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Abstract

In this study magnesium ferrite nanoparticles (MgFe,O, NPs) were synthesized through an aqueous co-precipitation
method and functionalized with citric acid (CA) for outstanding their antimicrobial potential and removal activity of azo
dye. MgFe,04 NPs and CA-MgFe,O, NPs were characterized by XRD, HRTEM, SEM, EDX, FT-IR, and SEM/EDX
mapping method to analyze crystallinity, average particle size, morphology, functional groups and elemental composition,
respectively. Antimicrobial activity was investigated against pathogenic bacteria and yeast as zone of inhibition (ZOI) and
minimum inhibitory concentration (MIC). Reaction mechanism using SEM/EDX analysis of CA-MgFe,O, NPs-treated
microbial cells was mentioned. The removal efficiency was tested against methyl orange (MO), and various parameters
affecting the removal efficiency such as (pH on removal of MO, MO initial concentration, and CA-MgFe,0O, dose) were
studied. Antimicrobial results showed that CA-MgFe,04 NPs demonstrated maximum activities against S. aureus, E. coli,
and C. albicans with ZOI of 20.0, 16.0, and 14.0 mm, respectively. Results obtained suggested that 0.1 g of CA-MgFe,0,
NPs achieved 85.0% removal of MO at pH 5.0.0, hence, it exhibited efficient dye removal and sufficient antimicrobial
activities.

Keywords Surface modification - Escherichia coli - Methyl orange - SEM/EDX mapping technique - Reaction mechanism -
Co-precipitation method

Introduction

Water contamination is one of the most serious factors
affecting public health, terrestrial and aquatic environ-
ments [1]. The natural environment is under serious threat
due to rapidly-expanding industrialization across the globe.
Availability of pure water and sustainable water treatment
technique is of great demand from industrial, societal, and
environmental point of view. Due to the huge water pol-
lution, increasing attention has been paid to water treat-
ment in the past few decades [2, 3].

Wastewater from textile, leather tanning, food process-
ing, paper making, plastic, ceramic and pharmaceutical
industries are a major source of pollutant dye. Exposure of
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pollutant dyes in aqueous media is a serious concern to the
recent environmental scientists due to their possible car-
cinogenicity, reproductive toxicity, neurotoxicity, and
other skin- and eye-related problems [4]. Owing to their
complex aromatic structure and synthetic origin, dyes are
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stable to light, oxidation, and biodegradable process, which
provides them a long exposure time in the environment
[5, 6]. Hence, removal of dyes from industrial effluents has
become imperative not only to protect human health but
also for the protection of the natural environment [7, 8].

Several conventional methods for water treatment are in
investigation such as adsorption [9-11], chemical precipi-
tation/oxidation [12, 13], ion-exchange [14], and photo-
catalytic discoloration [15-18], while among them,
adsorption process becomes most favorable due to its
simplicity, high efficiency, low operating cost, and less
sludge production [19-21]. The economics and versatility
of adsorption process are largely-dependent upon the
adsorbent material and various low-cost adsorbents, such
as hen feather, egg shell powder, bottom ash, and egg shell
membrane [22-25], which have been reported in the lit-
erature for removal of dyes as well as heavy metals from
wastewater.

One of the recent promising ways to improve the water
treatment technology is based on nano-science [26], where
the materials at the nano-scale appear with profound
functionality [27]. Metal oxides have been studied exten-
sively for improving their functionality and exploring their
outstanding physical properties in low dimension [28-30].
Nano-materials possess relatively-higher degree of chemi-
cal, physical and biological activities due to their large
surface area with respect to their bulk counterparts [31-35].

The most critical pathogenic bacteria producing a rapid
resistance to the used antibiotics are E. coli and S. aureus,
and they immediately-separated from the intestinal area of
human and some animals. E. coli produces enteric disease,
and different species create further intestinal dysfunction
like urinary tract infection (UTI) [36]. Various NPs were
tested for their antimicrobial activity by applying the agar-
disc distribution method [37, 38]. They were recognized
against various pathogenic bacteria and yeasts.

This study was performed with the following objectives:
firstly to synthesize a highly-crystalline MgFe,O,4 NPs by a
very simple chemical co-precipitation method, surface
modified by citric acid and to characterize its subsequent
physical properties; secondly to explore the applicability
for removal of a pollutant anionic dye of methyl orange
(MO) from aqueous media. MO belongs to the azo dyes
family and is known to be carcinogenic and mutagenic
organic substance, which was widely-used in paper man-
ufacturing, pharmaceutical, food industries, and also in
research laboratories as an acid-base indicator [39, 40],
and finally to determine the antimicrobial activities of
MgFe,0, NPs, and CA-MgFe,0, NPs against some
pathogenic bacteria and yeast.
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Experimental Work
Materials

Ferric chloride hexahydrate (FeCl;- 6H,0), magnesium
chloride hexahydrate (MgCl,- 6H,0) and citric acid were
obtained from Merck, India. All the chemicals were used
without further purification. Water used throughout the
experiment was ultrapure milli-Q water. Methyl orange
was obtained from s.d. fine-chem. pvt. (Limited, India).

Synthesis and Surface Modification of MgFe,0,
NPs

Magnesium ferrite nanoparticles (MgFe,O4 NPs) were
prepared by co-precipitation method [41-43]. In this
method 2.0 M of ferric chloride hexahydrate (FeCls-
6H,O) and 1.0 M of magnesium chloride hexahydrate
(MgCl,- 6H,0) were dissolved in 20 ml distilled water.
The pH of the solution was maintained at 8 and stirred for
2.0 h. The neutralization was carried out with sodium
hydroxide (NaOH) solution and the reaction temperature
was maintained at 60 °C. The precipitate was thoroughly-
washed with distilled water until it was freed from impu-
rities. The product was dried at a temperature of 100 °C to
remove the water contents. The dried powder was mixed
homogeneously and sintered at 600 °C as represented in
Scheme 1.

