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ABSTRACT
The nanosized Fe3O4 catalyst was synthesized via a modified reverse coprecipitation method and
characterized by means of a scanning electron microscope (SEM) and an X-ray diffraction (XRD)
analysis instrument. The degradation efficiency and reaction rate of Fe3O4 in activating sodium
persulfate used to degrade ciprofloxacin were determined from the catalyst dosage, oxidant
concentration, and initial pH. The results showed that under the optimum conditions of a catalyst
dosage of 2.0 g·L−1
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Ciprofloxacin hydrochloride (CIP) is one of the broad-
spectrum quinolone antibacterial agents, with its antibac-
terial properties ranking the highest among currently
applied quinolone antibiotics. But, with its high ecological
toxicity and the difficulty in removing it by conventional
water treatment technologies, it poses certain threats to the
ecosystem (Ouyang et al. 2017; Maryam et al. 2017; Zhao
et al., 2015). Owing to its low solubility, ciprofloxacin is



concentration. With the addition of sodium persulfate, the
diluted NaOH solution or diluted H2SO4 was used to

regulate the pH value of the sol

ution. At regular intervals,

a 1-mL sample was taken, and 1 mL ethanol was added to itfor quenching, and then it was shaken up and placed in adesktop centrifuge for 10000 r·min−1

centrifugation for 5
min. Spectrophotometry was adopted to determine the
residual concentration of ciprofloxacin (determination
wavelength 277 nm).

Results and discussion

Analysis and characterization of the physicochemical
properties of catalyst Fe3O4

Figure 2 shows the XRD pattern of nanosized Fe3O4

prepared via a reverse coprecipitation method. The

pattern is consistent with the diffraction card of (JCPDS
File No. 88-0315) standard Fe3O4. The characteristic dif-

fraction peaks at 2

θ

values of 18.3°, 30.2°, 35.5°, 43.2°,

53.6°, 57.1°, and 62.7°, respectively, correspond to the
(111), (220), (311), (400), (422), (511), (440), and (531)
crystal facets of Fe

3O

4

. The characteristic diffraction peaks

of Fe2O3 were not observed in the pattern, indicating that
the products were pure-phase Fe3O4, featured by an
inverse spinel-type structure (Mizukoshi, Shuto, and
Masahashi et al.2009).

Figure 3 shows the SEM image of catalyst Fe3O4,
and it can be seen that the particle size was evenly
distributed and well disper
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Figure 2. XRD pattern of the Fe3O4 catalyst.

Figure 3. Typical SEM image of the Fe3O 4catalyst.
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Impact of the initial pH value on the degradation of
ciprofloxacin hydrochloride wastewater

It can be learned from Figure 5 (a) that when the pH was
2, 3, 4, 5, 7, 9, and 11, the degradation of ciprofloxacin
hydrochloride wastewater was 26.76%, 45.67%, 56.85%,
69.64%, 93.73%, 64.58%, and 36.68% separately. This
implies that under neutral conditions, the Fe3O4/PM
system has the highest removal rate against ciprofloxa-
cin. Neither acidic nor alkaline conditions are the best
for CIP degradation. When the pH value was high, the
sulfate radicals under alkaline conditions might react
with hydroxyl ions, consuming the SO4

–· in water and
generating OH·. OH· had less oxidation capacity than
SO4

–·, so under alkaline conditions, the oxidative degra-
dation capacity of Fe3O4/PM was impaired more visibly

(Yan et al. 2017; Chen et al. 2017; George, Rassy, and
Chovelon 2001; Maurino et al. 1997).

It can be learned from Figure 5 (b) and Table 1 that ln
(Ct/C0) was in a good linear relationship with time t, and
the linear fitting coefficient R2 was high, well demonstrat-
ing the features of first-order kinetics. The pH changes of
the solution exerted a distinct influence on the reaction.
When the pH was 2, the reaction rate was 0.00778 min−1

and along with a gradual increase of pH, the reaction was
faster; when the pH was 7, the reaction was the fastest,
with a reaction rate of 0.06907 min−1; then, with decreas-
ing pH, the reaction slowed down and when the pH was
11, the reaction rate was only 0.01128 min−1.

