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The degradation of atrazine (ATZ), sulfamethoxazole (SMX) and metoprolol (MET) in flow-
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and reactor internal diameter (ID). Results showed that the micropollutants were degraded
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efficiently in the flow-through VUV/UV/H2 O2 reactors following the pseudo first-order kinetics (R2 > 0.92). However, the steady-state assumption (SSA) kinetic model being vital
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in batch reactors was found invalid in flow-through reactors where fluid mixing was less
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sufficient. With the increase of H2 O2 dosage, the ATZ removal efficiency remained almost
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constant while the SMX and MET removal was enhanced to different extents, which could
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be explained by the different reactivities of the pollutants towards HO• . A larger reactor ID

H2 O2 dosage

resulted in lower degradation rate constants for all the three pollutants on account of the

Reactor internal diameter

lower average fluence rate, but the change in energy efficiency was much more complicated.
In reality, the electrical energy per order (EEO ) of the investigated VUV/UV/H2 O2 treatments
ranged between 0.14–0.20, 0.07–0.14 and 0.09–0.26 kWh/m3 /order for ATZ, SMX and MET, respectively, with the lowest EEO for each pollutant obtained under varied H2 O2 dosages and
reactor IDs. This study has demonstrated the efficiency of VUV/UV/H2 O2 process for micropollutant removal and the inadequacy of the SSA model in flow-through reactors, and
elaborated the influential mechanisms of H2 O2 dosage and reactor ID on the reactor performances.
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Introduction
The extensive occurrence of organic micropollutants in
aquatic environment has raised worldwide concern because
of their adverse effects on human health and aquatic ecosystem (Yan and Song, 2014). Most of the micropollutants, including pesticides, pharmaceutical and personal care products,
are only partly removed in water and wastewater treatment
plants due to their resistance to common physical and biological processes and demand advanced treatments (Kim et al.,
2007).
UV-based advanced oxidation processes (UV-AOPs) constitute promising technologies for effective micropollutant removal from water (Gao et al., 2020; Guo et al., 2018; Kwon et al.,
2020; Yang et al., 2017). Highly reactive radicals such as HO• ,
SO4 •− and Cl• can be produced by UV photolysis of H2 O2 ,
persulfate and chlorine at a wavelength of 254 nm. Despite
the fact that persulfate and chlorine have higher radical production rates than H2 O2 due to their higher molar absorption coefficients and quantum yields (Miklos et al., 2019),
UV/persulfate (Lutze et al., 2014) and UV/chlorine (Yang et al.,
2016) processes normally generate undesired by-products that
require additional management. Besides, the reactivities of
SO4 •− and Cl• towards micropollutants are kind of selective.
As a result, UV/H2 O2 is still the most frequently applied UVAOPs at both laboratory and field scale for its low by-product
formation potential and involvement of only HO• .
An alternative option for UV-AOP efficiency improvement
is to use vacuum-UV/UV (VUV/UV) lamp, which is able to
emit radiation at both 185 and 254 nm when enclosed by a
synthetic quartz sleeve of high purity Zoschke et al., 2014).
Comparing with UV/H2 O2 process, extra HO• is produced by
VUV (i.e., 185 nm) photolysis of water molecules, as shown in
Eqs. (1) and ((2). Therefore, the combination of VUV/UV and
UV/H2 O2 processes (i.e., VUV/UV/H2 O2 process) has a great potential for the efficient treatment of micropollutant contaminated water (Arany et al., 2013; Zhu et al., 2019), especially in
small-scale water supply systems (e.g., drinking water treatment in rural areas) (Yang et al., 2018).
H2 O+hv185 → HO• + H•

•

−

(1)

+

H2 O+hv185 → HO + e +H

(2)

