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A B S T R A C T   

Advanced oxidation processes (AOPs) have been widely investigated for the treatment of recalcitrant organic 
pollutants. Here we report the first study on the performance evaluation in different environmental matrices of a 
newly-developed AOP, plasmon-enhanced catalytic ozonation with silver doped spinel ferrite (0.5wt%Ag/ 
MnFe2O4) as the catalyst, for the degradation of representative micropollutants (e.g. atrazine and atenolol). The 
real matrices include surface water (SW, pH 6.82), secondary effluent (SE, pH 7.22), and reverse osmosis/RO 
concentrate (ROC, pH 7.90) generated during water reuse. A kinetic model combining the Rct concept (the ratio 
of the total •OH-exposure to the total O3-exposure) and expressions of transient steady state hydroxyl radical 
(•OH) concentrations has been successfully developed to predict the treatment performance, where the effects of 
major influencing factors (e.g. solution chemistry such as pH and water constituents, and operating conditions) 
were explicitly quantified. Bulk organic contents, carbonate/bicarbonate, and phosphate were found to be the 
major chemical species that influenced the target compound removal, through interactions with reactive species 
(e.g. •OH) and/or the solid catalysts. Lower bromate formation was observed in the plasmon-enhanced catalytic 
ozonation process, compared with ozonation and catalytic ozonation processes. Low energy consumption 
(electrical energy per order/EEO 0.011–0.086 kWh/m3 for different matrices) together with low byproduct 
formation has demonstrated that plasmon-enhanced catalytic ozonation is a novel promising AOP for various 
water treatment and reuse applications.   

1. Introduction 

Advanced oxidation processes (AOPs) have been intensively inves
tigated for the removal of synthetic organic compounds (e.g. micro
pollutants/MPs). AOPs usually involve in-situ generation of strong 
oxidants (e.g. hydroxyl radicals/•OH and sulfate radicals/⋅SO4

−) at 
sufficient amounts to achieve organics oxidation or even mineralization 
(Buxton et al., 1988; Glaze et al., 1987). While contaminants can be 
permanently destroyed instead of being merely transferred to a brine or 
other phases for further treatment/disposal, AOPs are usually energy 
intensive and may generate undesired byproducts (Bergmann et al., 
2014; Fatta-Kassinos et al., 2011; Hodges et al., 2018). In an effort to 
address these challenges, our research group have developed a novel 
heterogeneous catalytic ozonation process, utilizing the localized sur
face plasmon resonance (LSPR) of plasmonic nanoparticles doped on the 
spinel ferrite substrate (e.g. Ag/MnFe2O4) to achieve accelerated ozone 
decomposition and subsequent generation of reactive species for the 

degradation of recalcitrant pollutants. And ~35 fold and ~7 fold in
creases in the degradation rates were achieved with a very low photon 
input (~10−10 Einstein L−1• s−1) at the plasmon band of Ag (~470 nm), 
as compared to ozonation alone and catalytic ozonation (i.e. with cat
alysts but without light irradiation) respectively (Yang et al., 2021). The 
high efficiency of pollutant abatement was also demonstrated in tap 
water under realistic water treatment conditions with low bromate 
formation (< 7 μg/L) (Yang et al., 2021). In spite of the promising 
performance of plasmon-enhanced catalytic ozonation, further evalua
tion in environmental matrices particularly the more challenging ones 
(e.g. secondary effluent and reverse osmosis/RO concentrate) is needed, 
as the solution chemistry is known to have profound effects on the 
treatment efficiency (Jiang et al., 2013; Kasprzyk-Hordern et al., 2003; 
Petrie et al., 2014). Investigation and interpretation of such effects, 
preferably in a quantitative approach, can not only deepen our under
standing of this novel treatment process, but also provide useful infor
mation and guidelines for practical applications. 
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Ozone has long been used in water treatment. In order to provide 
quantitative information of the major oxidants in ozonation systems, the 
Rct concept (Eq. 1) was introduced to represent the ratio of the total 
•OH-exposure to the total O3-exposure (Elovitz and Von Gunten, 1999). 

Rct =

∫
[•OH]dt

∫
[O3]dt

(Eq. 1) 

Both O3 and •OH can contribute to the degradation of the target 
micropollutant (MP) as shown in Eqs. 2 & 3: 

−
d[MP]

dt
= kO3/MP[O3][MP] + k⋅OH/MP[•OH][MP] (Eq. 2)  

ln
(

[MP]0
[MP]t

)

= kO3/MP

∫

[O3]dt + k⋅OH/MP

∫

[•OH]dt

=
(
kO3/MP + k⋅OH/MPRct

)
∫

[O3]dt (Eq. 3) 

Furthermore, environmental matrices are complicated and different 
species may play various roles such as initiators, promoters, and in
hibitors in the generation, propagation, inhibition, and/or termination 
of •OH. For example, some inorganic species (e.g. HCO3

−/ CO3
2− and 

PO4
3−) can inhibit degradation of the target compounds by acting as 

radical scavengers and/or competing for the reactive sites on catalysts 
(Staehelin and Hoigne, 1985; Wang et al., 2018a; Yong and Lin, 2012). 
Moreover, the bulk organics in different environmental waters (e.g. 
natural organic matters/NOM and effluent organic matters/EfOM), 
which usually exist in much higher concentrations than that of the target 
pollutant, can also competitively consume ozone and/or the reactive 
species generated upon ozone decomposition, thus negatively influ
encing the treatment performance (Jiang et al., 2013; Petrie et al., 2014; 
Rivera-Utrilla et al., 2013). To this end, an expression of the transient 
steady-state •OH concentration has been developed (Staehelin and 
Hoigne, 1985): 

[•OH]ss =
2k1[OH−] +

∑
kI,i

[
MI,i

]

∑
ks,i

[
Ms,i

] [O3] (Eq. 4)  

where k1 represents the rate constant of OH− with O3, kI,i and ks,i 
represent the rate constants of initiator (MI,i) and inhibitor (Ms,i) with 
•OH, respectively, and [MI,i] and [Ms,i] represent the concentrations of 
initiators and inhibitors, respectively. Hence, by combining the Rct 
concept and the expression of transient steady state •OH concentration, 
it is possible to investigate and evaluate the respective effects of 
different influencing factors (e.g. chemical species or operating condi
tions) that are applicable to the specific system of interest on the 
degradation of the target pollutant (Yong and Lin, 2012). 

