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Degradation  of microcystin-LR  (MC-LR)  in the  presence  of  nitrous  acid (HNO2) under  irradiation  of  365  nm
ultraviolet  (UV)  was  studied  for  the  first  time.  The  influence  of initial  conditions  including  pH  value,
NaNO2 concentration,  MC-LR  concentration  and  UV intensity  were  studied.  MC-LR  was  degraded  in the
presence  of HNO2; enhanced  degradation  of  MC-LR  was  observed  with  365  nm  UV  irradiation,  caused  by
the generation  of hydroxyl  radicals  through  the  photolysis  of HNO2. The  degradation  processes  of MC-LR
eywords:
icrocystin-LR
ltraviolet
itrous acid
inetics

could  well  fit  the pseudo-first-order  kinetics.  Mass  spectrometry  was  applied  for  identification  of the
byproducts  and  the  analysis  of  degradation  mechanisms.  Major  degradation  pathways  were  proposed
according  to  the  results  of LC–MS analysis.  The  degradation  of  MC-LR  was  initiated  via  three  major
pathways:  attack  of hydroxyl  radicals  on  the  conjugated  carbon  double  bonds  of  Adda,  attack  of  hydroxyl
radicals  on  the benzene  ring  of  Adda,  and  attack  of  nitrosonium  ion on  the  benzene  ring  of  Adda.
egradation mechanism

. Introduction

Occurrences of water blooms have been reported all around
he world. The cyanobacteria species in harmful water bloom such
s Microcystis,  Oscillatoria, Nostoc,  Aphanizomenon and Anabaena,
roduce hepatoxin microcystins [1–4]. The senescence and lysis
f algae cells release the toxins into water. Over 80 different
icrocystins have been identified, among which the most com-
on  and toxic species found in natural water samples belong to
icrocystin-LR (MC-LR) [4]. The toxicity of microcystins is exhib-

ted by inhibiting protein phosphatase 1 (PP1) and 2A (PP2A), which
ead to liver damage and tumor formation [5].  The degree of damage
epends on the amount of toxins and contact time. Longer expo-
ure to microcystins may  cause human and livestock deaths [6,7].
ecause of its cyclic structure, the degradation process of MC-LR
ften takes very long time under natural conditions [8].  The threat
aused by MCs  to human health [9],  wildlife [10,11], and ecosys-
ems [12,13] has drawn worldwide attention.

Nitrous acid (HNO2) and nitrites are prevalent in atmosphere
14] and water bodies, such as rivers, lakes, and oceans [15];

hey are usually maintained at low levels. Potential sources
or eutrophication including agricultural effluents, industrial dis-
harges, human and livestock wastes, and septic tank effluents

∗ Corresponding authors. Tel.: +86 21 6564 3343; fax: +86 21 6564 3343.
E-mail addresses: xrxrwang@vip.sina.com (X. Wang), zhqfan@fudan.edu.cn
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would cause the nitrite concentration in water bodies to rise
[16,17]. In eutrophic reservoirs, microcystin and nitrite are often
detected at the same time [18].

The photolysis of nitrous acid by ultraviolet (UVA) can generate
hydroxyl radical (•OH) [19].

HNO2
hv−→•OH + NO

The hydroxyl radical quantum yield  ̊ (OH) for the photolysis of
nitrous acid at pH 2 was   ̊ = 0.35 ± 0.02 over the wavelength range
from 280 nm to 385 nm [20]. Hydroxyl radicals are strong oxidants
and are able to react with MC-LR on the conjugated double bonds
or the benzene ring in the Adda side chain, as well as the dou-
ble bonds in the cyclic structure. In recent years, catalytic methods
and advanced oxidation processes (AOPs) involving hydroxyl radi-
cals such as TiO2 photolysis method and Fenton method have been
widely used for removal of a wide range of pollutants, and they
all have been found to be effective in the decomposition of micro-
cystins [21,22]. During the treatment of MC-LR, the diene structure,
and the aromatic ring in the Adda side chain are most vulnerable
to hydroxyl radical attacking [22–24],  from which the degradation
of MC-LR is initiated. The MC-LR molecule undergoes degradation
through substitution or addition, oxidation, and oxidative bond
cleavage.
Nitrosation usually takes place between aromatic compound
and nitrous acid through electrophilic substitution of aromatic
hydrogen atoms [25]. There have been research studies report-
ing the photolysis of nitrous acid in the degradation of aromatic

dx.doi.org/10.1016/j.jhazmat.2012.02.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ompounds, during which both nitrosation and hydroxylation were
bserved [26]. Degradation of MC-LR induced by nitrous acid in the
bsence of UV was observed in a previous study [27]. In this study,
he degradation of MC-LR induced by the photolysis of nitrous acid
nd degradation mechanisms were investigated for the first time.