By far, researches on VUV/UV processes were mostly conducted in batch reactors or under batch mode where the solution was completely mixed (Bagheri and Mohseni, 2015b;
Duca et al., 2017; Zhang et al., 2020; Zhu et al., 2019). However, practical UV-AOP treatments proceed commonly in flowthrough reactors. Considering the fact that VUV radiation is
highly inhomogeneous because of the very high absorption
coefficient of water at 185 nm, the generated HO• will be
limited to a thin film (Imoberdorf and Mohseni, 2012). Consequently, the pollutant removal efficiency in flow-through
VUV/UV/H2 O2 reactors may differ from those in batch reactors and needs further exploration (Mouamfon et al., 2011).
Among them, the applicability of the steady-state assumption
(SSA) kinetic model which is vital in batch reactors for micropollutant removal prediction (Crittenden et al., 1999; Fang et al.,
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2014; Xie et al., 2015; Zhang et al., 2018) should be re-evaluated
in flow-through reactors since the premise that radicals being
at steady-state and completely mixed is hard to fulfill there.
Increasing H2 O2 dosage may have varied impacts on pollutant removal efficiency in VUV/UV/H2 O2 reactors as implicated by studies treating different pollutants (Imoberdorf and
Mohseni, 2011; Moussavi et al., 2018; Sun et al., 2019). The HO•
concentration generated by UV photolysis of H2 O2 increased
with increasing H2 O2 dosage and enhanced metoprolol removal (Gao et al., 2020). At the same time, H2 O2 was found to
exhibited inhibition effect in VUV/UV/H2 O2 processes treating sulfamethazine which was ascribed to the increased HO•
scavenging by H2 O2 (Li et al., 2019). Herein, a comprehensive
evaluation of the effect of H2 O2 dosage on pollutant removal
in practical VUV/UV/H2 O2 reactors is in demand. Another important parameter affecting the VUV/UV/H2 O2 performance
is the reactor internal diameter (ID). On the one hand, an increase of reactor ID could induce a higher absorbance of UV
photons by the solution and raise pollutant removal efficiency
(Bagheri and Mohseni, 2015b; Li et al., 2019). On the other hand,
the less homogeneous distributions of HO• and pollutant with
increasing reactor ID may impair the pollutant removal efficiency. So far, the influence of reactor ID on flow-through
VUV/UV/H2 O2 reactor performance has been rarely investigated.
The objective of this work was to explore the performances
of flow-through VUV/UV/H2 O2 reactors for the removal of several micropollutants of concern. This included developing a
SSA model for the VUV/UV/H2 O2 process and evaluating its
applicability in flow-through reactors, analyzing pollutant removal efficiencies and economic costs of the reactors under
various H2 O2 dosages and reactor IDs. Three frequently detected micropollutants, namely atrazine (ATZ), sulfamethoxazole (SMX) and metoprolol (MET), were selected as the target
pollutants because of their varied categories and reactivities
with HO• and upon UV radiation. With this research, better
understanding and application of the VUV/UV/H2 O2 process
were expected.

1.

Materials and methods

1.1.

Chemical reagents

H2 O2 solution (30%, W/W) was purchased from Sinopharm
Chemical Reagent Co. Ltd. (China), and titanium(IV) oxysulfate (TiOSO4 , 15%, W/W) was from Fluka (Switzerland).
Atrazine and sulfamethoxazole were obtained from TCI
(Japan), while metoprolol, acetonitrile and methanol (HPLC
grade) were purchased from Sigma-Aldrich, Inc. (USA). Milli-Q
water (18.2 M in resistivity) was produced by a Milli-Q system
(Advantage A10, Millipore, USA). ATZ is a widely utilized pesticide and SMX is a traditional antibiotic while MET is a typical
β blocker. Their basic physicochemical properties are listed in
Appendix A Table S1.

1.2.

