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Abstract 

 

The corrosion inhibitor 1H-Benzotriazole (pKa = 8.4) can exist in two different forms in natural 

waters, and photochemical transformation is a potentially significant attenuation pathway for both 

of them. Depending on conditions, the modelled half-life times range from some days/weeks to 

several months. In sunlit water bodies, the acidic (neutral) form would undergo direct photolysis 

(accounting for up to 7% of total phototransformation) and, most notably, reaction with the 

hydroxyl radicals (
•
OH) and the triplet states of chromophoric dissolved organic matter (

3
CDOM*). 

The basic (anionic) form would undergo significant transformation with 
•
OH and 

3
CDOM*. The 

•
OH reactions would be more important at low dissolved organic carbon (DOC) and the 

3
CDOM* 

processes at high DOC. In the presence of reactive triplet-state model compounds, the two 

benzotriazole forms react with similar rate constants. In this case, they would show comparable 

half-life times in surface-water environments. With less reactive triplet states, the rate constant of 

the anionic form can be a couple of orders of magnitude higher than that of the neutral one. Under 

these circumstances, the neutral form could be considerably more photostable than the anionic one 

at high DOC. Therefore, depending on 
3
CDOM* reactivity, the solution pH may or may not play an 

important role in the photoattenuation kinetics of 1H-benzotriazole in sunlit natural waters, 

especially at high DOC. Both forms of benzotriazole yield hydroxyderivatives as their main 

transformation intermediates under all the relevant photochemical reaction pathways. These 

intermediates could be formed via 
•
OH-induced hydroxylation, or upon electron abstraction 

followed by reaction with water. Differently from UVC irradiation data reported in previous 

studies, the concentration of aniline upon excitation of 1H-benzotriazole under environmentally 
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significant UV wavelengths was always below the detection limit of the analytical method used in 

this work (5 µmol L
−1

). 

 

Keywords: Environmental fate; Organic pollutants; Transformation intermediates; Triplet states; 

1H-Benzotriazole; Photochemical attenuation. 

 

 

Introduction 

 

Benzotriazole (1H-Benzotriazole or 1,2,3-Benzotriazole, hereafter BZT) is a heterocyclic 

compound acting as an effective corrosion inhibitor, particularly for copper and its alloys. This 

property accounts for the widespread BZT use, not only in the direct protection of metal surfaces 

but also as an additive for several substances and materials that could come in contact with metals 

during use. A partial list of products that can contain BZT includes lacquer and varnishes, waxes 

and polish, packing papers, lubricants, brake fluids, sealants, detergents for metals, as well as 

aircraft de-icing fluids. BZT is also used as an additive in recirculating water for engine cooling, air 

conditioning, heating systems, and industrial equipment (Allam et al., 2009; Finsgar and Milosev, 

2010; Copper Development Association, 2016). Moreover, the biological activity of BZT and its 

derivatives makes them a useful library of potential drug precursors (Briguglio et al., 2015). 

Unfortunately, BZT is quite persistent in the environment which, combined with its widespread 

use, has resulted in the non-surprising detection of this compound in a variety of environmental 

matrices including soil, sediment, surface and ground water, and snow (Giger et al., 2006; Alotaibi 

et al., 2015; Careghini et al., 2015). In particular, the occurrence of BZT in wastewater is mainly 

due to its inclusion in household detergent formulations, and dishwashers effluents account for the 

majority of BZT emissions to wastewater (Vetter and Lorenz, 2013). The biorefractory nature of 

BZT and related compounds accounts for their incomplete removal by wastewater treatment plants 

(Morasch et al., 2010; Reemtsma et al., 2010; Herzog et al., 2014; Acero et al., 2015; Molins-

Delgado et al., 2015), with consequent release to the receiving water bodies. An additional source is 

caused by the use of BZT in aircraft de-icing formulations, with possible contamination of soil and 

groundwater near airports (McNeill and Cancilla, 2009; Sulej et al., 2013). 

Biodegradation of BZT is possible but it is rather slow, with reported half-life times ranging 

from one month to almost one year and, sometimes, no degradation at all (Liu et al., 2011; Liu et 

al., 2013; Alotaibi et al., 2015). Photodegradation is a potentially competitive transformation 

pathway for BZT in surface waters (Matamoros et al,. 2010; Janssen et al., 2015). Photoinduced 

transformation is usually divided into direct photolysis, where a contaminant absorbs sunlight and 

undergoes transformation as a consequence (Aguera et al., 2012), and indirect photochemistry. In 

the latter, sunlight is absorbed by photoactive molecules called photosensitisers, which in surface 

waters include chromophoric dissolved organic matter (CDOM), nitrate and nitrite. Irradiated 

photosensitisers produce reactive transients species such as hydroxyl radicals (
•
OH), singlet oxygen 
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(
1
O2) and CDOM triplet states (

3
CDOM*), which are involved in pollutant transformation (Takeda 

et al., 2004; Nakatani et al., 2007; Lee et al., 2013; Vione et al., 2014; Chiwa et al., 2015). The 

combination of direct and indirect photochemistry can induce effective pollutant degradation in a 

variety of environmental conditions, but it can also generate harmful transformation intermediates 

(DellaGreca et al., 2004; Carlos et al., 2012; Wang and Lin, 2012; Anger et al., 2013). 

