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A B S T R A C T   

Zero-valent metals such as Al0, Zn0, Ti0, and Fe0 with well explored catalytic activity have gained wide spread 
applications in the remediation proposes. Due to extremely high surface to volume ratio, nanoscale zero-valent 
metals showed increased catalytic potential and introduced as promising catalysts. Among zero-valent metal 
nanoparticles, zero-valent iron nanoparticles (ZVINPs) are one of the most employed nanostructures in reme
diation studies. These particles are effective Fenton-like catalysts and employed to remove organic contamina
tions. Recent studies indicated that plant mediated synthesized ZVINPs are more efficient in this regard than 
chemically synthesized nanoparticles. The extract of green tea is extensively used for green synthesis of various 
metallic nanoparticles and iron based nanoparticles. In the present work, design of experiments (DoE) and 
response surface methodology (RSM) was applied to find out effective reaction parameters and optimal reaction 
condition for maximum production of ZVINPs by using green tea extract. For this purpose, at first, a fractional 
factorial design was used to screen the reaction parameters (reaction time, temperature, amount of leaf extract, 
and metal precursor concentration) in the synthesis process. Subsequently, the central composite face (CCF) 
design was utilized for reaction optimization. Amount of green tea extract and iron precursor concentration were 
found to be the most effective parameters. In a regular 10 mL reaction, maximum productivity was achieved by 
employing 9 mL tea extract and 25 mM (final concentration) ferric chloride. The prepared nanoparticles were 
identified to be amorphous ZVINPs with a low magnetization value of 80 memu/g. The particles diameter was 
measured to be 5–20 nm with 11.2 nm mean size. The particles pose effective catalytic activity for organic 
contaminants removal. Methyl orange was tested as a common model compound and particles were capable to 
eliminate more than 50% of the initial dye in just 2 h.   

1. Introduction 

Azo dyes are commercially abundant family of azo compounds. 
These compounds are organic chemicals with diazenyl (R–N––N� R0) 
functionality. Azo dyes have gained diverse applications in various in
dustries such as food, leader, and textile industries. Due to their wide
spread applications, azo dyes and azo compound derivatives are 
considered as one of the important aquatic contaminants (Tatarko et al., 

1999; Gudelj et al., 2011). Intense industrial activities and production of 
wastewaters with a very complex content increases demand for new 
treatment technologies (Khoo et al., 2019). Environmental nanotech
nology and application of nano size materials for high efficient reme
diation is one of these new technologies (Lahann, 2008). Nanostructures 
of zero-valent metals such as Al0, Zn0, Ti0, and Fe0 are promising com
pounds in this regard (Lu et al., 2016; Yang et al., 2019). Zero-valent 
iron nanoparticles (ZVINPs) due to strong adsorption capability, high 
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reducibility and potent catalytic activity are the most studied and 
employed nanostructures in novel remediation approaches. These par
ticles exhibit a potent activity to treat organic contaminations in water 
and wastewater at ambient atmosphere (Ebrahiminezhad et al., 2017c; 
Taghizadeh et al., 2019). It is believed that ZVINPs do not simply act as 
an adsorbent or a reducer. It acts through sequential or simultaneous 
complex processes (e.g. adsorption, reduction, dissolution, and precipi
tation) that occur on the surface of nanoparticles. ZVINPs alone can act 
as reducing agent, but, in the presence of oxygen compounds such as 
water and hydrogen peroxide ZVINPs efficiently produce reactive oxy
gen species (ROS). These free radicals are responsible in the degradation 
of organic contaminants (Rezaei and Vione, 2018). Production of ROS is 
due to release of ferrous ions from ZVINPs. Surface of these particles is 
usually oxidized in aerated environments and iron ions are released from 
the oxide coating. Increase in the surface area provides more space for 
oxidation and iron ions release (Li et al., 2006; Torrey et al., 2015; 
Rezaei and Vione, 2018). 

