table 1.
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Table 1: UV-Vis analysis of the permeate and the backwash during SRNOM
filtration through a HF-PVDF-MWCNT membrane.

10 0.00589476 0. 110
20 0.00393495 0.073
60 0.00606117 0.113
70 0.00653772 0.122
80 0.00207881 0. 039
120 0.00366814 0. 068
Backwash 0.14075784 ' 2. 623 '
EXAMPLE 5

Effect of CNT Mats on Membrane Antifouling Properties
The fouling behavior of HF-PVDF-CNT and HF-PES-CNT membranes,

including the effect of backwashing, was compared to virgin HF-PVDF and HF-PES
membranes by measuring the change in TMP during the filtration of sodium alginate.
In these studies, sodium alginate was chosen as a fouling surrogate for NOM rather
than SRNOM because it has higher fouling potential, N. Her, et al., Water Res.
(2004); Y. Ye, et al., Desalination (2005); and K. Katsoufidou, et al., J. Membr. Sci.
(2007), due to the presence of larger concentrations of higher weight macromolecules.
Consequently, the filtration of alginate leads to membrane fouling on an accessible
experimental timescale.

Further, in these studies, an alginate suspension (5 ppm sodium alginate
diluted in 47 ppm NaHCO; and 380 ppm KCl) was prepared at pH 7 and exhibited a
conductivity of approximately 750 pScm™ at 20°C. This alginate suspension was
filtered through HF PVDF, HF-PES and HF-PVDF-CNT, HF-PES-CNT membranes
in dead-end mode, at a constant flux of 67 L h™'m™ through four cycles of 80 min,

with each filtration cycle followed by 6 minutes of backwashing with the permeate at
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85 Lh'm™. Thus, the net permeate volume was equal to 90% of the feed water
volume.

Membrane fouling was evaluated by measuring the rate of TMP increase (d(P;
— Py)/dt) versus time during each filtration cycle, where Py is the initial TMP prior to
the filtration of the alginate solution and P; is the TMP at time, t. The irreversible
fouling was determined after each backwashing step by the pressure increase (AP)

measured at the onset of the subsequent filtration cycle.

EXAMPLE 6

Results and Discussion

6.1  Preparation and Characterization of CNT Mats

FIG. 2 illustrates the change in transmembrane pressure (TMP) observed
during the creation of three representative HF-PVDF-CNT (FIG.2—-A, left) and three
representative HF-PES-CNT (FIG.2-B, right) membranes. For each type of
membrane, results are shown for three separate experiments; based on the volume and
concentration of the MWCNT-containing solution used the total mass of MWCNTs
deposited on the inner surface of each membrane was approximately 11 g m™>. As the
MWCNT suspension was being filtered through the membranes (Stage 1), the TMP
increased rapidly, reaching a maximum after approximately 6 min of filtration time,
which corresponds to approximately 12 mL.

During Stage 1, the average TMP increase is higher for the HF-PVDF
membranes (approximately 0.9 bars) than for the HF-PES membranes (approximately
0.5 bars). This difference in behavior between the two types of hollow fiber
membranes is consistent with the hypothesis that the TMP increase during Stage 1 is
predominantly a result of physical interactions, specifically hydrophobic interactions,
between the base membrane and the surfactant present in the feed solution. A.-S.
Jonsson, B. Jonsson, J. Membr. Sci. (1991). As reported by Jénsson and Jonsson,
stronger interactions (and thus greater changes in the TMP) would be expected
between the hydrophobic segments of the surfactant and the hydrophobic HF-PVDF
membranes, as compared to the more hydrophilic HF-PES membranes.

Once the volume of the MWCNT suspension filtered through the membrane
corresponded to the desired MWCNT mass loading (approximately 13 mL based on
the MWCNT concentration), the MWCNTs suspension was replaced by Milli-Q
water (Stage 2). At this point, FIG. 2 shows that for both HF-PVDF-CNT (FIG. 2-A)
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and HF-PES-CNT (FIG. 2-B) membranes, the TMP decreased rapidly as the
surfactant left the membrane and entered the permeate. After approximately 40
minutes of washing with Milli-Q water, the TMP across all of the membranes
remained roughly constant at values that were either comparable to, or slightly higher
than those of the virgin hollow fiber membranes.

