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Nowadays, improving the physico-chemical properties of nanomaterials to enhance their performance
towards various applications is urgent. Accordingly, gamma irradiation (Gl) 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 Gl (dose = 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 m? g~! 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~* 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 Gl enhanced its adsorption capacity for
MG from 44.73 to 54.43 mg g~ *. 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
Received 19th August 2019

Accepted 24th September 2019 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
DOI: 10.1035/¢3ra06509a its magnetic property, the Co—Fe LDH could be simply recovered from water by magnetic separation at

rsc.li/rsc-advances a low magnetic field after the adsorption process.

impact on the environment if not treated. Generally, dyes are
non-biodegradable compounds that can affect the photosyn-

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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thesis process in aquatic systems by preventing the penetration
of sunlight." 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,” 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 influence of some factors such as
the temperature, time of exposure and dye concentration.?
Therefore, the removal of both dyes from wastewater is essential
for environmental protection.

Several techniques have been adopted for dye removal from
wastewater streams, such as coagulation, adsorption, floccula-
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
field 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.* 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.®> GI can produce various types
of defects such as point defects, clusters, and atoms ionization.
Thus, absorbing a large amount of gamma radiation may alter the
structural properties of materials.®®

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
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Fig. 1 Structures of (a) malachite green and (b) methylene blue.
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with Co-Fe LDH. (ii) Study the removal efficiency of MB and MG
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 after irradiation was
also determined, as illustrated in Scheme 1.

2. Experimental

2.1. Chemicals

Iron nitrate [Fe(NO3);-9H,0] was purchased from SDFCL, India.
Cobalt nitrate [Co (NOj3),-4H,0] was supplied by Oxford Labo-
ratory Reagent, India. Sodium hydroxide and hydrochloric acid
were purchased from Piochem for Laboratory Chemicals, Egypt.
Methylene blue (C;6H;sN3SCl-3H,0) and malachite green
(C23H,5N,Cl) were obtained from E. Merck, India and used as
received without further purification. All used chemicals were of
analytical reagent grade and were used as received without
further purification while all solutions were prepared using bi-
distilled water.

2.2. Preparation of Co-Fe layered double hydroxide

The Co-Fe-NO; LDH was prepared by mixing cobalt nitrate and
iron nitrate solutions (3 : 1 molar ratio)® with 8§ M NaOH solu-
tion. The resulting product was inserted into a ball milling
vessel (Photon, Egypt) for 10 h at 200 rpm. After ball milling, the
dark brown precipitate was separated by filtration 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 ®°Co gamma source with 1.332
and 1.173 MeV energies at a dose rate of 7.5 kGy h™'. 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
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Scheme 1 Application of Co—Fe LDH before and after irradiation in MG and MB adsorption, and its antibacterial activity.
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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.

32546 | RSC Adv., 2019, 9, 32544-32561

covered with silver paste, acting as contact materials for the
electrical measurements.

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

o
SoA

where C (F) and d (cm) are the capacitance and thickness of the
samples, respectively. ¢, (F cm ') is the permittivity of free
space and A (cm?) is the sample area. On the other hand, the
dielectric loss ¢’ is given by ¢’ = ¢’ tan , where the loss tangent
tan 6 = 1/27RfC, R (ohm) is the sample resistance and f is the
frequency. In addition, the ac conductivity ¢ (ohm ™" cm™ ") was
calculated from the relation ¢ = we”¢, such that w = 27tf.

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 field 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 Ko radiation (wave-
length 0.154 ecm™") at an accelerating voltage 40 kV and current
of 35 mA, in the 26 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 field-emission scanning electron
microscopy (FESEM). The BET specific surface area, specific
pore volume, and pore sizes of the adsorbent materials were
determined by N, 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 flasks containing 50 mL of MG and MB solutions
with various initial concentrations (10-150 mg L™ '). 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 filtration. 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:

_ VG -C)

e —

m

where g. is the adsorption capacity (mg dye adsorbed on the
mass unit of Co-Fe LDH, mg g~ '); V is the volume of the dye
solution (L); Co and C. (mg L") are initial and equilibrium
dye concentrations, respectively; and m (g) is the mass of dry
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Co-Fe LDH added. The equilibrium relationship between the
quantity of adsorbate per unit of adsorbent (g.) and its
equilibrium solution concentration (C.) 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-first order, pseudo-second order and intra-
particle models.">"*

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
fine. The crystal structure of Co-Fe LDH was similar to the
hydrotalcite structure [Mg;Al(OH)g], where Mg”* and AI’* cations
were replaced with Co®" and Fe®", respectively. Two layers with
the formula [CogFe,(OH);]2NO;-2H,0 were constructed
according to the idealized structure that represents 3 (Co>*/Fe*")
molar ratios.”” 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

(a) FESEM image of the Co—Fe LDH before irradiation, (b) and (c) HR-TEM images of Co-Fe LDH before irradiation, (d) FESEM image of

Co-Fe LDH after irradiation and (e and f) HR-TEM images of Co—Fe LDH after irradiation.

