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A B S T R A C T   

The world is confronting a severe water crisis. To clean up water from heavy metals, microor
ganisms, chemicals, and other types of pollutants, nanocomposites have been receiving great 
attention specifically due to the high surface area affording to work effectually even at low 
concentrations. In this research, we synthesized a new amino acid-modified MoS2 nanocomposite 
by chemically immobilizing Mn (II). The synthesized absorbent MoS2–COOH/gly/Mn was iden
tified by thermogravimetric analysis (TGA), nitrogen adsorption measurement, X-ray diffraction 
(XRD), analysis of energy dispersive X-ray mapping (EDAX and MAP), field emission scanning 
electron microscopy (FE-SEM), and Fourier Transform Infrared spectrometry (FT-IR). The nano
composite was employed as an adsorbent through the solid phase microextraction (SPME) 
method while trifluralin herbicide was chosen as a model compound. For the monitoring of 
trifluralin molecules, we employed an ion mobility spectrometry apparatus featuring a corona 
discharge ionization source. The SPME method’s effectiveness was examined by investigating the 
stirring rate and extraction time as two crucial parameters, aiming to achieve trace analysis of 
trifluralin. Under the optimized condition of the trifluralin extraction, the coefficient (R2) and 
linear dynamic range (LDR) correlation were obtained at 0.9961 and 0.5–10 μg L− 1, respectively. 
Relative recovery values the described approach were obtained in the span of 96–97% for agri
cultural wastewater samples. The quantification (LOQ) and limit of detection (LOD) were 
calculated at 0.5 and 0.15 μg L− 1, respectively. The proposed nanocomposite absorbent has the 
capability to be applied as an efficient material for the extraction of trifluralin herbicide from 
different solutions.   

1. Introduction 

Nanocomposites are a group of nanostructures that consist of several phases having one of the phases with dimension in the 
nanometer range. The first phase is actually the base or matrix of the nanocomposite, which is a crystal structure and may be made of 
ceramic, polymer, or metal. Another phase is distributed within the first phase (base material) as reinforcements (filler materials) for 
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special objectives such as resistance, strength, magnetic properties, electrical conductivity, etc. Diverse properties of nanocomposites 
include scratch resistance, a significant surface-to-volume ratio [1], and high flexibility without reducing strength, as well as favorable 
optical properties like transparency, which depends on the size of the particles. From the structural point of view, particles and fibers 
usually create strength in the base, and the polymer base can uniformly transfer to adhere the mineral materials the forces applied to 
the composite to the reinforcing material [2,3]. 

The methods for fabricating nanocomposites are determined based on the specific field. In the polymer domain, three major 
fabrication methods exist, including the solvent-based method, in-situ polymerization, and melt blending. In the solvent-based 
method, nanomaterials and polymers are dissolved in a suitable solvent and then mixed together. Subsequently, the polymer nano
composite is obtained in the polymer matrix by evaporating the solvent. The advantages of this method include the ease of nano
material dispersion in the polymer matrix due to the solvent’s presence, but it is a laboratory-scale method. The selection of the solvent 
is determined by the type of polymer and reinforcing nanomaterial. In the in-situ polymerization method, nanomaterials and 
monomers are mixed together, and then by adding a catalyst and applying an appropriate temperature, the monomer is converted to 
polymer, and nanomaterials are dispersed within it. This method is not considered an industrial process and is more suitable for 
polymers that do not dissolve well in a suitable solvent or lack good thermal stability. The last method is the melt blending method, 
which is a fully industrial process with the capability of mass production. In this simple and rapid method, the high-temperature 
polymer and reinforcing nanomaterial are poured into an extruder, and by applying temperature and shear stress, the polymer 
melts, and the nanomaterial is dispersed in it [4]. 

In recent studies, there has been notable progress in the development of nanocomposites serving as nano-adsorbents, garnering 
considerable attention due to their enhanced physicochemical stability and augmented surface area. Particularly, magnetic nano
composites have emerged as a textural property, reusability of nano-adsorbents, contributing to the improvement of stability, and 
promising alternative [5]. These magnetic nanocomposites effectively segregate materials from aqueous solutions, significantly 
enhancing their potential for reuse and resulting in elevated adsorptive capacity [6]. Furthermore, a parallel behavior is evident when 
employing magnetic nanocomposites as nano-catalysts that facilitates reusability, thereby enhancing cost-effectiveness and obviating 
the need for subsequent procedures such as centrifugation and filtration [7]. 

