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Abstract: It has been well established that natural organic matters (NOMs) are precursors for the
formation of disinfection by-products (DBPs) in drinking water supplies, thus the removal of NOMs
is often used as an effective approach to limit DBPs production. In this study, we evaluated the appli-
cation of oxidized multi-walled carbon nanotubes (OMWNTs)/polysulfone (PSU) nanocomposite
hollow fiber membranes (HFM) for the removal of NOMs and its impact on the production of DBPs
following water chlorination. Analysis of source water samples by fluorescence excitation/emission
matrix (EEM) spectrometry indicated that the dominant dissolved organic matters were humic acid.
Evaluation of the fabricated nanocomposite HFMs showed improved water fluxes (30~50%), better
fouling resistance, and a comparable solute rejection rate when compared with the conventional PSU
membranes. The flux increase was attributed to the increased surface hydrophilicity and porosity
of the membrane after embedding the hydrophilic OMWNTs. The membrane filtration resulted in
a reduction of UV254 by approximately 52%, 48%, and 38% for three water samples from Missouri
River, Eagle Bluffs Conservation Area, and Columbia Water Treatment Plant, respectively. The
corresponding reduction in trihalomethane formation potential (THMFP) reached 40%, 70%, and 27%,
respectively. Overall, this study demonstrated that proper OMWNTs/PSU ultrafiltration membranes
could remove a portion of NOMs from water at a relatively low cross-membrane pressure. It also
illustrates the innovative concept that membrane design could be tailored for specific water quality
conditions and regulatory requirements; in this particular case, to fabricate a membrane to reduce
the THMEFP to a level that meets the regulatory standards for trihalomethanes when the water was
disinfected by chlorine.
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1. Introduction

Water disinfection, primarily by chlorination in the United States, is considered one
of the greatest engineering achievements that have greatly improved human health and
life expectancy. However, it is also known that interactions of natural organic matters
(NOMs) and chlorine could generate a number of harmful disinfection byproducts (DBPs)
including trihalomethanes (THMs), haloacetic acids (HAAs), and N-nitrosodimethylamine
(NDMA) [1,2]. For small water supply systems serving communities with populations
of 10,000 or less, it is a significant challenge to maintain the delicate balance between
maintaining a pathogen-free condition in potable water and controlling the production
of various DBPs. Under the Disinfectants/Disinfection By-products (D/DBP) Rule, the
U.S. Environmental Protection Agency (U.S. EPA) has set that in Stage I, the maximum
contaminant levels (MCL) are at 100 to 80 pg/L for total trihalomethanes (TTHMs) and
60 pg/L for the total haloacetic acids (HAAD5); in Stage II, the regulation requires wa-
ter systems to meet DBP MCL at each monitoring site in the distribution system (EPA,
2010). N-nitrosodimethylamine (NDMA) is another disinfection by-product of potent
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carcinogenic nature, with an estimated lifetime cancer risk of 10° at a concentration of
0.7 ng/L [3]. A recent study found that NDMA concentrations in a drinking water system
in China ranged from 2.5 to 67.4 ng/L, and also detected other nitrogenous DBPs such as
N-nitrosodiethylamine (NDEA) and N-nitrosopiperidine (NPIP) [4]. Because of the known
human health risks and regulatory requirements by the government, there is a critical need
to develop cost-effective technologies for the control of DBPs.

NOMs in aquatic environments are the main precursors for the formation of THMs
and other DBPs [5-7]; therefore, NOM removal is often adapted to control the formation of
DBPs. NOMs mostly result from the decomposition of plant and animal residuals and can
be in soluble and insoluble forms. Dissolved NOMs are operationally categorized as humic
acid and fulvic acid: humic acid is the fraction with high molecular weight (2000-100,000),
not soluble under acidic conditions with pH < 2 but soluble at higher pH values; while
fulvic acid is the fraction with a molecular weight < 2000 and soluble at all pH conditions
because of the presence of many carboxylic, hydroxyl, and phenolic function groups [8,9].
Common methods to remove NOM in drinking water treatment include coagulation [10],
ion exchange [11], activated carbon adsorption [12], membrane filtration [13], and advanced
oxidation processes (AOPs) [14].

