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TiO, photocatalyses of 6-hydroxymethyl uracil (6-HOMU) a model compound for the potent cyan-
otoxin, cylindrospermopsin (CYN), were carried out employing visible and UV irradiation using different
non-metal doped TiO, materials, nitrogen and fluorine-TiO, (NF-TiO,), phosphorus and fluorine-TiO,
(PF-TiO2) and sulfur-TiO, (S-TiO; ). The model compound was readily degraded under UV TiO, photocata-
lysis with pseudo-first-order rate constants (k) of 2.1, 1.0, and 0.44 h~! for NF-TiO,, PF-TiO; and S-TiO,,
respectively. Under visible light activated (VLA), NF-TiO, was the most active photocatalyst, PF-TiO, was
marginally active and S-TiO, inactive. VLA NF-TiO, was effective and increased the k with increasing pH
from 3 to 9. The presence of humic acid (HA), Fe3* and Cu?* can enhance the degradation. However, at
20 ppm HA significant inhibition was observed, likely due to shadowing of the catalyst, quenching of
ROS or blocking active sites of TiO,. We probed the roles of different reactive oxygen species (ROS) using
specific scavengers and the results indicate that O,*~ plays an important role in VLA TiO, photocatalysis.
Our results demonstrate that NF-TiO, photocatalysis is effective under UV and visible irradiation and
over a range of water qualities. VLA NF-TiO, photocatalysis is an attractive alternative technology for the

CYN contaminated water treatment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cyanobacteria commonly exist in drinking water sources and
can lead to harmful algae blooms (HABs). Seventy percent of HABs
can produce potent toxins [1,2] and thus pose a tremendous risk
to humans and the environment. One of the more problematic
cyanotoxins is cylindrospermopsin (CYN), an alkaloid with a
tricyclic guanidine group and uracil ring. CYN has been showed to
be genotoxic [3,4] and carcinogenic [5]. The main target organs of
CYN include the liver, kidney, thymus, lungs and adrenal glands.
Human exposure to cylindrospermopsin occurs through inges-
tion of CYN contaminated food or water, or during recreational
activities during HABs in lakes and fresh water systems. The most
notable incident of CYN on human health occurred on Palm Island,
Australia in 1979, which led to hepatoenteritis in 138 children
and 10 adults [6]. Despite this notorious incident, CYN was not

* Corresponding author. Tel.: +1 305 348 3968; fax: +1 305 348 3772.
E-mail address: osheak@fiu.edu (K.E. O’Shea).
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isolated and identified until 1992 [7]. CYN is also responsible for
the poisoning of livestock [8].

The occurrences and volumes of toxic cyanobacterial blooms
have increased significantly in recent years due to climate change
and increasing eutrophication. With the increasing pressure and
global need for clean water, it is desirable to identify a sustain-
able treatment process for the elimination of naturally occurring
cyanotoxins from drinking water. Conventional water treatment
methods such as coagulation, flocculation, sedimentation and fil-
tration are often not viable for removing cyanotoxins [9,10].
Although activated carbon may be effective to remove cyanotox-
ins in the laboratory, treatments of large volumes of contaminated
water are often not economically practical. The high levels of nat-
ural organic material (NOM) associated with HABs can have a
pronounced negative impact on the effectiveness of the activated
carbon process [11]. Chlorine and ozone based treatments have
been studied for removal of cyanotoxins, however, by products like
trihalomethanes (THMs) (by chlorination) and bromate (by ozona-
tion) are a concern because of associated health consequences
[12,13].

Please cite this article in press as: C. Zhao, et al., UV and visible light activated TiO, photocatalysis of 6-hydroxymethyl uracil, a model compound
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Fig. 1. Structure of cylindrospermopsin (CYN) and the model compound 6-
hydroxymethyl uracil (6-HOMU).

