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ABSTRACT: Electrospun nanofibers (NFs) incorporated with catalytically

active components have gained significant interest in chemical protective G jj\
clothing. This is because of the desirable properties of the NFs combined with ) Al A
decontamination capability of the active component. Here, a series of metal Rapid B
hydroxide catalysts Ti(OH),, Zr(OH),, and Ce(OH), were incorporated into )i )
three different polymer NF systems. These new polymer/metal hydroxide _____ ::R‘: " ”TOX'C P 833 5
composite NFs were then evaluated for their catalytic activity against a nerve 11110 (0T 7T FPIT T

. 1. . [Homogeneous ] [Aggregated
agent simulant. Two methods were utilized to incorporate the metal Drecireor Method Treditionsl o
hydroxides into the NFs. Method one used direct incorporation of Ti(OH),,
Zr(OH),, and Ce(OH), catalysts, whereas method two employed incorpo- \:/

ration of Ti(OH), via a precursor molecule. Composite NFs prepared via
method one resulted in greatly improved reaction rates over the respective
pure metal hydroxides due to reduced aggregation of catalysts, with polymer/
Ce(OH), composite NFs having the fastest reaction rates out of method one
materials. Interestingly, composite samples prepared by method two yielded the fastest reaction rates overall. This is because of
the homogeneous distribution of the metal hydroxide catalyst throughout the NF. This homogeneous distribution created a
hydroxyl-decorated NF surface with a greater number of exposed active sites for catalysis. The hydroxyl-decorated NF surface
also resulted in an unexpected highly wettable composite NF, which also was found to contribute to the observed reaction rates.
These results are not only promising for applications in chemical protective clothing but also show great potential for
application in areas which need highly wettable membrane materials. This includes areas such as separators, antifouling
membranes, and certain medical applications.

Wettable
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H INTRODUCTION multifunctional fabric. Because of this, electrospun composite
NFs have shown great potential to improve current chemical/
biological (CB) protective clothing. CB protective clothing are
designed to protect the wearer from exposure to chemical
threats.

Recent efforts by Ryu et al. explored using NF composites
with laminated inner and outer layers for CB protective
clothing.'* The outer layer was made from a meta-aramid NF
with MgO and POM as chemical absorbents, whereas the

Textiles both woven and nonwoven are used in every aspect of
the modern day life. This ranges from clothing to filtration
membranes,' > battery separators,” ® and certain medical
applications.”™” Continued development of nanotechnology
has allowed for vast improvements in the properties of these
textiles. A technique known as electrospinning has shown
significant interest for making these next-generation textile
materials. This is because of the ease and simplicity of the

technique to create nonwoven nanofibers (NF).'” These NF inner layer comprised Nylon 66 with the same absorbents.
materials have many desirable properties such as controllable
porosity, high surface-to-volume ratio, and great particle Received: June 14, 2019
protection.'' " Additionally, this technique has the advantage Accepted: August 1, 2019
of easily incorporating active materials into the NFs to create a Published: August 1, 2019
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However, this clothing, like the current activated carbon-based
CB clothing, only absorbs the agent leaving the clothing
contaminated and dangerous. Because of this, significant effort
has been focused on introducing catalytic activity to these CB
protective clothing to greatly improve the safety of the
clothing. Ying et al. showed the use of guanidine-functionalized
Nylon 66 NFs to create a catalytically active NF fabric."* Their
work showed successful decontamination of nerve agent
simulant.

