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The challenge of providing safe and reliable drinking water is being exacerbated by accelerating population
growth, climate change, and the increase of natural and anthropogenic contamination. Current water
treatment plants are not effective at the removal of pervasive, hydrophilic, low molecular weight contami-
nants, which can adversely affect human health. Herein, we describe a green all-aqueous synthesis of an
ion exchange resin comprised of short chain polyelectrolyte brushes covalently bound to single walled car-
bon nanotubes. This composite material is incorporated onto a membrane and the active sites are tested
against analyte adsorption. Our control studies of water or brine pushed through these materials, found no
evidence of single-walled carbon nanotubes (SWCNTSs) or carbon/polymer coming out of the membrane
filter. We have measured the adsorption capacity and percentage removal of ten different compounds
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(pharmaceuticals, pesticides, disinfection byproducts and perfluoroalkylated substances). We have mea-
sured their removal with an efficiency up to 95-100%. The synthesis, purification, kinetics, and characteriza-
DOI: 10.1039/c8ew00593a tion of the polyelectrolytes, and the subsequent nanoresin are presented below. The materials were tested
as thin films. Regeneration capacity was measured up to 20 cycles and the material has been shown to be

rsc.li/es-water safe and reusable, enabling them as potential candidates for sustainable water purification.

Water impact

Improving water quality significantly impacts human health, the ecosystem, and economic logistics in all parts of the world. Centralized water treatment
systems are ineffective in delivering water free from many persistent contaminants which arise due to natural and anthropogenic activities. We report on a
fast, reliable and sustainable system that efficiently removes a wide varieties of these contaminants from water.

Introduction becoming increasingly difficult for water treatment facilities
to remove molecular contaminants at the limits set by the
USEPA (e.g., PFAS 70 ppt, 80 ppb for trihalomethanes (THM)
and 60 ppb for haloacetic acids (HAA)).?> Possible health risks
from prolonged exposure include kidney, liver, and central
nervous system issues, as well as cancer.»® Many water utili-
ties rely solely on coagulation as the means of lowering the
levels of molecular contaminants; however, this is not as ef-
fective a method for low molecular weight and hydrophilic

compounds. Activated carbon is the most widely used adsor-

The US Environmental Protection Agency (USEPA) is focused
on the monitoring and removal of many classes of com-
pounds from drinking water and wastewater including disin-
fection byproduct (DBP) precursors, pharmaceuticals, per-
sonal care products, heavy metals, and per- and
polyfluoroalkyl substances (PFAS)." These pervasive sub-
stances are related to adverse human health conditions and
they are persistent in the environment. Under environmental

conditions, PFAS do not hydrolyze, photolyze or biodegrade
and hence, are extremely persistent in the environment.” It is
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bent material, but it comes with a high operating cost.® With
natural and anthropogenic contaminant levels rising in
drinking water sources worldwide, there is a significant in-
crease in demand for more efficient removal.” "' In general,
there are a large number of compounds, across many chemi-
cal classes, that are naturally occurring in surface water.
Many others are anthropogenic, and released into the envi-
ronment due to improper treatment of wastewater. All drink-
ing water sources contain natural organic matter (NOM),
which can become DBPs during required water treatment
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processes. In our previous work we have demonstrated that
our ion exchange nanomaterials can remove (NOM) faster,
and at a higher capacity than other methods and materials
currently deployed.'” Since the publication of those results,
we have optimized the materials and processes and here
show that we can also remove other classes of compounds
from water. Specifically, we demonstrate the removal of sev-
eral types of pharmaceuticals (viz.,, tetracycline and
carbenicillin), pesticides (viz., bentazon, terbacil, and
bromacil), DPBs (viz., bromoacetic acid and chloroacetic acid)
and PFAS (viz,, perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonate (PFOS)), from water. We have syn-
thesized these nanoresin materials using a green all-aqueous
process.

Use of pristine nanostructured carbons in a synthesis typi-
cally requires a good dispersant to stabilize the nanoparticles.
Often these dispersants are aprotic polar solvents like N,N-
dimethylformamide (DMF) or N-methyl-2-pyrrolidone (NMP)
which are both toxic and expensive. We have eliminated all
organic solvents from our green all-aqueous synthesis of
functionalized nanostructured carbon using the activators
regenerated by electron transfer-atom transfer radical poly-
merization (ARGET-ATRP) method. Aqueous ARGET-ATRP re-
actions are complicated by multiple issues. The activation
constants for initiators tend to be over an order of magnitude
higher in water than in organic solvents.">'* This leads to an
increase in ATRP polydispersity which is inversely propor-
tional to the ratio of active to inactive chains.'” In addition,
changes in pH can lead to further complications such as the
protonation of the catalyst. We have optimized a process that
maintains low polydispersity during this all-aqueous synthe-
sis of shortchain strong-base ion-exchange polymers. We
have covalently functionalized these linear non-crosslinked
polyelectrolytes to pristine SWCNTs using the same all-
aqueous ARGET ATRP process. These short brush-like poly-
electrolytes form a conformal coating around the SWCNT
resulting in a nanoresin with a ~10 nm cross-section,
allowing access to all of the binding sites without being diffu-
sion limited. The cationic nature of the polymer allows the
nanoresin to be readily deployed in aqueous systems. This
then promotes rapid adsorption of a broad spectrum of con-
taminants from drinking water or wastewater.