. Materials and methods

.1. Materials

Microcystin-LR standard was purchased from Express Technol-
gy Co., Ltd. (China). HPLC-grade methanol was purchased from
edia Company (USA). Sodium nitrite (NaNO2), sodium hydroxide
NaOH) and perchloric acid (HClO4) were of analytical grade. C18
artridges for solid phase extraction of MC-LR were purchased from
upelco Corporation (USA). The 20 W UV lamp (PHILIPS) used for
llumination gives off stable irritation of consecutive wavelengths

ith a maximum intensity at 365 nm.

.2. Solutions

All the solutions were prepared in deionized water. The con-
entration of NaNO2 stock solution was 0.10 M and was diluted to

 gradient of 0.03 M,  0.015 M,  0.009 M 0.003 M and 0.0015 M for
ach test. The pH values of the solutions were adjusted by sodium
ydroxide solution (NaOH, 0.02 M)  or perchloric acid solution
HClO4, 0.2 M,  0.02 M and 0.002 M).  MC-LR was extracted and puri-
ed from cultured Microcystis aeruginosa according to the method
reviously described [27], and was prepared into stock solutions
ith concentration gradient (6.52 mg/L, 13.04 mg/L, 19.56 mg/L,

nd 26.08 mg/L).

.3. Analytical method

The concentrations of MC-LR in each sample of the kinetic study
ere determined by a high-performance liquid chromatograph

HPLC, Agilent 1200) equipped with an autosampler (model), an
gilent pump (model), a PDA detector (model) and a ZORBAX SB-
18 column (5 �m,  4.6 mm × 250 mm,  Agilent, USA). The mobile
hase consisted of 40% acetonitrile and 60% water, both contain-

ng 0.05% trifluoroacetic acids (TFA). The flow rate was 1.0 mL/min,
nd the column temperature was maintained at 40 ◦C. The injection
olume of the sample was  20 �L.

Pseudo-first-order kinetics equation ln (co/ct) = kt and second-
rder kinetics equation 1/ct − 1/c0 = k2t were adopted to study the
nfluence of each factors on MC-LR degradation. Theoretical con-
entrations of HNO2 were calculated according to the equilibrium
f nitrous acid. Variables of MC-LR degradation rate constant k were
bserved to study the influence of each factor.

Intermediates was analyzed by an LC–MS system, consisted
f a Dionex Ultimate 3000 HPLC Pump, a Dionex Ultimate 3000
utosampler and a Bruker micrOTOFIIMass Spectrometer with elec-
rospray ionization source. The HPLC column was ZORBAX SB-C18
olumn (5 �m,  4.6 mm × 250 mm,  Agilent, USA). Mobile phase was
ater and acetonitrile, both containing 0.05% acetic acid. Gradient

lution method was programmed according to Liu et al. [23]. The
olumn temperature was maintained at 40 ◦C and the flow rate was
ontrolled at 1.0 mL/min. The injection volume of the treated sam-
le was 80 �L. The mass spectra data were obtained in the positive

on mode by full scanning from m/z  400 to 1200.
Analysis of breakdown products of MC-LR in the reaction pro-

ess of combination of UV and nitrous acid was based on the mass

pectrum in the LC–MS chromatogram. Major byproducts were
dentified according to molecular weight and corresponding peak
ime. Reaction pathways were proposed according to the results of
C–MS analysis.
aterials 215– 216 (2012) 75– 82

2.4. Experimental procedure

Experiments were carried out to investigate the effect of differ-
ent factors including NaNO2 concentrations (actually existed in the
ionization equilibrium of NO2

− and HNO2 under different pH val-
ues), pH values, MC-LR concentration and UV intensity. Duplicate
experiments were conducted.

