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Abstract

Objective: This study aims to decompose antibiotic of tetracycline hydrochlo-
ride (TCH) in agueous medium by photocatalysis under the visible light irradia-
tion. Method: Photocatalyst e-Zn(OH), was synthesized by facile precipitation
method from an aqueous containing zinc nitrate, using trisodium citrate dihy-
drate. The characterization of as-prepared material was confirmed by XRD,
SEM, FI-IR, and UV-Vis-DR. The catalytic performance of catalyst was evalu-
ated by batch reaction. Finding: e-Zn(OH), has an orthorhombic structure
with a length prism of 5-7 um and triangle angles of 56.92, 69.46, and 66.71°
€-Zn(OH), has been shown to efficiently degrade tetracycline hydrochloride.
The degradation efficiency (DE) and reaction rate at the TCH concentration
of 5 mg/L were the highest, exhibiting 89.51% and 0.120 min™', respectively.
The alkaline medium was an appropriate condition for degradation of TCH
on catalyst. Application/Improvement: e-Zn(OH), was synthesized by the
facile precipitation method, it has relatively strong photocatalytic ability for
applying in treatment of medical wastewater. Novelty: Novel triangular prism
e-Zn(OH), was prepared for photocatalysis. The relationship between structure
and catalytic efficiency was investigated in detail. In addition, the photocatalytic
mechanism of TCH on &-Zn(OH), has been proposed.

Keywords: Photocatalyst; Zn(OH) 2; Tetracycline hydrochloride; Degradation;
Kinetic

1 Introduction

The antibiotic tetracyclines were discovered in 1948, and soon it has been commer-
cialized for clinical applications. Tetracyclines have been among the most widely used
broad-spectrum antibiotics for bacterial infections in humans and animals?). How-
ever, the indiscriminate use as well as the excessive consumption of tetracyclines, lead-
ing many threats to the whole eco-system and humans®. As a result, it imperatively
needs techniques to remove pharmaceutical antibiotics-containing wastewater. There
have been various methods developed by researchers to eliminate antibiotics such as
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adsorption ®), reverse osmosis ¥, advanced oxidation process, and photocatalytic techniques ®®). Among these methods,
photocatalyst has been widely used in recent years due to its the eco-friendly operation, inexpensive, and non-toxicity.

Recently, various metal-oxide semiconductors have been used to photodegrade antibiotics. Zinc-based nanomaterial has
emerged as one of the most suitable materials for this process. Among these, ZnO has been studied and applied in many fields.
However, other compounds such as zinc hydroxide Zn(OH),, and zinc hydroxyfluorides Zn(OH)F were poorly investigated.
Zn(OH), is an amphoteric compound, which has different lattice structures: tetrahedral, hexagonal, and orthorhombic®.
Besides, it is an important precursor for the growth of ZnO.Zn(OH), has been an absorbent in medical-surgical dressings.
Hence, it is rarely used as a photocatalytic.

ZnO base materials are often used as photocatalysts to degrade toxic organic matter in water, while little research has
been done on triangular prism Zn(OH), for the catalytic process. In this study, a simple precipitation method was used
to synthesize triangular prism Zn(OH),. The batch reaction was studied to model the degradation reaction of tetracycline
hydrochloride in wastewater. Optimal conditions for catalysis were demonstrated through experiments involving pH and
tetracycline hydrochloride concentration. The first-order kinetic plot was used to calculate the rate constant of reaction

2 Methodology

2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2.6H20, 99%), trisodium citrate dihydrate (C¢HsNa307.2H,0, 99%), and sodium
hydroxide (NaOH, 96%) were purchased Xiong scientific Co., Ltd, China. Tetracycline hydrochloride (C22H4N,Og.HCI, 99%)
was purchased HeFei BoMei Biotechnology Co., Ltd, China. All the chemicals were used without any purification and distilled
water was used in all experiments.

2.2 Synthesis of Zn(OH),

The triangular prism Zn(OH), synthesis procedure was presented as follows: In the typical synthesis, 3 mmol Zn(NO3)2.6H,O,
and 7.2 mmol C¢H5Na307.2H,0 were dissolved in 60 mL distilled water under stirring from a uniform transparent solution.
Then, 30 mmol NaOH was added to the mixture directly. After stirring for 120 min, the material was obtained by filtering and
washing three to four times with distilled water and ethanol, and finally dried at 60 °C overnight.

