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Abstract
Every year loss of crop yield (at least 20–40%) occurs by pathogenic infections that leads to loss of billions of dollars worldwide.
Usage of antibiotics are limited in numerous countries for controlling bacterial diseases / infections in agricultural field. Therefore,
alternative protocol is necessary to combat with microbial pathogens and to overcome the requirement to suppress use of
conventional antibiotics in plant production. Nanoparticles (NPs) having antimicrobial properties can have potential to combat the
bacteria and can protect the plant / crop production. Moreover, such NPs may also have potential to suppress the plant pathogens.
Sol-gel method is used for synthesis of iron oxide NPs with variation in pH (1, 2, 3, 4, 5, 6, 7, 8 and 9). Magnetic field annealing
(MFA) of NPs at different temperatures (200 and 300 °C) is done. 300 °C MFA samples show efficient results. X-ray Diffraction
(XRD) results show magnetite phase (at pH 1, 2 and 6), mixed phases (i.e. hematite and maghemite) at pH 3–5, maghemite phase
(at pH 7-8) and hematite phase (at pH 9) of iron oxide. Scanning Electron Microscopy (SEM) analysis shows particle size of
~50 nm for MFA iron oxide NPs (at pH 6). Raman spectroscopy results show the formation of iron oxide NPs. Furthermore,
300 °C MFA magnetite nanoparticles (at pH 6) proved to be potential candidate against bacteria (E. coli with inhibition zone
~31mm) and against methylene blue with enhanced photo catalytic action. In-vitro activity of magnetite NPs expressively
inhibited the growth of Fusarium oxysporum after 3rd and 7th day of incubation in a dose-dependent way. In-vivo studies also
exhibited improved plant growth parameters after treatment with different concentrations of magnetite NPs. This work suggests
that iron oxide NPs can be used in agricultural sector for protection of plant.
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Highlights
● Sol–gel method was employed for synthesis of iron oxide NPs by varying pH values (1–9).
● Magnetite phase was observed for pH 1, 2 and 6.
● Particle size of ~50 nm was observed for magnetite NPs.
● Magnetite NPs (pH 6) showed remarkable antifungal activity during in vitro and in vivo tests.
● Magnetite NPs can be suitable for protection of crops and degradation of dyes/organic pollutants.

1 Introduction

Iron oxide nanoparticles (NPs) have got worldwide atten-
tion due to their high surface to volume ratio along with
outstanding structural, optical, magnetic, antimicrobial and
electrical properties that make it an exceptional choice to be
used in photo catalytic and antibacterial applications [1–3].
Biocompatibility of iron oxide NPs depends upon two
parameters i.e. size of magnetic NPs and magnetic inter-
actions of moments [4]. The magnetic properties of such
NPs can be controlled from superparamagnetic to ferro-
magnetic with variation in size and pH value [5]. NPs
having small size have greater penetration and possibility
for cell destruction against bacterial membrane [6]. More-
over, iron oxide NPs having appropriate bandgap can resist
in oxidative environments efficiently and are thus suitable
candidate for photocatalytic activity [7].

Well known stable phases of iron oxide are hematite (α-
Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4) [8].
Both magnetite and maghemite exhibit inverse spinel cubic
structure with ~ 850 K and ~ 863–945 K Neel’s temperature
(TN), respectively [9]. Magnetite has inverse spinel crystal
structure with face-centered cubic unit cell. In crystal
structure of magnetite, ferrous ions (i.e. Fe2+) and half of
the ferric ions (i.e. Fe3+) take place on octahedral sites and
other half of Fe3+ takes place on tetrahedral sites. In con-
trast, hematite phase is tightly packed in a configuration that
includes Fe3+ ions in octahedral coordination with oxygen
atoms [10].

