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Traditional air filter papers can only filter toxic aerosols without the function of decontamination. If the
poison stagnating in the paper is desorbed, it may pose a secondary threat to personnel and make it
more difficult to dispose of the scrapped paper. Using an alkali-free glass fiber as the base material and
zirconium hydroxide as the decontaminant, a self-decontaminating air filter paper that can degrade HD
and VX simultaneously was successfully prepared by an intra-pulp addition method, with high filtration
efficiency, low pressure drop and moderate tensile strength. The physicochemical properties were
characterized by FE-SEM, EDX, XRD and TGA, and the results indicated that Zr(OH), was dispersed
uniformly in the paper and filled in the interstices of the glass fiber. The preparation of the composite
material had no impact on the structure of fibers and Zr(OH),4. The preparation technology of the self-
decontaminating air filter paper was optimized. It was found that the paper with a fiber grammage of
50 g m~2, the adhesive of 2% and a Zr(OH), retention rate of 175.0 wt% could completely degrade HD
and VX, whose conversion rate exceeded 99.0%, and had a tensile strength of 0.1193 kN m™, a filtration
efficiency of 99.995%, and a pressure drop of 313.6 Pa. Using GC-MS to detect the decontamination
products, it was speculated that HD mainly underwent hydrolysis and elimination reactions, VX mainly
underwent hydrolysis and polymerization reactions, and their products were non-toxic or low-toxic. The
reaction kinetics of HD and VX on the paper was investigated and the half-lives were 2.6 h and 16.2 min,
respectively, which demonstrated an outstanding degradation performance. This work manifested for
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T Electronic supplementary information (ESI) available: (a) FE-SEM image and
EDS spectral result of all the elements of SD-AFP; (b) EDS diagram (Fig. S1),
tensile strength of SD-AFP: (a) tensile strength varies with fiber grammage; (b)
tensile strength varies with the amount of adhesive (Fig. S2), linear parameters
of the tensile strength change varies with the fiber grammage (Table S1), linear
parameters of the tensile strength change varies with the amount of adhesive
(Table S2), filtration efficiency of SD-AFP: (a) filtration efficiency varies with the
amount of adhesive; (b) filtration efficiency varies with the fiber grammage
(Fig. S3), pressure drop of SD-AFP: (a) pressure drop varies with the amount of
adhesive; (b) pressure drop varies with the fiber grammage (Fig. S4), linear
parameters of the pressure drop change varies with the amount of adhesive
(Table S3), linear parameters of the pressure drop change varies with the fiber
grammage (Table S4), linear parameters of the pressure drop change varies with
the retention rate of ZH (Table S5). See DOI: 10.1039/d1ra06903a
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which will open up new possibilities for the design and manufacture of multifunctional protective materials.

