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Abstract
Karenia brevis, the harmful alga associated with red tide, produces brevetoxins (PbTxs). Exposure
to these toxins can have a negative impact on marine wildlife and serious human health
consequences. The elimination of PbTxs is critical to protect the marine environment and human
health. TiO2 photocatalysis under 350 nm and solar irradiation leads to significant degradation of
PbTxs via first order kinetics. ELISA results demonstrate TiO2 photocatalysis leads to a
significant decrease in the bioactivity of PbTxs as a function of treatment time. Experiments
conducted in the presence of synthetic seawater, humic material and a hydroxyl scavenger showed
decreased degradation. PbTxs are highly hydrophobic and partition to organic microlayer on the
ocean surface. Acetonitrile was employed to probe the influence of an organic media on the TiO2
photocatalysis of PbTxs. Our results indicate TiO2 photocatalysis may be applicable for the
degradation of PbTxs.
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1. Introduction
Algae are unicellular plants found throughout aquatic environments. Although algae are
vitally important for aquatic ecosystems, unfortunately some species synthesize potent
toxins, which can have a devastating impact on marine wildlife and coastal species of fish,
birds, mammals, etc [Hallegraeff et al., 1995]. Karenia Brevis is a marine alga prevalent in
the Gulf of Mexico. Under specific conditions of temperature and salinity, the K. brevis cells
bloom rapidly reaching cell counts in excess of 106 cells/L [Backer et al., 2005; Raloff,
2005]. The phenomenon is referred to as harmful algal bloom (HAB). The fragile cells are
ruptured by waves and release photosynthetic colored pigments in water leading to water
discoloration, commonly referred to as red tide. K. brevis synthesize brevetoxins (PbTxs), a
suite of complex polyethers with molecular weights around 900 Da (Fig. 1) [Fleming et al.,
2005].
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PbTxs are grouped as type A and B based on their backbone structures. PbTx-1 (A-type) and
PbTx-2 (B-type) are considered the parent algal toxins from which others are derived
[Abraham et al., 2006]. Although found as a major constituent of bloom waters, PbTx-2 is
often converted to PbTx-3 and other brevetoxin metabolites [Radwan et al., 2006]. Shellfish
(clams, mussels, crabs, shrimp) feed on phytoplankton containing elevated numbers of K.
brevis cells during HABs. Under such conditions, bioaccumulation of PbtTxs occurs without
apparent ill effects on the shellfish and thus the PbTxs are passed further up the food chain.
In higher organisms, PbTxs act as neurotoxins by interfering with voltage-sensitive Na+

channels in cellular membranes, leading to excessive influx of Na+ ions and cell death
[Gawley et. al, 1992; Baden et. al, 2003; LePage et. al, 2003]. K. brevis blooms have been
responsible for massive mortalities of waterfowl, fish (~ 100 tons per day), and other marine
life [Baden et al., 1979; Tester et al., 1992]. In humans, ingestion of PbTx contaminated
shellfish causes a temporary illness called “neurotoxic shellfish poisoning” (NSP),
characterized by numbness in tongue, lips, throat, disorientation, etc [LePage et al., 2003].
Exposure to brevetoxin containing aerosol causes eye and respiratory irritation [Hua et. al,
1999, LePage et. al, 2003]. PbTxs induce toxicity at nanomolar concentrations.

Red tides regularly threaten living marine animals, result in closures of commercial
harvesting of fish and shellfish, and have a negative impact on recreational activities and
tourism. The state of Florida imposes a regulatory action limit at ≤ 5000 K. brevis cells/L for
harvesting and shellfish collection [Abraham et al., 2006; Tester et al., 1992; Raloff, 2005].
Red tides are often large and occur in open marine waters; hence the options for water
treatment are limited and represent a unique challenge. The marine waters during a red tide
event are heavily loaded with biomaterials, pigments, humics and dissolved organic
materials, such that the associated toxins represent only a small fraction of the organic
material present. Under such conditions, traditional adsorption and oxidation water
treatments are not effective or economically feasible.

