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Abstract: The presence of hazardous chemicals in wastewater produced by industrial activities
and human metropoles is threating the availability of safe drinking water. The development of
a multifunctional material coupling adsorption and photocatalytic activity is hereby particularly
promising for the removal of pollutants. We have proved the adsorption and catalytic activity of
NiFe,Oy4-layered double hydroxide (LDH) composite through the degradation of methyl orange
(MO) at room temperature under visible light. This degradation is enhanced by using a set of
small light-emitting diodes (LEDs) providing a uniform 405 nm UV light. The remediation process
is based on a first-step rapid adsorption of MO molecules by the LDH structures followed by
the photocatalytic oxidation of the pollutant by the (-OH) radicals produced by the NiFe;O4
semiconductor nanoparticles (NPs). The magnetic properties of the ferrite NPs allow a facile
separation of the composite from the liquid media via a simple magnet. NiFe,O4-LDH composite
could find wide application as a highly effective adsorbent/oxidizing catalyst operating under visible
or near UV light.

Keywords: magnetic adsorbents; magnetic nanoparticles; photocatalysis; Layered Double
Hydroxides; water pollution; Methyl Orange degradation

1. Introduction

One of the most important recent milestones that must be addressed is the human right to water.
The growth of the global human population and the increase of industrial activities is leading to an
insufficient water supply to satisfy basic human, commercial and agricultural needs. A sustainable
solution is the removal of pollutants in wastewater although many chemicals, dyes, pharmaceuticals
or heavy meatal ions cannot be destroyed by conventional treatments. Therefore, new technologies
able to degrade these complex pollutants are needed. These include advanced oxidation processes
(AOPs) [1-3], adsorption methods [4-6] and photocatalytic processes [7-9].

We have shown that the calcined NiFe,Oy-layered double hydroxide (LDH) composite can
combine adsorption and photocatalytic activity for the degradation of methyl orange MO. On one
hand, LDHs are hydrotalcite-like compounds with large interlayer spaces and positively charged
sheets due to the substitution of Mg?* for a trivalent cation. The excess positive charges are balanced
by anions in the inter-layer space (for instance CO32-,0H-, Cl, etc.). LDHs calcined at moderate
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temperatures originate a mixture of metal oxides (so-called layered double oxides (LDO)) with high
specific surfaces. An important feature of the LDOs is the “memory effect”; that is, can the original
LDH structure be reconstructed after the adsorption of anions from aqueous solution [10-13]. On the
other hand, ferrite nanoparticles (NPs) are semiconductors showing band gaps with a favorable overlap
with visible light. This could find application in the photocatalytic degradation of contaminants and
its magnetic properties allow a facile separation of the NiFe;O4-LDH composite from the liquid media
via a simple magnet [8,14].

In this work we have synthesized the NiFe,O4-LDH composite in a two-step process:
hydrothermal reaction to obtain NiFe;O4 NPs and coprecipitation of LDH. The calculated optical
band gaps indicate that NiFe,O4 NPs can act as photocatalysts under visible light. The adsorption
of MO molecules in the interlayer space of the LDH enhance its photo-oxidation by (-OH) radicals,
a process that is substantially more effective under 405 nm UV light. Summarizing, NiFe,O4-LDH
composite could find wide application as a highly effective adsorbent/oxidizing catalyst operational
under visible or near-UV light.

2. Results and Discussion

2.1. Structural and Microstructural Characterization

In order to fully characterize the structure of the compounds used during the removal process we
have proceeded to perform X-ray diffraction (XRD) of the individual compounds and the composites
employed before and after the degradation of MO. Figure 1a shows the XRD pattern of a typical
LDH compound of general formula [MZ*_ M3*(OH),] [CO5%" 1x /2-1H0O, where Mg2+ and AIP* are
divalent and trivalent cations and CO32~ is the interlayer anion. It can be indexed with the R—3m
space group (S.G.) witha = 3.048 A, c =22.978 A and «, B = 90°, y = 120° lattice parameters. It presents
a high degree of preferential orientation along (003) planes due to the stacking of brucite-like layers.
This layered structure collapses after calcination at 450 °C for 4 h obtaining a mixture of LDOs, as
can be mainly observed by the disappearance of (00n) maxima. Figure 1b confirms the presence of
the mixture of the corresponding Al and Mg oxides. The LDH structure can be easily regenerated
when LDO is immersed in water. On the other hand, all the maxima present in the XRD pattern of the
NiFe,O4 NPs (Figure 1c) can be indexed with a cubic inverse-spinel structure (5.G. Fd—3m).

