
A

a
r
o

o
t
fi
t
8
©

K

1

t
i
a
d
a
m

a
a
[
l
o
(
N
2

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 150 (2008) 238–249

Degradation of cyanobacteria toxin by advanced oxidation processes

Fares Al Momani a,∗, Daniel W. Smith b, Mohamed Gamal El-Din b

a Department of Chemical Engineering, Mutah University, Jordan
b Department of Civil and Environmental Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2M8

Received 6 September 2006; received in revised form 17 April 2007; accepted 19 April 2007
Available online 24 April 2007

bstract

Advanced oxidation processes (AOPs) using O3, H2O2, O3/H2O2, O3/Fe(II), and Fenton treatment were investigated for the degradation of
queous solutions of cyanobacteria. The effects of concentration of reactants, temperature, and pH on toxins degradation were monitored and the
eaction kinetics was assessed. O3 alone or combined with either H2O2 or Fe(II) were efficient treatment for toxins elimination. A higher toxin
xidation tendency was observed with Fenton reaction; total toxins degradation (MC-LR and MC-RR) was achieved in only 60 s.

The ozonation treatment was successfully described by second-order kinetics model, with a first-order with respect to the concentration of either
zone or toxin. At 20 ◦C, with initial concentration of MC-LR of 1 mg/L, the overall second-order reaction rate constant ranged from 6.79 × 104

o 3.49 × 103 M−1 s−1 as the solution pH increased from 2 to 11. The reaction kinetics of the other AOPs (O3/H2O2, O3/Fe(II), and Fenton), were

tted to pseudo first-order kinetics. A rapid reaction was observed to took place at higher initial concentrations of O3, H2O2 and Fe(II), and higher

emperatures. At pH 3, initial concentration of toxin of 1 mg/L, the pseudo first-order rate constant, achieved by Fenton process, was in order of
.76 ± 0.7 s−1.

2007 Published by Elsevier B.V.
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. Introduction

Cyanobacteria toxins have quickly risen in infamy as impor-
ant water contaminants that threaten human health [1]. Toxin
ntroduce to the environment, in general, through the rupture of
lgal cells which may arise by the effect of certain substance used
uring water treatment [2] and/or during different water man-
gement processes, e.g. during algaecide treatment of the natural
edium, pumping of raw water, conveyance of raw water.
Microcystins are a group of monocyclic heptapeptide hep-

totoxins produced by various freshwater cyanobacteria such
s Microcystis, Anabaena, Nostoc and Oscillatoria species
2]. The general structure of microcystins is cyclo[-d-Ala-
-X-d-MeAsp-l-Z-Adda-d-Glu-Mdha-]. Microcystins consist
f three d-amino acids: alanine (Ala), methylaspartic acid

MeAsp) and glutamic acid (Glu), and two unusual amino acids:
-methyldehydroalanine (Mdha) and 3-amino-9-methoxy-
,6,8,-trimethyl-10-phenyldeca-4,6-dienoicacid (Adda). The
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dda amino acid is responsible for the biological activity of the
oxins. Microcystins differ primarily in the two l-amino acids,

and Z, which give its name to the molecule. There are more
han 75 microcystin variants, and toxic strains usually produce
mixture of different microcystins [3,4]. MC-LR, with leucin
and arginin R residues, is the most common one. Owing to

he production of these hepatotoxins the occurrence of aquatic
looms of cyanobacteria is of worldwide concern [5]. The inci-
ents of wild and domestic animal poisoning and human health
roblems attributed to exposure to cyanobacterial toxins have
een well documented [6–11].

Cyanobacteria toxins, in particular hepatotoxins, once
eleased to water, are relatively stable [12]. These toxins can
ause irreversible danger to the liver and can lead either to rapid
eath or to long-term pathologies such as liver cancer [1]. Dif-
erent studied were concerned with the stability of these toxins
o determine how long after the cyanobacterial bloom the water
onstitutes a threat to all potential users. Harada [12] and Lahti et

l. [13] showed that microcystins and nodularin are chemically
table and, if not diluted, can persist in water for several days or
eeks after the bloom. The study performed by Jones and Orr

14] showed that after algaecide treatment of a heavy bloom of

mailto:fares1233@mutah.edu.jo
dx.doi.org/10.1016/j.jhazmat.2007.04.087
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Nomenclature

[H2O2] concentration of hydrogen peroxide at time “t”
(mg/L or M)

[H2O2]i initial hydrogen peroxide concentration (mg/L or
M)

k1 pseudo first-order kinetic rate constants for direct
oxidation (s−1)

k∗
1 kinetic rate constants for direct ozone oxidation

(M−1 s−1)
k2 pseudo first-order kinetic rate constants for indi-

rect oxidation (s−1)
k∗

2 kinetic rate constants for indirect radicals oxida-
tion (M−1 s−1)

K overall second-order rate constant (M−1 s−1)
Ka apparent rate constant (s−1)
[O3] concentration of ozone at time “t” (mg/L or M)
[O3]f final concentration of ozone (mg/L or M)
[O3]i initial concentration of ozone (mg/L or M)
�O3 ozone dose utilized in the reaction (mg/L or M)
[•OH] concentration of hydroxyl radical at time “t”

(mg/L or M)
t reaction time (s)
t1/2 experimental toxin half-life (s)
[toxin] concentration of toxin at time “t” (mg/L or M)
[toxin]f final concentration of toxin (mg/L or M)
[toxin]i initial concentration of toxin (mg/L or M)
T temperature (◦C)
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icrocystis aeruginosa, the released microcystins persisted in
he water for 9 days and then rapidly disappeared. Toxin fading
as attributed to different operational processes such as dilu-

ion by uncontaminated water masses, adsorption on particulate
aterial, temperature and pH-dependent decomposition, pho-

olysis, and biological degradation. The laboratory experiments
f Cousins et al. [15] demonstrated that primary degradation
f MC-LR in reservoir water occurred in less than 1 week. On
he other hand, MC-LR was stable in de-ionized water for over
7 days and in sterilized reservoir water for over 12 days. The
oxicity of these compounds coupled with their stability is of
oncern for water supply utilities. Therefore, elimination of such
ompounds in water treatment processes merits investigation.

