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Abstract: Currently, the use of sustainable chemistry as an ecological alternative for the generation
of products or processes that are free of a polluting substance has assumed a preponderant role.
The aim of this work is to propose a bioinspired, facile, low cost, non-toxic, and environmentally
friendly alternative to obtaining magnetic nanoparticles with a majority phase of magnetite (Fe3Oy4).
It is important to emphasize that the synthesis was based on the chemical reduction through the
Cnicus benedictus extract, whose use as reducing agent has not been reported in the synthesis of iron
oxides nanoparticles. In addition, the Cnicus benedictus is an abundant endemic plant in Mexico with
several medicinal properties and a large number of natural antioxidants. The obtained nanoparticles
exhibited significant magnetic and antibacterial properties and an enhanced photocatalytic activity.
The crystallite size of the Fe304 nanoparticles (FesO4 NP’s) was calculated by the Williamson-Hall
method. The photocatalytic properties of the FesO4 NP’s were studied by kinetics absorptions
models in the Congo red (CR) degradation. Finally, the antibacterial effects of the Fe30O4 NPs were
evaluated mediated the Kirby—Bauer method against Escherichia coli and Staphylococcus aureus bacteria.
This route offers a green alternative to obtain Fe30, NPs with remarkable magnetic, photocatalytic,
and antibacterial properties.

Keywords: iron oxides; nanoparticles; organic dye degradation; photocatalytic effect
antibacterial behavior

1. Introduction

In recent years, the development of new nanomaterials and nanoscience study has cobranded
a preponderant place due to the wide number of researchers in those fields. This is due to the notables
physical, chemical, magnetic, optical, electronic, and catalytic properties exhibited by the materials at the
nanometric scale [1-3]. The quantic confinement of the atoms on the nanoparticles favors the reactivity
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of the nanoparticles, which results in better properties associated with the nanoparticles in comparison
to the bulk materials. Specifically, the Fe3O4 nanoparticles have been employed in several applications
including magnetic resonance imaging (MRI), hyperthermia, drug delivery, heterogeneous catalysis,
photocatalysis, magnetic carriers, and wastewater treatment [4-10]. Some synthesis methodologies for
obtaining Fe3Oy such as co-precipitations and thermal decomposition have been reported as more
common [11,12]. However, in many cases, the mentioned methods involve the use of surfactants,
reducing agents, and organic solvents, which are toxic, expensive, and have a negative environmental
impact [13-15]. In this sense, the new directrix for the synthesis of Fe304 nanoparticles is focused
on the green chemical. Organic and biocompatible molecules such as vitamin B12, glucose cellulose,
amino acids, and even plant extracts have been employed as stabilizing and/or reducing agents [16-20].
It is important to emphasize that the search for new alternatives that promote sustainable chemistry
has become a priority issue. In this sense, endemic plants offer a sustainable and functional alternative
to obtain nanomaterials [21-23]. On the other hand, it is well known that, in recent years, the use of
plants as reducing agents (Myzus persicae, Ceratonia silique, Calotropis gigantean, Thymus kotschyanus leaf
extract, and Pisum sativum peels) during the chemical synthesis of Fe304 nanoparticles has been widely
reported [24-31]. However, the diversity of plants, properties, and compounds present in each species
is very wide, and interaction in the synthesis process is reflected in the properties of the nanomaterials
obtained. Therefore, it is important to study, propose, and promote the use of endemic plants in
nanomaterial synthesis processes. On the other hand, the applications of the Fe304 nanoparticles in the
field of degradation of organic pollutants and environmental remediation has been extensively studied
due to their photocatalytic properties and the emerging need for environmental remediation [32-35].
In this work, we report an environmentally friendly alternative synthesis route of Fe3O4 nanoparticles
with significant antibacterial and photocatalytic activity evaluated in Congo red (CR) degradation.
A kinetic absorption model was conducted to describe in detail the CR degradation process.