The main objective of this study was to evaluate the performance of 
plasmon-enhanced catalytic ozonation for the abatement of represen
tative micropollutants in different environmental matrices, i.e. surface 
water (SW), secondary effluent (SE), and RO concentrate (ROC) gener
ated during water reuse. Ag/MnFe2O4 with stable mineralogical struc
tures and great plasmon-responsive catalytic reactivity was used as the 
catalyst and monochromatic light-emitting diode (LED) at the Ag plas
mon band (470 nm) was employed as the light source. Atrazine (ATZ) 
and atenolol (ATL), both of environmental significance (Esplugas et al., 
2007; Petrie et al., 2014) and with low to medium reactivity with ozone 
(kO3/ATZ = 6.0 M−1 • s−1, k•OH/ATZ = 3 × 109 M−1 • s−1(Acero et al., 
2000), kO3/ATL = 1.7 × 103 M−1 • s−1, k•OH/ATL = 8 × 109 M−1 • s−1 

(Márquez et al., 2014; Wu et al., 2019)), were selected as the model 
compounds. Here, we first examined ATZ removal during 
plasmon-enhanced catalytic ozonation in different matrices and further 
identified the major chemical species that influenced the overall per
formance. In the following study, we quantitatively evaluated these ef
fects and developed a semi-empirical kinetic model utilizing the Rct 
concept and expressions of [•OH]ss, which explicitly incorporated the 
major influencing operating and water chemistry parameters. The 

validity of the model was then examined by comparing the 
time-dependent degradation of ATL predicted by the model with that 
measured experimentally under different operating and solution chem
ical conditions. Bromate formation was also monitored during the runs. 
Lastly, the electrical energy per order (EEO) was estimated for the 
treatment of different environmental matrices. Research results of this 
study can provide first-hand quantitative information on the applica
bility and guidelines of plasmon-enhanced catalytic ozonation for 
practical applications. 

2. Materials and methods 

2.1. Chemicals and reagents 

Iron nitrate nonahydrate (Fe(NO3)3 • 9H2O, Acros Organic), silver 
nitrate (AgNO3, Alfa Aesar), and manganese nitrate tetrahydrate (Mn 
(NO3)2 • 4H2O, Acros Organic) were the metal sources for the catalyst 
preparation, where citric acid (Fisher Scientific) was used as the fuel for 
auto-combustion and ammonium hydroxide (28%-35% w/w, Fisher 
Scientific) was used to adjust pH. Atrazine (CAS#: 1912–24–9) and 
atenolol (ATL, CAS#: 29,122–68–7) were obtained from Sigma-Aldrich. 
t - Butanol (TBA) (Fisher Scientific) was added as an external inhibitor. 
All chemicals were of analytical grade and used without further 
purification. 

2.2. Samples of environmental matrices 

Environmental matrices tested in this study include surface water 
(SW; after coagulation and sand filtration but before disinfection), sec
ondary effluent (SE; filtered through 0.45 μm membrane filter), and 
reverse osmosis concentrate (ROC) generated from wastewater reuse. 
Samples of SW and SE were collected from local treatment plants. ROC 
was generated using a lab-scale RO skid (RO membrane: FILMTECTM 

TW30–1812–36) with SE as the feed water. The recovery rate was 
controlled at ~75%. All samples of environmental matrices were stored 
at 4 ◦C until use. The main matrix characteristics are summarized in 
Table S1. It is noted that the SE sample collected in this study was of low 
strength, i.e. low organic content. 

2.3. Catalyst synthesis and ozonation experiments 

Catalysts (0.5wt%Ag/MnFe2O4) were synthesized via a facile one- 
pot auto-combustion method followed by H2 reduction as detailed in 
our previous study (Yang et al., 2021) and in the supporting information 
(SI, Text S1). 

Plasmon-enhanced catalytic ozonation experiments were conducted 
in a semi-batch reactor where ozone feed gas was continuously bubbled 
into a 250 mL cylindrical quartz reactor (Yang and Wu, 2019). Pure 
oxygen (O2) was used as the feeding gas for ozone (O3) generation by an 
ozone generator (MP5000, A2Z Ozone Inc, USA). Ozone gas was injected 
at the bottom of reactor with a diffuser stone (quartzes porous plate) at a 
flow rate of 0.1 L/min at working temperature and pressure. The con
centration of feeding O3 as well as that in the offgas line was continu
ously monitored using two ozone analyzers (API-454). Hence the 
transferred ozone dose (TOD, mg/L) during the experiment can be 
calculated from Eq. 5: 

TOD =

∫t

0

Qgas

V
⋅
(
[O3]inlet − [O3]outlet

)
⋅dt (Eq. 5)  

where [O3]inlet and [O3]outlet are ozone concentrations in the feeding line 
and off gas line respectively, mg/L; Qgas is gas flow into the reactor, 0.1 
L/min; V is the volume of the working solution, L; t is the treatment time, 
min. 

For a typical run, 0.20 g solid catalysts were added into 150 mL 
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working solution spiked with the desired amount of model compounds. 
Two LED lights (λ = 470 nm) were used as the light source and photon 
flux dosed into the reactor during the run was determined using 
chemical actinometry (Yang et al., 2021). pH was monitored but not 
adjusted during the run. Samples were taken at pre-determined time 
intervals and quenched by Na2S2O3 to dissipate the residual ozone, and 
then filtered through an ozone-resistant filter (Millipore PVDF, 0.45 μm) 
to separate the catalyst. Preliminary tests confirmed that Na2S2O3 
quenching and filtration did not affect analytical measurement of the 
target compounds. Control experiments of catalytic ozonation and 
ozonation were conducted under the same conditions without catalysts 
and/or light irradiation. All experiments were conducted at least in 
duplicates and the error bars in the figures represent the standard 
deviations. 