We have synthesized these nanoresins, using the ARGET-
ATRP method where the reaction follows a living radical
propagation mechanism. This method is preferable to tradi-
tional ATRP because of the reduced transition metal catalyst
required and the increased control of the polydispersity.'
The catalyst concentration can be kept to a minimum by
using a reducing agent. A common ATRP catalyst is the Cu(1)-
Br/TPMA complex (TPMA is tris(2-pyridylmethyl)amine). This
is a very reactive complex in water and the use of a reducing
agent is required for control of the reaction. A low ratio of
the Cu(i) to Cu(u) form of the catalyst (activator/deactivator) is
required for ATRP in water to reduce radical concentrations
and maintain control of the polymerization.'® Rapid addition
of a reducing agent pushes the catalyst too far toward its acti-
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vator form leading to poor polymerization control. Often
ascorbic acid is added slowly to regenerate the catalyst. Here
we describe a way to maintain the reducing agent concentra-
tion by using tin(n) 2-ethylhexanoate in the aqueous reaction.
Sn(u) in water exists in many species but the Sn(OH),(aq)
form is prevalent at the pH range and ionic strength of our
reaction,'”'® and the Ky, of Sn(OH),(s) is 5.45 x 10™>. As the
reducing agent reacts to reactivate the catalyst, the Sn>" oxi-
dizes to Sn**, but the concentration of the reducing agent
stays constant throughout the reaction due to the slow disso-
lution of the Sn(OH),(s) back into the reaction solution. This
enables a constant regenerator concentration, which in turns
maintains a constant activator/catalyst concentration and
thereby a constant rate of polymerization.

This paper describes a green synthesis of a polyelectrolyte
modified nanostructured carbon material. We show out-
standing adsorption loading and fast adsorption kinetics for
several class of water contaminants. These materials are also
regeneratable and reusable such that they enable a sustain-
able new material for water purification.

Synthetic methods
Materials and methods

All reagents were used as purchased without additional puri-
fication or modification. HiPCO (Grade P CNT, 0.8-1.2 nm di-
ameter, 100-1000 nm length; Lot #P0276) SWCNTs were
used. Polymer synthesis was based on: vinylbenzyl
trimethylammonium chloride (vbTMAC) (Fisher, 97%; Lot
#A0311318) monomer, copper(u) bromide (Acros, 99+%; Lot
#A0344238), tris(2-pyridylmethyl)amine (TPMA) (TCI, >98.0%;
Lot #Z8GMO-AD) for the catalyst, tin(u) 2-ethylhexanoate
(Sigma-Aldrich, 92.5-100%, Lot #SLBP5072V) for the reducing
agent, 2-hydroxyethyl 2-bromo-isobutyrate (HEBiB) (Sigma-Al-
drich, 95%, Lot # MKBW2607) initiator. Other analytes
include: p-(+)-Glucose (Sigma, Lot #89H0150), toluene (HPLC
grade, lot #), perfluorooctanoic acid (Aldrich, Lot
#MKCC6736), potassium perfluorooctanesulfonate, 98% (Ma-
trix Scientific, Lot #M22Q), tetracycline hydrochloride (Fisher
BioReagents®, Lot #106895-36), carbenicillin disodium
(Fisher Scientific, Lot #148020), bentazon (Ultra Scientific,
Lot #NT059639), bromacil (Ultra Scientific, Lot #NT053779),
terbacil (Ultra Scientific, Lot #NT059638), bromoacetic acid
(99%: Acros Organics, Lot #106572500), and chloroacetic acid
(99%: Lot B0143934) and sodium fluorescein (Sigma, Lot#
BCBR1213V).

Workup of the synthesis required: polypropylene mem-
brane filters (0.45 pm pore size, 47 mm wide, Lot #2075-5),
nitrocellulose mixed ester (MCE) (Sterlitech Corp., Lot. #
31127255) with 0.45 pm pore diameter and 13 mm width,
Whatman Anotop sterile syringe filter (25 mm, 0.02 micron
pore size, Cat. No. #68092102), 12 kDa molecular weight cut-
off (MWCO) dialysis membrane (Thermo Fisher Scientific,
Lot. #AD-8099-2) 45 mm width and 28.6 mm diameter, 2 kDa
MWCO dialysis membrane (Spectrum Labs, Lot. #3294218)
45 mm flat width and 29 mm diameter, and 50 kDa MWCO
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dialysis membrane (Spectrum Labs, Lot. #3292110) 34 mm
flat width and 22 mm diameter. Membranes were activated
by incubating for 10 minutes in Milli-Q water with constant
stirring.