1. Introduction

Since the chlorine attack in the Battle of Ypres during World
War I, chemical weapons began to be used on a large scale on
the battlefield,"* and protective equipment against chemical
weapons came into existence. Traditional protective materials
are generally based on the adsorption and catalysis of toxic
vapors, filtration of toxic aerosols, and resistance to the pene-
tration of toxic droplets, rather than degrading them. As
a result, the toxic chemicals may be desorbed from protective
equipment used in poisonous areas.** It not only poses a threat
to personnel and equipment, but also makes it more difficult to
dispose of scrap. In recent years, the integrated technology for
protection and decontamination has continued to develop, and
a number of protective materials, such as carbon® and polymer
materials,®*® with self-decontamination function have been
exploited one after another. For example, John Walker et al.®
added organic phosphate dehydratase OPAA and modified
dehydratase =~ OPAA-C18  coated  with  high-branched
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polyvinyloxazoline into the spinning dope and adopted a high-
voltage electrostatic fiber-forming process to obtain a self-
detoxifying membrane, which can effectively promote the
hydrolysis of the chemical warfare agents (CWAs) simulant
diisopropylfluorophosphate (DIFP). Furthermore, lithium
alkoxide was inserted into a zirconium metal-organic frame-
work (MOF) and deposited on the textile to form a composite
fabric protective material with self-decontaminating function,
which has achieved great hydrolysis performance against P-F,
P=0 and C-ClI bonds.? Researchers in the relevant field use
methods such as electrospinning, dipping, spraying, and
atomic layer deposition (ALD) coating to add metal oxides and
MOF materials’®"* to functional filter media or protective
clothing, which can be used to degrade CWAs.”> However,
research previously conducted on integrated materials for
protection and decontamination mainly focused on skin
protection materials. There is no public report on the research
of air filter paper (AFP) used for decomposing toxic aerosols.
Sulfur mustard (2,2’-dichloroethyl sulfide), also known as
HD, is called “the king of CWAs”. It is a blister agent with high
toxicity, targeting the human skin and mucous membranes. It
can cause tissue cell necrosis and ulceration, and there is no
specific drug to cure it.**** The nerve agent O-ethyl S-(2-diiso-
propylamino)ethyl methylphosphonothiolate, better known as
VX, poses a severe contact risk, as it is readily absorbed through
the skin. After being poisoned, it can destroy the normal
conduction function of the nervous system in a short time,
causing symptoms such as difficulty in breathing, severe
convulsions and loss of consciousness.”® Worst of all, a few
milligrams can cause fatal injury,'® just as happened with Kim
Jong Nam. High-efficient AFP does not have the function of
degrading CWAs such as VX and HD, which brings certain
hidden hazards to the use of gas masks and the handling after
tasks. It is of great significance to study the modification of AFP
to endow it with the function of self-decontamination.
Zirconium hydroxide (ZH) is an amorphous porous reagent
with both acid-base and redox properties, which is benefited
from multifarious active centers, for instance, coordinated
unsaturated metal cations (Zr’"), oxygen vacancies, bridging
hydroxyl groups (b-OH) showing Brensted acidity, and terminal
hydroxyl groups (t-OH) showing Brgnsted basicity.'”*® Excellent
adsorption performance is obtained due to its porous structure,
which can be combined with activated carbon as an adsorbent
to adsorb persistent anionic reactive dyes' and water pollut-
ants.”*?* Variable-temperature in situ attenuated total reflection
(ATR) infrared spectroscopy was employed to study the reaction
kinetics of dimethyl methylphosphonate (DMMP) by ZH in the
p(PCH;) mode. It was found that both adsorption and decom-
position processes of DMMP occurred and the pseudo-second-
order model best fitted the reaction data.*® Moreover, Amer-
ican scholars evaluated the degradation ability of ZH on HD and
VX. The half-lives monitored by NMR were 2.3 h and 1.0 min
respectively, and the phosphate product was detected at the
same time.** Subsequently, extensive research was carried out
on self-decontaminating materials composited with ZH. Jeon
et al”® used an electrochemical synthesis method to prepare
nanoscale ZH films on metal substrates, which can rapidly
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decompose DMMP, a nerve-agent simulant. ZH/PVB nano-
fibrous membranes were prepared by an electrospinning
method to degrade DMMP, with a half-life of 4 min.?® Electro-
spinning nylon-6,6 fabric as a substrate, ZH obtained by
hydrolyzing Zr(OBu), was coated onto its surface via a sol-gel
reaction to obtain a self-detoxifying membrane for nerve
agents.” Electrospinning and solution-spinning were used to
synthesize fibers for compositing with decontaminants to
degrade CWAs. However, AFP was made of glass fiber, whose
raw materials are mainly SiO, and easy to obtain. Glass fiber is
formed by high-temperature melting into filaments, which can
be produced commercially. Making paper on this basis will
make it easier to produce industrially. Different from skin
protection materials, the AFP has pore structures composed of
numerous interlaced fibers, with low strength and burst resis-
tance. It is toilless to damage the structure when it is modified.
Hence, it is of great importance to find a mild decontaminant
and a suitable modification method. Intra-pulp addition is
a method of adding chemicals to the pulp during beating or in
the pulp supply system to enable the paper to obtain antibac-
terial, flame-retardant, deodorizing and other functions.”®* Not
only is the process simple to operate, but the additives are also
evenly distributed in the paper for good modification effect.
This method is generally suitable for water-insoluble inorganic
materials in powder form such as ZH. The problem that addi-
tives are easy to lose during the paper-making process can be
solved by adding fixatives.?® Taking into account that ZH will
not damage the composition and structure of the paper and has
a good degradation effect on HD and VX, it was added to the
AFP to give it the function of decontamination.

The purpose of this paper is to explore and develop a meth-
odology for producing self-decontaminating air filter paper (SD-
AFP), which can maintain high filtration efficiency, low pressure
drop and moderate tensile strength of AFP as well as degrade
HD and VX simultaneously. Specifically, it is designed to add ZH
to the pulp during the paper-making process and alter the three
key parameters, namely, filtration efficiency, tensile strength
and pressure drop by regulating the grammage of the fiber, the
amount of adhesive and the retention of ZH. In fact, it is
important to solve the problem of the dispersion and control
the retention rate of zirconium hydroxide in the paper during
the paper-making process. Meanwhile, there is certain difficulty
to control the amount of adhesive to enhance the tensile
strength as well as make it distributed uniformly. By performing
FE-SEM, XRD and TGA to characterize the structural properties
of the obtained SD-AFP, the degradation performance to HD
and VX was investigated, and the kinetic processes and product
characteristics were further analyzed.

2. Experimental section
2.1 Materials

Petroleum ether, acetonitrile, absolute ethanol, sodium tetra-
borate (borax), anhydrous sodium sulphate (AR grade, Beijing
Reagent Factory), dichloromethane (HPLC grade, Puredil),
tributyl phosphate (98%, Alfa Aesar) and derivatization reagent
(Aladdin), consisting of 99%  N,O-bis(trimethylsilyl)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Specific flow chart of SD-AFP preparation.

trifluoroacetamide (BSTFA) and 1% trimethylchlorosilane
(TMCS), were used without any pre-treatment. Zirconium
hydroxide (ZH, AR grade) was purchased from Shanghai Ying-
cheng New Material Co., Ltd. Acrylic resin emulsion (solid
content 47%) was obtained from Shenzhen Jitian Chemical Co.,
Ltd. The blue reagent (T-135 reagent) was made in the labora-
tory by dissolving thymol phthalein (2.0 g) and potassium
hydroxide (KOH, 0.6 g, AR grade) in 340 mL of anhydrous
ethanol, and diluted to 400 mL with H,O. HD and VX (of more
than 98% purity) were supplied by synthetic chemistry division
of our establishment. Due to their high toxicity and danger-
ousness, they were handled only by well-trained personnel
using appropriate procedures carefully in very small quantities.

