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Abstract Huge amounts of natural bischofite
(MgCl2∙6H2O) resulting from the mining process of salt
lakes often cannot be utilized effectively and are
discarded; techniques for reutilization of the discarded
bischofite as magnesium resources are limited. The
nano-magnesium hydroxide (nano-Mg(OH)2) synthe-
sized from natural bischofite was firstly used as catalyst
for ozonation of antibiotics including sulfathiazole (ST),
ofloxacin (OFL), and tetracycline (TC). Rapid ozona-
tion of ST, OFL, and TC was achieved using nano-
Mg(OH)2 as catalyst. The removal rate constant of
OFL in the catalytic ozonation treatment (kOFL =
0.512 min−1) was nearly 2.1 times higher than the single
ozonation (kOFL = 0.249 min−1). The removal rate con-
stant of ST and TC increased by 23.5% and 32.8% from
0.298 min−1 and 0.384 min−1 to 0.368 min−1 and

0.510 min−1, respectively, when the catalyst was added
into the reaction system. The removal rate constant of
ST sharply increased from 0.259 to 0.604 min−1 when
the reaction temperature increased from 15 to 35 °C
while those of OFL and TC changes slightly. The re-
moval efficiency sharply decreased when the initial
concentration of ST, OFL, and TC increased from 10
to 500 mg L−1. Both anions and cations could inhibit the
removal of ST, OFL, and TC at relatively higher con-
centrations. The prepared nano-Mg(OH)2 catalyst could
maintain its catalytic activity in the repeated use process.
High removal efficiency of typical antibiotics and heavy
metals free indicated that nano-Mg(OH)2 from natural
bischofite is a promising ozonation catalyst in terms of
antibiotics removal.

Keywords Nano-magnesium hydroxide . Catalytic
ozonation . Bischofite . Antibiotics

1 Introduction

Rapid industrialization has led to the introduction of
generated hazardous compounds into water bodies and
the improper management of contaminated water causes
water crises around the world. In addition, numerous
pharmaceutical compounds from agricultural runoff,
hospitals, and drug-manufacturing facilities have made
significant contributions to water pollution (Changotra
et al. 2018). The widespread desire and use of antibiotics
among these pharmaceutical compounds has received
increasing attention. A large amount of antibiotics have
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been widely used as antimicrobials and growth pro-
moters for both human beings and animals (Kümmerer
2009). These contaminants and/or their intermediates
are discharged into the environment after their use
through a variety of routes. As a result, these antibiotics
have been frequently detected in various aquatic envi-
ronments, especially pharmaceutical wastewater (Peng
et al. 2006; Yan et al. 2013). Although their concentra-
tions in the aquatic environment are usually within the
range of ng L−1 to mg L−1 (Brown et al. 2006; Managaki
et al. 2007), continuous accumulation of these pollutants
may cause long-term harm to human, plants, and ani-
mals (Trovó et al. 2009; Carvalho and Santos 2016). In
addition, these compounds have antibacterial properties
(Trovó et al. 2009). Thus, even at very low concentra-
tions, the presence of antibiotics in water can lead to the
increase of the bacterial resistance against antibiotics
(Carvalho and Santos 2016; Yin et al. 2017). Sulfathia-
zole (ST, representative sulfonamides), ofloxacin (OFL,
typical fluoroquinolones), and tetracycline (TC, typical
tetracyclines) have been widely used for treating infec-
tious diseases of both human beings and animals. These
antibiotics are polar and nonvolatile compounds (Peng
et al. 2006), possessing high anti-degradation ability and
being hydrophilic enough to readily enter into the aquat-
ic environment (Kümmerer 2001;Miao et al. 2004). The
conventional treatment processes are not very effective
for the removal of antibiotics existing in pharmaceutical
wastewater (Kim et al. 2007; Vieno et al. 2007).

