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      Polyamidoamine dendrimer functionalized with MoS2 nanoparticles was synthesized and fully characterized using field-emission 
scanning electron microscopy, energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy, X-ray diffractometry, 
Brunauer-Emmett-Teller, and thermal gravimetric analysis. The synthesized nanocomposite showed excellent photocatalytic activities for 
the degradation of two commonly used pesticides (chlorpyrifos and glyphosate). According to the optimization study, the pH value of 10 
and the minimum reaction time of 110 min were required for optimal degradation of pesticides. Based on the kinetic study of the 
photocatalytic reaction, it was inferred that more than 95% of the pesticides were degraded into non-harmful products in less than two 
hours. By comparing the obtained data in this study with previous reports for photocatalytic degradation of chlorpyrifos and glyphosate, it 
was concluded that the present nanocomposite was able to degrade pesticides faster and more efficient than available catalysts.  
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INTRODUCTION 
 
      Enormous amounts of pesticides and fertilizers are used 
every day due to industrial agriculture and the present 
demand for increasing global food production. Synthetic 
pesticides have a crucial role in the food production chain 
by reducing the crop losses up to 30% for major crops 
cultivated on earth [1-3]. Despite their positive roles, 
pesticides negatively affect the environment, including soil, 
water bodies, and the atmosphere [4-6]. Improper usage of 
pesticides has lethal effects on human life and could 
damage the respiratory system, kidneys, and DNA and 
cause diabetes, Parkinson's, and other chronic disorders [7-
10]. In this regard, there is a considerable demand for 
pesticide removal and remediation from the environment. 
Several chemical and biological approaches have            
been   implemented,   including   pesticide   immobilization, 

 
*Corresponding author. E-mail: m.shahmirzaei@pnu.ac.ir 

 
nanofiltration, electro-kinetic remediation, advanced 
oxidation process, and bioremediation techniques [11-15]. 
In addition to their low efficiency for pesticide removal, 
these techniques suffer from high cost and production of 
secondary toxic pollutants [16-18].  
      Recently, photocatalytic degradation of pesticides has 
endeavored as an emerging technology for efficient and 
green pesticide removal. Meanwhile, photocatalytic 
degradation of pesticides based on nanostructures is in the 
center of attention due to their ability to decompose the 
organic pollutants completely and with minimum secondary 
harmful substances [19-21]. In this regard, different 
nanostructures have been exploited to degrade pesticides in 
the presence of UV or visible light, depending on their 
optoelectronic properties.  
      For instance, TiO2 [22], ZnO [23], g-C3N4 [24], 
Fe3O4/BiVO4 [25], magnetic graphene oxide@MIL-101(Fe) 
[26], and many other metal oxide nanoparticles and 
nanocomposites  have   been  used  for  the  degradation  of  
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imidacloprid, chlorinated pesticides, monocrotophos 
pesticide, diazinon, atrazine, and other commonly used 
pesticides.  
      In this study, the polyamidoamine dendrimer 
(PAMAM)-grafted MoS2 nanoparticles have been 
successfully synthesized to take advantage of excellent 
photocatalytic behavior for degradation of chlorpyrifos and 
glyphosate pesticides under visible light (Scheme 1). This is 
the first report on the application of MoS2-PAMAM 
nanocomposites for photocatalytic degradation of pesticides 
to the best of our knowledge. According to the obtained 
results after a complete optimization of the experimental 
parameters, the prepared nanocomposite showed 
outstanding performance for fully decomposing the studied 
pesticides to non-harmful compounds. This research can 
pave the way for further studies in photocatalytic 
nanostructures to eliminate the chemical pesticides from the 
aqueous environment.   
 