2. Materials and Methods

2.1. Bio-Synthesis of Fe304 Nanoparticles

The synthesis of the particles was carried out from a precursor solution consisting of ferric
chloride (FeCl3-6H,0) and ferrous chloride (FeCl,-4H,O) in a 2:1 molar ratio. The Fe?* and the Fe3*
ions were reduced using Cnicus benedictus extract. Briefly, the Cnicus benedictus extract was obtained,
dried, and milled with 3.87 g of Cnicus benedictus leaves, then it was mixed with 80 mL of deionized
water. The mixture was heated to 150 °C for 15 min. After this time, the infusion obtained was filtered
and transferred to the precursor solution of [Fe (III)/Fe (II)]. The pH of the mixture was adjusted to 12
by an NaOH solution. After 20 min of magnetically stirring, the reduction of Fe ions was carried out.
A color change of the post-reaction solution from dark reddish color into black color was observed.
This coloration change suggested the formation of the Fe;O4 nanoparticles (Figure 1).

2.2. Materials CHARACTERIZATION

The size distribution and the morphology were identified using high-resolution scanning electron
microscope (HR-SEM) brand Hitachi SU8230 cold field emission at 3.0 keV. The elemental mapping by
energy dispersive X-ray spectroscopy (EDS) was performed by a Bruker XFlash 6/60 system coupled to
the microscope. The X-ray diffraction (XRD) analysis was carried out through an X-ray diffractometer
(Rigaku Ultima IV), with Cu Ko radiation (A = 1.5406 A)atascanrate of 0.05°/step with a speed of 2°/min
in a diffraction range of 30-80° at room temperature using parallel-beam geometry. Raman spectroscopy
of the sample was performed in solid state using a dispersive Raman spectrometer (Bruker-Senterra)

equipped with a microscope and a laser with A = 785 nm in a range from 200 to 800 cm™!.
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Figure 1. Schematic representation of the green procedure to obtaining Fe3O04 NPs by Cnicus benedictus
as reducing agent.

2.3. Congo Red Photo Degradation

The photocatalytic activity assay of Fe3O4 nanoparticles was carried out through the degradation
of CR. The experiments were performed using 1 mL of organic dye (CR) employed at 4 ppm. Posteriorly,
Fe;04 NPs synthesized by Cnicus benedictus were added to the CR solution. The concentration of
Fe;04 NPs was 20 pg/mL. The CR photodegradation process was monitored by Uv-vis equipment
(Metash UV6000) in a range of 200-800 nm and a step of 2 nm with a bandwidth of 1.8 nm, +0.5 nm of
wavelength accuracy, and 0.3 nm of wavelength repeatability in intervals of 3 min until the SPR of the
CR disappeared. In order to discard an intrinsic photobleaching associated with Congo red, a control
experiment with CR and in the absence Fe;O, NPs was carried out. The photodegradation of the CR
was evaluated for a period of 40 min, and no variations were observed in the characteristic absorbance
of the Congo red.

2.4. Antibacterial Activity

The antibacterial effect was tested with the Kirby-Bauer method. The Gram-positive Staphylococcus
aureus (S. aureus) and Gram-negative Escherichia coli (E. coli) bacteria were employed to determine the
antimicrobial behavior of the Fe304 NPs. The microbial cultures were incubated at 36 °C for 24 h.
Solutions of Fe304 NPs were put in contact with studied bacteria. Six filter paper discs of 5 mm of
diameter were impregnated with 5 mL of Fe3O4 NPs. Solutions of iron nanoparticles at different
concentrations were performed and labeled. Specifically, C1 was associated with the disk control,
and the samples labeled as C2 (5 mM), C3 (10 mM), C4 (15 mM), C5 (20 mM), and C6 (25 mM)
corresponded to the different Fe304 NPs concentrations. Finally, the measurements of the inhibition
zone were collected. Statistically, an ANOVA analysis was employed to validate the measurement
of the inhibition zone and, consequently, the antibacterial effect of the Fe304 NPs. The comparison
between the antibacterial behavior of E. coli and S. aureus was modeled mathematically by curve
fit models.

