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Abstract
A simple method for the synthesis of magnetite nanoparticles using the leaf extract of Calliandra haematocephala has been 
developed. UV–Vis spectrum showed a characteristic strong absorption band. SEM image revealed the bead-like spherical 
nanoparticles. EDS showed the prominent peaks for elemental iron and oxygen. PXRD patterns confirmed the crystalline 
nature and the average crystallite size of 7.45 nm. In addition, the lattice parameter value was calculated to be 8.413 Å, 
close to  Fe3O4 nanoparticles. BET analysis disclosed the total specific surface area of the nanoparticles as 63.89 m2/g and 
the mesoporous structure of the nanoparticles with a pore radius of 34.18 Å. FTIR studies showed the specific bands at 
599.82 and 472.53 cm−1, typical for  Fe3O4 nanoparticles. The photocatalytic efficacy of the nanoparticles was demonstrated 
against the degradation of malachite green dye under sunlight irradiation and the photocatalytic degradation constant was 
calculated as 0.0621 min−1.

Keywords Calliandra haematocephala · Magnetite nanoparticles · Green synthesis · Dye degradation · Mesoporous 
nanoparticles · BET analysis

Introduction

Nanoparticles are individual complexes or clusters that 
are 100 nm in size or less. Their smaller size gives them 
a unique edge over other particles that are of micrometer 
size. Magnetite  (Fe3O4) nanoparticles, a common iron oxide, 
has numerous applications in various fields because of their 
inherent physico-chemical features. For instance, magnetite 
nanoparticles have been extensively used in the biomedical 
field for cancer therapy, drug delivery, cellular labeling and 
tissue repair (Siddiqi et al. 2016), in biotechnology as anti-
microbial and antioxidant agents (Muthukumar and Iswarya 
2017), for immobilization of enzymes (Kumari and Singh 
2016), in environmental applications for the removal of haz-
ardous dyes, heavy metals (Ibrahim et al. 2016), pesticides 

(Guo et al. 2017) and the development of pesticide detection 
sensor (Chauhan et al. 2015).

Traditionally, the magnetite nanoparticles are synthesized 
by reacting an iron salt  (FeCl3,  FeCl2, Fe(NO3)3 or  FeSO4) 
and sodium borohydride with specific quantities. Neverthe-
less, this method suffers due to the high process cost and the 
toxic nature of borate salt production which lead to environ-
mental pollution. There are few modified procedures avail-
able in the literature such as using surfactants (Nabiyouni 
et al. 2015) and ultrasonication (Ghanbari et al. 2014) for 
the synthesis which increase the total cost. Very recently, an 
article (Ren et al. 2017) has described a modified chemical 
procedure, but has the limitation of low specific surface area 
(only 10.6 m2/g) of the magnetite nanoparticles.

Therefore, the development of a low cost, non-toxic and 
simple method with exceptional physico-chemical properties 
of magnetite nanoparticles is the need of the hour. Synthesis 
of nanoparticles by using the polyphenols extracted from 
various plant parts by “green synthesis”, commonly known 
as “plant-extract mediated green synthesis” (PMGS) can be 
an alternative to the traditional chemical and physical meth-
ods. As reported in an article (Peralta-videa et al. 2016), 
there has been a constant increase in the articles based on 
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PMGS of nanoparticles since 2006 and depicted an expo-
nential enhancement.

Polyphenols are present in all the plants as secondary 
metabolites. The basic principle behind the PMGS is the 
reducing potential of the polyphenols residing in the plant 
parts. Many reports (Smuleac et al. 2011; Huang et al. 2015; 
Huang et al. 2014; Hoag et al. 2009) indicate that the higher 
reduction potential of polyphenols is sufficient for the reduc-
tion of metallic salts to form nanoparticles. In addition to 
the reduction, the polyphenols cap the nanoparticles thereby 
provide them stability and minimize the aggregation. This 
feature eliminates the addition of separate stabilizing agent 
during nanoparticle synthesis (Litvin and Minaev 2013), 
(Litvin and Minaev 2014). It is needless to mention here 
that the polyphenols are environmentally benign and are 
biodegradable.

It is shown by many researchers that  Fe3O4 nanoparticles 
can be synthesized using various plant extracts. For exam-
ple, Andean blackberry leaf extract (Kumar et al. 2016), 
Pisum sativum peel extract (Prasad et al. 2017), Syzygium 
cumini seed extract (Venkateswarlu et al. 2014a), plantain 
peel extract (Venkateswarlu et al. 2013), Punica Granatum 
rind extract (Venkateswarlu et al. 2014b) have been success-
fully utilized for the synthesis of  Fe3O4 NPs. Various agro-
waste extracts have been used for the synthesis of  Fe3O4 
nanoparticles recently (Stan et al. 2017).

