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Abstract 

 

The phototransformation of clarithromycin and roxithromycin, two human-used macrolide 

(MLs) antibiotics was investigated in surface waters. Degradation in water would occur via 

the direct photolysis of the Fe(III)-MLs complexes. Hydroxyl radicals, singlet oxygen and 

other photooxidants generated from nitrate ions and from excited chromophores present in 

humic acids appeared to have only a very limited impact on the overall degradation of MLs 

under the adopted UV-Vis irradiation conditions. A photolysis model applied to the Fe(III)-

clarithromycin complex in river water showed that a half-life of 40 days was predicted under 

clear-sky irradiation in November, 26 days in February, and 10 in May. Direct photolysis 

could have a limited impact on the environmental concentrations of MLs in rivers, due to a 

too short water residence time but might be important in shallow lakes and lagoons. 

Photoinduced degradation of MLs mainly implied changes in the structure of the aglycone, 

probably leading to their detoxification because the pseudoerythromycin derivatives have very 

little antimicrobial activity. 
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1. Introduction 

 

Macrolides (MLs) are the second most important antibacterial agents used for human therapy 

after the β-lactam family. In 2004, the most used MLs in human medicine in France have 

been erythromycin A (27042 kg), clarithromycin (15015 kg), josamycin (12802 kg), and to a 

lesser extent azithromycin (4073 kg) and roxithromycin (3404 kg) (Knappe EU project, 

2008). MLs consist of a 14- to 16-carbon lactone ring, which is substituted with hydroxyl, 

alkyl and ketone groups as well as neutral and amino sugars bound to the nucleus through 

ether linkages (Pal, 2006). The biochemical activity of MLs is believed to derive from 

inhibition of protein synthesis via specific hydrogen bonding in the peptidyl transferase cavity 

of bacterial 23S rRNA (Schlünzen, 2001). Biological activity is mainly related to the presence 

of the ter-amino sugar and the hydroxyl groups located on the lactone ring. The presence of 

the neutral sugar at the C-3 position of the ring is not fully required (Pal, 2006). 

MLs have been frequently detected worldwide in the final effluents of WWTPs (Gros et al., 

2007; Miao et al., 2004), in surface waters at concentration levels of 1-250 ng/L (Calamari et 

al., 2004; Managaki et al., 2007), and even in drinking water at low ng/L levels (Ye et al., 

2007). Significantly higher concentrations of MLs have been detected in river sediments, 

indicating the possible accumulation of MLs in that compartment (Kim and Carlson, 2007). 

Concerns on MLs residues in the environment arise from their high toxicity toward green 

algae (Isidori et al., 2005), their possible high persistence in surface waters (McArdell et al., 

2003), their known ability to enzymatically inhibit the cytochrome P-450 (Yasuhiro and 

Toshiharu, 2007), and their possible contribution to the selection of antibiotic-resistant 

bacterial strains, in a similar way as other antibiotic classes (Pei et al., 2007). Consequently, 

CLA has been classified as a priority human pharmaceutical to be monitored in French 

surface waters (Besse and Garric, 2008). 

To refine the environmental risk assessment of human-used MLs in surface waters, the 

significance of natural attenuation processes such as photodegradation has to be assessed. 

Differently from other antimicrobial agents such as fluoroquinolones (Belden et al., 2007), 

tetracyclines (Werner et al., 2006) and sulphonamides (Boreen et al., 2004), little is known in 

this field for MLs. Unlike tylosin, a widely used veterinary macrolide antibiotic exhibiting a 

conjugated diene moiety (Werner at al., 2007), human-used MLs do not absorb light at λ > 

290 nm, which excludes any direct photochemistry. However, it has been observed that they 

undergo electronic interactions with transition metals such as Fe(II), Cu(II) and Zn(II) 

(Hamdan, 2003). The iron (III)-MLs complex, which are believed to be the most important 

photochemically active species (Kari and Giger, 1995) might be relevant for the degradation 

of MLs in surface waters. Neither the implications of MLs speciation nor the impact of 

indirect photolysis on MLs photochemical fate in surface waters have been investigated yet. 