2.2 Preparation of SD-AFP

Wet papermaking, a widely used method for industrial paper
production, mainly includes processes such as fiber decom-
posing, filling and dispersing, water pumping, water extrusion,
and drying. Adding ZH to the pulp, the SD-AFP was prepared by
this method. The specific flow chart is shown in Fig. 1.

An alkali-free glass fiber with a diameter of 3.0-4.0 um and
a diameter of 0.1-0.3 um was used for paper-making. The
moisture in the pulp was monitored using a HE53/02 Moisture
Analyzer (Mettler-Toledo Instruments Co., Ltd, China). The
pulp was weighed quantitatively according to the fiber gram-
mage (50, 60, 70, 80 and 90 g m~?), which refers to the weight of
paper per square meter. The mass of requisite pulp was calcu-
lated using formula (1). The ZH powder was weighed according
to the required retention rate (40, 80, 120, 150, and 180 wt%)
and stirred with water.
gx A

E22 100 (1)

(%) = 160 g

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where m, is the mass of the pulp, g; g is the grammage of the SD-
AFP, g m % A is the area of papermaking, m?*; and 6 is the
moisture content of the pulp, %.

The weighed pulp was diluted with water to 2.5 L and
defibered using a standard pulp disintegrator (TFO-KT, Hitachi,
Japan) for 12 min. In order to promote fiber dispersion, dilute
hydrochloric acid was added during the disintegration process,
and the pH value was adjusted to 2.8-3.0. The ZH suspension
was poured into the pulp and they were mixed thoroughly. The
mixture was transferred into a 10 L cylinder, with a diameter of
200 mm, of a standard paper sheet former (P95854, PTI Ltd,
Austria) to stir, filter and shape. Covered with a PTFE film and
10 layers of filter paper, the wet paper sheet was rolled back and
forth 3 times with a roller to squeeze the residual moisture in
the filter paper and immobilize the fibers. Then, the wet hand
sheet was removed together with the PTFE film from the screen
and they were placed in a vacuum dryer to dry for 12 min to
obtain SD-AFP. The water-soluble acrylic resin emulsion was
configured to different concentrations (1%, 2%, 4%, and 6%)
and sprayed on the paper. Finally, it was placed in an oven at
100 °C for 5 min to dry. The formula of the retention rate is as
follows:

ms — ny

L(%) = % 100 @)

)
where L is the retention rate of ZH, %; m, is the mass of the AFP
without ZH, g; and m; is the mass of the SD-AFP, g.

2.3 Characterization

A field-emission scanning electron microscope (FE-SEM,
Regulus 8100, Hitachi, Japan) equipped with an energy-
dispersive spectrometer (EDX, XFlash-Detector 5010, Bruker)
was used to observe the morphological changes of the AFP.
Before the test, the samples were sprayed with gold using
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(a)

Fig. 2 Optical images (a) SD-AFP. (b) Top view of the self-made
container with SD-AFP. (c) Ichnography of the self-made container
with SD-AFP.

a Sputter Coater 108 (Cressington, Oxhey, British). X-ray
diffraction patterns of all samples were recorded using
a Bruker D8 discover X-ray diffractometer (XRD) with Cu Ka
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radiation (operating at 40 kV and 30 mA). The 26 scan was from
10° to 70° and the scanning speed was 8° min~". The samples
were compactly placed on glass slides, which were positioned
on the sample platform for analysis. Thermogravimetric anal-
ysis (TGA) measurement was obtained using a synchronous
thermal analyzer (STA449F5, Netzsch, Germany). The samples
were placed in a desiccator for pretreatment at ambient
temperature for 24 h before analysis. The AFP was cut into tiny
pieces of paper before being put into the sample tank. The
samples, about 10 mg, were heated from 30 °C up to 800 °C. The
heating rate was 10 °C min " and the total N, flow rate was 50
mL min~'. The data were analyzed using the Netzsch Proteus
Thermal Analysis software.

2.4 General performance test of SD-AFP

The test of tensile strength was conducted using an electronic
universal material testing machine (3367, Instron, USA).
Samples were cut into 250 mm x 10 mm and the tensile speed
was set at 4 mm min~". The tensile strength can be calculated
using formula.® The filtration efficiency was tested by an oil mist
method. The oil mist generated by the spray generator was
passed through the AFP, and the concentrations before and
after the permeation were measured using a N840020 turbi-
dimeter. The concentration of the oil mist with a particle size of
0.28-0.34 pm is 2000-2500 mg m > and the airflow velocity is
6.3 L min~". The pressure drop without AFP in the fixture is
137.2 Pa. The permeability coefficient (K;, %) was calculated
using formula (4) and the filtration efficiency (7, %) was calcu-
lated using formula (5). The pressure drop of the AFP was
measured using an inclined micromanometer. The air viscosity

Fig. 3 FE-SEM images of AFP: (a) AFP without ZH x 500. (b) SD-AFP x 500. (c) SD-AFP x 5000.
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is 17.9 x 107° Pa s~ ' and the airflow velocity is identically 6.3

L min~ .

S= Iw 3)
Ki (%) = F; 100 (4)
n=1-K; (5)

where S is the tensile strength, kN m™'; F is the maximum
load, N; Ly is the width of the test paper, mm; Ky is the trans-
mittance of AFP, %; C, and C; are the concentrations of oil mist
before and after capturing respectively, mg m?; and 7 is the
filtration efficiency of AFP, %.