However, functionalization of NFs and other fabrics with
metal—organic frameworks (MOFs) has dominated this area of
CB protective clothing research in recent years. MOFs are a
class of highly porous, adsorbent, and customizable crystalline
materials.'*'® MOFs have been of high interest for these
applications because of the ability of some of these MOFs to
decontaminate chemical warfare agents (CWAs), both nerve
and Dblister agents.'””>’ Several works have been reported
showing successful incorporation of MOFs in NFs and other
polymer supports.”*"** These new multifunctional materials
have decontamination ability toward simulant and nerve agents
with potential for use in CB protective clothing applications. It
is generally agreed that the active component in MOFs for
hydrolysis of nerve agents, which are toxic organophosphates,
are the metal nodes. Specifically, the exposed hydroxyl groups
on the metal nodes.””** For zirconium-based MOFs such as
Ui0-66, UiO-66-NH,, and NU-1000, the active sites are the
zirconium hydroxide groups on the nodes.>

Work done in 2012 by Peterson et al. showed that
commercially available zirconium(IV) hydroxide (Zr(OH),)
had rapid heterogeneous hydrolysis of nerve agents.
However, since then, very little work has been carried out to
explore using this metal hydroxide in NF composites for CB
protective clothing application because of the advent of MOF
research. In this work, Zr(OH), was incorporated into
different NF composites using electrospinning. This was
done to understand the effects of incorporating metal
hydroxide materials in NF systems for CB protective clothing
application. The metal hydroxides, titanium hydroxide (Ti-
(OH),) and cerium(IV) hydroxide (Ce(OH),) were also
explored.

Additionally, three different polymer host systems were used
to evaluate the effect of the polymer NF on the catalytic
activity of the final composite. Polyvinylidene fluoride
(PVDF), polymethylmethacrylate (PMMA), and polystyrene
(PS) were used to make the polymer/M(OH), composite
NFs. Finally, two different incorporation methods of Ti(OH),
were used to make the polymer/Ti(OH), composite NFs. In
method one, Ti(OH), powder was added directly to the
polymer solution step of the NF fabrication before electro-
spinning. This is identical to the incorporation method for
polymer/Zr(OH), and polymer/Ce(OH), composites. In the
second method, a precursor molecule of Ti(OH),, titanium-
(IV) isopropoxide (TTiP), was added to the polymer solution
before electrospinning. When electrospun, the TTiP will
spontaneously hydrolyze to Ti(OH), from reaction with
water in the air. These two incorporation methods will be
compared to determine the effects on the properties of the final
composite.

It is predicted that Ce(OH), and its corresponding
composite NFs will have the fastest reaction rates. This is
because of the known 4f-orbital contribution of the Ce(IV),
which has been shown to give it signiﬁcantly improved
hydrolysis rates for organophosphates.’® Additionally, Ce-

MOFs have been shown to outperform Zr-MOFs for the same
reason.”” Zr(OH), and its corresponding composite NFs are
likely to follow Ce(OH),. This is because of the complex
surface chemistry of Zr(OH), which has been shown to §ive it
rapid catalytic hydrolysis toward organophosphates.” No
reports have been found using Ti(OH), for organophosphate
hydrolysis, and so its rate cannot be predicted.

B RESULTS AND DISCUSSION

The metal hydroxides, (M(OH),), Ce(OH),, and Zr(OH),
are available commercially. However, Ti(OH), is not and must
be synthesized in-house from titanium(IV) isopropoxide
(TTiP). The synthesis was performed using a modified
procedure from Yuan et al.”” Before fabricating the polymer/
M(OH), composites, the chemical composition of the
synthesized Ti(OH), was verified. The composition of the
commercially available Ce(OH), and Zr(OH), were also
confirmed.

