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Abstract

In this investigation, the parent NaZSM-5 zeolitashbeen successfully fabricated by the
hydrothermal route and then to enhance the catgigiiformance of this zeolite, silver ions (Aand
copper oxide nanoparticles (CuO NPs) were loadeifsirstructure through the ion exchange and
impregnation methods to attain the novel CuO NP2Zg-5 zeolite composite adsorbent. The
parent and modified samples were comprehensivedyyaed and identified by using the FESEM-
EDX, TEM, XRD, and FTIR techniques. This is thesfirtime that the CuO NPs/AgZSM-5
(containing 3.4 wt.% Ag and 12.6 wt.% CuO) has baslized for the removal (adsorption and
degradation) of 2-chloroethyl phenyl sulfide (2-CERis a toxic sulfur mustard agent simulate, and
its applicability was proved according to the GOFIGC-MS, and FTIR results. Moreover, the
consequences of several experimental factors ssidomtact time, initial concentration, adsorbent
dose, and adsorbent type on the removal efficieafc@-CEPS were also surveyed. The GC-FID
analysis data confirmed that the maximum removaldyiof 2-CEPS was 100%. Besides, the
parameters of contact time (120 min), initial cartcation (25 mg/L), and adsorbent dose (0.3 g) were
perused and optimized for the subsequent reaciibe. reaction kinetic status was also studied
employing first order model. The quantities of tiadf-life (t;,) and rate constant (k) were indicated
as 26.25 min and 0.0264 rifinrespectively. The product obtained from the degtian and
hydrolysis reaction between the 2-CEPS and CuOANZSM-5 was 2-hydroxy ethyl phenyl sulfide
(2-HEPS) which is substantially less toxic thamgimal pesticide.

Keywords: CuO NPs/AgZSM-5, 2-CEPS, removal, adsorption raeagion.

1. Introduction

The major perspective of science and scientificaades should be providing solutions for numerous

complex problems with which human beings have be&nggling for long time now. But,
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unfortunately one of the most hideous facts of étegentific developments is to turning them to the
opposite side and against humanity and moral vaiilnésh is due to embracing more domination and
power on other parties. Another serious concerrchivhas been obsessing minds toward itself is what
happens if these opposite scientific advances becarailable for terrorist groups or organizations
around the world. In this matter, the Chemical \&afAgents (CWA) can be named as one of the
malicious outcomes of those mentioned shamefuldankl corners of scientific developments. These
agents were fabricated and designed to negatiughadt the crowd by any route of exposure and to
be effective even at slight doses. The CWAs arenoied to be used in military aspects for mass
killing purposes, or incapacitate people owinglteirt highly disastrous physiological effects [1, 2]
Also, their release impacts the environment andagnimates the ground waters. Thus, it is of great
significance to find applicable approaches for rthiestruction and disposal. The sulfur mustard is
recognized as one of the main sorts of these claémwieapons. Sulfur mustard, bis-(2-chloroethyl)
sulfide, also known as HD, S-mustard, HS, etc sradlgarlic or mustard. But on the other hand, its
disabling vapor concentration is likely to havevii odor that one will not be able to sense uthid

first aftereffect appears. Further, it is tastelasd colorless, which makes it extremely dangerous
since its detection become considerably imposdibléhe senses. Besides, HD has been known as a
human carcinogen which obligates harmful conseqeero the body by interfering chemical
reactions with cellular constituents. The nicotitden adenine dinucleotide (NAD) depletion,
prevention of mitosis, reduced tissue respiratiod eventually death are the results of such implied
biochemical reactions [3-5]. It is also notablettWorld War I, Syria, and Iran-lraq war are some
irrefutable examples when the HD agent releaseddtamitous massacre. The 2-chloroethyl phenyl
sulfide (2-CEPS) is a known simulate of sulfur nandtwhich has been frequently used in numerous
researches as the less toxic sort of this chensigaht [6]. Considering a high yield adsorption-
degradation, it is essential to synthesis an agpipléc adsorbent. ZSM-5 (MFI-type zeolite), first
introduced by Argauer and Landolt in 1972 [7], igemlite comprising three-dimensional channels
designated by 10-membered rings with average precas 6A. ZSM-5 offers particular properties
such as unexampled channel structure, shape séiedinermal stability, acidity which make them
superior to be utilized as catalyst and sorberdeiveral fields like fine chemical production, lidui
and gas separation, and petrochemical processj@p Becently growing attention has been devoted
to synthesis procedure, characteristics and nurseapplications of ZSM-5 zeolites. Meanwhile,
different templates have been defined for the ®8ith process of ZSM-5 zeolites, namely
tetrapropylamine bromide. In this regard, the suts® used as template, the quality of the reagents,
and the gel composition, are some of major parametieat may affect the physicochemical
characteristics of ZSM-5 zeolites. Thereupon, itofsgreat significance to consider and use an
appropriate template for the synthesis of ZSM-5120 In fact, MFI-type zeolite with those above
mentioned 10-membered oxygen rings and equal paretgre is effectively able to display a host

