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ABSTRACT: Microcystin-RR (MC-RR) is one of the most
common cyanotoxin microcystins in fresh water and is of great
concern due to its potential hepatotoxicity. In the present
study, Bi,WOg was synthesized with a hydrothermal method by
varying the pH of the reaction solution in the range of 1—11.
The surface area of the catalysts decreased, but the crystallinity
and crystal size increased with the pH. The adsorption and
degradation capacities of the catalysts decreased with increasing
the preparation solution pH. The Bi,WOg¢ prepared at pH 1
(Bi,WO¢-pH1) displayed the highest adsorption and degrada-
tion capacity to MC-RR even though it consisted of randomly
aggregated particles. Nearly 100% of MC-RR at 10 mg L™ was
removed after 30 min of irradiation of near-ultraviolet light
(300—400 nm) in a solution with Bi,WO4 concentration of
0.2 g L™". The photodegradation efficiency of Bi,WO,-pH1 was
greater in acid medium than in basic solutions. Several
intermediate products were observed and identified by liquid
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chromatography/mass spectrometry/mass spectrometry, and a unique photodegradation pathway was proposed. It was assumed
that a photo-Kolbe process happened at the site carboxyl acid group of the b-Glu residue by the photogenerated holes, producing a
hydroperoxyl product at m/z 513.8. This intermediate could be further decomposed to an alcohol product at m/z 505.8 and a
ketone product at m/z 504.8. The aromatic ring and diene bond of the Adda chain could also be attacked by the holes and form

phenol and diol products.

Bl INTRODUCTION

The occurrence of blue algae blooms increases with the water
eutrophication in lakes, producing a series of cyanotoxins, such
as microcystins (MCs) and nodularins. MCs are mainly
produced by the strains Microcystis sp., Anabaena sp.,
Planktothrix sp., Nostoc sp., and so forth' and may cause adverse
effects to bioorganisms and humans by inhibiting protein
phosphatases.”™* More than 90 kinds of MCs have been
identified up to now,> and they possess the same generic cyclic
heptapeptides structure (See Figure S1 in the Supporting
Information) with two of the seven amino acids being variable
(position X and Z). Among the various MCs, microcystin-RR
(MC-RR) is the most common one with two arginine residues
(Arg) at position X and Z and is predominant in many lakes in
China, such as Taihu Lake and Chaohu Lake.’ The presence of
MC-RR in water, especially in drinking water, is of great
concern, since chronic exposure may cause tumor promotion.”®

MCs are very stable in the environment because of their
cyclic structure.” They can be decomposed slowly by acids,
alkalines, heating, or biological methods.™ It was reported that
MCs could be destroyed by advanced oxidation technologies
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(AOT) such as UV radiation,'" TiO, photocatalysis,'*~"

Fenton oxidation,'® and ultrasonic irradiation.” Most of the
studies are on microcystin-LR (MC-LR),"*"*° and a few have
been conducted to MC-RR. Usually, the main reaction sites of
MCs are the aromatic ring, diene bond, methoxy group of the
Adda chain, the double bond of Mdha residue, and the free
carboxyl acid via hydroxyl radical (¢OH) and sulfate radical
attack."**'™>* Since MC-LR and MC-RR have two different
amino acids, the degradation process and pathway may be quite
different. Lawton et al. compared the degradation of four kinds
of MCs using TiO, photocatalyst and found that MC-RR was
the most difficult to be destroyed."

Bismuth tungstate (Bi,WOg) is a new kind of photocatalyst
and displays great photocatalytic capacity under simulated solar
light and visible light.**** It was reported in previous studies
that Bi,WOy cannot generate ®OH, which is reported to be the
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main active species for oxidative degradation when TiO, and
other catalysts are utilized*** The main active species were
reported to be photogenerated holes (h*), conduction band
electrons (ecg”) and superoxide radical (O,e~) in the reaction
system with Bi,WO,.*****® Bi,WOy could be synthesized using
the hydrothermal method, and its properties are highly dependent
on pH of the hydrothermal solution. For example, Wang et al*
reported that Bi,WOy prepared at pH 11 displayed the highest
crytallinity and photodegradation efficiency to Bisphenol A
(BPA) under simulated solar light while Amano et al?®
discovered that Bi,WOy prepared at acid condition was better
than alkaline condition when it was used to degrade acetic acid.

