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ABSTRACT

Background: The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is used to control of agricultural
pests (water and soil) and is among the most widely distributed pollutants in the environment.

Arn,de info: Methods: In this study, Fe,0,/CeO,/Ag composite nanoparticles were synthesized using a simple
Received: 28 Apr 2020 . coprecipitation method. The as-synthesized samples were examined using X-ray diffraction, field
Accepted: 19 Jun 2020 . emission scanning electron microscopy, and X-ray analysis. The photo catalytic activity of the as-
Publish: 01 Jul 2021 ¢ synthesized samples was examined through photo degradation of 2,4-dichlorophenoxyacetic acid
:  (2,4-D) under ultraviolet irradiation. The effects of pH, irradiation time, initial 2,4-D concentration
and catalyst dose on the photo catalytic performance of Fe,0,/CeO,/Ag composite nanoparticles were
investigated through an optimization process. The photo catalytic reaction kinetic data were analyzed
using Langmuir-Hinshelwood model, and the absorption equilibrium was examined by Langmuir and

Freundlich isotherm models.

Results: The results suggested the second order reaction kinetics as the best model for 2,4-D photo
degradation. Moreover, Langmuir isotherm with a higher R2 was reported as the most suitable model.

Keywords: The photo catalytic activities revealed the highest photo degradation percentage for Fe,0,/CeO,/Ag
Fe,0,/Ce0,/Ag, :  composite nanoparticles with a degradation order as Fe,0,/CeO,/Ag (75.70%)>Fe,0,/CeO, (36.28%)
Photocatalytic performance, ~ :  ~C€0,(26.92)>Fe,0; (11.96).

Isotherm models, :  Conclusions: Based on the determination of nanomaterial efficiency, its components and photo
4-dichlorophenoxyacetic ¢ catalytic properties, can be used to remove this contaminant and other toxic compounds.
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1. Introduction

ue to the increase of agricultural and in-

dustrial activities, 2,4-dichlorophenoxy-

acetic acid (2,4-D) has received attention

over the past few decades as a systemic

herbicide, which can kill most broadleaf

weeds [1, 2]. This acid, as a toxic sub-
stance with destructive effects on the human and animal
health, can be found in over 1500 herbicide products [3].
With high solubility and a relatively poor biodegradabil-
ity, 2,4-D results in the contamination of groundwater
and soil [4, 5]. Toxic compounds must meet acceptable
environmental and health standards before entering the
environment [6].

A variety of methods have been utilized to treat 2,4-D
from water including absorption [7] biological degrada-
tion [8], electrochemical degradation [9] and advanced
oxidation processes [10]. Cai et al. reported the degrada-
tion of 2,4-D by electro-Fenton and using boron-doped
diamond anode [11]. Yang et al. aimed to promote the
degradation of 2,4-D with fermentative effluents from
hydrogen-producing reactor [12]. Li et al. demonstrated
the mechanism and enhanced the degradation pathway
of 2,4-D by ore-magnetization Fe-C activated persulfate
[13]. Cai et al. described degradation and mechanism of
2,4-D by thermally activated persulfate oxidation [14]. It
is well-known that photocatalytic degradation is one of
the most effective techniques for wastewater treatment.
Numerous studies have been studies the photocatalytic
role of nanomaterials in the removal of 2,4-D. In this
respect, Li et al. suggested CuO-Co,0,CeO, as a het-
erogeneous catalyst for efficient degradation of 2,4-D
by peroxymonosulfate [15]. Sandeep et al. conducted a
comparative study on photocatalytic degradation of 2,4-
D using hydrothermal TiO, and commercial TiO, [16].
Safa et al. studied visible-light photocatalytic degradation
of 2,4-D in bath and circulated-mode photoreactors [17].
Tho et al. used a novel reduced graphene oxide/ZnBi,0,
hybrid photocatalyst for visible light degradation of 2,4-
D [18]. In another study, the decomposition of 2,4-D with
Mn-doped ZnO/Graphene Nano composite was investi-
gated [19]. Li et al. used LaFeO, for photocatalytic 0zo-
nation of 2,4-D [20]. Zhang et al. used simultaneous H,
generation method for visible-light photocatalytic degra-
dation of aromatic contaminants [21].

