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Abstract: Advanced photo-active materials have attracted attention for their potential uses in water
purification. In this study, a novel and facile route was used for designing nanohybrids to be valuable
sources for producing effective photocatalysts for purifying water from the colored pollutants. Host-
guest interaction and intercalation reactions used long chains of hydrocarbons of n-capric acid and
stearic acid to facilitate incorporation of fine particles of cobalt iron oxide nanocomposite with the
internal surface of the nanolayers of Al/Zn for building nanohybrids. The thermal decomposition of
the prepared nanohybrids led to formation of zinc oxide nanoparticles doped with multi-oxides of
magnetic and non-magnetic dopants. These dopants created new optical centers causing a strong
reduction in the band gap energy from 3.30 eV to 2.60 eV. This positive effect was confirmed by
a complete removal of the dye of Naphthol green B from water after 15 min of light irradiation.
Moreover, a kinetic study showed that the reaction rate of photocatalytic degradation of the pollutants
was faster than that of the conventional photocatalysts. Finally, this route was effective for producing
benign and fast solutions for purifying water in addition to environment-related problems.

Keywords: magnetic doping; multi-oxides dopants; nanohybrids; nanolayers; photocatalytic
degradation; purification of water

1. Introduction

Currently, the remediation of the environment and water-related problems is a goal
for scientific communities around the world because of the rapidly growing population
and industries. Most of the organic dyes such as textile dyes and surfactants are not easily
biodegradable; therefore, they belong to colored hazardous pollutants. Photocatalytic
degradation is a benign solution for purifying water from organic dyes using photocata-
lysts and light [1-3]. Semiconductor photo-catalysts are frequently used in this trend to
solve environmental problems and purify wastewater [4-7]. Although, titanium oxide is
one of the most famous photo-catalysts in this field, their applications are limited [8-10].
Therefore, zinc oxide is suggested to be an alternative photocatalyst to titanium oxide
because it has large excitation binding energy of 60 meV in addition to band gap energy of
3.36 eV. According to the results of Dindar and Icli [11], zinc oxide was more effective than
titanium oxide for the photocatalytic degradation of phenol. Many researchers confirmed
this conclusion using zinc oxide and titanium oxide semiconductors for the advanced
oxidation of wastewater [12,13]. However, low performance of zinc oxide was observed
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for photocatalytic degradation in many studies [14-16] because of the high rate of the
recombination reactions between the photo-generated electrons and holes of zinc oxides
which happened within nanoseconds in addition to the low amount of energy absorbed in
the photocatalytic processes. These disadvantages limit the potential capability of using
this technique on a large scale.

Several techniques were used for modifying the structure of zinc oxide to solve
its problems through narrowing its band gap energy to be more active and increase the
absorbed quantum yield from light. The formation of nanostructures [17], combination with
carbon nano-rods and nanotubes [18], and introducing surface defects were good solutions
for improving the activity of zinc oxides. Moreover, for preventing the disadvantages of zinc
oxide doping processes with transition elements in addition to morphological changes [19]
were studied to be suitable solutions for increasing the performance of zinc oxide for
photocatalytic degradation of pollutants. In this trend, the optical properties and activity
of zinc oxide were developed through the morphological changes from nanoparticles [20]
to nano-rods [21]. In addition, the zinc oxides nanotubes [22] and nanowires [23] were
suggested to be active photocatalysts [24]. Different methods [25] were used for preparing
zinc oxide such as sol-gel, spray pyrolysis, and solvent thermal.

Many researchers have used transition elements for doping zinc oxide to become
effective photocatalysts [26-29]. Insertion of sulfur inside the structure of ZnO improved
the charges separation by preventing the recombination process between electrons and
holes [30]. The results of Adeel et al. showed high photocatalytic degradation of rhodamine
blue and methylene blue under UV irradiation using ZnO films which modified by the
addition of Ag and Al [31]. Introduction of nitrogen using the micro-emulsion method
increased the optical properties and activity of ZnO nano-spheres [32]. In addition, several
studies concluded that the addition of aluminum and iron as dopants inside ZnO structures
converted their transparent thin films to be useful for photocatalytic applications and
solar cells [33-38]. This positive effect of the addition of aluminum inside zinc oxide was
confirmed by our previous research [7]. Thus, the current research aims to improve the
photocatalytic activity of ZnO structure through building nanohybrids based on organic,
magnetic, and inorganic species through an unconventional technique. In the conventional
methods [39], multi-steps were used for mixing one or two elements for zinc oxides.
However, it is difficult to obtain a homogenous distribution for all dopants in the matrix of
ZnO in this way.

The nano-size spinel ferrite particles CoFe;O4 have recently received considerable
attention because of their remarkable photocatalytic properties [40—43]. Although, re-
search have been carried out for studying the photocatalytic performance of cobalt ferrite
nanoparticles, there are no articles for using CoFe,Oy as filler for the zinc oxide struc-
ture. Furthermore, because of the low band gap energy of cobalt iron oxide CoFe,Oy4
(1.32 eV) [43], it is an excellent dopant and filler for reducing the band gap energy of
zinc oxide.

Following this trend, the current study focuses on a non-conventional strategy for
multi-doping zinc oxides through magnetic and nonmagnetic elements for the first time
to reduce its band gap energy and to be effective for purifying water from colored pol-
lutants. In this study, series of zinc oxides based on magnetic, inorganic, and organic
species were prepared through building inorganic-magnetic-organic nanohybrids. Organic
species, magnetic nanoparticles, and the nanolayers of zinc and aluminum oxides (or
hydroxides) were used as pillars, fillers, and roofs to build the nanolayered structures of
nanohybrids. Moreover, Al/Zn nanolayered structures were prepared without magnetic or
organic species for comparison. These nanohybrids were used as sources for producing zinc
oxide nanohybrids. Zinc oxide nanohybrids were tested for purifying the water through
photocatalytic degradation of the colored pollutants. At the same time, the optical prop-
erties and activity of the nanohybrids were studied and compared with the conventional
photocatalysts. In addition, a kinetic study was carried out to evaluate the activity of the
prepared nanohybrids.
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2. Materials and Methods

The hetero-structured hybrids such as inorganic-magnetic-organic systems are good
candidates for creating unusual optical properties for zinc oxide, which cannot be achieved
by conventional methods.

