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as a green method to enhance
the dielectric behaviour, magnetization,
antibacterial activity and dye removal capacity of
Co–Fe LDH nanosheets

Rafat M. Amin, *a Mohamed Taha, b S. A. Abdel Moaty,c Fatma I. Abo El-Ela,d

Hossam F. Nassar,e Yasser GadelHak b and Rehab K. Mahmoudce

Nowadays, improving the physico-chemical properties of nanomaterials to enhance their performance

towards various applications is urgent. Accordingly, gamma irradiation (GI) has evolved and attracted

wide attention as a promising green technique to meet this need. In the current study, a Co–Fe LDH was

used as a model 2D nanomaterial and was irradiated by GI (dose ¼ 100 kGy). The sample was

characterized via XRD, FTIR, FESEM, HRTEM, hydrodynamic size, zeta potential, and BET surface area

measurements. The results showed that after irradiation, the surface area of the sample increased from

83 to 89 m2 g�1. Moreover, irradiation increased its dielectric constant, dielectric loss and AC

conductivity. In addition, the sample showed superparamagnetic behavior, where its saturation

magnetization increased from 1.28 to 52.04 emu g�1 after irradiation. Furthermore, the adsorption

capacity of the irradiated LDH towards malachite green (MG) and methylene blue (MB) as model

wastewater pollutants was also studied. The exposure of LDH to GI enhanced its adsorption capacity for

MG from 44.73 to 54.43 mg g�1. The Langmuir–Freundlich, Sips, and Baudu models were well suited for

both MG and MB adsorption among the six fitted isotherm models. The pseudo-first and second order

models fit the adsorption kinetics better than the intraparticle diffusion model for both dyes. The

interaction of MB and MG with the LDH surface was further investigated in dry and aqueous solution

using Grand canonical Monte Carlo and molecular dynamics simulations. These two techniques provided

insight into the adsorption mechanism, which is vital to understand the adsorption process by the LDH

nanosheets and their possible use in practical applications. Moreover, the Co–Fe LDH showed good

antibacterial activity against both Gram-positive and Gram-negative bacteria strains. Furthermore, due to

its magnetic property, the Co–Fe LDH could be simply recovered from water by magnetic separation at

a low magnetic field after the adsorption process.
1. Introduction

Nowadays, natural and synthetic dyes are extensively used by
numerous industries such as the plastic, textile, paper, paint,
and rubber industries. Dyes are ionic organic chemicals that
bind with materials to give colour, which is due to the presence
of a chromophore group. Dyes are discarded by manufacturing
factories in industrial wastewater streams, which have a serious
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impact on the environment if not treated. Generally, dyes are
non-biodegradable compounds that can affect the photosyn-
thesis process in aquatic systems by preventing the penetration
of sunlight.1 Moreover, and during the chlorination process,
dyes may reduce the solubility of gases in water, which
enhances the production of the carcinogenic tri-halo methane
compounds.

As two common models of extensively used industrial dyes,
this study focused on two basic dyes, methylene blue (MB) and
malachite green (MG) (Fig. 1). MB is an aniline dye with a crys-
talline solid structure and dark green colour,2 which has
a variety of biological uses, while MG is an N-methylated dia-
mino triphenyl methane dye that has a green crystalline struc-
ture with a metallic luster. MG is also a water soluble dye and
has effective biocidal activity in the aquaculture industry.
Moreover, MG dye has highly toxic effects on mammals, aquatic
organisms and humans. The presence of MB and MG dyes in
This journal is © The Royal Society of Chemistry 2019
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water supply systems has serious impacts on the environment
and human health under the inuence of some factors such as
the temperature, time of exposure and dye concentration.3

Therefore, the removal of both dyes fromwastewater is essential
for environmental protection.

Several techniques have been adopted for dye removal from
wastewater streams, such as coagulation, adsorption, occula-
tion, membrane separation and photo-catalytic-based
processes. Among them, adsorption has shown supreme effi-
ciency for dye removal from aqueous solutions. Besides, nano-
adsorbents are highly effective and characterized by their low
cost, energy efficiency, easy operation and commercial avail-
ability. Recently, layered double hydroxides (LDHs) have been
investigated as a promising 2D nano-adsorbent for dye removal
from aqueous solution. In this study, Co–Fe LDH, as a magnetic
model LDH, was prepared for use as a layered nano-adsorbent
for the adsorption of MB and MG dyes from aqueous solu-
tions due to its advantage of easy recovery, which is considered
the key parameter for its application. To meet the requirements
in real-life applications, enhanced nano-adsorbents with supe-
rior properties are necessary. Several techniques have been
applied to enhance the properties of 2D nanomaterials, LDH in
particular, including exfoliation, size reduction and compos-
iting with other materials. However, these techniques require
extensive and complicated synthetic procedures, the use of toxic
and expensive chemicals and are time consuming.

Recently, irradiating nanomaterials with gamma radiation (GI)
has emerged as a new green technique aimed at changing the
properties and possibly the structure of materials. The interaction
of radiant energy with materials, especially (GI), is an important
eld of research from both theoretical and practical viewpoints.
When energized irradiation acts on a material, its electrical
properties may be altered and new electrical phenomena may be
observed.4 Thus, the interaction of GI (high energetic radiation)
with materials can produce temporary or permanent changes. It
can create structural defects, which in turn produce changes in
electrical and magnetic properties.5 GI can produce various types
of defects such as point defects, clusters, and atoms ionization.
Thus, absorbing a large amount of gamma radiationmay alter the
structural properties of materials.6–8

The present study was carried out in an attempt to (i) gain
insights into the effect of ionizing radiation on the structural,
dielectric, and magnetic properties on Co–Fe LDH, and to
understand the interaction mechanism of ionizing radiation
Fig. 1 Structures of (a) malachite green and (b) methylene blue.

