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Abstract

In this study, series of nanolayered structures of Zn—Al LDHs were prepared by urea hydrolysis. Nanofibers and nanonets
of the Al-doped ZnO were formed via the decomposition of the nanolayers under high pressure and temperature. Nano-
spheres were also prepared for comparison. The different morphologies of the prepared nanomaterials were confirmed by
several techniques. An improvement for the optical properties of the doped zinc oxides was observed through narrowing of
their band gap energies because of transforming the nanolayers to nanonets and nanofibers. The photocatalytic activities of
the prepared nanomaterials were studied through photocatalytic degradation of the pollutants of acid green dyes. Complete
decolorization and mineralization of green dyes happened in the presence of the nanolayers and nanospheres within 4-6 h,
while the nanonets and the nanofibers achieved the complete decolorization and degradation of the dyes at shorter time
1.3 h. These results could be explained though the kinetic study of the photocatalytic degradation of dyes. It was concluded

that the nanonets and the nanofibers were very effective for the photocatalytic degradation of pollutants.

Keywords Al-doped ZnO nanolayers - Nanofibers - Nanonets - Band gap energy - Photocatalytic degradation -

Acid green dyes pollutants

1 Introduction

Nanomaterials are one of the most active growing areas of
research in the fields of engineering and science. Addi-
tionally, their applications in the field of environmental
remediation are very promising. Over the past decade, it
has become abundantly clear that the world faces major
threats to its water supplies. The most serious current
universal problems are protection of water supplies, which
is of high environmental importance [1]. Contamination of
rivers, lakes, and oceans occurred due to the disposal of
unwanted anthropogenic chemicals (or effluents) [2—4].
Textile dyes and surfactants are the main hazardous
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pollutants, because most of the organic dyes are not easily
biodegradable [5-7].

Photocatalytic degradation seems to be as an emerging
resolution for elimination of dyes from wastewater using
light and semiconductors [8]. Among the used semicon-
ductors, zinc oxide and titanium dioxide are established to
be effective for photocatalytic degradation of pollutants
[9, 10].

Daneshvar et al. [11] reported that the complete decay of
acid red 14 was successfully achieved by the ZnO-based
photocatalyst. Other researchers revealed that the photo-
catalytic activity of ZnO is higher than that of TiO,
[12, 13]. However, Wang et al. [14] and Zhou et al. [15]
claimed that ZnO as a photocatalyst has some problems
such as a low quantum yield in the photocatalytic reactions
in aqueous solutions and the fast recombination rate of
electron—hole pair, which obstruct commercialization of
the photocatalytic degradation process. Several methods
and different elements were applied and reported to solve
these problems. Morphological variation in the nanoscale
[16], joining with other nanomaterials, such as carbon
nanotube [17], introducing surface defects [18], and doping
with transition elements, were suggested as appropriate
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solutions for avoiding the disadvantages of ZnO photo-
catalyst. Among these solutions, doping with transition
elements into zinc oxide has recently received much
attention [19, 20]. Zinc oxide was doped by various tran-
sition elements [21-24], such as Pd, Bi, Sm, Al, and Ce to
improve its photocatalytic activity.

In this trend, the Al-doped ZnO attracted our attention
because of its distinctive physicochemical properties.
Therefore, in our previous research [25], we concluded that
the improvement of photocatalytic activity of the Al-doped
ZnO through the photocatalytic degradation of naphthol
green B was attributed to the reduction in its band gap
because of the presence of high percentage of Al in the
structure of ZnO.

In the same way, construction of the Al-doped zinc
oxides with organized shape and size may be a way for
improving their photoactivities toward degradation of pol-
lutants. Nanolayered structures are considered as critical
way for combining two or more fundamental metals toge-
ther with morphological variation in the nanoscale [26].

Layered double hydroxides (LDHs) are a large family of
nanolayered structures, which can be symbolized by the
common formula [MII,, MIIL(OH),["[A" 1,,,-vH,O.
The divalent (MII) and trivalent (MIII) elements are
arranged into nanolayers (0.48 nm) [27], and the positive
charge of the nanolayers is neutralized by interlayer anions
(A"7). According to the nanolayered structures of LDHs,
they exhibited promising applications in many aspects,
such as adsorbents [28], photocatalysts [29], anodic mate-
rials [30], sensors [31], magnetic materials [32], and energy
conversion and storage [33]. The common factor in these
studies was to look for a better control of the size and shape
of LDH particles, producing more efficient products for the
potential applications.