The purpose of this study was to investigate the photo-
catalytic degradation of MC-RR using Bi,WOj as catalyst, which
was prepared using the hydrothermal method with pH varying
in the range 1—11. The synthesized catalysts were characterized
comprehensively and were tested for the capacity to degrade
MC-RR under near-ultraviolet light irradiation. Liquid chroma-
tography/mass spectrometry/mass spectrometry (LC/MS/MS)
was used to identify the structure of the intermediates produced
during the process of photodegradation. The degradation
pathway was discussed based on the information of the
produced intermediates.

B EXPERIMENTAL SECTION

Materials and Reagents. MC-RR standard was purchased
from Express Technology Co., Ltd., China. Bi(NO;);-SH,0,
Na,WO,-2H,0, NaOH, and HNO; (analytical grade) were
purchased from Chemical Technology Co. Ltd., Tianjin,
China. TiO, particles (P25, Degussa) were purchased from
Degussa Corporation, Germany. Methanol used for the mobile
phase of high performance liquid chromatography (HPLC)
analysis was purchased from Concord Technology Co., Ltd,,
Tianjin, China. Acetonitrile (HPLC grade) and formic acid
used for liquid chromatography coupled with mass spectrom-
eter (LC-MS) analysis were purchased from Dikma Technol-
ogy Inc,, USA.

Preparation and Characterization of Photocatalyst
Bi,WOg. Bi,WO, was prezpared using the hydrothermal method
described by Wang et al.** Briefly, 20 mL of sodium tungstate
solution at 0.05 mol L™ was added into 20 mL of bismuth
nitrate solution at 0.10 mol L™". The pH of the solution was
adjusted with 1 M NaOH solution to 1.0, 5.0, 7.0, and 11.0.
The suspension was transferred to a 50 mL Teflon-lined
autoclave and then heated to 140 °C for 20 h in an oven. The
precipitates were collected by centrifugation, washed with water
and ethanol, and dried at 120 °C for 4 h.

Crystallographic information of the products was obtained by
X-ray diffraction (XRD, Rigaku D/MAX-RB, Cu Ka radiation,
Japan). Morphology of the photocatalyst was examined by a
1530VP scanning electron microscope (SEM). Brunauer—
Emmett—Teller (BET) surface area and pore size measurements
were performed on an autosorb-1-MP 1530VP automatic surface
area and pore size analyzer. The pH of the point of zero charge
(pHpyc) of Bi,WOg was determined by the pH drift method.”

Photocatalytic Reaction. The photocatalytic experiments
were performed in a photochemical reactor (XPA-7, Xujiang,
Nanjing, China). Five mL of 10 mg L' MC-RR solution was
added into a 20 mL quartz glass vial, in which Bi,WO, was added
with a loading amount at 02 g L. For comparison, the same
amount of TiO, was also used to degrade MC-RR. The mixture
was magnetically stirred in the dark for 30 min to ensure
adsorption—desorption equilibrium of MC-RR on the catalysts
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(a preliminary experiment indicated that 30 min was enough for
the adsorption equilibrium). Then, the mercury lamp was turned
on to initiate the photodegradation under near-ultraviolet light
(300—400 nm, 100 W low pressure mercury lamp with 365 nm
light filter). The lamp was warmed up for 10 min to ensure
constant illumination intensity. Approximate 0.5 mL of the
reaction solution was withdrawn from the reactor and
centrifuged under 10000 rpm before MC-RR analysis. At the
end of reaction, the residual catalysts were extracted using
0.5 mL of 0.01 mol L™' NaOH for three times to determine the
amount of MC-RR adsorbed on the solids.

