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a  b  s  t  r  a  c  t

Photocatalytic  (PC)  and  photoelectrocatalytic  (PEC)  degradation  of  small  hazardous  biological  compounds
was  accomplished  by using  uridine  as a model  compound.  The  net charge  transfer  (Qnet) originated  from
PEC degradation  of uridine  and  blank  charge  transfer  (Qblank)  due  to photocatalytic  oxidation  of  water
remained  constant  when  the  light  intensity  increased  from  20  to 40 mW/cm2. The  effect  of  solution  pH
on  Qnet and  Qblank showed  that  the  suitable  pH range  for this  proposed  analytical  application  is between  4
and 9. For  both  PC and  PEC,  an  increase  in  the  uridine  concentration  within  low  concentration  range  led
to  a  rapid  decrease  in the  mineralization  percentage  for converting  organic  nitrogens  to both  NH3/NH4

+

−

hotoelectrocatalysis
ridine
egradation mechanism
ineralization

and  NO3 .  With  further  increase  of uridine  concentration  to 320  �M, the  PEC  mineralization  percentages
maintained  at about  85%  and 56%  for N oxidized  to NH3 and  NO3

−, respectively.  While  for  PC  treatment,
the  mineralization  percentages  decreased  steadily.  Finally,  PC  and  PEC  degradation  mechanism  of  uridine
was also  clarified  on  the  basis  of  intermediates  identified  by  HPLC/MS/MS  and  frontier  electron  densities
calculation.  Uridine  as  well  as the  intermediates  can  be eventually  mineralized  into  CO2,  H2O  and  NH3

or  NO3
− (or  both)  during  PC and  PEC  degradation  with  enough  reaction  time.
. Introduction

Besides heavy metals and organic contaminants, the pathogenic
iohazard is another important group of contaminants present

n aquatic environment. Microbial pathogens in drinking water
nd wastewater impose a serious threat on public health and
afety, responsible for over 80% of disease outbreaks [1].  The
emoval of biohazards has therefore drawn an increasing atten-
ion to researchers in the field. In this regard, the recently reported
ater disinfection technique based on photocatalysis processes at

lluminated nanostructured titanium dioxide (TiO2) has attracted
onsiderable research interests [2–6]. The major attraction of such
ype photocatalysis-based disinfection techniques is that the inac-
ivation and decomposition of biohazards can be achieved in a
ingle process without the use of toxic chemicals and producing
azardous byproducts [6,7]. Various bacterial inactivation mech-

nisms have been proposed by different research groups. For
nstance, Lu et al. [8] proposed that •OH attacks to intracellu-
ar macromolecules such as nucleic acids could lead to the cell

∗ Corresponding author. Tel.: +86 20 85291501; fax: +86 20 85290706.
E-mail address: antc99@gig.ac.cn (T. An).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.03.024
© 2012 Elsevier B.V. All rights reserved.

death. A two-step inactivation mechanism involving photocatalytic
(PC) decomposition of the outer membrane and disordering the
cytoplasmic membrane were suggested by Sunada et al. [9].  How-
ever, the oxidative damage and decomposition of genetic material
such as DNA and RNA has been recognized as a major cause of
mutations and cell death in all aerobic microorganisms [10,11].
It is well known that a microbial cell is built by different classes
of large biomolecules (e.g., protein, DNA and RNA). These large
biomolecules consist of large numbers of basic building blocks
(e.g., amino acids and nucleotides). A conjectural view of micro-
bial cell decomposition is that the process is highly complicated
as it involves an initial breaking down of the microbial cell to
large biomolecules, which is further decomposed to small bio-
logical species (basic building blocks) before the mineralization
is achieved. PC degradation of nucleotides is of interest due to a
sensible bottom-up approach that could aid in interpreting such
complex disinfection processes by investigating the degradation
behaviors of basic building blocks such as uridine. Nevertheless,
little has been known regarding the mechanistic steps of PC degra-

