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Semiconductor photocatalysis can be operated over a narrow pH range for wastewater treatment.
In this study, a simulated solar-light-mediated bismuth tungstate (SSL/Bi-WOs) process is found to
be effective for norfloxacin degradation over a narrow pH range. To broaden the operating pH range
of the SSL/Biz:WOs process, an NH4* buffer system and an Fe3+ salt were introduced under extremely
basic and acidic pH conditions, respectively. The NH4* buffer system continuously supplied hydroxyl
ions to generate -OH radicals and prevented acidification of the solution, resulting in improved
norfloxacin removal and mineralization removal under alkaline conditions. In contrast, the Fe3+salt
offered an additional homogeneous photo-sensitization pathway. The former treatment assisted in
norfloxacin decay and the latter increased the collision frequency between the photo-generated
hole and hydroxyl ions. Moreover, the effect of parameters such as pH and Fe3+dosage was opti-
mized.
© 2019, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

frequency of 97.85%. With the deliberate release of antibiotics
into the aqueous environment and lack of effective treatments

CrossMark

Norfloxacin is a second generation synthetic fluoroquino-
lone antibiotic that has been widely detected in aqueous envi-
ronments. In Chesapeake Bay, the largest estuary in the United
States, the highest aqueous phase concentration of norfloxacin
was recorded at 94.1 ng/L [1]. In China, it has been reported
that norfloxacin is the most frequently detected antibiotic in
coastal waters with a maximum concentration of 1990 ng/L
[2]. Furthermore, in an artificial drinking water reservoir in the
Yangtze River delta of East China, norfloxacin was detected at a

for antibiotic-contaminated wastewater, antibiotic pollution
continues to pose a serious environmental threat to aquatic
and terrestrial ecosystems [3]. Therefore, the removal of nor-
floxacin from aquatic environments is becoming an important
issue [4,5].

Different technologies are available for the remediation of
norfloxacin, including biological degradation, adsorption, and
AOPs, to minimize its damage in aquatic environment [6-8].
Among the emerging treatment approaches, AOPs are consid-
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ered to be effective and are currently gaining significant atten-
tion in the water treatment industry [9-13]. The pH is consid-
ered to be an important factor for photocatalytic performance,
as demonstrated by many previous studies [14,15]. Generally,
the optimum pH for semiconductor photocatalysts are confined
within a narrow range [14,16]. For example, the optimum pH of
ZnO photocatalysts was shown to be 11 for the degradation of
amoxicillin, ampicillin, and cloxacillin in aqueous solution [17].
The optimum working pH of TiO2 was reported to be 9.0 for
chlorinated aniline degradation [18]. In addition to TiOz,
Bi-based semiconductors have been proven effective for or-
ganic pollutant removal [19-22]. Fu et al. [23] showed that
B-doped BizWOe exhibited the highest degradation efficiency
toward RhB removal at a pH of approximately 7.0. Outside of
this narrow pH range, the catalytic performance significantly
decreased. To increase the decay rate of various pollutants, the
initial pH of wastewater was adjusted to an optimum level by
addition of acid or base [24,25]. However, Hu et al. [26] re-
ported that the pH decreased during photocatalytic reaction,
falling outside of the optimal range, slowing pollutant decay.

Previously, we demonstrated that the pH cannot be main-
tained throughout the SSL/Biz2WOe¢ process due to the for-
mation of small molecule organic acids and carbon dioxide
during ciprofloxacin degradation. The pH continuously de-
creased during the reaction and eventually the solution pH
dropped to 3.0, departing drastically from the optimal pH and
was accompanied by the retardation of CIP decay [27]. Rao et
al. [28] reported a WO3 photocatalytic system for monuron
degradation, achieving the best performance at pH = 6.0. Fur-
thermore, during the developed process, the monuron mole-
cule was transformed to a simple aliphatic acid, resulting in
decreased solution pH and retardation of total organic carbon
(TOC) removal. In the UV/TiO2 degradation simazine process,
the best degradation efficiency was obtained at an initial pH of
approximately 9, and the photocatalytic reaction was retarded
under strongly acidic and extreme basic conditions [29].
Meanwhile, the stable cyanuric acid was formed upon the oxi-
dative decomposition of simazine, resulting in acidification of
the aqueous solution. Bi203/Bi202C03 was proven to be effec-
tive for catalyzing ciprofloxacin decay at neutral pH, but the pH
of the final aqueous solution became acidic [15]. Despite the
solution pH decrease and inhibited efficiency for the photo-
catalytic degradation of organic pollutants, few studies have
investigated possible solutions to this problem to maintain high
catalytic performance at different solution pH values.

