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There is emerging discussion over the advantages of nanotechnology and its prospective risks prompted by
increasing reports of nanoparticle (NP) contamination of the environment and its potential impacts on
human health. Water treatment facilities are a critical node for exposure to NP contamination but also
offer an opportunity for their capture to minimize the exposure. Unfortunately, the typical drinking water
treatment train is not suitable for the complete removal of NPs. In fact, the challenges facing the water
treatment techniques with the removal of viruses (natural NPs) present a marked example of the energy-
water nexus. Any upcoming regulations targeting the control of engineered and incidental NPs are
bound to increase the burden on the available techniques. To address this emerging challenge, we
established the feasibility of high-efficiency removal of man-made and natural NPs with a depth filter
fabricated from plant-based materials. Using high-resolution analytical techniques that enable quick
quantification of NP concentration, we showed that cotton fiber functionalized with cationic proteins
from Moringa oleifera seeds achieve removals greater than 4 log;o (99.99%) for model nano-plastics and
metal nanoparticles. Our results also show that the removals achieved are consistent under a range of
pH values and salinities typical to drinking water treatment. The proposed filters in this study show
promise as a low-cost and sustainable solution for the capture of NP contamination at loading rates
typical to conventional water treatment.

Harmful nanoparticles (NPs) are perpetually released into the atmosphere due to intentional and unintentional human activity. Conventional filtration and
disinfection are not designed for the removal of inorganic nanoparticles whereas alternate membrane technologies face challenges in terms of initial and

operational costs. There is a lack of accessible solutions based on natural materials to overcome this challenge which can have detrimental health effects. In this
study, we show that a depth filter made of plant-based materials can achieve high removal of various nanoparticles. Due to the ease of fabrication and potential

for gravity-driven operation, the proposed filters have the potential for application in low-resource settings.

Introduction

nanotubes, in everyday applications.** Additionally, weathering
of plastic and painted surfaces or combustion can cause the

There is a growing concern about the presence of excess
nanoparticles (NPs) in water systems and related health risks."?
This issue is driven by the high usage of engineered nano-
particles (ENPs), such as metal nanoparticles and carbon
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unintentional release of NPs, such as soot and nano-plastics
termed incidental nanoparticles (INPs).>* Multiple studies
indicate the potential toxicological effects NPs can have on
human health.*” Thus, there is an emerging need for control of
nano-contaminants such as nano-plastics and colloidal metals
released into source waters perpetually by natural and human
activity.

This interest in nano-contaminants may seem new, but NPs
have been affecting human health from the earliest of times. For
example, natural nanoparticles (NNPs), such as rotavirus and
norovirus that cause widespread disease outbreaks are consid-
ered high-risk water contaminants.® Generally, the high reactivity
and penetration capability stemming from their small size along
with difficulties with measurement obscure our understanding
of the biological impact of ENPs and INPs. In contrast, viruses
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have been studied ubiquitously with well-established surrogates
and analytical techniques.® Therefore, we propose that virus
surrogates can be used as surrogates to devise strategies for the
removal of ENPs and INPs. To this end, the removal efficiencies
of the proposed filters in this study for inorganic nanoparticles
were compared to that of a virus surrogate.

Although virus removal and inactivation have been studied
extensively in water treatment, currently no mandates exist for
the removal of ENPs. There is a lack of focus on developing
novel techniques for their removal due to (i) the low concen-
trations of ENPs and INPs in water compared to NNPs, re-
shifting the focus onto NNP removal; (ii) the expected high
financial burden to replace legacy equipment, and (iii) the
multi-barrier approach commonly used in water treatment, that
apportions the removal of NPs to either coagulation and sedi-
mentation or disinfection technologies.*®

Despite the looming threat of NP contamination, there is
currently no single solution to protect humans from exposure.
Drinking water treatment offers the opportunity for risk mitiga-
tion as inhalation and ingestion of harmful ENPs and INPs
released into the atmosphere through water and air is an
important route for exposure.'' Conventional water treatment
techniques including filtration and coagulation, even when used
in tandem, achieve inconsistent removals approximately in the
range of 1-98% based on the literature (Table S11)."*** Alternate
solutions, especially advanced membrane filtration, are proposed
as a promising solution to curb NP contamination.">'*** Due to
the wide range of NPs with various physical and chemical char-
acteristics, it is unlikely that a single technique can achieve
complete removal. Additionally, with the emerging focus on the
sustainability of clean water production, it is essential to develop
novel techniques with low energy requirements.*®