The advanced oxidation processes (AOPs) such as the
UV photocatalytic oxidation, Fenton and Fenton-like pro-
cess, gamma irradiation, and ozonation have been used to
remove antibiotics (Trovó et al. 2009; Hou et al. 2013a, b;
Yuan et al. 2013; Changotra et al. 2018). As an among
various AOPs, the catalytic ozonation is a novel advanced
oxidation process widely used for efficiently eliminating
refractory organic compounds with the short reaction time
and high removal efficiency (Amutha et al. 2014; Bai et al.
2016). Various nano-scale materials including composite
iron oxides (Bai et al. 2016), carbon materials (Gonçalves
et al. 2012; Tian et al. 2013), and heteroatom-doped graph-
eme (Yin et al. 2017) have been used for catalyzing
ozonation of various pollutants. However, rare reports are
available on the catalytic ozonation of antibiotics (e.g.,
sulfathiazole, ofloxacin, and tetracycline) using nano-
Mg(OH)2 as catalyst.

As an environment-friendly material, Mg(OH)2 has
attracted wide attention (Dong et al. 2007; He et al.
2008) and has shown high catalytic performance for

the ozonation of phenol, nitrobenzene, and aniline
(Dong et al. 2007; He et al. 2008). Huge amounts of
natural bischofite (MgCl2∙6H2O) resulting from the
mining process of salt lakes often cannot be utilized
effectively and are discarded, which led to the waste of
valuable magnesium resources. Techniques for reutili-
zation of the discarded bischofite as magnesium re-
sources are limited. This study firstly investigated the
catalytic ozonation of widely used antibiotics including
ST, OFL, and TC using nano-Mg(OH)2 synthesized
from natural bischofite. The effects of various parame-
ters including radical scavenger, reaction temperature,
antibiotic concentrations, anions, and cations on the
removal of these antibiotics were evaluated. The aim
of this study was to obtain initial information on the
catalytic ozonation of typical widely used antibiotics
using nano-Mg(OH)2 made from natural bischofite as
catalyst.

2 Materials and Methods

2.1 Materials and Reagents

The selected antibiotics including sulfathiazole (ST, pu-
rity ≥ 99.0%), ofloxacin (OFL, purity ≥ 98.5%), and
tetracycline (TC, purity ≥ 98.0%) were obtained from
TCI (Shanghai, China), Macklin (Shanghai, China), and
Aladdin (Shanghai, China), respectively. Natural
bischofite (MgCl2·6H2O) was obtained from Qarhan
Salt Lake, China. Sodium chloride, sodium bicarbonate,
anhydrous sodium sulfate, calcium chloride, potassium
iodide, polyethylene glycol (PEG 400), and ammonium
hydroxide were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Acetonitrile and
sodium hydrogen phosphate used for high performance
liquid chromatography (HPLC) were of HPLC grade
(Mreda, USA) and analytical grade, respectively. Sodi-
um thiosulfate and tert-butanol (TBA) with analytical
purity grade were used as quenching agent and radical
scavenger, respectively.

2.2 Preparation of Nano-Mg(OH)2 Catalyst

Nano-Mg(OH)2 was prepared according to published
procedures (Wang et al. 2007) with modifications. Nat-
ural bischofite was dissolved in pure water to make the
magnesium chloride solution (0.5 mol L−1). One hun-
dred milliliters of the magnesium chloride solution and
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10 mL of the surfactant PEG400 were mixed, and then
placed in the 50 °C thermostatic water baths. Eight
milliliters of ammonium hydroxide was dropwisely
added to the above solution during the constant magnet-
ic stirring (1200 r min−1). White suspension was formed
when ammonium hydroxide drops were added to the
above solution. After 1.5-h stirring at 50 °C, the obtain-
ed suspension was exposed to air for aging at room
temperature for 1.5 h. After centrifugal separation, white
precipitates were carefully washed for several times by
ultrapure water and ethanol in order to remove the ions
remaining on the final products. The resultant material
was dried in the air for 12 h at the temperature of 60 °C.