Motivated by these recent studies, in the present inves-
tigation, we made an attempt to synthesize  Fe3O4 nanopar-
ticles using the leaf extract of Calliandra haematocephala. 
Our research group was the first one to demonstrate the 
reduction potential of the polyphenols present in this leaf 
extract for the synthesis of silver nanoparticles (Raja et al. 
2017).

It is well known that the iron oxide nanoparticles have 
renowned photocatalytic activity by the virtue of their low 
band gap, more stableness, high surface area and good light 
absorption capacity (Muthukumar and Matheswaran 2015) 
(Zazouli et al. 2017; Xu et al. 2014; Wang et al. 2017; Gupta 
et al. 2017). Therefore, the objectives of the present study 
are threefold: (1) synthesis of  Fe3O4 nanoparticles using the 
leaf extract of Calliandra haematocephala, (2) characteriza-
tion of the nanoparticles and (3) photocatalytic degradation 
of a pollutant dye, Malachite Green (MG) under sunlight 
irradiation.

Materials and methods

Materials

Analytical grade chemicals were used for all the experi-
ments.  FeSO4·7H2O, NaOH, HCl and malachite green (MG) 
dye were purchased from Merck, India.

Preparation of the leaf extract of Calliandra 
haematocephala

The leaf extract was prepared according to the procedure 
given in our earlier report (Raja et al. 2017). Briefly, the 
leaves from the plant, Calliandra haematocephala, were col-
lected. They were initially washed with tap water to remove 
the dust particles settled on the surface and subsequently 
with double-distilled water. The thoroughly washed leaves 
were then air-dried for about an hour. About 50 g of the 
dried-leaves was added to 500 mL of double-distilled water 
in a beaker. The contents were heated for 30 min for the 
release of phenolic compounds which was indicated by the 
appearance of brown color. The beaker was cooled under 
running tap water and the contents were filtered. The brown 
color filtrate thus obtained was named as Calliandra haema-
tocephala leaf extract (CHLE) which was stored at 4 °C until 
further use.

Synthesis of magnetic  Fe3O4 nanoparticles

In a glass beaker, a freshly prepared 0.1 M  FeSO4 solu-
tion was added to CHLE at a volume ratio of 1:1 at room 
temperature. Upon addition, the mixture instantly turned 
greenish-black in color which indicated the incipient for-
mation of colloidal nanoparticles. The pH of this mixture 
was increased to 11 by adding the previously prepared 2 N 
NaOH. The mixture was then placed in a water bath for 
60 min at 90 °C. The intense black precipitate indicated the 
synthesis of magnetic  Fe3O4 nanoparticles (CH–Fe3O4NPs). 
The formed nanoparticles were isolated by applying a strong 
magnet and washed several times with water and then with 
ethanol. The purified NPs were dried in a hot air oven for 
4 h at 120 °C and stored in an airtight container for further 
characterization and usage.

Characterization

The synthesis and photocatalytic activity of the 
CH–Fe3O4NPs were monitored from the absorbance 
spectra taken using a UV–visible, double-beam spectro-
photometer (SHIMADZU—UV1700). A diluted colloidal 
suspension was used to record the spectrum of nanopar-
ticles. Similarly, a thin film of colloidal suspension on 
a glass slide was used for recording the images using 
Scanning Electron Microscope (EVO MA18). The ele-
mental composition was analyzed by Energy-dispersive 
X-ray analysis (OXFORD). The powder X-ray diffraction 
(PXRD) patterns were obtained by employing Rigaku 
Miniflex 600 X-Ray diffractometer to study the crystal-
line structure. FTIR measurements were made with a 



677Applied Nanoscience (2018) 8:675–683 

1 3

SHIMADZU-8400S spectrophotometer using KBr pellet 
method. The total specific surface area  (SSAT) and the 
total pore volume (VP) of the CH–Fe3O4NPs were deter-
mined from nitrogen adsorption–desorption isotherms 
obtained by BET apparatus (Smart Instruments, Mumbai).

Photocatalytic degradation of malachite green dye

The photocatalytic degradation of MG dye was studied 
by exposing a mixture of known concentration (20 ppm) 
of MG dye solution and 100 mg of the CH–Fe3O4NPs 
in a glass beaker under sunlight. A control experiment 
(without nanoparticles) was also performed. The progress 
of the photocatalytic degradation was visually and spec-
trophotometrically monitored at periodic time intervals. 
The reduction in the absorption maximum at a wavelength 
of 617 nm was the indication of dye degradation. The 
residual concentration of the dye was calculated from a 
calibration plot.

