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ABSTRACT

In this study, the degradation of antibiotic ciprofloxacin (CIP) over Bi,O3/(Bi0)>CO3 heterojunctions under
simulated solar light irradiation (SSL-Bi,O3/(Bi0)>CO3) was examined for the first time. The results showed that
the Bi,03/(Bi0),CO3 heterojunctions dramatically improved CIP decay efficiency. The effect of parameters
showed that the CIP decay was optimized with the Bi,O3/(Bi0),CO3 dosage of 0.5 g/L and a wide pH range of
4.0-8.3, based on which, a kinetic model was derived to predict the remaining CIP concentration. It was found
that the presence of anions like SO42~, NO3~ and HCO; ™~ decelerated the CIP decay, while the co-existence of
Cl™ accelerated the CIP decay. Six degradation intermediates were identified by ultra-performance liquid
chromatography coupled with mass analyzer (UPLC/MS) and ion chromatographic (IC) analysis, and the decay
pathways and degradation mechanism of CIP were proposed by combining the experiment data with theoretical
calculation of frontier electron densities. Hydroxyl radical’s reaction, photo-hole (h™) oxidation and reductive
defluorination were found to involve in the CIP decay. The efficient alleviation on total organic carbon (TOC)
and toxicity indicated that the complete mineralization and de-toxicity are possible by this system with sufficient
reaction time.

1. Introduction

[1]. For example, ciprofloxacin (CIP) is a typical broad spectrum anti-
biotic and has been popularly used as human and veterinary medicine

Antibiotics, as one of the largest groups of PPCPs (pharmaceuticals [2]. Since about 50% of the oral dose is excreted unchanged in the urine
and personal care products), has recently received intensive attention with 24h thus producing high urinary concentrations [3], it
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subsequently enters the WWTPs (waste water treatment plants). It was
reported that ciprofloxacin is detected in both influent and effluent of
WWTPs [4], the effluent subsequently enters the aqueous environment
and results in the frequent detection in groundwater, surface water,
sewage water and seawater throughout the world [5-7]. CIP is found in
surface water at levels up to 13 ng/L in Germany [8], while 0.03 ug/L of
CIP has been detected in U.S. streams [9]. In China, the CIP pollution
reaches up to 3.35, 5.93 and 2.10 ug/L in animal farm-effluent, river
and pond water, respectively [10]. Previous literatures reveal that the
occurrence of CIP at trace level (ng/L) gives birth to antibiotic resistant
bacteria [11] and resistance genes [4], which should further impair the
selection of genetic variants of microorganisms and imposes adverse
effect on human health [12,13]. Thereby, the CIP removal from water
environment attracts more and more attentions [14-16].

Conventional methods, like sewage treatment plants and biological
degradation cannot remove CIP efficiently because of the bio-resistant
property of CIP [17]. Therefore, it is highly desired for developing ef-
ficient and environmental friendly approaches to remove CIP. In recent
years, advanced oxidation processes (AOPs) such as chlorination [18],
ozonation [19] and permanganate oxidation [20] have been reported to
be efficient in CIP degradation. However, the selectivity of radicals in
these AOPs restrain the complete mineralization of organic pollutants
[21]. As a comparison, the non-selective hydroxyl radical ("OH) is
promising for complete mineralization by converting organic com-
pounds into CO, and mineral acids [21]. Moreover, The 'OH radical
always involves in a fast mineralization with the rate constant 2-4 or-
ders of magnitude higher than that of chlorination, ozonation and
permanganate oxidation [21]. Bismuth subcarbonate (BiO),CO3 as an
environmental friendly photocatalyst has received increasing interest
because it can oxidize lots of organic molecules by producing 'OH ra-
dicals [22]. Nevertheless, the photocatalytic performance of (BiO),CO3
is in need of improving because it can only be excited by ultraviolet
light (with a large band gap of ca. 3.4 eV). Up to date, many attempts
have been made to fabricate new (BiO),CO3 photocatalysts by coupling
it with smaller band gap semiconductors to construct extended optical
absorption. The (BiO),COs-based heterojunctions like Bi,S3/(Bi0)>CO3
[23], BiOI/(BiO),CO5 [24] and Bi/(Bi0O),CO3 [25] have been success-
fully fabricated with high photocatalytic performance. In our previous
study, a Bi,03/(Bi0),CO5 heterojunction has been prepared by a facile
one-step thermal-treatment approach, which has been confirmed that
"OH radicals dominates the photocatalytic reaction under solar light
irradiation [26,27].

However, the application of Bi,O3/(Bi0),CO3 heterojunction re-
garding to the effect of field parameters is still limited, especially in
lacking of predicting mathematic model, which are critical in achieving
effective operational parameters for further industrial optimization.
Moreover, the occurrence and fate of byproducts/intermediates is of
significance because the byproducts/intermediates are different from
the parent compounds in not only the chemical and physical properties
but also the toxicity [28]. For instance, Richard and coworker found
that the oxidation of antibiotic ciprofloxacin by UV/H,0, in pure water
lead to the formation of cytotoxic by-products [29]. Our previous study
found that the harmful intermediates were formed in the early stage of
antibiotics norfloxacin degradation over Bi,WOg photocatalyst [30].
Therefore, to clarify the occurrence and fate of by-products is an es-
sential prerequisite for building a safety treatment process.