Membrane filtration is one of the most promising technologies capable of removing
NOMs efficiently. The rejection of molecules depends on membrane pore size, charge
characteristics, and hydrophilicity [15]. In general, the majority of NOM has an apparent
MW between a few hundred and 10,000 Da, with the mean value in the lower end of this
range [16,17]. As a result, nanofiltration (NF) and reverse osmosis (RO) are required for
the successful removal of NOMs. To illustrate, Taylor et al. (1989) tested the separation
efficiency of THM precursors by seven different membranes with molecular weight cutoffs
(MWCOs) ranging from 100 to 40,000, showing that the NF membrane with an MWC of
400 controlled the THM formation potential (THMFP) to less than 0.1 mg/L MCL [18]. A
major disadvantage with RO and NF processes is the high transmembrane pressure (TMP)
applied, which translates to high energy consumption. In addition, extensive pretreatments,
such as conventional coagulation and flocculation treatment, MF, or UF, are often needed
to reduce RO/NF membrane fouling [19-21].

Recently, nano-composite membranes have attracted much attention for water treat-
ment as reviewed in the literature [22,23]. The incorporation of nanomaterials with conven-
tional membrane polymers could not only tune membrane structure and physicochemical
properties (e.g., hydrophilicity, porosity, charge density, and thermal and mechanical sta-
bility) but also introduce unique surface characteristics (e.g., antibacterial property and
photo-catalytic capability) into the membranes. In a previous study [24], we fabricated
oxidized multi-walled carbon nanotubes (OMWNTs)/polysulfone (PSU) nanocomposite
hollow fiber membranes with various concentrations of PSU and OMWNTs. The mixed
matrix membranes with OMWNTs showed a significant increase in pure water flux (60%
to 100%) while maintaining rejection rates of humic acid and Procion Red at levels similar
to the pure PSU membrane. In addition, the antifouling property of the mixed matrix
membrane was significantly improved as tested by bovine serum albumin, a common
protein used to test membrane fouling characteristics.

In this study, we explored the application of this novel OMWNTs/PSU nanocomposite
hollow fiber membrane for the removal of NOMs, with the ultimate goal of controlling
disinfection byproducts formation. The efficiency of the treatment was evaluated by
monitoring changes in the water fluorescence excitation/emission matrix (EEM) spectra,
ultraviolet absorbance at the wavelength of 254 nm (UV254), and THMEFP. The results
demonstrated that a portion of NOMs could be efficiently removed by the low-pressure
ultrafiltration membrane (<1 bar TMP), and this fractional removal of NOM was sufficient
to control DBPs to a level that could meet regulatory limits.
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2. Materials and Methods
2.1. Materials

Polysulfone (PSU) with a molecular weight of 35,000 Da was obtained in the form
of transparent pellets and dried for 3 h at 120 °C before usage. 1-Methyl-2-pyrrolidinone
(NMP, 99.5%) was used as solvent for PSU dissolution. These two chemicals were obtained
from Sigma-Aldrich and were of ACS reagent grade. Multi-walled carbon nanotubes
(MWNTs, diameter 10-20 nm, length 5-15 um, and purity of 95%) were manufactured by
Shenzhen Nanotech Port Co., Ltd., Shenzhen, China. Deionized water (DI) produced by
Millipore DI system (Synergy 185, 18.2 M()-cm) was used as bore solution for hollow fiber
membrane fabrication in the study.

2.2. Natural Water Samples

Water samples from three locations in central Missouri in the United States, including
Missouri River, Eagle Bluffs Conservation Area, and Columbia Water Treatment Plant,
were collected at specific locations shown in Figure 1. Missouri River, the longest river in
North America, is the largest source of drinking water for the communities in Missouri and
several other states. The Eagle Bluffs Conservation Area is a managed nature preserve and
wetland, which receives treated effluent from the Columbia Wastewater Treatment Plant
and also Missouri River water in winter season to maintain partially flooded status. The
Columbia Wastewater Treatment Plant uses the conventional activated sludge treatment
for the removal of biological demand (BOD), followed by polishing in a multi-cell con-
structed wetland system totaling 140 acres. The Columbia Water Treatment Plant extracts
groundwater from an alluvial aquifer approximately one mile away from the Missouri
River riverbank. The water samples were collected in March 2015 and filtered through a
0.45 pm membrane (Whatman) prior to the filtration treatment and analyses.