The surface of MgFe,O4 NPs was stabilized with citric
acid by a direct addition method [44], to obtain modified
MgFe,O, NPs with carboxylic groups. Briefly, the
MgFe,04 NPs surface were treated with citrate ions by
incubating for 1.0 h within 0.5 g/ml citric acid solution and
reaction temperature was raised up to 90 °C and the reac-
tion was completed for 60 min with continuous stirring.

The black precipitates were acquired by cooling the
reaction mixture to room temperature. At last the suspen-
sions were washed several times with de-ionized water.
The particles did not settle down under the influence of
magnet, as a result of stability of solution. The as-formed
reaction product contained an excess of citric acid and so,
the NPs dispersion was centrifuged and washed several
times as exhibited in Scheme 1. MgFe,04 NPs stabilized
with citric acid were abbreviated as CA-Mg Fe, O, NPs.

Characterization of MgFe,0, NPs, and CA-
MgFe,0, NPs

The synthesized CA-MgFe,O4 NPs and MgFe,O4 NPs
were characterized at central laboratories of National
Center for Radiation Research and Technology (NCRRT),
Egytpian Atomic Energy Authority (EAEA) and Military
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Scheme 1 The systematic representation of the synthesis and surface modification of MgFe,O4 NPs by citric acid (CA)

Technical College, Egyptian Armed Forces using different
techniques and instruments.

The functional groups composition and surface func-
tionality of CA-MgFe,O4 NPs, MgFe,04 NPs and CA were
revealed by FT-IR spectra. FT-IR spectrum was a vital
target that gives information regarding the chemical func-
tional groups presented in citric acid. The experiments
were carried out by a JASCO FT-IR 3600 Infra-Red
spectrometer after applied KBr pellet technique. It was
determined at a wave number range from 400 to
4000 cm ™.

The crystallinity, phase analysis and the crystallite size
and/or lattice of the synthesized MgFe,04 NPs, and CA-
MgFe,0, NPs were determined by the XRD-6000, Shi-
madzu apparatus, SSI, Japan. The intensity of the diffracted
X-rays was estimated as diffracted angle 26. Additionally,
the average crystallite size was calculated by applying
Williamson-Hall (W-H) method [45], according to the
following equation (Eq. 1)

cosf = + 4esin 6 (1)

W-H
where Dy._y is the average crystallite size, f§ is the full-
width at half maximum, / is the X-ray wavelength, 0 is the
Bragg’s angle, k is a constant and ¢ is the strain of the
samples.

The size and shape of the synthesized CA-MgFe,O4 NPs
and MgFe,O, NPs were evaluated by using High-Resolu-
tion Transmission Electron Microscope (HRTEM,
JEM2100, Jeol, Japan). The surface morphology and grain
size of the synthesized CA-MgFe,04 NPs and MgFe,0O,4
NPs were investigated by SEM, ZEISS, EVO-MAIO,
Germany. Additionally, EDX (BRUKER, Nano GmbH,
D-12489, 410-M, Germany) analysis was used to estimate
the elemental structure, purity and the percentage of each
metal in the structured CA-MgFe,04 NPs, and MgFe,O,
NPs. The mapping analysis after applied SEM/EDX tech-
nique was used to attain a whole information about the
clarity, distribution and the position of the metals in the
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coated CA-MgFe,O4 NPs, and MgFe,O,4 NPs. Finally, the
indirect measurement of the surface charges of CA-
MgFe,0,4 NPs and MgFe,04 NPs was estimated by the zeta
potential analyzer (Malvern devise, UK) at different pH.

Dye Removal Method

The studies of the synthesized pure MgFe,O, NPs and
citrate functionalized respective MgFe,O4 NPs (CA-
MgFe,0,4 NPs) for removal of MO were performed with
batch equilibrium method [46]. A stock solution (100 mg/1)
of MO was prepared by dissolving 0.1 g of MO powder in
de-ionized water, and experimental solutions of desired
MO concentrations were obtained by successive dilutions
of the stock solution with de-ionized water.

The batch experiments were carried out by taking 50 ml
of MO solution of known concentration in a 125 ml flask.
A total of 0.1 g CA-MgFe,0, was added to each flask, and
mixture was agitated at room temperature using a magnetic
stirrer with constant speed of 250 rpm for a predetermined
time to attain the equilibrium.

After removal equilibrium was achieved, the super-
natant was separated from the CA-MgFe,0, by magnet and
the MO removal was monitored spectrophotometrically at
the absorbance maximum of MO dye viz. Ap.x = 464 nm
using Agilent Cary 60 UV-Vis spectrophotometer.

The pH of the aqueous solution was measured by a
bench top pH meter (Hach, SensION), and pH of the
solution was adjusted to desired values using dilute HCl/
NaOH before the addition of CA-MgFe,04 NPs.

The degree of decolorization (DD) of the sample was
determined by using the relation (Eq. 2).

DD% = (Ci—Ct)Ci x 100 (2)

where Ci is the initial absorbance of the sample and Ct is
the absorbance at time ¢.

The MO removal study was performed by varying
conditions like pH and temperature. The effect of initial
dye concentration and effect of MO volume on dye
removal was also investigated under similar experimental
conditions. For accurate calculation of the amount removal,
a calibration curve was obtained at A,,x = 464.0 nm by the
use of a series of standard solutions with different con-
centrations of MO.

Antimicrobial Activity Measurements of CA, CA-
MgFe,0, NPs and MgFe,0, NPs

The synthesized CA-MgFe,O, NPs, MgFe,O,; NPs
(20.0 pg/ml), and CA were tested for their antimicrobial
potential through an agar-disc distribution method [47-51].
All samples were examined upon several resistant isolates
of human urinary tract infection bacteria which received
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from the culture collections in Drug Microbiology Lab.,
Drug Radiation Research Dep., NCRRT, Cairo, Egypt.