Bismuth tungstate (BizWOs) is the most studied visible
light-driven photocatalyst due to its wide spectrum light re-
sponse and lack of secondary contamination after utilization
[30,31]. Moreover, Bi:WOs is composed of perovskite-like
[WO04]2- layers sandwiched between [Bi202]2+ layers. This
structure is beneficial for separating photoexcited elec-
tron-hole pairs and forming internal electric fields between
slabs, which enhances photocatalytic performance [32]. In ad-
dition, BizWOes is stable in aqueous solution without dissolving
or element leaching [27,33].

In this study, innovative approaches were proposed to ex-
pand the operating pH range for simulated solar light-mediated

Bi2WOs photocatalysis (SSL/BizWOs). Norfloxacin was selected
as the target antibiotic compound. The performance for nor-
floxacin degradation at different pH values were studied in the
proposed SSL/Bi2WOs process. To broaden the operating pH
range, efforts were undertaken to achieve high removal effi-
ciency under extremely basic and acidic pH conditions. At an
extremely basic pH, a buffer system was developed using an
NHa4+* salt and at extremely acidic pH, the SSL/Bi2WOQs process
was improved by adding ferric salts.

2. Experimental
2.1. Chemical and reagents

All chemicals were of analytical reagent grade and used
as-received without further purification. Norfloxacin
(C16H18FN303) was purchased from Wako Pure Chemical In-
dustries, Ltd. and used as the target molecule for degradation.
BizWOs was synthesized using tungsten acid (H2WO4), citric
bismuth (CeHsBiO7), and ammonia (NH3-H20) as precursors.
The synthesis of bismuth tungstate was reported in detail in the
literature [33,34], where the characterizations of Bi2WOs via
X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), N: adsorp-
tion-desorption, ultraviolet-visible diffuse reflectance spec-
troscopy (UV-Vis DRS) have been well documented. The phase
of the obtained product was evaluated by XRD and all diffrac-
tion peaks were indexed to pure orthorhombic Bi2WOs with
JCPDF No. 39-256. The point of zero charge was tested using a
mass titration method [35]. Other chemicals used in this study
including Mg(NOs)z, Ca(NOs)2, Fe(N03)3-9H20, NaOH, HCl, and
H3PO4 were obtained from Sigma Aldrich Inc. The mobile phase
solvent for HPLC analysis (acetonitrile) was purchased from
Tedia Company (USA). Distilled-deionized water with a resis-
tivity of 18.2 MQ of was used for preparing the mobile phase
and stock solutions and was generated using a Barnstead NA-
NOpure water treatment system (Thermo Fisher Scientific Inc.,
USA).

2.2. Experimental procedures

Norfloxacin degradation was conducted in a simulated solar
light photochemical reactor (Beijing Changtuo Company with a
Xenon lamp of 300 W). Prior to the reaction, a predetermined
amount of BizWO¢ was added to 100 mL of the norfloxacin so-
lution in a 200-mL quartz beaker/cylinder and stirred under
darkness for 30 min to reach adsorption equilibrium
(pre-adsorption step). After reaching equilibrium, degradation
was started by turning on the pre-heated light source. At preset
intervals, 1 mL aliquots of the sample were withdrawn and
filtered using a 0.2-pum PTFE membrane for further analysis. All
experiments were performed in duplicate at room temperature
(air-conditioned) at 23+1 °C.

2.3.  Analytical methods

The amount of norfloxacin remaining in the solution was
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quantified using high-performance liquid chromatography
(HPLC) system with a Waters 515 pump, Waters 2489 dual A
absorbance detector, and Waters 717 plus autosampler. The
norfloxacin in the solution was separated from its related in-
termediates using a Restek pinnacle I C18 column (5.0 pm, 4.6
x 250 mm) and quantified via adsorption at 280 nm. A mixture
of 50% acetonitrile and 50% 0.025 mmol/L orthophosphoric
acid was selected as the mobile phase at a flow rate of 0.8
mL/min, and 10 puL samples were injected for analysis. Parts of
the experiment were run in triplicate with relative standard
deviations never exceeding 10%. The pH was measured using a
digital pH meter (HANNA instrument, B417). Unless otherwise
specified, the pH was measured from the solution just prior to
reaction. The TOC was analyzed using a Shimadzu TOC-5000A
analyzer equipped with an ASI-5000A autosampler to deter-
mine the mineralization of norfloxacin using this process.

