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SMOOTH POLYMER MEMBRANES AND ELECTROSPRAY PRINTING METHODS
OF MAKING THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS

{00061} This application claims priority to U.S. Provisional Patent Application No.

62/538,503, filed on July 28, 2017, the contents of which are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

{0002] This invention was made with government support under grant number RID834872
awarded by the U.S. Environmental Protection Agency. The government has certain rights in the

nvention.
BACKGROUND OF THE INVENTION

{0603] In membrane based desalination processes, the thin film composite (TFC) membrane
1s an industry standard, which is made using an interfacial polymerization technique to form an
ultrathin polymer (e g. polyanude) layer on the surface of polymeric substrates. In 30 years of
using this approach, the reverse osmosis (RO} industry has yet to create a polyamide film onto a
supporting membrane such that the film has controllable thickness, controllable roughness, and
other properties that are independent from the subsirate properties. The reaction for film

formation in the known art proceeds in an unconirolled manner.

{0004] Thickness and roughness impact membrane permeance and fouling propensity,
respectively, and being able to carefully control these parameters could greatly benefit any

process that uses a TFC membrane.
SUMMARY OF THE INVENTION

EEUERY The disclosure contained herein s 1n the general field of polymer thin films and

methods of making and using those thin films.
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[0006] In one embodiment, the 1nvention provides a method of making a polymer membrane,
the method mcluding providing a first monomer solution having a first solvent, a second
monomer solution having a second solvent, and a substrate having a surface, and including
electrospraying the first monomer solution onto the substrate surface and electrospraying the
second monomer solution onto the substrate surface to form the polymer membrane on at leasta

portion of the substrate surface.

{8007} In another embodiment, the invention provides a thin film composite membrane, the
thin film composite membrane including a polymer, and where the thin film composite
membrane has a smoothness characterized by an RMS roughness value of fess than or equal to

about 45 nm.

{0008] In vet another embodiment, the invention provides a desalination system including a
thin film composite membrane attached to a porous substrate, the thin film composite membrane
mcluding a polymer, and where the thin film composite membrane has a smoothness
characterized by an RMS (root mean squared) roughness value of less than or equal to about 45

nim.

{00069] Other aspects of the invention will become apparent by consideration of the detailed

description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Fig. 1 shows a schematic diagram of an electrospray polymerization (ESP) system
and a recipe for making tunable polyamide films using electrosprayed polymerization. (A) a side
view of the ESP system with two needles placed vertically; (B) a top down view of the ESP
systemn demonstrating a single scan; (C) the amount of m-phenylene diamine (MPD) and
trimesoyl chloride (TMC) monomers used (wt/vol of solvent); (D) an MPD monomer; (E) a

TMC monomer; (F) the chemuical structure of an 1onic liquid {(IL) suitable for the organic phase.

{0011} Fig. 2 shows properties of an ultrafiliration membrane according to the present
disclosure. (A, B,C} the substrates used for these samples. (ID,E,F) contact angles for the

respective samples.

3]
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{8012} Fig. 3 shows a series of scanning electron microscopy (SEM) images of ESP TFC
membranes for a MPD:TMC ratio of 0.5:0.3 {wt/vol of solvent) concentration for making TFC
membranes on PANSO, PAN4SO, and PS20 substrate. A commercial membrane (Dow

SW30XLE) 15 shown for comparison.

[0013] Fig. 4 shows AFM images and plots of changes in surface roughness with respect to

MPD and TMC concentration (left) and number of scans performed on the substrate (right).

{0614] Fig. 5 shows changes in polyamide thickness with respect to MPD: TMC

concentration (left) and number of scans (right).

{0015} Fig. 6 shows TEM micrographs of polyanude films with PAN50 TFC and PAN450
TFC for 5 scans. The rightmost image shows 5 layers with a resolution of 15.1 £ 1.4 nm. PAN

stands for polyacrylonitrile.

[0616] Fig. 7 shows desalination performance of ESP TFC membranes in a dead-end based

reverse Osmosis setup.

{0017] Fig. 8 shows desalination performance of ESP TFC membranes with regard to

number of scans in a dead-end based reverse osmosis setup.

{6018] Fig. 9 shows detatls of an electrospray process for printing substrate independent
polyvamide films with sub-4 nm thickness control. (A) A side view of a schematic of an
electrospray process according to the present disclosure. (B) The top view schematic shows the
needles and a stage assembly that can move horizontally (1.e. in the direction dlustrated) for
uruform coatings on a rotated drurn. A single sweep across the substrate 1s denoted as a “single
scan.” {C) A free-standing polyvamide film measuring 1.1 o thack in air, along with the cross-
section from SEM. (D) Polyamide thickness as a function of MPD and TMC loading, including
the corresponding thickness per scan. (E) Polvamide thickness as a function of the number of
scans at a MPD:TMC concentration ratio of 0.125:0.075. For characterization data presented in
C-E, the polyamide was prepared on an Al foil substrate and then separated according to Fig.
14A. (F-I) Cross-section TEM of PANSO (F}, PS20 (G}, and PAN450 (H and [} TFC membranes

made with 5 scans and a MPD: TMC concentration ratio of 0.5:0.3. The displayed thickness
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represents 20 measurements from the images, except for Fig. 9H where only the thinnest region

1s measured.

{0619] Fig. 10 shows dependency of surface morphology, roughness, and desalination
performance on monomer conditions and vumber of scans. (A) SEM unage of TFC mmembranes
at 100,000 times magunification for different concentrations of MPD and TMC. The underlving
sabstrate and a Dow SW30XLE membrane are shown as controls. (B} A sertes of 3 um « 3 um
AFM topography mmages reveal increased surface roughness with the MPD: TMC concentration
ratio, either consistently with 5 scans {(top row) or due to saccessive scans for the specific
MPD:TMC concentration ratio of 0.5: .3 {bottom row}. The first column displays the substrate
without any polyamide film for comparison. The nset numbers indicate either the concentration
rat1o or the number of scans. {C) Graph showing RMS surface roughness of the TFC membranes
using three different UF membranes as substrates for a series of MPD: TMC concentration ratios.
The first points in the graph represent the roughness of the substrate only. (D) The surface
roughness increases with the number of scans for three different MPD: TMC concentration ratios
for PS20 TFC membranes. The commercial Dow SW30XLE TFC RO membrane 1s shown as a

dotted line (€ and D) for benchmarking.

{0620] Fig. 11. shows dependency of surface morphology, roughness, and desalination
performance on monomer conditions and number of scans. {A} Vanation of Na{l salt rejection
and pure water permeance for different membranes, displaved as a function of three different UF
membrane substrates. (B and C) Comparison of pure water permeance and NaCl salt rejection,
respectively, between UF substrates for TFC membranes made with 5 scans over about 1 order
of magnitude (e.g. about 10 times) increase in MPD and TMC loading. The commercial Dow
SW30XLE TFC RO membrane is shown as a dotted line (B and C) or as an orange star point (A)

for henchmarking.

{6021} Fig. 12 shows model results showing changes in droplet size and MPD monomer
concentration as it moves through air and deposits on the drum {A), and effects of substrate
hydrophilicity on splash diameter (B) with respect to different tip to drum distances. Model
conditions include an apphied voltage of 10 kV, a flowrate of 10 mL/hr, MPD concentration of

2% (wt of MPD/vol of water), viscosity of air () of 1.983 x 10™ Pa-sec, density of air (p.) of
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1.225 kg/m’, viscosity of water {tw) of 1.002 x 107 Pa-sec, density of water {pw) of 1000 kg/m’,
latent heat of vaporization of water (L) of 2.26476 x 10° J/kg, diffusivity of water in air (D) of
2.82 x 107 m’/sec, surface tension of water (yw) of 7.197 x 10™ N/m, conductivity of water (K.
of 0.008 S8/m, boiling point of water (T} of 100 °C, aqueous phase temperature (T} of 25 °C,
vacuum permittivity (g5} of 8.854 x 1077 A% sec*/(kg'm’), relative permittivity (g, of 80.1, and

frictional drag coefficient (f4) of 0.6.

10022} Fig. 13 shows detatls of the maternials and chemicals used in certain exemplary
embodiments. (A) Structure of the two monomers used for polymerization reaction and the
lipophilic IL. (B) SEM micrographs of the three UF membranes shown at a magnification of
2500 times (top row) and 100,000 times {bottom row). {C} Pure water permeance of the three UF
membrane. (D) Contact angle data of the three substrates. (E) Contact angle data of the TFC

membranes.

{0023} Fig. 14 shows (A} a schematic diagram of an etching process to transfer polyanude
film onto S1 wafer and (B) an atomic force microscopy (AFM) scanning method to determine the

polyamide thickness.

{0024] Fig. 15 shows an energy-dispersive X-ray spectroscopy (EDX) analysisona

crumpled polyanide. Standard deviations were calculated from 6 measurements.

[6025] Fig. 16 shows representative AFM height images and cross-sections at the edges of
polvamide films affixed to silicon wafers, each made with 5 scans on Al foil with a varying
MPD:TMC concentration ratio as indicated. A transmission electron microscopy {TEM]) cross-
section micrograph is shown on E to show the thickness heterogeneity. Standard deviations were

calculated from 6 measurements per sample with 3 samples per condition.

10026} Fig. 17 shows a series of TEM cross-sectional images of polyamide film at 180,000
times magnification with different numbers of scans at a fixed MPD:TMC concentration ratio of
0.5:0 3. Standard deviations were calculated from 4 measurements per sample with 3 samples per

condition.

(]



WO 2019/023690 PCT/US2018/044262

[0027] Fig. 18 shows SEM images of various substrates and their TFC membranes at varying
MPD:TMC concentration ratios, made using S scans and imaged at a magnification of 2500

fimes.

[0028] Fig. 19 shows SEM images of all the substrates and their TFC membranes at varying
MPD: TMC concentration ratios, made using 5 scans and imaged at a magnification of 100,000

times.

{0029} Fig. 20 shows 3 ym x 3 wm AFM topography images of the surfaces of several
substrates and TFC membranes with various MPD:TMC concentration ratios made using 5

Scans.

{0030} Fig. 21 shows water-salt permselectivity plotted against pure water permeance for
various membranes investigated, with an area of about 46 ¢m’ for the dead-end RO and about 24
cm” for the cross-flow RO setup. The results from TFCs prepared on several distinet substrates
are indicated as shown. The dashed oval overlay identifies membranes made using the PANSO
support, which were specifically tested in the cross-flow RO. The performance of a commercial

DOW SW30XLE TFC RO membrane 1s also identified.

