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The formation of N-nitroso-ciprofloxacin (CIP) was investigated both in wastewater treatment plants 

including nitrification/denitrification stages and in sludge slurry experiments under denitrifying condi- 

tions. The analysis of biological wastewater treatment plant effluents by Kendrick mass defect analy- 

sis and liquid chromatography - high resolution - mass spectrometry (LC –HRMS) revealed the occur- 

rence of N-nitroso-CIP and N-nitroso-hydrochlorothiazide at concentration levels of 34 ± 3 ng/L and 

71 ± 6 ng/L, respectively. In laboratory experiments and dark conditions, produced N-nitroso-CIP concen- 

trations reached a plateau during the course of biodegradation experiments. A mass balance was achieved 

after identification and quantification of several transformation products by LC –HRMS. N-nitroso-CIP ac- 

counted for 14.3% of the initial CIP concentration (20 μg/L) and accumulated against time. The use of 

4,5-diaminofluorescein diacetate and superoxide dismutase as scavengers for in situ production of nitric 

oxide and superoxide radical anion respectively, revealed that the mechanisms of formation of N-nitroso- 

CIP likely involved a nitrosation pathway through the formation of peroxynitrite and another one through 

codenitrification processes, even though the former one appeared to be prevalent. This work extended the 

possible sources of N-nitrosamines by including a formation pathway relying on nitric oxide reactivity 

with secondary amines under activated sludge treatment. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

N-nitrosamines have been ubiquitously detected in different en-

ironmental compartments including surface and ground waters

 Ma et al., 2012 ), sludge ( Venkatesan et al., 2014 ), river sediment

 Gushgari et al., 2017 ) and soil ( Chiron and Duwig, 2016 ). More-

ver, N-nitroso-dimethylamine (NDMA) has been the most fre-

uently detected N-nitrosamine in drinking water ( Russell et al.,

012 ). Research on N-nitrosamines has been mainly limited to

hose compounds included in the US EPA Contaminant Candidate

ist 3, namely N-nitroso-diethylamine (NDEA), NDMA, N-nitroso-

i-n-propylamine (NDPA), N-nitroso-diphenylamine (NDPhA), N- 

itroso-pyrrolidine (NPYR). However, all secondary and tertiary

mines can theoretically undergo nitrosation reactions and there

s no clear rationale for only targeting those particular compounds.

or instance, N-nitroso-diethanolamine has been found to be a sig-

ificant component of total N-nitrosamines in recycled wastewater

ue to the widespread usage of triethanolamine in consumer prod-

cts ( Dai et al., 2015 ). N-nitroso-morpholine has been detected as a

ajor N-nitrosamine in potable reuse systems ( Glover et al., 2019 ).
∗ Corresponding author. 

E-mail address: serge.chiron@umontpellier.fr (S. Chiron). 
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043-1354/© 2020 Elsevier Ltd. All rights reserved. 
here is still on-going discussion on sources of N-nitrosamines.

hese latter have been found to be unintentionally formed during

ndustrial processes such as rubber manufacturing and processing

 Beita-Sandi et al., 2019 ), textile printing and dyeing ( Chen et al.,

019 ) accounting for their frequent detection in industrial wastew-

ters. Disinfection of waters containing secondary and tertiary

mines by chlorination and chloramination ( Piazzoli et al., 2018 )

