
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 0
2 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 1

0:
08

:4
1 

A
M

. 

View Article Online
View Journal  | View Issue
Polyoxometalate
aCornell University, 37 Forest Home Dr, It

cornell.edu
bCornell University, 37 Forest Home Dr, Itha

edu
cCornell University, Forest Home Dr, Ithaca

edu

† Electronic supplementary informa
10.1039/c6ra04456e

‡ Polyoxometalate (POM).

§ 10-Molybdo-2-vanadophosphoric acid (H

{ Chemical warfare agent (CWA).

k VX is an abbreviation for nerve gas used

Cite this: RSC Adv., 2016, 6, 85985

Received 19th February 2016
Accepted 31st August 2016

DOI: 10.1039/c6ra04456e

www.rsc.org/advances

This journal is © The Royal Society of C
(POM) grafted grooved
nanofibrous membranes for improved self-
decontamination†

N. E. Allen,*a S. K. Obendorfb and J. Fanc

Combining unique fiber morphologies with self-decontamination technologies can enhance degradation

of toxic compounds on fibrous substrates. Co-continuous electrospinning was used to fabricate

nanofibrous cellulose acetate membranes with unique, grooved fiber morphology due to the selective

dissolution of polyethylene oxide. The grooved cellulose acetate membranes were deacetylated to form

grooved cellulose membranes. A self-decontaminating polyoxometalate (POM)‡ (H5PV2Mo10O40)§ was

synthesized and used to functionalize the grooved nanofibrous membranes as well as non-grooved

nanofibrous membranes, pure cotton, 65/35 polyester/cotton fabrics and Tencel® peachskin fabric. The

POM-treated substrates were exposed to methyl parathion, a simulant of the chemical warfare agent

(CWA){ VXk, to evaluate the decontamination performance. It was found that the POM grafted, grooved

nanofibrous cellulose membrane has significantly improved self-decontamination, owing to increased

amount of POM grafted as a result of increased surface area. This work contributes to the use of novel

fiber morphologies in breathable chemical protective apparel to achieve better CWA decontamination

and comfort.
Introduction

Polyoxometalates (POMs) are heteropolyanions, which can
be used to oxidize or hydrolyze chemical warfare agents.
These reactions can degrade toxins into less harmful
byproducts. When the oxidation reaction occurs, the POM
is reduced. Oxygen or any oxidant in the system can then
re-oxidize the POM to its original state; the self-
decontaminating agent is regenerated to be used for
multiple decontamination cycles.1

In order to develop self-decontaminating chemical protec-
tive apparel, Hill's group2–5 and others6 have incorporated
POMs into bers and fabrics such as micro-/nanobers, pol-
yacrylic, nylon and cotton fabrics, and polyurethane sponges
to create catalytic self-decontamination of volatile organics,
air toxins, and chemical warfare agents.2,3,5,6 More recently,
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hemistry 2016
based on Hill's work, Lange and Obendorf showed that POMs
can be incorporated into metal organic frameworks-another
oxidization agent, at room temperature and grown on cotton
to improve self-decontamination performance in protective
clothing.7,8

Although POMs such as H5PV2Mo10O40 have been incorpo-
rated into cellulose substrates to degrade volatile organics and
chemical warfare agents such as CEES,** it is still unclear how
well they effectively degrade organophosphates.2,5,6 It is also
desirable to increase the loads of self-decontaminating
compounds in brous substrates to enhance the self-
decontaminating performance without compromising the
breathability and comfort of such materials.

It is therefore the objective of the present work to fabricate
grooved nanobrous membranes, functionalize them
with polyoxometalates (POMs), and evaluate their self-
decontamination performance in degrading toxic organo-
phosphates. The increased surface area of grooved nano-
brous membranes in comparison with non-grooved
nanobrous membranes and conventional textile substrates is
expected to increase the loads of POMs graed on the
ber surfaces, resulting in enhanced self-decontamination
performance.
** 2-Chloroethyl ethyl sulde (CEES) is a sulfur mustard analog. Sulfur mustard is
used as a chemical warfare agent.
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Experimental
Materials