In order to build organic-inorganic-magnetic nanohybrids based on zinc oxide, three
types of nanomaterials were prepared. Because of the low band gap energy of cobalt
iron oxide CoFe,Oy (1.32 V) [43], very fine nanoparticles of CoFe;O4 were prepared and
used as filler for the nanohybrids and as dopant for reducing the band gap energy and
increasing the photo activity of Zinc oxide. The second nanomaterial was nanolayered
structures based on Al/Zn LDHs. The third type depended on the long chains of organic
fatty acid to expand and widen the interlayered spacing of the nanolayered structures as
shown in Figure 1. Two organic fatty acids were selected to build the nanohybrids. Stearic
and n-capric acids have two advantages: They have long chains of aliphatic hydrocarbon
(thin, long, and not bulky) that look similar to pillars that are easy to intercalate among the
nanolayers and widen the interlayered spacing between the nanolayers. In addition, they
have only one negative charge on one of their ends to attack and bond with the positive
charge of the nanolayers as shown in Figure 1. This widening and expansion can facilitate
the insertion of magnetic nanoparticles among the nanolayers of Al/Zn LDHs. To study
the important role of organic fatty acid, two organic fatty acids were used to build two
inorganic-magnetic-organic nanohybrids.

CoFe 0y

Al/Zn Nanolayered structures
Organic-inorganic-magnetic Nanohybrids

Figure 1. Schematic representation for building organic-inorganic-magnetic nanohybrids.

2.1. Preparation of Nanoparticles of Magnetic Nanocomposites

A solvent thermal technique [1,7] was used for preparing very fine nanoparticles of
cobalt iron nanocomposite. Cobalt (II) acetate (0.051 mol) and Iron (II) acetate (0.026 mol)
were reacted with 350 mL of methanol at room temperature for 5 h to produce Sol of
methoxides. A similar amount of ethanol was added for the mixture. To complete the
reaction under super critical conditions of pressure and temperature, the mixture was
placed inside an autoclave. The mixture was heated at a slow rate, 1 °C /min to reach
260 °C under high pressure 75 bar. At this critical temperature, the Sol converted to Gel
by poly-condensation or poly-esterification reactions that result in a dramatic increase
in the viscosity of the solution during heating inside the autoclave. Poly-condensation
reactions continued until the gel transformed into a solid mass of CoFe,Oy. At this stage,
the pressure was slowly released under the flow of nitrogen to avoid oxidation reactions.
At the same time, the temperature of the autoclave decreased to room temperature. The
fine powder of the product was easily collected.

2.2. Preparation of Nanolayered Structures and Nanohybrids

Two samples of inorganic-magnetic-organic nanohybrids were prepared for designing
a nanolayered structure changing the organic species [2,6]. A pure nanolayered structure
of Al/Zn LDH was prepared without magnetic or organic species for comparison. Al/Zn
LDH was prepared through mixing aqueous solutions (0.069 mol/L) of aluminum nitrate
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with zinc nitrate in the presence of 0.5 mol/L of urea. The molar ratio of aluminum to zinc
was 1:3. By keeping the temperature of the mixture at 80 °C, the nanolayers of LDH were
precipitated during the hydrolysis of urea because the nature of the reaction medium was
gradually changed from acidic to alkaline. White precipitate was obtained after 12 h of
reaction. It was filtrated and washed with distilled water. After drying at room temperature,
the product was collected and coded by ZA.

The inorganic-magnetic-organic nanohybrid was synthesized by adding 100 mL of the
aqueous solution of 5% n-capric acid sodium salt during building the Al/Zn nanolayered
structure. Moreover, 0.5 g of the prepared nanoparticles of cobalt iron oxides nanocomposite
was mixed with the aqueous solution (0.069 mol/L) of aluminum nitrate with zinc nitrate
in the presence of 0.5 M of urea. By keeping the temperature of the mixture at 80 °C, the
product was obtained after 12 h of reaction. After filtration and washing, the product was
dried under vacuum at room temperature. The sample was coded by NHZ-1.

Another inorganic-magnetic-organic nanohybrid was prepared by the same procedure,
changing the organic compound n-capric acid to be stearic acid. The nanolayers of the
Al/Zn LDH were precipitated in the presence of 0.5 g of the prepared nanoparticles of
cobalt iron oxides nanocomposite. The product was collected and coded by NHZ-2.

2.3. Preparation of Nanohybrids Based on Oxides

The nanolayered structure of Al/Zn LDH was thermally treated at 500 °C for 5 h
in the presence of air to produce a nanocomposite of zinc and aluminum oxides through
an Integrated-Type Intelligent Furnace (5X2-2.5-10Z, Lead-Teck, Shanghai, China). It was
represented by ZA-500. Through calcination at 500 °C in the presence of air for 5 h, the
nanohybrid NHZ-1 was converted to a stable nanohybrid composed of magnetic and
non-magnetic oxides. It was represented by NHZ-1-500. The organic-inorganic-magnetic
nanohybrid NHZ-2 was transformed to a new structure of nanohybrid through the thermal
treatment at 500 °C in presence of air for 5 h. It was represented by NHZ-2-500.