Aqueous synthesis of vbTMAC polyelectrolytes

Polymerization was performed using a Schlenk apparatus un-
der a positive pressure of Ar(g). TPMA (6.32 mg, 21.8 umol)
and an aqueous CuBr, solution (17.24 pL, 20.6 mM, 0.35
umol) were added into 1.0 mL of Milli-Q water to form the
catalyst complex. Additional Milli-Q water (15.1 mL), vbTMAC
(1.60 g, 7.57 mmol) were added and fully dissolved. The reac-
tion mixture was sparged with Ar(g) for 20 minutes. HEBiB
(10.3 pL, 71.0 pmol) was then added. Tin(u) 2-ethylhexanoate
(6-60 pL) was added and the reaction flask heated in a 110
°C oil bath under reflux conditions for the duration of the re-
action. 300 uL aliquots were taken for '"H NMR analysis
throughout the reaction. To reach 95% conversion of the
monomer, the reaction proceeds for 4158 min and is then
cooled and exposed to air to terminate the polymerization.
The mixture was centrifuged at 100 000 RCF for 1 h at 20 °C
to remove the thick polymer pellet. The polymer was
dissolved in water and then dialyzed against Milli-Q water
through a 2 kDa MWCO cellulose dialysis membrane to re-
move remaining monomer and other reagents. Up to eight di-
alysis iterations were performed until the monomer was no
longer detected in the dialysate. vbTMAC is easily detected to
<1 mg L™ by measuring the UV-vis absorption peak at 254
nm.

Aqueous synthesis of functionalized SWCNT nanoresin (Aq-
SNR)

Polymerization was performed using a Schlenk apparatus un-
der Ar(g). TPMA (6.59 mg, 22.7 pmol) and CuBr, solution in
water (17.3 pL, 20.6 mM, 0.35 umol) were dissolved into 1.0
mL of Milli-Q water. Additional Milli-Q water (15.1 mL),
vbTMAC (1.61 g, 7.62 mmol) and were added and fully
dissolved. The reaction mixture was degassed with Ar(g) for
20 minutes. HEBiB (10.3 pL, 71.0 pmol) was then added,
tin(u) 2-ethylhexanoate (6-60 puL) was added and the reaction
flask heated in a 110 °C oil bath for the duration of the reac-
tion. 300 pL samples were taken for 'H NMR analysis
throughout the reaction. DMF is added to the reaction (1%
by volume) as an internal standard to quantify the remaining
vinylic protons measured in the "H NMR spectra.

After 10 min, SWCNT (30.3 mg HIPCO) were added to a
5.0 mL aliquot of the reaction mixture. This mixture
contained very short ionomers that were then sonicated with
the SWCNTs to disperse the tubes into the polymer solution
(15 min, 10 Wgys) followed by ten min sparge under Ar(g).
The SWCNT dispersion was added back into the polymeriza-
tion reaction (40 min from the start of the polymerization,
and a 33% conversion of monomer). The reaction was kept at
reflux under Ar(g) until completion (typically from 2 h or up
to three days for 99% conversion of any remaining vbTMAC
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monomer). The reaction was cooled and exposed to air to
quench the catalyst. SWCNTs do not disperse into water with-
out the polymer present. The polyelectrolyte strands act as a
surfactant and stabilizes the SWCNT dispersion which enable
subsequent covalent functionalization of polymer to the
nanotubes in an aqueous reaction.

Purification of as-synthesized Aq-SNR is required for the
removal of unreacted monomer, other reaction reagents, and
all non-covalently bound polymer strands. We have shown
previously that these polyelectrolytes will wrap around the
SWCNTs leaving them stable in water."”” By increasing the
ionic strength of the solution, the surfactant is screened from
the SWCNT surface and the SWCNTs aggregate as the non-
covalently bound polymer is removed. NaCl(s) was added to
the reaction mixture to bring the concentration to 4 M. The
reaction mixture was sonicated to disperse the product and
mechanically disrupt the physisorbed polymer from the
SWCNTs (15 min, 10 W). The attachment processes has not
been optimized for atom efficiency. Moreover, since this is a
fundamental study, only a small amount of SWNCTs are used
for each batch and most, ~95% of the polymer is not used.
Future studies with less expensive nanostructured carbons
will optimize the atom efficiency. HCl(aq) was added to dis-
solve residual Sn(OH),(s) from the material. The dispersion
was centrifuged (100000 RCF, 60 min) in the high ionic
strength solution. Desorbed polymer strands remain in the
supernatant while the Aq-SNR collects in the sediment. Un-
bound polymer and other residual molecular and ionic spe-
cies, are decanted and properly disposed of in hazardous
waste (see ESIf Fig. S1). This procedure was repeated until
the unbound polymer concentration was below our detection
limit as measured by UV-vis absorption where ¢,5, = 0.0102 +
0.0007 mg' L ecm™", yielding a minimum detection limit of
<0.3 mg L™" as shown in Fig. 1. Dialysis was used to remove
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Fig. 1 Removal of vbTMAC monomer and unbound polymer after
successive centrifugation and dispersal into brine cycles. UV-vis deter-
mination of concentration.
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replicates, 75 mL internal volume, into 1000 mL external vol-
ume, through a 50 kDa membrane) (Fig. S2t). Conductivity of
the dialysate was used to monitor removal of the brine until
the conductivity was ¥ < 1 uS cm™. The final Aq-SNR product
was dispersed into Milli-Q water. The concentration of
SWCNTs was measured by UV-vis-NIR. The total mass con-
centration was measured by filtering a known volume of the
Ag-SNR dispersion using a 0.45 um pore size polypropylene
membrane filter, which retained all of the nanoparticles. The
thin film was washed with methanol then dried under vac-
uum at T' = 65 °C overnight. The mass of the Aq-SNR depos-
ited onto the membrane was measured by subtracting off the
initial mass of polypropylene membrane. Concentrations are
reported in mg Aq-SNR L™* of dispersion. Synthesis and
cleanup of Aq-SNR did not use any organic solvents (Green
Chemistry Principle 3, 4, and 5)."°

