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Abstract
Naproxen (NAP) is a nonsteroidal anti-inflammatory drug which has been widely used and frequently detected in water
environments. This study investigated the NAP degradation in the chlorination and UV/chlorine disinfection processes, which
usually acted as the last barriers for water treatment. The results showed that both chlorination and UV/chlorine disinfection could
remove NAP effectively. At various chlorine dosages (0.1~0.5 mM), the contributions of chlorination and reactive radicals to the
degradation of NAP in the UV/chlorine process were calculated to be 50.5~56.9% and 43.1~49.5%, respectively. However, the
reactive radicals dominated in NAP degradation in alkaline solutions, while chlorination dominated in acidic conditions. The
HCO3

− (10~50 mM) slightly inhibited, Cl− (10~50 mM) gradually promoted, and HA (1~5 mg/L) significantly reduced NAP
degradation by UV/chlorine process. The degradation intermediates and products were obtained via high-performance liquid
chromatography with QE-MS/MS; NAP was degraded by demethylation, acetylation, and dicarboxylic acid pathways during the
chlorination and UV/chlorination processes.
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Introduction

Pharmaceutical and personal care products (PPCPs), which
were widely used, have been frequently detected in aquatic
environments all over the world (Vieno et al. 2007). Many of
them are continuously discharged into the ecosystems, raising
potential environmental threat risk to human health and eco-
systems (Christen et al. 2010). Naproxen (NAP) is a non-
steroidal anti-inflammatory drug (NSAID), which is widely
used to treat rheumatoid arthritis due to its antipyretic and
analgesic characteristics (Alexander 1975). It can also be used
frequently for livestock with up to 9 tons of prescriptions per
year (Sirés and Brillas 2012). It was reported that the exposure
concentration of NAP in natural waters was between 0.03 and
1.5 μg L−1 (Sirés and Brillas 2012; Stumpf et al. 1999;

Fernández et al. 2010). In wastewater treatment plants
(WWTPs) influent, 11 μg L−1 NAP was detected (Santos
et al. 2005). NAP still eluted at 0.25–5.2 μg L−1 concentra-
tions after major biological treatment (Bendz et al. 2005;
Rosal et al. 2010; Tixier et al. 2003). The occurrence of
NAP in waterbodies comes from improper disposal as well
as through human and animal excretion. NAP was difficult to
be removed inWWTPs; thus, it became persistent pollutant in
waterbodies.

Several methods such as activated carbon adsorption, pho-
tocatalytic process, ozonation, and advanced oxidation pro-
cesses have been investigated to better remove NAP from
water environments (Luo et al. 2014; Štrbac et al. 2018).
Disinfection process is the last barrier in the water treatment
process and it plays an important role in the removal of
PPCPs. As the earliest chemical disinfectant used for disinfec-
tion of water, free chlorine has been one of the main technical
methods for water disinfection in various countries all over the
world. Chlorine is hydrolyzed and dissociated in water pro-
ducing HOCl, ClO−, Cl2, and Cl2O (Eqs. 1–3) (von Gunten
2003; Morris 1966; Cai et al. 2013, 2017; Wang and
Margerum 2002; Deborde and von Gunten 2008).

HOCl↔Hþ þ OCl−;KHOCl ¼ 2:9� 10−8 M ð1Þ
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Cl2 þ H2O↔HOClþ Hþ þ Cl−;KCl2 ¼ 5:1� 10−4 M2 ð2Þ

2HOCl↔Cl2Oþ H2O;KCl2O ¼ 8:7� 10−3 ð3Þ

Ultraviolet (UV) photolysis is a physical process that has
no residual and sustained disinfection capacity compared to
chlorination (Hijnen et al. 2006). Therefore, UV disinfection
and other disinfection processes are always used in combina-
tion. The UV/chlorine disinfection process can kill the proto-
zoa making up the defect of chlorination and also reduce the
water quality toxicity of the water body. On the other hand,
synergistic effects of UV and chlorine disinfection can also
reduce the dosage of disinfectants and the production of dis-
infection byproducts (DBPs) in water, and further ensuring the
safety of water. Compared with traditional chlorination disin-
fection process, UV/chlorine cannot only inactivate water-
borne pathogenic microorganisms but also destroy harmful
organic compounds produced in water treatment processes
(Deng et al. 2013; Hijnen et al. 2006). During UV/chlorine
process, hydroxyl radicals (HO·), and reactive chlorine radi-
cals (RCS, such as Cl·/Cl2

·−) were generated via UV photoly-
sis of HOCl/OCl− (Eqs. 4–5) (Fang et al. 2014).

