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A B S T R A C T

Nowadays, green synthesis methods have gained growing attention in nanotechnology owning to their versatile
features including high efficiency, cost-effectiveness, and eco-friendliness. Here, the aqueous extract of Chlor-
ophytum comosum leaf was applied for the preparation of iron nanoparticles (INPs) to obtain spherical and
amorphous INPs with a particle size below 100 nm as confirmed by TEM. The synthesized INPs managed to
eliminate methyl orange (MO) from the aqueous solution. The concentration of MO can be easily checked via
ultraviolet-visible (UV-Vis) spectroscopy throughout the usage of INPs at the presence of H2O2. The synthesized
INPs exhibited MO degradation efficiency of 77% after 6 h. Furthermore, the synthesized INPs exhibited anti-
bacterial activity against both Gram-negative and Gram-positive bacteria. The prepared INPs have an impressive
effect on Staphylococcus aureus at concentrations below 6 μg/ml. Overall, the synthesized INPs could considerably
contribute to our combat against organic dyes and bacteria.
1. Introduction

The environmental and industrial applications of nanomaterials have
been widely investigated for the detection and degradation of organic
contaminants and dyes [1,2,3,4]. Nanoparticles (NPs) can offer more
efficient dye degradation owing to their specific physicochemical char-
acteristics such as high surface to volume ratio [5]. So far, a wide variety
of NPs including Au [6], CdS [7], TiO2 [8,9], Manganese-doped ZnO
[10], zinc ferrite [11], and iron nanoparticles (INPs) have been suc-
cessfully used for dye degradation purposes [12]. INPs have been
intensively probed for the degradation and removal of organic wastes
owing to their versatile properties, high catalytic activities, and highly
reactive surface functional groups [13]. Environmental remediation
[14], separations and analyses of various analysts [15,16], fungal,
parasitic, and bacterial diseases therapies [17,18], drug delivery [19],
biosensing [20], imaging [21], catalysis [22], and magnetic storage
media [23] can be mentioned as some of the potential applications of
NPs.
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Lately, INPs were employed as a heterogeneous Fenton-like catalyst
for the removal/degradation of numerous organic pollutants in aqueous
media [24]. Fenton reagent is a solution of Fe2þ/Fe3þ and hydrogen
peroxide (H2O2) which can rapidly oxidize diverse organic contaminants
by generating highly reactive hydroxyl radicals (�OH) [25]. Among the
organic pollutants, azo dyes are of particular concern, as the extensive
application of these carcinogenic compounds in different industries has
led to their resistance against biological and physicochemical treatments
[26,27,28,29,30,31], making the conventional treatment methods inef-
fective [32]. Various techniques such as hydrothermal [33], sol-gel
process [13], chemical co-precipitation [34], template-assisted method
[35], thermal decomposition [36], and vapor–solid growth techniques
[37] have been exploited for the synthesis of INPs, each suffering from
several drawbacks, including a) toxic by-products whose removal re-
quires special treatments, b) high temperature, c) the need for substrate
or templates necessitating pre-manufacturing and post-removal diffi-
culties, and d) contaminants whichmay cause further ecological damages
[38,39]. Today, significant efforts have been dedicated to the expansion
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Figure 1. Synthesis of INPs and test its dye degradation performance by
decolorization of an azo dye solution.
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of green and more environmentally benign processes in the chemical
industry.

During the last decades, bacterial and plant-mediated approaches
have been developed as a modern synthetic tool to develop green
chemical procedures to produce a wide range of INPs in an
environmentally-friendly approach [40,41,42,43]. The plant-mediated
synthesis of NPs uses non-toxic, biodegradable, and green biomolecules
that can act as both reducing and capping agents to minimize the
oxidation and agglomeration of the synthesized INPs [44]. For example,
Green tea, Eucalyptus, Tangerine peel, Andean blackberry, Sorghum bran,
Argemone Mexicana extracts have been utilized for the synthesis of
different INPs [18,45,46,47,48]. The aqueous leaf extract-mediated
production of INPs has been currently studied in the context of in-vitro
biocompatibility and used for dye removal/degradation [49]. So far,
various NPs including metals and carbon-based compounds have been
reported for their potential antimicrobial activities [17,50,51,52,53,54].
Figure 2. TEM micrographs (a) and PSA hist
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Hence, in addition to the dye removal/degradation ability of INPs, they
have been extensively investigated for their antibacterial properties [55].

