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Abstract
Metallic nanoparticles that have photocatalytic activity can be synthesized using aqueous plant extracts. The aim of 
this study was to synthesize iron nanoparticles using Lantana trifolia extracts and to evaluate their ability to degrade 
Congo red dye. The nanoparticles were characterized using UV–Vis spectrophotometer (UV–Vis), Fourier transform infra-
red spectrophotometer, wide angle X-ray diffractometer, dynamic light scattering, transmission electron microscopy 
(TEM), and thermal gravimetric analyzer to determine the functional groups, thermal properties, crystalline phases 
and diameter distribution of the particles. Cyclic voltammetry was used to evaluate the redox potential of the extracts 
while photocatalytic activity of the nanoparticles was evaluated using a UV–Vis spectrophotometer. Functional groups 
analysis revealed presence of secondary metabolites having OH and C=C groups while a redox potential of + 0.3 V was 
an indication that the extracts can reduce iron. The presence of sharp peaks at 2θ values of 19.87°, 20.22°, 22.88°, 28.81°, 
32.73°, 35.32°, 38.45°, 40.23° and 41.08° correspond to cubic crystal system of iron nanoparticles while particle aggrega-
tion was observed on TEM micrographs which also indicated that they were less than 200 nm. In the presence of  H2O2, 
the nanoparticles catalyzed degradation of Congo red dye in a first order reaction that was temperature dependent. In 
conclusion, secondary metabolites in L. trifolia can reduce metallic ion to iron nanoparticles which can degrade Congo 
red dye.
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1 Introduction

Metallic nanoparticles have received great attention 
due to their unique physical, chemical and biological 
properties that makes them find applications in various 
fields such as medicine and in environmental remedia-
tion as photocatalysts [1]. During the past decade, many 
biological systems such as plants [2], algae [3], diatoms 
[4], bacteria [5], yeast [6], fungi [7], and human cells [8] 
have been used to transform inorganic metal ions into 
metal nanoparticles via the reductive capacities of the 

metabolites found in these organisms. For iron nanopar-
ticles, several physical and chemical production methods 
including mechanical milling [9], sodium borohydride 
[10, 11], ethylene glycol [12], solvothermal method [13], 
and carbothermal synthesis [14] have been employed for 
their preparation [15]. Iron nanoparticles synthesized by 
these methods rapidly agglomerate to form clusters due 
to interparticle Van der waals and magnetic forces and 
may further undergo rapid oxidation [16, 17]. However, 
secondary metabolites found in plant extracts such as ter-
penoids, alkaloids, phenolic acids, polyphenols, sugars and 
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proteins can play a significant role in the bioreduction of 
the  Fe3+ ions to iron nanoparticles [15, 18]. This synthesis 
approach does not require heating and the metabolites 
act as reducing and capping agents thereby protecting 
the nanoparticles formed from autooxidation [15, 18–20]. 
These biosynthesized iron nanoparticles have found sig-
nificant importance in environmental remediation as cata-
lyst for degradation of organic dyes, chlorinated organic 
pollutants and adsorbent for heavy metal removal. In 
the presence of  H2O2, iron nanoparticles catalyze the 
production of free radicals which promote the increase 
in the rate of degradation of organic dyes [21]. Lantana 
trifolia or lantana as it is commonly referred to, is a highly 
invasive shrub thought to have been brought into Africa 
from Europe and it is usually harvested from the wild for 
its medicinal value, where it is used locally as a source of 
food, medicine and wood. GC–MS profile of the plans has 
revealed the presence of secondary metabolites such as 
nonanoic acid, Ethyl iso-allocholate, 1,7-octadien-3-ol, 
cis-3-Hexenoic acid, cis-3-hexenoic acid, 2-Nonen-1-ol, 
3-cyclopropyl-7-hydroxylmethyl bicycle[4.1.0]heptane, 
Germacrene D among many other compounds [22]. The 
aim of this study was to synthesize iron nanoparticles 
using aqueous extracts from L. trifolia and to evaluate their 
ability to catalyze the degradation of Congo red dye. The 
influence of temperature and contact time on the rate of 
degradation were evaluated using UV–Vis spectroscopy 
while the functional groups present, and thermal proper-
ties of the nanoparticles were investigated using Fourier 
Transform infrared spectroscopy and thermal gravimet-
ric analysis. Wide angle X-ray diffractometer was used to 
evaluate the crystalline phases of the nanoparticles while 
TEM was used to determine their sizes.