Figure 1d shows the XRD pattern of the NiFe,O4-LDO composite used for the degradation process.
Obviously, the maxima correspond to the sum of the XRD patterns presented in Figure 1b,c. The LDH
recovers its layered structure after the adsorption/degradation process, as can be observed in Figure le.
The (003) and (006) reflections, responsible for the stacking of brucite-like layers, also display the
XRD pattern. There is no appreciable displacement between the (003) reflections before and after the
decontamination process, which suggests the removal of the pollutant from the interlayer space.

Transmission electron microscopy (TEM) studies reveal a bimodal size distribution of NiFe,O4
NPs (see Figure 2, left). The vast majority of NiFe,O4 NPs have a mean particle size of 6 nm and
there are also particles of 20 nm. As can be seen in the images, particles tend to form agglomerates
as a consequence of the high surface energy associated with the small particle size they present.
The TEM micrograph of NiFe,O4-LDH (Figure 2, right) demonstrates the presence of NiFe,O, and
LDH particles. Clearly visible is the layered structure of the LDH that avoids the agglomeration of the
nickel ferrite particles.
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Figure 1. X-ray diffraction (XRD) patterns of: (a) as-prepared layered double hydroxide (LDH);
(b) layered double oxides (LDO) mixture obtained after calcination of LDH; (c) as-prepared NiFe;Oy4

NPs; (d) NiFe,O4-LDO composite before adsorption; and, (e) NiFe,O4-LDH composite obtained after
the methyl orange (MO) degradation.
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Figure 2. Transmission electron microscopy (TEM) micrograph of (left) as-prepared NiFe,O4 NPs and
(right) NiFe,O4-LDH composite.

2.2. Magnetic Properties

ZFC (zero-field-cooling) and FC (field-cooling) magnetic susceptibility measured up to room
temperature (RT) is depicted in Figure 3a for NiFe;O4 NPs and the NiFe;O4-LDH composite. A lower
magnetic response is observed for the composite since the ferrite, responsible for the magnetic behavior,
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is in a lower proportion. The blocking temperature (Tp) is estimated from the ZFC maximum and
takes a value of 60 K for nickel ferrite particles, which agrees with other studied systems of the same
composition and particle size [15]. A Ty value of 100 K is observed instead, for the composite. It is
well known that for a measuring time of 100 s, the blocking temperature can be described as [16]:

Tg = U/25-Kg (1)

where K3 is the Boltzmann constant and U the anisotropy barrier (KV) where K is the anisotropy
constant and V' the magnetic volume that may correspond to that composed of several particles if the
system presents important interparticle interactions. A superparamagnetic response is obtained above
the blocking temperature. Then, the particle moment is able to freely rotate. For an applied magnetic
field, the anisotropy barrier that the thermal energy must overcome to obtain the superparamagnetic
behavior is modified as follows [16,17]:

U=KV(1 — H/Hg)? )

where Hy is the anisotropy field that indicates the intrinsic magnetic hardness of the material.
Equation (2) indicates that the magnetically harder the material, the less modification of the anisotropy
barrier (KV) is obtained when a magnetic field is applied. Nickel ferrite system is a soft magnetic
material characterized by intense interactions between dipoles of different particles, decreasing
the anisotropy constant and anisotropy field [15]. In the case of the magnetic composite, one
can assume long separation distances among ferrite particles, which would avoid the dipolar
interactions. Therefore, the expected larger K and Hx values would account for the larger Tg value
(see Equations (1) and (2)) in the case of the magnetic composite. On the other hand, the observed
irreversibility between ZFC and FC curves across all of the studied temperature range, in the case
of the nickel ferrite particles, may indicate a wide blocking temperature distribution. Dipolar
interactions dependent on the temperature [18] result in a magnetic volume distribution that accounts
for the observed irreversibility; that is, larger magnetic volumes present larger blocking temperature
values. In addition, the irreversibility temperature is close to the blocking temperature in the case
of the magnetic composite. The absence of dipolar interactions in this system, as indicated before,
would lead to a narrow blocking temperature distribution corresponding to a narrow magnetic
volume distribution.
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Figure 3. (a) Temperature dependent magnetic susceptibility of NiFe,O4 NPs and NiFe,O4-LDH
composite. (b) Hysteresis loops for NiFe,O4 NPs and NiFe,O4-LDH composite at room temperature
(RT). Inset shows an enlargement of the main figure.

