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Abstract.
We have previously reported the effectiveness of TiO2 photocatalysis in the
destruction of species generated by cyanobacteria, specifically geosmin and
microcystin-LR. In this paper we report an investigation of factors which influence
the rate of the toxin destruction at the catalyst surface. A primary kinetic solvent
isotope effect of approximately 1.5 was observed when the destruction was
performed in a heavy water solvent. This is in contrast to previous reports of a
solvent isotope effect of approximately 3, however, these studies were
undertaken with a different photocatalyst material. The solvent isotope effect
therefore appears to be dependent on the photocatalyst material used. The
results of the study support the theory that the photocatalytic decomposition
occurs on the catalyst surface rather than in the bulk of the solution. Furthermore
it appears that the rate determining step is not oxygen reduction as previously
reported.
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1. Introduction.
In recent years there has been a significant increase in eutrophication of water
bodies resulting from human activities such as agriculture. This has unfortunately
resulted in promotion of the growth of cyanobacterial species. These
cyanobacteria can generate a number of compounds ranging from the non-toxic
species geosmin through to highly toxic cyanotoxins such as microcystins.
Geosmin (GSM) (figure 1), an alicyclic alcohol, is a semi-volatile compound that
is produced by microorganisms in surface waters, namely cyanobacteria and
actinomycetes. Geosmin causes undesirable earthy off-flavours in freshwater fish
as well as causing major concern for the drinking water industry due to seasonal
taste and odour episodes [1]. The problem is exacerbated by the low threshold of
detection level of geosmin (0.015 μg L-1) by humans [2]. Although non-toxic, the
presence of geosmin in drinking water results in consumer rejection and an
association with inadequate water quality by the public [3]. The compound’s
lipophilic nature is also the source of significant problems in aquaculture.
Geosmin rapidly accumulates in fish flesh, thereby resulting in poor flavour
quality and subsequent delays in harvesting due to rejection of the cultured fish
by processors [4]. Off-flavours add $15 to $23 million annually to catfish
production costs in the USA and is a significant problem to aquaculture
worldwide [5]. The additional costs are a consequence of the fact that fish
contaminated by geosmin are not palatable and therefore cannot be sold. In
addition there may be significant cleanup costs also associated with an outbreak
of geosmin contamination. Microcystins are hepatoxins released by the
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cyanobacteria microcystis [6], which have caused the deaths of both animals and
humans following ingestion of contaminated water [6,7,8]. There are over 70
variants of microcystins one of the most common being microcystin-LR (MC-LR)
(figure 2) [9]. This compound is a cyclic heptapeptide containing the amino acid
3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (adda), with
leucine (L) and arginine (A) in the variable positions. Although microcystins are
chemically very stable [10] and conventional water treatment processes have so
far failed to remove them [10-13], we have previously reported the effectiveness
of TiO2 photocatalysis in the destruction of both microcystin-LR and geosmin [1424]. Microcystin was rapidly decomposed using a titanium dioxide photocatalyst
with toxicity being eliminated as demonstrated by both brine shrimp and protein
phosphatase bioassays [14,18]. Furthermore both the photocatalytic destruction
and dark adsorption of the toxin to the photocatalyst surface were found to be
strongly influence by pH [19]. Geosmin was also rapidly decomposed using a
titanium dioxide photocatalysis with elimination of this molecule achieved within
60 minutes irradiation [20].

Figure 1.

Figure 2.

From our previous work we have demonstrated the critical role of the hydroxyl
radical generated by the TiO2 photocatalyst in the destruction of these species
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[15,21]. In this paper we have further extended the investigation of the
importance of the surface reaction between the photocatalyst and adsorbed
water in the photocatalytic oxidation of both these problematic compounds.
Furthermore the results provide a further understanding of the processes
occurring at the photocatalyst surface that will be equally relevant to a broad
range of photocatalytic oxidation processes. This has been achieved by studying
the kinetic solvent isotope effect of the photocatalytic reaction. In this process the
rate of reaction in water is compared to that achieved in deuterated water (D2O).
This results in a change in the reaction rate and may provide aid in interpreting
mechanistic processes involved in the reaction under investigation.
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2. Materials and Methods
2.1 Materials.
Geosmin, (Supelco, Sigma–Aldrich) and titanium dioxide (Hombikat K01/C,
Sachtleben Chemie GmbH) were used as received. Solutions containing ~100 µg
ml-1 of microcystin-LR were prepared in each solvent by exhaustive resuspension of freeze-dried MC-LR. The destruction of geosmin and microcystinLR was performed in both Milli-Q water and in D2O (99.9 % atom %D, SigmaAldrich, UK).