3. Results and discussion
3.1. Degradation performance at different pH values

Norfloxacin degradation was performed at different pH
values ranging from 3.0 to 13.0, and the decay curves are
shown in Fig. 1. The decay was significantly reduced under
extremely acidic (pH = 3.0) and alkaline (pH 13.0) conditions
due to the electrostatic repulsion between the norfloxacin
molecule and Bi2WOe particle surface, arising from the pKa of
norfloxacin (pKa1 = 6.34, pKaz = 8.75) and the point of zero
charge of Bi2WOs (pH = 5.0). Three species of norfloxacin can
exist in solution (cationic, zwitterionic, and anionic) and two
phases of BizWOs (cationic and anionic at a pH of 5.0) with var-
iable pH. Under acidic (pH <5.0) and basic pH conditions (pH
>8.75), both norfloxacin and Bi2WOe mostly exist as like charg-
es, preventing attraction between them and inhibiting norflox-
acin decay.

On the other hand, a moderate pH range (i.e. pH = 5.0 to
10.8) is favorable for norfloxacin decay, where all tests at mod-
erate pH showed >90% norfloxacin removal in 150 min. How-
ever, norfloxacin decay in the moderate pH range still showed
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Fig. 1. Effect of pH on the SSL/Bi2WOs process. Experimental condi-
tions: [Norfloxacin]o = 0.1 mmol/L, [BizWOs] = 1 g/L.

certain differences as a function of pH. In particular, the optimal
performance was observed at pH = 8.6, showing 93% norfloxa-
cin removal in 60 min. From pH = 5.0 to 8.6, the norfloxacin
removal efficiency gradually increased, indicating that higher
pH values improved norfloxacin decomposition as long as the
Bi2WOs and norfloxacin remained electrostatically attractive.
For pH values slightly higher than that of pKa: (i.e. pH at 9.0
and 10.8), inhibition of norfloxacin decay was observed, which
can be attributed to the repulsive forces between norfloxacin
and BiWOe at this pH that restrict interaction between nor-
floxacin and the BizWOs surface. Despite the repulsive force
preventing norfloxacin removal, it was interesting that the re-
moval efficiency at pH = 9.0 (repulsive force) was superior to
that at pH = 7.5 (attractive force), suggesting the pH itself has a
significant effect on norfloxacin decay, and can even be consid-
ered more critical than the electrostatic effect in some cases.

3.2. Variations in pH during norfloxacin decay

The pH variations during the pre-adsorption and reaction
steps were monitored at three pH values, and the results are
shown in Fig. 2. All three runs showed a continuous pH de-
crease, regardless of initial pH value. During the pre-adsorption
stage, the pH quickly dropped from 10.0, 9.3, and 8.1 to 8.6, 7.8,
and 7.5, respectively. This significant pH decrease in the
pre-adsorption step indicated that hydroxyl ions in the solution
were adsorbed (or at least attracted) to the Bi2WOe surface.
This was critical for the SSL/Biz2WOe process as it provided a
reservoir of precursors for the formation of hydroxyl radicals
in the subsequent (reaction) step, where the hydroxyl radical
was the dominating active species, as determined by quenching
experiments [27]. An OH™ enriched model was proposed to
describe this property of BizWOs and is shown in Scheme 1,
where the hydroxyl ions adhered and concentrated on the
Bi2WOs surface and its surroundings. After initiation of the
photocatalytic reaction, the pH continuously decreased at a
lower rate, suggesting that the hydroxyl ions were gradually
consumed in the degradation process, likely due to the for-
mation of low molecular weight organic acids and carbon di-
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Fig. 2. Variations of pH during the SSL/Bi;WO¢ reaction. Experimental
conditions: [Norfloxacin]o = 0.1 mmol/L, [Bi2WOs] = 1 g/L.
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oxide.

Considering the pH decrease during the SSL/BizWOs pro-
cess, it is clear that the norfloxacin decay rate may be gradually
hindered if the pH is shifted to an unfavorable range. It is
well-known that only the hydroxyl ions close to the Bi2WOs
surface can be the source of active hydroxyl radicals due to the
limited lifetime of the photo-generated holes [36]. Therefore,
the maintenance of higher hydroxyl ion concentrations nearby
or on the Bi2WOs surface is critical for improving or maintain-
ing rapid target decomposition.

3.3.  The effect of calcium and magnesium salts

To verify the proposed OH™ enriched model, norfloxacin de-
cay in the presence of calcium and magnesium salts was inves-
tigated due to their similar chemical properties and large dif-
ferences hydroxyl ion capture abilities. The Ksp (solubility
product constant) of Mg(OH)2 and Ca(OH)z are 1.5x10-11 and
0.166, respectively. Thus, it can be deduced that the magnesium
ions more effectively deplete hydroxyl ions and generate mag-
nesium hydroxide at lower [OH] compared to that of calcium
ions. As described in the OH™ enriched model in Scheme 1, the
hydroxyl ions were adsorbed onto the BizWOs surface to form a
thin layer of concentrated OH". It is presumed that once the
metal salt dosages are properly administered, the hydroxyl ions
originally concentrated on the BizWOe surface are removed by
the magnesium ion, resulting in reduced hydroxyl radical gen-
eration. However, this procedure is ineffective when using cal-
cium salts, due to their higher Ksp values.