Physical properties of nanoparticles with various phases
along with optimization according to the application
depends upon structure, morphology and synthesis method
of NPs. For preparation of iron oxide NPs, hydrothermal
[11], co-precipitation [12–14], thermal decomposition [15],
sol-gel [16], pulsed laser ablation [6], sequential one-pot
method [17] and thermal evaporation [18] proved to be
effective for antibacterial and photo catalytic activity.
However, in all of the synthesis methods pre / post treat-
ments with usually high temperatures are utilized along with
usage of complex reagents. In the present work, sol-gel
method is used for preparation of iron oxide NPs due to its
merits over other methods. In this method, colloidal

suspension is attained by hydroxylation and condensation of
precursors. It is also low cost with time saving method. This
technique has good control not only in synthesis process but
also on gaining stable phases without use of high tempera-
tures which leads to homogeneous desired systems [19–23].

Nanoparticles, with their remarkable antibacterial effects,
can have their applications in agriculture field to decrease
waste generation, increase crop yield and to protect water
when compared with common pesticides. Such NPs can
disturb cell wall, cytoplasmic membrane, energy and electron
transfer chain, protein / DNA (Deoxyribonucleic acid) oxi-
dation and inhibition of enzymes that enhances their use in
pesticides and fungicides [24–26]. Generally, inorganic
materials are found to be stable and have outstanding anti-
bacterial properties as compared to organic ones [27]. Iron
oxide NPs have important role in antibacterial applications,
but still biocompatible materials are more favorable that can
functionalize the surface of NPs to enhance their properties
and have fewer toxic effects to healthy tissues. Many
researchers functionalized iron oxide NPs to improve different
properties along with controlling their instability [28, 29].
Functionalization helps in controlling aggregation and stabi-
lity of small sized NPs [30]. Thus, various polymers and
oligomers can be designed/synthesized for specific applica-
tions. Polyethylene glycol has been used to modify the sur-
face morphology of metal oxides. Ethylene glycol, when used
as solvent, shows uniform surface morphology along with
low dielectric losses. These properties have been observed
because of the latent heat of vaporization along with mole-
cular structure of ethylene glycol [31–34]. Nisin-loaded iron
oxide nanoparticles demonstrated antimicrobial response [35].

Annealing has vital role in boosting physical properties of
metal oxide nanoparticles. Further, annealing process can
change amorphous nature and agglomeration of NPs into
crystalline nature [36]. Transition in phases and magnetism
are reported in different projects with effect of thermal
annealing for iron oxide NPs [37, 38]. Annealing, under the
external magnetic field, is performed and termed as magnetic
field annealing (MFA). Reorientation of easy axis occurs in
magnetic material as a result of MFA. Importance of MFA
lies in enhancement of magnetic structures by eliminating
defects [39]. Prabhu et al. [40] reported antibacterial
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performance of magnetite NPs with different concentrations
((25, 30–60 (with interval of 10), 80, 100) μg/ml) of NPs.
Potential antibacterial activity was attained at higher con-
centrations of Fe3O4 NPs against E.coli strains i.e. 21 mm
zone of inhibition. Herrera et al. [41] prepared iron oxide-
TiO2 nanomaterials and checked their photocatalytic activity.
XRD patterns showed the cubic inverse spinel structure of
iron oxide NPs (maghemite / magnetite) and anatase phase of
TiO2 NPs. Crystallite size of iron oxide NPs and TiO2 was
found to be ~30 and ~19 nm, respectively. Photo degradation
activity under Ultraviolet irradiation in chamber for 6 h was
done using different concentrations of nanocomposite.
Maximum 89 % of phenol photo degradation was achieved.

Nanoparticles with photo-catalytic action are being
studied for toxic compounds’ degradation. However, lit-
erature on suppressing microbial pathogens along with
photo catalytic materials are less available. To authors’
best knowledge, synthesis of iron oxide nanoparticles
without any acids as stabilizer are not yet investigated for
enhanced solar light driven photo catalytic along with
antimicrobial activities. Sol-gel synthesized iron oxide
nanoparticles are expected to show an excellent degrada-
tion activity in the degradation of methylene blue and
killing of Escherichia coli (E. coli) bacteria. Iron oxide
NPs have potentially controlled the fungal growth by
improving plant growth parameters. In the selection of
bacteria, E. coli was chosen due to its usual occurrence in
contaminated water.