2.3 Characterization

The powder X-ray diffraction (XRD) was carried out on a Bruker D8 Advance diffractometer (Germany) with the Cu Kot
irradiation (1= 1.54060). The Fourier transform infrared spectroscopy (FTIR, Madison, WI, USA) measurement was performed
to investigate the functional groups of Zn(OH),. Scan electron microscope (SEM, JEOL series 7600F) was used to explore the
surface morphology and size of the sample.

2.4 Photodegradation of TCH by catalyst

The photocatalytic activity of Zn(OH), was examined by the decomposition of tetracycline hydrochloride (TCH). The
experimental procedure was as follows: 50 mg catalyst was dispersed in a beaker of 250 mL containing 100 mL TCH 15 mg/L
and stirred at 250 rpm continuously for 30 min in dark to get an adsorption/desorption equilibrium. Then the mixture was
irradiated with a 250 W Xe lamp. At given time intervals, a certain suspension was filtered through a Millipore filter (0.45 um
PTFE membrane) and measured residual TCH concentration by a UV-Vis spectrophotometer (Agilent 8453) at a maximum
wavelength of 375 nm. The DE and rate constant of TCH were calculated according to the equation (1) and (2) respectively:

Co—C
DE="""""%100% (1)
Co
Co
In = =kt 2
nC, (2)

Where C, and C; are the concentration of TCH at initial (t =0) and time t (min), respectively. k is the pseudo first-order rate
constant. The k value was calculated from the slope of the In (C0/Ct)- t plots.
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3 Results and discussion

3.1 Characterization of material

The XRD pattern of the as-prepared sample is shown in Figure 1(a). The €-Zn(OH); material was single phase with
orthorhombic structure in accordance with reported data JCPDS card No. 38-0385(%). Furthermore, diffraction peaks were

sharp, and no impurity peaks demonstrated high crystallinity.

According to the IR spectra shown in Figure 1(b), the broad band centered at around 3250 cm! is the O-H stretching modes
from the two crystallographically independent OH groups in Zn(OH),. The absorption peaks from 750 cm™! to 1200 cm™ could
be attributed to the Zn-OH bends. The strong peak at 470 cm™! was related to the Zn-O stretch fall 1),
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Fig 1. (a) XRD pattern and (b) IR spectra of Zn(OH),

The SEM analysis of sample is presented in Figure 2 . Zn(OH), was observed to have a triangular prism morphology with a
length prism of 5-7 ptm and triangle angles of 56.92, 69.46, and 66.71°. This result is consistent with the XRD spectral analysis.

Fig 2. SEM images of Zn(OH), with different scale bars

The results of HR-TEM and SEAD analysis are shown in Figure 3. It was seen that the Zn(OH), particles with the size of
about 5-10 nm (Figure 3(a)), were gathered together to form a triangular prism, as shown in the SEM results above. The crystal
planes could be observed in Figure 3(b), the distance between the planes was 0.21 nm. Besides, planes (102), (110), (100), (002),

and (101) are identified in Figure 3(c).

(100) Zn(OH),

Fig 3. (a-b) HR-TEM and (b) SEAD images of €-Zn(OH),
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To investigate the light absorption and optical properties of the catalyst, the DRS/UV-Vis of the Zn(OH), sample was
carried out, as shown in Figure 4(a). It exhibited a strongly absorb radiation in the region of 250-375 nm, these demonstrated
photocatalytic ability in the UV region. Furthermore, the bandgap energy (Eg) of the catalyst was also evaluated by Tauc’s
method 12);

(ahv)?> = A - (hv — Eg) (3)

Where « is the absorption coefficient, hv is the photon energy, A is a constant. The energy intersection of the curve of (c¢hv)?
with respect to hv gives Eg when the linear region is extrapolated to the zero ordinate. Hence, Eg of Zn(OH), can be calculated
to be 3.19 eV, as shown in Figure 4b.
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Fig 4. (a) UV-Vis diffuse reflectance spectra and (b) Tauc’s plot of the Zn(OH),