behavior and entrap the guest molecules into tromdres. On the other hand, considering the
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unprecedented features of the combination of mamays solid materials with nanoparticles
including high surface area along with the opeméwaork and also the well-designated pore size, the
microporous solid materials loaded with nanopatichave recently attracted significant attention.
The semiconductor nanoparticles are good examplhisfimplied combination. In this matter, to
functionalize both surface area and microporouerival surface of the microporous materials and
their subsequent use as host materials, an apat®priodification process should be implemented
[13,14]. Furthermore, in recent years, the peroapdf wide potential and applicability of metal dei
nanoparticles has opened a new window toward sgisthend use of these nanomaterials for
multipurpose use in different scientific fields. & bharacteristics of nanomaterials are highly eelat
to the morphology, size and particular surface afethe synthesized nanomaterials [15]. Due to
having specific physical and chemical propertiefedng from bulk, they have been greatly
employed in several fields for instance optoelest®, sensing, solar cells and catalysis. ;TiB,
17], CaO [18], ¥O; nanoparticles [19MgO [5,20], ZnO [21], and R®, [22] etc are some examples
of transition metal oxides which have been utilizechumerous scientific researches. Copper (Il)
oxide (CuO) or known as cupric oxide is also onéhefmost applying metal oxides which have been
used for many applications in various fields. Besidit represents a superior monoclinic tenorite
structure and also shows p-type semiconductor hehaith an indirect band gap of 1.21-1.51 eV
[23, 24]. The semiconductor materials have beercéimter of attentions regarding to their substantia
role in electronic and optoelectronic devices. Thaye been considerably used in gas sensors [25],
magnetic storage systems [26], electro chemic#l[2€], field emitters [28], nano fluid [29], super
conductors [30], and catalysts [31] etc. MoreoveuO has been extensively employed as an
environmental catalyst for the degradation of emvinental pollutants [32, 33]. To synthesis the CuO
nanoparticles, several methods can be consideotading sol-gel [34], precipitation [35], thermal
decomposition [36], and alcothermal method [37]aAdrom what explained about CuO, ‘Agas
also applied because of its unique catalytic charastics [38, 39]. From this combination basis, in
our previous studies, two different composite adsots of Pb-MCM-41/ZnNi@ [40] and NiO
NPs/Ag-clinoptilolite [41] were synthesized andraatuced for the first time for the adsorption and
degradation of CWAs. In the current study, to depeh much superior adsorbent for such lethal
chemical warfare with lesser time of reaction apgligability for higher concentrations of 2-CEPS
compared with those previously mentioned ones, @ NPs/AgZSM-5 as a novel zeolite
composite adsorbent synthesized via the impregmatiethod is represented and punctually
discussed.

2. Experimental

The chemical reagents were all of analytical graie utilized as received with no extra purification
process. Sodium hydroxide pellets (NaOH), sodiunmidate (NaAlQ), silicic acid (HSIGs), 2-
chloroethyl phenyl sulfide (2-CEPS), n-octane, oaiee, copper nitrate trihydrate (Cu(N5BH,0),



silver nitrate (AgNQ), and hydrochloric acid (HCI) were all purchaseairi Sigma-Aldrich chemical
company. Further, the deionized water (D.W) wasleysal throughout the research.