Recently, although Abderrazek et al. [34] studied the
photocatalytic activity of the calcined nanolayered struc-
tures of Zn—Al LDHs, they followed the usual way for the
calcination of the nanolayered structures and did not deal
with the produced morphology of the calcined LDHs.

This study emphasized the importance of the morphol-
ogy of the Al-doped ZnO, which obtained from the thermal
treatment of LDHs as effective photocatalysts for the
degradation of acid green 1 (AG1) using UV light. Also, it
induced a method for controlling the produced morphology
of the decomposed nanolayered structures of LDHs. For this
purpose, nanolayers of Zn—-Al LDHs were prepared and
transformed to nanonets and nanofibers of the Al-doped
zinc oxides with different morphologies. The optical
properties of the Al-doped zinc oxides were studied and
explained according to their morphologies. Also, the pho-
tocatalytic activities of the nanolayers, nanoparticles, and
nanofibers of the Al-doped ZnO were measured by degra-
dation of AG1 under UV light irradiation. Furthermore, the
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photocatalytic decolorization and degradation kinetics of
AG1 were studied.

2 Experimental

2.1 Preparation of Nanolayered Structures
of Zn-Al LDHs

Series of Zn—Al LDHs were prepared using a co-precipi-
tation method. Nanolayers were precipitated through urea
hydrolysis by reacting aqueous solutions (0.07 mol) con-
taining a mixture of zinc nitrate and aluminum nitrate. The
percentage of aluminum was increased from 5 to 30 wt%.
Urea was used as pH-controller. By heating the mixture at
70 °C, the pH of the aqueous solution was changed into
alkaline solution. White product was precipitated and
washed by distilled water. It was dehydrated at room tem-
perature for 48 h. For simplicity, the samples were sym-
bolized as ZnAl-x, where x is the percentages of aluminum.

2.2 Transformation of Nanolayers
to Nanoparticles and Nanofibers

Three grams of the prepared LDH was mixed with 150 ml
of methanol at room temperature and atmospheric pressure.
A magnetic stirring was continued for 12 h to avoid
agglomeration. Then, the mixture was placed in an auto-
clave with temperature and pressure controller unit. The
volume of the mixture was increased to be 500 mL by
adding ethanol. It was thermally treated at temperature of
300 °C and pressure of 90 bar (supercritical conditions).
The heating rate of the autoclave was stepped up to a
higher degree than the critical one. Accordingly, the pres-
sure followed the rising of temperature to a value higher
than the critical pressure. At this point, the autoclave is
vented by gently opening the valve of the autoclave to
reach the atmospheric pressure. In order to evacuate any
residual gases, the autoclave is fluxed with argon gas. The
autoclave is then cooled down to room temperature. Since
the solvent vapor is changed by an inert gas, no liquid
condensation arises. For simplicity, the samples were
symbolized as ZnAl-x-TP, where x is the percentages of
aluminum and TP means thermal treatment under high
pressure.

2.3 Characterization Techniques

X-ray diffraction analysis (XRD) was performed by Cu-Ko
radiation of  Bruker-AXS, Karlsruhe, Germany
(A = 0.154 nm). Energy-dispersive X-ray spectroscopy
was measured using an electron probe microanalyzer JED
2300. Fourier transform infrared spectroscopy (FTIR) was
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recorded on a PerkinElmer Spectrum 400 over the wave
number range 425-4000 cm™'. Thermal gravimetric anal-
ysis was carried out by TA thermogravimetric analyzer
(Q500) under nitrogen gas. TA series Q 600 was used to
perform differential scanning calorimetry (DSC) analysis.
Transmission electron microscopy (TEM) was used to
image the samples at nanoscale with JEM 2100F. UV-Vis
absorption spectra were measured through diffuse reflec-
tance technique to express the optical absorption properties
for all prepared materials by Shimadzu 3600 UV-VIS-NIR
spectrophotometer.

2.4 Photocatalytic Measurements

The photocatalytic ability of the different prepared nano-
materials was investigated through degradation of acid
green 1 (AG1). The chemical structure of AGI is given in
Scheme 1. The oxidant species that produced on the pho-
tocatalyst surface would attack and decompose the green
dye of AG1 to become colorless. According to the law of
Beer—Lambert [25], change in the dye concentration is
proportional to the intensity of the measured spectrum of
the dye when the initial concentration is low. In the present
study, the AG1 (4 x 10~* M) solutions containing 0.1 g of
the prepared Al-doped ZnO particles were irradiated by
UV light through photocatalytic reactor. The photocatalytic
reactions were achieved in a cylindrical glass vessel at
room temperature. The glass vessel was equipped with
magnetic stirrer and cooling system as shown in Scheme 1.
The glass vessel was illuminated by using 1 400-W mer-
cury lamp (medium pressure).

