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Unsafe drinking water leads to millions of human deaths each year, while contaminated wastewater discharges
are a significant threat to aquatic life. To relieve the burden of unsafe water, we are in search of an inexpensive
material that can adsorb pathogenic viruses from drinking water and adsorb toxic residual chlorine from
wastewater. To impart virus and chlorine removal abilities to cellulosic materials, we modified the primary

- L
GS:;EZ?E?S;E%)H hydroxyl group with a positively charged guanidine group, to yield guanidine modified cellulose derivatives.
Polysaccharide Microcrystalline cellulose (MC) bearing covalently bonded guanidine hydrochloride (MC-G¢) and hydrogen-

bonded guanidine hydrochloride (MC-Gy) were synthesized, and electrospun into nanofibers after blending
with the non-ionogenic polyvinyl alcohol (PVA), to produce large pore sized, high surface area membranes. The
MC-G¢/PVA and MC-Gy/PVA nanofibers were stabilized against water dissolution by crosslinking with glutar-
aldehyde vapor. The water-stable MC-G¢/PVA mats were able to remove more than 4 logs of non-enveloped
porcine parvovirus (PPV) and enveloped Sindbis virus and reached 58% of chlorine removal. The MC-G¢/PVA
nanofibers demonstrated better performance for pathogen removal and dechlorination than MC-Gp/PVA
nanofibers. This first study of MC-G¢/PVA electrospun mats for virus removal shows they are highly effective and

merit additional research for virus removal.

1. Introduction

The World Health Organization (WHO) estimates at least 30% (2
billion people in 2019) of the global population rely on drinking water
contaminated with feces [1]. Each year this contaminated water causes
millions of human deaths [1]. The major contaminants include patho-
genic parasites, bacteria, and viruses. The most common disease-causing
waterborne viruses include norovirus, adenovirus, enterovirus, and
Hepatitis A and E viruses [2], all of which are non-enveloped viruses.
Enveloped viruses possess an additional lipid envelope, and are less
stable in water, so they rarely cause waterborne diseases. However, the
presence of enveloped severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which is responsible for the current coronavirus
pandemic (i.e., COVID-19), has been detected in municipal wastewater
across the globe [3-5]. The occurrence of SARS-CoV-2 in water and in
the feces of COVID-19 patients [6,7] have caused concerns for its po-
tential for waterborne transmission, since enveloped coronaviruses can
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remain infectious for days or even longer in drinking water and waste-
water [8].

Currently, municipal systems purify water using a multistep process
of coagulation and flocculation, sedimentation, chemical disinfection,
and physical membrane filtration [9]. Membrane filtration is an
accepted technology for the removal of pathogens, like bacteria and
parasites, from drinking water. Pathogens like these are easily removed
from drinking water using large pore-sized microfiltration and ultrafil-
tration membranes at low operating pressure [10]. However, viruses are
too small to be removed by a size-exclusion mechanism without a large
energy penalty. Advanced systems of membrane filtration, like nano-
filtration and reverse osmosis, are able to remove viruses, but require
high operating pressures, and also the membranes are easily fouled [10].

Viruses can also be reduced by chemical disinfection. Disinfection is
widely used for both drinking water and municipal wastewater treat-
ment [11]. The most common disinfection process is chlorination, which
uses compressed chlorine gas or compounds such as sodium
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hypochlorite and calcium hypochlorite to inactivate the pathogens.
When dissolved in water, they can form hypochlorous acid (HCIO) and
hypochlorite ion (ClIO™). The HCIO and ClO™ can react with natural
organic matter to form trihalomethanes and other halogenated disin-
fection by-products [12,13], which are suspected of being human car-
cinogens [12] and are toxic to aquatic life [13]. The residual chlorine (1
mg/L) in the treated wastewater is acutely toxic to aquatic organisms
[14], while a chlorine level of 5-15 mg/L is typically used for the
disinfection of wastewater [11]. Therefore, the Environmental Protec-
tion Agency (EPA) requires a dechlorination step to remove free and
combined chlorine remaining in the purified wastewater before it is
discharged [11]. This is typically accomplished using reducing agents
such as sulfur dioxide, sulfite salts, or thiosulfate, which also reduce
dissolved oxygen [15]. Activated carbon is also effective in reducing the
level of residual chlorine, but it is costly [15].

To help relieve the burden of unsafe water, we are in search of an
inexpensive adsorption material that can remove viruses from drinking
water, and chlorine from wastewater. The material would ideally form a
microfiltration membrane that can clean water with low back pressure
and retain high water flux. Cellulosic membranes are of great interest
because cellulose is the most abundant natural organic polymer on Earth
[16,17], and is non-toxic, biocompatible, biodegradable, biofunctional,
and hydrophilic [18]. Cellulose is a polysaccharide containing a linear
chain of repeating ,-anhydroglucopyranose ring units that are linked by
a covalent p-1,4-glycosidic bond [17,18]. For each monomer unit, the
reactivity of the primary hydroxyl (-OH) group (-OH on carbon 6) is ten
times faster than the secondary ~OH groups (-OH on carbon 2 and car-
bon 3) [18]. Thus, the primary ~OH group can be reacted to form a
variety of cellulose derivatives to enhance desired properties. Cellulose
derivatives have been widely used as materials in the field of water
purification, wound healing, drug delivery, food, plastic, and textiles
[16-20]. Among the many possible cellulose derivatives, cellulose
modified with positively charged groups is the most interesting, due to
the excellent antimicrobial and antiviral properties of cationic polymers
[19,21].

