Published on 15 January 2019. Downloaded by Jinan University Library on 9/25/2019 9:22:36 AM.

Environmental

Science S ChiEsTaY
Water Research & Technology

ROYAL SOCIETY

View Article Online

View Journal | View Issue

) Check for updates. Degradation of ciprofloxacin by 185/254 nm
e i emron s maernee | VACUUM Ultraviolet: kinetics, mechanism and
Technol, 2019, 5, 564 toxico[ogyT

Han Hu,? Ya Chen,? Jinshao Ye,?® Li Zhuang,? Hongling Zhang® and Huase Ou @ *2

Fluoroquinolone antibiotics (FQs) are highly resistant to conventional biological water treatment processes,
thus, it is desirable to develop novel water treatment methods for eliminating FQs efficiently. Vacuum ultra-
violet (VUV; 185/254 nm) may be a novel alternative due to its capacity of photolyzing water into hydroxyl
radicals without chemical addition. Ciprofloxacin (CIP) was selected as the representative of FQs, and its
degradation using VUV treatment was tested. A first-order reaction kinetics with a rate constant (k,pp) at
878 x 107° st was observed when [CIPl; = 3.02 uM and 185 nm irradiation intensity = 0.12 mW cm ™.
Wavelength screening, radical scavenging and kinetic calculations revealed that direct photolysis and indi-
rect radical-based oxidation both contributed to the degradation, with a reaction rate constant (k-op_cip) at
(8.6 + 0.8) x 10° M! 571 Radical-based addition, substitution and cleavage of CIP generated five series of
stable products. Most products in the early stage were simple hydroxylated intermediates from CIP. Based
Received 21st October 2018, on the toxicology analysis including reactive oxygen species and apoptosis of Escherichia coli, these early-
Accepted 14th January 2019 stage products were supposed to have higher toxicity than CIP. However, as they were transformed into
DOI: 10.1039/c8ew00738a further oxidized products, their toxicity was reduced. Variable pH values and natural organic matter/anions
significantly affected the degradation efficiency. Altogether, VUV induced the rapid degradation of CIP, and

rsc.li/es-water it will be a promising treatment method for transforming and detoxifying micro-pollutants from water.

Water impact

This study provides insights into the performance of vacuum ultraviolet (VUV) on the removal of ciprofloxacin (CIP). Degradation kinetics, mechanisms,
products, pathways and toxicity variation were evaluated. The current study revealed that the incomplete hydroxylation products likely have higher
toxicities than their parent CIP, and further mineralization of them into inorganic matter will be required for complete detoxification. This study provides
useful information with regards to the potentiality of chemical-addition-free VUV for effectively eliminating and detoxifying organic pollutants from water.

1. Introduction confirmed to be the pre-dominant removal mechanism.>™*
Residual FQs are continuously released with WWTP effluent
and excess sludge. Municipal WWTPs are therefore consid-
ered as one of the main sources of FQs for receiving water
bodies and lands.” Numerous researchers have found that
FQs in the environment aggravated several ecological prob-
lems, such as the increase of antibiotic resistance of bacte-
ria,® the physiological teratogenesis of plants/algae” and the
chronic genotoxicity/carcinogenic potential to organisms.®
Thus, it is desirable to develop novel water treatment
methods for eliminating FQs efficiently.

FQs all have a common quinoline structure, giving their
“School of Environment, Guangdong Key Laboratory of Environmental Pollution characteristic absorption at ultraviolet (UV) wavelengths.
and Health, Jinan University, Guangzhou 510632, China. Thus, UV irradiation, especially UV-C, induces direct photoly-
f'm,“”’ touhuase@jnu.edu.cn; Tel: +86 020 37278961 sis of FQs with low reaction rates. Of note, irradiation at the
Joint Genome Institute, Lawrence Berkeley National Laboratory, Walnut Creek . . . ..
94598, CA, USA optimal UV wavelength can improve the photolysis efficiency.
t Electronic supplementary information (ESI) available. See DOI: 10.1039/ For example, the maximum absorption of CIP is 280 nm, at
c8ew00738a which the fastest UV photolysis can be achieved.’ To improve