[0031] Fig. 22 shows calculated perm-selectivities for membranes relative to a theoretical
upper bound relationship. All membranes shown were made with 5 scans and tested with a
coupon area of about 46 cm? for the dead-end RO and about 24 cro” for the cross-flow RO setup.
The polyamide membranes made using distinct combinations of monomer solutions are indicated
by color, while the data pont shapes identify the specific supports on which they were deposited.
(Oue membrane was made using just the PANSO support, which was also tested 1 the cross-flow

system. The Dow SW30XLE value was calculated assuming a polyamide thickness of 100 nm.

{0032] Fig. 23 shows desalination results for various TFC membranes: pure water permeance
(A, B, and C) and NaCl salt rejection (B, E, and F) for the PANSO, PAN450, and PS20 TFC
membranes at different scans and MPD:TMC concentration ratios. Operating conditions were 10
bar applied pressure with DI water and 2000 ppm NaCl solution in a stirred cell. The membrane
coupon area was 46 com’. Results using the commercial Dow SW30XLE TFC RO membsane is

shown as an orange dotted line for benchmarking.
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DETAILED DESCRIPTION

{0033] Before any embodiments of the mvention are explained in detail, 1 s to be
understood that the invention 1s not limited in 1ts application to the details of construction and the
arrangement of components set forth in the following description or illustrated 1n the following
drawings. The invention s capable of other embodiments and of being practiced or of being

carried out in various ways.

[0034] In one aspect, disclosed herein are new methods for making TFC membranes using
electrospray polymerization. This additive approach may involve depositing m-phenylene
diamine (in aqueous phase) and trimesoyl chloride (in organic phase) monomers sequentially
onto a porous supporting surface such that the monomers form an ultrathin, highly selective, and

tunable polyamide layer.

[0035] In another aspect, disclosed herein is the use of electrospray to form polyanide
selective layers with adjustable thickness and roughness while decoupling the film formation
from the structural and chemuical properties of the supporting substrate. For example,
demonstrated herein s the ability to control thickness with a resolation of 20 nm or less and/or to
control RMS roughness between 3.5 nm and 35 nm, which 15 comparable to the molecular layer

by layer {m-LBL} technique.

{0036] In vet another aspect, disclosed are advantages resulting from making polyamide
selective layer formation "support mdependent” by ensuring that support layer properties do not
affect film formation. Using the disclosed approach, TFC membranes have been fabricated on
PANS0 pltrafiltration (UF) membranes (Nanostone Water). These membranes have
demonstrated a 66% to 97% and 80% to 98.7% rejection for sodium chloride and magnesium
sulfate, respectively, with pure water permeance ranging from 0.1 to 0.75 liters per square meter
per hour per bar {L.MH/bar). It 1s an object of the disclosed approach and methods to enable

further tuning of monomer concentration performance of TFC membranes.

{0637} In vet another aspect, disclosed are free-standing {1.e. not connected to a substrate)
polymer {e.g. polyamide} films having a thickness greater than 1 pm. These relatively bulky

films are capable of being used m a variety of characterization technigues that have been difficalt

~J
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to perform on commercial membranes. The characterization technuques are useful for studying
structure-property relationships, among other things. For example, the free-standing films are
able to be characterized by EDX) aliowing for a better and faster measurement of bulk polymer

compostion,

Definitions

39 C& LTSN

{0038] The terms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms, or
words that do not preclude the possibility of additional acts or structures. The singular forms “a,”
“and,” and “the” include plural references unless the context clearly dictates otherwise. The

M M (19 - - 374X M M 3
present disclosure also contemplates other embodiments “comprising,” “consisting of,” and
“consisting essentially of,” the embodiments or elements presented herein, whether explicitly set

forth or not.

{0039] The conjunctive term “or” includes any and all combinations of one or more histed
elements associated by the conjunctive term. For example, the phrase “an apparatus comprising
A or B” may refer to an apparatus including A where B s not present, an apparatus including B
where A 1s not present, or an apparatus where both A and B are present. The phrase “at least one
of A, B,...and N” or “at least one of A, B,... N, or combinations thereof” are defined 1n the
broadest sense to mean one or more elements selected from the group comprising A, B,..and N,
that 1s to say, any combination of one or more elements A, B,. .. or N mncluding any one element
alone or in combination with one or more of the other elements, which may also include, in

combination, additional elements not listed.

{0040] The modifier “about” used in connection with a quantity 1s inclusive of the stated
value and has the meaning dictated by the context (for example, it includes at least the degree of
error associated with the measurement of the particular quantity}. The modifier “about” should
also be considered as disclosing the range defined by the absolute values of the two endpoints.
For example, the expression “from about 2 to about 47 also discloses the range “from 2 to 47
The term “about” may refer to plus or minus 10% of the indicated number. For example, “about

[ VAL

10%” may indicate a range of 9% to 11%, and “about 1%” may mean from 6.9-1.1. Other
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meanings of “about” may be apparent from the context, such as rounding off, so, for example

“about 17 may also mean from 0.51t0 1.4,

{8041} For the recitation of numeric ranges herein, each intervening number there between
with the same degree of precision is explicitly contemplated. For example, for the range of 6-9,
the numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the

number 6.0, 6.1,0.2,6.3,04,6.5, 66,07, 68, 69, and 7.0 are exphcitly contemplated.

[0042] Chemical compounds are described using standard nomenclature. For exarple, any
position not substituted by any 1ndicated group 15 understood to have its valency filled by a bond

as indicated, or a by hydrogen atom.

{0043] Unless otherwise indicated the term, "substituted” as used herein means replacement
of one or more hydrogens with one or more substituents. Suitable substituents include, for
example, hydroxyl, Ce-Ciy aryl, Cs-Cyo cycloalkyl, Ci-Cyp alkyl, halogen, C-Cyp alkoxy, Ci-Cyy
alkvlthio, C;-Cyp haloalkyl, Ce-Cyy haloarvi, pyridyl, cvano, thiccyvanato, mitro, amino, C-Cyy

alkyiamino, C;-Cy; aminoalkyl, acyl, sulfoxyl, sulfonyl, amido, or carbamoyl.

[0044] As used herein, "alkyl" includes straight chain, branched, and cyclic saturated
aliphatic hyvdrocarbon groups, having the specified number of carbon atoms, generally from 1 to
about 20 carbon atoms, greater than 3 for the cyclic. Alkyl groups described herein typically
have from 1 to about 20, specifically 3 to about 18, and more specifically about 6 to about 12
carbons atoms. Examples of alkyl include, but are not limited to, methyl, ethyl, n-propyl,
isopropyl , n-butyl, 3-methylbutyl, t-butyl, n-pentyl, and sec-pentyl. As used herein, "cycloalkyl”
mdicates a monocychic or multicyclic saturated or unsaturated hydrocarbon ring group, having
the specified number of carbon atoms, usually from 3 to about 10 ring carbon atoms. Monocyclic
cycloalkyl groups typically have from 3 to about 8 carbon ring atoms or from 3 to about 7 carbon
ring atoms. Multicychic cycloalkyl groups may have 2 or 3 tfused cycloalkyl rings or contamn
bridged or caged cycloalkyl groups. Examples of cycloalkyl groups include cyclopropyl,
cyclobutyl, cyclopentyl, or cyclohexvl, as well as bridged or caged saturated ring groups such as

norbornane or adamantane.
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{8045} As used heremn "haloalkyl" indicates both branched and straight-chain alkyl groups
having the specified number of carbon atoms, substituted with | or more halogen atoms,
generally up to the maximum allowable number of halogen atoms ("perhalogenated”}. Examples
of haloalkyl include, but are not hmited to, triflucromethyl, difluoromethyl, 2-flucroethyl, and

penta-fluoroethyl

{0046] As used herem, "alkoxy" includes an alkyi group as defined above with the indicated
number of carbon atoms attached through an oxygen bridge (-O-). Examples of alkoxy include,
but are not himited to, methoxy, etboxy, n-propoxy, 1-propoxy, o-butoxy, 2-butoxy, t-butoxy, u-

pentoxy, 2-pentoxy, 3-pentoxy, 1sopentoxy, neopentoxy, n-hexoxy, 2-hexoxy, 3-hexoxy, and 3-

methylpentoxy.
{0047] "Haloalkoxy" indicates a haloalkyl group as defined above attached through an

oxygen bridge.

[0048] As used herein, the term "aryl" indicates aromatic groups containing only carbon in
the aromatic ring or rings. Such aromatic groups may be further substituted with carbon or non-
carbon atoms or groups. Typical arvl groups contain 1 or 2 separate, fused, or pendant rings and
from 6 to about 12 ring atoms, without hetercatoms as ring mermbers. Where indicated aryl
groups may be substituted. Such substitution may include fusion to a 5- to 7-membered saturated
cyclic group that optionally contains 1 or 2 heteroatoms independently chosen from N, G, and §,
to form, for example, a 3, 4-methylenedioxy-phenylgroup. Aryl groups include, for example,

phenyl, naphthyl, including 1-naphthy! and 2-naphthyl, and bi-phenyl.

{06049} As used heremn "heteroaryl" indicates aromatic groups containing carbon and one or
more hetercatoms chosen from N, O, and 8. Exemplary hetercaryls mclude oxazole, pyridine,
pyrazole, thiophene, furan, 1soquinoline, and the like. The hetercaryl groups may be substituted

with one or more substituents.
{8030 As used heremn, "halo" or "halogen” refers to fluoro, chioro, bromo, or 1odo.

[0051] As used herem, "arylene" includes any divalent aromatic hydrocarbon or 2 or more

aromatic hydrocarbons linked by a bond, a hetercatom {e.g., O, §, §(=0), S(=0), etc.), a

10
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carbony! group, an optionally substituted carbon chain, a carbon chain mterrupted by a

heteroatom, and the like,

[0052] As used herein, “attached” or “affixed” may include any physical or chemical means
of direct or indirect connection. In certain contexts, the term indicates direct physical contact. In
certain other contexts, the term indicates indirect physical contact. In yet other contexts, the term

mdicates direct and/or indirect physical contact.

[0053] Unless otherwise indicated, the term "RMS roughness” as used herein means root
mean squared roughness. Tt can be measured using AFM. Roughness measurements are in length
scale, which depicts how rough a particular surface 15 and averages roughness over the

differences between the deepest and tallest points over the entire area of the surface.

{00354] Unless otherwise indicated, the term "m-LBL technique” as used herein means a
molecular layer-by-laver approach for growing or making thin films. An ultra-thin layer of a
substance (typically in the range ot 0.2 nm to 2 nm) 1s deposited, formed, and grown on a
suitable substrate. See, for example, Gu et al. in Advanced Materials. "Molecular layer-by-layer
assembled thin-film composite membranes for water desalination” 2013, which 1s incorporated

herein in 13 entirety.

[0055] Unless otherwise ndicated, the term "TFC membrane” as used herein means a thin

film composite membranes.