2.1. Instrumentation

The functional groups, morphology, crystalline stane, elemental composition, and structure
features are known as some physicochemical chaisitte of the understudy samples which have
been investigated via several analytical techrsgue observe the morphology and elemental
composition analysis of the samples, a Field emmsscanning electron microscepyergydispersive
X-ray spectroscopy (FESEEDX) on a MIRA3 TESCAN was operated. The shape sird of the
samples were indicated by transmission electrorrasoopy (TEM) on an EM10C microscope
functioning at an advancing voltage of 100 Kv. Moer, using a Philips X’pert Pro diffractometer
equipped with Colé radiation at wavelength of 1.54056 A (30 mA andk¥0 at room temperature,
the powder X-ray diffraction (XRD) patterns weretahed. In this regard, the corresponded data
were gathered over in thé Pange of 4°-80° with a scanning speed of 2°"mifhe Fourier transform
infrared (FTIR) were acquired on a Schimadzu sydt@tiR 160 spectrophotometer in the wavelength
scope of 400 to 4000 ¢husing KBr disks the technique. Besides, To montte hydrolysis
reactions of the 2-chloroethyl phenyl sulfide (2RE, a Varian Star 3400CX series gas
chromatograph associated with flame ionization aete(GC-FID) and an OV-101CWHP 80/100
silica capillary column (30 mx0.25 mm inner diameied.), 0.25um film thickness) was operated
and the related results were recorded. The gainedupts were investigated by a HP-Agilent gas
chromatograph-mass spectrometer fitted with a fgdezh capillary column (DB 1701, 30 mx0.25
mm inner diameter (i.d.), 0.28m film thickness). Also, the GC utilized under ttmnditions of: the
column temperature was first set at 60°C for 5nmid then adjusted at 20°C rifino 200°C to reach
the ultimate temperature at which was held for 18. ®lus, the injector, MS quad and source
temperatures were programmed at 60°C, 200°C an8iC23@spectively. Helium (99.999% purity)
with the flow rate of 1 mL mitwas applied as the carrier gas.

2.2. Synthesis of NaZSM-5

To synthesize the NaZSM-5 zeolite, the hydrothermelhod was applied as a typical procedure. At
First, the values of 50 mmol sodium hydroxide pgsllé@NaOH) and 6 mmol sodium aluminate
(NaAIO,) were added and subsequently dissolved in thenteid water (D.W) and then transferred
to a polypropylene bottle. Next, this mixture waslergone agitation on a shaker for overnight. After
the mentioned mixture was appropriately mixed, dagaate quantity of silica sol (40wt. %) was
gently introduced to the solution under rigorousiag for 12h. Ultimately, 0.2% seed was added and
hydrothermally processed in an oven at°Gsfbr 32 h [42].

2.3. Preparation of AgZSM-5

To gain the AgZSM-5 zeolite, the ion exchange roués utilized. In this matter, firstly, 5 g of the
NaZSM-5 zeolite which was prepared in before wasoduced to a 50 mL of a 1 M silver nitrate

(AgNO3) solution and this mixture was magnetically agithat 60°C for 5 h. This agitation process
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would be followed by an ion exchange by which®Agns were located instead of Nans. To
eliminate the surplus Agions from the zeolite framework, the resulted ANYES zeolite was
consecutively filtered and washed by using the mead water (D.W) and 0.1 M hydrochloric acid
(HCI) solution prior to be dried at 110°C for 16The cleaned and dried AgZSM-5 zeolite powder
was then calcined at 400°C for 4 The demonstrated procedure was renewed thrice pgoagh
sufficient ion exchange.

2.4. Preparation of CuO NPYAgZSM-5

The CuO NPs/AgZSM-5 zeolite composite was prepdmethe impregnation method. In a typical
experimental procedure, 4 g of the AgZSM-5 zeoktes introduced to a solution of 2 M of copper
nitrate trinydrate (Cu(N¢),.3H,0) reactant in 150 mL deionized water (D.W). Aftieat, the mixture
was rigorously stirred at room temperature for Sitter accomplishment of the reaction, the obtained
sample were filtered, washed by the deionized wlleW) several times and dried nightlong at
110°C before the next process. The acquired prodast specified after calcination at 500°C and
being settled in air for 6h. Furthermore, the ramOONPs was also synthesized in the absence of the
AgZSM-5 zeolite under equal conditions.