Cellulose acetate (Mn 30 000) in powder form and poly(ethylene
oxide) (Mv 200 000) were obtained from Sigma-Aldrich, in
addition to the solvents acetonitrile HPLC grade from EMD
Chemicals, Inc and acetone from Mallinckrodt Chemicals, for
electrospinning. BD Sterill SCF 5 mL plastic syringes and
a Harvard Apparatus PHD ULTRA electrospinning device in
combination with a Gamma High Voltage Research voltage
source were used to fabricate the brous membranes. 100%
cotton plain-weave non-bleached swatches were obtained from
Testfabrics, Inc. The Tencel® test fabric samples were obtained
from Lenzing Corp. customer service. A standard solution of 0.1
N sodium hydroxide obtained from Sigma-Aldrich and ethanol
obtained from Mallinckrodt Chemicals were used for the
deacetylation process. H5PV2Mo10O40 was synthesized using
sodium molybdate dihydrate from EMD Chemicals, Inc,
sodium metavanadate from Sigma-Aldrich, sodium phosphate
dibasic from Sigma-Aldrich, 0.5 N sulfuric acid from Sigma-
Aldrich Fluka Analytical, and methanol HPLC grade from
Sigma-Aldrich. Tin(II) 2-ethylhexanoate and hexamethylene dii-
socyanate (HMDI)†† were obtained from Sigma-Aldrich for
membrane graing. Toluene and hexane were obtained from
Mallinckrodt Chemicals. The pesticide, methyl parathion, and
its degradation product, methyl paraoxon, otherwise known as
dimethyl-p-nitrophenylphosphate, were purchased from Chem
Service Incorporated. p-Nitrophenol was purchased from
Sigma-Aldrich Fluka Analytical.
Methodology

Polyoxometalate synthesis. 10-Molybdo-2-vanadophosphoric
acid (H5PV2Mo10O40) was synthesized via the known process
involving the reaction of sodium metavanadate (NaVO3) with
disodium phosphate (Na2HPO4) and the resulting reaction of
the compound with concentrated sulfuric acid and sodium
molybdate (Na2MoO4).9 The pH was maintained at a pH of 3.
Methanol was used to extract a precipitate, which was then
dissolved in deionized water and le to crystallize over
concentrated sulfuric acid in a vacuum desiccator.

Fabrication of grooved electrospun brous membranes. A 5
mL 15% w/v polymer solution was prepared by weighing 0.45 g
of cellulose acetate (CA) and adding this to a weighed amount
(0.3 g) of polyethylene oxide (PEO). This 60/40 CA : PEO mixture
of solids was then added to a vial, and a 60/40 volume ratio of
acetonitrile to acetone was added to make a 5 mL solution. The
solution was sonicated for 30 min and then stirred at room
temperature on a high speed for 1 h.10–13

The solution was immediately loaded into a 5 mL plastic
syringe for electrospinning. A syringe pump (PHD Ultra Pump;
Harvard Apparatus) infused the polymer solution at a speed of
0.05 mL min�1 through a stainless steel needle (Hamilton) with
a diameter of 0.016 in (0.41 mm) for 1 h. A 15 kV voltage was
applied between the needle and an aluminum foil wrapped wire
†† Hexamethylene diisocyanate (HMDI).

85986 | RSC Adv., 2016, 6, 85985–85993
mesh (4 in2 surface) taped to a Teon® collection plate that was
15 cm from the syringe needle tip. An electric eld was gener-
ated by the voltage between the needle tip and the collection
surface enabling electrospun bers to be deposited on the plate
forming a nonwoven, nanobrous mat. Experiments were con-
ducted at room temperature. The foil wrapped collection plate
with the nanobrous web composed of 60% cellulose acetate
and 40% polyethylene oxide was then removed from the Tef-
lon® plate, placed in the vacuum oven, and vacuum dried for
a minimum of 8 h at room temperature.

The nanobrous electrospun ber mats were carefully
peeled from the foil and stored under vacuum until future
experiments, where they were referred to as non-grooved/non-
extracted brous membranes. To fabricate the grooved/
extracted brous membranes, the electrospinning process
detailed previously was performed using a volume of 8.3 mL of
the 60/40 CA : PEO polymer solution so that the grooved/
extracted membranes would have almost the same weight per
unit area as that of the non-grooved/non-extracted membranes
aer the removal of PEO. The resulting ber mats were carefully
peeled from the foil and stored under vacuum for 24 h before
being rolled gently into a loose roll using tweezers and then
placed in a thimble lter. The thimble lter was placed in the
glassware depository to conduct a Soxhlet extraction at 80 �C
using HPLC grade deionized water for 8 days to remove the PEO
component from the 60/40 CA : PEO ber mat. The extracted
brous membranes were then removed from the thimble lter
with tweezers and vacuumed dried at room temperature for
24 h.