In the case of BZT phototransformation, an issue of considerable concern is the detection of 

aniline upon BZT direct photolysis (Hem et al., 2003; Benitez et al., 2013). Aniline has been 

detected upon UVC irradiation, and it is thus very important to check whether its formation from 

BZT is also possible under conditions that are representative of sunlit surface waters. The concern 

related to the possible formation of aniline is due to its being classified as a probable carcinogen for 

humans, based on its ability to induce spleen cancer in rats (EPA, 2000). The carcinogenicity of this 

compound has been the object of debate, and the link between aniline exposure and cancer 

development is probably not accounted for by primary genotoxicity, but rather by hematotoxicity 

and cell damage/proliferation effects (Bomhard and Herbold, 2005; Wang et al., 2015). 

Another key issue connected with BZT phototransformation is that, while its direct photolysis 

quantum yields and reaction rate constants with 
•
OH and 

1
O2 are reported in the literature (Naik and 

Moorthy, 1995; Benitez et al., 2013; Janssen et al., 2015), no data are available concerning the BZT 

reactivity with 
3
CDOM*. Unfortunately, natural CDOM is a very complex mixture of compounds 

and the experimental measurement of substrate reactivity with 
3
CDOM* is very challenging. To 

simplify the experimental system, in this work we have used two CDOM proxies that behave as 

triplet sensitisers under irradiation. The chosen proxies are anthraquinone-2-sulphonate (AQ2S) and 

1-nitronaphthalene (1NN). The main reasons for choosing AQ2S are the following: (i) quinones are 

photoactive CDOM components (Cory and McKnight, 2005; Fimmen et al., 2007; Clark et al., 

2014) and (ii) AQ2S photochemistry is well known and it does not involve additional transient 

species such as 
•
OH or 

1
O2 (Bedini et al., 2012). Unfortunately, the AQ2S triplet state (

3
AQ2S*) is 

often more reactive than average 
3
CDOM* and it may represent an upper limit of triplet-sensitised 

photoreactivity induced by CDOM (De Laurentiis et al., 2014). Although 1NN bears little 

resemblance with CDOM functional groups, its triplet state (
3
1NN*) is less reactive than 

3
AQ2S*; 

the standard reduction potentials of these triplet states are in fact 2 and 2.6 V, respectively (Loeff et 

al., 1993; Brigante et al., 2010; Sur et al., 2011; De Laurentiis et al., 2012). Therefore, results 

obtained with 1NN can be used to check for the AQ2S ones and provide a control for the rate 

constants of triplet sensitisation. Moreover, 1NN is easy and convenient to use in laser flash 

photolysis experiments because its triplet state, absorbing radiation at both 380 and 620 nm, can be 

monitored in different wavelength intervals to overcome possible problems of spectral interferences 

(Brigante et al., 2010). 

Based on previous considerations, the present work has the following goals: (i) predicting the 

kinetics of BZT photochemical transformation in surface-water bodies, as a function of the 

environmental variables, and (ii) assessing the possible formation of aniline upon BZT 
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phototransformation. To reach these goals, it was essential to get insight into the triplet-sensitised 

reactivity of BZT. 

 

 

Experimental 

 

Reagents and materials. The chemicals used in this study were of at least analytical grade and 

used as received, without further purification. Organic solvents were of HPLC grade (Aldrich). 

Water used was of Milli-Q quality (resistivity >18.2 MΩ cm, total organic carbon < 2 ppb). 

The benzotriazole molecule is a weak acid with pKa = 8.4 (Hansen et al., 1968). The neutral 

form (hereafter, HBZT) is expected to prevail in ∼neutral pH conditions that are common in surface 

waters, but the anionic form (hereafter, BZT
−
) can play a significant or even predominant role at the 

higher end of the environmental pH values. For instance, surface water during summer can have pH 

> 8.5 because of photosynthetic activity (Callieri et al., 2012; Christensen et al., 2013). 

 

Laser flash photolysis experiments. Flash photolysis runs were carried out using the third 

harmonic (355 nm) of a Quanta Ray GCR 130-01 Nd:YAG laser system instrument, used in a right-

angle geometry with respect to the monitoring light beam. The single pulses energy was set to 35 

mJ unless otherwise stated. A 3 mL solution volume was placed in a quartz cuvette (path length of 1 

cm) and used for a maximum of four consecutive laser shots. The transient absorbance at the pre-

selected wavelength was monitored by a detection system consisting of a pulsed xenon lamp (150 

W), monochromator and a photomultiplier (1P28). A spectrometer control unit was used for 

synchronising the pulsed light source and programmable shutters with the laser output. The signal 

from the photomultiplier was digitised by a programmable digital oscilloscope (HP54522A). A 32 

bits RISC-processor kinetic spectrometer workstation was used to analyse the digitised signal.  

BZT was laser irradiated in the presence of anthraquinone-2-sulphonate (AQ2S) and 1-

nitronaphthalene (1NN) as triplet sensitisers. Because of the BZT acid-base equilibrium, the 

experiments were carried out at pH 4 and 11 where the neutral and deprotonated forms prevail, 

respectively. The solution pH was set by using HClO4 or NaOH. The AQ2S runs were carried out 

with 0.1 mM AQ2S, varying BZT concentration between 0 and 2 mM. The decay of the AQ2S 

triplet (
3
AQ2S*) signal was monitored at different BZT concentration values, and the measured 

pseudo-first order decay constant 
*23

SAQ
k  was plotted as a function of [BZT]. The slopes of the 

*23
SAQ

k  vs. [BZT] lines were used to obtain the second-order reaction rate constants between BZT 

and 
3
AQ2S* at both pH values (

*2,3 SAQHBZT
k  at pH 4 and 

*2,3 SAQBZT
k −  at pH 11, units of M

−1
 s

−1
). The 

second-order rate constants with the 1NN triplet state, 
*1,

3
NNHBZT

k  at pH 4 and 
*1,

3
NNBZT

k −  at pH 11, 

were measured with a similar procedure using 55 µM 1NN and 0-5 mM BZT. 

