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Abstract: The aim of the present work was to synthesize magnetite (Fe304) nano hollow spheres
(NHS) via simple, one-pot, template-free, hydrothermal method. The structural, morphological,
and surface analysis of Fe304 NHS were studied by scanning electron microscopy (SEM), x-ray
diffraction technique (XRD), Fourier transform infrared spectroscopy FTIR and burner-Emmett-teller
(BET). The as obtained magnetic (Fe30O4) NHS were used as an adsorbent for treating industrial
trinitrotoluene (TNT) wastewater to reduce its Chemical Oxygen Demand (COD) values. Adsorption
capacity (Qe) of the NHS obtained is 70 mg/g, confirming the attractive forces present between
adsorbent (Fe3O4 NHS) and adsorbate (TNT wastewater). COD value of TNT wastewater was
reduced to >92% in 2 h at room temperature. The adsorption capacity of Fe304 NHS was observed
as a function of time, initial concentration, pH, and temperature. The applied Fe30, NHS was
recovered for reuse by simply manipulating its magnetic properties with slight shift in pH of the
solution. A modest decrease in Qe (5.0-15.1%) was observed after each cycle. The novel Fe;04 NHS
could be an excellent candidate for treating wastewater generated by the intermediate processes
during cyclonite, cyclotetramethylene-tetranitramine (HMX), nitroglycerin (NG) production and
other various environmental pollutants/species.

Keywords: magnetite (Fe3O4); TNT; nano hollow spheres NHS; wastewater treatment

1. Introduction

2,4,6-Trinitrotoluene (TNT) is a versatile aromatic compound used in drugs, herbi-
cides, insecticides, dyes, polyurethane foams, and fungicides [1-3]. It is one of the most
conventional explosives in use since the late 19th century, known for its insensitivity to
shock and friction. Its influence is so pervasive that the standard unit for measuring the
energy released after a detonation is a “ton of TNT,” equaling 4.184 gigajoules. This metric
aids in measuring the strength of bombs, detonation velocities and penetration power of
other explosives [4-6].

When synthesizing TNT, the washing step during manufacturing produces waste
products that end up in the surrounding environment, both in soil and particularly in water
streams. These include dissolved species such as sulfates, mono nitro toluene (MNT), di
nitro toluene (DNT), dinitro toluene sulfonate (DNTS) and several other derivatives of
nitrobenzene (NB) [7]. These nitrogenous compounds exist in TNT wastewater in different
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concentrations, resulting in discoloration of the wastewater (e.g., red water, orange water,
yellow water, etc.). The exact hue of the discoloration depends on the intensities of the nitro
and sulphonates groups present [8]. TNT wastewater exhibits the highest values of chemical
oxygen demand (COD), ranging from 600 to 6000 mg/L depending on the amount of these
different aromatic compounds dissolved during the washing process of TNT production.
It was observed that the intensity of TNT and other associated aromatic compounds
in wastewater are a predominant factor impacting the local ecosystem [9]. Following
the guidance issued by the Environmental Protection Agency (EPA), TNT wastewater
cannot be released in nearby streams, lakes or outside industrial premises without proper
treatment [10]. The presence of MNT, DNT, sulfonates and other nitrobenzene derivatives
causes the soil and water to become increasingly more toxic and hazardous [11].

Generally, proper and effective treatment for TNT wastewater entails either the degra-
dation or adsorption of these compounds [12-16]. Although MNT and DNT can be treated
through wet air oxidation and reduction processes, the application of these treatments on a
large scale has a high associated cost. As a result, other avenues which are simpler, and
more cost-effective must be explored. Adsorption processes are ultimately more convenient
to reduce COD as they are already widely employed in the form of silica, activated carbon
and different resins [17-19]. TNT wastewater and many more industrial effluents have
also been treated with catalysts such as microporous polystyrene resin RS 50B, granular
activated carbon (GAC) and nanoscale zerovalent iron particles (NSZi) through a combi-
nation of advanced oxidation and Fenton process, etc. [20-24]. Polystyrene resin RS 50B
can reduce COD values of TNT wastewater, however, this comes at the cost of high resin
consumption and requires a high dose rate, approximately 120 g/L or greater. A significant
amount of time is also required for adsorption, typically 8-10 h, which makes such resins
unsuitable for continuous processes, such as treating TNT wastewater. Furthermore, the
resin is relatively expensive and requires tedious chemical treatments to recycle it for reuse.
Granular-activated carbon was also applied for adsorption of TNT and its derivatives
dissolved in wastewater with certain limitations [22]. Mainly, with the strategy, it was
necessary to maintain the temperature above 60 °C. Additionally, the flow rate and pH must
also be maintained within specific limits (1.0 g/L and a pH of 2.0) to achieve the optimum
adsorption rate. Using activated carbon, only a low concentration of TNT wastewater (e.g.,
less than 60 ppm) can be treated. However, in industrial TNT washing, the concentration of
TNT and its derivatives likely exceeds 60 ppm, thus limiting the applicability of activated
carbon as an approach.

Nanoscale zerovalent iron particles are another promising catalyst employed to ad-
dress TNT wastewater [25,26]. This method is more effective at adsorbing di-substituted
toluene, e.g., Di-nitro Toluene Sulphonates (DNTS) and has the capability to convert DNTS
into corresponding di-amino toluene sulfonates. This process can be applied for specific
adsorption of DNTS within a narrow range of pH values, e.g., neutral or near to neutral
values (pH 5-7). In a recent study, Brazilian TNT industrial wastewater was treated using
nanoscale zerovalent iron particles, where the zero-valent iron and Fenton process were
coupled together [23]. This coupled method was found to be more effective towards the
removal of the absorbed species and COD decrease, (e.g., COD < 90%). The values of COD
and the actual toxicity were significantly reduced. Unfortunately, this coupled technique
has a high associated cost, and thus scale-up remains a challenge [27,28].

To combat these limitations, magnetic nanoparticles (MNPs), which have captured
the attention of many researchers in wastewater treatment/purification could be a better
option. These MNPs possess high surface area, a greater surface-to-volume ratio, specificity,
pore size effect and paramagnetic behavior (Although there are several types of MNPs, e.g.,
metal oxides (Fe;O3, Fe304), metals (Ni, Co, Fe), spinal-type antiferromagnets (MgFe;Oy,
MnFe;O4, CoFepOy4), and alloys such as CoPt, FePt and FePd, only iron oxides are benign
and resist oxidation in biological systems. Magnetic nanomaterials such as zero-valent iron,
hematite (x-Fe,O3) and magnetite (Fe30,4) have a multitude of applications in molecular bi-
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ology, medicine, degradation of dyes, drug delivery and remediation of industrial polluted
water [29-32].