2.4. Physical Characterization

Nanolayered structures and crystalline structures of the prepared samples were identi-
fied by a Bruker-AXS system (Bruker Company, Karlsruhe, Germany) with Cu-Ka radiation
for X-ray diffraction analysis (XRD). A scanning electron microscopy was used for imag-
ing the sample in a large area JEOL JSM-6330F (Tokyo, Japan). An electron probe micro
analyzer JED 2300 (JEOL Company, Tokyo, Japan) was used for detecting the elements
and its chemical composition in the prepared samples through energy dispersive X-ray
spectroscopy (EDX). For studying the thermal behavior of the prepared samples, the ther-
mogravimetric analyzer TA series Q500 and differential scanning calorimetry (DSC) TA
series Q600 (TA company, New Castle, PA, USA) were used under the flow of nitrogen. For
imaging the nano size and morphology of the prepared materials, transmission electron
microscopy (TEM) JEM 2100F (JEOL Company, Tokyo, Japan) was used with different
magnifications. The optical properties were measured for the prepared samples through
the diffuse reflectance technique. A UV/VIS/NIR Shimadzu 3600 spectrophotometer
(Shimadzu, Columbia, MD, USA) was used for measuring the absorbance of liquid and
solid samples.

2.5. Photocatalytic Activity

Photocatalytic degradation of aqueous solutions of industrial dyes was used for
measuring the photocatalytic activity of the prepared materials for purification of water.
Photocatalytic reactions were carried out inside the quartz immersion well reactor RQ400,
which was supplied by a photochemical reactors limited company in Camberley Surrey, UK.
The photocatalytic reactions were accomplished inside a 400 mL standard reaction flask
Model 3308, which is fabricated of quartz glass. A 400-watt power supply 3140/PX0783
was used with 400 W medium pressure mercury lamp 3040/PX0686. In the current study,
an aqueous solution of Naphthol green B, which was used as a pollutant, was prepared
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with a low concentration 4 x 10~* mol/L. According to the law of Beer-Lambert, when the
initial concentration of dye is low, the intensity of the measured spectrum of the dye can be
used to express the dye concentration. Thus, the changes in the concentrations of Naphthol
green B were monitored by measuring the absorbance at 714 nm, which considered the
characteristic band of Naphthol green B. By using a photocatalytic reactor, 300 mL of the
green solution was mixed with 0.1 g of the prepared materials and irradiated by UV light
at room temperature. To maintain the temperature of the photocatalytic reaction, the glass
reactor was equipped with a cooling system. Before irradiation of UV light and after
stirring the mixture for 10 min in the dark, the concentration of the green mixture was
measured for detecting the adsorption of the dye on the catalyst [1]. At different intervals
of irradiation time, a fixed amount of the solution was extracted and measured by UV-Vis
spectrophotometer to determine the concentration of the remaining dye in the solution.

3. Results
3.1. Characterization of the Prepared Filler

Very fine nanoparticles of cobalt iron oxides nanocomposite were prepared and char-
acterized to be suitable for using as a filler and inserting among the nanolayers of the
nanolayered structures. In this trend, X-ray diffraction was used to confirm the structure
of the prepared cobalt iron oxides nanocomposite. Figure 2a shows an X-ray diffraction
pattern of the prepared cobalt iron oxides nanocomposite.
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Figure 2. The prepared cobalt iron oxides nanocomposite (a) X-ray diffraction pattern, (b) TEM image
at 50 nm, and (c) TEM image at 10 nm (inset: EDX spectrum).

The X-ray diffraction pattern showed weak peaks at 26 = 35.56°, 41.6°, and 62.9°
agreeing with d-spacings at 0.25 nm, 0.21 nm, and 0.15 nm, respectively. By comparing
with the standard diffraction pattern of JCPDS 79-1744, Figure 1 reveals that the prepared
cobalt iron oxides have CoFe;Oy structure. Transmission electron microscopy was used
for measuring the nano size of the particles of the prepared cobalt iron oxides. Figure 2b
shows strong aggregates of nanoparticles because of the magnetic behavior of the cobalt
iron oxides. By magnification, very fine nanoparticles were observed in Figure 2c. Figure 2c
show that the size of the particles of the prepared cobalt iron oxides is less than 5 nm.
Energy dispersive X-ray spectrometry (EDX) analysis confirmed the presence of magnetic
elements by observing two sharp peaks for cobalt and iron as shown in Figure 2c (inset).
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3.2. Design of Inorganic-Magnetic-Organic Nanohybrids

Inorganic-magnetic-organic nanohybrids appear to be very creative because they can
produce unlimited sets of known or unknown properties. In this way, nanohybrids were
designed by combining one-dimensional nanoparticles of magnetic nanocomposite and
two-dimensional nanolayered structures in addition to long chains of organic acid. This
combination was achieved in an order arrangement by building Al/Zn nanolayered struc-
tures which have cationic nanolayers. In the presence of n-capric acid (CH3(CH;)sCOO™),
the long chains of the aliphatic acid were intercalated among the nanolayers for neutraliz-
ing their positive charges. At the same time, the long chains of organic compound were
working as pillars for building the nanolayered structures. In addition, these pillars ex-
panded and widened the interlayered spacing among the nanolayers to produce enough
space for existing magnetic nanoparticles cobalt iron oxides. To indicate the positive role of
organic species for designing this nanohybrid, the pure Al/Zn nanolayered structure was
prepared for comparison. Moreover, the Al/Zn nanolayered structure was modified by
the nanoparticles of cobalt iron oxides nanocomposites with longer chains of organic fatty
acid to study the effect of the organic species. X-ray diffraction patterns of the prepared
nanolayered structures and nanohybrids are displayed in Figure 3.