 

Irradiation experiments. The intermediates of HBZT and BZT‾ were studied upon transformation 

by direct photolysis, 
•
OH reaction (10 mM H2O2 as 

•
OH source) and triplet sensitization (0.1 mM 
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AQ2S as triplet sensitiser). The BZT solutions (1 mM initial concentration) were irradiated in a 

homemade photoreactor, contained in a cylindrical stainless steel housing. Six fluorescent lamps 

(Philips TL D15W/05, with emission spectrum ranging from 300 to 500 nm and emission maximum 

at 365 nm) were positioned at regular distances around the irradiated solution, which was placed in 

a Pyrex tube of 2.6 cm internal diameter at the centre of the set-up. The lamps emission spectrum up 

to 425 nm is reported in Figure 1, which also shows the absorption spectra of the BZT solutions at 

pH 4.0 (HBZT) and 11.0 (BZT
−
). The lamps irradiance spectrum was recorded using a fibre optics 

coupled with a charge-coupled device (CCD) spectrophotometer (Ocean Optics USD 2000C UV-

VIS). Note that the Pyrex glass tube would totally filter radiation below 280 nm. The used lamps 

are able to photoexcite H2O2, which has an absorption tail above 300 nm, as well as AQ2S that has 

an absorption maximum around 330 nm (Maurino et al., 2008; Nissenson et al., 2010). The limited 

overlap between the lamp emission and the HBZT/BZT
−
 absorption spectra was compensated for 

by irradiating the relevant solutions for up to 24 h in the direct photolysis experiments. By 

comparison, the H2O2-containing systems were irradiated for up to 4 h and the AQ2S ones for up to 

90 min. The UV irradiance of the lamps was approximately 1.5 times lower compared to the 

irradiance of sunlight during summertime at mid latitude (Frank and Klöppfer, 1988; Vione et al., 

2009). Note, however, that the described irradiation set-up was only used to obtain qualitative and 

semi-quantitative information concerning the nature of the transformation intermediates, and not to 

assess the phototransformation kinetics of BZT in the natural environment. 

The total volume of each irradiated solution was 100 mL, and all the experiments were carried 

out at room temperature (293±2 K). The solution pH was either 4 or 11, adjusted with HClO4 or 

NaOH. Sample aliquots were taken from the reaction tube at scheduled time intervals, and they 

were characterised by Liquid Chromatography interfaced with Mass Spectrometry (LC-MS). It was 

used a Waters Alliance instrument equipped with an electrospray interface (used in ESI+ mode) and 

a Q-TOF mass spectrometer (Micromass, Manchester, UK). The capillary needle voltage was 3 kV 

and the source temperature 100° C. The cone voltage was set to 35 V. Data acquisition was carried 

out with a Micromass MassLynx 4.1 data system.  

Samples were eluted with a mixture of acetonitrile (A) and 0.1% formic acid in water (B) at 0.2 

mL min
−1

 flow rate, with the following gradient: start at 5% A, then up to 95% A in 15 min, keep 

for 10 min, back to 5% A in 1 min and keep for 5 min (post-run equilibration). It was used a column 

Phenomenex Kinetex C18 (2.1 mm × 100 mm × 2.6 µm) and the retention times of BZT and aniline 

were 7.2 and 1.3 min, respectively (checked by using commercial standards). After the column, the 

eluate was monitored with a diode array detector (DAD) before the ESI-MS interface. BZT was 

detected at 270 nm and aniline at 254 nm. The best Limit of Detection (LOD) for aniline with this 

analytical set-up was 5 µM. 

 

Photochemical modelling. The modelling of BZT phototransformation in surface waters was 

carried out with the APEX software (Aqueous Photochemistry of Environmentally-occurring 

Xenobiotics). APEX predicts photochemical half-life times as a function of water chemistry and 
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depth, for compounds with known photochemical reactivity. The relevant photochemical reactivity 

parameters are direct photolysis quantum yields, absorption spectra, and second-order reaction rate 

constants with the photogenerated transient species (Vione, 2014; Bodrato and Vione, 2014). APEX 

is based on a photochemical model that has been validated by comparison with light-induced 

transformation kinetics in surface freshwaters (Maddigapu et al., 2011; Marchetti et al., 2013; 

Bodrato and Vione, 2014). 

The formation and decay of the main photoinduced transients (
•
OH, 

1
O2, 

3
CDOM*) was 

modelled by considering average formation quantum yields in natural waters and average 

inactivation rate constants, the latter by reactions with DOM and inorganic carbon (for 
•
OH), 

collision with the solvent (for 
1
O2) and thermal deactivation as well as reaction with O2 (for 

3
CDOM*). The combination of formation and transformation kinetics allowed the relevant steady-

state concentrations to be determined. For instance, when considering 5 m water depth, 0.1 mM 

nitrate, 1 µM nitrite, 1 mM bicarbonate, 10 µM carbonate and 1 nM bromide, with dissolved 

organic carbon (DOC) varying in the range from 1 to 10 mg C L
−1

, [
•
OH] would vary between 10

−16
 

and 10
−17

 M, while [
1
O2] and [

3
CDOM*] would reach some 10

−16
 M units. 