nd to a lesser extent by ozonation ( Sgroi et al., 2014 ) can also re-

ult in the formation of N-nitrosamines. Finally, domestic wastew-

ter treatment plant (WWTPs) effluents are also believed to be a

ajor source of N-nitrosamines due to their high content in animal

nd human urines ( Krauss et al., 2009 ). However, the environmen-

al formation of N-nitrosamines is also a plausible source, which

as probably been overlooked up till now. There are now several

ieces of observations available in the literature calling for more

esearch in this area. Bacterial nitrosation of secondary amines are

ommon in the environment with for instance, the formation of

-nitroso-ciprofloxacin (CIP) in mixed denitrifying cultures under

noxic conditions ( Liu et al., 2013 ). This reaction has been generally

ttributed to nitrate reductase or cytochrome cd 1 -nitrite reductase

hrough the production of nitric oxide (NO) or NO 

+ -like species

 Calmels et al., 1996 ) and can be also performed by environmental

ycobacteria ( Adjei et al., 2006 ). More recently, the detection of N-

https://doi.org/10.1016/j.watres.2020.116293
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116293&domain=pdf
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nitroso-dibutylamine (NDBA), NDPhA and NPYR in freshwater sed-

iments collected downstream of domestic WWTPs has been rather

ascribed to in situ formation than to sorption processes. The hy-

drophilic properties of targeted N-nitrosamines, particularly NPYR

with a log k ow 

= - 0.19 ( Gushgari et al., 2017 ) excluded adsorption

to sediment as the main sink for these chemicals. Understanding

the mechanisms of N-nitrosamines formation is essential due to

the carcinogenic nature of these contaminants. In this context, NO

reactivity was considered as a potential pathway for the forma-

tion of N-nitrosamines in this work. NO ̇ is a free radical specie

and as such a very reactive specie ( Heinrich et al., 2013 ). NO ̇ can

be produced by three main chemical and biochemical pathways

including 1) heterotrophic denitrification in which nitrite is re-

duced to NO ̇ by copper- or cytochrome- containing nitrite reduc-

tases and autotrophic nitrification processes in which NO ̇ is gen-

erated as a by-product, 2) anaerobic ammonium oxidation (anam-

mox) in which NO ̇ is produced as a by-product from nitrite re-

duction and hydroxylamine oxidation ( Rathnayake et al., 2018 ) and

3) abiotic denitritation in presence of iron(II) ( Pilekaard, 2013 ).

Once (bio)generated, NO ̇ can react with (bio)generated superox-

ide radical anion (O 2 
. −) at diffusion-controlled rate leading to per-

oxynitrite (ONOO 

−) which is a strong nitrosating agent responsi-

ble for N-nitrosation reactions ( Heinrich et al., 2013 ). Codenitrifi-

cation is also known to be an N-nitrosation process ( Spott et al.,

2011 ). Codenitrification is a microbial pathway, which relies on ni-

trite and NO ̇ reductases, which are enzymes able to supply an en-

zymebound nitrosyl compound able to attack nucleophiles such as

secondary amines to give N-nitrosamines. Consequently, the main

aims of this work were the followings: 1) To investigate the rel-

evance of N-nitrosation reaction in biological wastewater treat-

ment plants (WWTPs) including nitrogen treatment (nitrification

and denitrification), 2) to investigate the relevance of N-nitrosation

reactions in sludge under nitrate-reducing conditions taking 1-

phenylpyperazine and CIP as probe compounds and 3) To discrimi-

nate between microbially mediated N-nitrosation reactions (coden-

itrification) and abiotic N-nitrosation reactions through peroxyni-

trite formation. 

2. Material and methods 

2.1. Chemicals and reagents 

Sodium nitrite (NaNO 2 ), sodium azide (NaN 3 ), 4,5-

diaminofluorescein diacetate solution (DAF-2 DA), ciprofloxacin

(CIP, > 98%), 1-phenylpiperazine ( > 98%), metoprolol (MET, >

98%), hydrochlorothiazide (HCT, > 98%), superoxide dismutase

(SOD) from E. Coli were obtained from Sigma Aldrich (St Quentin-

Fallavier, France). CIP-d 8 ( > 98%), desethylene-CIP hydrochloride,

N-formyl-CIP ( > 98%), 1-nitroso-4-phenylpiperazine ( > 97%), HCT-

d 2 , MET-d 7 hydrochloride were obtained from Toronto Research

Chemicals (Toronto, Canada). 4,5-Diaminofluorescein-2 (DAF-2)

and triazolofluorescein (DAF-2T) from Santa Cruz Biotechnology

(Heidelberg, Germany). Acetonitrile (HPLC grade) was obtained

from Carlo Erba (Val-de Reuil, France). All solutions were prepared

with ultrapure water obtained from a Milli-Q Plus system (Milli-

pore, Bedford, MA). The synthesis of N-nitroso-CIP is reported in

Supporting Material (SM). 

