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Abstract 

 

Dimethomorph (DMM) is a widely used fungicide that shows low toxicity for birds and mammals 

but can be quite toxic to aquatic organisms. The persistence of DMM in surface waters is thus of 

high importance, and this work modelled its water half-life time due to photochemical processes. 

Depending on environmental conditions (e.g. water chemistry, depth, season), DMM lifetime could 

vary from a few days to a few months. For lifetimes of a few weeks or less, photochemistry would 

be an important pathway for DMM attenuation in surface waters. Such conditions could be reached 

in summer, in shallow water bodies with low dissolved organic carbon (DOC) and high nitrate 

and/or nitrite. The main pathways accounting for DMM photodegradation in environmental waters 

would be the reactions with 
•
OH and with the triplet states of chromophoric dissolved organic 

matter, 
3
CDOM* (under the hypothesis that 

3
CDOM* reactivity is well described by the triplet state 

of anthraquinone-2-sulphonate), while direct photolysis would be less important. The 
•
OH pathway 

would be favoured in low-DOC waters, while the opposite conditions would favour 
3
CDOM*. It 

was possible to detect and identify some intermediates formed upon reaction between DMM and 
3
CDOM*, namely N-formylmorpholine, 4-chloroacetophenone and 4-chlorobenzoic acid. The 

transformation of DMM into the detected compounds would not increase the acute toxicity of the 

fungicide towards mammals, and the acute effects for freshwater organisms could be decreased 

significantly. 

 

Keywords: dimethomorph; photochemical transformation; indirect photolysis; environmental 

persistence of fungicides; agrochemicals. 
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1. Introduction 

 

The mixture of isomers, (E,Z) 4-[3-(4-chlorophenyl)-3-(3,4-dimethoxyphenyl)-1-oxo-2-

propenyl]morpholine (dimethomorph, hereafter DMM) is a systemic morpholine fungicide that is 

used on several crops including potatoes, tomatoes, grapes, tobacco and tea. To this purpose, it is 

employed as such or in combined formulations with other fungicides such as mancozeb (manganese 

ethylenebis(dithiocarbamate) (polymeric) complex with zinc salt) (Stein et al., 2003) or triazole 

fungicides (e.g. hexaconazole) (Baby et. Al., 2004). DMM is an inhibitor of sterol (ergosterol) 

synthesis and it can be used for the prevention and cure of downy mildews, late blights, crown and 

root rots (Liu et al., 2012). The effectiveness of DMM as a fungicide was reported for the first time 

in 1988 (Albert et al., 1988), while its good activity as protectant, curative and antisporulant, 

especially against downy mildew, was demonstrated by Wicks and Hall (1990). 

Despite its beneficial effects in the agricultural field, DMM shows toxicity for several living 

organisms including soil and water microflora, of which it can alter important biological functions 

even at very low concentrations (Oliveira et al., 2013). DMM has low toxicity for birds and 

mammals, but it is slightly to moderately toxic towards fish and invertebrates. Furthermore, DMM 

has likely synergistic effects with mancozeb and the mixture is highly toxic to freshwater fish and 

invertebrates (EPA, 1998; Lunn, 2007).  

DMM has been detected in surface and ground waters, wastewater, sludge, soils and agricultural 

products used as food. The concentration values in environmental waters range from ng L
−1

 levels 

in rivers, to µg L
−1

 levels in wetlands affected by runoff from cultivated soil during precipitation 

events (EPA, 1998; Maillard et al., 2011). The environmental concentration levels pose limited risk 

to drinking water sources, but they could be of concern for susceptible aquatic organisms (EPA, 

1998; Lunn, 2007). 

The pesticide lifetime has been studied in soil, by monitoring its concentration at 10-cm depth 

after spraying the soil surface with a DMM formulation. Different half-lives have been observed for 

the E and the Z isomers (∼10 and ∼30 days, respectively), which could be due to a combination of 

water solubility and degradation (Liu et al., 2012). Fast E → Z photochemical conversion is a 

potentially important pathway, and it could take place on the soil surface soon after spraying (EPA, 

1998; Lunn, 2007). Moreover, DMM is quite resistant to hydrolysis (Lunn, 2007). The half-life 

time of DMM in soil due to aerobic biodegradation is of the order of a couple of months (Lunn, 

2007). 

In the literature it is possible to find works concerning the photodegradation of DMM by means 

of advanced oxidation processes (Yan et al., 2005; Calza et al., 2008, Rashidi et al., 2013, Rashidi 

et al., 2014), but to our knowledge specific researches dealing with the fate of DMM in natural 

surface waters have not been published yet. Interestingly, it seems that the only studies 

investigating the photodegradation of DMM in aqueous solution are unpublished works 

commissioned by manufacturing companies (Van Dijk, 1990; Knoch and Holman, 1998; Panek et 

al., 2001), sometimes under conditions that are poorly representative of the aqueous environment 
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(e.g. pH 5). The results of these works are only available as very brief citations in the secondary 

literature (Lunn, 2007), with difficult or no access to the original papers. Moreover, only direct 

photolysis seems to have been investigated, which is of limited significance to DMM 

photoattenuation in surface waters (as will be shown in this work). The scarce available information 

accounts for the importance of studying DDM photodegradation under conditions that could be 

relevant to surface waters, where DMM is expected to have a non-negligible impact (EPA, 1998).  