0.76 nm (a)
0.38 nm
0.26 nm 0.1538 nm
--l..«/L N A RN s e
(b)
0.26
£ 0.50 —_— 0.152
.2nm X
_ h
.
L (Y
2 () 1.6nm 1.4nm
e 0.8
% e S St (PSS s et = P > 'l ‘ “ 1.0

: 481022 coerrennens
é (006) (009) ZnorAlos(OH)2(COs)015-xH20
Ei. .i - .i 5 :
- AN - J - "Udl'\_a_l'_'_l\_a_ll\l\.a_n_
1.8 10 20 30 40 50 60 70
26/ degrees

Figure 3. X-ray diffraction patterns of: (a) the pure Al/Zn nanolayered structure, (b) the nanohybrid
ZNH-1 and, (c) the nanohybrid ZNH-2.
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Figure 3a shows the x-ray diffraction pattern of the pure Al/Zn nanolayered structure.
Sharp and symmetric peaks were observed at 2 theta 11.62°, 23.36°, and 34.54° aligning
with d-spacing of 0.76 nm, 0.38 nm, and 0.26 nm. These peaks are due to the reflections of
the main planes [003], [006], and [009]. The clear arrangement between these reflections
(0.76 nm =2 x 0.38 nm =3 x 0.26 nm) confirmed formation of the nanolayered structures
of the natural hydrotalcite (JCPDS file No. 37-629) and zinc aluminum carbonate hydroxide
hydrate (JCPDS file No. 38-486). The other reflections of the planes [012], [015], [110], and
[113] of the nanolayered structures of the natural hydrotalcite were observed at 2 theta
39.16°, 46.56°, 60.05°, and 61.44° and matching with d-spacing 0.23 nm, 0.19 nm, 0.17 nm,
and 153 and 0.150 nm. The crystal parameters (a, c) were calculated depending on the
d-spacing of the planes [003] and [110], respectively. The first parameter was 2 x d[19] =
0.306 nm. This means that the average distance between the Zn cation and Al cation was
0.306 nm agreeing with the previous published data of zinc aluminum carbonate hydroxide
hydrate (JCPDS file No. 38-486). The second parameter was assessed by 3 x djgp3) = 2.28
nm. It was similar to that reported for the natural hydrotalcite.

By intercalating the long chains of n-capric acid (CH3(CH;)sCOO™) with the Al/Zn
nanolayered structures in the presence of the nanoparticles of cobalt iron oxides, inorganic-
magnetic-organic nanohybrid NHZ-1 was formed through host-guest interaction. The X-ray
diffraction pattern of NHZ-1, which is displayed in Figure 3b, showed new peaks at low
2 theta in addition to the disappearance of the original peaks of the nanolayered structure of
LDH. The peaks of the nanoparticles of magnetic nanocomposite are unclear. A weak peak
is observed at 1.20 nm indicating that the interlayered spacing of the nanolayered structure
expanded and widened from 0.755 nm to 1.20 nm. This spacing may be allowed for the
nanoparticles of cobalt iron oxides to intercalate among the nanolayers of the nanolayered
structure because the peaks of cobalt iron oxides are not clear in Figure 3b. The crystal
parameter (a), which depends on the reflection of the plane [110], has a little shift. At
the same time, a large change is observed for parameter (c) from 2.280 nm to 3.60 nm.
This means that the nanohybrid NHZ-1 consists of nanolayered structures having organic
species and magnetic nanoparticles.

With intercalating longer chains of organic compounds, stearic acid (CH3(CH);,COO™),
and the nanoparticles of cobalt iron oxides nanocomposite inside the pure Al/Zn nanolay-
ered structures, NHZ-2 was formed to build another inorganic-magnetic-organic nanohy-
brid. Figure 3c shows the main peaks of the Al/Zn LDH in addition to new peaks after
building the nanohybrid NHZ-2. The new peaks of the nanohybrid NHZ-2 were observed
at 1.6 nm and 1.4 nm as seen in Figure 3c (inset).

This indicated that the interlayered spacing of the nanolayered structure expanded
and widened from 0.755 nm to become higher. This expansion allows for the nanoparticles
of cobalt iron oxides to intercalate among the nanolayers of the nanolayered structure
because the peaks of cobalt iron oxides are not clear in Figure 3c. This means that the
nanohybrid NHZ-2 consists of nanolayered structures having organic species and mag-
netic nanoparticles.

This finding was confirmed by transmission electron microscopy (TEM) and energy
dispersive X-ray spectrometry (EDX) analysis. TEM images of the nanohybrid NHZ-1 are
displayed in Figure 4.

Figure 4a shows that the nanohybrid ZNH-2 has nano-platelets with sizes less than
50 nm. Moreover, very fine nanoparticles, marked by arrow, are observed in Figure 4c,d
representing the magnetic nanoparticles cobalt iron oxides. By magnification, Figure 4c
suggests the presence of the magnetic nanoparticles among the nanolayers of nanohybrid.
In addition, Figure 4d shows one particle that started to intercalate with the nanolayered
structure. This suggestion was confirmed by EDX analysis. Figure 4e shows sharp peaks
for the non-magnetic elements zinc and aluminum. In addition, the magnetic elements
cobalt and iron were observed by weak peaks.
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Figure 4. TEM images of the nanohybrid NHZ-1: (a) at 100 nm, (b,c) at 20 nm, (d) at 5 nm (yellow
arrows for the intercalated nanoparticles) and, (e) EDX spectrum.