Among the cationic polymer modified cellulose, cellulose grafted
with guanidine groups has shown high activity against bacteria [19].
Cellulose films having 1 wt% of polyhexamethylene guanidine dodecyl
benzene, grafted using hydrogen bonding, showed a 99.94% reduction
in S. aureus bacteria, and a 96.95% reduction in E. coli bacteria [22].
Similarly, films of bacterial cellulose grafted with polyhexamethylene
guanidine hydrochloride, also using hydrogen bonding, showed
enhanced activity against the bacteria P. syringae, K. pneumonia, and
S. aureus when compared to pure bacterial cellulose films [23]. This
result is attributed to the positively charged guanidine group, which can
bind to the negatively charged microbial membrane, deforming the
cytoplasmic membranes and causing leakage of bacterial cells [24].
Guanidine modified polymers also display antiviral activity. For
example, a synthetic polysaccharide that was grafted with the guanidine
group by a covalent bond showed a 96.2% antiviral efficiency against a
non-enveloped adenovirus [25].

To prepare a microfiltration membrane that can remove viruses and
chlorine, a polycationic guanidine modified cellulose must be synthe-
sized that can be electrospun into continuous fibers with a diameter in
the nanometer scale [26]. Electrospun nanofiber mats are desired for the
adsorption of contaminants in water because the mats have a high
surface-to-volume ratio, large pore size in the range of several microns,
and ease of fabrication [26]. The high surface-to-volume ratio nano-
fibers can increase the accessible surface area of the membrane and
adsorption capacity. The large pore size can maintain high water flux
and low membrane fouling.

In this work, electrospun nanofibers made from guanidine modified
microcrystalline cellulose (MC), blended with polyvinyl alcohol (PVA),
added to improve fiber spinnability, were created to explore their effi-
ciency in water purification and to determine if covalently bonded gua-
nidine might outperform the more commonly studied hydrogen-bonded
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guanidine group. It was hypothesized that microfiltration fibers with
covalently bonded guanidine groups would have superior virus adsorp-
tion than hydrogen-bonded guanidine groups because the covalent bond
is more durable and can give the guanidine moiety more stability against
changes in pH, ionic strength, and other solution changes. Therefore, this
work prepared MC grafted with guanidine hydrochloride via covalent
bonds (MC-G¢), and hydrogen bonds (MC-Gg), and combined these
polymers with PVA to form a blend that was electrospun into MC-G¢/PVA
and MC-Gy/PVA nanofibers. These nanofibers were crosslinked with
glutaraldehyde vapor to improve water stability, and then their water
stability and capacity for virus removal were assessed and compared. Our
model viruses were a non-enveloped virus, porcine parvovirus (PPV), and
an enveloped virus, Sindbis virus. The ability of MC-G¢/PVA and MC-Gy/
PVA nanofibers to remove chlorine was also evaluated.

2. Results and discussion
2.1. Characterization of cellulose and cellulose derivatives

The synthetic route to covalently bonded MC-Gc is shown in Scheme
1A. First, MC is chemically modified with thionyl chloride (SOCly) to
produce chlorodeoxycellulose (MC-Cl). Then, the MC-Cl is reacted with
guanidine hydrochloride to obtain the final MC-G¢. Fourier transform
infrared (FTIR) spectra confirm the chemical modifications in each step.
In Fig. 1, the spectrum of pure MC shows absorptions between 3300 and
3400 cm ! that are the stretching vibrations of (CH,—OH) and (CH-OH)
[27,28]. The spectrum of MC also displays a peak at 1350 cm ™!, which is
the deformation of the primary and secondary OH groups [27,28]. A
comparison of the spectrum of MC-CI with that of MC shows two new
peaks, at 724 and 752 em™! [29], which are (C—Cl) stretching vibrations.
These new absorptions are accompanied by the expected decreases in
the intensity of the bands at 3300-3400 cm ™! and 1350 cm ™! in MC-Cl
and MC-G¢ due to the degree of substitution of the hydroxyl group on
carbon 6 by chlorine and subsequently by guanidine. By analyzing the
spectrum of the MC-G¢ and that of pure MC, a characteristic new peak
from the guanidine group at 1658 cm ™! [30,31] is found. Also, a single
weak band at 3480 cm ™, representing the secondary N-H bond, and the
1255 cm ™! band, corresponding to C-N stretching, support the forma-
tion of the covalent bond between MC and guanidine [32]. It is also
noted that the peaks in the spectrum of MC-CI at 724 and 752 em ! do
not disappear, indicating that the substitution of the chlorine by gua-
nidine was not quantitative.

The preparation of hydrogen-bonded MC-Gy; is shown in Scheme 1B.
FTIR spectroscopy confirms the successful introduction of the guanidine
group into the cellulose and the formation of hydrogen bonding between
MC and guanidine hydrochloride (Fig. 1). By comparing the spectrum of
MC-Gy with that of the unmodified MC, absorption bands at 1656 em!
confirm the presence of the guanidine group [30,31]. In addition, the
band between 3000 and 3400 cm™! belongs to the —OH stretching vi-
bration, and the appearance of a dominant peak at 3332 cm ™! indicates
the vibrational mode of this broad band is due to strong intramolecular
hydrogen bonds [23,33] between MC and guanidine hydrochloride.