HOCl=OCl− þ hv→ � OH=O�− þ Cl� ð4Þ

Cl � þCl−↔Cl2
�− kþ ¼ 6:5� 109 M−1 s−1; k−

¼ 1:1� 105 s−1 ð5Þ

Previous studies only focused on the degradation kinetics
of NAP (Boyd et al. 2005). However, little attention was paid
to the formation of active components (such as OH·, RCS,
HOCl, and OCl−). This study expounded the NAP degrada-
tion kinetics and pathways in UV/chlorine process via the
following steps: (i) comparing the degradation of NAP be-
tween dark chlorination and UV/chlorination and examining
the degradation kinetics at different chlorine dosages; (ii)
assessing effects of pH on the degradation of NAP and calcu-
lating relative contributions of different processes (such as
chlorination, radicals oxidation) to the degradation of NAP;
(iii) elucidating the effects of water matrices (such as chloride
ion (Cl−), bicarbonates (HCO3

−), and humic acid (HA)) on
NAP degradation; (iv) detecting the degradation intermediates
and products of NAP and proposing the corresponding degra-
dation pathways.

Materials and methods

Materials

NAP (> 98%) and sodium hypochlorite (OCl−) containing 8%
available free chlorine were purchased from J&K Scientific,

Ltd. (China) and used without purification. NaOH, HClO4,
NaCl, NaHCO3, and KH2PO4 were of analytical grade or
above and were purchased from Xilong Chemical Co., Ltd.
(China). N, N-diethyl-p-phenylenediamine (DPD, > 99%)
was obtained from Sigma-Aldrich. All solutions were dissolved
in Milli-Q water generated from Millipore System. The NAP
stock solution (100μM)was prepared by dissolving 23.026mg
NAP powder into 1 L Milli-Q water, and the solution was
continuously stirred using a magnetic stirrer for 2 weeks until
the NAP powder was completely dissolved. Then, the NAP
stock solution was stored at 4 °C in brown bottle to avoid light.

UV photolysis device

The UV light used in the experiment was generated by a
collimated beam device with four low-pressure mercury UV
lamps (Heraeus, GPH 212T5L/4, 254 nm, 10 W) (Yang et al.
2014). A cylindrical glass reactor (5.65 cm inner diameter and
4 cm height) containing 100-mL solution was placed 30 cm
under the UV lamps, rapidly mixed at 400 rpm by the magni-
tude stirrer. The average surface light intensity of UV lamps
was 0.16 mW cm−2 measured by a UV-254 radiometer
(Photoelectric Instrument Factory of Beijing Normal
University, China) (Watts and Linden 2007).

Experimental procedures

The photo-reactor contained an initial NAP concentration
(10 μM) and phosphate buffer (0.5 mM). The initial NAP
concentration 10 μM (i.e., 2.3 mg/L) in the experimental pro-
cedures was higher than that found the real water system due
to the difficulty to reveal the reaction mechanism at low con-
centration. The specific amount of OCl− stock solution was
added into the photo-reactor to initiate the reaction. Control
experiments were performed in UVirradiation alone and chlo-
rination alone. The pH of the buffer solution was adjusted via
NaOH (1 mM) and HClO4 (1 mM). Samples of 1.5 mL were
taken at regular intervals and immediately quenched with ex-
cess ascorbic acid solution (1 M). The samples were stored in
the dark at 4 °C until analysis. All the tests were conducted in
triplicate and the data in average and the standard deviations
were shown. Especially, higher initial concentrations of NAP
(0.1 mM) and chlorine (1.0 mM) were conducted for better
analysis of degradation intermediates and pathways.