Consequently, the contribution of this work will be to investigate the implication of 



 4

phototransformation processes of human-used MLs in surface waters by taking clarithromycin 

(CLA) and roxithromycin (ROX) as probe compounds. The structures of CLA and ROX are 

given in Fig. 1. Laboratory-scale experiments were conducted to describe the 

phototransformation kinetics of MLs. Predicted half lives were calculated by means of a 

photolysis model, and tentative transformation reaction schemes are proposed on the basis of 

the identification of the major by-products. 

 

 

2. Experimental 

 

2.1 Chemicals and Materials.  

Clarithromycin (purity >95%), roxithromycin (>90%), NaCl (>99%), NaNO3 (>99%), 

FeCl3·6H2O (>97%), ortho-phenanthroline (>99%) and humic acid sodium salt, technical 

grade (iron-free) were purchased from Sigma-Aldrich (St Quentin Fallavier, France). 

Methanol and acetonitrile (Lichrosolv gradient grade) were from VWR Int. Water was 

purified with a MilliQ sytem (Millipore, Milford, MA, USA). 

 

2.2 Speciation studies.  

The complexation equilibrium between MLs and Fe(III) ions was studied by UV-Vis 

absorption spectroscopy. All experiments were carried out in 50:50 vol/vol methanol-water to 

achieve a sufficient solubility of the iron(III)-MLs complexes. Iron (III) solutions were 

prepared from FeCl3·6H2O. These solutions were standardised by titration with EDTA using 

variamine blue indicator. Solutions of the required pH 7 ± 0.2 were obtained using 1 M 

NaOH. All solutions were adjusted to an ionic strength of 0.01 M with sodium chloride. The 

design of the experiments was based on the mole ratio method, where a series of test tubes 

containing a fixed concentration of Fe(III) at 4.46 × 10-5 M and increasing concentrations of 

MLs were prepared so that the mole ratio (r) of MLs to metal was in the 0-50 range. After 

standing for 1 h above 20°C to ensure completion of the complex formation, UV/Visible data 

were obtained by using an HP 8543A diode-array spectrophotometer and by using methanol-

water (50:50) as a blank. All the experiments were repeated three times, and average values 

were calculated to obtain the various plots. The dissociation constant, Kd, for the iron(III)-

macrolide complexes was measured according to the conventional Scott equation (Li and 

Purdy, 1992).  

 

[ML 0][Fe3+
0] / ∆Abs = Kd / ∆ε + ([ML0] + [Fe3+

0]) / ∆ε  

 

where [ML0] is the total concentration of macrolide, [Fe3+
0] is the total concentration of 

iron(III), ∆ε is the difference of the molar absorption coefficients for free and complexed 
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iron(III), and ∆Abs is the change in absorbance upon addition of the macrolide. The data were 

treated by plotting [ML0][Fe3+
0] / ∆Abs  vs.  ([ML0] + [Fe3+

0]), providing a slope of 1/∆ε and an 

intercept of Kd/∆ε.  

 

2.3 Phototransformation kinetics.  

Initial MLs concentrations (1.34 × 10−6 M) below published water solubility were used. The 

experiments were carried out with a 0.5 L cylindrical immersion-type photo-reactor (Heraeus 

TQ 150 model) equipped with a water-cooled, medium-pressure mercury lamp with 

maximum emission wavelengths at 313, 366, 406, 436, 546, and 578 nm. The radiation path 

length inside the reactor was 2 cm. The reactor was made of Pyrex glass in order to cut off the 

wavelengths shorter than 290 nm. The whole assembly was mounted on a magnetic stirrer and 

wrapped with aluminium foil. Aliquots of 10 mL were analysed at selected intervals after a 

filtration step through 0.45 µm filter membranes (cellulose acetate, Millipore). In order to 

avoid losses of MLs due to sorption on glassware surfaces, the reactor was silanised. The 

silanised glass reactor was prepared by treating the reactor with 5% dimethyldichlorosilane in 

toluene, followed by rinsing with toluene and methanol to remove the residual silanising 

agent. Finally the reactor was rinsed with deionised water and dried before use. The hazardous 

process was carried out in a hood with chemicals and glassware handled with double gloving. 

Ortho-phenanthroline was used to test for the presence of Fe2+ ions in the solutions containing 

Fe3+ as recommended (Wong-Wah-Chung et al., 2006). The absorbance at 525 nm, which is 

the λmax for the Fe2+-phenanthroline complex was recorded, and Fe2+ ion concentrations were 

calculated by using a molar absorption coefficient of 1.1·104 M-1 cm-1. The limit of detection 

of the method was 1·10-6 M. 