=

 con e
Eagle Bluffs

Figure 1. Locations of water sampling.
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Water samples were analyzed for their pH, total organic carbon (TOC) level, and ultra-
violet absorbance at the wavelength of 254 nm (UV254) after filtration through a syringe
filter of 0.45 microns. pH values were measured by a HACH model portable pH meter
in situ. Total organic carbon was analyzed by TOC analyzer (TOC-5000, Shimadzu Corp.,
Kyoto, Japan). UV254 values in water were collected on a UV-visible spectrophotometer
(Lambda 25, PerkinElmer, Waltham, MA, USA) set at this wavelength.

2.3. Fabrication of Hollow Fiber Nanocomposite Membranes

OMWNTs/PSU nanocomposite hollow fiber membranes were fabricated following
a previously reported protocol [24]. Briefly, MWNTs were first purified and oxidized in
concentrated mixed acids (H,SO4/HNOj3 = 3/1 in volume). After thorough cleaning,
the products were dried at 80 °C for 24 h under vacuum and were labeled as OMWNTs.
Then, the OMWNTs/PSU membranes were fabricated by the phase inversion method on a
custom-designed single-head spinning machine. The spinneret that largely controlled the
hollow fiber membrane morphology had an outer diameter of 1.0 mm and inner diameter
of 0.6 mm. To make a dope solution, a certain amount of OMWNTs was dispersed in NMP
solvent and sonicated for 10 min to achieve dispersion. PSU and PVP were then added to
the mixture and stirred for 6 h at 50 °C to form dope solution, which was kept overnight
for degassing prior to use. The dope solution was fed into the annulus of the spinneret
under certain pressure provided by a high-purity nitrogen gas cylinder. DI water was used
as bore fluid and pumped into the inner tube of the spinneret. The dope and bore fluid met
at the tip of the spinneret prior to being released into the coagulation bath. The precipitated
PSU fiber was prewashed in washing bath and collected by a rotating collection drum.
Finally, the collected fibers were rinsed in the tap water at room temperature for at least 24
h to remove any residual solvent. The membranes containing 18 or 20 wt% of PSU were
labeled as HFM18-x or HFM20-x, respectively, where x stands for the concentration of
nanotubes in the dope solution.

2.4. Filtration Test

A low-pressure crossflow filtration system (pressure range: 0-50 psi) was used to evaluate
water permeability and NOM rejection. The membrane module was sealed by epoxy resin,
with an effective membrane area of around 10 cm?2. Prior to test, each membrane fiber
was compressed by DI water at a constant trans-membrane pressure (TMP) of 15 psi for
3 h. Pure water flux was measured by weighing the permeate water as a function of time
at 10 psi and recorded by a LabVIEW automated system (National Instruments LabVIEW
8.2 with Ohaus digital balance). After the flux test, feed solution was filtrated and solute
concentrations of feed and permeate solutions were measured for UV254 and TOC values
by the instruments described previously. The EEM fluorescence spectra of samples were
collected by a fluorescence spectrophotometer (F-4500, Hitachi High Technologies, Tokyo,
Japan) equipped with a 700-voltage xenon lamp. Samples were held in a standard 1 cm quartz
cuvette. EEM was constructed with a scanning speed of 1200 nm/min at room temperature
(22.0 £ 2 °C), varying the excitation wavelengths from 200 to 500 nm in 5 nm steps and the
emission wavelengths from 250 to 550 nm in 5 nm steps.

2.5. THMs Analysis

THMSs were measured with a gas chromatograph/mass spectrometer (GC/MS) following
their formation by the Standard Methods for the Examination of Water and Wastewater 5710 B [25],
in which samples were buffered at neutral pH and chlorinated with excess free chlorine for 7 d
chlorination reaction to form DBPs at 25 4= 2 °C (Figure 2). Post-reaction, samples were neutralized
with sodium thiosulfate and stored head-space-free in 40 mL glass vials with Teflon-lined septa
caps. During the analysis, the samples were tested for free chlorine using a Hach DPD free
chlorine kit and Hach DR/890 colorimeter for all samples.
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Figure 2. A schematic illustrating the DBPs formation and analysis protocols.