In this study, the volume of the reaction solutions was  divided
into quotas for each stock solution, with 1.0 mL  for NaNO2 stock
solution, 0.5 mL  for HClO4 or NaOH stock solution, and 1.5 mL for
MC-LR stock solution. All the stock solutions were mixed as the
reaction solution. Variants of each factor were adjusted by the
same volume of stock solutions of each concentration gradient. The
pH value was  determined with a pH meter (FE20, Mettler-Toledo
Instruments Co., Ltd.) before the reaction solution was transferred
into the quartz reactor. The reactor was sealed with a PTFE cap and
septum, and 150 �L of samples were obtained with an injector dur-
ing the whole degradation process. Before HPLC analysis, the acidic
and alkaline samples were neutralized with 50 �L NaOH or HClO4
solutions of three times the concentration in the reaction solution,
and 50 �L water was  added in the samples without NaOH or HClO4.
The temperature was maintained at 25 ± 1 ◦C. Reaction solution
containing 5.0 mM nitrite ion (HNO2 + NO2

−) and 100 mg/L MC-LR
standard (pH 1.60) was  exposed to 3000 �W/cm2 UV irradiation
for LC–MS analysis.

3. Results and discussion

3.1. MC-LR degradation under different experimental conditions

The degradation was  influenced by major initial conditions
including pH value, NaNO2 concentration, MC-LR concentration,
and UV intensity. Preferable degradation of MC-LR was observed
under acid conditions in the presence of sodium nitrite and UV irra-
diation. To study the effect of each factor, a preferable reaction time
of 1 h was adopted. Under favorable condition of pH 1.61, 5.0 mM
NaNO2, 9.78 mg/L MC-LR, and 3000 �W/cm2 UV irradiation, the
MC-LR degradation rate could reach 97.6% at t = 1 h. Experiments
were carried out to evaluate the influence of each factor.

3.2. Effect of pH value on MC-LR degradation

With the same NaNO2 concentrations and MC-LR concentra-
tions in the reaction solutions and UV intensity, MC-LR degradation
rate increased when the pH value was  lowered. Under each pH val-
ues (pH 1.61, pH 3.12, pH 4.50, pH 6.88, and pH 9.88) in this study,
the maximum MC-LR degradation rate occurred at pH 1.61 (Fig. 1),
with the pseudo-first-order kinetic constant k of 6.49 × 10−2 min−1

and MC-LR removal rate of 97.6%. The k values decreased with
the pH value increased. When the pH value of the reaction solu-
tion increased to 9.88, the pseudo-first-order kinetic constant k
dropped to 1.19 × 10−3 min−1 and MC-LR removal rate was 7.40%.
Acidic condition could promote the rate of MC-LR degradation in
this study.

3.3. Effect of NaNO2 concentration

The NaNO2 concentration also played an indispensable role in
the degradation of MC-LR. The NaNO2 concentrations observed
in this study ranged from 0 mM to 10.0 mM.  Under acid con-
ditions (adjusted by the same amount of perchloric acid) with
the same MC-LR concentration and UV intensity, The pseudo-

first-order kinetic constant k increased from 1.32 × 10−2 min−1

to 9.62 × 10−2 min−1, and the MC-LR removal rate increased
from 53.2% to 99.2% when the NaNO2 concentration increased
from 0.5 mM to 10.0 mM respectively. In the absence of NaNO2
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Fig. 1. Pseudo-first-order kinetics of MC-LR degradation under different pH values.
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Table 1
Theoretical concentration of HNO2 in the reaction solutions.

c(NaNO2) (mM) pH c(HNO2) (mM) % [HNO2/
(HNO2 + NO2

−)]

0.50 1.51 0.49 98.4
1.00 1.52 0.98 98.2
3.00 1.56 0.30 98.0
quation ln (co/ct) = kt was adopted to describe the degradation processes, and the
lope k is the pseudo-first-order kinetic constant. The reaction solutions contains
.0  mM NaNO2, 9.78 mg/L MC-LR. 3000 �W/cm2 UV irradiation at 25 ± 1 ◦C.

