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Abstract 

 

Glutathione (GLU) is a peptidic thiol that plays important anti-oxidant roles in organisms and that 

occurs in both freshwater and seawater, where it can undergo both bio- and photodegradation. 

Recent results have elucidated the role played by 
•
OH, 

1
O2, H2O2 and other yet unidentified 

transients in GLU photochemistry, but very little is known of the role of CO3
•−

. This is an important 

gap because CO3
•−

 is usually very reactive towards electron-rich compounds including thiols and 

mercaptans. Very little is also known on the environmental importance of the reaction between 

GLU and Br2
•−

, which could account for the literature finding that GLU phototransformation is 

enhanced in simulated seawater compared to freshwater. By means of a photochemical model 

approach based on the APEX software (Aqueous Photochemistry of Environmentally-occurring 

Xenobiotics), here we provide an assessment of the role that several photoreactants, including most 

notably CO3
•−

 and Br2
•−

, have in the photodegradation of GLU (both the whole substance and the 
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separate neutral and mono-anionic species) under representative fresh- and saltwater conditions. 

Our model suggests that CO3
•−

 would dominate the photodegradation of GLU in low-DOC and 

high-pH freshwater. They are the only freshwater conditions that really ensure GLU 

photodegradation to be competitive with biotransformation. In surface seawater and in brackish 

water, GLU phototransformation would be dominated by the Br2
•−

 reaction.  

 

Keywords: peptidic thiols; environmental photochemistry; fresh-, brackish- and salt-water; sunlit 

surface waters; photoinduced transformation. 

 

 

Introduction 

 

Sulphur-containing peptides, or peptidic thiols, play an important role in biogeochemical cycles in 

natural waters. They are produced by micro-organisms for different purposes including 

detoxification, antioxidant action and redox processes (Paulsen and Carroll, 2013; Swarr et al., 

2016). Once released in the extra-cellular environment, these compounds occur at sub-nM to nM 

concentration in the photic zone of natural waters and act as ligands for metals as well as precursors 

for CS2 and COS (Grill et al., 1985; Dupont et al., 2006; Trogolo, 2016). Peptidic thiols are partially 

consumed by microbial processes (Wei and Ahner, 2005), but recent work suggests that they may 

also undergo important photochemical transformation.  

 

Chu et al. (2017) have shown that important photodegradation is triggered by natural organic matter 

(NOM) via reactive intermediates such as 
•
OH, 

1
O2 and H2O2, and that a significant role is also 

played by still unidentified photochemical processes. While the cited work has contributed to shed 

new light on the environmental phototransformation of peptidic thiols, including the measurement 
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of several second-order reaction rate constants of key importance, there are still important issues 

that have not been answered. For instance, the used experimental conditions (no inorganic carbon 

occurring in the irradiated solutions) were not designed to study the reactivity of peptidic thiols with 

the carbonate radical, CO3
•−

, which is another transient species of photochemical origin. Indeed, 

CO3
•−

 is well known to play an important role in the degradation of electron-rich compounds such 

as some phenols, amines and, most notably, thiols and mercaptans (Neta et al., 1988; Huang and 

Mabury, 2000a/b). 

 

The goal of this paper is to provide a model overview of the photochemical transformation of GLU 

in sunlit surface waters, with particular interest for the role of CO3
•−

. Indeed, while this radical is 

known to take part to the environmental phototransformation of several sulphur-containing 

compounds, its role in the fate of GLU has been overlooked to our knowledge. To compare our 

model predictions with experimental data we took as reference the results of Chu et al. (2017), who 

have thoroughly characterised many photochemical transformation pathways of GLU with the 

notable exception of CO3
•−

.  

 

Photochemical reactions play a key role in the degradation of both xenobiotics and naturally 

occurring compounds in sunlit environmental waters. The direct photolysis, which is hardly 

operational with natural peptidic thiols, involves the absorption of sunlight by the substrate that 

undergoes photodegradation as a consequence (Richard and Hoffmann, 2016). In contrast, indirect 

photochemistry is triggered by the absorption of sunlight by natural molecules called 

photosensitisers, of which the most important are the chromophoric dissolved organic matter 

(CDOM, which largely overlaps with the chromophoric fraction of NOM), nitrate and nitrite 

(McKay and Rosario-Ortiz, 2016). Sunlight-irradiated CDOM produces reactive triplet states 

(
3
CDOM*) that then react with dissolved oxygen to produce 

1
O2, while 

•
OH is produced by still 

insufficiently characterised processes involving irradiated CDOM (one of which involves 
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photogenerated H2O2; McNeill and Canonica, 2016; Rosario-Ortiz and Canonica, 2016), as well as 

by nitrate and nitrite under irradiation (Vione et al., 2014; Gligorovski et al., 2015). Moreover, the 

oxidation of carbonate and bicarbonate by 
•
OH and (usually to a minor extent) the oxidation of 

CO3
2−

 by 
3
CDOM* are photochemical sources of CO3

•−
 (Canonica et al., 2005). Since some years it 

is possible to model these processes thanks to the development of a software (APEX: Aqueous 

Photochemistry of Environmentally-occurring Xenobiotics; Bodrato and Vione, 2014), by which we 

have been able to reproduce the photochemical lifetimes of several compounds such as 

pharmaceuticals, pesticides and personal care products. As input data, APEX requires 

photochemical reactivity parameters of the substrate undergoing photodegradation (second-order 

rate constants between substrates and reactive transient species) and environmental features such as 

sunlight irradiance, water chemistry and depth. In the present work we chose the sulphur-containing 

tripeptide glutathione (GLU) as study compound, because a relatively complete dataset of its 

photoreactivity parameters is available in the literature. Data availability (Encinas et al., 1985; 