Several studies have been carried out to remove dissolved tox-
ns from different type of water. Rositano and Nicholson [16]
sed three coagulants (ferric sulphate, alum and polyaluminium
hloride) to remove dissolved microcystin, but to no avail, there
as virtually no toxin removal. The study by Craig and Bailey

17] showed that granular activated carbon was effective in the
emoval of cyanobacterial toxin. But, the carbon was exhausted
ith constant use in a relatively short time period. Different oxi-

izing agents such as chlorine, ozone, potassium permanganate,
ydrogen peroxide and ozone in combination with hydrogen per-
xide were also evaluated for their ability to destroy the toxins
16,18–21]. These oxidants were evaluated in laboratory scale

2

m
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xperiments to determine their effects on toxins removal. Pure
oxins, freeze-dried toxic material, toxic cultures and toxic nat-
ral live bloom material was used in these studied. The studies
howed that the effectiveness of the oxidation processes in water
reatment is dependent not only on the reactant concentration,
ut also on temperature, pH and ionic composition of the water
eing treated.

The present work was undertaken to investigate the oxidation
f pure microcystins (MC-LR and MC-RR), with and without
he presence on any natural organic matter (NOM), by advanced
xidation processes based on ozone. The specific objectives
ere: (1) to determine the proper oxidation conditions of these
OPs for maximizing toxins degradation; (2) to determine the

eaction rate constants with respect to toxin degradation under
ifferent operational conditions of pH and temperature.

. Materials and methods

.1. Chemicals

All chemicals and solvents were analytical or high perfor-
ance liquid chromatography (HPLC) grade. High purity water
as obtained from a Milli®-Q system (Millipore Corporation,
SA) fed by distilled water. The microcystin-LR (MC-LR) with

90%) purity was obtained from Sigma-Aldrich. Microcystin-
R (MC-RR) with (97%) purity was obtained from Alexis
orporation, USA. The Chemical structure of microcystin

oxin and microcystin-LR is shown in Fig. 1. For phosphate
uffer solution sodium phosphate monobasic (Fisher scien-
ific), potassium phosphate (Fisher scientific), de-ionized water
Milli®-Q Millipore system with an 18 M� cm−1 resistivity),
odium hydroxide (NaOH) (Fisher scientific) and Phosphoric
cid (Fisher scientific), were used. Reagents used in HPLC
easurements solution were 10 mM ammonium acetate (Fisher

cientific), actitonitril HPLC grade (Fisher scientific) and phos-
horic acid.

.2. Sample preparation

The procedure used in preparing aqueous solution of MC-LR
nd MC-RR was as follows: (1) toxin stock solutions were pre-
ared by dissolving specific toxin weight in 2 mL of methanol
HPLC grade), then, (2) the working solution was prepared
y diluting the concentrated stock solution with a phosphate
uffer to achieve the desired concentration and pH (pH of 2,
.5, 7, 9 and 11). The buffer solution pH was regulated using
1N sodium hydroxide (NaOH) or 1 M phosphoric acid. The

hosphate buffer solution was prepared using sodium phosphate
onobasic, potassium phosphate, and Milli-Q® water, and pH
as regulated using a 1N NaOH solution or 1 M phosphoric acid.
orking cyanobacteria toxins samples were prepared within

8 h of experiments and stored at 4 ◦C.
.3. Analytical methods

The concentrations of microcystins were determined by two
ethods; (1) absorbance measurements in the RS-SF reactor;
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Fig. 1. (a) Generic structure of the microcystin toxin: 1, d-alanine; 2, X (variable); 3, d-MeAsp is d-erythro-�-methylaspartic acid; 4, Z (variable); 5, Adda is
(2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid; 6, d-glutamate; 7, Mdha is N-methyldehydroalanine (Dha, dehydroalanine). R1
a ino ac
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nd R2 are H (demethylmicrocystins) or CH3. (b) Microcystin-LR, with the am

bsorbance was measured in a wavelength range of 180–320 nm,
nd (2) by performing solid phase extraction followed by HPLC
nalysis. The extraction procedure was as follows: each aque-
us toxin sample was filtrated through a pre-washed 0.45 �m
illipore membrane filter. The filtrate was then passed through
disposable 1 g C18 cartridges (Supelco) attached to vacuum

hamber. The cartridges were prepared by washing them first
ith 10 mL acetonitrile and then 10 mL pure water. The aque-
us toxin sample was passed through the cartridges at a rate of
pproximately 5 mL/min. The cartridges were then washed with
0 mL toxin free water. Next, the microcystin was then eluted
ith 5 mL of acetonitrile. The acetonitrile was evaporated to
ryness under stream of nitrogen and the residue was then redis-
olved in acetonitrile 1 mL. A 20 �L sample was analyzed by
PLC. Microcystin concentrations were determined based on a
tandard curves (coefficient of single determination, R2 = 0.98)
btained by plotting pure microcystin concentration against the
eak height of the HPLC curve, different pure concentrations
f microcystin were used in purpose. For each tested sample,

f
S
i
(

id leucine in the variable X position and arganine in the Z position.

easurements were repeated for 3 times to assure the data are
eproducible, the obtained results were averaged, tested and it
ave as maximum 7% standard deviation from the average value.
PLC analyses were performed with a Shimadzu liquid chro-
atograph (Shimadzu Scientific Instruments) equipped with
himadzu pumps (model LC-10 AT) and a Shimadzu UV–vis
etector (model SPD-10A). The reverse-phase column used was
C18� Bondapak (3.9 mm i.d. × 300 mm, Waters). The mobile
hase was a mixture of 10 mM ammonium acetate and ace-
onitrile (65:35%) isocratically delivered by a pump at a flow
ate of 1 mL/min. The wavelength of the UV absorbance detec-
or was 238 nm. Under these conditions, the detection limit for

icrocystins was 0.2 �g/L. To assure analytical results the data
btained from HPLC and RS-SF were compared. The maximum
ifference obtained for several samples was <5%. Moreover,

rom time to time a pure microcystin sample, obtained from
igma–Aldrich, was tested in our HPLC and RS-SF the results

n both devices were same as specified from the manufacturer
difference <5%).
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.4. Ozone generation and dissolved ozone concentration
easurements

An ozone generator model GLS-7 by PCI-WEDECO was
sed to produce ozone gas using extra dry, high purity oxygen.
issolved ozone solutions were immediately prepared prior to
zonation experiments by bubbling ozone gas through pH phos-
hate buffer solutions (pH 2, 4.5, 7, 9, and 11) maintained at 4 ◦C
o maximize ozone dissolution. Initial dissolved ozone concen-
rations entering the reactor and residual ozone concentrations
n the rapid scan stopped-flow (RS-SF) reactor outlet were deter-

ined using two analytical methods: (1) a spectrophotometric
easurement performed by RS-SF; (2) indigo method according

o the procedure stipulated in Standard Methods [22]. The pro-
edure to perform these measurements was as follow: the ozone
olution was transferred from the bubbling bath via a 10 mL vile.
o maintain the same ozone concentration, the 10 mL vile was
ept in water bath at 4 ◦C. Then, two samples were taken from
he vile with two pipettes and injected directly at the same time
nto an indigo solution and into the RS-SF reactor. The same pro-
edure was followed for residual ozone measurement of outlet
S-SF solution. Also, another measurement was performed in a

eparate spectrophotometer to verify the previous measurement.