2.5 Degradation performance test of the SD-AFP

2.5.1 Degradation of HD on the SD-AFP. Alkalized thymol
phthalein (T-135 reagent), reacting with HD to become a stable
orange-yellow substance after acidification, was used as an
indicator to measure the concentration of HD. The absorbance
was measured using an ultraviolet-visible spectrophotometer
(Amax = 447 nm, 722G, Electronic Analysis Instrument Co., Ltd,
China). The calibration curve was obtained by plotting the
assayed quantity (y-axis) versus the concentration (x-axis) of the
HD solution. The concentration of HD (y, pg mL ') versus
absorbance (x, Abs.) showed a good linear relationship and
a linear regression equation Cyp = 151.554 was obtained with

(a)

iy
L

1 *@‘n% AFP

"
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a linear correlation coefficient R* = 0.9994. First, 5 uL of HD was
transferred as extremely tiny droplets on the well-prepared SD-
AFP, positioned in the self-made container with grinding
bottleneck (Fig. 2). Sealing with parafilm, the container was
placed in a thermostat with a temperature of 25 £ 1 °C for
different time periods. Then, 15 mL of petroleum ether, as
extractant, was added into the container and shaken continu-
ously for 20 s. After 15 min of sample resting, the petroleum
ether phase was sampled for residual HD determination and
the recovery calculation by the T-135 method.? Ultimately, the
sample was diluted to 10 mL and shaken sufficiently for the
measurement of absorbance. According to the standard curve,
the concentration of residual HD can be obtained. The formula
of decontamination rate is as follows. The reaction kinetics
curve was plotted as the conversion rate (y-axis) versus the
reaction time (x-axis).

D(%):(l— CXV)XlOO

my

(6)

where D is the conversion rate of HD, %; C is the detected
concentration of residual HD, mg L™ %; V is the volume of HD
solution, L; and m, is the initial mass of HD, mg.

2.5.2 Degradation of VX on the SD-AFP. Similarly, 3 pL of
VX was transferred onto the well-prepared SD-AFP to react for
the different time intervals. The analytical method is as follows.
The reaction was terminated with 10 mL of 0.05 mol L™" borax
aqueous solution and the total sample was extracted with 50 mL
of dichloromethane, followed by shaking for 20 s and standing
for 10 min. The organic phase was taken in an Eppendorf (EP)

i3
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Fig. 4 Characterization of ZH powder and AFP. (a) XRD diagram. (b) TG diagram. (c) DTG diagram.
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tube and anhydrous Na,SO, was added for drying. Then, 2.5 mL
of liquid was used for centrifugation using a TGL-16G Centri-
fuge (Anting Scientific Instrument Factory, China). The mixture
of 1 mL of the centrifugal liquid and 30 pL of internal standard
solution (40 mg tributyl phosphate and 10 mL CH,Cl,) was put
in an EP tube for gas chromatography (GC, Agilent 6890N)
equipped with a flame photometric detector (FPD). Qualitative
and quantitative analyses depended on the retention time and
internal standard method respectively. The conversion rate of
VX was calculated using formula (7).

A/ Ag
(%) = A-OjAO

% 100 7)

where @ is the conversion rate of VX, %; A;o/As is the ratio of the
chromatographic peak area of VX to the internal standard
substance in the standard solution; and A;,/A, is the ratio of the
chromatographic peak area of VX to the internal standard
substance in the degradation sample.

2.6 Detection of reaction products

Using acetonitrile instead of petroleum ether or CH,Cl, as the
extractant, reaction products were extracted directly and
detected by gas chromatography-mass spectrometry using an
Agilent Technologies instrument (7890A GC system coupled
with 5975C MSD detector) equipped with an HP-5MS capillary
column (30 m x 0.25 mm x 0.25 pm). The measurement
conditions are as follows: carrier gas is high-purity helium at
a flow rate of 50 mL min ", injection port temperature is 250 °C,
detector temperature is 150 °C, ion source temperature is
230 °C, temperature programming is 50 °C for 1 minute, then
15°C min " to 250 °C for 2 min. The shunt ratio is 20 : 1 and the
ionization voltage is 70 eV.

Products with high polarity need to be derivatized before
detection by GC-MS. The derivatization method is as follows.
Reaction products were extracted with 5 mL of deionized water
through ultrasonic shaking for 10 min, followed by centrifuga-
tion for 2 min at a speed of 7500 rpm. After transferring into
a test tube, the aqueous solution was dried at 50 °C for 40 min
using an RV8 rotary evaporator (IKA, Germany) at a speed of
200 rpm. Then, 100 pL of derivatization reagent was added and
reacted in the water bath at 60 °C for 30 min. After cooling, 1 pL
of liquid was taken for analysis by GC-MS.

3. Results and discussion

3.1 Characterization

3.1.1 FE-SEM and EDX analysis. The morphology and
chemical composition of the prepared AFPs were characterized
using FE-SEM images and EDX spectra. Fig. 3(a) shows the
image of AFP at 500 times magnification, and Fig. 3(b) and (c)
show SD-AFP at different magnifications. It could be observed
that the porous structure was formed by a glass fiber as the
skeleton shown in Fig. 3(a). After adding ZH to the pulp for
papermaking, granular solids appeared among the fibers of the
AFP and the distribution was uniform, indicating that the ZH
was well dispersed. Fiber self-assembly builds a three-
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dimensional network structure. Small ZH particles aggregated
into 1-8 um of large particles, which were wrapped in the
internal network and filled uniformly in the interstices so as to
load firmly on the AFP. The EDX spectra of SD-AFP indicated not
only that the composite material consists of C, O, Si, Na, Zr and
other elements (Fig. S1t), but also that ZH was successfully
loaded on the glass fiber of the AFP.