dation of microbial cells at the molecular level. Another reason for
interesting on PC degradation of uridine is because the uridine
exists not only as one of the four naturally occurring nucleo-
sides found in cellular RNA in biological species, but also as a

dx.doi.org/10.1016/j.cattod.2012.03.024
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:antc99@gig.ac.cn
dx.doi.org/10.1016/j.cattod.2012.03.024
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ollutant in environment resulted from sewage effluents, hospi-
al waste, human excrements, and improper disposal of unused
rugs. Such type of contaminations mainly come from the use of
ridine as a versatile therapeutic agent for patients with hereditary
rotic aciduria, cystic fibrosis, liver dysfunction, chemotherapy tox-
city, pervasive developmental delay, schizophrenia, epilepsy, and
iabetes-induced peripheral neuropathy [12,13]. Hence, it is very
ecessary to understand the fates, as well as the degradation pat-
erns in the aquatic environment. However, the PC degradation of
ridine has yet not been studied.

In this account, we emphasize our recent efforts to aid in the
nderstanding the PC degradation of nucleotides using uridine as
he model compound. It has been widely accepted that the appli-
ation of an appropriate potential bias to a TiO2 nanoparticulate
hotoanode during the PC oxidation can significantly improve the
egradation efficiency of organic compounds [14–16].  The applied
otential bias to timely remove the photogenerated electrons and
hysical separation of photoanode from the cathode are gener-
lly regarded as the major attributions for the enhanced efficiency
17,18].  For this reason, the photoelectrocatalytic (PEC) degradation
f uridine was also studied. The PC and PEC degradation character-
stics were compared and degradation pathways were tentatively
roposed based on the degradation intermediates detected by
PLC/MS/MS and the frontier electron densities (FEDs) calculation

esults.

. Materials and methods

.1. Reagents and apparatus

Uridine (≥99%) was supplied by Sigma–Aldrich Inc. and used
s received. Titanium butoxide (97%), acetonitrile (for HPLC,
99.9%) and sodium perchlorate (≥98.0%) were also obtained

rom Sigma–Aldrich Inc. All other reagents were of analytical
rade and purchased from Guangzhou Chemical Reagent Co., Inc.,
hina. Indium tin oxide conducting glass slides (ITO, 8 �/square)
ere purchased from Delta Technologies Ltd. (USA). All solutions
ere prepared using high purity deionized water (Millipore Corp.,

8 M� cm).

.2. Apparatus and methods

Both PC and PEC degradation experiments were performed
nder identical UV intensity using the same UV-LED/TiO2 pho-
oelectrochemical thin-layer cell [15]. The TiO2 photoanode was
repared by hydrolysis of titanium butoxide according to the
ethod described in our previous study [19]. A UV-LED (NCCU033

T), Nichia Corporation) was used as the illumination source. The
pecified peak wavelength of the LED was 365 nm with a spectrum
alf width of 8 nm.  The UV intensity was adjusted by a power supply
nd measured with an UV-irradiance meter (UV-A, Beijing Normal
niversity).

As for PEC degradation experiments, a microelectrochemical
ystem (�ECS, PLAB, Changchun Institute of Applied Chemistry,
hinese Academy of Sciences, China) powered and controlled by a

aptop was used for application of potential bias and current signal
ecording. For the exhaustive degradation experiment, a sample
ontaining various concentrations of uridine and 2.0 M NaClO4
upporting electrolyte was injected into the thin-layer cell via a pre-
ision pump before the degradation process and then subjected to
EC oxidation. For samples need HPLC analysis after PEC oxidation,
 continuous sample injection mode via a precision pump during
he degradation process was used. Under such conditions, the reac-
ion time of a sample was controlled by adjusting the flow rate. A
ufficient volume of the reacted sample was collected for further
Fig. 1. Schematic illustration of charge quantification using a series of typical pho-
tocurrent profiles of the TiO2 photoanode in the thin-layer photoelectrochemical
cell  of photocatalytic degradation of organic compounds.

analyses after the system reaching its steady-state. A 2.0 M NaClO4
solution was used to clean the cell between the two  sample injec-
tions. PC degradation experiments were conducted under identical
conditions as PEC system, except the electrochemical system was
disconnected.

