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The degradation of micropollutants in water via ultraviolet (UV)-based advanced oxidation processes
(AOPs) is strongly dependent on the water matrix. Various reactive radicals (RRs) formed in
UV-AOPs have different reaction selectivities toward water matrices and degradation efficiencies for
target micropollutants. Hence, process selection and optimization are crucial. This study developed a
facilitated prediction method for the photon fluence-based rate constant for micropollutant degradation
(k0p,MP) in various UV-AOPs by combining model simulation with portable measurement. Portable
methods for measuring the scavenging capacities of the principal RRs (RRSCs) involved in UV-AOPs
(i.e., HO�, SO4

��, and Cl�) using a mini-fluidic photoreaction system were proposed. The simulation models
consisted of photochemical, quantitative structure–activity relationship, and radical concentration
steady-state approximation models. The RRSCs were determined in eight test waters, and a higher
RRSC was found to be associated with a more complex water matrix. Then, by taking sulfamethazine,
caffeine, and carbamazepine as model micropollutants, the k0p,MP values in various UV-AOPs were
predicted and further verified experimentally. A lower k0p,MP was found to be associated with a higher
RRSC for a stronger RR competition; for example, k0p,MP values of 130.9 and 332.5 m2�einstein–1, respec-
tively, were obtained for carbamazepine degradation by UV/H2O2 in the raw water (RRSC = 9.47 � 104

s�1) and sand-filtered effluent (RRSC = 2.87 � 104 s�1) of a drinking water treatment plant. The developed
method facilitates process selection and optimization for UV-AOPs, which is essential for increasing the
efficiency and cost-effectiveness of water treatment.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Micropollutants, such as endocrine-disrupting chemicals
(EDCs), pharmaceuticals and personal care products (PPCPs), have
attracted increasing attention because of their potential to threa-
ten ecosystem and public health [1,2]. In 2022, the issued Action
Plan for the Control of Emerging Contaminants emphasized the
need to efficiently remove micropollutants from water bodies in
China. Ultraviolet (UV)-based advanced oxidation processes (UV-
AOPs) are regarded as effective approaches for micropollutant
degradation. The UV/hydrogen peroxide (H2O2) process, which
can generate reactive radicals (RRs) such as the hydroxyl radical
(HO�), has been widely applied in treating drinking water, wastew-
ater, and reclaimed water [3–5]. Emerging UV-AOPs such as UV/
chlorine and UV/peroxydisulfate (PDS) have also demonstrated
effectiveness in micropollutant degradation, attracting significant
recent interest [6,7].

The principal RRs involved in UV-AOPs are HO�, SO4
��, and Cl�;

each has a different reactivity toward micropollutants, which influ-
ences the degradation efficiency for a target micropollutant, as
quantified by the photon fluence-based pseudo-first-order rate
constant (k0p,MP) [8]. Moreover, real water matrices are complex,
and major constituents such as natural organic matter (NOM)
and inorganic ions (e.g., HCO3

�/CO3
2� and NO3

�) are present at sub-
stantially higher concentrations than the target micropollutants.
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These constituents create intense competition for RRs against the
target micropollutants, comprising a primary factor that weakens
the efficiency of UV-AOPs (i.e., k0p,MP). In addition, the different
reaction selectivities of RRs toward water matrices may lead to
varied competitions in UV-AOPs. Therefore, the process selection
and optimization of UV-AOPs based on real water matrices and tar-
get micropollutants are critical for achieving the efficient degrada-
tion of micropollutants, mitigating RR competition, and thereby
increasing efficiency and cost-effectiveness.

To select and optimize UV-AOPs, evaluation experiments are
typically conducted with real waters to determine the k0p,MP [9].
Aside from the target micropollutants and water matrices (drink-
ing water, wastewater, and reclaimed water) that strongly scav-
enge RRs, k0p,MP is influenced by other factors such as the type of
UV-AOP (e.g., UV/H2O2, UV/PDS, and UV/chlorine) and the operat-
ing conditions (e.g., reagent dose). Consequently, a significant
number of experiments are required to identify the optimal pro-
cess and operating conditions in order to enhance the efficacy
and reduce the costs for target micropollutants removal in real
waters. Such experiments involve frequent field water collections/
transportations, as well as a high level of professional skill in the
operation of the photoreactor (e.g., a quasi-collimated beam appa-
ratus) and advanced analytical instruments (e.g., an ultra-high-
performance liquid chromatograph-tandem mass spectrometer
(UPLC-MS/MS) for micropollutant analysis), making them time-
consuming, laborious, and expensive. Therefore, it is crucial to
develop a facilitated method for predicting the k0p,MP values of var-
ious UV-AOPs, considering the different influencing factors.