2.3 Catalytic Ozonation of Antibiotics Using
the Nano-Mg(OH)2

For catalytic ozonation experiments, required concen-
trations of nano-Mg(OH)2 and 100 mL antibiotic solu-
tion were added into the flask. Then, the applied gas
ozone concentration was controlled at 0.5 g h−1. During
the run, 1 mL sample was rapidly taken out from the
flask at a predetermined time interval and quenched
quickly by adding 0.025 mol L−1 sodium thiosulfate
solution to remove residual ozone. Then, each sample
was centrifuged at 12,000 rpm for 6 min and the super-
natant was used to analyze the target parameters. For
comparative purposes and discarding the adsorption

Fig. 1 Scanning electron microscopy (SEM) images of the syn-
thesized nano-Mg(OH)2 at low magnification (a) and high mag-
nification (b) views

Fig. 2 X-ray diffraction (XRD)
patterns of the synthesized nano-
Mg(OH)2
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effect of nano-Mg(OH)2 during the experiments, single
ozonation experiments and a control trial of oxygen
purging with the reaction solution containing the cata-
lyst were conducted under the same conditions. Besides

the influence of several factors on the removal of target
antibiotics, the experiments were carried out at initial
antibiotics concentration of 50 mg L−1, ozone flow rate
of 0.1 Lmin−1, ozone gas concentration of 0.5 g h−1, and

Fig. 3 Degradation and mineralization of sulfathiazole (a, b),
ofloxacin (c, d), and tetracycline (e, f) in different oxidation
treatments. Reaction conditions: antibiotics concentration

50 mg L−1, catalyst dosage 0.15 g L−1, ozone concentration
0.5 g h−1, ozone flow rate 0.1 L min−1
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catalyst dosage of 0.15 g L−1. Ozone was produced in
pure oxygen by an ozonator (Wohuan Co., Ltd) and was
bubbled continuously into the reaction solution through
a glass diffuser with a required gas flow rate of
0.1 L min−1 during the experiment process. The effluent
ozone from the reactor was further treated with 20%

potassium iodide solution. The reaction solution was
thoroughly mixed by a magnetic stirrer. All the experi-
ments were performed at 25 ± 2 °C. Each test was per-
formed in triplicate, and the mean value was presented.

The effects of main influential factors including rad-
ical scavenger, reaction temperature, initial antibiotics

Fig. 4 Effect of tert-butanol
(TBA) on the degradation of
sulfathiazole (a), ofloxacin (b),
and tetracycline (c). Reaction
conditions: antibiotics
concentration 50 mg L−1, catalyst
dosage 0.15 g L−1, ozone
concentration 0.5 g h−1, ozone
flow rate 0.1 L min−1, radical
scavenger concentration
0.1 mol L−1
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concentration, coexisting anions (Cl−, HCO3
−, SO4

2−),
and cations (Ca2+, Mg2+) on the catalytic ozonation of
antibiotics were evaluated. To investigate the influence
of radical scavenger on removal of ST, OFL, and TC,
TBA (0.1 mol L−1) was added to single ozonation, and
catalytic ozonation systems, respectively. The

temperature was adjusted by constant temperature bath
to 15 °C, 25 °C, and 35 °C to investigate the influence of
temperature on the removal of ST, OFL, and TC. The
initial concentrations of target antibiotics were set as 10,
30, 50, 100, 200, and 500 mg L−1 in the catalytic
ozonation process to evaluate the influence of initial

Fig. 5 Effect of temperature on
the degradation of sulfathiazole
(a), ofloxacin (b), and tetracycline
(c). Reaction conditions:
antibiotics concentration
50 mg L−1, catalyst dosage
0.15 g L−1, ozone concentration
0.5 g h−1, ozone flow rate
0.1 L min−1
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concentration of target compound on the removal effi-
ciency. To evaluate the effect of anions (Cl−, HCO3

−,
and SO4

2−) on the removal of ST, OFL, and TC, sodium
salt with corresponding concentration (0, 0.005, 0.05,

Fig. 6 Effect of initial
concentration of antibiotics on the
degradation of sulfathiazole (a),
ofloxacin (b), and tetracycline (c).
Reaction conditions: catalyst
dosage 0.15 g L−1, ozone
concentration 0.5 g h−1, ozone
flow rate 0.1 L min−1
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0.2, and 0.5 mol L−1) was added into the aqueous
solution in the catalytic ozonation system. Similarly,
the effect of cations (Ca2+ and Mg2+) on removal of
ST, OFL, and TC was evaluated by the addition of the
chloride at certain concentration (0, 0.005, 0.05, 0.2, and
0.5 mol L−1).