2.5. Removal reaction tests of 2-CEPS over CuO NPs/AgZSM-5

The removal (adsorption and degradation) reactioB-chloroethyl phenyl sulfide (2-CEPS) sulfur
mustard agent simulate on the CuO NPs/AgZSM-5 caitppds comprehended according to the
following approach. In a typical manner, 10 mL eflecane as the solvent, 200 uL of n-octnane as
the internal standard, and 25, 50, 75 and 100 mfa-CEPS were introduced to a 50 mL Erlenmeyer
flask which was toughly sealed to resist the sdlwaporization. More, the resulting samples wete al
sufficiently stirred for 2 min to attain homogensauixture. Afterwards, the amounts of 0.1, 0.2, 0.3
0.4, 0.5, and 0.6 g of CuO NPs/AgZSM-5 compositeewsdded to the above prepared solutions,
respectively. Further, no attempt was implementeadntrol surrounding ambient conditions for
instance humidity or light. Afterwards, all of tsapplied samples were gently shaken for 15, 30, 45,
60, 75, 90, 115 and 120 min on a wrist-action shakattain a noticeable adsorption and a subsianti
interaction between the CuO NPs/AgZSM-5 composit Z2CEPS. These obtained solution samples
were then left to be settled until the precipitatpyocess was fully completed. Finally, 10 puL opep
solution of each sample was picked up via a migroige and then injected to the GC-FID and GC-
MS devices to get further quantitative view.

3. Results and discussion

3.1 SEM

The characteristics such as morphology and crirstallize of the synthesized parent NaZSM-5
zeolite, AgZSM-5 zeolite, CuO NPs/AgZSM-£eolite composite and plus raw CuO NPs were
investigated via the Field emission scanning ebectnicroscopy (FESEM) technique, and the related
results represented in Fig.1. The SEM micrograpsglaly uniformly morphology of the NaZSM-5
(Fig.1a)and AgZSM-5(Fig.1b) zeolites as the hexagonal cubic and ailsasigspherical CuO NPs
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which were desirably supported on the AgZSMe&olite surface (Fig.1c). Besides, the SEM
micrographs prove the assumption that Agn exchange and CuO NPs loading processes had no
sensible negative impact on the morphology andctlystallinity of the structures. The mediocre
crystalline size of the synthesized AgZSM-5 zeolited CuO NPs in the CuO NPs/AgZSM-5
composite framework was estimated to be 2 micrahless than 20 nm, respectively.

3.2. EDX

To investigate the elemental composition of the-pyepared parent NaZSM-5 zeolite, CuO
NPs/AgZSM-5zeolite composite and raw CuO NPs, more study wgseimented in detail by the
energy dispersive X-rays (EDX) analysis techniqueé the affiliated outcome was collected in Fig.2.
From Fig.2, it can be undoubtedly inferred that Mee O, Al, and Si elements are present in the
NaZSM-5 and CuO NPs/AgZSM-5 structures. In the jgled EDX spectra, the emerged peaks in the
ranges of nearly 0.5 to 2 are respectively attedud the binding energies of O, Na, Al, and Siclhi
are referred to the main elements of the ZSM-5itge@Fig.2a). Moreover, in spectrum (Fig.2b), the
two emerged peaks in the ranges of 2.92 and 3¥Zhke attributed to the binding energies of Ag and
three observed peaks in the ranges of 0.93, 8.049a08 keV are corresponded to the binding
energies of Cu. This confirms the existence of €the synthesized composite. On the other hand,
the obtained information also reveals the coexesteof 3.4 wt.% Ag and 12.6 wt.% CuO in the
synthesized composite structure, respectively. &s loe seen, the Fig.3 depicts an instance SEM
image of the synthesized composite with the relaiddX elemental mappings. The major
concentration of the related eleméas been indicated by a brighter area in the el&aherap. In this
regard, each of the various elements has beentddpic different color in order to simplify the
identification of their positions within the nanoredals. As it has been represented in Fig.3, the
related elemental dot-mappings clearly point thesence of O, Al, Si, Ag, and Cu. According to
maps, the homogeneity of the sample can be proyeldebuniform distribution of elements over the
composite.

3.3. TEM

The shape and size of the pre-synthesized CuO NPSW-5 zeolite composite (Fig.3a) and raw
CuO NPs (Fig.3b) were meticulously surveyed bytthasmission electron microscopy (TEM) as the
corresponding images have been depicted in Fig8idBs, the high magnification TEM micrograph
in Fig.3a displays the loaded dark particles of QU€s with mediocre particle size of 16 nm on the
bright surface of AgZSM-5 zeolite. The gained reswere in good consistency with the mediocre
particle size calculated via the Debye-Scherer @bvarfrom the XRD pattern.