EXPERIMENTAL 
 
Chemicals and Materials 
      All of the chemicals used for the synthesis of PAMAM 
such as diethylenetriamine ((NH2CH2CH2)2NH with 
molecular weight 103.17 and purity ≥ 99%), methyl acrylate 
(CH2=CHCOOCH3 with molecular weight 86.09 and purity  
≥ 99.5%),   and   ethylenediamine   (NH2CH2CH2NH2   with 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
molecular weight 60.10 and purity ≥ 99.5%) were 
purchased from Merck (Darmstadt, Germany). Sodium 
molybdate (Na2MoO4, 99%), methanol, and thiourea were 
purchased from Sigma-Aldrich (Steinheim, Germany). CO2-
free water, ethanol, sodium hydroxide, acetic acid, sulfuric 
acid, hydrochloric acid, dimethyl sulfoxide, and 
dichloromethane were purchased from Sigma-Aldrich 
(Steinheim, Germany).  
 
Characterizations 
      Morphological features of the obtained nanostructures 
were characterized using field-emission scanning electron 
microscopy (FE-SEM, Sigma VP, ZEISS) and transmission 
electron microscopy (TEM, EM10C, 100 kV, ZEISS). 
Fourier-transform infrared spectroscopy (FT-IR) was 
performed on a Cary 630 spectrophotometer, equipped with 
a single reflection diamond (attenuated total reflectance) 
ATR sample interface. Compositional analysis was done 
using an X-ray diffraction unit (Panalytical PW-1700) using 
Cu-Kα irradiation. UV-Vis spectroscopy (UNICO, 
Germany) was used for determining the concentration of 
pesticides at specific wavelengths (230 and 290 nm for 
chlorpyrifos and 260 and 360 nm for glyphosate). Nitrogen 
adsorption/desorption studies were done by a computer-
interfaced Nova 3200 series instrument (Quantachrgme, 
USA) using Brunauer-Emmett-Teller (BET) determining 
the  surface  area.  Thermogravimetric  analysis  (TGA) was  

 
Scheme 1. A possible mechanism for degradation of (a) chlorpyrifos and (b) glyphosate pesticides 
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performed by NETZCH STA 309 PC/PG under nitrogen 
atmosphere with a flow rate of 60 ml min-1, heating rate at 
10 °C min-1 from 25 to 1000 °C. 
 
Synthesis of Modified Dendrimer (PAMAM) by 
MoS2 Nanoparticles 
      The typical procedure for the preparation of 
PAMAM dendrimer. The PAMAM dendrimer was 
synthesized according to the following procedure [27]. At 
first, 1 g of diethylenetriamine was dissolved in 5 ml of 
methanol under a nitrogen gas atmosphere and stirring at 
room temperature (25 °C). Then, 10 g of methyl acrylate 
was dissolved in 25 mL of methanol and added dropwise to 
the diethylenetriamine solution. The reaction mixture was 
stirred for seven days under a nitrogen gas atmosphere at 
room temperature (25 °C). After the reaction completion 
and evaporation of all volatile compounds using a vacuum 
pump, the 0.5-generation PAMAM dendrimer (G0.5) with        
-OCH3 terminated groups was obtained. Afterward, under 
nitrogen gas atmosphere at room temperature (25 °C),       
40 ml of ethylenediamine was dissolved in 20 ml of 
methanol and added to the G0.5 solution. After stirring for 
another seven days under a nitrogen gas atmosphere at room 
temperature, the first generation of dendrimer (G1) with 
terminated groups of -NH2 was obtained. For further growth 
of the dendrimer, 15 ml of methyl acrylate was added to 
3.37 g of G1 solution and stirred for seven days under a 
nitrogen gas atmosphere, and a viscous, yellowish liquid 
with terminated groups of 10-arm-OCH3 was obtained 
(G1.5). By repeating the procedure mentioned above for G 
1.5 solution using 30 ml of ethylenediamine, the next 
generation of dendrimer was obtained with 10-NH2 terminal 
groups (G2). 
      Immobilization of the MoS2 nanoparticles. Modified 
PAMAM by MoS2 was prepared by the chemical reduction 
method. At first, 25 ml of PAMAM solution was added to 
the deionized water (25 ml) under vigorous magnetic 
stirring (1000 rpm) and nitrogen gas atmosphere. Then,      
1.08 g sodium molybdate and 1.02 g thiourea were added to 
this solution and dispersed by vigorous magnetic stirring 
(1000 rpm) under a nitrogen gas atmosphere for 24 h. 
Afterward, this solution was transferred to a 100 ml Teflon-
lined steel autoclave and placed at 70 °C for 24 h. After           
the immobilization process, the PAMAM  containing  MoS2  