The extraordinary features and multifunctional applications of INPs
encouraged us to choose the plant extract method for their synthesis. The
obtained INPs were then used for the decolorization of an azo dye so-
lution to test their dye degradation performance (Figure 1). In the present
study, the applicability of Chlorophytum comosum (which is rich in
phenol, flavonoid, and saponin contents capable of reducing metal ions
and stabilizing the resultant NPs) was explored in the synthesis of INPs
[56,57,58]. Chlorophytum comosum has been widely assayed for the
phytoremediation of pollutants from the indoor air. Chlorophytum
comosum was also used for the synthesis of INPs as a novel dye removing
material [59]. As another application, the antimicrobial activity of the
prepared INPs was assessed using the standard microdilution technique.

2. Experimental details

2.1. Chemicals and solvents

Dried Chlorophytum comosum leaves were obtained from a local
market in Shiraz, Fars, Iran. All chemical reagents including ferric chlo-
ride (FeCl3⋅6H2O), methyl orange (MO, 99.88%), and H2O2 solution
(30.0%, Merck 64271) were bought from Merck (Darmstadt, Germany)
and used without any pretreatment. Escherichia coli (ATCC 25922),
Enterococcus faecalis (ATCC 27852), Pseudomonas aeruginosa (ATCC
27852), and Staphylococcus aureus (ATCC 25923) were provided from
Pasteur Institute of Iran.

2.2. Preparation of leaf extract

Different concentrations of the leaf extract (5–20% w/v) were pre-
pared by mixing dried leaf in deionized water (DI) at 80 �C for 1 h. Next,
the extract suspension was cooled to ambient temperature and vacuum-
filtered through a 0.2-mm filter paper followed by 5min of centrifugation
(at 2000 rpm) to eliminate the remaining particles. The transparent
extract was enclosed in polypropylene tubes and then placed at -20 �C in
the refrigerator.

2.3. Synthesis of INPs

The INPs were prepared according to our previous study [60].
Different concentrations of the leaf extract (5%–20% w/v) were used for
the synthesis of INPs. Typically, under an inert atmosphere (N2), 1 ml of
ogram (b) of the green synthesized INPs.



Figure 3. XRD pattern of the green synthesized INPs.

Figure 4. EDX analysis of green synthesized INPs.
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Figure 5. FT-IR spectra of green synthesized INPs.

Figure 6. Magnetization curve for the green synthesized INPs.
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FeCl3�6H2O, 0.1 M (27 g/L) was added to 9 ml of 5% leaf extract at pH¼
6 and poured into a 25-mL round bottom flask and vigorously stirred
using a magnetic stirrer (1000 rpm) at ambient temperature for 24 h.
Afterward, the reaction media was centrifuged (10,000 rpm for 10 min)
to separate the resulting black pellets. Next, the pellets were washed with
DI three times, dried in a vacuum oven at 50 �C for 12 h, and stored in a
tightly sealed container filled with an inert gas (N2), in a desiccator for
further studies.

2.4. Characterization of INPs

The transmission electron microscopy technique (TEM, Philips CM
10, 100 kV) was used for the morphology and visual appearance analysis
of INPs. The particle size was measured by a particle size analyzer
(Microtrac S3500). The X-ray powder diffractometry (Siemens D5000,
2ϴ range of 10�–80� with 2� min-1 scan rate) technique was used for the
crystallinity and composition analysis of the INPs. The elemental
composition of INPs was evaluated via energy-dispersive X-ray spec-
troscopy (EDX, BRUKER, INDIA). The FT-IR spectroscopy analyses were
performed using a Bruker, Vertex 70, at 4000-400 cm-1. Moreover, the
magnetic characteristics of the NPs were evaluated using a vibration
sample magnetometer (VSM, Microsense EZ9, at room temperature and
field sweeping range of - 10 toþ 10 kOe). Finally, the thermogravimetric
analysis (TGA, 209 F3 Tarsus, rate of 10 �C/min from 50 �C to 600 �C
under Ar atmosphere) was used to assess the presence and quantification
of coated organic-compounds on to the surface of INPs.

2.5. Dye removal assay

MO dye was selected to evaluate the dye removal potential of INPs. In
a typical procedure, 10 mg of prepared INPs and 1 ml H2O2 (10%,
4

optimum concentration) were added to 25-mL flasks containing 8 mL (25
mg l�1) aqueous solution of MO and stirred at 150 rpm at ambient
temperature. MO concentrations were measured at different intervals
using a UV-Vis spectrophotometer (Hitachi U-0080D, λ max ¼ 465 nm).
The decomposing potential of H2O2 was also tested as a blank sample
without NPs. All the tests were carried out in triplicate.



Figure 7. TGA curve of the synthesized INPs.

Table 1. MIC of synthesized nanoparticles.