2.4 Analytical Methods

The morphology of the nano-Mg(OH)2 was analyzed
using Quanta-400F field emission scanning electron
microscopy (SEM, PerkinElmer, America). The crystal-
line phase of the obtained Mg(OH)2 catalyst was exam-
ined by X-ray diffraction (XRD) technique (Rigaku,
Japan) with Cu-Kα radiation, scanning range for 2θ
between 5° and 80°. The total organic carbon (TOC)
was measured by a TOC analyzer (TOC-VCPH,
Shimadzu, Japan). The concentration of ST, OFL, and
TC was analyzed using a EX1600 HPLC with a UV
detector (Wufeng Co., Shanghai, China) and a reverse-
phase column (Waters SunFire C18, 2.1 × 150 mm,
3.5 μm). The mobile phase was 15% acetonitrile and
85% sodium hydrogen phosphate so lu t ion
(0.02 mol L−1, pH = 2.5), and the wavelength for detect-
ing ST, OFL, and TC was 270, 293, and 360 nm, re-
spectively. The gas ozone concentration was measured
by iodometric method (Flamm 1977). To obtain further
information on the removal behaviors of ST, OFL, and
TC in the presence of nano-Mg(OH)2 catalyst, the re-
moval kinetics was investigated. Pseudo-first-order ki-
netic (Eq. (1)) was used to fit the experimental data:

lnCt ¼ lnC0−kt ð1Þ
where C0 and Ct are concentrations of target antibiotics
at 0 and tmin, respectively; k (min−1) is the degradation
rate constant.

3 Results and Discussion

3.1 Characterization of the Nano-Mg(OH)2 Catalyst
Synthesized from Natural Bischofite

The SEM image (Fig. 1) showed the synthesized nano-
Mg(OH)2 catalyst consisting of nano-flowers and the
nano-flowers formed due to an assembly of nano-plates
with the size in the range of 50–300 nm. As illustrated in
Fig. 2, all the diffraction peaks corresponded to the

hexagonal structure of magnesium hydroxide very well
according to JCPDS 7-239. The sharp peaks indicated
that the prepared nano-Mg(OH)2 had good crystallinity.
No characteristic peaks of other impurities could be
detected, indicating that high-purity nano-Mg(OH)2
was successfully prepared.

3.2 Removal of Antibiotics in the Presence
of Synthesized Nano-Mg(OH)2

The catalytic ozonation performance of the nano-
Mg(OH)2 was evaluated (Fig. 3). In the single ozon-
ation process, the removal efficiency of ST, OFL, and
TC could only reach 67.9%, 71.5%, and 81.4% with-
in 5 min. The addition of nano-Mg(OH)2 into the
ozonation system caused a significant improvement
for the removal of ST, OFL, and TC. The removal
efficiency of ST, OFL, and TC in the catalytic ozon-
ation process reached 75.5%, 92.6%, and 93.4% with-
in 5 min while complete removal of ST, OFL, and
TC was observed within 10 min. The adsorptive
removal could be neglected since the ST, OFL, and
TC adsorption onto nano-Mg(OH)2 was just around
1% after 10 min, suggesting that the removal of ST,
OFL, and TC was mainly caused by oxidation. Based
on the results obtained in the TOC variation (Fig. 3b,
d, f), the TOC of ST, OFL, and TC adsorption onto
nano-Mg(OH)2 was around 2.3%, 1.9%, and 1.2%
after 60 min. The mineralization of ST, OFL, and
TC in the single ozonation process was 14.9%,
18.7%, and 17.8%, respectively, at the reaction time
of 60 min. However, with the presence of nano-
Mg(OH)2 catalyst, an improvement of the ST, OFL,
and TC mineralization was achieved. The mineraliza-
tion of ST, OFL, and TC in the catalytic ozonation
process reached 37.6%, 47.3%, and 37.7% within
60 min. The experimental results clearly showed that
catalyst Mg(OH)2 had a synergistic effect on the
removal of abovementioned antibiotics. The high re-
moval efficiency of target antibiotics indicated that
the nano-Mg(OH)2 is a promising ozonation catalyst
for the removal of antibiotics. Although investigations