Due to the adsorption, degradation, and magnetic properties of Fe;Oy, it has become
a useful tool for wastewater/effluent treatment [33,34]. Many researchers have utilized
Fe304 to adsorb dissolved species in industrial wastewater [23]. Nagi et al. applied
nano-spherical quantum dots of Fe304 to remove heavy metals such as Cr, Co, and pes-
ticides [35]. Additionally, Elhassan et al. exploited the adsorption behavior of magnetite
along with other nano metal oxides with components such as Cu?t, Pb?* Cr*, Cd%** and
Ni2*, to remove atrazine and bisphenol-A from wastewater [36]. Ali Nematollah Zadeh
et al. also reported the application of modified (Fe3O4) nanoparticles for the adsorption
of nitro benzene (NB), with a reported adsorption capacity of 66.72 mg g~! [37]. Mod-
ified Fe30O4 nanoparticles were used by Meiling et al. for the detection of heavy metal
ions in water and successful detection of Cu?*, Cd?, Zn%* and Hg2+ were carried out in
an aqueous solution and applied further for purification of water [38]. The structural
and magnetic properties of ZnxFe; —xO4 nano hollow spheres were also investigated by
Priyanka Saha et al., in which Zn was doped in magnetic nano hollow spheres (NHS) and
tested successfully for biomedical applications [39]. Mahmood Iram et al. synthesized
Fe304 (NHS) through the hydrothermal method, which could then be employed for suc-
cessful adsorption of Natural Red Dye [26]. Xiang Wang et al. reported the magnetic
nanocomposites of Triethylenetetramine-modified Fe304/SiO,/CS-TETA for adsorption
of Cr (VI). These researchers observed an adsorption capacity for Cr (VI) ions as high as
254.6 mg g~ ! along with remarkable adsorption equilibrium times as less as 15 min [40].
However, magnetite has never been tested on TNT wastewater adsorption, to the best of
our knowledge so far.

The novelty of the present work is the synthesis of the «-Fe,O3 (hematite, rhombo-
hedral crystal structure, R3 c¢) and Fe3O4 (magnetite, face-centered cubic crystal (FCC)
structure, Fm3 m) through a hydrothermal, template-free method, using the same precur-
sors while exploring modifications in temperature and calcination time. The economic
factor in this work is the reuse of the applied catalyst (Fe304 NHS), after recovering it by
simply altering the pH of the solution and using its magnetic properties.

Fe3;04 (NHS) was employed as an adsorbent to investigate the adsorption efficacy
and reduction in COD values of TNT wastewater. The mechanism for the removal of nitro
bodies, sulfates, and other derivatives of nitro benzene present in the sample proceeds via
an ion-exchange mechanism among positively-charged TNT water molecules and OH- at
the Fe3Oy catalyst surface. The fine control over phase purity and crystallinity of the iron
oxides during synthesis are the major challenges with the method employed. However,
our method for synthesizing iron oxides in an aqueous solution does have the advantage
of reduced cost, being environmentally friendly and associated minimum chemical waste
and energy consumption.

2. Materials and Methods
2.1. Materials

All chemical products were purchased from Sigma Aldrich, Germany supplied by
Pro—Marketing Company Islamabad, Pakistan. All the precursors used in this work were
of analytical grade with high purity (>98%) including cetyl trimethyl ammonium bromide
[CTAB], potassium ferricyanide K3 [Fe (CN)g], ammonium per sulfate (NH4),S,0g, sodium
di-hydrogen phosphate [NaH;PO4] and ethanol.

Adsorbent

For the synthesis of Fe304 (NHS), 0.05 g of CTAB, 1.25 g of [K3 Fe (CN)g], 3.5 g of
(NH4)75,03, and 0.05 g of 0.02 M NaH;, POy solution were dissolved in 250 mL de-ionized
water. The solution was magnetically stirred at room temperature in the presence of
nitrogen gas until the solution turned visibly yellow in color. The solution was then poured
into a 250 mL Teflon cup, sealed properly in an autoclave, and kept for calcination in an oven
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0.05 g CTAB +

1.25 g [K5FE (CNg +

3.5 g (NH), S,0; +

0.05 g NaH,PO, +

250 mL deionizedH
25°C

for 2 h, 6 h, and 8 h at a temperature of 120 °C, 160 °C and 180 °C, respectively. The impact
of these process parameters on the shape and morphologies of the catalyst was determined.
After the completion of hydrothermal treatment, the solution was centrifuged at 4000 rpm
for 30 min and washed three times with de-ionized water and ethanol systematically. The
dark brown solution was filtered and then dried in a vacuum oven overnight at 45 °C

(Figure 1).
=\ i

Autoclave Centrifuge Filter Oven Dry
Combination of 4000 rpm, 3-time wash of 45 °C, Overnight
[2h,6 h,and 8 h] 30 mins H,0 and C;H;0,
[120 °C, 160 °C, and 180 °C], 9 then filtered

combination total

;0

Figure 1. Schematic of the synthetic strategy employed to synthesize x-Fe,O3 and Fe;O4 (NHS), with
synthetic parameters for each step listed.

2.2. Characterization Techniques
2.2.1. Scanning Electron Microscopy (SEM)

Surface morphologies of the as-obtained products after varying time and temperature
conditions were studied using Scanning Electron Microscopy (Modal JSM 6490LA, JEOL,
Tokyo, Japan) at 20 kV.

2.2.2. X-Ray Diffraction (XRD)

Structural analysis of the samples was performed with an X-ray diffractometer (Model:
X" TRA48 Thermo ARL, Tokyo, Japan using Cu K« radiation (k % 0.15406 nm), operating
at 40 mA and 45 kV. The radial scans were performed in reflection scanning mode with
20 values ranging from 5 to 80 and at a scanning rate of 1 min~—!. The patterns were
evaluated, carefully examined, and reconfirmed with the records from the International

Centre for Diffraction Data (ICDD) to verify the identity of the products.

2.2.3. Brunner-Emmet-Teller (BET)

BET adsorption was performed using a Surface Area and Porosity Analyzer (Model:
Micromeritics Gemini VII, Norcross, GA, USA) for analyzing porosity and surface area of
the synthesized Fe304 NHS.