Sunlight irradiance is not constant in the natural environment, because of meteorological issues 

(not included in APEX) and of diurnal and seasonal cycles. To allow easier comparison between 

model results and environmental conditions, APEX uses as time unit a summer sunny day (SSD), 

equivalent to fair-weather 15 July at 45° N latitude. Sunlight is not vertically incident over the water 

surface, but refraction at the interface deviates the light path in water towards the vertical. The light 

path length l depends on the depth d: on 15 July at 45°N it is l = 1.05 d at noon, and l = 1.17 d at ±3 

h from noon that is a reasonable daily average (Bodrato and Vione, 2014). 

To model the behaviour of the two BZT forms as a function of pH, the first-order degradation 

rate constants of acidic and basic BZT (k1 and k2, respectively) were calculated separately and then 

combined as the weighted sum of the rate constants times the relevant molar fractions ( HBZTα  and 

−
BZT

α , respectively), taking into account the acid-base equilibrium with pKa = 8.4. The combined 

BZT rate constant was k12 = k1 HBZTα  + k2 −
BZT

α . The overall BZT half-life time was then 

calculated as 1

122/1 )(2ln −= kt
BZT  (De Laurentiis et al., 2013). 

 

 

Results and Discussion 

 

Laser flash photolysis experiments 

 

The reactivity of the acidic (HBZT) and basic (BZT
−
) forms of BZT was studied upon laser 

irradiation of AQ2S and 1NN as triplet sensitisers, at pH 4 (HBZT) and 11 (BZT
−
). The time 

evolution of 
3
AQ2S* was monitored at 380 nm at pH 4 and at 450 nm at pH 11. The choice of the 

latter wavelength was motivated by the considerable 380-nm spectral interferences occurring at pH 

11, which are probably accounted for by the AQ2S radical anion (AQ2S
−•

) (Hulme et al., 1972). 
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The 
3
1NN* signal was always monitored at 620 nm. In all the cases the signal decay followed 

pseudo-first order kinetics. Figure 2 reports the trends of the first-order decay constants of 
3
AQ2S* 

and 
3
1NN* as a function of BZT concentration at both pH values (Stern-Volmer plots). The figure 

shows linear trends under all conditions and, according to the Stern-Volmer approach, the line 

slopes represent the second-order reaction rate constants between the relevant BZT form and the 

triplet state. For HBZT (pH 4) it was found 
*2,3 SAQHBZT

k  = (1.84±0.23)⋅10
9
 M

−1
 s

−1
 and 

*1,
3

NNHBZT
k  = 

(1.91±0.10)⋅10
7
 M

−1
 s

−1
 (hereafter, error bounds represent ±σ). In contrast, similar reactivity values 

were found with BZT
−
 (pH 11): 

*2,3 SAQBZT
k −  = (1.67±0.13)⋅10

9
 M

−1
 s

−1
 and 

*1,3 NNBZT
k −  = 

(1.54±0.16)⋅10
9
 M

−1
 s

−1
. The higher reactivity of BZT

−
 compared to HBZT towards 

3
1NN* suggests 

that BZT
−
 is easier to be oxidised than the protonated molecule. Because 

3
AQ2S* is a stronger 

oxidant than 
3
1NN*, as already discussed, it is not surprising to find large differences in the 

3
1NN* 

reaction rate constants and much smaller differences in the case of 
3
AQ2S*. 

A summary of the BZT photoreactivity parameters is provided in Table 1. The direct photolysis 

quantum yields and the reaction rate constants with 
•
OH and 

1
O2 were derived from the literature, 

while the triplet-sensitised reactivity was determined in this work. There are different literature 

reports concerning the BZT + 
•
OH reactivity data, and they show a very reasonable agreement. 

Naik and Moorthy (1995) determined the second-order 
•
OH reaction rate constants of HBZT and 

BZT
−
 (Table 1), while Janssen et al. (2015) measured the lumped rate constant at pH 7.5 where 

BZT occurs as a mixture of HBZT and BZT
−
. The value reported by Janssen et al. (2015), 

(8.3±0.1)⋅10
9
 M

−1
 s

−1
, is intermediate between those reported for the HBZT and BZT

−
 forms (Naik 

and Moorthy, 1995). 

 

Modelling the photochemical fate of BZT in surface waters 

 

The values of the photoreactivity parameters shown in Table 1, together with the absorption spectra 

of HBZT and BZT
−
, were used to model the phototransformation of BZT in surface waters. The 

main uncertainty in BZT photoreactivity is the ∼2 orders of magnitude difference between the 

HBZT reaction rate constants with 
3
1NN* and 

3
AQ2S* (

*1,
3

NNHBZT
k  and 

*2,3 SAQHBZT
k , see Table 1). 

This large variation was taken into account in photochemical modelling. Figure 3a reports the half-

life time (t½) of HBZT, as a function of the dissolved organic carbon (DOC) and of the reaction rate 

constant between HBZT and 
3
CDOM*, 

*,
3
CDOMHBZT

k  (see the caption for other water conditions). 

The rate constant 
*,

3
CDOMHBZT

k  was let to vary in a range included between 2⋅10
7
 and 2⋅10

9
 M

−1
 s

−1
. 