0 mM), the pseudo-first-order kinetic constant k value was
.45 × 10−4 min−1, which was negligible comparing to the major
egradation processes (Fig. 2). This could exclude the possibility
hat the MC-LR was degraded by perchloric acid and demonstrated
hat the UV alone had little effect on the degradation of MC-LR.
nder the same NaNO2 concentration, MC-LR degradation rate
ecreased as the pH value increased, so the primary condition
or MC-LR degradation is the presence of nitrous acid, which was
bserved in the previous study [25].

The nitrite ion (NO2
−) was provided by NaNO2 and exists in

onization equilibrium with HNO2:

NO2 → H+ + NO2
− pKa = 3.3

According to the pH value and the concentration of NaNO2, the
heoretical concentration of HNO2 can be calculated (Table 1).
Contrary to the results in the previous study that the pseudo-
rst-order kinetic constant k reached the maximum at the NaNO2
oncentration of 5.0 mM in the absence of UV, the pseudo-
rst-order kinetic constant k keeps increasing when the NaNO2

0 10 20 30 40 50 60

0

1

2

3

4

5

6  0 mM

 0.5  mM

 1.0  mM

 3.0  mM

 5.0  mM

 10.0 mM

ln
 (
c 0

/ c
t)

t (m in)

ig. 2. Pseudo-first-order kinetics of MC-LR degradation under different NaNO2

oncentrations. Equation ln (co/ct) = kt was adopted to describe the degradation pro-
esses. Reaction solutions contains 0.5 mL  HClO4 stock solution, 9.78 mg/L MC-LR.
000 �W/cm2 UV irradiation at 25 ± 1 ◦C.
5.00 1.61 4.90 98.0
10.0 1.62 9.80 98.0

concentration increased from 0 mM to 10.0 mM in the presence of
UV irradiation. The increase in NaNO2 concentration ensured the
more HNO2 available for photolysis to generate hydroxyl radicals,
thus could enhance the degradation of MC-LR caused by hydroxyl
radical oxidation.

3.4. Effect of UV intensity

Five levels of UV intensities (0 �W/cm2, 958 �W/cm2,
1972 �W/cm2, 3000 �W/cm2, and 4250 �W/cm2) were adopted
in illumination in the process of MC-LR degradation. When
the UV increased from 0 �W/cm2 to 4250 �W/cm2, the degra-
dation kinetic constant k increased from 1.42 × 10−2 min−1 to
8.15 × 10−2 min−1 (Fig. 3), and MC-LR removal rate increased from
60.1% to 98.9%. Since the photo degradation of MC-LR does not
occur under visible or UVA radiation [28], the results suggest
there is a synergistic effect between UV and nitrous acid on MC-LR
degradation.

The enhancement of removal efficiency was probably caused by
the increased concentration of hydroxyl radical generated from the
photolysis of nitrous acid. With the same quantum yield of hydroxyl
radical, the increase of UV intensity could lead more hydroxyl rad-
icals generated within the same time period, directly resulting in
the higher removal rate of MC-LR. UV intensity was an important
factor influencing the efficiency of degradation.

3.5. Effect of MC-LR concentration
The degradation process of MC-LR is also influenced by its con-
centrations. As the MC-LR concentrations increased from 3.26 mg/L
to 13.04 mg/L, the pseudo-first-order kinetic constant k decreased
from 0.116 min−1 to 0.051 min−1 (Fig. 4), and the removal rate of

0 10 20 30 40 50 60

0

1

2

3

4

5

ln
 (
c 0

/c
t)

t ( min)

 0 µW/c m
2

 958  µW/c m
2

 1972  µW/c m
2

 3000  µW/c m
2

 4250  µW/c m
2

Fig. 3. Pseudo-first-order kinetics of MC-LR degradation under different UV intensi-
ties. Equation ln (co/ct) = kt was  adopted to describe the degradation processes. The
reaction solutions contains 0.5 mL  HClO4 stock solution, 5.0 mM NaNO2, 9.78 mg/L
MC-LR, 25 ± 1 ◦C.
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C-LR dropped from 98.9% to 95.0%, but the initial MC-LR degra-
ation rate increased from 0.270 mg/L min−1 to 0.473 mg/L min−1.
he yield rate of hydroxyl radical remains constant with the same
NO2 concentration and UV intensity. Although the absolute degra-
ation rate increased, the increasing MC-LR concentration resulted

n a decreased in the ratio of amount of MC-LR decomposed in the
otal amount of MC-LR.