Analytical methods

The DPD colorimetric method was used to determine the con-
centrations of free chlorine (Fang et al. 2014). The NAP con-
centrations were analyzed through high-performance liquid
chromatography system (HPLC) (Agilent 1260 series, USA)
equipped with a UV detector and a Poroshell 120 EC-C18
column (4.6 × 50 mm, 2.7 mm, Agilent, USA). The injection
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volume of sample was 10 μL. The flow rate of mobile phase
was 1 mL/min, and the composition of the mobile phase was
0.01% acetic acid/methanol/acetonitrile (v/v/v = 40:5:55). The
column temperature was maintained at 30 °C and the detected
wavelength was set at 231 nm. The NAP degradation inter-
mediates and products were identified by high-performance
liquid chromatography (Ultimate 3000, Thermo Scientific,
USA) with QE-MS/MS (QExactive plus, Thermo Scientific,
USA). The C18 column (2.1 mm× 100 mm, 1.7 μm, Waters,
China) was used as separation column. The mobile phase
consisted of pure water (A) and acetonitrile (B), eluting ac-
cording to the following gradient pattern: 0–8.0 min, 85% A
and 15% B; 8.0–20.0 min, A decreased linearly from 85 to
20%; while B increased from 15 to 80%; 20.0–35.0 min, A
increased linearly from 20 to 85%, while B decreased from 80
to 15%; 35.0–45.0 min, A and B maintained at 85% and 15%,
respectively. The flow rate of mobile phase was 0.2 mL/min.

Toxicity measurement

The genetic toxicity was measured by micronucleus test of
Viciafaba root tip. According to the previous report (Jia et al.
2018), the test procedure was divided into four steps. (1) ger-
mination, soaking the Viciafabas in Milli-Q water for 24 h,
then culturing these Viciafabas with wet gauze overlay for
another 48 h. (2) Contamination, dividing the Viciafabas with
length of emerging roots 1–2 cm into four groups. Among
them, two groups were contaminated by chlorination-
degraded NAP and UV/chlorine-degraded NAP for 12 h, re-
spectively, one group was contaminated by 0.05 mM NAP
solution for 12 h as blank control groups, and one group
was treated by Milli-Q water for 12 h as negative control
group. (3) Disaggregation, culturing four groups in Milli-Q
water for 24 h after contamination for recovery, then cutting
1 cm root tips and fixing in Carnoy’s fluid for 12 h, then
disaggregating with 5 M HCl solution at 28 °C for 30 min.
(4) Microscopic examination, cutting the mitotic zones
(1 mm) of the disaggregated root tips and pressing them into
thin lamina, dripping few drops of Schiff’s reagent for dyeing
30 min in dark, then identifying by microscope (B204, Aote,
China).

Results and discussion

NAP degradation in UV photolysis, dark chlorination,
and UV/chlorine processes

The degradation of NAP in dark chlorination, UV irradiation,
and UV/chlorine processes are shown in Fig. 1. It was found
that NAP was hardly degraded under only UV photolysis,
while degraded efficiently both in dark chlorination and UV/
chlorine processes at 0.1 mM dosage of chlorine. The NAP

degradation followed first-order kinetics, and the observed
rate constants during dark chlorination (kobs,chlorination) and
UV/chlorine processes (kobs,NAP) were obtained to be 0.0864
and 0.1751 min−1, respectively (Fig. 1 inset). It suggested that
combination of UV irradiation with chlorination enhanced
NAP degradation greatly. As mentioned above, reactive radi-
cals were generated via photolysis of free chlorine (Eqs. 4–5)
(Fang et al. 2014). Therefore, the enhanced degradation rate of
NAP could be attributed to the formation of reactive radicals
during UV/chlorine process.

The NAP degradat ion in UV/chlor ine process
corresponded with Eqs. (6)–(7) (Guo et al. 2016).

−d NAP½ �=dt ¼ kobs;NAP NAP½ �
¼ kobs;radicals NAP½ � þ kobs;chlorination NAP½ � þ kobs;UV NAP½ �

