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 Herbicides such as 2, 4-dichlorophenoxyacetic acid (2, 4-D) are generally 
carcinogenic and their existence in water cause many problems. In this work, 
Fe3O4/FexCuyWzOt core/shell magnetic photocatalyst was used to remove 2, 4-D. 
The statistical analysis of the results of the Box-Behnken experimental design 
method revealed that among the constituents of the photocatalyst shell, iron had 
the highest effect on 2, 4-D photodegradation. The photocatalyst composition was 
optimized using the response surface method. The photocatalyst formulation was 
determined using ICP method: Fe3O4/Fe0.874Cu0.349W0.004O1.525. XRD analysis 
confirmed the formation of Fe3O4, CuO, and WO3 in the photocatalyst shell. TEM 
images showed the photocatalyst core/shell structure. 
Fe3O4/Fe0.874Cu0.349W0.004O1.525 photodegraded 2, 4-D under ultraviolet light 
irradiation with the maximum yield of 90%. The photocatalyst was also active under 
sunlight and LED. The kinetics of the 2, 4-D photodegradation reaction under ultra 
violet light irradiation was studied. It followed first order kinetic model. The rate 
constant of the reaction was 0.0118 min-1. The photocatalyst activity of 
Fe3O4/Fe0.874Cu0.349W0.004O1.525 remained constant after the fourth cycle of reuse, 
which is the good advantage.  
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1. Introduction 

 
Large amounts of herbicides are used in agriculture, and their 

excess amount remains in water and soil causing water sources to be 
polluted. Herbicides are toxic, carcinogenic, and neurotoxic; and also 
can interfere in the cell division process (Seck et al. 2012; Marin-
Morales et al. 2013; Yusa et al. 2015). Thus, it is necessary to develop 
an efficient technology to remove herbicides from water. 2, 4-
dichlorophenoxyacetic acid, or shortly 2, 4-D is the most common 
herbicide in the world (Browne & Moore 2014; Costa & Aschner 2014). 
The 2, 4-D compound is used in the mixture of utilized herbicides to 
destroy broadleaf weeds (Youssef et al. 2017). Exposure to 2, 4-D can 

cause blood, liver and kidney poisoning; skin and eye irritation; and 
cancer (Tang et al. 2012; Tang et al. 2015; Youssef et al. 2017). The 
environmental protection agency limited the allowable concentration of 
2, 4-D in water to 0.1 mg/L. The World Health Organization determined 
the maximum level of 2, 4-D in water 70 μg/L (National drinking water 
regulations: 2,4-D, 1995; Kunda 2005). Many processes have been 
suggested to remove 2, 4-D from water including absorption, 
adsorption, biological treatment, and advanced oxidation processes. 