.5. Advanced oxidation procedures

.5.1. Degradation of toxins by ozonation
A multi-wavelength rapid scan stopped-flow (RS-SF) spec-

rophotometer system (Olis-Model 1000) was used to follow the
xidation kinetics during the ozonation of toxins in acidic and
asic buffer solutions. This technique utilizes high resolution,
igh-speed double grating monochromators and thus, recording
he reactant absorbance which can be related to chemical com-
ound concentration, allows for the determination of reaction
inetic rates over a wide range of wavelengths. During the oxida-
ion experiments, the evolution of the absorbance of the reactants
ver a wavelengths range of 180–320 nm was recorded as a
unction of time. MC-LR and MC-RR were found to have a max-
mum absorbance at 238 and 203 nm, respectively. Ozone has

aximum absorbance at 260 nm. Thus, the selected wavelength
ange (180–320 nm) can be used to monitor the decay in ozone
nd toxins absorbance (i.e. ozone and toxins concentrations)
s an indication of the progress of the oxidation reaction and
oxins degradation. The ozonation experiments were conducted
ith initial ozone concentration ranged from 0.5 to 2 mg/L and
Hs of 2, 4.5, 7, 9, and 11. The initial concentrations of toxins
sed in these oxidation experiments were 1, 2.5 and 5 mg/L for
C-LR and for MC-RR were 1 and 1.5 mg/L. The dead time

f the instrument was determined to be 1.10 ± 0.01 ms. At the
eginning of each experiment, the background absorbance was
et to zero using the phosphate buffer solution as a reference.
he two reactant solutions, prior to mixing, and the mixed solu-

ion were maintained at a pre-set temperature achieved by water

irculation in a Julabo® thermostatic water bath. At the start of
ach experiment, the two aqueous solutions (one containing dis-
olved ozone and the other containing toxins) having the same
H, were rapidly mixed in the mixing cell of the RS-SF spec-

m

o

us Materials 150 (2008) 238–249 241

rophotometer system. Immediately after the rapid mixing, the
olution absorbance at various reaction times was recorded. For
ach set of operational conditions, five identical experiments
ere conducted.

.5.2. Kinetic data fitting
During ozonation experiments, the evolution of each reac-

ant absorbance over a range of 180–320 nm was recorded as a
unction of reaction time. Five hundred data points (of the raw
pectra) were recorded for each trace. The spectra were separated
rom noise using the Oliss singular value decomposition (SVD)
oftware to identify the kinetically distinct species [23,24]. The
umber of the recorded kinetic data was then reduced to one
fth (100 data points) using the OlisTM smoothing algorithm.
t least, five experiments were carried out for each set of exper-

mental conditions. As a result, a total of 500 kinetic data points
as obtained after smoothing the raw kinetic data from the five
inetic traces. These kinetic data were then averaged and were
sed to select the reaction mechanism(s). Following that, the
veraged kinetic data were fitted to the optimal kinetic model
sing the Oliss SVD software. The pseudo first-order kinetic
ate constants, used to model the MC-LR and MC-RR oxidation
uring ozonation, were determined at a 95% confidence level.

.5.3. Degradation of toxins by H2O2, O3/H2O2, O3/Fe(II)
nd Fenton process

The working solutions of toxins in a phosphate buffer solu-
ion at different pHs (pH 2, 4.5, 7, and 11), were allowed to
eact with aqueous solutions of H2O2, O3/H2O2, or O3/Fe(II).
he aqueous solutions of H2O2/O3 and O3/Fe(II) were prepared
sing an Olis stopped-flow pre-mixer. For each experiment,
n aqueous solution of hydrogen peroxide or ferrous ion (ini-
ial concentration varied from 0.15 to 1.8 mg/L for Fe(II) and
rom 0.001 to 0.01 mg/L for H2O2) was mixed with ozonated
ater to give an initial ozone concentration somewhere in the

ange of 0.1–0.05 mg/L. The mixture was immediately allowed
o react with the toxins solution in the mixing cell of the RS-SF
eactor. Whenever possible, the absorbance decay of the reac-
ants’ concentrations was monitored over a wavelength range of
80–320 nm using Olis monochromators. The three solutions,
rior to mixing, and the mixed solution were maintained at a
re-set temperature achieved by water circulation in a Julabo®

hermostatic water bath. At the end of the 90-s reaction time,
amples were taken and analyzed. The determination of ini-
ial and final hydrogen peroxide concentrations was carried out
sing the iodometric titration method described by Vogel [25].
he same mixing procedure used in the H2O2/O3 and O3/Fe(II)
xperiments was used to mix H2O2, Fe(II) and toxins during the
oxins degradation using the Fenton process.

. Results and discussion

.1. Degradation of microcystin-LR (MC-LR) and

icrocystin-RR (MC-RR) by ozonation

Ozonation reaction is considering one the most powerful
xidants used in water treatment, having a standard oxidation
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ig. 2. Evolution of microcystin-LR concentration as a function of initial ozone
oncentration (temperature = 20.0 ± 0.2 ◦C, pH 7 and reaction time 90 s). Results
re average of five repeated experiments performed at the same conditions.

otential of 2.07 V under acidic conditions. The ozonation of
C-LR and MC-RR by ozone was found to be effective under

igh initial ozone concentration. This was noticed in the reaction
f pure toxins (MC-LR and MC-RR) and ozone. Fig. 2 illus-
rates the oxidation of different initial concentration of MC-LR
5.0 and 1.0 mg/L) with ozone. A solution containing a specific
oncentration of microcystin-LR (5 and 1.0 mg/L) was oxidized
o below detection limit (0.2 �g/L) by used ozone dosage of
mg/L and reaction time less than 90 s. MC-LR with initial
oncentration of 5 mg/L was totally eliminated with initial ozone
oncentration of 2.4 mg/L, ozone residual and used ozone were
.13 and 2.27 mg/L, respectively. Moreover, MC-LR with ini-
ial concentration of 1.0 mg/L was eliminated with initial ozone
oncentration of 0.6 mg/L (used ozone of 0.25 mg/L).