3. Results and Discussion

3.1. Scanning Electron Microscopy

The Fe3O4 NPs were characterized by scanning electron microscopy (SEM). Figure 2a shows
a secondary electrons image obtained at 15 kV; in this image, it is possible to identify the morphology
and the distribution size of the Fe;O4 NPs synthesized by Cnicus benedictus. The Fe30O4 NPs show
agglomeration due to the steric effect of the nanoparticles [20]. However, in Figure 2b, the individual
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nanoparticles confined in a cluster were observed. The average distribution size of the nanoparticles
was 20 nm approximately. This value could be considered as a first approximation. Subsequent
analysis by XRD supported this fact. Additionally, an EDS mapping of the sample is presented in
Figure 2¢, which displays the Fe and the O as constitutive elements of the sample. In this sense,
it was possible to affirm that the Fe;O4 NPs could be synthesized by Cnicus benedictus as the reducing
agent, thus offering a new alternative in the green chemical in the field of synthesis of iron oxides
nanoparticles Fe304 NPs. Nevertheless, a more precise characterization of the iron oxides obtained
was necessary and is presented below.

Figure 2. SEM image obtained by secondary electrons at (a) 130, (b) 80 kx, and (c) EDS mapping of
Fe304 NPs obtained by Cnicus benedictus.

3.2. X-Ray Analysis of the Nano-Crystalline Fe3Oy4

Figure 3a shows the experimental X-Ray diffraction pattern associated with the sample synthesized
by the green route using Cnicus benedictus. Based on the diffraction peaks observed in the experimental
XRD pattern, it was possible to correlate this XRD pattern with the cubic structure (Fm3m-325) of the
magnetite (JCPDF# 96-900-5813). In order to support the structural characterization of the sample,
Table 1 indicates the location of the diffraction peaks (20), the interplanar distance (d-spacing), and the
hkl index typical of the magnetite structure.

Table 1. Parameters obtained from the XRD patterns of the Fe304 NPs and involved in the Williamson-Hall
analysis. FWHM: full width at half maximum.

. FWHM Areal Integral  Shape Size Size
20 d-spacing Ikl (Corrected) Asymmetry Asymmetry Bret;g:;th Fuct’:)r Uncorrected  Corrected
30.24 29571 220 0.5069 1.0005 1.6403 0.588 0.861 18.03811703 18.3
35.62 2.5185 311 0.6984 0.7643 0.7378 0.893 0.782 13.27506532 13.4
38.1 24213 222 0.4058 0.6814 0.8878 0.242 1.68 23.01235689 241
43.2 2.0925 400 0.8135 1.4181 1.2442 0.277 2.936 11.67014924 11.8
53.62 1.7061 422 0.46792 1.1632 1.0717 0.3921 1.052 21.13618779 21.1
57.08 1.6102 511 0.7651 1.7009 1.1468 0.486 1.576 13.13289818 13.5

62.84 1.4802 440 0.6574 0.8412 0.994 0.646 1.017 15.73424925 16.6
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Figure 3. (a) XRD pattern profile fitting and pseudo-Voigt analysis of broadening. (b) Cumulative
residual fitting peak (c) Fitting intensity of the (311) plane of the magnetite and (d) convolution of the
instrumental resolution function (IRF)

On the other hand, the crystallite size and strain could be calculated from the experimental XRD
pattern according to the Williamson-Hall method. However, in the first part of the Williamson-Hall
analysis, it was necessary to obtain parameters derivate to the fit of the peaks profile.