The pathogenic bacteria were separated from urine
samples of UTI-patients. Bacterial strains were Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, Pseu-
domonas aeruginosa and Candida albicans. The bacterial
inoculums were fixed at 0.5 McFarland (1-3) x 10® CFU/
ml, applying fixed 600 nm UV-Vis. spectrophotometer
[52]. The growth restraint of all the investigated bacterial
strains was estimated by the zone of inhibition (ZOI) after
24 h incubation [48, 53, 54]. Standard antibiotic discs such
as Gentamycin (CN; 20 pg/ml; 6.0 mm diameter), and
Nystatin (NS; 100 pg/ml), was chosen to determine the
performance of the considered magnetic NPs.

The serial dilutions method of Luria—Bertani (LB)
medium was applied to determine the minimum inhibitory
concentrations (MIC) of the tested CA-MgFe,O, NPs and
MgFe,0,4 NPs [49, 55]. For these determinations, a nega-
tive control such as the medium broth, positive control
such as the examined pathogenic microbes and the used
medium broth and CA-MgFe,O, NPs and MgFe,04 NPs
(beginning with concentration = 20.0 pg/ml) were applied.
MIC was determined after 24 h of incubation at
36.0 £ 1.0 °C [56].

The inoculums were fixed as mentioned-before in the
first antimicrobial screening [52]. MIC was defined by
using the ELISA plate method after setting the fixed
wavelength at 600 nm [56, 57]. The MIC was described as
the lowest concentration of CA-MgFe,O, NPs and
MgFe,O4 NPs that inhibits 99.0% of the growth of the
tested bacteria and yeast cells.

Reaction mechanism using SEM/EDX analysis
of CA-MgFe,0, NPs-treated microbial cells

Bacterial, and yeast cells from the antimicrobial test were
washed with PBS and fixed with 3% glutaraldehyde solu-
tion. The preserved bacterial, and yeast specimens were
regularly-washed with PBS and evenly-dehydrated with
various concentrations of ethanol (30%, 50%, 70%, 80%,
95%, and 100%) for about 20 min at 28 £ 2 °C [58]. Next,
bacterial, and yeast cells were placed on an aluminum
scrap for SEM/EDX analysis [58]. The morphological
characteristics of the control (non-treated pathogenic bac-
teria and yeast) and CA-MgFe,O, NPs-treated bacterial
and yeast cells were observed using SEM/EDX analysis.

Statistical Analysis
The mathematical analysis of the effects was conducted by

applying the ONE WAY ANOVA (at P < 0.05), the least
significant differences (LSD), and Duncan’s multiple
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systems [59]. The effects and data were examined and
decided through SPSS software (version 15).

Results and Discussion
Synthesis of Functionalized MgFe,0, NPs

Here the MgFe,O, NPs were prepared by a chemical co-
precipitation method with minor modifications of earlier
reported methods [60, 61]. An inexpensive citric acid is
used as a capping agent containing three carboxyl groups
per molecule and undergoes easy formation of an organic
monolayer on the surface of NPs. These mono-layers ren-
der the NPs stable with respect to aggregation and keep
them well dispersed in aqueous media.

Functional Groups Identification of CA-MgFe,0,
NPs and MgFe,0, NPs Using FT-IR Spectrum
Analysis

To confirm the binding of citric acid on the surface of
MgFe,0,4 NPs, FT-IR studies were performed. The FT-IR
spectra of pure MgFe,O, NPs and citric acid modified
MgFe,0,4 NPs are displayed in Fig. 1.

The two intense peaks observed between 580 and
484 cm™! were attributed to the stretching vibration mode
associated to the metal-oxygen (Fe—O) bond in the crys-
talline lattice of Fe,O4 NPs. They are characteristically-
pronounced for all spinel structures and for ferrites in
particular [62, 63]. In overall, spinel ferrites exhibit two
inherent vibrational bands, v; and v, and are corresponding
to the stretching vibration of tetrahedral groups (A-site)
and the stretching vibration of octahedral groups (B-site),
respectively [64].
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Fig. 1 FTIR spectra of pure MgFe,O, NPs and citric acid modified
MgFe,O, NPs

A broad bands centered at 3400 and 3422 cm ™' were
related to the presence of hydroxyl groups and attributed to
OH-stretching. Since the NPs have been thoroughly-
washed after synthesis, no mechanically-deposited citric
acid is expected. New intense absorption peaks located at
1627 cm™!, 1390 cm ™! and 1350 cm™! as well as lower
intensity peaks at 1285 cm™' and 1085 cm™' appears in
the FT-IR spectra of CA-MgFe,O, NPs. The 1730 cm™'
peak of a standard citric acid assignable to the stretching
vibration of C = O from the COOH group [65, 66], shifts to
the intense band at about 1627 cm™! for CA-MgFe,0Oy4
NPs. This reveals that carboxylate groups of citric acid
should complex with the Fe atoms on the magnetite surface
and render a partial single bond character to the C=0 bond,
weakening it, and shifting the stretching frequency to a
lower 9 value.

Furthermore, the vibrational modes appearing at
1390 cm™', 1285 cm™' and 1085 cm™" in CA-MgFe,0,
NPs were correspond to the symmetric stretching of
COO™, symmetric stretching of C-O, and OH group of
citric acid. It has been proposed that citric acid binds to the
magnetite surface by chemisorption of the carboxylate, that
is, citrate ions [65].