However; some of these methods need secondary treatment units, 
are inefficient in low concentration, or expensive (Dnaeshvar et al. 
2004; Wu et al. 2007; Gherbi et al. 2011; Dong et al. 2015; Pham et al. 
2016). Photocatalysis is one of the advanced oxidation processes for 
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removing pollutants from water. Photocatalysis has advantages like 
pollutants oxidation and conversion them to harmless inorganic 
compounds (H2O and CO2), no secondary pollution, remove pollutants 
in low concentrations, available cheap active photocatalysts, ability to 
apply for a wide range of organic compounds, operation in the 
temperature and pressure of room (Rebelo et al. 2007; Chang et al. 
2015; Hatamzadeh et al. 2019; Nasir et al. 2020; Rabanimehr et al. 
2021). Photocatalysts used semiconductors which generate electron-
hole pairs at their surface under ultraviolet-visible light irradiation. The 
generated holes can react with water molecules and hydroxyl ions and 
strong oxidants like hydroxyl radicals are generated, which attack 
organic compounds and convert them to minerals (H2O and CO2) 
(Abdollahi et al. 2011; Widiyandari 2012; Momeni 2015). The 
photocatalytic degradation of 2, 4-D was investigated by several 
researchers. Lam et al. (2013) loaded MoO3 on ZnO nanorods and 
applied it for 2, 4-D photodegradation. Macía-Tamez et al. (2016) used 
WO3/TiO2, Fe2O3/TiO2, and TiO2 catalysts in 2, 4-D photodegradation, 
and their results showed that doping with WO3 and Fe2O3 improved 
TiO2 photocatalytic activity. Huy et al. (2017) showed stable 
photocatalytic activity of TiO2@MgFe2O4 for 2,4 –D removal after four 
cycles of reuse. Chenchana et al. (2019) synthesized the TiO2 nanobelt 
enriched with anatase phase and deposited Au on it. They obtained the 
yield of 99.2% for 2, 4-D removal. Fiorenza et al. (2019) imprinted TiO2 
with 2, 4-D and applied it for 2, 4-D photodegradation. They reported 
the removal yield of 74%. Gu et al. (2018) synthesized the 
Co9S8/graphite carbon nitride photocatalyst using the hydrothermal 
method, and found that Cr(VI) reduction and 2, 4-D oxidation were 
higher when the both pollutants existed. Mehrabadi and Faghihian 
(2019) immobilized TiO2 on clinoptilolite surface, and reported that the 
TiO2 deposition on clinoptilolite improved the photocatalytic activity for 
2, 4-D degradation. Most of these photocatalysts have the problem of 
difficult separation from water.  

Magnetic photocatalysts with the advantage of easy separation 
from water usually possess core/shell structure (Aghel et al. 2016; Ding 
et al. 2016; Arsalani et al. 2019). Core/shell structure has the 
advantages of stable magnetic core and prevention of core leaching, 
and enjoying the properties of core and shell together (Kalambate et al. 
2019; Xie et al. 2019; Banihashemi et al. 2020). Moreover, it was shown 
that CuO and WO3 were good photocatalysts for the photodegradation 
of organic pollutants from water (Akhlaghian & Najafi 2018; Habibi-
Yangjeh & Mousavi 2018). Accordingly, in this work, the magnetic 
photocatalyst Fe3O4/FexCuyWzOt was used to remove 2, 4-D from 
water. The compositions of Cu, W, and Fe was optimized using the 
response surface method. The effect of Fe3O4 was also investigated. 
The optimized photocatalyst Fe3O4/FexCuyWzOt was characterized 
using the ICP, ASAP, XRD, SEM, and TEM techniques. The kinetics of 
the reaction, effects of light sources, and stability were also 
investigated. 
 

2. Materials and methods 

2.1. Materials 
 

Acetone, iron (II) sulfate heptahydrate, iron (III) chloride anhydrous, 
sodium tungstate dihydrate, copper (II) nitrate trihydrate, sodium citrate 
dihydrate, hydrazine hydrate (80% aqueous solution), ammonia (25% 
aqueous solution), sodium hydroxide all were purchased from Merck 
Company (Germany). 2, 4-Dichlorophenoxyacetic acid (97%) was from 
Sigma-Aldrich.  
 

2.2. Photocatalyst preparation 

 
The solutions of Fe3+ and Fe2+ with the concentrations of 0.5 molar 

at the Fe+3: Fe2+ volumetric ratio of 1:1.75 were mixed. The mixture was 
stirred at 60°C under protection of nitrogen gas for 10 min in the three 
mouth flask. Then, 5 mL of hydrazine and 10 mL of ammonia were 
added (Hong et al. 2009). The pH of the solution was maintained at 9 
by dropwise addition of ammonia for 30 min. After reaction, the black 
precipitate was separated by an external magnet. The precipitate was 
washed with deionized water for several times until the pH of the wash 
water reached 7. The precipitate Fe3O4 was dried at 70°C for 12 h 
(Hong et al. 2008; Hong et al. 2009). One gram of dried Fe3O4 was 
distributed ultrasonically in 200 mL of sodium citrate solution with the 

concentration of 0.87 molar for 30 min. The mixture was mixed by 
magnetic stirrer at 60°C under protection of N2 gas for 12 h. The 
resultant precipitate was separated magnetically, washed with acetone 
to remove the remainder of citrate ions. At this stage, the Fe3O4 
modified by citrate was produced (Hong et al. 2008; Hong et al. 2009).  