Analysis of MC-RR and Intermediates. MC-RR in the
reaction solution was measured by HPLC (Agilent 1260) with
the UV detector at 238 nm wavelength. The analytical
conditions were as follows: column was 150 mm X 4.6 mm
LD. (Waters XTerra C18 column); the mobile phase was 55:45
(v/v) methanol and 0.1% trifluoroacetic acid aqueous solution;
flow rate was set as 0.6 mL min™'; oven temperature was set at
40 °C. The reaction intermediates were monitored and
identified by LC-MS system (Agilent 1200 with 6310 ion trap
mass spectrometer) with full scan from m/z 100 to 1200 in posi-
tive electrospray ionization (ESI) mode. The analytical column
used was 150 mm X 2.1 mm LD. (Waters XTerra C18 column)
with a gradient elution of 0.05% formic acid aqueous solution
(A) and 0.05% formic acid acetonitrile solution (B) at a flow
rate of 0.25 mL min~' with column temperature of 40 °C.
Gradient elution was programmed as 20% B for 9 min, then
from 20% B to 38% B in 3 min, holding for 7 min, finally to 20%
B in 1 min, holding for § min. The LC/MS parameters were
set as follows: capillary voltage, 3000 V; capillary exit voltage,
143.5 V; nebulizer, 25.0 psi; flow of dry gas, 8.0 L min}; dry
temperature, 350 °C. LC/MS/MS was used to identify the
structure of the stable intermediate products during the reaction.

B RESULTS AND DISCUSSION

Bi,WO; Characterization. Figure 1(a) shows the XRD
patterns of BiWOq prepared at different hydrothermal pHs.
The diffraction peaks of the products are consistent with those of
russellite Bi,WO, [JCPDS No. 39-0256]. This agrees with the
result reported by Wang et al** The crystallite size was
calculated by the Debye—Scherrer equation, and the results are
listed in Table 1. It is in the ranges 8.8—14.4, 9.6—15.2, 10.6—
14.6, and 15.4—18.2 nm for the products prepared at pH 1, 5, 7,
and 11, respectively. The crystallite size increases with increasing
pH of the hydrothermal reaction solution. As reported by Wang
et al,** the morphology of Bi,WOy is highly dependent on the
pH of the reaction solution. As shown in Figure S2 of the
Supporting Information, B,WOy prepared at pH 1 (Bi,WO4—
pH 1) mainly consists of a mixture of small spherical and
randomly aggregated particles. At pH S, the particles become
bigger and sheet-shaped aggregates appear; at pH 7, large
particles as hierarchical assemblies of multilayered flakes are
observed; while at pH 11, it is mainly in large sheet-shaped
morphology with multilayered flakes. Figure 1(b) shows the
diffuse reflectance UV—vis spectra of Bi,WOg4 prepared at
different pHs. The light absorption edge of the prepared catalysts
is between 420 and 450 nm, suggesting their potential
photocatalytic activity under visible light. Bi,WO4—pH 1 displays
the strongest light absorbance. As shown in Table 1, the Sger
decreases gradually from 48.8 to 42.4, 34.8, and 16.8 m* g~' as
the pH increases from 1 to 11. The pore size of Bi,WO4—pH 1 is
in the mesoporous range 2—30 nm. The pHp,c of Bi,WOq
increases from 4.1 to 8.6 as the pH increases from 1 to 11.
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Figure 1. (a) XRD patterns of Bi,WOy prepared at different
hydrothermal pHs. (b) Diffuse reflectance UV—vis spectra of
Bi,WOq prepared at different hydrothermal pHs.

Table 1. Characteristics of Bi,WO Prepared at Different
Hydrothermal pHs

prepared pH pH 1 pH S pH 7 pH 11
crystallite size/nm 8.8—144  9.6-152  10.6—-14.6  154-182
Sper /m” 7! 48.8 424 34.8 16.8
PHpzc 41 46 53 8.6
Eg /eV 2.76 2.85 2.88 295
absorption edge/nm 450 435 430 420

Photodegradation of MC-RR by Bi,WO, Prepared at
Different pHs. Before irradiation, MC-RR was allowed to
adsorb on the catalysts in the dark for 30 min, and the sorption
kinetics are shown in Figure 2(a). The adsorption is very quick,
and equilibrium is reached in 5 min. The adsorption capacity of
Bi,WOgq prepared at specific hydrothermal conditions decreases
as hydrothermal solution pH increases. About 25—30% MC-RR
could be adsorbed by Bi,WO4—pH 1 while only about 8% is
adsorbed by that prepared at pH 11. This is consistent with the
order of their Sgpy values. Bi,WO4—pH 1 has much larger
surface area than those prepared at higher pH, providing more
adsorption sites for MC-RR.

