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The present work focuses on the surfactant mediated synthesis of ZnAl,O4 nanoparticles (1 —3) using sol-gel
method. 1 has been synthesized without any surfactant and during the synthesis of 2 and 3 cationic (cetyl-
trimethylammonium bromide) and anionic (sodium lauryl sulfate) surfactant, respectively, have been added.
1-3 have been characterized by P-XRD, FT-IR, SEM, SAED, TEM and BET techniques which suggest that sur-
factant reduces the particle size of ZnAl,O,4 nanoparticles to half (12nm in 1, 6 nm in 2 and 3). Zeta ({) potential

measurements have been performed to determine the surface charges of all the samples. Moreover, the photo-
catalytic activities of these ZnAl,O, nanoparticles have also been investigated. 2 exhibits better adsorption
(28-41%) and degradation (97-99%) efficiency for anionic dyes due to high surface area (129.62 m? g’l) and
positively charged surface (¢ potential 30.06 mV). Radical trapping experiments suggest O>" ~ and OH" to be the
major reactive species for the degradation of dyes.

1. Introduction

ZnAl,0, spinel belongs to Fd3m space group and has a close-packed
face-centered cubic structure [1]. In ZnAl,O,4 the valence band is
formed by the hybridization of 2p orbitals of 0>~ and 3d orbitals of
Zn>* while the conduction band is made up of 2p and s orbitals of AI>*
atom [2,3]. It is transparent for light of the wavelengths > 320 nm,
thus, it finds applications in ultraviolet (UV) photoelectronic devices
[1]. If the surface area of ZnAl,O4 spinel is high, it is a useful catalyst
and catalyst support as well as photocatalyst for the degradation of dyes
[4]. The surface charge of the photocatalyst also plays important role in
dye adsorption and degradation process, anionic dyes adsorb well on
the surface of a material with the positive value of zeta potential or vice
versa, due to the attraction of opposite charge particles [5].

It is essential to select an appropriate semiconductor material for
degradation of dyes with good efficiency and stability [6]. Among
various materials mixed metal oxides containing d or f orbitals are of
special interest as they are assumed to have the extended valance and
conduction bands [7]. Due to the extended valance band (VB) and
conduction band (CB) the life time of photogenerated carriers increase
which further facilitates the redox reaction on the surface of semi-
conductor material. These photogenerated carriers react faster with
corresponding reactive species suppressing the electron-hole

recombination and enhancing photocatalytic activity of mixed metal
oxide [8].

Heterometallic oxides find applications in fields like- photocatalysts
[9-11] and biosensors [12-14]. However, synthesis of these hetero-
metallic systems like ZnAl,O, via sol-gel route is a bit difficult due to
the different rate of hydrolysis and condensation of both the source
materials [15]. Use of surfactants as structure directing agents in the
sol-gel process is very common as surfactants have natural ability to
control the crystal growth of nanomaterials and help in achieving de-
sired morphologies with smaller particle size [16]. Molecules of the
surfactants get adsorb on the different crystal planes of the nucleating
centres and influence the nucleation process, affecting overall growth
and morphology of the nanomaterials [16].

Recently, ZnAl,04 nanostructures showing different morphologies
have been synthesized through various synthetic routes using different
precursors [4,17-23]. Belyaev et al. reported the synthesis of ZnAl,O4
powder using zinc nitrate solution and boehmite sol precursors via sol-
gel method at 750 °C for 3h [17]. Han et al. synthesized ZnAl,04 na-
nowire arrays via an interesting Melt-Injection-Decomposition (MID)
method where anodic aluminium oxide (AAO) membrane react with
zinc nitrate at 350 °C for 5h yielding ZnAl,0, nanowire arrays [18].
Guo et al. synthesized well-defined hierarchical pore structures of
ZnAl,0, via sol-gel route using zinc chloride and aluminium chloride at
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600 °C [19]. Sommer et al. reported nanostructured ZnAl,O,4 by direct
spark plasma sintering route using ZnO and a-Al,O3 or y-Al,O3 powders
in 5 min but they were able to get phase pure ZnAl,04 at 1000 °C [20].
Peillon synthesized ZnAl,O, spinel using microwave with ZnO and a-
Al,O3 starting materials at 1350 °C [21]. Foletto et al. synthesized
ZnAl,0, spinel from zinc nitrate and aluminium nitrate precursors at
700 °C via co-precipitation using ammonia solution as a precipitation
agent [4].

