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Abstract
Nanoscale zero-valent iron (nZVI) products are highly applicable in groundwater, industrial water, and wastewater treat-
ment due to the high reduction properties, the small size of particles in the range of nanometers, large surface area, 
and high reactivity on most toxic contaminants. The ultimate aim of this study is to evaluate the removal performance 
of 2,4-dichlorophenoxyacetic acid (2,4-D) by nanoscaled ZVI particles. Synthesized nanoscale iron particles were char-
acterized by X-ray diffraction and scanning electron microscopy (SEM). According to SEM images of nZVI, the particle 
size was under 100 nm in diameter. The specific surface area was measured by the N2/BET method and determined as 
44.7 ± 0.4 m2/g. The influences of nZVI dosage, initial pH and effects of different processes were examined by batch 
experiments. Results were compared with Fenton and photo-Fenton processes and they showed that under optimized 
conditions, degradation by nZVI is more effective than Fenton and photo-Fenton reactions and a promising candidate 
for 2,4-D remediation.
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1  Introduction

Pesticides and herbicides have been extensively used 
in agrochemical industries in order to supply increasing 
food demand. Pesticides, as high soluble materials, can 
contaminate the natural water sources after using the 
field. As a result of this case, a significant increase in the 
amount of different agrochemicals in natural sources has 
been observed. Some of these chemicals are persisted and 
have essential environmental adverse effects on aquatic 
ecosystems and accumulate in the human body and ani-
mals. In addition, there are also negative economic and 
social impacts related to agrochemical contamination of 
the aquatic environment. Due to the hydrophobic nature 
of organic pollutants, their remediation has become a 

growing concern. Recently, researchers focused on to 
assess the probable harm of these pesticides and herbi-
cides toward the earth’s ecosystem and human health 
[1–4].

Among the various agrochemicals that used at present, 
2,4-dichlorophenoxyacetic acid (2,4-D), the herbicide, is 
extensively utilized in gardening agricultural practice due 
to its low cost [5]. It is relatively highly soluble in water 
and poorly biodegradable. 2,4-D free acid has a low soil 
adsorption coefficient; thus, it can permeate the soil, and 
possibly to transfer to groundwater by leakage [6, 7]. It 
is considered as moderately toxic by the World Health 
Organization (WHO), and the maximum acceptable con-
centration is 100 ppb in drinking water [8].
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Advanced oxidation processes (AOPs) are suited 
to the cleaning of contaminated waters by dissolved 
organic contaminants such as aromatic compounds [9], 
dyes [10], pharmaceuticals [11], detergents [12], herbi-
cides [13], pesticides [14, 15], etc. Nanoscale zero-valent 
iron (nZVI) quickly reacts with oxygen for the produc-
tion of strong oxidants. Initially, surfaces of Fe0 transfer 
two electrons to O2, resulting in oxidized the ferrous 
iron (Fe2+) and produced H2O2 (Eq 1). The H2O2 can be 
reduced to water molecules by additional two-electron 
transfer from ZVI (Eq. 2) [16]. In the Fenton reaction, 
Fe2+ is oxidized to produce hydroxyl radicals (·OH) 
which have strong oxidizing ability against to many 
organic compounds (Eq. 3) The formation of OH radical 
mostly occurs via Eq. 4 in the photo-Fenton process, 
the reduction of Fe3+ to Fe2+ takes place, in this process. 
Fe3+ catalysis the generation of OH radicals with the UV 
light irradiation [17].

In Fenton reaction, quick consumption of H2O2, 
incomplete pollutants mineralization, loss of Fe ions, 
limited pH range, low degradation ratio of some chemi-
cals are considered as major problems [18]. For solv-
ing related problems, alternative methods have been 
offered.

Recently, the using of nZVI has reported for the reme-
diation of environmental pollutants. nZVI particles, 
which have high surface reactivity due to large surface 
areas, provide a cost-effective solution on the most 
challenging environmental remediation problems [19]. 
In the literature, using of nZVI particles are reported as 
very effective method for detoxification and transforma-
tion of a wide range of environmental pollutants, such 
as nitroaromatics [20], arsenic [21], heavy metals [22], 
nitrate [23], chlorinated organic compounds [24], dyes 
[25], and phenol [26]. Similarly, modified nanoscale iron 
particles, including supported and catalyzed particles, 
was used to make enhancements in terms of the reme-
diation efficiency and reaction time [27–29].

The objective of this study is to make a comparison of 
the 2,4-D remediation efficiencies of nZVI, Fenton, and 
photo-Fenton methods and obtain the optimum condi-
tions. For this aim, nZVI (< 100 nm) was synthesized by 
borohydride reduction method in laboratory scale. Results 
showed that using nZVI is an effective method for a faster 
and efficient method for the removal of 2,4-D.