A portion of the extracted brous cellulose acetate
membranes was deacetylated with 0.05 N sodium hydroxide in
ethanol for 2.5 h. The resulting membranes were vacuum dried
for 24 h, and FTIR‡‡ analysis was used to conrm the complete
conversion of cellulose acetate to cellulose.14,15 As shown in
Table 1, all textile substrates used for testing were cut to
a dimension of 3 cm � 3 cm; the weights were measured using
an analytical balance, and the thicknesses were measured using
digital calipers.

Graing of H5PV2Mo10O40 to the non-grooved and grooved
electrospun brous membranes and other textile substrates.
The average weight and thickness of each specimen used for the
following graing procedure are given in Table 1. It is important
to note that this graing procedure is suitable for textile
substrates composed of polymers with one or more pendant
hydroxyl functional group. Pendant hydroxyl groups on the
cellulosic substrates are the target reaction site for POM
attachment. In the rst step of the reaction, a 100 mL graing
bath of 5% v/v hexamethylene diisocyanate (HMDI) and 0.25%
v/v tin II catalyst in toluene was prepared and poured into
a glass three-neck, 200 mL reaction ask. The specimen and
a small stir bar were immediately placed into the ask. The
vacuum purged ask was lled with the HMDI solution and
held under nitrogen purge for the remainder of the graing
reaction. The temperature of the graing bath was raised to 70
‡‡ Fourier transform infrared spectroscopy (FTIR).

This journal is © The Royal Society of Chemistry 2016
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Table 1 Properties of fibrous substrates prior to POM grafting

Samples (3 cm � 3 cm) n Mean weight (g) g m�2 Mean thickness (mm)

Non-grooved/non-extracted 60/40
CA : PEO membranes

5 0.055 �0.003 60.56 0.23 �0.020

Grooved/extracted 60/40 CA : PEO
membranes

5 0.053 �0.004 58.67 0.23 �0.018

Grooved/extracted & deacetylated
cellulose membranes

5 0.052 �0.002 57.33 0.22 �0.015

100% cotton Testfabrics plain weave 5 0.116 �0.010 129.33 0.23 �0.005
100% Tencel® Testfabrics twill 5 0.167 �0.004 185.56 0.27 �0.004
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�C while the bath and specimen were stirred for 1 h. Aer being
functionalized with HMDI for 1 h, the specimen was removed
from the ask and placed in a toluene bath for 4 h at room
temperature (RT),§§ a second toluene bath for 4 h at RT, and then
a third toluene bath for 4 h at RT. These subsequent toluene
baths were used to remove any unreacted HMDI from the
functionalized substrates.16 The specimen was then vacuum
dried overnight at RT, and characterized using FTIR and TGA.{{

Aer characterization to conrm the HMDI surface function-
alization, the specimen was placed in a 200 mL three neck ask
that contained a 1% w/v graing dispersion of H5PV2Mo10O40 in
toluene under nitrogen purge and rapidly agitated at a tempera-
ture of 45 �C for 24 h. It is primarily the pendant oxygens on the
molybdenum and vanadium geometries of the polyoxometalate
that are thought to be responsible for the formation of physical
linkages between the isocyanate and the POM.17,18 Aer 24 h, 100
mL of deionized water was added to the ask under high speed
agitation using a stir bar for 1 h to prevent POMagglomeration on
the surface of the brous substrates. The reaction continued to be
held under nitrogen purge at a temperature of 45 �C. The spec-
imen was removed and placed in a toluene bath for 3 h at RT and
then three subsequent 24 h baths of deionized water. These baths
were used to remove any unreacted POM from the graed
substrates. The specimen was then vacuumdried overnight at RT.
This graing procedure was performed on ve of each of the
textile substrates listed in Table 1, and these substrates were
characterized using FTIR, SEM,kk and TGA.

Characterization of polyoxometalate particles and brous
substrates. Aer synthesis, POM particles were characterized
via several established methods.19–22 FTIR was conducted using
a Nicolet Magna-IR 560 Spectrometer.

Membrane samples were characterized via FTIR in order to
detect the loss of polyethylene oxide (post-Soxhlet extraction),
completeness of the conversion of cellulose acetate to cellulose,
and the presence of HMDI and/or polyoxometalates (post-
functionalization). FTIR spectra for cellulose acetate and poly-
ethylene oxide polymers were measured separately from each
other in powder form and compared to the results found in the
literature. FTIR spectra for HMDI (liquid form) and
H5PV2Mo10O40 POM (powder form) were used as controls in
§§ Room temperature (RT).