In this study, the as-prepared Bi»O3/(BiO),CO3 heterojunction was
employed to degrade antibiotic ciprofloxacin in aqueous solution under
simulated solar light irradiation (SSL-Bi»03/(Bi0)>CO3). To the best of
our knowledge, this is the first time to apply (BiO),COs-based hetero-
junction for aqueous ciprofloxacin decay. Field parameters, like the CIP
concentration, Bi»03/(Bi0),CO3 dosage and pH level were investigated
and optimized. A predicting kinetics model was derived thereby. The
aromatic intermediates and inorganic byproducts were identified. The
decay pathways and degradation mechanism of CIP were proposed by
combining the experiment data with theoretical calculation of frontier
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electron densities. TOC and antibacterial activity were examined.
2. Experimental
2.1. Materials

Ciprofloxacin (C;7H;8FN303, abbreviated as CIP) from Sigma-
Aldrich company was used as the probe in this study. Bi;O3/(Bi0),CO5
heterojunction was prepared using bismuth nitrate (Bi(NO3)3;, Sigma-
Aldrich) and urea (CO(NH,),, Sinopharm Chemical Reagent Company)
as precursors. The preparation method has been stated in our previous
study [26]. In brief, 10 mmol of CO(NH,), and 2.5 mmol of Bi(NOs3)s3
powders were mixed in 35mL distilled deionized water. The mixture
was transferred into autoclave, then moved to the muffle furnace at
160 °C for 12 h. After which, a white (BiO),CO3 sample was obtained.
To obtain the Bi,03/(Bi0),CO5; composites, the (BiO),CO3; sample was
treated by calcining at 400 °C. For comparison, the Bi,O3 sample was
prepared by increasing the calcination temperature to 500 °C.

Acetonitrile (Tedia Company) and distilled-deionized water were
used for mobile phase for high-performance liquid chromatography
(HPLC) analysis. The distilled-deionized water was obtained from a
pure water treatment system (Bamstead NANO, USA). The formic acid
(HCOOH) and orthophosphoric acid (H3PO,) were used for pH adjust-
ment in mobile phase (Sigma-Aldrich). Other chemicals like sodium
nitrate (NaNOj), sodium sulfate (Na,SO,4), sodium bicarbonate
(NaHCO3), sodium chloride (NaCl), hydrochloric acid (HCI) and sodium
hydroxide (NaOH) were all purchased from Sigma-Aldrich Company.

2.2. Characterization

The diffuse reflectance spectrum of catalysts were recorded on the
UV visible spectrophotometer (U-4100, Hitachi). A Bruker Electron spin
resonance (ESR) spectroscopy was used to detect ‘'OH and 'O, radicals
(ER200-SRC). Transmission electron microscopy (TEM) pictures were
performed on a JEOL electron microscope (JEM-2010). The Brunauer-
Emmett-Teller (BET) surface area was examined by an ASAP 2020 N-
adsorption apparatus. The effective diameter of catalyst and zeta po-
tential of catalysts were tested with Zeta potential measurement ana-
lyzer (Colloidal Dynamics, USA). The effective diameter was tested in
distilled-deionized water and it represented the real particle size after
dispersing in aqueous solution.

2.3. Photocatalytic activity evaluation

The degradation of ciprofloxacin was carried out in a photochemical
reactor under simulated solar light irradiation (PLS-SXE 300, Beijing
Changtuo). The light was supplied by a 300 W Xenon lamp and the light
intensity was set at 0.641w/cm?. Before the reaction, a predetermined
amount of photocatalyst and 100 mL ciprofloxacin solution were added
into a quartz beaker, and stirred for 30 min in darkness to achieve
adsorption equilibrium (See Fig. S1). After which, the reaction was
started by igniting the pre-heated light. During the reaction, an aliquot
(1 mL) sample was withdrawn from the solution at preset intervals. In
order to remove the solid matters and facilitate the further analysis, the
withdrawn sample was filtrated through a PTFE (polytetra-
fluoroethylene) membrane with a pore diameter of 0.2um. All de-
gradation experiments were tested at room temperature of 23 = 1°C
(air-conditioned). Parts of degradation experiments were tested in tri-
plicated and the standard deviations were less than 7% (See Fig. S2).