{0036} Unless otherwise indicated, the term "ESP" as used herein means electrospray
polymerization. Unless otherwise indicated, the terms “electrospray polymerization,”

“electrospraying,” and “electrospray printing” are used interchangeably herein

[0057] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art. Tn case of conflict, the
present document, mcluding defimutions, will control. Preferred methods and materials are
described below, although methods and materials similar or equivalent to those described herein
can be used m practice or testing of the present invention. All publications, patent applications,

patents and other references mentioned herein are incorporated by reference in their entirety. The

11
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materials, methods, and examples disclosed heremn are illustrative only and not intended to be

finuting.
Methods of making polymer membranes

[6058] The disclosed methods allows for formation of a very thin, highly selective, and
permeable film on the top of a porous supporting substrate. The methods may be easily scalable
and may use substantially less chemicals than conventional methods. The methods are also
capable of controlling the layer thickness and can greatly reduce membrane surface roughness in
comparison to conventional interfacial polymerization. Thinner membranes can offer higher
productivity membranes (permeance). Smoother membranes can offer superior fouling resistance

for a variety of membrane processes.

[0059] The electro-sprayed polymerization methods described herein use an electric field to
produce a fine mist of two {or more) solutions and deposit the aerosols on a substrate surface.
The nanoscale size of the aerosols allows for high surface areas for reaction, thereby increasing
reaction rates to allow for rapid and defect-free film formation on the substrate. The disclosed
process may be very tunable with regard to controling surface roughness and surface thickness.
The process may be support-independent and may requires much lower volumes of monomer

solutions.

[6060] Alternately, it 18 possible to electrospray a single polymer solution, instead of two
monomer solutions. It 15 ikewise possible to deposit a blend of miscible polymers, a self-
assernbled polymer, or a monomer solution including an polymenization mitiator that activates
upon deposition {e.g. a photoiitiator or a chemical 1utiator) from a single needle. For example,
a polymer film including entrapped nanoparticles could be formed from a single polymer

solution contamning the nanoparticles.

[0061] The tunable thickness control s related to the concentrations of the sohutions, as
shown below. Lower solution concentrations are generally expected to allow for finer control of
the thickness. The thickness is also determined by the number of layers (1.e. scans) of polymer
formed. Simlarly, roughness depends primanly on the solution concentration and number of

favers. Lower concentrations typically produce smoother films — perhaps due to a lower heat of

12
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reaction causing less wrinkling during film formation — and fewer lavers tend to result in

smoother films.

[0062] The thickness and roughness can be independently controlled. For example, a few
layers formed from high concentration monomer solutions can create a thick, rough film,
whereas many layers formed from lower concentration monomer solutions can create a filmo of

equal thickness but lower roughness.

{0063} In certain erobodiments, the number of scans (1.e. layers) 15 between 1 and 10. In
certain embodiments, the number of scans 1s greater than 1,2, 3, 4, 5,6, 7, 8, 9, or 10. In certain
embodiments, the number of scans is less than 50, 40, 30,20, 10,9,8,7,6,5, 4,3, or 2. In
certain embodiments, the number of scans 18 1,2, 3,4, 5,6, 7,8,9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, or greater than 100,

[0064] In certain embodiments, a thin polymer (e.g. polyanmide) layer 1s formed onto a
porous substrate using electrospraying. Two monomers, an acid chloride and a dianmune for
example, may be ejected from two adjacent needles that are charged by a high voltage power
supply. Droplets of both monomers emerge from the needles and are propelled toward a collector
surface by an electric field. The collector surface may be the porous substrate, or the porous

substrate may be wrapped around the collector surface.

{06065] Additionally, the collector surface may be configured on a rotating cylinder and/or
the surface material may comprise a porous matenal or membrane. The fast reaction between the
two monomer solutions creates a polyamide film. In certain ernbodiments, there may be more

than two monomers or the two monomers may be the same chemical compound.

{0066] The electrospraying methods form very fine droplets, which increase the overall
surface area available for reaction and thereby increase the speed of the polymerization reaction.
In certain embodiments, the disclosed methods enable uniform laver formation and tight control

of the thickness of the polvamude layer.
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{0067] A further advantage of the disclosed methods are that they may only require small
volumes of monomer solutions and thereby make efficient use of starting materials. The

disclosed methods may be easily scalable.

[06638] In certain aspects of disclosed technology, membrane manufacturers for water
desaliation, gas separations, and/or pervaporation can use this technique for formation of a very
thin film of polyamide layer on top of a porous or dense support. The approach offers
unprecedented control of polymer film thickness and roughness. In fact, this methodology can
produce polyanude films that are a fraction of the roughness of conventional polyamide TFC

membranes, for example.

[0669] In certain other embodiments, the disclosed technique 1s effective for coating
conductive materials with a coating material. The coating material may include, but is not limuted
to, thin layers of robust polyamude, thin layers of another suitable polymer, conductive polymers,
nanoparticles, carbon nanotubes, carbon nanomaterials {e.g. graphene or graphene oxide}, other

21 nanomaterials, or other nanotubular materials.

{0670] For commercial desalination membranes, typical RMS roughness values are about 80
nm to about 100 nm. For the methods disclosed heren, observed roughness ranged from
molecularty smooth to about 45 nm, which 1s markedly lower than the commercial membranes.
In certain embodiments, the RMS roughness of the disclosed films may be less than about 80
i, about 70 nm, about 60 nim, about 50 nm, about 45 nm, about 40 nm, about 35 nm, about 30
nm, about 25 nm, about 20 nm, about 15 nm, about 10 nm, about 10 nm, about 5 nm, about 4

nm, about 3 nm, about 2 nm, or approximately molecularly smooth.

[0671] The embodiments and examples disclosed herein describe exemplary materials that
may be used m the disclosed methods to produce the disclosed membranes. There are number of
different monomers that could be used for making TFC membranes for specific purposes. For
example, piperazine as an amine source can be used with TMC to make polvamide membranes
for making TFC membranes for nanofiltration. For reverse osmosis, MPD and TMC produce
"best in class” performance with regard to pure water permeance and Na{l salt rejection. In
general, any amine that can react to form a nylon (either aromatic or aliphatic) can be used 1n this

fashion.
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[0072] Other possible monomers and other materials that are adaptable to the process
disclosed herein are described in KLP. Lee et al., J. Membrane Science, 2011, which is
meorporated herein i its entirety. Suitable polymer matenals for the disclosed membranes may
melude polyamide, aromatic polyamide, polypiperzine-anide, cellulose acetate,
polybenzimidazoline, polyoxadiazole, polyvfurane, polyether-polyfurane, sulfonated polysulfone,
polyamide via polyethylenimine, polyamide via polyepianine, polyvinyvlamine, polypyrrohdine,
polypiperazine-amide, cross linked fully aromatic polyamide, cross linked aralkyl polvamide,
and substituted vanants thereof. Suitable materials may also include copolymers, such as block
copolymers. Suitable materials may also include self-assembled materials, such as di-block

polymers or zwitterionic polymers.

{0073] Additionally, monomers can be deposited and then crosslinked with a chemical
crosslinker (e.g. polyvinyl alcohol crosshinked with ghutaraldehyde). A monomer can also be
deposited and then crosslinked or polymerized with a secondary step (e.g. photopolymerization,

provided a photointiator 1s also present).

{0674] It is an object of the disclosed technology that the ESP process will work on any
substrate as long as the pore radius on the substrate 1s small enough to prevent either conformal
coating within the pore or collapse of the film into the pore during operation of the membrane.
For polvamide films intended for RO, this threshold pore size may be below 50 nm, though the
threshold size may depend on various factors. For example, the threshold size may be larger for
lower pressure applications of the membrane, such as nanofiliration or forward osmosis. Using
the ESP methods as described herein, polymer can be coated on commercially available UF or

mucrofiftration (MF) membrane substrate with exemplary results.

{0675] Additionally or alternately, the films can be formed directly on solid substrates,
aiding in thin film characterization that may be difficult or impossible in an integrated TFC

membrane. Solid substrates may include foils, such as aluminum, tin, copper, or gold foil.

{0676} Porous substrates useable with the disclosed methods include MF membranes, such as
polymer MF membranes made with polyvinylidene fluoride (PVDF), nylon, polysulfone,
polvethersulfone, polyacrylonitrile, polycarbonate, polybenzinudizoles, cellulosic polymeric

materials, or combinations thereof Other suitable porous substrates include, but are not limited
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to, UF membranes (e g. polymer membranes, including those made with the polymers listed
above), inorganic membranes {e.g. sihica based substrates, siloxane based polymers, ceramics,
glass, or metal membranes), fibrous membranes (nonwoven or woven membranes of suitable

pore and fiber size), or combinations thereof.

{0677] In certain ermnbodiments, the substrate may be non-porous. In certain embodiments,
the membrane may be formed on one substrate and later affixed to a different substrate. For
example, the polymer membrane may be formed on an aluminum substrate, then delaminated
from the aluminum substrate, and affixed to ancther substrate (e.g. a silicon wafer}. The polymer
membrane may be detached from the alummum substrate by submersing the foil into an aqueous

solution containing NaOH, or another suitable solute.

{0078] While certain exemplary substrates have been described in the embodiments
presented herein, a range of other substrates are also amenable to use with the disclosed methods.
With regard to substrates, two kinds of polyacryionitrile UF membrane — one with 75 kDa
molecular weight cut-off (MWCO) and the other one with 225 kDa MWCO — have been tested.
Both of these are hydrophilic. A polysulfone UF membrane with 20k Da was also successfuily

tested, and 1t 13 hydrophobic.

{8079} While certain exemplary ratios of monomers and concentrations of monomers have
been described in the embodiments presented herein, other monomer ratios are alse amenable to
use with the disclosed methods. In certamn preferred embodiments, the mventors have tested the
MPD concentration from 0.0625 to 0.5 wi/vol of solvent and TMC concentration from 0.0375 to

0.3 wt/vol of solvent.

{0080} In certain embodiments, the ratio of one monomer (e.g. MPD) to ancther monomer
{e.g. TMC) may be greater than orequal to 1:2, 111, 2:1, 3:1, 4.1, 5:1, 10:1, 15:1, 20:1, or 25:1.
In certain embodiments, said ratic may be less than or equal to 30:1, 25:1, 20:1, 15:1, 161, 5:1,
4:1, 3.1, or 2:1. For example, said ratio may be in the range from 1.1 to 30:1, from 1.1 to 5:1, or
from 1.1 to 4:1. Said ratio may be about 4:1. In this context, “greater than” or “less than” refers
io the first number in the ratio relative to the second number, such that 1.2 is less than 1:1, which

1s less than 2:1.
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{0081] For certain applications, 2% MPD and 0.15% TMC 1s a suitable combination. The
molar ratio of MPD:TMC may be from 4:1 to 1:4. In some embodiments, a range of MPD from
0.01% to 2% and TMC from 0.005% to 0.15% may be utilized in the ESP methods for
membrane fabrication. Lower and higher concentrations are also possible, but higher
concentrations of monomers are expected to vield less smooth films with somewhat less precise

control of the thickness. There may be variation in the molar ratio of MPD:TMC.

