
Introduction

Tetracyclines are broad-spectrum antibiotics 
produced by actinomycetes and are widely used in 

medicine, animal husbandry and aquaculture industry 
[1-12]. The production and use of tetracyclines are 
currently ranked second in the world. However, 
tetracycline is only partially absorbed and metabolized 
by passive substances during use, and the rest of 
antibiotics are still discharged out of the body with 
feces and urine in an active form (matrix or metabolic 
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products) [13, 14], causing great harm to the ecosystem 
and human health [15-24]. This may lead to the 
accumulation of antibiotics in the ecosystem, which 
can lead to the high levels of antibiotics. Thus causing 
devastating effect on the microbial community at the 
bottom of the food chain, and further affecting the 
stability of the whole food chain. It can also lead to 
drug resistance in the body, making people take drugs 
that have no effect on the disease. Therefore, the control 
and reduction of residual antibiotics in the environment 
have attracted extensive attention from environmental 
science and even in the public. 

In previous studies, there have been many ways 
to degrade tetracycline hydrochloride, such as 
photocatalysis [25-28], ultrasound irradiation [29, 
30], multiphase, Fenton method [31] etc. However, 
these methods have shortcomings such as high cost, 
low efficiency or long processing time. Therefore, it 
is necessary to explore an effective treatment process 
for the medical wastewater containing antibiotics. 
In recent years, zero-valent iron has got widespread 
attention [32-35], due to its low cost and high removal 
efficiency in pollutant. Zero-valent iron has been 
used to remove toxic and refractory pollutants. Fe is 
an active metal with reducibility and the electrode 
potential is E0 (Fe2+/Fe) = -0.440 V, Fe2+ has reducibility 
and the electrode potential is E0 (Fe3+/Fe2+) = -0.771 V. 
Microscopic galvanic cells are formed in the interior 
of iron chips, Fe is used as anode, and the electrons 
are provided by the galvanic corrosion of Fe0 (anode); 
free radical ·H and newborn Fe2+ are generated under 
acidic conditions, and microscopic galvanic cells play  
a leading role in the degradation of organic pollutants 
in wastewater, as shown in Fig. 1. The method has been 
used to treat toxic and refractory wastewater, including 

bromoamine acid wastewater, olive oil wastewater, 
nitrobenzene wastewater and ABS resin wastewater 
[36-42]. Therefore, zero-valent iron is an economical 
and effective method to treat toxic and refractory 
wastewater. 

In order to further increase the treatment efficiency 
of the ZVI system, the ultrasonic irradiation has been 
introduced to enhance the ZVI system (i.e., US-ZVI). 
Furthermore, the zero-valent iron with ultrasonic 
irradiation (US-ZVI) has been employed to remove 
the toxic and refractory pollutants such as phenol [43], 
pentachlorophenol, C.I. [44], nitrobenzene, P-nitrophenol 
[45, 46]. According to previous experimental results [44, 
47], the observed rate enhancements for the degradation 
of the pollutants mainly result from the continuous 
chemical activation, the cleaning of the Fe0 surfaces by 
acoustic cavitation, and the accelerated mass transport 
rates of intermediates, products and reactants between 
the solution phase and the Fe0 surfaces. 

In order to study the removal of tetracycline 
hydrochloride in simulated wastewater by the US-ZVI 
system, ultrasonic cracking is carried out under certain 
conditions by adding a certain amount of zero-valent iron 
and ultrasonic wave with a frequency of 19.8 kHz in this 
system, and the experiment of degrading tetracycline 
hydrochloride is completed within 30 minutes. In this 
experiment, zero-valent iron is characterized by SEM 
and XRD. The mechanism of tetracycline hydrochloride 
removal process by zero-valent iron should be proposed. 
The effects of the initial pH, ZVI dosage, ultrasonic 
power and initial TCH concentration on the removal 
efficiency of tetracycline hydrochloride are studied in 
detail. In addition, a control experiment is set up to 
explore the synergistic effect of US and ZVI in US, 
ZVI and US-ZVI systems respectively. At the same 

Fig. 1. Morphology of zero-valent iron and microscopic galvanic cells are formed in the interior of iron chips.
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time, the change of initial pH during the reaction is also 
measured during the experiment. Then, the recycling 
experiments would be carried out. Finally, according 
to liquid chromatography-mass spectrometry analysis, 
the degradation pathway of tetracycline hydrochloride 
should be proposed. 