2.3. Analysis

For PEC experiments, the extent of the mineralization was  deter-
mined by measuring the charge originated from the oxidation of
uridine using PeCODTM technique [17,19].  The measured net charge
transfer (Qnet) during the degradation was used to calculate the
percentage of mineralization in accordance to:

Mineralization (%) = Qnet

Qth
× 100%

where Qth is the theoretically required charge transfer for complete
mineralization calculated using Faraday’s law, according to Eqs. (1)
and (2) [15,17].

CyHmOjNkXq + (2y  − j)H2O → yCO2 + qX− + kNH3 + (4y  − 2j

+ m − 3k)H+ + (4y  − 2j + m − 3k − q)e− (1)

nNH3 = 4y − 2j + m − 3k − q (1a)

CyHmOjNkXq + (2y  − j + 3k)H2O → yCO2 + qX− + kHNO3

+ (4y  − 2j + m + 5k)H+ + (4y  − 2j + m + 5k − q)e− (2)

nNO3
− = 4y − 2j + m + 5k − q (2a)

where N and X represents nitrogen and halogen atom, respectively.
The numbers of carbon, hydrogen, oxygen, nitrogen and halogen
atoms in the organic compound are represented by y, m,  j, k and
q. nNH3 and nNO3

− are the required number of electron transfer for
converting N to NH3/NH4

+ and NO3
−, respectively.

For PC experiments, the extent of the mineralization was  also

determined by measuring the charge transfer originated from
the PC oxidation of organic pollutants using PeCODTM technique
[17,19]. Fig. 1 shows a set of typical photocurrent–time profiles
obtained during exhaustive PC degradation of organic pollutants in
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he thin-layer cell and is used to illustrate the method of the quan-
ification of the net charge transfer (�Qnet) due to PC degradation
f organic pollutants. The im1 and im2 represent the photocurrent
rofiles of the same sample solution before and after PC treatment.
he photocurrent obtained from the electrolyte solution was  the
lank current (iblank), due purely to the photocatalytic oxidation of
ater. Qm1 and Qm2 are net charges of the sample before and after

C degradation and calculated in accordance with:

m1 =
∫

(im1) dt −
∫

(iblank) dt (3)

m2 =
∫

(im2) dt −
∫

(iblank) dt (4)

The net charge due to PC degradation (�Qnet) can therefore be
alculated as:

Qnet = Qm1 − Qm2 (5)

hich is the shaded area indicated in Fig. 1.
As aforementioned, the mineralized amount is directly propor-

ional to �Qnet, the percentage of PC mineralization can therefore
e calculated according to:

ineralization (%) = Qm1 − Qm2

Qth
× 100% = �Qnet

Qth
× 100% (6)

The PC and PEC degradation intermediates were analyzed using
n Agilent iron-trap mass spectrometer (MSD-Trap-XCT) coupled
ith Agilent HPLC system (1200 Series). Samples from the photo-

atalytic experiments were separated by the Poroshel C18 column
150 mm × 3 mm,  2.7 �m particle size). The mobile phase was  100%
2O. The flow rate was 0.4 mL/min. The injection volume was 5 �L.
he MS  analysis was performed with electrospray ionization (ESI)
nterface both in the positive and negative ion mode with a capil-
ary voltage of 3500 V. The nebulizer was set to 50 psi and the dry
as flow was 10 L/min. Nitrogen was used as nebulizer and dry gas.
he dry gas temperature and source temperature were set at 350
nd 120 ◦C, respectively. The mass spectrum scan ranges from 50
o 600 m/z, trap target mass 200 m/z. Absolute threshold Auto MS2

as 50,000.