Zn

The Fourier Transform infrared (FT-IR) spectroscopy was applied to compare the func-
tion groups of the nanohybrids NHZ-1 and NHZ-2 as shown in Figure 5. For the nanohybrid
NHZ-1, the absorption band was observed at 3434 cm~! indicating the stretching mode
of hydroxyl groups as seen in Figure 5a. The presence of long chains of hydrocarbon
of n-capric acid was clear in the IR spectrum because the stretch absorption of carbon—
hydrogen was observed by sharp peaks at 2924 cm ™! and 2953 cm~!. Furthermore, the
bending mode of the carbon-hydrogen was clear through observing the band at 1468 cm .
The symmetric stretching vibration of carboxylate, which belonged to the aliphatic acid,
was observed at 1554 cm~!. Furthermore, the absorption at 1411 cm ™! is assigned to the
asymmetric stretching vibration of carboxylate. The bands observed below 1000 cm~! can
be ascribed to Zn-O and Al-O. For the nanohybrid NHZ-2, Figure 5b confirms formation of
inorganic-magnetic-organic nanohybrid through observing the main bands of stearic acid.
The presence of long chains of hydrocarbon was confirmed by observing sharp peaks at
2922 cm~! and 2849 cm~! indicating the stretch absorption of carbon-hydrogen. Moreover,
the bending mode of the carbon-hydrogen was clear through observing band at 1466 cm 1.
The symmetric stretching vibration of carboxylate, which belonged to the aliphatic acid,
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was observed at 1589 cm~!. Furthermore, the absorption at 1397 cm~! was assigned to

the asymmetric stretching vibration of carboxylate. In addition, the absorption band of
the hydroxyl groups of the nanolayered structure was observed at 3467 cm™!. In the same
trend, the presence of different kinds of hydroxyl groups were confirmed by observing
another band for hydroxyl groups at 3694 cm~!. This indicated that the presence of the
nanoparticles of cobalt iron oxides among the nanolayers affects the vibrational mode of
hydroxyl groups which means that the confinement of the nanoparticles of CoFe,O,4 among
the nanolayers affects the hydroxyl groups which are near these nanoparticles.
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Figure 5. FT-IR spectra of: (a) the nanohybrid NHZ-1 and (b) the nanohybrid NHZ-2.

The thermal gravimetric analysis and differential scanning calorimetric (TGA-DSC
curves) showed that the degradation occurs through a continuous process with various
mass rate losses depending upon the nature of the interlayer species. The DSC curve of the
nanohybrid NHZ-1 showed two series of peaks as shown in Figure 6a. The first series is
endothermic peaks at 92 °C and 171 °C which are ascribed to the removal of the surface
and interlayered water. The second series is exothermic peaks at 250 °C, 419 °C, and 552 °C
representing the oxidation reactions of the chains of hydrocarbon of n-capric aid. From
the TG curve (Figure 6¢), the weight loss was 18%, which happened up to 222 °C, and
represents the internal content of water inside the nanohybrid NHZ-1. In the same way,
the weight loss of 36%, which occurred up to 460 °C was due to the internal content of
organic species inside the nanohybrid NHZ-1. The DSC curve of the nanohybrid NHA-2
was similar to that of the nanohybrid NHZ-2 as seen in Figure 6b. Figure 6b shows the
endothermic and exothermic peaks indicating the removal of water and oxidation reactions
of the long chains of hydrocarbon of stearic acid. Similar behavior was observed for the TG
curve of NHZ-2 as shown in Figure 6d. The thermal analyses results confirmed formation
of the nanohybrids NHZ-1 and NHZ-2.
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Figure 6. Thermal analyses of (a) DSC curve of NHZ-1, (b) DSC curve of NHZ-2, (c¢) TG curve of
NHZ-1, and (d) TG curve of NHZ-2.
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3.3. Design of Nanohybrids Based on Oxides

The main reason for designing nanohybrids with organic and inorganic species is
to produce stable and effective zinc oxides nanohybrids and nanocomposites with distin-
guished properties. Therefore, the prepared nanohybrids were thermally treated at 500 °C
to remove unstable species and create new active sites.

X-ray diffraction was used to identify the produced structures from the calcination of
the nanohybrids. Figure 7 showed X-ray diffraction patterns of ZA-500, NHZ-1-500, and
NHZ-2-500. The XRD pattern of ZA-500 exhibited new weak peaks at 26 = 32.01°, 34.32°,
36.49°,47.71°,7.05°, and 62.81° in addition to the disappearance of the original peaks of
the nanolayered structures as shown in Figure 7a. By comparing the diffraction lines of the
zinc oxide crystal (JCPDS No. 36-1451) and the standard entire diffraction pattern of zincite
phase (JCPDS No. 75-576) [2,7], ZA-500 has a similar structure to zinc oxide. In the case of
the nanohybrid NHZ-1-500, Figure 7b shows clear and sharp peaks at 0.28 nm, 0.26 nm,
and 0.24 nm indicating a crystalline structure. Moreover, weak peaks were observed at
0.19 nm, 0.16 nm, 0.15 nm, and 0.14 nm. These diffraction lines agree with the peaks of the
zinc oxide crystal (JCPDS No. 36-1451) and the standard entire diffraction pattern of zincite
phase (JCPDS No. 75-576). In addition, a weak peak was observed at 0.30 nm and marked
with (*) in Figure 7b. At the same time, Figure 7b reveals that the characteristic peak of
cobalt iron oxides at 0.25 nm overlapped with the peak of zinc oxide at 0.24 nm. For the
nanohybrid NHZ-2-500, Figure 7c shows that the characteristic peaks of zinc oxide were
observed at 0.28 nm, 0.26 nm, and 0.24 nm agreeing with the crystalline structure of the
sample NHZ-1-500. This similarity was confirmed by observing weak peaks at 0.19 nm,
0.16 nm, 0.15 nm, and 0.14 nm. These diffraction lines agree with the peaks of the zinc oxide
crystal (JCPDS No. 36-1451) and the standard entire diffraction pattern of zincite phase
(JCPDS No. 75-576). At the same time, Figure 7c reveals that the characteristic peak of
cobalt iron oxides at 0.25 nm were not clear in the sample NH-2-500. These XRD results can
conclude that both NHZ-1-500 and NHZ-2-500 have zincite phase doping with aluminum
and cobalt iron oxides.