Elemental analysis was further used to verify the chemical modifi-
cations of cellulose structure. The compositions of the cellulose de-
rivatives are given in Table S1 in the Supplemental Information (SI). In
addition to the percentages of elements, Table 1 shows the relative
number of moles of carbon, hydrogen, nitrogen, and chlorine for the
derivatives, which is calculated based on the weight percentage and can
be used to determine the degree of anchored groups to MC. The exper-
imentally determined values of carbon: nitrogen: chlorine for the
modified MCs were close to the theoretical values, which indicates a
high degree of guanidine substitution, and that many of the cellulose
units are modified as the chemical structures shown in Scheme 1.
However, the experiment hydrogen content does not match well with
the theoretical value, which is likely because the synthesized cellulose
derivatives were not able to be 100% purified, and possibly some water
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Scheme 1. Synthesis route to prepare cellulose derivatives. (A) MC-Cl and MC-G¢, and (B) MC-Gy.
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Fig. 1. FTIR spectra show the conversion of MC to MC-Cl (C-Cl two new peaks
at 724 and 752 cm ™), MC-G¢ (appearance of C—N at 1658 cm™Y), and MC-Gy
(appearance of dominant peak of O-H— groups at 3332 cm™! implies strong
intramolecular hydrogen bonds, and C—N at 1656 cm ™).

and other contaminants may also contribute to the extra hydrogen.

2.2. Characterization of MC-G¢/PVA and MC-Gy/PVA nanofibers

Attempts to electrospin pure MC-G¢ and MC-Gy were unsuccessful,
and only nanoparticles were collected on the drum collector. This was
likely due to the high repulsion force between ionogenic guanidine

Table 1
Mole ratio of carbon, hydrogen, nitrogen, and chlorine in the formula of cellu-
lose derivatives based on elemental analysis.

Sample Formula C H N Cl
Experimental MC-Cl (CgHoO4CD)y 6 14 - 1
Theoretical MC-Cl 6 9 - 1
Experimental MC-G¢ (C;H1404N5CD), 7 29 3 1
Theoretical MC-G¢ 7 14 3 1
Experimental MC-Gy (C7H;605N3CD, 8 29 3 1
Theoretical MC-Gy 7 16 3 1

molecules impeding the continuous electrospinning fibers. A non-
ionogenic partner, PVA [34,35], was added to aid the formation of
guanidine modified MC nanofibers. Both MC-G¢/PVA and MC-Gy/PVA
electrospun nanofibers were successfully formed, as shown in Fig. 2. A
blend ratio of 2:1 MC-G¢: PVA and MC-Gy: PVA was chosen [36], to give
the highest amount of guanidine modified cellulose that could be elec-
trospun into fibers for water purification applications.

Glutaraldehyde vapor was used to stabilize the MC-G¢/PVA and MC-
Gn/PVA nanofibers against water [37,38]. The stability of crosslinked
and uncrosslinked MC-G¢/PVA and MC-Gy/PVA nanofibers was
compared by immersing them in water for 10 min. The morphology of
MC-G¢/PVA and MC-Gy/PVA nanofibers is shown in Fig. 2, and the
average fiber diameter of freshly electrospun uncrosslinked and cross-
linked fibers is shown in Fig. 3. Fig. 2 shows that these uncrosslinked
MC-G¢/PVA and MC-Gy/PVA nanofibers swell significantly and tend to
dissolve in water. As the swelling continues, the distance between any
two polymer chains increases [39]. The blends of both MC-G¢ and
MC-Gy, with PVA, are unstable. In contrast, the glutaraldehyde cross-
linked MC-G¢/PVA, and MC-Gy/PVA nanofibers are stable in water. The
aldehyde groups of glutaraldehyde reacted with the free hydroxyl
groups of MC-G¢ or MC-Gy, and PVA to form crystallization zones [40],
which limits the polymer chain mobility [39]. Thus, the glutaraldehyde
gave the nanofibers the needed water stability, as confirmed in Fig. 3.
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Fig. 2. SEM images of electrospun MC-G¢c/PVA and MC-Gy/PVA nanofibers. Glutaraldehyde vapor crosslinked nanofibers, and uncrosslinked nanofibers were tested

for water stability by immersing in water for 10 min.
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Fig. 3. Fiber diameter of crosslinked fibers is stable in water, while uncros-
slinked fibers approximately double their diameter on immersion in water. The
data, taken on fibers from the same batches shown in Fig. 2, and standard
deviation shown, are calculated from 50 fibers in SEM-micrographs taken from
four different regions on the analyzed specimens.

The diameter of uncrosslinked MC-G¢c/PVA (or MC-Gy/PVA) nanofibers
approximately doubled on immersion in water compared with the di-
ameters of uncrosslinked dry fibers. In contrast, the diameters of
crosslinked MC-G¢/PVA (or MC-Gy/PVA) nanofibers (dry and immersed
in water for 10 min) were similar to the diameter of fresh electrospun
MC-G¢/PVA (or MC-Gy/PVA) fibers (uncrosslinked dry). It should be
noted that water and even the glutaraldehyde vapor, slightly swelled the
crosslinked fibers. The diameter of the crosslinked dry MC-G¢/PVA
nanofibers (167 + 21 nm) was also similar to that of the crosslinked dry
MC-Gy/PVA nanofibers (165 + 32 nm).