2.2. Batch biodegradation experiments 

A set of anoxic sludge slurries degradation experiments in

serum bottles, which were spiked with probe secondary amines

at 20 μg/L concentration was conducted as described previously

( Brienza et al., 2017 ) with some modifications. Serum bottles were

filled with 150 mL of an effluent collected at a biological wastewa-

ter treatment plant (WWTP) and were charged with 1 g of sludge
rom the WWTP denitrifying tank. Those experiments were car-

ied out in the dark by wrapping serum bottles with aluminum

oils because N-nitrosamines are known to be labile compounds in

he presence of light ( Brienza et al., 2019 ). To stimulate denitrifi-

ation processes, nitrate ions at high concentration (50 mg/L) and

cetate (1 g/L) as an easily biodegradable organic carbon source,

ere added to the bottles. The addition of acetate as an exoge-

ous electron donor was necessary since CIP removal was probably

riven by heterotrophic bacteria ( Liao et al., 2016 ). Denitrification

as clearly indicated by nitrite and nitrate measurements. Oxygen

oncentration was maintained below 1 mg/L by purging with N 2 

as for 30 min. Serum bottles were sealed with butyl rubber stop-

ers and aluminum caps in which syringes were inserted for sam-

le collection. All microcosms were kept at 20 ± 5 °C and agitated

ith magnetic stirrers throughout the whole experiments. Prior

o spiking probe compounds (i.e. CIP and 1-phenylpiperazine), the

est systems were pre-conditioned for two days. Control experi-

ents void of biological activity were implemented by adding 1 g/L

f NaN 3 and aerating the slurries. In this way, aerobic and anoxic

espiration were both inhibited by NaN 3 and dissolved oxygen, re-

pectively ( Su et al., 2015 ). At regular time intervals, 1.5 mL of

ample were collected, immediately filtered (0.22 μm nylon fil-

er) for nitrate and nitrite analysis. Ten mL were extracted by

olid-phase extraction (SPE) following the same protocol as the

ne applied for WWTPs effluents (see Section 2.3 ). SPE extracts

ere stored at - 20 °C and wrapped in aluminum foil to avoid N-

itrosamines degradation before instrumental analysis. All experi-

ents were carried out in duplicate and results are presented as

n average of two experiments. 

.3. Monitoring of selected N-nitrosamines in urban WWTPs effluents 

Effluents were collected from two domestic WWTPs located in

rance namely WWTP1 (20,0 0 0 m 

3 /d), and WWTP2 (34,0 0 0 m 

3 /d).

he treatment of WWTP1 and WWTP2 consisted of preliminary

reatment, primary sedimentation unit and secondary treatment

ith biological nutrient removal including nitrogen and phospho-

us removal steps. WWTP1 was equipped with a membrane biore-

ctor (MBR) technology. 24 h composite samples were collected

n amber glass bottles. Five hundred mL samples were filtered

n 0.45 μm cellulose filter, spiked with 100 ng deuterated CIP,

ET and HCT and extracted by SPE using Oasis HLB cartridges

6 mL, 200 mg, Waters Corporation, Milford, MA) within 24 h af-

er collection. Subsequently, the cartridges were dried by purging

ith nitrogen for 1 h. Prior to analysis, analytes were eluted with

 × 4 mL of acetonitrile containing 1% acetic acid (v:v). Extracts

ere then evaporated to dryness with a gentle N 2 gas stream and

econstituted in 500 μL acetonitrile. 