Fluoroquinolone antibiotics (FQs) are intensively used for hu-
man (domestic and hospital use), veterinary and agriculture
purposes. The most common FQs are ciprofloxacin (CIP), ofl-
oxacin and norfloxacin, which have been detected in environ-
ments worldwide." After application, a portion of FQs are
discharged into sewer systems. FQs are designed to be biolog-
ically resistant, thus, conventional biological wastewater
treatment plants (WWTPs) have poor performance on their
elimination, and sorption of FQs into sewage sludge has been
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the removal efficiency, UV-based advanced oxidation pro-
cesses (UV-AOPs), such as UV/H,0,, UV/persulfate and UV/
TiO,, have been tested. Generation of highly oxidative radicals
in UV-AOPs can degrade and even mineralize FQs rapidly un-
der mild conditions. Early studies explored and compared the
basic kinetics of direct UV photolysis and UV/H,0, oxida-
tion."®'" Kinetics parameters, such as quantum yield and deg-
radation mechanisms, were further investigated.">"* Lately,
research studies of FQ degradation using UV/persulfate or UV/
peroxymonosulfate have proved its efficiency.'* Serna-Galvis
et al."® compared the degradation of several FQs using sole-
UV and UV/persulfate, and found that the contribution ratios
of direct photolysis and radical oxidation varied with different
FQs. In our previous study, incomplete degradation of CIP
with UV/persulfate was suggested to be likewise efficient for
detoxification.’® As UV/H,0, and UV/persulfate require re-
peated addition, UV/TiO, photocatalysis may be a more sus-
tainable alternative."” ' However, challenges for the applica-
tions of these UV-AOPs still exist, such as the addition of
chemical agents and the control of operational conditions.

Vacuum ultraviolet (VUV; 100-200 nm) may be a novel al-
ternative UV-AOP due to its capacity of photolyzing water into
hydroxyl radicals ('OH, quantum yield @ at 0.33) without
chemical additions (eqn (1) and (2)).>° Reaction mechanisms
of micro-pollutants (MPs) in VUV systems likewise involve
photolysis and radical oxidation. VUV can degrade phenols,*
chlorinated hydrocarbons,* perfluorinated compounds,*
pesticides,** etc. There are only a few research studies fo-
cused on the degradation of MPs using VUV systems.
Imoberdorf and Mohseni*® developed a kinetic model, which
took into account basic degradation mechanisms, for the pre-
diction of degradation processes of 2,4-dichlorophenoxyacetic
acid in a VUV photoreactor. Li et al.>® established a mini-
fluidic VUV/UV photoreaction system which emitted a 185/
254 nm or sole 254 nm beam with a nearly identical UV
intensity. In their later studies, several key photochemical ki-
netic parameters (e.g., photon fluence-based rate constant
and quantum yield) of MPs were determined.>’*® Gu et al.*
used VUV/sulfite to degrade perfluorooctane sulfonate with
an overall apparent rate constant at 0.015 min~'. These initial
studies provided basic data and methodology for the research
about MPs under VUV treatment. Still, there is no research
about the degradation of any FQs with VUV, not to mention
their degradation mechanism, mineralization efficiency and
toxicology evaluation.*”

Hzo + hvlgs — 'OH + 'H d)'OH =0.33 (1)
H,0 + hvigs — OH+ H' + e,y P = 0.04 (2)

In this study, CIP was selected as the representative of
FQs. Degradation mechanisms and kinetics were identified
based on wavelength screening and radical scavenging with a
customized VUV device. The evolution pathway and toxicity
variation of CIP degradation products were determined.
High-resolution mass spectrometry (HRMS) was applied, and
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analyses of oxygen species (ROS) and cellular apoptosis based
on model organism Escherichia coli were conducted. Crucial
inhibition effects on VUV systems were also estimated by in-
fluence factor experiments with variable pH values, natural
organic matter (NOM) and anions.

2. Materials and methods

2.1. Chemical reagents

CIP (99%, HPLC grade), ethyl alcohol (EtOH, HPLC grade),
tert-butyl alcohol (TBA, HPLC grade), formic acid (99%, HPLC
grade), ascorbic acid (99%) and humic acid (HA) (90%
dissolved organic matter, CAS: 1415-93-6) were purchased
from Sigma-Aldrich (USA). Methanol (HPLC grade) and aceto-
nitrile (HPLC grade) were obtained from Fisher (USA). NaNO;
(98%), NaCl (98%), Na,CO; (98%), Na,SO, (98%), KH,PO,
(98%) and NaHCOj; (98%) were purchased from Sinopharm
(China). Solutions were prepared using 18.2 MQ ultrapure
water as the matrix. Other chemical reagents were of the
highest purity available.

2.2. VUV irradiation experiments

A VUV quasi-parallel irradiation device, which included a
framework, a VUV lamp and a reactor vessel, was designed
(Fig. S1, ESI;T “S” designates texts, tables, figures and other
contents in the ESI thereafter). The reactor framework was
designed and made by 3D laser rapid prototyping. Filling of
N, gas was applied inside the device to avoid the absorption
of 185 nm VUV irradiation. The VUV low-pressure argon-mer-
cury lamp emitted both 185 nm and 254 nm irradiation.
Based on the product instruction from the lamp supplier,
185 nm and 254 nm contributed 6% and 94%, respectively,
to the total light intensity. The actual intensity of 254 nm on
the surface of CIP solution was determined using a 254 nm
photometer, while an actual intensity of 185 nm irradiation
was calculated based on it. By changing the distance between
the solution surface and lamp, the irradiation intensity can
be adjusted. Customized circular quartz vessels with a diame-
ter of 12 cm were applied. A given volume (typical 20-100
mL) of CIP solution (typical [CIP], = 3.02 uM) was added into
the reactor vessel. Before reaction, solution pH was adjusted
using buffered solution with different concentration combi-
nations of NaOH, KH,PO, and H;PO,. The reaction solution
was orbitally shaken at 60 rpm on a fixed heating platform at
25 + 2 °C. After turning on the VUV light source, the treated
samples (2 mL in normal experiments) were obtained at the
pre-set times, and then transferred into brown amber tubes
and stored at 4 °C before analysis. In the experiments in
which the samples were prepared for subsequent microbial
culture and pollutant exposure experiments, a total of 10
group samples (100 mL) were used for the VUV treatment,
and then only 20 mL solution was obtained at the pre-set
times one by one from the treated samples.