(b)

Intensity [CPS]

36-1451 ZnO

[
10 20

26/ degrees

Figure 7. X-ray diffraction patterns of: (a) ZA-500, (b) NHZ-1-500, and (c¢) NHZ-2-500 (* is due to
cobalt iron oxides).

TEM images of ZNH-1-500 confirmed this finding as shown in Figure 8. Clear nanopar-
ticles were observed for NHZ-1-500 as seen in Figure 8a. This indicated that the width of
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NHZ-1-500 is 20 nm. Figure 8b shows combination between the zinc oxide particles with
the particles of cobalt iron oxides. Energy dispersive X-ray spectrometry (EDX) analysis of
NHZ-1-500 confirmed the presence of magnetic, elements by observing two weak peaks for
cobalt and iron as seen in Figure 8c. Furthermore, the inorganic elements (zinc, aluminum,
and oxygen) were also observed through sharp peaks as seen in Figure 8c.

Al

Fe €0 (o Zn

0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5

Figure 8. TEM images and EDX of NHZ-1-500: (a) 20 nm, (b) 2 nm, and (c¢) EDX spectrum.

To determine the chemical composition of NHZ-1-500, scanning electron microscopy
(SEM) and energy dispersive X-ray spectrometry (EDX) were used to detect the quality and
quantity of the different elements in the sample. SEM images showed clear nanoparticles
for NHZ-1-500 as shown in Figure 9a. The EDX spectrum, which is attached to SEM,
confirmed the presence of magnetic elements Co and Fe. Moreover, Figure 9b shows
that the atomic percentages of cobalt and iron in the sample NHZ-1-500 are 1.24% and
0.96%, respectively. In addition, the atomic percentage of aluminum rose to 18.64%. At the
same time, Figure 9b reveals that the highest percentage was due to zinc. This means that
NHZ-1-500 is composed of zinc oxide structure doping with Al, Co, and Fe confirming the
XRD results.

(b) Element Zn Al

Atomic % 30.19 18.64 1.24 0.96 48.98

Figure 9. Images and spectrum of NHZ-1-500: (a) SEM and (b) EDX.
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3.4. Optical Properties

Zinc oxide is familiar for the researchers in the field of optical application as one of the
most famous photo-active materials. However, its optical applications are concentrated in
the UV region; therefore, many studies have been published for developing the structure
and the morphology of zinc oxide to advance its optical behavior through increasing the
range of its absorbance and decreasing its band gap energy.

In this way, the optical absorbance and the band gap energy of the prepared nanohy-
brids were studied and compared using the UV-Vis absorption technique which is consid-
ered a powerful tool for providing important details about optical properties.

Figure 10 shows the UV-Vis absorbance of ZA-500, NHZ-1-500, and NHZ-2-500.
Figure 10a indicates that ZA-500 is active in the UV region because it has absorption in
the range of wavelength 200-350 nm. In the same time, there is no absorption in the
visible region above 400 nm as shown in Figure 10a. By modifying the structure of ZA-500
by building a nanohybrid with magnetic nanocomposites and n-capric acid, the optical
properties of NHZ-1-500 improved as shown in Figure 10b. The new absorbance band was
observed in the visible region at 630 nm. At the same time, the absorbance edge shifted
to a higher wavelength at 700 nm. This positive effect was also observed for NHZ-2-500
as shown in Figure 10c. Figure 10c shows clear absorbance for NHZ-2-500 starting from
700 nm to 200 nm with two maxima at 600 nm and 350 nm. This means that the intercalation
of magnetic nanoparticles inside the interlayered space of the nanohybrid led to good order
dispersion inside the structure of zinc oxide in addition to creating new optical active
centers for ZnO after calcination.

200

0.16; 0.16-
(a) 0.14] (b) 0.14 (c)
Q [0)
2 0121 Q 0.12;
® (0]
< £ 010
8 0.104 8
2 — 2 0.08]
i 0.06
300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700

Wavelength (nm)

Wavelength (nm) Wavelength (nm)

Figure 10. UV-Vis absorbance of (a) ZA-500, (b) NHZ-1-500, and (c¢) NHZ-2-500.

This finding was confirmed by calculating their band gap energy through a Tauc
plot [44-46]. The band gap energy was determined by plotting the relation between (ohv)?
and energy (hv) as shown in Figure 11. The band gap energy Eg of ZA-500 was calculated
by extending the straight line to the (hv) axis to obtain the optical band gap energy at
(ohv)? of 0. This showed 3.10 eV indicating a little shift from the band gap of pure ZnO
(3.295 eV) [45] because the doping of aluminum inside the zinc oxide structure caused
two competing mechanisms [44,45]; there are band gap widening (BGW) and band gap
narrowing (BGN). BGN is a consequence of many body effects on the conduction and the
valence bands; narrowing is counteracted by the Burstein-Moss effect, which provides
BGW as a result of blocking of lowest states in the conduction band. For a lightly doped
semiconductor, the filling of the conduction band leads to BGW. Burstein-Moss provided
the band gap broadening in an n-type semiconductor. On the other hand, for higher donor
density, band gap narrowing becomes significant [46]. This phenomenon, which affects the
optical absorption edge more with increasing donor density, is due to many body effects
such as exchange energy due to electron—electron and electron-impurity interactions. These
effects lead to a narrowing of the band gap (red shift). In this case, the total measured
optical band gap, Eg, is the net result of blue shift and red shift. Wolf [45] showed that the
band gap red shift is predominant in heavily doped n-type semiconductors similar to our
previous work [44] and the current study.
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Figure 11. Band gap of (a) ZA-500, (b) NHZ-1-500, and (c) NHZ-2-500.