ð6Þ

kobs;NAP ¼ kobs;radicals þ kobs;chlorination þ kobs;UV ð7Þ

where [NAP] represents the concentration of NAP in the re-
action system at time t, kobs,radicals, kobs,chlorination, and kobs,UV
stand for the observed first-order rate constants of NAP deg-
radation by the reactive radicals, chlorination, and UV photol-
ysis, respectively. The kobs,chlorination could be obtained via
NAP degradation in dark chlorination process. In both dark
chlorination and UV/chlorine processes, the consumptions of
chlorine were relatively low, within the 20% of initial chlorine
dosages. Thus, the kobs,chlorination obtained in UV/chlorine pro-
cesses was similar with that kobs,chlorination obtained in dark
chlorination process. The discrepancy was within 20%. The
direct photolysis of NAP was negligible (as shown above), so
the kobs,radicals could be calculated by Eq. (7). Thus, the con-
tributions of chlorination and reactive radical oxidation
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Fig. 1 NAP degradation during UV photolysis, chlorination, and UV/
chlorine process. Experimental conditions: I0 = 0.16 mW cm−2,
[chlorine]0 = 0.1 mM, [NAP]0 = 10 μM, pH= 7.0, T = 20 °C
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(including RCS and OH·) to NAP degradation in UV/chlorine
process could be given.

Based on the obtained kobs,NAP, the contributions of chlori-
nation and reactive radicals to NAP degradation at 0.1 mM
chlorine dosage could be calculated to be 50.5% and 49.5%,
respectively. During UV/chlorine process, OH· and reactive
chlorine radicals (RCS, such as Cl·/Cl2

··) were the main reac-
tive radicals. To distinguish the dominant reactive radicals in
NAP degradation in UV/chlorine process, nitrobenzene (NB)
was selected to quench OH· (Tang et al. 2018). The rate con-
stants of NB (kOH·,NB) and NAP (kOH·,NAP) with OH· are 3 ×
109 M−1 s−1 and 4.32 × 109 M−1 s−1 (Luo et al. 2018), respec-
tively. By applying these constants, 10 μM NB should com-
pete at least 40% of OH· for NAP (10 μM) degradation (i.e.,
kOH·,NB[NB]/(kOH·,NB[NB] + kOH·,NAP[NAP])). However, with
the addition of 10 μM NB, there was no obvious suppression
of NAP degradation (as shown in Fig. 1), indicating little
contribution of HO· to the NAP degradation. Thus, the RCS
oxidation is the dominant reaction pathway in UV/chlorine
process.

Effects of chlorine dosage on NAP degradation in dark
chlorination and UV/chlorine processes

Figure 2 reveals the effects of chlorine dosages ([chlorine]0,
0.1–0.5 mM) on NAP degradation in dark chlorination and
UV/chlorine processes. Consistently, the NAP degradation at

various chlorine dosages followed first-order kinetics and the
kobs,NAP were obtained. As shown in Fig. 2, the kobs,chlorination
in dark chlorination increased linearly from 0.0864 to
0.6423 min−1 with increasing from 0.1 to 0.5 mM of chlorine
dosage. Similarly, when chlorine dosage increased from 0.1 to
0.5 mM, the kobs,NAP increased linearly from 0.1751 to
1.2654 min−1. Under UV irradiation, increasing chlorine dos-
age resulted in the increase of free radical production, accel-
erating NAP degradation rate. Based on the obtained kobs,NAP
at different chlorine dosages, the contributions of reactive rad-
icals and chlorination to the degradation of NAP were calcu-
lated to be 43.1~49.5% and 50.5~56.9% (Table 1), respective-
ly. The relative contributions of these two processes changed
slightly at various chlorine dosages.

Effect of pH on the degradation of NAP in dark
chlorination and UV/chlorine processes

Figure 3 showed the degradation efficiencies of NAP in dark
chlorination and UV/chlorine processes at the range of pH
from 5 to 10. As shown, with the decrease of pH, the k-
obs,chlorination of dark chlorination increased significantly. This
could be explained by the different reactivity of chlorine spe-
cies with non-ionized (NAP) and ionized forms (NAP−) of
NAP. The intrinsic rate constants of HOCl with NAP, HOCl
with NAP−, and acid-catalyzed HOCl oxidation of NAP have
been reported to be 300 ± 60, 9 ± 3 M−1 s−1, and (1.1 ± 0.2) ×
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Fig. 3 The degradation kinetics of NAP at different pH in chlorination and UV/chlorine disinfection processes. Experimental conditions: I0 =
0.16 mW cm−2, [chlorine]0 = 0.1 mM, [NAP]0 = 10 μM, T = 20 °C

Table 1 The contributions of
chlorination and reactive radicals
to NAP degradation at different
chlorine dosages and pH