All the synthetic approaches discussed above either require long
reaction time or high temperature or expensive equipment. On con-
trary, our surfactant mediated synthesis of ZnAl,O,4 nanoparticles using
sol-gel method requires shorter reaction time and lower temperature
for the growth of crystalline nanoparticles. Herein, we report “Facile
synthesis of phase pure ZnAl,O, nanoparticles for effective photocatalytic
degradation of organic dyes.”

2. Experimental details

Aluminium isopropoxide {Al(OPri)s} and anhydrous zinc acetate
{Zn(0Ac),} were used as aluminum and zinc sources, respectively. Al
(OPr'); was synthesized by reported method [24]. All the other che-
micals and dyes were purchased from Sigma-Aldrich, India. Toluene
was dried by the conventional method and further distilled before using
[25].

2.1. Synthesis of source material

In a typical procedure, a solution of Al(OPr); (2.5 g, 12.53 mmol in
~15ml of toluene) was added to a solution of Zn(OAc), (1.16g,
6.32 mmol in ~15ml. of toluene) and whole content was refluxed for
3 h. The resulting mixture was concentrated in vaccuo yielding a white
solid which was used as the source material for synthesizing ZnAl,O,.

IR (KBr, cm™1): v 580 (m), 630 (m), 940 (s), 1056 (s), 1150 (w),
1340 (m), 1455 (m), 1504 (vs), 1555 (s).

Synthesis and characterization of this sort of precursors
[Zn,Al,(OPri)g(acac)s] [26], [Zn{Al(OPr)s},] [27], [ZnAl,(OPri)s.
LONC(CH3)5},] [281, [ZnAl,OPr')4(acac);(OAc)] [29] have also been
reported in the literature.

2.2. Synthesis of ZnAl;0,4 nanoparticles

For the synthesis of ZnAl,0O4, 1.55 g of the precursor was dissolved
in 20 ml of isopropanol. 0.2 ml of distilled water was added in this clear
solution and stirred for 15 min. Sol formation occurred instantly. Some
more amount of water was added to ensure complete hydrolysis, in the
time duration of 2 h. This slurry (gel) was separated by centrifugation
and washed with water and acetone in order to remove impurities. This
sample was kept overnight at room temperature and further sintered at
500 °C for 2h to generate crystallinity. It was characterized as pure
ZnAl,04 and coded as 1.

To examine the role of surfactant on particle size and morphology;
0.1 M solution of cationic surfactant cetyltrimethylammonium bromide,
CTAB (for 2) or anionic surfactant sodium lauryl sulfate, SLS (for 3) was
added during hydrolysis process.

2.3. Photocatalytic experiments

The photocatalytic activity of ZnAl,O4 was evaluated by the de-
gradation of Eosin B (EB), Congo Red (CR), Methyl Orange (MO), New
Methylene Blue (NMB) and Chicago Sky Blue (CSB) dyes using 500 W
(A = 365-366 nm) mercury lamp as light source. For photocatalytic
degradation, in 50 ml aqueous solution of Eosin B (15 mg/L), 50 mg of
ZnAl,04 was added at neutral pH and the suspension was stirred
magnetically in the dark for 30 min to attain an adsorption/desorption
equilibrium, the whole content was exposed to the mercury lamp at
room temperature. Samples were collected at 10min intervals,
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centrifuged and transferred to a quartz cuvette for measuring absor-
bance by UV-Vis spectroscopy. Finally, the experiments of the photo-
catalytic degradation of chicago sky blue, congo red, methyl orange and
new methylene blue dyes were also performed under the same condi-
tions.