Similar trends were found with respect to MC-RR (Fig. 3;
esults are average of five repeated experiments performed at
he same conditions). Two concentrations of MC-RR were stud-

ed (1.0 and 1.5 mg/L). Ozone is an efficient treatment process
or elimination of MC-RR from water. For both initial concentra-
ions studied, ozone in dose of 1.0 mg/L was sufficient to degrade
he toxin to below detection limit (0.2 �g/L). For MC-RR con-

ig. 3. Evolution of microcystin-RR concentration as a function of initial ozone
oncentration (temperature = 20.0 ± 0.2 ◦C, pH 7 and reaction time 90 s). Results
re average of five repeated experiments performed at the same conditions.
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entration of 1.0 mg/L, there was a modest trend indicating a
ignificant increase in the degradation efficiency of the MC-
R with increasing the ozone dose from 0.1 to 0.75 mg/L, after
hile ozone residual was detected in the solution, demonstrat-

ng excess in the used ozone dose (outer graph in Fig. 3). A
egradation efficiency of more than 99% was obtained by used
zone dose of 0.7 mg/L. The same affinity was observed for
C-RR concentration of 1.5 mg/L, total toxin elimination was

chieved with initial ozone dose of 1.1 mg/L and used ozone
ose of 1.02 mg/L.

The tendency of ozone in destruction MC-LR and MC-RR
ould be attributed to high ozone reactivity towards unsaturated
onds. Accordingly, the double bonds in the Adda group in
icrocystin would be prone to such attack. As microcystin tox-

city is associated with the Adda olefin group, cleavage of this
mino group would render the molecule non-toxic [2,26]. The
ame tendency reported in this study was confirmed by several
uthors [18–20,27].

In general, microcystin does not present, in nature, alone
s pure compound, but it can be found mixed with other nat-
ral organic matter (NOM). When other organic material is
ntroduced into the reaction, such as with reaction of ozone
ith MC-LR in the presence of natural organic matter (NOM),

ncreased ozone dose were required to oxidize any toxin present.
he NOM was achieved by dissolving humic acid in high purity
ater. The water pH was adjusted, to required pH, by 0.1 N
aOH solution. Once all the humic acid was dissolved in water,

he solution was filtrated through a 45 �m Millpore filter paper.
fter that the solution was used to prepare solutions with dif-

erent dissolved organic carbon (DOC) values by diluting the
umic acid stock solution with appropriate water volumes. Fig. 4
resents the oxidation of toxines (MC-LR and MC-RR), initial
oncentration 1 mg/L, in the presence of different concentra-
ion of NOM as function of initial ozone dose. There was a
irect relation between the toxin degradation and the presence of
OM. It can be summarized, therefore, that competing reactions
ccurred between the organic material and the toxin for reaction
ith ozone. Nevertheless, with initial ozone concentration of
.6 mg/L up to 77% MC-LR and 75% MC-RR degradation can
e achieved in the presence of 2 mg/L NOM within 90 s reaction
Fig. 4).

The effect of pH on the toxin oxidation efficiency was inves-
igated (Fig. 5). It was observed that the oxidation reaction is
ighly dependent on the initial solution pH: as the pH was
ncreased the degradation efficiency was decreased. The less
ffective oxidation at higher pH values reflects the lower oxi-
ation potential of ozone under alkaline conditions (1.24 V)
ompared with that under acidic conditions (2.07 V). As it is
ell known that, ozone decomposition is accelerated under

lkaline conditions by the presence of hydroxide ions which
cts as radical initiators, the HO• and O2

− radicals which act
s propagators, in a series of chain reactions. The fact that
ure microcystins react much faster with ozone in acidic pH

ange suggests that microcystins probably react with ozone as
pposed to hydroxyl radicals. Rositano et al. [28] reported that
he toxin destruction efficiency depends on the pH and it is less
avorable at alkaline conditions. This was due to lower ozone
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ig. 4. Ozonation of microcystin (MC-LR and MC-RR) in the presence of N
eaction time 90 s).

xidizing potential at high pH. The same observation was con-
rmed by Shawwa and Smith [21], where at 20 ◦C, the overall
eaction rate constant between ozone and MC-LR decreased
rom 1.0 × 105 to 3.4 × 104 M−1 s−1 as the pH increased from
to 7.
The effect of temperature on ozonation of MC-LR and MC-

R solutions were also studied (Fig. 5). Results illustrate that
ncreasing reaction temperature leads to increase the oxidation
eaction between ozone and microcystins, and hence increase
he fraction of toxin removed. With used ozone of 1.0 mg/L,
s the reaction temperature increased from 20 to 35 ◦C, MC-
R removal increased from 67 up to 87%. The same trends
ere observed with other experiments performed with MC-RR

t different used ozone dose (results not shown). The degrada-
ion efficiency of MC-RR ranged from 78 to 95% at operational
emperature range from 20 to 35 ◦C and used ozone dose ranged
etween 0.8 and 1 mg/L.

.2. Kinetics of ozonation process
Before starting with kinetic measurements, a set of exper-
ment was performed to study the reaction requirements. The
im of this part was to determine the number of moles of ozone
eeded to degrade one mole of toxin. For this purpose the ozona-

ig. 5. Effects of pH and temperature on the degradation efficiency of MC-LR,
verage of five repeated experiments (initial ozone concentration = 0.25.8 mg/L,
nd reaction time of 90 s).
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average of five repeated experiments (temperature = 20.0 ± 0.2 ◦C, pH 7 and

ion reaction was performed in the RS-SF reactor for 120 s
ccording to the procedure presented before. The previous steps
ere repeated 5 times for more than 5 initial ozone concentra-

ions, and the reaction requirements were calculated according
o Eq. (1):

eaction requirements (z) = [O3]i − [O3]f

[toxin]i − [toxin]f
(1)

Calculations showed that, a value of 6 moles of ozone were
equired for oxidation of 1 mole of MC-LR and MC-RR. Results
ere calculated for 25 experiments with 95% confidence level.
tandard deviation of the mean value and each separate experi-
ent was as maximum 8%.
The rapid scan multi-wavelength stopped-flow (RS-SF) spec-

rophotometer system (Olis-Model 1000) was utilized to study
he fast oxidation reaction between ozone and cyanobacteria in
cidic and basic buffered solutions. During the oxidation experi-
ents, the evolution of reactant absorbance (i.e. concentration),

ver a whole range of wavelengths (180–320 nm), was recorded
s a function of time.

The oxidation experiments were carried out at different
3/toxin molar ratio. The used O3/MC-LR molar ratios were
.92, 3.84, 7.69, 9.64, 15.37 and 38.58 while the molar ratios
f O3/MC-RR were 7.18, 10.84, 28.74 and 43.40. The initial
olution pH was 2, 4.5, 7 and 11. The initial concentrations of
oxin used in these reactions were 5, 2.5 and 1.0 mg/L for MC-
R while MC-RR initial concentration was 1.5 and 1.0 mg/L.
t each reaction conditions, five identical experiments were
erformed.