2.4. Analytical methods 

Low concentrations of atrazine (ATZ) and atenolol (ATL) (< 0.03 
mg/L) were measured using HPLC/MS/MS (DionEX UltiMate 3000- LTQ 
Orbitrap XL) in positive electrospray ionization (ESI) mode (Text S2). 
Higher concentrations of atrazine and atenolol were determined using 
high performance liquid chromatography (HPLC/DAD, Agilent 1100 
series) with a reversed-phase luna C-18 analytic column (Aglient 1100) 
at λ = 230 nm and λ = 224 nm, respectively (Text S2). Total organic 
carbon (TOC) was measured with a Shimadzu TOC-LCPH analyzer. 
PO4

3− was measured using Hach method 8048 (0.02 – 2.50 mg/L). 
Alkalinity was determined according to the standard Method 2320 B 
(Clesceri et al., 2009). Concentrations of Cl−, NO3

−, SO4
2−, Br−, and 

BrO3
− were determined using an ion chromatography (Dionex 

ICS-1600, USA) equipped with an AG19 pre-guard and AS19 separating 
column, and potassium oxide (KOH) solution (18 mM) and DI water 
were used as the mobile phase with a flow rate of 1.0 mL/min and in
jection volume 25 μL. HOBr/OBr- was determined after quenching the 
reaction by adding 0.5 mM phenol at pH 3. These species are stable and 
were analyzed by HPLC/UV (column: RP luna C-18; eluent: 50% of a 
0.2% acetic acid and 50% methanol, 1 mL/min; sample volume: 20 µL; 
UV-detection at 225 nm) (Pinkernell and Von Gunten, 2001). The con
centration of dissolved ozone (DO3) was determined with the indigo 
method Bader (1982). 

3. Results and discussion 

3.1. Catalyst characteristics 

The catalysts (0.5wt%Ag/MnFe2O4) used in this study have been 
fully characterized by X-Ray diffraction (XRD), high resolution trans
mission electron microscopy (HR-TEM), X-ray absorption spectroscopy 
(XAS) measurements including X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS), and X- 
ray photoelectron spectroscopy (XPS) in our previous study (Yang et al., 
2021). Briefly, XRD patterns of the catalyst matched the standard JCPDS 
(card no. 10–0319) for the magnetic MnFe2O4 spinel and Ag doping did 
not change the spinel structure. Linear combination fitting (LCF) of Ag 
K-edge XANES spectra indicated Ag0 and Ag+ accounted for 22% and 
78% of Ag in the bulk catalyst respectively. A general formula [Mn0.22 
Fe0.78] A [Mn0.78Fe1.22] BO4 was derived based on extended X-ray ab
sorption fine structure (EXAFS) fitting, where A and B represent the 
tetrahedral and octahedral sites respectively. XPS analyses showed Ag (0 
and +1), Fe (+2 and +3), and Mn (+2 and +3) were present on the 
catalyst surface. In this study, Fourier Transformed Infrared (ATR-FTIR) 
spectra were also employed to study the surface acidic properties of 
catalysts with different Ag doping using pyridine as a probe molecular 
(Figure S1; Text S3). The results showed that 0.5wt% Ag/MnFe2O4 
catalyst may have more Lewis acidic sites than 0.25wt% Ag/MnFe2O4 
and 1wt% Ag/MnFe2O4, which agrees well with our previous study 
(Yang et al., 2021). The scanning transmission electron microscopy 

(STEM) images of the catalysts are shown in Figure S2. 

3.2. Performance of plasmon-enhanced catalytic ozonation in 
environmental matrices 

Performance of plasmon-enhanced catalytic ozonation for the 
removal of the model compound ATZ was first examined in different 
environmental matrices, including surface water (SW), secondary 
effluent (SE), and RO concentrate (ROC) produced as described in Sec
tion 2.2. Experiments of ozonation alone and catalytic ozonation (i.e. 
without light irradiation) were also conducted under otherwise same 
conditions for comparison. As shown in Fig. 1(A–C), in all three matrices 
ATZ degradation generally followed a global first order kinetics, where 
the fastest removal was achieved in plasmon-enhanced catalytic ozon
ation, followed by catalytic ozonation and then ozonation, at the same 
transferred ozone dose (Eq. 5). These results confirmed the superior 
performance of plasmon-enhanced catalytic ozonation even in DOM- 
rich environmental matrices. Moreover, although the mass ratio of 
transferred ozone to DOC was kept constant (i.e. 0.85) in different 
matrices, the rate of ATZ degradation followed the order kATZ = 0.397 
min−1 (SW) > kATZ = 0.189 min−1 (SE) > kATZ = 0.116 min−1 (ROC) in 
plasmon-enhanced catalytic ozonation processes, clearly demonstrating 
the matrix effects (Fig. 1D). 