2.4. Analytical methods of degradation intermediates and final products

The residual ciprofloxacin was determined by an Agilent 1200 series
High Performance Liquid Chromatography (HPLC) with a diode array
detector. A Restek C18 column was used to separate ciprofloxacin and
its intermediates (5.0 um, 4.6 X 250 mm). The adsorption wavelength
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of HPLC was set at 272 nm. The mobile phase was prepared by mixing
20 mM (mmol/L) H3PO, solution and acetonitrile with a volume ratio
of 1:4. The absorption spectra of CIP from High Performance Liquid
Chromatography were shown in Fig. S3. The time-dependent peak area
of CIP was summarized in Table S1.

The organic intermediates were identified by a Dionex UltiMate
3000 ultra-performance liquid chromatography (UPLC) equipment with
a Bruker ion trap mass analyzer at the positive ion mode. A Thermo C8
column (1.9 ym, 50 lumn on was used to separate the intermediates.
The mobile phase for LC/MS analysis was composed by (A) acetonitrile
and (B) 0.1% formic acid solution (in volume) and run at a flow rate of
1 mL/min. The mobile phase was changed by the following gradient:
100% of B was linearly decreased to 40% during the first 2 min; The
mixture of 40% of B and 60% of A kept constant from 2 to 20 min; from
20 to 22 min, A was continuously linearly increased from 60% to 100%.

The produced inorganic byproducts during the reaction were in-
vestigated by a Dionex 4500i ion chromatography. The Dionex anion
column (TonPac AS14, 4 mm X 250 mm) and the anion column (Dionex
IonPac AS14, 4mm X 250 mm) were used for anion and cation ana-
lysis, respectively. The flow rates were both set as 1 mL/min. The mo-
bile phase for anion analysis was a mixture of 3.5mM Na,CO3; and
1 mM NaHCOs, while the 0.022 M methanesulfonic acid solution was
used for cation analysis. A Shimadzu Total organic carbon (TOC) ana-
lyzer was used to examine the TOC removal.

2.5. Calculation of frontier electron densities of CIP

The Gaussian 09 program was employed to calculate the frontier
electron densities of the atoms in FLU molecule at the B3LYP/6-311G™
level. During the calculation, water was chosen as the solvent. The
values of 2FEDomo were used to predict the initial sites for electron
extraction (e.g. photo generated h* reaction) on CIP molecule, while
FEDZomo + FEDZypo indicated the initial sites for hydroxyl addition.

2.6. Toxicity evaluation

The toxicity of CIP and its degradation products was examined by
plate count method using Escherichia coli as reference microorganism.
The assays were carried out by dispersion 50 pL of bacterial suspension
and 50 pL of the treated samples on the surface of agar plate. The plates
were then incubated at 37 °C for 18 h. The number of survived colonies
was counted. Each test was carried out in triplicated and the mean
values were used. The toxicity was calculated by the following equa-
tion:

survived colonies of samples

Toxicity = (1 - ) X 100%.
raw colonies
The raw colonies represent the survived colonies by dispersion

50 uL of bacterial suspension without the addition of sample.

3. Results and discussion
3.1. The decay of CIP over different catalysts

Fig. 1a displayed the CIP decay over Bi,O3/(Bi0)>CO3, Bi,O3 and
(Bi0)>CO3 under simulated solar light irradiation. The process with sole
simulated solar light irradiation (SSL) was investigated for comparison.
As shown in Fig. 1a, a decay performance of 60.7% was achieved by
direct SSL photolysis in 30 min, which was probably initiated by ab-
sorbing photon at a given wavelength to reach the excited state of CIP
[31]. In the presence of photocatalysts, the CIP decay followed the
order of Bi,03/(Bi0),CO3; > Bi,O3 > (Bi0),CO3, where the removal
efficiency achieved 93.4%, 86.5% and 77.9% in 30 min, respectively.
This phenomenon is in agreement with the results of light absorption
(Fig. 1b) and ESR analysis (Fig. 1c). Both absorption edge and the
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intensity of "OH radicals showed the same order to CIP decay with
Bi»03/(Bi0),CO3 > Bi,03 > (Bi0),CO3, where the absorption edge of
Bi;03/(Bi0),CO;3, Bi,0O53 and (Bi0),CO5 is 570, 470 and 380 nm, re-
spectively, while the ESR analysis showed that the intensity of 'OH
signal was the highest in Bi,03/(Bi0),CO3. The broader light absorp-
tion leads to more photons absorbed by photocatalyst, and results in
more active radicals (i.e. "OH radicals) and better photocatalytic per-
formance [32]. Moreover, the heterojunction interface in BiyOs/
(Bi0),CO3 (Fig. 1d) should benefit the performance because the inter-
face could efficiently enhance the separation of photo-generated e “-h™*
pairs and speed up the interfacial charges transferring rate to adsorbed
substrates [26]. In addition, the highest surface area and smallest ef-
fective diameter of Bi»,O3/(Bi0)>CO3 as shown in Table 1 were pro-
moters for its highest performance: The high surface area facilitates the
diffusion of CIP and active radicals [33]; The smallest effective dia-
meter of BiO3/(Bi0)»,CO3 in aqueous suspension suggested the Bi>O3/
(Bi0)>CO3 owned the best dispersion among the three catalysts, which
accelerated the CIP decay by allowing more photons adsorbed on the
catalyst surface and benefiting the contact between pollutant’s mole-
cule and photocatalyst [34].