Innovative photochemical and advanced oxidation processes (AOPs) have received
tremendous attention for the treatment of a variety of toxins including those from HABs
[Song et al., 2006; Antoniou et al., 2008; Osugi et al., 2008]. AOPs involve the generation of
reactive oxygen species, primarily hydroxyl radicals that can oxidize a wide variety of
organic compounds [Glaze et al., 1987; Fox et al., 1993; Kamat, 1993]. TiO2 photocatalysis,
an AOP, is particularly attractive for such an application because TiO2 is environmentally
safe, inexpensive, and readily available. TiO2 is a semi-conductor with the band-gap of 3.2
eV. Upon irradiation of TiO2 with photons (≤ 385 nm), excitation of a valence band electron
to the conduction band can be achieved, generating an electron/hole (e−/h+) pair (eq. 1). The
e−/h+ pair leads to the formation of hydroxyl radicals and superoxide anion radicals, (eqs. 2
and 3). Hydroxyl radicals can lead to the mineralization of a variety of organic pollutants
(eq. 4). The oxidation of organic compounds can also occur via h+ directly as an alternative
degradation pathway [Fox et al., 1993].

(1)

(2)

(3)

(4)
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(5)

TiO2 photocatalysis has been used for the destruction of biological toxins, organic
impurities, oxidizable inorganic species, and inactivation of pathogenic microorganism from
drinking and waste water [Pichat et al., 2000; Ryu et al., 2004; Ferguson et al., 2005; Zhou
et al., 2007]. We conducted TiO2 photocatalytic studies on PbTxs under a variety of
conditions, including under solar irradiation, UV (350 nm) irradiation, in deionized water,
acetonitrile, synthetic seawater, and in the presence of humic substances. The mechanism of
TiO2 photocatalytic degradation of PbTxs was investigated using t-butyl alcohol as a
hydroxyl radical scavenger. Brevetoxins have limited availability and thus PbTx-2 and
PbTx-3 (both type B brevetoxins) were used interchangeably and will be referred to as PbTx
for the purposes of this paper. We report herein PbTx is degraded by TiO2 photocatalysis
under a variety of conditions, including under solar irradiation, in acetonitrile, and in
synthetic seawater. Hydroxyl radical appears to play a major role in oxidative degradation.
Our results suggest solar initiated TiO2 photocatalysis may have limited applicability for the
degradation of PbTxs in marine estuaries.

2. Materials and Methods
2.1 Materials

PbTx-2 and PbTx-3 were provided by Center for Marine Science, University of North
Carolina and by ARCH culture facility (director: Professor Kathleen Rein) at Florida
International University. Titanium dioxide powder (Degussa P-25), a mixture of 80 %
anatase and 20 % rutile, with an average surface area of 50 m2/g was used as a photocatayst.
HPLC grade methanol, acetonitrile, tert-butanol, and formic acid were purchased from
Fisher Scientific and were used as received. The humic acid was purchased from Fluka.
Aqueous based experiments were conducted in Milli-Q water. The seawater based
experiments were conducted in artificial seawater.

2.2. Sample preparation
Aqueous or organic solutions of desired brevetoxins containing 50 mg TiO2 /L solvent were
prepared in polypropylene tubes and solution agitated using an ultrasonic cleaning bath for
15 minutes to achieve homogeneous dispersion of catalyst. An aliquot was collected before
irradiation, and the solution was transferred to a 30 mL borosilicate glass test tube (15×1.5
cm; wavelength cut-off ~ 280 nm) for irradiation. The solution was gently purged with air
before and during irradiation unless indicated otherwise.

2.3. Irradiation
A Rayonet photochemical reactor (Model RPR 100, manufactured by Southern New
England Ultraviolet Company, Brandford, CT) which can hold up to 16 lamps was used for
our experiments. The reactor was equipped with phosphor coated-low pressuremercury
lamps (RPR 3500 Å) that emit in the UVA region between 310-390 nm with the maximal
output at 350 nm. The spectral distribution graphs of irradiance for these UV lamps are
available from the company website www.rayonet.org/spectral-graphs.htm. In these studies,
two and sixteen lamps were employed for experiments in DI water and acetonitrile solvents,
respectively. The solar experiments were conducted under direct sunlight from 12:00-14:00
in clear days of March, 2006 (Miami, FL). The intensity of artificial as well as sunlight was
measured using Ocean Optics Spectrophotometer (USB 2000). The intensity was 230 μ
Watt/cm2 for two lamps, 990 μ Watt/cm2 for 16 lamps, and 190 μ Watt/cm2 for sunlight
(measured between 300-400 nm).
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2.4. Sample workup
After irradiation at given time intervals, aliquots (0.5 mL) were collected and transferred to
2 mL polypropylene centrifuge tubes. To extract adsorbed PbTxs from the catalyst surface,
the 50:50 v/v methanol was added (recovery > 85%). The mixture was subjected to
centrifugation (3500 rpm) for 15 min to separate TiO2 from the solution. The supernatant
was carefully withdrawn for HPLC analyses, and appropriately diluted for determination of
biological activity.