Impact of sodium persulfate concentration on the
degradation of ciprofloxacin hydrochloride
wastewater

It can be seen from Figure 6 (a) that when the dosage of
sodium persulfate increased from 0.1 to 2.0 g·L−1, the
increasing oxidants would provide more free radicals for
the system and after a 40-min reaction, the removal rate of
ciprofloxacin hydrochloride was raised from 69.68% to
93.73%.

It can be seen from Figure 6 (a) and Table 2 that ln(Ct/
C0) was in a good linear relationship with time t, and the
linear fitting coefficient R2 was high, well demonstrating
the features of first-order kinetics. Within 40 min, when
the dosage of sodium persulfate was raised from 0.1 to
1.0 g·L−1, the reaction rate of ciprofloxacin hydrochloride
was raised from 0.00284 to 0.06907 min−1. The more the
dosage of sodium persulfate, the greater the mass-transfer
power of catalysis on the catalyst surface. And more and

0 10 20 30 40
0.0

0.2

0.4

0.6

0.8

1.0
C

/C
0

Time/min

Fe3O4
PM
Fe3O4/PM
Fe2+/PM
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more SO4
–· would be generated so as to enhance the reac-

tion rate and catalytic degradation effect of ciprofloxacin
hydrochloride. However, since the concentration of nano-
sized Fe3O4 in the solution was a constant value and only a
certain amount of sodium persulfate could be activated,
after the concentration of sodium persulfate in the solution
exceeded 1.0 g·L−1, the degradation rate of ciprofloxacin
showed a downward trend instead. The reason was that,
along with the increased concentration of SO4

–· in the
reaction system, the amount consumed by its own reaction
also increased (formula 1 and formula 2), leading to the
decreased degradation rate of ciprofloxacin.

SO4
� � þSO4

�� ! S2O8
2 � (1)

SO4
� � þS2O8

2 ! SO4
2 �þS2O8 (2)

Impact of Fe3O4 dosage on the degradation of
ciprofloxacin hydrochloride wastewater

Figure 7 (a) shows that when the dosages of the catalyst
were, respectively, 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0g·L−1, after
a 40-min reaction, the removal rates of ciprofloxacin

hydrochloride were, respectively, 51.97%, 70.69%,
83.93%, 93.73%, 92.49%, and 93.12%. It shows that
along with the increased dosage of Fe3O4, the removal
rate of ciprofloxacin was accordingly raised, mainly
because the increased dosage of the catalyst could increase
the contact area between the catalyst and sodium persul-
fate, and more active sites participated in the reaction to
generate more SO4

–· in catalysis and, therefore, enhance
the removal rate of the system. When the consumption of
the catalyst exceeded 2.0 g·L−1, there was no significant
increase in the removal rate, or even a decrease instead.
On one hand, with a constant dosage of sodium persul-
fate, the generation amount of SO4

–·would not increase
when a certain degree was reached, and the excessive
SO4

–· would be consumed by its own quenching reaction;
on the other hand, Fe2+ on its surface of excessive nano-
sized Fe3O4 would also react with SO4

–·. These two side
reactions would prevent SO4

–· from further contact with
ciprofloxacin, so the degradation rate was reduced (Long
et al. 2016; Silveira et al. 2017; Guan et al. 2011).