Results and discussion

Visual inspection

The synthesis of nanoparticles was first visually inspected 
with respect to the color change of the reaction mixture. 
The addition of  FeSO4 (Fig. 1a) to the CHLE (Fig. 1b) 
immediately formed a greenish-black colloidal suspen-
sion. This signaled the synthesis of nanoparticles. How-
ever, the as-synthesized nanoparticles did not have any 
magnetic property. Therefore, the pH of the contents was 
increased to 11 and upon heating for 60 min at 90 °C 
(Kumar et al. 2016) yielded an intense black color mag-
netic CH–Fe3O4NPs nanoparticles (Fig. 1c). The magnetic 
behavior of the nanoparticles is depicted in Fig. 1d.

UV–Vis study

The CHLE is known to contain many phytochemicals such 
as gallic acid, caffeic acid and quercitrin, etc., as mentioned 
in our earlier study (Raja et al. 2017). The literature reveals 
that these phytochemicals first form complexes with the iron 
salts and then reduce the ions to form nanoparticles (Hoag 
et al. 2009). The reduction is feasible and spontaneous since 
the standard reduction potential of polyphenols is between 
0.3 and 0.8 V, whereas for the Fe, it is only − 0.44 V (Huang 
et al. 2014). The UV–vis spectrum of synthesized nanopar-
ticles after multi-folded dilution is shown in Fig. 2. A con-
tinuous absorption band was observed without any specific 
peak in the entire spectrum, which is typical for iron-based 
nanoparticles. Similar type of UV–vis spectrum was shown 
for the magnetite nanoparticles synthesized using Andean 
blackberry leaf extract (Kumar et al. 2016). The results 
obtained in the present study are in good agreement with 
published reports (Devatha et al. 2016; Irshad et al. 2017; 
Mahdavi et al. 2013).

SEM and EDS

The morphology of the purified nanoparticles using the 
CHLE was analyzed using SEM image (Fig. 3). A bead-like, 
spherical nanoparticle with slight aggregation can be seen. 
Two of such nanoparticles, 85.41 and 87.89 nm, are men-
tioned in the Fig. The aggregate formation may be due to the 
magnetic property of the nanoparticles. In order to minimize 
the surface energies, the NPs tend to aggregate (Balamuru-
gan 2014). This type of aggregates has been documented 
earlier for the green synthesis of nanoparticles (Kumar et al. 
2016; Devatha et al. 2016).

To study the elemental composition of CH–Fe3O4NPs, 
EDS was performed (Fig. 4). The results from the EDS 
showed the prominent peaks for elemental iron and oxy-
gen, which ascertained the formation of the iron oxide 
nanoparticles. The weak peak for silicon presumably arose 
from the glass slide which held the thin film of sample 
(Mubarakali et al. 2011). The presence of carbon peak prob-
ably originated from the polyphenol groups, inherent to the 
leaf extract (Wang et al. 2014). This also corroborated the 
fact of capping action of polyphenols on the surface of the 
CH–Fe3O4NPs.

As mentioned in the inset of the Fig. 4, the composition 
of each element in the sample (weight %) was as follows: 
Fe–56.50, O–38.71, C–3.58 and Si–1.20. The higher con-
centration of Fe and O confirmed the synthesis of iron oxide 
nanoparticles. Similar kind of results has been reported 
by other investigators (Devatha et  al. 2016; Belachew 
et al. 2016; Wang et al. 2014) for the green synthesis of 
nanoparticles.

Fig. 1  Photographs of the vials containing  FeSO4 (a), CHLE (b), 
CH–Fe3O4NPs (c) and magnetic attraction of CH–Fe3O4NPs (d)
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XRD

Figure  5 shows the PXRD patterns of the purified 
CH–Fe3O4NPs. Two distinctive peaks for NPs at 2θ of 
35.42° and 63.02° were observed which were assigned 
to (311) and (440) indices, respectively. These peaks and 

indices are consistent with the cubic inverse spinel structure 
of magnetite in the standard JCPDS file No. 19-0629. The 
absence of other peaks such as  FeSO4, FeOOH or  Fe2O3 
substantiated the purity of the CH–Fe3O4NPs and confirmed 
the synthesis of magnetite nanoparticles (Kumar et al. 2016), 
(Darroudi et al. 2014), (Gholoobi et al. 2017).