Buxton et al., 1988; Neta et al., 1988; Chu et al., 2017) allows for the photochemical modelling of 

the environmental photo-fate of this compound. GLU can occur in two forms in natural waters, 

namely the acidic (GSH, pKa = 9.3) and the basic one (GS
−
) (Ibarra et al., 2001), and most of the 

needed photochemical parameters are available for both forms. 
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Methods 

 

The phototransformation kinetics of GLU was modelled with the APEX software, considering fair-

weather, mid-latitude sunlight irradiation and conditions (water chemistry, depth) that are 

reasonable for surface-water environments. In addition to predicting the overall 

phototransformation kinetics, APEX is also able to assess the importance of the different 

photochemical pathways as a function of variable environmental conditions. An issue to be 

highlighted concerns the modelled reactions with CO3
•−

. The formation of CO3
•−

 takes place mainly 

because of the reaction between 
•
OH and HCO3

−
/CO3

2−
 and, usually to a lesser extent, upon 

oxidation of CO3
2−

 by 
3
CDOM* (Buxton et al., 1988; Vione et al., 2014). Estimates of the second-

order reaction rate constant of the latter process are available in the literature, but they vary widely 

(Canonica et al., 2005). Therefore, to avoid possible over-predictions of the importance of the CO3
•−

 

process, we decided not to consider the reaction between CO3
2−

 and 
3
CDOM*. By so doing, we 

obtain a lower limit for the steady-state [CO3
•−

]. 

 

To obtain a closer match with the environmental conditions we assumed typical concentration 

values of nitrate, nitrite and inorganic carbon. However, we did not include these components in the 

model simulations that were intended to match the experimental results of Chu et al. (2017), who 

irradiated GLU in the presence of humic substances with DOC = 11.4 mgC L
−1

. A relevant issue to 

be considered when comparing model predictions with experimental data is that GLU also 

undergoes an important reaction with H2O2. Unfortunately, to date it is not yet possible to predict 

the occurrence of H2O2 in natural waters because, while the formation rates and quantum yields are 

reasonably well known even on a global scale (Powers and Miller, 2014; Kieber et al., 2014), 

knowledge of the decay kinetics for the assessment of the steady-state [H2O2] is lagging much 

behind. Considering that H2O2 is mainly involved in the photodegradation of GS
−
 and it is thus 
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mostly operational at basic pH (Chu et al., 2017), the inability to take the H2O2 pathway into 

account leads to an underestimation of the GS
−
 reactivity and, as a consequence, of the GLU 

phototransformation kinetics under basic conditions. 

 

We also considered the reaction between GLU and Br2
•−

, which could be important in brackish or 

seawater where a significant occurrence of the dibromide radical is expected (Parker and Mitch, 

2016). The steady-state [Br2
−•

] was calculated here on the basis of Br
•
/Br2

−•
 formation upon Br

−
 

oxidation by 
•
OH and 

3
CDOM*, and of Br2

−•
 transformation by disproportionation and reactions 

with nitrite and DOM (DOM represents the whole pool of the dissolved organic matter, either 

chromophoric or not; Zehavi and Rabani, 1972; Buxton et al., 1988; Neta et al., 1988; Von Gunten 

and Hoigné, 1996; De Laurentiis et al., 2012). 

Br
−
  +  

•
OH  �  HOBr

•−
 [k1 = 1.1⋅10

10
 M

−1
 s

−1
; k–1 = 3.3⋅10

7
 M

−1
 s

−1
]  (1) 

HOBr
•−

  →  Br
•
  +  OH

−
   [k2 = 4.2⋅10

6
 M

−1
 s

−1
]   (2) 

Br
−
  +  

3
CDOM*  →  Br

•
  +  CDOM

•−
  [k3]     (3) 

Br
−
  +  Br

•
  →  Br2

•−
      [k4 = 9⋅10

9
 M

−1
 s

−1
]   (4) 

2 Br2
•−

  →  Br3
−
  +  Br

−
    [k5 = 2⋅10

9
 M

−1
 s

−1
]   (5) 

Br2
•−

  +  DOM  →  Products (2 Br
−
+DOM

+•
 or Br

−
+DOM-Br

•
)   (6) 

Br2
•−

  +  NO2
−
  →  2 Br

−
  +  

•
NO2   [k7 = 2⋅10

7
 M

−1
 s

−1
]   (7) 

The oxidation reaction (3) of bromide by 
3
CDOM* is potentially important (De Laurentiis et al., 

2012; Parker and Mitch, 2016), but its rate constant is still poorly known. A rough estimate by using 

CDOM proxies is available as k3 = 3.5⋅10
9
 M

−1
 s

−1
 (De Laurentiis et al., 2012), but there is evidence 

that such a value is an overestimate of the actual rate constant (Parker and Mitch, 2016). In the 

present work, we used the experimental data of Chu et al. (2017) to obtain an estimate of k3 that 

could then be used in the following model simulations.  
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The rate constant of reaction (6) is also not exactly known, but an estimate may be obtained by 

considering the reaction rate constants between Br2
−•

 and phenolic compounds (k6 = 2⋅10
7
 M

−1
 s

−1
 

or, in more manageable units, k6 = 3⋅10
2
 L (mgC)

−1
 s

−1
; De Laurentiis et al., 2012). The mgC L

−1
 

units are more straightforward to use than the molar ones when the DOM is measured as the 

dissolved organic carbon (DOC, expressed in mgC L
−1

). Our estimate of k6 is probably an upper 

limit, because phenolic compounds are more reactive than average organic molecules toward Br2
−•