The widespread applications of ZVINPs encourage researchers to 
employ different physical and chemical methods such as ball milling, ion 
sputtering, sol-gel synthesis, chemical vapor deposition, spark 
discharge, and aqueous phase reduction for the fabrication of these 
nanostructures (Li et al., 2016; Seifan et al., 2019). Reduction of iron 
ions with powerful chemical reductants such as sodium borohydride 
(NaBH4) is one of the most common techniques in this regard (Yuvak
kumar et al., 2011; Akbari and Mohamadzadeh, 2012). But, there are 
major drawbacks with these methods such as harsh reaction condition 
and employing toxic chemicals and organic solvents that make the 
process unsustainable (Yuvakkumar et al., 2011; Akbari and Moha
madzadeh, 2012). To overcome the adverse effects and intrinsic limi
tations of conventional synthesis methods, researchers have explored 
green synthesis as an economic and sustainable technique (Machado 
et al., 2013; Ebrahiminezhad et al., 2017b). In this modern alternative, 
biologic compounds from living organisms such as plants, microbes, and 
algae have been used for the reduction of iron ions to ZVINPs (Ebrahi
minezhad et al., 2016a, 2017d; Kianpour et al., 2016, 2018). Nowadays, 
green synthesis attracts a lot of attention and became a promising 
approach toward elimination of organic solvents and toxic chemicals 
from synthesis reactions (Kumar and Singhal, 2007; Sulaiman et al., 
2018). Behind all beneficial aspects of green synthesis, there are some 
restricting parameters with employing microbial cells including diffi
culty of handling, slow reaction time, contamination concerns, and 
being less economic (Ghasemi et al., 2011; Ebrahiminezhad et al., 
2014b). But, plants mediated synthesis can prevail over other biological 
processes because it eliminates the elaborate process of cell culture and 
cell storage and can also be scaled up for large-scale productions. From 
environmental nanotechnology point of view it has been shown that 
green synthesized nanoparticles are more efficient in remediation 
studies than chemically synthesized particles (Muthukumar and Math
eswaran, 2015). It is claimed that better catalytic activity of green 
synthesized nanoparticles is mainly due to biologic coating that occur 
through green synthesis. This effective coating prevents particles ag
gregation and provides larger surface area (Muthukumar and Math
eswaran, 2015). 

Plants are abundant with organic compounds such as polyphenols, 
flavonoids, proteins, reducing sugars, nitrogen bases, and amino acids 
that can act as reducing and capping agent for the synthesis of iron 
nanoparticles (Ebrahiminezhad et al., 2016b, Ebrahiminezhad et al., 
2017; Yew et al., 2019). Since now, a variety of plants such as Lantana 
camara, Annona squamosal, Anacardium occidentale, Urtica dioica, 
Cupressus sempervirens, Psoralea corylifolia seeds, Eucalyptus globulus, and 
so forth have been used successfully to produce iron based nanoparticles 
(Tucek et al., 2010; Tu�cek et al., 2015; Ebrahiminezhad et al., 2017a, 
2017b; Nagajyothi et al., 2017). Green tea is a type of tea that produced 
from Camellia sinensis leaves and frequently was employed for the green 
synthesis of iron and other metallic nanoparticles (Wang et al., 2014b; 
L�opez-S�anchez et al., 2016; Ohkoshi et al., 2016; Truskewycz et al., 

2016). It belong to the genus Camellia of flowering plants in the Theaceae 
family. C. sinensis originated in Southeast Asia such as China and India, 
but, presently is cultivated in many countries (Grundl and Delwiche, 
1993). Numerous studies have shown that the consumption of green tea 
provides health benefits against cardiovascular disease, glycaemia, 
hyperlipidemia, inflammation, obesity, and cancer (Yuvakkumar et al., 
2011; Li et al., 2016; Jiang et al., 2018). Green tea extract is rich of 
phytochemicals such as polyphenols, carbohydrates, flavonoids, 
proteins, and vitamins that play a key role in the reduction and synthesis 
of metallic nanoparticles (Grundl and Delwiche, 1993). So, green tea 
extract is now known as one of the first choices for the green synthesis of 
ZVINPs and other metallic nanoparticles (Huang et al., 2014a; Huang 
et al., 2014b, Plachtov�a et al., 2018). 