Fig. 2  UV–Vis spectra of the CH–Fe3O4NPs

Fig. 3  SEM image of the CH–
Fe3O4NPs



679Applied Nanoscience (2018) 8:675–683 

1 3

The highest intensity plane, i.e. (311) was considered for 
the calculation of crystallite size using the Debye–Scher-
rer formula (Gholoobi et al. 2017) and a crystallite size of 
17.28 nm was obtained. A study conducted by a research 
group (Belachew et al. 2016) reported an average crystallite 
size of 10.5 nm for the L-Met capped  Fe3O4 nanoparticles. 
Likewise, an average size of 10 ± 3 nm has been mentioned 
for the synthesis of supramagnetic  Fe3O4 nanoparticles with 
maltose as the reducing agent (Demir et al. 2013).

A d-spacing value of 2.53 Å and a lattice parameter (a) of 
8.399 Å for the Miller indices corresponding to (311) plane 
endorsed the standard values for magnetite (El Ghandoor 
et al. 2012). This is in agreement with the lattice parameter 
value of 8.386 Å, reported for the synthesis of magnetic 

 Fe3O4 nanoparticles using plantain peel extract (Ven-
kateswarlu et al. 2013).

BET analysis

Table 1 depicts the comparison of the total specific surface 
area  (SSAT) and total pore volume (VP) of green synthe-
sized  Fe3O4 nanoparticles using various green sources. In 
the current study, the  SSAT and  VP of the CH–Fe3O4NPs 
were determined as 63.89 m2/g and 0.1092 cm3/g, respec-
tively, by the nitrogen adsorption–desorption isotherms 
based on BET model. It is clear from the Table 1 that the 
 Fe3O4 synthesized by our method has the highest specific 
surface area and may find applications in the development 

Fig. 4  EDS spectrum of the CH–Fe3O4NPs

Fig. 5  XRD pattern of the CH–Fe3O4NPs
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of novel catalysts. The cylindrical pore radius was calculated 
as 34.18 Å which authenticated the mesoporous structure of 
 Fe3O4 (Huang and Tang 2005). It is reported that the larger 
surface area and mesoporous structure of the nanoparticles 
make them a valuable candidate in many fields (Shaofeng 
et al. 2011). The particle size was calculated as 18.78 nm by 
using the procedures given in the following articles (Taha 
and Ibrahim 2014) (Mascolo et al. 2013).

FTIR analysis

The FITR spectrum (Fig. 6) was used to identify the pos-
sible biomolecules present in the CHLE responsible for the 
reduction and capping of the CH–Fe3O4NPs. The compari-
son of the FTIR data of NPs with standard absorption bands 
is shown in the Table 2.

As represented in the Table 2, the bands at 3645, 3550 
and 2935 cm−1 correspond to the O–H stretching vibration 

of polyphenolic compounds. The sharp band at 1662 and 
1610 cm−1 are related to the C=C stretching and N–-H bend-
ing vibrations of alkenes and amide groups of proteins. The 
C–O stretching vibrations are attributed to the multiple 
bands shown at 1280, 1024 and 1122 cm−1.

The bands between 400 and 600 cm−1 can be related to 
the Fe–O stretching vibrations. In the present study, bands at 
599 and 472 cm−1 were observed, which correspond to char-
acteristic Fe–O bond and indicated the presence of  Fe3O4.

Fe–O bands at 435, 574 and 627 cm−1 for the biopol-
ymer-mediated synthesis of magnetite nanoparticles have 
been reported (Gholoobi et al. 2017). Similarly, a band at 
585 cm−1 for the Pisum sativum peel extract-mediated syn-
thesis of  Fe3O4 nanoparticles has been mentioned (Prasad 
et al. 2017). Therefore, the FTIR study revealed the interac-
tion between the alcoholic, amide, carboxylic and amino 
groups present in the CHLE and the porous CH–Fe3O4NPs. 
In addition, these polyphenolic compounds capped the 

Table 1  Comparison of the total 
specific surface area  (SSAT) 
and total pore volume (VP) of 
the green synthesized  Fe3O4 
nanoparticles using various 
plant sources

S. No. Source SSAT  (m2/g) VP  (cm3/g) References

1. Syzygium cumini seed extract 3.517 0.9905 Venkateswarlu et al. (2014a)
2. Punica Granatum rind extract 10.88 0.07063 Venkateswarlu et al. (2014b)
3. Plantain peel extract 11.31 0.040809 Venkateswarlu et al. (2013)
4. Pisum sativum peel extract 17.60 – Prasad et al. (2017)
5. Ridge gourd peel extract 26.21 0.134 Cheera et al. (2016)
6. Calliandra haematocephala leaf extract 63.89 0.1092 This study

Fig. 6  FTIR spectrum of the CH–Fe3O4NPs
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nanoparticles and rendered stability. The results are con-
sistent with the conclusions made in the SEM analysis with 
respect to the capping action of polyphenols on the surface 
of the CH–Fe3O4NPs.