{{ Thermogravimetric analysis (TGA).

kk Scanning Electron Microscopy (SEM).

This journal is © The Royal Society of Chemistry 2016
order to interpret the FTIR peaks generated from the func-
tionalized specimens. The membrane samples were sputter
coated with palladium and gold in order to make the samples
conductive and prepare them for SEM analysis on the Tescan
Mira3 FESEM. The POM percent add-on was quantied by
measuring the weight loss of each substrate before and aer
POM-treatment via TGA using a TA Instruments Q500 Ther-
mogravimetric Analyzer. The surface areas of the membranes
were determined using the Brunauer, Emmett, Teller method
known as BET prior to the graing process. This molecular gas
adsorption technique employed multipoint krypton adsorption
at �195 �C on a BET Sorptometer at Porous Materials, Inc in
Ithaca, NY.

Decontamination of methyl parathion by POM graed
brous substrates. A method was developed using HPLC-
DAD*** by Lange and Obendorf7 to determine the amount of
methyl parathion degradation. This same procedure was used to
determine the amount of methyl parathion degradation by pol-
yoxometalates. All compounds were measured with a reverse-
phase HPLC combined with a diode array UV-vis detector from
the Agilent (Santa Clara, CA) HP series 1200. The injection
volume was 20 mL. The set-up was run with an Agilent XDB-C18
reversed phase column with a 5 mm particle size and a 4.6 � 150
mm dimension at 25 �C. The mobile phase consisted of 50%
acetonitrile and 50% water with 0.5% formic acid and ran for 15
min. The UV-vis detector was set to scan at 230, 280, and 320 nm.
The retention time of methyl parathion was noted, and it was
ensured that its peak was separated sufficiently.

A calibration curve relating the concentrations of methyl
parathion to the peak area given by the HPLC-DAD was repli-
cated from the Lange and Obendorf7 procedure by making a 100
mg L�1 stock standard solution of methyl parathion in hexane.
Methyl parathion was dissolved in hexane at the following
concentrations: 0.25, 0.5, 5, 10, 25 mg L�1, and HPLC data from
these specimens were used to determine a standard equation
for the relationship between methyl parathion concentration
and the HPLC-DAD peak area. The result of this equation was
then multiplied by the known volume to obtain the mass of
methyl parathion. Wavelength scans at 320 nm were used to
determine the amount of methyl parathion for each specimen.
*** High performance liquid chromatography/diode-array UV/VIS detector
(HPLC-DAD).

RSC Adv., 2016, 6, 85985–85993 | 85987
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Fig. 1 (a) FTIR% transmittance spectra of H5PV2Mo10O40 from
experimental synthesis (b) SEM of H5PV2Mo10O40.

Fig. 2 FTIR absorbance of the (a) non-grooved/non-extracted 60/40
CA : PEO fibrous membranes, (b) grooved/extracted cellulose acetate
fibrous membranes, (c) grooved/extracted cellulose acetate fibrous
membranes grafted with HMDI, and (d) grooved/extracted cellulose
acetate fibrous membranes grafted with HMDI and the POM
H5PV2Mo10O40.
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Standards for the expected degradation products of p-nitro-
phenol and methyl paraoxon (a.k.a. dimethyl-p-nitrophenyl
phosphate) were analyzed using the HPLC-DAD to determine
their retention times. A standard solution for p-nitrophenol was
made at a concentration of 0.070 g L�1 in HPLC grade deionized
water, and a standard solution for methyl paraoxon was made at
a concentration of 0.4 g L�1 in hexane. These solutions were
sonicated for 30 min prior to testing. Aer achieving complete
dissolution, 1 mL of these solutions was taken with a syringe. A
syringe lter (nylon Cameo II 25 mm) was attached, and the
ltered solutions were transferred to the corresponding HPLC
vial. These samples were analyzed on the HPLC-DAD using the
same method as described above. Each time the degradation
performance of the polyoxometalate graed substrates was
measured, these standard solutions of degradation products
were made and analyzed on the HPLC-DAD so that degradation
products resulting from the POM decontamination could be
recognized by the retention times of the peaks.