Behind potential of the employed plant for the synthesis of nano
particles various parameters such as reaction time, reaction tempera
ture, amount of leaf extract, and metal precursor concentration are other 
key parameters in the green synthesis of iron nanoparticles (Ebrahimi
nezhad et al., 2016b, 2016c). Nevertheless, to date very rare studies 
have been done to find out the effective factors in the biosynthesis of 
iron based nanoparticles, interaction of different factor, and optimal 
reaction condition (Borja et al., 2015). On the other hand, almost all 
previous investigations in this regard were performed based on the 
preliminary methods such as one-factor-at-a-time experiment (Ebrahi
minezhad et al., 2016b, 2016c). This method cannot describe in
teractions among the various parameters which involved in the 
synthesis process. Meanwhile, knowledge about the effective parameters 
and their interactions is the key element to achieve an optimal point in 
production of any material. So, the conduction of statistical optimization 
studies is mandatory for green construction and employment of ZVINPs 
as a novel catalyst for environmental remediation proposes. Conse
quently, effective parameters, their interactions, and optimal reaction 
condition were explored for the green fabrication of ZVINPs using green 
tea extract. Design of experiments (DoE) and response surface method
ology (RSM) were carried out to achieve maximum production of 
nanoparticles (Berenjian et al., 2011; Ghoshoon et al., 2015; Ranma
dugala et al., 2017). Finally, the catalytic potential of the prepared 
nanoparticles was examined to remove azo dyes. 

2. Materials and methods 

2.1. Materials 

Dried leaves of green tea were purchased from a local shop. Ferric 
chloride (FeCl3⋅6H2O) was purchased from Merck Chemicals (Darm
stadt, Hessen, Germany) and used directly without refinement. Labo
ratory glass-wares were washed with acid solution and deionized water. 
Millipore water (Millipore Corp., Bedford, MA, USA, conductivity range 
of 0.055 � 0.294 lS/cm) was used for all synthesis reactions and leaves 
extraction. 

2.2. Leaves extract preparation 

Green tea leaves were milled with a household miller (Parskhazar, 
Model Chili, Iran) and passed through a sieve with particular mesh size. 
For leaves extraction, 5 g of leaves powder was mixed with 100 mL de- 
ionized water in a 250 mL round bottom flask (Nagajyothi et al., 
2017; Rajiv et al., 2017). The mixture was boiled (at about 97 �C) for 
15 min by using a heater mantel and under reflux. Resultant extract was 
cooled down to room temperature and filtered through a Whatman 
paper (Reeve angel, Grade 201) to remove the sludge. Then the filtrate 
was centrifuged (4200 g, 12 min) to remove fine leaf particles. There
fore, a clear supernatant was obtained and used for further experiments. 

2.3. Experimental design 

The statistical design of experiments using Modde software version 9 
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(Umetrics, Sweden) was employed to identify the factors which have the 
most significant effects on the maximizing the production of INPs. On 
the other hand, this screening was used to find out which factors are the 
dominating ones and to find out the optimal ranges in the synthesis 
process. In the first step, the important factors with significant effects on 
the amount of synthesized nanoparticles were specified. For this reason, 
a fractional factorial design was utilized to screen the effect of four 
variables including of green tea extract quantity, iron precursor con
centration, reaction temperature, and reaction time. 

The aim of the second step was to achieve an empirical model of 
optimization process to determine the optimum concentrations of 
selected efficient factors. In this step, RSM with central composite face 
(CCF) design was employed to optimize the effective factors chosen from 
screening stage on the green synthesis productivity. The variables and 
their real values used in the CCF design are represented in Table 1. 

2.4. Synthesis of iron nanoparticles 

Synthesis of INPs with maximum productivity was conducted based 
on the optimization data and the reaction was performed in 10 mL final 
volume as following. Leaves extract (9 mL) and deionized water (750 μL) 
were added to a 50 mL round bottom flask and stirred vigorously at 
room temperature. Synthesis reaction was started by injection of 250 μL 
iron precursor (FeCl3⋅6H2O, 1 M) in to the flask and reaction was fol
lowed for 15 min. Then the reaction mixture was centrifuged and the 
resulting black pellet was washed with distilled water for three times to 
remove unreacted solutes and phytochemicals. Finally, black precipitate 
was dried in an oven at 50 �C for 48 h and characterized as follow. 