Photochemical and radical concentration steady-state approxi-
mation (SSA) models can be used to rapidly predict the k0p,MP of
UV-AOPs under various operating conditions [10–12]. In these
models, the second-order reaction rate constants of target micro-
pollutants with RRs (kRR,MP), which are closely correlated with
the molecular structures of the micropollutants, can be obtained
using a variety of methods, including kinetics experiments, litera-
ture reports, and the quantitative structure–activity relationship
(QSAR) model [13,14]. Moreover, the water matrix strongly influ-
ences the efficiencies of UV-AOPs by competing with target
micropollutants for photons and RRs, which must be considered
in the model simulation. UV photon competition can be character-
ized by measuring the UV absorption coefficient of water at
254 nm (UV254). Assessing the RR competition in real water is chal-
lenging yet critical for evaluating UV-AOP efficiency.

It is difficult to assess the competition for RRs between water
matrices and target micropollutants because it is nearly impossible
to analyze all the water matrix constituents and their concentra-
tions, as required for the model simulation. Previous studies have
proposed the RR scavenging capacity (RRSC) for HO� (i.e., HRSC)
as a means of representing the competition of the water matrix
for HO� against the target micropollutant [15]. Furthermore, a cor-
responding portable measurement method that does not require
advanced analytical instruments has been developed. In this way,
the k0p,MP by UV/H2O2 can easily be predicted using a model simu-
lation (photochemical, SSA, and QSAR) in combination with porta-
ble measurement (the MS-PM method). However, this method
does not consider other principal RRs in UV-AOPs such as SO4

��

and Cl�. Therefore, it is necessary to develop complete RRSC deter-
mination methods for all principal RRs involved in UV-AOPs, which
are needed for k0p,MP prediction in real waters during the selection
and optimization of UV-AOPs.

This study aimed to develop a facilitated prediction method for
k0p,MP in real waters by various UV-AOPs, including the conven-
tional UV/H2O2 process and the emerging UV/PDS and UV/chlorine
processes. Portable measurement methods to determine the RRSCs
for all principal RRs in UV-AOPs (i.e., HO�, SO4

��, and Cl�) were pro-
posed. Sulfamethazine (SMN), caffeine (CAF), and carbamazepine
88
(CBZ) were selected as the model micropollutants in this study
because of their high detection frequencies and concentrations in
various waters [16,17]. The kRR,MP values between the RRs and
model micropollutants were predicted by means of the QSAR
model. By combining the simulation models (i.e., photochemical,
SSA, and QSAR models) and portable measurements of RRSCs with
a calibration of UV254, the k0p,MP values in various UV-AOPs in eight
different real waters were predicted and experimentally verified.
This study provides an important tool for the process selection
and optimization of UV-AOPs, which could greatly benefit effi-
ciency improvement and cost savings in water treatment.

2. Materials and methods

2.1. Chemicals and test waters

All chemicals used were of reagent grade or higher. SMN, CAF,
CBZ, PDS, and methylene blue (MB) were purchased from Sigma-
Aldrich (USA). H2O2, chlorine, sodium bisulfite (NaHSO3), isopropyl
alcohol (IPA), benzoic acid (BA), and nitrobenzene (NB) were pur-
chased from Sinopharm Chemical Reagent Co. (China).

Eight real waters with different matrices were studied. Ultra-
pure water (UP) was produced using a Milli-Q Advantage A10 sys-
tem (Millipore, USA) with a resistivity of 18.2 MX�cm. Raw water
(RW1) and sand-filtered effluent (SF) were collected from a drink-
ing water treatment plant in the city of Yancheng, Jiangsu Province.
Raw water (RW2), ultrafiltration effluent (UF), and polymeric ferric
sulfate coagulation (PFS)/UF effluent were collected from a rural
drinking water treatment facility in the city of Changzhou, Jiangsu
Province. Primary and secondary sedimentation effluents (PrS and
SeS) were collected from a municipal sewage treatment plant in
Beijing. The major water quality parameters are listed in Table 1.
The test waters were filtered through 0.45 lm membrane filters
and then stored at 4 �C before the experiments.