3.2. Effect of different parameters, including [CIP],, [BizO3/(Bi0)>COs]o
and pH,

The CIP decay in the SSL-Bi,03/(Bi0)>CO3 system by varying [CIP],
(initial CIP concentration) was shown in Fig. 2. The CIP decay followed
pseudo-first-order kinetics, and presented a rate constant (k) of 0.090,
0.101, 0.128, 0.294 and 0.476 min "~ * for [CIP] at 1, 3, 5, 8 and 10 mg/
L, respectively. It can be seen that higher [CIP], resulted in lower CIP
decay efficiency. Possible explanations for this observations were: (1)
with the increase of [CIP],, more photons were absorbed by CIP, which
subsequently reduced the portion for Bi,O3/(BiO),CO3 photocatalysis
[31]; (2) some byproducts/intermediates were produced in CIP decay,
which was excepted to increase with the increment of [CIP], resulting
in the competitive reactions between "OH radicals and byproducts [35].
The heterogeneous photocatalytic reaction was usually described by a
Langmuir-Hinshelwood (LH) model as shown below:

1

= —[CIP], +
kLH[ lo

1
k kin Ky, (€3]

where k is the observed pseudo-first-order rate constant (min™Y), k;y is
the apparent rate constant of the reaction occurring on the Bi;Os/
(Bi0),CO3 heterogeneous surface (mM-min~ 1), and K, (mM™!) is the
equilibrium adsorption constant of CIP onto the Bi»O3/(Bi0)>CO3 sur-
face. By linear regression the data of k and 1/[CIP], a fine r? level of
0.92 was achieved (as shown in the inset of Fig. 2), which suggested
that the experimental results fitted well with the LH model. This ob-
servation confirmed that the CIP degradation was a heterogeneous re-
action, which dominantly occured on the Bi;O3/(BiO),CO3 surface in
the SSL-Bi»03/(Bi0)>CO3 system [30].

The influence of initial Bi,03/(Bi0)>CO3; dosage ([Bi»O3/
(Bi0),CO3]p) on the CIP decay was studied as [Bi,O3/(Bi0)>COzlo
changed from O to 0.8 g/L. The experimental results were illustrated in
Fig. 3. It was observed that the k value increased linearly with the in-
crement of [Bi»03/(Bi0),CO3], and reached the optimum value as
[Bi»03/(Bi0)>CO3]p = 0.5 g/L. After which, the k value was declined.
As shown in the inset of Fig. 3, the k curve was clearly divided into two
linear stages at the breakpoint of 0.5 g/L. The proportional increment of
the suspended amount of Bi,03/(BiO),CO3 at the beginning could in-
crease the yield of active radicals and the number of reaction sites [36].
As a result, the k value was linearly increased with [Bi»03/(Bi0)>COs]o
at 0-0.5 g/L, suggesting that any dosage at 0-0.5 g/L is acceptable since
equal amount of Bi>03/(Bi0),CO3 shows equal performance. The fur-
ther increase of [Bi,03/(Bi0),CO3]o would induce the self-scavenging
of the excess "OH radicals (Eq. (2)) [37].
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Fig. 1. (a) CIP decay by different catalysts and sole-SSL; (b) UV-visible diffuse reflectance spectra of the as-prepared samples; (c) DMPO-ESR spin-trapping spectra for ‘OH radicals; (d)

TEM image of Bi,03/(Bi0),CO3 heterojunction.

Table 1
Properties of catalysts.

Bi»03/(Bi0)>CO3 (Bi0)>CO3 Bi,03
Surface Area (m2/g) 4.32 1.93 0.66
Effective Diameter (nm) 19.28 269.4 115.8
= 1 mg/L
® 3mg/L
A Smg/L
v 8 mg/L
< 10 mg/L
Qc
<
=
[ ]
-8 1 0.1{&"
-9 4 02 04 06 08 1.0
1/[CIP], (L/m:
-10 .......“(.g).
0 5 10 15 20 25 30 35 40 45 50
Time (min)

Fig. 2. Effect of [CIP],. Experiment conditions: [Bi,03/(Bi0),CO3], = 0.5 g/L at neutral
pH under simulated solar light irradiation.
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Fig. 3. Effect of [Bi,O3/(Bi0),COs]o. Experiment Conditions: [CIP], = 10 mg/L at neu-
tral pH under simulated solar light.

(2)

In addition, the overdose of Bi,03/(Bi0),CO; resulted in the in-
crease of light opacity and the reduction of light penetration [38]. In
another word, the endless increase of Bi,O3/(Bi0)>CO3; dosage will not
guarantee a fast CIP decay.

