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Photocatalytic activity has been widely used for the treatment of organic
effluents, mainly those generated by textile industries. Zinc oxide is widely
investigated for this application due to its low cost, non-toxicity and high
efficiency. In this work, the photocatalytic properties of ZnO:xMg (x = 1 mol.%,
2 mol.%, 4 mol.% and 8 mol.%) decorated with Ag® were investigated against
methylene blue dye (MB). Initially, the nanostructures of ZnO:xMg were
produced by the microwave-assisted hydrothermal method, and the
nanoparticles of Ag® were deposited by ultraviolet (UV) photoreduction. The
structural characteristics of the powders were determined by x-ray diffraction,
the morphologies were investigated by field emission scanning electron mi-
croscopy (FE-SEM) and the optical absorbance of the photocatalysts was
characterized by the diffuse reflectance spectra [UV-visible light (UV-Vis)].
The photocatalytic properties were estimated by degradation of MB, and the
capacity for reuse of the powders was estimated by application in three con-
secutive cycles. Undoped ZnO powders reduced 84% of MB concentration,
while the Zn0:8%Mg sample reduced 97% of it, indicating that doping with
Mg?* is efficient in increasing the degradation capacity of ZnO against MB
degradation. The deposition of metallic silver nanoparticles on the ZnO sur-
face considerably increases the photocatalytic efficiency, in which after
18 min, the 8%Mg sample completely degraded the MB. The reuse tests
showed that the powders maintain their photocatalytic activity after three
cycles and can be used for such application without generating secondary
residues.
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INTRODUCTION

Dyes are organic compounds, chemically
stable and absorb large amounts of light. When
dyes are discarded without proper treatment, they
generate negative changes in the environment.'™
Heterogeneous photocatalysis is the most efficient
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method for degradation of organic dyes, in which
conventional methods such as decanting and filtra-
tion are not effective.” Photocatalytic technology is
also widely used because it is a simple oxidation
process, based on the light absorption of semicon-
ductors, which act as catalysts.5™

Several materials are currently used in this field
of research, such as GdS, CuO, TiOy and ZnO.1%!!
Zinc oxide (ZnO) is a promising candidate for
environmental applications because it is easy to
obtain and has a strong oxidizing capacity; besides,
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it does not generate risks to human health and
environmental impacts.'>"® The properties of ZnO
can be improved by varlous treatments, such as
doping and decoration.'” Cationic subst1tut10n acts
positively on the photocatalytic activity due to the
possibility of intermediate levels in the prohibited
band and the formation of oxygen Vacancies that
inhibit the recombination of e /h*.'® Doping with
Mg alters the ZnO lattice by forming oxygen/zinc
adsorbed on its surface.'®!

Another treatment used to opt1m1ze the photocat-
alytic activity is decoration.?? Decoration with noble
metals favors surface plasmon resonance (SPR),
where Ag, Au and Pt are normally used,?® bringing
several beneficial effects, since it increases the
absorption of visible light and the excitation of
carriers of energetic charge.?* This results in
increased redox reactions and higher rate of gener-
ation of reactive oxygen species in order to obtain a
better separation of charge.?*2¢

In this work, the photocatalytic properties of
ZnO:xMg powders (x = 0 mol.%, 1 mol.%, 2 mol.%,
4 mol.% and 8 mol.%) decorated with Ag® were
investigated by the degradation of the methylene
blue dye (MB) under ultraviolet (UV) radiation. The
generation of secondary residues is a serious prob-
lem in the use of particulates in photocatalytic
processes; in order to reduce them, the reuse
capacity of the ZnO powders was tested by perform-
ing three cycles.

MATERIALS AND METHODS
Synthesis of ZnO:xMg/Ag Nanoparticles

Magnesium nitrate (Sigma-Aldrich, 99%), silver
nitrate (Strem Chemicals, 99.9%), sodium hydrox-
ide (Synth, 98%) and deionized water were used to
obtain ZnO:xMg/Ag powders.

Initially, zinc nitrate was dissolved in deionized
water. Magnesium nitrate, respecting the molar
ratios of 1%, 2%, 4% and 8%, was added to the zinc
nitrate solution. NaOH was used to set the pH to 10.
Subsequently, the solution was brought to the
hydrothermal reactor, where it was heated at
140°C by microwave radiation (2.45 GHz and a
maximum power of 800 W) and was kept for 15 min.
After the synthesis, ZnO:xMg powders were cooled
to room temperature, centrifuged and dried at
100°C for 24 h. The ZnO:xMg/Ag nanostructures
were obtained using 30 wt.% Ag. A solution con-
taining the powders of ZnO:xMg, distilled water and
silver nitrate were kept under stirring and irradi-
ated under UVC light (OSRAM, 15 W, 254 nm) for
1h for the photoreduction of Ag’. Finally, the
product was filtered, washed and dried at 100°C
for 24 h.