Advanced oxidation processes (AOPs) have received consider-
able attention for the treatment of water contaminated with a wide
variety of toxins and pollutants. AOPs employ the hydroxyl radical
(HO*) as the primary oxidant in the oxidative remediation of toxins
in drinking water. HO® is a very powerful oxidant, which can react
rapidly with nearly all organic compounds due to its strong oxi-
dation potential (+2.80V) [14]. UV TiO, photocatalysis is effective
for the destruction of an extensive number of toxins and organic
contaminants in the wastewater and drinking water [15,16]. Con-
ventional UV TiO, photocatalysis can produce a number of reactive
oxygen species (ROS), however HO* is generally associated with
the effective destruction of organic compounds. UV photoexcita-
tion of TiO;, produces electron/hole (e.,~/hy,*) pairs as illustrated
by Eq. (1). The eq,~ can reduce molecular oxygen yielding super-
oxide anion radical (0,°), Eq. (2) and the hy;,* has the potential to
oxidize surface absorbed H, O or hydroxyl groups to generate HO®,
Eq. (3). Another source of HO® can occurs via disproportionation of
0,°, yielding H,0,, Eq. (4), which can be reduced to HO* Eq. (5).

TiOy +hv — eq,~ +hyy* (1)
e +03— 0y (2)
hy,t +HpyO — HY +HO® (3)
20,°" +2H,0 — Hy0,+20H™ +0, (4)
H,0, + eq,~ — OH™ +HO* (5)

Limitations effecting the broad application of UV TiO, photo-
catalysis include the requirement of costly UV light (<387 nm) and
the rapid recombination of e, ~ /hy,* pairs, leading to low quantum
yields. The wavelengths of solar irradiation that reach the surface
of the earth are mostly in the visible region (40%) with a small frac-
tion (5%) in UV region. Hence, photocatalysts activated by visible
light or by a broad spectrum of wavelengths (solar) have signifi-
cant economic advantages. Doping of TiO, (NF-TiO,, PF-TiO; and
S-TiO,) can result in a decrease band gap such that longer wave-
length light (visible and solar light) becomes applicable [17,18].
In addition, doped TiO, can inhibit ey, ~/hy,* pairs recombination
through trapping of charge carriers. VLA photocatalysis employ-
ing TiO, based materials has received significant attention recently
and also been reviewed by the research groups of Zhao [19] and
Dionysiou [20]. UV and VLA TiO, photocatalysis are effective for
treatment of microcystin cyanotoxins (MC), however only a limited
number of reports have appeared on the photocatalysis of CYN [21].
The high cost of CYN limited our ability to conduct detailed stud-
ies to optimize the reaction conditions for the TiO, photocatalytic
destruction of CYN. The uracil moiety in CYN is critical to the toxic-
ity of CYN. HO® reacts primarily (84%) at the uracil ring of CYN [22].
With this in mind, 6-hydroxymethyl uracil (6-HOMU) (Fig. 1) was
synthesized and used as a model compound for the UV and VLA
photocatalysis of CYN. We report herein the photocatalytic activ-
ity of different non-metal doped TiO, materials, NF-TiO,, PF-TiO,

Fig. 2. Synthesis of 6-hydroxymethyl uracil.

and S-TiO, under 350, 420 and 450 nm irradiation. Among these
photocatalysts, NF-TiO, was the most UV and visible light active
for the degradation of the CYN model compound. The treatment is
effective over a range of pH, and in the presence of ions and HA.
0O,*~ appears to play the predominant role in the VLA photocat-
alytic degradation process. Our results demonstrate NF-TiO, can
be used for the UV and visible light photocatalytic destruction of
uracil based compounds under a variety of conditions.

2. Materials and methods
2.1. Materials

FeCl3-6H,0, CuCl,-2H,0, CaCl,-2H,0, MgCl, as the sources
of common ions, acetic acid, sodium bisulfite and HPLC grade
methanol were purchased from Fisher Scientific. The humic acid
was obtained from Fluka. 6-Methyl uracil and selenium dioxide
were purchased from Sigma Aldrich. Sodium borohydride was
obtained from Acros organics. All reagents were used as received.
The synthesis and characterization of the doped-TiO, materials
(NF-TiO3, PF-TiO;, and S-TiO,) are reported elsewhere [17,18].
The model compound (6-hydroxymethyl uracil) was synthesized
according to standard organic functional group transformations.
All aqueous solutions were prepared with Millipore filtered water.