Since ATZ has a very low reactivity with O3, its degradation during 
plasmon-enhanced catalytic ozonation was mainly contributed to the 
reactive species generated upon ozone decomposition (e.g. •OH, O2

•−, 
and 1O2.) (Yang et al., 2021). It is well known that presence of various 
organic and inorganic species can influence ozone decomposition in 
water, which may act as either initiators (e.g. -OH) reacting directly with 
O3 for the generation of O2

−• or •O3
− and subsequent •OH formation, or 

inhibitors terminating the chain reactions after reacting with •OH (e.g. 
HCO3

−/ CO3
2− and PO4

3−) (Staehelin and Hoigne, 1985; Yong and Lin, 
2012). Furthermore, usually dissociative adsorption of ozone on the 
active sites is an important step during heterogeneous catalytic ozona
tion for the generation of various reactive species. For example, we think 
the accelerated ozone decomposition during plasmon-enhanced cata
lytic ozonation with Ag/MnFe2O4 as the catalysts was achieved through 
energy transferred from plasmonic Ag nanostructures to ozone adsorp
tive sites (e.g. surface –OH groups) during LSPR decay at both existing 
and newly-activated catalytic active sites (Yang et al., 2021). Hence, 
interactions between different species present in the water matrices and 
the catalyst active sites can also affect, likely negatively, ozone 
decomposition through the dissociative adsorption pathway. Environ
mental waters are complicated matrices where both bulk organics (e.g. 
natural organic matters/NOM in SW and effluent organic matters/EfOM 
in SE) and various inorganic species along with the target pollutants 
co-exist. These substances may initiate or inhibit ozone decomposition, 
scavenge the radical species, or occupy/block surface active sites for 
ozone adsorption. For example, phosphate has often been employed as a 
strong Lewis base to probe the role of surface –OH groups as active sites 
for ozone decomposition in heterogeneous catalytic ozonation (Sun 
et al., 2014; ;(Wang et al., 2018b) Zhao et al., 2013). 

In an effort to elucidate the effects of specific chemical species 
commonly present in environmental waters on the abatement of target 
pollutants in plasmon-enhanced catalytic ozonation processes, we first 
evaluated the removal of ATZ in deionized (DI) water as well as syn
thetic matrices, which simulated the major inorganic contents in the 
environmental samples but without organic matters (S-SW, S-SE, and S- 
ROC, Table S1). As shown in Fig. 2, while > 95% was degraded in the DI 
matrix in 5 min, ATZ removal was lower in synthetic solutions, i.e. 90% 
in synthetic SW, 73% in synthetic SE, and 58% in synthetic ROC, con
firming the influence of inorganic species. On the other hand, better 
performance in these synthetic solutions than that in the corresponding 
real environmental matrices also demonstrated the effects of organic 
matters. Further, upon a closer look, it can be seen that difference be
tween the synthetic and real water samples was less pronounced than 
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that between DI and synthetic solutions especially for SE and ROC, 
indicating the important role of inorganic species particularly at rela
tively high concentrations. To further identify the main inorganic spe
cies that inhibit the degradation of the target pollutant, we examined 
ATZ degradation during plasmon-enhanced catalytic ozonation in the 
presence of several common inorganic anions, including phosphate, 
carbonate/bicarbonate (alkalinity), sulfate, chloride, and nitrate, within 
the typical concentration range in environmental waters. As shown in 
Fig. 3, while choride, sulfate, and nitrate had minimum effects, phos
phate and carbonate/biocarbonate clearly inhibited ATZ removal, likely 
due to scavenging of reactive species and/or competitive occupancy of 
the ozone adsorption sites on the catalysts. 

3.3. Development of kinetic models for the degradation of target 
pollutants in plasmon-enhanced catalytic ozonation processes utilizing the 
Rct concept and [⋅OH]ss 

Results and discussion of Section 3.2 have laid a good groundwork 
for developing kinetic models for the removal of target pollutants in 
environmental matrices based on Eqs 1–4. This approach was selected 
because the effects of major influencing factors (e.g. solution chemistry 
and operating parameters) are explicitly expressed in a quantitative 
way, which may be particularly appealing for practical applications 
because prediction of the treatment performance under different con
ditions becomes possible. In plasmon-enhanced catalytic ozonation 
processes, hydroxyl ions/OH−, NOM/EfOM, and catalyst & light irra
diation contribute to the total initiation capacity, while the total inhi
bition capacity can be taken as the additive effects of NOM/EfOM, 

Fig. 1. Kinetics of atrazine decomposition 
during ozonation, catalytic ozonation and 
plasmon-enhanced catalytic ozonation in 
different water matrices SW (A), SE (B), ROC 
(C) and kinetics of atrazine (ATZ) decomposi
tion during plasmon-enhanced catalytic ozona
tion, in different water matrices (D). 
[Experimental conditions: Initial ATZ concen
tration: 30 μg/L; O3/DOC (mass) = 0.85,

working solution: 150 mL; catalyst dose: 1.3 g/ 
L; light source: LEDs; photon flux (when irra
diated): 4.28 × 10−10 Einstein • L−1 

• s−1].   

Fig. 2. Influence of inorganic anions and bulk organic matters on ATZ removal [Experimental conditions: Initial ATZ concentration: 30 μg/L; feed gas O3 con
centration: (A) 2.56 mg/L, (B) 3.61 mg/L, (C) 8.96 mg/L; working solution: 150 mL; catalyst dose: 1.3 g/L; light source: LEDs; photon flux: 4.28 × 10−10 Einstein •
L−1 • s−1]. 
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HCO3
−/CO3

2−, and PO4
3−. It should be noted that NOM/EfOM can 

simultaneously act as the initiator, promoter, and inhibitor in ozonation 
processes (Staehelin and Hoigne, 1985). Although they do not affect the 
Rct value, promoters can propagate the radical chain reactions (Yong 
and Lin, 2012). Moreover, we have confirmed the validity of surface 
–OH density to represent the ozone adsorption capacity in our previous 
study with the same experimental setup, and have demonstrated the rate 
constants of ozone decomposition as well as those of the model com
pound degradation changed proportionally to the photon flux in the 
plasmon-enhanced catalytic ozonation process (Yang et al., 2021). 
Therefore, Eq. 4 can be rewritten as the following equation: 

[•OH]ss=

2k1[OH−]+

(

(k2)×

(
[O3 ](adsmax)KI1

1+KI1 [O3 ]a

)

×(ρ×[catalyst])
)

+kI2[TOC]

ks2[TOC]+k3
[
HCO−

3
]
+k4

[
PO3−

4
] [O3]