The pore size of the crosslinked membranes was calculated, based on
four SEM images, and found to be 1.1 4+ 0.2 pm for MC-G¢/PVA, and 1.3
+ 0.3 pm for MC-Gy/PVA. The pore sizes of these membranes are
significantly reduced, when compared to the uncrosslinked membranes,
and coincide with the increase in fiber diameters, because the thicker
fibers occupy more space in the network, at the expense of the space for
pores. Nevertheless, the membrane pore sizes of 1.1-1.3 pm are well
within the range of typical microfiltration membranes (0.1-10 pm) [10]
and are much larger than the sizes of viruses, which typically range from
20 to 400 nm [41].

To further characterize the stability of the crosslinked MC-G¢/PVA,
and MC-Gy/PVA nanofibers against water, the fibers were immersed in

water for up to 360 min. The morphology of the fibers is shown in Fig. 4,
while the corresponding average fiber diameter, distribution, and
swelling degree, calculated from the fiber diameter, are given in Fig. 5.
The images confirm that the crosslinked MC-G¢/PVA and MC-Gy/PVA
nanofibers retain their morphology and do not dissolve within 6 h (360
min) after contact with water. The MC-G¢/PVA fibers swelled in water
but appeared to approach an equilibrium swelling degree after an
approximately 31% increase in diameter, but the MC-Gy fibers did not
reach swelling equilibrium. Interestingly, it seems like the MC-G¢ fibers
swell more than MC-Gy fibers on immersion in water, at least after 360
min immersion time. The reason is not clear, but this may indicate that
the MC-Gy nanofibers are highly crystalline, or it may be due to mass
loss from uncrosslinked fibers.

To quantify differences in the dissolution of the nanofibers in water,
the weights of MC-G¢/PVA, and MC-Gy/PVA nanofibers were measured.
The density of uncrosslinked and crosslinked MC-G¢/PVA and MC-Gy/
PVA nanofibers before contact with water are almost the same, as shown
in SI Table S2. The weight loss percentage of these nanofibers after
immersion in water for different times was calculated by Eqn. (1), and
the results are shown in Fig. 6. The weight loss of the crosslinked MC-
G¢/PVA (and MC-Gy/PVA) nanofibers is greatly reduced compared with
that of the uncrosslinked nanofibers, at each water contact time. This
result confirms the benefit of crosslinking the fibers with glutaraldehyde
to improve both the MC-G¢/PVA, and MC-Gy/PVA nanofibers water
stability and is consistent with the prior results shown in Figs. 4 and 5.
While the uncrosslinked MC-Gy/PVA nanofibers lost more than 16% of
their mass after contact with water for 10 min, and then 24% after 360
min, the crosslinked MC-Gy/PVA nanofibers lost less than 17% of their
total mass after 360 min. The uncrosslinked MC-G¢/PVA nanofibers lost
less than 13% after 10 min, and this increased to 21% of total mass after
360 min. The crosslinked MC-G¢/PVA nanofibers still less than 15% of
their total mass even after 360 min. These data confirm that MC-G¢/PVA
nanofibers have greater structural stability than MC-Gy/PVA nanofibers
even without crosslinking, but the benefits from the crosslinking are
significant.

2.3. Virus removal by MC-G¢/PVA and MC-Gy/PVA nanofibers

To test the virus removal ability of MC-G¢/PVA and MC-Gy/PVA
nanofibers, two different types of mammalian viruses, porcine parvo-
virus (PPV), a non-enveloped virus, and Sindbis virus, an enveloped
virus, were used. They represent two distinct classes of viruses that can
contaminate water [42]. General virus removal techniques are typically
assessed for both enveloped and non-enveloped viruses [43]. PPV is one
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Fig. 4. Effect of water immersion on fiber morphology. Crosslinked nanofibers were immersed in water for various time, as shown on the top. Two types of

electrospun nanofibers were tested, as shown on the left.
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Fig. 6. Effect of water immersion on fiber weight. Error bars are the standard
deviation of electrospun nanofibers that were measured from three independent
experiments.

of the smallest known mammalian viruses, having a size of 18-25 nm
[44]. It belongs to the Parvoviridae family and has an isoelectric point
(pD) of 4.8-5.1 [45]. PPV is difficult to inactivate by solvent-detergent or
heat treatment [43] and is most effectively removed by filtration using
20-nm pore-size membranes [46,47]. As already stated, these filtration
methods have high backpressures and are prone to fouling. This is why
alternative removal techniques are desired and why PPV is a useful

model to test alternative methods for the removal of non-enveloped
viruses from drinking water, i.e., the difficulty of both inactivating
and of removing the virus. Sindbis virus belongs to the Togaviridae
family and is slightly larger than PPV at about 70 nm [48]. It has a re-
ported pl of 4.2 [49]. Sindbis virus is also not easily inactivated by mild
solvent-detergent [50], due to it having the highest cholesterol and
saturated lipid content of the enveloped virus family. Its structure and
composition are similar to flaviviruses (for example, hepatitis C, Yellow
fever, and dengue virus), all of which cause global public health emer-
gencies [51]. Therefore, Sindbis virus is also a useful model for envel-
oped virus removal. It should be noted that both PPV and Sindbis viruses
carry a net negative charge in drinking water since they both have a pl
below 7.