2.2. Photocatalysis.

Solutions (20 mL) of GSM mixed with 15 g Hombikat K01/C TiO2 were prepared
using D2O and Milli-Q water. These solutions were then illuminated in the
presence of air with a xenon UV lamp (400 W UVASpot 400 lamp, Uvalight
Technology Ltd; spectral output 330 – 500 nm) situated 30 cm from the reactor.
Reactions were carried out in a glass batch reactor with a constant air flow
provided (30 mL min-1 ±5%) via the bottom of the reactor (Figure 3). Samples
(200 µl) were taken at timed intervals of 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70,
80, 90 and 100 minutes of illumination and placed into inserts in 4 ml vials and
analysed by high performance liquid chromatography (600E powerline gradient
module pump with WISP auto sample and 996 photodiode array detector; Waters
Ltd., UK) [25].
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The degradation of MC-LR in Milli-Q water (~100 µg ml-1) was also investigated
using this method. Samples (200 µl) were taken at timed intervals of 0, 5, 10, 15,
20, 25, 30, 40, 50, 60, 70, 80, 90 and 100 minutes of illumination and analysed
by high performance liquid chromatography.

Figure 3

3. Results and Discussion.
The photocatalytic destruction of geosmin in both Milli-Q (H2O) and heavy water
(D2O) solvents is shown in Figure 4. As can be seen in the figure the rate of
destruction of geosmin was significantly reduced when photocatalysis was
conducted in the D2O solvent. Geosmin was still present after 25 minutes of
photocatalytic treatment in D2O for all concentrations. In contrast to
photocatalysis conducted in H2O under standard conditions where no geosmin
was detectable after 25 minutes. The degradation profiles of geosmin in D2O
displayed the same trend as geosmin degradation in H2O with respect to
concentration. The rate of geosmin destruction was similar for 5, 1, and 0.5 µg
ml-1 concentrations, with only the 0.1 µg ml-1 geosmin concentration displaying a
faster degradation rate. The typical loss of 30 % geosmin after 25 minutes was
observed under control conditions.

Figure 4
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To confirm the kinetic solvent isotope effect of D2O in the photocatalysis of
geosmin, another cyanobacterial metabolite was selected for photocatalysis in
D2O, i.e. microcystin-LR (MC-LR). MC-LR was rapidly degraded in H2O and D2O
respectively using TiO2 photocatalysis with a D50 of approximately 7 and 12
minutes. Again the rate of substrate destruction was reduced considerably when
photocatalysis was conducted in D2O (Figure 5), confirming the kinetic solvent
isotope effect for Hombikat K01/C.

Figure 5.

This observation confirms the role of the solvent in the photocatalytic reaction,
since a kinetic solvent effect would only be demonstrated, through isotopic
substitution, if the solvent is involved in the reaction [26]. To consider why the
primary kinetic isotope effect for the destruction of both geosmin and microcystinLR results in a reduced rate for the photocatalytic destruction of both compounds
it is important to consider the reactions that happen at the catalyst surface [27].

TiO2 + hν → TiO2(e-cb + h+vb)

(1)

h+vb + OH-,ads → OH•,ads

(2)

OH•,ads + Reactant → Oxidised products
e-tr + O2,ads → O2•-

(3)
(4)

O2•- + H+ → HO2•

(5)

where e-cb represents a conduction band (CB) electron and h+vb a positive hole in
the valance band (VB) of the semiconductor. On changing to a deuterated
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solvent there will be a potential change in the rate of each of the reactions 2,3
and 5 which may ultimately have an influence on the rate of the destruction of the
reacting molecule in the matrix. Of particular importance may be a reduced rate
of oxidation of the adsorbed deuterated water (reaction 2) or a reduced rate of
the OD radical attack on the substrate (reaction 3). It is however difficult to
determine which step is likely to be rate limiting in this process.

The primary solvent isotope effect for the destruction of GSM using Hombikat
K01/C TiO2 was calculated to be 1.61 (Table 1). This effect was verified by the
photocatalysis of MC-LR in D2O, where the primary solvent isotope effect was
calculated to be 1.56 (Table 1) which is of a similar level to that observed for
GSM. Robertson et al. [15] and Cunningham and Srijaranai [28] also reported
primary solvent isotope effects for the destruction of microcystin-LR and
isopropanol, respectively, using P-25 TiO2. The primary solvent isotope effect of
3 reported by Robertson et al. [15] was similar to the effect of 3.3 reported by
Cunningham and Srijaranai [28]. The results of both studies suggest that the
formation of hydroxyl species is the main agent in substrate degradation and may
be the rate limiting factor in the photocatalytic process. It was also proposed that
the reduced rate of photocatalytic degradation was due to the lower quantum
efficiency for the formation of ●OD radicals on the TiO2 surface, resulting in a
reduction of ●OD radicals on the TiO2 surface for subsequent attack on substrate
molecules. Alternatively, the lower rate of oxidation may be due to the fact that
●OD

radicals have lowered oxidation potential when compared to ●OH radicals. It

has been previously reported by Liu et al. [21] that the initial process in the
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photocatalytic destruction of microcystin-LR is the hydroxyl radical attack on the
unsaturated bond of the ADDA group in the toxin. This was also reported to be
the case in a subsequent study on the photocatalytic destruction of the
pentaheptide toxin nodularin [29].