2.5. Analysis
The analyses of PbTx samples were conducted using the high-performance liquid
chromatograph (HPLC), Beckman Coutler System Gold with Binary Pump 126,
Autosampler 507, and PDA Detector 168. The separation was carried out using an ODS2
C-18 reverse-phase column (250 mm × 4.6 mm) and PbTx monitored at 215 nm. The eluent
was a mixture of methanol and water (85 % MeOH: 15 % H2O) at a flow rate of 1 mL/min.
The LCQ Deca Finnigan’s Liquid Chromatograph, equipped with mass spectrometer was
also employed for further analyses. The mass spectrometer was tuned with diluted standard
solution (10 μg/mL) using flow injection at 15 μL/min. The ionspray voltage was set at 4.5
kV and capillary temperature at 275 °C. The solvents used were acetonitrile (solution A) and
0.1% formic acid in water (solution B) run isocratically in proportion of 85% A and 15% B
at the flow of 0.5 mL/min. The mass spectrometer LC-MS was controlled by Xcalibur
software (version 2), also used for data acquisition and processing. The separation was
carried out using an ODS2 C-18 reverse-phase column (250 mm × 4.6 mm). The
electropherogram and product ion scan spectrum of PbTx-3 are shown in Fig. 2. The mass to
charge ratio of PbTx-3 molecular ion peak is 897. ELISA measurements were performed
using a method described by Naar et al. (2002).

3. Results and discussion
3.1. TiO2 photocatalytic degradation of PbTxs

TiO2 photocatalysis experiments were conducted on aqueous solutions of PbTx-3 (16 μM)
under UV (350 nm) irradiation. The concentration of PbTx-3 was monitored by HPLC-PDA
as a function of irradiation time. The initial rate of degradation is rapid and ~ 95%
degradation is observed within 30 min [Fig. 3]. Under UV photocatalysis the rate of
degradation decreases significantly after the first 25-50 % of the reaction. The observed
decrease is likely due to the reaction products competing for the reactive oxygen species
and/or adsorption sites at the surface of the catalyst. To explore the applicability of solar
irradiation, experiments were also carried out using sunlight as the irradiation source,
illustrated in Fig. 3. Although the rate of degradation is slower under solar irradiation, 50 %
degradation was still observed within 30 mins. Control experiments conducted in the
absence of TiO2 and with TiO2 in the dark confirm degradation by direct photolysis and
losses due to adsorption of PbTx onto the surface of the catalyst are insignificant.

3.2. Kinetic Study
Detailed evaluation of the reaction kinetics can provide valuable mechanistic information
and the parameters critical for the assessment of TiO2 photocatalysis as a potential treatment
process. While TiO2 photocatalysis is a heterogeneous process, the degradation of organic
substrates has been reported to follow first order type kinetics under dilute conditions [Lu et
al., 1993; Beightol et al., 1997]. The first order kinetic rate equation is represented by eq 6.

(6)
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To evaluate the effect of initial PbTx concentration on the reaction kinetics of TiO2
photocatalysis, the concentration of PbTx-3 solution was varied in aqueous media while
keeping the other reaction conditions constant. The concentration was varied within a range
2 - 40 μM based on solubility and our limits of detection. Experiments were conducted at 2,
16, and 36 μM to have a good distribution of concentrations over the entire range of
concentrations amenable to our experimental procedures. The kinetics were evaluated under
UV (350 nm) and solar irradiation for the first 20-30 % of the reaction in an attempt to
minimize interferences from the reaction by-products competing for the reactive species or
active sites at the surface of the catalyst. The PbTx-3 concentrations at specific treatment
times were determined and results plotted as ln([PbTx-3]t/[PbTx-3]0) vs. irradiation time.
The plots have a linear relationship for UV (350 nm) and solar experiments at different
initial concentrations of PbTx-3 [table 1]. Although the rate constants for a true first order
process do not change with the concentration of the substrate, we observe a decrease in the
rate constant with increasing concentration of PbTx-3 under our experimental conditions.
Such kinetic behavior has been reported previously for the photocatalysis of a number of
substrates and has been rationalized based on a number of possible explanations, including
multilayer adsorption, limitations in the number of reactive species or active sites available
during irradiation and/or strong adsorption of the reaction products [Sabin et al., 1992;
O’Shea et al., 1997]. Under our experimental conditions using dilute concentrations, we
suspect the observed kinetic behavior is the result of competitive adsorption by the reaction
byproducts.