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups in the synthesized samples were investigated through Fourier
Transform Infrared Spectroscopy (FTIR, Model Nicolet 6700, Thermo Scientific, Waltham,
MA, USA). Samples were shaped into pellets interspersed with KBr powder, and the
respective spectra were obtained using attenuated total reflectance mode in the range of
4000 to 400 cm~! with a resolution of 6 cm~!. An average of 32 scans are reported for
each sample.

2.2.5. Ultraviolet/ Visible Spectrophotometer (UV-Vis)

UV /visible absorbance of TNT was observed via UV-Vis spectrophotometry (Model:
Jenway 630501 6300 Visible Spectrophotometer 220 V, Livingston, UK). Solutions of TNT
in ppm (parts per million) for different solvents (benzene, toluene, ethanol, and methanol
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coded as B, T, E and M, respectively) were prepared for analysis. The performance of
(Fe304) NHS was investigated by varying concentration, weight of the adsorbent applied,
contact time and temperature.

2.2.6. Chemical Oxygen Demand (COD) Determination

The COD of the TNT wastewater samples was determined by the standard method
(Merck Method) [41]. For this, 50 mL of the sample was placed in a 500 mL conical flask
with 50 mL distilled water, 25 mL Potassium Dichromate solution, 1.0 g silver sulfate and
2.0 g of mercury (II) sulfate. Approximately 75 mL of concentrated sulfuric acid was added
dropwise under continuous stirring. The mixture was boiled over the sand bath for 2 h
under reflux and then cooled for 30 min. The obtained mixture was then treated with
0.25 M ammonium iron (II) sulfate solution until the color changed from bluish-green to
reddish-brown. Under the same conditions the blank sample was also determined using
50 mL distilled water instead of the TNT red water. COD values were calculated using the

following formula.
A —B) *C * {8000

= M
Here, A is the mL ammonium iron (II) sulfate solution titrated with blank (solvent), B
is the mL ammonium iron (II) sulfate solution titrated with the sample (TNT wastewater),
C is the molarity of ammonium iron (II) sulfate solution, f is the titer molarities (1 M) (from
MERCK table), and D is the mL effluent sample (TNT wastewater) used.
The adsorption capacity (Qe) and efficiency (n) of Fe;04 NHS were determined by the
following formulae.

COD:(

(COD)i — (COD)e V

Qe = - @
_ (COD)i— (COD)e
n= (COD)i @)

Here, (Qe) and (n) are the adsorption capacity and efficiency of the Fe304 NHS re-
spectively, (COD)i is the initial COD of TNT wastewater, (COD)e is the value of COD
at equilibrium, V is the volume of TNT wastewater used and W is the weight of Fe3O4
NHS applied.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM)

The shape and morphology of the synthesized Fe304 NHS were investigated via
SEM (Figure 2). A compact morphology with an average size varying from 11 to 112 nm
formed after 2 h of calcination at 120 °C in an autoclave (Figure 2a). On the other hand,
for our next case as the reaction progressed for 6 h at 160 °C, pores formed on the surface
of the nanoparticles, increasing the surface area-to-volume ratio, shown in (Figure 2b).
Calcination treatment of 8 h at 180 °C resulted in the formation of an intense porous outer
surface as shown in (Figure 2c). The porous architecture of the Fe30, NHS enhances
surface adsorption properties due to the large available surface area, thus making these
NHS effective dsorbent for our targeted adsorption [30,42].

With this template-free synthesis, we concluded that the pore size, shape, volume, and
surface morphologies of Fe30, NHS depend on the calcination time and temperature. In
this work, our results show the ideal temperature and calcination time in an autoclave were
(180 °C and 8 h). The concentration of Na,H,PO4 employed here plays an important role
in the synthesis of the cavities inside the Fe304 NHS. This choice was motivated by prior
studies indicating that with higher concentrations of NayH, POy, the acidity of the solution
increases, leading to an uncontrolled rate of ionization that may destroy the magnetite
structure [32]. The ionization of K3Fe (CN)4 leads to the formation of hollow spheres of
Fe3;04 upon addition of NayH;PO4, which brings high surface energies and associated
high stability to the product [21]. Ostwald ripening is the proposed mechanism for the
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synthesis of these Fe304 NHS through the one-pot, template-free, hydrothermal method
in an aqueous solution [43]. Here, nucleation and growth dominate, with large particles
growing larger due to the instability of the high surface-to-volume ratio associated with
small particles. Various factors affecting the Ostwald ripening process include particle
size, solubility, surface energy and dissolution [44]. In this work, we employ CTAB as a
dispersant to maximize the yield of FesO4 NHS.

Figure 2. SEM images of a-Fe,Oj3 particles autoclaved for 2 h at 120 °C (a), 6 h at 160 °C (b), and
Fe304 (NHS) autoclaved for 8 h at 180 °C (c) Red arrows point to areas where the hollow cavity of
the particles can be observed in Fe3sO4 (NHS).

3.2. X-Ray Diffraction Spectroscopy (XRD)

XRD analyses were carried out to confirm the phase purity of the as-obtained samples
and identify the iron oxide from the various phases possible. For this purpose, reaction
conditions and calcination times were optimized as discussed earlier, providing both
desired «-Fe;O3 (hematite, rhombohedral crystal structure, R3 c) and Fe3O4 (magnetite,
face-centered cubic (FCC) crystal structure, Fm3 m) products as shown in Figures 3 and 4.
The XRD data obtained were checked against standardized records from the International
Centre for Diffraction Data (ICDD) to verify the identity of the products.

60 Peaks (26°) | (nk))
] 24.07 012
] (104) 32.98 104
50 3561 110
: (110) 40.79 113
] (116) 49.44 024
,;401 53.85 116
3 62.42 214
n
> (300) 64.12 300
£30- (024)
- (113) (214)
g
[
[=] 4
20
1 (012)
10 m
7777 T
20 30 40 50 60 70 80 90
28 (°)

Figure 3. XRD spectra of «-Fe,O3 (hematite), autoclaved at 160 °C for 6 h.
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Figure 4. XRD spectra of Fe30O4 NHS (magnetite), autoclaved at 180 °C for 8 h.