�Fig. 7 Effect of anions on the degradation of antibiotics. Effect of
a Cl−, b HCO3

−, and c SO4
2− on the degradation of sulfathiazole,

respectively. Effect of d Cl−, e HCO3
−, and f SO4

2− on the
degradation of ofloxacin. Effect of g Cl−, h HCO3

−, and i SO4
2−

on the degradation of tetracycline. Reaction conditions: antibiotics
concentration 50 mg L−1, catalyst dosage 0.15 g L−1, ozone
concentration 0.5 g h−1, ozone flow rate 0.1 L min−1
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have been conducted on the ozonation of antibiotics
by different catalytic methods or catalysis (Wang
et al. 2012; Hou et al. 2013a, b), rare reports are
available on the catalytic ozonation of these widely
used antibiotics including ST, OFL, and TC using
nano-Mg(OH)2 as catalyst. The results of this study
provided new promising catalyst on the ozonation of
antibiotics.

Based on the experimental data, the pseudo-first-
order kinetic model had a good fitness (R2 > 0.97) for
the removal of ST, OFL, and TC. The removal rate
constant of ST increased by 23.5% from 0.298 to
0.368 min−1 with added catalyst. The removal rate
constant of OFL in the catalytic ozonation treatment
(kOFL = 0.512 min−1) was nearly 2.1 times higher than
the single ozonation (kOFL = 0.249 min−1). The re-
moval rate constant of TC increased from 0.384 to
0.510 min−1 when the catalyst was added to the
reaction system. This results confirmed the consider-
able catalytic performance of synthesized Mg(OH)2
on the ozonation of ST, OFL and TC.

3.3 Effect of Radical Scavengers on the Removal
of Antibiotics

Organic pollutants could be removed via direct
oxidation by ozone or indirect radical oxidation
by hydroxyl radical in the ozonation system
(Snyder et al. 2006; Wang and Xu 2012). In order
to know which oxidation type played a major role
in removing the antibiotics, TBA was selected as
radical scavenger possessing the reaction rate con-
stant of 6.0 × 108 M−1 s−1 with hydroxyl radical
(Buxton 1988) and 3.0 × 10−3 M−1 s−1 with ozone
(Hoigné and Bader 1983). The presence of TBA
accelerated the removal of ST, OFL, and TC in
both single and catalytic ozonation (Fig. 4). After
5 min, removal rate of ST, OFL, and TC reached
75.5%, 92.6%, and 93.4% in the absence of scav-
enger in catalytic ozonation. However, the removal
rate of ST, OFL, and TC increased to 92.4%,
97.3%, and 95.3% when TBA was added, indicat-
ing that mechanisms other than radical-type oxida-
tion might have been involved in the process of
ozonation (Moussavi et al. 2010). According to a
previous investigation on the catalytic ozonation of
phenol in the presence of MgO (Moussavi et al.
2010), the similar mechanisms were proposed for

the ozonation of the antibiotics (ST, OFL, and TC)
in the presence of nano-Mg(OH)2.

On the catalyst surface:
Radical type catalytic oxidation

Mg OHð Þ2−sþ O3→Mg OHð Þ2−sO¼O−O ð2Þ

Mg OHð Þ2−sO¼O−O→Mg OHð Þ2−sO∙ þ O2 ð3Þ

Mg OHð Þ2−sO∙ þ antibiotics→CO2 þ H2O

þ intermediates ð4Þ
Direct oxidation with ozone molecules

Mg OHð Þ2−O3 þ antibiotics→CO2 þ H2O

þ intermediates ð5Þ
In the bulk solution:
Direct oxidation with ozone molecules

O3 þ antibiotics→CO2 þ H2Oþ intermediates ð6Þ
On the surface of nano-Mg(OH)2, hydrogen bounds

are formed through the combination ozone molecules
with hydroxyl groups (Eq. (2)). Then, the part of bound-
ed ozone to decompose into atomic oxygen (Eq. (3)),
which accelerate the catalytic ozonation of the antibi-
otics (Eq. (4)). Undissociated ozone bounded with the
nano-Mg(OH)2 can also directly oxidized the antibiotics
having contact with it (Eq. (5)). Additionally, ozone and
antibiotics solubilized in the solution could directly react
with each other in the bulk solution, resulting into part
degradation of the antibiotics (Eq. (6)).