2.2. Sample preparation

The loading of doped-TiO, materials employed for UV
photocatalysis experiments was 0.05g/L with the initial model
compound concentration of 5ppm unless otherwise stated. VLA
TiO, photocatalysis of model compound was conducted with 0.1 g/L
NF-TiO, and 1ppm initial concentration of model compound.
The reaction solution was transferred to a pyrex cylindrical reac-
tor (12 x 1in., 150 mL capacity, with a vented Teflon screw top)
and magnetically stirred in the dark and purged with oxygen for
15 min prior to irradiation and during irradiation. A Rayonet pho-
tochemical reactor (Southern New England Ultra Violet Company,
www.rayonet.org, model RPR-100) was used for all experiments,
equipped with a cooling fan and 15 phosphor-coated inter change-
able lamps at A=350, 420 and 450 nm. Aliquots (1mL) were
collected at given time intervals and filtered through a 0.45 pm
filter prior to high-performance liquid chromatography (HPLC)
analysis.

2.3. Preparation of model compound

The synthesis of 6-HOMU includes two steps (Fig. 2): synthe-
sis of orotaldehyde and reduction of orotaldehyde to 6-HOMU. The
orotaldehyde was prepared by Kwang-Yuen’s method [23]. Briefly,
6-methyl uracil (2.54 g) was refluxed in acetic acid (60 mL) with
selenium dioxide (2.66 g) for 6 h. The hot reaction mixture was fil-
tered and the yellow filtrate collected and solvent evaporated. The
crude orotaldehyde was then dissolved in hot water (24 mL) and
5% sodium bisulfite was added dropwise into the stirred mixture.
The solution was boiled with active carbon for 10 min and then
gravity filtered to remove the carbon. The filtrate was acidified to

Please cite this article in press as: C. Zhao, et al., UV and visible light activated TiO, photocatalysis of 6-hydroxymethyl uracil, a model compound
for the potent cyanotoxin cylindrospermopsin, Catal. Today (2013), http://dx.doi.org/10.1016/j.cattod.2013.09.042
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Table 1
Doped TiO, band gaps and corresponding photoexcited wavelengths.

Doped TiO, Band-gap (eV) Wavelength A (nm)
S-TiO, 2.94[18] 422
NF-TiO; 2.75[17] 451
PF-TiO, 2.68 463

pH 1 using concentrated HCI. Upon cooling, pure orotaldehyde was
obtained as a precipitate from the solution. A mixture of pure oro-
taldehyde (0.14 g) and sodium borohydride (0.076 g) was refluxed
in 95% methanol for 4 h. The resulting solution was filtered and the
solvent was evaporated yielding the pure 6-HOMU with the purity
of 98%. TH NMR spectrum (400 MHz, D,0): § 4.234 (2H, s, CH,),
5.679 (1H, s, H5). 13C NMR (400 MHz, D,0): § 62.18 (CH,), 98.76
(C5), 160.19 (C2), 167.86 (C6), 170.63 (C4). Mass spectrum (ESI):
m/z 141.1 (M-1).

2.4. Analysis

The concentration of the model compound was monitored by
HPLC, Varian ProStar equipped with a ProStar 410 autosampler
and a ProStar 335 photodiode array detector under the follow-
ing conditions: a Luna RP C18 column (5 pm, 250 mm x 4.6 mm);
30 L injection volume and 1 mL/min flow rate; The mobile phase
was consisted of a linear gradient starting at 5% methanol, 95%
water increased to 30% methanol in 5min and then held con-
stant for an additional 5 min; the detection wavelength was at
260 nm.

3. Results and discussion
3.1. TiO, photocatalysis of 6-hydroxymethyl uracil

TiO, photocatalysis experiments were carried out with 6-HOMU
under 350, 420 and 450 nm irradiation varying only the catalysts,
NF-TiO,, PF-TiO; and S-TiO,, to evaluate the relative photocatalytic
activity of these non-metal doped TiO, materials. The concentra-
tion of 6-HOMU was monitored by HPLC as a function of irradiation
time (Fig. 3). Under UV irradiation (350 nm), the degradation fol-
lows the order of NF-TiO, > PF-TiO, > S-TiO,. The percent removal
of 6-HOMU was 100, 86 and 59% for NF-TiO,, PF-TiO; and S-TiO5,
respectively after 120 min of UV irradiation. The observed pseudo-