The final stage of catalyst preparation was coating by shell. Fifty 
mL of Fe3+ (x molar), Cu2+ (y molar), and sodium tungstate (z molar) 
were mixed at 90°C under protection of nitrogen gas for 10 min in the 
three mouth flask. The x, y, and z were determined according to the 
design of experiments (Table 1). One gram of modified Fe3O4 was 
added to the solution and were stirred at 90°C for 30 min. Afterwards, 
100 mL of sodium hydroxide solution was added to the mixture and 
stirred for 2 h. The produced precipitate was separated magnetically 
from the solution, washed with deionized water until wash water with 
pH 7 was obtained (Hong et al. 2008; Hong et al. 2009; Mirzapour and 
Akhlaghian. 2019).  
 

2.3. Characterization instruments 
   

The inductively coupled plasma atomic emission spectrometer, 
Varian ICP-OES 730-ES was used to determine the iron, copper, and 
tungsten compositions of the shell and core/shell samples. The XRD 
patterns of the magnetite, modified magnetite, shell, and core/shell 
samples were obtained to investigate and compare the crystalline 
structure of them. The XRD analyses were obtained by radiating Co kα 
(λ=1.489 Å) at 40 kV and 40 mA, in the 2θ range of 0 to 90° with the 
scan rate of 2°/s with the XRD equipment PW 1730 from Phillips 
Company. Scanning electron microscope TESCAN-MIRA3 was used to 
investigate the surface morphology and crystalline structure of the 
samples. Philips transmission electron microscope was used to 
recognize the core/shell structure of the photocatalyst. The N2 
adsorption/desorption isotherm which was obtained by Micrometrics 
ASAP 2020 equipment to determine the porosimetry and specific 
surface area of the samples. The magnetometer from Kavir Company 
was used to investigate the magnetic properties of the samples. 
 

2.4. Photocatalytic experiments 
 

 The batch experiment of 2,4-D removal was done by addition 0.1 
g of the prepared core/shell photocatalyst to the 100 mL of the 2, 4-D 
solution with the concentration of 10 mg/L in a 2 L beaker which was 
placed on a magnetic stirrer at room temperature for 2 h under ultra 
violet (UV) light irradiation. The schematic of the used set-up was 
shown in our previous work (Mirazi et al. 2019). After the time of 
reaction, the core/shell photocatalyst was separated magnetically. The 
UV-Vis spectrometer (T80+ from PG Instruments) was used to 
determine the concentration of 2, 4-D in the solution at the wavelength 
of 284 nm. The yield of 2, 4-D removal was determined using the 
following equation (Atarodi and Faghihian. 2019): 

D removal (%) =
A0 − A

A0

× 100 (1) 

A0 and A were the absorption of the initial solution and sample, 
respectively. Each experiment was repeated at least three times. 
 

2.5. Design of experiments 
 

Among the response surface methods, Box-Behnken method was 
used to optimize the Fe3O4/FexCuyWzOt formulation. The effects of the 
independent variables, concentrations of Fe(III), tungstate, and Cu(II) 
solutions were investigated on 2,4 dichlorophenoxyacetic acid (2, 4-D) 
photodegradation. Table 1 shows the design of experiments using Box-
Behnken method and Design Expert software (Version 11). 
 