All the degradation processes discussed above could be
escribed by pseudo-first-order kinetics and second-order kinetics,
nd the factors are listed in Table 2.

.6. MC-LR degradation mechanisms

More than 10 intermediates were identified from the LC–MS
pectrogram. According to their m/z value, peak time and abun-
ance in each sample, they could be identified as intermediates

r final products. Ions with m/z values greater than 995.5 (MC-LR)
ppeared in the beginning of UV irradiation and disappeared grad-
ally. These ions were usually identified as initial intermediates,
ith added group on the MC-LR molecule. Ions with smaller m/z

alues were seen as break down intermediates or final products.
According to the degradation mechanisms with hydroxyl radi-

als described in previous studies [22–24] and the reaction between
itrous acid and MC-LR under UV irradiation, the breakdown of
C-LR molecule was initiated by addition of hydroxyl radicals or

ubstitution of nitrosonium ions. Major target sites are the double

OCH3
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Mass: 994.5
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COOH
O
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N
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OH

product 1b (C49H76N10O14)

Mass: 1028.5

m/z: 1029.5
onds in the Adda moiety or the cyclic structure of the MC-LR struc-
ure for hydroxyl radicals, and the benzene ring at the end of the
dda moiety for nitrosonium ions. Major degradation pathways in

his study were proposed as follows.
aterials 215– 216 (2012) 75– 82

3.6.1. Attack of hydroxyl radicals on the conjugated carbon
double bonds of Adda

Attack of hydroxyl radicals on the conjugated carbon double
bonds of Adda moiety of MC-LR molecule has been proved to be the
major degradation pathway of MC-LR [29]. There have been many
research studies reporting the hydroxyl radicals addition on the
conjugated dienes of the MC-LR molecule, which occurs through
the process of 1, 2 additions, or 1, 4 additions [24]. The adducts then
undergo through further degradation processes and form inter-
mediates of smaller molecular weights. This degradation pathway
have been characterized with the detection of the byproducts with
m/z of 1029.5 in the LC–MS chromatogram, which corresponds to
two hydroxyl radicals added onto the conjugated structure to form
the dihydroxy-MC-LR intermediates (product 1a, 1b, and 1c). Cleav-
age products with (M+H)+ ions at m/z 795.4 and m/z  835.4 were
detected, which indicated that the intermediate then went through
cleavage of the Adda side chain.
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Mass: 1028.5

m/z: 1029.5
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N
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CH3 O
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HN
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H
N

COOH
O

H
N

OOH

OH

product 1c (C49H76N10O14)

Mass: 1028.5

m/z: 1029.5

Further breakdown processes of MC-LR and adducts occur
through destruction of the cyclic structure of the MC-LR molecule
caused by hydroxyl radicals. Intermediates can be oxidized into cor-
responding carboxylic acids [23]. Product m/z 811.3 detected can
be seen as evidence of this degradation pathway.

The conjugated double bonds in the Adda side chain are respon-
sible for the PP1 and PP2A inhibition [30–32], and the conjugated
double bonds in the Adda moiety can cause a characteristic absorp-
tion maximum at 238 nm [33]. In the treatment of UV and nitrous
acid, the absorption intensity of MC-LR was  weakened with time,
which indicated that the Adda moiety have been destroyed during

the treatment. Intermediates without the conjugated double bonds
have been reported to be less toxic. Reaction between hydroxyl
radicals and microcystin-LR has been proved to be an effective
treatment method in detoxification of microcystin-LR [34].
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Table  2
Kinetics of MC-LR degradations in different reactions.