.4. Photolysis experiments 

Distilled water solutions of N-nitroso-CIP (10 mg/L) were irra-

iated by using a COFOMEGRA Solarbox photo-simulator (Milano,

taly) equipped with a 1.5 kW Xenon arc lamp which was fitted

ith glass filters to block the transmission of wavelength below

= 290 nm in order to simulate natural sunlight. Direct pho-

olysis tests in distilled water were performed at 765 W/m 

2 and

 = 30 °C by using a recirculating water cooling system. One mL

amples were collected at different time and directly injected in

iquid chromatography (LC) - fluorescence detection (FD) and liquid

hromatography - high resolution - mass spectrometry (LC 

–HRMS)

or kinetic studies and transformation products (TPs) identification,

espectively. 
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.5. Analytical methods 

Nitrate and nitrite were determined by conventional spec-

rophotometric techniques (see SM for details). NO ̇ formation was

cavenged by using DAF-2 DA as a chemical trap. DAF-2 DA is a

ell-membrane permeable compound that is hydrolyzed intracel-

ularly to give DAF-2. DAF-2 specifically reacts with NO ̇ or NO ̇

erivatives such as dinitrogen trioxide (N 2 O 3 ) or ONOO 

− to give

he highly fluorescent DAF-2T, which was analyzed by using LC-

D with λexcitation = 495 nm and λemission = 515 nm to increase

ethod selectivity (see SM for more details and Fig. 2 SM for reac-

ions and a typical LC-FD chromatogram). For degradation kinetic

tudies, concentrations of CIP and N-nitroso-CIP were followed in

C-FD using λexcitation at 280 nm and λemission at 450 nm. Analy-

es were performed using a Phenomenex Luna Omega C-18 column

150 ×3 mm i.d., 5 μm particle size) with a flow rate of 0.5 mL/min

nd an injection volume of 10 μL. A gradient elution mode was ap-

lied from 5% A (acetonitrile) / 95% B (water + 0.1% formic acid) to

5% A / 5% B in 25 min and back to the initial conditions in 3 min.

ODs were found to be 5 and 2 μg/L for CIP and N-nitroso-CIP, re-

pectively. 

SPE extracts from biodegradation experiments and WWTPs ef-

uents were analyzed by LC 

–HRMS composed of a Dionex Ultimate

0 0 0 liquid chromatograph, equipped with an electrospray source

nd a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Sci-

ntific, Les Ulis, France) in full scan MS and in MS/MS mode (for

ore details, see SM). 

The formation of potential N-nitroso derivatives of pharmaceu-

icals was investigated by using a Kendrick mass defect analysis for

O ̇ homologues assuming that the formation of mononitrosated

ompounds was usually the rule. In a first phase, a deconvolu-

ion of the TIC of samples was performed. In a second phase,

he measured accurate masses of precursors and TPs were con-

erted to Kendrick masses (KM) with [NO - H] as reference moi-

ty ( Eq. (1) ) and the respective Kendrick mass defect (KMD) was

alculated ( Eq. (2) ). Then, precursors and their nitrosated deriva-

ives were distinguished among all pairs of precursors / TPs be-

ause their Kendrick mass (KM TP ) was shifted by a multiple of 29

 Eq. (3) ) while their Kendrick mass defect (KMD TP ) remained the

ame with a precision of 2 mDa ( Eq. (4) ), as previously recom-

ended ( Merel et al., 2017 ). 

M = measuredaccuratemass x 29 / 28 . 99016 (1) 

MD = KM − nominal KM (2) 

 M TP = 29 + K M precursor (3) 

M D TP = KM D precursor ±2mDa (4) 