Experimental system and procedure

Degradation of the target pollutants by VUV/UV/H2 O2 process was conducted individually in annular reactors operat-
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Table 1 – Principal chemical reactions and parameters
involved in atrazine (ATZ), sulfamethoxazole (SMX) and
metoprolol (MET) degradation by VUV/UV/H2 O2 process.
Reactions

Parameters
•

H2 O2 +hv254 → 2HO
H2 O+hv185 → HO• +H•
ATZ+hv254 → product(s)
SMX+hv254 → product(s)
MET+hv254 → product(s)
H2 O2 +HO• → HO2 •− +H2 O
ATZ + HO• → product(s)
SMX + HO• → product(s)
MET + HO• → product(s)

Fig. 1 – Schematic diagram of the flow-through
VUV/UV/H2 O2 reactor. The employed reactor internal
diameters (IDs) included 35, 50 and 80 mm (noted as D35,
D50 and D80, respectively).

sure time and UV fluence could be obtained. For a UV reactor
treating solution of high UV transmittance (UVT > 90%), its average fluence rate (Eavg , mW/cm2 ) and fluence (Favg , mJ/cm2 )
at 254 nm could be calculated according to Eqs. (3) and (4):
Eavg =

ing under flow-through mode, as shown in Fig. 1. The employed reactor IDs included 35, 50 and 80 mm (denoted as
D35, D50 and D80 respectively), which were comparable to
the reactor IDs used in most previous studies (Bagheri et al.,
2017; Li et al., 2018; Visentin et al., 2019). The reactors had a
length of 500 mm and volumes (V) of 418, 950 and 2500 mL,
respectively. The adopted lamp was a 21 W low-pressure mercury VUV/UV lamp (GCL436T5VH/4, Light Sources Inc., USA),
which had an arc length of 356 mm and an output power (at
254 nm) of 6.5 W. The lamp was enclosed by a high-purity
synthetic quartz sleeve with an external diameter of 20.5 mm
and was longitudinally placed at the axial center of the reactors. Photon flux of UV (q0 ) from the lamp was determined by
100 mmol/L H2 O2 actinometer to be 1.71 × 10−5 Einstein/sec,
and path lengths (b) of the D35, D50 and D80 reactors were determined by 2 μmol/L ATZ actinometer (Zhou et al., 2019) to
be 0.67, 1.33 and 2.29 cm, respectively.
Reaction solution containing a target pollutant and a preset concentration of H2 O2 was injected into each reactor by
a peristaltic pump via the inlet located at the bottom. Initial
concentrations of the pollutants were all set at 2.5 μmol/L and
the investigated H2 O2 dosages were 0, 0.05, 0.1 and 0.2 mmol/L.
The solution temperature was maintained at 22±1 °C in the
water tank and stayed almost the same after flowing through
the VUV/UV/H2 O2 reactors. The VUV/UV lamp was turned on
15 min before the peristaltic pump was started to ensure a
stable lamp output in each operation. The mixed solution was
pumped into the reactors and samples were taken after 5
hydraulic residence time to ensure that measurements represent steady conditions. Sole UV treatments were also proceeded with a single-wavelength UV lamp (GCL436T5L/4, Light
Sources Inc., USA) as control to calculate the contribution of
UV photolysis in the VUV/UV/H2 O2 process. All experiments
were performed at least twice.
Samples were collected from the outlet of the reactors under various flow rates (1.8–13.8 L/min) so that a range of expo-

Ф1 = 0.5, ɛ1 = 18.7 L/mol/cm
Ф2 = 0.33, ɛ2 = 0.032 L/mol/cm
Ф3 = 0.048, ɛ3 = 3397 L/mol/cm
Ф4 = 0.084, ɛ4 = 13,000 L/mol/cm
Ф5 = 0.005, ɛ5 = 560 L/mol/cm
k1 = 2.7 × 107 L/mol/sec
k2 = 2.3 × 109 L/mol/sec
k3 = 6.3 × 109 L/mol/sec
k4 = 8.4 × 109 L/mol/sec

q0 b
U254
V

Favg = Eavg t

(3)

(4)

where V (L) is the reactor volume, U254 (= 471,528 J/Einstein)
is the molar photon energy at 254 nm, t (sec) is the exposure
time that equals the hydraulic retention time. The Eavg of the
D35, D50 and D80 reactors were determined to be 12.9, 11.3 and
7.4 mW/cm2 , respectively. Based on removal rates obtained
under various exposure time, removal kinetics of target pollutants in flow-through reactors were analyzed.