2.5. Characterization of iron nanoparticles 

Transmission electron microscopy (TEM, Zeiss, EM900, HT-100 KV) 
was performed for characterizing size and shape of the synthesized iron 
nanoparticles. For these measurements, a drop of particles suspension 
was loaded on a carbon-coated copper grid and was allowed to dry at 
room temperature. Micrographs were taken without any more sample 
preparation and particle size analysis was conducted by using an image 
analysis software (ImageJ version 1.47v, developed by NIH, http 
://imagejnihgov/ij/). Fourier-transform infrared (FTIR) spectroscopy 
(PerkinElmer Spectrum One) analysis was done using KBr pellets for 
understanding the existence of surface functional groups on the nano
particles. The IR absorption analysis was done from 4500 cm� 1 to 

400 cm� 1 at room condition (Ebrahiminezhad et al., 2014a, 2016a). The 
crystal structure of synthesized nanoparticles was studied with an x-ray 
diffractometer (Siemens D5000). X-ray diffraction (XRD) pattern was 
evaluated using X’Pert HighScore version 1.0d (PAN analytical B⋅V., 
Almelo, the Netherlands). Vibrating sample magnetometer (VSM) was 
employed for magnetic evaluations of the obtained nanoparticles at 
room temperature (American-Lake Shore Cryotronics company, 7407 
Model). Thermogravimetric analysis (TGA, 209 F3Tarsus) was per
formed to evaluate the thermal stability and quantification of organic 
compounds from green tea extract in final INPs product. Thermogravi
metric analysis (TGA) and derivative thermogravimetric (DTG) analyses 
were performed with 10 �C/min heating rate, from 30 to 600 �C, under 
ambient atmosphere. 

2.6. Catalytic activity assay 

Methyl orange is a common model compound to evaluate the cata
lytic power of Fenton-like catalysts and employed in diverse environ
mental studies (Shahwan et al., 2011; Muthukumar and Matheswaran, 
2015; Youssef et al., 2016; Xu et al., 2018; Taghizadeh et al., 2019). 
Hence, in this experiment a methyl orange degradation reaction was set 
to investigate the catalytic potency of the prepared nanoparticles. The 
reaction parameters were set based on the previous reports (Youssef 
et al., 2016; Taghizadeh et al., 2019). In brief, nanoparticles were 
exposed to Methyl orange dye solution (20 mg/L final concentration) 
with hydrogen peroxide (1% V/V). The dye degradation rate was fol
lowed for 6 h via colorimetric assay (Agilent technologies Cary Series 
UV/VIS) at 465 nm using methyl orange standard curve. 

2.7. Statistical analysis 

One-way Analysis of Variance (ANOVA) with post-hoc mean com
parison with Tukey test was used to evaluate the experimental data with 
the statistical significance level of p < 0.05. 

3. Results and discussion 

3.1. Impacts of different factors on the nanoparticles production 

In the first step, a combination of various factors was used to 
investigate the significant factors and their interaction on nanoparticles 
production. Based on previous investigations, reaction time, iron pre
cursor concentration, leaves extract quantity, and reaction temperature 
were set as potential parameters. DoE was carried out base on these four 
parameters and amount of produced nanoparticles in each experiment 
utilized in screening the RSM (Berenjian et al., 2011). Table 1 gives the 
combination of variables used in experimental design and depicted the 
results of initial screening for effective factors in the synthesis reaction. 
Statistical analysis of data is presented in Table 2 to illustrate the main 
effects of single parameters and their interactions on the weight of 
produced nanoparticles (Ranmadugala et al., 2017). Based on these 
result, the low P-value (P < 0.05) for iron precursor concentration and 
leaves extract reveals that they are the effective factors for synthesis of 
INPs using green tea extract. Coefficient for these two variables showed 
their positive effect on the response. These findings are in close agree
ment with previous studies on the synthesis of iron nanoparticles using 
green tea extract. Where, authors demonstrated a dependency between 
FeCl3-to-green tea extract ratio and amount of nanoparticles formation 
(Borja et al., 2015). 

3.2. Optimization of iron nanoparticles production 

From the screening data, it can be concluded that the key parameters 
which affecting the synthesis reaction are iron precursor concentration 
and amount of green tea extract (Table 1). Therefore, these two in
gredients were chosen to further examine the optimal production of INPs 

Table 1 
Experimental design and results of screening factors affecting green synthesis of 
INPs.  