The characteristic peak of AG1 is at 714 nm, whereas the
other peaks are at 320, 283, and 232 nm due to the phenyl
groups. The extent of decomposition was calculated from
the integrated area of the peak at 714 nm. The progress of
photocatalytic degradation of the pollutant was followed by
withdrawing fixed amount of the solution at different
intervals. Before illumination, the mixture was

SO,Na
o
O-N
N-O—Fe—0~N
o o )
NaO, SO,Na

Scheme 1 Chemical formula of acid green 1 and photocatalytic reactor

magnetically stirred for 30 min to reach the adsorption—
desorption equilibrium of AG1 on the catalyst. The degra-
dation and the decolorization of the solutions were followed
by determining the concentration of the remaining dye in
the solutions. The concentrations of the AG1 solutions
before and after irradiation were determined by measuring
the absorbance using UV—-vis spectrophotometer.

3 Results

3.1 Characterization of Zn-Al Nanolayered
Structures

Doping of zinc with different concentrations of aluminum
was achieved through formation of Zn—Al nanolayered
structures. The XRD pattern of the sample ZnAl-30 agreed
with the layered structure of the natural hydrotalcite
(JCPDS file No. 37-629) and the synthetic Zn—Al LDH
(JCPDS file No. 48-1022) as shown in Fig. la. It exhibited
sharp reflection for the basal plane (003) at d = 0.76 nm.
Also, the reflections of the planes (006) and (009) were clear
at d = 0.38 nm and d = 0.26 nm, respectively. The clear
arrangement between these values matching to successive
diffractions by basal planes, i.e., d(003) = 2d(006) = 3d(009)
for ZnAl-30, revealed highly ordered nanolayers along axis
c. The value ¢, related to the thickness of the brucite-like
layer and the interlayer distance, was calculated as three
times the interlayered spacing of plane (003), i.e., 2.28 nm.
The ¢ dimension was identical to that reported for the nat-
ural and synthetic hydrotalcite, 2.28 nm. The lattice
parameter a, calculated as two times of the spacing for plane
(110), was 0.308 nm. It corresponded to the average dis-
tance among cations within the layer. Three weak reflec-
tions when d = 0.69, 0.46, and 0.33 nm were observed.
These reflections indicated that hydrozincite phase Zns(-
OH)(CO3), started to grow.
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Fig. 1 XRD patterns of: a ZnAl-30, b ZnAl-15, ¢ ZnAl-05

With decreasing Al content in LDH structure to be
15 wt%, the XRD pattern of ZnAl-15 showed that the
intensity of all reflections decreased without shifting of the
a, c¢ parameters as shown in Fig. 1b. With further
decreasing Al content in LDH structure, Fig. Ic shows
overlap between the main peak of LDH (0.76 nm) and the
main peak of hydrozincite phase. Although the growth of
hydrozincite phase increased, the a, ¢ parameters of the
LDH did not change. It means that ZnAl-05 still has LDH
structure. The low crystallinity of Zn—Al LDH, observed
with reducing the content of aluminum, could be due to the
growth of hydrozincite phase that caused distortion in the
layered structure of LDH.

In order to identify the nature of the prepared structures,
the FTIR spectra were measured for the prepared samples
ZnAl-30, ZnAl-15 and ZnAl-05. Figure 2 shows that they
have similar structures. The broad absorption at 3467 cm™"
corresponded to the OH stretching mode of the nanolayered
structures of ZnAl-30. In the case of both ZnAl-15 and
ZnAl-05, two shoulders overlapped with the OH band at
3570 and 3400 cm™' indicating different kinds of OH
groups. It confirmed the presence of hydrozincite phase
besides the nanolayered structures of Zn—Al LDH, agreeing
with the results of XRD. The broadness of the OH band may
be due to the existence of hydrogen bonds. Also, the OH
stretching mode of interlayer water molecules and hydrogen
bonded to interlayer carbonate anions were confirmed by a
clear shoulder peak at around 3000 cm ™' [35]. The bending
mode band of water molecules was observed at 1642 cm ™'
[36]. Figure 2a shows two bands at 1430 and 1360 cm™! for
ZnAl-30. These bands are due to mode v; of interlayer
carbonate species [37], while in the case of ZnAl-15 and
ZnAl-05, these bands were recorded at 1503 and
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1360 cm ™', respectively. For free carbonate species, the
vibration mode was recorded at 1450 cm ™. In the case of
aragonite, it split into two bands at 1504 and 1492 cm ™'
because of symmetry lowering. In the current case, the
splitting was similar because of the restricted symmetry of
carbonate in the interlayer space of LDH. The v; mode of
carbonate was observed as weak band at 1081 cm ™! [38].
The sharp bands observed below 1000 cm ™' are due to the
modes v, and v, of carbonate [37, 38]. The insertion of
cyanate anions (NCO™) into Zn—Al LDHs was confirmed
by clear bands in the region of 2230-2105 cm™' as shown
in Fig. 2b [35]. The FTIR results concluded that the samples
ZnAl-30, ZnAl-15, and ZnAl-05 have LDH structures.