SO4
� � þFe2þ ! Fe3þ þ SO4

2 � (3)

From Figure 7 (a) and Table 3, it can be concluded
that (Ct/C0) was in a good linear relationship with time

Table 1. Kinetic parameters of CIP by Fe3O4 at different pH.
Initial pH Pseudo-first-order reaction kinetic mode Correlation R2

2 ln(Ct/C0) = –(0.00396 + 0.00778t) 0.996
3 ln(Ct/C0) = –(−0.00155 + 0.01508t) 0.999
4 ln(Ct/C0) = –(0.00396 + 0.00778t) 0.996
5 ln(Ct/C0) = –(0.05016 + 0.02925t) 0.994
7 ln(Ct/C0) = –(0.05871 + 0.06907t) 0.997
9 ln(Ct/C0) = –(0.01337 + 0.02618t) 0.999
11 ln(Ct/C0) = –(−0.00113 + 0.01128t) 0.998
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t, and the linear fitting coefficient R2 was high, well
demonstrating the features of first-order kinetics.
When the dosage of the catalyst was 0.5 g·L−1, the
reaction rate of ciprofloxacin hydrochloride was only
0.01859 min−1; when the dosage of the catalyst was
raised to 1.5 and 2.0 g·L−1, the reaction rate was raised
to 0.04524 and 0.06907min−1. This indicates that the
reaction rate would be raised along with the increased
dosage of the catalyst.

Reaction mechanism

Under the conditions of catalyst consumption of 2 g/L, an
oxidant concentration of 1 g/L, and pH of 7, 93.73% of 50
mg/L ciprofloxacin was degraded after a 40-min reaction.
The total organic carbon test results showed that 78%
organic matters were removed, indicating that ciproflox-
acin was mostly decomposed into low-molecular weight
organic matters.

To verify the radical type of Fe3O4/sodium persul-
fate, a free radical quenching experiment was con-
ducted by adding a certain amount of ethanol, tertiary
butanol, and benzoquinone. The reaction rates of etha-
nol with the two free radicals, SO4

–· and OH·, were
basically the same. The reaction between tertiary

butanol and OH· was faster while the combination of
benzoquinone and HO2· was faster (Muthukumari et al.
2009; Luo et al. 2010).

Figure 8 shows an experimental curve of free radical
quenching in the Fe3O4 system catalyzing sodium per-
sulfate for CIP degradation. When TBA was added to
the system, the removal rate of CIP was reduced from
93.73% to 64.96% in 40 min. This indicates that OH·
existed in the system, but the content was not much;
when excessive EtOH was added, the removal rate of
CIP was 22.92%, remarkably lower than when nothing
was added. The reason was that EtOH reacted with OH·
and SO4

–· in the system, so that the content of free
radicals participating in CIP degradation was reduced;
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Figure 7. Effect of catalyst dosage on the degradation efficiency of CIP (Na2S2O8: 1 g/L; CIP: 50 mg/L; Fe3O4: 2 g/L; pH: 7.0; 25℃).

Table 3. Kinetic parameters of CIP by Fe3O4 at different catalyst
dosages.

Catalyst dosage (g/L)
Pseudo-first-order reaction kinetic

mode
Correlation

R2

0.5 ln(Ct/C0) = –(0.03271 + 0.01859t) 0.984
1 ln(Ct/C0) = –(0.01412 + 0.03134t) 0.995
1.5 ln(Ct/C0) = –(0.07971 + 0.04524t) 0.993
2 ln(Ct/C0) = –(0.05871 + 0.06907t) 0.997
3 ln(Ct/C0) = –(0.1218 + 0.06369t)

)=

–(0.1 Tf
7.994



and compared with TBA, the removal rate of CIP has
great difference, indicating that SO4

–· in the reaction
system played a dominant role in CIP degradation.
Moreover, after the addition of excessive EtOH, the
system still can effectively remove ciprofloxacin to
some degree. After the trapping agent, benzoquinone
of superoxide radicals (HO2·), was added during the
experiment, the removal rate of ciprofloxacin in the
reaction system was decreased, demonstrating that the
mechanism of Fe3O4 activating persulfate (PS) was that
Fe3O4 generated superoxide radicals (HO2·) which
could activate PS to produce more sulfate radicals
(SO
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