In the case of NHZ-1-500, a large change was observed for the band gap energy, 2.60 eV,
as shown in Figure 11b. This strong effect of the nanohybrid structure was also observed
for NHZ-2-500 as shown in Figure 11c. Figure 11c shows that the band gap energy of
NHZ-2-500 was 2.79 eV. Compared with the pure zinc oxide, the narrowing of band gap
energy was clear because the reduction was from 3.30 eV [45] to 2.60 and 2.79 eV for both
nanohybrids indicating that the inorganic-magnetic-organic nanohybrids have a strong
positive effect on the optical properties of zinc oxide.

3.5. Fast Removal of Green Dyes

It is known that the improvement of the optical properties of the products of zinc
oxides leads to positive effects for their photo activities. In order to indicate these positive
effects, the prepared products were used as photocatalysts to be appropriate means for
increasing the photocatalytic activity of zinc oxide to decompose and remove pollutants
by light in a short time. In this way, the green dye of Naphthol green B was used as an
example for colored pollutants. The photo activities of zinc oxides (doped or non-doped),
and their products based on the nanohybrids structure were studied through photocatalytic
degradation of Naphthol green B. By irradiating the aqueous solution of Naphthol green B
with the UV light in the presence of the photocatalyst and measuring the absorbance of the
liquid portion after the irradiation of UV for a certain number of minutes, the reduction
in the absorption of the green dye at wavelength 714 nm indicated the degradation of the
main structure of the pollutant, while the degradation of the naphthyl rings in the dye
could be followed from the absorption peaks at 322 nm, 280 nm, and 230 nm as shown in
Figure 12a,b.

0204 (@) 0.201
8 0.15- . -s1% g 9 015
z . Adsorption =
g ‘ ‘ a
£ 010, £ 010;
8 4
g 0.05- 7min L ()05

12 min
0.0 0.001
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 12. Photocatalytic degradation of Naphthol green B in presence of: (a) NHZ-1-500 and
(b) ZNH-2-500.
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The blank experiment was performed without photocatalyst for 20 min of UV-irradiation.
The concentration did not change, indicating high stability of the Naphthol green B toward
the light irradiation as shown in the first curve of Figure 12a,b. The photocatalytic degrada-
tion of the green dye was investigated as a function of the UV light irradiation time in the
presence of the photocatalyst as seen in Figure 12. When the aqueous solution of Naphthol
green B was mixed with the photocatalyst for 10 min in the dark, an appropriate change
was observed indicating that these photocatalysts have adsorption power. By calculating
the removal percentage of the green dyes through the adsorption process, Figure 12a shows
that the sample NHZ-1-500 removed 5.1%. In the case of the sample ZNH-2-500, 11.8%
was removed by the adsorption process. Therefore, in order to determine the removal
percentage of the green dyes through photocatalytic degradation, the second curve in
Figure 12a,b was used as 0 min irradiation.

Figure 12a shows the photocatalytic degradation of Naphthol green B under UV
light in the presence of NHZ-1-500. By increasing the irradiation time, the photocatalytic
degradation of Naphthol green B increased. After 15 min of UV irradiation time, a complete
removal of the green color was observed indicating high activity for NHZ-1-500. In the
case of using NHZ-2-500, the activity became a little lower as shown in Figure 12b. A
complete photocatalytic degradation of the Naphthol green B was achieved after 20 min
of UV irradiation time. This means that NHZ-1-500 was very active because it completely
destroyed the green dye at shorter time.

The high performance of the zinc oxide nanohybrids NHZ-1-500 and NHZ-2-500 was
clear after comparison with the ZA-500 as shown in Figure 13. Where the removal of the
green dye gradually happened and was completed after 90 min of UV irradiation time in
the presence of ZA-500 as shown in Figure 13a. While Figure 13b,c shows that the removal
percentages of the dyes decreased sharply in the case of using NHZ-2-500 and NHZ-1-500,
respectively. In order to indicate the effect of organic species, the kinetics of photocatalytic
decolorization and degradation of Naphthol green B were studied for both NHZ-1-500 and
NHZ-2-500 by the following equation:

In([Co]/[C]) = kt )

Percetage of pollutant, %

Irradiation time, min

Figure 13. Percentage of the Naphthol green B after different irradiation times in presence of: (a) ZA-
500, (b) NHZ-2-500, and (¢) NHZ-1-500.

The concentration of Naphthol green B at different times is coded as [C]. The initial
concentration of Naphthol green B, which was expressed by the absorbance at time equal
zero, is coded as [C,]. The rate reaction constant is k. By plotting the irradiation time in
minutes against In([C,]/[C]), the diagrams can be employed for kinetically determining
the type of reactions.

According to Figure 14, the diagrams indicated that the photocatalytic degradation
and decolorization of Naphthol green B are pseudo-first-order reactions in the case of
using both NHZ-1-500 and NHZ-2-500. Figure 14b shows that the rate reaction constant
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of the photocatalytic degradation of Naphthol green B in the presence of ZNH-2-500 is
0.145 min~!. By using NHZ-1-500, the reaction became faster because the rate reaction
constant increased to 0.220 min~! as shown in Figure 14a. The kinetics study concluded
that the rate of photocatalytic degradation of Naphthol green B in the presence of NHZ-
1-500 increased to be higher than that of ZNH-2-500. This means that the activity of the
sample NHZ-1-500, which was prepared from a pure nanohybrid, is higher than the activity
of the sample NHZ-2-500, which was produced from a mixed phase of nanohybrid and
nanolayered structures.