This journal is © The Royal Society of Chemistry 2019
with Co–Fe LDH. (ii) Study the removal efficiency of MB andMG
dyes from aqueous solutions using the Co–Fe LDH under
various experimental conditions. The adsorption mechanism of
MB and MG by the LDH was investigated via Monte Carlo (MC)
and molecular dynamics (MD) simulations. The effect of the
antibacterial activity of the LDH before and aer irradiation was
also determined, as illustrated in Scheme 1.
2. Experimental
2.1. Chemicals

Iron nitrate [Fe(NO3)3$9H2O] was purchased from SDFCL, India.
Cobalt nitrate [Co (NO3)2$4H2O] was supplied by Oxford Labo-
ratory Reagent, India. Sodium hydroxide and hydrochloric acid
were purchased from Piochem for Laboratory Chemicals, Egypt.
Methylene blue (C16H18N3SCl$3H2O) and malachite green
(C23H25N2Cl) were obtained from E. Merck, India and used as
received without further purication. All used chemicals were of
analytical reagent grade and were used as received without
further purication while all solutions were prepared using bi-
distilled water.
2.2. Preparation of Co–Fe layered double hydroxide

The Co–Fe–NO3 LDH was prepared by mixing cobalt nitrate and
iron nitrate solutions (3 : 1 molar ratio)9 with 8 M NaOH solu-
tion. The resulting product was inserted into a ball milling
vessel (Photon, Egypt) for 10 h at 200 rpm. Aer ball milling, the
dark brown precipitate was separated by ltration and washed
with bi-distilled water several times. Finally, the obtained
precipitate was dried at 80 � 0.5 �C for 24 h.
2.3 Gamma irradiation

The powder was then pressed into a cylindrical shape (discs).
The samples were placed in polyethylene sachets, where irra-
diation was carried out using a 60Co gamma source with 1.332
and 1.173 MeV energies at a dose rate of 7.5 kGy h�1. The
irradiation process was carried out at the Atomic Energy
Authority, Egypt and the samples were irradiated with a 100 kGy
dose using energetic gamma radiation.
2.4 Electric and magnetic properties measurements

The samples were polished to obtain discs with two parallel and
uniform surfaces. Next, the surfaces of the samples were
RSC Adv., 2019, 9, 32544–32561 | 32545
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Scheme 1 Application of Co–Fe LDH before and after irradiation in MG and MB adsorption, and its antibacterial activity.

Fig. 2 XRD patterns of the prepared Co–Fe LDH (a) before irradiation
and (b) after irradiation, (c) Co–Fe LDH after MG adsorption and (d)
Co–Fe LDH after MB adsorption.
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covered with silver paste, acting as contact materials for the
electrical measurements.

The real part of the dielectric constant (30) was calculated
using the following equation:

3
0 ¼ Cd

30A

where C (F) and d (cm) are the capacitance and thickness of the
samples, respectively. 30 (F cm�1) is the permittivity of free
space and A (cm2) is the sample area. On the other hand, the
dielectric loss 300 is given by 300 ¼ 30 tan d, where the loss tangent
tan d ¼ 1/2pRfC, R (ohm) is the sample resistance and f is the
frequency. In addition, the ac conductivity s (ohm�1 cm�1) was
calculated from the relation s ¼ u30030 such that u ¼ 2pf.

Dielectric and electrical measurements were carried out at
the room temperature using a U2826 programmable automatic
RCL (EUCOL) meter. The variation in magnetization according
to the magnetizing eld was measured in the range of �20 kOe
to +20 kOe at room temperature using a vibrating sample
magnetometer (7410-LakeShore, USA).
2.5. Characterization

X-ray diffractograms were obtained using a PANalytical (Empy-
rean) X-ray diffractometer employing Cu Ka radiation (wave-
length 0.154 cm�1) at an accelerating voltage 40 kV and current
of 35 mA, in the 2q range of 20� to 70� at a scan step of 0.02�. FT-
IR spectra were recorded with a Bruker (Vertex 70 FTIR-FT
Raman) spectrometer. The microstructures of the adsorbents
were examined by high-resolution transmission electron
microscopy (HRTEM, JEOL-JEM 2100), and their morphologies
were characterized using eld-emission scanning electron
microscopy (FESEM). The BET specic surface area, specic
pore volume, and pore sizes of the adsorbent materials were
determined by N2 adsorption isotherms using an automatic
This journal is © The Royal Society of Chemistry 2019
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surface analyzer (TriStar II 3020, Micromeritics, USA). Hydro-
dynamic particle sizes and zeta potentials were determined on
a Malvern zeta sizer instrument (Malvern Instruments Ltd).
2.6. Dye adsorption study

Batch adsorption experiments were conducted by adding
known amounts of Co–Fe LDH powder to a series of 250 mL of
Erlenmeyer asks containing 50 mL of MG and MB solutions
with various initial concentrations (10–150 mg L�1). Subse-
quently, the vessels were agitated using a shaker at 120 rpm at
room temperature until equilibrium was reached, and then
5 mL of suspension was withdrawn, and the adsorbent was
removed by ltration. The equilibrium concentrations of the
dyes in the solutions were measured at 665 nm for methylene
blue and 615 nm for malachite green using a UV-visible spec-
trophotometer. The pH of the solution was adjusted with 0.1 N
HCl.

The amount of dye adsorbed on the Co–Fe LDH nanosheets
was calculated based on the following mass balance equation:

qe ¼ V ðCo � CeÞ
m

where qe is the adsorption capacity (mg dye adsorbed on the
mass unit of Co–Fe LDH, mg g�1); V is the volume of the dye
solution (L); C0 and Ce (mg L�1) are initial and equilibrium
dye concentrations, respectively; and m (g) is the mass of dry
Fig. 3 (a) FESEM image of the Co–Fe LDH before irradiation, (b) and (c)
Co–Fe LDH after irradiation and (e and f) HR-TEM images of Co–Fe LD

This journal is © The Royal Society of Chemistry 2019
Co–Fe LDH added. The equilibrium relationship between the
quantity of adsorbate per unit of adsorbent (qe) and its
equilibrium solution concentration (Ce) at a constant
temperature is known as the adsorption isotherm. Several
isotherm models have been developed for evaluating the
equilibrium adsorption of compounds from solutions.
Moreover, the kinetics of dye adsorption was investigated
using the pseudo-rst order, pseudo-second order and intra-
particle models.10,11
2.7. Computational details

All calculations in this work were computed using the Materials
Studio (BIOVIA, 2017) package, and the overall quality was set to
ne. The crystal structure of Co–Fe LDH was similar to the
hydrotalcite structure [Mg3Al(OH)8], where Mg2+ and Al3+ cations
were replaced with Co2+ and Fe3+, respectively. Two layers with
the formula [Co6Fe2(OH)16]2NO3$2H2O were constructed
according to the idealized structure that represents 3 (Co2+/Fe3+)
molar ratios.12 The LDH crystal structure was optimized via
density functional theory (DFT) with the DNP basis set. The
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional was applied. MB, MG, and
water molecules were also optimized at the same level of theory.
The effective core potential was applied for the treatment of the
core electrons of the LDH, while all electrons were used for dyes
HR-TEM images of Co–Fe LDH before irradiation, (d) FESEM image of
H after irradiation.