C. Zhao et al. / Catalysis Today xxx (2013) xxX—Xxx 3
1r
350 nm
0.8
) 0.6 ——S-Ti02
8 =@ PF-TiO2
J 0.4 NF-TiO2
0.2
0
0 60 120 180 240
Time (min)
1 TM ¢
—
0.8
0.6
- 420
= nm
“ 04
0.2 === S-TiO2
—#— PF-TiO2
0 NF-TiO2
0 60 120 180 240
Time (min)
1 S———= L |
0.8
0.6
S
g 04 450 nm
0.2 ——S-Ti02
—@— PF-TiO2
0 NF-TiO2
0 60 120 180 240
Time (min)

first-order rate constants (k) were 2.1 h~! for NF-TiO,, 1.0h~! for
PF-TiO,, and 0.44h~! for S-TiO,. VLA NF-TiO, photocatalysis (at
420 and 450nm) leads to the degradation of 6-HOMU but at a
slower rate than under UV irradiation (Fig. 3). 6-HOMU was slightly
degraded by PF-TiO, under 420 nm irradiation and no degradation
was observed employing S-TiO, under our VLA (450 nm) condi-
tions. The photocatalytic activity of these materials is dependent on
the recombination e, ™ /hy,* pairs, the band gap energies and struc-
tural properties [17]. The band gaps of NF-TiO,, PF-TiO, and S-TiO,
and the corresponding photoexcitation wavelengths are presented
in Table 1.

PF-TiO; has the smallest band gap and should be activated by
wavelengths of <463 nm. However, no degradation was observed
at 450nm during VLA PF-TiO, under our conditions, indicating
that PF-TiO, has the poor photocatalytic activity likely due to
faster recombination e, /hy,* pairs and poor structural proper-
ties. While the band gap energy of S-TiO; (~422 nm) matches well
with the light source of 420 nm, no detectable degradation of 6-
HOMU was observed under 420 nm irradiation after 4 h. VLA S-TiO,
photocatalysis was reported to be effective for the destruction
of microcystin-LR (MC-LR) [18]. The differences in the structures

Fig. 3. TiO, photocatalysis of 6-HOMU under 350, 420 and 450nm. [6-
HOMUJp =5 ppm, [TiO,]=0.05g/L. The reproducibility is within +10% on the basis
of triplicate runs.

of the MC-LR and 6-HOMU will influence the adsorption and
hence degradation of these compounds. MC-LR has more functional
groups (carboxylic acid, amide, amine) than 6-HOMU, which will
enhance the adsorption and subsequent degradation of MC-LR by
the surface initiated processes involved in heterogeneous photo-
catalysis. NF-TiO, leads to the effective degradation of 6-HOMU
under UV and visible light irradiation indicating the recombina-
tion of ey, ~/hyp* pairs in NF-TiO, with a band gap of 2.75eV is
slow enough to allow the production of ROS [17]. VLA TiO, photo-
catalysis using NF-TiO, is reported to be effective for a number
of compounds including acetic acid [24] and 4-chlorophenol [25].
Our results indicate that NF-TiO, should be an effective visible light
driven photocatalyst for the destruction of the CYN.

Please cite this article in press as: C. Zhao, et al., UV and visible light activated TiO, photocatalysis of 6-hydroxymethyl uracil, a model compound
for the potent cyanotoxin cylindrospermopsin, Catal. Today (2013), http://dx.doi.org/10.1016/j.cattod.2013.09.042
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Table 2
Pseudo-first-order rate constants (k) of 6-HOMU under 350, 420 and 450 nm
irradiation.

Photocatalysts k(h=1)(R?)

350 nm 420 nm 450 nm
S-TiO; 0.44 (0.999) 0.0 (1.00) 0.0 (1.00)
PF-TiO, 1.0 (0.999) 0.03 (0.915) 0.0 (1.00)
NEF-TiO, 2.1(0.994) 0.12 (0.994) 0.20 (0.996)

3.2. Degradation kinetics

The TiO, photocatalytic degradation kinetics of 6-HOMU were
evaluated under 350, 420 and 450 nm irradiation for each catalyst.
While TiO, photocatalysis is a heterogeneous process, the initial
degradation kinetics often follows pseudo-first-order type kinet-
ics [26]. The concentration of 6-HOMU was monitored by HPLC as
a function of irradiation time. The plots of In(Cy/C) as a function
of treatment time exhibit linear relationships and the pseudo-first
order rate constants were determined from the slope of the line.
The results are summarized in Table 2.