Phase Analysis and the Crystallite Size
Determination of CA-MgFe,0, NPs and MgFe,0,
NPs Using XRD Spectroscopy

Figure 2 shows XRD pattern of CA-MgFe,O,4, and
MgFe,0,4 NPs nanopowder which treated and annealing up
to 150 °C for 24 h. The diffraction peaks agree with the
international standard diffraction data card, JCPDS number
89-4924, and provide a clear evidence of MgFe,O, NPs
formation, in both samples (Fig. 2a, b). This indicates the
existence of a cubic spinel structure. The most intense
reflections observed at 20 values of 32.5°, 35.56°, 43.09°,
47.57°, 57.21°, 62.69°, and 74.57° are assigned to (200),
(311), (400), (422), (511), (440), and (533) planes of cubic
spinel structure.

This lattice parameter is determined to be 8.366 A, and
the average crystal size was determined to be 16.45 nm and
18.35 nm for CA-MgFe,O, NPs and MgFe,O, NPs,
respectively. The line broadening of the X-ray diffraction
pattern gives a clear evidence for the nanometer range of
the synthesized powder.

Additionally, as noted in Fig. 2b, additional diffraction
peaks were recognized at 12.45°, 17.54°, 26.14°, and
31.25° which corresponding to citric acid (CA) [67, 68],
and confirmed the loading of CA along with the synthe-
sized MgFe,O, NPs.
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Fig. 2 XRD pattern of a MgFe,O4 NPs, and b CA-MgFe,0, NPs

Surface Morphology of the Synthesized CA-
MgFe,0, NPs and MgFe,0, NPs Using SEM
Imaging Technique

SEM was used to prove the formation and the morphology
of the synthesized CA-MgFe,O, NPs and MgFe,O, NPs
[55, 69]. SEM images of the fabricated MgFe,O4 NPs are
shown in Fig. 3a, and for CA-MgFe,04 NPs in Fig. 3b.

For the synthesized MgFe,O, NPs, the bright particles
represented the Mg ferrites which appear normally-dis-
tributed as shown in Fig. 3a. Also for CA-MgFe,O, NPs,
MgFe,0,4 NPs were located at the core, while the CA was
coated this core, producing CA-functionalized MgFe,O,
NPs. The surface behavior reveals inhomogeneous grain
appearance with remarkable smooth agglomerates can be
observed due to the occupation of a large quantity of Mg at
the grain boundary which could control the grain growth
[70].
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Also, the surface is remarkably-porous and presents a
coalescing the form of the agglomerated particles con-
nected with the interfacial surface tension phenomena. The
appearance of the microstructural characteristics can be
associated with the matter transport mechanism between
the near grains during the sintering process.

Elemental Analysis and Purity Determination
of the Synthesized CA-MgFe,0, NPs
and MgFe,0, NPs Using EDX Spectral Analysis

EDX quantitatively-uses to investigate the elemental
composition of CA-MgFe,O4 NPs, and MgFe,O, NPs [71].
Figure 4a represented EDX analysis of the synthesized
MgFe,0,4 NPs which confirms the purity of the synthesized
Mg ferrites as the detected elements are C, O, Mg and Fe
atoms and the presented C atom was attributed to the
carbon holder which used for the imaging process.

it O
Date :1 Mar 2017
Time :12:49:21

WD = 10.0 mm Mag= 250X

Fig. 3 Surface morphology investigation of a MgFe,O4 NPs, and b CA-MgFe,0, NPs using SEM imaging method
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Fig. 4 Elemental analysis of a MgFe,O4 NPs, and b CA-MgFe,0, NPs using EDX spectroscopic analysis

Figure 4b shows EDX analysis of the synthesized CA-
MgFe,0,4 NPs revealing its particle dispersion with high
purity by the appearance of C, O, Mg and Fe atoms. The
recorded carbon and oxygen atoms attributes to citric acid
loaded on the surface of MgFe,O4 NPs. The corresponding
EDX elemental analysis confirmed the presence of all
constituent atoms producing the CA-MgFe,O,4 NPs.

Chemical Mapping of the Synthesized CA-
MgFe,0, NPs and MgFe,0, NPs Using SEM/EDX
Coupled Spectral Analysis

The elemental mapping images of the integrated CA-
MgFe,04 NPs and MgFe,O4 NPs were showed in Fig. 5.
For the synthesized MgFe,O4 NPs (Fig. 5a), the images
were exhibited the elemental composition (C, O, Mg, and
Fe atoms) of the prepared sample.

For CA-MgFe,0, NPs (Fig. 5b), the models were Fe,
Mg, O, and C. Figure 5b verified the formation of the
composite in terms of its components (C, O, Mg, and Fe
atoms). Interestingly, images of elemental mapping con-
firmed the creation of a surface coated system, revealed by
brightness and darkness of its layers, MgFe,O, NPs which
were located at the core were relatively-darker than CA
particles coated that core [72].

The relatively-brightest intensity of (C) atoms showed
that CA particles is the external layer and has the highest
ratio (red arrow), followed by another relatively less-bright
particles attributed to MgFe,O, NPs (yellow circles).
Furthermore, both (Mg) and (Fe) atoms (the principal
metals in ferrite) were distributed equally in the same
place.

Positively, it is the first time to use elemental mapping
as a tool to illustrate the development of a concentric
structure which can give a promising explanation about the

distribution and purity of the atoms and layers forming the
nanocomposites [18, 73, 74].

Shape and Size of the Synthesized CA-MgFe,0,
NPs and MgFe,0, NPs Using HRTEM Analysis

The synthesized MgFe,O4 NPs appears as a semi-spherical
shape and small sizes as shown in Fig. 6a. The detected
sizes were varied from 12.15 to 49.21 nm and the average
particle size was determined to be 23.01 nm.