The diffraction profile from the Fe3;O4 nanoparticles was fitted with pseudo-Voigt (pV)
function [36-38]. The pseudo-Voigt function is the convolution of Gauss and Lorentz functions.
In general form, pV function is given by [39]:

pV(x) = nG(x) + (1 -n)L(x) 1

where G(x) and L(x) are defined as the sum of the Gaussian peak and the Lorentzian peak, respectively.
In both functions, parameters such as height (height of the peak at the maximum) peak center
(position of the maximum) and FWHM (full width at half maximum of the peak) are involved.
In this sense, it is necessary to obtain the normalized peaks of Gauss (G'(x)) and Lorentz (L(x)),
consequently, the pV(x) can be expressed as:

pV(x) =I[nG (x,T) + (1 -n)L (x) @

where [ is the intensity of the peak normalized by Gauss and Lorentz. I is the FWHM for Gaussian
and Lorentzian peaks, x¢ is the peak position, and 1 is the Gaussian ratio. The Lorentzian part is

described by:

L(x) = L2 )

| —

and the Gaussian part is:

e 2072 4)
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Finally, the pseudo-Voigt expression was employed for the fit profile peaks in the XRD analysis of
the Fe304 nanoparticles and can be written as follows [40]:

(r/2)°
(x—x9)2 + (T/2)?

(x—x0)°
252

pV(x) = h=[n=* eXp(— ]+ (1-1n) (5)

where:

h:%[1+(\/@—1)] 6)

r
o=
2V2In2

In this sense, Figure 3a,b, show the multipeaks fitting analysis and the cumulative residual fitting

@)

peak associated with the residual fit in the analysis, respectively.

In representative form of the fitting peaks, Figure 2c illustrates the fitting intensity associated with
the (311) plane of the magnetite; in this plot, it is possible to observe the Gaussian and the Lorentzian
parts corresponding to the Pseudo-Voigt fit process. In this case, a correlation factor (R?) of 0.9945 was
observed. Consequently, this result indicated that the FWHM values were consistent for the subsequent
analysis. In order to support the pseudo-Voigt profile peak fitting, the instrumental resolution function
(IRF) of the equipment is described in Figure 3d. The IRF was plotted from the modified Caglioti
equation, which is described as follows [38]:

FWHM? = Utan®6 + Vtand + W + % 8)

Additionally, the IRF was calculated by the pseudo-Voigt method. In this procedure, the Gaussian
(HG) and the Lorentzian (HL) parts were calculated started from the following expressions [39]:

HZ = Utan®0 + Vtan0 + W 9)
Y
Hp = Xtan0 + — + Z (10)
cos@

The HG and the HL parts of the IRF are shown in graph 3(d). The convolution of the HG and the
HL is presented in the IRF pseudo-Voigt (HpV) graph (Figure 3d). It is important to note that the HpV
and the Caglioti curve are very similar due to the refinement of U, V, and W parameters.

3.3. Williamson-Hall Analysis

Based on the results obtained from the pseudo-Voigt analysis, the FWHM values were employed
to calculate the crystallite size and strain, which could be obtained by the Williamson-Hall plot
method. This method presupposes that the peaks observed from the X-ray diffraction pattern are the
convolution of the Gaussian part (broadening due to the strain) and the Lorentzian part (influence of the
crystallite size) [6,39,41] Mathematically, this relationship can be expressed in the reciprocal space as:

cos6 1 2sinf
ﬁA ID—V+2€( ST ) (11)

In this sense, from the graph of the (Bcos6) versus (2sinf/ 1), it is possible to obtain the microstrain
and the domain size with the values of slope and intercepts, respectively.

The Williamson-Hall plot is described in Figure 4a. In this case, the crystallite size obtained by the
pseudo-Voigt method was 17.47 nm. In order to corroborate this value, Table 1 describes the parameter
involved in the Williamson-Hall plot analysis. The profile function employed in the calculations was
the pseudo-Voigt model. However, the values of the Gauss and the Lorentz parts were compared and
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are shown in Figure 4b,c, respectively. In all cases of the profile-fitting analysis of XRD peaks, similar
values of crystallite size were obtained.
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Figure 4. Williamson-Hall plot of the Fe304 NPs synthesized by Cnicus benedictus calculated by the (a)
Pseudo-Voigt, (b) Lorentz and (c) Gauss functions.