3. Results and discussion 
3.1. Experimental modeling  

 
Table 2 shows the results of analysis of variance. The high F-value 

(2869.37) and low p-value (<0.0001) show the significance of the model 
in 99.9% confidence level. The signal to noise ratio is reported 227.869 
which is favorable. The quadratic equation suggested by design expert 
software (Version 11) to predict the 2, 4-D removal (Eq. 2) is: 

D removal (%) = 13.9585 + 12.918A − 14.0515B + 45.0185C − 1.575AB − 6.305AC − 9.3BC + 0.866A2 + 39.214B2 − 29.586C2 (2) 

where, A, B, and C are Fe3+, Cu2+, and tungstate solutions 
concentrations (mol/L), respectively. Fig. 1 shows good 
correspondence between experimental and predicted results. 
Correlation coefficient R2 (0.9997) and adj R2 (0.9994) confirmed this 

agreement. Standard deviation was 0.3. Table 2 indicates the 
significance of different terms of Eq. 2. Table 2 shows that the linear 
term of Fe(III) concentration (F-value 10094.1), linear term of Cu(II) 
concentration (F-value 788.4), and quadratic term of Cu(II) 
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concentration (F-value 2145.41) had the highest effects on the 2, 4-D 
photodegradation.  

The effects of the tungsten concentration terms were lower due to 
their smaller F-value. The interaction terms of Fe-W (F-value 437.29) 
and Cu-W (F-value of 237.5) had also considerable effects on the 
response.  

The contour plots of the response can help to better understand 
2,4-D photocatalyst degradation process. As shown in Fig. 2a, in the 
constant values of Cu and W, an increase in Fe concentration improved 
2,4-D photodegradation. This Fig. also shows that optimum amounts of 
Cu concentration depended on the Fe. Moreover, the optimum amounts 
of W concentration were related to the Cu, as shown in Fig.  2 a. 

Table 1. Design of experiments, and experimental and predicted results. 

No. 
Fe+3 concentration, 
mol/L 

Cu+2 concentration, 
mol/L 

WO4
-2 concentration, 

mol/L 
2, 4-D photodegradation, % 

Experimental Modeling 

1 0 0.5 0 16.80 16.73 
2 1 0.5 0.5 39.70 39.36 
3 2 0.5 0 44.52 44.46 
4 1 1 1 51.51 51.15 
5 1 0 0 27.75 27.74 
6 1 1 0 51.20 51.33 
7 1 0 1 37.00 36.87 
8 1 0.5 0.5 39.00 39.36 
9 2 0 0.5 52.00 52.06 
10 2 1 0.5 69.50 69.42 
11 1 0.5 0.5 39.00 39.36 
12 0 0 0.5 29.00 29.07 
13 1 0.5 0.5 39.34 39.36 
14 0 0.5 1 27.46 27.51 
15 1 0.5 0.5 39.80 39.36 
16 0 1 0.5 49.65 49.58 
17 2 0.5 1 42.57 42.63 

Table 2. Analysis of variance. 

Source F-value p-value  

Model 2869.93 <0.0001 Significant 
A-Fe+3 concentration (mol/L) 10094.10 <0.0001  
B-Cu+2 concentration (mol/L) 7889.94 <0.0001  
C-WO4

-2 Concertation (mol/L) 441.06 <0.0001  
AB 27.29 0.0012  
AC 437.29 <0.0001  
BC 237.85 <0.0001  
A2 34.74 0.0006  
B2 4451.41 <0.0001  
C2 2533.89 <0.0001  

Residual    
Lack of Fit 0.1529 0.9185 Not significant 

  

 
Fig. 1. Predicted versus actual response for 2,4-D photodegradation. 

 

3.2. Photocatalyst optimization 

 

Design expert software (Version 11) was used to determine the 
optimum of the variables which maximize 2,4 dichlorophenoxyacetic 
acid (2, 4-D) photodegradation. One of the optimum points suggested 
by the software was selected and tested experimentally for verification. 
The results are shown in Table 3. The difference between experimental 
and modeling results was less than 5 %. 