3.1.2 XRD analysis. There is a highly disordered structure
in ZH, which can produce broad peaks in X-ray diffraction
(XRD). The obtained XRD pattern (Fig. 4(a)) showed that there
were two broad peaks at approximately 26 = 20-40° and 26 =
45-60°, which corresponded well to previous research
results.>** There were two sharper characteristic peaks near 26
= 30.1° and 260 = 50.2°, which closely corresponded to the (111)
and (220) crystal planes of the standard spectrum of cubic
zirconia (PDF#: 49-1642).>” The width of these peaks indicated
that they have an amorphous crystal structure with a short-
range crystal order.*® The XRD pattern of the AFP displayed
that there was a broad peak at approximately 26 = 15-35°. After
adding ZH to the pulp for papermaking, the broad peaks of the
two separate materials were previously superimposed, forming
a hump and a broad peak at 15-40° and 45-60°, respectively.
That is, the diffraction peaks of AFP and ZH were superposed
simply, indicating that the crystal phases of the glass fiber and
the ZH powder have not changed significantly and the ZH
powder did not aggregate obviously during the in-pulp addition
process.

3.1.3 TGA analysis. TGA analysis was performed on the
prepared AFP without ZH, SD-AFP and original ZH powder. The
TG and DTG diagram of materials are shown in Fig. 4(b) and (c),
which corresponded well to previous studies.*>*® The weight
loss of the AFP without ZH during the whole heating process
was only 1.4%, indicating that the alkali-free glass fiber was
resistant to high temperatures, and the weight loss was mainly
due to the adsorbed water molecules. In a wide temperature
range of 30-200 °C, there was distinct weight loss on the SD-AFP
and the ZH powder, which is mainly attributed to the evapora-
tion of adsorbed water on the surface of the material and the
removal of stronger binding force of water molecules in the
pores.*” It can also be observed from the analysis of the DTG
curve that, unlike the AFP without ZH added, the SD-AFP and
ZH powders both show a clear cliff-like decline, ending at

100 150
Retention of Zi(OH), (W1%)

Fig. 5 Tensile strength of SD-AFP: (a) Three-dimensional graph of the
tensile strength varies with the fiber grammage and the amount of
adhesive (90 wt% ZH). (b) Tensile strength varies with the retention rate
of ZH a. Grammage 50 g m~2, adhesive 2%; b. Grammage 50 g m~2,
adhesive 4%; c. Grammage 60 g m~2, adhesive 4%; d. Grammage 60 g

m~2, adhesive 4%.
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Fig. 6 Filtration efficiency of SD-AFP: (a) Three-dimensional graph of
the filtration efficiency varies with the fiber grammage and the amount
of adhesive (90 wt% ZH). (b) Filtration efficiency varies with the
retention rate of ZH (a) grammage 50 g m~2, adhesive 2%; (b) gram-
mage 50 g m~2, adhesive 4%; (c) grammage 60 g m~2, adhesive 4%; (d)
grammage 60 g m~2, adhesive 4%.

350 °C. This process corresponds to the evaporation of adsor-
bed water and the decomposition of water of crystallization. The
degree of weight loss of the two materials was gradual from
200 °C to 350 °C in the TG curve due to the change of the b-OH
and t-OH groups forming oxide bonds during the crystallization
into zirconium dioxide.?”** The final weight loss at 800 °C was
13.1% and 27.6%, respectively. The weight loss of SD-AFP was
calculated as 28.4% converted by the retention rate of ZH, which
is similar to the weight loss of powder. It was supposed that the
structure of ZH did not significantly change and the weight loss
was mainly attributed to the removal of adsorbed water and
dihydroxylation.

3.2 Tensile strength

Fig. 5 shows that the tensile strength data of SD-AFP with
different fiber grammage values, different addition amounts of
adhesives and different retention rates of ZH were tested. As
shown in Fig. S2(a),T as the grammage of the fiber increases, the
tensile strength of the paper with different adhesives demon-
strates a linear growth trend, and the relevant parameters of the
fitted linear equation are shown in Table S1.7 The bigger the
fiber grammage, the more numerous the number of bonds
between the fibers during the consolidation and drying
processes, and the faster the increase in tensile strength. As the
addition amount of adhesives increases, the tensile strength

0 200

50 100 150
Retention of Zi(OH), (wt%)

Fig. 7 Pressure drop of SD-AFP: (a) three-dimensional graph of the
pressure drop varies with the fiber grammage and the amount of
adhesive (90 wt% ZH). (b) Pressure drop varies with the retention rate
of ZH. (a) grammage 50 g m~2, adhesive 2%; (b) grammage 50 g m 2,
adhesive 4%; (c) grammage 60 g m~2, adhesive 4%; (d) grammage 60 g

m~2, adhesive 4%.
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also shows a linear growth trend, as shown in Fig. S2(b).t The
fitted linear relationship was good, whose R> was greater than
0.975, and the relevant parameters of the fitted linear equation
are shown in Table S2.1 When there was no adhesive added, the
strength of the AFP was only 0.0221-0.0368 kN m ™", and the
paper was soft and easily broken. The more the adhesive was
added, the stronger the fiber network would be combined, and
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Fig. 8 GC/MS total ion chromatograms of HD reacted on SD-AFP for
different time periods: (a) 5 h; (b) 24 h; and (c) 36 h.
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Table 1 Possible degradation products of HD on SD-AFP detected by
GC/Ms*