Here, we demonstrate the feasibility of using an affinity-
based depth filter fabricated from readily available plant-
based materials to achieve high-efficiency nanoparticulate
removal. These filters were designed to leverage the water
purification activity of cationic proteins from Moringa oleifera
(MO) seeds. The MO tree and its seed proteins were shown to
be an ideal candidate for water treatment due to its wide
availability and lack of cytopathic effects.””*®* The MO seeds
contain cationic proteins MO coagulant protein (MO2.1) and
MO chitin-binding protein (MoCBP) with established anti-
fungal and coagulant activities.”***° In our earlier studies, we
developed and tested the capability of MO-functionalized
natural fiber filters to achieve energy-efficient pathogen
removal from water.”" In this study, the application of the MO-
functionalized filter technology was extended to an array of
NPs under practically relevant conditions to build a novel
platform technology that can be applied at community or
point-of-use scales. The proposed MO-functionalized filters
were shown to achieve >5 log,, >4 log;o, and 6.86 £ 0.04 log;,
removals of 200 nm polystyrene nanoparticles (INPs), 50 nm
silver nanoparticles (ENPs), and T7 bacteriophage (NNPs),
respectively, exhibiting the potential to achieve highly effective
nanoparticle removal. In addition to establishing the feasi-
bility to achieve high removals, results show that the removals
achieved are consistent at loading rates typical to water
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treatment (10 m h™') under a range of salinities (1-20 mM
NaCl) and pH values (5.5-8.5). Lastly, we demonstrated the
capability of regeneration by washing the filters with 600 mM
NaCl solution to detach the proteins and attached nano-
particles before re-functionalizing fibers with MO proteins.

Materials and methods
Moringa oleifera seeds

Moringa oleifera (MO) seeds were purchased from the Echo
Global Farm in Florida, United States. The seeds have been
stored at —80 °C for long-term storage. Once opened for use,
they have been stored at room temperature in a sealed bag for
the preparation of MO-functionalized cotton filters. Note that
crushed seed powder was prepared freshly for each experiment.
The storage at room temperature and preparation of fresh seed
powder was followed to ensure the conditions in this study
closely replicate field scale operation.

Cotton fiber

The unprocessed cotton used as a filter substrate was purchased
from a local store. The link for purchase is available in ESI
Materials and methods.t The chemical and surface character-
ization of cotton used, available in our previous study,* shows
that the cotton fiber purchased from the local store matches the
characteristics of a standard cotton sample.

Model nanoparticles for filtration experiments

To test the removal of ENPs and INPs using MO-functionalized
cotton filters, used two available
nanoparticles.

(1) Carboxylate-modified polystyrene latex particles with
200 nm diameter from Invitrogen™ (sPsL particles).

(2) Polyvinyl-pyrrolidone-coated silver nanoparticles with
50 nm diameter from NanoComposix, San Diego (AgNPs).

In addition to the inorganic nanoparticles used to test the
MO-functionalized cotton filters, T7 bacteriophage was used as
a surrogate for natural nanoparticles to establish the high
removal efficiency. T7 bacteriophage is a double-stranded DNA
virus with an icosahedral head of ~60 nm and a noncontractile
tail approximately 20 nm long and 10 nm wide* widely used in
biological research.?*?® In addition to the low risk of infection
and well-established protocols, T7 bacteriophage has been used
as a surrogate for human viruses making it an ideal surrogate
for filtration experiments.”**> The T7 bacteriophage filtration,
culture, and quantification protocols used in this study are
available in the ESI Materials and methods.}

we commercially

MO-functionalized cotton filter preparation

Readily available glass chromatography columns from Bio-Rad
Laboratories, Inc. were used to prepare the filters. Approxi-
mately six cotton balls weighing ~3.5 g were immersed in
deionized (DI) water for 10 minutes. The wet cotton fiber was
then packed into a glass chromatography column with dimen-
sions of 1.5 cm inner diameter and 10 cm length using
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a plunger. The height of the cotton column thus prepared was
measured to be ~8 cm.