 

(Neta et al., 1988). Therefore, by overestimating the Br2
−•

 consumption by DOM we obtain a lower 

limit for the steady-state [Br2
−•

] under environmental conditions. From the reaction sequence (1-7), 

by applying the steady-state approximation to HOBr
•−

, Br
•
 and Br2

•−
 one gets the following system 

of equations: 
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−•
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dt

Brd

BrBrkHOBrk
dt

Brd

HOBrkkBrOHk
dt

HOBrd

   (8) 

Note that, by summing together the second and third equations, the term ][][4

•− BrBrk  gets 

cancelled and the knowledge of k4 is, therefore, not necessary. The system of equations has the 

following solution, where the quadratic term is introduced by reaction (5): 

5

3

3

1

21215

2

276276

2
4

*])[][)(]([8])[(])[(
][

k

CDOMkOHkkkkBrkNOkDOCkNOkDOCk
Br

++++++−
=

•−

−

−−−

•− (9) 

The assessment of [
•
OH] and [

3
CDOM*] as input data in equation (9) was carried out with the 

APEX software. The software takes into account the generation of 
•
OH by irradiated CDOM, 

nitrate and nitrite, as well as 
•
OH scavenging by DOM, bicarbonate, carbonate, nitrite and bromide 

(Bodrato and Vione, 2014). As far as 
3
CDOM* is concerned, APEX considers its photogeneration 

by irradiated CDOM and the typical 
3
CDOM* decay kinetics that are observed in aerated natural 
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waters (McNeill and Canonica, 2016). In the present case, the APEX predictions were corrected for 

the reaction between 
3
CDOM* and Br

−
. To predict the photodegradation kinetics of GLU, in 

addition to the steady-state concentrations of the photogenerated transients, one should also 

consider the reactivity of the GLU species GSH and GS
−
. Table 1 reports the available literature 

values for the reaction rate constants between GLU (i.e., GSH and GS
−
 separately) and several 

transient species (
•
OH, 

1
O2, CO3

•−
, triplet states, Br2

•−
) that may be responsible for photoinduced 

degradation in freshwater and seawater. GLU is known to react with 
•
OH, 

1
O2 and CO3

•−
, for which 

processes the second-order reaction rate constants are known from the literature for both GSH and 

GS
−
 (Neta et al., 1988; Mezyk et al., 1996; Chu et al., 2017). As far as triplet sensitisation is 

concerned, the reaction rate constants with the triplet states of model triplet sensitisers are usually 

available instead of the 
3
CDOM* rate constants, which are much more difficult and uncertain to 

determine. The case of GLU makes no exception and the literature reports the quenching rate 

constants with the triplet state of benzophenone (
3
BP*), which has been shown previously to be a 

good 
3
CDOM* proxy (Avetta et al., 2016). The quenching rate constants are very similar for both 

GSH and GS
−
 (Encinas et al., 1985; 

*,
3
BPGLU

k  = 6.7×10
8
 L mol

−1
 s

−1
). However, the one-electron 

oxidation of an organic substrate by 
3
BP* yields an ion couple between the reduced BP and the 

oxidised substrate (Hurley et al., 1988), which can either evolve into reaction products or give back 

BP and the original substrate (GSH or GS
−
 in the present case). The second phenomenon does not 

lead to transformation, and for this reason the quenching rate constants are actually upper limits for 

the reaction rate constants (Bortolus et al., 1989). Note that the decay of 
3
CDOM* in freshwaters 

mainly takes place upon reaction with O2 and through internal conversion, while the reaction with 

organic substrates such as GLU usually plays a minor role (McNeill and Canonica, 2016). This 

means that the value of 
*,

3
CDOMGLU

k  affects the GLU phototransformation kinetics but not the steady-

state [
3
CDOM*]. 
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In the case of Br2
−•

, only the reaction rate constant with GSH is available (Neta et al., 1988). 

Therefore, the model assessment of the effect of bromide on GLU photodegradation was carried out 

for GSH alone. A final issue is that the standard time unit used in APEX is a summer sunny day, the 

average irradiance of which is equivalent to fair-weather 15 July at mid latitude. This time unit is 

used in all the model predictions of GLU phototransformation under environmental conditions. 

 

 

Results and Discussion 

 

Model validation against literature experimental data 

 

As mentioned above, we used the experimental results of Chu et al. (2017) as reference for our 

photochemical model, to test and validate the model assumptions before extending them to more 

general environmental conditions. A difficulty is represented by the fact that the cited authors used 

UVA radiation as well as peculiar irradiation set-up and optical path lengths, which are either not 

specified or not easily reproduced by the model. However, by normalising the experimental data it 

is possible to focus on the trend of the GLU photodegradation kinetics rather than on the absolute 

values of its transformation rate constants. In this way, it is still possible to get a validation of key 

model parameters while bypassing most of the problems mentioned above. Our photochemical 

model does not take the H2O2 reaction into account, but Chu et al. (2017) have provided a detailed 

account of the role of the different processes in GLU phototransformation at different pH values. 

Therefore, it is possible to test our model against the H2O2-independent photoreaction pathways.  

 

A comparison between our model predictions and the experimental data reported by Chu et al. 