3.3. Heterogeneous kinetics

Evaluation of reaction kinetics can provide useful mechanis-
tic information and important parameters for the assessment
and modeling TiO, photocatalytic treatment. TiO, photocatalysis
involves the generation of ROS and their subsequent reactions with
the adsorbed target compounds at the TiO; surface. In these het-
erogeneous processes, both adsorption and reactivity play critical
roles in governing the degradation. To assess the adsorption and
reactivity parameters for heterogeneous TiO, photocatalysis, the
Langmuir-Hinshelwood (L-H) kinetic model was employed Eq. (6).
The L-H model has been widely used for assessment of TiO, photo-
catalysis at the liquid-solid interfaces [26,27]. This model assumes
limited surface adsorption sites, no interaction between adsorbed
species on the surface and reversible adsorption reaction [28].

1 1 1
o kKCo ke 6)
wherer is the initial rate, Cy is the initial 6-HOMU concentration, k;
is a reactivity coefficient related to oxidation reactions, and K is the
equilibrium constant related to surface adsorption. The L-H model
applied to TiO, photocatalysis yields apparent kinetic parameters.
The L-H experiments were conducted over a range of initial con-
centrations (3.52-35.2 M) and a constant NF-TiO, concentration
(0.1 g/L) under visible light (450 nm) irradiation (Fig. 4). The L-H
kinetic parameters k; and K were determined from the slope and

Initial
70 concentration 3.52 4.70 7.04 14.1 35.2
(uv)
60 ro (uM/min) 0.0170 | 0.0210 | 0.0300 | 0.0490 | 0.158
R2 0.987 0.990 0.996
_ 50
=
=
S 40
E 30
£ y=2058x +3.294
20 R*=0.9906
10
0
0 0.05 0.1 0.15 0.2 0.25 0.3

1/[6-HOMU] , (L/uM)

Fig. 4. L-H plot of TiO, photocatalysis of 6-HOMU under visible light (450 nm).
The insert table is the initial rates at different concentration of 6-HOMU. [NF-
TiO,]=0.1g/L. The reproducibility is within +5% on the basis of triplicate runs.

0.8
- 06
O
) pH values
0.4
~—pH=3 0.07
0.2 —&—pH=5 0.12
pH=7 0.25
0 ~>— pH=9 0.24
0 60 120 180 240

Time (min)

Fig. 5. TiO, photocatalysis of 6-HOMU at pH 3, 5, 7 and 9. The insert table is the 1st
order rate constants at different solution pH. [6-HOMU], = 1 ppm, [NF-TiO,] = 0.1 g/L,
A =450 nm. The reproducibility is within +£5% on the basis of triplicate runs.

intercept of the linear fit of the 1/ry vs. 1/Cy, which shows that k; is
0.304 pM/Lmin and Kis 0.016 L/.M under our experimental condi-
tions. L-H kinetic parameters for phenylarsonic acid (PA) with P-25
TiO, using the same reaction vessels and photochemical reactor
under 350 nm irradiation has been reported with k; 2.8 wM/L min
and K 0.034L/uwM [29]. The L-H parameters for PA under UV TiO,
photocatalysis may imply stronger adsorption and a more reactive
system than 6-HOMU treatment by VLA NF-TiO, photocatalysis.
The degradations at different initial concentrations follow pseudo-
first-order kinetic model (insert table in Fig. 4). The apparent kinetic
parameters obtained from our results are useful for modeling and
predicting specific treatment objectives.