2  Materials and methods

2.1  Sample preparation

Dry L. trifolia plant materials were collected from Juja, 
Kambu County in Kenya washed with distilled water and 
dried in the oven for 48 h at 70 °C. After cooling, the sam-
ple was finely ground (In-house fabricated mechanical 
grinder) and 100 g of the ground material was then mixed 
with 1000 ml of distilled water, boiled for 5 min, cooled 
and the solution filtered through a Whatman filter paper 
no. 1. The extract was then stored in a refrigerator at 4 °C 
until further studies [23].

2.2  Synthesis of iron nanoparticles

To synthesize iron nanoparticles, the aqueous plant extract 
was mixed with 0.1 M  FeCl3·6H2O solution prepared in 

double distilled water in different ratio and concentra-
tion. For the reduction of  Fe3+ ions, different volume of 
the aqueous plant extracts was then added slowly to the 
ferric chloride solution and vortexed (Vortex Genie 2, sci-
entific industries, USA) for 3 min at room temperature. The 
formation of iron nanoparticles was indicated by a change 
in colour of the solution from light yellow to black [24]. The 
black precipitate was obtained through centrifugation at 
1000 rpm (Hettich zentrifugen, Andreas Hettich group Tut-
tlingen, Germany) washed several times with MilliQ water 
and dried at 60 °C in the oven until further analysis [18].

2.3  Cyclic voltammetry

In our study, voltammetric measurements were carried out 
using a Metroohm Autolab made up of a potentiostat–gal-
vanostat equipped with NOVA 2.0 software [25–28]. The 
experiment was performed in a single-compartment Pyrex 
cell using a conventional three-electrode configuration. 
Two-millimeter glassy carbon disk working electrode (GCE) 
polished before each measurement, a platinum wire coun-
ter electrode, and an Ag/AgCl saturated KCl reference elec-
trode were used. Twenty milliliters of supporting solution 
were dispensed into an electrochemical cell followed by 
addition of appropriate volume of plant extracts. Cyclic 
voltammograms measurements were performed at posi-
tive potentials, at a scan rate of 100 mVs−1 at room tem-
perature in the presence of KCl (0.1 M) as a supporting 
electrolyte [25].

2.4  Characterization of iron nanoparticles

UV–Vis absorption analysis was carried out using a Shi-
madzu UV–Vis 1800 spectrophotometer (Shimadzu, Japan) 
in the range of 200–800 nm [1]. The functional groups 
present in the nanoparticles were determined using a 
Bruker Tensor II FT-IR spectrophotometer model (Bruker, 
Ettlingen, Germany). The KBr pellets of the samples were 
prepared by grinding 10 mg of the samples with 250 mg 
KBr (FT-IR grade) [29, 30]. The thermal properties of FeNPs 
was evaluated using a Mettler Tolledo Thermal Gravimetric 
DSC/TGA 3 + system (Mettler-Toledo GmbH, Switzerland). 
10 mg of the sample was heated from 25 to 500 °C at 
10 min−1 cooled to 25 °C. The crystalline phase was iden-
tified using STOE STADIP P X-ray Powder Diffraction Sys-
tem (STOE & Cie GmbH, Darmstadt, Germany). The X-ray 
generator was equipped with a copper tube operating at 
40 kV and 40 mA and irradiating the sample with a mono-
chromatic CuKα radiation with a wavelength of 0.1545 nm 
[31]. The particle size distribution, zeta potential and poly-
dispersibility index of the FeNPs solution were measured 
using a Bechman Coulter DelsaMax pro Dynamic light 
scattering analyzer (Indianapolis, United States). TEM 
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analysis was performed on a Tecnai G2 Spirit (Thermo Fis-
cher scientific, Oregon USA) operated at 120 kV equipped 
with veleta 2048 × 2048 wide angle and Eagle 4096 × 4096 
bottom mount detectors. The dried iron nanoparticles 
were suspended in  ultrapure  water (18  MΩ  cm  Barn-
stead Genpure UV-TOC, Thermo Fischer scientific, Ger-
many) and vortexed (Vortex Genie 2, scientific industries, 
USA) to obtain a solution of suspended nanoparticles. The 
solution was then drop casted in Carbon films 300 mesh 
(Electron microscopy science, CF300-CU) and dried to 
evaporate the solvent before TEM analysis.