M(H) curves measured at 300 K are depicted for both samples in Figure 3b. A lower magnetic
response is observed in the case of the composite since the sample presents a lower ferrite proportion.
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The inset of Figure 3b illustrates an enlargement of the hysteresis loops. An almost zero coercive field
for the composite can be observed, while the sample composed of NiFe;O4 NPs presented a coercive
field close to 240 Oe, in agreement with the observed irreversibility between the ZFC and FC curves
for this sample at 300 K. It is worth indicating that the absence of dipolar interactions in the case of
the NiFe,O4-LDH composite leads to a magnetic behavior closer to that of the superparamagnetic
behavior than that of the system composed of NiFe,O4 NPs. The observed magnetization and coercive
field values fully justify that both the nickel ferrite particles and composite systems can be removed
from the liquid medium employing a simple magnet.

2.3. Thermal Stability

Figure 4 presents the temperature dependent Differential Thermal Analysis
(DTA)/Thermogravimetric Analysis (TGA) curves for the NiFe,O4 NPs, NiFe,O4-LDH-before and
NiFe,O4-LDH-after decontamination process. The ferrite sample presents a total weight loss of
7.6%, which contrasts to that observed in NiFe,O4-LDH composites showing much higher values
of weight loss (43% and 40% for NiFe,O4-LDH-before and NiFe,O4-LDH-after, respectively). Both
NiFe;O4-LDH samples show a similar thermogravimetric behavior, presenting two main weight
events. The first endothermic event (the associated heat flow effects were taken using the criteria
of exothermic events), from room temperature to 500 K, could be attributed to the removal of
crystallization water and its physical adsorption, both on the surface and in the interlayer space.
The second event in both samples is also endothermic, and occurs between 500 K and 800 K,
which is attributed to the decomposition of carbonates and hydroxides, as previously reported by
Deng et al. [19]. The maximum decomposition rate in this event, according to the heat signal, occurs at
660 K and 700 K for NiFe,O4-LDH-before and NiFe,O4-LDH-after, respectively. This can be associated
with the bigger particle size of the calcined NiFe;O4-LDH used for the adsorption/photodegradation
process. In bigger particles, the available surface for a gas-solid reaction is lower, so the boundary
layer is thicker, conducting to slower kinetics.
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Figure 4. DTA/TGA (Differential Thermal Analysis/Thermogravimetric Analysis) of NiFe,O4 NPs
and NiFe,O4-LDH composite after and before decontamination process.

2.4. Adsorption and Photocatalytic Properties

Methyl orange degradation was tested by UV /VIS spectroscopy. Absorbance of the treated
solutions was measured in an UVIKON 943 Double Beam UV /VIS Spectrophotometer from 190 to
900 nm. Approx. 0.1 g of the calcined NiFe,O4-LDH composite was added to 20 mL of an aqueous
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solution of 10 ppm MO under vigorous stirring for reaction times ranging from 30 to 180 min under
the action of visible light. There is a clear change in the spectrum (Figure 5a) since the absorbance
vanishes when the time increases. Similar results were obtained by Deng et al. for the degradation of
MO by CoFep;O4-LDH composite [19]. When the experiments are conducted under a 405 nm UV light
(Figure 5b) the dye is eliminated more quickly through a process that is typical of most semiconductor
photooxidation catalysts. The reaction continues over 150 min resulting in further oxidation ending in
a colorless solution. Table 1 shows the results obtained for the removal percentage of MO.
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Figure 5. (a) MO in the solution after oxidation by calcined NiFe,O4-LDH composite with visible
irradiation and (b) with UV-405 nm irradiation. (c) Tauc plot of NiFe,O4; NPs showing the two
direct optical band gaps. (d) Comparison of MO in the solution after 30 min of oxidation by calcined
NiFe,O4-LDH composite under visible and 405 nm light. Green plot shows the MO in solution after
24 h adsorption by calcined LDH.