3.4. XRD

Fig.4 comprises the typical powder X-ray diffracticXRD) patterns of the parent NaZSM-5 zeolite,
AgZSM-5 zeolite, CuO NPs/AgZSM-geolite composite, and raw CuO NPs, respectivetycan be
observed in the patterns, the six obvious main antlow peaks relating to the NaZSM-5 zeolite
emerged at @ of 7.1945°, 8.9836°, 14.4871°, 22.8369°, 23.1658%d 46.5112° (Fig.4a) were
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referred to the diffraction planes of (101), (208)1), (511), (303), and (503), respectively araliar
accordance with those of the NaZSM-5 zeolite wiiPDS Card No. 025-1349 which are marked
with orange circle symbols. The NaZSM-5 zeoliterfeavork was undergone no change even after
Ag" ion exchange process which led to form the expe®&gZSM-5 (Fig.4b). Meantime, the
synthesized CuO NPs playing the role of guest ri#teere loaded as a 12.6 wt.% onto the AgZSM-
5 zeolite which was considered as the host matdiimé momentous phenomenon dictates a series of
new appeared peaks gained dtd? 41.5541°, 45.3006°, and 57.2789° referringhe diffraction
planes of (002), (111), and (202) respectively Wwhare marked with black square symbols.
Furthermore, there was no identified characterigak implying the impurities during the loading
process of CuO species. Also, the particle sizb®Bynthesized CuO NPs included on the AQZSM-5

was further explored by XRD technique and line bevang of the peak a24°-80° as measured by

091

the Debye-Scherrer equatiddyp, = B Cosd"

In the noted equatiorDxrp is corresponded to the

mediocre crystallite sizd, refers to the wavelength of Cglkadiation, is known as the full width at
half maximum (FWHM) of the selected diffraction geand @ is defined as the Bragg diffraction
angle. The peaks related to the raw CuO NPs appedrscattering angle®2 37.9235°, 41.5511°,
45.2733°, 57.2749°, 62.982°, 68.8817°, 72.9301° #h8443° affiliating to the diffraction planes of
(100), (002), (111), (202), (113), (220), (311)dafr22), respectively which crystallized in the
monoclinic phase and were in good consistency titdse of CuO NPs with the literature values
(JCPDS Card No. 05-0661). From the above specégehtion, the mediocre particle size for CuO
NPs in the CuO NPs/AgZSM-5 zeolite composite i€walted 16.2 nm. The calculated particle size
from XRD measurement is in good agreement withattened results from the SEM analysis.

3.5 FTIR

The Fourier transform infrared (FTIR) was used étedmine the functional groups and the typical
bands of the parent NaZSM-5 zeolite, AQZSM-5 zepl@uO NPs/AgZSM-Zeolite composite, raw
CuO NPs, and 2-CEPS-CuO NPs/AgZSM-5 zeolite congoand resulting are recorded in Fig.5. It
is also notable that the peak positions are apprately the same for all four ZSM-5 zeolite samples.
All these pre-synthesized particular samples, olidg NaZSM-5, AgZSM-5, and CuO NPs/AgZSM-
5 show representative sharp peaks about 451 am 545 cm which are attributed to the bending
vibrations of the insensitive internal Sidr AlO, tetrahedral units and plus double five-membersing
in the pentasil framework of ZSM-5(MFI) type zeelitrespectively. The peaks occurred about 796
cm?, 1093 cnit and 1224 cm are assigned to the internal tetrahedral symnagtaiod asymmetrical
stretching vibrations of Si-O-Si linkages of theM:S zeolite framework, respectively. Besides, the
peaks emerged about 1633tand 3649 cim can be referred to the H-O-H bending O-H bonding
vibrations and physically adsorbed®molecules of the ZSM-5, respectively. Delvingitihe Figs.
5a-5c¢ verifies the assumption that no phenomend@tian has observed in the bands of AgZSM-5
zeolite and CuO NPs/AgZSM-5 zeolite composite camgbavith the parent NaZSM-5 zeolite. This