3. Results
3.1. Basic Parameters of Water Samples

The basic water quality parameters are listed in Table 1.

Table 1. Basic parameters of water samples.

Samples pH DOC UVys4
A Missouri River 7.56 744 mg/L 0.104
B Eagle Bluffs 7.65 9.78 mg/L 0.174
C Water Treatment Plant 7.68 5.72mg/L 0.054

All three water samples have a pH around 7.6. The water sample from Eagle Bluffs
Conservation Areas has 9.78 mg/L DOC (as measured by TOC) and a UV254 value of
0.174, which are higher than the respective values for the Missouri River water and source
water of the Columbia Water Treatment Plant. This is reasonable because the Eagle Bluffs
Conservation Area is a highly regulated wetland system that is normally flooded in winter,
so the DOC is expected to be high. Lower Missouri River has probably lost over 80% of its
historical wetland resulting from draining, clearing, leveling, and diverting of water for
agricultural uses [26]. The loss of wetland has been shown to decrease DOC concentrations
in Missouri/Mississippi River system [27], so the river water sample has a lower DOC
value than the wetland. The water treatment plant pumps its water from a groundwater
aquifer; its DOC content is the lowest because of generally low microbial activities and the
potential of sorption by soil matrices.

EEM spectra of these water samples are shown in Figure 3. Rayleigh scatters appearing
in the EEM as diagonal lines should be ignored during the spectrum interpretation since they
did not result from fluorophores in the water [2]. All water samples have an excitation peak
around 245 nm and a broad emission band centered around 450 nm, which could be attributed
to humic acids that consist of high molecular weight aromatic compounds [28]. For water sam-
ples from Eagle Bluffs with relatively high DOC, a secondary excitation peak around 330 nm
was observed, which is consistent with the presence of fulvic acids [2]. Additionally, the water
sample from Eagle Bluffs also had a peak in the region of excitation: 220-240 nm /emission:
300400 nm, which could be attributed to typical protein-like substances such as tryptophan
and tyrosine [29]. These observations are consistent with the water parameters listed in Table 1.
All the information indicated that the water sample from Eagle Bluffs had a higher NOM
concentration than the other two water samples. This is reasonable since Eagle Bluffs receives
discharge from a wastewater treatment plant ((WWTP).
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Figure 3. EEM fluorescence spectra of water samples from different locations: (a) Missouri River,
(b) Eagle Bluffs, and (c) Water Treatment Plant. Colored lines are used to aid visualization of
fluorescence contours.

3.2. Effects of MWCO on the UV 254 and EEM Removal Rates

In addition to variations of NOM concentrations due to different water sources, NOM
concentration in water can be manipulated in the laboratory by selective filtration or by
dilution. After filtration using commercial membranes with various MWCOs, the removal
efficiencies of UV254 and EEM intensity (EX = 320 nm, EM = 420 nm) are presented in
Figure 4.
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Figure 4. Removal rates of UV254 and EEM intensity (EX = 320 nm, EM = 420 nm) by using
membranes with various MWCO.

The removal efficiencies for both UV254 and EEM intensity (e.g., EX320 nm/EM420 nm)
increased with decreasing MWCO for membranes. When membranes with pore sizes of
0.20 pm, 0.10 um, and 65 K Da MWCO, the reduction of UV254 and EEM intensity were
mostly less than 10%, suggesting that membranes with pore size larger than 65 K Da would
not be effective for NOM removal. Among denser membranes with 45 KDa or less, the
reduction of UV254 and EEM intensity were all above 30%, indicating that partial NOM
removal is feasible by membranes with 45 KDa or less in MWCO. The membrane with
MWCO of 1000 Dalton removed over 70% of UV254 and around 50% of EEM intensity.