Conditions Pseudo-first-order
kinetics ln (c0/ct) = k1t

Second-order kinetics
1/ct − 1/c0 = k2t

pH NaNO2 (mM)  MC-LR (mg/L) UV (�W/cm2) k1 (min−1) R2 k2 (g−1 L min−1) R2

1.61 5.0 9.78 3000 0.0649 0.98871 0.106 0.88843
3.12  5.0 9.78 3000 0.0263 0.99261 0.00925 0.93988
4.50  5.0 9.78 3000 0.00521 0.99693 7.40 × 10−4 0.99119
6.88  5.0 9.78 3000 0.00304 0.99688 3.90 × 10−4 0.99371
9.88  5.0 9.78 3000 0.00119 0.95927 1.44 × 10−4 0.93988
1.51  0 9.78 3000 3.45 × 10−4 0.66141 5.00 × 10−5 0.95494
1.51  0.5 9.78 3000 0.0132 0.9847 0.003 0.9969
1.52  1.0 9.78 3000 0.0190 0.97002 0.00555 0.99934
1.56  3.0 9.78 3000 0.0415 0.98489 0.0304 0.95507
1.62  10.0 9.78 3000 0.0962 0.99694 0.383 0.84613
1.58  5.0 3.26 3000 0.116 0.97694 0.829 0.97664
1.60  5.0 6.52 3000 0.0829 0.98614 0.345 0.89214
1.62  5.0 13.04 3000 0.0507 0.98553 0.0387 0.93017
1.61  5.0 9.78 0 0.0142 0.93671 0.00385 0.98498

0.0303 0.99112 0.0139 0.93781
0.0486 0.99418 0.0426 0.90326
0.0815 0.97581 0.0319 0.8899
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Fig. 4. Pseudo-first-order kinetics of MC-LR degradation under different MC-LR

cesses. The reaction solutions contains 0.5 mL HClO4 stock solution, 5.0 mM NaNO2.
3000 �W/cm2 UV irradiation at 25 ± 1 ◦C.
1.61  5.0 9.78 958 

1.61  5.0 9.78 1972 

1.61  5.0 9.78 4250 

As the photolysis process continued, the initially increasing
bundance of the intermediates to intensity around 10,000 subse-
uently decreased to below 1000. In the mass spectrum at 60 min,
he peaks of the intermediates could hardly be discerned from the
ignal noises, which could be interpreted that total mineraliza-
ion had occurred intermediates had been further oxidized to final
roducts [23,24].

.6.2. Attack of hydroxyl radicals on the benzene ring of Adda
The hydroxyl radicals are highly reactive and can go through

ubstitution reaction against the hydrogen atom on the benzene
ing to form the hydroxylated MC-LR adducts [35]. The second
rder kinetic constant of the reaction of hydroxyl radicals with
he aromatic ring is slightly higher compared to alkenes [36]. So
he intermediate m/z 1011.5 (product 2) was reached a detectable
bundance at 2 min, prior to the detection of intermediated m/z
029.5 at 5 min. Intermediate m/z 1011.5 corresponds to the prod-
ct with the hydrogen atom in the aromatic ring substituted by a
ydroxyl group, and the Adda side chain acts as a guide for para or
rtho substitution of aromatic hydrogen atoms.

Under acidic condition, phenols are easy to form the aromatic
ations [37]. Accordingly, the hydroxylated MC-LR adduct (product
) reacts with H+ to form the MC-LR+ ion (product 2a) through the
ollowing reaction:

OCH3
O

HN

COOH

NH

O

HN

NH2

HN

O

N

CH2

CH3 O

NH

HN

O

H
N

COOH
O

H
N

O

+ H

OH
product 2 (C49H74N10O13)

Mass: 1010.5

m/z: 1011.5
concentrations. Equation ln (co/ct) = kt was adopted to describe the degradation pro-
product 2a (C49H73N10O12)

Mass: 993.5

m/z: 497.3
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The adducts hydroxylated MC-LR (product 2) and MC-LR+ ion
product 2a) correspond to the intermediates (M+H)+ m/z 1011.5
nd (M+H)2+ m/z  497.3 in the LC–MS analysis. This can be seen as
vidence to this proposed reaction pathway.