{0082] Also disclosed are desalination systems including the films/membranes disclosed
herein. Such a desalination system may demonstrate a pure water permeance in the range of
about 0.1 LMH/bar to about 16 LMH/bar. In certain embodiments, the pure water permeance
may range from about 1 to about 16, about 2 to about 16, about 3 to about 16, about 4 to about
16, about 5 to about 16, about 6 to about 16, about 7 to about 16, about 8 to about 16, about 9 to
about 16, about 10 to about 16, about 11 to about 16, about 12 to about 16, about 13 to about 16,
about 14 t¢ about 16, or about 15 to about 16 LMH/bar. In certain embodiments, the pure water
permeance may be greater than or equal to about 0.1, about 0.5, about 1, about 2, about 3, about
4, about 5, about 6, about 7, about 8, about 9, about 10, about 11, about 12, about 13, about 14,

or about 15 LMH/bar.

{0683] Sources of materials used in the disclosed methods and the following examples may
mclude: polyethylene terephthalate (PET) nonwoven (Novatexx 2442, Freudenberg, Weinheim
Germany ), m-phenylene diamine (MPD, >99%, Sigma Aldrich, St. Lows, MG}, L,3,5-
benzenetricarbony! trichloride (TMC, 98%), polyacrylonitrile (PAN, MW 150,000, Scientific
Polymer Products, Ontario, NY), N,N-dimethyiformamide (DMF, >99 9%, Fisher Scientific,
Fair Lawn, NI}, hexane (HPLC grade, >99.9%, Fisher Scientific, Fair Lawn, NJ), and/or UF

membrane as support {Nanostone Water).
EXAMPLES

{0684] Demonstrated herein is the formation of a2 membrane using an ESP method and a
system for producing such a membrane. Further details, variations, and embodiments of the
methods, membranes, and systems disclosed herein are also described. This application also
includes characterization and performance data for certain methods and membranes disclosed

herein.

[u——y
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Fxample 1 Fleciro-hydrodvnamic spray for TMC membranes for desalination

{6085] A diagram 15 presented in Fig 1. A high voltage DC power source { Gamma High
Voltage Research, Ormond Beach, FL) capable of generating 30 kV was connected to two
stainless steel needles (26 gauge). The needles were hung from an L-shaped arm, which was
attached to a stage as shown in Fig. 1. The distance between the two needles was kept at about 6
cm, and the distance between the needle tips and the rotating drum was kept below about 3 cm
{though these distances are adjustable). The stage sat on a slider that was moveable horizontally
using a stepper motor and a motor controller (Velmex, Bloomfield, NY). The UF membranes
{Fig. 2) were attached to an aluminum cylindrical rotating drum with a diameter of about 4
mches using tape. The drum was grounded to ensure a polarnity and potential difference across

the needle tips and drum.

{0086] Although a certain electrospraying system 1s presented in Fig. I, many vanations of
this system are possible without deviating from the spinit of the invention. For example, the spray
from a needle may be onented top down, side to side, or bottom up, and rather than a shider, an
mmovable plate with moving needles, a belt with banks of needles, or some combmation thereof

may be used.

{0087] Multiple materials, moreover, can be deposited in sequence. For example, a
nanomaterial can be “sandwiched” into a polyanude film by spraying 3 solutions from 3 different
needles 1 sequence: MPD, the nanomaterial, and TMC. Sumilarly, lavers of polyvamude could be

sprayed in between layers of a nanomaterial to form a lavered structure.

{0088] Several different monomer concentrations of both MPD and TMC were studied, as
fisted in the following table. The MPD and TMC concentrations were chosen such that the
MPD/TMC molar ratio remained at about 4:1. A 20 uL IL (Fig. 3F) was used in the TMC

solution to mcrease its electrical conductivity.

Test conditions | MPD conc. 1n water {(wt/vol} | TMC conc. in hexane (wt/vol)
i 0.5 0.3

2 0,25 015

3 0.123 0.075

4 0.0833 0.03

3 0.0625 0.0375
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[0089] Two monomer solutions of MPD and TMC were then fed into two separate needles
using a syringe pump at a flowrate of 5 mV/hr and flexable tubing. Each syringe contamed about
10 ml of solution. The cylindrical drum was then set to rotate at 20 rotations per minute {RPM),
The high voltage DC power supply was set at 4 kV to 6 kV and was tuned each time to ensure a
stable electrospray condition. A stable electrospraying condition refers to a cone-jet mode where
the hiquid s elongated mto a long, fine jet that deposits straight onto the collector. When this
occurred, solutions from both MPD and TMC needles spray deposited on to the UF membrane.
As the drum was rotating clockwise {as shown n Fig. 1 A) and as both needles were aligned
horizontally (as shown in Fig. 1B}, the TMC solution sprayved directly on top of the MPD
solution sprayed about 300 msec earlier. Once a stable spray was formed, the stage holding the
two needles was programmed to move horizontally at a velocity of 350 um/sec using a Velmex
controller. When the stage moved the complete length of the membrane horizontally, it was
considered a single “scan.” To demonstrate the idea of a 3-D printing approach with ESP, the
number of scans was varied from 4, 5, and 10 scans. Once the ESP was done for the required

mumber of scans, the TFC membrane was removed and stored for further characterization.

{0090} Polyamide formed via ESP was found to be significantly different from that made
through conventional mterfacial polymerization (IP} methods, which can be seen from SEM
images depicting the surface morphology of PANSC, PAN4S0, and PS20 TFC membranes in Fig.
3. A smoother surface is observed, contrary to the ridge and valley like morphology as seen from

the Dow SW30XLE membrane shown at the right.

{0691} The surface roughness of the ESP TFC membranes are presented in Fig. 4.
Molecularly smooth TFC membranes were manufactured at the lowest concentration of MPD
and TMC, while membrane roughness increased with MPD and TMC loading across all the
different substrates tested. Roughness also increased with the increase in number of scans, but
the rate of increase in surface roughness decreased with decrease in MPD and TMC
concentration. Compared to the Dow SW30XLE membrane, ESP TFC membranes have

markedly lower roughness.

{0092} The thickness of the polvamide film also plays an important role in determining

the overall membrane performance. Demonstrated herein 1s control over film thickness, as
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evidenced by AFM and TEM. From Fig. 5, one can see that as the MPD and TMC concentration
mcreases, the thickness of the polyamide also increases. A 4 nm/scan rate was achieved for

lowest concentration of MPD and TMC, while a 15 nro/scan rate was observed for the 0.5:0.3

MPD:TMC concentration. Also evaluated were the changes n thickness with regard to the
number of scans and the findings showed that the thickness changes linearly with increase 1n the

murnber of scans.

{6093} To confirm the thickness, TEM was performed on the polvanude of an actual
membrane, as shown in Fig. 6. Similar thickness for the PANS0 TFC, and PS20 TFC membrane
for MPD:TMC loading of 0.5:0.3 was observed. For one such film, investigation revealed a 5
layer polyamide film with each layer having a thickness of 15.1 £ 1.4 nm, which confirms
findings from the AFM result and demonstrates the support independent filin formation aspect of

ESP as films with similar thickness were also found on alummum foil,

{86094} The desalination performance of ESP TFC membranes are presented in Fig. 7 and
Fig. 8. From Fig. 7, 1t is seen that as the concentration of MPD and TMC increases, the pure
water permeance decreases and salt rejection increases. This 1s seen across all the different
substrates being used, with PAN4S0 TFC performing the best among these. Comparing these
results with the result from Dow SW30XLE, 1t can be seen that some of these membrane were
able to sutperform the commercial membrane. From Fig. 8, the desalination performance with
regard to the increase in number of scans can be seen. As the number of scans increases fora
particular MPD TMC concentration, the permeance decreases while the rejection increases. This
is translated across all the concentrations that were used to make the TFC membrane. Without
wanting to be limited by theory, the drastic change in permeance and rejection was due to the
mcrease in thickness with higher scans and improving surface coverage and blocking defects.
Comparing these results with the Dow SW30XLE, one can see very good rejection with 10
scans, while better overall permeance was achieved at the lowest concentration of MPD and

T™MC.

{0095] The above experiments demonstrate that by controlling polyamide thickness and

roughness, one achieves a range of desalination performance. A molecularly smooth and 25 nm
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thick polyamide formed at the MPD: TMC concentration of 0.083:0.05 was able to match the

desalmation performance of the industry leading desalination membrane, Dow SW30XLE.

[0096] The disclosed methods with 0.5% MPD and 0.3% TMC showed the highest rejection
with the lowest permeance among all the concentration combinations that were tested in this

Example.

{0097] Production of membranes as disclosed herein was achieved using only a fraction of
the volume of monomer solution that would be required o the conventional IP process. Said
reduction may be as high as 95%. Therefore, the disclosed ESP methods provide a green

alternative to conventional processes.
Example 2: 3D printed polyvamide membranes for desalination

{0098] In vet another example, polymer (e.g. polyamide) thickness and roughness have been
identified as critical properties that impact thin film composite membrane performance for
reverse osmosis. Conventional formation methodologies lack the ability to control these
properties independently with high resolution or precision. An additive approach is presented
which employs electrospraying to deposit monomers directly onto a substrate where they react to
form a polymer {e.g. polyamide). Without wanting to be limited by theory, the small droplet size
{see, for example, Fig. 12} coupled with low monomer concentrations result n polvanude films
that are smoother and thinner than conventional polyamides, while the additive nature of the
approach allows for control of thickness and roughness. Polyanude films are formed with a
thickness that 1s controllable down to 4 nm increments and a roughness as low as 2 nm while still

exhibiting good permselectivity relative to a commercial benchmarking membrane.

[6099] The TFC membrane has served as the desabination industry’s standard membrane for
over 30 vears. During that time, this membrane has changed hittle. The composite structure
comprises a polyester backing layer for mechanical support, a porous supporting polysulfone
mid-layer cast through phase imversion, and an ultra-thin, hughly crosslinked polyamide film that
1s dense enough to separate salt ions from water, but thin enough to have a low resistance to
water transport. This polyamide layer 13 formed in-site onto the porous mid-layer via interfacial

polymerization. This approach relies on a reaction between an amine (e.g. MPD} in an aqueous

21



WO 2019/023690 PCT/US2018/044262

phase and an acid chloride {(e.g. TMC) in an organic phase. The immiscibility of the two phases
permit the reaction to occur only at the phase boundary. Film growth 1s himited to the boundary
and subsequently self-limits the reaction as reactants are blocked by the growing film. The result
1s a self~terminated, but uncontrolled, film growth with a thickness between about 100 nm to
about 200 no and a rough ridge and valley ke surface morphology. While these membranes
exhibit better permselectivity compared to any other commercial desalination membrane, certain
features of the film properties and its fabrication procedure are mherently limiting. The intrinsic
roughness of these films have been attributed to a high fouling propensity for reverse osmosis
and nanofiltration processes. Additionally, the thickness of the membrane, which is proportional
to its permeance, 1s essentially uncontrolled as the process simply self-terminates as the film
forms. Lastly, the properties of the support layer surface, including pore size, pore spacing,
surface porosity, and surface chemistry, impacts the interface between the two phases and thus

the membrane performance in unpredictable ways.