It was reported that UV light irradiation at 254 nm could
cause isomerization of the diene bonds in MC-RR."* To avoid
its isomerization, a 365 nm light filter was applied to ensure the
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Figure 2. (a) Adsorption of MC-RR on Bi,WOjy prepared at different
hydrothermal pHs. (b) Degradation kinetics of MC-RR by Bi,WO,
prepared at different hydrothermal pHs and P25 TiO, under near-
ultraviolet light irradiation. (c) Effect of solution pH on the
photodegradation of MC-RR by Bi,WO4—pHI1. The amount of
Bi,WO; was set as 0.2 g L™}, and the concentration of MC-RR was set
as 10 mg L.

irradiation light is in the range 300—400 nm. Figure 2(b)
illustrates the degradation of MC-RR under near-ultraviolet
irradiation by Bi,WOQOg prepared at different pHs. Almost no
MC-RR is decomposed in the control experiment without any
catalyst. BiWO4—pH 1 displays much higher degradation
efficiency to MC-RR than those prepared at higher pH and
P25 TiO,. MC-RR is almost completely removed in 30 min by
Bi,WO4—pH 1. At the end of reaction, the amount of MC-RR
adsorbed on the catalysts was determined. No MC-RR was
detected in the Bi,WO4—pH 1 solids after irradiation for 30 min,
suggesting that all adsorbed MC-RR was photocatalytically
degraded. All the reactions follow pseudofirst order kinetics, and
the kinetic rate constant (k) was calculated. The k decreases from
0.1333 min™" for Bi, WOs—pH 1 to 0.0567 and 0.0533 min~" for
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Bi,WOg prepared at pHs S and 7, respectively. Almost no
MC-RR was degraded by Bi,;WOq prepared at pH 11 in 30 min.
As a comparison, the degradation of MC-RR by P25 TiO, was
also investigated. As shown in Figure 2(b), the adsorption of
MC-RR on P25 is negligible, agreeing with the results reported
by Lawton et al.'® The degradation rate constant k by P25 TiO,
is 0.0698 min~", much lower than Bi,WO,—pH 1. The result is
different from what is reported by Wang et al.,** who found that
the photodegradation efficiency increased as the pH of the
hydrothermal reaction solution increased from 4 to 11 and the
catalyst prepared at pH 11 displayed the highest degradation
efficiency to BPA (bisphenol A). Surface area and crystallinity are
the most important factors to influence the photocatalytic
activity.”*** A large surface area favors the sorption of substrates
to the catalyst and leads to faster reaction. Many studies
confirmed that adsorption of contaminants on photocatalysts
is an important factor for effective photodecomposition.”"**
The highest adsorption capacity of Bi,WOs—pHI1 to MC-RR
could result in its best photodegradation efficiency. However,
due to the electrostatic repulsion force between BPA molecules
and Bi,WOy surface, the adsorption of BPA on Bi,WOg was
very weak, and there was no significant difference in adsorp-
tion capacity between the catalysts prepared at different pHs.
Crystallinity became the dominant factor to affect the degrada-
tion efficiency of BPA. Amano et al”® also reported that the
photocatalytic activity of Bi,WOj increased with the surface area
but was not dependent on the crystallinity. They also discovered
Bi,WOy prepared at acid condition was more effective than
alkaline condition for the photocatalytic degradation of acetic
acid. Herein, BL,WO¢—pH 1 was selected as the optimum
catalyst and was used in the following experiments.