 
3.2.1. Effect of core 
 

In the experimental design tests, the Fe3O4 core amount was 
constant (1 g). In this section, the effect of Fe3O4 core on the 2,4-D 
photodegradation was investigated. It was shown in Fig.  3 that with 
increase in the Fe3O4, 2,4-D photodegradation first reached to a 
maximum and then decrease. The dipole-dipole attractive forces 
between core/shell magnetic nanoparticles of Fe3O4/FexCuyWzOt 
increase particles aggregation. Therefore, increase in Fe3O4 core 
caused aggregation of nanoparticles, creation of larger particles, 
reduction of effective particles specific surface area, and decrease the 
yield of the photodegradation reaction (Hong et al. 2008). Therefore; in 
this work, the optimized photocatalyst was prepared by 1 g Fe3O4 and 
solution concentrations of the shell constituents: Fe3+ 1.99 mol/L, Cu2+ 
0.99 mol/L, and WO4- 0.38 mol/L. This optimized photocatalyst was 
used for characterization and investigation of the photocatalyst activity. 
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(a) (b) 

Fig. 2. Contour plots of the 2, 4-D photodegradation, (a) WO4
2- concentration was 0.459 mol/L; (b) Fe3+ concentration was 2 mol/L; operating 

conditions: 2,4-D initial concentration 50 mg/L, catalyst dose 1g/L, pH 6.5, time 120 min.  
 

Table 3. Optimized parameters for photocatalyst preparation and response. 

Fe+3 concentration, mol/L Cu+2 concentration, mol/L WO4
-2 concentration, mol/L 

2, 4-D photodegradation, % 

Experimental Modeling 

1.99 0.99 0.38 73.31 69.75 
† operating conditions: 2,4-D initial concentration 50 mg/L, catalyst dose 1 g /L, pH 6.5, time 120 min

Table 4. Metal analysis of the shell and core/shell samples. 

Sample 
Type of element 

Cu at λmax of 327.395 nm  Cu at λmax of 259.940 nm W at λmax of 222.590 nm 

Blank, wt. % 0.00 0.00 0.00 
Shell, wt. % 23.03 50.85 0.76 

Core/shell, wt. % 21.17 52.60 0.70 

 
Fig. 3. Effect of Fe3O4 core on 2, 4-D photodegradation; operating 

conditions: 2,4-D initial concentration 50 mg/L, catalyst dose 1g /L, pH 
6.5, time 120 min. 

 
3.3. Photocatalyst characterization 
 

Inductively coupled plasma was used to determine the composition 
of the shell and core/shell photocatalyst. The composition of the 
core/shell photocatalyst was: Fe3O4 core 3.52 % and in the shell Fe3O4 
67.61%, CuO 27.78 %, and WO3 1.018 % according to the results of 
Table 4. The optimized formula of the photocatalyst was determined to 
be Fe3O4/Fe0.874Cu0.349W0.004O1.525. XRD patterns of the core, modified 
core by citrate, shell, and core/shell nanoparticles are shown in Fig.  4. 
In the core and modified core samples, peaks at 21, 35, 41, 50, 63, 67, 
74, and 85° were recognized which confirmed formation of magnetite 
with orthorhombic structure (JCPDS File No. 75-16109) (Chen et al. 
2017). XRD patterns of the shell also shows peaks at 21.41, 35.18, 
41.57, 50.58, 57.00, 63.28, 67.67 and 74.64° indicated the presence of 
Fe3O4 (JCPDS File No. 75-1609). Peaks at 41.57, 45.50, 57.00, 63.28, 
67.67, 81.40, and 86.47° showed the existence of monoclinic CuO 

(JCPDS File No. 41-0254). Moreover, peaks at 45.50, 50.00, 63.28, 
67.67, 74.64, 81.40, and 86.47° were related to the WO3 with the 
monoclinic crystalline structure (JCPDS File No. 87-.2391) (Suresh et 
al. 2016; Mohite & Garg 2017; Wu et al. 2018).  

 
Fig. 4. XRD patterns of the core, modified core by citrate, shell, and 

core/shell samples. 