RSC Adv., 2019, 9, 32544–32561 | 32547
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and water. The DFT calculations were carried out using the
DMol3 code.13,14 A vacuum slab with a thickness of 15 �A was
constructed on the Co–Fe-LDH surface, and the top layer was re-
optimized by the same level of theory. Next, a supercell with (30.8
� 32.3 � 45.8) �A lattice parameters was built and used in the
Grand CanonicalMonte-Carlo (GCMC) simulation andmolecular
dynamics (MD) simulations. The atomic charges of the LDH,
dyes and water obtained from the DFT calculations were used in
the GCMC andMD simulations. The GCMC andMD simulations
were computed by the Absorption and FORCITE modules,
respectively. Four systems were simulated: (1) 10 MBmolecules +
10 Cl� + LDH surface; (2) 10 MG molecules + 10 Cl� + LDH
surface; (3) 10 MB molecules +10 Cl� + LDH surface + 1376 water
molecules; and (4) 10 MG molecules + 10 Cl� + LDH surface +
1321 water molecules. The rst two systems were prepared via
MC simulation using the Absorption module, which located ten
dye molecules on the LDH surface based on the lowest energy
dye-LDH conguration. These two systems were followed by MD
simulation for 20 ns. Next, both simulation boxes were lled with
water molecules (systems 2 and 3) and simulated with MD for 20
ns. In the MC and MD simulations, the dye and water molecules
were optimized by the COMPASSII force eld.15 The van der
Waals and electrostatic forces were treated with the atom-based
summation method and the Ewald method, respectively. The
cubic boxes were simulated with the NVT ensemble at 298.0 K
controlled with the Nose thermostat. The time step was set to 1 fs.
Fig. 4 FT-IR spectra of Co–Fe LDH (a) before irradiation and (b) after
irradiation; (c) Co–Fe LDH after MG adsorption; and (d) Co–Fe LDH
after MB adsorption.
2.8. Isolation and identication of bacterial pathogens

2.8.1. Isolation of bacterial pathogens. E. coli was grown on
its selective MacConkey agar media (Oxoid; CM 0115) and Eosin
methylene blue agar (EMB; Oxoid; CM 69) plates, whereas the
other strains (Staphylococcus and Streptococcus) were grown on
agar plates (Gram stain and colony morphology). The plates
were incubated at 37 �C for 48 h and the bacterial growth was
observed for all of the isolates.16

2.8.2. Biochemical and serological identication of bacte-
rial pathogens. The standard (Biomerieux, Marcy L'etoil,
France) API kit was used for both physiological and
biochemical identication of the Gram-positive/negative
bacterial isolates.

2.8.3. Bacterial strains and culture conditions. For the
antibacterial studies, the Gram-positive St. coccus, S. aureus
and Gram-negative E. coli and P. Aeruginosa, which are four
microbial agents of multiple infective diseases in humans and
animals, were chosen as the target organisms for this inves-
tigation. E. coli (ATCC 25922), S. aureus (ATCC 25913), St.
coccus (ATCC 49619), and P. aeruginosa (ATCC 27853) were
purchased from Cairo Microbiology Research Center besides
two different strains of fungi species (Aspergillus occulosus
and Aspergillus nigricans). All tubes were sterilized in an
autoclave before the experiments. Muller Hinton broth was
used to culture E. coli, S. aureus, St. coccus and P. aeruginosa at
37 �C for 24 h in an incubator. The liquid cultures were nally
diluted to obtain the bacterial cell concentration of approxi-
mately 107 colony forming units (CFU) per ml for the following
antibacterial test.
32548 | RSC Adv., 2019, 9, 32544–32561
2.9 Antibacterial measurements

2.9.1 Determination of minimum inhibition concentration
(MIC). Using the broth dilution method according to Clinical
Laboratory Standards Institute (CLSI) (4), the MIC can be
dened as the lowest concentration that completely inhibits the
growth of microorganisms for 24 h. Bacterial strains were grown
overnight on MHA plates at 37 �C before being used. The anti-
microbial activity of Co–Fe LDH was examined using the stan-
dard broth dilution method.17 For each sample, different
concentrations were diluted with Muller Hinton broth to give
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Hydrodynamic particle size distribution of the Co–Fe LDH (a)
before irradiation and (b) after irradiation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 2
:3

1:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a nal concentration ranging from (1000 mg mL�1–6.25 mg
mL�1). In the presence of both positive and negative control
tubes, the bacterial isolate was sub-cultured on Muller Hinton
Agar (M. H. A) and incubated at 37 �C for 24 h.18 The colony from
Fig. 6 (a) and (b) Zeta potential of Co–Fe LDH nanoparticles before and
before and after irradiation, respectively.

This journal is © The Royal Society of Chemistry 2019
the tested microorganisms was suspended in 5 mL saline then
the suspension was adjusted to 0.5 McFarland standards to
yield the organism suspension of 1 � 108 CFU mL�1. The
bacterial suspension was diluted with saline to obtain 107 CFU
mL�1. All tubes were incubated at 37 �C for 24 h. Results were
recorded in terms of MIC, which is dened as the lowest
concentration of antimicrobial agent causing almost complete
inhibition of growth or giving no visible growth.

2.9.2 Minimal bactericidal concentration (MBC). Aer MIC
determination of the tested nanosheets, aliquots of 100 mL were
withdrawn from all the tubes where no visually observable
bacterial growth was observed and seeded in MHA plates, then
incubated for 24 h at 37 �C. The MBC endpoint is dened as the
minimum concentration of antimicrobial agent that kills all the
initial bacterial population. The number of plates without
colonies was noted.16

2.9.3 Evaluation of antibacterial activity. The MIC of Co–
Fe–NO3 LDH was measured via a broth dilution test under dark
conditions. The tubes were incubated on a rotary platform at
37 �C for 48 h. The visual turbidity of the tubes was noted before
and aer incubation. The MIC was dened as the endpoint
where no observed turbidity could be detected.