A standard solution of 0.016 g L�1 methyl parathion in
hexane was made and sonicated for 30 min. To determine the
decontamination performance of the polyoxometalate func-
tionalized substrates, each POM graed specimen was vac-
uumed dried for 24 h at RT and then placed in individual sealed
containers of 20 mL of the methyl parathion standard solution.
1 mL aliquots were withdrawn from each vial by a syringe,
ltered (nylon Cameo II 25 mmHPLC syringe lter), and placed
in 1.5 mL HPLC vials at varying time intervals between 1 h and 1
week (1 h, 2 h, 5 h, 10 h, 24 h, 48 h, 72 h, 168 h). These solutions
as well as hourly aliquots of methyl parathion standard solution
were then analyzed on the HPLC-DAD using the method
detailed above. Aer one week (168 h), each specimen was then
removed from the 20 mL vial and washed thoroughly in hexane,
vacuum dried, and stored in a vacuum desiccator.

Statistical analysis. Each treatment had ve replicate
samples tested for methyl parathion degradation. ANOVA†††
tests were used to determine if the mean amount of methyl
parathion degradation was statistically signicant for the
various treatments.
Results and discussion
Characterization of polyoxometalate H5PV2Mo10O40 synthesis

Fig. 1(a) shows the FTIR spectrum of the synthesized particles
with absorption bands at 3462, 1650, 1160, 1060, 858, 775, and
600 cm�1. The strong, broad band at 1160 cm�1 correlates well
with the central phosphate tetrahedral anion.28,31 The strong,
broad band at 1060 cm�1 correlates closely with the Mo]O,
P–O functional groups, and the stretching mode of V]O, as
well as peaks seen in the literature for PO4

3� and MoO3.18,22–27 A
strong, broad peak at 858 cm�1 correlates closely with MoO3

compound spectra and also can be attributed to the M–O–M
vibrations of a doubly bridging oxygen connecting two contig-
uous chains in the structure. This broad peak encompasses part
of the region (722–840 cm�1) where these M–O–M vibrations
††† Analysis of Varianace (ANOVA) using JMP 9.0 statistical soware.

85988 | RSC Adv., 2016, 6, 85985–85993
occur when the bond angles of the complexes are greater than
140�.24,25,28,29

Although there are similarities, the observed IR peaks of the
experimentally synthesized POM have some differences from
what has been reported in the literature particularly in terms of
the peak intensity. Some of these differences may be due to
residual lattice moisture while others indicate that the synthe-
sized compound may be an isomer of PV2Mo10 or a lacunary
form of PV2Mo9. These possibilities could result from pH uc-
tuation during any of the processes such as synthesis or
substrate-functionalization. While pH was carefully monitored
during these processes to achieve the desired products, it was
also observed that these reactions, particularly POM synthesis,
are very sensitive to minimal pH changes.18,22,23,26,28

SEM images and further ImageJ‡‡‡ analysis showed that
POM particle size ranged from 0.5–5 mm.
‡‡‡ ImageJ is an image processing program.

This journal is © The Royal Society of Chemistry 2016
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Characterization of brous substrates

When the polymers cellulose acetate and polyethylene oxide
were analyzed via FTIR spectroscopy in their solid phase, their
absorption signature showed major peaks at 1740 and 1032
cm�1 for cellulose acetate and at 2879, 1090, and 841 cm�1 for
the polyethylene oxide. The strong peak at 1740 cm�1 correlated
with an aliphatic acetate ester functional group, while the
strong, broad peak at 1032 cm�1 correlated with the secondary
primary alcohol functional groups of cellulose.25,30

Fig. 2 compares the FTIR spectra of both the (a) non-grooved/
non-extracted and (b) grooved/extracted brous membranes
conrming that the PEO was removed from the 60/40 CA : PEO
membrane via the Soxhlet extraction using deionized water in
the grooved bers due to the signicant decrease in the size of
the peaks at 2879, 1090, and 843 cm�1, which are characteristic
of PEO. The decrease in the size of the other peaks, specically
at 1740 and 1032 cm�1, represent the loss of some cellulose
acetate during the extraction process.

In comparing Fig. 3(a) of the non-grooved/non-extracted bers
to Fig. 3(b) of the grooved/extracted bers, it is evident that the
extraction of PEO led to the creation of grooved ber morphology
throughout the structure of the membrane. Fig. 3(a) shows that
before extraction, the 60/40 CA : PEO ber surfaces are smooth,
while Fig. 3(b) shows more surface roughness. Achieving this
grooved ber morphology was critical to testing the hypotheses.
Fig. 3 (a) Non-grooved/non-extracted 15% w/v 60/40 CA : PEO
fibrous membranes (b) grooved/extracted cellulose acetate fibrous
membranes after the Soxhlet extraction of polyethylene oxide.