Thermal measurements were used in order to investigate
the phase transformations of the nanolayered structures
during the thermal treatment. The recorded thermogravi-
metric and differential scanning calorimetric (TG-DSC)
curves showed that the degradation occurs through several
stages with various mass rate losses, depending upon the
nature of the interlayer anions. From the TG-DSC curves of
ZnAl-30, which has 30 wt% Al, the degradation process
exhibited five mass losses. The first and second mass losses
(11 wt%) were detected at 50-170 °C followed by
endothermic effect at 160 °C, due to the loss of physisorbed
and interlayer water. The other three mass losses (17 wt%)
were observed at higher temperatures 170-305 °C and
followed by two endothermic peaks. These transitions are
attributed to the removal of cyanate and carbonate anions in
addition to the dehydroxylation of the LDH layers. Further
heating produced a broad exothermic peak above 425 °C. It
was accompanied by a small mass loss of 3 wt%. This
exothermic peak may be due to the crystallization of the Al-
doped zinc oxide.
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Fig. 2 FTIR spectra of: a ZnAl-30, b ZnAl-15, ¢ ZnAl-05

With decreasing the percentages of aluminum to be 15 and
5 wt%, some differences in the thermal analyses of ZnAl-15
and ZnAl-05 were noticeable as shown in Fig. 3b, c. The
degradation occurred through four stages. Also, the mass loss
corresponding to the interlayered water decreased to be less
than 5 wt% for both ZnAl-15 and ZnAl-05, while the mass
loss of the removal of carbonate anions increased to be
18-20 wt%. These differences may be due to the presence of
hydrozincite structure in addition to Zn—-Al LDH in both
ZnAl-15 and ZnAl-05 agreeing with XRD results.

The nanolayered structures of the prepared samples were
confirmed by transmission electron microscopy. It is known
that usual morphology of layered double hydroxide (py-
roaurite) is platelike morphology [39, 40]. A similar mor-
phology is detected for ZnAl-30, ZnAl-15, and ZnAI-05.
Figure 4a shows TEM image of ZnAl-30 indicating 100 nm
for the thickness of the plates. However, at higher magni-
fication, irregular plates were noticed because of aggrega-
tion of the platelets. Energy-dispersive X-ray spectrometry
showed that zinc, aluminum, and oxygen were clearly rec-
ognized in the platelets as shown in Fig. 4b. The signals of
copper and carbon were due to the grid of the TEM.

3.2 Transformation of Nanolayers to Nanonets
and Nanofibers

XRD patterns of the products obtained by treatment of the
nanolayered structures at high pressure and temperature are

shown in Fig. 5. These XRD patterns exhibited new peaks
at higher 20 and the original peaks of the layered structures
disappeared. All the diffraction lines obtained were iden-
tified as wurtzite (JCPDS No. 36-1451) ZnO crystal by
matching and fitting with the standard entire diffraction
pattern of zincite phase and zinc oxide (JCPDS No. 75-
576). In the case of ZnAl-30-TP, the characteristic peaks of
zincite phase were broad and diffuse, possibly because of
the presence of the amorphous structure of aluminum oxide
inside the zincite phase. By doping of ZnO with lower
concentrations of aluminum, 5 and 15%, XRD patterns
exhibited high crystallinity of the wurtzite hexagonal
structure. However, the considerable broadened diffraction
peaks indicated the nanoscale crystallinity of the ZnO
particles with randomly oriented polycrystalline. There-
fore, the crystalline size could be calculated based on the
Debye—Scherer equation [25]:

D =kA/(fcos0)

where k is constant (shape factor about 0.9), 4 is the
wavelength of the X-ray used (1.5418 x 107'° m), S is the
FWHM of the diffraction line, and 6 is the angle of the
diffraction.