3.3. Brunner—Emmett-Teller (BET) Adsorption Method

The adsorption behavior of Fe30, NHS over nitrogen gas was measured, as shown
in Figure 5 to determine the efficacy of this adsorbent for TNT wastewater treatment. The
BET graph shows the relationship between the adsorption of Nj gas (1/[X (PY/P)—1]) and
the relative pressure (P/P°) applied, showing a positive linear behavior which indicates
an improved rate of adsorption with increasing relative pressure. The results we obtained
from the BET tests are encouraging and thus provide us with the required data for a Fe3Oy
NHS to be applied on TNT wastewater as an adsorbent tool [45,46].

a b

0.07 160

o8 140
g

120
0.05 w
-

o= £ 100
= 0.04 S

:\; T 80
-
n -
5.003 S
v

= -8
0.02 Z

£ 40
0.01 3

- o 20

0.00 0

0.0 0.2 0.4 06 0.8 1.0 0 100 200 300 400 500 600 700
Relative Pressure (p/p°) Relative Pressure (p/p°)

Figure 5. (a) BET surface area plot and (b) Langmuir surface area plot of Fe304 NHS showing the
intent of Ny adsorption over the surface of Fe304 NHS upon increasing relative pressure.

The surface area and pore size of the Fe;O4 NHS were greater than that of x-Fe;Os.
Fe;04 NHS produced under the conditions (8 h at 180 °C) had a BET surface area of
66.057 m? /g, with a calculated Langmuir surface area of 650.288 m? /g, and a cumulative
surface area of 144.096 m?/g. The average pore volume calculated is 0.225 cm® /g and the
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pore size is 136.429 A°. The tabulate data for BET isotherm and BET surface area are shown
in Tables 1 and 2, respectively.

Table 1. BET isotherm tabular report for N, adsorption over the surface of Fe304 NHS at evacuation
rate of 1000.0 mmHg/min and saturation pressure of 760.0 (mmHg).

Relative Pressure (p/p°) Qui?;?;;;;;;‘bed VIQ(p°/p~1)]
0.0104 7.6735 0.0014
0.0503 10.5414 0.0050
0.2328 19.5293 0.0155
0.4552 31.1862 0.0269
0.6779 48.6297 0.0433
0.9004 145.6582 0.0621

Table 2. BET surface area report for N, adsorption over the surface of Fe304 NHS at evacuation rate
of 1000.0 mmHg/min and saturation pressure of 760.0 (mmHg).

Relative Pressure Absolute Pressure Quantity Adsorbed Elapsed Time (h:min) Saturation Pressure
(p/p°) (mmHg) (cm3/g STP) p : (mmHg)
0.0104 7.8496 7.6735 00:42 760.00
0.0503 38.2094 10.5414 00:45
0.2328 176.8626 19.5293 00:46
0.4552 345.8628 31.1862 00:48
0.6779 515.1983 48.6297 00:50
0.9004 684.2429 145.6582 00:55

The surface area of the adsorbent obtained here is due to the face-centered cubic (FCC)
interstitial spaces between the adjacent Fe3O4 NHS. However, fine control over the size and
pore volume of Fe304 NHS thus remains a challenge using this synthetic route. The rate of
ionization of [Fe (CN)6—3] upon addition of [H,PO,—] plays an important role in managing
the overall acidity of the ongoing reaction. Ultimately, the hollow porous architectures
formed here consist of both micro and nano-sized spheres. Despite these variations in
particle size, the mesoporous architecture leads to enhance photocatalytic activity and
effective adsorption of organic species from TNT wastewater and straightforward recovery
via a simple magnetic separation method.

3.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR characterization of the FesO4 NHS before and after its interaction with TNT
wastewater is reported in Figure 6. The stretching and bending vibrations of Fe304 NHS
closely resemble the standard spectrum reported in prior works [20,34]. The adsorption
peak present at 581 cm ! refers to the characteristic peak of (Fe-O). Hydroxyl group (O-H)
bending and stretching vibrations are observed at 1627 cm~! and 3417 cm ™!, respectively,
in the neat Fe;O4 NHS sample spectra before adsorption. FTIR spectra were also collected
after applying the Fe3O4 NHS to the TNT wastewater sample (Figure 7, black spectra).
The result clearly shows characteristic peaks of some nitro and sulfate groups which were
adsorbed to the surface of the Fe3O4 NHS Fe;O,4 NHS. Specifically, peaks at 1548 cm~! and
1370 cm ™! are attributed to the asymmetric and symmetric vibrations of the nitro groups
adsorbed by the Fe3O4 NHS [47]. Similarly, the asymmetric and symmetric stretching of
sulfonates groups are observed at 1221 cm ! and 1046 cm !, respectively [48]. Additionally,
stretching vibration of (C-N) bond at 840 cm ™! and scissoring vibration of nitro groups
at 735 cm ! are observed. Furthermore, the bending vibration of (C-N = O) group is also
observed at 630 cm~! [21]. With the above observations, it is confirmed that the Fe3Oy
NHS applied on TNT wastewater has adsorbed the derivatives of nitrobenzene including
2,4-DNT-3-SO-3 and 2,4-DNT-5-SO-3 from the TNT wastewater and thus decreased the
COD values, as per our expectations.
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Figure 6. FTIR spectra of Fe3O, NHS before and after its application on TNT wastewater for required
adsorption.
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B+TNT

T+TNT
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Figure 7. (a) Effect of increasing TNT concentration on absorbance (b) Effect of increasing catalyst
(Fe304 NHS) dosage on absorbance at room temperature (25 °C).

3.5. Ultraviolet/Visible Spectrophotometer (UV-Vis)

UV /Visible absorbance for the TNT solutions shows the trend of increase in absorbance
with increasing TNT concentration in different solvents (benzene, toluene, ethanol, and
methanol coded as B, T, E and M, respectively) as shown in Figure 7a. This illustrates
how the quantity of dissolved TNT increases the UV /visible absorbance of the sample,
following the Beer-Lambert law [49]. The performance of the synthesized Fe3O4 NHS in
terms of decreasing UV /visible absorbance is shown in Figure 7b. Here, the gram amount
of the adsorbent added to different TNT solutions was varied. Continuous, magnetic
stirring (350 rpm) was employed to expose the high surface area of the Fe304 NHS to TNT
molecules present in solution and thus facilitate their adsorption at room temperature
(25°Q).

Within the limits associated with the volatilities and temperature limits of the organic
solvents used here, the TNT solutions were exposed to heat to determine the influence of
temperature on UV /visible absorbance (Figure 8a). It was observed that with increasing
temperature, the kinetic energy also increases, maximizing the accommodation of nitro
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bodies over the surface area of the adsorbent which leads to a decrease in UV /visible
absorbance (Figure 8a).