 

 

nanoparticles was separated from the reaction mixture by 
centrifugation at 4000 rpm for 10 min, and finally, the 
supernatant was decanted. The obtained gel was washed 
three times with ethanol (10 ml) and deionized water        
(10 ml). The MoS2-PAMAM nanocomposite was obtained 
after drying at 50 °C for 24 h [28]. It should be mentioned 
that a complete synthesis of PAMAM polymer and its 
functionalization with MoS2 nanoparticles would take 
several weeks. 
 
Photocatalytic Activities 
      The photocatalytic activity of MoS2-PAMAM 

nanocomposite was studied in the presence of chlorpyrifos 
and glyphosate pesticides under visible light via a 250 W 
tungsten lamp. For a typical experiment, a specific amount 
of MoS2-PAMAM nanocomposite was added to freshly 
prepared chlorpyrifos and glyphosate pesticide solutions  
(20 mg l-1 in 20 ml DI water) and kept stirring for 120 min. 
After completion the reactions, the photocatalysts were 
separated using centrifugation and washed several times 
with ethanol and DI water. The degradation amount            
of pesticides were estimated using a UV-Vis 
spectrophotometer. It should be mentioned that the 
Glyphosate pesticides do not have any chatachteristic peak 
in the UV-Vis spectra and the concentration of PO4

3- should 
be measured using Mo-Sb-ascorbic acid colorimetric 
method [21]. 
 
RESULTS AND DISCUSSION 

 
Characterization of the Synthesized MoS2-
PAMAM Nanocomposites 
      The structure and morphology of the MoS2-PAMAM 

nanocomposite were characterized using FE-SEM and TEM 
microscopies (Fig. 1). According to the SEM results            
(Figs. 1a and 1b), uniform sphere-like MoS2 NPs with         
an average size of 23 nm can be seen on PAMAM 

nanocomposites. The monodispersity of the obtained 
spherical MoS2 NPs was also confirmed by TEM 
observations (Figs. 1c and 1d). Besides, the EDS-mapping 
analysis of the MoS2-PAMAM nanocomposites shows a 
homogeneous distribution of elements of Mo, S, C, N, and 
O (Figs. 1e and 1f). 
      FT-IR spectroscopy was carried out  to  characterize  the 
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functional groups on the PAMAM and MoS2-PAMAM 
nanocomposites. According to the obtained data (Fig. 2a), 
the broadband at 3468 cm-1 and the double peaks around 
2700-3000 cm-1  can  be   attributed   to   the  OH  and  N-H  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
stretching vibration of the PAMAM, respectively. 
Moreover, a peak located at 1713 cm-1 could be assigned to 
the C=N vibration of the PAMAM. The absorption peaks           
at  1648  and  1058  cm-1   were  assigned  to  the  stretching  

 
Fig. 1. Morphological and elemental analysis of the synthesized MoS2-PAMAM nanocomposite. Scanning electron  
           microscopy images (a and b), and  transmission electron  microscopy  images (c and d). (e) and (f) show the  