The mean crystallites sizes of the treated samples ZnAl-
30-TP, ZnAl-15-TP, and ZnAl-05-TP were estimated from
XRD peaks width of the planes (100) (002) and (101) and
are summarized in Table 1.
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Fig. 3 Thermal analyses (TG and DSC) of: a ZnAl-30, b ZnAl-15, ¢ ZnAl-05

Fig. 4 TEM images a and EDX analysis b of ZnAl-30
The mean crystallites size of the particles of ZnAl-30-

TP was 6 nm. Slightly higher values (11 and 16 nm) were
obtained for ZnAl-15-TP and ZnAl-05-TP, respectively.
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These results mean that the nanolayered structures of Zn—
Al LDHs were transformed to the particles of zinc oxide
doped with aluminum in the nanoscale. A clear relationship
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Fig. 5 XRD patterns of: a ZnAl-30-TP, b ZnAl-15-TP, ¢ ZnAl-05-TP

Table 1 Average crystallite size calculated from X-ray patterns of the
treated nanolayered structures

Samples 20 (deg.) Area Cry. size (nm)  Av. size (nm)
ZnAl-30-TP  31.7 100 7.8 6
34.4 291 3
36.2 164 6.4
ZnAl-15-TP  31.7 194 11.4 11
344 136 10.8
36.2 305 9.6
ZnAl-05-TP  31.7 192 16.2 16
34.4 140 16.2
36.2 317 14.5

was observed between the concentration of aluminum and
the nanosize of zinc oxide, where the crystallite size of the
doped zinc oxide increased with the reduction in the con-
tent of aluminum in its nanostructures.

Transformation of Zn—Al nanolayered structures to
nanoparticles was confirmed by transmission electron
microscope. Figure 6 shows that the platelike structure of
ZnAl-30-TP disappeared after the treatment at high pres-
sure and temperature. Also, the nanoparticles were observed
at 5 nm. These nanoparticles were connected together in

aggregates looking like shape of nanonets. In the case of
ZnAl-15-TP, aggregates of the nanoparticles were also
observed as shown in Fig. 7. However, the particles size
became higher than 10 nm. In addition to the nanoparticles,
Fig. 7c shows some of the nanofibers. It means that
nanoparticles and nanofiber started to separate from the
nanonets structures with the reduction in aluminum content.
Nanofibers became clearer with further reduction in alu-
minum content as shown in Fig. 8. Figure 8 shows the TEM
images of ZnAl-05-TP, revealing the nanoparticles at
15 nm and nanofibers with diameter about 5 nm.

The chemical composition of the ZnAl-30-TP, ZnAl-15-
TP, and ZnAl-05-TP was analyzed by energy-dispersive
X-ray analysis (EDX) as shown in Figs. 6c, 7d, and 8e. The
zinc, aluminum, and oxygen peaks were clearly shown.
The EDX analysis and XRD results indicated that the
aluminum was successfully immobilized onto the zinc
oxide nanoparticles.

3.3 Optical Properties

The UV-Vis absorption spectra are believed to be a pow-
erful tool to study the optical properties of the Zn—-Al LDHs
and their oxides and provide important information about
their band gaps. In the case of ZnAl-30, which has 15 wt%
Al, Fig. 9a shows that no clear absorption band could be
detected in the visible light region (400-800 nm). It means
that ZnAlI-30 is inert with irradiation of visible light, while,
in the UV region, a strong absorption peak was observed at
190 nm that could be attributed to the electronic transition
from oxygen 2p to metal ns or np levels (n = 4) [41]. With
decreasing the percentage of aluminum to be 15 and
5 wt%, the samples of ZnAl-15 and ZnAI-05 exhibited
similar absorption behavior as shown in Fig. 9b, c.

The main absorption, which matched to an electronic
excitation from the valence band to the conduction band,
could be used to calculate the energy band gap (E,). The
link between the incident photon energy (hv) and the
absorption coefficient (o) can be written as [42]:

(ohv)"= A(hv—E,)

where A is constant and m is an index that describes the
optical absorption process. The m values are 1/2 and 2 for
allowed indirect and allowed direct transitions,
respectively.