. 2
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Figure 8. (a) Decrease in absorbance as a result of increase in temperature of TNT solutions (1.0 g
Fe304 NHS, 60 ppm TNT solution), (b) Effect of contact time between adsorbate and adsorbent result
in decrease in absorbance for TNT solutions (1.0 g Fe304 NHS).

Contact time between the adsorbate and adsorbent is a vital part in determining the
overall efficiency of the adsorbent applied for adsorption in any industrial process. This
important process parameter was also measured for Fe30;, NHS synthesized here, by
increasing contact time up to 2 h. while maintaining a constant amount of adsorbent (1.0 g).
The influence of contact time on UV /Visible data is shown in (Figure 8b). Increasing the
contact time between the Fe3O4 NHS and TNT solution ultimately provided the adsorbent
enough time to impregnate its surface and active sites with adsorbate molecules and thus
results in optimized adsorption.

3.6. Chemical Oxygen Demand (COD)

A COD test was carried out using the MERCK method for TNT wastewater samples
provided by Pakistan Ordnance Factories (POFs) Wah Cantt, Pakistan [41]. To begin, 1.0 g
of Fe304 NHS was added to 50 mL of the TNT wastewater samples for 2 h. The initial
COD of this sample was calculated as 600 mg/L using (Equation (1)). A linear decline
in COD values was observed with increasing amount of FesO4 NHS, until 4.0g of the
adsorbent was consumed in TNT wastewater. With subsequent addition of adsorbent
(5.0 g and beyond), the COD values plateaued at approximately 80 % decrease from initial
COD values (Figure 9). This behavior revealed the amount of Fe3O4 NHS necessary for
removing hazardous chemicals from the water stream to balance extraction efficiency and
cost effectiveness. The schematic representation of the decrease of the COD values and
change in color upon addition of Fe3O4 NHS is shown in (Figure 10).

3.7. Effect of pH and Initial Adsorbate Concentration

The pH and concentration of the adsorbate (TNT wastewater) are the two important
rate controlling parameters in calculating the overall adsorption efficiency of the applied
adsorbent. To determine the optimum values of these parameters, a series of experiments
were carried out varying pH and concentration values of the TNT wastewater, as shown
in Figure 11a,b, respectively. It was observed that the applied Fe304 NHS works best at
pH range 6-7 and no significant change was noted beyond pH 6.5. In a relatively more
acidic environment, an excess of H+ ions compete with positive cations offered by the
adsorbate, and thus decreases the adsorption of TNT wastewater. Figure 11a shows the
extent of adsorption is minimum at pH 4 and increases with pH of the adsorbate until it
reaches its maximum value of adsorption at pH 6.5, where the adsorbent performs well.
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Figure 11b shows the effect of the initial concentration of TNT wastewater against the
constant weight of Fe3O4 NHS (1.0 g). At high concentrations of TNT wastewater, the rate
of adsorption increases as the available active sites of Fe;04 NHS are surrounded by the
adsorbate cations due to the electrostatic interactions.

GO0

500

400

300

200

Chemical Oxygen Demand (mg/l)

100

Q 1 2 3 4 5 5]
Fe;0, NHS (g)

Figure 9. Effect of Fe304 NHS concentration over COD reduction using MERK method at room
temperature (25 °C).

Increasing concentration of Fe;O,NHS

—— #-——-_' ‘-r [":'-7'3;__‘
‘ =315 | ﬁ "-lu] Fe,0,NHS

TNT water 2g 4g 6g

Figure 10. More toxins in the TNT wastewater are bound to the surface of Fe304 NHS added to the
mixture. This yields clearer water with increasing Fe304 NHS present.

3.8. Adsorption Behavior

The overall adsorption capacity (Qe) of FesO4 NHS increased from 38 mg/g to
70 mg/g, when increasing the Fe;O, NHS dose from 1.0 g to 3.0 g respectively, as shown
in Figure 12. The initial adsorption of adsorbate is much faster, indicating that the ad-
sorption rate increases with an increasing adsorbent dose until it reaches its optimum
value of 70 mg/g, where equilibrium is established and a descending trend in adsorption
is observed. This decrease in adsorption capacity is due to the occupied active sites over
the surface of the Fe304 NHS. In contrast, the COD values of TNT wastewater decreased
up to 92% in a gradual and steady fashion. Apart from the active sites’ chemistry, there
exist other factors contributing to and facilitating this adsorption process. The inner and
outer surface of the Fe304 NHS accommodates a large number of hydroxide (OH—) groups,
creating a negative charge on its surface and increasing electrostatic forces, resulting in an
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increase in adsorption capacity of the adsorbent. It is also concluded that the negatively
charged adsorbent (Fe;O4) possessed weakly attractive Van der Waals forces with TNT
wastewater (positively charged), which is proposed as one of the dominant adsorption
mechanisms. For calculating the adsorption efficiency (1) using (Equation (3)), Fe;O4
NHS was regained after changing the pH of the adsorbate solution and reapplying the
adsorbent to the TNT wastewater. A decrease in (1)) of Fe304 NHS after each cycle is shown
in Figure 13. This decrease in adsorption efficiency (1) of Fe30, NHS was 15.12% after the

5th adsorption cycle.
d
50 , b
—m—pH 4.5 100 —— '
45 ||—e—pHs55 e ﬂ gt
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70 A & &
&5 30
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2w i . . .
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Figure 11. Effect of pH (a) and initial concentration of adsorbate (b) on the adsorption of TNT
wastewater over the applied Fe304 NHS as an adsorbent.
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Figure 12. Effect of catalyst (Fe304 NHS) concentration on the adsorption capacity (Qe) and %
decrease in COD values of TNT wastewater (TNT volume is 0.05 L at room temp. and pH value 6.5).
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Figure 13. Decrease in adsorption efficiency (n) of Fe304 NHS (mg/g) over the number of cycles
applied on TNT wastewater.