2.2. Analytical methods

SMN, CAF, and CBZ were detected via an UPLC-MS/MS (Agilent,
USA). NB and BA were detected by means of a high-performance
liquid chromatograph (Agilent). The detailed analysis methods
are described in Text S1 in Appendix A, and the mass spectrometer
(MS) conditions for the three micropollutants are listed in Table S1
in Appendix A. MB was analyzed using an online DR1900 spec-
trophotometer (Hach, USA) at 664 nm. Dissolved organic carbon
(DOC) and ferric ions (Fe3+) were determined by means of a total
organic carbon (TOC)-VCPH/CPN analyzer (Shimadzu, Japan) and
an Optima 2000 inductively coupled plasma optical emission spec-
trometer (PerkinElmer, USA), respectively. The initial concentra-
tions of SMN, CAF, and CBZ were all set at 0.1 mg�L�1. All
experiments were conducted at least twice.

2.3. Simulation models

2.3.1. Photochemical model
The micropollutant degradation rate constants by UV-AOPs

(k0p,MP) are equal to the sum of the direct photolysis rate constants
(k0d,MP) and the indirect oxidation rate constants by RRs (k0 i,MP),
as shown in Eq. (1):

k0p;MP ¼ k0d;MP þ k0i;MP ð1Þ

The k0d,MP can be further expressed by Eq. (2) [18]:

k0d;MP ¼
UMPq0fMP 1� 10�al0

� �

VE0
p;UV MP½ � ð2Þ



Table 1
Major quality parameters of eight test waters.

Test water pH UV254 (cm�1) Concentration (mg�L–1)
DOC Fe3+

UP 6.50 0 0 0
RW1 7.81 0.087 4.10 0.07
SF 8.01 0.055 3.45 0.04
RW2 8.86 0.100 5.76 0.09
UF 8.73 0.091 5.31 0.05
PFS/UF 8.46 0.077 4.78 0.43
PrS 7.50 0.399 95.3 0.15
SeS 7.45 0.146 23.9 0.04

DOC: dissolved organic carbon.
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where UMP is the quantum yield (mol�einstein–1) of the micropollu-
tant by UV photolysis; fMP is the UV photon absorption fraction of
the micropollutant; q0 and Ep,UV

0 are the incident UV photon flux
(einstein�s�1) and fluence rate (einstein�m�2�s�1), respectively; V
and a are the total volume (L) and absorption coefficient (cm�1)
of the reaction solution, respectively; and l0 is the effective optical
path-length of the photoreactor (cm). In this study, a previously
developed mini-fluidic photoreaction system (MFPS) equipped with
an 8 W cold-cathode low-pressure mercury lamp was used, whose
configuration is described in Text S2 in Appendix A. The values for
E0p,UV, q0, l0, and V were 3.98 � 10–4 einstein�m�2�s�1, 4.33 � 10–6

einstein�s�1, 0.46 cm, and 50 mL, respectively.
RRs (HO�, SO4

��, and Cl�) were formed through the UV photolysis
of the oxidants (H2O2, PDS, and chlorine), whose formation rates
(rHO

�, rSO��
4
, and rCl�) were calculated as follows [5,11,12]:

rHO� ;UV=H2O2 ¼
UH2O2q0fH2O2

1� 10�al0
� �

V
ð3Þ

rSO4
�� ;UV=PDS ¼

UPDSq0f PDS 1� 10�al0
� �

V
ð4Þ

rHO� ;UV=chlorine ¼
UHOClq0fHOCl 1� 10�al0

� �

V
ð5Þ

rCl� ;UV=chlorine ¼
UHOClf HOCl þUOCl� f OCl�ð Þq0 1� 10�al0

� �

V
ð6Þ

where UH2O2 , UPDS, UHOCl, and UOCl� are the quantum yields
(mol�einstein–1) of H2O2, PDS, HOCl, and OCl– by UV photolysis,
respectively; and f H2O2

, fPDS, fHOCl, and fOCl� are the UV photon
absorption fractions of H2O2, PDS, HOCl, and OCl–, respectively
(the calculation is provided in Text S3 in Appendix A).
2.3.2. SSA model
The SSA model has been widely used in kinetic simulations of

micropollutant degradation by UV-AOPs [19,20]. For the UV/PDS
process, the steady-state concentration of its dominant RRs (i.e.,
[SO4