For the wavelength screening experiment, coverage of a
JGS2 fused silica wafer was applied on top of the reaction
solution. JGS2 silica can filter light irradiation below 200
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nm, but most 254 nm irradiation can penetrate through
JGS2 silica. Thus, it can be used to screen 185 nm and leave
behind 254 nm from the VUV lamp. By this means, the
functions of 185 nm and 254 nm can be separated. To de-
termine the radical oxidation, several scavenger species were
added with a concentration at 100 mM. In the influence fac-
tor experiments, predetermined amounts of HA or inorganic
anions were mixed into the reaction solution.

2.3. Analysis of CIP and its degradation products

Quantitative analysis of CIP was conducted by HPLC/MS>
(TripleQuad 5500, Applied Biosystems SCIEX, USA). Qualitative
analysis of its degradation products was performed using a
TripleTOF 5600+ HRMS (Applied Biosystems SCIEX, USA). The
relative intensities (peak areas) of the organic degradation
products were obtained by HPLC/MS®. Detailed analysis pro-
cesses are presented in Text S1 and Table S1.j Total organic
carbon (TOC) was analyzed using a TOC-L analyzer (Shimadzu,
Japan). Determination of NO;  and F~ was performed using an
ICS-2500 analyzer (Dionex, USA). An ED50A detector and a
DIONEX IonPac® AS15 column were used, and 30.0 mM NaOH
solution was applied as the mobile phase.

2.4. Kinetics calculation

In the VUV system, 185 nm photolysis, 254 nm photolysis
and 'OH oxidation may synchronously degrade CIP. The ki-
netics equation of CIP can be presented as:

d[CIP
_u = ( leS-d + k254-d + k'OH—CIP x [OH] ) x [CIP] = kapp x [CIP]

de
)

where, kig5.q and k,s4.q represent the reaction rate constants
of direct photolysis induced by 185 nm and 254 nm irradia-
tion, respectively; k-on_cip represents the second-order reac-
tion rate between ‘OH and CIP. The reaction rate in the sole-
UV system with an identical UV intensity at 254 nm follows:

_d[crp]
dr

=kysyy X[CIP] =k, x[CIP] (4)

Setting CIP as the targeted contaminant (T), kop-_crp Was
calculated according to competition kinetics in a binary mix-
ture with para-chlorobenzoic acid (pCBA) as the reference
compound (R)."* As the reaction rate constant between ‘OH
and the reference compounds (kg; kon_pcpa = 5.0 x 10° M
s") is already known, the ‘OH reaction rate constant with
CIP (kr; kon-cip) was calculated by:*°

W) o

This equation does not consider the direct photolysis.
Thus, there will be an overestimation of k-gy_cp based on the
calculation of this equation.
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2.5. Molar absorption coefficients and apparent quantum
yields

Molar absorption coefficients (¢) of CIP, scavengers and an-
ion solutions were calculated based on the UV absorbance
(180-280 nm) determined using a Chirascan circular dichro-
ism spectrometer (Applied Photophysics, UK). For the spec-
trum at 185 nm, the analysis was performed under N, purg-
ing to avoid the optical absorption of O,. Cuvettes with 1, 5
and 10 mm light path lengths were applied. The ¢ of these so-
lutions can be used to calculate the distribution of photons
in a specific mixed solution system. For example, the percent-
age of 185 nm photons absorbed by a particular constituent
in this system can be calculated by:**

Ce,

N
Zcigi (6)
i-1

%185 nm=

where C; represents the concentration of constituent 7, and ¢&;
represents the absorption coefficient of constituent i. The
percentage of 254 nm irradiation follows a similar formula.
Apparent quantum yields of CIP at 185 nm and 254 nm were
calculated following similar processes to those in ref. 24.