To functionalize the cotton filter with MO proteins, 100 mL
of water extract from dry Moringa seeds was pumped through
each column at a flow rate of 2 mL min~'. MO water extract was
prepared by mixing 2 g of freshly ground unshelled MO seed
with 100 mL of DI water for 5 minutes. After mixing, the solu-
tion was filtered sequentially through a 1.5 pm glass fiber filter
(Whatman) and 0.22 um PVDF filter (Millipore) to remove the
excess seed material.

Quantification of nanoparticle removal with dynamic light
scattering analysis

Standard filtration experiments were used to quantify the
nanoparticle removal efficiency of MO-functionalized cotton
filters. After preparation, a MO-functionalized cotton filter was
equilibrated with 100 mL of the background buffer, 1 mM NacCl
solution, at the required flow rate. Then the influent solution
containing either ~10"° #/mL of 200 nm sPsL particles or 50 nm
AgNPs dispersed in the background buffer was filtered at
a constant flow rate. The effluent solution was collected into two
fractions of 50 mL from the 100 mL of influent passed through
the filter. Experimental log removal efficiency (LRE) of the filters
was quantified using eqn (1), where C and C, are the nano-
particle concentrations in the effluent and influent samples.
The concentration of the nanoparticles was measured using
a calibration curve developed on dynamic light scattering (DLS).

log removal efficiency(LRE) = -og,, {CEJ (1)

To establish the feasibility of NP removal, experiments were
performed at a flow rate of 2 mL min '. Unfunctionalized
cotton filters prepared using the same procedure were used as
a negative control. To understand the effect of flow rate on the
nanoparticle removal, column experiments were performed at

varying flow rates in the range of 2 mL min~ ' to 60 mL min~".

Nanoparticle concentration measurement using dynamic
light scattering

Dynamic Light Scattering (DLS) is a standard method used for the
quantification of the size and zeta potential of sub-micron
particles. To quantify the nanoparticle removal efficiency
quickly and accurately, a calibration curve was developed on
Zetasizer Nano ZS to correlate the number of photons measured
per second in a specific sample to its concentration. The count
rate or the number of photons detected per second, usually
monitored as kilo counts per second, is a key result of a DLS
measurement. Note that to achieve a consistent count rate across
measurements, two measurement parameters, the intensity of
the laser and the distance of the detector to the sample, need to
be held constant. For a Zetasizer Nano ZS, these parameters are
represented by the attenuator index and measurement position.
For achieving calibration curves, we measured varying concen-
trations of sPsL particles and AgNPs with a fixed measurement
position of 4.65 mm and attenuator indices of 8 and 11.
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Quantification of nanoparticle removal with high-resolution
analysis

As the concentration of the effluent samples from MO-
functionalized cotton is below the limit of detection of stan-
dard DLS analysis, we used alternate techniques to validate the
removal efficiency from the DLS analysis. In the case of sPsL
particles, the effluent sample was concentrated by a factor of 10
by ultracentrifuging 40 mL of the sample at 200 000 g for 30
minutes and resuspending in 4 mL of 1 mM NacCl. The 10 times
concentrated effluent was analyzed to quantify the removal
efficiencies. For silver nanoparticles (AgNPs), Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) is a high-
resolution analysis used frequently in the literature.’®*” Addi-
tional filtration experiments similar to those described earlier
were performed with AgNPs dispersed in 1 mM NaCl at
a concentration of 1 mg mL™". The concentration of AgNPs in
the influent and effluent samples was measured by using ICP-
MS after diluting to the appropriate concentration into a 2%
HNO; solution in DI water.