In XRD pattern of the core/shell sample, Fe3O4 peaks were 
recognized at 21.42, 35.24, 41.62, 50.54, 57.08, 63.47, 67.50, 74.33, 
and 84.99° (JCPDS File No. 75-1609), CuO peaks were identified at 
41.62, 45.54, 57.08, 80.08, 81.62, and 86.26° (JCPDS File No. 41-
0256), and WO3 peaks were at 45.54, 50.69, 63.47, 67.50, 68.67, 
72.81, 74.33, 81.62, and 89.08° (JCPDS File No. 87-2391) (Suresh et 
al. 2016; Mohit & Garg 2017; Wu et al. 2018). The mean crystalline size 
of the nanoparticles was determined by Scherrer equation (Eq. 3): 

D =
kλ

βcosθ
 (3) 

where, D is the crystalline size of the nanoparticles in nm, k is a constant 
and equals 0.9, λ is the wavelength of the used cobalt tube, and here 
equals 17.890 nm, β is the diffraction peaks full width at half maximum 
(FWHM), and θ is the Bragg angle (Khairy. 2014). The crystalline size 
of the core, modified core, shell, and core/shell nanoparticles were 9.6, 
4.84, 9.8, and 10.6 nm; respectively. The modified core had more 
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regular structure without aggregation which made the nanoparticles 
size smaller. The larger size of the core/shell nanoparticles confirmed 
coating of the core by shell and formation of the core/shell structure 
nanoparticles (Khairy. 2014). 

SEM images of the core, shell, and core/shell nanoparticles are 
displayed in Fig.  5. The porous structure of the core, shell, and 
core/shell samples are completely clear. In the SEM images, the size 
of magnetic nanoparticles of core Fe3O4 were in the range of 15 to 31 

nm, shell nanoparticles in the range of 29 to 75 nm, and core/shell 
nanoparticles Fe3O4/Fe0.874Cu0.349W0.004O1.525 were in the range of 7 to 
82 nm. TEM images of the magnetic core/shell nanoparticles are shown 
in Fig.  6. The core/shell structure of the sample is clear. The darker 
points are Fe3O4 core and brighter parts belonged to the shell 
Fe0.874Cu0.349W0.004O1.525 due to their different electron diffusivities, their 
colors were different. Magnetic nanoparticles were aggregated due to 
dipole attractive interaction (Hong et al. 2009). 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5. SEM images of (A), (B) core; (C), (D) shell; and (E), (F) core/shell nanoparticles. 
 

Fig. 7 a shows nitrogen adsorption/desorption isotherms for 
magnetic core/shell nanoparticles of Fe3O4/Fe0.874Cu0.349W0.004O1.525. 
The photocatalyst was mesoporous type IV, and its hysteresis was H3. 
It means the photocatalyst was formed from aggregation of particles 
with slit shape pores (Leofanti et al. 1998). Pore volume distribution was 
multimodal with peaks at 5.2 and 8.6 nm, as shown in Fig. 7 b. The 
pores with the diameter of 5.2 nm were the most prevalent. For pore 

larger than 8.6 nm, the pore prevalence decreases with the increase of 
diameter. The Fe3O4/Fe0.874Cu0.349W0.004O1.525 photocatalyst specific 
surface area, average pore diameter, and pore volume were 154.5 
m2/g, 5.25 nm, and 0.2028 m3/g; respectively, according to the BJH 
desorption isotherm. The magnetic property of the synthesized 
nanoparticles was investigated by vibrating sample magnetometer 
analysis. According to Fig. 8 shows the Fe3O4/Fe0.874Cu0.349W0.004O1.525 
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nanoparticles are superparamagnetic. The saturation magnetism of 
core, shell, and core/shell samples were 66.05, 22.11, and 28.45 
emu/g; respectively. The magnetic property of the shell decreased due 
to the dilution of its composition by CuO and WO3. The magnetic 
property of the core/shell sample is smaller than Fe3O4 core. The 
existence of shell layer with smaller magnetic property in the core/shell 
sample caused reduction in saturated magnetism. Fig. 9 shows the 
effect of pH on 2,4 dichlorophenoxyacetic acid (2, 4-D) 
photodegradation. Dilute solutions of sodium hydroxide and 
hydrochloric acid were used to adjust the pH in the range of 2 to 10. 
The dissociation constant (pKa) of 2,4 –D is 2.64. In acidic pH higher 
than 2.64, the Fe3O4/Fe0.874Cu0.349W0.004O1.525 photocatalyst surface was 
positive, and 2, 4-D molecules were charged negatively; so the 
attraction forces between 2, 4-D molecules and positive photocatalyst 
surface caused adsorption, and consequently photodegradation of 2, 4-
D. 