.4. Frontier electron densities and point charges calculations

The molecular orbital (MO) calculations were carried out by
sing Gaussian 03 program (Gaussian, Inc.) at the single deter-
inant (HF/3–21) level with the optimal conformation having
inimum energy obtained at the B3LYP/6–31G* level. And then

he FEDs of the highest occupied molecular orbital (HOMO) and the
owest unoccupied molecular orbital (LUMO) were calculated. The
alues of 2FED2

HOMO and (FED2
HOMO + FED2

LUMO) were obtained to
redict the reaction sites for electron extraction and radical attack,
espectively [20,21]. All the calculations were performed on a per-
onal computer.

. Results and discussion

.1. The effect of reaction time

Fig. S1 shows a series of typical photocurrent–time profiles of
he TiO2 photoanode obtained from the PEC degradation of sam-
les containing different uridine concentrations in the thin-layer
hotoelectrochemical cell under a constant applied potential bias

f +0.30 V (versus Ag/AgCl) in a 2.0 M NaClO4 electrolyte solution
ith UV illumination (light intensity: 20 mW/cm2). A near zero cur-

ent was observed before the UV illumination was switched on.
owever, when the UV illumination was turned on, instantaneous
Fig. 2. Effect of reaction time on (a) Qtotal , Qnet and Qblank , (b) mineralization for pho-
toelectrocatalytic oxidation of 200 �M uridine and supporting electrolyte solution.

transient photocurrent spikes were observed due to the photocat-
alytic oxidation of the adsorbed water and/or uridine accumulated
at the electrode surface during the dark period. The photocurrent
decayed rapidly within the initial few seconds and attained their
steady-state (approximately 50 s for water and 250 s for uridine
containing samples). These observations suggest that the measured
current is due purely to the photocatalytic process rather than the
direct electrochemical reactions because the potential bias is too
low for direct electrochemical oxidation of uridine.

Fig. 2a demonstrates the plots of the measured Qblank (the charge
originated from the oxidation of water, and can be obtained by
integration of photocurrents, iblank with time), Qnet and Qtotal (the
charge originated from the oxidation of water and uridine) against
the reaction time in presence of 200 �M uridine. It can be found that
the Qblank increases from 0 to 59 �C during the first 50 s when the
UV illumination was  switched on, and then it increases very slowly
with further increase of the UV irradiation time. Whereas, the Qtotal
and especially Qnet increased linearly with reaction time up to
approximately 150 s before leveling off. All these results revealed
that the PEC degradation reaction of different concentrations of uri-
dine could be finished within 300 s. From the Fig. 2b, it can be seen
that, with the increase of the reaction time from 0 to 150 s, the
mineralization percentage increased from 0% gradually to 74.9% at
first, and then leveled off at 88.6% (300 s) when the nitrogen atoms
in uridine were converted to NH3. According to Eqs. (1) and (2),  in
a PEC degradation process, the nitrogen atoms in uridine can be
converted to NH3, NO3

− or both. It is obvious that the extent of

mineralization will be strongly influenced by the final mineraliza-
tion products of the organic nitrogens, since the required numbers
of electron transfer for converting N to NH3 and NO3

− are differ-
ent. Each uridine molecule needs more 16 e− to convert N to NH3
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han to NO3
−. And as the nitrogen atoms in uridine were converted

O3
−, the mineralization percentage increased from 0% gradually

o 48.8% first, and then leveled off at 57.8%. Therefore, the reaction
ime of 300 s was chosen for subsequent experiments.

.2. The effect of light intensity

It is well known that the incident light intensity determines
he rate of photohole generation, consequently controls the rate of
nterfacial reactions [22,23]. Therefore, the effect of light intensity
n PEC degradation of uridine was investigated. All experiments
ere performed under exhaustive degradation conditions with a

onstant saturated applied potential bias of +0.30 V in 2.0 M NaClO4
olution containing 200 �M of uridine. The applied light intensity
aried from 10 to 50 mW/cm2.