Scanning electron microscopy

To test the hypothesis that the NPs tested were physically
removed by the MO-functionalized cotton filters, we used
scanning electron microscopy (SEM) to visualize the adsorption
of sPsL particles and AgNPs on the surface of MO-
functionalized cotton. The MO-functionalized cotton fiber
with adsorbed sPsL particles and AgNPs was prepared by
filtering 100 mL of 10" #/mL sPsL particles and 1 mg mL™* of
AgNPs with a MO-functionalized cotton filter at 2 mL min~".
Individual fibers from the top of the column were picked with
clean tweezers and dried at 35 °C. Dried cotton samples were
coated with a gold/palladium mixture using EMS Sputter Coater
and SEM images were acquired using Quanta 650 ESEM (FEI)
and Hitachi S-5500 SEM/STEM based on the particle size at an
acceleration voltage of 5 kV to 15 kv.

Size and zeta potential of the nano-contaminants

The size and zeta potential of ~10'° #/mL, ~10"" #/mL, and
~10"" PFU mL ™" of sPsL 200 nm particles, 50 nm AgNPs, and T7
bacteriophage dispersed in 1 mM NaCl were measured using
Zetasizer Nano ZS. T7 bacteriophage samples were buffer
exchanged using 50 kDa AMICON spin columns to switch the
buffer from culture media to 1 mM NaCl without decreasing the
concentration. After buffer exchange, the samples were filtered
through a 0.22 pm syringe filter to remove any coagulated
viruses that can affect the analysis. Note that unbuffered 1 mM
NaCl was used as a dispersant for the size and zeta potential
measurements to capture the behavior of the contaminants
under the conditions used for filtration experiments performed
for initial feasibility and electron microscopy.

Quantification of nanoparticle removal dependence on pH
and salt concentration

After the nanoparticle removal capability of MO-cotton filters
was established at various loading rates in 1 mM NacCl,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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additional filtration experiments were conducted at a flow rate
of 30 mL min~" by dispersing the nanoparticles in DI water
with 2 mM, 5 mM, and 10 mM NacCl. To study the effect of pH,
10 times diluted phosphate-buffered saline (PBS) adjusted to
the required pH (5.5, 6.5, 7.5, and 8.5) was used as the
dispersant, and filtration experiments were run at 30
mL min~'. A 10"° #/mL influent concentration of 200 nm sPsL
nanoparticles was used for all the experiments performed to
study the effect of salt concentration and pH.

Regeneration feasibility of MO-functionalized cotton

For the proposed filters in this study to be sustainable in
practice it is important to establish a regeneration procedure to
reuse the cotton substrate. Previous studies have shown that
when washed with 600 mM Nacl solution, MO proteins can be
desorbed from the surface as the underlying electrostatic
interactions between the substrate and cationic proteins will
decrease.”****® Following this hypothesis, experiments were
conducted to wash the MO-functionalized filters with 600 mM
NaCl and then re-functionalize them with 100 mL MO serum as
described earlier. The nanoparticle removal efficiency was
quantified at a flow rate of 30 mL min~* with 10*° #/mL 200 nm
sPsL particles dispersed in 0.1XPBS buffer pH 7 over three cycles
of washing and regeneration.

Results and discussion

Moringa oleifera functionalized cotton filters achieve high-
efficiency nanoparticle removal

The key finding of this study is that depth filters packed with
cotton functionalized with MO seed cationic proteins achieve
nanoparticle removal orders of magnitude higher compared
to the unfunctionalized cotton filters. To establish the NP
removal efficiency of MO-functionalized cotton filters, cali-
bration curves developed using Dynamic Light Scattering
analysis (DLS) were used to quantify the influent and effluent
concentrations. Results from the DLS calibration for the two
inorganic nanoparticles tested in this study (Fig. S1t) show
that when operated at the highest resolution possible i.e., with
an unattenuated laser, the lowest concentrations detectable
for the sPsL particles and AgNPs are 1 x 10° #/mL and 1 x 10’
#/mL respectively. Standard column experiments performed
with MO-functionalized cotton filters and unfunctionalized
cotton filters show that at a flow rate of 2 mL min~" which
corresponds to a superficial velocity of 0.68 m h™', MO-
functionalized cotton filters achieve significantly higher
removals compared to the unfunctionalized cotton filters
(Fig. 1A). As the concentration of the samples was below the
limit of detection, the results show that MO-functionalized
cotton filters achieve removals >4 1og;, (99.99%) and >3 log;,
(99.9%) for sPsL particles and AgNPs compared to the —0.03 +
0.01log,, and —0.00 £ 0.01log,, achieved by the unfunc-
tionalized cotton. The high efficiency reported here is the first
report of nanoparticle removal with a simple plant material-
based filter and is significantly higher than conventional