2.6. Microbial culture and pollutant exposure

Escherichia coli was inoculated with 100 mL lysogeny broth
medium in 250 mL Erlenmeyer flasks, which were orbitally
shaken at 160 r min™ (37 °C; 12 h). The cultured cells were
separated by centrifugation at 6000g (10 min), and then they
were washed three times with sterile phosphate buffer. Bacte-
rial suspension containing the separated cells at 1.0 g L™ ini-
tial biomass dosage in 20 mL M9 medium was prepared. So-
lutions with 3.02 pM CIP (the control group) or the mixture
of the degradation products after VUV reactions (the treated
group, reaction conditions were the same as those in section
2.2) were mixed with the bacterial suspension with a volume
ratio at 1:1. All these mixed bacterial suspensions were cul-
tured at 37 °C on a rotary shaker at 160 r min™" in the dark.
After 6 h exposure of the culture, the samples were collected
and taken for ROS, MP and apoptosis analyses immedi-
ately.”® Each treatment had three replicates. Detailed analysis
procedure is listed in Text S2.f

3. Results and discussion
3.1. Degradation efficiency

Sole UV-C (using a low-pressure mercury lamp emitting 254
nm) and UV-C/VUV (using a VUV lamp emitting 254 nm + 185
nm) treatments with the same intensity at 254 nm (0.8 mW
cm?) for CIP degradation were conducted (Fig. 1a). In the UV-
C and UV-C/VUV systems, the degradation of CIP followed first-
order reaction kinetics with rate constants (kapp) at 1.24 x 107
s and 8.78 x 107 s', respectively. Compared to 53% in the
sole UV-C system, approximately 99% CIP was transformed
within 10 min of VUV + UV-C treatment.

This journal is © The Royal Society of Chemistry 2019
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The variation of UV irradiation intensity significantly af-
fected the reaction efficiency of the UV-C/VUV system. An ap-
proximately positive linear correlation between the VUV inten-
sity and k,p, was observed, with an increasing k,p, from 1.22
x 107 s to 8.78 x 107 s™* as the 185 nm intensity raised
from 0.015 mW cm > to 0.12 mW cm > (Fig. 1b). The increas-
ing VUV intensity enhances the yield of 'OH, resulting in
higher reaction efficiency. The reaction using 0.12 mW c¢m™>
at 185 nm was selected as the control group in section 3.2.

3.2. Mechanisms and kinetics

To reveal the major contributor to CIP removal, optical
screening with JGS-2 silica was performed (Fig. 1a). JGS-2 sil-
ica screens UV irradiation with a wavelength less than 200
nm, thus, only 254 nm UV can penetrate and 185 nm UV is
screened. After adding JGS-2 silica, the degradation rate of
CIP using the VUV lamps reduced to a similar level (k at 1.40
x 107* s7') as that using sole UV-C lamp, suggesting that the
promotion can be attributed to 185 nm irradiation.

Three mechanisms, including 185 nm photolysis, 254 nm
photolysis and ‘OH oxidation, may contribute to the transfor-
mation of CIP synchronously (eqn (3)). To determine the ki-
netic parameters in eqn (3) and the degradation mecha-
nisms, a series of deliberately designed experiments were
conducted. Both 185 nm and 254 nm irradiation can induce
direct photolysis, whose efficiencies mainly depend on the
photon energy absorbed by CIP. Water has a high ¢ at 185
nm (1.8 ecm™), while anions and organic matter all have high
light absorption efficiencies at 185 nm but not at 254 nm (Ta-
ble S21). Approximately 5 mm thickness of ultrapure water
can absorb approximately 90% of the 185 nm ultraviolet.*” In
the current study, 185 nm irradiation intensity only occupied
6% in the total intensity of the VUV lamp, and the reaction
solution reached 15 mm depth, which can absorb most of

a ::"} —J—sole UV, k=1.24x10°s"
—O—VUuV, k=878 x10°s"
—/\—JGS-2, k=1.40x 10" s"
80 5 .
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—~<-TBA, k=0.74x10°s"
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S
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the 185 nm irradiation. The percentage of 185 nm photons
absorbed by CIP was calculated using eqn (6). For 3.02 uM
CIP in ultrapure water, 3.0% and 97.0% of 185 nm photons
were absorbed by CIP and water, respectively. Therefore, it
can be concluded that direct photolysis induced by 185 nm
irradiation may play a minor role in CIP degradation, and
eqn (3) can be simplified to:

- d[gtIP] = (Kyssq +kion-cp X[ OH])x[CIP] =k, x[CIP]  (7)

In contrast, 254 nm irradiation induced significant photo-
lysis of CIP. As the intensity at 254 nm in the UV-C and VUV
systems was in both cases at 0.8 mW cm >, the direct photo-
lysis of CIP by 254 nm irradiation in both systems followed
eqn (4) with the same rate constant at 1.24 x 10> s, The ap-
parent quantum yield for 254 nm UV-C photolysis (®,5,) was
calculated to be 0.004 + 0.0003 (Table 1).