Over the last few years, some special two-dimensional (2D) materials were investigated as heterogeneous catalysts and adsorbents 
[8–10], such as various self-assembled monolayer materials [11], 2D metal oxides, graphene [12], polymers [13], and many 2D 
transition metal dichalcogenides (TMDCs) [14–16]. Nowadays, the numerous types of polluters such as pesticides, heavy metal ions, 
dyes, organic compounds, and pharmaceuticals present in sewage, encouraged researchers and scientists to focus on developing new 
materials [17,18]. However, using nanomaterials is accompanied by several challenges including the vast outlay of construction, 
pretty low reusing revenue, and environmental toxicity. Thus, there is a continuing effort to exploring materials to create suitable 
catalysts for the treatment of water and renewable energy. 

Molybdenum disulfide (MoS2) is selected as an integrity catalyst that resolved wastewater treatment and energy efficiency. An 
inorganic compound like as molybdenum disulfide is the TMDS series. Dichalcogenides are compounds of chemicals including ele
ments oxygen, sulfur, selenium, tellurium and polonium, known as a chalcogen, and a transition metal [19]. MoS2 is a material with 
three layers comparable to the structure of graphene kept all together somehow in between two layers of S atoms is put a Mo layer 
(S–Mo–S). Between S layers of interaction is owing to forces of van der Waal, whereas Mo–S bonds are covalent [20]. The electronic, 
chemical, and physical properties of this composite grasped the notice of plenty of research and were found favorable substances to 
substitute formerly used graphene and/or semiconductor devices. The majority of characteristics of physical MoS2 are the same as 
graphene, however, it has reached premier benefit owing to its good light absorption valence and low cost. 1T, 2H, and 3R are three 
known phases of MoS2 [21]. MoS2 displayed going from bulk to structure of two-dimensional (2D) with promising and optimistic 
quantum and electronic characteristics [22]. Owing to its special structure, MoS2 is used as a photocatalyst [23–25], a potential 
electrocatalyst [26], and a heterogeneous catalyst. Altering an indirect band gap to a direct one in a thin structure can be related to its 
partly great band gap (~1.8 eV). Instead of graphene, which has an almost zero-band gap, this would let downscaling electronic 
devices [27,28]. 

In 1970, Karasek and Cohen introduced ion mobility spectrometry (IMS) as a monitoring technique based on the determination of 
the electrophoretic mobility of the gaseous ion molecules [29]. In IMS, the ion-molecules are formed in an ionization region and moved 
into the drift tube and then separated by an electric field (about 300–600 Vcm− 1) in a drift tube and detected. The IMS application is 
wide such as analysis of clinical and illegal drugs, explosives, pesticides, herbicides, insecticides compounds, and environmental 
pollution [30]. 

In the current research, SPME method was performed to examine the capability of the newly synthesized nanocomposites as a 
proficient material for the purpose of adsorption of trifluralin herbicide from water-based samples. In this regard, IMS as a responsive 
apparatus for the purpose of determination of trifluralin molecules was utilized. Some of the influential parameters were fine-tuned for 
the extraction of trifluralin. Finally, the performance of the synthesized nanocomposite as an extraction phase was assessed in the 
agricultural wastewater. 

2. Experimental 

2.1. Materials 

Trifluralin herbicide 99.0% was prepared from Kavosh Kimia Kerman Co., Iran. Deionized water, sodium molybdate 99.0% 
(Na2MoO4.2H2O), monochloroacetic acid 99.0% (ClCH2CO2H), hydrochloric acid 37.0% (HCl), potassium thiocyanate 99.0% (KSCN), 
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sodium hydroxide 98.0% (NaOH), manganese chloride 99.0% (MnCl2.2H2O), glycine 99.0% (C2H5NO2), ethanol 96.8% (CH3CH2OH), 
and methanol 99.8% (CH2OH) were all supplied by Merck Co. 