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Moringa oleifera protein functionalized cotton filters achieve
high-efficiency removal of nano contaminants tested in this study. (a)
Experimental log;o removal of 10'° #/mL sPsL particles and AgNPs
using MO-functionalized cotton filters compared to that of unfunc-
tionalized filters at a flow rate of 2 mL min~* showed MO-function-
alized cotton filters achieve >4 log;o and >310g;o removal compared
to insignificant removal achieved by unfunctionalized cotton filters
based on the calibration curves developed using Dynamic Light
Scattering analysis to measure their concentration. (b) Experimental
logio removal of 10'° #/mL sPsL particles and AgNPs using MO-
functionalized fiber filters compared to that of uncoated fiber filters at
a flow rate of 2 mL min! showed MO-functionalized cotton filters
achieve >5log;g and >4log;p using higher-resolution analysis for
concentration measurement. The sPsL particle effluent was concen-
trated by a factor of 10 using centrifugation and inductively coupled
plasma mass spectrometry was used for measuring silver concentra-
tion. MO-functionalized cotton filters also show 6.86 + 0.04 log;g
removal of T7 bacteriophage at a flow rate of 2 mL min~* *Indicates
that the effluent concentration was below the limit of detection which
indicates that the actual removal, in this case, could be higher than the
reported values. Error bars represent the standard deviation calculated
from three independent measurements.

water treatment reported in the literature as shown in
Table S1+.1%1>3°

Note that the filtration experiments performed here aim to
establish the high filtration removal of MO-cotton filters

Environ. Sci.: Adv,, 2023, 2, N30-1138 | 1133
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proposed using a highly concentrated influent solution (10
#/mL). Traditionally, breakthrough experiments are con-
ducted with influent concentrations typical in the environ-
ment, but such experiments are not feasible for NPs due to
a lack of techniques for quantifying low concentrations, and
long-term filtration experiments at high concentrations
would be cost-intensive. The high-resolution techniques used
for effluent concentration quantification in this study can
only measure the lowest concentrations in the range of 10°
#/mL. As discussed in the following sections the filtration
mechanism of the proposed filters is based on electrostatic
interactions and the sticking coefficient calculations based on
experimental data and clean bed filtration theory indicate
high attachment efficiency of MO cotton (Table S27). This
indicates that the MO cotton filters would be effective against
low concentrations of NPs as the influent concentration is not
a determining factor for removal efficiency according to clean
bed filtration theory.**»**

Higher-resolution analyses including ICP-MS and infectivity
assays corroborate the removals quantified using DLS analysis

After establishing the high nanoparticle removal of MO-
functionalized cotton filters using DLS analysis which enables
quick screening, alternate analytical techniques, and contami-
nants were used to ascertain the results. First, the removal effi-
ciency of AgNPs was quantified using ICP-MS to analyze the
concentration of silver in the samples. The results confirmed that
when an influent solution of 1 mg mL™" (1 ppm) of AgNPs was
filtered through a MO-functionalized cotton filter, effluent
concentration was lower than the limit of detection of ICP-MS,
0.1 ppb (>4 log;,). As ICP-MS analysis is ineffective for the quan-
tification of sPsL particles, the effluent from the filtration exper-
iments was concentrated by a factor of 10 and reanalyzed with
DLS to confirm the removal. As shown in Fig. 1B, ICP-MS and DLS
analysis on concentrated effluent showed that MO-functionalized
filters achieve >4 log;, and >5 log;, removal for AgNPs and sPsL
particles which agrees with initial experiments (Fig. 1A).