The electronic transition of Zn-Al LDH is a direct
process from the oxygen 2p to the metal ns or np levels
(n =4 for Zn and n = 3 for Al) [41]. Thus, by plotting
(ahv)* and (hv), the band gap of Zn-Al LDH could be
determined through extending the straight line to the (hv)
axis to get the optical band gap of the samples at (ahv)* of 0
as shown in Fig. 9d, e, f.
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Fig. 6 TEM images and EDX analysis of ZnAl-30-TP

Fig. 7 TEM images and EDX analysis of ZnAl-15-TP

The band gap (E,) values of Zn-Al LDHs at room
temperature were in the range of 5.7-5.6 eV as shown in
Fig. 9d—f. It was quite different from those of Al,O;
(Eg = 3.6 eV) and ZnO (E, = 3.3 e¢V). The band gap of
the LDH structure could be ascribed to the presence of
carbonate in the confined state inside the interlayer region.

By transforming the nanolayered structures of Zn—Al
LDHs to different morphologies of the nanoparticles and
nanofibers, the absorbance spectra were shifted to visible
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region and became wider as shown in Fig. 10. Figure 10a
reveals the absorbance spectrum of ZnAl-30-TP in the
wavelength range of 200-380 nm. The broad absorbance
peak was due to the fundamental band-to-band electron
excitations that related to the energy band gap of the
sample [41]. The band gap (E,) value of ZnAl-30-TP was
3.25 eV as shown in Fig. 10f. It was different from that of
AlLOs (E; = 3.6 €V) and a little lower than that of ZnO
(E; = 3.3 eV). Compared to the band gap of pure ZnO,
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Fig. 9 UV-Vis spectra and band gaps of: a, f ZnAl-30, b, d ZnAl-15, ¢, e ZnAl-05

narrowing of band gap of ZnAl-30-TP happened after the
doping of ZnO with 30 wt% aluminum. In order to eval-
uate the change in the band gap energy with changing Al
concentrations, the relation (ahv)® versus (hv) was studied
for the other two samples ZnAl-15-TP and ZnAl-05-TP.
Figure 10d, e shows that the values of E, have been found

to be 3.11 and 3.06 eV for 15 and 5 wt% Al contents,
respectively. According to these results, the doping of ZnO
with aluminum caused narrowing of the band gap from 3.3
to 3.06 eV.

The observed band gap narrowing could be explained as
follows. Physical properties of semiconductors are linked
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Fig. 10 UV-Vis spectra and band gaps of: a, f ZnAl-30-TP, b, e ZnAl-15-TP, ¢, d ZnAl-05-TP

to their band gap energy that can be significantly changed
(increased or decreased) by doping. The extent of the shift
depended on two competing impacts. The first impact
belonged to many body effects on the conduction and
valence bands. It led to a band gap narrowing. This
shrinkage was counteracted by the second impact due to
the Burstein—-Moss effect. This effect caused a band gap
widening (blue shift) because of the blocking of lowest
states in the conduction band. On the other hand, for higher
donor density, band gap narrowing became significant
because of many body effects, such as exchange energy
due to electron—electron and electron—impurity interactions
[43]. These effects also led to a narrowing of the band gap
(red shift). In this case, the total measured optical band gap,
E,, equaled the net result of blue and red shifts. Wolf [43]
reported that the band gap had redshift in the heavily doped
n-type semiconductors. Accordingly, our results could be
interpreted in light of the above considering items. By
doping ZnO with the high and low concentrations of Al
(30, 15 and 5 wt%), the reduction in the blueshift occurred
and the redshift raised. Therefore, the net result of both
shifts led to a reduction in the band gap energy for the
samples ZnAl-30-TP, ZnAI-15-TP ZnAl-05-TP and
became more effective for their photocatalytic activities.

3.4 Photocatalytic Degradation of Acid Green
Dyes

In order to determine the effective morphology of the Al-
doped zinc oxides on their photocatalytic activities toward
the colored pollutants, the photocatalytic degradation of
AG1 was investigated by irradiating the aqueous solution
of AG1 with the UV light in the presence of the nanolayers,
nanofibers, or nanonets of the Al-doped ZnO and measur-
ing the absorbance of the liquid portion after the irradiation
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of UV for certain hours. The decrease in the absorption of
AGI at Ay, of 714 nm indicated the degradation of the
main structure of the pollutant, while the degradation of the
naphthyl rings in AG1 could be followed from the
absorption peaks at 320, 283, and 232 nm as shown in
Figs. 11 and 12.