 

Fig. 6. TEM images of the Fe3O4/Fe0.874Cu0.349W0.004O1.525 

photocatalyst.. 

 
        (a) 

 
(b) 

Fig. 7. (a) N2 adsorption/desorption isotherm, (b) Pore size 
distribution. 

 
3.4. Effect of pH 

 
 Increase in pH increased the negative charge of 2, 4-D; so 2, 4-D 

photodegradation was increased, and reached its maximum at pH=7. 
The more increase in pH caused 2, 4-D photodegradation again 
decreased. In high pH, the 2, 4-D molecules were converted to 
C8H5(Cl2)O3

- , and the repulsion between negative photocatalyst surface 
and negatively charged 2, 4-D decreased adsorption and 
photodegradation processes (Lam et al.  2013; Tang et al. 2015; 
Mehrabadi and Faghihian. 2019).  

  

Fig. 8. Magnetic hysteresis curves for core, shell, and core/shell 
samples. 

 
Fig. 9. Effect of pH on 2, 4-D photodegradation; operating conditions: 

2,4-D initial concentration 10 mg/L, catalyst dose 1 g/mL, time 120 
min.  

0

20

40

60

80

100

120

140

0.1 0.3 0.5 0.7 0.9

V
o

lu
m

e
 a

d
s

o
rb

e
d

 c
m

³/
g

 S
T

P

(P/Po)

Adsorption

0

0.01

0.02

0.03

0.04

0.05

1 10 100

P
o

re
 v

o
lu

m
e
, 
c
m

3
/(

g
.n

m
)

Pore diameter, nm

-80

-60

-40

-20

0

20

40

60

80

-20000 -10000 0 10000 20000

M
a
g

n
e

ti
z
a
ti

o
n

, 
e
m

u
/g

Applied field (Oe)

Core 
(Fe3O4)

Core/shell

Shell

20

30

40

50

60

2 4 6 8 10

2
, 
4
-D

 p
h

o
to

d
e
g

ra
d

a
ti

o
n

, 
%

pH



 

Khanlari and Akhlaghian./ Journal of Applied Research in Water and Wastewater 8 (2021) 160-168 

 

166 
 

3.5. Effect of light sources 
 

Fig.  10 shows that ultraviolet light was the most effective on the 2,4 
dichlorophenoxyacetic acid (2, 4-D) photodegradation. Sunlight and 
also light emitting diode (LED) were able to photodegrade 2, 4-D. In the 
dark condition, 2, 4-D was removed with the maximum yield of 10.7 % 
which can be attributed to the adsorption process. 

 
Fig. 10. Effects of different light sources on 2, 4-D photodegradation; 
operating conditions: 2,4-D initial concentration 10.9 mg/L, catalyst 

dose 1.4 g/L, pH 8, time 95 min. 
 

3.6. Reaction kinetics 

 
Reaction kinetics is one of the most important factors in the reactor 

design and determination of the operating conditions. The 2, 4-D 
photodegradation versus time is shown in Fig. 11. The first order kinetic, 
Eq. 4 was fitted to the experimental data. 

ln (
C

C0

) = −kt (4) 

 
where, k was the reaction rate constant in min -1, t was time, and C and 
C0 were final and initial concentration of 2,4-D; respectively. The R2 of 
the fitting was 0.9862 which confirm first order model was corresponded 
well to the data, and rate constant (k) was 0.0118 min-1. 
 