Table 2 shows the values of the crystallite size and strain calculated for the sample. The calculations
performed based on the FWHM of each intensity show a stable size and strain associated with the
sample. In this case, the crystallite size was 14 nm according to the size observed by SEM. It is important
to note that the pseudo-Voigt method is a functional and highly accurate method for calculating the
crystallite size from the XRD patterns; due to this method, it is a combination of the Lorentz and the
Gauss method for fit peak profiles, which makes it an excellent tool for XRD pattern processing [38].

Table 2. Crystallite size and strain calculated from pseudo-Voigt, Lorentz, and Gauss methods.

Profile Function  Profile Broadening Size (nm) Strain (%)
Pseudo-Voisgt FWHM 14.45 + 6.27 0.289 +0.145
& Integral breadth 18.10 + 4.32 0.1624 + 0.192
L tzi FWHM 18.04 £2.11 0.0640 + 0.017
orentzian Integral breadth ~ 22.11+4.98  0.032 +0.016

G . FWHM 13.89 +3.32 0.09 + 0.181
aussian Integral breadth 1770 +5.78  0.012 +0.154

3.4. Raman Spectroscopy

In order to elucidate the oxidative phases obtained from the green synthesis of the nanoparticles,
a Raman analysis is presented in Figure 5. In this figure, it is possible to identify three phases associated
with the iron oxide. The main phase identified was magnetite with an approximate value of 45.5%,
and the second phase was hematite (39.81%), and the minority phase was maghemite (Table 3).
These results can be attributed to the facile oxidation of the NPs due to the interaction with the medium.
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However, it is important to mention that the XRD analysis supported the formation of Fe3Oy as the
main phase. However, the reduction of the Fe ions by Cnicus benedictus was carried out as a result of
the synthesis of Fe;Oy. It has been reported that the presence of antioxidants in some organic extracts
promotes Fe ions reduction [42]. Specifically, the Cnicus benedictus extract offers a green alternative to
obtain Fe;O4 NPs.

o
H Experimental data <
Sum Peaks g
e Magnetite
Hematite ¥
Maghemite 3

Raman Intensity (a.u.)

Raman Shifth (cm™)

Figure 5. Deconvolution analysis of the Raman spectra of Fe3O4 NPs.

Table 3. Deconvolution of Raman spectra for the quantification of iron oxide phases obtained by green
synthesis route.

Phase Center Max  Phonon Modes  Max Height FWHM Area % Phase
337.223 Tog 205.855 454.371 1145.410 8.82417337
467.565 Tog 649.779 100.823 470.199 3.6223863
Magnetite 490.854 Tog 169.265 389.238 845.322 6.51231252
561.327 Tog 868.329 127.992 818.774 6.30778824
665.161 Aqg 350.471 524.393 2627.970 20.2457311
45.5123916
224171 Aqg 193.966 615.686 908.971 7.00266079
287.060 Eg 434.132 275.124 1047.700 8.0714211
Hematite 392.236 Eg 266.167 444.447 1656.890 12.7645861
617.429 Eg 169.405 38.060 1554.730 11.9775513
39.8162194
Maghemite 715.584 Aqg 285.457 43.956 1904.400 14.6713891

Table 3 describes the location of the main intensities observed in the Raman spectra of the Fe3O4
NPs synthesized by environmentally friendly methodology. Moreover, the phonon modes attributed
to each intensity are shown in Table 3. These values are supported by previous studies reported in the
literature [43—45]. This result is conclusive in respect to the iron oxide obtained by the green synthesis
method, although with Cnicus benedictus, we can affirm that it is possible to obtain Fe304 NPs in the
majority phase and consequently evaluate the magnetic and the catalytic properties of the magnetite.