2 Experimental details

2.1 Materials

Iron (II) chloride tetrahydrate [FeCl2.4H2O], iron (III)
chloride hexahydrate [FeCl3.6H2O], ethylene glycol

(C2H6O2) and ammonia (NH3) were obtained from Sigma-
Aldrich. Ferrous and Ferric chloride were used as starters
whereas ethylene glycol was used as a solvent. Moreover,
pH of sols was varied using NH3.

2.1.1 Synthesis method

Sol-gel method was used to obtain iron oxide nanoparticles.
Ferric chloride (1.35 g) and ferrous chloride (0.99 g) were
dissolved in ethylene glycol (50 ml). This solution was
stirred at room temperature (25 °C) for 1 hr to get trans-
parent sol (reddish brown) with pH 1. pH of sols was varied
(1–9) with interval of 1 using ammonia. Then sols were
heated at 80 °C on hot plate for 6 h. Further, heating at
120 °C leads to production of iron oxide NPs. Schematic
diagram for preparation of iron oxide nanoparticles is
depicted in Fig. 1. After that magnetic field annealing
(MFA) at 200 and 300 °C for 1 hr was done.

2.2 Antibacterial activity

Antibacterial performance of magnetic field annealed iron
oxide NPs was performed against Escherichia coli (E. coli)
bacterial strain. Autoclaved petri plates were filled with
20 ml of Muller-Hinton agar (MHA) and then let MHA to
be solidified. Bacteria was streaked evenly onto MHA.
Wells were made and different dilutions of iron oxide NPs
were dispensed into wells. Then, all plates were placed for
incubation at 37 °C for 24 h. Afterwards, zone of inhibition,
using ruler (in mm units), was measured.

2.3 Photo catalytic activity

The photo catalytic activity was studied by photo degra-
dation of methylene blue (MB) solution under direct sun-
light in the month of June 2022. Photo catalytic activity was

Fig. 1 Schematic for synthesis of Iron oxide NPs
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performed using appropriate amount of catalyst in airtight
bottles containing methylene blue (5.0 ml). Before exposing
to solar radiation, all bottles were stirred in dark for 30 min
to establish adsorption–desorption equilibrium between
photocatalyst and dye. Samples were irradiated for 1 hr with
time interval of 15 min. Percentage of MB degradation
using nanoparticles was calculated from Eq. 1 [42]:

Percentage of degradation %ð Þ ¼ AO � Að Þ
Ao

� 100 ð1Þ

Ao is initial absorption of MB and A is absorption after
interval of time (total 60 min with interval of 15 min).

2.4 Antifungal activity

The in-vitro antifungal activity was performed using Potato
Dextrose Agar (PDA). Various concentrations of iron oxide
NPs (0.01, 0.05, 1.5, 2.5, 5, 7.5, 10, 12.5, 15 and 17.5 µg/
ml) were prepared. A disk of fungus (5 mm) was placed in
center of each plate having PDA. Plates were incubated for
7 days at 28 °C to examine the fungal growth inhibition. All
trials were executed in triplicate. The inhibition growth of
fungus was calculated using Eq. 2 [43].

Inhibiton of radial growth %ð Þ ¼ r1� r2ð Þ
r1

� 100 ð2Þ

Where r1 and r2 are radial growth of mycelium in control
and treatment (nanoparticles), respectively.

3 Characterization techniques

Structural analyses were studied using X-ray diffractometer
with Cukα= 1.5405 Å. Morphology was examined using
Scanning electron microscope. Magnetic and optical prop-
erties were checked using Vibrating sample magnetometer
(LakeShore, Series 7400 model 7407) and JA Woollam
M-2000 variable angle spectrometric ellipsometer, respec-
tively. Absorbance of photo catalytic activity was studied
using Shimadzu UV-Visible spectrophotometer (UV-1800).
Agar well diffusion method was adapted to perform anti-
bacterial activity. Antifungal activity was evaluated using
Potato Dextrose Agar against Fusarium oxysporum.