Fig. S2a shows the plots of the measured Qblank, Qnet and Qtotal
gainst the light intensity in presence of 200 �M uridine. It was
ound that the measured Qnet and Qtotal increased as the light inten-
ity increased from 10 to 20 mW/cm2, suggesting the increase of the
ate of photohole generation, because the light intensity was the
imiting step of the overall process. And the mineralization percent-
ge increased from 71.7% gradually to 88.6% within this test light
ntensity range, as the nitrogen atoms in uridine were converted
o NH3 (Fig. S2b). The Qtotal and Qblank obtained from uridine and
ater oxidation were found to increase when the light intensity
as further increased to 40 mW/cm2. However, the Qnet originated

rom the oxidation of uridine, was found to be essentially constant
ith a very slight fluctuation within the light intensity range tested,

evealing the increase of Qtotal was caused by the increase of Qblank
t higher light intensity. That is, the Qnet was independent of the
ight intensity in this intensity range. The mineralization percent-
ge maintained at about 85%, as N in uridine was converted to NH3.
his can be interpreted that the increase of light intensity (injec-
ion of more photons) leads to generation of more photoholes and
ubsequently enhance oxidation rate, when sufficient TiO2 cata-
yst is present [24]. The reaction time is inversely proportional to
he light intensity [25]. With further increase of the light intensity
rom 50 to 60 mW/cm2, the Qblank rose steadily, while the measured
net decreased gradually. The mineralization percentage decreased

rom 74.4% to 62.5% for N oxidized to NH3, and from 48.5% to 40.8%
or N oxidized to NO3

−. This is probably because with extremely
igh UV illumination intensity, air bubbles might be produced via
he water splitting, or photocorrosion of the TiO2 semiconductor
lectrode is associated, both of which will affect the analytical sig-
al seriously. When all the factors were considered, a relatively

ower (but sufficient) light intensity of 20 mW/cm2 was chosen for
ll subsequent experiments.

.3. The effect of pH

The solution pH affects the speciation of surface functional
roups of the semiconductor electrode as well as the flat band
otential or band edge potential of oxide semiconductors [26,27].

n addition, it can also affect the chemical forms of organic com-
ounds in the solution. All of these pH dependent factors may  also

nfluence the PEC degradation of uridine.
Therefore, the effect of the solution pH on the Qtotal, Qnet and

blank in presence of uridine was then investigated (Fig. 3a). All the
xperiments were carried out in 2.0 M NaClO4 solution containing
.20 mM uridine, under a constant light intensity of 20 mW/cm2

nd an +0.30 V applied potential bias. The pH effect was examined
ithin the range of pH 4–9, as TiO2 thin film becomes unstable

nder excessive acidic or alkaline conditions [28]. Exceeding acidic
olution can seriously damage the ITO conductivity [25], and too
lkaline solution will substantially increase the amount of 〉TiO
urface groups of the TiO2 electrode that favors the trapping of
Fig. 3. Effect of pH on (a) Qtotal , Qnet and Qblank , (b) mineralization for photoelectro-
catalytic oxidation of 200 �M uridine as well as supporting electrolyte solution.

photoholes, leading to a higher photocatalytic activity towards
water oxidation [29,30]. From Fig. 3, it can be found that the mea-
sured Qtotal, Qnet and Qblank (Fig. 3a), as well as the mineralization
percentage (Fig. 3b) remained constant when the pH increased from
4 to 9. In other words, they were independent of pH variations
within the tested pH range. Based on these observations, the suit-
able pH range for the TiO2 photoanode should be between pH 4 and
9.

3.4. The effect of uridine concentration

Under optimized condition, the effect of small biological organic
pollutants on the Qnet was  investigated using uridine as model
organics. All experiments were performed under exhaustive degra-
dation conditions with a constant UV light intensity of 20 mW/cm2

in a 2.0 M NaClO4 solution containing different concentration uri-
dine at nature pH value (pH 5.6). The applied potential bias was
fixed at +0.30 V versus a saturated Ag/AgCl reference electrode.