 

2.4 Natural water irradiation experiments.  

River water samples were collected at the River Arc (Southern France), which is a small 

Mediterranean river flowing into a densely populated area. Samples were taken from bridges 

at the centroid of flow, approximately 20 cm below the surface of the water, using LPDE 

plastic bottles, and were immediately transferred to glass bottles and stored at 4°C (DOC = 25 

± 0.9 mg/L; pH 7.6; [NO3
-] = 9 ± 0.5 mg/L; [SO4

2-] = 36 ± 1.5 mg/L; [Cl-] = 88 ± 1.2 mg/L). 

Water samples were filtered using 0.45 µm glass filters (Waters, Milford, MA) and analysed 

within the same day according to a previously validated analytical procedure in our Lab, and 

based on on-line SPE coupled to LC and tandem mass spectrometry (Feitosa-Felizzola et al., 

2007). Limits of quantification (LOQs) of the analytical method were 4 ± 0.3 and 54 ± 4.3 

ng/L for CLA and ROX, respectively. In order to distinguish the photolabile fraction from 

total MLs species, we have developed the following procedure. An aliquot of a real river 

water sample was analysed for total MLs content; another one was analysed after irradiation 

under a medium-pressure mercury lamp (λ > 290 nm) for 8 h. The fraction of photolabile 
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Fe(III)-MLs species was calculated by subtracting the MLs concentration after irradiation 

from the total concentration of MLs in the original sample. 

 

2.5 Instrumental analysis. 

The time trend of MLs degradation was monitored by liquid chromatography coupled to mass 

spectrometry (LC/MS) in the MRM mode of acquisition. HPLC analyses were performed 

with an Elite LabChrom high-pressure binary pump (VWR-Hitachi, Fontenay, France). A 

BetaBasic 150×2 mm C-18 endcapped column (3µm particle size) was used. The mobile 

phase consisted of 60% A (water + 0.1% HCOOH) and 40% B (acetonitrile). An isocratic 

mode of elution was adopted at a flow rate of 0.2 mL/min. The Esquire 6000 ion trap mass 

spectrometer (Bruker Daltonic, Bremen, Germany) was equipped with an electrospray (ESI) 

source operated in positive polarity. Operating conditions of the source were: capillary 

voltage, 4000 V; nebuliser pressure, 45 psi; drying gas flow, 10 L/min at a temperature of 365 

°C. Selected transitions were 748>590 and 837>679 for CLA and ROX, respectively. Limits 

of detection were below 0.01 mg/L with an injection volume of 20 µL. For by-product 

identification, a binary gradient was adopted. The initial conditions were 90% A and 10% B. 

The mixture was ramped linearly to 10% A and 90% B at 30 min, held for 5 min and then 

back to initial conditions in 5 min. Tentative structural assignments for transformation 

products were made on the basis of their MS-MS3 mass fragmentation patterns, and by 

comparing the MS spectra with those already published in the literature. 

 

 

3. Results and discussion 

 

3.1 Speciation studies with iron.  

Although the investigated MLs undergo interaction with different transition metals such as 

Cu, Zn, Fe (Hamdan, 2003), only Fe(III)-MLs were taken into account because the complexes 

of organic ligands with Fe(III) are the most important photochemically active species in the 

vast majority of cases, also because of the more elevated concentration of Fe(III) compared to 

other metals (Kari and Giger, 2005). Accordingly, Fe(III)-MLs are potentially relevant for the 

photochemical degradation of MLs in surface waters. Spectrophotometric titrations showed 

that CLA and ROX act as ligands in the presence of iron (III). The overlaid UV spectra of 

FeCl3 titrated with MLs in methanol:water (50/50) are reported in Fig. 2 for CLA and Fig. S1 

(Supplementary Material) for ROX. They show a shift of the absorption band at λmax = 361 

nm to longer wavelengths (3-5 nm), along with an increase of the absorption intensity as the 

drug-to-metal ratio r was increased from 0 to 50. This increase in absorbance was attributed to 

complex formation between Fe(III) and the MLs. A unique isosbestic point, observed at 300 

nm, indicates the presence of a single complex. Application of the Scott equation (see insert in 
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Fig. 2 for CLA and in Fig. S1 for ROX) allowed the determination of the formation constant 