fact encourages the opinion that the ion exchangdaading procedures of NaZSM-5 zeolite by the
Ag’ ion and CuO shows a negligible effect on the clkahstructure of the zeolite structure. Fig.5¢
displays a new occurred peak corresponding todagdd CuO NPs. The absorption peak appeared at
929 cm' is attributed to Cu-O-Al and Cu-O-Si bonds whigitovers the trapped CuO in the zeolite
framework structure. On the other hand, Fig.5e shitve FTIR spectrum of the raw synthesized CuO
NPs. The broad absorption peaks observed arourfsl @7 and 1620 ci are corresponded to the
adsorbed KD molecules. Also, three recognized peaks at 482 amil 525 cit are assigned to the
stretching vibrations of Cu-O bondinBesides, to provide much more intelligible demaatsin
about the adsorption process of 2-CEPS on the egizébd adsorbent composite, the FTIR analysis
was applied after the reaction and the correspgngpectrum were precisely recorded. As can be
observed in Fig.5d, two new substantial absorpfieaks spotted at 1276 ¢nand 1508 cm are
assigned to the S-C and C=C bonds, respectively.

3.6. Removal of 2-CEPS on the CuO NPs/AgZSMI-5

3.6.1. Effect of contact time

The gas chromatograph-flame ionization detector -fHQ) analysis was operated to study and
monitor the performance of the synthesized CuO AFBEM-5 zeolite composite adsorbent for the
removal (adsorption and degradation) of 2-CEPSqimeaus solution. To gain the highest reaction
efficiency, the important factors like reaction émvere surveyed by employing n-decane as the
solvent, a 120 min time considered as the shaking and also the temperature of@5respectively.
Figs.6 and 7 illustrate the so-called area undevec(AUC) data under above defined conditions of
GC-FID chromatograms. From the GC-FID chromatogrérssbrightly comprehended that 2-CEPS
displays a retention time around 15.3 min. Furtteegcquire the degradation quantity, the integrate
AUC data of two samples of 2-CEPS and n-octaneéhadnternal standard were computed for all
variables and its ratio (integrated AUC of CEP®@mated AUC of n-octane) was determined.
Several time intervals were selected for variospeetive experiments to reach to the optimum time
of reaction for the removal of 2-CEPS on the sysitel CuO NPs/AgZSM-5 composite. The
mentioned experiments uncover the apparent rektiproetween removal characteristic of adsorbent
and different time intervals. In this matter, Fi§s8 depict the changes in the removal (%) against
stirring time and the obtained product% (2-HEPS%th wetention time about 17.9 min) at different
initial 2-CEPS concentration and plus the correlatbetween removal efficiency of 2-CEPS on the
synthesized CuO NPs/AgZSM-5 composite to the cortiawe. Therefore, the reaction time was
surveyed in the scope of 0 to 120 min. To reachibst appropriate reaction time and subsequently
the highest removal efficiency, 120 min was appdows an optimum value for the posterior
sequential experimentadditionally, in Fig.6, the GC-FID spectra and hdfied data have been

shown.



3.6.2. Effect of adsorbent dose

Using the least amount of adsorbéatobtain the highest rate of removal is an unddaikey
parameter that cannot be connived. It grants muoke rauthenticity to the proposed method for
further future development and investigations. taspnt research, to evaluate the best applicable
guantity of adsorbent, a range of 0.1 to 0.6 ghef dynthesized CuO NPs/AgZSM-5 adsorbent was
applied for the removal of 2-CEPS. As has beenessprted in Fig.9, the increase in the adsorbent
quantity is caused to higher degradation efficientiienceforth, as this increase continued no
substantial change recognized and the curve slope&exd a linear behavior implying the constant
values. Eventually, the value of 0.3 g of CuO NRBM-5 adsorbent was denoted as the optimum
value to conquer the high yield adsorption and egbent degradation reaction.