Experimental Section 

Materials and Equipment 

Tetracycline hydrochloride (>96.0%, w/w) from 
Chengdu Kelong chemical reagent factory was used 
in the experiment, which was stored at -4ºC, and 
its molecular structure and main physicochemical 
properties are shown in Table 1. Zero-valent iron 
powders (mean particle size was approximately  
120 μm, iron content reaches approximately 98%) from 
Chengdu Kelong chemical reagent factory were used 
in the experiment. Hydrochloric acid (HCl, analytical 
grade), sodium hydroxide (NaOH, analytical grade), 
nitrogen (N2), polytetrafluoroethylene (PTFE) syringe 
filter disc (0.45 μm), brown bottles. AE224C-SOPTOP 
Analytical balance (Shanghai Shun Yu Heng Ping 

Scientific Instrument Co., Ltd.), AK-100ST Ultrasonic 
cleaning machine (Shenzhen Yujie Cleaning Equipment 
Co., Ltd.), JJ-1H Constant speed mechanical stirrer 
(Changzhou Yuexin Instrument Manufacturing Co., 
Ltd.), pHS-3C meter (Shanghai Youke Instrument Co., 
Ltd.), Deionized water machine (EKEA electronics 
co., ltd), UV-5100 Spectrophotometer (Shanghai 
Yuancheng Instrument Co., Ltd.), S-3400 N Scanning 
electron microscope (Hitachi Co., Japan), X-ray 
diffraction (XRD), IT-TOF liquid chromatography-mass 
spectrometry (Shimadzu Instruments (Suzhou) Co., 
Ltd.). 

Experimental Procedures 

The degradation experiments were carried out 
(25±2ºC) in an experimental device as shown in  
Fig. 2. Prior to each batch of experiments, the solution of 
TCH concentration under corresponding experimental 
conditions was prepared. Aerate with nitrogen was used 
to remove dissolved oxygen. The pH of the solution was 
adjusted with 0.5 mol·L-1 of dilute hydrochloric acid 
and 0.2 mol·L-1 of sodium hydroxide. An appropriate 
amount of zero-valent iron was added to the reactor 
containing the TCH solution to start the reaction, 

Fig. 2. Schematic diagram of mechanical agitator.

Name Structural formula Molecular formula Molar mass /(g·mol-1) Maximum absorption 
wavelength /nm

Tetracycline 
hydrochloride C22H25ClN2O8 480.9 360

Table 1. Physiochemical characteristics of tetracycline hydrochloride.
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ultrasonic cracking was performed at a frequency 
of 19.87 kHz. The solution was stirred continuously 
with a non-metallic mechanical stirrer for 30 minutes 
to ensure the uniformity throughout the reaction.  
20 mL of sample was taken out at regular intervals, and  
0.45 μm polytetrafluoroethylene (PTFE) syringe filter 
disc was used to remove zero-valent iron. 

In this experiment, the effects of initial pH (3, 5, 7, 
9), ZVI dosage (0.1, 0.2, 0.3, 0.4, 0.5 g·L-1), ultrasonic 
power (100, 200, 300, 400 and 500 W) and initial TCH 
concentration (10, 20, 30, 40, 50 ppm) on TCH removal 
efficiency of the US-ZVI system were studied in detail 
through batch experiments. In addition, three groups 
of experiments were set up to explore the synergistic 
reaction between ZVI and US (ZVI with US, ZVI 
without US and US without ZVI were added in the 
experiments respectively), the experimental device 
is shown in Fig. 3. Then, the collected sample was 
detected by UV-5100 Spectrophotometer at 360 nm. 
The pH of the solution was measured by PHS-3C meter, 
and deionized water was used throughout the whole 
experiment process. 

The degradation efficiency η of tetracycline 
hydrochloride is calculated according to formula (1): 

Fig. 3. Experimental device diagram of synergistic reaction.

Fig. 4. SEM images of ZVI before a) and after b) reaction, and XRD pattern of ZVI c). 
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                  (1)

In formula, C is the concentration of TCH at time t, 
and C0 is the initial TCH concentration. 