The adsorption capacity of crosslinked MC-G¢/PVA and MC-Gy/PVA
nanofibers was evaluated for both PPV and Sindbis. The results are
shown in Fig. 7. The log removal value (LRV) was used to assess virus
removal from drinking water and was calculated by Eqn. (2). The water-
stable MC-G¢/PVA nanofibers achieved a 4.5 + 0.1 LRV for PPV, and a
4.3 + 0.1 LRV was measured for Sindbis virus. However, the water-
stable MC-Gy/PVA nanofibers only reached a 2.8 + 0.7 LRV for PPV
but did achieve a 4.2 + 0.0 LRV for Sindbis virus. No virus was removed
by the control, which was blank filter paper without nanofibers. The
theoretical maximum virus removal is 4.4 LRV in our test, and the EPA
requires a 4 LRV for virus removal processes for drinking water [52,53].
Therefore, the MC-G¢/PVA nanofibers completely removed both viruses
from water and exceeded the EPA virus removal requirement. In com-
parison, the MC-Gy/PVA nanofibers removed less PPV but did meet EPA

EMG-G. ®MG-Gy #Control

PPV Sindbis virus
Virus

Fig. 7. Virus removal from drinking water by crosslinked nanofibers. PPV and
Sindbis virus were incubated with crosslinked MC-Gc/PVA and MC-Gy/PVA
nanofibers for 10 min. Control is blank filter paper without nanofibers. Error
bars are the standard deviation of three separate experiments.
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criteria for removal of Sindbis virus.

The ability to remove viruses using MC-G¢/PVA and MC-Gy/PVA
membranes that have pores that are orders of magnitude greater in size
than the viruses themselves shows that the viruses are not being trapped
by a size-exclusion mechanism, but by adsorption to the membrane fi-
bers. The adsorption is attributed to the protonated guanidine groups on
the MC-G¢ or MC-Gy that can form ionic and hydrogen bonds to the
proteins and lipids on the virus surface [54]. In our previous work, a
quaternized chitosan derivative (HTCC) was electrospun to give
microfiltration membranes, and these nanofibers possessed a positively
charged quaternary amine. The HTCC membranes achieved a 3.3 LRV
for PPV and a 4.2 LRV for Sindbis virus [37]. The advantage of MC-G¢
and MC-Gy nanofiber membrane over the HTCC nanofiber membrane is
attributed to both electrostatic interaction between guanidine cations
and negatively charged viruses existed, but also hydrogen bonding could
occur between the guanidine group and virus surface protein or
envelope.

The data show that the virus removal capacity of the MC-G¢/PVA
membrane is also higher than that of the MC-Gy/PVA membrane. As the
ability to adsorb the virus must depend on the immobilized guanidine
group, this suggests that either the MC-G¢/PVA membrane possesses
more guanidine groups, or that the guanidine groups are more effective
than those of the MC-Gy/PVA membrane, or possibly some combination
of these effects. It is highly likely that the positively charged guanidine
group is a major factor determining the virus adsorption capacity of the
membranes, and the higher stability of the guanidine group immobilized
by covalent bonds, compared to hydrogen bonds, likely accounts for
most of its greater virus removal. Additionally, the diameter of the MC-
G¢/PVA nanofibers was slightly larger than that of the MC-Gy/PVA
nanofibers. An increase in virus adsorption with increased fiber diam-
eter was also observed in our previous work [55]. Overall, the perfor-
mance of the water-stable MC-G¢/PVA nanofibers supports their
potential to become an effective and low-cost material for virus removal
from drinking water.

2.4. Chlorine removal by MC-G¢/PVA and MC-Gy/PVA nanofibers

To test the dechlorination ability of MC-G¢/PVA and MC-Gy/PVA
nanofibers, sodium hypochlorite was used to prepare the chlorinated
wastewater since chlorine forms hypochlorite ion (CIO™) when dis-
solved in water. A standard iodometric electrode method [56] was used
to measure the concentration of residual chlorine. The chlorine removal
is reported as the percentage of chlorine removed from wastewater, as
shown in Eqn. (3). The control blank filter paper only removed 18.9% +
0.4% of the chlorine, while the water-stable MC-G¢/PVA nanofibers
achieved a 58.1 + 8.0% of chlorine removal, and the water-stable
MC-Gg/PVA nanofibers obtained a 57.6 & 8.0% of chlorine removal.

The EPA requires that the chlorine concentration not exceed 5 mg/L
for disinfected wastewater [11]. If the MC-G¢/PVA nanofibers were used
alone, the residual chlorine after nanofiber adsorption would still be ~2
mg/L, which remains acutely toxic to aquatic organisms (threshold 1
mg/L) [14]. However, the chlorine removal efficiency of electrospun
guanidine modified cellulose membrane after only 10 min contact with
the water being treated still showed a better performance than that of a
Hoechst Celanese hollow fiber membrane with 36% removal for 1-h
contact [57]. These results further confirm the potential of these
water-stable MC-G¢/PVA nanofibers to be used as new material for
chlorine removal in wastewater treatment.