The used O3/toxin molar ratio in this study allows studying
he reaction kinetic under (1) excess ozone concentration (i.e.
oxin limiting concentration) and (2) low ozone concentration
i.e. ozone limiting concentration).

For the experiments performed under excess ozone (molar
oncentration ratio of ozone to toxins ≥10), it was observed
hat the absorbance decay of toxin could be described by two
seudo first-order decay rates. This tendency was attributed to

irect molecular ozone oxidation and indirect hydroxyl free rad-
cals oxidation; with domination of hydroxyl radical oxidation
t pH > 7, and molecular ozone oxidation at pH < 7. As a result,
he rate of toxins degradation could be described using a parallel
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Table 1
The values of k1, k2 and Ka for MC-LR at different pH and different operational temperature; [O3]i = 2 mg/L

pH T (◦C) MR-LR

1 mg/L 2.5 mg/L 5 mg/L

k1
a k2

a Ka
b k1

a k2
a Ka

b k1
a k2

a Ka
b

2
20 12.25 4.00 12.25 3.17 0.02 3.17 0.92 0.02 0.92
30 21.45 7.00 21.45 4.6 0.70 4.6 1.26 0.05 1.26
35 27.88 7.00 27.88 4.78 0.20 4.78 1.57 0.08 1.57

4.5
20 16.50 3.00 16.50 2.38 0.80 2.38 4.29 1.00 4.29
30 17.64 5.00 17.64 3.56 0.70 3.56 11.43 2.00 11.43
35 18.96 4.00 18.96 4.55 0.90 4.55 18.48 3.00 18.48

7
20 9.90 –c 9.90 0.51 –c 0.51 3.63 –c 3.63
30 10.46 –c 10.46 0.72 –c 0.72 5.71 –c 5.71
35 14.22 –c 14.22 0.93 –c 0.93 6.63 –c 6.63

11
20 0.05 0.62 0.62 –c 0.003 0.003 –c 0.002 0.002
30 0.02 1.80 1.80 –c 0.003 0.003 –c 0.010 0.01
35 0.04 2.27 2.27 –c 0.005 0.005 –c 0.014 0.014
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cally using the SVD algorithm (kinetic data fitting), the produced
kinetic relationship gave values of one kinetic constant (values
of Ka; Tables 1 and 2). This finding was due to (1) the small value
of the second kinetic constant which may assumed negligible by

Table 2
The values of k1, k2 and Ka for MC-RR at different pH and different operational
temperature; [O3]i = 2 mg/L

pH T (◦C) MR-RR

1.0 mg/L 1.5 mg/L

k1
a k2

a Ka
b k1

a k2
a Ka

b

2
20 23.75 6.00 23.75 3.17 0.02 3.17
30 33.25 4.00 33.25 4.60 0.7 4.60
35 36.75 3.00 36.75 4.78 0.2 4.78

4.5
20 20.50 3.00 20.50 2.38 0.8 2.38
30 22.25 5.00 22.25 3.56 0.7 3.56
35 28.00 4.00 28.00 4.55 0.9 4.55

7
20 20.00 –c 20.00 0.51 –c 0.51
30 25.00 –c 25.00 0.72 –c 0.72
35 25.00 –c 25.00 0.93 –c 0.93

11
20 0.01 0.07 0.07 –c 0.62 0.62
30 0.02 0.09 0.09 –c 1.80 1.80
a Average of five experiments carried out at the same conditions.
b Kinetic data after a single value decomposition (SVD).
c The absorbance decay data was described by a single first-order decay rate.

i-molecular rate expression:

d[toxin]

dt
= k1[toxin] + k2[toxin] (2)

onsequently, in Eq. (2), the value of k1 include the oxidation
apacity of the available molecular ozone at time “t”. Mean-
hile, the value of k2 include the oxidation capacity of the

vailable hydroxyl radical at time “t”. Hence, Eq. (2) can be
ewritten as follow:

d[toxin]

dt
= k∗

1[toxin][O3] + k∗
2[toxin][•OH] (3)

he units of k∗
1 and k∗

2 is M−1 s−1, i.e. second-order kinetic, this
ndicates that both the direct (ozone) and indirect (hydroxyl
adical) concentration and the toxins concentration affect the
eaction kinetic. As it is known that under basic conditions ozone
ecomposes to produce mainly hydroxyl radicals (•OH). k1 and
2 are related to k∗

1 and k∗
2 through the following equations:

1 = k∗
1[O3] (4)

2 = k∗
2[•OH] (5)

Tables 1 and 2 show the experimental values of k1 and k2
btained at a high initial ozone concentration, different opera-
ional temperature, different solution pHs and different initial
oxin concentrations. High effect of initial solution pH on the
eported rate constants (k1 and k2) was observed; as the solution
H increased from 2 to 11, the obtained values of k1 and k2 var-
ed indicating that hydroxyl radicals’ oxidation dominated over
he molecular ozone oxidation. The effect of oxidation reaction
perational temperature on the kinetic constants can also observe
n Tables 1 and 2. Increasing the operational temperature led to

n increase in the reaction rate constants. In Tables 1 and 2, two
eneral observations can be noted; (1) at an initial pH 7, the
ecorded absorbance data of the toxins was described by only a
ingle first-order decay rate; (2) based on the solution pH, there
as a significant difference between the reported values of k1
nd k2. These observations can be explained by the fact that
nder all the operational pHs both oxidation pathways (direct
nd indirect) are of importance [29]. However, a limiting step
etermines the global kinetic. With respect to the unique k1 value
btained at pH 7, the mechanism showed that the free-radical
nitiating is the rate-determining step in the reaction [30]. Thus,
unique reaction rate constant could be achieved.

The kinetic date (Tables 1 and 2) were treated mathemati-
35 0.04 0.09 0.09 –c 2.27 2.27

a Average of five experiments carried out at the same conditions.
b Kinetic data after a single value decomposition (SVD).
c The absorbance decay data was described by a single first-order decay rate.
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Table 3
The overall second-order rate constant (K) obtained during ozonation of MC-LR at different pHs and temperatures

pH K × 10−2 (M−1 s−1; [MC-LR]i = 1.0 mg/L) K × 10−2 (M−1 s−1; [MC-LR]i = 2.50 mg/L) K × 10−2 (M−1 s−1; [MC-LR]i = 5 mg/L)

20a 35a 35a 20a 35a 35a 20a 35a 35a

2 679.00 1090.00 1420.00 161.00 234.00 239.00 400.00 681.00 7690.00
4.5 839.00 984.00 964.00 121.00 181.00 231.00 221.00 611.00 995.00
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7 503.00 532.00 723.00 25.800
1 349.00 106.00 133.00 0.138

a Temperature (◦C).

he mathematical program, and (2) the proper kinetic, assumed
y the mathematical algorithm, is pseudo first-order. According
o experimental finding, Eq. (3) can be rearranged as follows:

d[toxin]

dt
= (k∗

1[O3] + k∗
2[•OH])[toxin] (6)

herefore, for small reaction time and high O3/toxin molar ratio,
he terms (k1[O3] + k2[•OH]) could be replaced by a constant,

a:

d[toxina]

dt
= Ka[toxin] (7)

The previous assumptions are valid for three reasons:

. the short time used in recording the kinetic data (absorbance
decay was occurred during 90 s) that implies the presence of
sufficient concentrations of ozone and hydroxyl radicals;

. the used initial ozone dose (molar concentration ratio of
ozone to toxin > 10) was higher than the toxin requirements,
indicating the presence of excess ozone;

. ozonation reaction is known to behave as second overall
kinetic with first-order for each of the reactants [31].