Characterization

The phases obtained for ZnO:xMg/Ag powders
were investigated using a Shimadzu diffractometer

(XRD-6000) with CuKu radiation (1.5418 A). In
order to better verify the changes promoted by
doping, refinement was performed using the Gen-
eral Structure Analysis System (GSAS) program
with graphic interface EXPGUIL?" Field emission
scanning electron microscopy (FE-SEM) was used to
observe the morphology. UV-Vis spectroscopy was
performed on Shimadzu (UV-2550) equipment, with
a wavelength range of 200-900 nm and pro-
grammed for the diffuse reflectance mode. Based
on these results, the optical gap band (Egap) energy
of these materlals was determined using the Wood
and Tauc Equation.”®

Photocatalytic Activities

The photocatalytic properties of the powders were
tested against MB of molecular formula
[C16H1sCIN3S] (Mallinckrodt, with 99.5% purity),
under UV-Vis radiation. About 0.05g of ZnO
powders were placed 1n a beaker containing 50 mL
of MB (1.10° mol L ') and kept under constant
stirring, illuminated by six UVC lamps (OSRAM,
15 W, with maximum intensity of 254 nm = 4.9 eV).
At intervals of 10 min for ZnO:xMg samples and
intervals of 3 min for ZnO:xMg/Ag samples, 2 mL of
aliquot was collected and the absorbance spectrum
variation was analyzed using a Shimadzu spectrom-
eter (model UV-2600). By these values, the dye
concentration variation was determined according
to test time. After the first photocatalytic test, the
powder was washed and dried in air, where after
drying, it was agaln contacted with 50 mL of MB of
concentration 10~° mol L1, to carry out the subse-
quent cycle. This reuse process was repeated two
times, totaling three test cycles.

RESULTS AND DISCUSSION

Figure 1a shows the XRD spectrum of ZnO:xMg
(with x = 1 mol.%, 2 mol.%, 4 mol.% and 8 mol.%).
The XRD peaks were indexed according to JCPDS
card no. 89-511. The peaks 20 = 31.77°, 34.42°,
36.25°, 47.54°, 56.59°, 62.86°, 66.37°, 67.95°
69.08°, 72.57° and 76.96° correspond to the charac-
teristic planes (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) referring to the
hexagonal structure of Zn0.%° No secondary peak
was observed, indicating that the Mg?* atoms were
well- 1ncorporated into the ZnO. Due to the same
Valence and proximity of the ionic rays of Zn** and
Mg?", dlsglacement of the characteristic peaks
occurred.’ Figure 1b shows the XRD spectra of
ZnO:xMg decorated with Ag®. Peaks for Ag® were
indexed according to JCPDS card no. 87-720. The
peaks 20 = 38.11°, 44.30° and 64.44° correspond to
the planes (111), (200) and (220) Ag®. The impreg-
nation of silver in the metallic form is possible due
to the lower oxidation potential of Ag®.

Rietveld refinement was used to analyze possible
differences in the structural arrangements 1nduced
by the addition of Mg?* in the ZnO lattice.®' The
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Fig. 1. Diffractograms for the (a) ZnO:xMg and (b) ZnO:xMg/Ag samples.
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Fig. 2. Rietveld refinement for the (a) ZnO, (b) Zn0O:1%Mg, (c) Zn0:2%Mg, (d) Zn0O:4%Mg and (e) ZnO:8%Mg samples.
Table I. Structural parameters of the Rietveld refinement for pure and Mg-doped ZnO samples
Sample ZnO 19%Mg 2%Mg 4%Mg 8%Mg
a (OA) 3.25187 3.25102 3.25102 3.25087 3.25085
c (A) . 5.20817 5.20919 5.20920 5.20900 5.20899
Cell volume (A?) 55.0746 55.0566 55.0567 55.0495 55.0487
Crystallite size (nm) 27.70 27.10 26.90 24.57 24.21
Microstrain (x 10%) 2.6375 2.6219 2.6195 2.3109 1.1016
12 1.254 1.312 1.314 1.346 1.344
Ry, 0.2005 0.1978 0.1979 0.2100 0.2098
R, 0.1356 0.1430 0.1433 0.1443 0.1434
Occ
Zn2* 1 0.9902 0.9801 0.9606 0.9109
Mngr 0 0.0098 0.0199 0.0394 0.0891
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GSAS program with the EXPGUI graphic interface
was used to perform the refinement.?” JCPDS card
no. 89-511 was also used for the refinement. The
parameters used in refining were: scale factor and
phase fraction; background, which was modeled
using a displaced Chebyshev polynomial function;
peak shape, which was modeled using the Thomson—
Cox—Hastings pseudo-Voigt function; change in lat-
tice constants; fractional atomic coordinates; and
isotropic thermal parameters. The results of the
Rietveld refinement are shown in Fig. 2 and Table 1.