3.6.3. Effect of adsorbent type

To compare the influence of adsorbent type on ¢nsoral efficiency, NaZSM-5 zeolite, AQZSM-5
zeolite, CuO NPs/AgZSM-5 zeolite composite and @D NPs were prepared as four segregated
adsorbents for the adsorption and degradation psoc# 2-CEPS molecule. These series of
experiments were designed and fulfilled under tingdlar conditions for the assigned adsorbents.
Raw NaZSM-5 zeolite does not have high catalytifgpenance and that is why the loading process
by Ag" and CuO NPs was applied to increase the catabytg respectively. It is also acknowledged
that the raw CuO NPs represent the lower adsoroiignadation for 2-CEPS compared with
NazZSM-5. Based on the Fig.10, it can be vividly wlsetl that the highest rate of adsorption and
degradation of 2-CEPS observed for the CuO NPs/MyBS composite adsorbent which
demonstrates the efficacious combination of CuO Wis AgZSM-5 zeolite.

3.6.4. Reaction kinetics

As can be seen in Fig.11, the removal kinetics \wagstigated employing the plots of Ln
concentration versus reaction time. The paramevehnikh is defined as the removal rate constant or
in other word "slope”, was calculated from thetfwsder equation as follows: LnLC=kt. In this
equation, parameter; @& specified as the concentration of the 2-CEP8na t, parameter Cis
corresponded to the initial concentration and tefsrred to the removal rate constant. Furthermore,
the half-life (t,) can be computed byt 0.693/k. Also, 0.3 g of CuO NPs/AgZSM-5 composite
was introduced into the discrete containers inclgdl5 mg/L of 2-CEPS at definite time intervals to
study the reaction kinetics. The respective redidise been represented in Table 1.

3.6.5. GC-MS

The compound originated from the degradation artttdiysis of 2-CEPS on the CuO NPs/AgZSM-5
composite adsorbent was identified by gas chromapdy coupled with mass spectrometry (GC-MS)
analysis. Fig.12 exhibits four significant peaksvatious retention times. The peaks about 9.5 and
10.5 min are assigned to the n-octane internabdatanand n-decane solvent, respectively. Besides,
two other sharp peaks about 15.3 and 17.9 mindargified which is attributed to the 2-CEPS and its

degraded product namely 2-HEPS, respectively. Eurthe detector was programmed to scan a mass
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range of 28, 45, 65, 77, 91, 109, 123 and 172 FizX2a), and 28, 45, 59, 77, 85, 131 and 154 m/z
(Fig.12b) for 2-CEPS, and 2-HEPS, respectively.

3.6.6. Mechanism of the 2-CEPS removal

According to the provided information from GC-FIDAAGC-MS analyses, the proposed mechanism
schemes for the adsorption and degradation (remqwalcedure of the 2-CEPS on the CuO
NPs/AgZSM-5 composite adsorbent and beside the &tom of degradation product have been
shown in (Scheme 1a and 1b). In the assigned sghbmeole of both silver (A and copper oxide
(CuO) species on the removal reactions have bgenaely reviewed. It should be also assumed that
both of the represented routes are conceivableraydproceed simultaneously. In route (Scheme 1a)
first, the Cl atom of 2-CEPS molecule undergoesuelaophilic attack by the Bronsted acid sites
(hydroxyl groups (Cu-OH)) which are present throtigg CuO of the CuO NPs/AgZSM-5 composite
structure. During this phenomenon, an intermedéteyclic sulfonium ion is expected to be formed
but it is the nonvolatile form of the correspondicgmpound so that its extraction and subsequent
detection by the GC-FID is not possible. Then adteshort interval, de-halogenation reaction causes
the elimination of the chlorine atom from 2-CEPSecale. Meanwhile, whether the,® molecule is
present or not, various reactions are probabledoged and hydrolysis originated substance will be
revealed on the surface of Cu species’{ICas the Lewis acid sites. The hydrolysis processgmn
until 2-hydroxyl ethyl phenyl sulfide (2-HEPS) dsetmajor removal product of 2-CEPS is emerged.
In contrast, in route (Scheme 1b) the chlorine anffur atoms of sulfur mustard agent simulate
undergo an electrophilic attack by positive silfAg") from the zeolite structure and as a results
forces 2-CEPS molecule to be adsorbed on the sudad pores of the composite. The transition
states for the creation of S-A€l bonds will also lead to form cyclic sulfoniuron which is
recognized as an intermediate. These impermanemtriadiates, in the presence gf}ichange into
2-hydroxyl ethyl phenyl sulfide (2-HEPS) which isdwn as the hydrolysis product on the surface of
silver species (AQ as the Lewis acid sites of the synthesized CUS/AFZSM-5 composite.