3. Conclusions

Guanidine hydrochloride was successfully bonded to MC by two
different routes. One route covalently bonded the guanidine to cellulose,
giving MC-Gg, while the second route bound the guanidine to cellulose
using hydrogen bonds, giving MC-Gy. The charge density made elec-
trospinning continuous fibers from the pure MC-G¢ and MC-Gg solutions
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challenging, so PVA, a non-ionogenic polymer, was blended with these
solutions, and continuous nanofibers were easily electrospun. The
nanofiber mats from the MC-G¢/PVA and MC-Gy/PVA were stabilized
by crosslinking with glutaraldehyde vapor, allowing the crosslinked MC-
Gc/PVA and MC-Gy/PVA nanofibers to retain their structure and
morphology in water for 6 h (maximum time tested). The water-stable
MC-G¢/PVA nanofiber mats achieved a 4.5 + 0.1 LRV for PPV and a
4.3 £ 0.1 LRV for Sindbis virus. In contrast, the water-stable MC-Gy/
PVA nanofiber mats only reached a 2.8 & 0.7 LRV for PPV but reached a
4.2 £ 0.0 LRV for Sindbis virus. The MC-G¢/PVA nanofibers completely
removed both viruses from water and met the EPA virus removal
regulation of 4 LRV. In addition, the water-stable MC-G¢/PVA nano-
fibers achieved a 58.1 & 8.0% of chlorine removal, while the water-
stable MC-Gy/PVA nanofibers obtained a 57.6 + 8.0% of chlorine
removal. Therefore, the cellulose nanofiber membranes with covalently
bonded guanidine hydrochloride outperformed the mats with hydrogen-
bonded guanidine hydrochloride, but the performance was significantly
better only against the non-enveloped PPV virus. The improvement is
likely because the covalent bond yields a more stable chemical structure
that is less vulnerable to changes in solution conditions. Because the
mechanism of virus removal is adsorption, this difference may be due to
differences in pl and the nature of the electrostatic interactions between
the virus surfaces and the guanidine groups.

Providing simple and low-cost methods to purify water, especially in
locations without established water-treatment facilities, is critical. This
work shows these modified cellulosic materials have the potential to be
developed into effective water purification membranes for the removal
of pathogenic organisms from drinking water and removal of chlorine
from wastewater. It also shows that while hydrogen-bonding the active
species to the fiber mat may be simpler, that different results, and in this
work, better results were achieved by covalently binding the active
species. In the future, the kinetic adsorption and the adsorption iso-
therms of the guanidine modified cellulose nanofibers should be
explored to understand the adsorption mechanism better, and specif-
ically, explain the difference between PPV adsorption and covalently
bonded and hydrogen-bonded guanidine groups, and to further evaluate
the performance of nanofibers in water purification. A better under-
standing of these differences can allow even better membranes to be
made to achieve the goal of purification of drinking water with the large
pore-sized modified cellulose membranes and control waterborne viral
disease outbreaks. These membranes can also assist in the second goal of
a simple filtration method to remove chlorine from wastewater and
reduce the threat to aquatic organisms.

4. Experiment section
4.1. Materials

Microcrystalline cellulose (MC) powder, N,N-dimethylformamide
(DMF) (99.8%, anhydrous), thionyl chloride (SOCly) (reagent grade,
97%), ammonium hydroxide (reagent grade, 28.0-30.0% NHg basis),
sodium hydroxide (NaOH) (ACS reagent, >97% pellets), guanidine hy-
drochloride (>99.0%), ethanol (ACS reagent, < 0.003% water), poly-
vinyl alcohol (PVA) (98-99% hydrolyzed, Mw = 146,000-186,000),
glutaraldehyde (Grade I, 70% in H50), thiazolyl blue tetrazolium bro-
mide (MTT salt) (>97.5%), and sodium dodecyl sulfate (SDS) (for mo-
lecular biology, > 98.5%) were all purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate buffered saline (PBS) (pH = 7.2) was purchased
from Life Technologies (Grand Island, NY). Hydrochloric acid (HCI)
(12.1 M) was purchased from VWR (Radnor, PA). A chlorine standard
(100 ppm, ClI (C-9A)), iodide reagent (I-55), and acid reagent (A-13)
were all purchased from North Central Laboratories (Birnamwood, WTI).
Sodium hypochlorite (Azone 15) was from Hawkins, Inc (St. Louis, MO).
All aqueous solutions were prepared using purified water with a re-
sistivity of >18 MQ cm from a Nanopure filtration system (Fisher Sci-
entific, Pittsburgh, PA).
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4.2. Preparation of MC-G¢

4.2.1. Synthesis of chlorodeoxycellulose (MC-Cl)

The MC-Cl was synthesized using a previously reported halogenation
method [28,58] (Scheme 1A), with minor modifications. First, MC (2.5
g, 15 mmol) was suspended in 50 mL of DMF and then heated at 80 °C
for 12 h to activate the cellulose before the reaction. SOCl, (8.75 mL,
14.4 g, 120 mmol) was slowly added to the MC solution while main-
taining the temperature at 80 °C for 4 h under mechanical stirring. Then,
the reaction solution was cooled to room temperature, and filtered to
obtain the solid MC-Cl. The solid was washed five times with ammonium
hydroxide (pH 7, 5 mL, 5 M) and then Nanopure water (100 mL). The
solid chlorinated product MC-Cl was dried under vacuum at room
temperature for 4 h.