As mentioned, Fig. S1 shows a set of typical photocurrent–time
profiles of the TiO2 photoanode obtained from the PEC degradation
of uridine in different concentrations. Fig. S3 also illustrates a set of
typical photocurrent–time profiles obtained from uridine samples
before and after PC treatment. These photocurrent profiles are used
to calculate the mineralization efficiencies of PEC and PC treated
samples by measuring the amount of electrons lost during the PEC
and PC treatment in accordance with Eq. (6).

Fig. 4 shows the plots of the mineralization percentage of PC and

PEC treated uridine against the uridine concentration for organic
nitrogen mineralized to NH3/NH4

+ and NO3
−. All samples were

photocatalytically or photoelectrocatalytically treated for 300 s
under the light intensity of 20 mW/cm2 UV. For both PC and PEC,
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Fig. 6. The HPLC chromatograms obtained for PEC treated uridine samples at
different reaction intervals under 20 mW/cm2 UV intensity. Initial concentra-
tion: 400 �M; applied potential bias for PEC: +0.30 V vs. Ag/AgCl; retention
ig. 4. Photocatalytic and photoelectrocatalytic degradation of uridine, the corre-
ation between the percentage mineralization and uridine concentration: (a) for N
xidized to NH3 and (b) to NO3

− .

n increase in the uridine concentration within low concentra-
ion range led to a rapid decrease in the mineralization percentage
or converting organic nitrogen to both NH3/NH4

+ and NO3
−. For

nstance, the PC and PEC mineralization percentages dropped from
8.7% to 50.9% and 99.6% to 86.1%, respectively, for N oxidized to
H3, and from 44.8% to 33.2% and 65.0% to 56.2%, respectively, for

 oxidized to NO3
−. With the increase of the uridine concentration

urther to 320 �M,  the PEC mineralization percentages maintained
t about 85% and 56% for N oxidized to NH3 and NO3

−, respec-
ively. While for the PC treatment, the mineralization percentages
ecreased steadily from 46.7% to 30.9% and 30.5% to 20.2% for N
xidized to NH3 and NO3

−, respectively. This is due to that the PEC
echnology possessed higher oxidation ability than that of PC even
t higher organics concentration. In general, the mineralization effi-
iencies of the PEC treated system converting to both NH3/NH4

+ and
O3

− were found to be much higher than that of PC treated system
nder the same experimental conditions, suggesting a superior PEC
egradation capability.

Therefore, the effect of uridine concentration on the differences
etween the extent of PEC and PC mineralization were also quan-
itatively evaluated by plotting the PEC and PC mineralization ratio
gainst the Ceq (equivalent electron concentration for organic nitro-
ens mineralized to NH3 and NO3

−) (Fig. 5). The use of Ceq is a
ore meaningful comparison among different organics because

uch a noncharacteristic concentration unit represents the electron
emands for complete mineralization, regardless of their chemical
tructures and electron transfer numbers [31]. It can be found that
 linear relationship was obtained, revealing that the superiority
in terms of mineralization efficiency) of PEC method over the PC

ethod increases as the uridine concentration increases. In addi-
ion, the slope of the curve quantifies the degree of the superiority of

time: tR(uridine) = 9.1 min; tR(Intermediate 1) = 6.3 min; tR(Intermediate 2) = 4.5 min;
tR(Intermediate 3) = 4.0 min; tR(Intermediate 4) = 3.4 min.
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Table 1
Frontier electron densities (FEDs) on atoms of uridine calculated by using Gaussian 03 program.