2.4. Determination of reactive species

To identify the major reactive species generated during the photo-
catalytic degradation, Triethanol amine (TEA) for h™, tert-butyl alcohol
(TBA) for OH’, and p-benzoquinone (BQ) for O," ~ was added into the
EB solution as scavengers [30]. The trapping experiments were per-
formed in a similar manner as other dye degradation experiments as
aforementioned, except the addition of scavengers before switching on
the lamp. The concentration of TEA, TBA, and BQ was taken 0.01, 0.01
and 0.001 mol/L, respectively.

2.5. Characterization

Fourier-transform infrared spectroscopy (FT-IR) spectra were mea-
sured with a Bio-Rad FTS 3000MX instrument on KBr pellets in the
range of 4000-400 cm ™. Powder X-ray diffraction (P-XRD) were per-
formed on a Rigaku smart lab X-ray diffractometer using mono-
chromated Cu Ka radiation (A = 0.154nm). Zeta potentials were
measured on a particle size and zeta ({) potential analyzer
(Micromeritics NanoPlus 3 instrument) using DI water as a solvent.
Scanning electron microscopy (SEM) images and Energy dispersive X-
ray (EDX) analyses were performed on an EDX coupled Supra55 Zeiss
instrument. Transmission electron microscopy (TEM) images were re-
corded on FEI Tecnai G2 12 Twin TEM instrument. Brunauer-Emmett-
Teller (BET) analyses were performed on Belsorp Mini II equipment and
the samples were degassed at 300 °C for 2h at a vacuum pressure of
10-2kPa. UV spectra for dye degradation were recorded on a Cary-100
Bio UV-Vis spectrophotometer and solid state UV spectra of ZnAl,O4
spinel were recorded on a PerkinElemer UV-Vis spectrophotometer.

3. Results and discussion

ZnAl,0,4 nanoparticles were synthesized via sol-gel route as depicted
in Scheme 1 and were characterized by P-XRD, FT-IR, SEM, TEM, EDX
and BET techniques.

3.1. Structural and Morphological characterization

The P-XRD patterns of 1-3 confirmed that the synthesized ZnAl,04
samples crystallized in face centered cubic phase and were phase pure
(20 = 31.2°, 36.8°, 44.8°, 49.1°, 55.6°, 59.3°, 65.2°, 74.2°, 77.3°, 90.9°,
94.1°, 11.2°%; ICDD data #05-0669; Fig. 1) [4]. The average particle size
of ZnAl,04 was calculated using Scherrer's formula [31] and found to
be 12nm in 1 (without using surfactant) and decreased to 50% (i.e.,
6 nm) on using the surfactant in 2 and 3. It is necessary to mention here

Zn(OAc), + 2AI(OPri),
Refluxed

Toluene

Source Material

Sol-gel using

Sol-gel without
surfactant

surfactant

ZnAl,O, NPs

Scheme 1. Schematic representation of the synthesis of ZnAl,0y4,
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Fig. 1. XRD Patterns of 1-3.

120

that when AI(OPr'); and Zn(OAc), were dissolved directly in methanol
to synthesize ZnAl,0,4 three unidentified diffraction peak (26 = 23.7°,
26.4° and 27.9°), with very low intensity were observed in the XRD
patterns (Fig. S1).

Formation of ZnAl,0, was also confirmed by FTIR spectra of sample
1-3 (Fig. S2). In the IR spectra, the bands around 660 ecm ™! and
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550 cm ™! were attributed to the AlOg groups, building up the ZnAl,O4
spinel. The absence of peaks in the region 700-850 cm ™' further con-
firmed spinel structure of ZnAl,0,4. However, all the samples exhibited
common broad bands near 3450 and 1650cm™ due to the —-OH
stretching of H,O molecules. The broadening of the band was due to
hydrogen bond formation. The band observed near 1650 cm™ was at-
tributed to the bending vibration of interlayer water molecules, which
was probably due to the absorption of water during sample preparation
with KBr or rapid adsorption of water due to the very high surface area
of the samples [32].