In surface water bodies, solar radiation promotes photochemical processes that can be 

responsible for the photodegradation of organic pollutants. The photoinduced processes are divided 

in direct photolysis, when the interaction of sunlight with a compound causes its transformation, 

and indirect photoreactions. The latter involve light-absorbing species such as nitrate, nitrite and 

chromophoric dissolved organic matter (CDOM), which absorb sunlight and produce reactive 

transients (
•
OH, CO3

−•
, 

1
O2 and 

3
CDOM*) that promote the degradation of xenobiotics. Note that 

xenobiotic degradation is in competition with deactivation processes of the transients, which 

include reaction with dissolved organic matter (DOM) for 
•
OH and CO3

−•
, reaction with O2 for 

3
CDOM*, and thermal deactivation for both 

1
O2 and 

3
CDOM*. Photochemical reactions can be 

quite important, particularly for the transformation of biorecalcitrant compounds (Boreen et al., 

2003; Canonica et al., 2005, 2006; Fenner et al., 2013; Bonvin et al., 2013; Remucal, 2014; Vione 

et al., in press). 

In the present work, we evaluated the phototransformation of DMM in aqueous solution by 

combining a kinetic study of substrate degradation with a photochemistry model. The recently 

developed model can predict the photochemical transformation kinetics of organic pollutants in 

surface waters as a function of photoreactivity data and of key environmental variables, and it has 

been validated against field data (Maddigapu et al., 2011; Vione et al., 2011; De Laurentiis et al., 

2012; Marchetti et al., 2013). The kinetic study was focused on DMM direct photolysis and on its 

reactivity towards the main transients that can be found in surface waters (
•
OH, CO3

−•
, 

1
O2 and 

3
CDOM*). In addition, a survey was carried out of possible DMM phototransformation 

intermediates via the main photochemical pathways that would be operational in natural waters. 

 

 

2. Experimental 

 

2.1. Reagents and materials 

Anthraquinone-2-sulphonic acid, sodium salt (AQ2S, 97%), furfuryl alcohol (98%), H2O2 (35%), 

NaNO3 (>99%), NaHCO3 (98%), anhydrous Na2SO4 (99%), NaCl (99.5%), Na2HPO4 ⋅ 2 H2O 

(98%), NaH2PO4 ⋅ H2O (98%), HClO4 (70%) and H3PO4 (85%) were purchased from Aldrich, 

dimethomorph (DMM, Pestanal analytical standard) from Fluka, NaOH (99%), propan-2-ol 

(LiChrosolv gradient grade) and dichloromethane (GC Suprasolv) from VWR Int., methanol 

(gradient grade) from Carlo Erba, Rose Bengal (RB) from Alfa Aesar.  
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2.2. Irradiation experiments 

The reaction rate constant between DMM and 
•
OH was determined upon competition kinetics with 

propan-2-ol, using H2O2 under UVB irradiation as 
•
OH source (Wols and Hofman-Caris, 2012). A 

semi-quantitative assessment of the importance of the reaction between DMM and CO3
−•

 was 

carried out upon UVB irradiation of nitrate and bicarbonate (Vione et al., 2009). Irradiated Rose 

Bengal (RB) was used as 
1
O2 source (Garcia and Amat-Guerri, 2005) to study the rate constant of 

the relevant reaction with DMM, while anthraquinone-2-sulphonate (AQ2S) was used as triplet 

sensitiser (CDOM proxy to assess 
3
CDOM* reactivity). The rationale for this choice is that 

quinones are common photoactive components of CDOM (Cory and McKnight, 2005). Moreover, 

irradiated AQ2S does not yield significant amounts of 
•
OH or 

1
O2, differently from other triplet 

sensitisers, thereby reducing the importance of side reactions (Maddigapu et al., 2010; Bedini et al., 

2012). 

The choice of the irradiation devices for the different experiments depended on: (i) the 

absorption spectra of the target compounds (DMM or photosensitisers), measured with a Varian 

Cary 100 Scan double-beam UV-Vis spectrophotometer, using Hellma quartz cuvettes (1.000 cm 

optical path length), and (ii) the emission spectra of the lamps, recorded with an Ocean Optics USB 

2000 CCD spectrophotometer (calibrated with an Ocean Optics DH-2000-CAL source). Solutions 

(5 mL total volume) were placed into cylindrical Pyrex glass cells (diameter 4.0 cm, height 2.5 cm), 

tightly closed with a lateral screw cap, and irradiated from the top under magnetic stirring. The 

incident UV irradiance on top of the solutions (290-400 nm) was measured with a power meter by 

CO.FO.ME.GRA. (Milan, Italy). The incident photon flux in solution was determined by 

ferrioxalate actinometry (Kuhn et al., 2004), by taking into account the wavelength trends of the 

actinometer absorption spectrum and of the photolysis quantum yield. 

Three different lamps were used for the irradiation experiments: (i) a Philips TLK 05 UVA 

lamp with emission maximum at 365 nm, 24.0±1.5 W m
−2

 UV irradiance and (1.82±0.23)⋅10
−5

 

Einstein L
−1

 s
−1

 incident photon flux, to study the direct photolysis of DMM and its reactivity with 

the AQ2S triplet state, 
3
AQ2S*; (ii) a Philips TL 01 UVB lamp with emission maximum at 313 nm, 

13.3±1.1 W m
−2

 UV irradiance and (8.70±1.22)⋅10
−6

 Einstein L
−1

 s
−1

 incident photon flux, to study 

reactivity with 
•
OH and CO3

−•
; (iii) a Philips TL D 18W/16 yellow lamp with emission maximum 

at 545 nm and 10.3±0.9 W m
−2 

irradiance in the visible (measured with the CO.FO.ME.GRA. 

power meter equipped with a probe sensitive to visible radiation), to study the reaction with 
1
O2 via 

Rose Bengal sensitisation. Figure 1 reports the emission spectra of the lamps (spectral photon flux 

densities, p°(λ)) and the absorption spectra of the irradiated compounds (molar absorption 

coefficients, ε(λ)). Dark runs were carried out by wrapping the cells in aluminium foil and by 

placing them under the same lamps used for the irradiation experiments. 