3.4. Environmental factors on VLA TiO, photocatalysis

3.4.1. pH effects

VLA TiO, photocatalyses of 6-HOMU were performed under
acidic, neutral, and basic conditions (pH 3, 5, 7 and 9). The con-
centrations of 6-HOMU as a function of irradiation time at different
pH values are illustrated in Fig. 5. The degradation of 6-HOMU was
fastestat pH 7 and 9 with overall degradation of 62 & 3%, decreasing
to 40% at pH 5 and to 23% at pH 3 after 4h of treatment. The
decrease in degradation with decreasing pH is rationalized based
on electrostatic repulsion between positively charged 6-HOMU and
the NF-TiO, surface. The point of zero charge (PZC) for NF-TiO, is
6.4 [17]. Under acidic conditions, the surface of NF-TiO, is proton-
ated (TiO,H*) and possesses an overall positive charge. While the
pK; value for 6-HOMU is not reported, we assume the pK, of 6-
HOMU is similar to 5-HOMU (pK;=9.27) [30] and thus positively
charged in the pH range of this study. The neutral and negative
charges on the surface of the catalyst under neutral and basic condi-
tions lead to stronger adsorption of the positively charged 6-HOMU
and thus faster degradation. As the pH decreases the overall pos-
itive charge on the surface increases along with the electrostatic
repulsion with positively charged 6-HOMU inhibiting adsorption
resulting in slower degradation at under acidic conditions.

3.4.2. Dissolved metal ions effects

Dissolved ions can influence the overall efficiency of TiO,
photocatalysis of organic compounds, In order to investigate the
influence of dissolved ions on VLA TiO, photocatalysis, Ca2*, Mg2*,
Fe3* and Cu®* ions were added to the reaction solutions in the range
of 0.2-8 ppm. The effects of Ca2* and Mg?* ions on photocatalysis
of 6-HOMU are negligible under our experimental conditions. The
pseudo-first-order rate constants (k) of 6-HOMU photodegradation
with CaZ*, Mg2* and without the ions are identical (0.25+0.01h™1).
The addition of Fe3* and Cu?* ions enhanced the VLA TiO,

Please cite this article in press as: C. Zhao, et al., UV and visible light activated TiO, photocatalysis of 6-hydroxymethyl uracil, a model compound
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photocatalysis of 6-HOMU. In the presence of Fe3* ions, the degra-
dation rate constant increased by ~2.5 times at a concentration of
8 ppm with pseudo-first-order rate constant (k) of 0.61h~!. The
NF-TiO, photocatalysis process of 6-HOMU was also promoted
by adding Cu?* ions in the range of 0.2-2 ppm. The presence of
Fe3*/FeZ* and Cu?* jons can promote photo-Fenton/Fenton type
reactions Eqs. (7) and (8) to produce HO®* which may be responsible
for the observed enhancement in the degradation of 6-HOMU.

Fe3*/Cu?t +e~ — Fe?t/Cut (7)

Fe2t /Cut + H,0, — Fe3*t/Cu?t + HO®* + HO~ (8)

Fe3*/Cu?* ions can also scavenge the ey,~ during TiO, photo-
catalysis, converting to Fe2*/Cu* ions, while inhibiting ey~ /hyp*
pairs recombination to indirectly increase the HO®* production. The
decrease in the degradation rate constant at higher Cu?* ion con-
centrations may be the result of Cu* ions acting as the primary e, ~
scavenger at the expense of dissolve oxygen, inhibiting the forma-
tion of 0,*~ and thus reducing the levels of O,°*~ and indirectly
reducing the production of HO®. Under our experimental condi-
tions, inhibition however was not observed in the case of Fe3* which
may be a result of stronger adsorption of Cu2* at the TiO, surface
leading to more effective competition for e.,~ (Fig. 6).

3.4.3. Dissolved organic matter (DOM) effects

The presence of dissolved organic matter (DOM) can have a
pronounced effect on photochemical based water treatment pro-
cesses. DOM derived from decomposed biomass is composed of
large carbon based structures with a number of light absorbing
chromophores. Upon light absorption DOM can lead to an excited
state (DOM*) Eq. (9). The DOM* can undergo energy or electron
transfer pathways with molecular oxygen to generate 10, or 0,°~
Eq.(10).These ROS caninitiate the degradation of 6-HOMU, Eq.(11).
The DOM* can also sensitize TiO; Eq. (12) leading to charge carriers
with the potential to initiate degradation processes Eq. (13).