               EDS map and spectra of the synthesized MoS2-PAMAM nanocomposite. 
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vibration of the C=O=O bond of amide and C=C bond in 
the PAMAM, respectively. As it can be seen in Fig. 2a, 
incorporation of MoS2 nanoparticles into the PAMAM 
structure resulted in significant changes in peak intensities, 
especially at 486 cm-1 and its shoulder around 512 cm-1, 
which are related to the S-H vibrations and strong S-S bond 
in MoS2 structure [29,30]. 
      The crystalline structure of the PAMAM and MoS2-
PAMAM nanocomposites was investigated using XRD 
measurements (Fig. 2b). The amorphous nature of PAMAM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
can be seen from the background of the XRD pattern. The 
diffraction peaks in the XRD pattern of MoS2-PAMAM 

nanocomposites at 2θ = 32°, 40°, 48°, and 57° correspond 
to the (100), (103), (105), and (110) planes, which are very 
close to the standard patterns of the crystalline MoS2 

nanoparticle [31,32]. The UV-Vis spectra of PAMAM 
dendrimer and MoS2-PAMAM nanocomposite are shown in 
Fig. 2c. According to the obtained data, three distinct peaks 
at 285 nm, 612 nm, and 674 nm can be seen for MoS2-
PAMAM nanocomposite.  The  XRD  pattern  and  UV-Vis  

 
Fig. 2. Optical, compositional, and thermal analysis of MoS2-PAMAM nanocomposites in comparison with PAMAM.  
          (a), (b), (c), and (d) show the FTIR spectra, XRD pattern, UV-Vis  spectra, and TGA  curve of MoS2-PAMAM  

              nanocomposites in comparison to PAMAM. 
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spectra of the MoS2-PAMAM with distinct peaks at 612 nm 
and 674 nm confirmed nanocomposites' successful 
formation [33]. TGA evaluated the thermal stability of 
MoS2-PAMAM under the air atmosphere, and according to 
the obtained results (Fig. 2d), 50 wt% total weight loss was 
observed for MoS2-PAMAM nanocomposite when heated 
to 1000 °C. Evaporation of water and organic compounds 
was initiated at 100-150 °C, with a total weight loss of 
20.1%. The 24.8% mass loss observed at 200-250 °C  can 
be attributed to the PAMAM oxidation. The final 
decomposition (14.6%) occurred at 600-700 °C, where the 
MoS2 decomposed to molybdenum oxide and sulfur dioxide 
under the air atmosphere [34]. 
      The nitrogen sorption isotherm of PAMAM and MoS2-
PAMAM nanocomposites followed the type IV adsorption 
isotherm according to the IUPAC classification [35]. In 
addition, the BET surface area, BJH desorption volume of 
the pore, and desorption average pore diameter were 
measured as 12.8 m2 g-1, 3.08 cm3 g-1, and 9.14 nm, 
respectively (Fig. 3). The MoS2-PAMAM nanocomposite 
showed a pronounced increase in the pore size and the 
surface area compared to the sole PAMAM. This behavior 
suggests that MoS2 nanoparticles increased the relative 
surface area and enabled the synergistic effect on the 
catalytic activity of the MoS2-PAMAM nanocomposite.  
 
Application of MoS2-PAMAM Nanocomposite for 
Catalytic Degradation of Pesticides 
      Effect of pesticides concentration. The catalytic 
activity of MoS2-PAMAM nanocomposite for degradation 
of organophosphorus pesticides (chlorpyrifos and 
glyphosate) was studied according to the mentioned 
protocol in section 2.4. According to the obtained data, by 
changing the initial concentrations of chlorpyrifos and 
glyphosate pesticides from 1 ppm to 20 ppm, the 
degradation percentage gradually decreased from 97% to 
73% for chlorpyrifos and 96% to 61% for glyphosate          
(Fig. 4a). The percentage of degradation was relevant to the 
number of OH radicals available on the surface of the 
MoS2-PAMAM nanocomposite surface and their ability to 
react with the pesticide molecules. It is worth mentioning 
that a high concentration of pesticides would cover the 
surface of MoS2-PAMAM nanocomposite and decrease the 
efficiency of reaction due to steric effects [36].  

 
 

 
Fig. 3. The nitrogen adsorption isotherm of PAMAM and  

              MoS2-PAMAM nanocomposites. 
 