2.5  Photodegradation studies

The ability of the synthesized nanoparticles to degrade 
Congo red dye under different reaction conditions was 
evaluated using UV–Vis spectrophotometer [32]. In 2.5 ml 
of Congo red dye (50 ppm) 0.5 ml  H2O2 (30% v/v) was 
added to the reaction in a quartz cuvette followed by 
addition of 10 mg of iron nanoparticles. Absorbance read-
ings were taken at 2 min intervals until equilibrium was 
attained and the degradation efficiency was determined 
using the following equation:

where  A0 is the dye absorbance before decolorization and 
 At is the dye absorbance after decolorization. The effect of 
temperature on degradation was investigated at different 
temperatures between 25 and 40 °C under constant pH 
while the effect of time was studied for 120 min respec-
tively [32].

3  Results and discussions

3.1  Synthesis of iron nanoparticles

Synthesis of iron nanoparticles involved variation of metal 
ion in solution and the volume ratio of the extract to the 
metal ions and the results are depicted in Fig. 1.

In the case of biological synthesis of nanoparticles, the 
aqueous metal ions are reduced and as a result a color 
change is the first qualitative indication that nanoparticles 
have been formed (Fig. 1) [33, 34]. Variation of the ratio of 
the extract to the iron solution revealed that the nanopar-
ticles were synthesized when the volume of the extracts 
to that of the metal ion was high (Fig. 1). Changes in metal 
ion concentration revealed that at lower and higher con-
centrations, the solutions did not become turbid as no par-
ticles were formed at lower concentration while at higher 
concentration, the reducing capability of the extracts was 

Percent degradation (%) =
A0 − At

Ao

× 100

greatly reduced (Figure S1) [35]. Moreover, disappearance 
of the shoulder centered at 350 nm in the plant extract 
was only observed when the concentration of iron used 
was 0.1 M. The metal ion concentration is an important fac-
tor that needs to be considered and this may be adjusted 
by dilution [21, 36]. The presence of chemically complex 
biomolecules, e.g., enzymes, amino acids, proteins, vita-
mins, and polysaccharides, and organic acids act as reduc-
ing and capping agents during synthesis [33].

3.2  Measurement of redox potential of the extracts

The redox potential of the extracts was measured against 
standard ascorbic acid and the results are depicted in 
Fig. 2.
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Fig. 1  UV–Vis spectrums showing variations of volume ratio of 
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Fig. 2  Cyclic voltamogram of L. trifolia extracts showing the reduc-
tion potential
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The extracts showed peak anodic currents at + 0.3 V and 
+ 0.7 V an indication that they have strong free reducing 
capabilities as they are oxidized at relatively low poten-
tial [37]. The peak potential correlates with the type of 
reductant; low oxidation potentials are associated with a 
greater facility or strength of a given molecule to donate 
electrons [38, 39]. The reduction potential of the plant 
extracts (+ 0.7) was as a result of presence of polyphenols 
which make them able to reduce  Fe3+ (+ 0.77) to  Fe2+ [21, 
40]. However, the extract did not completely reduce the 
 Fe3+ to zero-valent iron as they are strongly stabilized due 
to the presence of polyphenols ligands and they rapidly 
oxidize in the presence of oxygen to give  Fe2+ polyphe-
nol complexes in a phenomenon known as autoxidation 
(Fig. 5) [41]. Moreover, the reduction potential of  Fe2+ to 
 Fe0 is highly negative which implies that the plant extracts 
in the present study do not have the appropriate potential 
to reduce  Fe3+ to  Fe0.

3.3  Determination of functional groups present

The functional groups present in the phytomediated iron 
nanoparticles are depicted in Fig. 3.