Additionally, T7 bacteriophage with well-established quan-
tification techniques was used as a surrogate for natural
nanoparticles/viruses.” Using a double-layer agar infectivity
assay, the T7 removal efficiency of MO-functionalized cotton
filters was analyzed to compare it to the inorganic NPs. Fig. 1B
results show a removal efficiency of 6.86 £ 0.04 log;, in MO-
functionalized cotton filters. Overall, multiple high-resolution
analyses show that MO-functionalized cotton filters can ach-
ieve highly efficient nanoparticulate removal from water.

Scanning electron microscopy and zeta potential
measurements indicate the physical removal of nanoparticles
based on electrostatic interactions

Based on the results discussed to this point, it is evident that
MO proteins adsorbed on the surface of cotton are responsible
for the removal of nanoparticles. The cationic nature of MO
seed proteins is reported widely in the literature, and we showed
in previous studies that two cationic proteins, MO2.1 and
MoCBP, adsorb onto the surface of cotton.'”'?%** SDS-PAGE

N34 | Environ. Sci.. Adv, 2023, 2, N30-1138
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electrophoresis and mass spectrometry were performed to
confirm the presence of MoCBP on the surface of functionalized
cotton (Fig. S2 and Table S31). SEM analysis was used to confirm
the physical attachment of nanoparticles to MO-functionalized
cotton to show that the electrostatic interactions between the
MO proteins and the nanoparticles were responsible for the
removal. Fig. 2A and B show sPsL particles and AgNPs adsorbed
on the filter substrate after filtration indicating strong interac-
tion. Note that some AgNPs were found to be attached to the
unfunctionalized cotton surface as well (Fig. 2B), but the density
of particles was much lower compared to the MO-cotton at the
same resolution confirming the effect of the MO proteins.
Additionally, zeta potential measurements of the contaminants
show a negative surface charge under the filtration conditions
Fig. 2D. The negative surface charge of the NPs supports the
hypothesis that favorable interactions exist between them and
MO-functionalized cotton. In contrast, there is no discernible
correlation between the size of the contaminants tested and
their removal, suggesting that the removal achieved in MO-
functionalized cotton filters is not dominated by size exclu-
sion (Fig. 1B and 2C).

MO-functionalized cotton filters can be operated at loading
rates typical in conventional water treatment

Once the effectiveness of MO-functionalized cotton filters was
established, experiments were conducted at varying flow rates
to study the effect of flow rate on removal. The results showed
that the proposed filters can achieve >99% removal at superfi-
cial velocities typical to rapid sand filtration used widely in
drinking water treatment (~10-15 m h™'). MO-cotton filters
achieve 2.80 £ 0.13 log;, removal of sPsL particles at a superfi-
cial velocity of 16.98 m h™" and 2.29 + 0.21log;, removal of
AgNPs at a superficial velocity of 20.37 m h™" (Fig. 3A and B).
This indicates that MO-cotton filters can potentially be used as
an alternative or in addition to rapid sand filtration in
conventional water treatment. To study the effect of the back-
ground water matrix on the removal efficiency of MO-cotton
filters, column experiments were performed in the presence of
divalent cations and anions (Mg>*, Ca®*, SO,>7, and SiO;*")
with Na,SiO3, Na,S0O,, MgCl,, and CaCl, as background buffers
in addition to a groundwater sample (Fig. S3 and S4t). The
results show that MO-cotton filters achieve 1.43 + 0.10, 2.55 +
0.08, 3.23 + 0.11, and >3.71log;, removals respectively in the
presence of Na,SiO3, Na,SO,4, MgCl,, and CaCl, compared to >4
logyo in the presence of monovalent ions (NaCl). Even though
there was a slight decrease in performance due to divalent
anions, the groundwater matrix with a total organic content of
2.21 4+ 0.43 mg L' (Table S41) did not show any effect on
performance. The effect of individual divalent ions on the
removal mechanism needs to be studied further. Additionally,
future studies are required to study the fouling behavior and
interaction with other contaminants present in realistic water
samples.