In agricultural industry in Khuzestan, Iran, supply
sources are exposed to various pesticides, toxic organic
chemical compounds resistant to biodegradation such as
chlorine, and phosphorus pesticides. Most pesticides in-
clude 2,4-D. In the present study, Fe,0,/CeO,/Ag Com-
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posite Nanoparticles (CNPs) were produced and applied
for the degradation of 2,4-D. We aimed to: 1) investigate
the effects of the operating parameters including pH, ir-
radiation time, initial 2,4-D concentration, and catalyst
dose, 2) study the absorption isotherms using Langmuir
and Freundlich models, and 3) examine photocatalytic
reaction kinetics using Langmuir-Hinshelwood model.
The synthesis of Fe,0,/CeO,/Ag CNPs is considered to
remove 2,4-D. New compounds and the photocatalytic
properties of this compound are assessed for the first
time in this study.

2. Materials and Methods

All reagents including cerium (III) nitrate, iron (II)
nitrate, ammonium hydroxide, silver nitrate, sodium
borohydride, 2,4-D, sodium hydroxide and hydrochlo-
ric acid were bought from Merck Company. The Crys-
tallinity was characterized by X-ray diffraction (XRD)
using Ultima IV multipurpose system with Cu Ka ra-
diation source (A=0.15406 nm). The composition of the
nanoparticles was investigated using a field emission
scanning electron microscopy (ZEISS SIGMA VP-500).

Preparation of samples

Fe,0,/CeO, CNPs were produced by a two-step co-
precipitation method. First 0.01 molar solution (100
mL) of cerium (III) nitrate was added into 100 mL of
iron (II) nitrate and taken to pH 11 by addition of am-
monium hydroxide. The obtained solution was sealed in
a beaker and continuously stirred for 48 h. The resulted
precipitate was collected by centrifugation (3000 rpm for
10 min), washed with distilled water, and dried at 90 °C
for 8 h and kept in the room temperature. It is should be
noted that CeO, and FeO, nanoparticles were prepared
according to the mentioned method by removal of iron
(II) nitrate and cerium (III) nitrate precursors, respec-
tively. Silver (Ag) nanoparticles were deposited on the
surface of Fe,0,/CeQ, structure to fabricate Fe,0,/CeO,/
Ag CNPs. Figure 1 illustrates the synthesis procedure to
prepare Fe,0,/CeO,/Ag CNPs. In a typical experiment,
0.2 g of as-synthesized Fe,0,/CeO, CNPs was dispersed
into 150 mL of distilled water using sonication. The ob-
tained product along with 0.01 M aqueous solution (20
mL) of silver nitrate was putted into the ice bath under
constant stirring for 30 min. Then, 0.002 M aqueous
solution (50 mL) of NaBH, was added slowly into the
solution with a constant stirring for 3 h. Afterwards, the
reaction mixture was removed from the ice bath and kept
in the room temperature for 12 h.
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Figure 1. Synthesis steps of Fe,0,/CeO,/Ag CNPs
Photocatalytic activity for 2,4-D degradation

The catalytic efficiency of as-synthesized samples was
surveyed for 2,4-D degradation under UV light irradia-
tion. A typical 2,4-D degradation experiment was per-
formed in 250 mL of 2,4-D solution with certain initial
concentration, pH and photocatalytic dosage. The used
reactor system had two fans to set the temperature at a
constant value. After 30 minute in the dark to establish
absorption/desorption equilibrium condition, suspen-
sions were irradiated by UV light. 3 mL of solutions was
withdrawn regularly after each 30 minutes of irradiation
and centrifuged (3000 rpm for 10 minute) to remove cat-
alytic particles. The concentration of 2,4-D in the centri-
fuged samples was analyzed using a colorimeter (Hach
DR/5000), and a characteristic absorption at Amax=202
nm was used to calculate the degradation rate. The ab-
sorption capacity in the dark was calculated using Equa-
tions 1 and 2 [22-24]:

_ Qv

e m

() g

where the parameters CO and Ce are the initial and
equilibrium concentrations of 2,4-D in mg/L, respec-
tively; V is the initial solution volume in L, and m is the
catalyst amount (g). The degradation percentage of 2,4-
D in the presence of UV light was estimated as follow-
ing [25], where, Ct is the final 2,4-D concentration after
absorption equilibrium in mg/L at each irradiated time t.