��]ss and [HO�]ss) can be calculated as follows [11]:
½SO4
���ss ¼

rSO4
��P

kSO4
�� ;Si Si½ � þ kSO4

�� ;MP MP½ � þ kSO4
�� ;PDS PDS½ � þ kSO4

�� ;H2O H2O½ �

89
½HO��ss ¼
ðkSO4

�� ;OH� ½OH�� þ kSO4
�� ;H2O½H2O�Þ � ½SO4

���ssP
kHO� ;Si Si½ � þ kHO� ;MP MP½ � þ kHO� ;PDS PDS½ � þ kHO� ;OH� OH�½ �

ð8Þ
where RkSO��

4 ;Si ½Si� and RkHO� ;Si ½Si� are the RRSCs for SO4
�� and HO� of a

water matrix (s�1), respectively; kSO��
4 ;MP, kSO��

4 ;PDS, kSO��
4 ;H2O, and

kSO��
4 ;OH� are the second-order reaction rate constants of the microp-

ollutant, PDS, H2O, and OH� with SO4
��, respectively; and kHO� ;MP,

kHO� ;PDS, and kHO� ;OH� are the second-order reaction rate constants
of the micropollutant, PDS, and OH� with HO�, respectively. The
k0i,MP by UV/PDS can be calculated using Eq. (9) [11]:

k0i;MP ¼ kSO4
�� ;MP½SO4

���ss þ kHO� ;MP½HO��ss
E0
p;UV

ð9Þ

By analogy, the steady-state concentration of HO� in the UV/
H2O2 process and Cl� and HO� in the UV/chlorine process, as well
as the k0i,MP, were calculated using the SSA model. The calculation
is shown in Text S4 in Appendix A.

2.3.3. QSAR model
The kRR,MP was predicted using the QSAR model. A standardized

procedure was adopted, involving dataset establishment, descrip-
tor calculation, and model development and assessment [21]. It
should be noted that the kHO� ;MP was predicted using the QSAR
model established previously [15]. For kSO��

4 ;MP and kCl� ;MP, first,
organic compounds (OCs) with diverse functional groups were
selected to establish the dataset, and their second-order reaction
rate constants with RRs (i.e., kRR,OC) were collected from the litera-
ture. In this study, 53 OCs (40 in the training set and 13 in the val-
idation set) were selected for the kSO��

4 ;OC dataset, and 20 (16 in the
training set and four in the validation set) were selected for the
kCl� ;OC dataset. Second, 19 descriptors reflecting the constitutional,
electrostatic, and quantum chemical properties that were reported
as being pertinent to the radical reactivity were calculated for each
OC in the dataset [14,22]. The local minimum-energy conformation
of each molecule was achieved using density functional theory
with the B3LYP function, 6-31+G(d) basis set, and polarizable con-
tinuum model of the Gaussian 09 program. Finally, Pearson corre-
lation analysis, principal component analysis (PCA), and stepwise
multiple linear regression (MLR) were performed in the training
þ kSO4
�� ;OH� OH�½ � ð7Þ
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set using SPSS 19.0 to establish the QSAR model between lnkRR,OC
and the most significant descriptors. The robustness and pre-
dictability of the established QSAR model were further assessed
using the correlation coefficient (R2), leave-one-out cross-
validation (Q2

LOO), and external explained variance (Q2
Ext), as

detailed in Text S5 in Appendix A. The kRR,MP of a target micropol-
lutant could be obtained by substituting its specific descriptors
into the established QSAR model.

2.4. Portable measurement of RRSCs

Portable measurements of various RRSCs, including the scav-
enging capacities for HO� (HRSC), SO4

�� (SRSC), and Cl� (CRSC), were
performed using the MFPS. The detailed portable measurement
procedure for the HRSC can be found in Ref. [15]. In brief, MB
and IPA were selected as the probe and surrogate matrix compo-
nent (SMC), respectively. The relationship between the pseudo-
first-order rate constants of MB degradation (k0p,MB) by UV/H2O2

and the HRSC of the water matrix were derived based on the SSA
model, as described in Eq. (10). The detailed derivation is provided
in Text S6 in Appendix A. To establish the standard curve of HRSC
(i.e., the linear relationship between 1/k0p,MB and the HRSC, as
shown in Fig. S1 in Appendix A), the k0p,MB values were measured
in a series of IPA solutions with known HRSCs. Finally, the k0p,MB

by UV/H2O2 in real water was measured, and the HRSC of the real
water was obtained by referring the k0p,MB to the standard curve of
the HRSC.

1
k0p;MB

¼ E0
P;UV

kHO� ;MBrHO�
HRSCþ E0

P;UV kHO� ;MB MB½ � þ kHO� ;H2O2 H2O2½ �� �

kHO� ;MBrHO�

ð10Þ

The portable measurement procedures for the SRSC and CRSC
were generally similar to those for the HRSC. BA was selected as
an SMC instead of IPA (for the HRSC) because of its high second-
order reaction rate constants with SO4

�� and Cl� (kSO��
4 ;BA=1.2 � 109

(mol�L–1)–1�s�1, kCl� ;BA = 1.8 � 1010 (mol�L–1)–1�s�1) [11,12]. In addi-
tion, for the UV/PDS and UV/chlorine processes, 0.5 mmol�L–1 NB
was spiked for HO� quenching to ensure that only SO4

�� and Cl� were
present [23,24].