Dark chlorination UV/chlorine

kobs, NAP (min−1) Contributions of
chlorination

kobs, NAP (min
−1) Contributions of

reactive radicals

[Chlorine]0 pH = 7.0

0.1 mM 0.0864 50.5% 0.1751 49.5%

0.2 mM 0.1740 51.9% 0.3351 48.1%

0.3 mM 0.3500 56.9% 0.6156 43.1%

0.4 mM 0.4650 50.9% 0.9127 49.1%

0.5 mM 0.6423 50.8% 1.2654 49.2%

pH [Chlorine]0 = 0.1 mM

5 0.207 66.4% 0.3117 33.6%

6 0.1373 56.4% 0.2435 43.6%

7 0.0864 50.5% 0.1751 49.5%

8 0.026 20.6% 0.1264 79.4%

9 0.0083 9.9% 0.0836 90.1%

10 0.0063 9.8% 0.064 90.1%
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106 M−1 s−1, respectively (i.e., reactions 8–11) (Acero et al.
2010). The reactivity of OCl− with NAP is low and could be
negligible compared to HOCl (Deborde and von Gunten
2008). Given that the pKa of NAP is 4.2, with the decrease
of pH from 10 to 5, the concentration of NAP increased dra-
matically and the concentration of NAP− decreased. Thus, the
decrease of pH resulting in the increase of kobs,chlorination.

NAP↔NAP− þ Hþ; pKa ¼ 4:2 ð8Þ
NAPþ HOCl→products; k2 ¼ 300 M−1 s−1 ð9Þ

NAPþ OCl−→products; k3 ¼ 9 M−1 s−1 ð10Þ
NAPþ HOClþ Hþ→products; k4

¼ 1:1� 106 M−1 s−1 ð11Þ

In the UV/chlorine process, the degradation rate of NAP
was higher under acidic conditions and decreased at alkaline
conditions (Fig. 3). As descried by Eq. (7), in UV/chlorine
process, both chlorination and reactive species formed via
UV photolysis of chlorine contributed to NAP degradation.
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Fig. 4 Effect of water matrices (chloride, bicarbonate, and humic acid) on NAP degradation in UV/chlorine process. Experimental conditions: I0 =
0.16 mW cm−2, [chlorine]0 = 0.1 mM, [NAP]0 = 10 μM, pH= 7.0, T = 20 °C
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From Fig. 3, it could be obtained that in UV/chlorine process,
chlorination was dominant in NAP degradation under acid
conditions (pH < 6), while reactive radicals played the leading
role under alkaline conditions (pH > 8), as given in Table 1.

Besides the effect of pH on the NAP chlorination pro-
cess (as discussed above), the pH also affected the NAP
degradation by reactive species. As shown in Fig. 3, with
the increase of pH from 5 to 10, the NAP degradation via
reactive species (i.e., kobs,NAP-kobs,chlorination) decreased
slightly from 0.1047 to 0.0577 min−1. This pH effect on
reactive species was similar to the degradation of chloram-
phenicol in UV/chlorine process as reported previously

(Dong et al. 2017) and could be ascribed to two reasons.
The pKa of HOCl/OCl− is 7.5; thus, HOCl is the main
specie at low pH, whereas OCl− dominates in the specia-
tion at high pH. The quantum yield of HOCl is 1.45, which
means that 1.45 mol radicals (i.e., HO· and reactive chlo-
rine species) are produced per mol Einstein photon
adsorbed by HOCl. The lower quantum yield of OCl− than
HOCl (i.e., 0.97 vs 1.45) causes the lower rate of radical
formation, resulting in the decrease of NAP degradation
(Fang et al. 2014). The second one is that the scavenging
rate constant of HO· by OCl− (8.8 × 109 M−1 s−1) is higher
than HOCl (2.0 × 109 M−1 s−1) (Yang et al. 2014).

NAP  m/z = 230
P1  m/z = 264

P3  m/z = 250

P8  m/z = 220

P4  m/z = 284

P7  m/z = 222

P9  m/z = 254 P5  m/z = 238

P11  m/z = 212

P6  m/z = 234 P2  m/z = 298

R2

P10 m/z = 178

Fig. 6 The degradation pathways of NAP in chlorination (dotted line) and UV/chlorine processes (solid line). Experimental conditions: I0 =
0.16 mW cm−2, [NAP]0 = 0.1 mM, and [chlorine]0 = 0.5 mM, pH= 7.0, T = 20 °C
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Effects of water matrices on the degradation of NAP
in UV/chlorine process

The effects of water matrices such as Cl−, HCO3
−, and HA on

NAP degradation during UV/chlorine process were investi-
gated, and the results are shown in Fig. 4. The NAP degrada-
tion in UV/chlorine process was slightly affected by HCO3

−,
the kobs,NAP changed slightly from 0.1751 to 0.1723 min−1

with the increase of HCO3
− concentration from 0 to 50 mM.