Uridine

NH

O

ON

O

OHOH

HH

HH

HO
12

13
16

17

10

11

8
9

3

4

5

6

7

1

2

15

14

Atom 2FED2
HOMO FED2

HOMO + FED2
LUMO Atom 2FED2

HOMO FED2
HOMO + FED2

LUMO
h+ •OH h+ •OH

O1 0.0009 0.0020 N10 0.3993 0.2849
C2 0.0009 0.0099 C11 0.0098 0.0295
C3 0.0009 0.0037 O12 0.0768 0.0500
C4 0.0070 0.0083 N13 0.0015 0.0833
O5 0.0051 0.0027 C14 0.0029 0.1544
C6 0.0370 0.0270 O15 0.1605 0.1920

7 16

t
c

3
i

d
t

O 0.0093 0.0076 

C8 0.0224 0.0209 

O9 0.0116 0.0077

he PEC method over the PC method in respect to the concentration
hange.

.5. Photocatalytic and photoelectrocatalytic degradation
ntermediates and mechanism
The PC and PEC degradation intermediates of uridine were
etected and identified by the HPLC/MS/MS. Figs. 6 and S4 showed
he HPLC chromatogram of uridine being degraded by PC and
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Fig. 7. Proposed photoelectrocatalytic 
C 0.4541 0.4189
C17 0.1502 0.6066

PEC at different degradation time. For samples without treat-
ment, an absorption peak (uridine) with a retention time (tR) of
9.1 min, signifying the original uridine molecule, was observed.
For the confirmation of uridine, its fragmentation behavior was
studied by MS2 measurement. The spectrum of parental ion of

uridine (MW  = 244.2) [M+H]+ generated one abundant ion at m/z
113 (Fig. S5). The fragment ion at m/z 113 corresponded to
[M+H H (C O) (CH2) (CHOH)3 H]+. For the PC and PEC treated
samples, the concentration of the uridine decreased gradually
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ith the increase of the treatment time, and it can be obviously
ound that the peak of uridine for the PEC treatment dropped

ore swiftly at the same time intervals. In terms of their con-
entrations in reaction mixtures, one dominant intermediate peak
Intermediate 2, tR = 4.5 min), one minor intermediates (Intermedi-
te 3, tR = 4.0 min) and two very minor intermediates (Intermediate

 and Intermediate 4, tR = 6.3 and 3.4 min, respectively) were
ecorded for both PC and PEC degradation. It is noted that all
our intermediates were more hydrophilic than uridine, which

ight be monohydroxylated or dihydroxylated intermediates as a
esult of •OH attack on C16 and/or C17 (see FED2

HOMO + FED2
LUMO

alue from Table 1), and the concentration of intermediate 2
n the reaction mixture was increased as the treatment time
ncreased.

Therefore, the MS2 identification spectra of all intermedi-
tes after PC and PEC degradation of uridine was also carried
ut, and the retention times, structures as well as the charac-
eristic fragment ions of them, with uridine are summarized in
able S1.  The MS2 spectrum in the positive ion mode of inter-
ediate 1 with m/z  261 yielded the fragment ions corresponding

o [M+HH2O]+ at m/z  243, [M+H NH2 (C O) (CHOH) (CH2)]+

t m/z  174, and [M+H H (C O) (CH2) (CHOH)3 H]+ at m/z
29 (Fig. S6a). The MS2 spectrum of intermediate 2 gives
hree significant m/z values: 96, 85, and 70 (Fig. S6b). The
ragment ion at m/z 96 was corresponding to [M+H O]+, m/z
5 to [M+H (C O)]+, and m/z 70 to [M+H NH2 (HC O)]+.
he MS2 spectrum of intermediate 3 at m/z  285 ([M+Na]+),
wing to the presence of sodium ion in reaction solution
mployed as the supporting electrolyte, yields the fragment
ons corresponding to [M+Na H2O 2H]+ at m/z  265, and
M+Na H (C O) (CH2) (CHOH)3 H]+ at m/z 131 (Fig. S6c).