Detailed investigations were performed by varying the
[Ca2+] and [Mg?+] from O to 40 mmol/L, and the results are
shown in Fig. 3. The calcium ions showed no effect on norfloxa-
cin degradation, even when the [Ca?*] was increased to 40
mmol/L. However, magnesium significantly retarded norfloxa-
cin decay and higher [Mg?2+] resulted in a slower norfloxacin
decay rates. The norfloxacin remaining after 20 min of degra-
dation was 22.9%, 29.0%, 31.9%, 38.3%, and 42.1% at [Mg2+]
of 0, 10, 20, 30, and 40 mmol/L, respectively. These experi-
mental results are quite encouraging and support the assump-
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Fig. 3. Effect of Ca2* (a) and Mg?* (b) on the SSL/Bi:WOs process. Ex-
perimental conditions: [Norfloxacin]o = 0.0313 mmol/L, [Bi2WOs] = 0.5

g/L.

Scheme 1. OH -enriched BizW0s model.

tions presented in Scheme 1, where the concentration of hy-
droxyl ions surrounding BizWOs is sufficient for the production
of Mg(OH)z, but not for Ca(OH)z formation, This also validates
the proposed OH™ enriched model in Scheme 1. Therefore the
hydroxyl ion concentration in the thin layer surrounding
Bi;WO0s was calculated to be between 3.87 x 10 and 2.03
mol/L in the tests based on the Ksp values and concentrations of
magnesium and calcium salts (10 and 40 mmol/L, respective-
ly). The calculation method is as follows, i.e. when [Mg2+] = 10
mmol/L, the formation of Mg(OH): suggested [Mg?+]-[OH]? <
1.5 x 107! (Ksp of Mg(OH)2), thus [OH]" was calculated as
greater than 3.87 x 10~* mol/L; when [Ca2*] = 40 mmol/L, the
non-formation of Ca(OH)2 suggested [Ca2+]-[OH"]? > 0.166 (Ksp
of Ca(OH)z), thus [OH] - was calculated to be less than 2.03
mol/L.

The experiments showed that the pre-adsorption capacity
of Bi2WOs for norfloxacin was decreased in the presence of
Mg?+, and further decreased with increasing [Mg2+*]. When
[Mg2+] was 0, 10, 20, 30, and 40 mmol/L, the pre-adsorption
efficiency of norfloxacin was 7.1%, 6.2%, 4.8%, and 2.7%, re-
spectively. These variations in pre-adsorption efficiency can
also be ascribed to the formation of magnesium hydroxides
near the Bi:WO¢ surface, which left fewer adsorption sites
available for norfloxacin and blocked the diffusion pathway for
norfloxacin to the Bi2WOs surface. However, in the presence of
Ca2+ ions no pre-adsorption variation was observed because
the surface properties of BizWOs, as shown in the OH™ enriched
model, remained largely unchanged, even at a high [Ca2+] of 40
mmol/L. The pre-adsorption variation in the presence of Mg2+,
and its insensitivity toward Ca2+ further justify the proposed
OH" enrichment model.

3.4. Norfloxacin decay at basic pH

Norfloxacin decay under extremely basic pH conditions was
significantly slowed, as shown in Fig. 4. At pH = 13.0, only
22.0% of the norfloxacin was removed after 150 min. Consid-
ering that the hydroxyl ion is the source of the active radical
‘OH, an ammonium salt (NH4Cl) was gradually added to the
reaction solution to decrease the pH to 9.0 by forming a buffer
system, as shown in Fig. 4. The ammonium salt was chosen
because it is a natural degradation product of nitrogenous or-
ganic matter, and significant sources of enrichment include
industrial waste, municipal wastewater treatment plants, and
agricultural runoff (including animal wastes and chemical ferti-
lizers) [37]. From Fig. 4, it is clear that after dosing ammonium,
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Fig. 4. Norfloxacin decay under extremely basic conditions in different
systems. Experimental conditions: [Norfloxacinlo = 0.1 mmol/L,
[BizWOs¢] = 1 g/L.

norfloxacin decay efficiency dramatically increased to 97.0% in
60 min. This observation indicates that the pH adjustment by
forming a buffer system with simple addition of an NHa* salt
under extremely basic condition is a practical method for the
SSL/Bi2WOe process.