3.3. Matrix Effects
3.3.1. Effect of environmental factors—Humic acids and substances (HS), ubiquitous
in oceanic waters, typically possess high molecular weight, strong light absorbing properties
and sensitize photochemical and photo-oxidative processes [Cooper et al., 1989; Minghou et
al., 1983; Zeng et al., 2002]. Because of their light absorbing nature, HS may play an
important role in the photochemical fate of PbTxs. Absorption of sunlight by HS leads to an
excited state (eq 7). The excited state can transfer the energy to molecular oxygen to yield
singlet oxygen, or undergo electron transfer to form radicals such as superoxide anion
radical (eq 8). These reactive species can subsequently lead to the degradation of PbTx (eq
9). The excited state HS can sensitize the excitation of TiO2 (eq 10), and could enhance the
efficiency of potential TiO2 photocatalytic treatment applications (eq 11).

(7)

(8)

(9)

(10)

(11)

Humic substances have been shown to enhance the photolysis of organic contaminants in
water [Welker et al., 2000; Zeng et al., 2002]. One report has appeared on the photochemical
fate of PbTx but it was limited to the direct photolysis at 254 nm [Hardman et al., 2004]. In
the present study, we chose to explore the role of humic acid (HA) in the photochemical fate
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of PbTxs, and investigate their effect on TiO2 photocatalysis. Irradiations of PbTx-3 by UV
(350 nm) were conducted in the presence of HA. A control experiment, irradiating PbTx-3
with UV (350 nm) light in the absence of HA, results in no significant degradation of PbTxs.
However, significant degradation of PbTx-3 in the presence of HA was observed, indicating
that HA initiated photochemical processes may be critical in the environmental fate of
PbTxs.

The effect of humic substances on TiO2 photocatalysis of PbTx was studied by conducting
experiments in the presence of TiO2 and HA. The results are represented in Fig 4. While
HA* has the potential to act as photosensitizer and promote TiO2 mediated oxidative
processes, our observations indicate the presence of HA strongly inhibits the TiO2
photocatalysis of PbTx, relative to TiO2 photocatalysis conducted in the absence of HA, but
modest degradation is still observed. The inhibition may be due to HA scavenging of the
reactive oxygen species responsible for the degradation of PbTx, and attenuation of the light
by the strong light-absorbing HA substrates. Our results demonstrate HA inhibits the
effectiveness of TiO2 photocatalysis of PbTxs, but HA initiated photochemical processes
alone may be critical in the environmental fate of PbTxs.

3.3.2. Effect of Seawater—The rates of TiO2 photocatalytic degradation can be slowed
by the presence of ions present in seawater [Kamble et al., 2007; Puraja et al., 2007; Lu et
al., 2009]. To assess the potential application of TiO2 photocatalysis in the presence of
appropriate ions, experiments were conducted on PbTx-3 in synthetic seawater using UV
(350 nm) and solar irradiation. The degradation followed first order kinetics and rate
constants are included in table 2. The observed degradation rates are slower in the seawater
matrix compared to de-ionized water. The slower degradation in seawater is likely due to
ions, such as chloride, etc which can compete for adsorption sites on the surface of the
catalyst, may scavenge valence band holes preventing direct hole oxidation [Minero et al.,
1997] [Kamble et al., 2007; Puraja et al., 2007; Lu et al., 2009], or react with hydroxyl
radicals to produce less reactive alternative radicals such as Cl−., and CO3

.−. While a number
of these ions may reside in or partition to the SML, their concentrations in the ocean surface
microlayer (where Pbtxs are concentrated) should be low relative to the number of ions
present in bulk seawater.