3.5. Analysis of Magnetic Properties of the Fe304 Obtained by Green Route

Figure 6 shows the hysteresis curve or the magnetization curve of the Fe304 NPs. In this figure,
we can observe an approximately superparamagnetic behavior [38,46,47] The saturation magnetization
(Ms) value was 43.85 emu/g, while the coercivity field (Hc) of the sample was 143.75 Oe. Both values
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were consistent with the typical values reported in the literature for superparamagnetic materials [48,49].
In this sense, it was possible to affirm that the sample of Fe;O4 NPs effectively had a superparamagnetic
behavior and, consequently, their potentials application in optoelectronics or biomedicine, among
others, is notable. In other words, the green synthesis of Fe304 NPs by Cnicus benedictus offers an
environmentally friendly alternative for obtaining magnetic nanoparticles.
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Figure 6. Magnetic hysteresis loop of the Fe304 NPs at room temperature.

3.6. Photocatalytic Effect: Congo Red (CR) Degradation

In order to evaluate the photocatalytic behavior of the Fe304 NPs, a CR degradation process was
conducted. Figure 7a shows the Uv-vis spectra associated with the CR Fe304 NPs and the CR Fe3zO4
samples at an initial time (t = 0). In this figure, the characteristic peak associated with the CR was
observed at 500 nm in the samples of CR and Fe3O4/CR. Figure 7b illustrates the CR degradation
process, in which it was possible to observe the CR degradation in a reaction time of 36 min. This fact
indicated that the CR degradation by Fe304 NPs was possible due to the reactivity of the nanoparticles
obtained by green synthesis route.

——Fe,0,RC
—RC
—Fe0, A

Absorbance(a.u.)
Absorbance (a.u.)

300 400 500 600
Wavelength (cm™)
(a) (b)

Figure 7. Uv-vis spectra of the (a) Fe304 NPs, the Fe304 NPs-CR, and the CR (40 mgL_l) and (b) Congo
red photodegradation by Fe;O4 NPs synthesized using Cnicus benedictus.
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In general form, this behavior can be explained as a combination of oxidation and reduction
processes in which the surface of the Fe304 NPs is a substrate where the CR molecules are absorbed.
Subsequently, the nanoparticles act as active sites for the electron interactions between the organic
dyes and the Fe3O4 NPs. The photocatalytic mechanism for organic dyes degradation involves the dye
excitation under visible light with wavelength (A > 400nm) from the ground state (Dye0) to the triplet
excited state (Dye *). During this procedure, the excited state dye species generates a semi-oxidized
radial cation (Dyee+) by an electron injection into the conduction band of Fe;O4. A derivate to the
reaction between the trapped electrons and the dissolved oxygen in the system with superoxide radical
anions (O2 e—) are generated [50,51]. Consequently, this superoxide radicals anion results in hydroxyl
radicals (OHe) formation [52-54], which are responsible for the oxidation and the degradation of the
organic dye compound present in the CR (Figure 8).

i ——— Oxidation products
Dye 4
semi-oxidized radial cation ’
|

Dye* (HOMO) RN} L A B \  Photo reduction |

o

1 ——

m Congo red (4.
2 —_t

DNV ON [--------- — : th
A
H,0/-OH

Figure 8. Schematic representation of dye photodegradation process.

3 —4—

On the other hand, the adsorption rate and the equilibrium concentration at which CR is degraded
can be described in detail by theoretical adsorption models.

3.7. Theoretical Adsorption Kinetic Models

In order to describe the adsorption kinetic behavior of the Fe304 NPs, four theoretical models
were analyzed with respect to the experimental data obtained from the photodegradation of the
CR by Fe3sO4 NPs. Pseudo-first order, Pseudo-second order, Elovich, and Intraparticle diffusion
models were employed to describe and calculate the kinetics adsorption parameters of the organic dye.
The equations that govern these models are described in Table 4, and which have been described in
several reports [6,35,42,55].

Table 4. Theoretical adsorption models employed for the photodegradation of the CR by Fe;O4 NPs.