The influence of the initial pH level (pHp) on CIP decay was in-
vestigated. As depicted in Fig. 4, the CIP decay was largely pH-depen-
dent, and the decay rate k reached 0.060, 0.117, 0.105, 0.100 and
0.042 at pH, of 3.0, 4.0, 5.9, 8.3 and 10.3, respectively. The insert of

-OH + -OH —H; O,
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Fig. 4. Effect of pH. Experiment Conditions: [CIP]o =10mg/L, [Bi,O3/

(Bi0),CO3]o = 0.5 g/L, solar light irradiation.

Fig. 4 showed variation trends of the k value at different pH levels. It
can be observed that the k value ascended from pH 3.0 to 4.0, and
reached an optimal level at pH 4.0, after which the k value almost kept
constant between pH 4.0 and 8.3, and then decreased with the further
increment of pH level. These observations indicated that the surface
charge of CIP and Bi;O3/(Bi0),CO3; would be greatly affected by the
solution pH. It was known that there are four pKa values of CIP, i.e.
pKa; = 3.64, pKa, = 5.05, pKaz = 5.86-6.35, pKay = 8.24-8.95 [39]
(see in Fig. S4), meanwhile, the point of zero charge (PZC) of Bi,O3/
(Bi0)>CO3 was determined to be pH = 9.2 (see in Fig. 5). At pH 3.0, the
CIP molecule was protonated since the four pKa values of CIP were all
higher than 3.0, whereas the surface of Bi,O3/(Bi0),CO3; was positively
charged (see Fig. 5). As a result, the electrostatic repulsion between
positive charges of CIP and Bi»O3/(Bi0),CO3; made the adsorption of
CIP onto the Bi,03/(Bi0),CO; surface quite difficult, which results in
the restrained CIP decay. The optimum CIP decay at the wide pH range
of 4.0-8.3 could be attributed to the electroneutral property of CIP at
the pH range. It can be determined from Fig. S4 that the CIP molecule
contained both positive and negative charges concurrently at the pH
period of 4.0-8.3 [39], thereby, it can approach to the positively
charged Bi,03/(Bi0),CO; easily by electrostatic attraction. A sharp k
decrease at pH 10.3 was attributed to the electrostatic repulsive be-
tween CIP and Bi,03/(BiO),CO; since they were both negatively

60
[ ]
40 -
z .
~' — /
3 207 .
=
I
‘é‘ [ ]
e 7\ 7777777777777777
<
° (]
N
204 pH, =92
]
\.
'40 T T T T T
2 4 6 8 10 12
pH

Fig. 5. Zeta potential of Bi»03/(Bi0),CO3.
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charged. It deserved to note that the working pH for Bi,O3/(Bi0)>COj3 is
broad at pH 4.0-8.3, which fully covers the environmental tolerance pH
of wastewater (6.0-8.0) [40]. Therefore, the Bi,03/(Bi0),CO3 is a
promising photocatalyst for CIP decay in wastewater.

3.3. Kinetics model for the remaining concentration of CIP

To build a cost-effective system, it is necessary to determine the
proper catalyst dosage, operating pH level, CIP concentration as well as
reasonable reaction time. The experiment results showed that the ra-
tional Bi»O3/(Bi0),CO3 dosage was below 0.5 g/L and the optimum pH
level was located at 4.0-8.3. Therefore, the kinetic model was derived
at [Bi»03/(Bi0)>CO3]p < 0.5 g/L and pH = 4.0-8.3 for the SSL-Bi»,03/
(Bi0),CO3 system.

It was found that for all [CIP], levels, [Bi>O3/(Bi0)>,CO3]o < 0.5g/
L and pH = 4.0-8.3, the k (min™') value was linearly related to 1/
[CIP]o (L/mg), [Bi»O3/(Bi0)>,COs]o (g/L) and pH, as shown in the inset
images in Figs. 2-4, respectively.

In details, from the inset of Fig. 2, the k was correlated to the 1/
[CIP], like Eq. (3).

k = 0.4226

! + 0.0713

[CIP]y 3)
For [Bi;03/(Bi0),CO3]y, < 0.5g/L, the k was predictable as in-

dicated in Eq. (4).

k = 0.1123[Bi, 05/(Bi0),CO3]y + 0.0407 4)

In addition, it was depicted in Fig. 4 that the k values almost keep
constant around 0.9999 at pH 4.0-8.3, the k could be described by
following Eq. (5).

k =0 x pH + 0.9999 5)

It is feasible in theory to integrate above three linear relations (Eq.
(3)—(5)) into one simple equation. After a multiple linear regressions,
the integrated equation can be expressed as Eq. (6).

k = 0.1397[Bi, 05/(Bi0),CO;3], + 0'4314[c11P] —0.0036pH + 0.0143

0

It was noted that the pH coefficient of 0.0036 is close to 0, which
was consistent with that the pH level kept constant at pH 4.0-8.3 as
described in Eq. (5). As a result, the pH effect at 4.0-8.3 was ignorable,
and the predicting formula could be re-regressed by Eq. (7).

k = 0.1379(Bi, 05/(Bi0),CO;], + 0.4324 —0.00541

1
[CIP)y @)
The remaining concentration of CIP can be predicted by the pseudo-
first-order kinetics as shown in Eq. (8).