 

2.3. Analytical determinations 

After the scheduled times, the cells were withdrawn from the lamps and the aqueous solutions 

underwent further processing. The monitoring of the time trend of DMM was carried out with a 
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VWR-Hitachi LaChrom Elite chromatograph equipped with L-2200 autosampler (injection volume 

60 µL), L-2130 quaternary pump for low-pressure gradients, Duratec vacuum degasser, L-2300 

column oven (set at 40°C), and L-2455 photodiode array detector. The column was a VWR 

LiChroCART 125-4 Cartridge, packed with LiChrospher 100 RP-18 (125mm×4 mm×5µm). The 

eluent (1.0 mL min
−1

 flow rate) was a mixture of methanol (A) and aqueous H3PO4 at pH 2.8 (B), 

with the following gradient: 10% A for 4 min, then to 65% A in 1 min and kept for 12 min, back to 

10% A in 1 min and kept for 4 min (post-run equilibration). The detection wavelength was 220 nm. 

Commercial DMM is a mixture of two isomers (E and Z) and, coherently, injection of DMM stock 

solutions yielded two peaks at different retention times (13.9 and 15.0 min). The assignment of both 

peaks to the E and Z isomers of DMM was based on their chromatographic behaviour and on the 

photochemical inter-conversion patterns as known from the literature (vide infra).  

The identification of DMM transformation intermediates was carried out by gas 

chromatography coupled with mass spectrometry. To this purpose, aqueous solutions after 

irradiation were extracted two times with 3 mL dichloromethane (the two extracts were then 

joined), dehumidified with anhydrous Na2SO4 and evaporated to dryness. Each sample was 

reconstructed with 100 µL dichloromethane. The solution was transferred into a vial and injected 

into a capillary gas chromatograph (Agilent 6890) coupled with a mass spectrometer (Agilent 5973 

inert). The injection system used was a Gerstel CIS4 PTV. Initial injection temperature was 40 °C, 

programmed at 5 °C/s; final temperature was 320 °C, held for 9 min. The injection volume was 2 

µL in the splitless mode. The capillary column used was a HP-5MS, 30 m × 0.25 mm × 0.25 µm 

film thickness. Initial column temperature was 40 °C and it was increased by 15 °C/min to 300 °C. 

The carrier gas was ultrapure He (1.0 mL/min; SIAD, Bergamo, Italy). The ionisation source 

worked in the electronic impact (EI) mode and the mass spectrometer worked in the Scan mode 

from 44 to 450 Th. Identification of the spectra was performed by using the Wiley 7n library 

(Agilent Part No. G1035B). 

 

2.4. Kinetic data treatment 

The E isomer of DMM undergoes rapid inter-conversion to the Z stereoisomer under UV irradiation 

(EPA, 1998; Lunn, 2007). Kinetic data of substrate transformation were derived by considering the 

time trend of the sum of both isomers, so that the E→Z photochemical conversion would not count 

as a net transformation of DMM. This choice was motivated by the fact that the sum of the two 

isomers followed pseudo-first order phototransformation kinetics with reasonable approximation, 

differently from the E and Z isomers taken separately. Therefore, the rates of the total (E + Z) 

DMM transformation were determined by fitting the relevant time evolution data with the equation 

Ct Co
−1

 = exp(−k t), where Ct is the concentration of (E+Z)DMM at the irradiation time t, Co its 

initial concentration, and k the pseudo-first order degradation rate constant. The initial degradation 

rate was calculated as RDMM = k Co. The error bounds on RDMM mainly depended on the uncertainty 

on k and they are reported as ± 1 standard deviation (µ±σ). The reproducibility of repeated runs was 
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about 10-15%. Anyway, the monitoring of the time trends of both E-DMM and Z-DMM allowed an 

assessment of their respective reactivity after the very fast initial inter-conversion step. 

 

2.5. Photochemical modelling 

We have recently developed a model to predict the photochemical transformation kinetics of 

xenobiotics in surface waters. A detailed model description is provided in several previous 

publications (Maddigapu et al., 2011; Minella et al., 2013; De Laurentiis et al., 2014). Moreover, a 

software application was recently derived from the model (APEX: Aqueous Photochemistry of 

Environmentally-occurring Xenobiotics), which is available for free (including the User’s Guide 

that contains a comprehensive account of model equations), as electronic supplementary 

information of Bodrato and Vione (2014) or at 

http://chimica.campusnet.unito.it/do/didattica.pl/Quest?corso=7a3d.  

APEX predicts steady-state concentrations of 
•
OH, CO3

−•
, 

1
O2 and 

3
CDOM* based on water 

chemical composition and depth and on the spectral photon flux density of sunlight. It also predicts 

reaction kinetics (pseudo-first order rate constants) of pollutants with 
•
OH, CO3

−•
, 

1
O2 and 

3
CDOM*, as well as kinetics of direct photolysis. Required input data are pollutant absorption 

spectrum, photolysis quantum yield and second-order reaction rate constants with 
•
OH, CO3

−•
, 

1
O2 

and 
3
CDOM*. The standardised time unit in the model is a summer sunny day (SSD), equivalent to 

fair-weather 15 July at 45°N latitude (Vione et al., 2011). By so doing, it is possible to take into 

account the day-night cycle and to use a time unit of definite duration that relates to outdoor 

conditions. The model results are average values over the water column of given depth, thus they 

take into account the higher photoactivity at the surface and the lower one at depth. They apply to 

well-mixed water bodies, including the epilimnion of stratified lakes. 