By the small difference obtained between the
observed (obs) and theoretically calculated (calc)
curves, it is concluded that the diffractogram pat-
terns of the samples are well adapted to JCPDS card
no. 89-511. In addition, the reliability parameters
7, R, and R, exhibit low values, indicating good
quality of structural refinements and numerical
results. These results confirm that the samples are
isostructural, the crystals being well adapted to the

cubic structure and spatial group P63mc (no. 186).
The values obtained from the occupation of the Zn**
and Mg?* cations in the unit cell are close to the
synthesis stoichiometric value, confirming that the
doping was successfully performed.

According to TableI, ZnO crystallite size
decreases with increasing concentration of Mg**.
This occurs because during the crystal growth, the
Mg?* atoms are located near the boundary of the
ZnO crystals, reducing their diffusion rate and
growth.”” In addition, the Mg?* (0.78 A) has a lower
ionic radius than Zn** (0.83 A). The increase in the
amount of the dopant causes more defects in the
crystal lattice of ZnO, obtaining smaller sizes of
crystallite. This behavior is in accordance with
Vergard’s law,?>** in which for solid metal solutions
the unit cell dimensions tend to decrease with an
increasing dopant concentration.

The effects induced by doping with Mg on the
morphology of ZnO nanoparticles were examined

\ 600 nm y

Fig. 3. FE-SEM micrographs of the (a) ZnO, (b) Zn0O:1%Mg, (c) Zn0:2%Mg, (d) Zn0:4%Mg and (e) ZnO:8%Mg samples.
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Fig. 4. Histogram of nanoparticle diameters of (a) ZnO, (b) ZnO:1%Mg, (c) Zn0:2%Mg, (d) Zn0:4%Mg and (e) ZnO:8%Mg.

using FE-SEM. Figure 3 shows the morphology of
Zn0O:xMg nanoparticles. According to Fig. 3, the
nanoparticles of ZnO:xMg have their morphology
changed as the amount of Mg?* increases. The
variation in the morphology can be attributed to the
effects induced by the magnesium ions, which have
their growth rate altered because they are located in
the limits of the ZnO crystals.?? The reactivity of an
element increases as its electronegativity
decreases;**% as the electronegativity of Mg (1.31)
is less than Zn (1.65), Mg is chemically more
reactive. To better observe the influence of Mg on
the particle size of ZnO, particle size distributions
based on the Gaussian function were assembled, as
shown in Fig. 4. Through the data obtained in
Fig. 4, the average size of the nanoparticles varies
between 150.40 nm and 69.20 nm for the ZnO and
7Zn0:8%Mg samples, respectively.

To obtain more information about doping with
Mg, EDX elemental analysis was performed. Fig-
ure 5a and b shows the morphology of ZnO/Ag and
7Zn0:8%Mg/Ag heterostructures, respectively. The
EDX elemental analysis of these heterostructures is
observed in Figs. 5¢ and d. Through the EDX
spectra, the formation of Ag® is confirmed by the
peak appearance around 2.98 keV, referring to the
transition Lal. Confirmation of the doping is evi-
denced by the spectrum shown in Fig. 5d, where the
peak at 1.25 keV is a characteristic of the Mg-ka
transition. The peak not shown in Fig. 5 refers to
the silicon substrate (Si-ko). EDX spectra confirm
the formation of Zn0O:8%Mg/Ag heterostructures.
According to Fig. 5a and b, decoration with Ag® by
photodeposition does not alter the morphology of
ZnO nanoparticles. The photodeposition of Ag°®
forms fine and dispersed precipitates.
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Fig. 5. FE-SEM micrographs and EDX of the (a, c) ZnO/Ag and (b, d) ZnO:8%Mg/Ag samples.

To obtain gap energy (Egap), the reflectance data
were converted to absorbance and the absorbance
versus photon energy curve was plotted. By the
Wood and Tauc method,?® the extrapolation of this
curve gives us the approx1mate optical Egap value
of the powders. Figure 6 shows the absorption
spectra in the UV-Visible region for ZnO:xMg
powders. The calculated Egap varied from 3.22 eV
to 3.24 eV, values that are 1n agreement Wlth those
found in the literature.?”"*! Gupta et al.*? obtained
Egap values varying between 3.23 and 3.18 for
samples of iron-doped ZnO, where the reduction of
Egap occurred as the concentration of Fe increases.
The major changes in the value of the optical gap
energy (Egap) can be correlated with the reduction
or creation of structural defects or states located
within the prohibited area, which may decrease or
increase intermediate levels of energy.*?

According to Wang et al.,'® ZnO is a type of
semiconductor enriched with lattlce defects, such as
zinc vacancies (VZn), interstitial zinc (Zni), oxygen
vacuums (VO) and interstitial oxygen (Oi).