{00188] A better polymer (e.g. polyamide) desalination membrane should have similar
permselective properties as existing membranes, but also be tunable in each of these other
properties. The thickness should be reduced to maximize permeance, while still ensuring that the
films are sufficiently robust to withstand necessary hydraulic pressures. The roughness should be
minimized to lessen the hikelthood that the membrane will foul and also improve cleaning
efficiency. Lastly, the film properties should be decoupled from the substrate properties,

allowing these selective films to be deployed on any type of substrate.

{06161}  To better control thickness and roughness, others have proposed methods that are

complex and that are unlikely to scale easily for commercial production.

{06162]  As disclosed herein, electrospray can be used to deposit monomers as nanoscalg
droplets that form a polymer {e.g. polyamide)} onto a substrate. During electrospraying, liqud
leaves a needle in the presence of a strong electric field. Coulombic repulsion forces the gjected
droplets to disburse with diameters well below 1 pm (Figs. 9A and 9B). As disclosed herein,
mdividual monomers can be deposited onto a substrate where they can subsequently polymerize

in place.

22



WO 2019/023690 PCT/US2018/044262

[00103] This approach is dllustrated m Figs. 9A and 9B. A drum is grounded and connected to
two needles via a high voltage DC power source that can generate up 1o 30 kV. The distance
between the needle tip and drum 18 kept at about 2 cm to about 3 cm. Each needle extrudes one
of the monomers in solution. MPD (in water) and TMC {in hexane) were kept at a molar ratio of
4:1 over a wide range of concentrations (see table below). A lipophilic IL was added to the
organic phase to increase the electrical conductivity (Fig. 13A). A variety of UF membrane
substrates with different pore sizes {(Fig. 13B), pure water permeance {Fig. 13C}, and
hydrophilicity were studied (Fig. 13D, see table below). In each case, the substrate was first
attached to the rotating drum (Fig. 9A). As monomer solutions emerged from the needle tips,
they spray and deposit onto the collector surface and react upon contact with each other. To
ensure coverage over the entire substrate, the needle stage traverses along the collector surface

(Fig. 9B). A single pass over the collector surface is referred to as a “single scan.”

Test conditions | MPD 1n water (wt/vol} | TMC in hexane (wt/vol) | IL uL/mL of hexane
1 0.0625 0.0375 1
2 0.0833 0.03 1
3 0.125 0.075 1
4 0.25 015 i
3 0.5 0.3 1

Substrate | MPD:TMC Contact angle (©)
PANS0 | Substrate only | 566+ 1.8
PAN30 0.0625:00375 882+ 1.1
PANSO 0.0833:0.05 81.5+45
PANSO 0.125:0.075 833+£238
PANSO 0.25:013 81.2+13
PAN30 0.5:03 853126
PANA4SO | Substrate only | 592+ 0.9
PAN4SO | 0.0625:0.037S | 82.2+473
PAN450 | G.0833:0.05 79916
PAN450 | 0.125:0.075 7453+ 26

PAN4S0O | 0.25:0.15 75.1+14
PAN4SO {1 0.5:03 81.2+1.5
PS20 Substrate only { 91.023.0

PS20 0062500375 1 82.2+43
PS20 0.0833:0.05 799+16

P20 0.125:0.075 745+£26
PS20 0.25:0.13 751=14
PS20 0.5:03 Bl2+1.5




WO 2019/023690 PCT/US2018/044262

[00104] Films were printed on aluminum {Al) foil to characterize polyamide films and to find
properties such as crosshink density, thickness, mechanical properties, etc. After printing, the
films were transferred from the alomunum foil (Fig. 14A) to any substrate or kept as a free-
standing film (Fig. 9C). Having thicker films that can be manipulated by hand allows for easier
characterization of film properties. This type of manipulation ts difficult with conventional
polyamide films because of their thinness, fragility, and integration into the supporting structure
of typical TFC membranes. For example, determination of cross hink density of the polyamide
film s typrcally done using X-ray photoelectron spectroscopy (XPS). However, this XPS method
can be inaccurate due to surface roughness, msufficient sample size, and compositional
heterogeneity with depth. Instead, manipulating a 1 pm thick polyamide into a thicker, crumpled
form (Fig. 15}, allows for the use of EDX, which penetrates far deeper into the sample and thus
provides a better measurement of bulk polyamide composition. The cross-link density is found to

be 83% which 1s reasonable for a film made from MPD and TMC monomers (Fig. 15).

{00105] Without wanting to be limited by theory, the cross-link density may be increased by
using many nano-scale droplets, because smaller droplets may increase the surface area between
monomers sprayed from different solutions. In this manner, the cross-fink density might be

improved to be higher than 83%.

{00186] Films were also printed at various MPD and TM{ concentrations (see above table}
onto Al foils and then transferred to silicon wafers for thickness measurement using AFM (Fig.
14B}. Cross sections at the film edges (Fig. 16) revealed the film profile with respect to the
underlying planar substrate. Lower monomer concentrations not only resulted in a thinner
polvamide film, but also greater control of film thickness per electrospray scan. Polyamide films
as thin as 20 nm were made based on 5 scans, indicating a mean thickness of just 4 nm per scan
(Fig. 9D). Control of thickness per scan was notably consistent, with Fig. 9E depicting linearity
m film growth with an increasing number of scans. At lower concentrations, the control of the

thickness may be even better.

{00167}  Fims of the same composition were also printed onto porous polymeric substrates to
evaluate their thickness, surface morphology, roughness, desalination performance, and substrate

mdependence. Cross-sectional TEM images are shown i Figs. 1F-11 and 17. The polyamide
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layers printed on the three UF membrane substrates extubit similar thicknesses (Figs. 1F-1H) as
those printed on Al foils (Fig. 93}, There 1s repeatability in thickness from Fig. 91, where 5
lavers of polvamide film measuring 15 + 3 nm each are visible. This thickness per scan
corresponds well to thickness per scan data captured on aluminum fod in Fig. 9D by AFM.

Linearity in thickness was also confirmed with the TEM 1mages shown m Fiz 17,
o fat) é)

{00108] The surface morphology of the polvamide films formed on polymeric substrates was
examined using SEM (Figs. 104, 18, and 19}, Compared to the typical ridge and valley like
morphology of conventional polyamude films, such as the industry standard Dow SW30XLE RC
membrane (Fig. 10A)}, markedly smoother polyamide films are formed on all substrates at all
monomer concentrations. These results are quantified by AFM analysis as shown in Fig. 10B.
The RMS roughness increased with increasing monomer concentration {Fig. 10C) and the
nurber of scans (Fig. 10D). For each monomer concentration, film roughness was simular
among all of the substrates evaluated (Fig. 20 and tables below). The maximum roughness (40 +
4 nm} was observed for the highest MPD: TMC concentration, 0.5:0.3 (Fig. 10C}, when formed
on the PAN450 UF substrate. However, even these roughest films exhibit only half the
roughness of the Diow SW30XLE membrane (dotted orange overlay). The lowest concentrations

of monomers tested vielded films with roughness values of less than about 2 nm and are

ndistinguishable from the substrate’s roughness.

Substrate | MPD:TMC Rrms (nm) | Raye (i) | SAD (%)
PANSO | Substrateonly | 156422 (125420 ]07+0.1
PANSO 10062500375 [155+21 {124+19]|18+06
PANSO | 0.0833:0.05 173429 1138425161420
PANSO | 0.125:0.075 241+52 | 188443 160+27
PANSC 10.25:.015 31142653 1241 £50]154+54
PANSO 10503 35.6+44 {283+£391124+238
PANA4SO | Substrateonly | 11.74£21 192416 |27+£04
PANA4SO 10062500375 107409 {83406 |34+03
PAN450 | 0.0833.0.05 134428 11042153409
PAN450 {0.125.0.075 1634£37 11262861423
PAN4S0 | 0.25:0.15 226+x42 [ 172+£32|70+£1.7
PAN45SO {0.5:0.3 402465 1313+4521139+24
PS20 Substrateonly | 6.7+£27 [64+x31 |36+26
PS20 0.062500375 | 44405 134+03 |1.24£02
PS20 0.0833:0.05 57+15 146+12 |19x08
PS20 0.125.0.075 11042 {72424 |28+10
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PS20 0.25:0.15 138461 {75+£27 31417
PS20 0.5:03 118+26 {90+£22 |28+153

MPD:TMC No. of scans | Rpus (nm) | Ray, (nm} | SAD (%)
0.0625:0.0375 | PS20 only F+27 64+31 {36+26
0.0625:0.0375 | 4 51403 44+09 [34+05
(0.0625:0.03751 5 44+05 34+£03 112202
0.0625:0.0375 1 10 146+15 | 119+121113+1.8
0.125:0.075 4 3.7+3.4 6.0£19 117+£04
0.125:0.075 5 110442 72424 {28410
3.125:6.075 10 231460 |2384761314+12
0.5:03 1 48+07 3704 [1.8+03
0.5:03 2 61415 44+£1.0 120+£03
0.5:0.3 3 59+16 44+11 11.4+£03
0.5:0.3 4 90+272 65+14 [21+05
0.5:03 5 118+£26 [90+22 |28+15
0.5:03 10 405+12414014+99175+30

{06169}  The desalination performance for all membranes tested are presented in Fig. 114,
where higher salt rejection and water permeance are desired. Using the SW30XLE as a control
and for benchmarking purposes, 6 of the tested membranes had both higher rejection and water
permeance {within the grey rectangular overlay} and 30 are higher in one metric or the other. It is
notable that these membranes can have tatlorable thickness and substantially lower roughness
while exhibiting comparable or better performance than an industry standard membrane in the

conventional metrics of water permeance and salt rejection.

{00118] Water permeance {Fig. 11B) and salt rejection (Fig. 11C) were shown to have a
strong dependency on monomer concentration. Higher concentrations of monomers formed
thicker (Fig. 11A) and less permeable films (Fig. 11B) while improving salt rejection (Fig. 11C).
The efficacy of the TMC membranes can also be considered by redefining such data in terms of
permselectivity, provided in Fig. 21, where again these membranes simtlarly outperform

conventional membranes.