2.9.4 Antibacterial sensitivity using agar well diffusion
method. Each of the tested nanomaterials was prepared to give
a nal stock concentration of 10 mg mL�1. Subsequently, this
after irradiation and (c) and (d) N2 sorption isotherms of Co–Fe LDH

RSC Adv., 2019, 9, 32544–32561 | 32549
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Table 1 Surface area measurement results for Co–Fe LDH before and after irradiation

Co–Fe
LDH before irradiation

Co–Fe
LDH aer irradiation

Surface area (m2 g�1) 83 89
Total pore volume (cm3 g�1) 0.159 0.107
Average pore diameter (nm) 6.6 4.7
Micro pore volume (cm3 g�1) 0.005 0.001
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stock solution was used to prepare different diluted concen-
trations of each material in distilled water. The antibacterial
activity of Co–Fe–NO3 was measured using the agar well diffu-
sion method in the presence of 92.9% Dioxacin as a standard
reference drug to E. coli and Tylvalosin to S. aureus. The agar
diffusionmethod is one of the formal techniques used, in which
the tested samples were spread on an agar layer in a Petri-dish.
The growth of the tested microorganisms was limited to
a circular zone around the pores containing the tested nano-
sheets. The antimicrobial effects were determined and
measured as a diameter zone in millimeters using a caliber. The
experimental procedure was as follows. The bacterial strains
were suspended in saline solution (1.5 � 108 viable organism
per mL), and the population of the investigated pathogen was
matched to McFarland tube no. 0.5 (1.5 � 108 colony forming
units, CFU mL�1).
3. Results and discussion
3.1. Characterization of Co–Fe LDH before and aer
irradiation

Fig. 2a shows the X-ray diffraction (XRD) patterns of the Co–Fe
LDH. The diffraction peaks appeared at 11.64�, 23.4�, 18.3�,
33.2�, 36.6�, 38.7�, 46.2�, 59.05�, and 63.35�, which correspond
Fig. 7 Frequency dependence of the (a) real dielectric constant and (b)

32550 | RSC Adv., 2019, 9, 32544–32561
to the (003), (006), (111), (101), (104), (015), (018), (110) and
(1013) planes, respectively, according to JCPDS card no. 00-050-
0235. The (003) basal plane spacing was determined to be 7.5�A.
The peak corresponding to the (110) plane signies the regular
arrangement of the metal ions in the Co–Fe LDH and the
formation of plates, as shown in Fig. 3a–c.19 The XRD pattern for
the irradiated Co–Fe LDH is shown in Fig. 2b, in which some
peaks disappeared, such as (101), (110) and (1013), due to the
agglomeration of the LDH particles, as shown in Fig. 3d–f. The
higher intensities of the peaks at (003), (111), (006), (104), (015)
and (018) can be attributed to the increase in OH� aer irra-
diation. The higher intensities of the peaks indicate the
improvement in the crystallinity of the irradiated LDH. This
suggests that Co–Fe LDH had had higher crystallinity aer
irradiation. The HRTEM image shows ne striped layers,
indicative of a layered structure aer irradiation with a lattice
spacing 0.44 nm, as illustrated in Fig. 3f compared to Fig. 3c.
The average crystallite size increased from 12.7 nm before
irradiation to 14.3 nm aer irradiation, whereas the basal plane
d-spacing did not show a signicant change (7.7 �A to 7.8 �A).

The FT-IR spectrum of the Co–Fe LDH are shown in Fig. 4a.
The peaks at 3390 and 1637 cm�1 are ascribed to the OH-
stretching vibration and bending respectively. The peak
located at 1350 cm�1 can be attributed to the n3 stretching
dielectric loss.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Variation in the electrical conductivity with respect to the
frequency before and after irradiation.
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vibration of the NO3 groups in the LDH interlayer. The peaks at
approximately 674, 598 and 459 cm�1 originate from the metal–
oxygen bond M-O vibration in the brucite-like and M–OH
bending vibrations (M ¼ Co or Fe).20 The FTIR spectrum of the
Co–Fe LDH aer irradiation is represented in Fig. 4b. Aer
irradiation, the intensity of all the peaks increased due to the
increase in OH� and the higher crystallinity of the sample.

In Fig. 5a, the hydrodynamic particle size shows three
distinct but broad peaks at around 104, 165 and 564 nm, where
aer radiation the hydrodynamic particle size demonstrated
much broader peaks at approximately 628 nm (Fig. 5b).

Zeta potential determination has important uses in the water
treatment eld. It is a measure of the magnitude of the charge
repulsion/attraction between particles in solution, and one of
the main factors known to affect stability. Also, it gives details
about the causes of dispersion or aggregation. Fig. 6a illustrates
that the zeta potential of the aqueous dispersion of the Co–Fe
LDH was �15.6 mV at pH 7.0. This value was negative, as
Fig. 9 Magnetization M–H curves of the Co–Fe LDH (a) before and (b)

This journal is © The Royal Society of Chemistry 2019
expected for an LDH around neutral pH.9 Fig. 6b illustrates that
the zeta potential of an aqueous dispersion of the irradiated Co–
Fe LDH is 4.72 mV at pH 7.0. The results show that the positive
zeta potential of the irradiated Co–Fe LDH nanomaterial is
attributed to the extra stability of the particles aer exposure to
irradiation. The particle size distribution was determined aer
irradiation to be 628 nm. This increase in the particle size is due
to the occurrence of agglomeration aer the irradiation process.

The results from the surface area measurements of Co–Fe
LDH are presented in Fig. 6c and Table 1. The results revealed
that the BET surface area of the Co–Fe LDH was 83 m2 g�1 with
a total pore volume of 0.159 cm3 g�1. The pore diameter was
determined using the Barrett–Joyner–Halenda (BJH) analysis,
which was found to be 6.6 nm. The isotherms followed type H3,
revealing the presence of mesoporous structures. Furthermore,
the Co– Fe LDH sample had a slit-shaped pore network, which
was conrmed through the presence of H3-type hysteresis
loops.21 The pore size distribution of the Co–Fe LDH was rela-
tively broad (25–120 nm) with a maximum of 120 nm. The
surface area measurements of Co–Fe LDH aer irradiation
(Fig. 6d) showed that the its BET surface area increased to 89 m2

g�1, resulting in an increase in the amount of new active sites
and efficiency of Co–Fe LDH; however, its total pore volume,
average pore diameter and micropore volume decreased aer
irradiation. Its pore size distributions and the isotherm
hysteresis loop remained unchanged aer irradiation. Also, its
pore geometry was still a slit-shaped pore network, as illustrated
in Fig. 6c and d.