(Eq.6)  

where k1 represents the rate constant of -OH with O3, M−1 • s−1; k2 is the 
rate constant of catalyst, M−1 • s−1; KI1 is the constant of adsorption 
equilibrium of Langmuir-Hinshelwood (L–H), M−1; [O3]a is the steady- 
state dissolved ozone concentration, M; [O3]ads_max is the maximum 
coverage concentration of the adsorbed ozone, M; ρ is the density of 
surface -OH groups, mol/g; [catalyst] is the catalyst dose, g/L; kI2 and ks2 
represent the initiation and the inhibition rate constants of NOM /EfOM, 
respectively, M−1 • s−1

; [TOC] represent the concentrations of NOM/ 
EfOM as total organic carbon/C, M; k3 and k4 represent the inhibition 
rate constants of HCO3

−/CO3
2− and PO4

3−, respectively, M−1 • s−1; and 
[HCO3

−] and [PO4
3−] represent the concentrations of HCO3

−/CO3
2- and 

PO4
3−, respectively, M. Furthermore, as shown in Text S4 (a), the co

efficient of [O3] in Eq. 4 equals to the numerical value of Rct. Since Rct 
can be experimentally determined by monitoring the degradation of a 
model compound using Eq. 3, the values of the different initiation and 
inhibition rate constants in the coefficient can also be determined. In the 
following sections, different sets of experiments were conducted to 
determine values of k1, k2, KI1, kI2, kS2, k3, and k4 with ATZ as the model 
pollutant. 

3.3.1. Determination of initiation rate constants of OH− (k1) and Ag doped 
MnFe2O4 catalysts (k2) 

The reaction rate constant of OH− with O3, k1, has been reported to 
be 70 M−1 • s−1 and 160 M−1 • s−1 (Staehelin and Holgné, 1982; Yong 
and Lin, 2012), with the former being determined in the presence of 10 
mM HCO3

−/CO3
2− and 50 mM PO4

3−(Staehelin and Holgné, 1982). In 
this study we try to delineate each initiator/inhibitor separately, hence 
ozonation of ATZ in DI matrices were first carried out in a semi-batch 
reactor at different initial pH within the relative narrow range of 

environmental waters (6.8–8), where tert-butanol (TBA; k•OH/TBA=5.0 
× 108 M−1 • s−1) was added as an external inhibitor. Under these con
ditions, Eq. 6 can be simplified as: 

[•OH]ss =
2k1[OH−]

k•OH/TBA[TBA]
[O3] (Eq. 7) 

As expected, higher pH led to faster ATZ degradation (Figure S3A). 
Moreover, as can be seen in Figure S3B, pH remained relatively constant 
during the runs. Therefore, [OH−] may be approximated using the initial 
pH. Rct values at different pH can be computed based on experimental 
data of ATZ degradation using Eq. 3 (Figure S4A). k1 can then be 
determined from the slope of the plot of Rct vs [OH−], which is found to 
be 144.6 M−1 • s−1 here (Figure S4B). This value is close to the reported 
value of 160 M−1 • s−1 and is used in the following studies. 

It is worth emphasizing that plasmon-enhanced catalytic ozonation 
is a highly complex system involving three phases as well as light irra
diation. While our previous research effort was devoted to understand 
the underlying mechanisms of plasmon-induced enhancement, the ob
jectives of this study were to evaluate the process performance in real 
environmental matrices, and further to develop a semi-empirical model 
with major operating parameters and influencing chemical species as 
the input for convenient practical applications. Therefore, in order to 
quantitatively evaluate the contribution of catalysts/light irradiation to 
ozone decomposition, a mass balance approach was employed. Several 
sets of semi-batch ozone decomposition experiments were conducted in 
the presence of catalysts with light irradiation in DI matrices (to elimi
nate effects of other chemical species). The initial pH was set at 7.00 and 
the variation was within ± 0.20 during the runs. Under these conditions, 
a mass balance analysis of ozone at steady-state yields: 

Qgas
(
[O3]inlet − [O3]outlet

)
= r × V (Eq. 8)  

where r is the overall ozone decomposition rate and other parameters 
are defined in Eq (5). 

Here ozone may be decomposed via both homogeneous pathways (r1 
= k1[-OH] × [O3]a) and heterogeneous pathways (r2 = k2’[-OH]surface ×

[O3]a = (k2 ×
[O3 ](ads max)KI1

1+KI1 [O3 ]a
) × [-OH]surface × [O3]a, Text S4). However, 

under the experimental conditions here, homogeneous ozone decom
position may be neglected as the rate was very low (r1 <10−5 M • s−1, 
r~3.6 × 10−3 M • s−1). Hence, Eq (8) can be rewritten as: 

(
Qgas

(
[O3]inlet − [O3]outlet

))
/

V =

(

k2 ×
[O3](ads max)KI1

1 + KI1[O3]a

)

× [−OH]surface

× [O3]a

(Eq. 9) 

Fig. 3. Influence of inorganic anions PO4
3− (A), Initial HCO3

−/CO3
2− (as mg/L CaCO3) (B), SO4

2- (C), NO3
− (D), and Cl- (E) on ATZ removal [Experimental con

ditions: Initial ATZ concentration: 30 μg/L; O3/TOC (mass) = 2.5; working solution: 150 mL; catalyst dose: 1.3 g/L; light source: LEDs; photon flux: 4.28 × 10−10 

Einstein • L−1 • s−1; pH0 = 7.0]. 
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By varying the feed gas concentration, a linear relationship of 1/r2 vs 
1/[O3]a was obtained and the rate constant (k2) and the constant of 
adsorption equilibrium constant of L–H (KI1) under certain photon flux 
were determined from the slope and the intercept of the plots 
(Figure S5A; Eqs S7;Text S4(b)). To further investigate the effects of 
photon inputs on k2, plots of 1/r2 vs 1/[O3]a were also obtained at 
different photon flux (3.1 × 10−10 Einstein • L−1 • s−1 ~ 6.4 × 10−10 

Einstein • L−1 • s−1). A linear correlation between k2 and photon flux 
was revealed, which can be used to determine k2 under different light 
irradiation conditions (Figure S5B). It should be noted the adsorption 
equilibrium of L–H (KI1) remains relatively constant (~1.37 × 105 M−1) 
with different photon fluxes. Based on the results and discussion above, 
the contribution of catalysts/light irradiation to ozone decomposition 
can be conveniently determined under different operating conditions 
such as photon input (i.e. determine k2 in Eq. 6) or catalyst dose (i.e. 
[catalyst] in Eq. 6). 