In terms of permeability, for the HF-PVDF-CNT and HF PES-CNT
membranes, the values were 500 + 68 L h™'m™?bar” and 1080 + 200 L h™'m?bar™,
respectively. In contrast, the permeability of the virgin HF-PVDF and HF-PES
membranes was 655 + 85 L h™'m™bar™ and 1200 + 120 Lh ™' m™bar™, respectively.
Thus, the generation of CNT mats inside the hollow fibers reduces the membranes’
permeability by approximately 22 % for HF-PVDF-CNT and 10 % for HF-PES-CNT
membranes, respectively. These relatively small changes in the hybrid membrane’s
characteristics suggest that the CNT mats exhibit a large porosity and thus a low
hydraulic resistance as compared to the base membrane.

SEM analysis of both HF-PVDF-CNT and HF-PES-CNT membranes (FIG. 3)
confirms that the loading procedure creates a hybrid membrane structure with micron
thick CNT mats adsorbed on the inner surface of the hollow fiber. Furthermore, SEM
images reveal that the interface between the CNT mat and the base membrane is
relatively sharp and well-defined with little or no evidence of CNTs within the pores
of cither the HF-PVDF or HF-PES membranes. Based on the membrane’s pore size
(0.1 um and 0.03 um for the HF-PVDF and HF-PES, respectively), compared to the
CNT geometry (O.D > 50 nm, Length: 10 um -20 pm), a total rejection of CNTs by
the membrane during loading is expected, leading to their adsorption at the inner
membrane surface and the creation of a MWCNT mat.

This characteristic is in contrast to previous studies, where MWCNTs (O.D:
10 nm - 20 nm, Length: 10 pm to 20 pm) dispersed by Triton-X100 were observed to
permeate through flat sheet PVDF membranes which exhibited significantly higher
pore size (membrane pore size approximately 0.45um) and where filtration occurred
under quite different preparative conditions (vacuum filtration). G.S. Ajmani, et al.,
Water Res, (2012). The properties of the base membrane and details of the loading
procedure would therefore both seem to be important parameters in determining if a
discrete CNT mat is formed.

6.2  Stability of MWCNT mats during backwashing
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The stability of the HF-PVDF-CNT and HF-PES-CNT membranes under
different backwashing and cleaning conditions were analyzed using UV-Vis (see FIG.
4). The extent to which the hydraulic stability of the CNT mats created on both HF-
PVDF and HF-PES membranes was reproducible was investigated by conducting
experiments in triplicate on separate HF-PVDF CNT and HF-PES-CNT membranes.
During long-term backwashing with Milli-Q water, the only measureable quantity of
CNTs removed from the membrane occurred during the beginning of the backwash (<
10 min).

Referring now to FIG. 4, this trend was observed for all of the HF PVDF-CNT
and HF-PES-CNT membranes, and suggests that CNTs displaced at the onset of the
backwashing correspond to loosely bound aggregates of CNT particles that were only
weakly adhered to the CNT mats. Without wishing to be bound to any one particular
theory, it is thought that this observation is a consequence of the high CNT
concentrations in the suspensions used to create the mats (750 mg L™), which will
result in some CNT aggregates/bundles that are likely to be less tightly bound within
the mat. For backwashing times in excess of approximately 10 minutes, however, the
quantity of CNTs removed by backwashing with Milli-Q water decreased for all of
the HF-PVDF-CNT and HF-PES-CNT membranes examined to values that were at or
below the detection limit (> 6.6 10° mg MWCNT), indicating that the remaining
CNTs in the mats were stable under these backwashing conditions. Indeed, except for
the very beginning of the backwash (< 10 mins), the entire volume collected during
the 2 hours of backwashing exhibited no UV absorbance in the 800-nm to 900-nm
range, confirming that the quantity of CNTs released during this step is extremely low
(FIG. 4).