Surface morphologies of these samples were examined by SEM
images. In all the samples high degree of agglomeration was observed
(Fig. S3). Although surfactants act as a clear structure directing agents
[16], controlling agglomeration, size and shape of the nanomaterials
but in our case both the surfactants controlled the particle size of the
nanomaterials and not the shape. EDS spectra (inset of Fig. S3) showed
the presence of Zn, Al and O elements in the prepared samples. TEM
images also corroborated the results of P-XRD and further confirmed
the presence of tiny particles in all the three samples (Fig. 2).

The nitrogen adsorption—-desorption isotherm and pore size dis-
tribution curve for samples 1-3 are depicted in Fig. 3(a—f) and values of
the specific surface area, pore volume and pore radius are given in
Table 1. Analysis of porosity was carried out by applying BJH method
to the adsorption branch of each isotherm for analyzing porosity of the
samples [4]. The isotherms of 1-3 were of type IV according to the
IUPAC classification [33] showing a hysteresis loop at a high relative
pressure, which advocated that samples 1-3 were mesoporous in
nature. Higher surface area of 2 as compared to 1 and 3 may be due to
use of surfactant CTAB during the synthesis of 2 [34].

The light absorbance of samples 1-3 was evaluated by the UV-Vis
spectroscopy and the results are shown in Fig. 4a. Band gap of 1-3 were
determined by Tauc relation [35] and were calculated to be 3.49 eV,
3.81eV and 4.24eV for 1, 2 and 3, respectively (Fig. 4b). Generally,
when the particle size decreases there is an increase in the band gap
energy [36] but decrease of band gap in 1 than reported literature (i.e.,
3.8 eV) may be due the presence of more defect levels in the conduction
band (CB) and the valence band (VB) of prepared sample [37,38].

To study the surface charge in the solution, zeta potentials of 1-3
were also measured in water. The values of { potential were found to be
27.58 mV (1), 30.06 mV (2) and 9.87 mV (3) (Fig. 5). It is worthy to
mention here that as the surface of the ZnAl,0, spinel was positively
charged in the 1 (which was synthesized without any surfactant); the
charge of the surface did not vary much on adding a cationic surfactant
(i.e., CTAB) in 2 whereas on adding an anionic surfactant (i.e., SLS) in 3,
a considerable decrease in the zeta potential was observed [39].

3.2. Adsorption and catalytic degradation

Photocatalytic activities of ZnAl,O, spinel were studied using var-
ious organic dyes. Due to larger surface area, 2 was explored further for
photocatalytic studies. Eosin B was chosen as the model dye because it
showed maximum degradation in minimum time. Eosin B has a char-
acteristic peak at 517 nm, which was used to monitor the photocatalytic
degradation [40]. For the performance of the photocatalysis of ZnAl,Oy4,
50 mg of catalyst and 50 ml aqueous solution of Eosin B were utilized.
The degradation of dye could clearly be observed by looking at the
aqueous solution of dye by naked eyes. Eosin B did not degrade under
the influence of light irradiation without using the catalyst (Fig. S4) or
using ZnAl,O, catalyst but switching off the lamp (Fig. S5). In the
sunlight, the degradation occurred very slowly and degraded only
56.5% of the dye (Fig. S6). Using ZnAl,0, photocatalyst at room tem-
perature with switching on the mercury lamp, 98.9% degradation of
Eosin B was observed within 40 min only (Fig. 6a). The degradation for
Congo Red (CR), Chicago Sky Blue (CSB), Methyl Orange (MO) and
Mew Methylene Blue (NMB) dyes was observed to be 98.3%, 97.2%,
96.9%, and 90.2%, respectively {Fig. 6(b—e) and Table 2}.
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Fig. 2. TEM images of 1-3.