Table 1.

It is possible that the kinetic solvent isotope effect reported here for GSM (and
MC-LR), which is appreciably lower than that found in the studies by Robertson
et al. [15] and Cunningham and Srijaranai [28] is mediated via hydroxyl radicals
generated from the subsequent reduction of the superoxide radical anion
produced at the conduction band. O2.- is subsequently hydrated or deuterated by
the solvent (reaction 5) [30]. This may be rate determining since O2 has to be
generated at the conduction band prior to the interaction with the solvent and the
subsequent formation of ●OD or ●OH species (reactions 6 and7).

HO2• + HO2• →H2O2 + O2
H2O2 + e-cb → ●OH + OH-

(6)
(7)

Therefore the kinetic isotope effect could be caused by the interaction of the
solvent with the superoxide species rather than by the attack of ●OH on GSM.
Robertson et al. [15] proposed that if this was the case a similar kinetic solvent
isotope effect should be observed no matter which substrate is being treated.
The similarities in the kinetic solvent isotope effect for both GSM and MC-LR

10

would suggest that formation of hydroxyl radicals generated via the superoxide
radical anion produced at the conductance band is a rate determining step [31].
Hardly any isotopic effect would be expected if the reactions took place in the
bulk aqueous phase i.e. isotopic effects close to unity have been experimentally
determined and theoretically predicted for ●OHaq/●ODaq [32-34]

The difference in kinetic solvent isotope effect observed in this study (approx 1.5)
compared to that reported by both Robertson and Cunningham (approx 3) can be
explained by the fact that different photocatalyst materials were employed. An
interesting observation is the fact that similar kinetic solvent isotope effects are
observed for different substrate molecules on the same photocatalyst materials,
i.e. approximately 3 for P-25 and approximately 1.5 for K01/C. This observation
suggests that the interaction of the solvent with the photocatalyst and the rate of
oxidation of the solvent is probably the rate determining step for the process
rather that the rate of oxygen reduction as previously suggested by Gerischer
[35]

Previously there have been reports of isotope studies on photocatalytic
processes using isotopically labelled substrates rather than studies of the solvent
isotope effect [36,37]. To the best of our knowledge, no other workers have
investigated the kinetic solvent isotope effect with their particular photocatalytic
systems. When more detailed studies of this effect are undertaken further
elucidation of the kinetic isotope solvent effect will be possible. In particular
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investigations on other photocatalyst materials and looking at the oxidation of a
range of different target molecules in both H2O and D2O should assist in a
greater understanding of the mechanism of the photocatalytic oxidation process.

5. Conclusion.
A primary kinetic solvent isotope effect of approximately 1.5 has been observed
for the photocatalytic oxidation of both geosmin and microcystin-LR on Hombikat
KO1/C. This compares to a kinetic solvent isotope effect of approximately 3
which was previously reported for the destruction of both microcystin-LR and
isopropanol on Degussa P25. It would appear the scale of kinetic solvent isotope
effect is dependent on the nature of the photocatalyst employed. Furthermore the
fact that the rate an isotopic effect is observed suggests that the photocatalytic
process is occurring at the catalyst surface. The fact that the solvent isotope
effect appears to be not influenced by the substrate would also suggest that the
rate determining step for the photocatalytic process is the generation of the •OH
(or •OD) species at the valence band rather than oxygen reduction at the
conductance band.
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Captions for figures.
Figure 1. Structure of Geosmin.

Figure 2. Structure of microcystin-LR where L-Leu is L-Leucine, D-Me-Asp is Derythro-β-methylaspartic acid, L-Arg is L-arginine, Adda is (2S, 3S, 8S, 9S)-3amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),6(E)-dienoic acid, D-Glu is
D-glutamic acid and Mdha is N-Me-dehydroalanine.

Figure 3. Photocatalytic reactor used for decomposition reactions with arrows
indicating direction of air flow. The main body of the reactor was constructed from
glass and all tubing was Teflon.

Figure 4. The photocatalytic destruction of different geosmin concentrations,
µg ml-1 (

), 0.5 µg ml-1 (

), 0.1 µg ml-1 (

), and 5 µg ml-1 (

), using

Hombikat K01/C, in D2O (a) and Milli-Q (b). Photocatalysis monitored by GCMS. Bars equivalent to one standard deviation (n=2).

Figure 5. Destruction of MC-LR by TiO2 photocatalysis in Milli-Q (
(

) and D2O

). Photocatalysis monitored by HPLC. Bars equivalent to one standard

deviation (n=2).

Table 1. Kinetic isotope effect based on the photocatalytic destruction of GSM
and MC-LR in two different solvents.
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GSM
Solvent

k (µM min-1)

MC-LR
Relative

k (µM min-1)

Rate

Relative
Rate

H2O

1.56

1.0

8.55

1.0

D2O

0.97

0.62

5.44

0.64

Table 1.
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