3.7. Photocatalyst recycling 
 

 The reuse of the core/shell magnetic photocatalyst 
Fe3O4/Fe0.874Cu0.349W0.004O1.525 was investigated. After each experiment 
of 2, 4-D photodegradation, the photocatalyst was collected, dried, and 
reused. As shown in Fig.  12, after fourth cycle of photocatalyst reuse 
and regeneration, the 2, 4-D photodegradation was nearly constant. A 
little decrease in the photocatalyst activity can be related to the loss of 
the photocatalyst in the separation and drying stages. 

 
Fig. 11. Effect of time on 2, 4-D photodegradation;  operating 

conditions: 2,4-D initial concentration 10.9 mg/L, catalyst dose 1.4 g/L, 
pH 8. 

   

 
Fig. 12. Fe3O4/Fe0.874Cu0.349W0.004O1.525 photocatalyst reuse and 

regeneration cycles; operating conditions: 2,4-D initial concentration 
10.9 mg/L, catalyst dose 1.4 g/L, pH 8, time 120 min. 

 
3.8. Comparison with other works 
 

Table 5 compares the results of this work with others. It is clear that 
the results of Fe3O4/Fe0.874Cu0.349W0.004O1.525 for 2, 4-D 
photodegradation are comparable with other works. The 
Fe3O4/Fe0.874Cu0.349W0.004O1.525 photocatalyst has the advantage of easy 
separation from wastewater containing 2, 4-D by an external magnet in 
addition to high photocatalyst activity. 

 
Table 5. Comparison 2, 4-D photodegradation works. 

No. Photocatalyst 
2, 4-D initial concentration, 
mg/L 

Time, 
min 

2, 4-D 
photodegradation 
(%) 

Reference 

1 ZnO/γ-Fe2O3 20 240 55.29 Abdulla et al. (2013) 

2 
Tourmaline-coated TiO2 
Nanoparticles 

50 35 90 Bian et al. (2013) 

3 MoO3/ZnO 20 120 100 Lam et al. (2013) 
4 Graphene/TiO2 50 600 95 Huang et al. (2016) 
5 Nanorods of Zinc oxide 5 60 96 Meenakshi et al. (2017) 
6 Fe2O3 doped TiO2 10 240 48 Razani et al. (2017) 

7 
Hydrothermally synthesized 
TiO2 

50 120 96 Sandeep et al.  (2018) 

8 TiO2/Chitosan 50 120 92 
Balakrishnan et al. 
(2020) 

9 WO3 doped ZnO 25 120 88.75 Zandsalimi et al. (2020) 
10 Fe3O4/Fe0.874Cu0.34W0.004O1.575 10 90 90  This work 

  
4. Conclusions 
 

The core/shell magnetic photocatalyst, Fe3O4/FexCuyWzOt, was 
prepared by co-precipitation method. Box-Behnken method was used  

to investigate the effects of the Fe3O4/FexCuyWzOt constituents on 2, 4-
D photodegradation. The results of the experimental model indicated 
that 2, 4-D photodegradation improved with the increase of Fe solution 
concentration, but for Cu and W solutions concetrations there were 
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optimum. The Fe3O4/Fe0.874Cu0.349W0.004O1.525 was active under 
irradiation of UV light, LED, and sunlight. The photocatalyst activity was 
constant after fourth cycle of reuse and regeneration which shows the 
catalyst reusability. The 2, 4-D photodegradation using 
Fe3O4/Fe0.874Cu0.349W0.004O1.525 was comparable with others. These 
results indicate that Fe3O4/Fe0.874Cu0.349W0.004O1.525 can be an excellent 
photocatalyst for photodegradation of poisonous organic materials from 
water. 
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