No. tg/min Structural formula Fragment peak (m/z)

2 4360 HO Y S& 45, 61, 73, 91, 109, 140

3 4.215 Cl/\/ S<& 45, 60, 73, 122

4 7133 OH/\/S\/\OH 61, 75, 91, 104, 122
S

5  5.996 [ ] 61, 64, 66, 73, 87, 92, 105, 120
S

“ 1# is undecomposed mustard gas, which is not presented in the table.

the faster the tensile strength would increase. When 2% and 4%
adhesives were added, the strength was 0.1658-0.3984 kN m '
and 0.2902-0.6099 kN m™ ', respectively. The paper with 6%
adhesives was brittle and easy to break. From the comparison of
the linear slopes, the change in tensile strength caused by the
addition of adhesives was larger, displaying that it was a pivotal
factor in determining the tensile strength.

When the grammage was 50 g m ™2 and 60 g m ™2, the increase
in tensile strength was smaller than when the grammage was
larger. As shown in Fig. 5(b), as the retention rate of ZH increases,
the tensile strength fluctuates up and down in a broken line.
However, the standard deviation was less than 0.0250 kN m™*
and the RSD was less than 10%. In particular, when the gram-
mage was 60 ¢ m > and the addition of adhesive was 4%, the
strength showed a downward trend. Although ZH would play
a supporting role between the fibers, the agglomerated ZH
destroyed more severely the stacking structure between the
original fibers, making them not tightly bonded. As a result, the
tensile strength descended slightly as the ZH increased.

3.3 Filtration efficiency
Fig. 6 displays that the filtration efficiency data of SD-AFP with

different fiber grammage values, different addition amounts of
adhesives and different retention rates of ZH were tested. When

+H,0
Cl/\/s\/ — o~ N

oy

(@) +

o™~ 5~"on

Fig. 9 Reaction pathways of HD on SD-AFP.
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the grammage of the fiber was 50-90 ¢ m 2 and the addition
amount of adhesives was 0-6%, the filtration efficiency showed
different degrees of oscillation trend. The fluctuation range was
between 99.993-99.998%, and all of them were greater than
99.990%, which reached the filtration requirement of high-
efficiency AFP. The chopped glass fiber with a relatively thick
diameter acts as a structural substance in the paper sheet to
form a three-dimensional framework structure, while the finer
glass wool is randomly distributed and entangled on the
framework. The combination of thick and thin fibers creates
a structure with small pores and large porosity, which has
excellent filtering performance.?®*

The filtration efficiency varies with the retention rate of ZH,
as shown in Fig. 6(b). It can be observed that the filtration
efficiency of AFP without ZH was 99.994-99.998%. When ZH
was added to the pulp for papermaking, it was reduced by
0.009% and increased by 0.002% at most, and the standard
deviation was less than 0.006%. It may be due to the influence
of ZH on the fiber bonding state and changes in the pore
diameter.

3.4 Pressure drop

Fig. 7 demonstrates that the pressure drop data of SD-AFP with
different fiber grammage values, different addition amounts of
adhesives and different retention rates of ZH were tested. As the
amounts of adhesives increased, the pressure drop of different
fiber grammage values showed a linear growth trend, as shown
in Fig. S4(a),T and the relevant parameters of the fitted linear
equation are shown in Table S3.f When the grammage was 80 g
m 2 and 90 ¢ m 2, the linear slopes were bigger than 20, and
the pressure drop increased rapidly with the increase in the
amounts of adhesives. This may be due to the dense fiber
network and the adhesive sprayed on the SD-AFP that blocked
the originally few pores, resulting in difficulty in air flow and
a steep increase in pressure drop. When the grammage was 50 g
m 2 and 60 g m ™2, the pressure drop value was less than 350.0
Pa. As the grammage of the paper increased, the pressure drop
of the paper with different adhesives increased linearly, as
shown in Fig. S4(b), and the relevant parameters of the fitted
linear equation are shown in Table S4.F The bigger the fiber
grammage, the greater the number of bonds between the fiber

Cl/\/s\/\OH

I
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Fig. 10 GC/MS totalion chromatograms of VX reacted on SD-AFP for
different time periods: (a) 0.5 h; (b) 24 h; and (c) 24 h, derivatization-
GC-MS spectrogram.

network during the consolidation and drying processes, and the
longer the airflow passes, resulting in the greater pressure drop.

As presented in Fig. 7(b) and Table S5, as the retention rate
of ZH increased, the pressure drop occurred with linear growth,
which may be due to the addition of ZH causing the average
pore diameter to become smaller. When the fiber grammage
was 50 g m > and 60 g m ™, the pressure drop of paper with 4%
adhesive was 1.54 and 1.77 times of 2% adhesive, respectively,
indicating that the three factors all have a positive correlation
effect on pressure drop.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Considering the three indicators of tensile strength, filtration
efficiency and pressure drop comprehensively, the SD-AFP with
the grammage of 50 ¢ m~> and the adhesive of 2% was selected
for the further study of the decontamination of HD and VX.