Under our experimental conditions and at the natural pH of seawater (i.e, the gulf coast
waters of Florida have a solution pH ~7.7) [Smith et al., 2007] the surface charge of TiO2 is
minimal. At pH=7.7, the TiO2 surface possesses an overall slight negatively charge. Under
such conditions adsorption of common anions, chloride, phosphate, and nitrate should be
reduced because of the electrostatic repulsion between negatively charged TiO2 surface and
the anion. On the other hand cations, Ca+, Na+ may exhibit modest adsorption because of
the electrostatic attraction between negatively charged surface and the cationic species,
however such species are not susceptible to oxidation under our experimental conditions.
The functional groups present in PbTx are not amenable to ionization under the neutral
conditions or slightly basic conditions of seawater. We expect the strong hydrophilic
character of PbTx will promote adsorption onto the surface of TiO2 under neutral or near
neutral pH conditions even in the presence of ions. While the presence of these ions in
seawater has a pronounced effect on the rates, degradation of PbTx-3 can still be achieved
by solar TiO2 photocatalysis.

3.3.3. Effect of Organic media—PbTxs have polycyclic ether functionality, possess
hydrophobic character and have limited solubility in aqueous media. The hydrophobic
properties of PbTxs may lead to their partitioning to the thin organic matrix on the top of
marine water bodies commonly referred to as the sea-surface microlayer (SML) which is
composed of fatty acids, lipids, total carbohydrates, dissolved organic carbon, particulate
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organic carbon (POM), mono and polysaccharides, hydrocarbons, hydrophobic humic acids,
dissolved inorganic nutrients such as NH4

+, NO3
−, NO2

−, PO4
3−, etc [Duursma, pg 305]. A

study by Rumbold et al. (1999) on the SML in Florida Keys revealed highest levels of
PbTxs in the surface organic layer. With this in mind TiO2 photocatalysis of PbTx was
carried-out in an organic matrix. While it is extremely difficult to mimic the complex
composition of the organic microlayer, we chose to employ acetonitrile as our solvent,
because like SML it is polar and has the properties to solvate and/or suspend the organic
substrates often associated with SML. The acetonitrile solutions used in these experiments
also contain a significant amount of water (~1 mM) relative high compared to the
concentration of PbTx. A suspension of TiO2 containing 16 μM PbTxs in acetonitrile was
purged with air and irradiated at 350 nm. The results are summarized in table 2 and
demonstrate the 1st order kinetic plot of PbTxs concentration as a function of irradiation
time. The control experiments indicate no appreciable degradation of PbTx in the absence of
UV, TiO2, or oxygen. In general, the rates of degradation of PbTx in acetonitrile were
slower than in aqueous media. Because of the slower rate of degradation, higher light
intensity was employed. The difference between the rate constants in aqueous versus organic
media can be attributed to changes in the adsorption of PbTxs and/or a change in the
degradation process. The hydrophobic substrate, PbTx, is expected to partition to the surface
of the catalyst to a greater extent in water (hydrophilic solvent) compared to an organic
solvent.

3.4. Mechanistic and biological activity studies
A number of reactive oxygen species, including superoxide anion radical and hydroxyl
radical are produced during TiO2 photocatalysis. Hydroxyl radical and superoxide anion
radical are produced at the surface where they can react with adsorbed substrates (at the
liquid-solid interface) or diffuse away from the surface and react with substrates in the
solution. The partitioning of the reaction processes occurring at or near the surface is
strongly influenced by strength of adsorption and reactivity parameters.

To evaluate the role of adsorption and reactivity, we chose to employ the Langmuir-
Hinshelwood (L-H) kinetic model that has been extensively used for heterogeneous TiO2
photocataylsis to evaluate the reactions occurring at or near the surface of the photocatalyst
[Wang et al. 2008; Uyguner et al. 2004]. The L-H model assumes non-competitive
monolayer adsorption between products and starting material, unique adsorption sites, and
no interaction between the adsorption sites [Atkins, pg 999; Evgenidou et.al., 2007]. The L-
H equation is represented by eq 12 where C0 is initial PbTx-3 concentration, r0 is an initial
degradation rate, kr is apparent reaction coefficient, and K is apparent equilibrium constant.