4. Conclusions

This research work demonstrates a one-pot, hydrothermal, template-free method for
the successful synthesis of x-Fe;O3 (hematite) and Fe;O4 (magnetite). FesO4 NHS were
further used for the treatment of TNT wastewater. The variation in shape, size, morphology,
porosity, and surface area was observed upon variation in temperature and time of the
calcination in an autoclave. The increased surface area and high porosity associated with
the Fe3O4 NHS yielded impressive results with regards to adsorption of TNT and other
associated species with TNT wastewater. UV /visible spectroscopy results have confirmed
the quick adsorption action of Fe304 NHS. The adsorbent Fe3O4 NHS was also tested as
a function of contact time, dose, and temperature. In an industry where adsorption of
different hazardous nitro-bodies like in TNT effluents is required, these magnetic NHS
could have a significant impact. The synthesized Fe;0, NHS effectively adsorbed nitro-
bodies from the provided TNT effluent sample and decreased its COD values by 92 %,
providing a safe environment for living and marine life in the aqueous environment. Better
adsorption and recyclability in a shorter time-period gives NHS the benefits of increased ef-
ficiency and makes it a more economical option. The template-free hydrothermal synthesis,
practical scale up options, and ease at which it can be employed, gives the advantage of
applicability on an industrial scale. Considering all these advantages, this process is recom-
mended for treating any industrial effluents generated from the production of cyclonite,
cyclotetramethylene-tetranitramine (HMX), nitroglycerin (NG) production plants and other
various environmental pollutants/species, which are hazardous for our environment and
marine life.

Author Contributions: S.U.R. performed experimental work and wrote original draft; S.J. was the
first co-author; M.S. was a principal investigator; M.M.B. assisted in software handling; B.R. formal
analyses and data curation; C.R.S. and S.J.C. assisted in manuscript editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All the data will be available to the readers.



Nanomaterials 2022, 12, 881 14 of 15

Acknowledgments: Shafi Ur Rehman acknowledges the financial support of the NUST Research
Directorate. Muhammad Shahid acknowledges the support of the Higher Education Commission
(HEC), Pakistan through NRPU grant no. 3526 and 6020.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zarei, A.R.; Rezaeivahidian, H.; Soleymani, A.R. Investigation on removal of p-nitrophenol using a hybridized photo-thermal
activated persulfate process: Central composite design modeling. Process Saf. Environ. Prot. 2015, 98, 109-115. [CrossRef]
Tuana, D.; Mehmet, K.; Emine, T.; Omer, K.K; Selen, D.; Aysem, U.; Resat, A. A sensitive colorimetric nanoprobe based on gold
nanoparticles functionalized with thiram fungicide for determination of TNT and tetryl. Microchem. J. 2022, 176, 107251.
Peterson, M.M.; Horst, G.L.; Shea, PJ.; Comfort, S.D.; Peterson, RK.D. TNT and 4-amino-2,6-dinitrotoluene influence on
germination and early seedling development of tall fescue. Environ. Pollut. 1996, 93, 57-62. [CrossRef]

Ziao, W.; Andrae, M.; Gebbeken, N. Air blast TNT equivalence concept for blast-resistant design. Int. J. Mech. Sci. 2020,
185, 105871.

Formby, S.A.; Wharton, R.K. Blast characteristics and TNT equivalence values for some commercial explosives detonated at
ground level. ]. Hazard. Mater. 1996, 50, 183-198. [CrossRef]

Xiao, W.; Andrae, M.; Gebbeken, N. Air blast TNT equivalence factors of high explosive material PETN for bare charges. J. Hazard.
Mater. 2019, 377, 152-162. [CrossRef]

Bui, D.N.; Minh, T.T. Investigation of TNT red wastewater treatment technology using the combination of advanced oxidation
processes. Sci. Total Environ. 2021, 756, 143852. [CrossRef]

Mdlovu, N.V;; Lin, K.-S.; Hsien, M.-].; Chang, C.-].; Kunene, S.C. Synthesis, characterization, and application of zero-valent iron
nanoparticles for TNT, RDX, and HMX explosives decontamination in wastewater. J. Taiwan Inst. Chem. Eng. 2020, 114, 186-198.
[CrossRef]

Yang, X.; Zhang, Y.; Lai, J.-L.; Luo, X.-G.; Han, M.-W.; Zhao, S.-P.; Zhu, Y.-B. Analysis of the biodegradation and phytotoxicity
mechanism of TNT, RDX, HMX in alfalfa (Medicago sativa). Chemosphere 2021, 281, 130842. [CrossRef]

Sun, Q.; Jiang, L.; Li, M.; Sun, J. Assessment on thermal hazards of reactive chemicals in industry: State of the Art and perspectives.
Prog. Energy Combust. Sci. 2020, 78, 100832. [CrossRef]

Kalsi, A.; Celin, S.M.; Bhanot, P.; Sahai, S.; Sharma, J.G. Microbial remediation approaches for explosive contaminated soil:
Critical assessment of available technologies, Recent innovations and Future prospects. Environ. Technol. Innov. 2020, 18, 100721.
[CrossRef]

Esteve-Nufiez, A.; Caballero, A.; Ramos, J.L. Biological Degradation of 2,4,6-Trinitrotoluene. Microbiol. Mol. Biol. Rev. 2001, 65,
335-352. [CrossRef] [PubMed]

Serrano-Gonzalez, M.Y.; Chandra, R.; Castillo-Zacarias, C.; Robledo-Padilla, F.; Rostro-Alanis, M.D.J.; Parra-Saldivar, R. Biotrans-
formation and degradation of 2,4,6-trinitrotoluene by microbial metabolism and their interaction. Def. Technol. 2018, 14, 151-164.
[CrossRef]

Wang, Z.; Ye, Z.; Zhang, M.; Bai, X. Degradation of 2,4,6-trinitrotoluene (TNT) by immobilized microorganism-biological filter.
Process Biochem. 2010, 45,993-1001. [CrossRef]

Altallhi, A.; Moray, S.; Shaban, S.; Ahmed, S. Adsorption of T.N.T. from Wastewater Using Ni-Oxide and Cu-Oxide Nanoparticles.
Mediterr. J. Chem. 2021, 11, 43-53. [CrossRef]

Zhang, M.; Zhao, Q.; Ye, Z. Organic pollutants removal from 2,4,6-trinitrotoluene (TNT) red water using low cost activated coke.
J. Environ. Sci. 2011, 23, 1962-1969. [CrossRef]

Fawcett-Hirst, W.; Temple, T.J.; Ladyman, M.K.; Coulon, F. A review of treatment methods for insensitive high explosive
contaminated wastewater. Heliyon 2021, 7, e07438. [CrossRef]

Bhanot, P; Celin, S.M.; Sreekrishnan, T.; Kalsi, A.; Sahai, S.; Sharma, P. Application of integrated treatment strategies for explosive
industry wastewater—A critical review. . Water Process Eng. 2020, 35, 101232. [CrossRef]