Powder X-ray diffraction (PXRD) was performed on the
samples and showed no significant crystal structure for both
Ti(OH), and Zr(OH),, Figure S2. This is consistent with the
primarily amorphous structure of the Zr(OH), reported in the
past, which also suggests that Ti(OH), is predominantly
amorphous.” On the other hand, Ce(OH), does show
significant crystal structure. Diffuse reflectance infrared spec-
troscopy (DRIFTS) of Ti(OH),, Zr(OH),, and Ce(OH),
show broad alcohol stretches at 3300 cm™, Figure S3. This is
from the hydroxyl group bound to the metal because all of the
physisorbed water was removed prior to the measurement. A
peak at 1037 cm™' is present in the DRIFTS spectrum of
Ce(OH), and is a result of Ce—O stretching. This is not
observed for Zr(OH), and Ti(OH), because they are expected
to appear closer to 600 cm™, which is below the cut-off for the
spectrum. Peaks from hydrogen—oxygen—hydrogen stretches
(~1650 cm™) were present for all three metal hydroxides and
can be used as an indicator for the presence of the metal
hydroxides in the respective polymer/M(OH), composites.
Raman spectra of the three metal hydroxides in Figure S4 show
signals from 50 to 1050 cm™ corresponding to the M—O
vibrations. The broad Ti—O signals suggest poor crystallinity
of the Ti(OH), structure, which is in good agreement with the
PXRD. Thermal analysis of the metal hydroxides shows
significant mass loss for all metal hydroxides beginning around
80—100 °C, Figure SS. Mass spectrometry analysis shows that
this major mass loss is due to water, likely from both absorbed
water and loss of water from conversion of the metal
hydroxides to their respective metal oxides.

Potentiometric acid—base titration experiments have been
used in the past to evaluate the pK, environments of both
MOFs and metal hydroxides, which can give insight to the
reactivity of the material.*>*® Here, potentiometric acid—base
titrations were performed on Ti(OH), Zr(OH),, and
Ce(OH), by keeping the total moles of metal hydroxides
consistent. The titration for each metal hydroxide is shown in
Figure S6. The pK, for Ti(OH),, Zr(OH),, and Ce(OH), are
3.4, 4.8, and 3.9, respectively. However, these materials are
known for having multiple pK, environments.”* Both Zr(OH),
and Ce(OH), showed one single inflection point at a pH of
7.51 and 7.26. Ti(OH), appears to have two inflection points
with the major inflection point occurring at a pH of 4.69 and
the minor inflection point occurring at 8.6.

Finally, the surface area (SA) of the different metal
hydroxides was evaluated using N, isotherm measurements.

DOI: 10.1021/acsami.9b10440
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First, adsorbed water was removed by degassing the samples at
either 60 or 120 °C before the N, isotherm experiments.
PXRD was also taken after both activation temperatures to
determine if there is any change in the structure from metal
oxide formation. The N, isotherms for the metal hydroxides
are shown in Figure 1 with the Brunauer—Emmett—Teller
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Figure 1. N, isotherms of metal hydroxides degassed at 60 °C.

(BET) SA shown in Table S1. All samples showed about a 10%
decrease in SA at the higher activation temperature of 120 °C.
The PXRD does not show any additional diffraction peaks
arise from the formation of metal oxide, Figure S7. The BET
SA of Zr(OH), was 441 cm®/g, which is consistent with the
literature.”” Ti(OH), also had a SA comparable to Zr(OH),
with 414 cm®/g, whereas Ce(OH), had a low SA of 56 cm®/g.

With the metal hydroxides, fully characterized polymer/
M(OH), NF composites were made using electrospun PVDF,
PMMA, and PS. A sample was made for each combination of
polymer and metal hydroxide. For clarity, polymer/Ti(OH),
composite NFs prepared using method two will be designated
as polymer/TTiP. The polymer/M(OH), composites are first
characterized with DRIFTS and Raman spectroscopy. DRIFTS
of all three polymer sets showed that the pure polymer NF
spectra was very similar to the respective polymer composite
spectra, with O—H (~3301 cm™) and H-O-H (~1614
cm™') signals emerging for samples with a metal hydroxide,
Figures 2—4. Interestingly, there were a few significant
differences between the composite and the pure polymer
NFs for the PVDF and PS samples. For the PS sample set, the
strong peak at 679 cm™' is characteristic for ring deformation
of the phenyl group in the PS, Figure 2. When incorporating a
metal hydroxide into the composite NF, the signal increases
with respect to the molar loading of the metal hydroxide.
Samples with the highest molar loading of the metal hydroxide,
PS/Ti(OH), and PS/TTiP, had the strongest ring deformation
signal. This indicates that incorporation of metal hydroxides
into the PS NF distorts the polymer structure.