Kd of the complex. A plot of the data in the form of [ML 0][Fe3+
0] / ∆Abs  vs.  ([ML0] + [Fe3+

0]) 

showed good straight-line fits, indicating Fe + ML  Fe-ML equilibrium model 

(stoichiometry 1:1), and providing a slope of 1/∆ε and an intercept of Kd/∆ε. Accordingly, the 

complex formation constant values were found to be 7.43 ± 1.18 × 103 M-1 and 6.80 ± 1.22 × 

103 M-1 for CLA and ROX, respectively. It was not possible to elucidate the chelating sites, 

but it has been reported that the complex formation between MLs and monovalent cations 

involves several oxygen atoms of the lactone ring (Gierczyk et al., 2005).  

 

3.2 Photodegradation kinetics.  

In dark controls, MLs hydrolysis rates in the presence of iron (III) were low with half lives 

calculated as 1.99 ± 0.1 and 2.67 ± 0.15 d for ROX and CLA, respectively. In contrast, in the 

presence of light a clear photoinduced transformation of investigated MLs with iron (III) was 

observed. Fig. 3 shows the photodegradation rate constant of investigated MLs (initial 

concentration [ML]0 = 1.34 µM) under UV-Vis irradiation and under different experimental 

conditions: in the presence of iron (III) ([Fe3+] = 37.7 µM); nitrate ions ([NO3
-] = 0.8 10−3 M), 

or dissolved organic matter ([DOM] = 10 mg/L). These concentrations were selected because 

they are relevant for environmental conditions. Our experimental results for ROX and CLA 

were well fitted by the first-order kinetic model, and it is apparent from Fig. 3 that the 

photodegradation rate constants were by far the highest in the presence of Fe(III) under 

irradiation. Under these conditions, half lives of 1.25 ± 0.06 h and 1.63 ± 0.10 h for CLA and 

ROX were measured, respectively. The apparent reaction rate constants are within the same 

order for CLA and ROX, indicating that both chemicals reacted at fairly comparable rates and 

probably through a similar pathway. Hydroxyl radicals, singlet oxygen and other 

photooxidants generated from nitrate ions and from excited chromophores present in humic 

acids appeared to have only a very limited impact on the overall degradation of MLs. These 

findings suggest that photodegradation with Fe(III) involves the Fe(III)-MLs complexes and 

not •OH photogenerated by Fe(III). Interestingly, the bimolecular reaction rate constant 

between the protonated form of ROX and hydroxyl radicals was previously quantified at a 

value around 5·109 M-1 s-1 (Dodd et al., 2006). This high reactivity is typical for the reaction 

of many substrates with •OH, which is an unselective, highly reactive species. From the first-

order degradation rate constant of ROX with nitrate in our system (0.01 h−1, Fig. 3), and the 

reported second-order reaction rate constant with •OH, it is possible to calculate a steady-state 

[•OH] ≈ 6·10−16 M upon irradiation of ROX and nitrate under the adopted lamp. From 

previous studies carried out under the same lamp (Chiron et al., 2006), it can be derived that 

the formation rate of •OH with 0.8 mM nitrate would be an order of magnitude higher 

compared to 37.7 µM Fe(III). At equal concentration of ROX as the main hydroxyl scavenger, 

the steady-state [•OH] would also be an order of magnitude higher for nitrate than for Fe(III). 
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As a consequence, a pseudo-first order degradation rate constant of around 10−3 h−1 can be 

assumed for the reaction with •OH in the presence of Fe(III). The actual degradation rate 

constant of ROX upon irradiation with Fe(III) is over 400 times higher (see Fig. 3). It can 

therefore be concluded that the degradation of ROX takes place upon photolysis of a Fe(III)-

ROX complex, and not with photogenerated •OH. 

Additionally, the photolysis rates of ROX in spiked natural waters from the River Arc 

matched the photodegradation rates in deionised water plus Fe(III). The DOM contained in 

river water would be able to scavenge •OH at a considerable extent, and an •OH-initiated 

degradation process should show different kinetics in natural samples or in synthetic 

solutions. In contrast, important differences between natural and synthetic systems are not 

expected in the case of the photolysis of Fe3+-ROX, which is therefore a more likely 

explanation for the degradation of ROX. 