For all of the HF-PVDF-CNT and HF-PES-CNT membranes studied, the total
mass of MWCNTs lost from the CNT mats during long-term backwashing with Milli-
Q water was < 50 ug as compared to the approximately 10 mg MWCNTSs used to
create them. Thus, the total amount of MWCNTSs removed during this two-hour
period of backwashing (samples taken every 10 min) represents< 0.5 % of the total
MWCNT mass loaded. After this long-term backwash, all of HF-PVDF-CNT and
HF-PES-CNT membranes were hydraulically stressed by rapidly increasing the
hydraulic flux. For the majority of the membranes tested, the quantity of MWCNTs
released during these hydraulic stress steps was below the detection limit even at

really high water fluxes (i.c., 420 L h™'m™), although one of the HF-PES-CNT
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membranes did lose measureable quantities of MWCNTs for each of the hydraulic
steps (see FIG. 4).

The last backwash step was chemically cleaning the CNT modified hollow
fiber membranes using different solution chemistries. In general, the quantity of
CNTs removed during each one of the different chemical treatment steps was small
(e.g., less than about 0.05 mg); the most disruptive treatment was the backwash with
the synthetic water solution at a flux of 85 L h™" m™. Based on the total mass of
MWCNTs lost during the entire sequence of backwashing steps, it is evident that the
MWCNT mats formed on the HF-PVDF-CNT and HF-PES-CNT membranes are
hydraulically stable, i.e., they are baskwashable. For five of the six HF-PVDF-CNT
and HF-PES-CNT membranes tested, the fraction of MWCNTSs lost is less than 1% of
the initial MWCNT mass used to create the mats. In general, the HF-PVDF-CNT and
HF-PES-CNT membranes exhibited comparable stabilitics, which suggest that
MWCNT stability is more a function of their structure than specific interactions with
the membrane surface.

Cross-sectional SEM images of the HF-PVDF-CNT (FIG. 5A; HF-PVDF) and
HF-PES CNT (FIG. 5B; HF-PES) membranes acquired after the backwashing steps
confirm the hydraulic stability of the CNT mats. In addition, to the retention of the
CNTs, the lower magnification SEM images (FIG. 5, Al and B1) also reveal that the
CNT mats are formed continuously around the inner surface of the hollow fiber
membranes with a relatively uniform thickness. The higher resolution electron
micrographs (FIG. 5, A2 and B2) highlight the intact nature of the CNT mat after
backwashing, the similar thickness compared to the mat before backwashing
(compare FIG.s 3A and 3B) and the abrupt nature of the interface that still exists
between the CNT mat and the base membrane (HF-PVDF or HF-PES). The UV-Vis
and SEM measurements both demonstrate the ability of the simple preparative
approach described herein to produce CNT mats on the inner surface of hollow fiber
membranes.

The robustness of the HF-PVDF-CNT and HF-PES-CNT mats created on the
inner surface of the membranes after backwashing contrasts with the instability of
CNTs mats when they were deposited on the outer surface of the same membrane. A
darkening of the solution in the membrane module (FIG. 11) demonstrates that even
simple backwashing from the inside out removed large quantities of CNTs deposited

on the outer surface of a HF-PVDF membrane. This observation is consistent with
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previous studies on the instability of CNT mats adsorbed on flat sheet membranes
after simple backwashing with Milli-Q water. G.S. Ajmani, ct al., Water Res (2012).
In contrast, backwashed samples collected when the CNT mats were deposited on the
inner surfaces of the hollow fiber membranes were colorless to the naked eye,
indicative of a dramatically greater stability.

6.3 Stability of CNT Mats during filtration of organic matter (humic substances)

The experiments conducted hereinabove reveal how CNT mats prepared on
the inside surface of hollow fiber membranes remain intact during aggressive
membrane cleaning (i.e., backwashing). Therefore, the HF-PVDF-CNT and HF-PES-
CNT membranes can be expected to remain functional in practical, real world
applications without the need to continuously regenerate the CNT mats. This constant
regeneration would severely compromise their practical utility. It also is important to
confirm, however, that CNTs do not breakthrough the membrane and enter the
permeate during normal inside out water filtration. This requirement is important
because any breakthrough of CNTs during filtration would raise important safety
issues, as CNTs could enter the treated water where their environmental health and
safety effects remain unresolved and are the topic of intense scientific debate. J. M.
Worle-Knirsch, et al., Nano Lett. (2006).