The lower limit corresponded to the value of 
*1,

3
NNHBZT

k , the upper limit was just slightly higher 

than 
*2,3 SAQHBZT

k . It is apparent that the value of 
*,

3
CDOMHBZT

k  affects both the predicted HBZT half-

life times and their trend with the DOC. If 
*,

3
CDOMHBZT

k  ∼ 
*1,

3
NNHBZT

k , one observes a considerable 

increase of t½ with increasing DOC. In contrast, if 
*,

3
CDOMHBZT

k  ∼ 
*2,3 SAQHBZT

k , t½ monotonically 

increases with DOC before reaching a plateau above 2 mg C L
−1

.  
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To account for the reported trends, one should consider that high-DOC waters are rich in 

dissolved organic matter (DOM), including its chromophoric fraction (CDOM). The latter is the 

only source of 
3
CDOM* and an important 

•
OH producer, but DOM is the key 

•
OH scavenger. 

Typically, the steady-state [
3
CDOM*] would increase and [

•
OH] decrease with increasing DOC 

(Vione et al., 2014). Moreover, CDOM would compete with HBZT for sunlight irradiance and 

inhibit its direct photolysis. Usually, the extent by which the direct photolysis processes are 

inhibited by CDOM is lower than the extent by which the 
•
OH reactions are inhibited by DOM 

(Liang et al, 2015). Compared to the direct photolysis, 
•
OH reactions would thus be favoured at low 

DOC and 
3
CDOM* reactions at high DOC. An additional issue is that the importance of the 

reaction between HBZT and 
3
CDOM* would increase with increasing 

*,
3
CDOMHBZT

k .  

To better make this point, a quantitative insight into the DOC trends of the different 

photoprocesses, in terms of the fraction of HBZT transformation accounted for by each 

photoreaction pathway, is reported in Figure 4 (4a: 
*,

3
CDOMHBZT

k  = 
*1,

3
NNHBZT

k ; 4b: 
*,

3
CDOMHBZT

k  = 

*2,3 SAQHBZT
k ). The figure shows that 

1
O2 plays a negligible role in phototransformation, and that the 

•
OH fraction decreases and the 

3
CDOM* fraction increases with DOC. The 

3
CDOM* process is 

highly enhanced if 
*,

3
CDOMHBZT

k  = 
*2,3 SAQHBZT

k , compared to 
*,

3
CDOMHBZT

k  = 
*1,

3
NNHBZT

k . Moreover, the 

direct photolysis fraction has a maximum with DOC (vide infra for the rationale). Given the 

assumed values for the other water parameters, at 1 mg C L
−1

 DOC, 0.1 mM nitrate would account 

for ∼50% of 
•
OH photoproduction, 1 µM nitrite for ∼30%, and CDOM for ∼20%. In the same 

conditions, DOM would scavenge ∼85% of 
•
OH, and inorganic carbon would consume the 

remaining fraction. At 10 mg C L
−1

 DOC, most of the 
•
OH photoproduction would be accounted for 

by CDOM (∼85%), with secondary contributions from nitrate (∼10%) and nitrite (∼5%). Moreover, 

DOM would scavenge over 98% of 
•
OH. Bromide at typical freshwater levels (nM concentration or 

lower, as hypothesised in these simulations) would be a minor 
•
OH scavenger. In contrast, 0.8 mM 

bromide as per the typical seawater conditions would be the main dissolved species to consume 
•
OH (Mopper and Zhou, 1990). In seawater, the steady-state [

•
OH] and the importance of the 

related processes would be much lower than in freshwater. For bromide to be a comparable 
•
OH 

scavenger as DOM, one needs a ratio [Br
−
] DOC

−1 ∼ 5 ⋅10
−6

 mol Br
−
 (mg C)

−1 (Buxton et al., 1988). 

Coming back to the trends highlighted in Figure 3a, if 
*,

3
CDOMHBZT

k  is low the inhibition by 

(C)DOM of the direct photolysis and the 
•
OH reaction explains the large increase of t½ with DOC. 

In such a case, the HBZT half-life time would approach the year scale at high DOC (the actual t½ 

would be even longer, because the scale of the modelled half-life times is in summer sunny days). 

If, on the contrary, 
*,

3
CDOMHBZT

k  is high, the 
3
CDOM* process accounts for the t½ plateau at high 

DOC. Moreover, if the DOC is low, the HBZT degradation by 
3
CDOM* is hardly important and t½ 

has a limited dependence on 
*,

3
CDOMHBZT

k . In contrast, if the DOC is high, there is a ∼5-fold 

difference in t½ between the scenarios of 
*,

3
CDOMHBZT

k  ∼ 
*1,

3
NNHBZT

k  and 
*,

3
CDOMHBZT

k  ∼ 
*2,3 SAQHBZT

k . 

Based on similar considerations, one can explain the trend of the fraction of HBZT 

phototransformation accounted for by direct photolysis ( HBZT

DPη ), as a function of DOC and of 
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*,
3
CDOMHBZT

k  (Figure 3b). The direct photolysis fraction would reach the highest values (∼7% of 

total phototransformation) for 
*,

3
CDOMHBZT

k  ∼ 
*1,

3
NNHBZT

k , under which circumstances the 
3
CDOM* 

process would be of lesser importance. The role of 
3
CDOM* would also be limited at low DOC 

where, coherently, HBZT

DPη  is poorly dependent on 
*,

3
CDOMHBZT

k . To account for the maximum of 

HBZT

DPη  as a function of the DOC, one should consider the three main processes involved in HBZT 

phototransformation (
•
OH, direct photolysis and 

3
CDOM*). The maximum is due to the fact that, 

compared to the direct photolysis, the 
•
OH reaction is favoured at low DOC and the 

3
CDOM* one 

at high DOC (Vione et al., 2014).  