Whenmeasuring RRSCs, discrepancies in the UV254 between the
SMC solutions and the real waters can result in different formation
rates of RRs, thereby introducing errors during RRSC measurement.
To account for this, a UV254 calibration factor (Fa) was proposed,
defined as the formation rate of the RR in the SMC solution (rRR,
SMC) divided by that in a test water (rRR,TW) as shown in Eq. (11):

Fa ¼ rRR;SMC

rRR;TW
ð11Þ

Hence, to account for the errors resulting from discrepancies in
UV254, the measured 1/k0p,MB was divided by Fa before being
applied to calculate the RRSCs according to the standard curves.
2.5. Prediction procedures

The prediction procedures for the k0p,MP in the UV/H2O2,
UV/PDS, and UV/chlorine processes using the MS-PM method are
illustrated in Fig. 1 and listed below:

(1) Portably measure the RRSCs of the test waters on the MFPS;
(2) Predict the k0d,MP (i.e., Eq. (2)) and the rRR of the applied UV-

AOPs (i.e., Eqs. (3)�(6)) using the photochemical model;
(3) Predict the kRR,MP of the target micropollutants using the

QSAR model;
90
(4) Predict the k0i,MP by substituting the RRSCs, rRR, and kRR,MP

into the SSA model;
(5) Calculate the k0p,MP by adding up the k0d,MP and k0i,MP (i.e., Eq.

(1)).

3. Results and discussion

3.1. Determination of RRSCs of test waters

The established standard curves for the HRSC, SRSC, and CRSC,
which can be used for the SC determination of real water matrices,
are shown in Fig. 2(a). The slopes of the HRSC, SRSC, and CRSC stan-
dard curves were determined to be 3.10 � 10�8, 2.78 � 10�7, and
1.58 � 10�8, respectively. The Fa values for the UV/H2O2, UV/PDS,
and UV/chlorine processes were almost identical, because the Fa
was primarily influenced by the UV254 value of the test water
and the l0 of the photoreactor rather than the added oxidant,
according to its definition in Eq. (11). The Fa values were calculated
as 1.000, 1.029, 1.047, 1.041, 1.049, 1.054, 1.079, and 1.225 for UP,
SF, RW1, PFS/UF, UF, RW2, SeS, and PrS, respectively.

The RRSCs were obtained by referring the k0p,MB values, which
were measured in various test waters, to the standard curves with
an Fa calibration. Fig. 2(b) shows the measured RRSCs of eight test
waters. A higher RRSC was found to be associated with a more
complex water matrix. The highest HRSC (1.51 � 106 s�1), SRSC
(4.22 � 105 s�1), and CRSC (3.97 � 106 s�1) were observed in the
PrS due to its complex water matrix, with DOC of 95.3 mg�L–1
(Table 1). In contrast, UP exhibited the lowest HRSC (9.33 � 103

s�1), SRSC (3.71 � 103 s�1), and CRSC (5.59 � 104 s�1). In addition,
the RRSCs of the SF, PFS/UF, and SeS were lower than those of RW1,
RW2, and PrS, respectively, indicating that the treatment processes
can effectively remove the RR-scavenging constituents in the water
matrices.

In each test water, the RRSCs followed the order of
SRSC < HRSC < CRSC, which can be ascribed to the different reac-
tion reactivities of the RRs toward the water matrix. For example,
SO4

�� has the lowest second-order reaction rate constant with
NOM (2.0 � 103 (mg�L–1)–1�s�1) among the three RRs, whereas Cl�

has the highest second-order reaction rate constant with HCO3
�

(2.2 � 108 (mol�L–1)–1�s�1) [12,25]. However, it is difficult or even
impossible to analyze the concentration of each constituent in a
water matrix during practical application. Hence, proposing the
RRSC and its portable measurement method could be helpful in
facilitating the evaluation of the RR competition of a water matrix
against the target micropollutants.
3.2. Prediction of k0
d,MP and rRR via the photochemical model

The k0d,MP values of the threemodelmicropollutants by UV-AOPs
were predicted using Eq. (2). For each model micropollutant, no
obvious difference was observed among the UV/H2O2, UV/PDS,
and UV/chlorine processes, as shown in Fig. S2 in Appendix A.
SMN exhibited the highest k0d,MP because of the highest quantum
yield andmolar absorption coefficient (e) of SMN at 254 nm (USMN =
0.005 mol�einstein–1, eSMN = 17 000 (mol�L–1)–1�cm�1), while CBZ
exhibited the lowest k0d,MP (UCBZ = 0.0006mol�einstein–1, eCBZ = 8983
(mol�L–1)–1�cm�1) [18,26].