The observed reaction rate constant Kobs is calculated 
according to formula (2): 

                  (2)

In formula, C is the concentration of TCH at time t, 
and C0 is the initial TCH concentration, t is the reaction 
time. 

Results and Discussion 

Characteristics of the Fe0 

The images of ZVI particles before and after 
reaction were observed using SEM, and the results were 
shown in Fig. 4a) and Fig. 4b). From Fig. 4a), it can be 
seen that the ZVI particles aggregated together before 
reaction. After reaction, the size of ZVI decreased 
significantly (Fig. 4b), which may be attributed to the 
dissolution of ZVI and ultrasonic splitting of ZVI. 
Besides, the surface of ZVI became rough due to the 
formed precipitates deposition on ZVI surface. 

Fig. 4c) shows XRD pattern of ZVI particles. The 
XRD pattern of ZVI after reaction were compared with 
original ZVI. The characteristic peaks of iron appear at 
the diffraction angle (2θ) of 44.8, 65.2, and 82.5, where 
the main diffraction peak is at 44.8. The characteristic 
peaks of ZVI after reaction were the same with original 
ZVI, but the intensity of peaks decreased. According 
to the previous study [48], the decreased intensity of 
peaks was attributed to the lattice strain caused by the 
differences of various atomic sizes. 

The Mechanism of Tetracycline Hydrochloride 
Removal Process by ZVI 

Numerous microscopic galvanic cells, which play  
a leading role in the degradation of the organic 
pollutants in wastewater in the ZVI system, are formed 
in the interior of iron chips because of the cementite 
(C). In the microscopic galvanic cell, Fe0 and cementite 
(C) are used as anode and cathode, respectively. And 
the electrons are provided by the galvanic corrosion of 
Fe0 (anode) [49]. 

Free radical ·H produced by electrode action can 
reduce organic pollutants in the ZVI system under 
anaerobic condition [49], while the hydrogen peroxide 
(H2O2) would be generated under aerobic condition [50-
52]. In addition, the produced H2O2 could react with the 
Fe2+ and generate strong oxidants such as ferric ions 
(Fe3+) and hydroxyl radical (·OH) [53-55]. These strong 
oxidants can oxidize or mineralize organic pollutants. 
Furthermore, the pollutants can also be removed by 
enmeshment, adsorption and co-precipitation by the 
ferric and ferrous hydroxides formed from oxidation 
and precipitation of Fe2+ [49].

Effects of Reaction Parameters 

In the experiment, zero-valent iron was irradiated 
with ultrasonic waves to remove tetracycline 
hydrochloride in simulated wastewater. Tetracycline 
hydrochloride has good water solubility and is very light 
in color after being dissolved in water (Fig. 5a). And the 
experiment was carried out under the corresponding 
experimental conditions, the solution first turned yellow 
and then became clear, and there was sediment sinking 
at the bottom of the beaker (Fig. 5(b-c)). 

Effect of Initial pH on Removal Efficiency 

Batch experiments of 20 ppm tetracycline 
hydrochloride reduced using ZVI and ultrasonic 
irradiation were carried out at different pH values of 3, 
5, 7 and 9, respectively. Fig. 6a) shows the relationship 
between the concentration ratio (C/C0) of residual 
tetracycline hydrochloride in the US-ZVI system and 
time under different initial pH conditions. It is obvious 
that the removal efficiency of tetracycline hydrochloride 
is significantly reduced with the increase of initial 
pH. When the initial pH was increased from 3 to 9, 

Fig. 5. Color changes of tetracycline hydrochloride during the 
experiment.
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Fig. 6. Effect of the initial pH on the removal of Tetracycline hydrochloride by US-ZVI ([tetracycline hydrochloride]: 20 ppm, [Fe0]: 
0.4 g·L-1, frequency: 19.87 kHz, power: 400 W, volume: 250 mL, temperature: 25±2ºC).