Theoretical Model Equation
: d
Pseudo first order d_'Z = K1(qe —qt)
d 2
Pseudo second order d_‘z =K(qe —q1)

Elovich % = qe P

Intraparticle diffusion g =k VE+ G
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Figure 9a—d show the graphs associated with theoretical kinetic adsorption models. The correlation
values existent between the experimental data and the theoretical model are described in Table 3.
In this table, it is possible to observe that the intraparticle diffusion model exhibited the highest
correlation value R2, (0.9557). Based on this result, we could affirm that the CR degradation process
was carried out in addition to the intraparticle diffusion process. From the physic-chemical point
of view, the intraparticle diffusion model was described by tree steps. Firstly, an instantaneous
adsorption was detected because the concentration in the external solution was sufficiently high.
Then, a gradual adoption was observed during the CR degradation process. The time associated with
this step depended on the system variables such as temperature, absorbent particle size, and solute
concentration [56-59]. Finally, the organic molecules that degraded exhibited a slow adsorption rate
until the final equilibrium. Therefore, the intraparticle diffusion model can describe the CR degradation
process and the solute concentration, and the particle size of the Fe3O4 NPs takes a preponderant role
in the CR degradation rate.
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Figure 9. Experimental and theoretical kinetic adsorption models: (a) Pseudo-first order, (b) Pseudo-second
order, (c) Elovich, and (d) Intraparticle diffusion models.

3.8. Antibacterial Effect

In order to evaluate the antibacterial effect of the Fe304 NPs obtained by green route, the inhibition
zones in E. coli and S. aureus bacteria strains were measured. Figure 10a displays the inhibition zones
presented by the Fe3O04 NPs at different Fe;O4 NPs concentrations. In this plot, the antibacterial effect
was major in the case of the E. Coli bacteria in comparison to the S. aureus strain. Moreover, the differences
between the variances of inhibition zones were determined by an ANOVA analysis. In this process,
the p-value corresponding to the F-statistic was lower than 0.05 (p < 0.05), this value suggesting that
one or more treatment was significantly different. It was possible to affirm that the Fe3O4 NPs obtained
by Cnicus Bendictus had an antibacterial effect due to the box-plot of the ANOVA analysis (Figure 10b)



Processes 2020, 8, 946 12 0f 17

showing significant differences in relation to the control sample. In this case, C1 was associated
with the disk control, and the samples labeled as C2 (5 mM), C3 (10 mM), C4 (15 mM), C5 (20 mM),
and C6 (25 mM) corresponded to the Fe3O4 NPs concentrations. On the other hand, post hoc Tukey HSD
test could be employed to identify which pairs of treatments were significantly different from each other.
Figure 10c illustrates graphically the Tukey test and the pairs of treatments with significant differences
(inset Figure 10c). Through these results, the bactericidal effect of nanoparticles could be statistically
corroborated. It was verified that this effect is related to the capacity of the particles to interact with
the bacterial membrane, generating structural and physiological changes in the microorganism and
generating its elimination. It has been reported that the Fe304 NPs exhibit remarkable reactivity
with phosphorus and sulfur compounds, which are present in the proteins of the cell membrane in
the bacteria [60,61]. In others words, the electronegative groups of polysaccharides on the bacterial
membrane can act as sites of attraction for Fe304 NPs and iron cations. This fact generates alterations
in the structure and the permeability of the cell membrane due to the excess of metals or metallic
ions that promote a disorder in metabolic functions [62] In this sense, the difference between the
antibacterial effects presented by E. coli and S. aureus can be attributed to the structural differences
associated with Gram-positive and Gram-negative bacteria and their cell membranes. In the case of
the S. Aureus, the cell membrane was smooth and single-layered and the thickness of the cell wall was
20-80 nanometers, while the E. Coli bacteria had a wavy and double-layered cell wall, but the thickness
of the cell wall was minor in comparison with the Gram-positive bacteria. In this sense, the major
antibacterial effect observed in the E. coli bacteria could be explained as a function of their cellular
structure and cell wall morphology [25].