The rRR values in eight test waters by UV-AOPs were calculated
using the photochemical model and were found to range from
5.2 � 10�8 to 8.4 � 10�7 mol�L–1�s�1 at [H2O2]0 = 15.0 mg�L–1,
[PDS]0 = 50.0 mg�L–1, and [chlorine]0 = 1.0 mg�L–1 (Table S2 in
Appendix A). The difference in the rRR values among various test
waters arose from their diverse UV254 values. For a given test
water, the rRR was nearly identical for various model



Fig. 1. Schematic diagram of the prediction procedures of the developed MS-PM method.

Fig. 2. (a) Linear standard curves of various RRSCs (source for the HRSC curve:
Ref. [15]); (b) the measured RRSCs of eight test waters. Experimental conditions:
[NB]0 = 0.5 mmol�L–1, [MB]0 = 5.0 lmol�L–1, [PDS]0 = 200 mg�L–1, [chlorine]0 =
5.0 mg�L–1, [BA]0 = 0–60 lmol�L–1.
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micropollutants because the UV254 of the micropollutants (0.004–
0.006 cm�1) was negligible compared with that of the reaction
solutions (0.015–0.423 cm�1).
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3.3. Prediction of kRR,MP via the QSAR model

The kHO� ;MP values for various model micropollutants were pre-
dicted by means of the previously developed QSAR model [15].
To predict the kSO��

4 ;MP and kCl� ;MP, a Pearson correlation analysis
was first performed between ln kSO��

4 ;OC (or ln kCl� ;OC) and each
descriptor. Out of 19 descriptors, ten (#C, #H, #H:C, #O:C, #ringa-
toms, #nonHatoms, DBE, HLG, EA, and IP) were selected with an
absolute Pearson correlation coefficient higher than 0.4 at the
0.01 significance level for ln kSO��

4 ;OC, and another ten (#C, #H, #O,
#N:C, #acid, #ringatoms, #nonHatoms, DBE, DM, and EA) for
ln kCl� ;OC (for the full description of the descriptors, please see
Table S3 in Appendix A). PCA was then performed for further
reduction of the variables. As illustrated in Figs. 3(a) and (b), Com-
ponents 1 and 2 accounted for 73.5% and 85.6% of the total vari-
ance for ln kSO��

4 ;OC and ln kCl� ;OC, respectively. For ln kSO��
4 ;OC, HLG,

#H:C, and DBE had loading scores with high absolute values in
Component 1, as did #H and #O:C in Component 2 (Fig. 3(c)).
For ln kCl� ;OC, #C, DM, and #acid had high values in Components 1
and 2; EA was also selected because it did not cluster with other
descriptors (Fig. 3(d)). Finally, stepwise MLR was used to establish
the relationship between ln kSO��

4 ;OC (or ln kCl� ;OC) and the selected
descriptors (Table S4 in Appendix A). Considering both the accu-
racy (R2, Q2

LOO, and Q2
Ext) and the conciseness of the equation, the

QSAR models of kSO��
4 ;OC and kCl� ;OC were established as follows:

lnkSO4
�� ;OC ¼ 26:335� 4:103� ð#O:CÞ � 0:69�HLG ð12Þ
lnkCl� ;OC ¼ 20:731þ 0:588� DMþ 0:239� EA ð13Þ
As illustrated in Figs. 3(e) and (f), the predicted ln kSO��

4 ;OC and
ln kCl� ;OC values agreed well with the corresponding literature val-
ues [13,22,27–29], indicating the accuracy of the established QSAR
models. The values of the involved descriptors in the QSAR models
and the literature and the predicted kSO��

4 ;OC and kCl� ;OC values of
each OC in the entire dataset are respectively listed in Tables S5
and S6 in Appendix A. By substituting the descriptors of the target
micropollutants (i.e., SMN, CAF, and CBZ) into the QSAR models,
kSO��

4 ;MP and kCl� ;MP were obtained. As shown in Table 2 [13,15,30–



Fig. 3. (a, b) Fraction of the variance of each component for (a) ln kSO��
4 ;OC and (b) ln kCl�,OC; (c, d) loading plots in PCA between Components 1 and 2 for (c) ln kSO��

4 ;OC and
(d) ln kCl�,OC; (e, f) comparison of the literature and predicted (e) ln kSO��

4 ;OC and (f) ln kCl�,OC values of the OCs in the training and validation datasets of the QSAR models.