) D (%)= % x100

0
3. Results and Discussion

Structural analysis

The phase nature of as-synthesized nanoparticles was
examined using XRD. Figure 2 shows the XRD spec-
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tra of CeO,, Fe,0,, Fe,0,/CeO,, and Fe,0,/CeO,/Ag
samples in 26 ranging from 20° to 80°. The XRD pat-
tern of CeO, sample can be well matched to cubic CeO,
with space group Fm-3m (01-075-0076). The charac-
teristic peaks of 28.62°, 33.15°, 47.58°, 56.44°, 59.20°,
69.43°, 76.80°, and 79.20° in the pattern were assigned
to (111), (200), (220), (311), (222), (400), (331) and
(420) planes of cubic CeO,, respectively. The charac-
teristic peaks of rhombohedral Fe,O, with space group
R-3c (01-084-0311) can be also confirmed in the XRD
pattern of Fe,O, sample. The reflection peaks at 20 of
24.2°,33.10°, 34.50°, 48.62°, 55.10°, 62.32°, and 64.21°
can be indexed to (012), (104), (110), (024), (116), (214),
and (300) planes of rhombohedral Fe O,, respectively.
The XRD pattern of Fe,0,/CeO, CNPs indicated the
presence of cubic CeQ, structures with revealing (111),
(220), (311), (400), and (331) planes (01-075-0076) and
rhombohedral Fe,O, structures with revealing (104) and
(110) planes (01-084-0311). Four characteristic peaks
observed in XRD patterns of Fe O,/CeO,/Ag CNPs well
justified the growth of cubic Ag with space group Fm3m
(00-001-1164). The characteristic peaks of 38.14°,
44.32°,64.47°, and 77.41° in the spectrum correspond-
ed to (111), (200), (220), and (311) planes of cubic Ag
structures, respectively.

The results obtained from Field Emission Scanning
Electron Microscopy (FESEM) along with the corre-
sponding surface elemental mapping for Fe,0,/CeO,/Ag
CNPs are shown in Figure 3. The formation of spheri-
cal nanoparticles for Fe,0,/CeO,/Ag CNPs can be seen
(Figure 3-A). Fe 0,/CeO,/Ag CNPs exhibited the uni-
form existence of Fe, Ce, Ag, and O elements in the
boxed surface area (Figure 3-B and C).
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Figure 2. XRD patterns of CeO,, Fe,O
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Absorption equilibrium studies

Isotherm data analysis before irradiation can be useful
for estimating the relation between the amount of ad-
sorbed 2,4-D and its equilibrium concentration [26, 27].
The absorption equilibrium data were analyzed using
Langmuir and Freundlich models and results for Fe O,/
CeO,/Ag CNPs are presented in Figure 4. Langmuir ab-
sorption isotherm can be obtained by the Equations 3
and 4 [28, 29]:

Ce 1 Ce
3) e L te
( ) qe qmax KL qmm
@ R=Trc
- 1-'-[(LC'()

where ge (mg/g) is the absorption capacity, qmax
(Lmg) is the maximum absorption, qmax is the affin-
ity of the binding sites estimated from the intercept of a
linear plot of Ce/qe versus Ce, KL (mg/g) is Langmuir
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Fe,0,/CeO, and Fe,0,/CeO,/ Ag CNPs

constant determined from the slop of Ce/qe versus Ce,
RL value shows if the Langmuir isotherm is favorable
(0<RL<1) or unfavorable (RL>1). The Freundlich iso-
therm parameters are defined by the following Equa-
tion 5 [30], where KF (mg/g or (L/mg)"" ) shows the
absorption capacity and is estimated from the intercept
of the plot of log qe versus log Ce, 1/n, represents the
absorption intensity and is obtained from the slop of the
line of log qe versus log Ce, and nF value shows if the
Freundlich isotherm is favorable (1 <n,<¢) or not (Equa-
tions 5) [31]

(5) logg =logk, +%logCe
F

Absorption equilibrium assessment for Fe,0,/CeO,/Ag
CNPs were done on solutions with pH 9, catalyst amount
of 0.04 g and with different 2,4-D concentrations (5, 10,
20 and 30 ppm). The results are shown in Figure 4. The
numerical values resulted from theoretical fits are pre-
sented in Table 1. The RL value was less than 1, indicat-