On the other hand, CA-MgFe,O, NPs generally have
spherical shape with smooth surfaces with a narrow size
distribution. Figure 6b shows the typical HRTEM images
of calcinated CA-MgFe,O4 nanopowder. It can be seen
from the HRTEM image that the particles are spherical in
shape with uniform size distribution. The size of these
particles is controllable to be from 14.25 nm to 58.15 nm
with average 31.40 nm in diameter which larger than the
synthesized MgFe,O4 NPs due to the loading of CA on the
surface. Our results accepts with the size determined by
Williamson—Hall (W-H) from X-ray diffraction studies.

Surface Charge Determination: Zeta Potential
Analysis

The Zeta potential of the synthesized MgFe,O, NPs and
CA-MgFe,04 NPs was examined at various pH such as 3,
7, and 9 as observed in Fig. 7. From the present results, it
can be found that the Zeta potential of MgFe,O4 NPs and
CA-MgFe,04 NPs surface maintains a negative statement
at pH 7 and 9, while owns a positive charge at pH 3.

At acidic medium (pH 3), the initial Zeta potential of
MgFe,04 NPs was 39.3 mV (Fig. 7a), which completely-
agrees with the previous results obtained before [75]. After
the functionalization of CA on MgFe,O4 NPs surface the
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Fig. 5 Investigation of the purity and elemental distribution of a MgFe,O, NPs, and b CA-MgFe,O, NPs using SEM/EDX-assisted chemical

mapping method
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Fig. 6 Shape and size of the synthesized a MgFe,O4 NPs, and b CA-MgFe,0, NPs using HRTEM analysis with high magnification (inserted)

potential was slightly-changed and decreased to be
36.5 mV due to the negative charge of CA and the net
charge still positive as shown in Fig. 7b [76, 77]. Addi-
tionally, at neutral medium (pH 7), the Zeta potential of
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MgFe,04 NPs was — 30.5 mV, (Fig. 7c), and after the
functionalization of CA on MgFe,O, NPs surface the
potential was slightly-changed to be — 36.9 mV due to the
negative charge of CA as presented in Fig. 7d. Finally, at
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Fig. 7 Surface charge determination by zeta potential where (a, ¢, and e) for MgFe,0, NPs at pH 3, 7, and 9, respectively, and (b, d, and f) for

CA-MgFe,0, NPs at pH 3, 7, and 9, respectively

alkaline medium (pH 9), the Zeta potential of MgFe,O,
NPs was — 54.2 mV, (Fig. 7e), and after the functional-
ization of CA on MgFe,O, NPs surface the potential
was changed to be — 60.5 mV due to the negative charge
of CA as presented in Fig. 7f.

Removal Performance of CA-MgFe,0, NPs
toward Methyl Orange (MO)

The MO removal was monitored spectrophotometrically at
the absorbance maximum of MO dye viz. Ay« = 464 nm
as shown in Fig. 8a. The calibration curve of MO was done
using serial dilution (5, 10, 20 and 30 ppm) of MO as
illustrated in Fig. 8b.

Effect of pH on Removal of MO

For removal studies, one of the vital factors is its depen-
dence on pH of the solution. On investigating the pH
dependence of the MO removal by CA functionalized
MgFe,0,4 NPs, that the MO removal efficiency increases
obviously with increasing pH from 3 to 5 and achieves the
maximum at pH 5, and then decreases as shown in Fig. 9a.

A plot showing the variation of MO removal (%) with
time at different solution pH (3.0-9.0) was exhibited in
Fig. 9b. The maximum MO removal (%) ~ 75.5% in
equilibrium was observed at pH 5.0. Hence, all the further
removal experiments were conducted at pH 5.0 in this
study. Decrease in removal efficiency at the highest pH
values may be due to the de-protonation of the CA-
MgFe,0, and competitive interaction between hydroxyl
ions and anionic part of MO molecule present in the
reaction solution as mentioned in [78].

To determine the point of zero charge (PZC) of the CA-
MgFe,0, nanocomposite, 0.1 g (CA-MgFe,O, NPs) was
added to 50 ml (0.01 M NaCl solution). The pH values of
the solutions were adjusted with HCl or NaOH to be as 2,
4,6, 8, 10, and 12. The samples were stirred at 200 rpm for
48 h.

The pH values of the solutions were measured after
magnetically-separation of CA-MgFe,O, nanocomposite.
The pH of the PZC value was determined by using a plot
which shows the final pH versus initial pH. These results
was presented in Fig. 9. According to Fig. 9, the pH of the
PZC occurred where there is no significant difference
between final and initial pH values, and was determined to
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Fig. 9 a Effect of pH on MO removal efficiency, and b a plot showing the variation of MO removal (%) with time at different solution pH

(3.0-9.0) (0.1 g of CA-MgFe,O, in 50 ml of 20 mg/l MO at 25 °C)

be at pH 6.2. It means that the surface charge of the (CA-
MgFe,0,) is positive and negative when pH < pH of PZC
and pH > pH PZC, respectively. Besides, when the pH of
the solution is equivalent to the pH of the PZC, the CA-
MgFe,0, nanocomposite surface charge is neutral [79].
According to the pH of the PZC value, the pH of the
PZC regarding CA-MgFe,0, nanocomposite was 6.2 and
this result was explained why the removal of MO was
maximum at pH 5.0 as displayed in Fig. 10. Hence at this
point the net surface charge of the CA-MgFe,0O4
nanocomposite is positive which attracted with the nega-
tive charge of MO and improve the removal of MO (the
results were agreed with the zeta potential results; Fig. 7).
The removal of MO began to decrease at pH 7.0 this
occur due to the repulsion forces between the negative
charge of MO and net surface charge of the CA-MgFe,0O,
nanocomposite which is negative at pH < 6.2. The reason
which make the removal activity decreases at pH 5.0
unexpectedly is at highly acidic medium the metal oxide
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leaching may be occur which decrease the catalyst con-
centration [79].