(2017) for the GLU phototransformation kinetics as a function of pH, accounted for by 
•
OH and 

1
O2 
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is provided in Figure 1a. The GLU rate constants reported in the figure are all normalised to the 

experimental rate constant value at pH 7 (hereafter, k7). To enable the comparison between model 

and experiments, in the model we assumed the occurrence of organic matter alone without nitrate, 

nitrite or inorganic carbon as additional species of photochemical significance. A close agreement 

between model and experiments could be obtained by assuming [
1
O2] [

•
OH]

−1
 = 190, and the figure 

also shows that the experimental data at pH > 8 are not consistent with steady-state concentration 

ratios equal to, say, 100 or 300. This issue provides insight into the robustness of the comparison of 

model predictions with experimental data. To obtain [
1
O2] [

•
OH]

−1
 = 190 in the model simulations, 

in the presence of DOC = 11.4 mgC L
−1

 as per the experimental conditions of Chu et al. (2017), one 

has to assume 1)(
2

1

−
•ΦΦ
OHO

 = 83.  

 

Chu et al. (2017) have not singled out the 
3
CDOM* contribution to GLU photodegradation in their 

experimental results but, given the significant reactivity between GLU and 
3
BP* and the use of 

model humic substances in the relevant irradiation experiments, we strongly suspect that the “other 

processes” quantified by the cited authors are mainly accounted for by 
3
CDOM*. By comparing 

experimental data with model predictions one can thus obtain an estimate of the second-order 

reaction rate constant between GLU and 
3
CDOM*, provided that a hypothesis is made on the ratio 

of [
1
O2] [

3
CDOM*]

−1
 (or of 1

*
)( 3

2
1

−
ΦΦ

CDOMO
). In irradiated solutions of humic substances one often 

finds that [
1
O2] ∼ [

3
CDOM*] (McNeill and Canonica, 2016). The decay kinetics of 

3
CDOM* in 

aerated solution is largely accounted for by O2 quenching that produces 
1
O2 with a yield that is 

estimated at around 50% (Mcneill and Canonica, 2016) and leads to a first-order decay constant for 

3
CDOM* of around 5×10

5
 s

−1
 (Canonica and Freiburghaus, 2001), which is double as compared to 

the rate constant of 
1
O2 quenching by collision with water (2.5×10

5
 s

−1
) (Wilkinson et al., 1995). 

We thus assumed [
1
O2] = [

3
CDOM*] and 

*3
CDOM

Φ  = 2 
2

1
O

Φ , and considered the experimental first-

order rate constant of GLU phototransformation accounted for by unknown processes (Chu et al., 
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2017), which in the pH range of 7 to 10 can be compared well with our model predictions. A 

normalisation procedure was here required as well and, to obtain an overall consistency in data 

treatment, we normalised the new data using the same k7 value as above that is referred to the sum 

of the (experimental or modelled) GLU degradation rate constants by 
1
O2 and 

•
OH at pH 7. After 

the normalisation procedure, the comparison between experimental data and model predictions (see 

Figure 1b) yielded the second-order reaction rate constant 
*,

3
CDOMGLU

k  = 8×10
7
 L mol

−1
 s

−1
. A 

modification of the rate constant by ±25% would produce a poor consistency between model and 

experiments, and there is little indication from the experimental data that the rate constant 

*,
3
CDOMGS

k −  may be considerably different from 
*,

3
CDOMGSH

k . We thus assumed that the two rate 

constants are equal, which is consistent with the literature data of the quenching constant 
*,

3
BPGLU

k  

that is very similar between GSH and GS
−
 (Encinas et al., 1985). However, the quenching constant 

*,
3
BPGLU

k  is almost an order of magnitude higher than the reaction rate constant 
*,

3
CDOMGLU

k . In 

addition to the correctness of our identification of unknown processes with 
3
CDOM*, and to how 

much 
3
BP* is representative of 

3
CDOM*, such a difference is reasonable when comparing 

quenching and reaction rate constants because the quenching phenomena do not necessarily lead to 

net transformation, and one order-of-magnitude differences are actually reported in the literature 

(Minella et al., in press). 

 

From some of the above assumptions and the comparison between model and experiments we have 

*3
CDOM

Φ  = 2 
2

1
O

Φ  = 165 
OH

•Φ , which were then used as APEX input data to assess the 

phototransformation kinetics and pathways of GLU in a variety of environmentally significant 

conditions. The need to use a normalisation procedure prevents absolute quantum yield values to be 

obtained from the experimental data of Chu et al. (2017), but other works suggest that under UVA 

irradiation one has 
2

1
O

Φ  ∼ 0.01 (Marchisio et al., 2015). In this way it is possible to derive the 
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corresponding values for 
*3

CDOM
Φ  and 

OH
•Φ , and to obtain a complete set of input data for APEX 

modelling. 

 

Modelling GLU phototransformation kinetics and pathways in freshwater 

 

After validation of the model parameters, it is possible to use APEX to assess the photochemical 

fate of GLU under environmentally relevant conditions. A first set of predictions is reported in 

Figure 2, and it is referred to the two species GSH and GS
−
 taken separately. Each figure panel 

reports the overall photodegradation kinetics (accounted for by 
•
OH, CO3

•−
, 

1
O2 and 

3
CDOM*, 

thereby excluding the contribution of H2O2), as well as the contribution of the single photoreaction 

pathways. The case of GSH as a function of the DOC is reported in Figure 2a. It is evident that 

GSH phototransformation is 2-3 times faster at low DOC (lifetime of a couple of weeks or shorter) 

than at high DOC (one-month lifetime or longer). The prevailing photoreactions are those with 
•
OH 

at low DOC and with 
3
CDOM* at high DOC. The corresponding plot for GS

−
 (Figure 2b) suggests 

that CO3
•−

 plays an important role at low DOC. At high DOC one expects important 

photodegradation by 
1
O2, with significant contributions of CO3

•−
 (decreasing with increasing DOC) 

and 
3
CDOM* (increasing with DOC). Note that for both GSH and GS

−
 the importance of 

•
OH and 

CO3
•−

 decreases with increasing DOC, while the opposite happens with 
1
O2 and 

3
CDOM*. The 

reason is that 
•
OH and CO3

•−
 are largely scavenged by DOM that keeps their steady-state 

concentrations low at high DOC, while CDOM under irradiation produces both 
3
CDOM* and 

1
O2 

(Vione et al., 2014). 