The knowledge of the fraction of MLs present as iron(III) complexes in river water is required 

to understand the photochemical fate of MLs. After degradation of the photolabile MLs 

species (mostly Fe(III)-MLs complexes), the photostable ones could remain in the water body. 

The Fe(III)-CLA fraction was assessed by an indirect method, in which photolabile CLA was 

selectively degraded by UV-Vis irradiation. Accordingly, water samples naturally 

contaminated by CLA were collected from the Arc River. CLA concentrations were 

determined before and after irradiation (8 h). Chromatograms corresponding to the analysis of 

a typical river water sample are provided as Supplementary Material (Fig. S2). After 8 h 

irradiation, an average decrease of 45% in the concentration of CLA was recorded, suggesting 

that photodegradable Fe(III)-CLA might account approximately for half of the CLA species in 

surface waters. Predictions of thermodynamic equilibrium calculations (10%) are in 

contradiction to the high fraction of photolabile CLA in surface water (50%). Assuming that 

Fe(III)-CLA complexes are formed in WWTPs where iron is used for phosphate precipitation, 

irradiation experiments show that chemical equilibrium is not reached in river water. A likely 

reason is kinetic limitations of the metal-exchange processes, which allow the survival of the 

complex in river water. Such kinetic limitations can also explain the finding of a photolabile 

and a photostable fraction. After degradation of the Fe3+-CLA initially present, further 

formation of the complex from residual CLA and Fe(III) in river water would be very limited, 

because of thermodynamic control. 

 

3.3 Photodegradation pathways in the presence of Fe(III).  

Photodegradation of CLA with Fe(III) produced three major by-products designated as C1, 

C2 and C3, as determined by LC/MS (Fig. 4a). Analysis of C3 produced a mass spectrum 

with a molecular ion [M+H]+ at m/z 764.5. The MS2 spectrum of C3 (Fig. S3, Supplementary 

Material) was characterized by a base peak at m/z 606.5, corresponding to losses of the 

cladinosyl moiety. The product ion at m/z 158 was assigned to the desosamine sugar because 
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that moiety contains an ionisable amino function. The lack of the product ion at m/z 365 in the 

MS3 spectrum of C3, using the ion at m/z 606.5 as precursor ion (Fig. S4, Supplementary 

Material), revealed that the lactone ring was modified. The presence of the ion at m/z 365 

gives in fact information on the integrity of the aglycone structure (Leonard et al., 2006). The 

product ions at m/z 570, 538 and 574 could easily be explained by losses of H2O and 

methanol. The other product ions at m/z 399 and m/z 307 could not be identified properly. MS 

analysis of C2 with a molecular ion [M+H]+ at m/z 748.5, the same as CLA, possibly 

indicated rearrangement. Finally, the MS/MS spectrum of C1 was characterised by a 

molecular ion [M+H]+ at m/z 622.5 and a fragment ion at m/z 158. On the basis of the MS 

fragmentation patterns alone, a definitive assignment of a structure to C1-C3 was not possible. 

To get more insights into the mechanisms of CLA degradation, unfiltered solutions were 

treated by ortho-phenanthroline to measure the total Fe(II) concentration in the system. The 

occurrence of Fe(II) at t = 0 ([Fe(II)]0 = 3·10-6 M) might be attributed to a thermal redox 

process between ML and Fe(III). Then, the concentration of Fe (II) increased with irradiation 

time to reach a plateau at [Fe(II)] = 5·10-5 M, suggesting that the redox process is enhanced in 

the presence of light. This finding could be consistent with a ligand-to-metal charge transfer 

upon radiation absorption by the complex Fe3+-CLA. 

The number of transferred electrons was lower than one per molecule of CLA, probably 

because in oxygenated solution Fe(II) was reoxidised into Fe(III) at circumneutral pH (Pham 

and Waite, 2008). That would hinder an accurate quantification of Fe(II). Moreover, the 

concentration time evolution of C1-C3 was assessed assuming that the MS response of C1, C2 

and C3 was identical to that of CLA. This method indicated (results not reported) that CLA 

was first transformed into C3, followed by the concurrent transformation of C3 into C2 and 

C1. C2 accounted for approximately 75% of the initial concentration of CLA after complete 

CLA degradation. On the basis of these experimental results and of the MSn data, a tentative 

phototransformation pathway of CLA in water in the presence of Fe(III) was proposed (Fig. 