(1)Fe
0 + O2 + 2H

+
→ Fe

2+ + H2O2

(2)Fe
0 + H2O2 + 2H

+
→ Fe

2+ + 2H2O

(3)Fe
2+ + H2O2 → Fe

3+ + ⋅OH + OH
−

(4)Fe
3+ + H2O + h� → Fe

2+ + H
+ + ⋅OH

2 � Materials and methods

2.1 � Materials

2,4-Dichlorophenoxyacetic (> 99.9%) acid was obtained 
from Merck. The chemical structure of 2,4-D was illus-
trated in Fig. 1. Sodium borohydride and ferric chloride 
(FeCl3·6H2O) were purchased from Merck. The methanol 
and acetonitrile for high-performance liquid chroma-
tography (HPLC) were supplied by Merck. All the other 
chemicals were analytical grade and used without further 
purification.

2.2 � Synthesis of nZVI

Colloidal particles of ZVI were synthesized by the following 
procedure: 0.1 M FeCl3·6H2O (1 L; Merck, 98%), solution 
was prepared under N2 atmosphere at room conditions 
and then an aqueous solution of 0.16 M NaBH4 (1 L; 98%, 

Fig. 1   SEM image of nZVI a 100kX, b × 10 k magnification
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Merck) was added dropwise to this prepared solution as 
described by Wang and Zhang [30]. In this reaction, the 
ferric iron (Fe3+) was reduced to nanosized zero-valent 
iron (Fe0) with the help of sodium borohydride as a strong 
reducing agent. Chemical precipitation was given below:

The solution was kept stirring for another 10 min. Then, 
synthesized nZVI particles were separated from the liquid 
phase and washed with three times using 20 mL of abso-
lute methanol to prevent rapid oxidation. The synthesized 
nanoparticles were dried under vacuum at 50 °C for about 
12 h. The resulting material was gray–black solid powder 
and preserved in nitrogen atmosphere.

2.3 � Characterization of nZVI

Synthesized nZVI nanoparticles were character-
ized by scanning electron microscopy (SEM), 
Brunauer–Emmett–Teller (BET)-N2 adsorption, and X-ray 
diffraction (XRD) techniques.

In order to investigate surface morphology and particle 
size of the nZVI, scanning electron microscopy (SEM) (JEOL 
JSM-5500 Japan) at an accelerating voltage of 10 kV was 
used.

The crystal structure was examined by using Rigaku 
Miniflex X-ray diffractometer (XRD). Prior to the XRD anal-
ysis, nZVI samples were dried in a vacuum freeze drier 
(Dura-Dry VP190D). The analysis was conducted at 40 kV 
and 40 mA with copper K-α radiation.

Specific surface area (BET area) and pore volumes of 
nanoparticles were measured using the nitrogen adsorp-
tion method using Tristar 3000 (Micrometritics, USA) 
model surface analyzer.

2.4 � Batch experiments

The aqueous pesticide solutions were prepared at an ini-
tial concentration of 0.1 mM of 2,4-D. For the comparison 
of the removal efficiencies of Fenton, photo-Fenton, and 
nZVI process in aqueous solution, batch experiments were 
done. 500 mL of pesticide solution was moved to a beaker 
flask with a volume of 600 mL, and then 0.2 g/L, 0.5 g/L, 
or 1 g/L of nZVI was added. A shaker was used to stir the 
beaker. The experiments were performed at room tem-
perature. Samples were collected after 0, 10, 20, 30, 40, 
50, 60, 80, 100, and 120 min of treatment and centrifuged 
at 6000 rpm for 5 min.

The residual concentrations of 2,4-D were quantified 
by high-performance liquid chromatography (HPLC), 
Shimadzu Class VP HPLC equipped with a C-18 column 
(ODS2 25 cm x 4.6 mm x 5 mm) and UV detector, before 

Fe
(

H2O
)3+

6
+ 3BH

−

4
+ 3H2O → Fe

0
↓ +3B(OH)3 + 10.5H2

and after treatment by nZVI. The detection was performed 
at a wavelength of 284 nm. The mobile phase of HPLC was 
composed of methanol, acetonitrile, and water (1% H3PO4) 
(40:40:20). The residual concentrations of 2,4-D were also 
qualified by observing the changes of HPLC chromato-
gram to investigate the effect of initial pH on removal of 
2,4-D by nZVI; the pesticide solution was adjusted to pH 
3, pH 7, and pH 11 by adding 0.1 M HCl and NaOH before 
the treatment.

3 � Results and discussion

3.1 � Characterization of nZVI

The surface morphology of nZVI particles was analyzed 
by SEM, which showed that particle size under 100 nm in 
diameter (Fig. 1). The SEM image resembles the previously 
reported ones in the literature [31, 32]. The nZVI particles 
are in nanosphere form, and those are in contact with 
one another. The surface of nZVI was rough and formed 
chain-like aggregates, but the particles with diameters 
of 40–60 nm can be a discerned form. Due to magnetic 
dipole–dipole interactions and large surface area of nano-
particles, agglomeration can be occurred [33].