The surface charge of the catalyst 2 also played a significant role in
the adsorption and degradation process [41,42]. All the anionic dyes
showed more than 96% degradation on the surface of 2 whereas the
cationic dye NMB showed only 90.2% degradation. Similarly, all the
anionic dyes adsorbed well on the surface of catalyst (Table 2) whereas
only 9.2% of NMB adsorbed on the surface 2, due to the repulsion
among similarly charged species. To further investigate the role of
surface charge, we used sample 3 ( potential 9.87 mV) for adsorption
and degradation of the cationic dye, NMB. On the surface of 3, cationic
dyes showed better adsorption (14.4%) and degradation 93.7% than 2
(Fig. 6f and S7). The particle sizes of both the samples were approx
6 nm, and specific surface area of 3 is less than 2, but better adsorption
and degradation of NMB on the surface of 3 further amplified the role of
surface charges of the catalyst.

The difference in photocatalytic activities of catalyst towards all the
dyes used (MO, CR, CSB, EB and NMB), may be due to the difference in
kinetic behavior of these dyes for photocatalytic degradation reaction.

Table 1
Textural properties of ZnAl,0, samples.

Sample  Specific surface area Average pore size Total pore volumes
(m*g™") (nm) (em®g™h)

1 78.59 2.38 0.09

2 129.62 2.38 0.16

3 82.41 3.53 0.15

To further investigate the photocatalytic activities of these samples, the
photocatalytic degradation kinetics was analyzed using pseudo-first-
order kinetics:

In (Cy/C) = kt

where k = pseudo-first-order rate kinetic constant (min~Y); t = irra-
diation time (min); C = concentration and C, = initial concentration
(mg L™1) of the reactant.
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Fig. 4. Absorption spectra and Band gap diagrams of 1-3.
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Table 2
Dye adsorption and degradation efficiency of 2.

Dye Adsorption  Degradation  Rate constant (min ')
Eosin B (EB) 30.1% 98.9% 7.10*10°2
Congo Red (CR) 27.8% 98.3% 3.25%1072
Chicago Sky Blue (CSB) 41.4% 97.2% 3.38%1072
Methyl Orange (MO) 40.8% 96.9% 3.16%1072
New Methylene Blue (NMB)  9.2% 90.2% 2.36 %1072

The variations in C/Cy as a function of irradiation time and In C/C,
as a function of irradiation time are given in Fig. 7(a and b) and the
value of rate constants are given in Table 2.

Results of the photocatalytic degradation of Eosin dye using
ZnAl,0,4 spinel were compared with other reported photocatalysts
(Table 3) which suggested that ZnAl,O, is a better photocatalyst with
respect to the time and degradation efficiency.
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Fig. 7. (a) Kinetic linear simulation curves of ZnAl,0, spinel with five different organic dyes (b) Photocatalytic degradation rate of ZnAl,O, spinel on five organic dyes.

3.3. Radical tapping experiments

To further investigate the responsible radical for dye degradation
radical trapping experiments were performed. In this study, different
scavengers, i. e. Triethanol amine (TEA) for h™, tert-butyl alcohol (TBA)
for OH', and p-benzoquinone (BQ) for O, ~ were used. It is evident
from Fig. 8a that all scavengers were capable of decreasing the de-
gradation of EB to some extent. The degradation of EB reduced from
98.9% to 16%, 24.4% and 45.1%, in the presence of BQ, TBA and TEA,
respectively. These trapping experiments suggested that Oy" ~ and OH’
were the key radicals for the degradation of EB, however, h* radical
was also able to degrade the dye to some extent (Fig. 8b). These results
are in accordance with Zhang et al. recent report where they proposed
that under UV light O, and OH" are more reactive species for de-
gradation of dyes [30].