(12)

Application of the L-H kinetic model requires evaluation of the kinetics over a significant
range of concentration. We chose to conduct the L-H experiments in an organic solvent,
acetonitrile, as a mimic of the surface microlayer (SML) of the ocean, since PbTxs tend to
partition into the SML. The enhanced solubility of PbTxs in organic solvents relative to
aqueous media enabled L-H experiments to be conducted over a wider range of initial
concentration (5.5-65 μM). In cases where the plot for the L-H equation is linear, the
primary mechanism of degradation is assumed to occur at the surface of the catalyst as
opposed to in the bulk solution [Schwarz et al., 1997]. Our results (Fig. 5) indicate linear
relationship for the plot of initial degradation rates vs. different initial concentrations. The
kinetic parameters kr and K, determined from the slope and intercept of the linear plot, are
0.19 M−1s−1 and 0.25 M−1, respectively. Application of the L-H kinetic model for TiO2
photocatalysis represents saturated kinetic parameters and has been the subject of recent
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criticism [Emeline et al., 2005]. While previous studies have focused on the application of
the L-H model in aqueous media, our studies demonstrate the L-H type kinetics are also
exhibited during TiO2 photocatalysis in acetonitrile. The apparent kinetic parameters
obtained from our studies can be used for predicting treatment times under a given set of
conditions over a range of concentrations.

3.4.1. Role of hydroxyl radical—Hydroxyl radical is often considered the dominant
oxidant in TiO2 photocatalytic oxidation reactions [Fox et al., 1993; Kamat, 1993; Dong et
al., 1998; Xu et al., 2007]. Due to high oxidation potential of +2.8 V vs. NHE, hydroxyl
radical is capable of oxidizing a wide spectrum of organic substrates. Under ambient
conditions, the surface of TiO2 is saturated with hydroxyl groups as a precursor to the
formation of hydroxyl radicals. The acetonitrile employed in our studies contained
significant concentrations of water (~ 1 mM) relative to the concentrations of the target
compound (~16 μM). Thus, the number of hydroxyl radicals potentially generated under our
conditions exceeds the number of target molecules by several orders of magnitude. To probe
the role of HO•, the scavenger t-BuOH was added to the reaction solution. The absolute HO•
rate constant with t-BuOH is 6.0 × 108 M−1s−1 [Buxton et al., 1988] in aqueous media.
Although the scavenging ability in acetonitrile may be different than in aqueous media, we
expect t-BuOH will be adsorbed at the surface of TiO2 through hydrogen bonding
interactions with the surface hydroxyl groups. Since hydroxyl radicals are also generated at
the surface where t-BuOH is expected to be localized, t-BuOH should be an effective
scavenger of HO• in acetonitrile. With this in mind, 5% v/v t-BuOH and PbTx-3 was added
to the TiO2 suspension. The solution was purged with air and subjected to UV (350 nm)
irradiation. A control experiment, without t-BuOH was conducted under the same conditions
and the results are summarized in Fig. 6. The presence of the hydroxyl radical scavenger
dramatically reduces the PbTxs degradation (by ten fold), providing evidence of hydroxyl
radical participation in degradation of PbTxs in acetonitrile. It is also possible that t-BuOH
may scavenge the hole directly, inhibiting the formation of hydroxyl radical and/or shutting
down the possibility of direct hole oxidation of PbTx. In our experimental conditions, direct
hole oxidation of PbTx seems less probable than hydroxyl radical mediated oxidation given
the concentration of water competing for the valence band hole is orders of magnitude
higher than PbTxs.

While product studies were not feasible, the ether linkages are reactive towards hydroxyl
radicals and the most predominant functional group present in PbTxs. We therefore expected
PbTx to exhibit hydroxyl radical mediated degradation similar to other alkyl ethers. Based
on our extensive studies of hydroxyl radical degradation of alkyl ethers [Cooper et al., 2009;
O’Shea et al., 1997, 2001, 2002; Mezyk et al., 2004], we expect fragmentation of the PbTx
fused ring systems with the formation of new carbonyl functionality. Fragmentation of the
ring system will break the structural integrity (rigidity) of PbTxs critical to their biological
activity. Such products should be more susceptible to biodegradation and exhibit
dramatically reduced toxicity compared to the parent compound.