Blank experiments were carried out without photocata-
lyst. AG1l was stable toward the light irradiation. The
photocatalytic degradation of AGIl was investigated as a
function of the UV light irradiation time in the presence of
the photocatalyst. When AG1 solution was mixed with the
used samples for 1 h in the dark, minor change was
observed. For reference, it was used as 0-h irradiation.
When the aqueous solution of AG1 containing the photo-
catalyst was irradiated with the UV light, the photocatalytic
degradation of AG1 was observed. The obtained results are
illustrated in Figs. 11 and 12. The photocatalytic degra-
dation of AG1 under UV light in the presence of the ZnAl-
30 nanolayers increased with the increase in irradiation
time. At 4.2 h of irradiation time, there were nearly com-
plete decolorization and degradation.

In the case of both ZnAl-15 and ZnAl-05, the photo-
catalytic degradation of AG1 was approximately similar to
that of ZnAl-30. Complete decolorization and mineraliza-
tion of AGI occurred in the nanolayers of ZnAl-15 and
ZnAl-05 within 4.3-4.7 h as shown in Fig. 11. It means
that the decolorization and the photocatalytic degradation
of AGI for the nanolayers did not depend on the percent-
age of aluminum, but it may depend on the morphology,
because the resemblance among their nanolayered struc-
tures resulted in similarity among the photocatalytic results
of ZnAl-30, ZnAl-15 and ZnAl-05. The little deviation
among their results may be due to the formation of non-
layered structure of zinc hydroxycarbonate with the
reduction in the percentage of aluminum.
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Fig. 11 Absorbance spectra of AG1 with different irradiation times in UV light in the presence of a ZnAl-05 LDH, b ZnAl-15 LDH, ¢ ZnAl-30

LDH (inset—typical kinetics obtained for the mineralization of AG1)

By transforming the nanolayered structures to the nan-
onets and nanofibers, the decolorization and the photocat-
alytic degradation of AGI became sensitive to the
percentage of the dopant (aluminum) inside the structure of
zinc oxides in addition to the nanosize of their particles. In
the case of the nanofibers of ZnAl-05-TP, the complete
decolorization and the photocatalytic degradation of AG1
were achieved at 2.7 h. By using the ZnAl-15-TP
nanoparticles, the time of the complete decolorization and
the photocatalytic degradation of AGI1 decreased to be
1.9 h. By using the nanonets of ZnAl-30-TP, the complete
decolorization and the photodegradation of AG1 were
achieved at shorter time 1.3 h. It can be concluded that the
nanonets of Al-doped ZnO, which has the smallest nano-
size, caused a complete removal for the AG1 pollutant at

the shortest time. It means that the nanonets morphology of
the doped zinc oxide particles was effective for the pho-
tocatalytic degradation process.

4 Discussion

Exposure of aqueous solutions of AGI to direct UV light in
the presence of the nanolayers, the nanofibers or the nan-
onets of the Al-doped ZnO caused decolorization of AG1
at different times. Figure 12 shows that the nanonets of the
Al-doped ZnO caused a complete decolorization for AGI
at shorter time than that of the other morphologies. The
complete degradation of the dye AG1 was verified by the
disappearance of the absorbance band at 714 nm as shown

@ Springer
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in Fig. 12. Also, it was confirmed by the disappearance of

the bands of the intermediate organic phenyl groups at 320,
283, and 232 nm.

The theoretical basis for photocatalytic activity of the
doped ZnO particles is due to their high oxidizing power
when being exposed with photons of energy equal to, or
higher than, their band gap energy as shown in Egs. (1, 2).
The photogenerated electrons could convert O, to super-
oxide radical anion ‘O,. The photogenerated holes react
with the hydrocarbon chain of pollutant or OH (or H,O) to
create the highly oxidizing ‘OH radicals as shown in the
following equations:

UV light

Zn—Al-0 — h"(Vp)+e (Cp) (1)

H,O0 +h" — OH + H* (2)

In the presence of the acid green dyes (AG1):

@ Springer

AG1*—Zn—Al—0 — AG™ intermediates + Zn — Al — O

+e (Cyp)
(3)
e (Cy) + 0, — 0y (4)
AG™ intermediates + ‘O, — Degradation products 5)

In this study, the improvement of the photocatalytic
activity of ZnO, doped with Al, could be explained
according to three factors. The first factor is the small
nanosizes of the doped zinc oxide particles and their effect
on the band gap. The second one is the morphology of the
doped zinc oxide that could make trapping and confine-
ment for pollutants and ease separation between the elec-
trons and holes evolved from the excitation of
photocatalyst. The third and the main factor is the trans-
formation of nanolayers to nanonets and nanofibers that
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were capable of achieving the other two factors. The three
factors improved the photocatalytic degradation of the acid
green dyes through accelerating Eq. (3) of the degradation
mechanism.