Fig. 4 Multipoint krypton adsorption BET surface area (m2 g�1) of the
fibrous substrates.

This journal is © The Royal Society of Chemistry 2016
ImageJ analysis of SEM Fig. 3(a) and (b) of the membranes
showed that the bers ranged from 1 to 2 mm in diameter both
before and aer extraction. Therefore, the grooved membranes
had the same ber diameter but greater surface roughness than
the non-grooved bers. Additional ImageJ analysis determined
that the size of the grooves ranged from 0.01–0.8 mm.

BET testing determined that themean surface area of the non-
grooved/non-extracted membranes was 0.03 m2 g�1 with a stan-
dard deviation of 0.01, while the mean BET surface area of the
grooved/extracted membranes was 1.61 m2 g�1 with a standard
deviation of 0.65 (Fig. 4). As expected, the surface area of the
grooved membranes was higher than reported values for cellu-
lose acetate fabrics (average nitrogen adsorption BET surface area
of 0.38 m2 g�1) most likely due to the grooved ber morphology
created by the PEO extraction.31 The mean multipoint krypton
adsorption BET surface area of the grooved and deacetylated
cellulose membranes was 1.43 m2 g�1 with a standard deviation
of 0.41 which is comparable to the surface area of the grooved
cellulose acetate membranes indicating that the conversion of
the cellulose acetate membranes to cellulose did not result in
a signicant difference in surface area. The surface area of the
100% cotton plain weave test fabric was 0.06 m2 g�1 with
a standard deviation of 0.01, and the mean surface area of the
Tencel® peachskin fabric was 0.17 m2 g�1 with a standard devi-
ation of 0.02 (Fig. 4). One-way ANOVA statistical analysis of the
BET surface areameasurements via krypton gas adsorption of the
non-grooved and grooved brous membranes showed that the
difference in surface area between the grooved and non-grooved
treatments was statistically signicant with a p-value of 0.0001. A
more conservative Wilcoxon/Kruskal–Wallis Test also showed
that the increase in surface area for the grooved membranes was
statistically signicant with a p-value of 0.0197. This increase in
surface area for the grooved bers was critical to testing the
hypotheses pertaining to an increased decontamination perfor-
mance via increased ber surface area for POM binding.
Characterization of H5PV2Mo10O40 treated brous substrates

When hexamethylene diisocyanate (HMDI) (liquid) was
analyzed via FTIR, major peaks were observed at 2260, 1660,
1160, 1040, 860, and 573 cm�1. The spectrum of HMDI indi-
cated several functional groups that are similar to that of the
POM powder; however, it was apparent that a peak at 2260 cm�1

was unique only for HMDI as seen in Fig. 2(c). Examining the
literature, it was found that nitrile groups can be identied from
the FTIR spectrum in the triple bond region of 2300–2000 cm�1.
For isocyanates, a type of alkyl nitrile functional group, FTIR
absorption bands are typically seen in the 2275–2240 cm�1

region of the spectrum. A peak at 2260 cm�1 or 2240 cm�1

correlates to the presence of a saturated alkyl nitrile.25,30 This
peak at 2260 cm�1 was used as the reference peak to conrm the
presence of the HMDI, and the resulting spectrum was used as
a standard of comparison when analyzing the POM graed
electrospun membranes.

As discussed previously, 1160 and 1060 cm�1 were chosen as
the dening peaks for the molybdovanadate POM since these
peaks corresponded well to the P–O, Mo–O, and V–O functional
RSC Adv., 2016, 6, 85985–85993 | 85989
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Fig. 5 (a) Grooved cellulose acetate fibrous membranes prior to POM
grafting (b) grooved cellulose acetate fibrous membranes after POM
grafting.

Fig. 6 TGA weight loss analysis: amount of POM grafted to fibrous
substrates.