For further illustration, the detailed EEM spectra of water samples prior to and after
filtration by membranes of deceasing pore sizes are presented in Figure 5. The results
showed that there was a peak at EX320 nm/EM 420 nm (marked with black cross) in the
spectra, and the peak decreased gradually as the membrane MWCO decreased. Clearly,
more NOM was removed when using membranes with smaller surface pores, as expected
due to the size sieving process.

The EEM spectral features also changed with changing NOM concentrations by dilu-
tion (Figure 6). The intensity at EX320 nm/EM 420 nm showed a good linear relationship
with the organic matter concentration (Figure 6f, showed as dilution ratio). The results
demonstrated that the EEM removal rates could be calculated based on this specific inten-
sity. As a result, the intensity at EX320 nm/EM 420 nm would be calculated in the following
sections to evaluate NOM removal efficiency.

3.3. Performance of OMWNTs/PSU HFMs

Pure Water Fluxes: The pure water fluxes of membranes are shown in Figure 7. As
expected, water fluxes gradually increased with increasing TMP for all membranes. Two
nanocomposite membranes containing 0.5 wt% OMWNTs but different PSF concentrations
had higher pure water fluxes than their corresponding control membranes. Under 10 psi,
the original H18 and H20 membranes showed water fluxes at 24.8 L/ m?h and 15.1 L/m?h,
respectively, while at the same TMP, the water fluxes of nanocomposite membranes were at
36.4 L/m?h and 21.3 L/m?h, respectively. These changes are caused by the incorporation
of hydrophilic OMWNTs in the PSF matrix, which increased the surface hydrophilicity and
porosity of the membrane as previously discussed [24].
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Figure 5. EEMs of water samples (Eagle Bluffs) after filtration by membranes with various molecular
weight cut-off (MWCO), showing an increasing degree of NOM removal with a decreasing MWCO.
Colored lines are used to aid visualization of fluorescence contours.

Membrane Fouling: Fouling behaviors of different membranes were illustrated in
Figure 8, when applied to filter water from different courses. When using water samples
from Eagle Bluffs as the feed, the nanocomposite membranes showed improved water flux
and fouling resistance (Figure 8a). To illustrate, the H18-0.5 membrane had a water flux of
30 L./m2h and a flux decline of around 4.1% during the 180 min filtration, while the H18
membrane had a water flux of around 20 L/m?h and a flux decline of around 10.1%. The
nanocomposite membranes also had a higher flux recovery (FR) compared to the control
membranes. When membranes with higher density (H20 and H20-0.5) were applied, the
fouling characteristics were essentially the same as those slightly looser membranes (H18
and H18-0.5), but the water fluxes were approximately 40% lower.
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Figure 8. Fouling behaviors of membranes containing 18% PSU (al,b1,c1) and membranes containing
20% PSU (a2,b2,c2) when applied for filtrating water sample from Eagle Bluffs (a), Missouri River
(b), and Columbia Drinking Water Treatment Plant (c). The TMP is 10 psi.

The improved fouling resistance of the nanocomposite membranes with OMWCTs
could be attributed to the enhanced surface hydrophilicity provided by the incorporation of
OMWNTs. This is similar to our previous findings [24] demonstrating that OMWNTs/PSU
membranes had improved fouling resistance to protein (BSA). With enhanced surface hy-
drophilicity, the adsorption of NOMs on the membrane surface could be reduced, and those
already deposited NOMs could be removed more easily by crossflow. This is consistent
with the general strategy to mitigate UF membrane fouling by enhancing the membrane
surface hydrophilicity [30-32].