5). Note that the transformation of CLA into C3, involving the cleavage of the lactone ring, 

also requires an oxidation step to yield the carbonyl group in the position corresponding to the 

C-13 of CLA. A likely scenario for such an oxidative cleavage is the formation of ion dipole 

and coordination interactions between the carbonyl group (C-1) of the lactone and a Fe(III) 

ion. These interactions would result in the formation of an oxygen-to-metal ligand bond (e.g. 

O---Fe3+), and would provide a partial single-bond character to the carbonyl group(s) of CLA. 

The H2O or OH− nucleophilic attack and the hydrolysis of the lactone ring would therefore be 

easier. The hydrolysis pathway is probably started by a ligand-to-metal charge transfer as 

depicted in Fig. 6, leading to the oxidation of the position C-13 to a ketone function. The 

photoinduced transfer of one electron from CLA to Fe3+ would yield Fe2+ as observed, and the 

positively charged ring would be more exposed to the following nucleophilic attack. 
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The transformation of C3 into C2 is likely due to a translactonisation reaction between the 11-

OH and the lactone group, as already reported for ERY-A (Kibwage et al., 1987). C1 might 

result from the hydrolysis of the second carbonyl group of CLA at the C-9 position, giving a 

compound of Mw = 621.5. The process could follow a similar pathway as already proposed 

for the hydrolysis of the lactone function.  

ROX eluted as two peaks (Fig. 4b). The second compound exhibited the same MW as ROX, 

and is likely to be an isomer: isomerisation of ROX to its Z-isomer has in fact been reported 

(Ye et al., 2007). Photodegradation of ROX with Fe(III) produced a major by-product (R2) 

and a minor one (R1) as depicted in Fig. 4b. With a molecular weight of 853.6 (16 mass units 

higher than that of ROX), R2 probably resulted from the cleavage of the lactone function in a 

similar way as CLA. MS data for R2 are provided as Supplementary Material (Fig. S5, S6). 

Surprisingly, translactonisation was not observed for ROX, probably because the 11-OH 

group is engaged in hydrogen bonding with the oxygen (19-O-Me, 17-OCH2) of the 9-[O-

(2,5-dioxahexyl)oxime] chain (Gharbi-Benarous, 1991). ROX underwent also slow losses of 

the cladinose sugar to give R1, identified as 3-O-decladinosyl-roxithromycin by comparison 

of its MS/MS spectrum with available data in the literature. A tentative phototransformation 

scheme of ROX in the presence of Fe(III) is provided in the Supplementary Material (Fig. 

S7). 

In contrast to dark reactivity that mainly leads to the hydrolysis of the cladinose sugar (Pal, 

2006), the photoinduced degradation of CLA and ROX implies changes in the structure of the 

aglycone. Such a degradation pathway probably leads to MLs detoxification, because the 

pseudoerythromycin derivatives (C2 and R2) have very little antimicrobial activity (Kidwage 

et al., 1987).  

 

3.4 Model predictions. 

Laboratory data were extrapolated to the water column of the Arc River in the case of CLA, 

using a direct photolysis model. The optical properties and the photochemistry of the Fe(III) / 

clarithromycin (CLA) system were studied to derive the absorption spectrum of Fe3+-CLA 

and its photolysis quantum yield, and to enable the modelling of the half-life time of the 

complex in river water due to the direct photolysis. The preliminary steps (spectrum of the 

Fe3+-CLA complex and calculation of its average photolysis quantum yield in the 300-450 nm 

interval, φFe-CLA = 5.8×10−5) are described in the Supplementary Material.  