An additional issue is that sunlight is not vertically incident over the water surface. The solar 

zenith angle should be considered, although refraction deviates the light path in water towards the 

vertical. Because of this phenomenon, the path length l of light in water is longer than the water 

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. 
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3. Results and Discussion 

 

3.1. Identification of the E and Z isomers of DMM 

 

Under our analytical conditions DMM eluted as two separate peaks, hereafter labelled DMM13.9 and 

DMM15.0 based on retention time. Using HPLC elution on C18 material, shorter retention time has 

been found for the E isomer compared to the Z one (Takino and Sawada, 2010). Additional 

evidence was obtained upon UV irradiation of aqueous solutions of DMM. Our irradiation 

experiments showed a rapid decrease of the concentration of DMM13.9 and a corresponding increase 

of DMM15.0 (see Figure SM1 of the Supplementary Material to this paper, hereafter SM). The 

change in peak areas took place in less than 5 min under the adopted UVA and UVB devices (see 

Figure 1a,b for the lamp emission spectra), after which no further change took place for at least 30 

min. The observed isomer conversion was a photoinduced reaction: the process kinetics were highly 

modified by using lamps having different emission spectra and, consequently, different overlap 

with the absorption spectrum of DMM. In contrast, the solution temperature (around 30°C) was 

similar in all the cases and the irradiance values were of the same order of magnitude. Compared to 

UVB and UVA irradiation, the isomer conversion was considerably slower (>3 h) under a Philips 

TLK 03 lamp with emission maximum at 430 nm (where DMM absorption is very limited), and it 

did not take place within 24 h under yellow-lamp irradiation, where DMM does not absorb at all 

(see Figure 1c for the spectrum of this lamp).  

It is reported that the irradiation of DMM modifies the E:Z ratio from approximately 45:55 to 

around 25:75 or 20:80, after which the ratio of the isomers undergoes limited further changes 

(Lunn, 2007). Therefore, both chromatographic and photochemical considerations suggest that 

DMM13.9 is the E isomer and DMM15.0 the Z one. 

 

3.2. Photochemical reactivity of DMM 

 

In addition to the inter-conversion between the E and Z isomers (hereafter E-DMM and Z-DMM, 

respectively), net degradation of DMM intended as isomer mixture (DMM = E-DMM + Z-DMM) 

also took place under photochemical conditions. Transformation was studied for the sum of the two 

isomers, the time trend of which followed a pseudo-first order kinetics. The studied photochemical 

pathways were the direct photolysis and the reaction with photogenerated transients (
•
OH, CO3

−•
, 

1
O2 and 

3
CDOM*, the latter assessed by using AQ2S as CDOM proxy). The experimental data are 

reported in the following section, while Table 1 summarizes the results concerning the direct 

photolysis quantum yield of DMM and the second-order reaction rate constants with the 

photoinduced transients under study. The values reported in Table 1 are lumped ones, because they 

are affected by the contributions of both DMM isomers. 

In addition to the transformation of whole DMM, it is also interesting to have insight into the 

relative photostability/lability of its two isomers (E-DMM and Z-DMM). This issue is dealt with in 
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the Supplementary Material (Figure SM1). It was found that, after the fast initial inter-conversion, 

both E-DMM and Z-DMM showed comparable reactivity towards 
•
OH and 

3
CDOM* (the main 

transients that would be involved in the phototransformation of DMM in surface waters, vide infra). 

 

3.3. Kinetics of DMM phototransformation 

 

Direct photolysis. DMM (initial concentration 5 µM) was irradiated under the TLK 05 lamp 

(emission maximum at 365 nm, see Figure 1) at pH 7. Under these conditions the direct photolysis 

of DMM was limited and the initial transformation rate was RDMM = (1.29±0.15)⋅10
−12

 M s
−1

 (µ±σ). 

The photon flux absorbed by DMM can be expressed as λλ λε

λ

dpP
DMMbDMM

a
DMM ]101[)(

][)(−−°= ∫  = 

(4.94±0.62)⋅10
−8

 Einstein L
−1

 s
−1

, where p°(λ) is the incident spectral photon flux density of the 

lamp, εDMM(λ) the molar absorption coefficient of DMM (see Figure 1), b = 0.4 cm the optical path 

length in solution, and [DMM] = 5 µM. From these data it is possible to obtain the polychromatic 

photolysis quantum yield of DMM in the UVA region, where the spectra of the lamp and DMM 

overlap, as ΦDMM = RDMM (Pa
DMM

)
−1

 = (2.61±0.63)⋅10
−5

. No dark transformation of DMM was 

observed at the time scale used for the irradiation experiments. Under irradiation, ∼20% of the 

initial DMM was degraded in 7 days. 

 

Reaction with 
••••OH. The second-order reaction rate constant between DMM and 

•
OH was 

determined upon competition kinetics with propan-2-ol, using the UVB photolysis of H2O2 as 
•
OH 

source. Figure 2 reports the initial transformation rate of DMM (20 µM initial concentration) as a 

function of the concentration of propan-2-ol, upon irradiation with 1 mM H2O2. The transformation 

of DMM upon H2O2 photolysis would mainly involve the following reactions (Buxton et al., 1988): 

 

H2O2 + hν → 2 
•
OH         (1) 

Propan-2-ol + 
•
OH → Products   [k2 = 1.9⋅10

9
 M

−1
 s

−1
]  (2) 

H2O2 + 
•
OH → HO2

•
 + H2O    [k3 = 2.7⋅10

7
 M

−1
 s

−1
]  (3) 

DMM + 
•
OH → Products   [k4]    (4) 

 

The direct photolysis of DMM did not interfere significantly over an irradiation time scale of 4 h. 

Upon application of the steady-state approximation to 
•
OH one gets the following expression for 

RDMM: 

 

][][]Propanol2[

][

42232

4

DMMkOHkk

DMMkR
R OH

DMM
⋅+⋅+−⋅

⋅⋅
=

•

    (5) 

 

The fit of the experimental data reported in Figure 2 with equation (5), using 
OH

R•  = 

(2.92±0.24)⋅10
−9

 M s
−1

 (derived from the value of RDMM without propan-2-ol) and with k4 as 

floating variable yielded k4 = (2.56±0.44)⋅10
10

 M
−1

 s
−1

 as the reaction rate constant between DMM 
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and 
•
OH. Note that (i) 1 mM H2O2 would scavenge 

•
OH to a negligible extent compared to 20 µM 

DMM, and (ii) the reaction of DMM with the radical species formed from 
•
OH and propan-2-ol 

would be negligible, because 0)(lim
]ol2Propan[

=
∞→−−

DMMR  (the trend of RDMM vs. [Propan-2-ol] was not a 

plateau one). 