The HCO3
− does not participate in the NAP chlorination

(Deborde and von Gunten 2008), while it could scavenge
reactive radicals Cl·/OH· in UV/chlorine process and forming
CO3

·−. The negligible effect of HCO3
− on NAP degradation

suggested that the reactivity of CO3
·− with NAP might be

close to that of Cl·/OH·. In the presence of Cl− (10~50 mM),
the NAP degradation was enhanced. When the concentration
of Cl− increased from 0 to 50 mM, the kobs,NAP gradually
increased from 0.1751 to 0.2102 min−1. The Cl− reacts with
Cl· yielding Cl2

·−, which might have comparable reactivity
with NAP (Wu et al. 2016; Zhu et al. 2018). Notably, the
HA (1~5 mg/L) significantly inhibited NAP degradation.
This inhibition may result from two reasons. Firstly, HA com-
peted with NAP for chlorine consumption. Secondly, HA
could act as UV light filter and scavenger of reactive radicals
to reduce constant rate of NAP degradation (Fang et al. 2014).

Degradation pathways of NAP in dark chlorination
and UV/chlorine processes

The NAP degradation intermediates at 5, 15, and 30 min
in dark chlorination and UV/chlorine processes were de-
tected by HPLC/MS/MS. Figure 5 shows the total ion
chromatogram (TIC) of the NAP degradation intermedi-
ates at 15 min in UV/chlorine process. The empirical for-
mula (PEF) of intermediates were proposed on the basis
of the retention time (tR) and ratio of mass to charge (−m/
z) given by TIC. The chemical structure of the product
was identified based on the accurate fragmentation spectra
of secondary ion mass and previous report. As shown, the
NAP (m/z = 230) was determined at tR of 5.01 min, and
the area of NAP decreased with the reaction time. Eleven

different intermediates and products were identified at re-
tention times of 1–15 min in UV/chlorine process, and
only seven products were detected in chlorination process.

As shown in Fig. 5, all of the intermediates and products
were chlorinated-byproducts, suggested that the NAP degra-
dation began with the nucleophilic substitution of naphthalene
ring byHOCl, forming Cl-NAP (P1, m/z = 264) (Deborde and
von Gunten 2008). Based on the NAP degradation in ozona-
tion, UV photolysis, electro-chemical, and TiO2-catalytic ox-
idation processes (Arany et al. 2013; Coria et al. 2016; Chin
et al. 2014), it is proposed that NAP degradation in chlorina-
tion (dotted lines) and UV/chlorine processes (solid lines) fol-
low three pathways (Fig. 6).

The first pathway briefly termed as demethylation route
(R1). The methoxy group of Cl-NAP was attacked by
HOCl, yielding phenolic compound P3 (m/z = 250). This
was consistent with the formation 2-hydroxyl-1-naphthyl ac-
etone during NAP degradation in chlorination (Kosaka et al.
2016). The propionic acid in fatty chain of P3 was further
oxidized by HOCl into ketone intermediate P8 (m/z = 220),
which was oxidized into carboxylic product P7 (m/z = 222)
(Coria te al. 2016). The carboxylic product (P7) could not be
oxidized by HOCl, but could transform into chloro-naphthol
compound (P10, m/z = 178) via carboxylic group splitting by
UV photolysis (Arany et al. 2013).

The second pathway was described as acetylation route
(R2). The propionic acid in fatty chain of Cl-NAP could
be attacked by HOCl yielding 6-methoxy-2-acetyl naph-
thalene (P6, m/z = 234) via acetylation. P6 was an impor-
tant product during NAP degradation, which was also
observed in electro-catalytic oxidation processes (Coria
et al. 2016). The methoxy group in P3 was sensitive for
HOCl oxidation, forming P8 via –CH3 splitting. The P8
could not only be transformed into P1 via route 1, but also
be attacked by reactive chlorine radicals (Cl·/Cl2

·−) yield-
ing di-chlorinated intermediate P9 (m/z = 254) (Coria
et al. 2016). The acetyl in side-chain of naphthalene ring
was broken via direct UV photolysis, finally forming P11
(m/z = 212) (Arany et al. 2013).