Furthermore, a comparison experiment was performed us-
ing a non-buffered system, where the solution pH was initially
set at 13.0, followed by adjustment to 9.0 using HCI. As shown
in Fig. 4, norfloxacin decay in the non-buffered system was
slightly slower than that of the NH4Cl buffer system. This is
because in the non-buffered system the pH gradually decreased
from 9.0 to 8.8 (10 min), 8.3 (20 min), and 7.0 (150 min), which
was far from the optimum working pH of 8.6. In contrast, a
constant pH was maintained at 9.0 in the buffered system. In
addition, TOC removal was investigated, as shown in Fig. 5.
Mineralization at pH = 13.0 was negligible, whereas the buff-
ered and non-buffered systems at pH = 9.0 showed 52.0% and
30.0% TOC removal, respectively. Comparing the buffered and

TOC remaining
=4
3
>
1
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|—@—pH = 9.0 in buffer system

0.45 {—A—pH=13.0
——
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Time (min)

Fig. 5. TOC removal at extremely basic pH conditions in different sys-
tems. Experimental conditions: [Norfloxacin]o = 0.1 mmol/L, [Bi2WOs] =

1g/L.

non-buffered systems, it was clear that the difference in TOC
removal was approximately 22.0%, higher than the difference
in norfloxacin removal efficiency (i.e. 3.8% calculated from Fig.
4). This demonstrated that the mineralization of intermedi-
ates/byproduct is more efficient in the buffered system.

3.5.  Norfloxacin decay at acidic pH

When the aqueous solution is acidic, ferric salts were added
to the solution to form the SSL/Fe3+/Bi2WOe process. Fe3+ was
used because SSL/Fe3+ (simulated solar-light-irradiated ferric
salt) is efficient at acidic pH for the evaluation of norfloxacin
decay. In Fig. 6, the SSL/Fe3*process showed a certain capacity
for norfloxacin decay at pH = 4.0. Its mechanism can be ration-
alized by the oxidative properties of the ferric ions under acidic
conditions when irradiated with UV light from the simulated
solar light (200-400 nm) [38]. In the acidic solution, Fe3* un-
dergoes spontaneous hydrolysis with water to form a species of
Fe"OH2+, which is a photosensitive species, and this complex
can produce hydroxyl radicals directly via a photo-sensitization
reaction:

Fe"(OH)2* + hv - Fe2+ + -OH 1)

Fig. 6 showed that the removal efficiencies at 20 min in the
SSL/Fe3+/Bi2WO0s, SSL/Fe3+, and SSL/Bi:WO¢ processes were
75.3%, 44.2%, and 42.4%, respectively. Among these process-
es, the fastest norfloxacin decay was observed in the
SSL/Fe3*/Bi2WOse process. This superior performance at acidic
pH can be ascribed to the combination of the advantages of
homogeneous SSL/Fe3+ and heterogeneous SSL/BizWOs pro-
cesses.

A series of parallel experiments were performed at pH = 7.2
and 9.0 for the above-mentioned three processes and the re-
sults are listed in Table 1. The SSL/Fe3+ process was largely
inert (i.e,, no norfloxacin removal was observed) at both pH =
7.2 and 9.0 because the reaction described by Eq. (1) could not
proceed at non-acidic pH. In addition, the SSL/Fe3+/Bi2WOs
process was slightly superior compared to the SSL/Bi2WOs
process at pH = 7.2 (by 5.9%) and 9.0 (by 4.0%) after 20 min of
reaction. This improvement can be ascribed to the electron

—=— SSL/Bi,WO/Fe*"
—e—SSL/BI,WO,
—a— SSL/Fe™

e
=)

0 ' 5 ' 10 15 20
Time (min)
Fig. 6. Norfloxacin decay at an acidic pH of 4 in different processes.

Experimental conditions: [Norfloxacin]o = 0.0313 mmol/L, [BizWOs] =
0.5 g/L, [Fe3*] = 0.3 mmol/L, pH = 4.0.
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Table 1
Norfloxacin decay at acidic, neutral, and basic pH.

k, min-! Removal after 20 min (%)
System
pH=4.0 pH=72 pH=9.0 pH=4.0 pH=7.2 pH=9.0
SSL/Fe3+ 0.0277 0.0000 0.0000 44.2 0.0 0.0
SSL/Bi2WO0s 0.0261 0.0679 0.0938 42.4 74.1 85.7
SSL/Fe3*/BizWOs fast (non-first order) 0.0777 0.1006 75.3 80 89.7

Experimental conditions: [Norfloxacin]o = 0.0313 mmol/L, [Bi2WOs] = 0.5 g/L, [Fe3*] = 0.3 mmol/L.

transfer carrier role of Fe3+, as shown in Eq. (2), resulting in
decreased photogenerated electron-hole combination, which
prolonged the lifetime of photo-generated holes and promoted
the generation of -OH radicals [39].
Fe3++e- — Fe2+ (2)
This observation suggests that Fe3+ as an electron transfer
carrier also benefitted the SSL/Fe3+/BizWOQOs process under
acidic pH conditions.