Run Experimental factors Response 

FeCl3(mM) Leaf extract 
(mL) 

Temperature 
(�C) 

Time 
(h) 

Weight 
(g) 

1 1 1 25 0.25 0.0051 
2 100 1 25 0.25 0 
3 1 9 25 0.25 0 
4 100 9 25 0.25 0.0174 
5 1 1 75 0.25 0 
6 100 1 75 0.25 0.001 
7 1 9 75 0.25 0 
8 100 9 75 0.25 0.0421 
9 1 1 25 24 0 
10 100 1 25 24 0.0028 
11 1 9 25 24 0.0017 
12 100 9 25 24 0.0481 
13 1 1 75 24 0.0018 
14 100 1 75 24 0.0038 
15 1 9 75 24 0.0029 
16 100 9 75 24 0.054 
17 50.5 5 50 12.125 0.0275 
18 50.5 5 50 12.125 0.0263 
19 50.5 5 50 12.125 0.0255  
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through RSM. To achieve more sustainable reaction condition with less 
energy consumption, the reaction temperature was let to be ambient 
temperature for all optimization experiments and reactions were carried 
out in minimum time (15 min). Determination of optimum values for 
key factors to enhance the INPs production was performed using the 
central composite face (CCF) design as shown in Table 3. The results of 
ANOVA test with the model F value of 14.4367 and probability value of 
0.005 indicates a good fitness of the model (Table 4). Also the linear 
regression coefficient R2 ¼ 0.935 and the adjusted determination coef
ficient R2 of 0.870 demonstrate the adequacy of the model. 

Fig. 1 illustrates the response surface plots of INPs production for the 
effects of key factors. The plots demonstrate that the highest amount of 
INPs is achievable when the iron precursor concentration and tea extract 
are set as 25–35 mM and 8.5–9 mL, respectively. As can be seen in Fig. 1, 
fabrication of nanoparticles decreases when the values of iron precursor 
concentration and amount of green tea extract are set to be more than 
35 mM and less than 8.5 mL, respectively. The developed model pre
dicted that highest productivity to be 22 mg per reaction (2.2 mg per mL 
of the reaction mixture) with optimum values of iron precursor (25 mM) 
and green tea extract (9 mL). Consequently, the validity of experiment 
was confirmed under the optimized condition where, observed value 
was the production of 0.019 g/mL INPs. 

Experimental evidences showed that synthesis condition has a great 
impact on the physical and chemical properties of the biosynthesized 
nanoparticles (Ebrahiminezhad et al., 2016b, 2016c, 2017c. Conse
quently, with regard to notability of reaction conditions and important 
factors in green synthesis processes, more studies must be done to 
determine their impacts on reactivity and physicochemical properties of 
the synthesized nanoparticles. For instance, Lanlan Huang reported that 
the reactivity of the prepared nanoparticles was extremely depended to 
the synthesis conditions and involved parameters (such as the ratio of 
iron precursor (Fe2þ) and leaf extract (tea extract), reaction temperature, and pH (Huang et al., 2015). 

3.3. Synthesis of INPs 

Optimum concentration of significant factors that obtained from 
optimization process were used in green synthesis of INPs using green 
tea extract. The optimal synthesis reaction was carried out by addition of 
iron precursor to the leaf extract. A rapid color change in the reaction 
and create a dark black suspension indicates formation of INPs and 
reduction of iron ions to INPs. This phenotypic change also indicates the 
high reduction potential of phytochemicals in the green tea extract 
(Ebrahiminezhad et al., 2017a, 2017b). 

3.4. Characterization of iron nanoparticles 

3.4.1. Transmission electron microscopy 
TEM analysis of iron nanoparticles confirmed the successful syn

thesis of iron nanoparticles from green tea extract. TEM images of INPs 

Table 2 
Statistical analysis and coefficients of the variables for optimal reaction condi
tion to green synthesis of INPs.  

Terms Coefficient Std. Err.* P-value 

Constant 0.013 0.002 0.000 
X1 0.009 0.002 0.003 
X2 0.009 0.002 0.004 
X3 0.001 0.002 0.457 
X4 0.003 0.002 0.240 
X1. X2 0.009 0.002 0.003 
X1. X3 0.002 0.002 0.400 
X1. X4 0.002 0.002 0.264 
X2. X3 0.002 0.002 0.421 
X2. X4 0.002 0.002 0.283 
X3. X4 � 0.000 0.002 0.791 

* Std. Err. ¼ standard error, X1 ¼ FeCl3, X2 ¼ Leaf extract, X3 ¼ Temperature, 
X4 ¼ Time, R2 ¼ 0.871 and R2 (adj.) ¼ 0.709. 