A similar phenomenon is seen with the PVDF composite
samples. When incorporating metal hydroxides into the PVDF
NF, two distinct signals emerge at 1496 and 1450 cm™’, Figure
3. These signals are identified as CH, deformation, which again
suggests that incorporation of metal hydroxides results in a
deformed polymer structure. Evidence of polymer deformation
is not observed in the PMMA samples and is likely due to the
strong C=0O and CHj signals in the region where the CH,
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Figure 4. DRIFTS of PMMA/M(OH), composite NFs.

deformation would occur, Figure 4. The Raman spectra of the
different polymer/M(OH), composites did not show evidence
of polymer deformation but did show evidence of the presence
of a metal hydroxide for PVDF/Ce(OH),, PVDF/Zr(OH),,
PMMA/Ti(OH),, PMMA/TTiP, PMMA/Ce(OH),, PMMA/
Zr(OH),, and PS/Ce(OH), samples, Figures S8—10.

DOI: 10.1021/acsami.9b10440
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Scanning electron microscopy (SEM) was performed on
each set of samples to determine what effect(s) the
incorporation of a metal hydroxide has on the morphology
of the respective polymer NF. The SEM images of the pure
PVDF, Figure S, PMMA, and PS NFs, Figure S11, show

| C: PVDF/Ti(OH),
D: PVDF/TTiP
E: PVDF

Figure S. SEM images of PVDF/M(OH), composites. Scale bars are
at 1 ym.

relatively smooth morphology with no aggregation. When
incorporating Ti(OH),, Zr(OH),, and Ce(OH), into each
respective polymer, significant aggregation is present in the
NFs. The average diameter of the PMMA and PS composite
samples appears to increase as well with the incorporation of
Zr(OH), and Ce(OH), As for the polymer composites
incorporated with TTiP, no aggregation is present in the SEM.
This indicates that the distribution of Ti(OH), in the NFs for
method two results in a uniform distribution of Ti(OH), with
no aggregation.

Next, both the thermal stability and mass loading of the
metal hydroxides were evaluated using thermogravimetric
analysis (TGA). TGA experiments were performed under O,
with N, protective gas and a heating ramp of 20 °C per minute
up to 800 °C. The remaining mass after heating is the metal

oxide formed from the respective metal hydroxide. This can
then be back calculated to determine the total mass of the
metal hydroxide in the polymer composite sample. The TGA
of the polymer/M(OH), composite samples are shown in
Figure S12. No clear trend can be deciphered from the thermal
analysis of the different polymer/M(OH), using Ti(OH),,
Zr(OH),, and Ce(OH),. On the other hand, the polymer/
TTiP samples all showed consistent decreases in thermal
stability. It is unclear as to the reason why incorporating of
Ti(OH), via method two results in reduced thermal stability.
But it is likely linked to the homogeneous distribution of
Ti(OH), in the NFs.

Table S2 shows the mass loading of metal hydroxides in
each of the polymer composites calculated from the TGA. The
theoretical weight percent for each of the samples is 44.9.
However, the fabrication process causes some variation in the
amount incorporated. This may be due in part by the
aggregation seen with the metal hydroxides incorporated as a
powder as suggested in TGA experiments performed by
Peterson et al. with MOF systems.*’

After full characterization of the metal hydroxides and their
respective polymer/M(OH), composite NFs, the catalytic
activity of these samples was evaluated. The catalytic activity
was evaluated using a well-known procedure with a nerve agent
simulant, O,0-dimethyl O-(4-nitrophenyl) phosphate
(DMNP).*" Each degradation experiment was performed in
triplicate, and the half-lives are shown in Table 1 and Figure 6
with percent conversion plots in Figure S13. The reaction rates
achieved for the Ti(OH),, Zr(OH),, and Ce(OH), powders
where 1430, 484, and 183 min half-lives respectively. Zr(OH),
reactivity toward VX nerve agents has shown rapid
decontamination in the past for a reaction without buffer.”®
However, in this case, in a buffered solution against the CWA
simulant, DMNP, the reaction is slow.