Clean bed filtration models are used ubiquitously in litera-
ture to quantify the sticking coefficient or attachment efficiency
of contaminants to filter media.*** Sticking coefficient values

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Moringa oleifera protein functionalized cotton filters achieve removal of nano contaminants due to electrostatic interactions between
proteins adsorbed on the filter substrate and the contaminants. (A and B) Scanning electron microscopy images of MO-functionalized cotton
samples taken from a filter after filtering sPsL particles and AgNPs shows the adherence of the same to the surface of MO-functionalized cotton
indicating favorable interactions between the MO-cotton and the nano-contaminants tested. (C) DLS size analysis of the nano-contaminants
tested in the study. The average diameter of sPsL particles, AQNPs, and T7 bacteriophage was measured to be 212.13 £ 2.77 nm, 61.89 £+ 0.72 nm,
and 90.71 £+ 0.87 nm respectively. (D) Zeta potential measurements using DLS for the nano-contaminants tested in the study. The average zeta
potential of sPsL particles, AQNPs, and T7 was measured to be —44.50 + 0.36 mV, —31.50 + 1.14 mV, and —28.87 + 0.21 mV respectively.

are an important tool that enables the design of filter dimen-
sions to meet the removal requirements. From the removal
efficiencies achieved by the MO-cotton filters at the highest flow
rates tested in this study, the sticking coefficient values for sPsL
particles and AgNPs are calculated to be 0.13 and 0.08. These

© 2023 The Author(s). Published by the Royal Society of Chemistry

values are orders of magnitude higher than the sticking coeffi-
cient values of the sPsL particles and AgNPs in unfunctionalized
cotton filters (Table S27). The increased attachment efficiency of
the nanoparticles represents the strong interaction with the MO
proteins as described earlier.*
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Fig. 3 MO-functionalized cotton filters show high efficiencies of
nanoparticle removal at superficial velocities typical in drinking water
treatment. (A) Experimental log;o removal of sPsL particles using MO-
functionalized cotton filters at various flowrates in the range of 2
mL min~! to 50 mL min~ showed that MO-cotton filters achieve 2.80 +
0.13log;0 removal of sPsL particles at a flow rate of up to 50 mL min~*
which corresponds to a superficial velocity of 16.98 m h™ (B) Experi-
mental log;o removal of AgNPs using MO-functionalized cotton filters at
various flowrates in the range of 2 mL min~ to 60 mL min~* showed that
MO-cotton filters achieve 2.29 + 0.21log;o removal of AgNPs at a flow
rate of up to 60 mL min~ which corresponds to a superficial velocity of
20.37 m h™%. When compared to the typical operating conditions of two
widely used conventional filters, rapid sand filtration (5-15 m h™%) and
slow sand filtration (0.1-0.4 m h™Y), MO-functionalized cotton filters
show the potential to be applicable in conventional water treatment.
*Indicates that the effluent concentration was below the limit of
detection which indicates that the actual removal, in this case, could be
higher than the reported values. Error bars represent the standard
deviation calculated from three independent measurements.

MO-functionalized cotton filters exhibit consistent removals
under a range of salt concentrations and pH values typical to
drinking water treatment

The removal efficiency of MO-cotton filters against 200 nm
sPsL particles was tested at 30 mL min~" across a range of

M36 | Environ. Sci.: Adv, 2023, 2, 130-1138
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salinities and pH values encouraged by their performance at
high loading rates. Filtration experiments performed with salt
concentrations in the range of 1-20 mM NaCl showed that MO-
cotton filters achieve ~4 log;, removal of plastic nanoparticles
in the salinities typical to surface water purification which
indicates that the proposed filters have the potential for
application in drinking water treatment (Fig. 4A). Further
experiments were performed using pH adjusted 10 times
diluted PBS buffer (pH values of 5.5, 6.5, 7.5, and 8.5) as the
dispersant. These results demonstrate that pH conditions
show no significant effect on the removal efficiency achieved
(Fig. 4B). Overall, the effect of salinity and pH on the favorable
interactions between NPs and MO proteins was found to be
negligible in the background conditions that represent surface
water treatment. Although the potential of MO-functionalized
filters is established by performing filtration experiments at
various conditions during this study, future studies are
necessary to study the effect of realistic water matrices on the
efficiency and life of the proposed filters.