Figure 3c shows the modelled half-life time of the dissociated form BZT
−
, as a function of the 

DOC and the water column depth d. For the anionic form it was used 
*,3CDOMBZT

k −  = 1.6⋅10
9
 M

−1
 s

−1
, 

as the average of the very similar values 
*2,3 SAQBZT

k −  and 
*1,3 NNBZT

k − . Depending on the conditions, 

the modelled t½ would vary from a few days to a couple of months. The BZT
−
 direct photolysis can 

be neglected, because 
−

BZT

DPη  < 1% under all circumstances. A similar consideration holds for the 

1
O2 reaction, thus 

•
OH and 

3
CDOM* would be the main photoreaction pathways involved in the 

degradation of BZT
−
. 

The reaction of BZT
−
 with 

•
OH is expected to prevail at low DOC and that with 

3
CDOM* at 

high DOC (Vione et al., 2014). The sharp increase of t½(BZT
−
) with increasing DOC, for DOC < 2 

mg C L
−1

, suggests that the 
•
OH scavenging by DOM is not totally compensated for by the 

photoreactivity of CDOM. The reason is that the radiation absorption by CDOM rapidly reaches 

saturation, especially in deep waters, which limits the CDOM-induced photoreactions. In contrast, 

the 
•
OH scavenging by DOM increases linearly with DOC (Minella et al., 2013). Figure 3c also 

shows that the t½ of BZT
−
 increases with increasing depth, because the bottom layers of deep water 

bodies are scarcely illuminated by sunlight (Loiselle et al., 2008). Therefore, the importance of 

photochemical reactions is decreased in deep water columns. 

Figure 5 reports the half-life times of BZT (both forms in equilibrium), as a function of pH and 

of 
*,

3
CDOMHBZT

k  (DOC was assumed constant at 5 mg C L
−1

). Note that HBZT would prevail at pH < 

8.4 and BZT
−
 at higher pH. This figure, as well as a comparison between Figures 3a and 3c, 

suggests that the t½ values of HBZT and BZT
−
 would be similar if 

*,
3
CDOMHBZT

k  ∼ 
*2,3 SAQHBZT

k . Under 

these circumstances, 
*,

3
CDOMHBZT

k  would not be much different from 
*,3CDOMBZT

k − , and the water pH 

would not be a key factor to control the photochemical persistence of BZT. In contrast, for low 

*,
3
CDOMHBZT

k , one gets that HBZT would be considerably more photostable than BZT
−
. In this case, 

the half-life times would decrease remarkably with increasing pH. 

The laser flash photolysis experiments suggested that the triplet sensitisation rate constants of 

HBZT and BZT
−
 were similar in the presence of a strongly oxidising triplet such as 

3
AQ2S*, while 

there can be large differences with a triplet state of lower oxidising potential. In the case of surface-

water CDOM, the triplet states formed by irradiation of organic matter of different origin may show 

different photoreactivity (Guerard et al., 2009). Note for instance that humic substances are likely to 

be the most photoactive CDOM components (Coelho et al., 2011), and the low molecular weight 
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humic fraction is more photoactive than the high molecular weight one (Richard et al., 2004). 

Therefore, the less photoreactive is CDOM, the more marked is the expected effect of pH on BZT 

photoattenuation in surface-water environments. 

Overall, the modelled half-life times of BZT in different surface-water conditions would range 

from some days/weeks to several months or higher. In several cases, photochemistry would be more 

competitive than biodegradation as a BZT attenuation pathway. 

 

Photochemical transformation intermediates 

 

First of all, the possible formation of aniline was assessed via the main BZT phototransformation 

routes of environmental significance: HBZT direct photolysis (under UVB+UVA irradiation) and 

reaction with 
•
OH and 

3
CDOM*, as well as BZT

−
 reaction with 

•
OH and 

3
CDOM*. Aniline was 

always below the detection limit of the used analytical method and, therefore, the photochemical 

transformation of 10
−3

 M HBZT or BZT
−
 yielded less than 5⋅10

−6
 M aniline. In contrast, several 

BZT hydroxyderivatives were detected as the transformation intermediates of HBZT and BZT
−
. 

Their tentative structures are listed in Table 2, together with the main ions occurring in the mass 

spectra and the reaction conditions in which the relevant compounds were detected. 

The identification of the intermediates as hydroxyderivatives relies on the fact that their m/z 

signals ([M+H]
+
) suggest the occurrence, with respect to the parent BZT, of one or more additional 

O atoms. It was unfortunately not straightforward to determine whether the OH groups of the 

hydroxyderivatives occurred on the benzene or the triazole ring, and the same difficulty has also 

been encountered in previous studies (Benitez et al., 2015). However, in the case of the 

monohydroxyderivatives, an OH group on the triazole ring could only be bound to the nitrogen 

atom not involved in the double bond (an alternative addition process should produce an 

hydroxylated intermediate without the double bond, which would have a different molecular mass). 