. Results and discussion 

.1. Field observations 

Effluents from two biological WWTPs including nitrification and

enitrification stages were analyzed in an attempt to investigate

he occurrence of N-nitrosation reactions in activated sludge treat-

ent. A suspect screening workflow by using a list of secondary

mine pharmaceuticals with their respective exact masses was es-

ablished on the basis of the knowledge of pharmaceuticals which

re able to generate N-nitrosamines in presence of nitrite ions

t acidic pH ( Brambilla and Martelli, 2007 ). This approach al-

owed for the detection and quantification of some pharmaceuti-

als among which CIP, the β-blocker metoprolol (MET) in the pos-

tive ionization mode and the diuretic agent hydrochlorothiazide
HCT) in the negative ionization mode. Their identification was

ased on matches with authentic standards. Quantification was

arried out by spiking deuterated isotopes of CIP, MET and HCT

nd by determining recoveries of those compounds (between 70

nd 100%) in real wastewater samples. Concentrations of 312 ± 25

nd 445 ± 36 ng/L (CIP), 245 ± 29 and 296 ± 36 ng/L (MET),

32 ± 57 and 886 ± 80 ng/L (HCT) were found in WWTP1 and

WTP2 effluents, respectively. Kendrick mass defect analysis for

O ̇ homologues allowed for the identification of N-nitroso-CIP and

-nitroso-HCT, while N-nitroso-MET was never detected. Fig. 1 a

nd 1 b show typical Extracted Ion Chromatograms (EICs) corre-

ponding to the analysis of WWTP2 effluent in positive and nega-

ive mode of ionization, respectively. HCT has three potential sites

or N-nitrosation but only the 4-nitroso derivative was suggested

o be formed due to the ready nitrosation of aromatic amines

 Gold and Mirvish, 1977 ). Inserts in Fig. 1 a and Fig. 1 b show the

endrick mass plots for CIP and HCT and their respective N-nitroso

erivatives with consistent KMD values below 2 mDa. Finally, as

 rule of thumb, N-nitroso derivatives exhibited higher retention

imes than their respective precursors using a C-18 LC column. This

ehavior was used as an additional piece of evidence for the iden-

ification of N-nitroso compounds. The concentration of N-nitroso-

IP was determined to be 34 ± 3 ng/L while that of N-nitroso-HCT

as estimated at 71 ± 6 ng/L by using HCT-d 2 as an internal stan-

ard. The amount of formed N-nitroso compounds depended on

itrosation rate but also on the stability of N-nitroso compounds

n water. Piperazine, N-methylaniline are rapidly nitrosated amines

hile dialkyl are slowly nitrosated due to the strong basicity of the

mine. Nitrosation increased as the basicity of the amine decreased

HCT (pKa 7.9) > CIP (pKa 8.7) > MET (pKa > 9.7), probably ac-

ounting for the lack of detection of N-nitroso-MET. Identified N-

itroso compounds were more hydrophobic than that their precur-

ors due to higher retention times in C-18 column. Higher bioavail-

bility was consequently expected in comparison to their parent

ompounds. N-nitroso-HCT and N-nitroso-CIP could represent a

azard only if they were stable. However, their stability in receiv-

ng waters was not easy to predict. Consequently, lab-scale exper-

ments were carried out to account for the formation of N-nitroso

ompounds formation under denitrifying conditions by using CIP

nd 1-phenylpiperazine as probe compounds (see Section 3.2 ). 