Fig. 7. Effect of the ZVI dosage on the removal of Tetracycline hydrochloride by US-ZVI ([tetracycline hydrochloride]: 20 ppm, initial 
pH 3.0, frequency: 19.87 kHz, power: 400 W, volume: 200 mL, temperature: 25±2ºC).
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the removal rate of tetracycline hydrochloride was 
decreased from 76.4% to 24.3%. Fig. 6b) shows that the 
reduction of tetracycline hydrochloride with different 
initial pH, and it demonstrates that all of them obeyed 
the pseudo first-order kinetics mode. In addition, when 
the initial pH was raised from 3 to 9, the observed 
reaction rate constant (Kobs) decreased from 0.04958 
to 0.009283. Fig. 6c) shows that the values of Kobs for 
tetracycline hydrochloride reduction decrease with 
the increase of initial pH. The Kobs has a good linear 
relationship with the initial pH and the correlation of 
determination (R2) reaches 0.9954. And the kinetic 
expression is as follows: 

 (3)

Therefore, it can be known through experiment 
that the pH is in the range of 3-9, the lower initial pH 
(3, 5) can accelerate the removal rate of tetracycline 
hydrochloride by the US-ZVI system, and the higher 
initial pH (9) slows down the removal rate of tetracycline 
hydrochloride by the US-ZVI system. In addition, when 
the pH of the tetracycline hydrochloride solution is 
less than 7, the pH of the tetracycline hydrochloride 
solution slowly increases throughout the experiment, 
and free radical ·H are consumed. However, when the 
pH of tetracycline hydrochloride solution is more than 

7, the pH of tetracycline hydrochloride solution slowly 
decreases during the whole experiment. It is obvious 
that the initial pH is an important parameter affecting 
the process of reducing tetracycline hydrochloride in 
the US-ZVI system. According to previous studies [56, 
57]，it can be known that the stronger the acidity is, the 
faster the corrosion rate of Fe0 will be, thus generating a 
large number of free radical ·H with strong reducibility 
and nascent Fe2+. Then tetracycline hydrochloride can 
be rapidly reduced. 

Effect of ZVI Dosage on Removal Efficiency 

In order to explore the effect of ZVI dosage on 
the removal of tetracycline hydrochloride, batch 
experiments of 20 ppm tetracycline hydrochloride were 
carried out at different initial dosages of ZVI (0.1, 0.2, 
0.3, 0.4, 0.5 mg·L-1). Fig. 7a) shows the relationship 
between the concentration ratio (C/C0) of residual 
tetracycline hydrochloride in the US-ZVI system and 
time under different ZVI dosages. Obviously, when 
the initial zero-valent iron concentration was increased 
from 0.1 g·L-1 to 0.5 g·L-1, the removal efficiency of 
tetracycline hydrochloride was increased from 49.6% to 
77.6%. However, the removal efficiency is not obvious 
at 0.3-0.5 g·L-1. Fig. 7b) shows that the reduction of 
tetracycline hydrochloride with different ZVI dosage, 

Fig. 8. Effect of ultrasonic power on the removal of Tetracycline hydrochloride by US-ZVI ([tetracycline hydrochloride]: 20 ppm, [Fe0]: 
0.4 g·L-1, initial pH 3.0, frequency: 19.87 kHz, volume: 200 mL, temperature: 25±2ºC).
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and it demonstrates that all of them obeyed the pseudo 
first-order kinetics mode. In addition, when the initial 
ZVI dosage increased from 0.1 g·L-1 to 0.5 g·L-1, the 
observed reaction rate constant (Kobs) increased from 
0.02281 to 0.04994. Fig. 7c) shows that the values of 
Kobs for tetracycline hydrochloride increase as the ZVI 
dosage increases. The Kobs has a good linear relationship 
with the initial ZVI dosage, indicating that the Kobs 
is proportional to the concentration of ZVI. And the 
correlation of determination (R2) reaches 0.9327. The 
kinetic expression can be expressed as follows: 

  (4)

Obviously, the results show that the initial zero-
valent iron dosage is a factor affecting the process 
of reducing tetracycline hydrochloride in the US-
ZVI system, the removal efficiency of tetracycline 
hydrochloride can be increased with the increase of 
the initial zero-valent iron dosage from 0.1 g·L-1 to 
0.5 g·L-1. Since the total surface area of   ZVI increases 
with the increase of the initial ZVI concentration, 

the mass transfer rate of intermediates, products and 
reactants in the solution phase with the Fe0 surface 
increases [58, 59], and the reduction of Fe0 is enhanced. 
In addition, Fe0 has electrochemical characteristics. The 
increase of ZVI concentration leads to the increase of 
free radical ·H and new Fe2+ in the products of electrode 
reaction [60, 61], and can also accelerate the reduction 
of tetracycline hydrochloride. 