3.5 Reaction products and mechanism

3.5.1 Reaction products and mechanism of HD. GC/MS
was used to detect the degradation products of HD on the SD-
AFP, and the total ion chromatograms of HD reacted on SD-
AFP for 5 h, 24 h, and 36 h, as shown in Fig. 8. According to
the retention time of the chromatographic peak and MS frag-
ment peak, the structure formulas of possible degradation
products were inferred in Table 1. Combining the analysis of
Fig. 8 and Table 1, the specific reaction pathway is displayed in
Fig. 9.

HD did not degrade completely at 5 h, and the products 2-
hydroxyethyl vinyl sulfide (2#) and 2-chloroethyl vinyl sulfide
(3#) were obtained. After 24 h, HD was not present and 3# dis-
appeared, indicating that 3# was an intermediate product. The
reaction pathway (1) can be speculated as follows, and the «-C of
HD was attacked by an alkaline terminal hydroxyl group of ZH,
causing the elimination of H on it to obtain a vinyl group. In
addition, the nucleophilic substitution reaction resulting from
the attack of the hydroxide ion on the C" ion in the C-Cl bond
occurred. Meanwhile, thiodiglycol (4#), a predominant degra-
dation product that still exists in the last spectrogram, was
generated through basic hydrolysis as pathway (2).*° 1,4-
Dithiane (5#), just a tiny peak in Fig. 8(b), was a by-product,
which may be obtained from the internal displacement of
sulfonium ions during the hydrolysis process (pathway 3).**

3.5.2 Reaction products and mechanism of VX. The GC/MS
total ion chromatograms of VX that reacted on SD-AFP for 0.5 h
and 24 h are shown in Fig. 10. According to the retention time of
the chromatographic peak and the MS fragment peak, the
structural formulas of the possible degradation products were
inferred in Table 2. Non-polar or weakly polar products of VX
were detected by GC-MS directly. As shown in Fig. 10(a) and (b),
VX still existed at 0.5 h and degraded completely after 24 h
reaction. The main products including 2-(diisopropylamino)-
ethanethiol (2#) and disulfide (3#) were detected. Neverthe-
less, the other half of the decomposition was not found in the
spectrogram. Some of the hydrolysates of the nerve agent are
a kind of highly polar compounds that are easily soluble in
water and hardly volatile, which must be derivatized before GC
analysis.*>** The pre-column derivatization-GC-MS method was
used to detect the polar products of VX. As presented in
Fig. 10(c), the dominating products were disulfide (3#) and
silanized methyl ethyl phosphate (EMPA, 4#), ethoxymethyl
thiophosphonic acid (EMPTA, 5#) and 2-diisopropylamine
ethanol (6#). The phosphate product was consistent with the
product obtained by nuclear magnetic resonance (NMR).>*

Combining the analysis of Fig. 10 and Table 2, the specific
reaction pathway of VX on the SD-AFP was shown in Fig. 11. It
may undergo three degradation pathways: (1) the primary
reaction is a nucleophilic substitution reaction caused by the
attack of hydroxide ions on P" in the P-S bond; (2) the H atom

RSC Adv, 2021, 1, 35245-35257 | 35253
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Table 2 Possible degradation products of VX on SD-AFP detected by GC/MS*

No. tr/min Structural formula Fragment peak (m/z)
2 6.579 N 58, 72, 86, 114, 128, 146, 161
HS/\/ \r
)\ S—S )\
3 14.114 N \/\NY 56, 72, 84, 98, 114, 128, 144, 160, 193
4 6.060 —si P 61, 75, 91, 121, 137, 153, 169, 181, 196
| N
5 6.560 —si~ P 59, 75, 91, 103, 121, 137, 153, 169, 197, 209
| N
S
6 6.969 —si\O/\/N%\/ 59, 72, 84, 100, 114, 144, 160, 202, 217

)\ ST S
el NP

)\ | ) HS Y \\O
N/\/S\P/O
\§
N @ H O/\/N)\ +  HO— 1L/0
Y N

Fig. 11 Reaction pathways of VX on SD-AFP.

on a-C connected to the S atom on VX is acidic and reacts with
the basic group of ZH, resulting in the cleavage of S-C;** and (3)
polymerization of sulfur-containing compounds.

The reaction products were non-toxic or low-toxic, indicating
that SD-AFP has a good degradation effect on HD and VX. In
order to lucubrate its effect in depth, the kinetics of the reaction
was investigated.

3.6 Degradation of HD and VX on SD-AFP

Fig. 12(a) exhibits the variation curve of the conversion rate of
HD and VX on the SD-AFP for 24 h, which varies with the
retention rate of ZH. When the density of HD on the SD-AFP was
5.0 g m~ >, the conversion rate increased slowly at first and then
quickly, which was 92.0% at a retention rate of 183.0 wt%.

35254 | RSC Adv, 2021, N, 35245-35257

When the density of HD was reduced to 2.2 ¢ m™>, the retention
rate of ZH reaching 125.0 wt% could completely degrade HD
(conversion rate >99.0%). When the density of VX was 1.1 gm 2,
the conversion rate was 84.9% at a retention rate of 42.6 wt%,
and the retention rate reaching 175.0 wt% could completely
degrade VX. SD-AFP, which can completely decompose both HD
and VX within 24 h, had a tensile strength of 0.1193 kN m ™,
a filtration efficiency of 99.995%, and a pressure drop of 313.6
Pa.