To test the stability of CNTs during normal operation (i.e., inside out
filtration) a humic substance (SRNOM; 5 mg C L) was filtered through a HF-PVDF-
CNT membrane at 67 L h™ m™ over a two hour period. At selected times during
SRNOM filtration, 3 mL aliquots of the permeate were analyzed by measuring the
UV-Vis in the 800-nm to 900-nm region, for any evidence of CNTs. Humic
substances exhibit a strong propensity for facilitated transport and for stabilizing
CNTs as suspended particles, M.A. Chappell, et al., Environ. Pollut. (2009), and
SRNOM filtration is thus a stringent test for CNT stability.

To test the stability of the CNTs under conditions most likely to facilitate their
transport through the membrane, (1) the membrane pore size should be relatively
large; and (2) the SRNOM should not induce fouling, which would decrease the
membrane’s effective pore size and the propensity for CNT transport.

To address the first issue, the HF-PVDF membrane was investigated because
of its larger pore size (0.1 pm for HF-PVDF vs. 0.03 um for HF-PES), as compared to
the CNT dimensions (lengths of 10 um - 20 um with outer diameters of 50 nm to 80
nm). To address the second issue, SRNOM (< 800 Da determined by HPLC-SEC
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with DOC detection) was chosen because the molecular weight of SRNOM is small
enough so that no fouling would be expected during SRNOM filtration through the
HF-PVDF membrane. During SRNOM filtration the UV absorbance of all permeate
samples was below the MWCNT detection limit (0.011 absorbance units in the 800-
nm to 900-nm range). The TMP also remained constant, indicating a lack of organic
fouling, as expected (FIG. 12). UV analysis of the backwash conducted at the end of
the SRNOM filtration cycle using the permeate (85 L h™'m?) revealed the presence of
approximately 10 uyg MWCNTSs. Thus, the presently disclosed results demonstrate
that, within the observed detection limits, no facilitated CNT transport occurred
through the HF-PVDF-CNT membrane during inside out SRNOM filtration, although
a small quantity of MWCNTSs was removed during backwashing as expected from the
results on hydraulic stability (section 6.2. hereinabove).

In sum, the presently disclosed results with SRNOM support the idea that
CNT mats can be used in hollow fiber membranes (even for larger pore sized
ultrafiltration membranes) without introducing unwanted CNTs in the treated water.
6.4  Effectiveness and stability of MWCNT mats during alginate filtration

As previously reported, G.S. Ajmani, et al., Water Res, (2012), CNT mats
created on flat sheet PVDF membranes can reduce membrane fouling. The fouling
resistance of HF-PVDF-CNT and HF-PES-CNT membranes was tested by monitoring
the change in TMP during the filtration of sodium alginate, atypical fouling surrogate
used in membrane studies. It should be noted that this example is distinct from the
one previously described in Section 6.3 immediately hereinabove, which was
designed specifically to evaluate the potential for any CNT remobilization during
filtration of organic matter.

In contrast, the filtration of sodium alginate represents far more aggressive
fouling conditions, allowing the benefits that CNT mats have on fouling resistance to
be evaluated, as well as their ability to sustain any improvements in performance
through several backwashing steps. FIG.6-A shows that during each cycle of alginate
filtration the rate of TMP increase for the HF-PVDF-CNT membranes decreased
considerably compared to the HF-PVDF membranes. For example, the fouling rate in
the first cycle, as determined by the slope of the pressure increase vs. time in the
linear part of the curve, was equal to 2 and 0.8 mbar min™ for the HF PVDF and HF-
PVDF-CNT membranes, respectively. Thus, the presence of the CNT mat reduced
the fouling rate by about 60% during the first cycle.
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Improvements in the anti-fouling properties of the HF-PVDF-CNT
membranes were sustained through all four filtration cycles, with the final TMP after
approximately 5 hours equal to 0.3 and 0.1 bars for the HF-PVDF and HF-PVDF20
CNT membranes, respectively. The improved fouling resistance of the HF-PVDF-
CNT membranes was sustained through repeated backwashing steps, shown in FIG.
6-A, supporting the idea that the presently disclosed CNT mats are hydraulically
stable, i.e., are backwashable.