Most of the 185 nm irradiation would be absorbed by wa-
ter which is transformed into ‘'OH. Radical-based oxidation
would thus be the dominant mechanism for CIP degradation.
To further confirm the radical-based oxidation, addition of
typical radical scavengers was applied. After adding 10 mM
ascorbic acid, removal efficiency was severely inhibited as the
kapp decreased from 8.78 x 107 s™ t0 0.29 x 10~* s™". Ascorbic
acid is a strong reductant and can scavenge most of the oxi-
dants, indicating that the degradation of CIP was dominated
by oxidation. However, ascorbic acid has a high ¢ value (3130
+184 M' em™) at 185 nm (Table S2+). Besides oxidant scav-
enging, screening effect on 185 nm irradiation may also re-
sult in this inhibition. To exclude the screening effect and
further confirm the role of reactive species, EtOH and TBA
were added. EtOH and TBA have weak VUV screening effects
with ¢ at (31.31 = 5.3) M em ™" and (14.72 + 2.1) M cm ™

24
o
S
£
-4 2 4 1
O 012mWcm? k=878 x10"s
O 0.06 mWcm?, k=4.91x10°s"
1 /A 0.03mWcem? k=2.40x10°s"
7 0.015mWcm?, k=1.22x10°s"
-6
T g T g T L T L T L] T
0 2 4 6 8 10
t (min)

Fig. 1 Degradation efficiency of CIP with scavengers (a) and different VUV intensities (b). Experimental conditions: solution temperature 25 *+ 2 °C,
pH 6.5-7.2, [CIP]y = 3.02 uM, 185 nm VUV irradiation intensity = 0.12 mW cm2 (if not specified). All the experiments were carried out in triplicate

with error bars representing the standard error of the mean.
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Table 1 Kinetics parameters for CIP
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Irradiation Sole UV VUV

intensity

(mwW Cmiz) kasa (Sil) Dy54.q kapp (Sil) kon-crp (Mil 571) D35

2.0 (1.24 +0.13) x 1073 0.004 + 0.0003 (8.78 £ 0.61) x 107 (8.6 £ 0.8) x 10° 0.18 + 0.02

Experimental conditions: solution temperature 25 + 2 °C, pH 6.5-7.2, [CIP], = 3.02 uM, 254 nm UV irradiation intensity = 2.0 mW cm>, 185

nm VUV irradiation intensity = 0.12 mW cm™>.

(185 nm), respectively, and they have strong scavenging ca-
pacities for ‘OH (eqn (8) and (9)). After adding these two scav-
engers, kapp reduced significantly to 0.39 x 10 s™" and 0.74 x
107 s, suggesting that "OH oxidation might be the pre-
dominant contributor for the CIP degradation in the VUV
system.

EtOH + ‘OH — products (k=1.9x10° M ' s™) (8)
TBA + ‘'OH — products (k=6.0x 10° M *'s™) 9)

As pCBA has a low UV absorption and moderate reaction
rate with 'OH, a competitive reaction with pCBA was
performed to determine relevant kinetic parameters. The
kownpcsa was calculated to be 5.0 x 10° M s7,** and the
second-order rate constant (k-on_crp) was calculated to be (8.6
+0.8) x 10° M 5. Some other researchers have explored
the k-op_crp- Yuan et al®** and Keen et al.'® investigated the
degradation efficiencies of CIP in a UV/H,0O, system, and
PCBA was also used to determine koy_crp With results at 7.5
x 10° M s and 7.8 x 10° M™* s7', respectively. An et al.*®
evaluated the degradation kinetics and mechanisms of CIP in
UV/TiO,, and determined a lower k-op_crp at (2.1 + 0.1) x 10°
M s, Dodd et al.*® used ozonation for CIP degradation,
and they found that k-op_cip was (4.1 + 0.3) x 10° M™* s™". The
difference between the current study and the previous ones
can be attributed to the different reference compounds ap-
plied or the different treatment methods. Of note, since the
254 nm photolysis was ignored during competitive reaction
calculations, the kgoy.crp oObtained here was somewhat
overestimated. Furthermore, the apparent quantum yield for
185 nm VUV treatment (&,g5, mainly "OH oxidation) was cal-
culated to be 0.18 + 0.02. This relatively high ®,35 may be
due to the high photolysis efficiency of H,O to "OH (0.33) un-
der 185 nm irradiation.

3.3. Mineralization, degradation intermediates and pathways

An initial TOC value at 0.65 mg L™ was detected for 3.02
uM CIP, and an evident decrease (>40%) was observed dur-
ing 60 min of VUV treatment (Fig. S21). This moderate min-
eralization efficiency indicated that VUV induced incomplete
transformation of CIP, thus, a variety of degradation prod-
ucts were generated. Based on the potential transformation
pathways of CIP, five series of stable products, including
product A (site 1), product B (site 5), product C (site 6),

568 | Environ. Sci.: Water Res. Technol., 2019, 5, 564-576

product D (site 10) and product E (sites 11-14), were identi-
fied by HRMS (Table 2). Since there is no standard sub-
stance for these products, they can only be classified as ten-
tative candidates. There are several general routes that "OH
reacts with heterocyclic organic pollutants. Dionysiou
et al’’° reported that main reaction mechanisms may in-
volve a series of additions, substitutions and cleavages on
different sites of targeted contaminants. Based on these
studies, the degradation pathways of CIP are presented in
Fig. 2, and the relative intensity variations of its products
were determined (Fig. 3).