With respect to ozonation reactions performed with low
3/toxin molar ratios ≤10 (i.e. toxin is in excess), it was
bserved that ozone consumed rapidly in the reaction medium
nd the degradation efficiency of the toxin levelled off. The
ecorded absorbance data of ozone (at wavelength 260 nm) was
reated with Olis algorithm and the data was fitted easily to a
rst-order kinetic model.

From the tendency observed during the two sets of experi-
ents; high O3/toxin molar ratios and low O3/toxin molar ratio,
t was observed that both toxin initial concentration and ozone
nitial concentration has a direct effect of the ozonation treat-

ent kinetics. Consequently, the overall reaction rate constant
etween ozone and toxin could be described using a second-

i
c
i
K

able 4
he overall second-order rate constant (K) obtained during ozonation of MC-RR at d

H K × 10−2 (M−1 s−1; [MC-RR]i = 1.0 mg/L)

20a 30a 35a

2 2450.00 2700.00 2970.00
4.5 1230.00 1350.00 1480.00
7 167.00 209.00 28.00
1 0.50 0.55 0.55

a Temperature (◦C).
7.60 47.400 195.00 308.00 357.00
0.184 0.232 0.104 0.575 0.995

rder kinetic model with respect to the concentration of both
eactants (Eq. (8)):

1

z

d[toxin]

dt
= −d[O3]

dt
= K[O3]n[toxin]m (8)

here n and m are the reaction orders with respect to ozone and
oxin, respectively. Comparing Eq. (7) with Eq. (8) indicates that
a and K are related through the following equation:

a = 1

z
K[O3]n (9)

his equation is valid under the condition where the ozone
oncentration in the solution was presumably unchanged (i.e.
xperiments that were conducted with ozone in excess). Under
he present experimental condition both n and m were found to
e equal 1 (the decay in absorbance data was fitted to first-order
xponential decay). Thus, Eq. (9) reduced to:

= zka

[O3]
(10)

The overall second-order rate constant (K) was calculated
ased on the pseudo first-order rate constant, the reaction
equirements and initial dissolved ozone concentrations over
temperature range of 20–35 ◦C (Eqs. from (8) to (10)). The

alculated individual K values, obtained at the same pH and
emperature, were averaged to give the averaged overall second-
rder rate constant. The maximum deviation of the averaged
verall second-order rate constant from the calculated individual
values was found to be 5%.
Tables 3 and 4 summarize the overall rate constant (K)

btained at different experimental conditions for the ozone
xidation reaction of MC-LR and MC-RR. Tabulated values

llustrate the effect of pH, temperature and initial toxin con-
entration on the overall rate constant K (M−1 s−1). At 20 ◦C,
ncreasing the solution pH from 8 to 11, was led to decrease in

value by a factor of five for MC-LR and a factor of three for

ifferent pHs and temperatures

K × 10−2 (M−1 s−1; [MC-RR]i = 1.5 mg/L)

20a 30a 35a

397.00 587.00 700.00
389.00 395.00 510.00
363.00 456.00 560.00

1.31 151.00 1.51
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a fixed initial ozone concentration of 0.2 mg/L, the toxin degra-
dation efficiency was improved by increasing the initial Fe(II)
concentration from 0.05 to 0.25 mg/L. At an initial Fe(II) con-
centration of 0.25 mg/L, more than 99% of the MC-LR was
ig. 6. Degradation efficiency of aqueous solution of MC-LR of initial concent

2O2 (pH 7, temperature = 20 ◦C). Results are average of five repeated experim

C-RR. Shawwa and Smith [21] studied the oxidation kinetic
f MC-LR by ozone. Reported rate constant are in agreement
ith values obtained in the present study.

.3. Degradation of toxin by H2O2, O3/H2O2 and O3/Fe(II)

From the previous results, one may be concluded that once
he ozone demand of the water has been met, complete removal
f toxin can be achieved. However, the effectiveness of ozone
s an oxidant in the water treatment is dependent not only in the
oncentrations of reactants, but also temperature, pH and type
f water being ozonated (water matrix).

Another technique for accelerating the oxidation reaction is
he addition of either hydrogen peroxide (reactions (1′) and (2′)
hown below) or iron ions (reactions (3′) and (4′) shown below)
o the ozonated solution. Hydrogen peroxide in aqueous solution
s partially dissociated to hydroperoxide anion (HO2

−), which
eacts with ozone giving rise to a series of chain reactions includ-
ng hydroxyl radicals (as shown in reactions (1′) and (2′)). On
he other hand, iron ions are considered to increase the number
f hydroxyl radicals formed through the reduction of O3 with
he Fe2+ [32], a process similar to the mechanism proposed for
he photo-Fenton reaction (reactions (3′) and (4′) shown below).

2O2 + 2O3 → 2•OH + 3O2 (1′)

O2
− + O3 → HO2

• + O3
• (2′)

e2+ + O3 → FeO2+ + O2 (3′)

eO2+ + H2O → Fe3+ + •OH + OH− (4′)

Fig. 6 presents the results obtained during the oxidation of
C-LR (initial concentration of 1 mg/L) at different initial con-

entrations of ozone and H2O2. Although hydrogen peroxide
lone, at an initial concentration of 0.001 mg/L, did not lead
o considerable toxin degradation; less than 5% degradation
fficiency (Fig. 6a), when combined with O3, the degradation
fficiency was increased. At a fixed initial H2O2 concentration
f 0.001 mg/L (Fig. 6a), increasing the initial ozone concen-

ration led to an increase in MC-LR degradation efficiency,
s more than 98% of toxin was degraded with a 80 s reaction
ime and an initial ozone concentration of 0.5 mg/L (amount of
sed ozone being 0.2 mg/L). Moreover, at a fixed initial ozone

F
m
t
a

of 1 mg/L by O3/H2O2 process at different initial concentrations of ozone and
erformed at the same conditions.

oncentration of 0.1 mg/L and different initial H2O2 concentra-
ions (Fig. 6b), MC-LR degradation ranged from 65 to 95% as

2O2 initial concentrations increased from 0.001 to 0.005 mg/L.
omplete MC-LR degradation was achieved in 80 s with an ini-

ial H2O2 concentration of 0.01 mg/L. The observed tendency
ould be attributed to the reaction involving hydrogen perox-
de and ozone leading to more oxidative environment. Similar
rends were observed for experiment performed with MC-RR
results not shown); more than 95% of MC-RR was degraded in
0 s reaction time with initial ozone concentration of 0.15 and
.005 mg/L H2O2. Complete MC-RR degradation was achieved
n 80 s with an initial ozone concentration of 0.4 mg/L and an
nitial H2O2 concentration of 0.01 mg/L.