Bacteria MIC (μg/mL)

Staphylococcus aureus 6

Escherichia coli 17

Pseudomonas aeruginosa 9

Enterococcus faecalis 8
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2.6. Microorganisms and growth conditions

The antimicrobial activity of the prepared INPs was verified via the
standard microdilution technique. The results were expressed as the
minimum inhibitory concentration (MIC) which can be defined as the
lowest concentration of IPNs capable of inhibiting bacterial growth up to
99%. To investigate the antibacterial effect of NPs, several types of Gram-
negative (Escherichia coli and Pseudomonas aeruginosa) and Gram-positive
(Staphylococcus aureus and Enterococcus faecalis) bacteria were utilized
[61]. Bacterial culturing was conducted on Mueller– Hinton agar (MHA)
at 37 �C for 18–24 h.

3. Results and discussion

Chlorophytum comosumwas selected as a model plant for the synthesis
of INPs as it showed large reductant contents especially polyphenols
compounds. The addition of aqueous Chlorophytum comosum leaf extracts
to 0.1 M ferric (III) chloride provided an immediate color shift from
yellow to dark black implying a notable reduction potential of the leaf
extract and the formation of NPs [62]. The main challenges in the pro-
duction of NPs can be resolved by using micromixing conditions which
result in high reaction rates of NPs synthesis and a significant effect on
the particle size distribution of NPs. In other words, the quantity of the
stirring velocity, and the molar ratio of precursors at the reaction media
affected the particle size distribution of NPs [63,64]. The surface
morphology and distribution of prepared INPs were investigated by the
TEM technique. It can be seen that almost all particles have a spherical
shape, smaller than 100 nm with some aggregations (Figure 2a). The
hydrodynamic diameter assessment of INPs using PSA displayed that the
INPs particle size distribution ranged from approximately 100 to 1000
nmwith a mean particle size of 246 nm (Figure 2b). Remarkably, the PSA
measured particle size distribution of prepared INPs was different from
that measured by the TEM technique due to a biological coating and the
connection ability of NPs in aqueous media, resulting in their aggrega-
tion. As can be seen in the TEM image, INPs were surrounded by a bio-
logical coating produced by the extract which was included in the PSA
method. The size distribution of INPs is highly unstable with high ag-
gregation capacity owing to their low surface charge. In other words, the
size distribution of INPs changes over time due to their oxidation and the
transition in their zeta potential. The oxidation process can lead to an
increase in pH resulting in a decline in zeta potential and an aggregation
of INPs [65]. So, in chemical synthetic methods, INPs can be stabilized by
increasing their surface charge via the addition of citrate ions giving rise
5

to a “citrate coat” around the particles to prevent their interaction
(aggregating). On the other hand, the biochemical compounds in the
aqueous leaf extract can coat and stabilize INPs and hinder the in-
teractions between NPs, resulting in more stable colloids [66].

X-ray powder diffraction technique demonstrated insufficient
distinctive diffraction peaks throughout the pattern reflecting the
amorphous nature of the synthesized INPs which is in agreement with
reports on using different leaf extracts (Figure 3) [48,66]. A broad peak
can be observed at 2θ~ 10�–20� attributable to organic materials from
leaf extract which are responsible for capping and stabilizing INPs [48,
62,66].

The EDX analysis indicated the elemental composition of INPs
(Figure 4). The EDX analysis showed 25.1% C, 36.75% O, 7.22% N, and
30.93% Fe. In addition to Fe peaks, the emergence of further peaks
indicated the existence of organic compounds that were liable for the
preparation and stabilization of INPs. FT-IR spectroscopy was also
applied to characterize the functional groups of the active components
(Figure 5). In the FT-IR spectrum of INPs, the Fe–O stretching band was
detected at 516.9 cm�1 which was not detected in leaf extract spectra.
INPs can react naturally when exposed to air or aqueous media to form a
core-shell oxidized INPs [48,67,68]. The peaks at 3200 cm�1 in INPs can
be assigned to the O–H bond or COOH. The peaks at 2911 and 2863 cm�1

are related to the C–H stretching vibration of alkanes of organic com-
pounds of leaf extract. The peak at 1715 cm�1 can be also assigned to the
C¼O stretching vibration of acidic derivatives in the leaf extract. Addi-
tionally, the peak at 1635.5 cm�1 can be ascribed to the C¼C ring
stretching indicating the INPs functionalization with organic components
[62,69].

The VSM technique was used to study the magnetic properties of the
synthesized particles. A linear MH graph with no hysteresis loop was
found, showing the paramagnetic behavior of the INPs (Figure 6). Weight
loss of the INPs was evaluated in the range of 30–600 �C using TGA
(Figure 7). The TGA plot revealed a two-step thermal degradation. Below
200 �C, the mass of INPs fluctuates about 100% related to the elimination
of physisorbed water. A sudden weight decline in the next point occurred
at 200 �C. Previous works indicated that INPs were decomposed at
temperatures up to 200 �C [70].