Product A-1 was generated upon substitution of the fluo-
ride atom at site 1 by a hydroxyl, and then further addition of
another hydroxyl at site 6 may lead to the generation of prod-
uct A-2. The replacement of a carboxyl by a hydroxyl at site 5
generated product B. A hydroxyl was added onto site 6,
resulting in the generation of product C-1. The cleavage of
the double bond in the quinolone ring and the further oxida-
tion of C-1 resulted in transformation to products C-2 and
C-3. Product D was generated by the cleavage of piperazine
ring, while products E-1-1 and E-2-1 were generated by the
modifications on them. Of note, elimination of the hydroxyl
may occur on sites 13 and 14 of E-2-1, in which a double
bond can be formed (product E-2-2), and further addition of
hydroxyl in E-2-2 may generate product E-2-3. Additions of hy-
droxyl radicals on other sites of product E-2-1 may lead to
product E-2-4. Generally, a product mixture was generated by
photolysis and ‘'OH oxidation, while sites 1, 5, 6, 10-14 were
susceptible in the VUV system.

Reactive radicals in other AOPs also attacked these sites of
CIP, and some similar products have been reported. Guo
et al.® confirmed a series of products followed similar gener-
ation pathways like products A, D and E-1-1 during degrada-
tion of fluoroquinolone by UV/H,0,. In our previous study,
UV/H,0, with multiple UV wavelengths was applied, and six
similar products were determined.’ In UV/TiO, systems, two
mechanisms, including ‘'OH oxidation and direct degradation
by the oxidative holes on TiO,, were proposed.’’ Following
these two pathways, some products generated by addition re-
actions were also determined. However, these mechanisms
were not true for other AOPs. Dodd et al.*® found that ozone
induced transformations on the quinolone backbone and pi-
perazine ring of CIP.

After further VUV treatment, some other small molecular
organics may be generated. Their absence in our data may be
attributed to the detection limitation of LC-HRMS systems.

This journal is © The Royal Society of Chemistry 2019
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0.12 mW cm 2 ¢ Retention

time indicates the appearance time of the highest peak in the extracted ion spectrum. Some extracted ion spectra included several peaks which suggested isomers with the same molecular formula.

2.0 mW cm2, 185 nm VUV irradiation intensity

Experimental conditions: solution temperature 25 + 2 °C, pH 6.5-7.2, [CIP], = 3.02 uM, 254 nm UV irradiation intensity
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However, concentrations of NO;™ and F increased as the re-
action proceeded (Fig. S37), confirming the transformations
of N and F in CIP. Generally, hydroxylation was the pre-
dominant reaction, and further additions, substitutions and
cleavages resulted in gradual transformation of CIP.

3.4. Toxicology

Two parameters, ROS and apoptosis, were used to evaluate
the variation of CIP toxicity during VUV treatment. ROS are
natural chemical species with high reactivity, including
superoxides, peroxides, hydroxyl radicals and singlet oxygen.
ROS can result in significant damage of cell structures and
reduction of biomolecule activities. The levels of ROS in the
cells under exposure to degradation intermediates were
higher than those in the cells exposed to CIP (Fig. 4a). The
trend of the ROS level was consistent with the relative inten-
sity variations of products A-1, B, C-1, D and E-2-1. These
products all have hydroxyl addition or replacement,
suggesting that the simple hydroxylation of CIP may increase
its toxicity.

To reveal whether the increasing ROS caused cell lethality,
cellular apoptosis was investigated. Apoptosis is a
programmed process of cell death that is initiated by the sen-
sation of cell stresses or signals from other cells. Based on the
flow cytometer data, the cells were classified into live, early
apoptosis, late apoptosis and dead cells. Apoptosis cannot
stop after it begins, thus, the cells in the early and late stages
of apoptosis will finally die. Their variation tendencies are
presented in Fig. 4b. In the early stage (0-30 min of VUV treat-
ment), a percentage of the live cells decreased while the apo-
ptosis and dead cells increased. Of note, the highest percent-
age of apoptosis was observed at 30 min, which was
consistent with the highest ROS. These results clarified that
the increasing ROS directly induced cellular death. Most prod-
ucts, especially the simple hydroxylated products from CIP
presented an increasing tendency during the early stage (0-60
min; Fig. 3). These apoptosis data confirmed that the toxicity
of these incomplete degradation products in the early stage
was higher than that of CIP. Furthermore, the intensities of
these products decreased during 60-180 min, suggesting that
they may be transformed into further products or small mole-
cules. The percentage of live cells increased gradually during
30-180 min, thus, these further products may have lower tox-
icity. Although 180 min of VUV treatment did not completely
mineralize and detoxify CIP, the downward percentage of apo-
ptosis still indicated the decreasing toxicity of intermediates
as the VUV treatment proceeded.