3.1.1. Dielectric properties. The variation in the dielectric
constant, 30, and the dielectric loss, 300, determined in the
frequency range of 50 Hz to 4 MHz at room temperature for Co–
Fe LDH before and aer irradiation is shown in Fig. 7a and b,
respectively. The general trends for the sample is that, 30 and 300

were found to initially decrease rapidly with an increase in
frequency, then it became almost frequency independent at
high frequencies both before and aer irradiation, i.e. the
dispersion was high in the low frequency region. This typical
behaviour was reported in ref. 22.
after radiation.

RSC Adv., 2019, 9, 32544–32561 | 32551
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Table 2 Magnetic data for Co–Fe LDH before and after irradiation

Sample Ms (emu g�1) Mr (emu g�1) Hc (Oe)

Irradiated 52.04 0.14643 11.029
Non-irradiated 1.28 15.462 � 10�3 117.45
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The observed behaviour with regard to the dielectric relaxa-
tion intensity can be explained based on space charge polari-
zation due to the homogeneous dielectric structure of the
samples.23 The electron hopping is favourable at a low applied
eld frequency. Thus, at low frequencies, the dielectric values
are large. Thus, by electronic exchange (Fe2+ and Fe3+ions), one
can obtain local displacements of electrons in the direction of
the applied electric eld, which determine the polarization of
the sample. The effect of polarization is to reduce the eld
inside the medium. When the applied frequency was increased,
the dielectric parameters 30 and 300 decreased since beyond
a certain frequency of the electric eld, the electronic exchange
between ferrous Fe2+ and ferric Fe3+ ions cannot follow the
alternating eld. Thus, the dielectric parameters 30 and 300 may
decrease substantially as the frequency increases. In addition, it
can be seen from Fig. 7a and b that an increase in 30 and 300 was
observed aer g-irradiation, respectively. This can be explained
by the interaction of g-rays with the material, which is attrib-
uted to the change in the ratio of Fe2+/Fe3+ on the octahedral
sites as a consequence of g + Fe2+ 5 Fe3+ + e�, which leads to
a change in the crystal size.24 As the number of ferrous ions
available for the electron exchange interaction increases, the
polarization increases, which leads to an increase in the
dielectric values with g-radiation.23

3.1.2. Electrical conductivity. Fig. 8 presents the frequency
dependence on the AC conductivity at room temperature for the
Co–Fe LDH sample before and aer irradiation. It can be seen
that the AC conductivity increased with an increase in the
frequency for both samples. The AC conductivity is caused by
mobile charge carriers. As the mobile charge carriers hop to
a new site from their original position, they face some displace-
ments between the two minimum potential energy states.
Fig. 10 Effect of different pH on the adsorption of (a) MG and (b) MB by

32552 | RSC Adv., 2019, 9, 32544–32561
Generally, the electrical conductivity is directly related to the
amount of free or bonded charge carriers and their mobility.
The conduction mechanism in this system is due to the valence
exchange between Fe3+ 5 Fe2+ and the hole hopping between
Co2+ 5 Co3+ at the B sites. Then, the increase in frequency
enhances the electron hopping rate, and hence increases the
conductivity, i.e. decreases the resistivity. It is also obvious that
the AC conductivity increased aer g-irradiation. The increase
in conductivity for the investigated sample aer g-irradiation
can be attributed to the increase in the Fe2+/Fe3+ ratio. The
increase in AC conductivity aer g-irradiation was reported by
different authors.23

3.1.3. Magnetic properties. The magnetization (M) was
measured using an applied magnetic eld (H) between�20 kOe
and +20 kOe to build M–H curves. The magnetization curves in
Fig. 9a and b show that neither hysteresis nor coercivity and
remanence for both the irradiated and non-irradiated samples
was observed, indicating good superparamagnetism of the ob-
tained samples. By increasing the external magnetic eld of
strength (H), the M–H curve of Co–Fe LDH indicated that the
magnetization (M) had also increased, reaching a saturation
value of 52.04 emu g�1 and 1.28 emu g�1 for the irradiated and
non-irradiated samples, as shown in Fig. 9a and b, respectively.
Also, Fig. 9a and b exhibit a hysteresis loop, including two
branches for the magnetization and demagnetization
processes, which means that the Co–Fe LDH exhibits ferro-
magnetic behaviour. The variation trend of Ms, Hc and Mr is
illustrated in Table 2, from which it can be seen that the
magnetization (Ms) values for the irradiated sample are higher
than that of the non-irradiated sample.

It was observed that the saturation magnetization increased
aer irradiation, which is related to the increase in the crys-
tallite size.25,26 The increase in the ratio of Fe2+/Fe3+ aer irra-
diation resulted in an increase in the saturation magnetization
values of the irradiated samples. Moreover, it also increased the
magnetic disordering, resulting in an overall magnetization of
the system, which may be the cause for the increase in the
saturation magnetization.27

The magnetic saturation (MS) of Co–Fe LDH aer irradiation
increased from 1.2 to 52.04 emu g�1 due to the high surface area
Co–Fe LDH.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Regression fitting of the kinetic models for the removal of MB (a) and MG (b).
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of the irradiated LDH. Moreover, its room temperature super-
paramagnetic behaviour was maintained simultaneously
similar to the synthesized Co–Fe LDH.28 From the above char-
acterizations of the LDH before and aer irradiation, it is clear
that the irradiation process has an effect on the crystallinity and
surface area of the LDH. This led to enhancement in the func-
tion of the irradiated LDH as an adsorbent for malachite green.
Its adsorption capacity increased from 104 to 191 mg g�1 before
and aer irradiation, respectively.

3.2. Dye adsorption study

3.2.1. Inuence of pH of Co–Fe LDH solutions for mala-
chite green and methylene blue removal. It is well established
that the solution pH can affect the surface properties of the
adsorbent, the degree of dye ionization and the structure of dye
molecules. Thus, the solution pH can be considered an
important variable during the dye adsorption process. The
effects of pH on the adsorption of MG andMB were investigated
at different initial pH values with initial MG and MB concen-
trations of 25 mg L�1. As shown in Fig. 10, the removal of MG
and MB using the Co–Fe LDH displayed strong pH dependence
between pH 3.0 and 10.0. It is clear that the removal percentage
of both dyes increased to 84% and 83% for MG and MB,
Table 3 Coefficients of the pseudo-first-order, second-order and intrap
Fe-LDH 0.06 g)

Isotherm model Parametersa

Pseudo-rst-order: qt ¼ qe(1 � e�k1t) qe
k1

Pseudo-second-order : qt ¼ qe
2 k2t

1þ qektt

qe
k2

Intraparticle diffusion : qt ¼ kip
ffiffi
t

p þ cip kip
cip

a Where qt and qe are the amounts of MG and MB adsorbed on the LDH a
respectively; k1 is the rate constant of the pseudo rst-order model (min
mg�1 min�1).