Characterization methods
Kinetics of polymer growth

Polymerization kinetics were measured by monitoring mono-
mer concentration versus time as determined by 'H NMR
analysis. Standard polymer synthesis (1.50 g, 7.10 mmol
vbTMAC) were monitored by pulling 300 pL aliquots as a
function of time. For each aliquot of reaction mixture, 200 pL
was mixed into 500 pL D,O. Proton spectra taken on a 500
MHz 'H NMR (32 scans, 40 second relaxation time) and base-
line corrected. To quantify the relative concentration of
monomer, the vinylic protons of the vbTMAC at 5.8 ppm and
5.3 ppm were compared to the singlet at 7.77 ppm (internal
standard DMF aldehyde proton). Integrated areas decrease in
value relative to the internal standard as the monomer was
polymerized. The percent conversion for each aliquot was cal-
culated accordingly. Loss of vinylic protons during polymeri-
zation is illustrated in Fig. S3.f Percent conversion versus
time is illustrated in spectra in Fig. S4A1 and pseudo first
order In([M],/[M]) vs. time in Fig. S4B.f

UV-vis-NIR spectroscopy

Concentration and yield of the Aq-SNR was measured using
UV-vis-NIR spectroscopy. The concentration of SWCNT was
measured using the absorption at 925 nm, with an extinction
coefficient of 0.0206 mg™" L cm™". From the total volume of
dispersion and the concentration of SWCNTs determined
from characteristic UV-vis-NIR absorption, the mass of the
functionalized SWCNTs was calculated. The polyelectrolyte
strands do not absorb at this wavelength. All mass and con-
centrations are reported as mg Aq-SNR or mg Aq-SNR L™ of
dispersion respectively.

Raman spectroscopy for covalent functionalization of
SWCNTs

Samples of pristine SWCNT and of Aq-SNR were deposited
onto a 0.45 pm pore size polypropylene membrane filter as a
thin film. A Kaiser Raman spectrometer was used to measure
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the integrated area under the D band (sp® character C) rela-
tive to the integrated area under the G band (sp” character
C). The D:G ratio of the Aq-SNR increased relative to the D:
G ratio of the pristine sample which indicates covalent bind-
ing between the polyelectrolyte strands and the SWCNT sur-
face.”® Typical results of a 2 h functionalization are shown in
Fig. 2, with the D: G ratio increasing from 0.16 to 0.30.

Total organic carbon (TOC) analysis of aqueous analyte

Concentrations of control and sample solutions were deter-
mined by total organic carbon (TOC) using a Shimadzu TOC-
LCPN instrument following standard methods.>" All amber
glass collection vials were prepared to remove residual car-
bon. The vials were pre-cleaned by rinsing ten times in Milli-
Q water then placed in acid bath (10% HCl(aq)) overnight.
They were rinsed multiple times in Milli-Q water to remove
the acid solution, then covered with aluminum foil, and
heated at 400 °C for at least 2 hours in air to remove any re-
sidual carbon in the vials. The TOC system was calibrated
using standard dilutions of a stock aqueous glucose solution.
The response was linear over the range 0.00 mg L™ to 10.00
mg L™" with an accuracy of +0.03 mg L. All samples were di-
luted by a factor of 15 before analysis.

Dynamic light scattering (DLS) and zeta potential

The effective diameter and zeta potential of poly(vbTMAC)
and Ag-SNR dispersion was measured using Malvern DLS
Zetasizer instrument.”> DLS samples of 10 pg mL™"' of
poly(vbTMAC) and 7 ug mL™" of Aq-SNR were dispersed in
Milli-Q water just before measurement. All zeta potential
measurements used 2 mg L' samples. The temperature of
the cell was kept at 25 °C and the equilibrium time was 120
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Fig. 2 Normalized Raman spectra of a 2 h pristine SWCNT and Aq-
SNR after centrifugation at 20 000 RCF for 1 h. Increase in the ratio of
the area under the D and G bands (the D: G ratio) indicates covalent
functionalization of ionomer strands to SWCNT wall.
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s. Multiple runs were averaged after maximum and minimum
outliers were discarded.