3.5. Influence factors

The reaction using 0.06 mW cm™ intensity was selected as
the control group in the following influence factor experi-
ments. Variation of pH values had a significant effect on
VUV (Fig. 5a). Under different pH values (3.0-11.0), the kupp
varied from 1.42 x 107 s to 4.91 x 107 s™" and reached a

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Proposed generation pathways of the degradation products from CIP in the VUV system. Experimental conditions: solution temperature 25
+2°C, pH 6.5-7.2, [CIP]o = 3.02 uM, 254 nm UV irradiation intensity = 2.0 mW cm™2, 185 nm VUV irradiation intensity = 0.12 mW cm 2.

maximum at pH 7.0. It seems that the optimal reaction so-
lution for CIP degradation in the VUV system was the neu-
tral condition, which would be beneficial for actual water
treatments. Generally, variation of pH affects the electronic
charge values of some contaminants, especially quinolone.*!
CIP has zwitterionic functional groups, namely, a piperazine
moiety with positive charge and a carboxyl group with nega-
tive charge. In the acid or alkaline solutions, CIP exists in
its protonated or deprotonated form, and only at neutral
pH can CIP reach the equipotential points.*® Furthermore,
neutral CIP was more susceptible to ‘OH, resulting in higher
oxidation reaction efficiencies. The pK, of H,0, is close to
11, thus, the formation of HO,  was promoted, reducing
the steady-state concentration of ‘'OH (eqn (10)). Of note,
the self-decomposition rate constants of H,O, were reported
to be 2.29 x 10 min" and 7.40 x 10> min™' at pH = 7.0

This journal is © The Royal Society of Chemistry 2019

and 10.5, respectively (eqn (11)), suggesting that more H,0,
decomposes into H,O and O, under alkaline conditions.”
Furthermore, OH™ has a high ¢ at 185 nm (3039 + 206 M '
ecm ™), impeding the VUV irradiation. Therefore, the degra-
dation efficiency of CIP under alkaline conditions was
inhibited severely.

‘OH + 'OH — H,0, — H' + HO,~ (10)

2H202 - Hzo + 02 (11)

To evaluate the effect of NOM, HA with a concentration of
2.5, 10, 25 and 100 mg L was added, and increasing inhibi-
tion was observed (Fig. 5b). The k,p, decreased from 4.91 x

107 s to 1.39 x 10 s™'. NOM can impede the propagation
of UV and VUV photons and reduce the generation efficiency

Environ. Sci.. Water Res. Technol., 2019, 5, 564-576 | 571


https://doi.org/10.1039/c8ew00738a

Published on 15 January 2019. Downloaded by Jinan University Library on 9/25/2019 9:22:36 AM.

View Article Online

Paper Environmental Science: Water Research & Technology
25000 -
35000 -] 30000
u] —{ product C-1
300004 20000 / 25000 -| —O— product C-2
d —/\— product C-3
25000 -] b
2 2 2
B @ 15000 -] @ 20000+
i=S c c
S 20000 \ 8 g
£ c c
°© O © o 190009
= 15000 > 10000 2
= = =
5 2 o S 10000
& 10000 4 4 / L4
5000 -|
5000 —{ product A-1 7} product B \D 5000 |
—O~ product A-2 / \
o ¢ O——u0n
0 T T T T T T 04 T T T T T T 0 T T T T % %5
0 30 60 90 120 150 180 0 30 60 % 120 150 180 0 30 60 % 120 150 180
t (min) t (min) t (min)
3000 - 0-g 10000 R0900.4 —{ - product E-2-1
\ —O— product E-2-2
2500 o] 25000 | —/\— product E-2-3
8000 —</— product E-2-4
%’ 20004 %’ %’ 20000
c c c
£ £ " £
e 1500 = e 15000
g o £ £
3 1000 3 0 —L—product E-1-1 3 10000
3 7 4 —O— product E-1-2 3 T
n} \ )/O—/‘ 2
500 | —{F product D D\ 2000 - e 5000 ]
! o J—‘O/(I I \1\0\—0“0
0 T T T T T T T T T T 0 T T T T T T T 0 7 T T T T T T
0O 20 40 60 8 100 120 140 160 180 0 30 60 % 120 150 180 0 30 60 % 120 150 180
t (min) t (min) t (min)

Fig. 3 Evolution curves of the degradation products. Experimental conditions: solution temperature 25 + 2 °C, pH 6.5-7.2, [CIP], = 3.02 uM, 254
nm UV irradiation intensity = 2.0 mW cm™, 185 nm VUV irradiation intensity = 0.12 mW cm™.

of ‘OH. Furthermore, HA can consume "‘OH, which further re-
duces the degradation efficiency of CIP. Of note, the HA ef-
fect on the VUV system was slight with low concentration
(<25 mg L.