3.4 Effect of Temperature on the Removal of Antibiotics

Influence of temperature on the removal of ST, OFL,
and TC is shown in Fig. 5. The removal rate constant of
ST greatly increased from 0.259 to 0.604 min−1 when
the reaction temperature increased from 15 to 35 °C,

�Fig. 8 Effect of cations on the degradation of antibiotics. Effect of
Ca2+ on the degradation of a sulfathiazole, c ofloxacin, and e
tetracycline. Effect of Mg2+ on the degradation of b
sulfathiazole, d ofloxacin, and f tetracycline. Reaction
conditions: antibiotics concentration 50 mg L−1, catalyst dosage
0.15 g L−1, ozone concentration 0.5 g h−1, ozone flow rate
0.1 L min−1
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which was similar with other investigations on the
ozonation of phenol and nitrobenzene using magnesia
as catalyst (Dong et al. 2007; He et al. 2008). The
increase in temperature usually accelerate reaction rate
and mass transfer (Kwan and Chu 2004), which directly
improves the removal efficiency of antibiotics and
yields higher chemical reaction rate constant. However,
the variation of reaction temperature almost did not
affect the removal rate of OFL and TC. The removal
rate constants of OFL/TC slightly increased from 0.489/
0.497 to 0.512/0.510 min−1, respectively, when the tem-
perature increased from 15 to 25 °C. The removal effi-
ciencies of OFL and TC were slightly suppressed when
the temperature further increased to 35 °C. The removal
rate constants of OFL and TC slightly decreased by
2.15% and 0.78%, respectively, when the temperature
increased from 25 to 35 °C. The above abnormal phe-
nomena are caused by the balance of both the solubility
of ozone and reaction rate of ozonization. On the other
side, the solubility of ozone decreases in aqueous phase
as the temperature rises (Giri et al. 2008). The joint
result of the two opposite effects led to the above obser-
vations regarding the influence of temperature on the
catalytic ozonation of OFL and TC. Similar phenome-
non was observed in a previous investigation on using
natural brucite to enhance the ozonation of phenol (He
et al. 2008).

3.5 Effect of Initial Concentration of Target Antibiotics
on the Removal of Antibiotics

The increase in the initial concentration of the antibiotics
led to the decrease in the removal efficiency (Fig. 6).
The removal rate of ST reached 95.5% after 6 min with
the initial concentration of 10 mg L−1 while that for the
initial concentration of 30, 50, 100, 200, and 500mgL−1

were only 93.2%, 83.2%, 62.6%, 52.4%, and 50.1%,
respectively. Meanwhile, the removal rate constant de-
creased 77.5% from 0.582 to 0.131 min−1 when the
initial concentration of ST increased from 10 to
500 mg L−1. A similar sharp decline was also observed
in the removal of OFL and TC. The concentration of
degradation intermediates might increase with the in-
crease of initial concentration of the antibiotics, which
led to the additional ozone consumption for the further
removal and oxidation of intermediates (Li et al. 2009;
Lü et al. 2015). Additionally, the excessive antibiotics
and organic intermediates could also be adsorbed on the

catalyst surface, suppressing the surface reactions and
resulting in reduced removal efficiency (Bai et al. 2016).