This journal is © The Royal Society of Chemistry 2019
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and water. The DFT calculations were carried out using the
DMol3 code.* 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
x 32.3 x 45.8) A lattice parameters was built and used in the
Grand Canonical Monte-Carlo (GCMC) simulation and molecular
dynamics (MD) simulations. The atomic charges of the LDH,
dyes and water obtained from the DFT calculations were used in
the GCMC and MD simulations. The GCMC and MD simulations
were computed by the Absorption and FORCITE modules,
respectively. Four systems were simulated: (1) 10 MB molecules +
10 CI” + LDH surface; (2) 10 MG molecules + 10 CI~ + LDH
surface; (3) 10 MB molecules +10 Cl™ + LDH surface + 1376 water
molecules; and (4) 10 MG molecules + 10 ClI™ + LDH surface +
1321 water molecules. The first 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 configuration. These two systems were followed by MD
simulation for 20 ns. Next, both simulation boxes were filled 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 field.** 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.

2.8. Isolation and identification 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."®

2.8.2. Biochemical and serological identification of bacte-
rial pathogens. The standard (Biomerieux, Marcy L'etoil,
France) API kit was used for both physiological and
biochemical identification 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 flocculosus
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 finally
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
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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
defined 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."” For each sample, different
concentrations were diluted with Muller Hinton broth to give
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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.
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Fig. 5 Hydrodynamic particle size distribution of the Co—-Fe LDH (a)
before irradiation and (b) after irradiation.

a final concentration ranging from (1000 pg mL™ '-6.25 pg
mL™"). 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.*® The colony from
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Fig. 6
before and after irradiation, respectively.
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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 x 10® CFU mL™"'. The
bacterial suspension was diluted with saline to obtain 10’ CFU
mL . All tubes were incubated at 37 °C for 24 h. Results were
recorded in terms of MIC, which is defined 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). After MIC
determination of the tested nanosheets, aliquots of 100 uL 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 defined as the
minimum concentration of antimicrobial agent that kills all the
initial bacterial population. The number of plates without
colonies was noted.'®

2.9.3 Evaluation of antibacterial activity. The MIC of Co-
Fe-NO; 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 after incubation. The MIC was defined 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 final stock concentration of 10 mg mL™". Subsequently, this
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(a) and (b) Zeta potential of Co—Fe LDH nanoparticles before and after irradiation and (c) and (d) N, sorption isotherms of Co—Fe LDH
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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 after irradiation

Surface area (m* g ) 83
Total pore volume (cm® g™ ") 0.159
Average pore diameter (nm) 6.6

Micro pore volume (cm® g™*) 0.005

stock solution was used to prepare different diluted concen-
trations of each material in distilled water. The antibacterial
activity of Co-Fe-NO; was measured using the agar well diffu-
sion method in the presence of 92.9% Difloxacin as a standard
reference drug to E. coli and Tylvalosin to S. aureus. The agar
diffusion method 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 x 10 viable organism
per mL), and the population of the investigated pathogen was
matched to McFarland tube no. 0.5 (1.5 x 10° colony forming
units, CFU mL ™).

3. Results and discussion

3.1. Characterization of Co-Fe LDH before and after
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
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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 signifies the regular
arrangement of the metal ions in the Co-Fe LDH and the
formation of plates, as shown in Fig. 3a-c.'* 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™ after 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 after
irradiation. The HRTEM image shows fine striped layers,
indicative of a layered structure after 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 after irradiation, whereas the basal plane
d-spacing did not show a significant 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 ' are ascribed to the OH-
stretching vibration and bending respectively. The peak
located at 1350 cm™ ' can be attributed to the v; stretching
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Fig. 7 Frequency dependence of the (a) real dielectric constant and (b) dielectric loss.
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vibration of the NO; groups in the LDH interlayer. The peaks at
approximately 674, 598 and 459 cm ™! originate from the metal-
oxygen bond M-O vibration in the brucite-like and M-OH
bending vibrations (M = Co or Fe).*® The FTIR spectrum of the
Co-Fe LDH after irradiation is represented in Fig. 4b. After
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
after 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 field. 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
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expected for an LDH around neutral pH.° 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 after exposure to
irradiation. The particle size distribution was determined after
irradiation to be 628 nm. This increase in the particle size is due
to the occurrence of agglomeration after the irradiation process.

The results from the surface area measurements of Co-Fe
LDH are presented in Fig. 6¢ and Table 1. The results revealed
that the BET surface area of the Co-Fe LDH was 83 m”> g~ ' with
a total pore volume of 0.159 cm® g~'. 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 confirmed through the presence of Hj-type hysteresis
loops.** 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 after irradiation
(Fig. 6d) showed that the its BET surface area increased to 89 m”
g, 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 after
irradiation. Its pore size distributions and the isotherm
hysteresis loop remained unchanged after irradiation. Also, its
pore geometry was still a slit-shaped pore network, as illustrated
in Fig. 6¢ and d.

3.1.1. Dielectric properties. The variation in the dielectric
constant, ¢, and the dielectric loss, ¢’, determined in the
frequency range of 50 Hz to 4 MHz at room temperature for Co-
Fe LDH before and after irradiation is shown in Fig. 7a and b,
respectively. The general trends for the sample is that, ¢’ and &’
were found to initially decrease rapidly with an increase in
frequency, then it became almost frequency independent at
high frequencies both before and after irradiation, i.e. the
dispersion was high in the low frequency region. This typical
behaviour was reported in ref. 22.
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Fig. 9 Magnetization M—H curves of the Co—Fe LDH (a) before and (b) af