3.3.2. Determination of inhibition rate constants of carbonate/bicarbonate 
(k3) and phosphate (k4) 

To quantify the inhibition effects of HCO3
−/CO3

2− and PO4
3−, ex

periments of ATZ degradation during plasmon-enhanced catalytic 
ozonation processes were carried out in the presence of HCO3

−/CO3
2−

or PO4
3- at different concentrations with the addition of tert-butanol as 

an external inhibitor. Thus, Eq. 6 becomes: 

[•OH]ss =

⎛

⎜
⎜
⎜
⎝

2k1[OH−] +

(

(k2) ×

(
[O3 ](ads max)KI1

1+KI1 [O3 ]a

)

× (ρ × [catalyst])
)

k3
[
HCO−

3
]

+ kOH/TBA[TBA]

⎞

⎟
⎟
⎟
⎠

[O3]

(Eq. 10)  

[•OH]ss =

⎛

⎜
⎜
⎜
⎝

2k1[OH−] +

(

(k2) ×

(
[O3 ](ads max)KI1

1+KI1 [O3 ]a

)

× (ρ × [catalyst])
)

k4
[
PO4

3−
]

+ kOH/TBA[TBA]

⎞

⎟
⎟
⎟
⎠

[O3]

(Eq. 11) 

As shown in Figure S6, the removal of ATZ decreased as the con
centrations of HCO3

−/CO3
2−and PO4

3− increased, which was 
completely inhibited at an initial concentration of 400 mg/L of HCO3

−/ 
CO3

2 as CaCO3 and 100 mg/L of PO4
3−. The Rct values determined at 

different initial HCO3
−/CO3

2− (0 ~ 200 mg/L as CaCO3) and PO4
3− (0 ~ 

15 mg/L) concentrations are shown in Figure S7A and S7C respectively. 
Further, k3 and k4 were determined from the slope of the plot 1/Rct vs 
[HCO3

−/ CO3
2−] or [PO4

3−] (Figures S7B &S7D; Eqs S8 & S9, Text S4 
(c)), which were found to be 8.31 × 106 M−1 • s−1 and 5.92 × 105 M−1 •

s−1 respectively. The rate constant of HCO3
−/ CO3

2− with •OH deter
mined in this study was close to the reported value (8.5 × 106 M−1 • s−1) 
obtained in aqueous solutions (Yong and Lin, 2012). This indicates that 
the inhibitive effects on ATZ degradation exerted by HCO3

−/ CO3
2− can 

mainly be ascribed to the homogeneous pathways, such as scavenging of 
•OH. On the other hand, the inhibition rate constant of PO4

3− deter
mined here is approximately 4–30 times as high as the reported values 
(0.2~1.5 × 105 M−1 • s−1) obtained in aqueous solutions (Buxton et al., 
1988), implying that in addition to the •OH scavenging effects, in
teractions between phosphate anions and the catalysts, such as ligand 
exchange with the surface hydroxyl group of catalyst (Qi et al., 2013, 
2008), may play an even more important role here. To this end, we 
further examined the density of surface adsorbed ozone (Text S5) in the 
presence of catalysts with and without HCO3

−/ CO3
2− or PO4

3−. As 
shown in Fig. S8, while the steady-state density of surface adsorbed 
ozone remained relatively constant at different HCO3

−/ CO3
2−, the 

density of surface adsorbed ozone at steady-state decreased with the 
increase of PO4

3− concentration, suggesting some adsorptive sites could 
have been taken up by PO4

3- ions. Moreover, slower ozone decomposi
tion was observed in the presence of PO4

3− compared with those in the 

presence of HCO3
−/ CO3

2− or in the absence of both, which further 
supports the discussion above. 

3.3.3. Determination of initiation (KI2) and inhibition (KS2) rate constants 
of NOM/EfOM 

The composition, concentration, and chemistry of NOM/EfOM are 
highly variable and may differ from one water matrix to another. During 
ozonation processes, NOM/EfOM can affect the stability of O3 by 
involving in both the direct reaction with O3 and the indirect oxidation 
with •OH and act as either initiators, promoters, or inhibitor (Jothina
than and Hu, 2018; Staehelin and Hoigne, 1985; Yong and Lin, 2013, 
2012). For example, NOM/EfOM with some functional groups such as 
the electron-rich aromatic moieties and aliphatic unsaturated constitu
ents could be easily oxidized by O3 by electron transfer, accompanied by 
the formation of intermediate radical species (e.g. O3

•−) and subsequent 
generation of •OH, and thus play a role of initiator/promoter (Ji et al., 
2015; Von Sonntag and Von Gunten, 2012; Wang et al., 2019; Yong and 
Lin, 2012). On the other hand, NOM/EfOM may act as the scavenger of 
radicals, resulting in inhibitory effects. Moreover, in heterogeneous 
processes, NOM/EfOM may be adsorbed on the catalyst surface and 
occupy/block the active sites (Ikhlaq et al., 2015; Luo et al., 2015). 