 

Reaction with CO3
−−−−••••. Figure 3 reports the initial transformation rate of 20 µM DMM upon UVB 

irradiation of 10 mM NaNO3, with the addition of variable NaHCO3 concentrations. Because 

bicarbonate addition modifies the solution pH, the trend of RDMM with irradiated nitrate is also 

shown in the presence of a phosphate buffer (NaH2PO4 + Na2HPO4) at the same concentration 

values as NaHCO3 and same pH, within ±0.1 units. Finally, RDMM in the presence of NaHCO3 but 

without nitrate is also reported. 

Figure 3 shows that: (i) DMM direct photolysis (irradiation without nitrate and in the presence 

of the non-absorbing HCO3
–
/CO3

2–
 anions) was relatively low under the adopted experimental 

conditions (irradiation time up to 4h); (ii) DMM transformation with irradiated nitrate was little 

modified and even slightly inhibited by bicarbonate compared to the phosphate buffer.  

The photolysis of nitrate yields photogenerated fragments inside a water cage ([
•
OH + 

•
NO2]cage). The fragments can either recombine back to nitrate or diffuse into the solution bulk, 

where 
•
OH can react with dissolved substrates (Mark et al., 1996; Bouillon and Miller, 2005; 

Nissenson et al., 2010). The ions HCO3
−
 and CO3

2−
 can react with bulk 

•
OH to yield CO3

−•
, which 

is considerably less reactive than the hydroxyl radical, but they could also react with cage 
•
OH. 

This reaction would produce CO3
−•

 and inhibit photofragment recombination to nitrate, as shown in 

the following reaction scheme:  

 

 (6) 

 

Because HCO3
−
 and CO3

2−
 inhibit the reaction of photofragment recombination, the formation rate 

of CO3
−•

 in the presence of nitrate + bicarbonate would be significantly higher than the formation 

rate of 
•
OH with nitrate alone. The formation of a higher amount of a less reactive species has 

variable effects depending on the reactivity of a dissolved substrate with CO3
−•

 vs. 
•
OH. The 

degradation of compounds that are poorly reactive toward CO3
−•

, and that would also undergo 

insignificant transformation by CO3
−•

 in surface waters, would be inhibited by bicarbonate. 
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Conversely, the degradation of compounds that react with CO3
−•

 to a significant extent would be 

enhanced by bicarbonate (Vione et al., 2009; De Laurentiis et al., 2014). In the case of DMM, the 

results reported in Figure 3 show that the reaction rate in the presence of HCO3
−
/CO3

2−
 was slightly 

lower than that in the presence of the phosphate buffer. Therefore, it is suggested that CO3
−•

 would 

not play a significant role in the degradation of DMM in surface-water environments. 

 

Reaction with 
1
O2. This reaction was studied upon irradiation (yellow lamp) of DMM with 10 µM 

Rose Bengal (RB) as source of 
1
O2. The reaction (8) between DMM and 

1
O2 would be in 

competition with the thermal deactivation of singlet oxygen (reaction (9); Rodgers and Snowden, 

1982): 

 

RB + hν + O2 → RB + 
1
O2       (7) 

DMM + 
1
O2 → Products  [k8]      (8) 

1
O2 → O2 + heat   [k9 = 2.5⋅10

5
 s

−1
]    (9) 

 

Upon application of the steady-state approximation to 
1
O2 one gets the following expression for 

RDMM: 

 

][

][

89

8
2

1

DMMkk

DMMkR
R

O

DMM
⋅+

⋅⋅
=        (10) 

 

where 
2

1
O

R  is the formation rate of 
1
O2 by 10 µM RB under the adopted irradiation device. At very 

low DMM it would be k8 [DMM] « k9, and the equation (10) would be linearised as 

][1

98
2

1 DMMkkRR
ODMM ⋅⋅⋅= − . Coherently, the experimental trend of RDMM vs. [DMM] was linear 

(see Figure SM2) and it could be fitted with RDMM = (1.21±0.04)⋅10
−6

 [DMM]. 

The measurement of 
2

1
O

R  was carried out upon irradiation of 10 µM RB + 0.1 mM furfuryl 

alcohol (FFA), which reacts with 
1
O2 with rate constant kFFA = 7.8⋅10

8
 M

−1
 s

−1
 (Wilkinson and 

Brummer, 1981). The initial transformation rate of FFA, experimentally determined, was RFFA = 

(8.46±0.11)⋅10
−8

 M s
−1

. Photogenerated 
1
O2 could undergo deactivation or reaction with FFA, and 

upon application of the steady-state approximation to [
1
O2] one obtains: 

 

][

][9

2
1

FFAk

FFAkk
RR

FFA

FFA
FFAO ⋅

⋅+
⋅=        (11) 

 

From equation (11) one gets 
2

1
O

R  = (3.56±0.05)⋅10
−7

 M s
−1

. With this value and by comparison 

between equation (10) (linearised form) and the experimental data one obtains 1

98
2

1

−⋅⋅ kkR
O

 = 

(1.21±0.04)⋅10
−6

, from which k8 = (8.50±0.28)⋅10
5
 M

−1
 s

−1
 is derived as the reaction rate constant 
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between DMM and 
1
O2. This rate constant is quite low, thus the 

1
O2 pathway is unlikely to play a 

significant role in the transformation of DMM. 