 

GS
−
 would also react with H2O2 to a considerable extent (Chu et al., 2017) and, considering that 

H2O2 is a by-product of 
3
CDOM* photoreactions (see reactions (10-12), where S is a generic 

substrate; Sur et al., 2011), its importance should be enhanced at high DOC. Chu et al. (2017), 
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operating at DOC = 11.4 mgC L
−1

 report that the reaction with H2O2 is comparable to that with 
1
O2 

at basic pH. Therefore, it is very likely that GS
−
 photodegradation is dominated by CO3

•−
 at low 

DOC and by H2O2/
1
O2 at high DOC.  

3
CDOM* + S → CDOM

•−
 + S

•+
       (10) 

CDOM
•−

 + O2 → CDOM + O2
•−

       (11) 

2 O2
•−

 + 2 H
+
 (HO2

•
 + O2

•−
 + H

+
) → H2O2 + O2     (12) 

 

A comparison between Figure 2a (GSH) and Figure 2b (GS
−
) suggests that GS

−
 has shorter 

lifetime than GSH. GSH and GS
−
 have the same (or very similar) reaction rate constants with 

3
CDOM*, and the resulting first-order degradation rate constants are equal as well. However, while 

3
CDOM* plays a major role in GSH phototransformation, its relative role is much lower in the case 

of GS
−
 because of the faster overall transformation kinetics. The photolability of GS

−
 is evident 

even by neglecting the H2O2 process; if the reaction between GS
−
 and H2O2 were considered, the 

lifetime difference between GS
−
 and GSH would be even higher. 

 

A major goal of this work is the assessment of the role of CO3
•−

, the formation of which requires 

the occurrence of inorganic carbon (carbonate and bicarbonate) for the oxidation reactions by 
•
OH 

to be operational (Buxton et al., 1988; Canonica et al., 2005; Vione et al, 2014): 

HCO3
−
 + 

•
OH → CO3

•−
 + H2O   [k13 = 8.5 × 10

6
 L mol

−1
 s

−1
]  (13) 

CO3
2−

 + 
•
OH → CO3

•−
 + OH

−
   [k14 = 3.9 ×10

8
 L mol

−1
 s

−1
]  (14) 

Therefore, it is interesting to see the impact of inorganic carbon concentration ([HCO3
−
]+[CO3

2−
]) 

on the pathways and kinetics of GSH/GS
−
 phototransformation. To run the model we assumed DOC 

= 5 mgC L
−1

 and [HCO3
−
] = 100 [CO3

2−
] (pH ~ 8.3). GSH is poorly affected by the CO3

•−
 process 

(see Figure 2c), and its phototransformation kinetics practically does not vary with varying 
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[HCO3
−
]+[CO3

2−
]. In contrast, the photodegradation of GS

−
 gets faster as the inorganic carbon 

increases and as the role of CO3
•−

 becomes more important (Figure 2d).  

 

The importance of CO3
•−

 as photoreaction pathway compared to 
•
OH depends on the competition 

kinetics between the substrate (GSH or GS
−
) and DOM for reaction with 

•
OH/CO3

•−
. The reaction 

rate constant between CO3
•−

 and DOM is over two orders of magnitude lower than the 

corresponding 
•
OH rate constant (Vione et al., 2014), but DOM inhibits the occurrence of CO3

•−
 

twice: first by scavenging 
•
OH that is required for CO3

•−
 formation, and then by directly consuming 

CO3
•−

. Therefore, one usually has [
•
OH] ∝ DOC

−1
 and [CO3

•−
] ∝ DOC

−2
. At low DOC the slower 

reaction with DOM favours CO3
•−

 over 
•
OH, but at high DOC the scenario can change. Figure 3 

reports the ratio [CO3
•−

] [
•
OH]

−1
 as a function of [HCO3

−
]+[CO3

2−
] for different DOC values (up to 

10 mgC L
−1

). The ratio increases with increasing [HCO3
−
]+[CO3

2−
] and with decreasing DOC, as 

expected, and for all considered DOC values it is [CO3
•−

] > [
•
OH] if [HCO3

−
]+[CO3

2−
] > 0.1 mmol 

L
−1

. Because of the much lower reaction rate constant with DOM of CO3
•−

 compared to 
•
OH, 

[CO3
•−

] can even be a couple of orders of magnitude higher than [
•
OH] provided that 

[HCO3
−
]+[CO3

2−
] is high enough and the DOC is low. However, under opposite conditions one can 

have [
•
OH] > [CO3

•−
]. 

 

In the case of GSH it is 1

,,
)(

3

−
−••

COGSHOHGSH
kk  ∼ 600, thus for CO3

•−
 to prevail over 

•
OH in GSH 

photodegradation one needs [CO3
•−

] > 600 [
•
OH], which would hardly ever occur (see Figure 3). In 

contrast, for GS
−
 it is 1

,,
)(

3

−
−•−•−

COGSOHGS
kk  ∼ 1.3 and it is quite easy to have [CO3

•−
] > 1.3 [

•
OH]. In 

the scenario reported in Figure 2d, with DOC = 5 mgC L
−1

 and [HCO3
−
]+[CO3

2−
] = 1 mmol L

−1
, the 

ions HCO3
−
 and CO3

2−
 induce a replacement of 

•
OH with CO3

•−
 as reactive radical species, and the 

overall importance of the combined (
•
OH + CO3

•−
) process in GS

−
 degradation increases as the 
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CO3
•−

 pathway is enhanced. The reason is that CO3
•−

 undergoes lesser scavenging than 
•
OH by 

DOM, which induces a more efficient GS
−
 degradation. 