DOM + hv — DOMsx 9)
DOM * + 03 — 102(05°7) (10)
10,(0,°7) + 6-HOMU — 6-HOMU|ox; (11)
DOM x +TiOy — TiOyx (12)

TiOz# — eg™ +hyy* — ROS + 6-HOMU — 6-HOMUjox;  (13)

The influence of DOM on the solar photolysis of organic con-
taminants has been widely studied [31,32]. We used HA to assess
the role of DOM* initiated degradation of 6-HOMU under 450 nm

—o— NF-Ti02
0.2 - —— NF-TiO2 + HA (1 ppm)
—@— NF-TiO2 + HA (10 ppm)
NF-TiO2 + HA (20 ppm)

0 60 120 180 240

Time (min)

Fig. 7. The effects of HA on photo-transformation and TiO, photocatalysis of 6-
HOMU. [6-HOMU], =1 ppm, [NF-TiO,]=0.1g/L, A =450nm. The reproducibility is
within £5% on the basis of triplicate runs.

irradiation in the absence of NF-TiO, as a control experiment.
The photolysis of 6-HOMU was also carried out in the presence
of HA under 450 nm irradiation for 240 min. The concentration of
6-HOMU was monitored as a function irradiation time under differ-
ent experimental conditions, shown in (Fig. 7). DOM alone did not
lead to the photo-transformation 6-HOMU under our experimental
conditions.

The concentrations of HA were varied from 1 to 20 ppm while
holding the catalyst loading and 6-HOMU constant. The observed
degradation of 6-HOMU in the absence and presence of different
HA concentrations are illustrated in Fig. 7. An enhanced degrada-
tion was observed for HA concentrations between 1 and 10 ppm.
This enhancement was attributed to HA photosensitized processes,
in which ROS can be formed to accelerate the overall photodegra-
dation. However, the degradation process was strongly inhibited
by the increased HA because at higher concentrations, HA can act
as a light filter and attenuate the photochemically active processes
[33], as well as scavenge ROS leading to the reduced degradation of
6-HOMU.

3.5. The role of reactive oxygen species in VLA TiO, photocatalysis

UV TiO, photocatalysis leads to a number of ROS, among them
HO* produced by hy;,* oxidation of adsorbed hydroxyl groups is
generally considered responsible for the degradation of organic
pollutants and toxins. While the effectiveness of UV TiO, photo-
catalysis is often correlated to the production of HO®, during VLA
doped-TiO, photocatalysis the direct formation of HO® from hy,* is
not thermodynamically plausible. VLA doped-TiO, photocatalysis
can however lead to the formation of HO® indirectly from O,°~.
0,°~ can also lose an electron to produce 10, which can contribute
to the oxidation of organic compounds. In an attempt to better
understand the formation and roles of different ROS during VLA
NF-TiO, photocatalysis, specific scavengers were employed dur-
ing the treatment of 6-HOMU. The degradation of 6-HOMU was
carried out in the absence and presence of various quenchers and
scavengers as outlined in Table 3. Molecular oxygen was used as
the e, ~ scavenger, t-BuOH was added as a HO* scavenger, furfuryl
alcohol was used to probe the role of 105, formic acid was used to
quench oxidative processes, and superoxide dismutase employed
to quench O,°~.

The results of the quenching experiments are summarized
in Fig. 8. In the absence of dissolved oxygen (Argon saturated
conditions) no detectable degradation of 6-HOMU was observed
during VLA NF-TiO, photocatalysis illustrating molecular oxygen is
required for the degradation as an e.,~ trap and/or in the produc-
tion of 0,°~. The presence of t-BuOH, a HO® scavenger, significantly
reduced the observed degradation of 6-HOMU. While hydroxyl
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Table 3

Scavengers effects on TiO, photodegradation.
Reactive species Scavengers Mechanisms
e~ (electron) 0, e 02— 02"

HO* (hydroxyl radical)

10, (singlet oxygen)

hy,* (hole) HCO;H (formic acid)

03°~ (superoxide anion radical)

t-BuOH (tert-Butyl alcohol)

Furfuryl alcohol (FFA)

SOD;q (superoxide dismutase)

k=7.6x107M~1s1[34]

HO® +1-
BuOH — H,0 +*CH,C(CH3 ), OH
k=5.0x108M~1s"1[34]

FFA +10, — FFAox
k=12x108M-1s-1[35]

2hy,* +2HCO,~ — CO, +2H*

SOD;eq +02°~ +2H* — SOD +H,0,
k=2.0x109M-1s"1[34]

radicals do not form directly via the hy,* oxidation of surface
hydroxyl groups during VLA NF-TiO, photocatalysis, the formation
of HO* can occur indirectly via reduction of H,O, the product of
0,°~ disproportion.