1.3.

Analytical methods

ATZ, SMX and MET concentrations were determined using
high performance liquid chromatography (1200 series, Agilent, USA) with a symmetry C18 column (150 nm × 2.1 nm,
3 μm, Agilent, USA) and a diode array detector at wavelengths of 234, 265 and 222 nm, respectively. The mobile
phases used were accordingly acetonitrile/ultrapure water
with 0.2% formic acid (85:15, V/V), methanol/ultrapure water
(40:60, V/V) and methanol/ultrapure water with 0.2% phosphoric acid (60:40, V/V). ATZ and SMX were measured with a
sample volume of 50 μL at a flow rate of 0.8 mL/min while
MET was measured with 100 μL at 1.0 mL/min, and the column temperature was all held constant at 40 °C. H2 O2 concentration was determined by UV–visible spectrophotometer
(DR6000, Hach, USA) at 410 nm with the addition of TiOSO4
(Klamerth et al., 2012).

1.4.

Kinetic model

The main chemical reactions and parameters involved in
degradation of ATZ, SMX and MET in VUV/UV/H2 O2 process are listed in Table 1. The absorbance of water at
185 nm is determined to be 1.8 cm−1 (with a concentration of 55.5 mol/L and a molar absorbance coefficient of
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0.032 L/mol/cm) Imoberdorf and Mohseni, 2012). Thus, it is expected that 90% of the VUV photons are absorbed by water
within a very thin layer of 5.5 mm, and the VUV photolysis of
the target pollutants should be negligible (Zoschke et al., 2014).
Although other oxygenated species (e.g., O2 •− ) are also generated during VUV/UV/H2 O2 process, their contribution to pollutant degradation is not considered due to their weak oxidizing ability towards pollutants (Yang et al., 2018; Zoschke et al.,
2014). Therefore, the SSA model for VUV/UV/H2 O2 process was
developed by assuming that the target pollutants were degraded via UV photolysis and oxidation by HO• . The UV photolysis rate of pollutant (rd , mol/L/sec), production rate of HO•
via UV (rU , mol/L/sec), production rate of HO• via VUV (rV ,
mol/L/sec) and consumption rate of HO• (rC , mol/L/sec) were
calculated according to Eqs. (5)–((8):
rd =

C q0 f1 (1 − 10−A )
V

(5)

rU =

21 q0 f2 (1 − 10−A )
V

(6)

rV =

2 q0
V

(7)

rC = k1 [H2 O2 ][HO• ] + kC [C][HO• ]

(8)

where q’0 (Einstein/L) is the photon flux of VUV, which was
reported to be 4.3%–6.0% of q0 Bagheri and Mohseni, 2014;
Chen et al., 2019; Xie et al., 2018; Zhang et al., 2020) and a value
5% was adopted here. C and 1 (mol/Einstein) are quantum
yields of pollutant and H2 O2 at 254 nm photolysis respectively.
A is the solution absorbance at 254 nm, and f1 and f2 are the
fractions of UV absorbed by pollutant and H2 O2 respectively.
k1 and kC (L/mol/sec) are the second-order rate constants of
HO• reacting with H2 O2 and pollutant respectively, and [C],
[H2 O2 ] and [HO• ] (mol/L) are the concentrations of pollutant,
H2 O2 and HO• . Among them, A, f1 and f2 were calculated by
Eqs. (9)–((11):
A = [C]εC b+[H2 O2 ]ε1 b