In addition to the improvements in fouling resistance, the presently CNT mats
decreased the extent of irreversible fouling. After the last backwash, the permeability
of the HF-PVDF and HF-PVDF-CNT membranes was 468 Lh™'m?bar™ and 395 Lh’
'm™bar’, respectively. Before fouling, the permeability of the HF-PVDF and HF-
PVDF CNT membranes was 655 + 85 Lh'm™?bar" and 434 Lh™ m?bar™". Thus, the
irreversible fouling reduced the permeability of the HF-PVDF membranes by 29%,
but the HF-PVDF-CNT membrane by only 9%.

The CNT mats were, however, less effective at reducing alginate fouling when
adsorbed on the inner surface of PES membranes. During the first cycle, the fouling
rate was 2 mbar min" and 1.3 mbar min™ for the HF-PES and HF-PES-CNT
membranes, respectively. Furthermore, after each filtration cycle, the relative
improvement of the HF-PES-CNT membrane compared to the HF-PES membrane
decreased such that the performance of the HF-PES-CNT and the HF-PES membrane
were virtually indistinguishable from one another after three backwash cycles.

The extent of irreversible fouling was negligible for either the HF-PES-CNT
membrane or the HF-PES membrane. Without wishing to be bound to any one
particular theory, it is thought that the CNT mats have a greater effect on the
performance of the HF-PVDF membranes can be ascribed to the difference in pore-
size between the hollow fiber membranes and the CNT mats. The HF-PVDF and HF-
PES membranes have pore sizes of approximately about 0.1 pm and less than about
0.03 um, respectively; the CNT mats have a pore size distribution predominantly in
the range of about 0.01 pum to about 0.1 um, based on previous findings using flat
sheet membranes. G.S. Ajmani, et al., Water Res, (2012). Thus, for the HF-PVDF
membrane the CNT mat introduces a new, finer filter that helps to trap particles
responsible for clogging/blocking membrane pores. In contrast, the pore size in the

HF-PES membrane is comparable to that in the CNT mat and consequently the CNT
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mat produced far less of a change in the antifouling properties of the hybrid
membrane.
6.5  Rationalizing the CNT Mat Stability

One finding of the presently disclosed subject matter is that backwashable
CNT mats can be generated on the inner surfaces of hollow fiber membranes using a
simple preparative method. Without wishing to be bound to any one particular
theory, it is thought is that the detailed nature of membrane-CNT interactions is not
playing a major role in determining the mat’s stability due to the ability to create
stable CNT mats on two membranes (HF-PVDF and HF-PES) with very different
physicochemical properties (different hydrophilic properties, pore size, chemical
composition, and the like).

To explore the generalizability of a mat’s stability on the inner surface of a
hollow fiber membrane a limited number of experiments were conducted using
powder activated carbon (PAC) (200-400 mesh; 75-35 micron), rather than CNTs. In
these studies, surfactant stabilized particles of powder activated carbon (PAC) were
filtered through a HF-PVDF membrane from the inside-out using an experimental
approach analogous to the one used for CNTs. During the loading procedure a
qualitatively similar variation in TMP was observed. Thus, at the end of the PAC
loading step and subsequent flushing of the surfactant with Milli-Q water the
measured TMP was similar to that of the virgin membrane. Two HF-PVDF-PAC
membrane modules were created in this way, with loadings of about 19 g cm™ and
about 28 g cm”. Both membranes were then subjected to prolonged backwashing
with Milli-Q water and hydraulic stress as described in Example 2.2 (i) and (ii).
Visual analysis of the backwashed water showed that the vast majority of the PAC
had been retained within the membranes. This observation was confirmed by SEM
analysis, which showed that PAC mats remained on the inner surface of the HF-
PVDF (see FIG. 13). This result indicates that the stability of the CNT mats, which
are the focus of this disclosure, is not a consequence of the unique physicochemical
properties of CNTs but is a more generalizable phenomenon that can likely be
extended to a range of other materials.