Table 1. Isotherm parameters for 2,4-D absorption using Fe,O,/CeO,/ Ag sample

Langmuir Model

Freundlich Model

Sample

gmax (mg/g) KL (L/mg) RL R? 1/nF(g/mg)  nF(mg/g)  KF(mg/g) R’
Fezos/CeOZ/Ag 22.98 0.22 (0.13)—-(0.47) 0.9989 0.071 14.14 17.78 0.9714
Table 2. Kinetic analysis parameters for 2,4-D photodegradation using Fe,0,/CeO,/ Ag sample
Zero-order First-order Second-order
Sample
KO (mg/L.min) RO0? K1 (I/min) R1? K2 (L/mg.min) R?
Fe203/Ce02/Ag 0.0028 0.9552 0.0031 0.9579 0.0036 0.9606

Karimipour Z, et al. Photocatalytic Degradation of 2,4-D. J Adv Environ Health Res. 2021; 9(3):191-200.



http://jaehr.muk.ac.ir/

Journal of
Advances in Environmental Health Research

Summer 2021. Volume 9. Number 3

Figure 3. The results obtained from Field Emission Scanning Electron Microscopy (FESEM)

A: FESEM image; B: FESEM map image; and C: The corresponding elemental mappings for Fe,0,/CeQO,/Ag sample.

ing a favorable 2,4-D absorption in Langmuir model that
occurred on active sites of Fe O,/CeO,/Ag CNPs with
similar affinity. However, the nf was more than 10, in-
dicating an unfavorable absorption of 2,4-D on Fe,O,/
CeO,/Ag CNPs under the studied conditions. It can be
said that 2,4-D absorption on Fe,0,/CeO,/Ag CNPs was
well fitted using both Langmuir and Freundlich models
with high correlation coefficients; however, Langmuir
isotherm with higher R? was more suitable.

Photocatalytic studies

The experiments were performed to investigate the ef-
fects of pH, irradiation time, 2,4-D concentration and
catalyst dose on the 2,4-D photodegradation. The experi-
ments were carried out in the presence of Fe 0,/CeO,/
Ag CNPs. Figure 5-A displays the photodegradation per-
centage of 2,4-D at different pH values (4, 7, 9 and 11).
The results were obtained for solutions with the initial
2,4-D concentration of 10 ppm, nano material amount of
0.02 g, and irradiation time of 120 minutes. The photo-
degradation rate increased from 0.40% to 41.00% with
increasing pH from 4 to 9; however, the photodegrada-

tion percentage showed a decrease to 33.30% with fur-
ther increase of pH value to 11. Therefore, an optimal
value equivalent to 9 was considered for pH in the pres-
ence of Fe,0,/Ce0,/Ag CNPs. The impact of irradiation
time on the photodegradation rate with Fe,0,/CeO,/Ag
system was studied at specific time intervals of 30 up to
150 minutes. The studies were carried out in the solution
with pH=9 and initial 2,4-D concentration of 10 mg/L
containing 0.02 g of catalyst and results are plotted in
Figure 5-B which suggests an optimal time of 120 min
for 2,4-D in the presence of Fe,0,/CeO,/Ag CNPs with
a degradation rate equal to 47.36%.

The effect of initial 2,4-D concentration on the photo-
degradation rate was examined in solutions with pH 9
containing 0.02 g of Fe,0,/CeO,/Ag CNPs. The results
for samples with initial 2,4-D concentrations of 5, 10,
20, and 30 ppm after 120 min of UV irradiation are il-
lustrated in Figure 5-C. The increase of initial concentra-
tion from 5 to 30 ppm reduced the photodegradation rate
from about 55.50% to 22.50%. This suggests an optimal
initial 2,4-D concentration of 5 ppm in the presence of

Karimipour Z, et al. Photocatalytic Degradation of 2,4-D. J Adv Environ Health Res. 2021; 9(3):191-200.
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Figure 4. Absorption equilibrium assessment for Fe,O,/CeO,/Ag CNPs
A: Langmuir; and B: Freundlich plots for 2,4-D absorption using Fe,0,/CeO,/ Ag sample.

Figure 5. The experiments of performed to investigate the effects of pH, irradiation time, 2,4-D concentration, and catalyst dose on
the 2,4-D photodegradation

The effect of A: pH; B: Irradiation time; C: Initial 2,4-D concentration; and D: Catalyst dose on the 2,4-D photodegradation.

Karimipour Z, et al. Photocatalytic Degradation of 2,4-D. J Adv Environ Health Res. 2021; 9(3):191-200.
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Figure 6. The reaction rate constants along with the corresponding correlation coefficients for Fe,O,/CeO,/Ag CNPs

A: Zero; B: First; and C: Second-order kinetic curves.