 

It is also interesting to assess the role of the carbonate radical in the acceleration of GLU 

photodegradation with increasing pH. We carried out model calculations for [HCO3
−
] + [CO3

2−
] = 1 

mmol L
−1

 and for two different values of the DOC, namely 1 mgC L
−1

 (hereafter low-DOC 

conditions, Figure 4a) and 10 mgC L
−1

 (hereafter high-DOC conditions, Figure 4b). Under low-

DOC conditions, our model results clearly suggest that the photodegradation kinetics of GLU gets 

faster as the pH increases because of the growing importance of the CO3
•−

 pathway. There are 

mainly two reasons for this result: (i) with increasing pH one has an increase in [CO3
2−

] at the 

expense of [HCO3
−
], and the reaction between 

•
OH and CO3

2−
 to give CO3

•−
 is faster than the 

process involving HCO3
−
. With increasing pH one has a decrease of [

•
OH] (which is reflected in the 

decreasing importance of the 
•
OH transformation pathway, see Figure 4a) and an increase of 

[CO3
•−

], which causes faster GLU phototransformation because the CO3
•−

 process is more efficient 

at low DOC as explained above; (ii) with increasing pH one has also a higher occurrence of GS
−
 at 

the expense of GSH, and GS
−
 is considerably more reactive than GSH towards CO3

•−
. The outcome 

is that CO3
•−

 dominates the photodegradation of GLU above pH 8 under low-DOC conditions, 

where it is also unlikely that H2O2 plays a key role in the degradation process. 

 

In the case of high-DOC conditions (Figure 4b), which are little favourable to the occurrence of 

CO3
•−

, one has a replacement of the 
•
OH pathway with CO3

•−
 as the pH increases but the overall 

kinetics of the combined (
•
OH + CO3

•−
) process is not much modified, and its role is just a 

secondary one. In contrast the 
3
CDOM* pathway is always important, and the increase in the GLU 

degradation rate constant with increasing pH is accounted for by the 
1
O2 process (GS

−
 reacts with 

1
O2 almost one hundred times faster than GSH). It is reasonable to find an important role of 
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3
CDOM* and 

1
O2 at high DOC because, as mentioned before, both [

3
CDOM*] and [

1
O2] increase 

with increasing DOC. On the basis of the experimental data of Chu et al. (2017) one can 

additionally infer that, in the real world, the pH increase of the GLU photodegradation rate constant 

would be even higher because of the additional role of the H2O2 reaction with GS
−
. 

 

In the case of freshwaters, CO3
•−

 would play a major role in GLU degradation at pH > 8 in low-

DOC conditions. Below pH 8 the photodegradation would be dominated by 
•
OH but with slow 

overall kinetics. Because the biodegradation lifetime of GLU is expected to be in the range of 3-5 

days (Leggatt et al., 2007), biodegradation has several chances to prevail over photodegradation at 

pH < 8. At high DOC one expects an important role of 
3
CDOM* in the photodegradation of GLU, 

but the 
3
CDOM* process alone gives a GLU lifetime of about one month that would not be 

competitive with biodegradation. The modelled GLU photodegradation kinetics becomes faster 

above pH 8 because of the 
1
O2 process, but one needs an environmentally unlikely pH > 9 for the 

1
O2 reaction to overcome the 

3
CDOM* one. However, at high DOC one expects faster GLU 

photodegradation because of the H2O2 reaction as well (Chu et al., 2017). Interestingly, the fastest 

GLU photodegradation (with 2 - 10 days lifetime) is found for pH > 8 and low DOC, where CO3
•−

 

is by far the main reactive species. The radical CO3
•−

 is thus predicted to dominate GLU 

phototransformation in freshwaters, exactly under the conditions where photochemistry is expected 

to be most important. Note that elevated pH values can be reached during summertime in the 

presence of a strong photosynthetic activity that consumes CO2 (Mostofa et al., 2016).  

 

Modelling GLU photodegradation in saltwater 

 

Our modelling of GLU photodegradation in saltwater took the Br2
•−

 reaction into account. As 

already mentioned, only the reaction rate constant between GSH and Br2
•−

 is available (see Table 1) 
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and we carried out model calculations in the case of GSH alone. First of all we validated the model 

against the experimental data of Chu et al. (2017), who studied GLU photodegradation under 

∼neutral conditions with varying salinity. The most uncertain parameter in photochemical 

modelling is the reaction rate constant between Br
−
 and 

3
CDOM* (

*,
3
CDOMBr

k − ), and we used the 

normalised experimental data (normalised with respect to the GSH photodegradation rate constant 

in the absence of added salts) to get an estimate of 
*,

3
CDOMBr

k − . The first-order photodegradation rate 

constant of GSH was assessed in the model based on the reactions with 
•
OH, CO3

•−
, 

1
O2, 

3
CDOM* 

and Br2
•−

, using the second-order reaction rate constants between GSH and each relevant transient 

species, as well as the transient steady-state concentrations: 

][*][][][][ 2,

3

*,2

1

,3,, 2
3

2
1

3

−•−••
−•−•• ++++= BrkCDOMkOkCOkOHkk

BrGSHCDOMGSHOGSHCOGSHOHGSHGSH  (15) 

where [Br2
•−

] is expressed by equation (9). In agreement with experimental conditions we assumed 

DOC = 11.4 mgC L
−1

 and no nitrate, nitrite or inorganic carbon. We derived [
•
OH], [CO3

•−
], [

1
O2] 

and [
3
CDOM*] as APEX output parameters, but corrected [

3
CDOM*] for the additional reaction 

with Br
−
 that adds to the other 

3
CDOM* decay pathways (an iterative calculation applies here). The 

comparison between model predictions and the experimental data of Chu et al. (2017) is reported in 

Figure 5a, and a good agreement could be reached with 
*,

3
CDOMBr

k −  = (1.2±0.6)×10
7
 L mol

−1
 s

−1
. 