Photocatalytic degradation of malachite green dye

The photocatalytic efficacy of the prepared CH–Fe3O4NPs 
was investigated under sunlight irradiation using MG dye as 
a model pollutant. Figure 7 shows the UV–visible absorb-
ance spectra of 20 ppm MG dye solution with 100 mg of 
NPs under sunlight irradiation taken at periodic time inter-
vals. The MG dye is characterized by two specific wave-
lengths namely, 426 nm (associated with aromatic rings) and 
617 nm (associated with –C=C– functional group). A con-
tinuous decrease in the absorbance spectra of the MG dye 

solution was observed with the increase in irradiation time. 
The decrease in the absorbance indicated the decolorization 
of the dye with the cleavage of chromophore. Under sun-
light irradiation, about 67.86% of the dye degraded within 
15 min and it became colorless within 55 min. However, 
the MG dye solution without CH–Fe3O4NPs (control) did 
not show any notable changes in the absorbance and spec-
trum (data not shown) which validated the importance of the 
CH–Fe3O4NPs for the photocatalytic degradation of the dye.

The degradation kinetics of the dye using CH–Fe3O4NPs 
can be expressed as a pseudo first-order reaction as follows: 
ln Co/Cf = kpd t.

Herein, kpd is the pseudo first-order photocatalytic deg-
radation rate constant  (min−1) which can be calculated from 
the slope of “ln Co/Cf vs t” plot. The value of the kpd was 
estimated to be 0.0621 min−1 and the regression coefficient 

Table 2  Comparison of the 
FTIR data of NPs with standard 
absorption bands

Bond Functional group Frequency range  (cm−1)

Standard CH–Fe3O4NPs

O–H stretch Alcohols and phenols 3600–3200 3645 and 3550
O–H stretch Carboxylic acids 3000–2500 2935
C–NH+ stretch Charged amines 2500–2325 2366
C=C stretch Alkenes 1680–1640 1662
N–H bending Amide II band of proteins 1650–1550 1610
C–H scissoring and 

bending
Aromatics 1470–1350 1429

C–O stretch Alcohols, carboxylic acids and esters 1320–1000 1280, 1024 and 1122
C–H bending Alkenes 1000–675 881, 798 and 717
Fe–O stretch Iron from iron sulfate 400–600 599 and 472

Fig. 7  UV–Vis spectra of MG dye degradation under sunlight irradiation in the presence of CH–Fe3O4NPs
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(R2) of 0.9852 (Fig. 7 inset) suggested that the degradation 
kinetics was well described by pseudo first-order reaction.

It is reported that the reduction of the oxygen and oxi-
dation of water (photocatalytically) on the CH–Fe3O4NPs’ 
surface produce highly reactive oxygen species (ROS) which 
are responsible for the degradation (Kumar et al. 2016). The 
small size, high surface area and the mesoporous structure 
(as mentioned in the previous sections) of the CH–Fe3O4NPs 
synthesized in this method effectively degraded the MG 
dye. This finding is incoherent with the published literature 
(Muthukumar and Iswarya 2017). In addition, since these 
CH–Fe3O4NPs are magnetic in nature, they can be easily 
recovered and reused multiple times which decreases the 
overall process cost.

Conclusions

Mesoporous magnetite nanoparticles have been successfully 
synthesized using the leaf extract of Calliandra haemato-
cephala. The polyphenols of the leaf extract reduced the 
FeSO4 to form magnetite nanoparticles in a simple, cheap 
and rapid method without the addition of any other chemi-
cals. The synthesized nanoparticles were characterized by 
diverse methods such as UV–Vis spectroscopy, SEM, EDS, 
XRD, FTIR and BET method. The high surface area and 
mesoporous nature of the synthesized nanoparticles were 
ascertained from BET analysis. An environmental pollutant 
dye, Malachite green was rapidly degraded in the presence 
of the nanoparticles under sunlight radiation which assured 
the photocatalytic activity. Overall, we conclude that this 
leaf extract-mediated magnetite nanoparticles may serve as 
photocatalysts in several environmental applications.
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