{00111} The substrate selection has a noticeable effect on permeance. This may be attributed
to pore size and spacing on the substrate. The most permeable substrate (PAN 450 on Fig. 13C)
exhibits the largest pores that are also closest together. This means that water diffusing through

the film has less distance to travel to desorb through an open pore into the porous support,
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resulting in higher permeance. These higher permeance values enabled the best performing
membranes to match the upper bound limut of the selectivity-permeability tradeoff relationship,
as shown in Fig. 22. Furthermore, there was no substrate effect on rejection (Fig. 11C), since
rejection s primarnily a function of the selective film chemistry and structure. These film features

were indistinguishable when deposited onto the three different substrates.

{06112] Further tuning of desalination performance was accomplished by changing the
number of scans and hence polyamide thickness, as shown in Fig. 23, Some of the thinnest
membranes exhibited very high permeance, though the highest of these had correspondingly fow
salt rejection (about 10 %). The TFC membranes made with S scans and an MPD:TMC ratio of
0.083:0.05 on the PAN 450 UF membrane exhibited a reasonable salt rejection of 94% with a
permeance of about 14.7 LMH/bar. This membrane also exhibited an RMS roughness only 2.3
nm higher than the substrate RMS roughness of 11.7 nm. This 1s less than one-sixth that of the
SW30XLE membrane. Rejections as high as 95% were achieved on the same substrate fora
MPE:TMC ratio of 0.125:0.075, with a RMS roughness only about 4.3 nm greater than the
substrate and a water permeance of 3.68 LMH/bar. Increasing the number of scans to 10 yielded
a salt rejection of 97.5 % while still mamtaining a water permeance of 2.87 LMH/bar and a RMS

roughness of less than 20 nm.

{00113] This additive approach to making TFC membranes has resulted in membranes with
tunable thickness and roughness that still retain the selectivity expected of reverse osmosis
membranes. These membranes have an intrinsic smoothness not seen in existing TFC
membranes, can be tailored to thicknesses as low as about 15 nm with as little as about 4 nm
resolution in thickness control, and can be formed on substrates without preparation.
Furthermore, by decoupling the polyamide formation from the substrate properties, the formation
of TF(Cs on unconventional substrates is enabled and allows for film characterization that would
be impossible with polyamide films formed through conventional interfacial polymerization. The
adaptation of this approach to other monomers or even simple polymers dissolved in solvents

might enable the development of other TFC membranes for use in other separations.

{00114] Several UF membranes, including the PS 20 (polysulfone based UF membrane with

20 kDa MWCQ), PAN 50 (polyacrylonitrile based UF membrane with 75 kDa MWCQ), and
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PAN 450 (polyacrylonitrile based UF membrane with 250 kDa MWCO) were purchased from
Sepro {now Nanostone Water) and were used as-received. A commercial SW30XLE flatsheet
RO TFC membrane from Dow was used to benchmark performance against the tested
membranes. Commercial grade alummum foil (Reynolds Wrap) and silicon wafers (University
Water) were used without modification. M-phenylenediamine (MPD, > 99 %), tri-hexyl
tetradecy! phosphomum bis-(trifluoro methyl sutfonyl) amude (1L, > 95 %), 1,3,5-
benzenetricarbonyl trichloride (TMC, 98 %}, and sodium hydroxide (NaQH, > 97 %) were
purchased from Sigma-Aldrich. Hexane (HPLC grade, > 99 %), sodium chlornide (NaCl,
crystailine, certified ACS), and isopropans! (IPA, > 99.5 %) were purchased from Fisher

Scientific. Detonized water (B} was produced using a Millipore Integral 10 water system.

[B0118] An exemplary embodiment of the disclosed electrospray system is presented in Figs.
9A and 9B. A high voltage DC power source (Gamma High Voltage Research) capable of
generating up to 30 kV was connected to two stainless steel needles {26 gauge). The needles
were suspended from an L-shaped arm (Fig. 9A) that was attached to a stage (Fig. 9B}. The
distance between the two needles was 6 cm, and the distance between the needle tips and the
rotating drum was between 2 cm and 3 cm. The distance between the needle and drum was
determined based on simulation results from empirical models for electrospraving as shown in
Fig. 12. The two needles were aligned along the X-axis as denoted in Fig. 9B. The stage was
mounted on a screw slider that moves in the Y-direction {(the axial direction of the drum) using a
stepper motor that was controlled by a motor controller (Velmex}. The drum was grounded to

establish the potential difference between the needle tips and drum.

{00116] Aluminum foil was used to cover the entire drum. The UF membrane was then
attached and wrapped around the foil-wrapped drum where part of the foil on the edges of the
drum were left exposed. Electrospraying was initiated on the aluminum foil to allow the spray to
stabilize (since the deposited material could be seen easily}. On the foil, one should lock for a
hazy deposition which depicts a uniform formation of polyamide. If one sees droplets or lines, a
stable spray s not being achieved. The width of the deposition region on the foil should be about
1 ¢m to about 2 cm for both sprays. This 1s generally achieved by setting the needle tip to drum
distance between about 2.5 ¢m to about 5 cm and the applied voltage between about 4 kV to

about 7kV. Once the deposition was found to be uniform by visual observation, the Velmex
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controller was activated, which was programmed to begin the movement of the needle stage over
a distance of 16 cm n the Y-direction (as shown in Fig. 9B) as the drum turned. When the needle
traversed the entire substrate once, that was constdered “one scan.” If more scans were desired,
the stage would come back to the original position at a speed of 4 cm/sec (taking about 5 seconds
to return to the starting position} and start the next scan. For making membranes intended for
desalmation tests, the number of scans were vanied from 1 to 10 when using polymeric
substrates. Films made on foil were made with between S and 60 scans for thickness
measurement and other characterizations (Figs. 9C, 9D, and 9E). When the drum rotated at 20
RPM and the Y-direction speed of the stage was about 350 um/sec to about 500 um/sec, there
was about a 95% overlap in the deposition region from the previous rotation. This was done to

ensure good coverage of the polyamide.

{06117] Several different monomer concentrations of both MPD and TMC were considered
{see table above). The MPD and TMC concentrations were chosen such that the MPD:TMC
molar ratic was held constant at 4:1. MPD remained in excess as 1s done with conventional
mterfacial polymerization to ensure a high cross link density. The MPD was dissolved in DI
water while the TMC was dissolved in hexane. The addition of a lipophilic IL inio the non-polar
hexane solution improved the electrical conductivity. A ratio of 1 pb 1L per 1 mbL of hexane was
added based on earlier work on mass spectrometry. Besides the hpophilic IL, other spray aids
could have been used to improve conductivity, such as hithium chloride or other salts, although

not all salts would be suitably soluble 10 organic solvents.

[00118] Monomer solutions of MPD and TMC were then fed to two separate needles using a
syringe pump at a flowrate of 5 mL/br while using flexible tubing (McMaster-Carr #1883T1) as
delivery lines. Intially, about 2 mL to about 3 mL of solution was used to flush the hines before
starting the system. The drum was then set to rotate at 20 RPM, and the voltage was set between
4 kV to 6 kV and adjusted for each test to create a stable spray condition. A stable
electrospraying condition refers to a cone-jet mode where the liquid 1s elongated into a long, fine
et of droplets that deposit onto the substrate surface. As the drum was rotating {as shown in Fig,
9A} and as both of the needles were aligned along the direction of rotation (as shown in Fig. 9B),
the TMC solution deposited on top of the MPD solution that had been deposited about 300 msec

earlier.
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[00119]  After a stable spray had been formed and tested on the aluminum foil, the movement
of the stage was iutiated by the Velmex controlier as described above. Once the desired number
of scans had been achieved, the sample was removed and stored for further characterization.
After each membrane was made, the delivery lines were thoroughly cleaned with DI water, dried
with air, and rinsed with the solvent that they typically carry {e.g. water for MPD and hexane for
TMC) and the needles were replaced to ensure consistency. Prior to each test, the lines were

flushed with the liquid that was being used for that test.

[00126] Surface hydrophilicity: A CAM 101 series contact angle goniometer (KSV Company)
was used to measure contact angle using the sessile drop method. A droplet volume of 10+ 1 plL
of DI water was used for each test at 6 random locations on 3 independent coupons of TFC
membrane and substrate. The contact angle was measured within 1 second of the droplet being
deposited on the surface. The tests were conducted at room temperature with a relative humidity

of 60%.

{00121] Scannng electron microscopy: A scanning electron microscopy (SEM) was used to
image the top surface of the polvamide laver and the supporting substrate layer of the membrane.
A FEI TeneoLoVac SEM was used. For imaging surface morphology, membrane samples were
dried, attached to the SEM stage, and sputter coated with a thin layer of gold (Au) and platinum
{(Pt) under vacuum (0.6 torr). A coating time of 30 seconds with 20 mA current was selected,
which added about 10 nm to about 20 nm of coating. After coating, membranes were imaged
the SEM using a 10 kV to 15 kV accelerating voltage, a working distance of 5 mm to 10 mm,

and the ETD detector using SE mode.

{00122] Flemental analysis: To perform EDX, thick filins (60 scans) were formed on
aluminum fou and removed by submersing the foil into 1.5 M NaOH solution. The film detached
from the foil and floated to the top of the water where it could be collected. The thick film of
polyamide 1s shown in Fig. 9C, and Fig. 14 illusirates the procedure. To ensure that the
polvamide did not contam any residoal NaGH, 1t was washed with DI water several times. It was
then transferred to a new piece of foil and crampled to form a thick about 100 um layer as shown
m Fig. 15 The Al foil was attached to a SEM stub using conductive tape and mserted into the

microscope without any conductive coating layer.
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[00123] Manipulating the 1 um thick polvamide into a thicker, crumpled form (Fig. 15)
allowed for use of EDX, which penetrates much too deep (about 1 pm to about 2 yum) to be used
on conventionally formed polyamide films. If EDX were used on a polyamide film that was still
attached to the substrate, it would measure more of the substrate than the polyamide. An
accelerating voltage of 15 kV with a probe current of 6.4 nA at a working distance of 14 mm was
used for EDX. Six different focations were chosen for a pomnt scan. After each pomnt scan, a table
was created by the provided EDX analysis software that contains the elemental composition of
C, N, and O only. The cross-link density was then calculated using the /N ratio. For the fully
cross-iinked portion of the polymer (termed as m}, this ratio 1s 1. For a fully linear portions of the
polymer (termed as n}, this ratio 1s 2. The following two equations were then solved

simultaneously to calculfate m and n:

O Im -+ 4n
N 3m+2n

m+n=1
{00124] The degree of cross-linking was calculated according to the following equation:

12

X 100

Socross linked =

m-rn

{60125] Roughness measurement: Several measurements of the surface roughness of the
polyamide films and the substrate matenals were determined using an AFM {Asylum Research
MFP-3D) with a silicon AFM tip (Pointprobe, Nanoworld Innovative Technologies). The Dow
SW30XLE TFC membrane was used as-received as a benchmark. The samples were dried and
attached to glass slides using double sided tape and adhesive glue to ensure complete physical
contact between the glass slide and the sample. Initially, a 20 um x 20 pm was imaged at T Hz to
ensure that there was no unusual obstruction that could damage the probe tip. Next, 3 ym x 3 uym
images were acquired at line rates of 3 Hz, using intermittent-contact (also known as AC) mode
with typical feedback gain settings to optimize surface tracking. This same area was imaged
again using a line rate of 1 Hz, and the difference was not significant. For faster characterization,
3 Hz was chosen as the final speed. The results are presented as root mean square roughness

{Rq), average roughness (Ra), and surface area difference (SAD), tabulated above and
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graphically presented in Figs. 10C, 10D, and 21, Standard deviations are included with an N of
15, This 13 based on images for 3 samples from each membrane type, with 5 regions analyzed for

each sample.