 

Reaction with irradiated AQ2S. The UVA irradiation of DMM with 0.1 mM AQ2S was used to 

measure the reaction rate constant between DMM and 
3
AQ2S*. The (linear) trend of RDMM vs. 

[DMM] under these conditions is reported in Figure SM3 and the relevant data fit yielded RDMM = 

(3.96±0.28)⋅10
−5

 [DMM].  

Both AQ2S and DMM absorb lamp radiation. From the Lambert-Beer approach (Kuhn et al., 

2004) one derives that ( ) ( ) 1

2

12 )()()()(
−−

⋅=⋅ λλλλ DMMSAQ

DMM

a

SAQ

a AApp , where )(λDMMA  and 

)(2 λSAQA  are the absorbance values of DMM and AQ2S at the wavelength λ, and 

)(λDMM

ap , )(2 λSAQ

ap  are the respective values of the absorbed spectral photon flux density. 

Competition for lamp irradiance between DMM and AQ2S has limited impact on radiation 

absorption by AQ2S: the absorbed photon flux SAQ

aP
2  would be decreased by less than 1% when 

passing from 0.1 mM AQ2S alone to 0.1 mM AQ2S + 15 µM DMM, the highest tested DMM 

concentration. Therefore, with very good approximation one can simply determine 

λλ
λ

dpP
SAQ

a

SAQ

a ∫= )(22  = (1.54±0.04)⋅10
−6

 Einstein L
−1

 s
−1

, where 

]101[)()(
]2[)(2 2 SAQbSAQ

a

SAQpp
λε

λλ
−

−°=  (p°(λ) is the spectral incident photon flux density of the 

UVA lamp, reported in Figure 1a, b = 0.4 cm is the optical path length in the experimental cells, 

and [AQ2S] = 0.1 mM). 

The reactive triplet state 
3
AQ2S* accounts for the degradation processes that take place with 

AQ2S under irradiation. It has formation quantum yield 
*23 SAQ

φ  = 0.18 and deactivation rate 

constant 
*23 SAQ

k  = 1.1⋅10
7
 s

−1
 (Loeff and Treinin, 1983). The formation rate of 

3
AQ2S* is 

*23 SAQ
R  

= 
*23 SAQ

φ  Pa
AQ2S

, and its deactivation would compete with the reaction with DMM (rate constant 

DMMSAQ
k

*,23 ). Therefore, the transformation rate of DMM by irradiated AQ2S could be expressed as 

follows: 

 

][

][

*,2*2

*,22

*2
33

3

3

DMMkk

DMMk
PR

DMMSAQSAQ

DMMSAQSAQ

aSAQDMM
⋅+

⋅
⋅⋅= φ     (12) 

 

Under the hypothesis that 
DMMSAQ

k
*,23  [DMM] « 

*23
SAQ

k , one gets RDMM = 
*23

SAQ
φ  Pa

AQ2S
 

DMMSAQ
k

*,23  (
*23

SAQ
k )

−1
 [DMM], which would be compatible with the experimentally observed 

linear trend (RDMM = (3.96±0.28)⋅10
−5

 [DMM]). By application of the linearised form of equation 

(12) to the experimental data, one gets 
*23

SAQ
φ  Pa

AQ2S
 

DMMSAQ
k

*,23  (
*23

SAQ
k )

−1
 = (3.96±0.28)⋅10

−5
 

and, as a consequence, 
DMMSAQ

k
*,23  = (1.57±0.15)⋅10

9
 M

−1
 s

−1
 as the second-order reaction rate 

constant between 
3
AQ2S* and DMM. This finding confirms that the hypothesis 

DMMSAQ
k

*,23  
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[DMM] « 
*23

SAQ
k  was reasonable. Hereafter, it will be assumed that the value of 

DMMSAQ
k

*,23  is 

representative of the reaction rate constant(s) between DMM and 
3
CDOM*. 

 

3.4. DMM transformation intermediates 

 

The study of the intermediates formed by substrate irradiation is important, because some of them 

could be more harmful than the parent compounds (Donner et al., 2013). To facilitate intermediate 

identification, irradiation of saturated solutions of DMM was carried out (concentration around 0.1 

mM). The studied systems were DMM alone (direct photolysis), DMM + H2O2 (
•
OH pathway), and 

DMM + AQ2S (
3
CDOM* pathway). The photochemical pathways that are almost certainly 

negligible (CO3
−•

 and 
1
O2) were no longer studied. 

It was not possible to detect DMM intermediates upon direct photolysis or irradiation with 1 

mM H2O2, probably because even with a saturated aqueous solution of DMM (the solubility of 

which in water is however limited), the intermediates had lower concentration values than the limit 

of detection of the analytical methodology. In fact, if the intermediates are degraded faster than the 

parent compound, their concentrations in the studied systems may be extremely low. In contrast, 

three potentially important intermediates could be identified upon irradiation of DMM with 1 mM 

AQ2S. These intermediates are N-formylmorpholine (m/z = 115), 4-chloroacetophenone (m/z = 

154) and 4-chlorobenzoic acid (m/z = 156) (see Table 2). The experimental mass spectra, obtained 

by means of GC-MS analysis, and the comparison with the spectra libraries are reported in the SM 

(Figures SM4-SM6). Interestingly, 4-chlorobenzoic acid and 4-chloroacetophenone accumulated in 

the system up to the longest irradiation time tested (8 h), while N-formylmorpholine peaked at low 

irradiation time.  