3.6. Determining the optimum operating pH for the
SSL/Fe3*/Bi:WO0s process

To determine the optimum pH level for norfloxacin degra-
dation by the SSL/Fe3+/Bi2WOe process, the decay performance
at different acidic pH values (i.e. 2.0, 3.0, and 4.0) was investi-
gated and the results are shown in Fig. 7. The SSL/Fe3+/Bi2WOs
process at pH = 3.0 showed the most rapid norfloxacin decay,
where 82.0%, 86.0%, and 78.3% of the norfloxacin was de-
composed at a pH of 2.0, 3.0, and 4.0, respectively, in 20 min.
The pH variations during all three runs were negligible and
both norfloxacin and Bi2WOs were positively charged with the
repulsive force between the two materials preventing norflox-
acin decay. Therefore, the difference in performance with pH
variation was not a result of the electrostatic effect between
norfloxacin and Bi2WOe.

It is well-known that Fe3+ undergoes spontaneous hydroly-
sis with water to form four species of Fe(IlI)-hydroxo com-
plexes, Fe""OH2+, Fe"(OH)2*, Fe"2(OH)2*, and Fe"(OH)30, in an
aqueous solution [40]. Moreover, Flynn at el. [41] Reported

1L

that the monohydroxy complex Fe OH2+*, which is the most
photosensitive and photoactive species, was predominant at
pH = 3.0. The slowing of norfloxacin decay at pH 4.0 can be
attributed to the formation of Fe"(OH)30 [42], which results in a
decreased [Fe"'OH2*] in the solution. On the other hand, the
norfloxacin removal performance also decreased when the
initial pH decreased to 2.0. This is because the hydrolysis of
ferric ions at pH 2.0 was inhibited leading to slower generation
of Fe"OHz2+ [41].

3.7.  Effect of [Fe3*] in the SSL/Fe3*/BizW0s process

Fig. 8 shows the effect of [Fe3+] on norfloxacin decay in the
SSL/Fe3+/BizWO0s process at the optimum pH of 3.0. After 20
min, the removal efficiency at [Fe3*] of 0.1, 0.2, 0.3, and 0.5
mmol/L was 23.6%, 71.0%, 88.0%, and 86.2%, respectively. As
shown in the inset of Fig. 8, [Fe3+] significantly changed the
decay rate of norfloxacin, increasing with increased [Fe3+],
which plateaued after the critical concentration of 0.3 mmol/L.
As described previously, the Fe"OH2+ species is essential for
norfloxacin decay in the SSL/Fe3+/Bi2WOs process. Higher
[Fe3+] provided a larger amount of Fe"'OH2+ for hydroxyl radical
generation. However, if Fe3+ is present in excess, too many -OH
radicals will be produced, resulting in the self-reaction of -OH
radicals [43]. Therefore, excess [Fe3*] is not suggested in prac-
tical operation.

4. Conclusions
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Fig. 7. Norfloxacin decay at different acidic pH values in the
SSL/Fe3+/Bi2WOs process. Experimental conditions: [Norfloxacin]o =
0.0313 mg/L, [Bi2WOs] = 0.5 g/L, [Fe3*] =0.3 mmol/L.

Time (min)

Fig. 8. Norfloxacin decay at different [Fe3*] in the SSL/Fe3*/Bi:WOs¢
process. Experimental conditions: [Norfloxacin]o = 0.0313 mg/L,
[Bi2WOs] = 0.5 g/L, at pH =3.0.
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In this study, the SSL/Bi2WOs¢ process was used to decom-
pose the antibiotic norfloxacin. The pH significantly influenced
the performance in the SSL/BizWOs process, which generally
exhibited good performance over a narrow pH range. To de-
scribing the reaction mechanism of the SSL/Bi2WOs process, an
OH" enriched Bi2WOs model was proposed and verified exper-
imentally by adding Mg2+ and Ca?+. Moreover, the hydroxyl ion
concentrations in the thin layer surrounding Bi2WOs were de-
termined to range between 3.87x10-4 and 2.03 mol/L. Under
acidic and alkaline pH conditions, the SSL/BizWOs process was
significantly inhibited. To broaden the operating pH range of
the SSL/Bi2WOs process, different modifications of the original
approach were explored. At extremely basic pH, a buffer was
successfully introduced into the SSL/Bi2WOe¢ process by simply
adding an NHs* salt, which showed excellent performance for
both norfloxacin decay and TOC removal. At the extremely
acidic pH, the SSL/Bi2WOs process was significantly improved
by adding ferric salts (i.e. forming an alternative
SSL/Fe3*/Bi2WOe process). The improvement can be ascribed
to the homogeneous photo-sensitization mechanism offered by
the SSL/Fe3+, whereas the electron transfer carrier role of Fe3+
in the SSL/Bi2WOs process was relatively minor. The
SSL/Fe3*/Bi2WOs process can be used over a wide acidic pH
range (2-4); however, a pH of 3.0 showed slightly better per-
formance. The optimal [Fe3+] for the SSL/Fe3+/Bi2WOQs process
was 0.3 mmol/L, and the decay rate increased with increasing
[Fe3+], then plateaued when ferric ion where in excess.
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Exploring a broadened operating pH range for norfloxacin
removal via simulated solar-light-mediated BizWOQs process