This journal is © The Royal Society of Chemistry 2019
respectively. At a lower pH, large number of H+ ions causes
protonation of the adsorbent surface, which leads to a decrease
in the interaction between the positively charged surface and
the positively charged MG and MB molecules. As the pH
increases, the surface of the adsorbent may become negatively
charged, which will facilitate its interaction with the positively
charged MG and MB cations through electrostatic attraction,
and therefore an increase in the adsorption of MG and MB by
Co–Fe LDH was observed up to pH 10.29

3.2.2. Inuence of time and kinetics of adsorption. The
inuence of time on the adsorption of MG and MB on Co–Fe
LDH is shown in Fig. 11. It was found that the removal
percentage increased with an increase in contact time to about
83% for the two dyes. The kinetics of adsorption is an important
aspect in the MG and MB removal process. Thus, three kinetic
models were applied to t the experimental data, the pseudo-
rst-order model,30 pseudo-second-order model, and intra-
particle diffusion model.31 The tting results are shown in
Fig. 11 and the expressions of these models, as well as their
coefficients are summarized in Table 3.

By comparing the regression coefficients for each kinetic
model, it appeared that both the pseudo-rst order and pseudo-
second ordermodels were valid for modelling the kinetics of the
article diffusion adsorption kinetic models (MG, MB ¼ 60 mg L�1, Co–

Methylene blue Malachite green

Values R2 Values R2

25.04 0.987 23.88 0.969
0.0378 0.1356

28.10 0.978 25.46 0.950
0.00176 0.00933
1.223 0.724 0.5581 0.633
8.410 17.65

dsorbent in mg (adsorbate)/g (adsorbent) at equilibrium and at time, t,
�1); and k2 is the rate constant of the pseudo second-order model (g

RSC Adv., 2019, 9, 32544–32561 | 32553
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Fig. 12 Adsorption isotherms for MB (a) and MG (b) on the Co–Fe LDH before radiation, and the adsorption isotherm for MG on the Co–Fe LDH
after radiation (c).
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adsorption, unlike the intraparticle diffusion model. The
pseudo-rst order model showed a better tting to the experi-
mental data of MB than the pseudo-second order model, but the
latter model showed a better tting than the former one for the
MG data, as illustrated by the correlation coefficients (R2). This
was also supported via the comparison between both the
theoretical and experimental qe values. Consequently, this
provides an indication that the adsorption of MB andMG by the
Co–Fe LDH catalyst is controlled kinetically via a pseudo-rst
order and pseudo-second order reaction, respectively.

3.2.3. Adsorption isotherms. At different aqueous equilib-
rium concentrations, adsorption efficiency can be demon-
strated through the use of adsorption isotherms. Thus, the
Table 4 The isotherm models and fitted parameters for methylene blue

Isotherm model Parametersa

Langmuir : qe ¼ qmaxKLCe

1þ KLCe

qmax

KL

Freundlich: qe ¼ KfCe
1/nF Kf

1/nF
Dubinin� Radushkevich : qe ¼ ðqmÞexpðKDR3

2Þ;
3 ¼ RT ln

�
1þ 1

Ce

� qmax

KDRD

Langmuir� Freundlich : qe ¼ qmaxðKLFCeÞb
1þ ðKLFCeÞb

qmax

KLF

b

Sips : qe ¼ qmaxKSCe
ns

1þ KSCe
ns

qmax

KS

ns

Baudu : qe ¼ qmaxb0Ce
1þxþy

1þ b0Ce
1þx

qmax

b0
x
y

a Where; qe is the amount of adsorbate in the adsorbent at equilibrium (mg
adsorption capacity (mg g�1); KL is the Langmuir adsorption constant (L
Freundlich adsorption intensity; KDR is the Dubinin–Radushkevich cons
gas constant (8.31 J mol�1 K�1); T is the absolute temperature (K); KLF
solid; KS is the Sips isotherm model constant (L mg�1); ns is the Sips isot
equilibrium constant.

32554 | RSC Adv., 2019, 9, 32544–32561
adsorption isotherms of Co–Fe LDH for MG and MB were
studied at room temperature under the optimum operating
conditions. The results are illustrated in Fig. 12. The adsorption
isotherm data were tted to 6 equilibrium models, namely the
Langmuir, Freundlich, Dubinin–Radushkevich, Langmuir–
Freundlich, Sips, and Baudu models. The non-linear plots of
these equilibrium models are shown in Fig. 12. Table 4
summarizes the tted constants for all the models with their
regression coefficient. The values of R2 obtained for the studied
isotherm models followed the order: (Langmuir–Freundlich ¼
Sips ¼ Baudu) > Dubinin–Radushkevich > Langmuir >
Freundlich. Despite the good t of the Langmuir model to the
experimental data (R2 z 0.99) for both dyes, Fig. 12 clearly
and malachite green removal by Co–Fe LDH

MB
MG on LDH before
radiation

MG on LDH aer
radiation

Values R2 Values R2 Values R2

45.22 0.963 52.73 0.967 58.37 0.975
0.0481 0.0552 0.2773
5.20 0.873 6.49 0.868 12.31 0.834
0.4160 0.4120 0.2907

41.62 0.991 48.51 0.993 57.21 0.991
0.0020 0.0017 0.00046

38.04 1.000 44.73 1.000 54.43 1.000
0.0868 0.0949 0.4695
2.091 1.894 1.9291

38.04 1.000 44.73 1.000 54.43 1.000
0.0060 0.01155 0.2325
2.091 1.894 1.9291

38.04 1.000 44.73 1.000 54.43 1.000
0.0060 0.0116 0.2325
1.092 0.8947 0.9291
0 0 0

g�1); Ce is the equilibrium concentration (mg L�1); qmax is themaximum
mg�1); Kf is the Freundlich adsorption capacity (mg g�1); 1/nF is the

tant; b is the Langmuir–Freundlich heterogeneous parameter; R is the
is the Langmuir–Freundlich equilibrium constant for a heterogeneous
herm exponent; x and y are the Baudu parameters and b0 is the Baudu

This journal is © The Royal Society of Chemistry 2019
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shows that this model was unable to t the experimental data at
a higher Ce concentration.
3.3. Mechanism of adsorption

3.3.1. Molecular dynamics (MD) simulations. To clarify
how the adsorption process occurs, we performed MD simula-
tions for the adsorbed dyes in a dry system. Fig. 13 shows the
nal MD snapshots of the MB and MG molecules on the LDH
surface. The adsorption of tenMBmolecules displays that seven
MB molecules were spread over the LDH surface and formed
a monolayer, while the other three molecules had formed
another layer above the monolayer. The interaction between the
monolayer and the second layer was mainly through p–p
Fig. 13 MD snapshots of the adsorption of ten MB (a and b) and MG (c a
gray; hydrogen, white; oxygen, red; nitrogen, blue; and chlorine, cyan.