Effect of Ultrasonic Power on Removal Efficiency 

In order to study the effect of ultrasonic power on the 
tetracycline hydrochloride reduction, batch experiments 
were performed on a condition that different ultrasonic 
power (100, 200, 300, 400, 500 W) were used to treat 
20 ppm of tetracycline hydrochloride solutions with 
initial pH 3. Fig. 8a) shows the relationship between 
the concentration ratio (C/C0) of residual tetracycline 
hydrochloride in the US-ZVI system and time under 
different ultrasonic power. The results show that 
the removal efficiency of tetracycline hydrochloride 
increased with the increase of ultrasonic power from 

Fig. 9. Effect of the initial TCH concentration on the removal of tetracycline hydrochloride by US-ZVI ([Fe0]: 0.4 g·L-1, initial pH 3.0, 
frequency: 19.87 kHz, power: 400 W, volume: 250 mL, temperature: 25±2ºC) or ZVI ([Fe0]: 0.4 g·L-1, initial pH 3.0, volume: 250 mL, 
temperature: 25±2ºC).
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100 W to 500 W. In addition, when the ultrasonic power 
was increased from 100 W to 300 W, the ultrasonic 
wave had little effect on the efficiency of the US-ZVI 
system for degrading tetracycline hydrochloride. When 
the ultrasonic power was increased from 300 W to  
400 W, its removal efficiency increased from 46.7%  
(300 W) to 76.4% (400 W). Fig. 8b) shows that ln (C/C0) 
has a good linear relationship with time. When the initial 
ultrasonic power was increased from 100 W to 500 W, 
the observed reaction rate constant (Kobs) increased 
from 0.01420 to 0.06109. The results show that ZVI 
particles could not be fluidized by ultrasonic turbulence 
at low ultrasonic power (≤300 W), the removal rate 
of tetracycline hydrochloride is below 46.7%, but at 
high ultrasonic power (≥400 W), the removal rate of 
tetracycline hydrochloride is as high as 76.4% in the 
30-minute treatment process. Fig. 8c) shows that the 
values of Kobs for tetracycline hydrochloride reduction 
increase with the increase of the initial ultrasonic 
power and the correlation of determination (R2) reaches 
0.8825. When the ultrasonic power is increased from 
300 W to 400 W, Kobs has a large increasing trend. 

The results show that ultrasonic power is also an 
important factor affecting tetracycline hydrochloride 
degradation. Since the lifetime of the free radical ·H 
produced by the microscopic primary battery on the 
surface of the ZVI particle is very short [62, 63], the 
reduction process of tetracycline hydrochloride mainly 
occurs on the surface of the ZVI particle. Adding 
ultrasonic wave can improve the mixing intensity of the 
US-ZVI system [64], in addition to the mass transport 
rates between intermediates, products and reactants and 
Fe0 surface, which can also be accelerated [58, 59], thus 
accelerating the chemical reaction on the surface of 
zero-valent iron. 

Effect of TCH Concentration on Removal Efficiency 

In order to investigate the effect of concentration 
on the tetracycline hydrochloride removal by the  

US-ZVI system, batch experiments were carried out at 
different initial TCH concentrations of 10, 20, 30, 40, 
50 ppm, respectively. Fig. 9a) shows the relationship 
between the concentration ratio (C/C0) of residual 
tetracycline hydrochloride in the US-ZVI system and 
time under different TCH concentration, and shows 
the effect of the initial TCH concentration on the 
tetracycline hydrochloride removal efficiency of the  
US-ZVI system. It is indicated that the residual 
tetracycline hydrochloride was maintained between 
20% and 30% after treatment with the US-ZVI system 
under different initial TCH concentrations of 10, 20, 30, 
40 and 50 ppm. The removal efficiency of tetracycline 
hydrochloride at different concentrations in the  
US-ZVI system can be described by a pseudo first-
order reaction. Fig. 9b) shows that ln (C/C0) has a good 
linear relationship with time, and all the correlation of 
determination (R2) are larger than 0.95. When the initial 
TCH concentration was increased from 10 ppm to  
50 ppm, the observed reaction rate constant (Kobs) 
basically remained between 0.04 and 0.05, indicating 
that the concentration of tetracycline hydrochloride 
can hardly affect the removal ability of tetracycline 
hydrochloride by the US-ZVI system. 