The nanonets of the Al-doped ZnO, which showed the
highest photocatalytic activity, were produced from the
thermal decomposition of the nanolayered structures of the
LDH containing 30 wt% Al. These nanonets are composed
of small nanoparticles (5 nm) connecting together by
nanofibers. These nanostructures were very effective for
the degradation process of the pollutants because of the
easy transportation and separation of the electrons and
holes evolved from the excitation of photocatalyst. Also,
these structures facilitated the trapping and confinement of
the molecules of AG1 pollutants.

By decreasing the percentage of aluminum to be 15 and
5 wt%, the layered structure of LDH started to fail and
other phase started to grow. Accordingly, the size of the
nanoparticles of the Al-doped ZnO, produced from the
treatment of these nanolayered structures of LDH,
increased to be 10 and 15 nm, respectively. Therefore, the
nanonet structures started to collapse producing the
nanoparticles and nanofibers. Also, the photocatalytic
efficiencies of ZnAl-15-TP and ZnAl-05-TP were lower
than that of ZnAl-30-TP.

The low activity of the nanolayered structures of the
Zn—-Al LDHs containing carbonate anions may be due to
the scavenging or consuming of the OH radicals through
reacting with carbonate anions [34]. Also, the intercalation
of pollutants inside the internal surface of the nanolayered
structures is not easy. It led to inhibition of photocatalytic
degradation of the green dyes.

By comparing these results with our results that were
previously reported for the nanospheres of the Al-doped
ZnO [25], the nanonets of the Al-doped ZnO showed
higher photocatalytic activities. The nanospheres of the Al-
doped ZnO caused complete degradation for AGI1 at 6 h,
while the complete degradation of AG1 was achieved in
1.3 h for the nanonets of the Al-doped ZnO. It means that
the morphology of the photocatalyst has vital role in the
photocatalytic degradation process.

In order to confirm this speculation, the kinetics of
photocatalytic decolorization and degradation of AG1 were
studied for the nanolayers, nanonets, and the nanofibers by
the following equation:

In(C,/C) = kt (6)

where C, is the absorbance at t = 0, C is the absorbance at
different times, and k is the rate constant. The kinetic
studies of AG1 for the Al-doped ZnO nanolayers, nanonets,
and nanofibers in UV light were represented in the plots of
In(C,/C) versus irradiation time as shown in Figs. 11, 12
(inset).

From Figs. 11 and 12 (inset), it could be inferred that the
decolorization and the photodegradation of AG1 by UV
light employing the Al-doped ZnO nanolayers as photo-
catalysts exhibited pseudo-first-order kinetic with rate
constant 0.6-1 h™' agreeing with the results of photocat-
alytic degradation of methylene blue dye under UV light
[34]. By transforming the nanolayers to nanonets, the rate
constant of the ZnAl-30-TP increased to become 4.5 times
higher than that of the ZnAl-30 LDH. In the case of ZnAl-
15-TP and ZnAl-05-TP, they are 3 and 1.5 times higher
than their nanolayers, respectively.

The kinetic study indicated that the transformation of
the nanolayers to nanonets and nanofibers increased the
reaction rate of photocatalytic degradation of dyes. Finally,
it confirmed that the morphology of the photocatalyst is an
important factor for photocatalytic degradation processes
of dyes.

5 Conclusions

The present study has a dual aim for developing method to
control the morphology of the produced oxides from the
decomposition of LDH structures and studying the effect of
the morphology of the Al-doped zinc oxides on their
photocatalytic degradation of the colored pollutants. In this
way, nanolayered structures of zinc oxide combined with
different concentrations of aluminum have been prepared
and transformed to nanonets and nanofibers. The obtained
band gap energy of the prepared nanomaterials was
investigated according to their morphologies. According to
the morphology which produced from the decomposition of
nanolayered structures, the band gap energy for the nano-
fibers and the nanonets of the Al-doped ZnO was reduced
and became more effective for photocatalytic degradation
of dyes.

This behavior was proven by the mineralization and the
decolorization for acid green dyes at shorter time 1.3 h in
the case of using the nanonets of the Al-doped ZnO. These
results were confirmed from the kinetic study of the pho-
tocatalytic degradation of dyes in the presence of the dif-
ferent morphologies of the Al-doped ZnO. Finally, it can
be concluded that the morphology of the photocatalyst is an
important factor for photocatalytic degradation processes
of dyes.
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