C=Cyx e (8)

where C and C, represent the remaining and initial concentration of
CIP, respectively (both with the unit of mg/L), k is the observed pseudo-
first-order rate constant (min~ ') and t is the reaction time (min).

After incorporating Eq. (7) into Eq. (8), the remaining concentration
of CIP can be predicted by the following equation,

—(0.1379[Biz 03/(Bi0),CO3]o +0.4324—L _ —0.00541)¢

C=Cyxe [crPlo )

The CIP decay data and predicting curves were compared in Fig. 6.
It can be found that the predicting curves fitted well to the original
data, which suggested that the proposed kinetics model was successful
for predicting the remaining CIP within the test conditions.

3.4. Effect of anions
The CIP decay was investigated with the addition of inorganic an-

ions such as Cl~, NO;~, HCO;~ and SO4>~. The results in Fig. 7
showed that SO,>~, NO3~ and HCO;3 ™ retarded the CIP decay, while
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Fig. 6. Comparison between the experimental data and the predicted results from the
proposed models for the CIP decay in the SSL-Bi»O3/(Bi0)>CO3 process. Experiment
conditions: A: [BiyO03/(Bi0),COslo = 0, [CIP]o =10g/L, pH=5.5; B: [Bi,O3/
(Bi0),COs]o = 0.5g/L, [CIP]o = 10g/L, pH = 5.5; C: [Bi,03/(Bi0),CO5]o = 0.5g/L,
[CIP], = 5g/L, pH = 5.5; D: [Bi,03/(Bi0),CO3]o = 0.5 g/L, [CIP], = 5g/L, pH = 5.9.

Cl™ accelerated the decay. The adverse impact of SO,>~ might be as-
cribed to the following equation [41],
S042~ + -OH —-S04~ + H, O (10)

The SO,>~ anion can be converted to a weaker oxidizing agent of
sulfate radical ('SO4 ) by the consumption of "OH radicals. It is known
that the "SO,~ radical is of selectivity and presents a big molecule
structure as compared with "OH radicals, which provides less chance
for reacting with pollutant [42].

The HCO3;~ was reported to be the "OH radical scavenger as stated
in Eq. (11) [43]. Similar to ‘SO4 ", the formed "HCOj; is a weaker and
selective radicals, which restrains the CIP decay.

HCO;~ + -OH —-HCO3; + H, O 11D

Liu et al. pointed out that the NO;~ showed inappreciable influence
on the degradation of organic pollutants in the ‘OH dominating process
[37]. Differently, an apparently inhibition effect was found in this
study. It should be ascribed to the presence of N atoms in CIP molecule,
where the N atom in organic pollutant was reported to be oxidized to
NO;3 ™~ by the attack of "OH radicals, as seen in Eq. (12) [44]. The yield

0.0 -
-0.5 -
-1.0 -
S 151
= cr
-2.0 1 ° NOg_
4 HCO,
254 .
SO,
3.04 <« without addition u
0 5 10 15 20 25 30
Time (min)
Fig. 7. Effect of anions. Experiment Conditions: [CIP]o=10mg/L, [Bi,03/

(Bi0),COs]o = 0.5 g/L, [anion], = 10 mM, at neutral pH under the simulated solar light
irradiation.
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of NO;~ may decrease the decay rate of CIP in view of the Equilibrium
Law (Le Chatelier’s principle).

I
cip(— N—)+-0H - NO3 (12)
It can be seen from Egs. (13) and (14) that the C1™ anion can react
with "OH radicals to form "HOC] ~, and subsequently transform into "Cl
[45].

Cl™ + -OH —-HOCI (12)

‘"HOCl~ + H" —.Cl + H, O (13)

The generated secondary oxidants of "HOCl™ and 'Cl were both
effective in organic pollutants degradation [46,47], which offered
parallel pathways for CIP and resulted in an accelerated CIP decay.

3.5. Reaction mechanism

In order to identify CIP byproducts/intermediates, the intermediates
generating from SSL-Bi,03/(Bi0),CO3 photocatalysis were identified by
LC/MS. Six intermediates were identified for CIP decay in the system.
The molecular structure of intermediates was identified by the MS
spectrum in Figs. S5-S11. The intermediates properties including the
molecular weight of pronated ion ([M+H™]) and molecular structure
were summarized in Table S2. It can be judged from the intermediates
structure that the CIP decay should be originated from two paths, i.e.
piperazine oxidation and reductive defluorination.