4 Results and discussion

4.1 XRD analysis

Fig. 2a shows XRD patterns of optimized magnetic field
annealed (MFA) samples at 300 °C under all pH levels
(1–9). Presence of peaks corresponding to (311), (400),
(422), (511), (440), and (620) planes show the formation of

magnetite phase according to card no. 001–1111 at pH 1-2
and 6 under as-synthesized condition. However, strength-
ening of magnetite phase of iron oxide is observed after
magnetic field annealing of samples at 200 and 300 °C. This
enhancement in crystalline structure, due to effect of
annealing, is in accordance with literature [44]. Mixed
phases (i.e. hematite and maghemite) were observed at pH
3, 4 and 5. Planes (211), (104), (110), (113), (024), (116),
(018), (300) and (223) show hematite phase (α-Fe2O3) of
iron oxide. Planes (210), (310), (311), (400), (410), (421),
(422), (440) and (530), matched to maghemite (card no. 39-
1346). Maghemite phase of iron oxide was observed with
the increase in pH to 7-8. Further increase in pH value to 9
led to the formation of maghemite phase for as-synthesized
and 200 °C MF annealed samples. Whereas, structural
transformation, i.e. maghemite to hematite (γ-Fe2O3 to α-
Fe2O3), was observed at 300 °C MF annealed samples. It is
important to mention here that formation of various iron
oxide phases may address variety of technological appli-
cations including electronics, spintronics, biological and
catalysis [45].

Crystallite size (D) and dislocation density (δ) were
calculated for as-synthesized and annealed samples using
Eq. 3-4 respectively [46].

D ¼ kλ

β cos θ
ð3Þ

Dislocation density ¼ 1

D2
ð4Þ

Where, k is shape factor (0.9), λ is wavelength and β is full
width at half maximum. Variation in values of D and δ with
pH is shown in Fig. S1(a-b). However, crystallite size and
dislocations of samples annealed at 300 °C are shown here
(Fig. 2b). Results illustrated enhanced impact of MFA on
crystallite size. It facilitates the growth of different grain
sizes and thus increase in crystallite size can be seen for all
samples of iron oxide NPs. MFA helps in overcoming
different energies of each grain and tends to increase
crystallite size of iron oxide NPs [47]. The strengthening of
already existing phases with MFA is in accordance with
literature [39, 44]. Acidic and alkaline nature of solution in
chemical reaction slows down and facilitates hydrolysis
process, respectively [48]. Fig. 2b shows the presence of
four different regions in the values of crystallite size and
dislocation density. These regions agreed well with the
appearance of various iron oxide phases under different
synthesis conditions, i.e. variation in pH value, as discussed
for Fig. 2a. Solutions’ acidic nature is responsible for
decreased crystallite size at low pH levels of as-synthesized
samples [Fig. S1(a)]. Whereas MF annealing led to
increased crystallite size along with phase strengthening.
As discussed earlier, hydrolysis rates get fast in alkaline

658 Journal of Sol-Gel Science and Technology (2023) 108:655–671



Fig. 2 a XRD pattern and b crystallite size for MFA sample at 300 °C iron oxide NPs at pH (1–9)
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Fig. 3 SEM images of iron
oxide NPs prepared with pH (a)
1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6,
(g) 7, (h) 8 and (i) 9 and (j)
relation of crystallite and
grain size
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Fig. 4 a–i M-H curves and (j)
variation of Ms and Hc as a
function of pH for 300 °C MFA
iron oxide NPs
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environment (pH greater than 6) resulting in increased
crystallite size for all prepared samples. Polymerization of
colloidal particles occurs in sol-gel method leading to
increased crystallite size with increasing pH values.
Presence of ethylene glycol during synthesis may lead to
slow aggregation that helps in adequate rotation / movement
of nanocrystallites that give stress-free NPs [49]. In the
current study, chemical shifts / phase transformation and
restructuring are responsible for increase or decrease of
dislocation density and crystallite size, respectively and is in
agreement with literature [50].