Scanning electron microscopy (SEM)

Dispersions of Aq-SNR were diluted and resonicated then
drop cast and dried onto a Si chip surface. Drying induced
aggregation was kept to a minimum. A LEO 1550 column
with field emission gun and 2 nm beam width was used for
imaging at 10 kV and a 30 pm aperture. Fig. 3 compares pris-
tine SWNCTs (3A) to the Aq-SNR material. Some drying in-
duced aggregation is found in all samples. Individual
SWCNTs appear as wide as the FE-SEM beam width (2-3
nm). Polymer coated nanotubes aggregated (3B), but even the
narrowest tubes show conformal coating of polymer with 8-
10 nm diameter. Morphology of thin membrane surfaces was
also measured (3C) and is discussed below.

Analyte adsorption capacity studies

Multiple analytes were tested to evaluate their broad spec-
trum removal by the Aq-SNR. Sodium fluorescein (NaFL) was
used as a low MW (376.27 g mol ™) surrogate for fulvic acids.

Raith 150 200nm EHT =10.00 kV

Mag =10000KX f———4D= 4mm

Signal A = InLens Date :11 Jun 2018

Time :17:16:23

Fig. 3 FE-SEM images of pristine SWCNTs (A) and Aq-SNR (B) drop
cast from a dilute dispersion onto a Si chip. Scale bar 200 nm and
column conditions identical for all images. Survey of Aq-SNR shows no
residual free polymer or salts. In 3(C) we show typical thin film of Aq-
SNR deposited on an MCE membrane.
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Tetracycline hydrochloride and carbenicillin disodium were
used to evaluate removal of pharmaceutical compounds.
PFOA and PFOS were used to test the removal of
perfluorinated  compounds.  Bromoacetic acid and
choloroacetic acid were used to evaluate removal of haloge-
nated compounds (e.g., DBP). Bentazon, terbacil, and
bromacil were used to evaluate removal of pesticides from
water. NaFL sample concentrations were measured using UV-
vis spectroscopy (£400 = 0.358 + 0.011 mg-C™' L cm™). All
other analyte concentrations were measured using TOC
analysis.

Adsorption capacity: fast-filtration

A known mass of Aq-SNR was deposited on an MCE mem-
brane by filtration. Control studies were performed to deter-
mine adsorption of the analyte by the apparatus without any
AgQ-SNR present. 3.0 ml of each analyte solution, of known
initial concentration, were pushed manually through the film
using a syringe. Low backpressure allowed the filtration to be
completed in less than ten seconds. The concentration of an-
alyte in the filtrate was measured using UV-vis spectroscopy
or TOC analysis.

Regeneration and reuse studies

A known mass of Aq-SNR was deposited onto an MCE sup-
port membrane and placed into a glass vial. A NaFL solution
of known concentration was added to the vial. The sample
was vortexed for 2 h at 500 rpm while small aliquots were
taken at intervals to test adsorption kinetics. Fig. S5 shows
the loading q of NaFL adsorbed onto the outer interface of
the membrane as a function of time. To simulate pre-
breakthrough conditions we tested the outer interface of the
thin film. The adsorption data are fit to a pseudo-second or-
der diffusive kinetics model with a rate constant k = 0.0048
s (mgg ).

For regeneration studies, a known mass of Aq-SNR was de-
posited onto MCE membrane. The film was placed inside a
vial and was allowed to incubate in brine solution (1.5 ml,
2.0 M NaCl(aq)) for 5 min. After removal of the brine, Milli-Q
water was used to rinse the remaining brine from the vial
and resin (3 replicates, 1.5 mL). A known volume and concen-
tration of NaFL(aq) was then added and allowed to incubate
for 5 min. The concentration of the NaFL(aq) solution after
incubation was measured by UV-vis spectroscopy and the pro-
cess was repeated for 20 cycles.

Results and discussion
Characterization of Aq-SNR

Kinetics of polyelectrolyte growth were measured by "H NMR
as described above. We have not yet optimized the perfor-
mance of the Aq-SNR as a function of polyelectrolyte length.
We use a 33% conversion (40 min polymerization) for all
polymer  synthesis  before = adding SWCNTs  for
functionalization. Since we use a 100:1 monomer to initiator
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ratio these polyelectrolytes should have a molecular mass of
about 33 x 211.73 g mol™ or 7 kD. Using DLS we measured an
average hydrodynamic diameter of 1.7 nm three separate syn-
theses of 25% converted polyelectrolyte. Data shown in Fig.
S6A; These data are consistent with radius of gyration data on
similar polyelectrolytes. Moreover, since there is only one peak
in the DLS analysis of the effective diameters we conclude that
there is a minimal amount of bi-molecular radical termination
during the polymer growth. Any polymer end termination would
result in loss of atom economy since those strands could not
then react with the SWCNTs. The multi angle light scattering
analysis by Takahara et al. show a ~2 diameter (2 x Ry;) for 7 kD
polyelectrolyte in low salt solution.”® Their scattering model is
consistent with a wormlike cylinder or brush polymer morphol-
ogy. Zeta potential data (shown in Fig. S6Bf) measured a +8.8
mV which is consistent with a strong base polyelectrolyte.