Effect of Initial Concentration of MO

As the initial MO concentration plays a vital role in the
removal process, the effect of ionic strength of MO was
studied by varying the initial concentration of MO and
keeping other reaction conditions unaltered. Figure 11a
represents the variation of removal % as a function of
contact time at different initial MO concentration (10, 20
and 30 mg/l).

At higher concentration of MO, the removal % was
recorded to be high. The higher removal % at higher MO
concentration is because of the stronger interaction with the
CA-MgFe,04 NPs at the higher ionic concentration of MO
as noted in [80].

Effect of CA-MgFe,0, NPs Dose

The effect of CA-MgFe,O, NPs dose on the removal
process was studied by keeping other parameters such as
initial MO concentration, pH of the solution, and temper-
ature fixed. Figure 11b depicts the effect of CA-MgFe,0,
NPs dose on MO removal process, where the dose amount
of CA-MgFe,O,4 NPs was varied (0.05-0.1 and 0.2) g.

During this study, the initial concentration of MO was
kept constant at 20 mg/l and the pH of the system was kept
at 5.0 at room temperature. It was observed that the per-
centage removal of MO depends on the CA-MgFe,0, NPs
dose significantly and increases with increasing dose.
These can be attributed to the increase of the available
active sites with the increase of adsorbent dose [81]. From
the Fig. 11b, it is noticed that percentage removal of MO
approaches nearing 85% at a dose of 0.1 g with the above-
mentioned experimental condition.

Kinetic Studies

The degradation rates of MO can be represented by the
following Eq. 3:

—In Ct/CO = —Kt (3)

where C, and C, are the remaining and the initial con-
centrations of methyl orange respectively, while 7 is the
removal time and k represent the removal rate constant.

Figure 12a shows a relation of — In C/C, vs. t. The
results shown that, the removal reaction kinetics followed
first-order rate laws (R2 > 98) at wholly-dose of CA-
MgF6204 NPs.

Moreover, as revealed from Fig. 12b, an increasing of
CA-MgFe,0,4 NPs dose leads the apparent first order rate
constants to be decreased, which is indicating a non-ele-
mentary nature of the removal reactions. This reliance of
reaction rate constants on CA-MgFe,O, NPs dose matched
well with presented literature [82, 83].

After conducting a comparison with related studies in
the literature, Akeem et al. [84] synthesized CoO-NiFe,Oy4
nanocatalyst and studding the enhanced performance and
recyclability for efficient decolorization of azo dye via
Fenton-like reactions. The result indicating that the
decolorization efficiency significantly-reduced to 19.8% in
the alkaline conditions, where -OH, O, and photo-gen-
erated hole (h™) were responsible for the effective
decolorization.

Another study performed by Akeem et al. [85], related
to the high boron removal by functionalized magnesium
ferrite nano-powders. Results were showed that polyvinyl
alcohol-functionalized magnesium ferrites removed 93% of
boron at 5 mg/L at pH 7 in 30 min., whereas only 68% of
boron was removed by glycidol-functionalized magnesium
ferrites. However, at higher boron concentration, of 50 mg/
L, glycidol-functionalized magnesium ferrite showed
higher adsorption affinity of 68.9 mg/g.
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Fig. 11 a The variation of adsorption capacity as a function of contact time at different initial MO concentration (10, 20 and 30 mg/l) at pH 5.0
and 0.1 g CA-MgFe;0,, and b effect of adsorbent dose on MO removal at pH 5.0 and 10 mg/l MO
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In Vitro Antimicrobial Activity of the Synthesized
CA-MgFe,0,4 NPs, CA, and MgFe,0, NPs

It is observed from the disc agar diffusion process (as a
screening method) that the CA-MgFe,O, NPs and
MgFe,0, NPs represented a qualitative antimicrobial
potential against all the tested bacteria and Candida
pathogens. The in vitro ZOI result confirmed that CA-
MgFe,0, NPs showed it’s approved antibacterial activity
against S. aureus (20.0 mm 701, Fig. 13a),
and E. coli (16.0 mm ZOI; Fig. 13b) as presented in
Table 1.

It worth recognizing that, the antibacterial influence of
CA-MgFe,0O4 NPs was significantly-stronger than MgFe,.
O4 NPs, CA, and a standard antibacterial agent (Gen-
tamycin; CN).

It is important to assume that; the incorporated CA-
MgFe,0, NPs were active against Gram-positive bacteria
more than Gram-negative. The cell walls constituents in
Gram-negative bacteria include basically-layers of
lipopolysaccharide, lipid, and peptidoglycan, while the cell
walls of Gram-positive combine very compact peptido-
glycan forms [86]. Additionally, the synthesized CA-
MgFe,0,4 NPs were encouraged antifungal agents, and they
showed great antifungal efficacy against C. albicans
(14.0 mm ZOI,; Fig. 13c) as shown in Table 1.

There is a link between the characteristics of CA-
MgFe,04 NPs and the antimicrobial results. The crystal
size of CA-MgFe,04 NPs was small (18.35 nm; Fig. 2b),
and distributed as a spherical particle with particle size
calculated at 31.40 nm (Fig. 6b), purity and pure elemental
analysis (EDX; Fig. 4b) and highly-distributed NPs
(Fig. 3b) which accepted as a primary goal in improving
the antimicrobial strength of CA-MgFe,O, NPs at low
concentration (20.0 pg/ml), against all the examined bac-
teria and Candida sp.

The synthesized samples showed different physical and
chemical features different than traditional organic and
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artificial antimicrobial agents such as the decreased crystal
size and average particle size, more stability, and higher
strength for interaction with more pathogenic bacteria
and Candida sp., therefore improving their antimicrobial
potential [18, 87].