Fig. 7 reports the molar absorption coefficient of Fe3+-CLA and the absorption spectrum of 

river water for an optical path length b = 1 cm, together with the emission spectrum Po(λ) of 

sunlight under summertime irradiation conditions (clear sky, noon, mid-latitude; Frank and 

Klöpffer, 1988). Such conditions, corresponding to a sunlight UV irradiance of 30 W m−2 are 

relevant to the case of Southern France at the end of May, but will also be scaled for the actual 

diurnal variation of sunlight intensity. 
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The wavelength interval to be considered is that from 300 to 480 nm, where sunlight 

absorption by the complex Fe3+-CLA is operational. The overall photon flux absorbed by river 

water in that interval is (in einstein cm−2 s−1): 
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If one considers the actual water column depth d = 50 cm, the results of the numerical 

integration of equation (1) give ƒtot ≈ 1, and Atot → ∞ as a consequence. To enable numerical 

integration it is better to consider d = 10 cm, giving Pa
tot = 2.96×10−8 einstein cm−2 s−1, ƒtot = 

0.96, and Atot = 1.36. Under the same water column depth (d = 10 cm) it is possible to 

calculate the absorbed photon flux Pa
Fe-CLA of the complex Fe3+-CLA, in the case it were the 

only absorbing species in the system, as follows: 
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In the water of the River Arc it was found [Fe3+-CLA] = 6.7×10−7 M, and εFe-CLA(λ) is 

reported in Fig. 7. The numerical integration yields Pa
Fe-CLA = 4.29×10−9 einstein cm−2 s−1, 

from which ƒFe-CLA = 0.14 and AFe-CLA = 0.065. The most important values obtained so far are 

Atot = 1.36 and AFe-CLA = 0.065, and even more their ratio AFe-CLA Atot
−1 = 0.048. The 

absorbance of Fe3+-CLA would be the same when the complex is alone in solution and when 

it is in river water. Moreover, because the absorbance values are proportional to the optical 

path length, the ratio AFe-CLA Atot
−1 would not vary for a water column depth of 10 or 50 cm. 

For d = 50 cm, according to equation (1) the absorbed photon flux of river water would be 

Pa
tot = 3.1×10−8 einstein cm−2 s−1. The ratios between the absorbance values of different 

species in a mixture are the same as the ratios between the absorbed photon fluxes (Braslavski, 

2007). Accordingly, the absorbed photon flux of 6.7×10−7 M Fe3+-CLA would be Pa
Fe-CLA = 

Pa
tot AFe-CLA Atot

−1 = 1.5×10−9 einstein cm−2 s−1, valid for 30 W m−2 sunlight UV irradiance.  

The absorbed photon flux of Fe3+-CLA can be assessed over a surface of 1 cm2, which for 

a column depth of 50 cm means a volume of 50 cm3 = 0.05 L. The volumetric photon flux 

absorbed by 6.7×10−7 M Fe3+-CLA in river water would be (Pa
Fe-CLA)V = Pa

Fe-CLA · 0.05 L cm−2 

= 3.0×10−8 einstein L−1 s−1. This value, combined with an average photolysis quantum yield 

φFe-CLA = 5.8×10−5, gives a rate of direct photolysis RFe-CLA = φFe-CLA Pa
Fe-CLA = 1.7×10−12 M 
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s−1. The process of direct photolysis would usually follow a first-order kinetics, and in the 

initial rate approximation it would be RFe-CLA = kFe-CLA [Fe3+-CLA]. The pseudo-first order 

degradation rate constant would therefore be kFe-CLA = RFe-CLA [Fe3+-CLA] −1 = 2.6×10−6 s−1. 

From kFe-CLA it is possible to obtain the half-life time for direct photolysis, t½ = 0.693 kFe-CLA
−1 

= 2.7×105 s. Such a t½ value would be observed for a constant 30 W m−2 sunlight UV 

irradiance in the water of River Arc, with a water column depth of 50 cm. In a clear-sky day 

of May in Southern France the sunlight energy reaching the ground could be equivalent to 

around 7 hour of continuous irradiation at 30 W m−2 UV irradiance (Chiron et al., 2007). It is 

therefore possible to convert t½ in days by making the hypothesis that a single day would be 

made up of 7 h = 2.5×104 s of irradiation at 30 W m−2 UV irradiance. Upon adoption of this 

approach one gets t½ = 10 days. This is the approximate time scale that would be required to 

halve the initial concentration of the complex Fe3+-CLA in the water of River Arc in May. 

Under the hypothesis of continuous clear-sky periods, from the data of Frank and Klöpffer 

(1988) the corresponding time scale in February would be 2.6 times longer (around 26 days), 

and in November even 4 times as much (40 days). 