This journal is © The Royal Society of Chemistry 2019
stacking. Similar behaviour was also obtained for the adsorp-
tion of ten MG molecules on the LHD surface. To explore the
effect of solvent molecules on the adsorption of the dyes on the
LDH surface, both dry systems were re-simulated using MD in
aqueous solution. By visual inspection of the adsorbed dyes in
an aqueous solution (Fig. 14), it was found that the adsorbate
molecules were still adsorbed parallel to the LDH surface. The
formation of two layers was also observed, and thus the inability
of the Langmuir isotherm model to t the experimental data at
a higher Ce concentration can be attributed to the formation of
multilayer adsorption because this model assumes monolayer
adsorption and no adsorbate–adsorbate interactions.

Non-covalent interactions play an important role in the
adsorption mechanism. Using the radial distribution function
nd d) molecules on the LDH surface in a dry system at 20 ns. Carbon,

RSC Adv., 2019, 9, 32544–32561 | 32555
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Fig. 14 MD snapshots of the adsorption of ten MB (a) and MG (b) molecules on the LDH surface in an aqueous solution at 20 ns. Carbon (gray),
oxygen (red), hydrogen (white), nitrogen (blue) and chlorine (cyan).
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(RDF), the non-covalent interactions between the hydrogen
atoms of the hydroxyl group of the LDH top layer LDH (OHLDH)
with several atomic sites in the MB molecule, e.g., S atoms,
nitrogen atom of the phenothiazine moiety (Nph) atoms, tertiary
nitrogen (Ntert) atoms, and aromatic rings centroid (pcent) were
investigated from the MD simulation.

Moreover, the RDFs of the interactions between the OHLDH

atoms and the atomic sites of MG, e.g., Ntert and pcent, were
explored. The RDF is denoted by g(r), which is dened as the
probability of nding a particle (atom, group or molecule)
around any given particle within the system at a distance r. It is
a very valuable quantity obtained from the MD simulation, and
Fig. 15 RDFs for the adsorption of MB (a) and MG (b) on the LDH surfac

32556 | RSC Adv., 2019, 9, 32544–32561
can be extensively used to understand the binding process. The
computed RDFs from the MD simulations are plotted in Fig. 15.

Hydrogen bonding is a representative non-covalent interac-
tion, which is primarily an electrostatic attraction in origin,
although strong H-bonds may have some covalent character.
The H-bonding interactions formed between both dyes and
LDH surface can be classied into two categories. The rst is the
conventional H-bond between the HLDH atoms with Nph, Ntert,
and S atoms of MG or MB. The second is the relatively week H-
bond between the OHLDH atoms and pcent of the aromatic rings
in both dyes. It is widely accepted that XH/p interactions (X ¼
O, N, or C) are commonly observed in aromatic molecules, and
e in an aqueous solution obtained from MD simulations.

This journal is © The Royal Society of Chemistry 2019
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Fig. 16 HRTEM images of Co–Fe LDH after the adsorption of (a) MG and (b) MB.
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therefore the solubility of a non-polar aromatic molecule, e.g.
benzene, in water is attributed to the OH/p interactions.32

It can be seen from Fig. 15a that the rst peak of the
(OHLDH/Nph), (OHLDH/Ntert), and (OHLDH/S) RDFs for the
MB adsorption appeared at�1.9�A, 2.0�A and 2.1�A, respectively.
This should be ascribed to the occurrence of H-bond formation
since the H-bonding distance is 3.5�A. This gure indicates that
the Nph atoms mostly interact with the hydroxyl groups of the
LDH, followed by Ntert and S atoms. A was observed peak at�2.0
�A with a very low intensity resulting from the H-bonding
between the OHLDH atoms and the water oxygen atoms (OW),
displaying that the water molecules are excluded from the LDH
surface due to the adsorption of the dye. The rst peak of the
(OHLDH$$$ pcent) RDF appears at �2.0 �A, indicating that this
non-conventional H-bond contributes signicantly in the
adsorption mechanism. In case of the adsorption of MG, the
interaction is mainly through the (OHLDH/Ntert) RDF, which
shows a sharp peak at �1.9 �A (Fig. 15b), while the (OHLDH/
pcent) RDF shows a small hump at �2.3 �A and a strong peak at
Table 5 Reported malachite green and methylene blue adsorption capa

Dye Adsorbent

Malachite green Functionalized multi-walled carbon
nanotubes
Cadmium hydroxide nanowires-AC
Nickel hydroxide nanoplate-AC
Cobalt ferrite-silica nanocomposites
Zn–Al LDH
Co–Fe LDH before irradiation
Co–Fe LDH aer irradiation

Methylene blue Mg–Al LDH
Organo/Zn–Al LDH
Ni-LDH
Ni-CLDH
Mg-LDH
Mg-CLDH
Co–Fe LDH before irradiation

This journal is © The Royal Society of Chemistry 2019
�3.5�A. The (OHLDH/OW) RDF also shows low intensity peak at
�1.9 �A.

3.3.2. Characterization of Co–Fe LDH aer MG and MB
adsorption. Fig. 2a–d illustrate the XRD patterns for the Co–Fe
LDH before and aer adsorption. It is clear that the XRD peak
intensities increased and some peaks were slightly shied upon
MG and MB adsorption, which conrm the intermolecular
interactions between MG and MB and the solid phases of the
LDH. As shown in Fig. 16a and b, the HRTEM images before and
aer adsorption for the Co–Fe LDH demonstrate the formation
of inner-sphere complexes, respectively.