hile the MS2 spectrum of intermediate 4 at m/z  301 ([M+Na]+)
lso yields the fragment ions corresponding to [M+Na H2O]+ at
/z 283, and [M+Na (CH2) (CHOH)3 H]+ at m/z  198 (Fig. S6d).

n addition, all of the intermediates except intermediate 2 were
lso double confirmed by MS2 spectra in the negative ion
ode (Fig. S7).
Fig. 7 is a proposed PC and PEC degradation pathway of uridine

rom the collected information from the identified intermediates
nd the calculated data of the FEDs and point charges (Table 1). This
s because that theoretically calculated FEDs have been recognized
s a useful tool for predicting initial reaction step [20,21]. Accord-
ng to the concentration change of intermediates (Figs.6 and S4),
he Route I is considered as the major pathway, and uracil (Inter-

ediate 2), which is one of the essential nucleotide bases and
ore basic building block of uridine, was possibly produced by

+ attacking at N10 atom and broke N10 C8 bond with the loss
f a ribofuranose group. This result can be confirmed by the cal-
ulated FEDs results, it can be found that the higher 2FED2

HOMO
alues were obtained for N10 (0.3993) and C16 (0.4541) indicating
he initial h+ attacks are likely to occur on a nitrogen atom and a
ouble-bonded carbon atom that is connected to a ribofuranose and

 carbon atoms with C C . For the Route II, the •OH can attack C16

r C17 atom, and produce a monohydroxylated intermediate (Inter-
ediate 1). While for the Route III, the •OH attack of C16 or C17 atom

ead to double bond C16 C17 breaking and with addition of a
ydroxyl on C16 or C17 atom to form intermediate 3, which was
ubsequently oxidized to intermediate 4 with another hydroxyl
adical addition on C17 or C16 atom of the intermediate 3 molecule.
t is worth mentioning that, the calculated (FED2

HOMO + FED2
LUMO)

alues also confirmed our proposed pathway, which indicate the
16 (0.4189) and C17 (0.6066) are likely to be the initial reaction

ites by the •OH attacks. Finally, the rings of all intermediates will
leaved and be fully mineralized into CO2, H2O and NH3/NO3

−

uring the PC and PEC degradation with further increase of the
eaction time.

[
[
[
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4.  Conclusions

The PC and PEC degradation of uridine was carried out in a
UV-LED/TiO2 thin-layer photoelectrochemical cell. The Qnet was
independent of light intensity when the light intensity increased
from 20 to 40 mW/cm2. The effect of solution pH on Qnet showed
that the suitable pH range is between 4 and 9. For uridine mineral-
ization, PEC method possesses higher degradation efficiency than
PC method. An increase in the uridine concentration within low
concentration range led to a rapid decrease in the PC and PEC miner-
alization percentage for converting N to both NH3/NH4

+ and NO3
−.

With further increase of uridine concentration, the PEC mineral-
ization percentages maintained steadily. While for PC treatment,
the mineralization percentages decreased gradually. In addition,
the PC and PEC degradation mechanisms of uridine were also pro-
posed based on the intermediates detected by HPLC/MS/MS as well
as the FEDs calculation data. Four major intermediates were pro-
duced and identified during PC and PEC degradation of uridine
process. The hydrophilicity characteristics of the PC produced inter-
mediates are the same as those of PEC produced intermediates. The
theoretically calculated 2FED2

HOMO and FED2
HOMO + FED2

LUMO values
suggest that the initial reaction sites agreed well with the exper-
imental results. The direct photohole oxidation (major pathway)
leading to the cleavage of glycosidic bond and the hydroxylation
addition reaction (minor pathway) on the pyrimidine ring are the
two main initial steps for PC and PEC degradation of uridine. The
data and insights presented here may  shed new light on PC and
PEC oxidation reactions of uridine as well as other small biologi-
cal compounds, and should facilitate the understanding of PC and
PEC disinfection and decomposition mechanisms of the pathogenic
biohazards by using bottom-up strategy.
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