Fig. 7 Relationship between substrate surface area and percent POM
loading.
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groups as well as the M–O–M vibrations.18,22–27 Further evidence
that the POM was present on the surface of the membranes
included the presence of peaks and bands at 1650, 856, 768, and
600 cm�1.18,22–26,28,30,32

It was difficult to detect the full reaction of HMDI with POMs
for the POM graed membranes in Fig. 2(d) since the bands
that resulted from the presence of the POM in the range of
2200–3600 cm�1 appeared to have coincided with the HMDI
band at 2260 cm�1. The strong, broad bands seen at 1640, 2240,
3200, 3537, and 3590 cm�1 in the spectrum of the POM graed
HMDI functionalized membrane are likely due to residual
lattice water commonly found in the structure of the POM.32

This observation can be correlated with the presence of the
bands at 1640, 2240, 3200, 3537, and 3590 cm�1 in the spectrum
of the POM powder control.

Fig. 5(a) shows images obtained via scanning electron
microscopy of the grooved/extracted brous membranes prior
to POM graing, while Fig. 5(b) shows the grooved/extracted
brous membranes aer being graed with the POMs with
POM particles seen on the surface of the bers where they
formed a mono layer. No seeding was observed.

Thermogravimetric weight loss analysis was used to measure
the amounts of POM attached to the substrates (Fig. 6). The
greatest POM percent add-on by weight of substrate occurred
for the high surface area grooved electrospun cellulose acetate
bers (16.27% POM add-on) and grooved electrospun cellulose
bers (13.20% POM add-on).

These amounts of POM percent add-on were signicantly
higher (p < 0.05) than those achieved for the lower surface area
non-grooved electrospun cellulose acetate/polyethylene oxide
bers (6.32% POM add-on) and the 100% cotton bers (10.44%
POM add-on). These results correlate to the surface areas of the
substrates indicating that increasing the amount of substrate
surface area will increase the amount of achievable POM
attachment up to a point. This relationship is illustrated in Fig. 7.

Decontamination of methyl parathion by POM graed brous
membranes/textile substrates

Degradation of methyl parathion was observed when POMs
were graed to brous substrates. No methyl parathion
85990 | RSC Adv., 2016, 6, 85985–85993
degradation was observed on non-POM graed materials. Fig. 8
represents the decontamination performance of the POM graf-
ted grooved cellulose acetate and non-grooved 60/40 CA : PEO
membranes aer 24 h. It shows that the grooved membranes
with the higher surface area degrade signicantly more methyl
parathion than the non-grooved bers. Controls of grooved and
non-grooved brous membranes that were not graed with the
POM and exposed to methyl parathion for 24 h and 1 week
showed no degradation. Using the equation derived from the
calibration curve of methyl parathion, it was determined that
the non-grooved brous membranes graed with POMs resul-
ted in a 17% decrease in the concentration of methyl parathion
present in the methyl parathion/hexane solution aer 24 h
while the grooved cellulose acetate brous membranes graed
with POMs resulted in a 25% decrease in the concentration of
methyl parathion present in the methyl parathion/hexane
solution aer 24 h. In terms of the amount of methyl para-
thion degraded by the POM, this translates to a decrease from
0.32 mg of methyl parathion in hexane solution to an amount of
0.26mg of methyl parathion in the hexane solution as a result of
POM graed non-grooved bers and 0.24 mg of methyl
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Degradation of methyl parathion by POM grafted non-grooved
60/40 CA : PEO fibrous membranes and by grafted grooved cellulose
acetate fibrous membranes after 1 week.

Fig. 9 The HPLCmeasured decrease in methyl parathion peak area (a)
after 1 h (b) and after 120 h by POM grafted grooved cellulose acetate
membranes.

Fig. 10 Degradation of methyl parathion by all POM grafted substrates
after 1 week.
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parathion in the hexane solution as a result of POM graed
grooved bers aer 24 h.

Aer 1 week (168 h), differences in the degradation perfor-
mance between grooved and non-grooved bers became more
distinct. It was determined that the non-grooved bers graed
with POMs resulted in an 89% decrease in the concentration of
methyl parathion present in the methyl parathion/hexane
solution aer 168 h while the grooved bers graed with
POMs resulted in a 100% decrease in the concentration of
methyl parathion present in the methyl parathion/hexane
solution aer only 5 days (120 h) as shown in Fig. 9 and 10.
In terms of the amount of methyl parathion degraded by the
POM, this translates to a decrease from 0.32 mg of methyl
parathion in hexane solution to an amount of 0.035 mg of
methyl parathion in the hexane solution as a result of POM
graed non-grooved bers aer 7 days and 0 mg of methyl
parathion in the hexane solution as a result of POM graed
This journal is © The Royal Society of Chemistry 2016
grooved bers aer 5 days. Therefore, the grooved bers ach-
ieved a greater amount of methyl parathion degradation than
the non-grooved bers in a shorter amount of time. This
difference in performance between electrospun bers of the
same diameter and cross-sectional shape can be attributed to
the rougher surface morphology of the grooved bers. Statis-
tical analysis showed that the amount of degradation of methyl
parathion by the grooved membranes was statistically signi-
cant with a p-value of 0.001. These results conrm the hypoth-
eses that increasing the surface area of the substrate leads to an
increase in POM binding sites and thus results in improved
decontamination performance.