However, Fig. 9c) shows the relationship between 
the concentration ratio (C/C0) of residual tetracycline 
hydrochloride in the ZVI system and time under 
different initial tetracycline hydrochloride concentration. 
After 30 minutes of treatment, the ZVI system has low 
removal efficiency for tetracycline hydrochloride. The 
removal rate of tetracycline hydrochloride in the ZVI 
system is always maintained at about 40%. Fig. 9d) 
shows that ln (C/C0) has a good linear relationship with 
time, and all the correlation of determination (R2) are 
larger than 0.91. Although the initial concentration of 
tetracycline hydrochloride increased from 10 ppm to  
50 ppm, the removal efficiency was hardly affected by 
the initial concentration of tetracycline hydrochloride. 

Therefore, the results show that when the initial 
concentration of tetracycline hydrochloride is 10, 20, 30, 

Fig. 10. Variation of TCH removal efficiencies in the three different experiments ([tetracycline hydrochloride]: 20 ppm, initial pH 3.0, 
volume: 250 mL, temperature: 25±2ºC).
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40, 50 ppm, the initial concentration can hardly affect 
the removal efficiency of tetracycline hydrochloride 
by US-ZVI system and ZVI system, but the removal 
efficiency of tetracycline hydrochloride by zero-valent 
iron can be improved by ultrasonic irradiation. 

Removal of TCH by Synergistic Reaction 
of ZVI and US 

Tetracycline hydrochloride was degraded by 
different systems. Fig. 10a) shows the degradation 
process of tetracycline hydrochloride under different 
experimental conditions of US-ZVI, ZVI and US 
system. Fig. 10a) also shows the time courses of residual 
tetracycline hydrochloride concentration ratios (C/C0) in 
the US-ZVI, ZVI and US system. Obviously, it shows 
that the US-ZVI system has the best removal efficiency 
of tetracycline hydrochloride, and the US system has the 
lowest removal efficiency of tetracycline hydrochloride. 
Obviously, after 30 minutes of reaction, Fig. 10b) shows 
that the removal efficiency of tetracycline hydrochloride 
by the US-ZVI system (76. 4%) is higher than that by 
the ZVI system (39.7%), and the US system can hardly 
degrade tetracycline hydrochloride, and its degradation 
rate is only 3.1%. 

Therefore, the higher removal efficiency of 
tetracycline hydrochloride by the US-ZVI system is 
mainly due to the enhancement of ZVI by ultrasonic 
irradiation. ZVI particles could be fluidized completely 
by ultrasonic irradiation [65], and the mass transport 
rates of intermediates, products and reactants between 
the solution phase and the Fe0 surfaces are increased 
[58, 59]. In addition, ultrasonic radiation can remove 
iron contaminants and corrosion products deposited 

Fig. 12.  Proposed degradation pathway of TCH and the chemical structure of intermediates.

Fig. 11. Recycling of zero-valent iron ([tetracycline 
hydrochloride]: 20 ppm, [Fe0]: 0.4 g·L-1, initial pH 3.0, frequency: 
19.87 kHz, power: 400 W, volume: 250 mL, temperature: 
25±2ºC).
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on the surface of ZVI particles, and can also avoid the 
formation of concentration polarization. The surface 
activity of the ZVI particles are maintained in the 
solution phase, and the reduction of Fe0 is enhanced. 

Recycling of Zero-Valent Iron

The reusable potential of Fe0 was studied through 
five repeated experiments. Fig. 11 shows that the 
removal efficiency of tetracycline hydrochloride by 
the US-ZVI system decreased slightly (3.7%) after five 
repeated experiments. Fe0 was recovered after washing 
and drying, the mass of Fe0 was 93.2% of that before 
reaction and the loss mass was 6.8%. It can be seen 
that the removal rate of tetracycline hydrochloride by 
the US-ZVI system shows a downward trend with the 
increase of recycling times, but it has a low decreasing 
trend. Although, the removal rate of tetracycline 
hydrochloride was reduced by about 4% after five 
experiments, but zero-valent iron still has good catalytic 
effect. 