2.2. Instrumentations 

Ion mobility spectrometry instrument with corona discharge ionization source (CD-IMS) was manufactured at Teif Azmon Espa
dana Company. The CD-IMS details were presented in the previous works [31,32]. The synthesized manganese nanocomposite was 
characterized by powder X-ray diffraction (XRD, PW1730 Philips, Netherlands) along with the energy dispersive X-ray analysis (EDAX) 
using FE-SEM TESCAN MIRA3, Czech apparatus. A Fourier Transform Infrared spectrometer (FT-IR, Jasco-680 FT-IR Japan) was used 
to record FT-IR spectra. Field emission scanning electron microscopy was used by FE-SEM TESCAN MIRA3, Czech apparatus to verify 
the particle size of the samples and the surface morphology. Thermal characterization was carried out using TG-Q600, America at a 
heating rate of 10 ◦C.min− 1 under argon atmosphere. Pore size and surface area were determined through the Brunauer-Emmett-Teller 
(BET) method by BELSORP MINI II, Japan analyzer. 

2.2. Synthesis of MoS2 

The synthesis of molybdenum disulfide in this study followed the procedure outlined in prior articles [33]. A solution was created 
through the dissolution of potassium thiocyanate (1.22 g, 0.0125 mmol) and sodium molybdate (1.21 g, 0.005 mmol) in deionized 
water (60.0 mL). The prepared solution was heated in an oven at 260 ◦C, in a 100.0 mL Teflon-lined autoclave, for 24 h. The resultant 
product underwent multiple washes with distilled H2O and was subsequently dried at 40 ◦C for approximately one day. 

2.3. Synthesis of MoS2–COOH 

Molybdenum disulfide (0.03 g), monochloroacetic acid (1.0 g), and sodium hydroxide (1.20 g) were combined in 15.0 mL of 
distilled H2O. The entire solution was stirred for a few minutes, followed by 3 h of ultrasonic dispersion. The resulting precipitate was 
then separated and subjected to multiple washes with distilled H2O. 

2.4. Synthesis of MoS2–COOH/gly 

MoS2–COOH (0.35 g) and glycine (0.35 g) underwent a reaction in refluxing ethanol at 70 ◦C for 36 h. The resultant precipitate was 
filtered and subsequently dried to yield MoS2–COOH/gly. 

2.5. Synthesis of MoS2–COOH/gly/Mn 

For the synthesis of final nanocomposite, MoS2–COOH/gly (0.01 g) was dispersed into deionized H2O (120.0 mL) for 15 min. In the 
next step, manganese chloride (0.04 g) and hydrochloric acid (1.76 g) were added [34]. After 1 h of dispersion, the mixture underwent 
stirring for one day. The resulting product was then filtered and dried at 70 ◦C. 

2.6. Preparation of SPME fiber 

Firstly, Ni–Cr wire (diameter, 200 μm; length, 2 cm) was eluted with methanol and distilled water. A physical adhesion method was 
applied for coating a nanocomposite powder on Ni–Cr wire. In this regard, 2 cm of wire was immersed in a silicone binder solution 
(10% w/v in toluene solvent) for 1 min; then, it was withdrawn and introduced into the nanocomposite powder at ambient conditions. 
To dry the SPME fiber from solvent and binder, the fiber was conditioned at 220 ◦C for 20 min under N2 flow (200.0 mL min− 1). Finally, 
the SPME fiber was placed on the SPME holder for the extraction procedure. 

2.7. Real sample preparation 

Agricultural wastewater as a real sample was collected from Isfahan University of Technology farms (Isfahan, Iran). The real sample 
was filtered through a 20 μm cellulose filter paper (Whatman grade 41). To eliminate the matrix effect, the sample was diluted with 
distilled water, to the 1:10 ratio. Finally, 10 mL of the diluted sample was applied for extraction by SPME and then analysis by CD-IMS 
instrument. 