Fig. 8 depicted the accumulation profiles of CIP and intermediates
plotting as the normalized peak areas against irradiation time. The pi-
perazine ring open was believed to be one of the major primary by-
products, because the intermediates originated from piperazine ring
open, e.g. I; and I,, were formed at the beginning and gradually ac-
cumulated up to the maximum amount at 1.5h, then declined at the
end of the run. The intermediate I3 should be the subsequent by-
products because it still stayed at the accumulation stage at the end of
the run despite it appeared at the beginning of the process. The inter-
mediates I, and I5 arose at the middle of the process (0.3 and 0.5h
respectively) and accumulated at the end of the run, indicating they are
later byproducts.

The reaction sites on CIP were also estimated by the calculation of
frontier electron densities. The calculating results were list in Table 2,
and the site of CIP atom was labeled in Fig. S12. According to frontier
orbital theory, the atom with a higher value of FEDZoyo + FEDZ o is
the preferential position for hydroxyl radicals, while the atom with a
higher 2FED#owmo stands for the position where the electron can be
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— ]
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g —1I
@ —_
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—— I;
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Fig. 8. Accumulation profiles of CIP, intermediates. Experiment Conditions: [CIP], = 1
mM, [Bi,03/(Bi0)>CO3]o = 0.5 g/L, at neutral pH under simulated solar light irradiation.
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Table 2
Frontier electron densities on the atoms of FLU molecule calculated by Gaussian 09
program at the B3LYP/6-311G"" level.

Atom 2FEDZomo FEDAomo +  Atom 2FEDZomo  FEDomo +
(number) FEDZumo (number) FEDZumo
c@) 0.090621  0.158258 C(13) 0.00161 0.108626
Cc () 0.025205  0.146887 0 (14) 0.004133  0.103079
c@®) 0.01972 0.012854 C (15) 0.000163  0.001152
cM@ 0.038335  0.048684 0 (16) 0.000406  0.000679
c(5) 0.078313  0.193792 0 (17) 9.5E-05 0.000241
C (6) 0.079633  0.06241 F (18) 0.006405  0.006216
c @) 0.002533  0.010849 c @19 0.077058  0.051349
c(8) 0.000983  0.171663 C (20) 0.077052  0.051335
N (9) 0.002714  0.090949 C (21) 0.053052  0.035217
C (10) 0.001546  0.001115 C (22) 0.053057  0.035216
c@1n 4.23E-05  0.007639 N (23) 0.496292  0.24867
c@12) 4.22E-05  0.007621 N (24) 0.890989  0.445498

easily extracted, e.g. the direct h™ reaction in photoctalysis. For the
hydroxyl radical’s reaction, the first reaction site was predicted based
on the values of FEDZomo + FED?ymo. N24 was found to be the highest
value of FEDZomo + FED?umo, indicating that N24 should be the first
site for hydroxyl radical’s attacking. N23 should be the second site for
hydroxyl radical attack in view of its second largest
FEDZomo + FEDZypmo value. As shown in the CIP decay pathways in
Fig. 9. The intermediate I; with [M+H™] = 362 should be attributed to
the piperazine oxidation, where N24 and N23 in piperazine ring were
attacked by 'OH radicals, resulting in the yield of two aldehyde groups.
Similar reaction between piperazine and 'OH radicals was reported in
TiO, photocatalysis [48]. The further "OH oxidation on N24 and then
N23 may result in the rearrangement and decarbonylation with the
generation of intermediates [M+H™'] = 334 and 306, respectively.
Besides hydroxyl radicals’ attack, photo h* oxidation are usually pre-
sented in photocatalytic process [49]. The first addition position of the
h™* probably took place on the position of the highest 2FEDZomo. N24
and N23 were found to be the first and second reaction site for photo
h* as shown in Table 2. It can be deduced that the intermediates [M
+H*] = 334 and 306 can also obtained from photo h* reaction on
N24 and N23, respectively, resulting from the continuous dec-
arbonylation reactions. The decarbonylation reaction route and corre-
sponding intermediates were detected in the Bi,WO¢ photocatalytic
degradation of piperazine ring [41]. However, neither of intermediate
[M+H"] = 334 nor 306 was detected by the LC/MS analysis. The
absence of compounds with [M+H™] 334 and 306 in this study might
be ascribed to its short lifetime with fast transferring rate to later in-
termediates. Apparently, the I, came from the reductive defluorination
at I;, where the reductive defluorination should be ascribed to the
photolysis since similar reaction was found in CIP photolysis [50], ra-
ther than the "OH radicals reaction [51]. The intermediate I3 with [M
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Fig. 10. Accumulation profiles of inorganic ions. Experiment Conditions: [CIP], = 1 mM,
[Bi»03/(Bi0),CO3]o = 0.5 g/L at neutral pH under the simulated solar light irradiation.