The figure shows that the agreement with the experimental data is lost if one increases or decreases 

*,
3
CDOMBr

k −  by a ∼2 factor. To match the experimental data we assumed that Br2
•−

 is the only 

additional reactive species that occurs in saltwater as compared with freshwater. No formation of 

Cl
•
/Cl2

•−
 is expected to occur at the seawater pH values upon reaction between 

•
OH and Cl

−
 

(Buxton et l., 1988), but there is evidence that 
3
CDOM* can oxidise Cl

−
 (Parker and Mitch, 2016). 

Little is known about the relevant reaction rate constant, except for an upper-limit estimate obtained 

by using anthraquinone-2-sulphonate as CDOM proxy (Brigante et al., 2014). For this reason we 
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did not include the formation and reactivity of Cl2
•−

 in the model and, if some GSH degradation is 

actually induced by Cl2
•−

, our value of 
*,

3
CDOMBr

k −  overestimates the actual reaction rate constant. 

Our 
*,

3
CDOMBr

k −  value could in fact include the Cl2
•−

-induced degradation as well. 

 

For environmental modelling we assumed 0.1 mmol L
−1

 NO3
−
, 1 µmol L

−1
 NO2

−
, 1 mgC L

−1
 DOC 

(in agreement with the oligotrophic conditions that are usually found in seawater; Mostofa et al., 

2016), 1 mmol L
−1

 HCO3
−
 and 10 µmol L

−1
 CO3

2−
 (thereby assuming pH ∼ 8.3, in reasonable 

agreement with seawater conditions). Figure 5b reports the results of the modelling simulation of 

GSH first-order photodegradation rate constant as a function of salinity. Note that the typical 

seawater conditions highlighted on the plot correspond to 3.5% salinity and 0.8 mmol L
−1

 Br
−
 

(Mostofa et al., 2016). The 
•
OH process is inhibited with increasing salinity because of the 

scavenging of 
•
OH by Br

−
, while the Br2

•−
 reaction is understandably enhanced. Relatively low 

[Br
−
] (corresponding to 0.2% salinity or less) would be already sufficient to make the Br2

•−
 reaction 

prevail over the other GSH phototransformation pathways. The balance between 
•
OH inhibition and 

Br2
•−

 enhancement produced a slight increase of GSH degradation with salinity, which is different 

from the experimental data of Chu et al. (2017) (see Figure 5a) because the cited authors operated 

at high DOC without nitrate or nitrite. These experimental conditions are highly unfavourable to the 

•
OH reaction, even at low salinity. Therefore, in the real world salinity can enhance the 

photodegradation of GSH, but particular conditions (high DOC, low nitrate and nitrite) are required 

for the salinity effect to be as important as suggested by the experimental data of Chu et al. (2017). 

 

Also note that we did not consider the Cl2
•−

 reaction, but considered the sum of Br2
•−

 + (unknown) 

Cl2
•−

 processes as accounted for by Br2
•−

 alone. Therefore, if Cl2
•−

 proves to be actually important 
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in GSH photodegradation in saltwater, our model prediction for the role of Br2
•−

 should be 

considered as applying to the contributions of Br2
•−

 and Cl2
•−

 taken together. 

 

 

Conclusions 

 

Based on our model predictions and on the comparison with the available experimental data, we can 

conclude that the photodegradation of GSH in freshwaters would be dominated by 
•
OH at low DOC 

and by 
3
CDOM* at high DOC. In contrast, the phototransformation of GS

−
 would be dominated by 

CO3
•−

 at low DOC and by 
1
O2/

3
CDOM* (as well as H2O2) at high DOC. GS

−
 is more photolabile 

than GSH, thus the kinetics of GLU (GSH + GS
−
) phototransformation would become faster with 

increasing pH. The pH increase of the reaction kinetics would be accounted for by CO3
•−

 at low 

DOC and by 
1
O2 (and H2O2) at high DOC. The most favourable conditions to GLU 

photodegradation in surface freshwaters imply low DOC and high pH, where CO3
•−

 is expected to 

dominate the photoreactions. Therefore, CO3
•−

 is a key transient for the photodegradation of GLU 

in freshwaters because it predominates where photochemistry is most competitive with 

biodegradation. Interestingly, high-pH conditions can be obtained in the presence of elevated 

photosynthetic activity that consumes dissolved CO2: this is a good example of synergy between 

biology and photochemistry, where a biological process ensures the conditions for photochemistry 

to prevail over microbial degradation. These findings might probably apply as well to other peptidic 

thiols that behave similarly to GLU (Chu et al., 2017), although their CO3
•−

 reaction rate constants 

are still unknown. 