.2. Batch biodegradation experiments 

N-nitrosamines are known to be more stable under biodegra-

ation than under photolysis. To investigate the formation of N-

itroso-CIP, sludge slurry batch experiments spiked with 20 μg/L

IP or 1-phenylpiperazine were conducted under anoxic condi-

ions, allowing for denitrification to proceed. Denitrification was

learly indicated by the decrease in nitrate concentrations and the

ncrease in nitrite concentrations ( Fig. 2 a). First, biotransformation

athways were investigated by identifying TPs following a suspect

creening workflow in LC 

–HRMS. For this purpose, a database was

ade up of a list of possible TPs with their molecular formula,

xact mass and structure (see Table 1SM). This list was estab-

ished from a literature search of TPs of CIP formed during pho-

ochemical experiments, other oxidative treatments and biodegra-

ation/metabolism experiments. In a first step, TPs with intensi-

ies lower than 1 × 10 4 cps, signal to noise ratios lower than 10,

sotopic ratios higher than 10%, and mass accuracy errors higher

han 5 mg/L were eliminated. When possible, after preliminary

dentification based on specific accurate mass ( m/z ), the potential

Ps were further confirmed by including the screening of known

ragments ions and the MS/MS spectrum information was com-

ared with that reported in previous literature reports. Following

his approach, four TPs were detected including desethylene-CIP,

-formyl-CIP, N-acetyl-CIP and N-nitroso-CIP after the deconvolu-
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Fig. 1. Extracted Ion Chromatograms (EICs) corresponding to the analysis of a WWTP2 effluent sample where (a) CIP, Nnitroso-CIP, (b) HCT and N-nitroso-HCT were detected 

and precursors and N-nitroso derivatives on Kendrick mass plots (inserts). 

Fig. 2. a) Time evolution of concentrations of nitrate and nitrite ions, b) Time evolution of CIP and its TPs in sludge slurry under denitrifying conditions, c) Time evolution 

of CIP and its TPs after adding DAF-2 DA as a NO. scavenger, d) Time evolution of CIP and its TPs after adding superoxide dismutase (SOD) as a superoxide anion radical 

scavenger. All data were collected during sludge slurry experiments at pH 7.8 and T = 25 °C. Initial [NO3-] = 50 mg/L, initial [CIP] = 20 μg/L. 
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Fig. 3. Proposed transformation pathways of CIP in sludge under denitrifying conditions. 
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ion of the TIC of samples (see Fig. 3SM for a typical EIC). A peak

ith a lower area after biological treatment was assigned to a par-

nt compound, while peaks with a higher area were considered

s TPs. Desethylene-CIP, N-formyl-CIP and N-nitroso-CIP were con-

rmed by using authentic standards while N-acetyl-CIP was con-

rmed by comparing its MS/MS profile with that available in the

iterature ( Liu et al., 2013 ). Consequently, the biotransformation of

IP involved both the addition of formyl, acetyl and nitroso groups

n secondary amines and the oxidation and breakdown of the

iperazine ring (see Fig. 3 ). 1-phenylpiperazine followed the same

iotransformation pathways as CIP (see Fig. 4SM for an EIC and

ig 5SM for a proposed transformation pathway). Desethylene CIP

ight originate from the further transformation of N-nitroso-CIP.

ndeed, α-hydroxylation of alkyl N-nitrosamines, which are cat-

lyzed by a variety of oxidases and oxygenases such as cytochrome

450 enzymes has been established ( Mesic et al., 20 0 0 ). The re-

ulting hydroxy–N-nitroso compounds are not stable and further

ecompose following a dealkylation reaction which might account

or the formation of desethylene-CIP. 

In the time series experiments ( Fig. 2 b), CIP was hardly de-

raded (less than 5% of the initial CIP concentration) in control
xperiments in which the biological activity was inhibited (results

ot shown). In contrast, in non-control experiments, the decrease

n CIP concentration was correlated positively to the increase

n identified TPs concentrations. While the concentrations of N-

itroso-CIP, N-acetyl-CIP and N-formyl-CIP stabilized at the end of

he experiment time, the concentration of desethylene-CIP dropped

ikely due to a quicker further transformation of this compound.

IP showed a pronounced bi-phasic degradation with a faster ini-

ial phase followed by a slower decline after 90 min incubation

ime. The CIP degradation slowdown was concomitant to that of

itrate and denitrification was not completed at the end of exper-

ments (8 d). This specific kinetic profile was ascribed to the par-

ial reversibility of N-nitrosation reactions associated with CIP for-

ation. The assumption of TPs toxicity for bacteria was discarded

ecause conjugation reactions are thought to be used by bacte-

ia to reduce the fluoroquinolone antibiotic toxicity ( Prieto et al.,

l.,2011 ). CIP TPs were available as standards so that their quan-

ification was possible. A mass balance could be determined dur-

ng biodegradation experiments and was mostly achieved ( Fig. 2 b).