Meijuan Chen, Yu Huang *, Wei Chu
Xi'an Jiaotong University; Institute of Earth Environment, Chinese
Academy of Sciences; The Hong Kong Polytechnic University

To broaden the operating pH range for Bi2WOs photocatalysis,
innovative approaches were designed by creating a buffer system
using an NH4* salt under basic pH conditions or introducing a ho-
mogeneous SSL/Fe3* photo-sensitization under acidic conditions.

PZC of Bi,WOy

pKa, of Norfloxacin

1
0.8

=
20.6

=
<9
£0.4
=

0.2

[Anionic Norfloxacin]

[Cationic Norfloxacin ;,

0

0 2 4 6 8 10 12 14




680 Meijuan Chen et al. / Chinese Journal of Catalysis 40 (2019) 673-680

300-310. 2017,201,150-158.

[27] M. Chen, W. Chu, Appl. Catal. B, 2015, 168-169, 175-182. [36] M.A. Fox, M. T. Dulay, Chem. Rev., 1993, 93, 341-357.

[28] W.Chu, Y. F.Rao, Chemosphere, 2012, 86, 1079-1086. [37] T. Augspurger, A. E. Keller, M. C. Black, W. G. Cope, F. ]. Dwyer,

[29] W.Chuy, Y.Rao, W.Y. Hui, J. Agr. Food Chem., 2009, 57, 6944-6949. Environ. Toxicol. Chem., 2003, 22, 2569-2575.

[30] T.Huang, Y. Li, X. Wy, K. Lv, Q. Li, M. Li, D. Du, H. Ye, Chin. J. Catal, [38] H. Méstankova, G. Mailhot, J. Jirkovsky, J. Krysa, M. Bolte, Environ.
2018, 39,718-727. Chem. Lett.,, 2009, 7, 127-132.

[31] J. Xu, J. Yue, J. Niu, M. Chen, F. Teng, Chin. J. Catal, 2018, 39, [39] G. R. Bamwenda, T. Uesigi, Y. Abe, K. Sayama, H. Arakawa, Appl
1910-1918. Catal. A,2001, 205,117-128.

[32] H.Yj, L. Qin, D. Huang, G. Zeng, C. Lai, X. Liu, B. Li, H. Wang, C. Zhou, [40] R. L. Martin, P. J. Hay, L. R. Pratt, J. Phys. Chem. A, 1998, 102,
F.Huang, S. Liu, X. Guo, Chem. Eng. J., 2019, 358, 480-496. 3565-3573.

[33] M. Chen, W. Chu, Ind. Eng. Chem. Res., 2012, 51, 4887-4893. [41] C.M.Flynn, Chem. Rev., 1984, 84, 31-41.

[34] Y. Huang, Z. Ai, W. Ho, M. Chen, S. Lee, J. Phys. Chem. C, 2010, 114, [42] B. Ensing, F. Buda, E. ]. Baerends, J. Phys. Chem. A, 2003, 107,
6342-6349. 5722-5731.

[35] M. Bellardita, A. Di Paola, B. Megna, L. Palmisano, Appl. Catal. B, [43] M.E.Lindsey, M. A. Tarr, Chemosphere, 2000, 41, 409-417.