From Fig. 3, the peak at 3650.53 and 3400 cm−1 can be 
attributed to OH stretching vibrations, while the peaks at 
2925, 1623.7, 1415.3 and 1024.6 cm−1 were attributed to 
 CH2, C=C, CH, C–O–C stretching vibrations of secondary 
metabolites such as terpenes and terpenoids present in 
L. trifolia extracts which acted as capping and stabilizing 
agents during synthesis. The appearance of a small peak 
at 678 cm−1 is due to the presence of iron-carbonyl com-
plexes (Fe–C=O) which confirmed the presence of sec-
ondary metabolite coating in the nanoparticles [42]. The 
results indicate that the plant polyphenols are part of the 
components in the iron nanoparticles and besides clinging 
on the surface of the particles they act as capping agents. 
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Fig. 3  FT-IR spectra of Iron nanoparticles synthesized using L. trifo-
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Table 1  2θ values and hkl indices for phases identified

No. 2θ (°) d (Å) FWHM Hkl (a) Hkl (b)

1 19.87 2.0602 0.2640 1, 1, 1
2 20.22 2.0246 0.5756 1, 0, 1
3 22.88 1.7914 0.4014 2, 0, 0
4 28.81 1.4283 0.4653 2, 0, 0
5 32.68 1.2630 0.4064 2, 0, 2
6 35.32 1.1714 0.5204 2, 1, 1
7 38.45 1.0793 0.4694 3,1,1
8 40.23 1.0333 0.4198 2, 2, 2
9 41.08 1.0128 0.4166 2, 0, 2
10 46.20 0.9058 0.3870 4, 0, 0
11 46.27 0.9045 0.4702

100 200 300 400 500 600

50

60

70

80

90

100  Weigth Loss (%)
 DTGA

Temperature (°C)

W
ei

gh
t L

os
s(

%
)

-0.0020
-0.0018
-0.0016
-0.0014
-0.0012
-0.0010
-0.0008
-0.0006
-0.0004
-0.0002
0.0000

 D
TG

A

Fig. 5  TGA and DTGA thermograms of iron nanoparticles synthe-
sized using L. trifolia extracts
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Similar results were observed when iron nanoparticles 
were synthesized with extracts from Eucalyptus tereticornis, 
Melaleuca nesophila, Rosemarinus officinalis and green tree 
extracts [41, 43].

3.4  X‑ray diffractogram of iron nanoparticles

Single crystal X-ray diffractogram of iron nanoparticles 
synthesized are depicted in the Fig. 4.

From Fig. 4 and Table 1, the synthesized nanoparticle 
comprised of iron nanoparticles with a cubic crystal sys-
tem. A search in the crystal data base revealed that the 
2θ values at 19.87°, 20.22°, 22.88°, 28.81°, 32.73°, 35.32°, 
38.45°, 40.23° and 41.08° correspond to cubic crystal 
system of iron nanoparticles as reported by [44, 45]. The 
broad amorphous background was due to the secondary 
metabolites coating surrounding the iron nanoparticles 
which explains their role as capping agents [46]. At low 
FeNPs concentrations, the iron peaks are masked in XRPD 
due to a large amorphous background which impart the 
non-crystalline phases to the nanoparticles [36]. Similar 
observations have been made in a study in which identi-
fication of silver nanoparticles encapsulated with a silica 
shell with powder XRD was difficult due to the presence 
of an amorphous background [47, 48]. Hence the dried 
powder of Fe–P NPs, which was prepared using L. trifolia 
extracts were organic and amorphous in nature [41].

3.5  TGA and DTGA of iron nanoparticles

The thermal property of iron nanoparticles was evaluated 
using thermal gravimetric analyzer (TGA) and DTGA and 
the thermograms are depicted in Fig. 5.

From Fig. 5, an initial weight loss observed at 100 °C 
was attributed to loss of residual water adsorbed on the 
surface of the particles. The second degradation step cen-
tered at 250 °C in DTGA can be linked to the decomposi-
tion of the organic layer around the particles. This decom-
position makes the main peak in the DTGA curve which 
has been reported to be present as phyto mediated syn-
thesis of nanoparticles affords them an organic capping 
layer [33, 49].

3.6  Size distribution, zeta potential 
and poly‑dispersibility index

The size distribution, zeta potential and polydispersibility 
index were determined by dynamic light scattering (DLS) 
and the results are depicted in Fig. 6.

The results show that the average size of particle syn-
thesized using L. trifolia extracts was in the range between 
150 and 700 nm in diameter. DLS measures the hydrody-
namic diameter, which is the diameter of the particle plus 

ions or molecules that are attached to the surface and 
moves with the FeNPs in solution. The zeta potential and 
polydispersibility index of a given solution are important 
parameters that can be used to predict the stability and 
molecular mass distributions of nano emulsions. The value 
of zeta potential is related to the short- and long-term sta-
bility of emulsions where by émulsions with a high zeta 
potential (negative or positive) are electrically stabilized 
while emulsions with low zeta potentials tend to coagu-
late or flocculate, possibly leading to poor physical stability 
[50]. In this study, the PDI of synthesized nanoparticle was 
found to be 0.5607 ± 0.045 and Zeta potential was found 
to be − 0.10 ± 0.08 indicating that the particles tended to 
flocculate.