Similarly, dopants may also introduce defects in
the host ZnO.** Additionally, the photocatalytic
efficiency of ZnO can be improved by doping with
Mg, because in addition to changing the ZnO lattice,
it forms oxygen/zinc adsorbed on its surface.?!

The photocatalytic activity of the ZnO:xMg and
Zn0O:xMg/Ag powders was evaluated by the degra-
dation of MB when illuminated by UV radiation.
Figure 7a shows the photocatalytic activity of
Zn0O:xMg and Fig. 7b shows the photocatalytic
activity of ZnO:xMg/Ag. The photocatalytic process
can be described by a first-order klnetlc model with
respect to the absorbance of MB.*® The curves
formed by the In C/Co versus test time are shown
in Fig. 7c and d for samples without and with
decorated Ag°, respectlvely The values of the
constant k& (x 10 min ') are shown in Fig. 7.

As can be seen in Fig. 7a, the addition of Mg®*
provides an increase in photocatalytic act1v1ty As
prev10us1y seen, the substitution of Zn2* ions for
Mg provides smaller nanoparticles, thus increas-
ing the interaction between the nanoparticles and
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Fig. 6. Absorption spectra in the UV-visible region by extrapolating the linear region of the curve according to the Wood and Tauc method for
samples of (a) ZnO, (b) Zn0:1%Mg, (c) Zn0:2%Mg, (d) Zn0:4%Mg and (e) ZnO:8%Mg.
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Fig. 7. Variation of methylene blue dye concentration (initial concentration of 1.10~° mol L") by time of assay using 0.05 g of catalystand 50 mL of
methylene blue dye and model for obtaining the first-order kinetic constant for (a, c) ZnO:xMg and (b, d) ZnO:xMg/Ag samples (Color figure online).
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the dye molecules.*® Moreover, the defects gener-
ated by this substitution acted to suppress recom-
bination of the electron/hole pairs.'?!

Figure 7b shows that the silver decoration signif-
icantly increases the photocatalytic efficiency of the
ZnO powders, where the ZnO: 8%Mg/Ag sample
completely degraded the MB after 18 min. Accord-
ing to Sohrabnezhad et al.,?* this result occurs due
to surface plasmon resonance (SPR), which causes
increased redox reactions and higher rates of gen-
eration of reactive oxygen species. Additionally, the
heterojunction formed between ZnO and Ag°®
nanoparticles acts in order to increase the separa-
tion of the charge carriers providing species that are
more reactive to act in the photocatalysis.?*%%47

The ZnO:xMg/Ag heterostructures proved to be
very efficient in the degradation of MB, as shown in
Fig. 7. However, photocatalysts in powder form
after the photocatalytlc process requlre treatment
to be discarded.*® An alternative to minimize this
problem is the possibility of reusing the powders.
The possibility of reusing the powders, in cycles in a
row, without needing specific treatment, makes
them good candidates for large-scale applications.
In order to analyze the capacity of the ZnO:xMg/Ag
powders to be reused, they were submitted to three
cycles, without accomplishment of thermal treat-
ment. Figure 8 shows the reuse curves for ZnO:xMg/
Ag powders.

The estimation of the kinetic constant is extre-
mely important, since it provides quantitative data

about the photocatalytic process.?®®® For the best
comparatwe effect on the samples with and without
Ag®, the kinetic constant was estimated for the
same test time, with 18 min. The samples with 4
and 8% Mg presented the highest kinetic constants,
being 20.264 and 23.373, respectively. These values
coincide with those presented by the C/Co curves,
presenting the best photocatalytic results against
the MB. The reuse capacity of the powders should be
evaluated by two methods: ease of reuse and
maintenance of thelr g)hotocatalytlc activity with
the reuse sequence.’ Figure 8 shows that the
Zn0O:xMg/Ag compounds maintain their photocat-
alytic efficiency even after the third cycle, indicating
that the powders exhibit high chemical stability and
can be reused sequentially.

CONCLUSION

Nanoparticles of ZnO:xMg with hexagonal Wur-
tizite polycrystalline structure were easily obtained
by the microwave-assisted hydrothermal method at
140°C for 15 min without forming secondary
phases. Photoreduction by UVC radiation was effi-
cient to obtain Ag’ on the surface of ZnO:xMg
nanoparticles without any chemical interaction. The
addition of Mg?" provides the reduction in the
particle size of ZnO. The decrease in the size of
the nanoparticles together with the defects gener-
ated in the crystalline lattice of ZnO from doping
with Mg?*, optimizes the photocatalytic activity.
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This photocatalytic performance was potentiated
with the decoration with Ag® due to SPR. The easy
attainment of the ZnO:xMg/Ag heterostructures
parallel to the high photocatalytic potential and
reusability make this material promising for appli-
cations in the treatment of textile effluents.
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