The O3/Fe(II) process was also tested for toxins degradation.
n the O3/Fe(II) process, not only the dissolved ozone led to
oxin degradation, but the ferrous ion also underwent a redox
eaction producing more hydroxyl radicals. Fig. 7 presents the
xperimental data obtained during MC-LR degradation using
he O3/Fe(II) process. Combining ferrous ion (Fe(II)) with ozone
as also an efficient treatment option for toxin degradation. At
ig. 7. Degradation efficiency of toxin (initial concentration of 1 mg/L) by
eans of O3/Fe(II) process (pH 7, temperature = 20 ◦C, initial ozone concentra-

ion of 0.2 mg/L). Results are average of five repeated experiments performed
t the same conditions.
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egraded in 80 s reaction time. The difference, in terms of the
mount of hydroxyl radicals formed, between the oxidation
apacity of the O3/Fe(II) process and the ozone process, indi-
ates that more hydroxyl radicals were formed as a result of
errous ion redox reactions [33]. However, it was observed that
ncreasing the initial iron concentrations (above 0.25 mg/L) did
ot lead to significant improvement in MC-LR degradation effi-
iency. The degradation tendency, at a ferrous ion concentration
igher than 0.25 mg/L, could be attributed to the formation of
everal Fe(II)–hydroperoxy complexes, such as Fe(HO2)2+ and
e(OH)(HO2)2+, which decompose to produce the hydroperoxy
adicals HO2

• and Fe(II). HO2
•, is relatively non-reactive with

rganic matter [34]. The same tendency was observed for MC-
R degradation; the oxidation efficiency increase by increasing
e(II) initial concentration up to 0.2 mg/L and then the degrada-

ion efficiency level off. More than 99% MC-RR was degraded
n 80 s with an initial concentration of 0.2 mg/L ozone and an
nitial concentration of 0.2 mg/L Fe(II).

.4. Degradation of toxin by Fenton process

Fenton reagent, a mixture of ferrous ion (Fe(II)) and hydro-
en peroxide which produces •OH radicals (reaction (5′)), has
een used extensively for the oxidation of organic matter, the
eduction of chemical oxygen demand (COD), and total organic
arbon (TOC) contents of wastewater [33,35].

e(II) + H2O2 → Fe(III) + OH• + OH− (5′)

The use of Fe(II)/H2O2 as an oxidant for wastewater is an
ttractive option as iron is highly abundant and non-toxic. Also,
0% hydrogen peroxide aqueous solution is easy to handle
nd environmentally friendly. MC-LR degradation by Fenton
eaction at different initial hydrogen peroxide concentrations
nd different initial Fe(II) concentration are shown in Fig. 8.

he Fenton process was efficient for the degradation of MC-
R. The degradation efficiency depended on the initial H2O2
oncentration; increasing the initial concentration of H2O2 and
aintaining the initial Fe(II) concentration constant was led to

ig. 8. Degradation efficiency of MC-LR (initial concentration of 1 mg/L) as
function of initial H2O2 and initial Fe(II) in Fenton process, average of five

epeated experiments, conditions (pH 7, temperature = 20 ◦C, reaction time of
0 s).
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n increase in toxin degradation efficiency. A 100% MR-LR
egradation was achieved in 80 s reaction time, initial concen-
ration of Fe(II) of 0.05 mg/L and initial concentration of H2O2
f 0.02 mg/L (inner graph Fig. 8). Similar trends were observed
or MC-RR (results not shown).

To examine the effect of the initial concentration of Fe(II) on
oxin degradation efficiency, experiments were carried out with
ariable initial Fe(II) concentration while the initial H2O2 con-
entration was maintained at 0.005 mg/L (outer graph of Fig. 8).
t was observed that Fe(II) concentration had a positive effect
n MC-LR degradation efficiency; up to 98% toxin degradation
as achieved with an initial Fe(II) concentration of 0.2 mg/L.
owever, at initial Fe(II) concentrations higher than 0.2 mg/L,
egradation efficiency did not change significantly (5% signifi-
ance level). The Fenton process behavior, at high initial Fe(II)
oncentration, could be explained by the same hypothesis as that
sed to account for the O3/Fe(II) process performance. More-
ver, the catalytic effect of Fe(II) on the decomposition of H2O2
o H2O and O2 may also support this hypothesis [36].

The influence of other Fenton process operational conditions,
uch as initial pH, operating temperature and initial toxin con-
entration, on the degradation efficiency was also investigated.
t initial reactant concentrations of 0.005 mg/L for H2O2 and
.05 mg/L for Fe(II), as well as 80 s of reaction time, it was
bserved that MC-LR degradation efficiency increased as solu-
ion pH decreased. At an initial toxin concentration of 1 mg/L,
ecreasing the solution pH from 7 to 3 increased toxin degrada-
ion efficiency from 75 to 85%. The low oxidation capacity (i.e.
ow degradation efficiency) of the Fenton process at high pH
alues could be attributed to the partial decomposition of Fe(II)
nder basic conditions and/or to iron hydroxide precipitation
36].

It was also observed that the efficiency of toxin degrada-
ion increased with increasing operating temperatures. At initial
eactant concentrations of 0.005 mg/L for H2O2 and 0.05 mg/L
or Fe(II), as well as 80 s of reaction time, the MC-LR degrada-
ion efficiency increased from 60 to 84% when the temperature
ncreased from 20 to 35 ◦C.

The rate of degradation was also found to be dependent on
he initial toxin concentration. For an initial H2O2 concentration
f 0.005 mg/L, an initial Fe(II) concentration of 0.05 mg/L and
0 s of reaction time, 75% of the MC-LR was degraded when
n initial toxin concentration of 1 mg/L was used. Meanwhile,
t the same initial concentrations of H2O2 and Fe(II), and an
nitial toxin concentration of 0.5 mg/L, a degradation efficiency
f 97% was achieved. This oxidation tendency confirms the non-
electivity of the hydroxyl radical reaction for the degradation
f toxin.