Anions are also important influence factors for the UV-
based treatments, because they are potential inhibitors for
VUV processes. The effects of ClI°, NO;~, HCO;, SO,* and
H,PO, were tested. CI, NO; and HCO; had inhibition on

the CIP degradation (Fig. 5), as k,p, decreased after adding
these anions. Two mechanisms, including VUV screening (e
at 185 nm, Table S21) and ‘OH scavenging (k-on, Table S37),
may contribute to the inhibition synchronously. According to
the Lambert-Beer law, the percentage of 185 nm photons
absorbed by a particular constituent in the CIP solution with
different kinds and concentrations of the anions was calcu-
lated using eqn (6). Both NO;™ and Cl” have a high ¢ at 185
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Fig. 4 Reactive oxygen species (a) and cellular apoptosis (b) in the cells exposed to the stresses from CIP and its intermediates. Experimental
conditions: solution temperature 25 + 2 °C, pH 6.5-7.2, [CIP], = 3.02 uM, 254 nm UV irradiation intensity = 2.0 mW cm™2, 185 nm VUV irradiation
intensity = 0.12 mW cm™2. Experiment was carried out in triplicate and the error bars represent the standard error of the mean.
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Fig. 5 Degradation of CIP under different influence factors: (a) pH, (b) humic acid, (c) CU, (d) NOs", (e) HCOs", (f) SO42, and (g) H,PO,4. Experimental
conditions: solution temperature 25 * 2 °C, pH 6.5-7.2 (if not specified), [CIP]lo = 3.02 pM, 254 nm UV irradiation intensity = 1.0 mW cm2, 185 nm VUV
irradiation intensity = 0.06 mW cm™2. All the experiments were carried out in triplicate with error bars representing the standard error of the mean.
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nm, thus, these two anions absorbed most of the 185 nm ir-
radiation (up to 85% at 200 mg L"), resulting in inhibition
of the photolysis of H,O and lower ‘OH yield (Fig. 5c and d).
NO;™ has a low reaction rate constant with ‘OH (1 x 10> M
s ' (ref. 44)), and its inhibition was weaker. For HCO; , a
high ko at 8.5 x 10° M s™" and a low ¢ at 464 + 64 M ™"
cm™" at 185 nm contributed to its relative slight inhibition on
VUV (Fig. 5€). In contrast, both SO,>” and H,PO,” had negligi-
ble effects (Fig. 5f and g). For example, H,PO, has a low ¢
(344 + 38 M cm™') and a low reaction rate with "OH (2.0 x
10* M* s7), resulting in its weak effect on CIP degradation
under VUV irradiation. In general, investigating the effects of
other constituents on the VUV system should take into ac-
count both VUV screening and "OH scavenging capacities.

3.6. Cost evaluation

To evaluate the energy consumption of the VUV system, elec-
trical energy per order (EE/O) analysis was applied. EE/O is
defined as the electrical energy (kW h) required to degrade a
contaminant by an order of magnitude in a 1 cm® matrix,
and the relative result is presented in Table S4.f Detailed cal-
culations can be found in our previous study.’” The EE/O
value was 0.006 kW h m™ per order in the VUV system under
pH = 7.0 (control group). In the influence factor experiments,
most EE/O values increased. Strong acidic (pH = 3.0) and
strong alkaline (pH = 11.0) conditions increased the EE/O
values to 0.014 and 0.021 kW h m™ per order, respectively.
As the HA addition increased to 100 mg L', EE/O increased
from 0.006 kW h m™ per order to 0.022 kW h m™ per order.
The presence of anions also resulted in increasing EE/O. Of
note, H,PO,” and SO,>” had slight effects on EE/O. These re-
sults suggested that the reaction conditions for CIP degrada-
tion by VUV should be maintained in neutral pH, and the
presence of HA and some anions increased the energy cost.

4. Conclusion

Transformation mechanisms of CIP under VUV treatment in-
volved 185 nm photolysis, 254 nm photolysis and "OH oxida-
tion, with a reaction rate constant k-op_cp at (8.6 = 0.8) x 10°
M s7'. Five series of hydroxylated products were generated
as the result of radical-based addition and substitution of
CIP during the early stage of VUV treatment. Toxicity analysis
revealed that these early stage products had higher toxicity
than CIP or their further oxidized products. Variable pH
values and natural organic matter/anions affected the degra-
dation efficiency of CIP, while VUV screening and ‘OH scav-
enging capacities were two key inhibition mechanisms. The
VUV treatment using a low-pressure mercury VUV lamp in-
duced radical-based oxidation of CIP, and it will be a promis-
ing treatment method for removing CIP from water.
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