MO-cotton filters can be generated up to three cycles by
washing with 600 mM NacCl and re-functionalizing with MO
serum

It is important to establish robust protocols for the regener-
ation of the proposed filters so the cotton substrate can be
reused to improve the sustainability of the technique. To this
end, we hypothesized that washing with 600 mM NaCl would
desorb the absorbed nanoparticles and MO proteins by
nullifying the electrostatic interactions at high salt concen-
trations inspired by past literature.”® The cotton filters can
then be re-functionalized with MO proteins using the same
procedure used to prepare the original MO-cotton to re-use
them for filtration. To test this hypothesis, three cycles of
regeneration were executed on MO-cotton filters by quanti-
fying the removal of 200 nm sPsL particles at each step. These
results indicate that MO-cotton filters achieve consistent
removals >4 log,, over the three cycles and that regeneration
with 600 mM NaCl wash is a robust process to improve the
sustainability of MO-cotton filters in practice (Fig. 4C). The
removals achieved by washed cotton increased significantly
over the three cycles which could be either due to trace
amounts of MO proteins or nanoparticles left on the substrate
during the wash step that could result in the removal of
particles, but it is important to note that this behavior did not
show any pronounced effect on the removals achieved after re-
functionalization.

Future efforts are necessary to study the maximum cycles of
regeneration possible, any potential effects on pore blockage
over time, and residual proteins and nanoparticles after the
wash cycles to optimize the process for re-use. More impor-
tantly, MO-functionalized cotton filters exhibit various advan-
tages in terms of water treatment such as low energy
requirement and dry storage stability in addition to regenera-
tion capability as demonstrated earlier.>* These properties make
them a promising technique for drinking water treatment in
various scenarios.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 MO-functionalized cotton filters achieve high efficiencies of nanoparticle removal at various salt concentrations and pH values in addition
to regeneration capability. (A) Experimental log;o removal of sPsL particles using MO-functionalized cotton filters at various salt concentrations in
the range of 1 mM NaCl to 20 mM NaCl and a flow rate of 30 mL min™* showed that MO-cotton filters achieve high removal of sPsL particles in
conditions pertinent to surface water treatment. (B) Experimental log;g removal of sPsL particles using MO-functionalized cotton filters at various
pH values s in the range of 5.5-8.5 and a flow rate of 30 mL min~* showed a negligible effect of pH on the removal efficiency. pH-adjusted
0.1XPBS buffer was used for these experiments. (C) Experimental log;o removal of sPsL particles using MO-cotton filters at a flow rate of 30
mL min~! over cycles of regeneration shows that the removal efficiency was consistent up to three cycles. MO-cotton filters achieved >4 logso
removals compared to the washed cotton columns that achieved removals of 0.19 + 0.03 log;o, 0.96 + 0.08 logyp, and 2.04 + 0.10 log;o during
the 1st, 2nd, and 3rd cycles respectively. *Indicates that the effluent concentration was below the limit of detection which indicates that the
actual removal could be higher than the reported values. Error bars represent the standard deviation from three independent measurements.

Conclusion

In conclusion, this work establishes the feasibility of nanoparticle
removal at high efficiency using filters built with plant-based
materials. The filtration experiments performed at various flow-
rates, salinity conditions, and pH conditions demonstrate that
MO-cotton filters have the potential for applications in surface
water treatment and merit further investigation to identify chal-
lenges and considerations to integrate them into conventional
filtration. Further, electron microscopy and protein character-
ization techniques were used to explore the filtration mechanism
in this study. Due to the electrostatic nature of the identified it is
highly possible that organic matter in water would cause fouling
during operation. Experiments performed with various divalent
cations, divalent anions, and groundwater samples as back-
ground matrices suggest that divalent anions could decrease the
removal efficiency slightly but overall, the MO cotton filters are
effective in removing nanoparticles from a realistic groundwater
matrix. Detailed future studies with various background matrices
and pre-filtration steps to reduce potential fouling would be
necessary for ensuring sustained long-term operation. Addition-
ally, preliminary analysis showed that a household filter with 10 L
day ' capacity can be fabricated for a cost of $ 5-10 in both the US
and India.** Although future work is necessary to understand
their performance in the field scale with realistic water, the
proposed technology of MO-cotton filters offers a low-energy and
accessible solution for the growing nanoparticle contamination
of water sources.
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