\
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Figure 10. (a) Bar graphs of the diameter of the inhibition zone measured from the bacterial susceptibility,
(b) box-plot of antibacterial activity of Fe30, against S. aureus and E. coli bacteria. (c) Scatter plot of
Tukey comparison by pairs.
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Finally, based on the experimental data corresponding to antibacterial behavior of the Fe3O4 NPs,
it could be modeled mathematically. Starting with graph 11(a), which describes the antibacterial
response of E. Coli and S. Aureus bacteria to the Fe304 NPs, it was possible to associate this behavior
with the sigmoid dose-response curve model fit, which is described by the following equation:

A1 —Ay

= A —_—————————
Y 1t 1 + 10Uogxo—x)p

(12)

Figure 11b models graphically the antibacterial response of the S. aureus bacteria to the Fe;Oy
NPs synthesized by Cnicus benedictus and their corresponding parameters. It is important to note that
the correlation factor R% was 0.98, Thus, the dose response fitting could describe, with high precision,
the experimental bactericidal behavior of the S. aureus.
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Figure 11. Antibacterial curve fitting (a) comparison between E. coli and S. aureus
(dose response model) and (c) E. Coli behavior (two sites competition model).

. (b) S. aureus behavior

On the other hand, the bactericidal effect of the Fe3O, NPs against E. coli also was modeled
mathematically. However, the best fit of the experimental data associated with the Gram-negative
bacteria (E. coli) was fit to the two sites competition model, which is described by:

A1 —Ap

A1 —-Ay(1-f)

y=4A+

1+ 10(—logxor) 1 4 10(x—logxoz

)

(13)
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In this case, the R2 value was 0.998, and the associated parameters are inset in the Figure 11c.
Consequently, by the two sites, the competition model could describe the bactericidal behavior of the
Fe304 NPs against E. Coli bacteria. This fact indicated that the two site competition models attributed
to the antibacterial effect against E. coli were more complex in comparison to the S. aureus behavior.
However, this effect was significantly notable. This fact supports the discussion in regard to the
characteristics of the Gram-positive and the Gram-negative bacteria described previously; the thickness
of the cell wall of the bacteria has a preponderant role in the antibacterial behavior.

In conclusive form, it was possible to affirm that the Gram-negative bacteria (E. Coli) was more
susceptible to the interaction with the Fe304 NPs, which exhibited high specific surface area, promoting
better contact with the microorganisms; consequently, the Fe;O4 NPs could be attached to the cell
membrane and penetrate inside the bacteria.

4. Conclusions

The green synthesis by Cnicus benedictus as a reducing agent offers an environmental friendly
alternative to obtaining Fe3O4 NPs. The organic compounds present in the Cnicus benedictus extract
have the capacity to carry out the iron ions reduction and, consequently, the Fe3O4 NPs formation in the
majority phase. Iron oxides such as hematite and maghemite were also observed in our study. However,
the mentioned iron oxide appeared in the minor phase due to the great reactivity of the iron oxides
with the aqueous media promoting the facile oxidation of the iron oxide species. On the other hand,
the obtained Fe3O4 NPs showed a very similar behavior to the superparamagnetic materials. This fact
indicated that the nanoparticles synthesized can be evaluated for potential application in the magnetism
materials field, among others. Additionally, this research was focused on environmental remediation
applications, specifically in the Congo red photodegradation. Conclusively, it was observed that
the Fe3sO4 NPs are capable of carrying out the photodegradation of the organic dye (CR). Finally,
it was possible to affirm that the Fe30, NPs synthesized by green route offer a facile, low cost,
non-toxic, and environmental friendly alternative to obtaining functional Fe304 NPs with proven
magnetic and catalytic properties. Additionally, it was possible to affirm that the Fe3O4 NPs exhibited
an antibacterial effect. However, the Gram-negative bacteria (S. aureus) was more susceptible to the
interaction with the Fe3O4 NPs, which exhibited high specific surface area, promoting better contact
with the microorganisms and, consequently, the Fe3O4 NPs could be attached to the cell membrane
and penetrate inside the bacteria.
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