(9)

f1 =

[C]εC b
A

(10)

f2 =

[H2 O2 ]ε 1 b
A

(11)

where ɛC (L/mol/cm) and ɛ1 (L/mol/cm) are molar absorbance
coefficients of pollutant and H2 O2 at 254 nm respectively. For
a solution of high UVT (> 90%), rd and rU can be simplified as
Eqs. (12) and (13) show:
rd ≈

ln(10)C q0 εC b
[C]
V

(12)

rU ≈

2 ln(10)1 q0 ε1 b
[H2 O2 ]
V

(13)

According to the steady-state assumptions, the production
rate of HO• equals to its consumption rate, the steady-state
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HO• concentration ([HO• ]ss , mol/L) can therefore be calculated
based on Eqs. (6)–(8), as shown in Eq. (14):
[HO• ]ss =

2 q0 + 21 q0 f2 (1 − 10−A )
(kC [C] + k1 [H2 O2 ])V

(14)

The total degradation rate of the pollutant (r, mol/L/sec)
was expressed as Eq. (15):
r = rd + kC [C][HO• ]ss = kobs [C]

(15)

where kobs (sec−1 ) is the degradation rate constant of the pollutant.
To assess the accuracy of the SSA model, relative deviation
(RD,%) of the calculated rate constant (kcal , sec−1 ) was adopted
and calculated by Eq. (16):
RD =

(kcal − kobs )
× 100%
kobs

1.5.

(16)

EEO calculation

To enable comparison between various AOPs and alternative treatment processes concerning their operational costs,
Bolton et al. (2001) proposed the concept of electrical energy
per order (EEO , kWh/m3 /order) for electrical-driven AOPs. By
definition, EEO (kWh) is the electrical energy required to degrade a pollutant by one order of magnitude in 1 m3 of contaminated water. It is expressed as Eq. (17):
EEO =

1, 000WL
3, 600 × 0.4343Vkobs

(17)

where WL (kW) is the input electrical energy of lamp. It is
noted that the chemical (i.e., H2 O2 ) cost was not considered
in total cost evaluation here, because it was negligible comparing with the energy consumption by the lamp.

2.

Results and discussion

2.1.

Applicability of the SSA model

The SSA model in this study was developed on the basis of
our previous SSA model for UV/H2 O2 process and the reported
SSA models in batch VUV/UV reactor (Xie et al., 2018) and
mini-fluidic VUV/UV/H2 O2 system (Li et al., 2019). All those
works were in favor of the reliability of the SSA model. Specifically, our previous study (Zhan et al., 2021) in flow-through
UV/H2 O2 reactors found that the SSA model fit well with experimental results with the relative deviation less than 20%.
Nonetheless, results here show that there was obvious inaccuracy of the SSA model in predicting pollutant removal in flowthrough VUV/UV/H2 O2 reactors. As shown in Fig. 2a, when no
H2 O2 was added, the SSA model overestimated ATZ degradation to a great extent with relative deviations in D35, D50 and
D80 reactors being 77.5%, 103.7% and 54.3% respectively. At a
H2 O2 dosage of 0.2 mmol/L, the relative deviations were 4.2%,
−29.3% and −14.2%, of which the negative values indicated an
underestimation by the SSA model. Similarly, the SSA model
had a significant overestimation of SMX and MET degradation
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unreacted and wasted, for instance, the occurrence of HO•
recombination (Eq. (18)) could result in less radicals being
available for pollutant removal (Bagheri and Mohseni, 2015a).
Therefore, the actual available HO• concentration was lower
than the theoretical value because of the insufficient mixing,
resulting in the overestimation of the pollutant removal by the
SSA model. This is especially true when little or no H2 O2 was
added. In fact, a introduction of mixing and circulation zones
by adding central baffles in an annular VUV/UV reactor led to
about 65% improvement in para-chlorobenzoic acid removal
(Bagheri and Mohseni, 2015a). On the other hand, both the
pollutant and H2 O2 concentration would decline with ongoing degradation, resulting in a decreased radical consumption
along the flow that was not accounted for by the SSA model.
This phenomenon became predominant in D50 and D80 reactors with H2 O2 dosage of 0.2 mmol/L, thus the corresponding
pollutant degradation was slightly underestimated by the SSA
model.
HO• + HO• → H2 O2