his result was related to the high dilution rate of sludge (1 g/L) in

iodegradation experiments, avoiding nearly all sorption processes
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Fig. 4. a) pH and b) [HCO3 -] concentration effects on the formation of N-nitroso-CIP and 1-nitroso-4-phenylpiperazine. 
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of CIP and of its TPs ( Polezel et al., 2015 ). At 96 min of incubation,

the concentrations of N-formyl-CIP, N-acetyl-CIP, N-nitroso-CIP and

desethylene-CIP were 5.24, 4.38, 3.06 and 1.93 μg/L respectively,

accounting for 31.1, 23.2, 14.3, 8.7% of the initial CIP concentration

(20 μg/L), respectively. N-formylation reaction was always predom-

inant over the other transformation reactions. The introduction of

DAF-2 DA (5 μM) in the biological reactor after 60 min incubation,

as a NO ̇ scavenger, fully inhibited the production of N-nitroso-CIP

( Fig. 2 c) but did not affect the formation of other TPs. This result

indicated that the formation of N-nitroso-CIP was directly related

to the in situ production of NO ̇ through microbial activities. The

lack of N-nitrosation reaction well-correlated to the ending in de-

crease of CIP biodegradation. Experiments with superoxide dismu-

tase (SOD) were carried out in an attempt to distinguish the contri-

bution of N-nitrosation processes through codenitrification and N-

nitrosation reactions through the production of peroxynitrite, be-

cause superoxide dismutase is a well-known O 2 
. − scavenger. The

production of this latter was required for the formation of perox-

ynitrite. The formation of N-nitroso-CIP was only partially inhib-

ited in the presence of SOD ( Fig. 2 d). The inhibition percentage

of N-nitroso-CIP formation ranged from 60.5 to 77.7% depending

on the sampling time. Consequently, both N-nitrosation processes

(codenitrification and nitrosation through peroxynitrite formation)

were operating in the biodegradation system but the peroxyni-

trite pathway predominated. The pH dependence of N-nitroso-CIP

and 1-nitroso-4-phenylpiperazine generation was also investigated.

Fig. 4 a shows the production of these two N-nitroso compounds

against pH. When pH was increased from 4.5 to 6.5, the concentra-

tion of these N-nitroso compounds decreased, while their concen-

trations stabilized after pH 6.5. This experimental result demon-

strated a high contribution of nitrous acid (HNO 2 ) to the forma-

tion of N-nitrosamine at pH below 6.5 due to a pKa (HNO 2 /NO 2 
−)

value of 3.4. The contribution of HNO 2 became minimum at pH

higher than 6.5. Fig. 4 b shows the dependence of N-nitroso-CIP and

1-nitroso-4-phenylpiperazine generation on the concentration of

hydrogenocarbonate ions (HCO 3 
−). Their concentrations decreased

when the concentration of HCO 

− increased. This result was likely
3 t  
ue to the formation of a carbamate adduct resulting from the in-

eraction of secondary amines with CO 2 /HCO 3 
− ( Sun et al., 2011 ).

hese carbamate adducts inhibited the nitrosation reactions with

CO 3 
− concentration values below 450 mg/L, which are com-

on values in domestic wastewaters. After a threshold value of

50 mg/L, HCO 3 
− had a very limited impact on N-nitroso com-

ounds formation. 