Table 2
Comparison of the kRR,MP values of three model micropollutants as predicted using the QSAR model (Pred.) vs as reported in the literature (Lite.).

MP kHO� ;MP (�109 (mol�L–1)�1�s�1) kSO��
4 ;MP (�109 (mol�L–1)�1�s�1) kCl� ;MP (�1010 (mol�L–1)�1�s�1)

Pred. Lite. Pred. Lite. Pred. Lite.

SMN 7.2a 5.0b/8.3c 7.7 6.7g 7.8 3.2h

CAF 4.9a 6.9d/6.4e 2.6 2.4e 4.5 3.9h

CBZ 7.1a 8.0e/8.8f 3.2 1.5e/1.9f 4.2 3.3h/3.7h/5.6h

a Predicted via the QSAR model of kHO�,OC [15];
b Source: Ref. [30];
c Source: Ref. [31];
d Source: Ref. [32];
e Source: Ref. [33];
f Source: Ref. [34];
g Experimentally measured via the competition kinetics method (Text S7 and Fig. S3 in Appendix A);
h Source: Ref. [13].
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34], the predicted kRR,MP values had the same order of magnitude
as those in the literature or experimentally measured values, indi-
cating an accuracy that was considered to be acceptable [35].
3.4. Prediction of k0
p,MP and experimental verification

By substituting the determined RRSCs, rRR, and kRR,MP into the
SSA model, the [RR]ss in various UV-AOPs was calculated. For the
UV/PDS process, the [SO4

��]ss and [HO�]ss values (Table S7 in
Appendix A), calculated using Eqs. (7) and (8), exhibited a negative
correlation with the SRSCs and HRSCs of the test waters (Fig. 2(b)).
For example, the lowest [SO4

��]ss value for SMN degradation
(1.00 � 10�12 mol�L–1) was found in the PrS with the highest SRSC
value (4.22 � 105 s�1), indicating the strong competition of the
water matrix for SO4

��. For a certain test water, [SO4
��]ss (or [HO�]ss)

varied with the type of micropollutant (SMN, CAF, and CBZ)
because of their different kSO��

4 ;MP (or kHO� ;MP) values (Table 2).
Similarly, the results for the [HO�]ss in the UV/H2O2 process and
the [Cl�]ss and [HO�]ss in the UV/chlorine process (Tables S8 and
S9 in Appendix A) were similar to those in the UV/PDS process in
eight test waters.

With the calculated [RR]ss, the k0i,MP values for the various
model micropollutants by UV-AOPs were predicted in the eight
test waters, allowing the k0p,MP values to be readily obtained (Eq.
(1)). The predicted k0p,MP values and the corresponding experimen-
tal verification values determined using the MFPS are illustrated in
Fig. 4 and shown in Table S10 in Appendix A. Almost all predicted
k0p,MP values fall within the 95% confidence intervals of the mea-
sured values, which demonstrates the feasibility of the developed
MS-PM method. Both the predicted and measured k0p,SMN values
were higher than the k0p,CAF and k0p,CBZ values (Table S10) because
of the higher k0d,MP and kRR,MP values of SMN (Table 2). Moreover,
most of the predicted k0p,CAF and k0p,CBZ values by UV/PDS were
higher than the measured ones (Table S10), which could be attrib-
uted to the overestimated kSO��

4 ;CAF and kSO��
4 ;CBZ values from the

QSAR model (Table 2).
3.5. Discussion

This study proposed an MS-PM method for the facilitated pre-
diction of k0p,MP by various UV-AOPs in real waters, with consider-
ation of all principal RRs. According to the challenge of assessing
Fig. 4. Comparison of the measured and predicted k0p,MP values of three model
micropollutants in eight test waters by various UV-AOPs. Experimental conditions:
[H2O2]0 = 15.0 mg�L–1, [PDS]0 = 50.0 mg�L–1, [chlorine]0 = 1.0 mg�L–1. Dashed black
line: ideal fit; solid gray lines: linear fit with 95% confidence intervals.
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the RR competition in real water, portable RRSC measurement
methods for HO�, SO4

��, and Cl� were proposed. The MS-PM method
does not require an advanced analytical instrument; rather, it can
be carried out in the field via a small photoreactor (e.g., MFPS) and
a portable spectrophotometer (e.g., HACH DR1900) using a mobile
power source, thereby saving the trouble of frequent field water
collection and transportation. The verification results demon-
strated the acceptable accuracy of the developed method, indicat-
ing its feasibility for the selection and optimization of UV-AOPs in
practice.