Table 1. Removal percentage of MO at different time reactions using calcined NiFe,O4-LDH composite
under visible light and UV light of 405 nm.

Time (min) % Removal % Removal
(Visible Light) (405 nm)

0 0 0

30 18.0 39.3

60 49.3 58.4

920 61.9 71.5

120 80.7 84.5

150 87.1 94.3

180 89.6 -

Concentration of MO at each reaction time was obtained from the maximum in absorbance at 464 nm.
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These results point to an increase of the removal efficiency when the solution is illuminated with
a near-UV light. Although MO is considered to be very stable with respect to light and difficult to
oxidize, we have also performed experiments without catalyst on an MO solution illuminated with
visible light and a UV light of 405 nm. The results clearly show that there is no change in absorbance at
any time.

To further understand the photocatalytic process, we have calculated the energy band gap of
the NiFe,O4 NPs by obtaining their UV-visible absorption spectrum and using the Tauc relation
(Equation (3)):

ohv = A(hv — Eg)" 3)

where hv is the photon energy, / is Plank’s constant, « is the absorption coefficient, Eg is the optical
band gap, A is a constant (band tailing parameter) and 1 = § for direct transitions from the valence
band (VB) to the conduction band (CB). The plotting of (whv)? versus the photon energy (E = hv) gives
a straight line in a certain region and the extrapolation of this straight line will intercept the (hv)-axis
to give the value of the direct optical energy gap (Eg). Figure 5c shows the Tauc plot for NiFe;O4
NPs. From the linear fit in different regions one can obtain two direct band gaps around 2.36 eV and
2.83 eV, which are in good agreement with those obtained experimentally from spatially resolved
high-resolution electron energy loss spectroscopy [20].

Since the energy of the incident photons is higher than the band gap (the majority of the transitions
are '=T so we have considered Eg = 2.83 eV), these are absorbed by the NiFe;O4 NPs and an electron
(™) from the VB is promoted to the CB generating a hole (h*) in the VB. There is a certain amount of e”
and h* that can recombine releasing energy as heat but some can react with adsorbed molecules on
the surface of the ferrite. In aqueous solution, water molecules can transfer electrons to positive holes
producing (-OH) radicals, which are powerful oxidants. Then, the MO molecules adsorbed in the
surface and in the LDH interlayer region are oxidized by (-OH) radicals leading to the mineralization
of MO to CO; and HyO. The further degradation of MO into the LDH produces a displacement of
the adsorption equilibrium, increasing the removal efficiency when the solution is illuminated with
a near-UV light. Figure 5d shows a comparison between the spectra of the pristine MO solution
and treated solutions with calcined NiFe,O4-LDH composites under visible and UV light for 30 min.
The degradation rate is doubled by using the UV light. The adsorption of MO by LDH particles was
also evaluated with a total removal of MO after more than 24 h of treatment.

However, the main drawback of using the decolorization of organic dyes as a probe system to
test photocatalyst is its tendency to undergo redox reactions with a gradual decomposition of the
organic molecule [21,22]. Therefore, an evaluation of the mineralization by total organic carbon (TOC)
analysis must be performed to test the total degradation of the by-products. The TOC was obtained by
mathematical subtraction of the inorganic carbon (IC) content from the total carbon (TC) content [23].
The TOC determined from 10 ppm MO solution amounts to 4.42 ppm and the TOC observed after the
degradation using calcined NiFe,O4-LDH composite under UV light of 405 nm for 150 min amounts
to 0.75 ppm. This value is close to the total conversion of the organic matter, which demonstrates the
true photocatalytic disappearance of MO.