The formation of N-formylmorpholine has been hypothesised by Al Rashidi et al. (2013, 2014), 

who investigated the transformation of DMM in the gas phase by ozonolysis and reaction with 
•
OH 

(produced by photolysis of gaseous HONO). The only identified intermediate (by GC-MS) was in 

both cases the (4-chlorophenyl)(3,4-dimethoxyphenyl)methanone (CPMPM). In the presence of 

ozone, the cleavage of the double bond would yield several compounds, including CPMPM and 

unstable Criegee intermediates. Some of the latter may undergo degradation to produce N-

formylmorpholine. The reaction with 
•
OH would also cause the cleavage of the double bond, 

producing CPMPM and a morpholinic glyoxal that could be transformed into N-formylmorpholine 

by CO loss. The main reactive species with irradiated AQ2S is 
3
AQ2S*, which can simulate the 

•
OH reactivity in some cases (Vione et al., 2010; Bedini et al., 2012). However, 

3
AQ2S* can also 

produce different intermediates than 
•
OH, or the same intermediates with different yields (Vione et 

al., 2011; De Laurentiis et al., 2012, 2014). 

N-Formylmorpholine is a solvent of low toxicity, and the lethal dose for rats is 6500 mg kg
−1

 

(Lewis, 1992). It is, therefore, slightly less toxic than DMM, the lethal dose of which for rats is 

3900 mg kg
−1

 (EPA, 1998; Lunn, 2007). From these data one can infer that the transformation of 

DMM into N-formylmorpholine could slightly reduce the system toxicity, at least for mammals. 
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The other two intermediates are also commonly found in industrial wastes (D'Oliveira et al., 1993, 

Shimizu et al., 2005, Mhemdi et al., 2013). The acute toxicity of 4-chlorobenzoic acid for rats is 

quite comparable to that of N-formylmorpholine (TCI, 2005), while 4-chloroacetophenone is very 

toxic by inhalation but much less dangerous by ingestion (the lethal dose for rats by oral intake is 

above 2000 mg kg
−1

; Merck-Millipore, 2011). Compared to the parent DMM, and considering that 

the detected intermediates would be formed in water bodies, it does not seem that they could cause 

acute toxicity concerns for mammals, with the possible exception of the (presumably rare) cases 

where 4-chloroacetophenone may be inhaled. Unfortunately, no data are available about possible 

long-term effects. The acute toxicity for aquatic organisms is probably more environmentally 

significant than that for mammals, given the expected harmful effects of DMM. In this context, the 

detected intermediates should be less toxic than DMM towards fish, invertebrates and algae (EPA, 

1998; BASF, 2008; Merck-Millipore, 2010, 2011). Therefore, photodegradation of DMM by 
3
CDOM* could reduce its acute impact on aquatic environments. 

 

3.5. Photochemical modelling 

 

Based on the data reported in Table 1, the expected photochemical persistence of DMM in surface 

waters was modelled with the APEX software. Figure 4A reports the half-life time of DMM as a 

function of the optical path length of sunlight in water (which is proportional to the water depth, see 

section 2.5) and of the dissolved organic carbon (DOC, units of mg C L
−1

). Other (fixed) water 

conditions are 0.1 mM nitrate, 1 µM nitrite, 1 mM bicarbonate and 10 µM carbonate. Note that, 

within APEX, DOC is used as a measure of both DOM and CDOM. Under such circumstances the 

half-life time of DMM (referred to fair-weather summertime) would vary from a few days to over 

one month. In particular, t½ would increase with increasing path length because the bottom layers of 

a deep water body are poorly illuminated by sunlight. Furthermore, increasing DOC causes the t½ to 

increase, because DOM efficiently scavenges 
•
OH and inhibits an important pathway of DMM 

transformation. The inhibition of 
•
OH reactions by DOM is only partially offset by the 

enhancement of the 
3
CDOM*-induced processes at high DOC. Under the reported conditions, the 

•
OH pathway would in fact prevail at low DOC and the 

3
CDOM* reactions at high DOC, while the 

relative importance of the direct photolysis would be <10% (see Figure 5, which shows the fraction 

of DMM degraded by 
•
OH (A), 

3
CDOM* (B) and the direct photolysis (C) in the considered 

conditions). 

Nitrate and nitrite can be important 
•
OH sources in surface waters. The values of [NO3

−
] and 

[NO2
−
] used for the calculations in Figure 4A (0.1 mM and 1 µM, respectively) are fairly high 

(Longhi et al., 2013). Figure 4B reports the t½ of DMM in the presence of 1 µM nitrate and 10 nM 

nitrite (which could be representative of a hypereutrophic water body during elevated productivity 

periods; Pinardi et al., 2011), and otherwise identical conditions as for Figure 4A. Limited 

difference between the t½ values of Figure 4A and 4B can be seen at high DOC and high path 

length, where DMM transformation would mainly occur upon reaction with 
3
CDOM* (see Figure 
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5). In contrast, the t½ values are quite different at low DOC and low path length. Under such 

circumstances the transformation reactions involving 
•
OH would be important (Figure 5) and they 

are enhanced in the presence of elevated nitrate and nitrite. The photochemistry of these nitrogen 

species is more important in shallow waters because nitrate mainly absorbs UVB and nitrite UVA 

radiation, the column penetration of which is lower compared to e.g. visible light (Loiselle et al., 

2008). The decrease of t½ with increasing DOC at low path length, shown in Figure 4B is due to the 

fact that because of low nitrite and nitrate, the role of CDOM as source of 
3
CDOM* and most 

notably 
•
OH is more important than that of DOM as 

•
OH sink. 

The modelled half-life times of Figure 4 are referred to summertime irradiation conditions. The 

APEX_Season function of the APEX software can give insight into the photochemical reaction 

kinetics in different seasons. Figure 6 reports the monthly trend of the t½ of DMM (with nitrate and 

nitrite as per Figure 4A, for other conditions see the figure caption), showing a variation from ∼10 

days in summer to 60-90 days in winter. The error bars shown on the plot (±σ) represent the model 

uncertainty and they were calculated with the APEX_Errors function of APEX. 