.6.3. Attack of nitrosonium ion on the benzene ring of Adda
Under acidic conditions nitrous acid is protonized to form the

itrous acidium ion H2NO2
+ and the nitrosonium ion NO+ through
he following reactions [38,39]:

+ + HNO2
K
�H2NO2

+
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H2NO2
+ k2�

k−2

NO+ + H2O

The nitrosonium ion (NO+) is a strong electrophilic reagent,
which is easy to react with aromatic compounds. The benzene ring
at the end of the Adda group of the MC-LR molecule is vulnerable
to nitrosonium ion and is easy to form the corresponding interme-
diates in the process of nitrosation. Possible reaction pathways are
proposed as follows:



ous M

d
i

w
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r NO+ )
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k2
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COOH
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NH2

HN
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N
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CH3 O

NH

HN

O

H
N

COOH
O

H
N

O

NO

OH
OH

product 4 (C49H75N11O15)

Mass: 105 7.5

m/z: 1058. 5

o
o
m
h

 NO  )

k1

k2

OCH3
O

HN

COOH

NH

O

HN

NH2

HN

O

N

CH2

CH3 O

NH

HN

O

H
N

COOH
O

H
N

O
NO

H

product 5 (C49H73N11O14)

product m/z 520.8. Intermediate m/z 1040.5 (product 5) was the
adduct of hydroxyl on the benzene ring of Adda side chain, which
coexisted with product m/z 520.8 (product 5a).
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This reaction pathway is evidenced by the detection of interme-
iates m/z 1024.5 (product 3) and product m/z  512.8 (product 3a)

n mass spectrogram.
Under UV irradiation, nitrosation may  occur at the same time

ith hydroxylation, and the MC-LR hydroxylated adduct may  also
o through nitrosation process:

k3

H2NO2
+ (o+
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O
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CH3 O

NH

HN

O
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N

COOH
O

H
N

O

H

NO

OH
OH

OH
OH

product 4a  (C49H76N11O15)

Mass: 1058.5

m/z: 529.8

Intermediates with m/z  1058.5 and m/z 529.8 were the adducts
f two hydroxyl radicals, either on the conjugated double bonds
f the Adda side chain or on the cyclic structure of the MC-LR
olecule. Further analysis is required to determine the site of the

ydroxylation occurs.
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product 5a (C49H74N11O14)
Mass: 1040.5

m/z: 520.8
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Other intermediates detected included product m/z 1040.5 and
Mass: 1039.5

m/z: 1040.5
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. Conclusions

The degradation of MC-LR in solutions by nitrous acid under
V irradiation was investigated in this research. The degrada-

ion rate of MC-LR was influenced by factors including pH value,
odium nitrite concentration, MC-LR concentration and UV inten-
ity. Pseudo-first-order kinetics and second-order kinetics were
dopted to describe the degradation process.

The necessary condition of MC-LR degradation was  the presence
f nitrite under acidic condition, so the degradation was  caused
y HNO2, which was co-determined by the initial NaNO2 concen-
ration and the initial pH value. Enhanced degradation rate was
bserved in the presence of UV irradiation. The pseudo-first-order
inetic constant k increased with the increase of NaNO2 concentra-
ion and UV intensity, and decrease with the increase of pH value
nd MC-LR concentration.

Major intermediates in the degradation process of MC-LR were
dentified, and the degradation mechanisms could be proposed as
he following major pathways: 1. Attack of hydroxyl radicals on
he conjugated carbon double bonds of Adda; 2. Attack of hydroxyl
adicals on the benzene ring of Adda; 3. Attack of nitrosonium ion
n the benzene ring of Adda.

The toxicity of inhibition of PP1 and PP2A was expected to be
liminated as a result of the destruction of the conjugated double
onds in the Adda side chain by hydroxyl radicals generated dur-

ng the photolysis of nitrous acid. Intermediates could be further
ecomposed to final products.

It is reasonable that the cyanotoxins with the Adda moiety and
he double bonds structure may  also go through the same modifi-
ation and degradation process in the treatment of UV and nitrous
cid. In the existence of nitrous acid/nitrite, intense ultraviolet in
he sunlight can be a best catalyst for the degradation of cyanotox-
ns. The results of this research provide a new approach for the
tudy of cyanotoxins degradation in engineering application and in
he natural environment.

Because of the nitrosation process occurred in the degradation
f MC-LR, specific investigation of the complete degradation pro-
ess, and the properties of the reaction intermediates and products
ormed during the treatment of UV and nitrous acid/nitrite, require
urther study.
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