3.4. Plausible mechanism for degradation of dyes

Following plausible mechanism may be proposed for the degrada-
tion of dyes using ZnAl,0,4 nanoparticles [49]-

ZnA1204 + hy > ZHA1204(h¢;-B + eEB)

hyg" + H,0/OH™ —OH’
02 + ec137 —)02-7
Dye + O,"~ /OH "/h™ —Degradation product + CO, + Hy O

As UV light falls on the surface of the catalyst, electrons (e™) of the

Table 3

valance band (VB) get excited and move to the conduction band (CB),
leaving the holes (h*) behind in the CB. These holes present in the VB
either oxidize the dye molecules directly or indirectly by reacting with
water or OH™ (adsorbed on the surface of the catalyst), producing OH".
The conduction band electrons reduce the oxygen present on the sur-
face of ZnAl,O4 to O5" ~ which further reacts with the active dye mo-
lecules, converting them into other degradation products (Fig. 8b). The
possible degradation products of eosin dye by LC-MS were also in-
vestigated [51]. Identified intermediate products are shown in Scheme
2 and Fig. S8.

3.5. Reusability test

For practical applications of a photocatalyst, the reusability is as
important as its efficiency. To evaluate the reusability of ZnAl,04
nanoparticles, four consecutive photocatalytic experimental runs
were performed, adding recycled ZnAl,O, photocatalyst to fresh EB
solutions. The activity of ZnAl,O4 particles for the degradation of EB
was observed upto four cycles (Fig. 9a). To observe the changes in
the crystal structure of the used ZnAl,O, P-XRD patterns were re-
corded which illustrated no change in the crystal structure of
ZnAl,0, after photocatalytic activity (Fig. 9b), and insignificant
change in the surface morphology (Fig. S9), signifying the use of
synthesized ZnAl,0, spinel as a reusable photocatalyst for the oxi-
dation of pollutant molecules.

4. Conclusions

In summary, Phase pure ZnAl,O4 spinels have been synthesized by

Comparison of performance of ZnAl,0, against Eosin dye with the recently reported photocatalysts.

Materials Degradation efficiency Time Initial conc. of dye Catalyst loading Source References
ZnO/ZnS heterostructures 96.1% 70 min 10 mg/L 50 mg Xenon lamp [40]
Fe,03 doped Co 78% 180 min 5%10°°M 300 mg Microwave [43]
Fe,03 doped Co 83% 180 min 5%107°M 300 mg Ultrasound [43]
Fe,03 doped Co 82% 180 min 5%10°° M 300 mg Solar irradiation [43]
Fe,03 doped Co 87% 180 min 5%10°°M 300 mg Ultrasound + Solar irradiation [43]
CdS dendritic 95% 100 min 10 mg/L 50 mg Xenon lamp [44]
Graphene-TiO, 47% 120 min 0.1%10"*M 1 cm? (electrode area) Photoelectrochemical [45]
SnS QDs 91.7% 60 min 20 mg/L 25mg Solar irradiation [46]
Cu,SnS3/1-GO (3%) composite 92% 140 min 7.5mg/L 100 mg Tungsten-Halogen lamp [47]
MnO, 96% 35min 40 mg/L 100 mg Mercury lamp [48]
7Zn0,/Sn0, hetero-nanofibers 98.9% 70 min 10 mg/L 50 mg Mercury lamp [49]
ZnO nanoflower 95.9% 80 min 15mg/L 20mg Mercury lamp [50]
ZnAl;04 98.9% 40 min 15mg/L 50 mg Mercury lamp This work
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Dyes over ZnAl,0,4 Photocatalyst under UV illumination.

surfactant mediated sol-gel method and characterized using various
sophisticated techniques. The effect of cationic (CTAB) and anionic
(SLS) surfactants on the size and morphology of synthesized nano-
particles have also been studied. Both the surfactants do not affect the
morphology of the samples, however, decrease the particle size of
ZnAl,O,4 to 6 nm (2 and 3) from 12 nm (1). Photocatalytic activities of
ZnAl,0,4 nanoparticles have also been evaluated. Small particle size and
high surface area make the synthesized ZnAl,O, spinel a suitable can-
didate for adsorption and degradation of organic dyes. Further, good
stability and reusability advocate its practical application in dye in-
dustry.
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