There could thus be only one monohydroxyderivative with m/z ([M+H]
+
) = 136 and the OH group 

on the triazole ring, to be compared with the detection of two different monohydroxylated isomers 

(I and II). Therefore, it is very likely that hydroxylation occurred on the benzenic ring in at least 

one of the two cases. Furthermore, when considering for instance the mass spectrum of I, the 

fragments at m/z 110 and 94 can be tentatively explained by benzenic ring fragmentation with loss 

of the groups C2H2 and C2HOH, respectively. The loss of C2HOH would suggest the occurrence of 

a OH group on the benzenic ring, although it is not possible to determine its exact location.  

The m/z ([M+H]
+
) values of the intermediates III, IV and V suggest the occurrence of two or 

three additional O atoms compared to the parent BZT. The addition of more than one OH group to 

the triazole ring should break the N=N double bond and, in the case for instance of the 

dihydroxyderivative III, a signal m/z ([M+H]
+
) = 154 should be observed instead of 152. Therefore, 

no more than one OH group could be located on the triazole ring. Similar considerations apply to 

the trihydroxylated compounds IV and V. The spectra of the latter intermediates show fragments at 

m/z 136 and 110, which could be consistent with the loss of H2NO
•
 and C2H2O2. Such a 
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fragmentation pathway would suggest monohydroxylation of the triazole ring (at the N atom not 

involved in the double bond) and the occurrence of two adjacent OH groups on the benzenic ring.  

In contrast, the fact that VI has m/z ([M+H]
+
) = 170 (two mass units higher than IV or V, see 

Table 2) could be consistent with an addition process to the N=N double bond, which could be 

carried out by the 
•
OH radical when present. Upon further reaction with another 

•
OH, or with HO2

•
 

as hydrogen donor (the latter can be formed easily in 
•
OH-induced degradations in aerated solution; 

Pan et al., 1993), one or two OH groups could be added to the N atoms previously involved in the 

double bond. A transformation of −N=N− into −NH−NOH− might be tentatively consistent with the 

presence of a fragment at m/z 152, which suggests a loss of H2O that would be favoured by the 

restoration of the N=N double bond.  

The formation of BZT hydroxyderivatives may appear rather straightforward in the presence of 
•
OH, but these compounds were also detected upon direct photolysis and triplet sensitisation. In an 

aqueous solution, photoionisation (electron abstraction following photon absorption) or 

monoelectronic oxidation by a triplet sensitiser can produce a radical cation. The latter species, 

upon reaction with water and oxygen, can produce a hydroxyderivative in a similar way as 
•
OH 

(Kurata et al., 1988). 

The possible environmental effects of the detected BZT phototransformation intermediates 

might partially depend on the position of the hydroxyl substituents. The parent BZT shows adverse 

effects towards target freshwater organisms at mg L
−1

 levels (Pillard et al., 2001). The progressive 

hydroxylation leading to intermediates I-V could result in a moderate decrease of toxicity, so that a 

trihydroxy-BZT could be about ten times less toxic than BZT (Mayo-Bean et al., 2012). An 

exception may occur if hydroxylation involved two OH groups in para position on the benzene ring, 

as hydroquinones are peculiarly toxic for fish and green algae. A BZT hydroquinone could show 

chronic effects at sub-mg L
−1

 levels for the latter endpoints (Mayo-Bean et al., 2012), but there is 

insufficient evidence to hypothesise the occurrence of hydroquinone-like structures in the detected 

intermediates. In the case of VI, an hydrazine-like structure (without the double bond) could prompt 

for chronic toxic effects to fish and algae at comparable or even lower levels than the parent BZT 

(Mayo-Bean et al., 2012). 

 

 

Conclusions 

 

Both BZT forms, HBZT and BZT
−
, would undergo reaction with 

•
OH at low DOC and with 

3
CDOM* at high DOC as important phototransformation pathways in sunlit surface waters. In 

addition, HBZT would also be degraded by direct photolysis as a secondary pathway, accounting 

for up to 7% of total phototransformation. HBZT and BZT
−
 have comparable reaction rate constants 

with 
•
OH, thus their relative photostability/photolability at high DOC depends mainly on the 

3
CDOM* process. A highly reactive triplet state such as that of anthraquinone-2-sulphonate has 

similar reaction rate constants with HBZT and BZT
−
. With similar kinetics of triplet sensitisation in 
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surface-water environments, the two BZT forms would undergo photodegradation with comparable 

lifetimes. In the presence of less reactive triplet states (as is the case of 
3
1NN* in this work), BZT

−
 

reacts faster than HBZT. In this scenario, the faster triplet-sensitised transformation would make 

BZT
−
 more photolabile than HBZT, particularly in high-DOC waters. The pKa of HBZT is 8.4, thus 

the HBZT/BZT
−
 acid-base equilibrium would partially span the typical pH values of surface waters. 

The importance of pH as a parameter that controls the BZT phototransformation kinetics would be 

inversely proportional to the 
3
CDOM* reactivity, which can be different in different surface-water 

environments. Furthermore, pH would not be a key photodegradation factor in low-DOC waters 

(e.g. below 1 mg C L
−1

), where 
3
CDOM* reactions would be a secondary pathway for any value of 

*,
3
CDOMHBZT

k . 