Because of the complex nature and consequently inevitable over- 
simplification when represented with one model compound (e.g. 
humic acid), here we quantitatively evaluate the effects of NOM/EfOM 
in real environmental matrices. In particular, since ROC used in this 
study was generated from SE (Section 2.2) and thus the bulk organics 
should share the same characteristics but at a higher concentration, 
experiments were conducted in SW and SE with the addition of ATZ and 
an external inhibitor of tert-butanol. Eq (6) becomes Eq (12) when 
NOM/EfOM acting as both initiators and inhibitors is considered: 

[•OH]ss=

2k1[OH−]+

(

(k2)×

(
[O3 ](ads max)KI1

1+KI1 [O3 ]a

)

×(ρ×[catalyst])
)

+kI2[TOC]

k.OH/TBA[TBA]+ks2[TOC]+k3
[
HCO−

3
]
+k4

[
PO3−

4
] [O3]

(Eq.12) 

As all other parameters have been determined in previous sections, 
the rate constants associated with NOM/EfOM can be obtained by the 
reciprocal of Eq S10 (Text S4(d)) and from the slope and intercept of 
plots of 1/Rct vs k•OH/TBA [TBA] (Figure S9). It should be emphasized 
that KI2 and KS2 are dependent on the specific characteristics of NOM/ 
EfOM, which may vary for different environmental matrices and should 
be used with caution. In addition, two-stage ozone decomposition ki
netics, characterized by an initial high Rct (~20 S) followed by a low Rct 
stage, have been reported for ozonation of NOM-containing water 
(Buffle et al., 2006; Yong and Lin, 2016). Due to the limitation of the 
experimental setup here, we were unable to collect enough data during 
the rapid stage. Nonetheless, such two-stage kinetics was not obvious in 
our experiments (Figure S9) possibly because of the accelerating effect 
of catalysts/light irradiation on ozone decomposition. 

Up till now, all the rate constants and parameters of Eq (6) have been 
determined and are summarized in Table 1. Therefore, the time- 
dependent profile of the target pollutant concentration during treat
ment can be estimated using Eq. (3) where the Rct value can be calcu
lated using Eq (S4). 

3.4. Model validation 

To validate the applicability and robustness of the kinetic model 
developed above, we monitored the degradation of another model 
compound, Atenolol (ATL), during plasmon-enhanced catalytic ozona
tion, in different water matrices and under different operating and so
lution chemical conditions. The experimental data was then compared 
with the model prediction. As shown in Fig. 4 (A-C), Fig. S10 (A, B) and 
Figure S11 (A, B), Eqs 3 & S4 successfully predict ATL removal in all 
three environmental matrices, as well as under different operating 
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conditions (i.e. photon flux and catalyst dose). We further examined ATL 
removal against model predictions under different solution chemical 
conditions signifying the most important influencing chemical species in 
environmental waters. As can be seen in Fig. 4(D-F), Figure S10(C-E) and 
Figure S11(C-E), a good agreement between the model prediction and 
experimental measurements was observed within the common concen
tration range of the selected species. The coefficients of determination 
(R2) were summarized in Table S2 and a R2 >0.95 was obtained for all 
runs except those at high phosphate concentrations (50 and 100 mg/L) 
in SE and ROC, where the model tended to overestimate ATL removal. It 
is worth mentioning that phosphate has exhibited a significant inhibi
tion effect at elevated concentrations. Therefore, although applications 
in SW or SE where phosphate is usually less than 20 mg/L should be no 
issue (Vu and Wu, 2020), pre-treatment for phosphate removal may be 
needed if the catalysts are used to treat matrices that contain high levels 
of phosphate. 

While the model development and validation experiments discussed 
above were conducted at a relatively high ATL concentration (i.e. 2 mg/ 
L) for the ease and accuracy of analytical analysis, we also examined the 

treatment performance as well as the model prediction at an initial 
concentration of 10 μg/L with a low ozone dose. As shown in Fig. 5A, no 
ATL was detected (detection limit: 0.05 μg/L) after 5 min (O3/TOC 
(mass): 0.7), 10 min (O3/TOC (mass): 1.0), and 15 min (O3/TOC (mass): 
1.1) treatment for SW, SE, and ROC respectively, demonstrating the high 
treatment efficiency of plasmon-enhanced catalytic ozonation processes 
in various environmental matrices under realistic conditions. 

In addition to the potential high-energy consumption, formation of 
harmful byproducts is another concern of AOPs. In this study, we also 
monitored the formation of bromate (BrO3

−), a characteristic ozonation 
byproduct, during different treatment processes. It has been reported 
that less bromate was generated in the presence of solid catalysts (Zhang 
et al., 2011, 2008), and even less formation of bromate occurred in the 
plasmon-enhanced catalytic ozonation process in our previous tests 
conducted in tap water (Yang et al., 2021). Similar trends were observed 
in SW, SE, and ROC here, where 6.5, 10.2, and 12.1 μg/L bromate was 
detected in SW, SE, and ROC after 15 min treatment with 
plasmon-enhanced catalytic ozonation (Fig. 6). Moreover, variations of 
concentrations of the main Br-containing species were recorded in 

Table 1 
Calculated initiation rate constants of OH− (k1), 0.5wt%Ag/MnFe2O4 catalysts (k2, KI1) NOM/EfOM (kI2), and inhibition rate constants of NOM/EfOM (kS2), car
bonate/bicarbonate (k3), phosphate (k4).  

Environ. Matrices Initiation rate constants Inhibition rate constants  
k1(M−1s−1) k2 (M−1s−1) KI1(M−1) kI2(M−1s−1) kS2 (M−1s−1) k3 (M−1s−1) k4 (M−1s−1) 

SW 144.6 6.42 × 108 × I + 8.35 × 10−3 1.37 × 105 0.314 3.12 × 106 8.31 × 106 5.92 × 105 

SE 0.089 0.86 × 106 

Note: SW: surface water; SE: secondary effluent; I: photon flux (Einstein • L−1 • s−1); ρ: density of surface -OH groups (29.44 µmol/g for 0.5wt%Ag/MnFe2O4). 