3.4.2. Biological Activity analysis using ELISA—The biological activities of PbTx
solutions following TiO2 photocatalytic treatment were evaluated using ELISA
measurements. This immunological assay utilizes anti-brevetoxin antibodies to quantify the
total PbTx-like molecules (parent toxin and related products) in a sample at ng/mL levels. A
calibration curve was established to measure the percentage inhibition of binding as a
function of PbTx concentration used as an antibody (standard). The observed inhibition of a
binding antigen of PbTx-2 using immunoassay ELISA for the solution prior to treatment
was 75 %. The results are plotted in Fig 7. The inhibition following treatment for 10 mins is
approximately half of the bioactivity of the solution prior to irradiation. TiO2 photocatalysis
dramatically reduces the concentration of PbTx measured by HPLC with appropriate
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dilution for corresponding ELISA measurements. The biological activity of the sample
decreases steadily as a function of treatment time, but the decrease does not parallel the
concentration of PbTx, indicating the byproducts formed during the early stages of
photocatalysis are also biologically active. The ELISA employed is sensitive towards all
PbTx like molecules, including variants with slight structural differences. Our observations
suggest that PbTx-2 is converted to initial oxidation products, which maintain modest
biological activity. Continued treatment is required to further reduce the biological activity.

4. Conclusion
TiO2 photocatalysis leads to the rapid degradation of the problematic PbTxs in aqueous and
organic media. The degradation was fastest under UV irradiation, but solar irradiation also
leads to the destruction of PbTxs. The degradation follows a first-order kinetic type process
and hydroxyl radical seems to play a major role in degradation of PbTxs. Although the
biological activity of the treated solution did not directly parallel the PbTx concentration, the
toxicity of PbTx solution measured by ELISA was dramatically reduced during TiO2
photocatalysis. Humic substances and the components (ions) of seawater reduce the
efficiency of the TiO2 photocatalytic degradation, but degradation is still observed.
Although not practical to treat large bodies of marine water with TiO2 photocatalysis, it may
be feasible to treat a heavily populated stretch of beach, a shellfish collection area, or a
popular recreation site in an attempt to mitigate the human heath effects of PbTxs. We
envision a treatment process would require the attachment of the photocatalyst to a floating
substrate (glass beads). The floating substrates could be applied and maintained at the
surface where the concentrations of the PbTxs are highest in the SML, the solar flux is
greatest, and inhibitory effects of ions and humic substances below the SML will have a
reduced effect. TiO2 photocatalysis can effectively destroy and detoxify PbTxs in DI water,
but the treatment of seawater will require further development of catalyst and catalytic
systems, which are less susceptible to inhibition by ions and humic materials present in
seawater. Despite these challenges, the development of solar activated catalyst on floating
substrates may offer a potential method for the degradation of PbTxs in marine estuaries.
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Figure 1.
General structures of type-A and B brevetoxins
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Figure 2.
LC-MS-ESI+ spectra of PbTx-3. Mobile phase: 85 % acetonitrile and 15% aqueous solution
containing 0.1% TFA at 0.5 mL/min using C-18 column.
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Figure 3.
TiO2 photocatalysis of PbTx3 with UV lamp (350 nm) and sunlight, [PbTx-3]0= 16 μM,
[TiO2] = 50 mg/L. The intensities of the UV and sunlight were 230 and 190 μ Watt/cm2,
respectively.
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Figure 4.
Effect of humic substances on the degradation of PbTx-3 under UV (350 nm, intensity = 230
μWatt/cm2), [PbTx-3]0 =2.5 μM, [humic acid]0 = 400 mg/L and [TiO2]0 = mg/L
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Figure 5.
B>: L-H Kinetic Plot: Reciprocal plot of the initial reaction rate (1/r0) vs 1[PbTx- 3]0.
[TiO2]= 50 mg/L, λ=350 nm, intensity = 990 μ Watt/cm2.
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Figure 6.
The effect of hydroxyl radical scavenger tert-butanol on the rate of degradation of PbTx-3.
The experiments were conducted under UV (intensity=990 μ Watt/cm2) in acetonitrile.
[PbTx-3]= 16 μM, [t-BuOH] = 5%v/v, [TiO2]= 50 mg/L, air saturated.
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Figure 7.
The percent inhibition of antigen detected using ELISA, and the % concentration of treated
PbTx-2 samples detected using HPLC-UV as a function of irradiation time. UV (350 nm,
intensity=230 μWatt/cm2), [PbTx-2]0= 42 nM, [TiO2]= 50 mg/L, air saturated.
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