Ti(OH), had a comparable SA to Zr(OH),, which suggests
that the pK, of Ti(OH), plays a significant role in the observed
catalytic activity. Ce(OH), had both a low pK, and BET SA.
This suggests that the rate of DMNP hydrolysis for Ce(OH),
should be lower than that for Zr(OH),, but the opposite is
observed. These results support the original hypothesis that the
Ce(OH), would have the fastest reaction rate because of the
known contribution of the 4f-orbitals and in fact appears to be
the primary reason for its high reactivity.”>*°

Table 1. DMNP Half-Lives Using M(OH), and Polymer/M(OH), Composite Samples with Both Calculated (Theoretical) and

Measured (TGA) mol Loadings of Catalyst

0,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP) half-lives (min.)

Ce(OH), 183 + 25 52 + 19 105 + 25 157 + 40
measured N/A (24.9 pmols) (24.7 pmols) (19.0 umols)
calculated (46.6 pumols) (25.9 umols) (25.9 umols) (25.9 umols)
Zr(OH), 484 £ 19 184 +£ 11 207 + 16 303 + 26
measured N/A (26.6 pmols) (32.3 ymols) (28.6 umols)
calculated (46.6 pumols) (33.9 umols) (33.9 umols) (33.9 umols)
Ti(OH), 1430 + 227 724 + 30 630 + 0 891 £ 172
measured N/A (38.0 umols) (36.4 umols) (52.3 umols)
calculated (46.6 umols) (46.6 umols) (46.6 umols) (46.6 umols)
TTiP N/A 135 + 8 52 + 13 40 +£3
measured N/A (40.7 umols) (55.1 umols) (51.1 umols)
calculated (46.6 pumols) (46.6 pumols) (46.6 umols) (46.6 umols)

2310 6931 3466

PVDF PMMA Polystyrene

31381 DOI: 10.1021/acsami.9b 10440
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Figure 6. Plot of half-lives vs metal hydroxide with their respective
polymer composites.

Incorporation of Ti(OH), Zr(OH),, and Ce(OH), into
polymer NFs of either PVDF, PMMA, or PS showed vast
improvements in catalytic activity for all of the polymer/
M(OH), combinations. The activity of Ti(OH), improved
from a half-life of 1430 to 724, 630, and 891 min for PVDF,
PMMA, and PS, respectively. Zr(OH), improved from 484 to
184, 207, and 303 min for PVDF, PMMA, and PS. Finally,
Ce(OH), improved from 183 to 52, 10S, and 157 min for
PVDF, PMMA, and PS. The significant improvements seen
when incorporating metal hydroxides into a polymer NF is
attributed to the improvement in distribution of the metal
hydroxide, minimizing the amount of aggregation and exposing
more active sites. It is also important to note that for both the
polymer/Zr(OH), and polymer/Ce(OH), composite NFs, the
amount of active catalyst used in the degradation experiment
was less than that used for the pure metal hydroxide
experiments. And yet, the reactions achieved are still
significantly faster.

Each of the different sets of polymer/M(OH), composites
showed the same trend as the powder metal hydroxides with
polymer/Ti(OH), composites having the slowest rate followed
by polymer/Zr(OH),, and polymer/Ce(OH), composites
having the fastest rate of hydrolysis, Figure 6. Interestingly, it
was found that the polymer used does affect the reaction rate
of the final polymer/M(OH), composite. The PS/M(OH),
composites were shown to have the slowest reaction rate out of
the three polymer systems followed by PMMA/M(OH),. The
PVDF/M(OH), composites overall had the fastest reaction
rates for Ti(OH),, Zr(OH),, and Ce(OH), composites. The
one exception to this trend is with the PMMA/Ti(OH),
composite, which is the fastest of the trio of samples.
Surprisingly, the polymer/TTiP samples achieved half-lives of
135, 52, and 40 min for PVDF/TTiP, PMMA/TTiP, and PS/
TTiP, respectively. These rates were even faster than most
polymer/Ce(OH), samples.