The FT-IR spectra of the Co–Fe LDH before and aer
adsorption are presented in Fig. 4a–d. The appearance of new
peaks and an increase in the intensity of other peaks were
observed as a result of the presence of new active sites in the
LDH due to the bonding of the dyes. The intensity of the broad
band of the –OH stretching vibration at the wavenumber of
3390 cm�1 increased due to the adsorption of the dyes, indi-
cating that the oxygen atom in the hydroxyl groups of the LDH
city using different adsorbents

Qm (mg g�1) pH Reference

142.9 4 35

19 6 37
76.92 7 38
75.5 4–11 39
126.6 4–11 40
44.73 4–11 This study
54.43
43.48 2–11 41
113 3–11 42
23.4 4–11 43
32.5 4–11 43
13.6 4–11 43
20.8 4–11 43
38.04 4–11 This work
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Fig. 17 MIC and MBC of the Co–Fe LDH by micro broth dilution technique. The values reported in the table represent the average values
obtained from triplicate measurements.
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participated in the dye adsorption.33,34 An increase in intensity
was also observed for the peaks located at the wavenumbers of
1637 and 1350 cm�1, which can be assigned to the bending
vibration of the interlayer water molecules and NO3

� stretching
vibration, respectively. The adsorption of the dyes inuenced in
the bonds related to the nitrate group and the interlayer water
molecules, which indicates that both groups may be the main
adsorption sites for dye attachment.
3.4. Comparative study with pervious literature

The removal efficiency of malachite green and methylene blue
by several reported adsorbents is illustrated in Table 5. In the
Fig. 18 Zone of inhibition of Co–Fe LDH before and after irradiation ag

32558 | RSC Adv., 2019, 9, 32544–32561
present work, the Co–Fe LDH before and aer irradiation
showed good adsorption capacity towards both dyes compared
to the other types of adsorbents. This is due to the distinctive
properties of layered structure materials, such as high crystal-
linity, high anion exchange capacities, large surface area and
substantial thermal stability, which are benecial for use in
water and wastewater treatment. On one hand, Co–Fe LDH
presented higher removal towards the two dyes, and on the
other hand, higher adsorption capacity for malachite green was
obtained by functionalized multi-walled carbon nanotubes,
which may be related to the electrostatic attraction between the
cationic dye (+ve charge) and F-MMWCNTs (-ve charge) surface.
The other reason may be attributed to the van der Waals
ainst Gram negative bacteria.

This journal is © The Royal Society of Chemistry 2019
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Fig. 19 Zone of inhibition of Co–Fe LDH before and after irradiation against Gram positive bacteria.
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interactions between the aromatic backbones of the dyes and
the hexagonally arrayed carbon atoms forming the structure of
F-MMWCNTs.35 However, the adsorption capacity for Zn–Al
LDH is probably due to its high surface area. Meanwhile, the
good removal % by organo/Zn–Al LDH for methylene blue is
attributed to the strong p–p interactions and high surface area
of this LDH.36
Fig. 20 Zone of inhibition of Co–Fe LDH against Gram positive and Gra

This journal is © The Royal Society of Chemistry 2019
3.5 Antibacterial assay

Nowadays, antibiotics are widely used for the treatment of
multiple infectious diseases in both animal and human, which
has resulted in the emergence of new antimicrobial-resistant
strains. These antimicrobial-resistant strains have led to
a worldwide problem in the medical eld, and thus the search
m negative bacteria before and after irradiation.

RSC Adv., 2019, 9, 32544–32561 | 32559

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06509a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 2
:3

1:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for methods to solve this problem is an important issue. One of
these methods is the use of nanotechnology, which relies on the
penetration power of nanoparticles in the bacterial cell wall.44

In this study, it is important that the G +ve bacterial isolates
were more sensitive to the antimicrobial activity of Co–Fe LDH,
although, it showed activity against the Gram-negative bacteria,
as shown in Fig. 17, which illustrates the difference in the MIC
value. Fig. 18–20 illustrating the differences between the zones
and the difference in bacterial sensitivity.

The bactericidal activity of cobalt and iron may be attributed
to their interaction with the cell membrane, and then their
diffusion inside the bacterial cell membrane, resulting in
oxidative cell and DNA damage.44 In addition, the polyatomic-
cationic character present on the surface of the LDH attracts
the negative charge of the bacterial cell membrane, which
explains the higher antibacterial activity against the Gram
positive bacteria than the Gram negative bacteria.45 Also the
mechanism of metallic nanoparticles with regard to their anti-
microbial activity depends on the formation of free radicals,
which induce bacterial cell damage.44 The irradiated Co–Fe LDH
exhibited decreased antimicrobial activity in comparison to that
before irradiation, which may be attributed to the agglomera-
tion that occurred aer irradiation. This led to an increase in
the particle size and decrease in the penetration power of the
NPs, and consequently, the antimicrobial activity had decreased
aer irradiation, as shown in the HRTEM in Fig. 3e.

4. Conclusion

In the current study, gamma irradiation was investigated as
a promising green technique for the purpose of enhancing the
properties of Co–Fe LDH as a model 2D nanomaterial. The
results indicated that aer irradiation, the surface area of the
LDH increased from 83 to 89 m2 g�1, and as a result of the
irradiation process, the magnetic and electrical properties of
the material were enhanced. In addition, the irradiation process
caused an increase in its conductivity. This increase was
explained based on the hoppingmechanism between ferric ions
from the A sites as ferrous ions to the B sites, which increases
the probability of electron exchange between the different
oxidation states of Fe ions in the Co–Fe LDH sample. As the
number of ferrous ions available for the electron exchange
interaction increases, it results in an increase in polarization,
which, in turn, leads to an increase in the dielectric constant
with g-radiation intensity.

The adsorption capacity of MG and MB by the Co–Fe LDH
before and aer irradiation was determined. The irradiated
LDH sample showed good removal efficiency and showed
54.43 mg g�1 capacity for MG. Electrostatic attractions and H-
bonding were the main factors inuencing the adsorption
process. Based on molecular dynamics simulation, the inter-
actions between MB/MG with the studied LDH in dry and
aqueous solution, were mainly through conventional H-bonds
and (OHLDH/pcent) H-bonds. The p–p stacking interactions
among the adsorbates play an important role in the adsorption
mechanism. The antibacterial activity of Co–Fe LDH on E Coli,
S. aureus, St. coccus, and P. aeruginosa besides two different
32560 | RSC Adv., 2019, 9, 32544–32561
strains of fungi (Aspergillus occulosus and Aspergillus nigricans)
was investigated. The experimental results indicated that Co–Fe
LDH has a signicant antibacterial effect against different
microorganisms that cause serious infectious diseases in both
humans and animals.

The results indicate that gamma irradiation is indeed a prom-
ising green technique for enhancing the properties of nano-
materials. The irradiated sample showed better performances in
different applications, and thereby improved multi-functionality.
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