The degradation results of methyl parathion by functionalized
grooved cellulose membranes were comparable to the perfor-
mance of the grooved cellulose acetate membranes achieving
complete toxin degradation aer ve days. The ber diameter of
the grooved cellulose bers was between 1 and 2 microns and
thus the same as the grooved cellulose acetate bers and the non-
grooved counterparts, thereby illustrating that the grooved
morphology of the ber surface was the greater impact factor for
increasing the methyl parathion degradation performance.

The degradation of methyl parathion by the functionalized
cotton fabric and Tencel® fabric was statistically insignicant (p
> 0.5) from each other, but slightly greater than that by the non-
grooved bers. Although the ber diameters of the cotton and
Tencel® substrates (both between 10 and 20microns) weremuch
greater than the ber diameters of the electrospun membranes,
the surface areas of the cotton and Tencel® fabric were not so
much greater than that of the non-grooved membrane. Never-
theless, Cotton and Tencel® achieved higher percent POM
loadings than the non-groovedmembranes due to their complete
cellulosic composition with more reaction sites for bound POM
than the non-grooved cellulose acetate/polyethylene oxide blend.
These results suggest that chemical composition yielding the
most available POM binding sites in combination with the high
surface area grooved ber morphology enables the largest
amount of POM particle retention per gram of fabric and thus the
greatest amount of methyl parathion degradation.
RSC Adv., 2016, 6, 85985–85993 | 85991
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In summary, a higher surface area substrate such as the
grooved cellulose acetate bers or the grooved cellulose
degraded more methyl parathion than a lower surface area
substrate such as the non-grooved 60/40 CA : PEO bers, cotton,
or Tencel®.

Regarding the degradation of methyl parathion and the
expected degradation products of p-nitrophenol and methyl
paraoxon, no peaks for degradation products were apparent in
the HPLC-DAD results. For each degradation test, the standard
solution of p-nitrophenol in water showed a peak at 320 nm
with a 5 min retention time, and the standard solution of
methyl paraoxon in hexane showed a peak at 280 nm at a 5 min
retention time. The standard solution of methyl parathion
showed a peak at 280 nm with a retention time of 15 min. Over
the time of degradation testing, the peak area of the methyl
parathion decreased at the 15 min retention time; however, no
peaks were apparent at 280 nm or 320 nm with 5 min retention
times indicating that the expected degradation products were
not present as the POM degraded methyl parathion over time.
It is possible that methyl parathion was degraded via hydro-
lysis. Degradation of methyl parathion by hydrolysis would
have also produced the degradation product of p-nitrophenol
and a second degradation product, diethylthiophosphate.33–35

Further investigation of the degradation mechanism(s) will be
completed in future work.

Conclusions

The POM H5PV2Mo10O40 was synthesized although the precise
structure is not known. The POM was used to functionalize
bers to obtain self-decontamination. The electrospinning of
a 60/40 CA : PEO co-continuous brous membrane created non-
grooved ber morphology. By extracting the PEO from the
membranes, a grooved ber morphology was created to signif-
icantly increase the ber surface area, which in turn provided
greater ber surface area for POM binding. Consequently, POM
graed grooved nanobrous membranes exhibited approxi-
mately 25% more methyl parathion degradation in comparison
with that of POM graed non-grooved nanobrous membranes.
Our study also showed that the POM graed grooved nano-
brous membranes outperformed conventional cotton or
commercial Tencel® peachskin fabric graed with POM.

The novel POM graed grooved nanobrous membranes
have great potential in chemical protective apparel applications
in defense or agriculture due to their enhanced self-
decontamination of organophosphates and inherent porous
structure for breathability. Further work is needed to examine
thermal comfort and mechanical properties of such materials
before they can be optimized for end-use products.
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