Effect of Initial pH of MC-RR Solution. The initial pH of
the MC-RR solution could affect the degradation strongly, as
shown in Figure 2(c). As the initial pH of the solution increases
from 2.4 to 11.7, the degradation efficiency decreases signifi-
cantly. The concentration of hydrogen ion (H") or hydroxide
ion (OH") in aqueous solution may affect the deprotonation of
both MC-RR and the catalysts, which in turn would affect the
adsorption capacity and catalytic activity of the photocatalysts.
Lawton et al. reported that hydrophobicity was the most
important factor controlling the sorption of MC on the surface
of TiO,."> MC-RR shows very weak hydrophobicity as
compared to MC-LR, due to its two polar Arg residues. The
hydrophobic property of the Adda group in MC-RR helps its
sorption on the surface of Bi;WOg4 Due to the strong polarity,
steric hindrance resulting from the long chain structure, and the
electrostatic repulsion force of the two Arg groups, the Arg—
MeAsp—Arg side tends to stay away while the Adda—Glu—
Mdha side tends to approach the surface of Bi,WO4 The pKa
of the free carboxyl group at the p-Glu side is 2.10."° In the
studied pH range (2.4—11.7), the carboxyl group is fully
deprotonated and negatively charged. The pHp,c of Bi,WO4—
pH 1 is 4.1. When the pH is lower than 4.1, the surface of
Bi, WOy is positively charged while it is negatively charged
when above pH 4.1. Therefore, there is strong electrostatic
attraction force between the negatively charged Glu—Mdha side
of MC-RR and the positively charged Bi,WOy surface when the
pH is 2.4—4.0. Meanwhile, hydrogen bonds could be formed
between them at low pH.”>* As a result, Bi,WOj displays strong
adsorption capacity to MC-RR at acidic conditions, leading
to higher degradation efficiency, as shown in Figure 2(c). As
the pH increases above 4.0, the surface of Bi,WOq gradually
becomes negatively charged. The electronic attraction becomes

2348

weak, and electronic repulsion predominates at basic conditions.
As a result, the sorption of MC-RR on Bi,WOy is impeded. The
adsorption of MC-RR on Bi,WOq at pH 7—11.7 is very weak,
resulting in very low photodegradation efficiency. The results
also suggest that photodegradation of MC-RR on Bi,WOy is
taking place on or very near the surface. It was reported that
direct hole oxidation was the main reaction species for photo-
degradation when Bi,WOg4 was used as a photocatalyst.** Since
the holes are produced on the surface of Bi,WOy and cannot
spread into the solution, better adsorption would enhance the
photodegradation by Bi,WOyq,

Photodegradation Mechanism of MC-RR by Bi,WO.
No intermediate was detected by LC/MS/MS during the
adsorption—desorption process. However, a number of inter-
mediates were detected after irradiation for 2 min. Table S1 of
the Supporting Information lists the retention times and
molecular weights of the intermediates detected by LC/MS
and their peak areas at different reaction times, while Figure 3
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Figure 3. Time evolution of the major intermediates during the
photodegradation. C, is the concentration of one intermediate at
reaction time t (min), and C,,, is the maximum concentration of this
intermediate. The amount of Bi,WO, was set as 0.1 g L™'; the
concentration of MC-RR was set as 20 mg L%

illustrates the time evolution of the main intermediates
(m/z 439.8, 504.8, 505.8, 513.8, 527.8, 536.8) in the reaction
solution. The structures of the main intermediates were
identified by LC/MS/MS.
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The intermediate at m/z 513.8 was indentified to be a
hydroperoxide product of MC-RR (The detailed information
about its identification is shown in the Supporting Information,
Figures S3—S6), m/z 505.8 to be an alcohol product
(Supporting Information, Figures S7 and S8), and m/z 504.8
to be a ketone product (Supporting Information, Figures S9
and S10) based on the information generated by LC/MS/MS.
The intermediates at m/z 513.8 (isomer A), 505.8, and 504.8
could be the reaction products at the free carboxyl group at the
D-Glu residue. It was reported that Bi,WO4 could generate
positive holes and conduction band electrons under light
irradiation (eq 1).** The photogenerated holes may attack the
carboxyl group by the photo-Kolbe pathway to form a
decarboxylation radical (eq 2).** The conduction band electron
reacts with oxygen to form a superox1de radical (eq 3). In acidic
solution, the HO, e is formed (eq 4),*® which could react with a
decarboxylation radical quickly (eq S) to form a hydroperoxide
product m/z 513.8. However, this hydroperoxide product m/z
513.8 was not produced when P25 TiO, was used as catalyst. It
was neither reported in other AOT processes, such as TiO,
photocatalysis, BiOBr photocatalysis, sonolysis, or ozonation
oxidizing,"**"***” This may be explained by the different active
species respon51ble for the reactions. It was reported that the
photocatalytic degradation by Bi,WOg is mainly caused by
photogenerated holes and superoxide radicals*****® while other
AOT processes is dominated by eOH. The hydroperoxide
product m/z 513.8 is further decomposed to a ROe radical and
eOH under the irradiation (eq 6).>® The RO radicals undergo
hydrogen atom abstraction to form the alcohol product m/z
505.8 (eq 7) and/or f-scission to yield a ketone product m/z
504.8 (eq 8).*® These products could be further photodegraded
to other small fragments. The proposed reaction pathway is
shown in Figure 4.