X-ray diffraction (XRD) was employed to investigate 
the mineral composition of nZVI. X-ray diffractogram of 
nZVI particles is illustrated in Fig. 2. The apparent peak 
at the 2θ of 44.575° showed the presence and crystal-
line structure of ZVI particles. No signal was observed 
for the iron oxides (hematite, Fe2O3 or magnetite, Fe3O4). 
This might be due to the fact that they are in very low 
concentration that below the detection limit of XRD. 
According to characteristic peak in XRD diffractogram, 
the nZVI nanoparticles have body-centered cubic (bcc) 
α-Fe0. Moreover, the crystallite size was calculated using 

Fig. 2   X-ray diffractogram of ZVI sample
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Scherer equation and found to be 14 nm, in accordance 
with SEM results.

The specific surface area value of the nZVI was deter-
mined as 44.7 ± 0.4 m2/g by the BET-N2 method. The BET 
surface area of iron nanoparticles in this study was in 
the range of synthesized by other researchers. In the 
literature, it was reported that BET surface areas found 
as 25  m2/g [34], 29.67  m2/g [35], 10.5  m2/g [36], and 
36.5  m2/g [37]. However, the specific surface area of 
commercial Fe powder (< 10 μ) is 0.9 m2/g [30], which is 
very small compared to nanoscale iron reported in the 
literature. The iron surface is the active site for the reme-
diation. Hence, the samples, which have a higher surface 
area, mean higher remediation capacity.

3.2 � Effect of nZVI dosage

Experiments for determining the effect of nZVI dos-
age on the remediation rate of 2,4-D were conducted 
by utilizing different concentrations of nZVI (0.2 g/L, 
0.5 g/L, and 1.0 g/L). The results are shown in Fig. 3. Add-
ing increasing amounts of nZVI particles exponentially 
increased the remediation efficiency of 2,4-D. However, 
after 0.5 g/L nZVI dosage, a significant removal was not 
observed and this dosage preferred as optimum dosage 
due to cost-effectiveness. nZVI has significant impor-
tance as an electron donor for starting the degradation 
of 2,4-D. Higher dosage of nZVI means more source of 
Fe(II) ions. Additionally, a high density of nZVI allows 
enhanced active areas where the reaction occurs. Thus, 
the efficiency of the reaction is increased.

3.3 � Effect of pH

The effect of initial pH in the Fenton method is a critical 
parameter [38]. It was investigated at a pH range of 3 to 11. 
Experiments were done by the same conditions while the 
only variable was the pH of the solution. It was observed 
that the degradation rate was increased by lowering pH 
value. However, after pH 3, the efficiency of degradation 
tends to decrease. This can be explained by the protona-
tion of the nZVI surface with lower pH values. The previ-
ous studies also reported that the optimum pH is in the 
range 3–4 for high removal efficiency [39, 40]. In light of 
this data, it can be concluded that the optimum pH for the 
degradation is pH 3 (Fig. 4). Additionally, the initial pH had 
an essential role in the removal efficiency during the first 
10 min. Nevertheless, this effect diminished with longer 
reaction times. At the initial pH 3, solution of 2,4-D was 
removed at higher efficiencies in shorter reaction time 
compared to other pH values studied.

3.4 � Effect of degradation processes

The removal efficiency of nZVI, Fenton and photo-Fenton 
processes was compared in Fig. 5. The ratio of Fe2+: H2O2 
was selected as 1:5. This ratio was determined as the opti-
mum ratio in the course of Fenton and photo-Fenton 
experiments [41]. The degradation of 2,4-D with nZVI 
has been more successful than the other two methods. 
This is due to the high catalytic activity of nZVI toward 
to degradation of 2,4-D. Using the nZVI method, the 
removal of 89% was achieved, while Fenton and photo-
Fenton remained 67% and 76%, respectively. Among 
the processes used in this study, the order of efficiency 

Fig. 3   Effect of nZVI dosage Fig. 4   Effect of initial pH
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in removing 2,4-D was found in the following order: 
nZVI > photo-Fenton > Fenton.

4 � Conclusion

nZVI particles were synthesized in aqueous medium 
under N2 atmosphere. SEM, XRD, and BET-N2 techniques 
were employed for the characterization of the nZVI. 
Results indicated that the prepared particles were under 
100 nm in diameter, a surface area of 44.7 m2/g and had 
a chain-like structure. Reductive dechlorination by nZVI 
was the primary process in the destruction of 2,4-D. The 
results support that the main factors on the removal rate 
are nZVI dosage and initial pH solution. These variables 
have a significant influence on the degradation rate. The 
removal efficiency of 2,4-D increased with the increasing 
dosage of ZVI nanoparticles. However, after certain levels 
of nZVI concentration, the removal efficiency was raised 
slightly. In order to be cost effective, the optimal nZVI dos-
age was selected as 0.5 g/L. Changing the pH from 11 to 
3 increased the degradation rate of 2,4-D by nZVI. Results 
showed that using nZVI is an effective method to remedi-
ate water and soil contaminated with 2,4-D. nZVI provides 
not only active sites and very high surface area but also the 
source of Fe(II). Under optimized conditions, degradation 
by nZVI is more effective than Fenton and photo-Fenton 
processes, and the results support that nZVI is a conveni-
ent candidate for 2,4-D remediation. The nZVI process is 
suggested as an innovative technology in removing chlo-
rinated pesticides from wastewater and also efficient treat-
ment options in wastewater treatment technology.
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