4 9 Ln(Co/C)

a
®  v=0.2203x

. b
3 A y =0.1452x

Time (min)
0

0 5 10 15 20 25

Figure 14. Kinetics study of the photocatalytic degradation of Naphthol green B in presence of:
(a) NHZ-1-500 and (b) NHZ-2-500.

The recyclability of the prepared photocatalysts was tested through repeating the
process of photocatalytic degradation of NHZ-1-500 two times for the fresh sample of the
green dye. Similar results were observed after 15 min of light irradiation indicating high
recyclability of the produced photocatalysts. This conclusion showed the important role of
a nanohybrid structure for producing stable and effective photocatalysts.

4. Discussion

The fast photocatalytic degradation of the green dyes showed the excellent activity
of the prepared zinc oxide nanohybrid NHZ-1-500 which was produced from inorganic-
magnetic-organic nanohybrids. The high performance of NHZ-1-500 can be explained
through the novel strategy for building the nanohybrid structure of NHZ-1-500. The interca-
lation of the fine nanoparticles of CoFe,O4 nanocomposite among the nanolayers of Al/Zn
provided a good chance for incorporation of this nanocomposite with zinc oxide structures
during the crystallization process. Therefore, NHZ-1-500 has good crystalline structure
for zinc oxide and there are no peaks for aluminum or cobalt iron oxides. This good
incorporation of CoFe,O4 nanocomposite with the crystals of zinc oxide is partially failed
for the sample NHZ-2-500 because XRD results showed two mixed phases; nanolayered
structure and nanohybrid. This means that the nanoparticles of CoFe,O4 nanocomposite
could intercalate among the nanolayers of Al/Zn for part of the nanohybrid and support
on the external surface of the plates of the nanolayered structure of Al/Zn. The good incor-
poration of CoFe,O4 nanocomposite with the crystals of zinc oxide which were doped with
aluminum created new optical active centers inside the zinc oxide nanohybrid NHZ-1-500
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and caused reduction for its band gap energy to be very effective in light because of the
low band gap energy of CoFe;O4 (1.32 V) [43]. At the same time, some sites of Zn in zinc
oxide are occupied by CoFe,O4 atoms producing new optical active centers called shallow
traps between the valance band and conduction band leading to decreasing for the band
gap energy [1,46].

This low band gap energy and the small size of the nanoparticles of the zinc oxide
nanohybrid NHZ-1-500 have a strong effect on the mechanism of the photocatalytic degra-
dation process of the green dyes. The mechanism of the photocatalytic degradation process
is controlled by two critical reactions.

Photocatalyst + hv — h*(valance band) + e~ (conduction band) 2)
Holes (h+) + Ho O — H* + *OH (free radicals) 3)
Electrons (e7) + Op — *O,~ 4)

The first one depends on the amount of energy which absorbed by the photocatalyst
as seen in the Reaction (2). The second reaction is the movement and separation of light-
induced electrons and holes as shown in the Reactions (3) and (4). The photo-generated
holes, which produced in the conduction band, react with the water molecules to produce
highly oxidizing agents, free radicals of hydroxyl groups (*OH). At the same time, the
photo-generated electrons attack the oxygen molecules which are adsorbed on the surface
of the photocatalyst or dissolved in water to produce strong oxidizing agents superoxide
radical anion (*O; 7).

In presence of the green dyes, the molecules of NGB adsorbed on the surface of the
nanoparticles of the zinc oxide nanohybrid. The NHZ-1-500 accelerated the first reaction
to become in the excited state because it has absorbance from the wavelength 700 nm to
200 nm in addition to low band gap energy as shown in Reaction (5).

ZNH-NGB* (UV light) = ZNH + NGB+ intermediates + electrons (e™) 5)
Electrons (e7) + Oy — *Oy~ (6)
NGB" intermediates + *O,~ — Degradation compounds + CO, + H,O (7)

The band gap of NHZ-1-500 is not very small to accelerate the recombination reactions
in addition to the shallow traps which help separate between electrons and holes. Therefore,
the degradation reaction continues as shown in Reactions (6) and (7). By this way, the
colored pollutants disappeared after 15 min of UV light irradiation.

5. Conclusions

In the present study, a dual aim was achieved for designing a zinc oxide nanohybrid
to be useful and effective for purifying water in UV light. This aim focused on a new
strategy for building inorganic-magnetic-organic nanohybrids in addition to producing
an effective zinc oxide nanohybrid. Two nanohybrids were prepared by expanding the
nanolayered structures of Al/Zn by intercalating long chains of hydrocarbons of fatty
acids such as n-capric and stearic acid to facilitate the insertion of very fine nanoparticles
of cobalt iron oxides among the nanolayers of Al/Zn. The characterization techniques
showed that the prepared nanohybrid were useful for producing a zinc oxide nanohybrid
by thermal treatment. By measuring the optical properties, a clear reduction in the band
gap energy was observed for the prepared zinc oxide nanohybrids comparing with the
doped and un-doped zinc oxide. This reduction in the band gap energy from 3.20 eV to
2.60 eV led to high activity for the prepared zinc oxide nanohybrid in UV light.

This high activity was proven by a complete removal of Naphthol green B after 15 min
of UV light irradiation in the presence of the prepared zinc oxide nanohybrid. These results
were confirmed by the comparison with the Al-doped zinc oxide, which indicated that the
pure and doped zinc oxide removed the green dyes after 90 min of light. Furthermore,
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the kinetic study showed that the zinc oxide nanohybrid, which was based on a pure
nanohybrid that is better than the zinc oxide nanohybrid, was produced from mixed phases
between a nanohybrid and nanolayered LDH. Finally, it can be concluded that this strategy
for designing a photo-active nanohybrid led to positive tools for facing environment and
water-related problems by using a fast technique for purifying water.
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