Fig. 4. Comparison of the experimental results (symbol) and the model predictions (solid line) for the removal of atenolol (ATL) in all three environmental matrices 
(A), under different operating conditions [photon flux (B) and catalyst dose (C)], and under different solution chemical conditions [pH (D), CO3

2− /HCO3
− (E), and 

PO4
3− (F)] during plasmon-enhanced catalytic ozonation [Experimental conditions: Initial ATL concentration: 2 mg/L; O3/TOC_matrx (mass) = 0.85; working so

lution: 150 mL; photon flux (except B): 6.4 × 10−10 Einstein • L−1 • s−1, catalyst dose (except C): 1.3 g/L; Results shown in B, C, D, E, F were obtained in SE]. 
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different water matrices (Fig. 5(B–D)). Results suggest that three major 
bromine-containing species, i.e. Br-, HOBr/OBr-, and BrO3

−, are present. 
Mass balance analysis on total Br content indicates minimum formation 
of bromated organic byproducts. While investigation of bromate for
mation and inhibition mechanism of this novel catalytic ozonation 
process is out of the scope of this study and is part of our ongoing 
research, it may be speculated that fast ozone decomposition and 
enhanced redox reactions on the catalyst surface are possibly respon
sible for the inhibition of bromate formation in the presence of catalysts 
and light irradiation. Nonetheless, the high removal efficiency and low 
byproduct formation demonstrates the great potential of 
plasmon-enhanced catalytic ozonation processes for water/wastewater 
treatment. 

3.5. Estimation of energy consumption 

Electrical energy per order (EEO, kWh/m3), defined as the electrical 
energy required to degrade the contaminant by one order magnitude in 
m3 of treated water, is a commonly used figure-of-merit to characterize 
the energy consumption of AOPs (Bolton et al., 2001): 

EEO =
P × t × 1000

V × log
(

[C0 ]

[Ct ]

) (Eq. 13) 

Where P is the electrical energy input into the reactor, kW; t is the 
treatment time, h; V is the working solution volume, L; [C]0 and [C]t are 
the initial concentration and the final concentration of the target 

Fig. 5. Comparison of the experimental results (symbol) and the model predictions (solid line) for the removal of μg/L level atenolol (ATL) during plasmon-enhanced 
catalytic ozonation (A); Concentration profiles of Br species and the corresponding bromine mass balance during plasmon-enhanced catalytic ozonation in SW (B), SE 
(C), and ROC (D) [Experimental conditions: Initial ATL concentration: 10 μg/L; O3/TOC (mass) = 0.69 (SW, 5 min), 0.98 (SE, 10 min); 1.12 (ROC, 15 min), working 
solution: 150 mL; catalyst dose: 1.3 g/L; light source: LEDs; photon flux 6.4 × 10−10 Einstein • L−1 

• s−1]. 

Fig. 6. Concentration profiles of BrO3
− during ozonation, catalytic ozonation, and plasmon-enhanced catalytic ozonation in different environmental matrices: SW 

(A), SE (B), and ROC (C) [Experimental conditions: Initial ATL concentration: 10 μg/L; O3/TOC (mass) = 1.1; working solution: 150 mL; catalyst dose: 1.3 g/L; light 
source: LEDs; photon flux (when irradiated): 6.4 × 10−10 Einstein • L−1• s−1]. 
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compound, respectively, mg/L. 
When degradation of the target contaminant can be described with 

first-order kinetics with a reaction rate constant of k (Figure S12), Eq 
(13) can be written as: 

EEO =
P × 1000

V × 0.4343 × k
(Eq. 14) 

For the plasmon-enhanced catalytic ozonation process, both ozone 
generation (EEO-ozone, kWh/m3) and light irradiation (EEO-LED, kWh/m3) 
involve energy consumption. The electrical energy for ozone generation 
has been reported to be ~15 kWh/kg (Rosenfeldt et al., 2006; USEPA, 
1999), which, together with ozone dose, can be used to calculate 
EEO-ozone. EEO-LED can be estimated based on the photon flux and the 
plug-efficiency of LEDs. Here we have estimated EEO of 
plasmon-enhanced catalytic ozonation processes under the treatment 
conditions of ATL shown in Fig. 5A, which is found to be 0.011 kwh/m3, 
0.031 kwh/m3, and 0.086 kwh/m3 for SW, SE, and ROC, respectively 
(Text S6, Table S3). In addition, EEO of different AOPs reported in the 
literature for the abatement of micropollutants in environmental 
matrices is also summarized in Table S3. While it is difficult to direct 
compare the results of different studies due to the huge difference in 
experimental setup and conditions, and characteristics of the model 
pollutants as well as the environmental matrices, it can be seen that the 
energy consumption of plasmon-enhanced catalytic ozonation was 
much lower than most of other AOPs. 

4. Conclusion 

This study evaluated the performance of a novel AOP, plasmon- 
enhanced catalytic ozonation process, for the degradation of represen
tative micropollutants in different environmental matrices including 
surface water (SW), secondary effluent (SE) and RO concentrate (ROC). 
A kinetic model combining the Rct concept and expressions of steady 
state •OH concentrations has been successfully developed to describe 
and predict the time-dependent degradation profile of target pollutants 
under the influence of solution chemistry and operating conditions. Both 
bulk organic contents (NOM/EfOM) and some inorganic species 
commonly present in environmental waters (i.e. HCO3

−/CO3
2− and 

PO4
3−) affected the treatment performance. In particular, while HCO3

−/ 
CO3

2− mainly inhibits the target compound abatement via the homo
geneous pathways such as scavenging of •OH, interactions between 
PO4

3- and the catalysts, such as ligand exchange with the surface hy
droxyl group of the catalyst which serve as the reactive sites for 
adsorptive ozone decomposition, play an important role in the inhibitive 
effects exerted by PO4

3−. Tests under environmentally relevant and 
realistic treatment conditions demonstrated high treatment efficiencies 
with low byproduct (e.g. bromate) formation (6.5–12.1 μg/L) and low 
energy consumption (EEO 0.011–0.086 kWh/m3) for different matrices, 
underlining the great potential of plasmon-enhanced catalytic ozonation 
as an innovative AOP for advanced water/wastewater treatment. 
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