3.7  TEM analysis of iron nanoparticles

TEM micrographs of iron nanoparticles are depicted in 
Fig. 7.

From TEM micrographs, it was observed that the par-
ticles were aggregated possibly due to drying after syn-
thesis, but an organic coating could be observed around 
them. Presence of this organic coating affords the amor-
phous nature of the nanoparticles which resulted to a 
large amorphous background in the diffractograms. Pres-
ence of aggregates posed a challenge in size determina-
tion of green synthesized nanoparticles as absence of 
single particles meant that use of image processing soft-
ware wasn’t possible though those that were measured 
lied between 200 and 500 nm. Biosynthesized FeNPs were 
aggregated like grapes which was attributed to different 
components and concentrations of polyphenols in L. tri-
folia plant extracts, that played a key role in dictating the 
final structures and size of the nanoparticles [41].
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3.8  Photocatalytic activity

The effect of reaction time, temperature and amount 
of iron nanoparticles on Congo red degradation were 
evaluated and the results are depicted in Fig.  8 and 
figures S2–S4.

From Fig. 9 Table 2, degradation of Congo red dye using 
iron nanoparticles synthesized in this study was found to 
be dependent on the contact time between the nanopar-
ticles and the temperature of the reaction media (Figure 
S3). With an increase in the temperature and time of the 
reaction, there was a subsequent increase in the rate of the 
reaction (Table 2) and percent degradation. At higher reac-
tion temperatures, the nanoparticles were able to degrade 
Congo red dye by 91 ± 0.03% as compared to lower reac-
tion temperature 72 ± 0.05%. The reaction temperature 
also influenced the degradation rate as at higher tempera-
tures the rate of the first order reactions was high (Table 2). 
The disappearance of the peak at 496 nm suggested that 

the nanoparticles effectively degraded CR dye [32]. This 
observation is consistent with previous findings in which 
the degradation of malachite green using Bacillus cereus 
KM201428 was investigated [32]. The results obtained in 
this study at 30 °C were used to determine the order of CR 

Fig. 7  TEM micrographs of 
Iron nanoparticles synthesized 
using L. trifolia extracts
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Table 2  Rate of reaction (k) for degradation of Congo red at differ-
ent temperatures

Temperature 
(°C)

1/T k In  keq Degradation (%)

20 0.05 0.01 − 4.35 72.04
25 0.04 0.02 − 4.05 66.93
30 0.03 0.03 − 3.39 81.40
35 0.03 0.04 − 3.12 85.81
40 0.02 0.06 − 2.83 91.21
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degradation and the rate constants for the degradation of 
Congo red are depicted in Table 2. The results show that 
degradation of CR dye using iron nanoparticles synthe-
sised using L. trifolia extracts follow first order reaction 
kinetics since the correlation coefficient was highest for 
this model [32]. From the Van’t Hoff plot of In K versus 1/T 
the degradation of Congo red was found to be an endo-
thermic reaction since as the temperature increased the 
equilibrium constant for the reaction at the specified tem-
perature also increased [51]. In the presence of  H2O2, iron 
oxide nanoparticles are able to genereate  OH· and  O· radi-
cals which are able to catalyze the degradation of organic 
dyes in solution.

4  Conclusion

Lantana trifolia extracts possess secondary metabolites 
that have a good redox potential that are able to reduce 
ferric chloride solution to corresponding iron nanoparti-
cles which are further capped. Analysis of the synthesized 
nanoparticles revealed present of iron crystal structure 
that have been reported in literature and they comprised 
of an amorphous structure which was observed in diffrac-
tograms. Aggregation of the nanoparticles after drying led 
to an overall increase in the size of the nanoparticles as 
revealed by TEM analysis which also aided in the obser-
vation of capping as a result of presence of secondary 
metabolites. Degradation of Congo red dye followed a 
first order reaction rate which was greatly influenced by 
the temperature of the reaction media.
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