FpHFE M T ZITR KRB CEH SRR E Riamib 2
RERES, & OFY, K RS

TWEREKRE, NEARSHER TR ¥, BHEEX710049
PHEAFRGERFEARN, FLENLHTEREL LR QAR G E 5 LhE, %17 %710061
HFHEIAY, BRSIEFR, T

FEE: PUAE 275 Yot 7K A R M A= 25 PR BE 2R G0 adh pl ™ 2 (10 Sy, 76 ThE 5525 b 19 7K TR 355 v 3 3 A ) 81 25 — AR A B e i
i 2P R — IR R B R, KRS R BV b B L B S S S . TR LR, G BRI R
FHRBHSGAE N REVR \ 15 G 56 A0 10 AN P2 A k5 G5 A0 sk i i DA A B K 72, TEZK AR B Tl A3 21 1 T2 1
K. ARV, pHIE S MG B RS Y ) — AN B LR 3R, K230 SR OG Ak 77) (19 f A pHL: PR 1) 76 450 2 10
HH VS . M pHAR R SR I, 5 e ) 5 A N B AR FRATTAIE T R I, 7E K B T £3 BR B (SSL/Bi, WO, i 1k
R fR v b B, 7EpH=5.0-10.8 R I H B PRI B 6, L rppH=8.6 0 WUR S f:, H iDL 1 B4 A 2850 SR 22 i iod 1% sl 1 4 4]
IR pH 2 S E. BE— 2B A0 R I, RIVAEHE s B ) 4 v MR p HLAEL 1A 8 380 de A, B o T R B (RO AS BT B A, S B2V ¥ o pHL
EFFS R B E3.0. ERAWTER L 5 500 55 5 FE 20, MM IR EE W 070 A2 110 IR A 3K 106 B 38 5 17 B 1) R sl o2 e A v Tk
WIAEpHAE AN REFH 1 S N FE HR A R AL, AN REMR R FR AL S B PR RB0R) 8. BT 3R W R, AR SR HE BT A W pHAB L
oA 2R K R 5 W PR T

AUV ERAT 25 F IR Bi, WO N M HE AL TR, 5 38000 BONIREN LA, TEAIRIEFL T /EAS [RIpH{E T SSL/Bi, WO Z i {1k 1
. IR SSL/Bi,WO SN (1) A B, B 442t T OH B EBL, WO MR AL, J% 52 1 Mg™ FlCa”™ Wi Filt B 7 X6 S S R SR £
T B B Bt p HAR B 4 BAE, 00 W VA0V P 110 0 25 8 7 W B B Bi, WOGRR THT . Sk S B FF R J5 , pHAE DA 1) 2 RR 42 B8
I, UERTE P AR s v b 1R B8 T BB B TR 7 A WL RN — AR (0T F T 28 M 4 Y FE. BT, 7E B, WO T %
S 30 o e A v AR EE ) R T S AR R R AT DR 4 R I DG R 1. BRATTTE R BRpHIA 35 1 5] ANH, 22 Ak &, DLFF
AR LR L B AR i OH [ 2, R AT B (VA iR A, AT A 3 9600 2 1Y) 25 B S A 1 B AE M 2% 1 3570 21 58 e 1Y) 2K
B\, AEERRYEpHEAE T, I IR S (BN B AR M SSL/Fe’ /Bi, WO ) it 42 1 1 SSL/Bi, WO L FR i ) &2
M. X E AN T SSL/Fe 4R 4L 135 51 6 B ML R, Fe'* 75 SSL/Bi, WO, i £ o of vt 1 32k sk 38 4l B 1 A
SSL/Fe* /Bi,WO, . & 1] LLE R 55 (IR 1 pH(2—4) 5 FE P 43, ELpH=3.0i P g i fF. #ESSL/Fe’ /Bi, WO fEHh, 4 ib &2
1) A6 At ok R [t 5 [ Fee 3+ RO H8E N g 384 K, 3o 790 B e e b 1 A
FEEA: ASERGK; ¥EpHYE EL TERID R, eMEtl; K

W # B #: 2018-11-13. ¥ B #1: 2018-12-13. ¥ B B #1: 2019-05-05.

*EAIE R AL HIE/EE: (029)62336261; T 12 44: huangyu@ieecas.cn

kiR BEXE R ¥4 41877481, 41503102); # EA FRMHKAEH R & L& WM E X E R LI EHFAHORA
(SKLLQG1729); # [ 1 4 J& F % £ 4 (2018M643669); w4 5 A2 2 ARFF A AL 45 % & T3¢ 4 (xjj2018249); o B B B “H ATt X1,
7K SCHY B, F iR 4 >C i Elsevier iR #t 7E ScienceDirect b H Jf (http://www.sciencedirect.com/science/journal/18722067).



	Exploring a broadened operating pH range for norfloxacin removal
via simulated solar-light-mediated Bi2WO6 process
	1. Introduction
	2. Experimental
	2.1. Chemical and reagents
	2.2. Experimental procedures
	2.3. Analytical methods

	3. Results and discussion
	3.1. Degradation performance at different pH values
	3.2. Variations in pH during norfloxacin decay
	3.3. The effect of calcium and magnesium salts
	3.4. Norfloxacin decay at basic pH
	3.5. Norfloxacin decay at acidic pH
	3.6. Determining the optimum operating pH for the
SSL/Fe3+/Bi2WO6 process
	3.7. Effect of [Fe3+] in the SSL/Fe3+/Bi2WO6 process

	4. Conclusions
	References