3. Result and discussion 

Fig. 1 depicts the FT-IR spectra of MoS2, glycine, and MoS2–COOH/gly/Mn. A characteristic band appeared in the region 3300- 
3500 cm− 1 signifies the stretching vibrations of OH functional groups. The characteristic stretching vibrations of C–H bonds with sp3 

hybrid can be observed in 2800–3100 cm− 1 region. MoS2–COOH exhibits S–O vibration bands at 1125 and 750 cm− 1, in agreement 
with previous published reports [35]. The FT-IR spectrum reveals a strong band at about 1740 cm− 1 related to the carboxylate groups. 
Bands at 1450 and 1375 cm− 1 are regarded to the bending vibrations of C–H bonds with sp3 hybrid. The robust band at around 950 
cm− 1 suggests the establishment of the Mo–S bond. In the final nanocomposite, the heightened intensity of the band located at 600 
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cm− 1 confirms the incorporation of Mn metal into the main structure. 
Fig. 2 displays the XRD patterns of MoS2 and the final nanocomposite. Characteristic peaks for MoS2 at 14.39◦, 39.54◦, and 49.78◦

correspond to the (002), (103), and (105) planes, respectively, aligning with the standard card ID JPCDS 006-0097-0097. Notably, the 
XRD pattern of final nanocomposite closely mirrors that of pure MoS2 in the 2θ range of 10◦–25◦, indicating the preservation of the 
MoS2 structure in the nanocomposite. 

In Fig. 3 (A and B), FE-SEM images depict the nanocomposite formed as stacked sheets, with the histogram illustrating the thickness 
distribution of the plates. The average thickness, calculated as 52 nm using Digimizer software, indicates the preserved structure of the 
nanoplates uniformly dispersed on the MoS2 sheet surface. Fig. 3C presents a TEM image in accordance with the shape and size 
detected in FE-SEM images for the final nanocomposite. 

The EDAX analysis confirmed the existence of the Mo, S, C, O, N, and Mn elements in final nanocomposite (Fig. 4a). The elemental 
mapping was employed to confirm the distribution of the elements (Fig. 4b). 

In Fig. 5, the thermal stability of MoS2, MoS2–COOH, MoS2–COOH/gly, and final nanocomposite was assessed through ther
mogravimetric analysis (TGA) [36]. Fig. 5a illustrates several-step weight losses for MoS2 nanocomposite [35]. Around 100 ◦C, a 
primary mass loss occurs due to the evaporation of adsorbed water molecules. Another weight loss at approximately 300 ◦C is ascribed 
to sulfur from the breakdown substance (MoS2 oxidized to MoO3), remaining stable up to 800 ◦C [37]. For MoS2–COOH and 
MoS2–COOH/gly substances (Fig. 5b and c), the primary mass reduction occurs around 200 ◦C, associated with the elimination of 
adsorbed water and thermal breakdown of containing oxygen groups. This results in the decomposition of CO, CO2, and, ultimately, 
glycine and COOH in the range of 450–800 ◦C [38]. Fig. 5d displays the TGA graphs of final nanocomposite, with the primary mass loss 
at around 100 ◦C caused by the evaporation of water undergoing adsorption. The following reduction mass between 100 and 350 ◦C is 
related to the removal of carboxyl groups attached to the nanocomposite’s surface. The third step beyond 350 ◦C involves the 
breakdown of organic components within the composite structure. The observed intermolecular binding among functional groups 
located onto the surface of material contributes significantly to the enhanced thermal durability of the nanocomposite. 

Fig. 6 displays the N2 desorption/adsorption isotherm of the final nanocomposite using the BET method. The calculated area on the 
surface for the final nanocomposite is 7.47 m2/g. The results reveal type-II curves with H3 hysteresis loops. Additionally, the mean pore 
size and total pore volume are determined as 29.077 nm and 0.054 cm3g-1, respectively. 

3.1. Investigation of some parameters of the SPME technique 

To increase the trifluralin extraction by the proposed method, some important parameters containing the stirring rate of the 
aqueous solution and extraction time were selected and optimized. 

3.2. Stirring rate 

Sample agitation is the main parameter for trifluralin extraction that is associated with the mass transfer process between the 
sample solution and the adsorbent phase, diminishing the thermodynamic equilibrium time [39]. To check the parameter on the 

Fig. 1. FT-IR spectra of a) MoS2, b) glycine, c) MoS2–COOH/gly/Mn nanocomposite.  
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Fig. 2. XRD patterns of nanocomposite of a) MoS2 JCPDS Crad, b) MoS2, c) MoS2–COOH/gly/Mn nanocomposite.  