Nagar, S.; Anand, S.; Chatterjee, S.; Rawat, C.D.; Lamba, J.; Rai, PK. A review of toxicity and biodegradation of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) in the environment. Environ. Technol. Innov. 2021, 23, 101750. [CrossRef]

Clark, B.; Boopathy, R. Evaluation of bioremediation methods for the treatment of soil contaminated with explosives in Louisiana
Army Ammunition Plant, Minden, Louisiana. . Hazard. Mater. 2007, 143, 643—-648. [CrossRef]

Zhao, Q.; Gao, Y.; Ye, Z. Reduction of COD in TNT red water through adsorption on macroporous polystyrene resin RS 50B.
Vaccuum 2013, 95, 71-75. [CrossRef]

Marinovi¢, V.; Risti¢, M.; Dostani¢, M. Dynamic adsorption of trinitrotoluene on granular activated carbon. . Hazard. Mater. 2005,
117,121-128. [CrossRef] [PubMed]

Lee, H. Application of Recycled Zero-Valent Iron Nanoparticle to the Treatment of Wastewater Containing Nitrobenzene. J.
Nanomater. 2015, 2015, 363. [CrossRef]

Barreto-Rodrigues, M,; Silva, ET.; Paiva, T.C. Optimization of Brazilian TNT industry wastewater treatment using combined
zero-valent iron and fenton processes. J. Hazard. Mater. 2009, 168, 1065-1069. [CrossRef]


http://doi.org/10.1016/j.psep.2015.07.006
http://doi.org/10.1016/0269-7491(96)00016-4
http://doi.org/10.1016/0304-3894(96)01791-8
http://doi.org/10.1016/j.jhazmat.2019.05.078
http://doi.org/10.1016/j.scitotenv.2020.143852
http://doi.org/10.1016/j.jtice.2020.08.036
http://doi.org/10.1016/j.chemosphere.2021.130842
http://doi.org/10.1016/j.pecs.2020.100832
http://doi.org/10.1016/j.eti.2020.100721
http://doi.org/10.1128/MMBR.65.3.335-352.2001
http://www.ncbi.nlm.nih.gov/pubmed/11527999
http://doi.org/10.1016/j.dt.2018.01.004
http://doi.org/10.1016/j.procbio.2010.03.006
http://doi.org/10.13171/mjc02101051534aat
http://doi.org/10.1016/S1001-0742(10)60619-5
http://doi.org/10.1016/j.heliyon.2021.e07438
http://doi.org/10.1016/j.jwpe.2020.101232
http://doi.org/10.1016/j.eti.2021.101750
http://doi.org/10.1016/j.jhazmat.2007.01.034
http://doi.org/10.1016/j.vacuum.2013.02.016
http://doi.org/10.1016/j.jhazmat.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15629570
http://doi.org/10.1155/2015/392537
http://doi.org/10.1016/j.jhazmat.2009.02.172

Nanomaterials 2022, 12, 881 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Crane, R.A.; Scott, T.B. Nanoscale zero-valent iron: Future prospects for an emerging water treatment technology. J. Hazard. Mater.
2012, 211, 112-125. [CrossRef]

O’Carroll, D.; Sleep, B.; Krol, M.; Boparai, H.K.; Kocur, C. Nanoscale zero valent iron and bimetallic particles for contaminated
site remediation. Adv. Water Resour. 2013, 51, 104-122. [CrossRef]

Ansari, A; Siddiqui, V.U.; Akram, K,; Siddiqi, W.A.; Khan, A.; Al-Romaizan, A.N.; Hussein, M. A.; Puttegowda, M. Synthesis of
Atmospherically Stable Zero-Valent Iron Nanoparticles (nZVI) for the Efficient Catalytic Treatment of High-Strength Domestic
Wastewater. Catalysts 2021, 12, 26. [CrossRef]

Malik, S.N.; Ghosh, P.C; Vaidya, A.N.; Mudliar, S.N. Catalytic ozone pretreatment of complex textile effluent using Fe?* and zero
valent iron nanoparticles. |. Hazard. Mater. 2018, 357, 363-375. [CrossRef]

Akbarzadeh, A.; Samiei, M.; Davaran, S. Magnetic nanoparticles: Preparation, physical properties, and applications in biomedicine.
Nanoscale Res. Lett. 2012, 7, 144. [CrossRef]

Safavi, A.; Momeni, S. Highly efficient degradation of azo dyes by palladium /hydroxyapatite/Fe3O4 nanocatalyst. J. Hazard.
Mater. 2012, 201-202, 125-131. [CrossRef]

Foroughi, F.; Hassanzadeh-Tabrizi, S.A.; Bigham, A. In situ microemulsion synthesis of hydroxyapatite-MgFe,O4 nanocomposite
as a magnetic drug delivery system. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 68, 774-779. [CrossRef] [PubMed]

Iram, M.; Guo, C,; Guan, Y.; Ishfaq, A.; Liu, H. Adsorption and magnetic removal of neutral red dye from aqueous solution using
Fe304 hollow nanospheres. J. Hazard. Mater. 2010, 181, 1039-1050. [CrossRef] [PubMed]

Liu, H.; Zhang, Y.; Zhou, Y.; Chen, Z.; Lichtfouse, E. Self-provided microbial electricity enhanced wastewater treatment using
carbon felt anode coated with amino-functionalized FezOy. J. Water Process Eng. 2020, 38, 101649. [CrossRef]

Mohammed, A.A.; Samaka, L.S. Bentonite coated with magnetite Fe3O,4 nanoparticles as a novel adsorbent for copper (II) ions
removal from water/wastewater. Environ. Technol. Innov. 2018, 10, 162-174.