Furfuryl alcohol (FFA) is commonly used as a scavenger for 105,
but also readily reacts with HO* [36] and thus can function as a
scavenger for both 10, and HO*. The decreases in degradation of 6-
HOMU were similar in the presence of FFA and t-BuOH, a selective
HO* scavenger. Since FFA quenches 10, and t-BuOH does not, the
similar decrease in the presence of FFA or t-BuOH indicates 10,
plays a minimal role in the degradation process. To further test the
role of 10, in VLA NF-TiO, photocatalysis, the degradation of 6-
HOMU was performed in D,O. The lifetime of 10, in D0 is longer
than that in H,O and thus singlet oxygen mediated processes are
enhanced in D,0. The degradations in solution of H;O and D,0
were similar indicating 10, does not play an important role under
our experimental conditions.

VLA NF-TiO, photocatalysis of 6-HOMU was not affected by
the presence of formic acid. While formic acid has been used to
quench the hy,* mediated processes during UV TiO, photocata-
lysis, our observations are consistent with previous reports that
h,,* trapped in the region of inter-valence band does not possess
the redox potential to efficiently oxidize formic acid [37]. Therefore,
the produced HO® in VLA NF-TiO, likely results from the reduction
of H,0, rather than oxidizing surface absorbed H,0 by hy,*. Our
results indicate the photogenerated h,;,* in VLA NF-TiO; photocata-
lysis does not play a significant role in the observed degradation
process.

In TiO, photocatalysis, dissolved oxygen serves as an electron
trap and leads to the formation of O,*~ which can proportionate or
produce to 10, with loss of an electron. In the presence of super-
oxide dismutase, an effective quencher of O,°*~, the degradation of
6-HOMU was completely inhibited indicating that O,*~ is critical

1 8 X X
0.8 & w
~
S 06 @
62
© 02 saturated
0.4
Argon saturated
Oin D20
0. .| %S0D (2000 unit/mi)
. % t-BuOH
FFA
+FA
0
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Fig. 8. The contribution of ROS to VLA TiO, photocatalysis. [6-HOMU]y = 1 ppm, [NF-
TiO2]=0.1 g/L, =450 nm. The reproducibility is within +5% on the basis of triplicate
runs.

in the VLA NF-TiO, photocatalytic degradation process. 0,°*~
has been implicated in the destruction of a strongly visible light
absorbing dye during VLA TiO, photocatalysis [38]. The previous
study is complicated by potential self-sensitized degradation
pathways. Our model compound does not absorb visible-light and
thus contributions from self-sensitized reaction pathways can
be ruled out. Therefore, according to these findings, O,*~ plays a
critical role in VLA TiO, photocatalytic processes.

4. Conclusions

S-TiO,, PF-TiO, and NF-TiO, are photoactive under UV irradia-
tion and the degradation of 6-HOMU follows a pseudo-first-order
kinetic model. Among non-metal doped TiO, materials, our results
indicate that NF-TiO, exhibits the best performance to destroy the
model compound of CYN due to its high photocatalytic activity. The
kinetics is accurately modeled and degradation is effective over a
range of pH. A synergetic effect is observed in photodegradation
of 6-HOMU in the presence of Fe3*, Cu2* ions and HA due to more
production of HO® or ROS in the photooxidation process. Experi-
ments performed in the presence of scavengers for 0,°~, 10,, HO*
and h,* indicate that O,*~ is the predominant species leading to
the VLA TiO, photocatalytic destruction of 6-HOMU. Our results
provide a better fundamental understanding of the different roles
of ROS during VLA TiO, photocatalysis and demonstrate VLA TiO,
photocatalysis has potential for water treatment for cyanotoxins.
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