{00126]  Fio thickness: The thickness of the polyamide film affixed onto a S1 wafer was
determined from cross-sections of AFM mmages. To avoid probe damage when traversing feature
edges and best extract the true surface topography, a low line rate of 0.5 Hz was implemented. A
schematic of a method to transfer the polvanmide film 1s shown n Fig. 14, A polyamide film was
first printed onto aluminum foil and then etched off using a 1.5 M NaOH aqueous solution as
described above. The film was then transferred onto a S1 wafer measuring about 2 cm x 2 em and
washed using 3 different DI water baths. Finally, the polyamide film on the 81 wafer (referred to
as PA-81) was air dried at room temperature and stored for AFM characterization. For thickness
measurements, the sample edge was located optically and then imaged using the AFM cantilever
tip i intermittent contact { AC) mode. As sketched in Fig. 14, the cantilever tip tracks the step
edge, and the difference between the underlying Si wafer plane and the top of the polvamide film
{as shown in Fig. 14) allows for nanoscale quantification of the thickness of the polyanude films,

Fig. 17. The displayed standard deviations are based on 3 distinct sections per image as shown.

{06127} Transmission electron microscopy: Membrane samples were cut into 1 mm < 2 mm
pieces and placed into 1% osmium tetroxide for 1 hour. Shell vials were covered with alominum
foil during this step to prevent osmium photo degradation. Samples were dehydrated through a
series of graded ethanol for 10 minutes each at 30%, 50%, 70%, 90%, and 100% four times.
Spurr’s resin contaming ERL 4221 (3 4-epoxyeyclohexane methyl 3 4-epoxycyclohexyl-
carboxylate}, DER 736 epoxy resin, NSA {(Nonenvl succinic anhydride modified}, and DMAE
{2-{dimethylamino) ethanol} was freshly prepared. The membranes were infiltrated na 1.2
mixture of resin ethanol for 2 hours and a 2:1 nuxture of resin;ethanol overnight. The following
day, the samples were infiltrated in 100% Spurr’s resin for 4 hours with one change of resin after
2 hours. Samples were flat embedded in double end molds (Cat # 10590, Ted Pella, Inc ),
properly labeled, and polymerized m an oven (Lab-Line Instruments, Inc.} under vacuum at 60
°C overnight. Semi-thin sections (about 1 pm) were cut with a histo 45° Diatome diamond knife
on a Leica Ultracut UCT microtome and collected on drops of distilled water on Superfrost Plus

nucroscope shides {Fisher Scientific). Sections were stained with a working solution of 1:1
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methylene blueiazure blue 1 and placed on a 30-8010 AB shde warmer {Buehler Lid) for 15
seconds at 70 °C. Sections were exanmuned at the hight microscope level in an Olympus
microscope to dentify suitable material for electron mucroscopy. Ultrathin (about 70 nm to about
100 nm} sections were cut with an ultra 45° Dhatome diamond knife on a Leica Ultracut UCT
microtome and collected on 150 mesh copper/palladiom grids (Ted Pella, Inc.}. Sections were
counterstained with 2% aqueous urany! acetate for 8 minutes, rinsed with distilled water, stained
with 2.5% Sato’s lead citrate for 3 minutes, and rinsed again with distilled water. Images were
obtained using a bright field FEI Tecnai Biotwin G2 Spinit transmusston electron microscope
operated at an accelerating voltage of 80 kV and equipped with an AMT 2k (4 megapixel) XR40
CCD camera. All the steps were conducted at room temperature 1n 2 dram glass shell vials with
plugs (Fisher Scientific) on a Pelco R2 rotary muxer {(Ted Pella, Inc.) at setting 20 to aid the
penetration of the chemicals. All the chemicals used to process the samples were EM grade

purchased from Electron Microscopy Sciences (EMS).

{00128] Membrane desalination tests: Pure water permeance and solute rejection of the
membranes were characterized using 2 separate methods described below: dead-end filtration

and cross-flow filtration.

{06129} The dead-end filtration test setup included 3 stirred cells each designed to house a
circular membrane coupon 3 inches in diameter. A fine mesh was used as a spacer beneath each
membrane on the permeate side to provide clearance for permeate flow. Using DI water as a
feed, the pressure was changed to 115 psi from 75 pst while stirring the system at 300 rpm. The
tests were performed at room temperature. Permeate was collected and weighed over time to
determine flux at each pressure. A 2000 ppm NaCl feed solution was used for evaluating salt
rejection and salt permeability. For these stirred cell tests, the Reynolds number was calculated

using the following equation:

DiNp
#

Re =

where /7 1s the impeller diameter, N is rotation of impeller in seconds, p is density of the

solution, and g 15 the viscosity of the solution. The mass transfer coefficient (k) for the dead-
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end system was calculated using the following correlation for dead-end cells and for laminar

flow:
Sh = 0.2B5Re"%%7Sc%3? for 8 x 10° <Re <3.2 x 10*

{00138] Here, Sk 1s the Sherwood number (§f = ki L/ D ap), where L 1s the characteristic
length, Dag 1s diffusion coefficient and Sc is the Schmidt number (Sc = u/(pxDap)}. The solute
observed rejection (%R} and solute permeability (B} were calculated using the following two

equations:

Coprmonts
YR = (]_ M) % 100

CFeea‘

{80131 Here, Cpermeate 18 the concentration of solute in permeate, Creeq 18 the concentration of
solute in the feed solution, and i is the water flux. The mass transfer coefficient was calculated

to be about 1.44 x 107 msec’,

{00132]  Once stable and repeatable results were obtained with the dead-end setup, a cross-
flow bench-scale reverse osmosis setup was then used to test the membrane under crossfiow
conditions to demonstrate robustness. This setup used cross-flow test cells that house 8 = 3 om”
membrane coupons. Using DI water as feed, the system pressure was varied from 75 psi to 225
psi while keeping the channel velocity constant at 0.24 msec™. The system was run for 24 hours
to equilibrate the membrane and stabilize flux. The permeate flux from the test cells was
collected and weighed over time to determine the pure water flux. The slope of the graph of
water flux vs. applied pressure vields the pure water permeance, A. To measure salt rejection and
permeability, a 2000 ppm feed solution contaiming Na(l salt was used as the feed without
replacing the membranes in the cross-flow cell. Permeate was collected at 225 pst once the salt
rgjection value stabilized. A 24-hour stabilization at 225 psi followed by a pure water permeance
test took about 2 days to complete. Salt rejection was measured over 5 days to ensure the
membrane remained intact. The membrane was therefore tested under pressure 1n crosstlow for

about 7 days.
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[00133] To calculate the salt permeability, the mass transfer coefficient was calculated using

the following equation for lamimar flow:
c r- - Drsoss
Sh = 18.}<R€ Sc "Z") -

{00134] The resulting mass transfer coefficient calculated for the cross-flow system was found

to be 1.85 x 107 msec™,

[00135] Furthermore, since the film thickness of the polyanide was available for a number of
membranes, 1t was possible to find membrane permeability to water (Pu,0) and the ideal
water/salt selectivity, awys. This is plotted against the theoretical upper-bound in Fig. 22. These
membranes exhibit performance that 1s near, or m a few cases equal to, the upper-bound

performance of water desalination membranes.

{00136] Droplet size modeling: To predict and adjust the thickness of a film created by
electrospray, there are many well-established models that predict droplet size and movement.
Many of these models were developed as part of the use of electrospray in high precision

analytical tools like mass spectrometry.

{00137] Dunng electrospraying, the solution leaves the needle/capillary and forms a Taylor
cone at the needle tip from where droplets start to form and move toward the oppositely charged
or grounded substrate. Scaling laws for current, charge density, and the droplet size during
electrospray have been previously developed, as described in €. Mundo, M. Sommerfeld, .
Tropea, Int. J. Multiph. Flow, 21, 151-173 {1995}, herein incorporated by reference in its
entirety. The effects of electrical conductivity (K}, hquad flow rate (@), permittivity (&), density
of liquid (pw}, viscosity {iw), and surface tension {(yw) of the liguid-gas mterface on the size and
charge density of the droplets are considered in the modeling. As a simple example, the droplet
size may vary based on solution properties and the distance a drop travels between the needle

and the collector (see, for example, Fig 12},

[006138] Using this analysis, the splash diameter of 3 droplet (Dspiasn) when it impacts the
substrate surface can be calculated. Once Dsgiosn 18 known, one can calculate how much area

/

each droplet would be able to cover. As an example, if 5 mL of 2% MPD aqueous solution 15
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electrosprayed at a rate of 10 mL/hr, then it can form droplets of Dy in the size of about 1.6 pm.
When this droplet reaches the grounded surface, the size reduces to a Dy o of about 1 um which,
would make a Dspiasn of about 1.8 pum with a film thickness of about 200 nm. This means thata 5
mL solution could theoretically cover an area of about 23 m’. However, an assumed circular

splash pattern would require splash overlap to prevent defects in the film.

[0013%] Among other things, disclosed herein s an efficient way of controlling roughness and
thickness of thin films having excellent performance 1in desalination membranes. Synthesis of
such films is support-independent with regard to roughness and thickness. The disclosed

methods comprise a sirmple process that can be easily scaled up.

[00140] While the invention has been described with reference to preferred embodiments, it
will be understood by those skilled in the art that various changes may be made and equivalents
may be substituted for the elements thereof without departing from the scope of the invention. In
addition, many modifications may be made to adapt the teaching of the invention to particular
use, application, manufacturing conditions, use conditions, composition, medium, size, and/or
materials without departing from the essential scope and spirit of the mvention. Therefore it 15
intended that the invention not be limited to the particular embodiments and best mode

contemplated for carryimg out this invention as described herein
[00141] The following clauses are set forth for reasons of completeness.