To better understand the trends observed using the different
polymer systems as well as explain the rapid rates achieved for
the polymer/TTiP composites, the wettability of the polymer/
M(OH), samples were evaluated. Water contact angle
measurements were performed first and showed that PVDF,
PMMA, and PS polymer NFs were all hydrophobic with
contact angles around 140°, Table S3 and Figures 7 and S14.
Incorporation of the metal hydroxides, Ti(OH),, Zr(OH),,
and Ce(OH), did not show any significant change in the

Figure 7. Pictures of water wetting extents of PVDF (E), PVDF/
TTiP (D), PVDE/Ti(OH), (C), PVDF/Zt(OH), (B), PVDE/
Ce(OH), (A), PMMA (J), PMMA/TTiP (I), PMMA/Ti(OH), (H),
PMMA/Zr(OH), (G), PMMA/Ce(OH), (F), PS (O), PS/TTiP
(N), PS/Ti(OH), (M), PS/Zr(OH), (L), and PS/Ce(OH), (K)
samples with added color for contrast.

contact angle from the pure polymer NF. Interestingly, the
polymer/TTiP samples all showed complete wetting by
contact angle measurements. Complete wetting via contact
angle measurements for PVDF/TTiP NFs was reported before
by our group but a comprehensive study explaining the reasons
for the improved wetting and its effects on the catalytic activity
has not been performed before.”” The complete and rapid
wetting explains the fast reaction rates observed for the
polymer/TTiP samples. This rapid wetting allows both DMNP
and water to penetrate and saturate all active sites on the
surface and within the composite resulting in the fast rates
observed.

Although the water contact angle measurements explain the
fast rates achieved for the polymer/TTiP samples, they do not
explain the observed trends between different polymer systems.
To further evaluate the wettability of the different polymer
systems, water uptake measurements were performed. This was
performed using a modified procedure for evaluating electro-
lyte uptake of battery separators.*”** The measurements were
taken after 2 h of soaking. The first trial showed water uptakes
of 577, 346, and 149% for PVDF, PMMA, and PS, respectively,
Table S4. This supports the trends observed between the
PVDF/M(OH),, PMMA/M(OH),, and PS/M(OH), compo-
sites in the DMNP experiments. However, trials two and three
do not follow this trend. This is potentially due to the use of
different batches between trials. Regardless, further wetting
tests will be necessary to support the polymer wettability
hypothesis for the trends observed.

The complete wetting and fast reaction rates observed with
the polymer/TTiP composites are explained by the homoge-
neous distribution of Ti(OH), in the NFs. This very uniform
distribution is hypothesized to result in the surfaces of the
respective polymer NFs being decorated uniformly by the
hydroxyl groups of Ti(OH),, Figure 8. This gives the polymer

DOI: 10.1021/acsami.9b10440
ACS Appl. Mater. Interfaces 2019, 11, 31378—31385
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the high-surface energy seen in the wetting experiments as well
as fast reaction rates.
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Figure 8. Illustrations of polymer/TTiP surface with uniform
distribution of hydroxyl groups compared to the polymer/Ti(OH),
surface with nonuniform hydroxyl distribution.

The rapid reaction rates achieved are due to vast numbers of
hydroxyl active sites being available on the surface of the
polymer. Additionally, the rapid wetting allows for DMNP
simulant to easily penetrate the surface of the polymer and
react with any additional active sites imbedded within the
polymer composite NF. However, this does not explain the
differences in reaction rates between PVDF/TTiP and the
other two polymer/TTiP systems. The significant differences
are attributed to the dispersion of the polymer/TTiP
composite in the degradation experiment. Both the PMMA/
TTiP and PS/TTiP form a slurry when added to the aqueous
buffer solution but the more physically durable PVDF/TTiP
retains its structure and does not form a slurry, Figure 9.

Figure 9. Pictures of PVDF/TTiP (A), PMMA/TTiP (B), and PS/
TTiP (C) before stirring and PVDF/TTiP (D), PMMA/TTiP (E),
and PS/TTiP (F) after stirring for 30 min in aqueous buffer solution.