Degradation Pathway of TCH 

According to liquid chromatography-mass 
spectrometry results, the main degradation intermediates 
of TCH by ZVI are listed in Fig. 12. According to 
previous studies, oxidation is the main removal route of 
tetracycline hydrochloride using zero-valent iron under 
acidic conditions. Most of tetracycline hydrochloride are 
degraded to kinds of intermediates and a part of those 
intermediates would be decomposed to CO2, H2O and 
inorganic ions (NO3

–, NH4
+). The degradation pathway 

of tetracycline hydrochloride is shown in Fig. 12, amino 
group, ketone group, aromatic ring and double bond are 
reactive sites [27, 66]. In the first step of the reaction, 
two main intermediates with m/z (mass-to-charge 
ratio) of 460 and 432 are generated and there are two 
degradation pathways: (1) The intermediate with m/z 
of 460 is originated from the hydroxylation reaction 
of tetracycline hydrochloride by the electrophilic 
addition of HO· to the aromatic ring forms a resonance-
stabilized carbon-centered radical, this could lead  
to the disappearance of tetracycline hydrochloride 
band in 360 nm [67, 68]. Then, by losing two N-methyl 
groups, a methyl group, a hydroxyl group and an amino 
group, the intermediate with m/z of 389 is generated 
from product with m/z of 460. The intermediate product 
with m/z of 339(1) is generated from the product with 
m/z of 389 through decarbonylation and hydroxylation 
[69]. The intermediate with m/z of 339 generates 
intermediate with m/z of 307 through cleavage of C-C 
double bond in aromatic ring [66, 70]. (2) Due to the low 
bond energy of N-C [71], the N-demethylation process 
produces tetracycline hydrochloride intermediate with 
m/z of 432. After H-abstraction, a radical ion is formed. 
A hydroxyl group attached to this radical ion, promoting 
the hydrolysis and the generation of intermediate with 
m/z of 432 [72]. By losing a N-methyl group, a methyl 
group and two hydroxyl groups, the intermediate with 

m/z of 384 is formed from product with m/z of 432. 
The intermediate with m/z of 339(2) is generated from 
product with m/z of 384 through deamination [70]. 
Intermediate with m/z of 272 is formed from 339(2) via 
the loss of hydroxyl groups [73]. The cleavage of double 
bond in aromatic ring produced intermediate product 
with m/z of 238 [66]. Finally, the intermediate products 
with m/z of 197 and 120 generated via ring-opening 
reactions and dislodging hydroxyl or methyl groups [74, 
75]. Among them, the product with m/z of 339(2) and 
the product with m/z of 339(1) are intermediate products 
in two forms.

Conclusions 

The tetracycline hydrochloride simulated wastewater 
was treated by the US-ZVI system. We showed that the 
treatment efficiency would be affected by the initial 
pH, ZVI dosage, ultrasonic power and initial TCH 
concentration. The results show that the observed 
reaction rate constant (Kobs) would decrease from 
0.04958 to 0.009283 when the initial pH was decreased 
from 3 to 9, and it suggests that the lower initial pH 
can help to accelerate the removal rate of tetracycline 
hydrochloride by the US-ZVI system. Additionally, 
the Kobs would increase from 0.02281 to 0.04994 when 
the initial concentration of ZVI was increased from 
0.1 to 0.5 g·L-1. Furthermore, the Kobs of tetracycline 
hydrochloride at ultrasonic power of 500 W could reach 
0.06109 which was about 4 times higher than that of 
tetracycline hydrochloride at ultrasonic power of 100 
W. The tetracycline hydrochloride removal efficiencies 
all were more than 70% after 30 min treatment by the 
US-ZVI system under the conditions of different initial 
tetracycline hydrochloride concentration of 10, 20, 30, 
40 and 50 ppm. 

It is clear that the tetracycline hydrochloride removal 
efficiency of US-ZVI (76.4%) was higher than that of 
ZVI (39.7%) after 30 min reaction, and the tetracycline 
hydrochloride could hardly be removed by the US 
(3.1%). The results suggest that the removal efficiency 
of tetracycline hydrochloride mainly resulted from  
the synergistic reaction of ZVI and US. Then, the 
recycling experiments were carried out, the result 
shows that zero-valent iron still has good catalytic 
effect after repeated use. Finally, according to liquid 
chromatography-mass spectrometry results, the 
degradation pathway of tetracycline hydrochloride was 
proposed. 
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