3.6 Effect of Anions on the Removal of Antibiotics

The effect of anions (Cl−, HCO3
−, and SO4

2−) on the
removal of ST, OFL, and TC in catalytic ozonation was
evaluated (Fig. 7). The Cl− addition illustrated negligi-
ble effect on removal of antibiotics. The removal rate
constant of ST, OFL, and TC decreased by 1.22%,
12.3%, and 32.3%, respectively, when the initial con-
centration of Cl− increased from 0 to 0.5 mol L−1. The
removal of ST, OFL, and TC was obviously inhibited
when the concentration of HCO3

− increased from 0 to
0.5 mol L−1. The removal rate constants of ST, OFL, and
TC decreased by 49.1%, 28.8%, and 42.7%, respective-
ly. In the case of SO4

2−, similar harmful effect on the
removal of ST, OFL, and TC was also observed. The
removal rate constant of TC decreased by 34.1% when
the concentration of SO4

2− increased from 0 to
0.5 mol L−1. The increase in the concentration of SO4

2

− also led to the decrease in the removal efficiency of ST
and OFL. These results suggested that the addition of
anions (Cl−, HCO3

−, and SO4
2−) inhibited the removal

of ST, OFL, and TC. The adsorption of the anions on the
catalyst could lead to catalyst contamination and reduc-
tion in numbers of reaction sites on catalyst surface,
which subsequently hindered the degradation of antibi-
otics (Yuan et al. 2013).

3.7 Effect of Cations on the Removal of Antibiotics

The depressing effect of Ca2+ and Mg2+ on the catalytic
ozonation of ST, OFL, and TC was observed at relative-
ly high concentration (Fig. 8). At relatively low concen-
tration (< 0.05 mol L−1), Ca2+ and Mg2+ slightly pro-
moted the removal of ST. Both of Ca2+ and Mg2+

hindered the removal of ST in catalytic ozonation pro-
cess when their concentration increased from 0.05 to
0.5 mol L−1. When the concentration of Ca2+ increased
from 0 to 0.5 mol L−1, the removal rate constant of OFL
and TC decreased by 21.8% and 26.2%, respectively.
The removal rate constant of OFL and TC decreased by

�Fig. 9 The stability and durability of nano-Mg(OH)2 in the
catalytic ozonation of sulfathiazole (circles), ofloxacin
(triangles), and tetracycline (diamonds). Reaction conditions:
antibiotics concentration 50 mg L−1, catalyst dosage 0.15 g L−1,
ozone concentration 0.5 g h−1, ozone flow rate 0.1 L min−1
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20.9% and 31.7%, respectively, when the concentration
of Mg2+ increased from 0 to 0.5 mol L−1. The Ca2+ and
Mg2+ are stable and do not participate in the reaction
(Song et al. 2016). The adsorption of these cations on
the catalyst might also lead to catalyst contamination
and reduction in numbers of reaction sites on catalyst
surface, which subsequently jeopardized the degrada-
tion of antibiotics.

3.8 The Reusability of the Catalyst

The stability of the catalyst in their reuse was worth
studying from a practical standpoint. Thus, three suc-
cessive tests for catalytic ozonation of ST, OFL, and TC
were conducted. At the end of each test, the catalyst was
separated by centrifugation and the separated catalyst
was dried at 60 °C and reused for the next test without
further modification. In Fig. 9, the removal efficiency of
ST, OFL, and TCwas not significantly affected and their
removal efficiency remained above 90% after the nano-
Mg(OH)2 was repeatedly used for three times. These
results indicated that the prepared nano-Mg(OH)2 cata-
lyst was a reusable catalyst which can maintain its
catalytic activity.

4 Conclusion

The nano-Mg(OH)2 synthesized from natural bischofite
showed high catalytic activity and mineralization for the
ozonation of antibiotics including ST, OFL, and TC.
The removal of ST, OFL, and TC followed pseudo-
first-order kinetic model. Mechanisms other than
radical-type oxidation might have been involved in the
process of antibiotic removal according to experimental
results of adding radical scavenger. The ST removal rate
strongly increased with the increase of temperature, but
the variation of reaction temperature almost did not
affect the removal of OFL and TC. Increase in the initial
concentration of antibiotics led to the decrease in the
removal efficiency of ST, OFL, and TC. All anions and
cations were disadvantageous to the removal of ST,
OFL, and TC at the higher concentration. The nano-
Mg(OH)2 catalyst could maintain its stable catalytic
activity during the continuous use process. In conclu-
sion, high removal efficiency of typical antibiotics and
heavy metals free suggested that nano-Mg(OH)2 from
natural bischofite is a promising ozonation catalyst in
the terms of antibiotics removal.
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