4.2 SEM analysis

SEM images of magnetic field annealed samples (at 300 °C)
synthesized at various pH values are shown in Fig. 3.
Variation in sols’ pH gives variation in particle sizes. Small-
sized particles possess reaction dynamics due to high sur-
face energy generation, whereas large-sized particles are
thermodynamically preferred due to large bulk energy.
Hence, particle size can be controlled by varying pH for
different phases. The microscopic images of iron oxide NPs
with pH varying levels (1, 2 and 6) showed soft agglom-
eration of spherical particles with diameter of ~50 nm at pH
6. Whereas particles with relatively hard agglomeration and
increased size were observed for pH 4-5. Spherical particles
with large diameter were observed at higher pH values of
7–9. Particle size observed under various pH conditions has
been correlated with the crystallite size obtained using XRD
data (Fig. 3j).

4.3 Magnetic analysis

M-H curves for iron oxide NPs at room temperature are
shown in Fig. 4. Crystallite size, specific phase, surface
morphology and distribution of cations are strongly
responsible for magnetic properties [51]. Samples prepared
with pH 1, 2, 6 and 9 exhibited superparamagnetic nature
with high value of saturation magnetization (Ms) for
nanoparticles prepared with pH 6. Ferromagnetic behaviour
was observed for pH 3–5 and 7-8. Superparamagnetic nat-
ure with high value of Ms can be associated with small
particle size of iron oxide NPs. All these findings are con-
sistent with XRD and SEM results discussed for Figs. 2–3.
Variation in saturation magnetization (Ms) of iron oxide
NPs for all pH levels (1–9) is shown in Fig. 4j. Variation in
Ms can be correlated with structural results (Fig. 2a) due to
size dependence of magnetic properties of NPs as discussed
earlier. Significant increase in Ms values is observed after
magnetic field annealing at each pH level as compared to
as-synthesized samples.

MF annealing helps in alignment of domains present
in material, thus, giving higher values as compared to as-

synthesized samples. Multiple domains are absent in
superparamagnetic NPs, so they act as an isolated mag-
netic domain in the system and thus exhibited high
saturation magnetization. 300 °C MF annealed samples
prepared with pH 1, 2 and 6 showed high values of Ms in
contrast to other pH levels. Saturation magnetization
values of magnetite phase of iron oxide NPs are
88.4 emu/g (at pH 1), 88.6 emu/g (at pH 2) and 96.4 emu/
g (at pH 6). These obtained values are close to value of
Ms (bulk) of magnetite i.e. 92 emu/g [52]. At pH 3–5
(mixed phases), Ms values are found to be 37.45 emu/g,
36.71 emu/g and 46.34 emu/g, respectively, for 300 °C
MFA samples. Saturation magnetization (Ms) of
66.30 emu/g and 83.22 emu/g was observed for pH 7 and
8 (maghemite phase), respectively. Slightly increased
value of saturation magnetization as compared to bulk
value depends upon two parameters: (1) effect of
reduced surface anisotropy and (2) effect of MF
annealing in samples that accelerates alignment of
domains in pre-existing phases of iron oxide NPs.
Transformation of NPs from superparamagnetic to weak
ferromagnetic, at pH 9 (MFA at 300 °C), is observed as a

Fig. 5 Raman analysis of iron oxide NPs with pH variation (1–9)
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consequence of enhanced nucleation rate as discussed
earlier. Table S1 presents comparison of values of Ms for
iron oxide NPs obtained from other techniques with sol-
gel technique (present work).