 

A small salinity level is sufficient to shift the photodegradation pathways of GSH towards Br2
•−

, 

which is thus likely to dominate the GSH phototransformation in brackish- and seawater. Because 
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an increase in salinity enhances the Br2
•−

 process but inhibits the 
•
OH one, salinity does not 

necessarily speed up the GSH photodegradation. For an important salinity-induced acceleration to 

occur, one needs elevated DOC and low nitrate/nitrite levels.  
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Table 1. Indirect photoreactivity parameters of GLU (GSH + GS
−
, with the two species considered 

separately). Note the higher reactivity of electron-richer GS
−
 towards 

1
O2 and CO3

•−
, and 

the higher reactivity of GSH towards 
•
OH. 

 

 

 

GLU O

NH

SH

NH

O

NH
2

O

OH

OH

O

 

x = GSH or GS
−−−−  GSH GS

−−−− Reference 

OHx
k •

,
, L mol

−1
 s

−1
 3.5×10

9
 9.0×10

8
 Buxton et al., 1988 

2
1, Ox

k , L mol
−1

 s
−1

 2.4×10
6
 2.1×10

8
 Chu et al., 2017 

*,
3
BPx

k , L mol
−1

 s
−1

 6.7×10
8
 6.7×10

8
 Encinas et al., 1985 (quenching) 

*,
3
CDOMx

k , L mol
−1

 s
−1

 8×10
7
 8×10

7
 This work (reaction) 

−•
3,COx

k , L mol
−1

 s
−1

 5.3×10
6
 7.1×10

8
 Neta et al., 1988 

−•
2,Brx

k , L mol
−1

 s
−1

 2×10
8
 n/a Neta et al., 1988 
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Figure 1. (a) Photochemical model reproduction of the experimental data reported by Chu et al. 

(2017) for the first-order photodegradation rate constant of GLU (GSH + GS
−
) accounted for by 

•
OH and 

1
O2, as a function of pH. The model prediction is the solid curve, while the dotted curves 

delimit the 95% confidence band of data fit. The other solid curves represent the model predictions 

for different values of the [
1
O2] [

•
OH]

−1
 ratio. (b) Similar as above, but here the first-order rate 

constant is referred to unknown pathways in Chu et al. (2017), here interpreted as the 
3
CDOM* 

reaction. The solid line is the model prediction, with the 95% confidence band delimited by the 

dotted lines. The other solid lines show model predictions for different values of 
*,

3
CDOMGLU

k . 

In both cases, the rate constants were normalised to the first-order rate constant of GLU degradation 

by 
1
O2 + 

•
OH at pH 7 (k7). 
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Figure 2. Modelled first-order rate constants of GSH and GS
−
 photodegradation. Each plot 

shows the overall rate constant, together with the contributions of the different pathways (
•
OH, 

CO3
•−

, 
1
O2 and 

3
CDOM*). The rate constants are referred to: (a) GSH as a function of DOC; (b) 

GS
−
 as a function of DOC; (c) GSH as a function of [HCO3

−
] + [CO3

2−
] (with [CO3

2−
] = 0.01 

[HCO3
−
], pH ∼8.3); (d) GS

−
 as a function of [HCO3

−
] + [CO3

2−
]. The half-life times of GSH and 

GS
−
 (t1/2 = ln 2 k

−1
) are also reported in the right Y-axes. Other water conditions: 5 m water 

depth, 0.1 mmol L
−1

 nitrate, 1 µmol L
−1

 nitrite. In (a,b) there is also 1 mmol L
−1

 bicarbonate and 

10 µmol L
−1

 carbonate, in (c,d) it is DOC = 5 mgC L
−1

.



 29

 

 

 
 

 

Figure 3. Modelled steady-state concentration ratio [CO3
•−

] [
•
OH]

−1
, referred to 22 W m

−2
 sunlight 

UV irradiance, as a function of [HCO3
−
] + [CO3

2−
] (with [CO3

2−
] = 0.01 [HCO3

−
], pH ∼8.3) and for 

different DOC values (reported near each curve). Other water conditions: 5 m depth, 0.1 mmol L
−1

 

nitrate, 1 µmol L
−1

 nitrite. 
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Figure 4. Modelled first-order rate constants of GLU (GSH + GS
−
) photodegradation as a function 

of pH, for (a) DOC = 1 mgC L
−1

 and (b) DOC = 10 mgC L
−1

. Each plot shows the overall rate 

constant, together with the contributions of the different pathways (
•
OH, CO3

•−
, 

1
O2 and 

3
CDOM*). 

Other water conditions: 5 m water depth, 0.1 mmol L
−1

 nitrate, 1 µmol L
−1

 nitrite, 1 mmol L
−1

 

bicarbonate and 10 µmol L
−1

 carbonate. The GLU half-life times (t1/2 = ln 2 k
−1

) are also reported in 

the right Y-axes. 
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Figure 5. (a) Photochemical model reproduction of the experimental data reported by Chu et al. 

(2017) for the first-order photodegradation rate constant of GSH as a function of salinity. The 

model prediction is the solid line, while the dotted lines delimit the 95% confidence band of data fit. 

The other solid lines represent the model predictions for different values of the 
*,

3
CDOMBr

k −  rate 

constant.  

(b) Modelled first-order rate constant of GSH photodegradation as a function of salinity. The plot 

shows the overall rate constant, together with the contributions of the different pathways (
•
OH, 

CO3
•−

, 
1
O2 and 

3
CDOM*). Other water conditions: 5 m water depth, 0.1 mmol L

−1
 nitrate, 1 µmol 

L
−1

 nitrite, 1 mmol L
−1

 bicarbonate and 10 µmol L
−1

 carbonate. The GLU half-life times (t1/2 = ln 2 

k
−1

) are also reported in the right Y-axis, and bromide concentration in the upper X-axis. 