Thus, a key question is why are the mats created on the inner surface of the
hollow fiber membranes stable to aggressive backwashing, while mats deposited

either on flat sheet membranes or on the outer surface of hollow fiber membranes are
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easily removed by the most simple backwashing steps. As a first step toward
rationalizing this phenomenon it is constructive to consider the stresses that mats
experience during backwashing as a result of the water pressure. Based on the SEM
images shown in FIG. 5 the CNT mats can be considered as a thin walled cylinder
since their thickness is less than 1/20 of their diameter. As stated previously by
Brinket ef al. hollow fibers, and therefore by inference the CNTs mats, will be mainly
subjected to radial and circumferential stresses during filtration, although longitudinal
stress can be neglected as the fiber is open on one end. During backwashing the
greatest stress experienced by a mat loaded on the outer surface of fiber is tensile
hoop stress which exerts a force that tries to expand the material. In contrast, a mat
created on inner surface of a fiber is subjected to compressive hoop stresses. Thus, the
presently disclosed results suggest that the difference in mat stability is related
principally to the nature and directionality of stresses that they experience during
backwashing (compressive or tensile) with mats being more resistant to compressive
as opposed to tensile forces. Indeed, for a given material its compressive strength is
generally higher than its tensile strength. Moreover, the magnitude of the stresses
experienced by the mat during backwashing depend on the diameter of the mat; CNT
mats created on the outer surface will be subjected to higher stress because they
exhibit larger diameters than ones created on the inner surface. Thus, both the nature
and magnitude of the forces both point towards a greater stability for CNT mats
created on the inner surface of hollow fibers and subjected to outside-in backwashing.
Further theoretical studies and computational modeling will be necessary to fully
explore the reasons for the mat’s stability.
6 Implications for Future Research and Membrane Applications

The presently disclosed subject matter demonstrates that hydraulically stable
CNT mats, i.e., CNT mats that are backwashable, can be generated using a simple
preparative method on the inner surfaces of hollow fiber membranes, in sharp contrast
to the instability of CNT mats deposited either on flat sheet membranes or on the
outer surface of the hollow fiber membranes. C.F. DeLannoy, et al., J. Membr. Sci.
(2012). Again, without wishing to be bound to any one particular theory, it is thought
that the detailed nature of membrane-CNT interactions is not playing a major role in
determining the mat’s stability, due to an ability to create stable CNT mats on two
membranes (HF-PVDF and HF-PES) with very different physicochemical properties

(different hydrophilic properties, pore size, chemical composition, and the like).
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Instead, it is thought that the hydraulic stability of the CNT mats created on both HF-
PVDF and HF-PES membranes is a consequence of the directionality of the forces
they are subjected to during backwashing. Thus, for CNT mats adsorbed on the inner
surface of a cylindrical HF membrane, the net force exerted on the CNTs by outside-
in water flow through the membrane from all directions during backwashing could
well be counterbalanced with forces converging to the center of the hollow fiber.

In contrast, mats created on the outer surface of a hollow fiber or on a flat
sheet will experience a net pull from the water during backwashing, explaining why
the mats become unstable and detach from the membrane surface. To test this
hypothesis, the stability of the mats on hollow fiber membranes that possess larger
inner diameters can be explored, with the expectation that above a certain critical
membrane diameter the mats will become unstable.