Table 3 
Central composite face design matrix for the significant variables and observed 
response.  

Run Experimental factors Response 

FeCl3 (mM) Leaf extract (mL) Weight (g) 

1 25 5 0.0117 
2 75 5 0.0024 
3 25 9 0.0199 
4 75 9 0.0189 
5 25 7 0.0166 
6 75 7 0.005 
7 50 5 0.0009 
8 50 9 0.0206 
9 50 7 0.0074 
10 50 7 0.0062 
11 50 7 0.0075  

Table 4 
Analysis of variance for the fitted quadratic model.  

Source of 
Variation 

DF* SS* MS(variance) 
* 

F value P 
value 

SD* 

Total 11 0.001 0.000    
Constant 1 0.001 0.001    
Total corrected 10 0.000 5.244   0.007 
Regression 5 0.000 9.809 14.4367 0.005 0.009 
Residual 5 3.397 6.795   0.002 
Lack of Fit 3 3.292 1.097 20.9737 0.046 0.003 
Pure error 2 1.046 5.233   0.000 

* DF: degree of freedom, SS: sum of squares, MS: mean sum of squares, SD: 
standard deviation. 

Fig. 1. Response surface plot (a) and response counter plot (b) for the fabri
cation of INPs showing the effects of iron precursor concentration and amount 
of leaf extract in a green synthesis reaction, all reactions were done in 10 mL 
final volume. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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and corresponding size distribution histogram are presented in Fig. 2. 
Results showed that the majority of particles possess a spherical 
morphology, but, some rare truncated triangular, ellipsoidal, drop 
shape, and polyhedral particles were also observed. Similar morphology 
has been reported by other researchers for the green tea mediated syn
thesized zero-valent INPs (Borja et al., 2015). 

The particles diameter was measured to be 5–20 nm with 11.2 nm 
mean size. In contrast to previous reports for the synthesis of INPs using 
green tea, reaction optimization resulted in smaller particles. In these 
experiments, the size range from 20 nm to 80 nm have been reported 
(Kuang et al., 2013; Wang et al., 2014a, 2014b; Huang et al., 2015; 
Truskewycz et al., 2016). The other advantage of the prepared particles 
over previous reports is that in previous experiments resulted nano
particles were entrapped in plant organic compounds and form macro 
scale aggregated structures (Shahwan et al., 2011). But, no macro
structure was observed in the current experiment. Feature improve
ments for the prepared nanoparticles can be due to reaction 
optimization. It is obvious that reaction condition has an immense effect 
on the resulted nanoparticles characteristics (Karade et al., 2018). 

3.4.2. Fourier-transform infrared spectroscopy 
FTIR analysis was conducted to understand the chemical composi

tion of the green synthesized ZVINPs, and phytochemicals that are 
responsible for synthesis, capping and stabilizing of nanoparticles. As 
shown in Fig. 3, peaks and corresponding bond identities were identified 
as follow. The peak at 3393 cm� 1 is indicative of O-H stretching vibra
tions. The peak at 2918 cm� 1 corresponds to C-H and CH2 vibration of 
aliphatic hydrocarbons. C––C aromatic ring stretching vibrations pro
duced a peak at 1630 cm� 1. C-N stretching vibration from aromatic 
amines absorbed IR at 1367 cm� 1. The peak at 1212 cm� 1 is a marker for 
phenolic C-O stretching, and peak at 1031 cm� 1 describes C-O stretching 
for the OH substituent of the pyran ring (Wang et al., 2014a; Truskewycz 
et al., 2016; Xiao et al., 2016). These functional groups indicate the 
presence of bioactive compounds in the green tea extract that act as 

capping agent and decorate the surface of prepared particles (Ebrahi
minezhad et al., 2016a, 2016b). The role of phytochemicals such as 
ketones, aldehydes, polyphenols, isoverbascosides, and caffeine in the 
reduction and stabilization of metal nanoparticles repeatedly discussed 
in the literature (Cruz et al., 2010; Arokiyaraj et al., 2013). The Fe-O 
stretching vibration from iron oxides produced an indicative band at 
around 640 cm� 1 and 450 cm� 1 (Ebrahiminezhad et al., 2012, 2013). 
These bonds were not observed in the FTIR spectrum of the prepared 
particles, which is an indicative for ZVINPs with any iron oxide impu
rity. Absence of the Fe-O bonds in the FTIR spectra also indicates that 
phytochemicals in the green tea extract are able to surround the iron 
particles and provide a perfect protection against oxidation. Similar 
spectra were reported for both plant mediated synthesized and chemi
cally reduced ZVINPs (Singh et al., 2011; Ebrahiminezhad et al., 2017b). 