The degradation of HD and VX on ZH powder and SD-AFP
was compared, as shown in Fig. 12(b) and (c). HD and VX
were reacted on SD-AFP with the retention rate of (125 £ 5) wt%
and (175 £ 5) wt% that can be thoroughly decomposed in 24 h,
respectively. Taking the reaction time in the x-axis and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 Degradation of HD and VX on SD-AFP: (a) conversion rate varies with the retention rate of ZH (24 h); (b) conversion rate of HD varies with
the reaction time; and (c) conversion rate of VX varies with the reaction time.

disinfection rate in the y-axis, the relationship between the
conversion rate and the reaction time was obtained.

The degradation rate of HD presented a faster trend first and
then a slower trend, which conformed to the pseudo-first-order
reaction kinetics (eqn (8)). The reaction rate constant (k;) was
derived from the slope of linear plots In(Co/C,) versus ¢ and the
half-life (¢,/,) was calculated from In(2)/k;, which are shown in
Table 3. The conversion rate of VX rose rapidly and then tended
to be flat over time. Compared with HD, the decomposition of
VX was faster at the beginning. On the one hand, the reaction
processes of ZH powder with HD and VX were different and the
half-lives were 30.6 min and 1.8 min, respectively. On the other
hand, VX spread faster on SD-AFP as its surface tension is less
than that of HD. However, VX is large in size and slow in
transportation, so the late reaction rate was slower. The simple
first-order reaction kinetics cannot fully conform to the reaction
process, so the logistic function®® was introduced, which
emphasized the importance of the dispersion of VX. Eqn (9)
accorded with the conversion rate of VX vs. reaction time and R
were all greater than 0.99 (Table 4).

ln(Co/C[) = k]l (8)
1 —e ke

VS Td ©)

where C, is the initial concentration of HD, mg L™ C, is the
detected concentration of residual HD, mg L™ "; ¢ is the reaction

Table 3 Decontamination kinetic parameters of HD

Decontaminant ky/ht tia/h R*
ZH powder 1.4 0.5 0.9742
SD-AFP 0.3 2.6 0.9920

Table 4 Decontamination kinetic parameters of VX

Decontaminant  k/h™'  ky/h™'  kyh'  t,/h R?
7ZH powder 44.6 —0.7 1.2 3.0 x 1072 0.9922
SD-AFP 5.4 —0.6 0.2 0.3 0.9940

© 2021 The Author(s). Published by the Royal Society of Chemistry

time, h; &, is the reaction rate constant, h™%; y is the conversion
rate, %; ko, is the kinetics constant, related to reaction condi-
tions, h™'; k, is the dispersion rate constant, h™".

The reaction between ZH and poison droplets is a liquid-
solid reaction. It is more difficult to carry out than the homo-
geneous reaction in theory, but k; were 1.4 h™! and 44.6 h™!
respectively, indicating that ZH had a good degradation effect
on HD and VX. Compared with the ZH powder, the time for HD
and VX to reach reaction equilibrium on the SD-AFP was longer,
and the ¢, value obtained by fitting was 2.1 h and 0.27 h longer,
respectively. The ZH powder was shaken and it was more
conducive to the contact between the poison and the decon-
taminant, so as to carry out the reaction. The ZH added in the
pulp was mostly distributed in the fiber network, and poison
needed to diffuse and penetrate to reach the decontaminant
inside the paper. Therefore, k; of poison droplets on the SD-AFP
was much smaller than the &; value of it on the ZH powder.
From the perspective of k,, the diffusion process of VX on SD-
AFP was 1.0 h™' smaller than that of the powder, manifesting
that the dispersion and penetration of poison droplets on SD-
AFP were tardy, and the contact with the decontaminant was
insufficient. As a result, it was of more difficulty to proceed from
the view of mass transfer.

4. Conclusions

In this work, a self-decontaminating air filter paper that can
simultaneously degrade HD and VX has been successfully
prepared using zirconium hydroxide as a decontaminant and
an intra-pulp addition technology. Based on FE-SEM, EDX, XRD
and TGA analysis, it was found that ZH was uniformly distrib-
uted and attached in the interstices of the glass fiber. Compared
to the base paper and ZH powder, the glass fiber and ZH used
for the composite material had no obvious crystalline changes,
and ZH had no distinct aggregation. Taking filtration efficiency,
pressure drop and tensile strength as evaluation indicators, the
influence of the fiber grammage, amount of adhesive and
retention of ZH on the general performance of SD-AFP was
investigated. The SD-AFP with a fiber grammage of 50 g m >
and the addition of adhesive of 2% had high filtration effi-
ciency, low breathing pressure drop and moderate tensile
strength, which was used to conduct degrading experiment. It

RSC Adv, 2021, 1, 35245-35257 | 35255
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was discovered that HD and VX were both converted into non-
toxic or low-toxic products through the degradation effect
research. The half-lives of HD and VX on SD-AFP were 2.6 h and
16.2 min, respectively. It is displayed that the in-pulp addition
technology of preparing SD-AFP is feasible, which have achieved
the aim to degrade HD and VX. Further research will be devoted
to the exploitation of new technology and the optimization of
technological conditions to decrease the pressure drop.
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