The stability of different HF membrane-CNT combinations (e.g., single walled
and oxidized multiwalled CNTs) also can be investigated to the extent which the
creation of stable CNT mats on the inner surfaces of HFs represents a generalizable
phenomenon. In addition to identifying the fundamental physical and chemical
reasons for mat stability, the ability of these CNT mats to improve membrane
performance can be explored, for example, by comparing longer term antifouling
properties, as well as virus and contaminant removal properties of virgin and CNT
modified hollow fibers. Related studies can explore the effect of the mat’s
characteristics including, but not limited to, thickness, type and concentration of CNT,
on both hydraulic stability and water purification properties.

The discovery that stable CNT mats can be created on the inner surface of
hollow fiber membranes means that other unique properties of CNT mats potentially
also can be exploited during routine membrane operation.

Further, the unique ability to pass current through the presently disclosed CNT
mats, an attribute which has recently been exploited to destroy viruses and
contaminants by redox processes occurring within the mats, also can be explored.
C.D. Vecitis, et al., Environ. Sci. Technol. (2011). The presence of a conductive
CNT-containing layer at the membrane surface also has been shown to be capable of
mitigating the effects of biofouling. K.H. Schoenbach, et al., IEEE Trans. Plasma Sci.
(1997).

Indeed, applications for the presently disclosed stable CNT mats can be

envisioned in a wide number of applications, ranging from medical devices to power
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transfer situations. By measuring changes in conductance during operation, CNT
mats also could be used to remotely monitor a membrane’s integrity and performance
in the field, something that is otherwise difficult to do. It should be noted, however,
that these advances and potential applications only apply to hollow fiber membranes
being operated in an inside-out mode.

In sum, the presently disclosed subject matter provides a method to generate
hydraulically stable, i.c., backwashable, CNT mats on the inner surface of polymeric
hollow fiber membranes. The presently disclosed methods involve filtering a CNT
suspension through a hollow fiber membrane operating in dead-end mode from the
inside-out. The CNT mats do not significantly change the base membranes’
permeability, although one attribute is their ability to withstand backwashing,
including long term backwashing and hydraulic stress with Milli-Q water and
chemical cleaning. On average, the CNT mats lost < 1% of their initial mass during
these backwashing steps as measured by UV-Vis, while the mat’s stability was
confirmed visually by cross-sectional SEM images taken before and after
backwashing.

The surprising stability of the presently disclosed CNT mats is in marked
contrast to the hydraulic instability of CNT mats created on the outer surface of
hollow fiber membranes or on flat sheet membranes toward even the simplest and
least aggressive backwash steps. The potential for the presently disclosed CNT mats
to enhance hollow fiber membrane performance characteristics is highlighted by their
ability to sustainably improve the anti-fouling resistance of HF-PVDF membranes,
through several filtration/cleaning steps. The presently disclosed results open the
door to the practical implementation of CNT mats into real world membrane
applications, with the potential to improve anti-fouling resistance, as well as

contaminant and virus removal capabilities of hollow fiber membranes.
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natural organic matter in water using functionalized carbon nanotube buckypaper,
Carbon. 59(2013)160-166.

Although the foregoing subject matter has been described in some detail by
way of illustration and example for purposes of clarity of understanding, it will be
understood by those skilled in the art that certain changes and modifications can be

practiced within the scope of the appended claims.
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THAT WHICH IS CLAIMED:

L.

A method for preparing a carbon mat on an inner surface of a

polymeric hollow fiber membrane, the method comprising:

(2)
(b)

©

(d)

(©)

2.

providing a plurality of carbon nanotubes and/or carbon particles;
suspending the plurality of carbon nanotubes and/or carbon particles in
a solution to form a suspension of carbon nanotubes and/or carbon
particles;

providing one or more polymeric hollow fiber membranes, wherein the
one or more polymeric hollow fiber membranes have at least one open
end in fluid communication with a lumen, and wherein the lumen
defines an inner surface of the one or more polymeric hollow fiber
membranes;

dispensing the suspension of carbon nanotubes and/or carbon particles
in the at least one open end of the one or more polymeric hollow fiber
membranes; and

filtering the suspension of carbon nanotubes and/or carbon particles
through the one or more polymeric hollow fiber membranes operating
in dead-end mode from the inside-out to deposit a carbon mat on an

inner surface of a polymeric hollow fiber membrane.