4.2.2. Synthesis of MC-G¢

For the preparation of MC with covalently bonded guanidine [59]
(Scheme 1A), MC-Cl (0.5 g) was first suspended in 5 mL of Nanopure
water in an ice bath for 10 min. The guanidine hydrochloride (0.25 g,
2.6 mmol) was dispersed in 7.5 mL of NaOH (0.8 M) solution that had
been pre-cooled in an ice bath for 10 min. Then, the guanidine hydro-
chloride solution was added dropwise to the cooled MC-CI suspension.
The mixture was stirred in the ice bath for 3 h and stirred at room
temperature for an additional 12 h. The reaction solution was filtered,
washed five times with Nanopure water (10 mL) and ethanol (10 mL),
and dried under vacuum at 70 °C for 4 h to obtain the MC-G¢ solid.

4.2.3. Dissolution of MC-G¢ in NaOH

The synthesized MC-Gc solid (0.5 g) was further dissolved in 13.45
mL of NaOH (2.3 M) solution [60,61], frozen at —80 °C for 12 h, and
thawed at room temperature. A 6.55 mL aliquot of Nanopure water was
added to the thawed MC-G¢ and gently stirred for 15 min to obtain a
homogenous light brown gel-liquid (SI Fig. S1A).

4.3. Preparation of MC-Gy

To form a hydrogen bond between guanidine and MC [23] (Scheme
1B), the MC (2.0 g, 12 mmol) was first dissolved in 53.8 mL NaOH (2.3
M), then frozen at —80 °C for 12 h, and then thawed at room temper-
ature [60,62]. Guanidine hydrochloride (1.0 g, 10 mmol) was dissolved
in 26.2 mL Nanopure water, and then this solution was added to the MC
solution with gentle stirring, which was continued for 15-30 min to
obtain the MC-Gy solution, which was a homogeneous pale-yellow
gel-liquid (SI Fig. S1B).

4.4. Electrospinning of MC-G¢/PVA and MC-Gy/PVA blends

A 10 w/v% PVA solution was prepared by dissolving PVA (1.0 g) in
10 mL of Nanopure water at 85 °C with stirring for 1 h. The homoge-
neous MC-G¢/PVA spinning solution was prepared at a ratio of 2:1 MC-
G¢: PVA. The total solid content of the MC-G¢/PVA spinning solution
was 9.2 w/v%, and the final pH was 12. Similarly, the homogeneous MC-
Gy/PVA spinning solution was also prepared at a ratio 2:1. The total
solid content of the MC-Gy/PVA spinning solutions was 10 w/v%, and
the final pH was 10.

The description of the home-made electrospinning apparatus has
been illustrated in previous work [63]. The electrospinning solutions
were put into a 3 mL disposal plastic syringe with detachable needles
(0.6 mm x 40 mm) (Fisher Scientific, Pittsburgh, PA). The needle was
connected to a Glassman positive DC high voltage power supply (High
Bridge, NJ) to generate voltages in the range of 0-30 kV, while the
ground was connected to a rotation drum collector covered with
aluminum foil and operated by an ElectroCraft TorquePower motor
(Gallipolis, OH). The electrospun nanofibers were collected on What-
man filter paper circles, which were taped on the aluminum foil and
used to support the nanofibers. A multi-speed syringe pump (Braintree
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Scientific Inc., Braintree, MA) was used to feed the solution at a constant
rate.

The MC-G¢/PVA and MC-Gy/PVA solutions were spun using a flow
rate of 4.5 mL/h, and an applied voltage of 20 kV. The tip-to-collector
distance was 5 cm, and the rotation speed of the drum collector was
1500 rpm.

4.5. Crosslinking of MC-G¢/PVA and MC-Gy/PVA nanofibers

The MC-G¢/PVA and MC-Gy/PVA nanofibers were crosslinked using
30% glutaraldehyde vapor at 37 °C for 4 h [37]. The crosslinked
nanofibers were washed with water and dried in a Gold Series DP-32
vacuum drying oven (Ontario, Canada) at 120 °C for 1 h to remove
any unreacted glutaraldehyde [37].

4.6. Characterization

Fourier transform infrared (FTIR) spectra were obtained using a
PerkinElmer Spectrum One FTIR spectrometer (Shelton, CT). The
spectra of MC, MC-Cl, MC-G¢, and MC-Gy were measured over an
absorbance range of 4000-400 cm ™! range with a resolution of 4 cm™?,
Elemental analysis was performed by Micro-Analysis Inc. using the
following methods: %CHN analysis-combustion/thermal conductivity
detector and %Cl-O5 flask combustion/ion chromatography.

To determine the stability of crosslinked electrospun nanofibers
against water, the MC-G¢/PVA and MC-Gy/PVA nanofibers were
immersed in room temperature water for the designated time and then
dried in the drying oven at 120 °C for 1 h.

The average weight of nanofibers was obtained using the mass of the
supporting filter paper before and after collecting the fibers. The density
of nanofibers was calculated by the ratio of the weight to the area of the
Whatman filter paper. The weight loss percentage was calculated using
Eqn. (1):

Weight loss (%) = (W) x 100 )
dry

where Wimmersed in water iS the average weight of nanofibers immersed in
water for a corresponding time, and wy;y is the initial weight of nano-
fibers before contact with water.