 

 

4. Conclusions 

 

Commercial DMM is a mixture of two isomers (E and Z), which undergo very rapid E → Z 

interconversion under UV irradiation. The DMM (intended as the sum of the two isomers) also 

undergoes photodegradation, although with a longer time scale. The modelled photochemical half-

life time of DMM would range from about a week to several months in surface-water environments, 

depending on environmental conditions such as water chemistry, depth and seasonality. In 

particular, photodegradation would be favoured in shallow waters with low DOC during the 

summer season. If, additionally, nitrate and nitrite reach elevated levels, the half-life time could be 

even decreased to a few days. To our knowledge, this is the first assessment ever carried out of the 

photochemical half-life time of DMM in surface water bodies. For lifetimes of a few weeks or 

shorter, photochemistry would be a key issue in DMM transformation in environmental waters. 

The main photochemical pathways accounting for DMM degradation would be 
•
OH in DOM-

poor waters (low DOC) and 
3
CDOM* in DOM-rich ones (high DOC). In contrast, direct photolysis 

would play a secondary role. Additional processes (reaction with 
1
O2 and CO3

−•
) can be safely 

neglected. Interestingly, after the very fast E → Z interconversion, the E and Z isomers showed 

comparable reactivity with 
•
OH and 

3
CDOM*. 

In the case of reaction with 
3
CDOM* (studied by using AQ2S as CDOM proxy), the 

compounds N-formylmorpholine, 4-chloroacetophenone and 4-chlorobenzoic acid were identified 

as DMM transformation intermediates. Their acute toxicity for rats is grossly comparable to that of 

DMM, allowing the inference that the 
3
CDOM* pathway would not lead to an increase of acute 

toxicity for mammals. A partial exception might be represented by scenarios in which 4-

chloroacetophenone may be inhaled, because the toxicity of this compound by inhalation is much 
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higher compared to ingestion or dermal contact. Interestingly, the detected intermediates are less 

toxic than DMM towards aquatic organisms (fish, invertebrates, algae). By combining the toxicity 

data reported in the literature and the experimental evidence here detailed, one can infer that the 
3
CDOM* pathway might reduce the adverse effects of DMM on aquatic ecosystems. 
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Table 1. Photochemical kinetic parameters of DMM (sum of E and Z isomers). AQ2S was used as 

proxy of CDOM. The reaction between DMM and CO3
−•

 would not be significant in 

environmental waters. The structures of the E and Z isomers of DMM are also reported. 

 

 

Photochemical pathway Parameter Value (µµµµ±±±±σσσσ) 

Direct photolysis DMMΦ  (2.61±0.63)⋅10
−5

 

Reaction with 
•
OH DMMOH

k
,

•  (2.56±0.44)⋅10
10

 M
−1

 s
−1

 

Reaction with 
1
O2 DMMO

k
,2

1  (8.50±0.28)⋅10
5
 M

−1
 s

−1
 

Reaction with 
3
CDOM* DMMSAQ

k
*,23  (1.57±0.15)⋅10

9
 M

−1
 s

−1
 

   

C C
C

H

O

N O

OCH3CH3O

Cl

 

C C
H

C

OCH3CH3O

Cl

O

N O

 

E-DMM Z-DMM 

 



 21

 

 

Table 2. DMM intermediates, identified by GC-MS upon UVA irradiation in the presence of 

AQ2S. Further information on their identification is provided as SM. 

 

 

Compound Structural Formula m/z tR, min 

1-Formylmorpholine 

 

O

N

OH

 
 

115 4.61 

4-Chloroacetophenone 

 

Cl

CH3O

 
 

154 5.72 

4-Chlorobenzoic acid 

 

 
 

156 7.21 
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Figure 1. Absorption (molar absorption coefficients) and emission spectra (spectral photon flux 

densities) of: (a) UVA lamp, DMM and AQ2S; (b) UVB lamp, H2O2 and nitrate; (c) 

yellow lamp and Rose Bengal (RB). 
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Figure 2. Initial transformation rates of 20 μM DMM upon UVB irradiation of 1 mM H2O2, as a 

function of the concentration of added propan-2-ol at pH 7.  
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Figure 3. Initial transformation rates under UVB irradiation of (□) 20 μM DMM and 10 mM 

NaNO3, as a function of the concentration of NaHCO3; (∆) 20 μM DMM and 10 mM 

NaNO3, as a function of the concentration of added phosphate buffer (same concentration 

as NaHCO3 and same pH, within 0.1 units); (◊) 20 μM DMM, without nitrate, as a 

function of NaHCO3 concentration. 
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Figure 4. Photochemical half-life time of DMM, as a function of DOC and of the optical path 

length l of sunlight in water. To compare with the water depth d, note that l = 10 m means 

d = 8.5 m on 15 July at 45°N latitude. SSD = summer sunny days equivalent to fair-

weather 15 July at 45°N latitude. Other water conditions: (A) 0.1 mM nitrate, 1 µM nitrite, 

1 mM bicarbonate, 10 µM carbonate; (B) 1 µM nitrate, 10 nM nitrite, 1 mM bicarbonate, 

10 µM carbonate.  
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Figure 5. Fractions of DMM photochemical transformation accounted for by (A) 
•
OH, (B) 

3
CDOM* and (C) direct photolysis, as a function of DOC and the optical path length l. 

Other water conditions: 0.1 mM nitrate, 1 µM nitrite, 1 mM bicarbonate, 10 µM 

carbonate. 
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Figure 6. Photochemical half-life time of DMM as a function of the month of the year. The time 

unit is a fair-weather day corresponding to the 15
th

 of the relevant month. Water 

conditions: sunlight path length l = 2 m, NPOC = 3 mg C L
−1

, 0.1 mM nitrate, 1 µM 

nitrite, 1 mM bicarbonate, 10 µM carbonate. 