 
      Effect of illumination time. When the experiment was 
done in the dark condition, the degradation efficiency of 
chlorpyrifos and glyphosate pesticides decreased to 27% 
and 22% in 20 min, respectively. It can be inferred that the 
photocatalytic activity of MoS2-PAMAM nanocomposite 
plays a crucial role in the visible-light-induced degradation 
of pesticides. According to the obtained data in Fig. 4b, 
more than 70 wt% of the pesticides were degraded in the 
first 20 min, confirming the fast reaction kinetics between  
MoS2-PAMAM nanocomposite and the pesticides. 
      Effect of pH. Figure 4c shows that the solution's pH  
has a significant effect on the degradation efficiency of 
pesticides. The crucial role of pH can be attributed to its 
effect on the molecules' surface charge, which can hinder or 
facilitate the chemical reaction between species at the 
surface [37]. According to the obtained data, at a pH value 
of 10, more than 90% of the pesticides were degraded using 
MoS2-PAMAM nanocomposite. According to the pKa 
values of chlorpyrifos and glyphosate, at pH values in the 
range of 5-10, both of the pesticides have negative charges 
so they readily interact with positive charged MoS2-
PAMAM nanocomposite. 
According to the obtained data, the optimal values (pH = 10 
and 110 min for reaction time) were used for further 
experiments. 
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Fig. 4. The effects of  pesticide concentration  (a),  reaction  
           time (b), and pH (c) on  the  degradation   efficiency  
           of    chlorpyrifos   and     glyphosate    using    MoS2- 
            PAMAM  nanocomposite  as   the  photocatalyst.  In  
           panel (a)  the pH of  the  solution  and   the   reaction  
           time   were   kept  constant   at   10    and  110  mins,  
           respectively. In  panel (b) the pH of the solution  and  
           the pesticides concentration were kept constant at 10  
           and  4 ppm,  respectively.  In  panel (c)  the  reaction  
           time and  the  concentration of  pesticides  were kept  
           constant at 110 mins and 4 ppm, respectively. 

 
 
      The role of MoS2 nanoparticles. The role of MoS2 
nanoparticle for photocatalytic degradation of pesticides 
was studied by evaluating the efficiency of degradation for 
both PAMAM and MoS2-PAMAM in light-off and light-on 
conditions. According to the obtained data, as long as the 
reaction was in the dark condition, no reaction took place 
even in the presence of MoS2 nanoparticles (Fig. 5a). On the 
other hand, as soon as the tungsten lamp turned on, the 
reaction started to proceed and in the presence of MoS2-
PAMAM nanocomposite, more than 95% of the pesticides 
were degraded in less than 2 h (Fig. 5b). In the case of 
pristine PAMAM, the maximum value of 75% and 79% can 
be obtained for the degradation of chlorpyrifos and 
glyphosate, respectively. The significant changes in the  
UV-Vis spectra (Figs. 5c and d) clearly shows the 
degradation of pesticides in the period of 0-110 min. It 
should be mentioned that, upon the iridation of MoS2-
PAMAM nanocomposite, the photogenerated positive holes 
from the valence band rapidly react with water molecoules 
to produce hydroxyl radicals which are responsible for 
degradation of pesticides.  
      Reusability. The catalyst's reusability was studied using 
a specific amount of MoS2-PAMAM nanocomposite for six 
successive runs and monitoring the efficiency of each run 
using a UV-Vis spectroscopy. According to the obtained 
data in Fig. 6, the photocatalyst efficiency was decreased 
from 97% to 82% and 81% after six successive runs for 
degradation of glyphosate and chlorpyrifos, respectively. 
This can be inferred that the synthesized MoS2-PAMAM 
nanocomposite could be used for photocatalytic degradation 
of chlorpyrifos and glyphosate without a significant drop in 
its efficiency. 
 