El-Shafai, N.M.; Abdelfatah, M.M.; El-Khouly, M.E.; El-Mehasseb, L M.; El-Shaer, A.; Ramadan, M.S.; Masoud, M.S.; El-Kemary,
M.A. Magnetite nano-spherical quantum dots decorated graphene oxide nano sheet (GO@Fe30Oy,): Electrochemical properties and
applications for removal heavy metals, pesticide and solar cell. Appl. Surf. Sci. 2020, 506, 144896. [CrossRef]

Allam, E.A.; Ali, A.S.; Elsharkawy, RM.; Mahmoud, M.E. Framework of nano metal oxides N-NiO@N-Fe;0,@N-ZnO for
adsorptive removal of atrazine and bisphenol-A from wastewater: Kinetic and adsorption studies. Environ. Nanotechnol. Monit.
Manag. 2021, 16, 100481. [CrossRef]

Nematollahzadeh, A.; Babapoor, A.; Mousavi, S.M.; Nuri, A. Nitrobenzene adsorption from aqueous solution onto polythiophene-
modified magnetite nanoparticles. Mater. Chem. Phys. 2021, 262, 124266. [CrossRef]

Wang, M.; Meng, G.; Huang, Q.; Lu, Y.; Gu, Y. Fluorophore-modified Fe304-magnetic-nanoparticles for determination of heavy
metal ions in water. Sensors Actuators B Chem. 2013, 185, 47-52. [CrossRef]

Saha, P; Rakshit, R.; Mandal, K. Enhanced magnetic properties of Zn doped Fe3O4 nano hollow spheres for better bio-medical
applications. J. Magn. Magn. Mater. 2019, 475, 130-136. [CrossRef]

Wang, X.; Liu, X,; Xiao, C.; Zhao, H.; Zhang, M.; Zheng, N.; Kong, W.; Zhang, L.; Yuan, H.; Zhang, L.; et al. Triethylenetetramine-
modified hollow Fe3O4/SiO; / chitosan magnetic nanocomposites for removal of Cr(VI) ions with high adsorption capacity and
rapid rate. Microporous Mesoporous Mater. 2020, 297, 110041. [CrossRef]

Li, J,; Luo, G.;; He, L.; Xu, J.; Lyu, J. Analytical Approaches for Determining Chemical Oxygen Demand in Water Bodies: A Review.
Crit. Rev. Anal. Chem. 2017, 48, 47-65. [CrossRef] [PubMed]

Loh, K.-S.; Lee, Y.H.; Musa, A.; Salmah, A.A.; Zamri, I. Use of Fe304 Nanoparticles for Enhancement of Biosensor Response to the
Herbicide 2,4-Dichlorophenoxyacetic Acid. Sensors 2008, 8, 5775-5791. [CrossRef] [PubMed]

Ding, W.; Hu, L.; Sheng, Z.; Dai, ].; Zhu, X.; Tang, X.; Hui, Z.; Sun, Y. Magneto-acceleration of Ostwald ripening in hollow Fe;04
nanospheres. CrystEngComm 2016, 18, 6134-6137. [CrossRef]

Thanh, N.T.K.; MacLean, N.; Mahiddine, S. Mechanisms of Nucleation and Growth of Nanoparticles in Solution. Chem. Rev. 2014,
114, 7610-7630. [CrossRef]

Lapham, D.P; Lapham, J.L. BET surface area measurement of commercial magnesium stearate by krypton adsorption in preference
to nitrogen adsorption. Int. |. Pharm. 2019, 568, 118522. [CrossRef]

Janjua, M.R.S.A; Jamil, S.; Jahan, N.; Khan, S.R.; Mirza, S. Morphologically controlled synthesis of ferric oxide nano/micro
particles and their catalytic application in dry and wet media: A new approach. Chem. Central . 2017, 11, 49. [CrossRef]
Ramachandran, K.; Kumari, A.; Acharyya, ].N.; Chaudhary, A. Study of photo induced charge transfer mechanism of PEDOT
with nitro groups of RDX, HMX and TNT explosives using anti-stokes and stokes Raman lines ratios. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2020, 251, 119360. [CrossRef]

Kugarajah, V.; Sugumar, M.; Swaminathan, E.; Balasubramani, N.; Dharmalingam, S. Investigation on sulphonated zinc
oxide nanorod incorporated sulphonated poly (1,4-phenylene ether ether sulfone) nanocomposite membranes for improved
performance of microbial fuel cell. Int. . Hydrog. Energy 2021, 46, 22134-22148. [CrossRef]

Reader, H.E.; Stedmon, C.; Nielsen, N.J.; Kritzberg, E.S. Mass and UV-visible spectral fingerprints of dissolved organic matter:
Sources and reactivity. Front. Mar. Sci. 2015, 2, 2. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2011.11.073
http://doi.org/10.1016/j.advwatres.2012.02.005
http://doi.org/10.3390/catal12010026
http://doi.org/10.1016/j.jhazmat.2018.05.070
http://doi.org/10.1186/1556-276X-7-144
http://doi.org/10.1016/j.jhazmat.2011.11.048
http://doi.org/10.1016/j.msec.2016.07.028
http://www.ncbi.nlm.nih.gov/pubmed/27524079
http://doi.org/10.1016/j.jhazmat.2010.05.119
http://www.ncbi.nlm.nih.gov/pubmed/20566240
http://doi.org/10.1016/j.jwpe.2020.101649
http://doi.org/10.1016/j.apsusc.2019.144896
http://doi.org/10.1016/j.enmm.2021.100481
http://doi.org/10.1016/j.matchemphys.2021.124266
http://doi.org/10.1016/j.snb.2013.04.086
http://doi.org/10.1016/j.jmmm.2018.11.061
http://doi.org/10.1016/j.micromeso.2020.110041
http://doi.org/10.1080/10408347.2017.1370670
http://www.ncbi.nlm.nih.gov/pubmed/28857621
http://doi.org/10.3390/s8095775
http://www.ncbi.nlm.nih.gov/pubmed/27873839
http://doi.org/10.1039/C6CE01021K
http://doi.org/10.1021/cr400544s
http://doi.org/10.1016/j.ijpharm.2019.118522
http://doi.org/10.1186/s13065-017-0278-0
http://doi.org/10.1016/j.saa.2020.119360
http://doi.org/10.1016/j.ijhydene.2021.04.067
http://doi.org/10.3389/fmars.2015.00088

	Introduction 
	Materials and Methods 
	Materials 
	Characterization Techniques 
	Scanning Electron Microscopy (SEM) 
	X-Ray Diffraction (XRD) 
	Brunner–Emmet–Teller (BET) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Ultraviolet/Visible Spectrophotometer (UV-Vis) 
	Chemical Oxygen Demand (COD) Determination 


	Results and Discussion 
	Scanning Electron Microscopy (SEM) 
	X-Ray Diffraction Spectroscopy (XRD) 
	Brunner–Emmett–Teller (BET) Adsorption Method 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Ultraviolet/Visible Spectrophotometer (UV-Vis) 
	Chemical Oxygen Demand (COD) 
	Effect of pH and Initial Adsorbate Concentration 
	Adsorption Behavior 

	Conclusions 
	References