Ag-SNR was characterized by UV-vis-NIR to get the concen-
tration of functionalized SWCNT as a stable dispersion,
reported in mg-SWCNT L. Centrifugation of 200 000g is re-
quired to completely sediment the polyelectrolyte functional-
ized particles. The total concentration of Aq-SNR includes co-
valently bound polymer and SWCNT mass, mg L™ and the
total mass to SWCNT mass ratio was used to get total poly-
mer mass for adoption testing. Energy dispersive X-ray
spectroscopy (EDX) on thin films of the Aq-SNR found ~2%
Sn by mass (Fig. S71). Residual tin from the Sn(OH), equilib-
rium was removed from the dispersion by sedimentation and
then by washing with HCl(aq) and then Milli-Q water. There
may be some SnO,(s) that we cannot dissolve easily. This re-
sidual contaminant will be addressed in subsequent scale-up
of our reactor design.

Conformal coating of polymer around the SWCNTs is
shown in the FE-SEM image Fig. 3B. It is important to note
that there is no free polymer aggregates or salt on these sam-
ples. To use the Aq-SNR for analyte removal we form a thin
film on an MCE membrane. These films show very smooth
surface topography on top of the MCE membrane (surface
morphology due to MCE membrane). Slightly aggregated
polymer coated SWCNTs are shown in Fig. 3C. The thin film
exhibits a pin hole free, mesoporous architecture. A survey of
the film as measured by SEM is shown in Fig. S8.f Fig. S9t
shows cross-sectional AFM data. The film thickness is ~140
nm for this sample with a total mass of 0.17 mg and mass
density of 0.046 mg cm 2. The film is not vacuum dried be-
fore AFM and the probe tip is interacting very strongly with
the surface charges of the polyelectrolytes.

Water samples must pass through a tortuous morphology
such that the analyte can easily access the very high surface
area Aq-SNR material. The open polymer microstructure and
thin film morphology enables this “contact resin” behavior.
This method of analyte removal was chosen over incubation
so as to simulate ultrafiltration (UF) water purification tech-
nology. Intrinsic membrane resistance of these films was cal-
culated by measuring the flux of water at a constant trans-
membrane pressure of 1.0 x 10° Pa, according to Darcy's

law.>*** The measured membrane resistance x,, = 2.1 x 10"*
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m™' is smaller than typical UF membranes with a x,, = 2 x
10" m™*. A modest loading value ¢. = 20 mg g™* with a 1 m*
membrane at 0.9 mg cm > mass density, would effectively re-
move 95% PFAS from 10° L of 1 mg-C L™" effluent. Our re-
sults are competitive with other functionalized nanostruc-
tured materials. A recent study of PFAS removal by
fluorographene found an equilibrium loading g. < 5 mg-C
L' of PFOA and PFOS at equilibrium concentrations <3 mg
L™ analyte.>® In Table S14} we show the equilibrium loading
data for our Aq-SNR membranes of g. = 44 mg-C L™" and ¢. =
65 mg-C L ™" at equilibrium concentration ~1.5 mg-C L™* for
PFOA and PFOS respectively. The larger loading onto the Aq-
SNR materials, event at lower analyte concentration than the
fluorographene work, is consistent with the larger binding
constants we have reported (116 + 3 (mg-C g *) (mg-C L )™/
for similar anionic analytes."”

We monitor covalent functionalization of the polymer to
the SWCNTs by measuring the D:G ratio from Raman
spectroscopy. The larger the D:G ratio, the more defects we
introduce into the SWCNT's wall. The living radical end of the
polymer reacts easily with © conjugated electron density on
the SWCNTs and other nanostructured carbons.>” We have
not fully optimized the functionalization process. However,
the Raman spectroscopy suggests that the attachment of poly-
electrolytes to the SWCNTs is quite fast. Baseline-normalized
Raman spectra in the D and G band region are overlaid in
Fig. 2 and in Fig. S10.f The area under each band is calculated
and the D: G ratio for pristine versus functionalized Aq-SNR is
compared. The D:G ration for the 2 h, 12 h, and 3 day
functionalization are similar, 0.30, 0.33, and 0.33 respectively.
While the D:G ratio does indicate covalent attachment of
polyelectrolyte strands to the SWCNT it does not give a quan-
titative measure of the degree of functionalization of the Ag-
SNR. We use the supernatant of the centrifuged samples to
partially purify the samples. It is clear that the Aq-SNR is not
uniformly coated with polymer. During purification of the ma-
terial some of the nanostructured carbon material sediments
at low <10 000g. The D: G ratio of the sediment material after
a 20 000g treatment is 0.26. Additionally, we have analyzed the
Raman D:G ratio of Ag-SNR from the supernatant of a
200 000g centrifugation. The material that stays in the super-
natant at that high a RCF, is stabilized with polyelectrolyte at-
tachment. The spectra in Fig. S10Bf shows a D:G ratio of
0.93 from material collected from the supernatant only. So
this ratio is a measure of how stable the functionalized tubes
are during centrifugation. Moreover, supernatant from sam-
ples after centrifugation at 20 000g have a higher zeta poten-
tial, 38.4 mV versus the zeta from the sample before any cen-
trifugation, 22.8 mV as shown in Fig. S117 for the 2 h
functionalized Aq-SNR. Changes to our reactor design should
allow us to optimize functionalization density.