.3. Stability of N-nitroso-ciprofloxacin 

Even though N-nitroso-CIP was found to be rather stable

nder biodegradation in our experimental conditions, abiotic

ransformations might be responsible for its disappearance un-

er real environmental conditions. Denitrosation reactions of N-

itrosamines in water have been reported and have been found

o be acid-catalyzed via the formation of N-protonated inter-

ediates ( Sidgwick, 1966 ). However, in 0.1 M phosphate buffer

pH = 7.5), N-nitroso-CIP was found to be stable for at least 8

 at 25 °C (results not shown). In contrast, N-nitroso-CIP under-

ent fast decomposition under simulated solar light irradiation

hrough direct photolysis (see insert Fig. 5 ). Direct photolysis of N-

itroso-CIP was found to follow a first-order kinetic model (R 

2 >

.99) with a kinetic constant value of k = 0.0225 ± 1.5 × 10 −3 

in 

−1 corresponding to a half-life of 30.8 ± 1.8 min (see in-

ert of Fig. 5 ). This half-life value was almost twice longer than

hat of NDMA under identical conditions (i.e., irradiations of

65 W/m 

2 , ( Plumlee and Reinhard, 2007 )). Photo-TPs were also

dentified by LC 

–HRMS using the suspect screening workflow im-

lemented for CIP biotransformation experiments. Following this

pproach, several TPs were identified (see a typical Extracted Ion

hromatogram (EIC) and a proposed transformation pathway in

ig. 5 ) including CIP, desethylene-CIP and 7-amino-1-cyclopropyl-

-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (CIP 263 ). A

ass balance was determined throughout the photolysis experi-

ents (see Fig. 6SM) and the reverse reaction of N-nitroso-CIP

nto CIP was found to be the main transformation pathway, likely

hrough a photohydrolysis mechanism similarly to NDMA decom-
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Fig. 5. Extracted Ion Chromatogram (EIC) corresponding to N-nitroso-CIP photolysis. Inserts: a) Proposed transformation pathway and b) First order kinetic plots. 
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osition under direct photolysis ( Lee et al., 2005a ). At the end of

he reaction time (150 min), CIP concentration reached a value of

.92 mg/L (i.e. almost 70% of the initial concentration of N-nitroso-

IP). Dealkylation reactions of N-nitroso-CIP into desethylene-CIP

0.25 mg/L after 150 min reaction time) and dealkylation reactions

f desethylene-CIP into 7-amino-1-cyclopropyl-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid (2.25 mg/L after 150 min reac-

ion time) were a minor pathway and consistent with a photoox-

dation mechanism in presence of oxygen, as previously reported

or NDMA ( Lee et al., 2005b ). 

. Conclusions 

This study was carried out to investigate the potential nitro-

ation reaction of CIP in denitrifying sludge conditions by using

he combined results of lab controlled experiments and those from

 monitoring survey of the effluents of two domestic biological

WTPs. Lab experiments revealed that N-nitroso-CIP was gener-

ted and accumulated against time, accounting for 14.3% of the

nitial spiked CIP concentration in sludge slurries under anoxic

onditions. N-nitroso-CIP formation was found to be due to NO ̇

eactivity, which was generated during denitrification processes.

he involvement of NO ̇ through ONOO 

− in the formation of N-

itroso-CIP resulted in a new formation pathway of N-nitrosamines

nder activated sludge treatment. N-nitroso-CIP underwent much

aster direct photolysis than biodegradation, mainly leading back to

IP. Consequently, N-nitroso-CIP might survive in water with low

ransmittance and in sediment. This assumption was confirmed

y the detection of N-nitroso-CIP in cloudy urban WWTPs efflu-

nts. The occurrence of N-nitroso-CIP in WWTP effluent was about

0% of initial CIP concentration in influent. The determined con-

entration of 34 ± 3 ng/L was not expected to be of high toxic-
ty to human beings but N-nitroso-CIP might preserve some bio-

ogical activity and contribute to the spread of antibiotic-resistant

acteria and genes. This latter point should deserve further in-

estigation, because a recent study observed that the denitrifying

acteria Brachymonas, Candidatus Competibacter, Thiobacillus and 

teroidobacter are important antibioticresistant genes hosts (in-

luding genes against quinolones) in pig farm anoxic-oxic wastew-

ter treatment processes ( Yang et al., 2020 ) and might participate

o CIP biotransformation. 
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