Similar fouling behaviors were observed for the filtration of water samples from the
Missouri River (Figure 8(b1,b2)) and Water Treatment Plant Figure 8(c1,c2). The nanocom-
posite membranes all showed improved water fluxes and fouling resistance. However, the
flux declines for all membranes including control and nanocomposite membranes were
much lower than those observed for the filtration of water samples from the Eagle Bluffs
Conservation Areas. That means the fouling tendency for water samples from the Missouri
River and Water Treatment Plant are much lower than that of water sample from Eagle
Bluffs. This is reasonable because the NOMs concentrations in water samples from the
Missouri River and Water Treatment Plant are lower than that of Eagle Bluffs. Generally,
the NOMs especially the humic acid matters are dominant foulants during the filtration of
surface water.
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Reduction of DOM concentrations and THMEPs: Since NOMs are precursors for the
formation of DBPs during chlorination, the removal of NOMs is expected to decrease
the formation of DBPs. In this work, trihalomethane formation potential (THMFP) was
used to evaluate the degree of DBPs reduction resulting from the removal of NOMs. The
percentage removal rates of NOMs (as indicated by UV254, EEM intensity, or DOC) and
THMEFP are summarized in Figure 9. For Eagle Bluffs water (Figure 9a), H18 and H18-0.5
membranes had a UV;s54 removal rate of 38% and a DOC removal rate of 30%. When using
the same feed solution, the H20 and H20-0.5 membranes had a UVy54 removal rate above
45% and a DOC removal of 45%. The corresponding THMs removal rates were around
60% for H18 and H18-0.5 membranes and about 70% for H20 and H20-0.5 membranes. The
removal rate of THMFP is higher than the rates for NOMs, suggesting that reactive NOMs
responsible for the formation of DBPs are preferentially filtered out in this water.
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Figure 9. Removal rates of NOMs and THMFP by different types of membranes (18% or 20% PSU
and with or without OMWNTs) for water samples from Eagle Bluffs (a), Missouri River (b), and
Columbia Drinking Water Treatment Plant (c). The TMP is 10 psi.
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For the Missouri River water (Figure 9b), the general trend was similar, i.e., denser
membranes (H20 and H20-0.5) resulted in a higher reduction of NOMs (as indicated by
UV254, EEM intensity, and DOC) and THMFP. Additionally, the nanocomposite mem-
branes appeared to have slightly improved removal efficiencies compared to the control
membranes. For instance, the H20-0.5 membrane had a removal rate of 52.5 & 4.1% for
UV254 and a removal rate of 38.7% for THMs. While the removal efficiencies of the H20
membrane for UV254 and THMs were 46.2 + 0.9% and 32.1%, respectively. The improved
removal efficiencies could be attributed to the modified membrane structure and enhanced
water permeability of the nanocomposite membranes. These removal rates are comparable
with or even better than the removal efficiencies we achieved in our previous study where
polymeric aluminum ferric sulfate (PAFS) was applied as the coagulant for the treatment of
Missouri River [33].

The removal rates of UV,54, EEM, DOC, and THMs in water samples from the Water
Treatment Plant are not as high as those in the other two water samples (Figure 9c). The
plant uses groundwater as supplies, pumped from wells at or less than half a mile from
the Missouri River. Its DOC value, 5.72 mg/L, is high in general for groundwater but
lower than the other two water samples examined in this study. This is consistent with
the observed NOM and THMPF values. The original THMs concentration of this water
source is around 100 pg/L. Upon the treatment with H20-0.5 membrane, the permeate
had a THMs concentration lower than the regulated value of 80 ng/L, indicating that
partial removal of NOMs under a cross-membrane pressure at or lower than 14.5 psi could
decrease the THMEFP to below the regulatory level.

4. Conclusions

In this study, OMWNTs/PSU nanocomposite hollow fiber membranes were prepared
and applied for NOMs removal to control the disinfection byproducts. The EEM fluo-
rescence spectra of water samples indicated that the dominant NOMs in these samples
could be humic substances. The nanocomposite membranes showed improved water
fluxes (30~50%) and fouling resistance during the filtration process. These improvements
are attributed to the increased surface hydrophilicity and porosity of the membrane af-
ter embedding hydrophilic OMWNTs. The H20-0.5 membrane has UV254 removal rates
around 52%, 48%, and 38% for water samples from Missouri River, Eagle Bluffs Conserva-
tion Areas, and Columbia Water Treatment Plant, respectively. Meanwhile, for the same
membrane, the THMs removal rates are around 40%, 70%, and 27%, respectively. Overall,
the OMWNTs/PSU nanocomposite membrane is an excellent candidate for surface water
treatment to remove NOMSs and THMs formation potential. Further studies will be carried
out to optimize the filtration performance and correlate the NOMs removal rates with
THMSs removal efficiencies.
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