The calculated time scale is limited compared to the residence time of water in the river Arc 

(1 day), in particular during winter, but it could be significant in other cases when surface 

waters are exposed to sunlight for a longer period. For instance, the fraction of river water in 

the Rhône delta (Southern France) that is used for flooding the paddy fields has a residence 

time of some months in shallow fields (d= 10 cm) and lagoons (d = 1 m), before reaching the 

Mediterranean Sea (Chiron et al., 2007). In such a scenario the direct photolysis of Fe3+-CLA 

would be highly significant as a removal pathway of CLA from surface waters. 

It is possible to make a comparison with the expected lifetime of ROX in river water, due to 

reaction with  •OH. For ROX it is reported k•OH = 5·109 M−1 s−1 (Dodd et al., 2006), and the 

corresponding value for CLA is unlikely to be very different. It is possible to model the 

steady-state [•OH] in the surface layer of natural waters, on the basis of the water chemical 

composition (Chiron et al., 2007). With the River Arc data (0.15 mM NO3
−, 25 mg L−1 

NPOC), one gets [•OH] = 2·10−16 M for 30 W m−2 sunlight UV irradiance. In the case of ROX 

the half-life time would be t½ = 0.693 (k•OH [•OH])−1 = 7·105 s of continuous 30 W m−2 UV 

irradiation. This would correspond to around 30 days in May. Moreover, the photolysis of 

Fe3+-CLA (t½ = 10 days in May) was assessed in the whole water column, and not only in the 

surface layer. Considering that almost complete sunlight absorption (ƒtot = 0.96) takes place in 

the first 10 cm of water, namely one fifth of the whole column, the t½ value due to •OH 

should be multiplied by a factor of at least 5. A half-life time of 150 days for reaction with 
•OH would just be a lower limit, because the photochemistry in the surface layer is more 

intense than in the first 10 cm. It can therefore be concluded that the photolysis of Fe3+-ML 

could be a more important transformation process for macrolides than the reaction with •OH. 
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4. Conclusions 

 

The phototransformation of clarithromycin and roxithromycin, two human-used macrolide 

(MLs) antibiotics was investigated in surface waters. Degradation in water would occur via 

the direct photolysis of the Fe(III)-MLs complexes. Hydroxyl radicals, singlet oxygen and 

other photooxidants generated from nitrate ions and from the excited chromophores present in 

humic acids appeared to have only a limited impact on the overall degradation of MLs. A 

photolysis model applied to Fe3+-CLA in river water showed that a half-life of 40 days was 

predicted under clear-sky irradiation in November, 26 days in February, and 10 in May for 

clarithromycin. Direct photolysis would therefore not be able to significantly reduce the 

environmental concentrations of MLs in rivers, due to a too short water residence time but 

might be important in shallow lakes and lagoons. Photoinduced degradation of MLs mainly 

implied changes in the structure of the aglycone, probably leading to their detoxification 

because the pseudoerythromycin derivatives have very little antimicrobial activity. 
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Fig. 1: Structures of the macrolides investigated in this study. 
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Fig. 2: Overlaid UV spectra of FeCl3 titrated with Clarithromycin. [Fe3+] = 4.46 10-5 M; r is 

the mole ratio of ML to metal; solvent methanol:water (50:50, v/v); pH 7. Plots of the 

data in the form of the Scott equation in insert. 
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Fig. 3: Photodegradation rate constant (h−1) of human-used macrolides under UV-Vis lamp 

irradiation and different experimental conditions. [ML] 0 = 1.34 µM; [Fe3+] = 37.7 µM; 

[NO3
-] = 0.8 10−3 M; [DOM] = 10 mg/L (humic acids). 
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Fig. 4: Typical total ion chromatograms (TIC) showing the separation a) of three 

photoproducts of clarithromycin, C1, C2 and C3 and b) of two photoproducts of 

roxithromycin, R1 and R2. 
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Fig. 5: Possible phototransformation pathways of clarithromycin in water in the presence of 

Fe(III), under UV-Vis lamp irradiation. 
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Fig. 6: Mechanism of cleavage of the lactone ring in the presence of Fe(III) and under UV-

Vis lamp irradiation. 
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Fig. 7: Molar absorption coefficient of Fe3+-CLA, absorption spectrum of river water for an 

optical path length b = 1 cm, and emission spectrum Po(λ) of sunlight under 

summertime irradiation conditions (clear sky, noon, mid-latitude; Frank and Klöpffer, 

1988). 

 

 

 