The slurry formed by PMMA/TTiP and PS/TTiP is directly
related to the physical durability of the PMMA and PS NFs.
Both polymer NFs are very fragile and can tear easily. When
combined with the improved wettability, the buffer can
penetrate the material and allow for swelling and eventually
disintegration of the polymer composites. On the other hand,
PVDF NFs are very durable and can easily retain their
structure when swollen with the buffer. Therefore, the faster
reaction rates by the PMMA/TTiP and PS/TTiP are because

of the ability of the two composites to form a slurry in solution.
This allows for a more uniform distribution of the catalyst in
the degradation experiment, resulting in faster observed rates.

B CONCLUSIONS

This work has demonstrated a fundamental and comprehen-
sive study of the catalytic hydrolysis of a nerve agent simulant
using the metal hydroxides, Ti(OH),, Zr(OH),, and Ce(OH),
incorporated in different polymer composite NFs. It has been
demonstrated that the difference in activity between polymer/
Ti(OH), and polymer/Zr(OH), composites is related to a
combination of both pK, and SA of the respective metal
hydroxides, with the lower pK, and SA of Ti(OH), resulting in
a slower reaction rate than the Zr(OH),. However, for
polymer/Ce(OH), composites, fast rates were achieved
because of the well-known ability for Ce(IV) to utilize its 4f-
orbitals in the reaction. This has been shown in the past by
Shigekawa et al. for a homogeneous system and Islamoglu et al.
for a heterogeneous system with Ce-MOFs.*>3¢

Incorporation of these metal hydroxides into polymer NFs
using method one was shown to greatly improve the catalytic
rate of the polymer/M(OH), composite compared to the pure
metal hydroxide. This was due to decreased aggregation of the
respective metal hydroxide in the NFs. PVDF/Ce(OH),
composites had the fastest reaction rates out of the method
one materials and therefore have the greatest potential out of
the series. Interestingly, the fastest decontamination rates were
not achieved by the polymer/Ce(OH), composites as one
would expect from the decontamination tests with the pure
metal hydroxides. But rather with the composites incorporated
with Ti(OH), via method two using the precursor molecule
TTiP. The incorporation of TTiP during the polymer solution
step resulted in a homogeneous distribution of Ti(IV) within
the polymer solution. This homogeneous distribution of
Ti(IV) is seen in the final composite after electrospinning.
After hydrolysis, the TTiP forms a homogeneously distributed
Ti(OH), with no observed aggregation. This homogeneous
distribution results in a uniform distribution of catalytically
active hydroxyl groups over the surface of the composite NF
giving it improved reaction rates.

Additionally, the uniform hydroxyl coverage created a highly
wettable material. The greatly improved wettability is
hypothesized to contribute to the enhanced reaction rates as
well. This is because of the improved ability of simulant and
water to penetrate further into the materials and gain access to
more active sites. Finally, although these new polymer/TTiP
composite NF materials show rapid reaction rates for simulant
hydrolysis, there are some disadvantages. The PS/TTiP and
PMMA/TTiP composite NFs could not be used in CB
protective clothing due to the poor physical integrity of the
material. On the other hand, PS/TTiP and PMMA/TTiP
could be used as a cheap method for decontaminating
stockpiles of CWA. Because of the great structural integrity,
fast reaction rates, and great wettability the PVDF/TTiP
composite, it has the greatest potential for use in protective
clothing from the method two material.

This method for creating highly wettable composite NFs has
many other potential applications and is likely not limited to
TTiP precursor materials. It is speculated that other precursor
molecules like TTiP can be used to generate a homogeneous
solution prior to electrospinning and convert to the final
catalyst after electrospinning. Currently, this new method
allows fabrication of completely wettable membranes using
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essentially any polymer of choice. This eliminates restrictions
to certain polymer materials based on wettability. It has great
potential in the areas of antifouling membranes,*~*" battery
separators,”’>” biodegradable plastics,”> and certain medical
applications.”™
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