3.2 Photocatalytic activity

The initial TCH concentration was selected from 5 to 20 mg/L to examine their effect on the photocatalytic reaction, the results
are shown in Figure 5. It could be found that the DE and reaction rate were decreased when increasing TCH concentration.
The DE and reaction rate at the TCH concentration of 5 mg/L was the highest, exhibiting 89.51% and 0.120 min™!, respectively.
At a TCH concentration of 10 mg/L, the DE was 79.09 which was higher than that of 15 mg/L. However, both reaction rates
were similar, showing 0.084 min!. The decrease in degradation might be due to the fact that more and more TCH molecules
were adsorbed on the constant surface of catalytic, reducing the formation of hydroxyl radicals that assist the photocatalysis.
Furthermore, at high initial TCH concentrations, penetration of photons into the solution is hindered, resulting in slower
reaction rates %,
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Fig 5. (a) Photocatalytic degradation performance in different initial TCH concentrations, (b) first-order kinetic plots

As seen in Figure 6(a), the TCH structure contains connected ring systems with multiple ionizable functional groups 14, It
has three pK as and thus can exist the different TCH species. Ata pH of below 3.3, TCH transforms into cationic species (TCH3*)
by the protonation of the dimethyl- ammonium group. When pH was between 3.3 and 7.3, TCH existed as zwitterionic species

https://www.indjst.org/ 2146
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(TCH?) due to the loss of a proton from the phenolic diketone moiety. At pH higher than 7.3, TCH changed into anionic species
(TCH", TCH?"), because of the loss of protons from the tri-carbonyl system and phenolic diketone moiety!*. In addition, the
UV-Vis spectra of TCH have shown a correlation between the increase in pH and the band shift of the antibiotic (Figure 6(b)).
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Fig 6. (a) Structure and pH-dependent surface speciation of TCH, (b) UV-vis absorption spectra of TCH at different pH

The degradation process of TCH was significantly dependent on the pH of the solution which affected the adsorbent surface
charge, the form of ionization molecules. Solutions were prepared at a wide range of pH 2-12 to evaluate the influence of pH, the
results are illustrated in Figure 7. At a pH of 2, the DE of TCH was negligible due to the protonation of Zn(OH); in acidic media
(Zn(OH)y(s) + 2H*(aq) — Zn?>" + 2H,0). As the pH of the solution increases, the DE and rate constant both increased. At pH
of 10 and 12, the DE was significantly decreased in 60 min, showing 80.25 and 82.33 % for 10 and 12, respectively. However,
after that it slowly decreased, reaching 87.57 and 94.89% in 180 min for pH 10 and 12. This can be explained by following the
reason: At higher pH, more and more  OH radicals were generated from OH" ions on the surface of the catalyst, leading to the
enhanced decomposition of TCH. However, in an alkaline medium, the Zn(OH), can be dissolved (Zn(OH)y(s) + 20H (4y) —

ZnOzz_(aq) + 2H,0) (16),
W opl= 2, K i
3] ® PH = A, k= 00067 mis
A& pll =i, k=007 min"
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Fig 7. 7. (a) Photocatalytic degradation performance of Zn(OH)2 in different pH conditions, (b) first-order kinetic plots

The plausible photocatalytic mechanism of Zn(OH), for the decomposition process of TCH was illustrated in Figure 8. As
photons strike the Zn(OH), by visible light irradiation, the electrons in the valence band (VB) of Zn(OH), were excited to move
the conduction band (CB) with the formation of the same number of holes in the VB. Then the electrons in CB can reduce the
absorbed oxygen molecules (O;) to generate superoxide radicals (e O;-). Meanwhile, the photogenerated holes can react with
H,O or hydroxyl (OH") to generate hydroxyl radical (e OH). The produced e O,- and @ OH radicals play important role in the
photocatalytic process!”). These powerful radicals can rapidly degrade the TCH into intermediates and entirely decompose
the TCH to CO», and H0 9,