Fe,0,/CeO,/Ag CNPs. The effect of catalyst dose on 2,4-
D photodegradation was examined in samples with pH
9, initial 2,4-D concentration of 5 ppm, and an irradia-
tion period of 120 min. Figure 5-D illustrates the pho-
todegradation percentage for different catalyst amounts
(0.01, 0.02, 0.03, and 0.04 g). The results revealed an en-
hancement in photodegradation rate from about 55.55%
to 75.70% with the increase of catalyst amount from
0.01 to 0.04 g, suggesting an optimal amount of 0.04 g
for Fe,0,/CeO,/Ag CNPs.

In order to assess the reaction kinetics of photodegra-
dation, kinetic models of Langmuir Equation were em-
ployed, as shown below, where, kO, k1 and k2 are the
reaction rate constants [32]:

Figure 7. Comparison of 2,4-D photodegradation with CeO,, Fe

(6) (C-C )=k
c.
(7)-h E21=k,t

0

) BTk

The experiments were performed under optimum condi-
tions. The k values were calculated from the slop of Equa-
tions 6, 7, and 8, and the best-fitting kinetic model was esti-
mated using the highest correlation coefficients (R?). Table
2 and Figure 6 present the reaction rate constants along with
the corresponding correlation coefficients for Fe O,/CeO,/
Ag CNPs. As can be seen, the photodegradation reaction
of 2,4-D had the second-order reaction kinetics. The photo-
catalytic experiments were conducted under optimum con-
ditions to compare the photodegradation performance of

0, Fe,0,/CeO, and Fe,0,/CeO,/Ag CNPs
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as-synthesized samples. The results for CeO,, Fe,O,, Fe,0./
Ce0,, and Fe O,/CeO,/Ag nanostructures are illustrated in
Figure 7. It can be seen that the 2,4-D photodegradation was
at the highest level using Fe 0,/CeO,/Ag CNPs, where the
degradation rate had a trend as: Fe,0,/CeO,/Ag (75.70%)

>Fe,0,/Ce0, (36.28%)> CeO, (26.92)>Fe 0, (11.96).

In this study, a simple co-precipitation technique was uti-
lized to synthesize Fe O,/CeO,/Ag CNPs. The structural
characteristics were analyzed using XRD, FESEM, X-ray
analysis. The photocatalytic studies were carried out to
degrade 2,4-D under UV light irradiation. The conditions
of the photocatalytic reaction were optimized by changing
pH, irradiation time, initial 2,4-D concentration, and cata-
lyst dose. The photocatalytic kinetic data were examined
using Langmuir-Hinshelwood model, while the absorp-
tion equilibrium isotherms were studied by Langmuir and
Freundlich models. Numerous studies have been conducted
for the removal of 2,4-D in different conditions. In a study,
it was reported that the 2,4-D degradation rate constant was
highly dependent on the initial pH and temperature, in ac-
cordance with the Arrhenius model, with an apparent acti-
vation energy of 135.24 kJ/mol [33].

In another study, Fe’@Fe,O, nanoparticles with dispers-
ibility and stability better than single nano Zero-Valent Iron
(nZVI) were synthesized and combined with hydrogen
peroxide to constitute a heterogeneous Fenton-like system,
which was creatively applied in the degradation of 2,4-D.
The effects of different reaction conditions like pH, tem-
perature, and catalyst dosage on the removal of 2,4-D were
also evaluated [34]. In another study, the characterization of
Ag nanoparticles revealed that the particle size of the silver
nanoparticles can be easily altered depending on the size
of IL alkyl chain and anion, to produce ultrafine particles
ranging 8-25 nm. Meanwhile, the photocatalytic activity
of AgTf2N nanoparticles effectively degraded the high-
est amount of 2,4-D herbicide at 65.61%. The optimized
model gave high removal percentage of 2,4-D at 97.80%
(pH= 3.24; catalyst dosage= 0.009 g/L; 2,4-D concentra-
tion= 8.15 mg/L) with validation experiments of 1.28% er-
ror [35].

4. Conclusion

The highest photodegradation percentage for Fe,O,/
CeO,/Ag CNPs has a degradation order as Fe,0,/CeO,/Ag
(75.70%) >Fe,0,/Ce0, (36.28%) >Ce0, (26.92) >Fe O,
(11.96).
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