R + HO, - R—OOH (s)
hv
R-OOH — R-0O- + -OH (6)
R-0O- + -H - R—-OH (7)
B—scission
R-O-——— S R=0+-H (8)

The diene bond at the Adda chain is considered to be
another active site for reaction. The intermediates at m/z 513.8,
505.8, and 504.8 could be further oxidized as diol products at
the diene bonds, generating double charged species at m/z
530.8, 522.8, and 521.8, respectively (Supporting Information,
Figure S11), which were observed in LC/MS as small peaks.
The diol product m/z 522.8 could be further oxidized to
produce a ketone at m/z 425.8. It is possible that the oxidation
of the diene at Adda chain and the reaction at the Glu-carboxyl
acid take place simultaneously.

There are two carboxyl groups in MC-RR: one is at the
D-Glu residue and the other is at the MeAsp residue. The
identified products suggest that the hydroperoxide reaction
mainly happens at the p-Glu free carboxyl acid. When the
concentration of MC-RR increased from 10 to 20 mg L™, an
isomer of m/z 513.8 (isomer B) was detected with very low
intensity. Isomer B eluted from the LC column earlier than the
species at m/z 513.8 mentioned before, and they displayed
different LC/MS/MS spectrum from isomer A (Supporting
Information, Figure S5). The LC/MS/MS information
indicates that isomer B of m/z 513.8 is the reaction product
at the carboxyl group at MeAsp residue. This suggests that the
D-Glu carboxyl acid is easier to be attacked than the MeAsp
carboxyl acid. The results also support the assumption that
MC-RR is adsorbed to the Bi;WOg surface mainly at the side of
the D-Glu residue.

Like other AOT processes, the conjugated carbon double bond
and the aromatic rm% of Adda in MCs are presumed to be active
sites for reaction."*”**”*” The intermediates at m/z 536.8 and
527.8 were identified as a diol and a phenol product, respectively,
based on the results of LC/MS/MS, and they are considered to
be the results of the reaction at the Adda chain. The detailed
information about the identification of the species m/z 536.8
(Figures S12 and S13) and 527.8 (Figures S14 and S15) are

Bi, WOy L ecp” (1)

R-COO™ + kT = R- + CO, @)

Oy +ecg — Oy 3)

05 +H = HO, pKa =438 )
OOH
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W peroxidation
a—  »
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Figure 4. Possible photocatalytic degradation pathway of the free carboxyl group at the p-Glu site.
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Figure S. Possible photocatalytic degradation pathway of diene bond and aromatic ring of the Adda chain.

described in the Supporting Information. It is considered that the
photogenerated holes could attack the diene bond or the aromatic
ring, followed by the reactions with superoxide radicals. As a
result, the diene bond is oxidized as a diol species with m/z 536.8,
which could be further oxidized to ketone with m/z 439.8
(Supporting Information, Figures S16 and S17) by free radicals or
photogenerated holes directly. The oxidation of the aromatic ring
would result in the substitution of a hydrogen atom by a hydroxyl
group, and a species at m/z 527.8 was formed. The proposed
degradation pathway at the site of aromatic ring and diene bond is
shown in Figure S. These three intermediates (m/z 527.8, 536.8,
and 544.8) were observed at the same time, suggesting that the
reactions on the aromatic ring and the diene bond occur
simultaneously.
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Detailed explanation of SEM images of Bi,WOy; peak areas,
chromatographs by LC/MS, MS/MS spectrum, and structures
of the main intermediates; and the possible pathway of
degradation MC-RR. This material is available free of charge
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