3. Materials and Methods

3.1. Synthesis of NiFe;O4 Nanoparticles and NiFe;O4-LDO Composites

NiFe;O4 NPs were prepared by hydrothermal synthesis. Stoichiometric amounts of
Ni(NO3)3-6H0 and Fe(NO3)3-9H,0 nitrates (extra pure, Scharlab, Barcelona, Spain) were separately
dissolved in distilled water and then mixed. The corresponding metal hydroxides were precipitated
by dropping ammonium hydroxide into this solution until the pH was equal to 10. The brownish gels
were filtered and sealed into a Teflon-lined stainless-steel autoclave and treated in an oven at 453 K for
12 h. The resulting powders were washed with deionized water and ethanol and then dried for 12 h at
423 K.
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NiFe;O4-LDO composites were prepared as follows in a way similar to that described by
Deng et al. [19]. Firstly, ~1 g of the as-prepared NiFe,O4 nanoparticles was ultrasonically dispersed
into 150 mL doubly distilled water for 30 min and then heated in a water bath at 60 °C under vigorous
stirring. Secondly, 12.82 g Mg(NO3)3-6H,0 and 9.38 g AI(NO3)3-9H,0O (PRS, Panreac, Barcelona, Spain)
was dissolved in 100 ml of distilled water and added dropwise into the NiFe;O4 NPs suspension.
The corresponding LDH was precipitated by adding 100 mL of an alkaline solution containing 6.75 g
NaOH and 5.30 g Na,COj3 (extra pure, Scharlab, Baarcelona, Spain). The formed suspension was aged
for 8 h at 333 K and then washed with doubly distilled water until pH of the supernatant was neutral.
The obtained powder was dried overnight at 333 K to obtain the NiFe,O4-LDH composite. Finally,
the NiFe,O4-LDO composite was obtained through the calcination of the NiFe,O4-LDH composite at
723 K for 4 h.

To study the structure and the thermal stability of the LDH compound, a sample was separately
prepared and then calcined at the at 723 K for 4 h to obtain the LDO mixture.

3.2. Characterizations

The samples were characterized by X-ray powder diffraction with a D5000 diffractometer
(Siemens/Bruker, Karlsruhe, Germany) using Cu K« » radiation operating under 30 mA and 40 kV.
The diffraction profiles were collected in the range 26 = 5-90° with a step-width of 0.017°.

The magnetic susceptibility was measured over the temperature range 2-300 K, using a
superconducting quantum interference device (SQUID) XL-MPMS magnetometer (Quantum Design,
San Diego, CA, USA) under zero-field-cooling (ZFC) and field-cooling (FC) conditions, using a DC
magnetic field of 500 Oe. Magnetization measurements as a function of the applied magnetic field (H)
were performed at 5 and 300 K at magnetic fields up to 5 T.

High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL JEM
2100 (JEOL Ltd., Musashino, Akishima, Tokyo, Japan) operating at 200 kV fitted with a X-ray
energy-dispersive spectrometer (XEDS) OXFORD INCA for the compositional analysis of each
investigated crystal by in situ observations.

Thermogravimetric analyses were carried out in a SDT Q600 unit (TA Instruments, New Castle,
DE, USA). Samples of 20-40 mg were heated from room temperature to 1273 K at 10 K-min~! in a
100 cm3-min~! flow of air previously filtered.

The optical Band-Gaps of the NiFe,O4 NPs were obtained measuring the absorbance of NiFe,Oy
NPs/KBr pellets in a Perkin-Elmer Lambda 900 UV-VIS-NIR Spectrometer from 190 to 3000 nm.

Total organic carbon (TOC) was measured by the combustion-infrared method using a multi
N/C®3100 TOC/TN analyzer (Analytik Jena AG, Jena, Germany), which performed the catalytic
combustion on cerium oxide at 1123 K.

4. Conclusions

NiFe,O4 NPs were synthesized by hydrothermal reaction and NiFe,O4-LDH composites by
co-precipitation method. The calcined NiFe,O4-LDH composite catalyze the oxidation of MO under
visible light. The work also shows that calcined NiFe,O4-LDH composite is substantially more effective
in the mineralization of MO when illuminated with A = 405 nm. This material could find application
as an oxidizing catalyst at room temperature without pH control.
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