The third way termed as decarboxylic route (R3). The
HOCl attacked naphthalene ring and methoxy group in side

Table 2 Changes of viciafaba
root-tip micronucleus rate by
NAP after degradation by chlori-
nation and UV/chlorine processes

Groups Cell number Micronucleus cells MCN MCI

Slide 1 Slide 2 Slide 3

Negative control group 3000 4 3 1 2.67 –

Blank control group 3000 11 15 14 13.33** 4.99

Chlorination group 3000 34 31 26 30.03** 11.25

UV/chlorine group 3000 22 19 26 22.33** 8.36

MCN*, MCN**: significant difference with blank control group (*p < 0.05, **p < 0.01). Experimental condi-
tions: I0 = 0.16 mW cm−2 , [NAP]0 = 50 μM, [chlorine]0 = 0.1 mM, pH= 7.0
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chain producing di-chlorinated intermediates P2 (m/z = 298)
and P4 (m/z = 284) via chlorine substitution reaction and de-
methylation reaction, respectively. The propionic acid in fatty
chain of P4 was decarboxylized into 6-methoxy-2-
naphthalene ethylene (P5, m/z = 238). The decarboxylic reac-
tion was important pathway during UV photolysis, and P5
was often observed (Arany et al. 2013). Oxidation of ethylene
in P5 could further form aldehyde intermediate P9 (m/z =
254), which was finally transformed into P11 via split of al-
dehyde group.

The genetic toxicity variation of NAP
during chlorination and UV/chlorine processes

The genetic toxicity variations of NAP during chlorination
and UV/chlorine processes were investigated bymicronucleus
test of Viciafaba tip (Jia et al. 2018). The toxicity of experi-
mental solutions was evaluated by the micronucleus index
(MCI), of which higher value suggesting higher genetic tox-
icity. MCI was estimated according to Eqs. (12) and (13), and
the variations of the toxicity are shown in the Table 2. As
shown, the micronucleus index MCI of blank groups (only
contained NAP) was calculated to be 4.99, indicating that
the genetic toxicity of NAP should not be ignored. After chlo-
rination, the MCI increased significantly to 11.25, indicating
some of the degradation products processed higher genetic
toxicity than NAP. This might be ascribed to the formation
of chlorinated-byproducts formation as discussed in section
BDegradation pathways of NAP in dark chlorination and
UV/chlorine processes^. Notably, the MCI of UV/chlorine
group was lower (i.e., 8.36) than that of chlorination, indicat-
ing that the UV/chlorine process had the potential to reduce
genetic toxicity comparing with chlorination.

MCN ¼ Number of micronucleus cells

Number of total cells
� 1000 ð12Þ

MCI ¼ MCN of experimental group

MCN of negative control group
ð13Þ

Conclusions

This study illuminated the NAP degradation efficiencies and
pathways in chlorination and UV/chlorine processes. The re-
sults demonstrated that chlorination could eliminate NAP ef-
ficiently. The combination of chlorine with UV greatly en-
hanced NAP degradation via generation of reactive radicals.
The contributions of chlorination and reactive radicals to the
degradation of NAP in UV/chlorine process were calculated
to be approximate half to half, and nearly constant at various
chlorine dosages. The effects of pH on NAP degradation

suggested that chlorination was the dominant way in NAP
degradation under acid conditions (pH < 6), while reactive
radicals played the leading role under alkaline conditions
(pH > 8). The effects of water matrices such as Cl−, HCO3

−,
and HA on NAP degradation during UV/chlorine process
showed that the HCO3

− (10~50 mM) slightly inhibited, Cl−

(10~50 mM) gradually promoted, and HA (1~5 mg/L) signif-
icantly inhibited NAP degradation. The degradation interme-
diates were detected byHPLCwith QE-MS/MS revealing that
demethylation, acetylation, and dicarboxylic routes were main
degradation pathways during the NAP degradation in UV/
chlorine process.
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