3.4.3. X-ray spectroscopy 
The crystalline structure of the prepared particles was investigated 

by XRD spectroscopy and the diffraction pattern is presented in Fig. 4. In 
some reports the tiny diffraction peak at 43� of 2θ degree is considered 
as characteristic diffraction peak for zero-valent INPs (Kuang et al., 
2013; Huang et al., 2014a, 2014b). However, previous studies reported 
that the INPs synthesized by green tea extracts are amorphous in nature 
(Njagi et al., 2010; Shahwan et al., 2011; Kuang et al., 2013). The peaks 
at 32� and 33� of 2θ value are due to mineral complexes (Ebrahimi
nezhad et al., 2017a). The broad hump peak at around 2θ ¼ 25� is 
indicating organic compounds from green tea extract that act as capping 
agent. Presence of the organic compound in the prepared particles was 
also confirmed by the results from FTIR spectroscopy. These findings are 
in close agreement with the XRD patterns of zero-valent INPs synthe
sized using green tea and other plants such as eucalyptus (Kuang et al., 
2013; Wang et al., 2014a, 2014b; Truskewycz et al., 2016). 

3.4.4. Thermogravimetric analysis 
Thermal behavior of the prepared INPs is represented in Fig. 5. At the 

initial heating range non-bonded water molecules were evaporated and 
resulted in 3.7% reduction in mass. Heating to 252 �C resulted in 
evaporation of the residual water and subsequently 30.31% mass loss 
(Kumar et al., 2010). Decomposition of organic materials makes a peak 

Fig. 2. TEM micrograph of the biosynthesized INPs (a), which indicates that 
nanoparticles are spherical in shape, and corresponding particle size distribu
tion histogram (b). 

Fig. 3. Fourier transform infrared (FTIR) spectra of the prepared INPs, indi
cating presence of organic compounds from green tea extract. 

Fig. 4. X-ray powder diffraction (XRD) pattern of the synthesized INPs; no 
characteristic peak was observed which indicates amorphous structure of the 
nanoparticles. 
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at 556.9 �C in the DTG curve. This event resulted in 52.31% reduction in 
mass which indicates that the weight percentage of biologic coating in 
the product is about 52% (Kianpour et al., 2016; Ebrahiminezhad et al., 
2017b). The percent of biological compound from green tea extract was 
reported to be 28% for solvothermal synthesized INPs (Karade et al., 
2018). Authors introduced reaction time as the indicative factor for the 
intensity of the formed biological coating. They declared that increase in 
the reaction time provides more time for growth of nanoparticles and 
resulted in larger nanoparticles which can possibly reduce the intensity 
of organic coating (Karade et al., 2018). 