4.4 Raman analysis

Occurrence of different phases of iron oxide NPs under
different pH values were checked by Raman analyses. Fig. 5

Fig. 6 Variation of transmittance (i, iii,v) and band gap (ii, iv, vi) for MFA iron oxide NPs synthesized at pH 1–9
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shows Raman spectra of iron oxide NPs for all pH levels
(1–9). The specific peaks at ~ 667 cm−1 and ~ 525 cm−1 are
related to A1g and T2g modes of iron oxide magnetite phase
(Fe3O4) [53] and are comparable for the samples prepared
with pH 1-2 and 6. The peaks around 227 and 490 cm−1 are
associated with A1g phonon mode whereas peaks around
225, 292, 406 and 600 cm−1 are related to Eg phonon modes
for iron oxide NPs at pH 3–5 and 9. These results indicate
the formation of hematite phase (α-Fe2O3) [54].
Three Raman active phonon modes at ~ 359, ~ 499, and ~
677 cm−1 are related to T2g, Eg and A1g, respectively for iron
oxide NPs (pH 7-8). These modes show the presence of
maghemite phase (γ-Fe2O3) [55].

4.5 Optical analysis

Optical properties of 300 °C MF annealed (MFA) samples
for all pH levels (1–9) are shown in Fig. 6(i, iii, v).

Maximum transmission ~ 70 % is observed for MFA iron
oxide NPs at pH 2. At pH 6 maximum transmission
observed is ~ 62 %. Decrease in transmission at pH 7-8 with
small shift of transmission maxima towards higher wave-
length is observed. This shift might have been observed
because of the phase transformation from magnetite (pH 6)
to maghemite. In case of maghemite, vacant positions at
tetrahedral sites lead to defects and thus decreased trans-
mission is evident with increased scattering. At pH 9,
transmission has decreased value as phase transforms to
hematite from maghemite for 300 °C MFA iron oxide NPs.

Absorption coefficient was calculated for 300 °C MFA
iron oxide NPs using Eq. 5 [56].

α ¼ 1
t ln 2R2T

�1 1�Rð Þ2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�Rð Þ4þ4R2T2
p� �

� �

ð5Þ

Where, R is reflection, T is transmission and t is thickness of
nanoparticles. Graphs for band gap of 300 °C MFA iron oxide

Fig. 7 (i) Positive, (ii) negative
control and (a–i) antibacterial
activity for iron oxide NPs
against E. coli under pH 1–9
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NPs are shown in Fig. 6. Direct band gap of iron oxide NPs is
evaluated by extrapolating linear regions. It is obvious from
results that structural and magnetic transition along with
bandgap variation occurs with varying pH level. For pH 1, 2
and 6 calculated band gap is in the range of 2.6–1.85 eV. For
mixed phases (pH 3–5), band gap values are in the range of
2.11–1.85 eV, for pure maghemite phase (pH 7-8), band gap
values are 1.92–1.95 eV. [Fig. 6(vi)]. In case of hematite
phase (pH 9), band gap value is found to be 1.94 eV. Fig. S8
illustrates the bandgap reduction with crystallite size decre-
ment. Table S2 gives comparison of current bandgap values
of magnetite with previous reported work.

4.6 Antibacterial activity

One of the serious concerns with food safety is transfer of
pathogens (i.e. bacteria) from filthy soil to edible portion of

crops. Therefore, it is necessary to check antibacterial
activity for protection of crops from soil contamination. E.
coli is selected as it can stay alive in soil for more than
ninety days and can resist in transporting water and nutri-
ents to rest of the plant. Ultimately, the plant begins to
droop or decline. This whole process can occur within a
single day. Therefore, antibacterial activity was performed
against E. coli bacterial strain for optimized 300 °C MFA
iron oxide NPs under all pH levels (1–9) with variation in
concentrations (5–20 μg/ml) with interval of 5 μg/ml of
NPs. Positive and negative control are also shown in
Fig. 7(i-ii). Enhanced zone of inhibition is observed for all
concentrations at all pH values (Fig. 7). Magnetite phase
with superparamagnetic behavior synthesized at pH 6
(300 °C MFA iron oxide NPs) was found to be proficient
against bacteria with ~ 31 mm zone of inhibition at highest
concentration. Moreover, rest of the values of zone of