With a half-life time that, depending on the conditions and on 
3
CDOM* reactivity, could vary 

from some days/weeks to several months or higher, photodegradation would often be a competitive 

process compared to biodegradation, for the attenuation of BZT in sunlit surface waters. In this 

study, the phototransformation of HBZT and BZT
−
 through the main photoreaction pathways did 

not yield aniline as intermediate in detectable amount. The main detected intermediates were BZT 

hydroxyderivatives (having one to three OH groups), which would be formed by 
•
OH-induced 

hydroxylation or, in the absence of hydroxyl radicals, possibly by electron abstraction followed by 

reaction with water. These intermediates are unlikely to be much more toxic than the parent 

compound. 
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Table 1. Photoreactivity parameters of HBZT and BZT
−
, used in photochemical modelling. Error 

bounds represent ±σ. The data sources (literature references or this work) are also 

provided. 

 

 

 

N

N

N

H

 

HBZT 

 

N

N

N
_

 

BZT
−−−−  

Reference 

ΦΦΦΦ, unitless (5.4±0.1)⋅10
−2

 (9.4±0.1)⋅10
−3

 Benitez et al., 2013 

OH
k • , M

−−−−1
 s

−−−−1
  7.6⋅10

9
 9.0⋅10

9
 Naik and Moorthy, 1995  

2
1
O

k , M
−−−−1

 s
−−−−1

 < 2⋅10
5
 < 2⋅10

5
 Janssen et al., 2015 

*13
NN

k , M
−−−−1

 s
−−−−1

 (1.91±0.10)⋅10
7
 (1.54±0.16)⋅10

9
 This work 

*23
SAQ

k , M
−−−−1

 s
−−−−1

 (1.84±0.23)⋅10
9
 (1.67±0.13)⋅10

9
 This work 
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Table 2. Structures of the phototransformation intermediates detected in different conditions. The 

LC retention times and the m/z ratios of the main ions are also reported. In the structures 

of the intermediates, the OH group(s) could replace the hydrogen atoms at any given 

position (either explicit or not). 

 

 

Transformation intermediate tR, min Ions, m/z Conditions 

3.0 (I) 
136 [M+H]

+
, 110, 

102, 94 

HBZT+hν 

HBZT/BZT
−
+

•
OH 

HBZT/BZT
−
+

3
AQ2S* 

N

N

N

H

OH  3.8 (II) 
136 [M+H]

+
, 102, 

94 

HBZT+hν  

HBZT+
•
OH 

BZT
−
+

•
OH (traces) 

HBZT/BZT
−
+

3
AQ2S* 

N

N

N

H

(OH)2  

2.3 (III) 
152 [M+H]

+
, 126, 

102, 94 
HBZT/BZT

−
+

•
OH 

1.9 (IV) 
168 [M+H]

+
, 136, 

110, 102, 94 
HBZT/BZT

−
+

•
OH 

N

N

N

H

(OH)3 
2.0 (V) 

168 [M+H]
+
, 136, 

110, 102, 95 

HBZT+
•
OH 

BZT
−
+

•
OH (traces) 

N

N

N

H

H

H (OH)3  

1.7 (VI) 
170 [M+H]

+
, 152, 

126, 102, 94 

HBZT+hν  

HBZT+
•
OH 

BZT
−
+

•
OH (traces) 
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Figure 1. Absorption spectra (molar absorption coefficients, left Y-axis) of BZT solutions at pH 4.0 

(HBZT) and 11.0 (BZT
−
). The right Y-axis reports the lamps irradiance spectrum. 
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Figure 2. Trends of the pseudo-first order decay constants of 
3
1NN* (A and B) and 

3
AQ2S* (C and 

D), at pH 4.0 (HBZT: A, C) and 11.0 (BZT
−
: B, D), as a function of the BZT 

concentration. The least-squares fit line is solid, the dashed curves are the 95% confidence 

limits of the fit. The value of the second-order reaction rate constant between 
3
1NN*/

3
AQ2S* and HBZT/BZT

−
 (slope of the least-squares line, units of M

−1
 s

−1
) is 

reported on each relevant plot.  
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Figure 3. (a) Half-life times of HBZT, as a function of the DOC and the reaction rate constant 

between HBZT and 
3
CDOM* (

*,
3
CDOMHBZT

k ).  

(b) Fraction of HBZT phototransformation accounted for by direct photolysis ( HBZT

DPη ), 

as a function of DOC and 
*,

3
CDOMHBZT

k .  

(c) Half-life times of BZT
−
, as a function of DOC and the water depth d.  

Other water conditions in all the three cases: 5 m depth (when not varying), 0.1 mM 

nitrate, 1 µM nitrite, 1 mM bicarbonate, 1 nM bromide. 
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Figure 4. Modelled fractions of HBZT transformation accounted for by the different photoreaction 

pathways (dp = direct photolysis), as a function of the DOC. (a) 
*,

3
CDOMHBZT

k  = 

*1,
3

NNHBZT
k ; (b) 

*,
3
CDOMHBZT

k  = 
*2,3 SAQHBZT

k . Other water conditions: 5 m depth, 0.1 mM 

nitrate, 1 µM nitrite, 1 mM bicarbonate, 1 nM bromide. 
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Figure 5. Half-life time of BZT (it includes both forms in equilibrium, HBZT and BTZ
−
, with pKa 

= 8.4), as a function of pH and of the reaction rate constant between HBZT and 
3
CDOM* (

*,
3
CDOMHBZT

k ). The corresponding BZT
−
 rate constant, 

*,3CDOMBZT
k − , was 

assumed to be 1.6⋅10
9
 M

−1
 s

−1
. Other water conditions: 5 mg C L

−1
 DOC, 5 m water 

depth, 0.1 mM nitrate, 1 µM nitrite, 1 mM bicarbonate, 1 nM bromide. 