+H™'] = 316, for 28 Da and 18 Da lower than the molecular ion of I,
and compound [M+H™] 334, theoretically are formed by the dec-
arbonylation (on N24 and/or N23) and reductive defluorination, re-
spectively. Similarly, the intermediates I, with [M+H™'] = 288 came
from the reductive defluorination of compound [M+H™] 306 and the
decarbonylation of I5. The intermediates Is with [M+H™'] = 263, for
43 Da lower than the [M+H™] 306, should be originated from the loss
of —C,HsN fragment. The intermediates Ig should be ascribed to the
reductive defluorination of Is and the loss of —C,HsN fragment of 1.
The loss of —C,HsN fragment is attributed to the photo h™ oxidation on
the N23 position.

Fig. 10 showed the accumulation profiles of inorganic ions at pre-
determined time intervals. It can be seen that the fluoride (F~), am-
monium (NH,") and nitrate (NO5~) ions were gradually increased in
the process. Agreement with the decay routes in Fig. 9, the F~ appar-
ently derived from defluorination. The NH;* and NO5;~ ions are re-
sulted from the nitrogen loss at piperazine ring. The NH,* ion was
detected in the piperazine ring destruction in our previous Bi;WOg
photocatalysis [41]. The NO3~ should be ascribed to the further oxi-
dation of NH4* by "OH attack (see Eq. (15)) [44].

NH," + "'OH —=NO;~ 14

However, the NO3;~ was absence at the piperazine ring destruction
via our Bi,WOg photocatalysis [41], because the pollutant and its
daughter intermediates are competitors of NH4* for "OH radicals,
therefore only abundant ‘OH radicals can initiate the NH,* oxidation
[30]. The detection of NO3 ™ in this study suggests that the "OH radicals
generating from Bi,03/(Bi0),CO3; photocatalysis is of abundance. In
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Fig. 9. The proposed pathways for CIP decay.
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Fig. 11. The toxicity, TOC and CIP at different reaction times. Experiment Conditions:
[CIP], = 1 mM, [Bi,03/(Bi0)>,CO3]o = 0.5 g/L, at neutral pH under simulated solar light
irradiation, Escherichia coli dosage = 50 pL at 1 x 10° cfu/mL.

addition, the detection of NO3 ™~ in the byproducts is in coincidence
with above finding that the addition of NO3; ™~ into the system inhibited
the CIP decay.

3.6. Mineralization and toxicity evaluation

Mineralization of ciprofloxacin by Bi>O3/(BiO0),CO3 photocatalysis
was estimated by measuring the TOC content of the reaction solutions.
As shown in Fig. 11, although the mole balance reduction of cipro-
floxacin was nearly 90%, the TOC removal was only 21%. That is be-
cause the aliphatic intermediates generated from the ring-opening re-
action might be more resistant towards further mineralization as
reported by Oturan [52]. Nevertheless, complete mineralization of CIP
by the SSL-Bi»03/(Bi0)>,CO5 system is possible if sufficient reaction
time is provided.

E. Coli was used as reference organism for the estimation of the
residual toxicity of CIP and its intermediates. The typical results were
presented in Fig. 11, where the toxicity was almost unchanged in first
the 1.5h, and subsequently it was graduate decreased. At the end of
2.5h treatment, the toxicity decreased to 39.4%, suggesting the effec-
tive elimination of toxicity of CIP and the intermediates by the SSL-
B1203/(B10)2CO3 system.

Moreover, the stability of the Bi»O3/(Bi0),CO3 heterojunction in
degrading CIP under identical conditions was evaluated by the cyclic
degradation experiments presented in Fig. S13. The decay efficiency
shows an almost imperceptible decrease with a decline of 5.2% after 5
times runs, suggesting that the Bi»03/(Bi0),CO3 heterojunction pos-
sessed good stability in this system.

4. Conclusions

In this study, the decay kinetics and degradation mechanism of
antibiotic CIP by SSL-Bi»03/(Bi0),CO3 system were investigated for the
first time. The Bi,03/(Bi0),CO3; showed better performance than that
of pristine (BiO),CO3 and Bi>O3. The CIP decay followed a pseudo-first-
order kinetics, where the rate constant k increased with the decreasing
of the initial CIP concentration. The CIP decay was optimized at [Bi,O3/
(BiO)>CO3] = 0.5 g/L and pH levels at 4.0-8.3. A prediction model was
derived based on the rational experimental conditions, and the pro-
posed model fitted well to the original data. The inorganic anions of
S0427, NO3;~ and HCO; ™~ retarded the CIP decay, while Cl™ slightly
improved the destruction of CIP. The degradation intermediates were
identified by UPLC/MS and IC analysis. The decay pathways and de-
gradation mechanism of CIP were proposed by combining the experi-
ment data with theoretical calculation of frontier electron densities.
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Hydroxyl radical’s reaction, photo-hole (h™) oxidation and reductive
defluorination were found to involve in the CIP decay. The efficient
alleviation on total organic carbon (TOC) and toxicity indicated that the
complete mineralization and de-toxicity are possible by this system
with sufficient reaction time. This study provides useful information for
the real application of this system in aquatic environment.
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