Similar trends were observed for the experiments carried out
ith MC-RR; both hydrogen peroxide and Fe(II) had a signifi-

ant effect on MC-RR degradation, with an initial concentration
f 0.005 mg/L H2O2, an initial Fe(II) concentration of 0.1 mg/L
nd 80 s of reaction time, 100% of 1 mg/L MC-RR was degraded

results no shown).

A comparison of the oxidation of toxin (mainly MC-LR) at an
nitial concentration of 1.0 mg/L with various oxidants is shown
n Fig. 9 (presented data is the average of five repeated experi-
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Table 5
Apparent rate constant (ka, s−1) and half-life (t1/2, s) for both MC-LR and MC-RR by different oxidation processes

Process MC-LR = 1 mg/L MC-RR = 1 mg/L

ka × 10−2 (s−1)a Theoretical t1/2 (s) Expermental t1/2 (s) R2 ka × 10−2 (s−1)a Theoretical t1/2 (s) Expermental t1/2 (s) R2

Fentonb 8.76 8 9 98 9.56 7 8 95
O3/H2O2

c 5.25 13 17 93 6.00 12 14 97
O3/Fe(II)d 4.77 14.5 18 96 5.20 13 15 95
H2O2

e 0.094 737 >90 85 0.098 707 >90 95

a Average of five repeated experiment calculated at 90% confidence interval.
b Initial H2O2 concentration = 0.005 mg/L and initial Fe(II) concentration = 0.2 mg/L.
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c Initial H2O2 concentration = 0.001 mg/L and initial O3 concentration = 0.5 m
d Initial Fe(II) concentration = 0.25 mg/L and initial O3 concentration = 0.2 m
e Initial H2O2 concentration = 0.001 mg/L.

ents at the same conditions). O3/H2O2, O3/Fe(II) and Fenton
rocesses were effective for toxin degradation. Despite the fact
hat ozone alone, with an initial concentration of 2 mg/L, led to
100% degradation of toxin in 90s, the combination of ozone

0.5 mg/L) with H2O2 at an initial concentration of 0.001 mg/L,
r with Fe(II) at an initial concentration of 0.25 mg/L, led to
00% and 98% degradation efficiency of toxin, respectively, in
0 s reaction time. A higher oxidation tendency was observed
or the Fenton process, using an initial H2O2 concentration of
.005 mg/L and an initial Fe(II) concentration of 0.2 mg/L. This
et of conditions led to complete degradation of the toxin in
ess than 50 s. The same tendency was observed in MC-RR
egradation (result not shown).

.5. Kinetic study of H2O2, O3/H2O2, O3/Fe(II) and Fenton
rocess
The multi-wavelength rapid scan stopped-flow (RS-SF) spec-
rophotometer system (Olis-Model 1000) was used to study the
inetics of the oxidation reactions. Due to some difficulties in

ig. 9. A comparative oxidation of MC-LR by various oxidants, conditions
H 7, temperature = 20 ± 0.5, [MC-LR]i = 1 mg/L; (♦) initial concentration

2O2 = 0.001 mg/L; (�) initial concentration H2O2 = 0.001 mg/L and initial
oncentration O3 = 0.5 mg/L; (©) initial concentration Fe(II) = 0.25 mg/L and
nitial concentration O3 = 0.2 mg/L; (�) initial concentration O3 = 2 mg/L;
�) initial concentration H2O2 = 0.005 mg/L and initial concentration
e(II) = 0.2 mg/L. Results are average of five repeated experiments performed
t the same conditions.
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ecording the absorbance decay for the aqueous solutions of
2O2 and Fe(II), it was decided to only follow the decay in the

bsorbance of toxin (at fixed wavelength of 238 nm for MC-LR
nd 308 nm for MC-RR). Thus, in this part of the study, only the
pparent toxin decay rate constant (ka) will be presented. These
ata were obtained from the reaction kinetic data fitting of the
oxin absorbance using Oils kinetic algorithms.

Table 5 presents the values for the apparent decay rate con-
tant (ka, s−1) and the experimental toxin half-life (t1/2, s) for
oth MC-LR and MC-RR with initial concentration of 1 mg/L.
he oxidation processes were carried out at same experimental
onditions presented in Fig. 9 (average of five repeated experi-
ents). The results confirm the significant (at 95% confidence

evel) acceleration effect the Fenton reactions on toxin degra-
ation compared with other oxidation processes. Adding Fe(II)
r H2O2 to the ozonated water showed a significant influence
at 90% confidence level) on the toxin degradation rate. The
pparent decay rate constant of toxin was found to be 8.76 and
.56 s−1 for MC-LR and MC-RR, respectively. The processes
f O3/H2O2 and O3/Fe(II) had apparent decay rate constant in
he same order of magnitude (Table 5).

. Conclusions

Advanced oxidation processes based on ozone (O3/H2O2,
3/Fe(II), and Fenton) were efficient for toxin degradation. The
egradation rate was influenced by initial ozone concentration,
nitial hydrogen peroxide concentration, initial iron-ion con-
entration, initial pH and temperature. Fenton and O3/H2O2
rocesses could be used successfully to achieve total toxin
egradation. Total toxin degradation was obtained by the Fen-
on process in reaction time of 60 s, and with initial reactant
oncentrations of 0.005 mg/L H2O2 and 0.2 mg/L Fe(II).

The ozonation kinetic was performed by the stopped-flow
pectrophotometry technique. The reaction between ozone and
oxin could be modeled as second-order for both reactants, and
s pseudo first-order for either the ozone or the toxin concentra-
ion. At 1 mg/L initial MC-LR toxin concentration and solution
H of 11, the overall reaction rate constant (K) varied from

.49 × 103 to 1.33 × 104 M−1 s−1 in the temperature range from
0 to 35 ◦C. The reaction kinetics and half-life times for the other
OPs processes (O3, H2O2, O3/H2O2, O3/Fe(II) and Fenton)
ere followed according to the decay in toxin apparent concen-
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ration. Faster reactions took place at higher initial oxidizing
gent concentrations and higher temperatures. At a pH value of
, initial MR-LR toxin concentration of 1 mg/L, reagent con-
entrations of 0.005 mg/L for H2O2 and 0.2 mg/L for Fe(II), a
rst-order degradation constant of 8.76 s−1 and a half-life time
f 9 s were obtained for the Fenton reaction. First-order constants
f the same order of magnitude were obtained for the O3/H2O2
nd O3/Fe(II) processes, 5.25 and 4.77 s−1, respectively.
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