Fig. 8 a Photo catalytic action with variation in irradiation time at (a) pH 1, (b) pH 2, (c) pH 6 and (d) Degradation (%) of 300 °C MFA iron oxide
NPs at pH 1–9
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inhibition of iron oxide NPs synthesized at pH (1–5, 7–9)
are tabulated in Table S3. Inhibition zone tells that prepared
NPs disturbed the cell wall, interfered with DNA (Deox-
yribonucleic acid) transcription process and disrupted all
chain reactions taking place in bacteria cell [57]. Reactive
oxygen species (ROS) are accountable for oxidative stres-
ses. ROS hold radicals of hydrogen peroxides (H2O2), super
oxides (O2

-) and radicals of hydroxide that can powerfully
effect DNA structures and thiol groups of proteins present at
bacterial surface. Increased zone of inhibition with reduced
NPs size of 300 °C MFA sample at pH 6 [Fig. S1(a)] can be
associated with the fact that smaller the size of NPs, greater
would be the possibility to disturb the cell wall of bacteria
[6]. Such NPs can induce oxidative stresses by reacting
intracellular oxygen leading to cell membrane rupturing.

4.7 Photo catalytic activity

The treatment of water is one of the most serious problems
globally due to the population growth and environmental

issues. There are various technologies to tackle this pro-
blem. One of these technologies is photo catalytic degra-
dation of organic compounds. Due to their visible light
absorbance ability and low costs these are widely used
nowadays [58]. Basically, photo catalytic activity is
degradation of toxic organic compounds (i.e. methylene
blue (MB)). Sunlight was used to irradiate the samples to
evaluate the photo degradation capability of 300 °C MFA
iron oxide NPs against MB under all pH levels. Photo
catalytic activity, using test solutions, is done after every
15 min in total period of 1 h. The iron oxide NPs catalyzed
degradation of MB under sunlight irradiation which is
obvious from gradual decrease in characteristic absorption
peak of MB with increase in time. It can be seen clearly
(Fig. 8) that decrease in absorption peak of MB with time
appeared and hence reached the base line showing effective
degradation of dye due to NPs. Highest photo catalytic
activity was obtained for magnetite NPs magnetically
annealed at 300 °C synthesized at pH 6 and determined to
be capable against dye of MB as shown in Fig. 8a.

Fig. 9 Antifungal activity of iron oxide NPs at different concentrations (0.01–17.5 µg/ml) after three and seven days of incubation at 28 °C
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Percentage of MB degradation using nanoparticles was
calculated from Eq. 1.

Fig. 8b shows degradation (%) of dye using 300 °C
MFA iron oxide NPs under all pH levels (1–9). It is
observed that magnetite NPs at pH 6 exhibited maximum
degradation of 92 % as compared to other iron oxide NPs.
The NPs in the present study improved the formation of
hydroxyl radical and helped in degradation of MB dye
under sunlight irradiation. These findings can be corre-
lated with XRD results (Fig. 2). The degradation process
occurs on the surface of the catalyst. The electrons
become excited on irradiation with light and then jump
from valence band to empty conduction band. This results
in electron-hole pair formation which are reducing as well
as oxidizing agents. These excited electrons generate free
radicals i.e. OH, O2

- at surface of the catalyst on reacting
with oxygen in reaction mixture [59, 60]. The whole
process can also be seen in graphical abstract of the
present work.

4.8 In-vitro antifungal efficiency

After initial screening, the iron oxide NPs at pH 6 MFA at
300˚C were selected to be used for plant-based experi-
ments. Magnetic nanoparticles are found to be potential
candidate as a new generation fungicide due to anti-
microbial and biocompatibility characteristics. Fig. 9
depicts the in-vitro effect of iron oxide NPs on Fusarium
oxysporum at different concentrations (0.01 µg/ml
−17.5 µg/ml). In cultured plates it showed suppressed
fungal growth on 3rd and 7th day of incubation. It is
observed that the least antifungal activity was observed at
lowest concentrations both after 3rd and 7th day of incu-
bation. Optimized iron oxide NPs at several concentra-
tions prompted significant inhibition of fungus,
depending on inoculum of fungus and concentrations of
NPs. Large surface area to volume ratio of NPs is one of
the responsible factors that can capably destroy the
micro-organism by giving them less oxygen for