The potential errors in the k0p,MP prediction may originate from
the degradation contribution of neglected RRs, as well as overesti-
mated RRSCs during the portable measurement, aside from the
errors in kRR,MP predicted by the QSAR model, as discussed above.
On the one hand, HO� (UV/H2O2), SO4

�� and HO� (UV/PDS), and Cl�

and HO� (UV/chlorine) were considered during the model simula-
tion, but other RRs such as O2

�– in the UV/H2O2 process, S2O8
�� in

the UV/PDS process, and Cl2�� and ClO� in the UV/chlorine process
were not considered, which may have led to an underestimation
of k0p,MP [13,36,37]. Hence, the developed method should consider
the RRSCs and kRR,MP for these RRs in order to improve the predic-
tion accuracy in the future. On the other hand, different RRSCs (i.e.,
HRSC, CRSC, and SRSC) of a given water matrix were measured
individually, yet some active sites of the water matrix constituents
can react with multiple RRs formed in UV-AOPs. This could lead to
an overestimation of the RRSCs and a subsequent underestimation
of [RR]ss and the k0p,MP values.

The k0p,MP in various UV-AOPs and under various operating con-
ditions was easily predicted by the developed MS-PM method in
practice. For example, taking CBZ as the target micropollutant, by
using the measured HRSCs, SRSCs, and CRSCs in the eight test
waters, as well as the kRR,CBZ predicted by the QSAR models, the
k0p,CBZ by various UV-AOPs using oxidants with identical molar
concentrations (0.2 or 0.5 mmol�L–1) were predicted (Fig. 5). In
general, the k0p,CBZ can be influenced by multiple factors, such as
micropollutants (k0d,CBZ and kRR,CBZ), water matrices (RRSCs), UV-
AOPs, and operating conditions, which are considered in the MS-
PM method. The prediction results indicated that UV/PDS had the
highest degradation efficiencies at an oxidant concentration of
both 0.2 and 0.5 mmol�L–1 for most test waters, which was primar-
ily attributed to its lowest SRSC values among the three RRSCs.
Therefore, based on the facilitated prediction obtained using the
MS-PM method, appropriate process selection and optimization
could be conducted according to various real water matrices and
target micropollutants.

In practice, a change in the inflow water matrix can impact the
stability of a UV-AOP. The developed portable measurement
method for various RRSCs also presents a feasible approach for
monitoring changes in the water matrix. Furthermore, based on
Fig. 5. Predicted k0p,CBZ values in eight test waters by UV/H2O2, UV/chlorine, and
UV/PDS using the MS-PM method.
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the online monitored RRSCs and UV254, the real-time efficiency of
the UV-AOP could be obtained in practice by using simulation
models with preset model parameters. This could guide the online
adjustment of operating parameters, such as UV fluence (e.g., lamp
power) and oxidant dose, to ensure adequate micropollutant
degradation at a high RRSC value of the water matrix, or to avoid
energy waste at a low RRSC value.
4. Conclusions

In this study, the k0p,MP values of various UV-AOPs in eight test
waters were evaluated using a novel MS-PM method. Based on the
experimental results, the following conclusions can be drawn:
� Portable measurement methods for the RRSCs for the principal

RRs involved in UV-AOPs (i.e., HO�, SO4
��, and Cl�) were pro-

posed, and the error introduced from the UV254 discrepancies
between the SMC and the test waters was calibrated. The
HRSC, SRSC, and CRSC values for eight test waters were
measured. A higher RRSC was found to be associated with a
more complex water matrix. For a given test water,
SRSC < HRSC < CRSC because of the different reaction selectiv-
ities of the RRs.

� The model simulation consisted of photochemical, QSAR, and
SSA models. The k0d,MP and rRR for various UV-AOPs were cal-
culated via the photochemical model. The kRR,MP values for
three model micropollutants were predicted via the developed
QSAR models for various RRs, which generally agreed well
with the literature values. By substituting the measured RRSCs
and simulated rRR and kRR,MP into the SSA models, the k0p,MP

could easily be predicted.
� The predicted k0p,MP values by UV-AOPs in the eight test waters

exhibited a descending order, as follows: UP > SF > RW1 >
PFS/UF > UF> RW2 > SeS > PrS. This order was verified by
the experimental results. A lower k0p,MP was found to be asso-
ciated with a higher RRSC, indicating that a more complex
water matrix competes for more RRs against the target
micropollutants.

� The developed prediction method can be used to guide the
process selection and optimization of UV-AOPs. It can also
provide a feasible approach for monitoring water matrix
change and enable the online adjustment of operating param-
eters, which is important for increasing the efficiency and
cost-effectiveness of UV-AOPs.
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