The MIC results of CA-MgFe,0O4 NPs against all the
tested pathogenic bacteria and Candida sp. were in the
range from 10.0 to 1.250 pg/ml as mentioned in Table 1.
CA-MgFe,04 NPs possess promising MIC of 1.250 pg/ml
against S. aureus. The size of CA-MgFe,O, NPs was not
only a parameter showing the antimicrobial characteristics,
but other features such as mono-dispersity, stability, and
shape should be considered [88]. Related reports
[18, 36, 64, 69, 89-91] would be taught the performance of
metal-ferrite NPs as antimicrobial agents against the
pathogenic microbes as well listed in details in Table 2.

To explain the antimicrobial potential of CA-MgFe,O,
NPs, we tried to show the action mechanism against E. coli
and C. albicans applying the SEM/EDX analysis (Fig. 14)
[92, 93]. SEM images were showed the shape of bacterial
and yeast cells before and after CA-MgFe,O, NPs treat-
ment. In the control sample (non-treated bacterial and yeast
cells), bacterial and yeast colonies were regularly-grown
and displayed normal cellular shapes with the typical cell
surface and combined biofilm, as shown in Fig. 14a, b.

After the treatment with CA-MgFe,O,4 NPs, noticeable
morphological variations were identified in E. coli and C.
albicans cells (Fig. 14c, d). Also, visible lysis of the outer
surface was accompanied by deformations and reductions
in the viable number of E. coli and C. albicans cells.
Furthermore, biofilm development was inhibited. EDX
elemental analysis exposed the presence of Mg, O, and Fe
atoms and C atoms for CA at the deformed areas and the
outer surface of the treated E. coli and C. albicans cells,
affirming the action of the tested CA-MgFe,O4 NPs, as
shown in Fig. 14e, f.

One probable reason for the highest activity against the
cells of E. coli and C. albicans could be the large surface
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Staphylococcus aureus

Escherichia coli

Fig. 13 Antimicrobial activity of CA-Mg Fe,O4 NPs, Mg Fe,O4 NPs and citric acid (CA) against multi-drug resistant (MDR) bacteria, and
pathogenic Candida species measured as ZOI (mm): where a Staphylococcus aureus, b Escherichia coli, and ¢ Candida albicans

Table 1 Antibacterial and antifungal activities of CA-MgFe,O, NPs, MgFe,04 NPs and Citric Acid (CA) against multi-drug resistant (MDR)

bacteria, and pathogenic Candida species measured as ZOI (mm) and MIC (pg/ml)

Pathogenic Z0I of CA- MIC of CA- ZOI of MIC of MgFe,04 Z0I of CA CN or NS
microbes MgFe,04 NPs MgFe,04 NPs MgFe,O4 NPs NPs (mm)
(20.0 pg/ml) (beginning with (20.0 pg/ml) (beginning with
(mm) 20.0 pg/ml) (mm) 20.0 pg/ml)
(pg/ml) (pg/ml)
Escherichia coli 16.0° & 0.5000 2.5 11.0° £ 02645  10.0 9.0° + 0.2516  15.0° & 0.3055
Pseudomonas 13.0* £ 0.2645 5.0 9.0 £ 0.4041 10.0 Nil Nil
aeruginosa
Staphylococcus 20.0% + 0.4932 1.25 12.0° +£ 0.4000  10.0 11.0° + 0.2081 26.0° & 0.5291
aureus
Bacillus subtilus 13.0" £+ 0.2645 5.0 12.0° + 0.4358  10.0 Nil 7.0 £ 0.3214
Candida albicans ~ 14.0° & 0.4041 2.5 12.0° £ 0.3785 5.0 11.0° + 0.2645 Nil
LSD 1.13333 - 0.90000 - 2.20000 7.90000

Values are presented as mean + SD (n = 3). Data within the groups were analyzed using one-way analysis of variance(ANOVA) followed by
abedenyncan’s multiple range test (DMRT)

Nil means that, no ZOI has been measured

LSD least significant difference, CN Gentamycin; 20 pg/ml (standard antibacterial agent), NS Nystatin (standard antifungal agent)
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Table 2 Comparative antimicrobial studies between different synthesized ferrites in the biomedical field

Methods of ferrites synthesis Average Starting concentration Antimicrobial activity (ZOI; References
crystal size (pg/ml) mm) and/or (MIC; pg/ml)
(nm)
Co-precipitation method 18.35 20 pg/ml for ZOI and 20 mm ZOI and 1.25 pg/ml Our
MIC MIC research
Facile sol-gel method 13-38.3 20 pg/ml for ZOI and 25 mm ZOI and 0.04 pg/ml [36]
100 pg/ml for MIC MIC
S ol-gel process 14-20 1 mg/ml for ZOI 15 mm ZOI [89]
Self-combustion and wet ferritization methods 18.8 10 pg/ml for ZOI 10 mm ZOI and 0.125 pg/ml [90]
MIC
Microwave-assists biogenic synthesis using plant 24-32 100 pg/ml for ZOI 25 mm ZOI [91]
extract
Sol-gel technique 13.04-30.96 5000 pg/ml for ZOI 16 mm ZOI [64]
Sol-gel technique utilizing citric acid and 12.86-33.92 1000 pg/ml for ZOI 28 mm ZOI [69]
ethylene glycol as a polymerization agent
Citrate sol-gel method. 11.73-33.50 20 pg/ml for ZOI 15 mm ZOI [18]

area, small size, and purity of the synthesized CA-
MgFe,0,4 NPs which provides for a fixed impassive con-
nection between the bacterial cell walls and the CA-
MgFe,0,4 NPs, as shown in Fig. 14c, d [50, 94]. This result
is in a good agreement with various published reports on
the interaction between metal oxide NPs and pathogenic
microorganisms by electrostatic potential, resulting in
bacterial membrane damage [50, 95, 96].