[06142] Clause 1. A method of making a polymer membrane, the method comprising: (8)
providing a first monomer solution having a first solvent, a second monomer solution having a
second solvent, and a substrate; and (b) electrospraying the first monomer solution onto a surface
of the substrate and electrospraying the second monomer solution onto the substrate surface
thereby forming the polvmer membrane on at least a portion of the substrate surface, wherein the

polymer membrane has a particular thickness and/or a particular smoothness.

{00143] Clause 2. The method of clause 1, wherem step (b) is repeated at least once, thereby

adding one or more additional layers of polymer to the polymer membrane.
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[00144] Clause 3. The method of clause 1 or clause 2, wherein step (b) 1s repeated from 3 to 9

times, such that the polymer membrane 1s formed from 4 to 10 layers of the polymer.

[001458] Clause 4. The method of any one of clauses 1-3, wherein the first monomer solution
and/or the second monomer solution comprises a diamine, m-phenylene diamine (MPD),
piperazine, an aromatic amine, an aliphatic amine, an acid chloride, trimesoyl chloride (TMC),

polyvinyl alcohol, glutaraldehyde, or any combimation thereof.

[00146] Clause 5. The method of any one of clauses 1-4, wherein the first monomer solution
comprises MPD and the second monomer solution comprises TMC, wherein the MPD
concentration ranges from about 0.0625 to about 0.5 wt/vol of the first solvent and the TMC

concentration ranges from about 0.0375 to about .3 wi/vol of the second solvent.

{00147} Clause 6. The method of any one of clauses 1-5, wherein the first monomer solution
comprises MPD and the second monomer solution comprises TMC, wherein the molar ratio of

MPD:TMC ranges from 1:1 to 4: 1.

{00148] Clause 7. The method of any one of clauses 1-6, wherein the first monomer solution

and/or the second monomer solution further comprises a conductive spray aid.

{00149} Clause 8 The method of any one of clauses 1-7, wherein the smoothness of the
polymer membrane as characterized bv RMS roughness is controlled by the number of
repetitions of step (b) and/or by the concentration of the first monomer solution and/or the

concentration of the second monomer solution.

{00156} Clause 9. The method of any one of clauses 1-8, wherein the smoothness of the
polymer membrane as characterized by RMS roughness is controllable to within less than about

38 nm.

{00131} Clause 10. The method of any one of clauses 1-9, wherein the thickness of the
polymer membrane 1s controlled by the number of repetitions of step (b) and/or by the
concentration of the first monomer solution and/or the concentration of the second monomer

solution.

(PN
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[00132] Clause 11. The method of any one of clauses 1-10, wherein the membrane thickness

grows approximately linearly with the number of added layers.

[00133] Clause 12. The method of any one of clauses 1-11, wherein the membrane thickness

is controllable to within less than or equal to about 4 nim.

[00134] Clause 13. The method of any one of clauses 1-12, wherein the substrate comprises
polyvinylidene fluoride, nylon, polysulfone, polyethersulfone, polvacrylontirile, polycarbonate,
polybenzimidizole, cellulose, silica, siloxane, ceramic, glass, metal, a fibrous membrane, or any

combination thereof,

{00135} Clause 14. The method of any one of clauses 1-13, wherein the thickness and/or

smoothness of the polymer membrane 15 independent of the chemical identity of the substrate.

{001356] Clause 15. The method of any one of clauses 1-14, wherein the method further
comprises electrospraying a nanoparticle solution in between the electrospraying of the first

monomer solution and the electrospraying of the second monomer solution.

{00157} Clause 16. A polyamide film having a thickness of greater than or equal to 1 um

made by the method of any one of clauses 1-15.

{00158] Clause 17. A thin film composite membrane comprising a polymer, wherein the thin
film composite membrane has a smoothness characterized by an RMS roughness value of less

than or equal to about 45 nm.

{00159} Clause 18. The thin film composite membrane of clause 17, wherein the membrane
consists essentially of 5 layers of the polymer, wherein the polymer is a polyamide polymer,
wherein the membrane 15 approximately molecularly smooth as characterized by RMS

roughness, wherein the membrane is attached to a porous substrate.

{00168} Clause 19. A desalination system comprising a thin film composite membrane
attached to a porous substrate, the thin film composite membrane comprising a polymer, wherein
the thin film composite membrane has a smoothness characterized by an RMS roughness value

of less than or equal to about 45 nm.
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[00161] Clause 20. The desalination system of clause 19, wherein the system demonstrates a

pure water permeance 1o the range of about 0.1 LMH/bar to about 16 LMH/bar.

[00162] Varnious features and advantages of the nvention are set forth in the following claims.
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CLAIMS
What 1s claimed 1s:

1. A method of making a polymer membrane, the method comprising;

(a) providing a first monomer solution having a first solvent, a second monomer solution
having a second solvent, and a substrate; and

(b) electrospraying the first monomer solution onto a surface of the substrate and
electrospraying the second monomer solution onto the substrate surface thereby forming the
polymer membrane on at least a portion of the substrate surface,

wherein the polymer membrane has a particular thickness and/or a particular smoothness.

2. The method of claim 1, wherein step (b) 15 repeated at least once, thereby adding one or

more additional layers of polymer to the polymer membrane.

3 The method of claim 1, wherein step (b) 15 repeated from 3 to 9 times, such that the

polymer membrane 15 formed from 4 to 10 layers of the polymer.

4, The method of claim 1, wherein the first monomer solution and/or the second monomer
solution comprises a diamine, m-phenylene diamine (MPD), piperazine, an aromatic amine, an
aliphatic amine, an acid chloride, trimesoyl chloride (TMC), polyvinyl alcohol, glutaraldehyde,

or any combmation thereof.

S. The method of claim 1, wherein the first monomer solution comprises MPD and the
second monomer solution comprises TMC, wherein the MPD concentration ranges from about
0.0625 to about 0.5 wi/vol of the first solvent and the TMC concentration ranges from about

(0.0375 to about 0.3 wi/vol of the second solvent.

6. The method of claim 1, wherein the first monomer solution comprises MPD and the
second monomer solution comprises TMC, wherein the molar ratio of MPD:TMC ranges from

1041,

7. The method of claim 1, wherein the first monomer solution and/or the second monomer

solution further comprises a conductive spray aid.
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8. The method of claim 2, wherein the smoothness of the polymer membrane as
characterized by RMS roughness is controlled by the number of repetitions of step (b) and/or by
the concentration of the first monomer solution and/or the concentration of the second monomer

solution.

9. The method of claim 8, wherein the smoothness of the polymer membrane as

characterized by RMS roughness 1s controllable to within less than about 35 nm.

10, The method of claim 2, wherein the thickness of the polymer membrane 1s controlled by
the number of repetitions of step (b) and/or by the concentration of the first monomer solution

and/or the concentration of the second monomer solution.

1 The method of claim 10, wherein the membrane thickness grows approximately linearly

with the number of added layers.

12. The method of claim 10, wherein the membrane thickness is controllable to within less

than or equal to about 4 nm.

13, The method of claim 1, wherein the substrate comprises polyvinylidene fluoride, nylon,
polysulfone, polyethersulfone, polvacrylontrile, polycarbonate, polybenzimidizole, cellulose,

silica, siloxane, ceramic, glass, metal, a fibrous membrane, or any combination thereof.

14, The method of claim 1, wherein the thickness and/or smoothness of the polymer

membrane 1s independent of the chemical identity of the substrate.

15, The method of claim 1, wherein the method further comprises electrospraying a
nanoparticle solution in between the electrospraying of the first monomer solution and the

electrospraying of the second monomer solution.

16. A polyanude film having a thickness of greater than or equal to T pm made by the

method of claim 1.

17. A thin film composite membrane comprising a polymer, wherein the thin film composite
membrane has a smoothness characterized by an RMS roughness value of less than or equal to

about 45 nm.
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18 The thin film composite membrane of claim 17, wherein the membrane consists
essentially of 5 layers of the polymer, wherein the polymer 1s a polvamide polymer, wherein the
membrane 1s approximately molecularly smooth as characterized by RMS roughness, wheremn

the membrane is attached to a porous substrate,

19, A desalination system comprising a thin film composite membrane attached to a porous
substrate, the thin film composite membrane comprising a polymer, wherein the thin film
composite membrane has a smoothness characterized by an RMS roughness value of less than or

equal to about 45 nm.

20, The desalination system of claim 19, wherein the system demonstrates a pure water

permeance in the range of about 0.1 LMH/bar to about 16 LMH/bar.
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L. El Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. l___l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found muitiple inventions in this international apﬁ)lication, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive

concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-16, directed to a method of making a polymeric membrane by electrospraying a first monomer solution onto a
substrate and electrospraying a second monomer solution onto the substrate.

Group |I: Claims 17-20, directed to a thin film composite membrane comprising a polymer, wherein the membrane is characterized by an
RMS roughness value of less than or equal to about 45 nm; and a desalination system comprising such a membrane.

The inventions listed as Groups I-I do not relate to a single inventive concept under PCT Rule 13.1 because under PCT Rule 13.2 they
lack the same or corresponding technical features for the following reasons:

***** Continued in the Supplemental Sheet below *****

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:I As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }E No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest E] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continuation of: Box IIl - Observations where unity of invention is lacking:
Special Technical Features

Group | includes the special technical features of method of making a polymer membrane, the method comprising: (a) providing a first
monomer solution having a first solvent, a second monomer solution having a second solvent, and a substrate; and (b) electrospraying
the first monomer solution onto a surface of the substrate and electrospraying the second monomer solution onto the substrate surface
thereby forming the polymer membrane on at least a portion of the substrate surface, not required by Group Il.

Group Il includes the special technical features of a thin film composite membrane characterized by an RMS roughness value of less
than or equal to about 45 nm, not required by Group |.

Shared Technical Features

Groups I-1l share the common technical features of a membrane comprising a polymer wherein the polymer membrane has a particular
value of thickness and/or smoothness. However, these shared technical features do not represent a contribution over prior art as being
anticipated by US 2016/0214069 A1 to Regents of the University of Colorado (hereinafter ‘Colorado’) which teaches a membrane
comprising a polymer (Figure 3B; para [0124), 'a polyamide layer on ... UF membranes. In FIG 3B the surfacs of the non-pattern TFC
membrane appeared very smooth'; note Colorado uses UF as an acronym for 'ultrafiltration’, and TFC as an acronym for 'thin film
composite’) wherein the polymer membrane has a particular value of thickness and/or smoothness (Figure 3C; para [0124], 'RMS
roughness of ~14 nm (FIG 3C) ... the thickness of the polyamide film ... about 40 nm).

Therefore, Groups I-1l lack unity under PCT Rule 13 because they do not share a same or corresponding technical feature.
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