The nanofiber morphology was observed using a Hitachi S-4700 cold
field emission scanning electron microscope (FE-SEM) (Tustin, CA),
using an acceleration voltage of 5 kV and magnification ranging from
1000 x to 10,000 x . Due to the non-conductive nature of the nano-
fibers, they were coated with 3 nm of platinum/palladium with a sputter
coater (Hummer Sputtering System, Union City, CA) at a rate of 0.1 nm/
min, prior to imaging. Fiber diameter and pore size were determined
with the aid of ImageJ software with measuring 50 random fibers, and
25 random pores from four micrographs.

4.7. Virus removal from drinking water

Porcine kidney (PK-13) cells and porcine parvovirus (PPV) strain
NADL-2 were a gift from Dr. Ruben Carbonell, North Carolina State
University. Baby hamster kidney (BHK-21) cells and Sindbis virus (heat-
resistant strain) were a gift from Dr. Raquel Hernandez, North Carolina
State University. PPV was propagated in PK-13 cells, and Sindbis virus
was propagated in BHK-21 cells [64]. Both types of viruses were titrated
with a cell viable MTT assay, as described previously [37,64]. Briefly,
either 8 x 10* cells/mlL. PK-13 cells (to titrate PPV) or 1.1 x 10° cells/mL
BHK-21 cells (to titrate Sindbis virus) were seeded into a 96-well plate.
The volume added was 100 pL/well. After 1-day incubation, 25 pL/well
of virus sample was added to the corresponding host cells in quadru-
plicate and serially diluted across the plate. After 5 days (for PPV) or 2
days (for Sindbis virus), 10 pL/well of 5 mg/mL MTT salt in PBS (pH 7.2)
was added to the plate. After 4 h, 100 pL/well of solubilizing agent,
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consisting of 10 w/v% SDS in 0.01 M HCI (pH 2.5) was added to the
plate. After 4-20 h, the plates were read for absorbance at 550 nm on a
Synergy Mx monochromator-based multi-mode microplate reader
(Winooski, VT). The virus dilution that killed 50% of the host cells is
defined as the virus titer MTTsgq [64].

To determine the amount of virus adsorbed to the nanofibers, the log
removal value (LRV) was calculated as,

LRV = — logl(,(g) )

where ¢y is the virus concentration after water purification, and ¢; is the
initial virus concentration.

For virus removal studies [37], one layer of 0.5 cm? punched filter
paper containing either MC-G¢/PVA nanofibers, or MC-Gy/PVA nano-
fibers was placed into a 1.5 mL non-stick surface micro-centrifuge tube,
which contained 500 pL of 6 log1o (MTTso/mL) of the virus in water. One
layer of the same size of punched blank filter paper without nanofibers
was also put into a separate tube as a control. Tubes containing fibers
and blank were rotated for 10 min on a Roto-shake Genie rocker (Sci-
entific Industries Inc., Bohemia, NY). Then, the nanofibers were
removed from the tubes, and the virus solutions were centrifuged for 30
min at 14,000 rpm in a Sorvall ST16R centrifuge (Thermo Scientific,
Pittsburgh, PA) to remove any remaining fibers in the tubes. The su-
pernatant was removed and tested with the MTT assay to determine the
concentration of the infectious virus and calculate the LRV.

4.8. Chlorine removal from wastewater

For the chlorine removal study, a standard iodometric electrode
method [56] was used to measure the concentration of residual chlorine
in the wastewater. This method is based on iodometric measurements of
chlorine and requires the addition of an iodide reagent and an acid re-
agent to a sample before measurement. The iodide will react completely
with the chlorine (hypochlorite ion) to form iodine in an acid medium
[57]. To measures the iodine concentration, which equals the total re-
sidual chlorine concentration before reaction, a Thermo Scientific Orion
ion selective electrode (ISE) meter (pH/ISE meter) with a residual
chlorine probe (Orion Cat# 977013NWP, with a limit of detection
0.2-20 ppm) was used. The chlorine electrode was calibrated using the
manufacturer’s instructions with chlorine standards (1, 10, and 20
ppm). The electrode slope of the 3-point standard curve was determined
to be 29.1 mV, which was within the reference value range from 25 to
30 mV to indicate the electrode operating normally. Chlorinated
wastewater was prepared by the addition of sodium hypochlorite to DI
water. To measure the initial concentration of chlorine in the waste-
water, a mixture of 1 mL of acid reagent and 1 mL of iodide reagent was
added to 100 mL of wastewater, stirred for 10 min, and measured with
the chlorine probe. For the dechlorination of wastewater, either the
MC-G¢/PVA nanofibers or MC-Gy/PVA nanofibers were added to the
100 mL wastewater, incubated for 10 min, and taken out. The blank
filter paper without nanofibers was the control. The acid and iodide
reagents were then added to the treated wastewater, and the final con-
centration of chlorine was measured. The percentage of chlorine
removal was determined by

G — G

i

Chlorine removal (%) = ( ) x 100 3)

where cs is the chlorine concentration after nanofibers treatment, and c;
is the initial chlorine concentration.
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