DLS of 2 h, 12 h and 3 day Aq-SNR samples are shown in
Fig. S12.7 Calculated hydrodynamic effective diameters for 2
h, 12 h, and 3 day are 213 +5 nm, 205 + 5 nm, and 213 +7
nm respectively. The effective diameter is calculated from the
measured diffusion coefficient and assumes a spherical
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model. These particles are more rod like. From SEM we esti-
mate the particle width to be w = 10 nm. Then for a flexible
rod length L = 1000 nm, the calculated hydrodynamic diame-
ter is Dy, = L/(In(ZL/w) + 0.32) = 203 nm, which is consistent
with our measured values.”®

Fully characterized materials are then deposited as thin
films and used to remove analyte from water samples. The ra-
tio of the total mass of AqQ-SNR (measured by filtering out the
purified material) to the SWCNT mass only (measured by the
NIR absorption at 1025 nm) increases as functionalization
time increases. These data are listed in Fig. S10A.f The 12 h
sample has a higher amount of polymer attachment per
SWCNT mass than the 2 h (3.73 ratio to 2.40 ratio respec-
tively). For this fundamental study we only add a small
amount, ~30 mg of SWCNTs to the polymer solution during
the attachment reaction. The SWCNTs are added to the
ARGET ATRP reaction at the same time (after ~33% conver-
sion). As the reaction proceeds, the radical end of the 33-mer
attacks the sp” carbon on the SWCNT walls. But, many of the
polyelectrolyte chains continue to react with the other ~60%
of the vbTMAC monomer resulting in longer chains, with
more mass, which then subsequently attach to the SWCNTs.
After removal of unbound polyelectrolyte the mass of polymer
attached to the SWCNTs is 2.4-4.8 times greater than the
mass of the SWCNTs.

Adsorption capacity testing

To compare different adsorbent materials with various adsor-
bate compounds we measure the equilibrium loading capacity
ge in mg analyte per g adsorbent. In our previous works we
published and analyzed the adsorption isotherm analysis and
reported that these thin film nanoresin materials behave like
“contact” resins which reach a pseudo-equilibrium in only a
few seconds of exposure. We have shown that we can repro-
ducibly synthesize the Aq-SNR, We measured the adsorption
capacity of each batch of Aq-SNR against NaFL, which we use
as a surrogate for natural water DBP precursors. A known vol-
ume and concentration of analyte is passed through a known
mass of Aq-SNR as a thin film membrane. All fast-filtration ex-
periments take less than 10 seconds. From control studies of
water or brine passed through the Aq-SNR/MCE filters, we
found no evidence of SWCNTs or carbon/polymer coming out
of the membrane filter. Results for g. of NaFL on 2 h and 12 h
Ag-SNR are shown in Fig. 4. We compare ¢. using an initial
concentration C, = 5.8 mg-C NaFL L ™", The SWCNT mass only,
was used so that we can directly compare the material based
on number of nanotubes in the film. We show the compari-
son of an addition four syntheses of 2 h and 12 h Agq-SNR
binding capacity in Fig. S13.f All ten nanoresin samples
showed a g, of ~100 mg-C NaFL per g SWCNT, a 10% loading
capacity in <10 seconds of contact time.

Percentage removal of analyte

The USEPA is evaluating systems for PFAs contamination re-
duction by challenging them with an influent of 1.5 + 30%
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Fig. 4 Equilibrium loading capacity of NaFL onto Aq-SNR using an
initial concentration C, = 5.8 mg-C L. The mass of the adsorbent is
the SWCNT mass only so we can directly compare the material based
on number of nanotubes in the film.

ug L' (total of both PFOA and PFOS)* and must reduce this
contamination by more than 95% to 0.07 ug L™ or less. This
Ag-SNR also removes other classes of analyte from water. In
Fig. 5 we show percent removal data for PFOS, PFOA and the
antibiotic carbenicillin disodium, and the pesticide bentazon.
Membrane mass was increased until at least 95% of the ana-
lyte was removed in one fast-filtration pass through the Aq-
SNR film. The mass density for 95% removal of carbenicillin
disodium, and bentazon was 0.13 mg cm >. The required
mass density for the PFAS compounds was 0.90 mg cm .
The higher mass required for the PFAS is consistent with the
challenge of removing these hydrophilic and persistent con-
taminants from water. The initial concentration of all
analytes ranged between 2-4 mg-C L™'. The concentration
was measured using TOC analysis (mg-C L™"). The limit of de-
tection of our TOC analyzer and method is only ~0.2 mg-C
L. Further studies, at the lower EPA detection limits, will re-
quire tandem mass spectrometry.>*>°