The method of claim 1, wherein the carbon particles comprise

powdered activated carbon particles.

3.

The method of claim 1, wherein the plurality of carbon nanotubes

comprise multi-walled carbon nanotubes.

4.

The method of claim 1, wherein the plurality of carbon nanotubes

comprise single-walled carbon nanotubes.

5.

The method of claim 1, wherein the plurality of carbon nanotubes have

a diameter from about 50 nm to about 80 nm.
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6. The method of claim 1, wherein the plurality of carbon nanotubes have

a length from about 10 um to about 20 um.

7. The method of claim 1, wherein the plurality of carbon nanotubes have

a specific surface area of about 60 m” g,

8. The method of claim 1, wherein the plurality of carbon nanotubes

comprise unfunctionalized carbon nanotubes.

0. The method of claim 1, wherein the solution comprises an aqueous
solution.
10. The method of claim 9, wherein the aqueous solution comprises a non-

ionic surfactant.

11. The method of claim 1, further comprising sonicating the solution of

carbon nanotubes for a period of time.

12. The method of claim 1, wherein the one or polymeric hollow fiber

membranes are hydrophilic.

13. The method of claim 1, wherein the one or more hydrophilic polymeric

hollow fiber membranes comprise polyether sulfone (PES).

14. The method of claim 13, wherein the one or more polymeric hollow

fiber membranes have a nominal pore size of about 0.03 um.

15. The method of claim 13, wherein the one or more polymeric hollow
fiber membranes are capable of sustaining a maximum flux of pure water flux of

about 1200 = 120 L h™* m™ bar™.

16. The method of claim 1, wherein the one or more polymeric hollow

fiber membranes are hydrophobic.
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17. The method of claim 14, wherein the one or more polymeric hollow

fiber membranes comprise polyvinylidene fluoride (PVDF).

18. The method of claim 17, wherein the one or more polymeric hollow

fiber membranes have a nominal pore size of about 0.1 um.

19. The method of claim 17, wherein the one or more polymeric hollow
fiber membranes are capable of sustaining a maximum flux of pure water of about

655+ 85 L h! m? bar'.

20. A carbon nanotube mat on an inner surface of a polymeric hollow fiber

membrane prepared by the method of claim 1.

21. A polymeric hollow fiber membrane having a carbon nanotube mat

deposited on an inner surface thereof.

22. The polymeric hollow fiber membrane of claim 21, wherein the
polymeric hollow fiber membrane comprises a polymer selected from the group

consisting of a hydrophilic polymer and a hydrophobic polymer.

23. The polymeric hollow fiber membrane of claim 21, wherein the
polymeric hollow fiber membrane comprises a polymer selected from the group

consisting of polyether sulfone (PES) and polyvinylidene fluoride (PVDF).

24, The polymeric hollow fiber membrane of claim 21, wherein the carbon

nanotube mat comprises a plurality of single-walled carbon nanotubes.

25. The polymeric hollow fiber membrane of claim 21, wherein the carbon

nanotube mat comprises a plurality of multi-walled carbon nanotubes.

26. The polymeric hollow fiber membrane of claim 21, comprising a total

mass of carbon nanotubes deposited on the inner surface thereof of about 11 g m™.
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27. The polymeric hollow fiber membrane of claim 21, comprising an

electrical conductance material.

28. A method for filtering an effluent, the method comprising passing the
effluent through a polymeric hollow fiber membrane having a carbon nanotube mat

deposited on an inner surface thereof.

29. The method of claim 28, wherein the effluent is selected from the

group consisting of water, wastewater, and a biological fluid.

30. The method of claim 29, wherein the biological fluid comprises blood.

31. The method of claim 28, wherein the method further comprises an

industrial process.

32. The method of claim 31, wherein the industrial method comprises a
process selected from the group consisting of microchip processing and food

processing.

33. The method of claim 28, wherein the method further comprises an

analytical process.

34. The method of claim 33, wherein the analytical process comprises

solid phase microextraction.
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