Reaction Kinetics Study 
      In order to study the kinetics of the degradation, the 
reaction completion was carefully studied in different time 
intervals for both pesticides. According to the obtained data 
(Fig. 7a), degradation of both pesticides follow the pseudo-
second-order model. The Langmuir-Hinshelwood model 
[38] was used to model the degradation kinetic as follows: 
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Fig. 6. The degradation efficiency of chlorpyrifos and  
           glyphosate   pesticides  using   MoS2-PAMAM  

                nanocomposite as the photocatalyst. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C0 is the initial concentration of the pesticides, and C is the 
actual pesticide concentration at the time = t. According to 
the fitted data in Fig. 7b, both regression values showed that 
the reaction kinetics for photocatalytic degradation of 
pesticides follow the pseudo-second-order model. In           
Table 1, the photocatalytic activity of the synthesized 
MoS2-PAMAM nanocomposite was compared with 
previously reported catalysts for the degradation of 
chlorpyrifos and glyphosate pesticides. According to the 
data, the rate constant of the fabricated MoS2-PAMAM 
nanocomposite for the degradation of chlorpyrifos and 
glyphosate pesticides is superior or comparable with other 
nanocomposites. So, the rapid degradation of pesticides 
using the developed nanocomposite is the main advantage 
of this study. Based on the absorbance measurement for 
chlorpyrifos and glyphosate pesticides at 290 nm and          
260 nm,  the  LOD  values  of 0.34 ppm and 1.93 ppm were  

 
Fig. 5. (a) and (b) degradation efficiency of chlorpyrifos and glyphosate in the presence of PAMAM and MoS2- 
           PAMAM nanocomposites. (c) and (d) show  the  changes in UV-Vis spectra in  the period of  0-110 min  
           for  chlorpyrifos   and   glyphosate, respectively. All of  the   parameters  except   time  were  in  optimal  

            condition (pH = 10, concentration of pesticides = 4 ppm). 
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obtained, respectively. The linear dynamic ranges for 
chlorpyrifos and glyphosate pesticides were calculated as  
10-50 ppm and  5-25 ppm, respectively.  
 
CONCLUSIONS 
 
      In this study, MoS2-PAMAM nanocomposite was 
synthesized by the hydrothermal approach and               
fully characterized using XRD, electron microscopies, 
optical  spectroscopies,  and  thermal analysis. XRD  pattern  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
confirmed the formation of MoS2 nanoparticles, and SEM 
images show that the MoS2 nanoparticles are 
monodispersed and well-distributed throughout the 
PAMAM matrix. The synthesized MoS2-PAMAM 
nanocomposite showed excellent photocatalytic activities 
for the degradation of two commonly used pesticides under 
visible light. In the presence of synthesized nanocomposite, 
chlorpyrifos and glyphosate pesticides were degraded with 
efficiencies more than 95% in less than two hours. Kinetics 
of the reaction and the effects of pertinent factors (e.g., pH,  

 
Fig. 7. Kinetics of the photocatalytic reaction completion for degradation of chlorpyrifos (blue dots) and glyphosate  

                 (red dots) in the presence of MoS2-PAMAM nanocomposite. 
 
 

                               Table 1. Comparison the Previously Reported Catalysts with those Obtained in this  
                                              Study for the Degradation of Chlorpyrifos and Glyphosate 

 

Catalyst 
The rate constant 

 (× 10-2 (min)) 
Pesticide Ref. 

TiO2 6.00 [39] 
Th4+ doped TiO2 1.82 [40] 
Mo6+ doped TiO2 2.20 [40] 
MoS2-PAMAM 7.54 

Chlorpyrifos 

This study 
TiO2/silica gel 1.85 [41] 
SnO2-TiO2 6.10 [42] 
In2S3/BiVO4 0.81 [43] 
MoS2-PAMAM 3.15 

Glyphosate 

This study 
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reaction time, and concentration of pesticides) were fully 
discussed. According to the obtained data, MoS2-PAMAM 
nanocomposite could be an efficient photocatalysis for other 
pesticides or chemical toxins.  
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