A recent study reported that metal oxide NPs could
induce oxidative stress in pathogenic microbes [97], and
quickly-damage their cell membranes after the exposure to
increased cellular ROS levels. In this study, the prepared
CA-MgFe,0,4 NPs were attached to E. coli and C. albicans
cells through electrostatic attraction and reduced microbial
cell numbers via membrane leakages [95]. Our proposed
action mechanism began with the adhesion of the CA-
MgFe,0,4 NPs to the outer surface of E. coli and C. albi-
cans. Then, Fe*™ and Mg>" jons penetrated the bacterial
and yeast cells and damaged their biological molecules,
such as mitochondria and DNA. After that, the cellular
toxicity had been noted due to the oxidative stress and the
created ROS.

On the other hand, the antimicrobial mechanism of the
synthesized ferrite NPs is no recognized yet. There were
remarkably-suggested mechanisms such as Reactive Oxy-
gen Species (ROS) production (*O,” and *OH) which
depends on the crystallite size and surface area [98].

ROS creation occurs after the prepared ferrite NPs get
contacts within the bacterial cell in the presence of light,
which begins the excitation of the electrons from the
valence band to the covalent band with a new energy level
that exit h™ in the valence band [99]. The produced ROS
creating serious injury result when interact with the
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biological macromolecules inside the bacterial cell such as
DNA, lipids, proteins, and carbohydrates [100].

El-Batal et al. [101], have declared that four mecha-
nisms interpret the action of metal NPs on the microbial
pathogens. They found that Mg and Fe metals in ferrites
nano-structure were started by the adhesion across the
surface of the bacterial cell wall. After that, they were
represented nano-metals (Mg and Fe) inside the bacterial
cell and break all of the intracellular organization like
biological molecules. Then, the cellular toxicity (oxidative
stress) created by the formation of ROS was appeared.
Finally, nano-metals (Mg and Fe) were affected the signal
transduction pathways. Furthermore, the antibacterial
potential of ferrite nano-structure may be due to the
interaction with a specific enzyme that catalyzes mannose-
6-phosphate exchange to fructose-6-phosphate by altering
its configuration and subsequent its activity. Fructose-6-
phosphate is an essential compound in the glycolysis
pathway which is connected to the carbohydrate catabolism
in all microbes [35].

There are many reports on antimicrobial activity of
citric acid (CA) against E. coli [102, 103]. The E. coli were
reduced by 1.52 logs when treated with CA for 10 min.
Also, CA reduced microbial levels to greater extents than
propionic acid and acetic acid in both apples and lettuce
[104]. Treatment with 1.0% citric acid significantly-re-
duced the number of E. coli (3.0 log;y CFU/g) after 5 min
in ice berg lettuce [105].

After conducting a comparison with related studies in
the literature, Zirar et al. [106], synthesized chitosan/metal
oxide nanocomposites and studding the antibacterial
activity. The result indicating that all the samples exhibited
antibacterial activities against E. coli and S. aureus;
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Fig. 14 SEM and corresponding EDX elemental analysis of E. coli
and C. albicans: a Normal bacterial cells (E. coli) without CA-Mg
Fe,04 NPs treatment, b Normal yeast cells (C. albicans) without CA-
Mg Fe,O4 NPs treatment, ¢ depressed and deformed bacterial cell
after CA-Mg Fe,O4 NPs treatment, d Depressed and deformed
Candida cell by CA-Mg Fe,O, NPs treatment showing the complete

however, more effective against S. aureus compared to
E. coli. Noticeably, 5 pg/ml chitosan-nickel oxide com-
paratively-exhibited the highest bactericidal capability
where E. coli and S. aureus viabilities were reduced to
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lysis of Candida cell and loss of budding formation, e Corresponding
EDX elemental analysis of the treated E. coli cell confirming the
cellular internalization of the prepared CA-Mg Fe,O4 NPs in E. coli
cells, and f Corresponding EDX elemental analysis of the treated C.
albicans cell confirming the cellular internalization of the synthesized
CA-Mg Fe,O04 NPs in C. albicans cells

25-47% after 12 h incubation. After treatment with 15 pg/

ml of chitosan-nickel oxide, about 98% of S. aureus and
92.3% of E. coli cells were inhibited.
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MgFe,0,4 NPs with particle size about 31.40 nm in diam-
eter. The surface behavior reveals inhomogeneous grain
appearance with remarkable smooth agglomerates can be
observed due to the occupation of a large quantity of Mg at
the grain boundary which could control the grain growth.
From FT-IR results, the two intense peaks observed
between 580 and 484 cm ™' were attributed to the stretch-
ing vibration mode associated with the metal-oxygen (Fe—
O) bond in the crystalline lattice of Fe,O4. The in vitro ZOI
and MIC results verified that CA-MgFe,04 NPs exhibited
its encouraged antimicrobial activity against S. aur-
eus (20.0 mm ZOI & 1.25 pg/ml MIC), E. coli (16.0 mm
Z0I & 2.5 pg/ml MIC), and C. albicans (14.0 mm ZOI &
2.5 pg/ml MIC). So, there is no toxicity regarding the use
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that CA-MgFe,O, NPs are also active upon Gram-positive
than Gram-negative bacteria. In the control sample, bac-
terial and yeast colonies were regularly-grown and exhib-
ited normal cellular shapes with the ideal cell surface and
concentrated biofilm. While, after CA-MgFe,O, NPs
treatment, observable morphological changes were recog-
nized in E. coli and C. albicans cells, and observable lysis
of the external surface was accompanied by deformations
and reductions in the viable number of E. coli and C.
albicans cells. Results obtained from the removal activity
indicated that citric acid-coated MgFe,O4 NPs (1.0 g/1)
was a promising removal agent achieving 85.0% removal
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thesized CA-MgFe,O, NPs are promising for potential
applications in industry, food processing and packaging,
pharmaceutical uses, wastewater treatment, and cosmetics.
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