Fig. 3. A and B) FE-SEM images and C) TEM image of MoS2–COOH/gly/Mn nanocomposite.  
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Fig. 4. (a) EDAX and (b) MAP of MoS2–COOH/gly/Mn nanocomposite.  

Fig. 5. TGA thermograms of (a) MoS2, (b) MoS2–COOH, (c) MoS2–COOH/gly, (d) MoS2–COOH/gly/Mn nanocomposite.  

Fig. 6. BET absorption-desorption isotherm of a) adsorption, and b) desorption obtained for final nanocomposite.  
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trifluralin extraction, different stirring rates from 200 to 1000 rpm were chosen and optimized. According to Fig. 7, the best extraction 
of the analyte of the proposed method was attributed to 600 rpm. 

3.3. Extraction time 

In the SPME method, the extraction duration of the analyte is associated with the time of equilibrium between the trifluralin 
solution and SPME fiber [40,41]. To that end, different extraction times of 5–20 min were evaluated and optimized. As can be shown in 
Fig. 8, the equilibrium time was achieved at 10 min and selected as an optimal point. 

3.4. Reusability of the SPME fiber 

The chemical and mechanical stability of MoS2–COOH/gly@Mn as SPME adsorbent are crucial parameters in practical applica
tions. To assess the nanocomposite reusability, the extraction efficiencies were compared after 1- and 30-times extractions. After 30 
extraction cycles, there was not a significant difference in the efficiency of extraction of the target analyte. 

3.5. Analytical parameters 

To examine the ability of the developed method with a novel adsorbent, several analytical variables containing, correlation co
efficient (R2), the limit of detection (LOD), linear dynamic range (LDR), and the limit of quantification (LOQ) were computed for 
analyzing of trifluralin herbicide by CD-IMS instrument. To that end, some concentrations of the trifluralin herbicide in the range of 
0.50–20.0 μg L− 1 were provided in the aqueous sample. Firstly, the molecules of the trifluralin were adsorbed by SPME adsorbent, and 
then, injected into the CD-IMS apparatus. Fig. 9 shows the proposed mechanism for the trifluralin using the MoS2–COOH/gly@Mn. To 
plot the calibration curve (Fig. 10), the least square method was utilized, so, the LOQ and LOD were obtained at 0.50 and 0.15 μg L− 1, 
with the S/N = 3 and S/N = 10, respectively. The correlation coefficient value and LDR were acquired at 0.9961 and 0.50–10.0 μg L− 1, 
respectively. To determine the repeatability of the developed method, relative standard deviation (RSD%) was applied for three 
consecutive extractions at the trifluralin concentration of 2.0 μg L− 1 and computed at 4%. In statistics and probability theory, the RSD 
as a repeatability index is a frequently used formula that generates a standardized measurement of the standard deviation to the mean 
ratio. In the two concentration levels of trifluralin (1 μg L− 1 and 5 μg L− 1), the relative recoveries values as well as standard deviation of 
the described approach were obtained at 97% ± 10 and 96% ± 9 for the agricultural wastewater sample, respectively. 

4. Conclusion 

In this study, a simple process was introduced to synthesize a new nanocomposite modified by amino acid, based on fundamental 
materials via hydrothermal method. The physiochemical properties of the synthesized nanocomposite were fully identified using 
various techniques. The present study, represents the first attempt on the usage of the nanocomposite with excellent thermal and 
mechanical stability as an SPME coating. The method was used to extract of trifluralin herbicide from aqueous samples and the corona 
discharge-ion mobility spectrometry, as an exceptionally sensitive and rapid technique, it was employed to identify the trifluralin 
molecules. The relative standard deviation (n = 3) was computed at 4.0% to examine the repeatability of the developed method. To 
evaluate the selectivity of the recommended approach for determining different compounds by IMS apparatus, the values of drift time 
can be used as a separation factor in IMS. The high porosity hydrogen bonding, and electrostatic attractions between the synthesized 
nanocomposite and trifluralin molecules, increased the amazing extraction efficiency of trifluralin. 
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Fig. 7. The effect of sample agitation on the trifluralin extraction.  

Fig. 8. The effect of extraction duration on the trifluralin extraction.  

Fig. 9. Proposed mechanism for adsorption of trifluralin on the MoS2–COOH/gly/Mn nanocomposite.  
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