The catalyst after an experiment was recovered by filtering and washing with distilled water, then dried at 120 °C for 12 h
to be used for the next experiment. The DE was decreased from 89.51 to 82.3 % after 1*' reuse, however it remained relatively
stable for subsequent uses. The DE was 79.1 % for 5" cyclic experiment, in Figure 9(a). The morphology of the catalyst after 5
cyclic experiment, in Figure 9(b), was similar to that of the original catalyst, in Figure 2(a), These showed that £-Zn(OH), has
high stability and can be a potential catalyst for large-scale industrial applications.
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Fig 8. 8. Schematic diagram for the photocatalytic mechanism of Zn(OH),
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Fig 9. (a) Cyclic experiments and (b) SEM analysis of catalyst after 5™ cyclic experiment

We already know that each type of catalyst has the corresponding optimal conditions for the decomposition of a certain
organic substance. Therefore, it is difficult to compare the absolute efficiency of their performance. However, the indirect
comparison of the performance of €-Zn(OH), with other catalysts is presented in Table 1. The degradation efficiency of THC
in e-Zn(OH), was relatively high compared with other catalysts even though under visible light and without strong oxidizing
agent HyO,. However, the degradation time of THC in &-Zn(OH); was longer than that of three-dimensional flower-like
TiO,/TiOF,, and nanoparticles ZnO and shorter than nanoparticles CdS-TiO,, nanocomposite FeNi3/SiO,/CusS.
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Table 1. Comparison with other catalysts

Catalyst Mophology Reaction conditions Performance Ref.
ZnO/Zn(OH), Nanoparticles Sunset yellow of 20 pig/mL, pH of 6.0, dosage  Degradation of sunset yellow, (%)
of 1 g/L DE of 92%, rate constant of
0.029 min™!
Zn(OH), Flake RhB concentration of 5.0 mg/L, catalyst Degradation of RhB, DE of (19)
dosage of 150 mg/L, under UVC radiation about 40%, rate constant of
0.05 min™!
TiO,/TiOF, Three-dimensional TCH concentration of 10 mg/L, catalyst Degradation of TCH, DE of 0
flower-like dosage of 0.3 g/L, under xenon lamp 85% in 30 min, rate constant
of 0.025 min™!
ZnO Nanoparticles TC concentration of 50 mg/L, catalyst Degradation of TC, DE of D
dosage of 1 g/L, under UV irradiation 96.1% in 120 min
FeNi3/SiO,/CuS Nanocomposite TC concentration of 20 mg/L, catalyst Degradation of TC, DE of (2
dosage of 0.005 g/L, pH of 9, Xenon light 81% in 200 min
InyS3/Bi;WOg  Core-shell TCH concentration of 20 mg/L, catalyst Degradation TCH, DE of 3
dosage of 0.5 g/L, under visible light irradia- ~ 96%, 0.017 min"!
tion
CdS-TiO, Nanoparticles TCH concentration of 50 mg/L, catalyst Degradation of TCH, DE of %
dosage of 1 g/L, Under xenon lamp 87.06% in 8h
(Bi)BiOBr/rGO Hierarchical micro- TC concentration of 20 mg/L dosage catalyst ~Degradation of tetracycline, 2
spherical structures of 1 g/L, Xenon lamp DE of 75.5%,
e-Zn(OH), Triangular prism TCH concentration of 20 mg/L, catalyst Degradation of TCH, DE of  This study

content of 0.5 g/L, pH solution of 12, under

97.52 % in 180 min, rate

visible light constant of 0.120 min!

4 Conclusion

The €-Zn(OH), material has been successfully prepared by the simple precipitation method. The morphology of €-Zn(OH),
has been demonstrated that to be the special morphology compared with that of Zn(OH); in other studies. €-Zn(OH), was a
triangular prism with a length prism of 5-7 um and triangle angles of 56.92, 69.46, and 66.71°. It had a narrow bandgap (3.19
eV) and exhibited a strongly absorption of radiation in the UV region. The decomposition rate of THC in €-Zn(OH), was fast,
showing the DE of 97.52%, rate constant of 0.120 min™! in 180 min at pH of 12 under visible irradiation. This study proved
that morphology has a strong affect to the physical properties and catalytic efficiency of Zn(OH),. As the result, its catalytic
efficiency was higher than that of nanoparticles, flowers, and flakes photocatalysts. It proved to be a potential catalyst for the
treatment of antibiotics in aqueous medium.
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