3.4.5. Vibrating sample magnetometer 
Magnetic properties of the prepared particles were studied using a 

vibrating sample magnetometer. Fig. 6 shows the results of saturation 
magnetization analysis at room temperature. Prepared particles showed 
no hysteresis and the magnetization curve was completely reversible 
that exhibits a superparamagnetic behavior of prepared nanoparticles. 
The saturation magnetization value of the synthesized particles was 
found to be around 80 memu/g. This value is lower than some of the 
prior reported values for superparamagnetic nanoparticles coated/ 
functionalized with different surfactant molecules. For instance, super
paramagnetic Fe3O4 nanoparticles coated with green tea polyphenols 
possessed a high saturation magnetization value equal to 61 emu/g 
(Singh et al., 2017). But, very low values are not unusual for green 
synthesized INPs. For instance, synthesis of iron oxide nanoparticles in 
biochar obtained from the condensed tannin extract from Acacia 
mearnsii revealed very low saturation magnetization value, that were 3.2 
and 7.4 memu/g at 300 K and 10 K, respectively (Khan et al., 2015). 
These low saturation values can be possibly due to diamagnetic prop
erties of biologic capping material and amorphous state of the prepared 
INPs (Kianpour et al., 2016). Previous studies have indicated that in
crease in intensity of biological coating by synthesis of nanoparticles in 
higher concentrations of capping compounds leads to more reduction in 
saturation magnetization (Ebrahiminezhad et al., 2012, 2013). It has 
been shown that heating process can significantly increase saturation 
magnetization values of the green synthesized INPs. Nanoparticles that 
were synthesized by using zucchini and pomegranate peel extracts were 
poses 21.4 emu/g and 13.3 emu/g saturation values, respectively. After 
heat treatment these values were increased to 45.8 emu/g and 38.1 
emu/g, respectively (Etemadifar et al., 2018). These findings reveal that 
magnetic properties of the green synthesized INPs strongly affected by 
the plant extract phytochemical characteristics and intensity of the 
organic material that decorate nanoparticles. However, nanostructures 
with low magnetic saturation values would not be suitable in remedia
tion proposes where magnetic manipulation is required. 

3.4.6. Catalytic activity assay 
Catalytic potential of the prepared ZVINPs over 6 h is depicted in 

Fig. 7. Prepared particles were found to be high efficient Fenton catalyst 

and dye degradation was occurred in a time dependent manner. Similar 
pattern was also reported for iron nanostructures which synthesized by 
using green tea extract and other plants (Shahwan et al., 2011; Ebra
himinezhad et al., 2017a). Time dependent pattern is not restricted to a 
certain catalyst, whereas, increase in the dye removal over time is re
ported previously for zero-valent INPs, other iron based nanoparticles 
such as magnetite nanoparticles, and even for iron ions (Youssef et al., 
2016; Xu et al., 2018; Taghizadeh et al., 2019). Nanoparticles concen
tration is another indicative parameter. In this experiment, 1 mg/mL 
ZVINPs can degrade more than 50% of the initial dye in just 2 h. Similar 
results were also reported elsewhere. For instance, Xu et al. (2018) have 
shown that increase in a catalyst concentration which fabricated based 
on Multi-walled carbon nanotubes (MWCNT) and magnetite nano
particles resulted in the increase in catalytic potency (Xu et al., 2018). 
They also showed that addition of MWCNT to the INPs has a synergistic 
effect on the catalytic activity of nanoparticles. 

4. Conclusion 

In recent years, plant mediated synthesized ZVINPs are introduced as 
effective Fenton-like catalyst for environmental remediation purposes. 
Recent studies indicated green tea as a power full plant for plant 
mediated synthesis of metallic nanoparticles. In order to achieve highest 
productivity, DoE and RSM were used successfully for identifying the 
effective factors and optimal reaction condition for the synthesis of 
ZVINPs using green tea. The results indicated that the amount of tea 
extract and concentration of iron precursor are key parameters in green 
synthesis reaction. The optimal values were identified to be 90% (of 
reaction volume) and 25 mM (final concentration) for amount of tea 
extract and iron precursor concentation, respectively. Green tea can 
efficiently reduce iron ions to zero-valent INPs in a short period. So, 
reaction time was not identified as effective parameter in nanoparticles 
production. On the other hand, green tea extract can perform the 
reduction reaction at room temperature and there is no need to heat the 
mixture. Phytochemical properties of the green tea along with statistical 

Fig. 5. TGA and DTG curves of the synthesized INPs; the weight loss below 
252 �C was due to water evaporation and above 252 �C was due to decompo
sition of biologic coating. 

Fig. 6. Magnetization curve of the prepared INPs, magnetization value of the 
synthesized INPs was measured to be 80 memu/g. 

Fig. 7. Catalytic activity of the prepared ZVINPs for methyl orange removal in 
various concentrations of nanoparticles, 0 mg/mL (a), 0.5 mg/mL (b), and 
1 mg/mL (c). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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data which provided by this study can take green tea to the industrial 
realm for scale up and large-scale production of ZVINPs. Prepared par
ticles were power full Fenton-like catalyst to remove azo dye as a model 
organic pollutant. The particles were capable to remove more than 50% 
of the initial dye in just 2 h. 
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