4. Conclusion

In the current research, the synthesis and apiplicaf CuO NPs/AgZSM-5 zeolite composite as a
novel adsorbent for the adsorption and degradatid@ichloroethyl phenyl sulfide (2-CEPS, a sulfur
mustard agent simulate) was evaluated via the @GCdflalysis. Furthermore, the effect of several
operative variables such as contact time, initloentration, adsorbent dose and adsorbent type on
the removal efficiency were meticulously surveyedd adiscussed. Afterwards the significant
structural, morphological and crystalline sizela CuO NPs/AgZSM-5 composite synthesized by the
impregnation method was proved via different chardzation studies. Considering the GC-FID
analysis results, it can be clearly inferred tha¢ 2-CEPS was significantly removed by the
synthesized composite adsorbent with 100% yieldeundkefined optimized conditions namely:
contact time (120 min), initial concentration (2®/ix), and adsorbent dose (0.3 g). The reaction

kinetic study was also exerted by using the firsteo model and the related quantity of the had-lif
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(t») and rate constant (k) were measured as 26.25min0.0264 min, respectively. Besides, the
obtained characterizations information confirmeel shibstantial, applicability and particular potehti
of the synthesized adsorbent for high yield adsampand degradation of 2-CEPS. Consequently, 2-
hydroxy ethyl phenyl sulfide (2-HEPS) as the lasdd degradation and hydrolysis product of 2-
CEPS on the CuO NPs/AgZSM-5 composite adsorbentetested and verified.
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Tablel. First order kinetic parameters for the removal of 2-CEPS over CuO NPSYAgZSM-5 at
different initial concentration.

Initial concentration

Half-life (tys, min)

Rate constant (k, min™)

First order kinetic equation

(mg/L)
25 26.25 0.0264 Ln C,/C; = 0.0264t-0.1135
50 55.44 0.0125 Ln C,/C; = 0.0125t-0.0045
75 108.28 0.0064 Ln Cy/C; = 0.0064t+0.0477
100 150.65 0.0046 Ln C,/C; = 0.0046t+0.0463
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Fig.1. SEM micrographs of: a) parent NaZSM-5, b) AgZSM-5, ¢) CuO NPs/AgZSM-5, and d) raw
CuO NPs.
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Fig.2. EDX analyses of: a) parent NaZSM-5, b) CuO NPs/AgZSM-5, ¢) raw CuO NPs, and d) SEM
micrograph of the CuO NP/AgZSM-5 with relating EDX dot-mappings which specifies the positions

of various elements over the composite framework.



gl = (ch
300- S| |E
150 = g —_
(=] - O i ~
%u | 2 §2d
0 _
aon = AGZSM-5 ©
200 = = x Cu0
== ]
9,
& ~
1804 |8 g .
= (503)
50-
| |
2 W
S 0
8 ()]
300-
200-
100
0 d
800 [ (a)
4004 ||
1 ‘ |
I | | | Iy "
_.;M!x,_i‘,\}-_w r LN ixa:’,,_._i&.«ﬂ,.-_«t,lwzth:‘.U.\.__.,-‘w,‘__,-.-. AN S it

10 20 30 40 50 60 70
Position [°2Theta]

Fig.4. XRD patterns of: a) parent NaZSM-5, b) AgZSM-5, ¢) CuO NPs/AgZSM-5, and d) raw CuO
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Fig.7. Effect of contact time on the removal of 2-CEPS over CuO NPSAgZSM-5 at different initial

concentrations.
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Fig.8. Plot of the obtained 2-HEPS% against initial concentration on the removal of 2-CEPS over
CuO NPsAgZSM-5(optimum conditions. adsorbent dose: 0.3 g, and contact time: 120 min).
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Fig.9. Effect of adsorbent dose on the removal of 2-CEPS over CuO NPs/AgZSM-5 (optimum

conditions: initial concentration: 25 mg/L, and contact time: 120 min).
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Highlights:

*  The CuO NPYAgZSM-5 adsorbent composite was synthesized viathe impregnation
method.

*  The CuO NPs/AgZSM-5 was applied for the high yield removal of 2-CEPS.
*  Thereaction kinetic status was also studied employing first order model.

o 2-hydroxy ethyl phenyl sulfide (2-HEPS) as the degradation product was attained.