To determine whether the synthesized INPs can be used for oxidative
degradation of MO, the INPs were used as the heterogeneous Fenton-like
oxidants for the degradation of MO in an aqueous solution (Figure 8).
During the dye removal process, no significant activity was detected for
H2O2 even after 6h, whereas upon the use of INPs, MO was degraded and
the color vanished almost completely with 77% efficiency after 6 h. The
spectral band of MO was redshifted from 465 nm to 490 nm after 15 min
of incubation with the aqueous mixture of INPs and H2O2. This change in
the position of the absorption peak might be attributed MO protonation
and azonium ions formation [25,71]. MO can be oxidized and decolor-
ized through a Fenton-like reaction in which INPs served as a source of
ferrous ions. According to the following formula, a combination of INPs
and H2O2 can result in the production of free hydroxyl radicals (OH�).
The azo bond (–N¼N–) of MO can decompose by these radicals, resulting
in decolorization of the dye contaminated aqueous media [25,72]. The
catalytic role of INPs in the Fenton-like process is shown in Figure 9. As
can be seen in Figure 8, the INPs efficiently degraded the MO within 6 h.
The synthesized IONPs degraded 55% of the initial MO concentration
during the first 3 h. Then reduction in color degradation continued at the
fourth hour and no significant reduction occurred in the next 2 h. As



Figure 8. The removal effect of H2O2 alone (i) and (ii) H2O2 with INPs on the concentration (a) and UV-Vis absorption of MO at different times (b), error bars are too
short to display in diagram.
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reported by Muthukumar and coworkers, green synthesized INPs have
shown better MO degradation than chemically synthesized INPs [73].
Similarly, green synthesized zero valent INPs have also shown significant
efficiency in MO degradation; however, noniron NPs such as CuO [74],
ZrO2 [75], and ZnO/SnO2 nanocomposites [76] demonstrated lower MO
degradation efficiency. However, some of the green synthesized NPs like
Ag [77] and ZnO [78] demonstrated higher MO degradation efficiency,
which can be related to their physicochemical properties like their band
gap, size, morphology, and surface coating materials [73]. Overall, green
synthesis of INPs can lead to promising results in azo dyes degradation.
6

The antibacterial effect of biosynthesized INPs was explored on some
Gram-positive and Gram-negative bacteria. Table 1 lists the MIC values.
Accordingly, the INPs with the lowest concentration dramatically
inhibited bacterial growth. This effect was more pronounced on Staph-
ylococcus aureus as compared with other bacteria (Table 1) which can be
related to their complex cell wall in comparison to the Gram-negative
bacteria [79]. Previous reports also suggested higher antimicrobial ac-
tivity of INPs on Gram-positive bacteria as compared to Gram-negative
ones [80]. Several factors can explain the bactericidal mechanisms of
metallic oxide NPs. It seems that oxidative stress generated by ROS



Figure 9. INPs Fenton-like mechanism and MO degradation.
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(including superoxide radicals (O2
–), hydroxyl radicals (OH�), H2O2, and

singlet oxygen) is the leading player in the antibacterial activity of these
NPs. These ROS can damage bacterial proteins and DNA. They can also
bind and penetrate the bacterial cell wall, causing structural changes in
the cell membrane, such as cell membrane permeability and cell death. A
combination of ROS production, gene regulation alternations, cell wall
penetration, and metabolite binding simultaneously breaks down the
bacterial defense mechanisms against all the interactions [81].

4. Conclusion

In summary, the plant-mediated synthesis of INPs by Chlorophytum
comosum leaf extract was investigated in this research. The obtained INPs
were employed for the MO decolorization and antibacterial purposes.
This method uses water dispersion of Chlorophytum comosum leaf extract
as the only reduction and stabilizing agent added to the iron salt pre-
cursor. Thus the present method is an environmentally-friendly method
for the preparation of amorphous iron NPs. The dye removal activity of
H2O2-catalyzed INPs toward the degradation of organic contamination
was studied using MO as an azo dye model contaminant. Results showed
that the highest efficiency of MO degradation (77%) occurred after 6h.
The antibacterial activity of these NPs was investigated on some Gram-
negative and Gram-positive bacteria. In accordance with the results,
INPs with concentrations below 6 μg/ml has an impressive effect on
Staphylococcus aureus. Results of antibacterial activity indicated the
strong bactericidal effect of these NPs on both Gram-negative and Gram-
positive bacteria. Overall, environmentally-friendly INPs can be a valu-
able candidate for various scientific fields, in particular the removal of
organic dyes and the destruction of bacteria.
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