Relative equilibrium adsorption capacity of the Aq-SNR
against several other compounds are listed in Table S14.f In
addition to the surrogate compound there are four classes of
compounds that these materials can remove from water effec-
tively. The equilibrium loading g. in mg-C analyte per g Ag-
SNR are from fast-filtration experiment where the sample was
pressed through the membrane in just a few seconds. In its
current form, all of the Aq-SNR are anion exchange resins so
they are most effective at removing compounds with some
negative charge character. With the exception of the tetracy-
cline HCI, all of these compounds have negative zeta poten-
tials at natural water pH 6.5-7.5. The absolute value of the g,
is not the subject of this study. Percent removal is the most
important quality and we have shown near complete removal
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Fig. 5 Percent removal of analyte versus Aq-SNR membrane mass. Membrane area for PFOA and PFOS is 0.58 cm? and is 3.78 cm? for

carbenicillin and bentazon removal.

of most of these contaminants from water test samples. Fu-
ture work will test our cation exchange resins and our mate-
rials in which we optimize for a specific analyte, like short
chain PFAS.

Regeneration and reuse: a sustainable material

Similar to our previous work, we show here that these mate-
rials can be regenerated and reused many times without loss
of adsorption capacity. To simulate pre-breakthrough behav-
ior we did not push the analyte through the membrane,
rather we allowed it to diffuse into the outer membrane-
solution interface for a 5 min incubation while stirring.
Adsorbed surrogate mass was measured by UV-vis of
remaining NaFL in solution after incubation. The film was
then briefly incubated with brine, rinsed with water and then
re-exposed to analyte solution. This was repeated for 20 cycles
and the data shown in Fig. 6. The slope of these data is
-0.2% per cycle and the 95% confidence interval error in the
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slope is 0.2% per cycle. The loss of performance from a single
cycle of use is statistically indistinguishable from zero. We do
not measure any residual polymer degradation when we run
control regeneration studies. The regeneration study was
done in triplicate. Other results have a slope of —0.13 + 0.3%
per cycle. Extrapolating out, this material should maintain
up to 50% of its effectiveness for over 300 cycles. Subsequent
studies of these materials will not use SWCNTs because of
their expense. This polyelectrolyte attachment chemistry is
applicable to many other, less expensive, nanostructured car-
bon materials. This is also a scalable synthesis leading to
green and sustainable manufacturing process.

Conclusions

We have demonstrated an all-aqueous synthesis and purifica-
tion of functionalized SWCNTs with short chain polyelectro-
lyte resins using a modified facile ARGET ATRP mechanism.
The synthesis and purification procedure did not involve any

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Regeneration and reusability study. Surrogate NaFl used to test
adsorption by incubating against a thin film of Aq-SNR. 5 min brine
incubation followed by water rinse before next exposure to surrogate
adsorbate. Process repeated for 20 cycles. Experiment repeated in
triplicate. 0.23% decrease in g per cycle is close to the 95% confidence
interval error in the slope.

organic or hazardous reagents and control studies found no
traces of SWCNTs or unbound polymer released from the ma-
terials during water treatment. Polyelectrolyte resin chains
enable fast equilibration with analyte compounds in the in-
fluent solution, while the SWCNTs form a mesoporous scaf-
folding and provide a tortuous, but low resistance, path for
the analyte to flow through. The covalent attachment of
resins to SWCNTs is also confirmed with Raman spectro-
scopy and zeta potential measurements of highly stabilized
dispersions. The DLS, zeta potential and the adsorption ca-
pacity of various Aq-SNRs synthetic batches show consistency
in hydrodynamic diameters, high surface charge, and adsorp-
tion performance. We have shown that these materials suc-
cessfully target and electrostatically bind to several classes of
pervasive compounds. We showed the effectiveness of these
thin films by testing them against several compounds and re-
ducing the analyte concentration by 95-100%. We have dem-
onstrated a sustainable material that can be regenerated and
reused many times. We have shown that the nanostructured
carbon materials do not leach or escape from the membrane
and therefore are safe to the environment®** and drinking
water applications (Green Principle 12)."° Implementing
these materials into existing membrane filtration systems
should increase removal capabilities and lower operating
costs of water treatment facilities. This fundamental proof-of-
principle study will be extended to other nanostructured car-
bon materials that are much less expensive than SWCNTs,
thereby lowering the cost of scaling this methodology.

Safety

Personal protective equipment should be used when doing
any of the experiments described in this paper. Special care
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should be taken when working with evacuated glassware and
Schenk line apparatus. All chemical waste should be dis-
posed of as hazardous waste in accordance with regulatory
agency oversight.
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