Fig. 10 Effect of concentrations
of optimized iron oxide NPs on
vegetative growth of tomato
plant after 35 days under
greenhouse effect infested with
Fusarium oxysporum
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respiration. Iron being powerful reducing agent, can
affect the membrane proteins and lipo-polysaccharides by
making the disintegration of functional groups. Fenton-
reaction is responsible in iron oxide NPs for oxidation of
intracellular-oxygen and eventually oxidative damage of
cells by penetrating through dislocated membranes. Thus,
it can be concluded that iron oxide NPs are capable to
suppress the plant pathogenic fungi more powerfully as
compared to other commercially available agrochemicals
(i.e. fungicides and / or pesticides).

4.9 In-vivo efficacy of 300 °C MFA iron oxide
nanoparticles (pH 6) on growth variables under
greenhouse conditions

Optimized iron oxide nanoparticles were employed in pots
under greenhouse conditions for their effectiveness against
Fusarium oxysporum. Pots were filled with autoclaved

sandy clay soil / loamy soil at 8 kg soil pot−1. Spore sus-
pension (50 ml) of fungus was inoculated in each pot and
kept in a greenhouse for one week before sowing. Soil
moisture was monitored on & off. Later, young seedlings
were moved to the fungal treated pots. Next day, different
concentrations of iron oxide NPs (0.01, 0.05, 1.5, 2.5, 5,
7.5, 10, 12.5, 15 and 17.5 µg/ml) were put in pots. When
plant is enough established after transplanting then tomato
plants were sprayed with two foliar sprays with an interval
of ten days between each foliar spray. Different physiolo-
gical parameters i.e. growth parameters were recorded after
35 days of growth. It can be observed that different con-
centrations of iron oxide NPs caused significant enhance-
ment in growth parameters as compared to control and
fungicide (Figs. 10–11). Growth parameters include plant
height, shoot and root length, fresh and dry plant weight.
Magnetic nanoparticles have capability to improve the
growth parameters of tomato plant and have no bad effect,

Fig. 11 Effect of concentrations of iron oxide NPs on plant height, root and shoot length infested with Fusarium wilt under greenhouse conditions.
Vertical bars denote the standard deviation (n= 3) between the mean of different replicates of the same treatment using ANOVA and LSD tests at
P < 0.05
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so these NPs are capable to be used for higher productivity
by decreasing disease [61]. Further, it was reported pre-
viously that iron oxide nanoparticles were used in peanut
plant and increase in biomass and root length were observed
[62]. According to the present study, application of iron
oxide NPs at 17.5 µg/ml gave potential results for better
growth parameters and inhibited the fungal infection
entirely.

5 Conclusions

Sol-gel method was employed for synthesis of iron oxide
NPs by varying pH values (1–9). Magnetic field anneal-
ing (MFA) of NPs was also done at different temperatures
(200 and 300 °C). 300 °C MFA samples showed
remarkable outcomes. XRD results showed magnetite
phase (at pH 1, 2 & 6), mixed phases (at pH 3–5),
maghemite phase (at pH 7-8) and hematite phase (at pH
9) for 300 °C MFA samples. SEM images showed parti-
cle size ~ 50 nm for 300 °C MFA iron oxide NPs (at pH
6). Raman spectroscopy results showed the formation of
various phases of iron oxide NPs. Furthermore, 300 °C
MFA magnetite nanoparticles (at pH 6) proved to be
potential candidate against bacteria with inhibition zone ~
31 mm and enhanced photo catalytic action (92 %)
against MB dye. Magnetite NPs (pH 6) showed remark-
able antifungal activity by inhibiting fungal growth both
during in-vitro and in-vivo tests. According to the results,
magnetite iron oxide can be suitable for biological control
of both bacteria and fungus in protection of crops and
degradation of dyes / organic pollutants.
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