(18)
•

Fig. 2 – Comparison of experimental and modeled
degradation rate constants of (a) ATZ, (b) SMX and (c) MET
at various H2 O2 dosages in flow-through VUV/UV/H2 O2
reactors with IDs of D35, D50 and D80. The steady-state
assumption (SSA) model was employed here.

in the three reactors with no H2 O2 addition, while approached
and fell below experimental results in D50 and D80 reactors
when H2 O2 dosage increased to 0.2 mmol/L (Figs. 2b and c).
The predicted trend of H2 O2 dosage impact on pollutant
degradation by the SSA model also largely differed from experimental results. According to the model, H2 O2 inhibited the
degradation of all the three target pollutants in D50 and D80
reactors, while in D35 reactor the impact varied with pollutants: the ATZ degradation was suppressed continuously by
the increased H2 O2 dosage, yet the SMX degradation was not
significantly influenced and the MET degradation was slightly
enhanced (Fig. 2). Based on the experimental results, however,
the degradation of SMX and MET was promoted continuously
with the H2 O2 addition but the ATZ degradation was not significantly affected despite reactor IDs.
The previous finding that SSA model can be applied in flowthrough UV/H2 O2 reactors (Zhan et al., 2021) indicates that the
calculated UV photolysis of pollutant and HO• production via
UV in the VUV/UV/H2 O2 reactors are expected to be consistent
with the observed ones. Thus, the discrepancy between modeled and experimental results could mostly be attributed to
the miscalculation of HO• production via VUV. The VUV produced HO• was densely concentrated near the sleeve because
of the high absorbance of water (Bagheri and Mohseni, 2014;
Zoschke et al., 2014). Considering the practical flow pattern
in flow-through reactors, some amount of HO• would remain

At the same time, the calculated VUV produced HO concentration was so high (at a level of 1 × 10−10 mol/L) that
in most cases, an addition of H2 O2 into the system would
result in a lower radical concentration since the amount of
HO• quenched by H2 O2 was greater than that generated from
UV photolysis of H2 O2 . In contrast, the experimentally measured HO• concentrations in UV/H2 O2 systems were usually
no more than 1 × 10−12 mol/L (Guo et al., 2018; Lian et al.,
2017), at which level increasing H2 O2 dosage would lead to an
enhanced pollutant removal efficiency. The actual HO• concentration in the VUV/UV/H2 O2 reactors should be more close
to the latter, thus the pollutant degradation were largely promoted with H2 O2 addition. In summary, it is inadequate to apply the SSA model to a flow-through VUV/UV/H2 O2 reactor.
This is the first conclusion in this regard, implying that the
results and findings obtained from batch reactors should not
be transferred directly to practical flow-through reactors. Another implication is that the insufficient solution mixing acts
as an important retardant of the pollutant removal in flowthrough VUV/UV/H2 O2 reactors.

2.2.

Effect of H2 O2 dosage

Fig. 3 presents the degradation of ATZ, SMX and MET in
the flow-through VUV/UV/H2 O2 reactors with various H2 O2
dosages. Degradation of the three target pollutants basically
followed the pseudo first-order kinetics (R2 > 0.92) and the fitted rate constants (kobs ) were summarized in Appendix A Table S2. Overall, the VUV/UV/H2 O2 process was efficient in micropollutant removal with the highest kobs for ATZ, SMX and
MET being 0.22, 0.28 and 0.27 sec−1 respectively. The degradation of MET by UV alone was negligible, while that of SMX
was remarkable as the rate constant reached 0.06 sec−1 in D35
reactor. Comparatively, ATZ had a moderate UV photolysis of
0.01 sec −1 and it increased to 0.16 sec−1 when the UV lamp
was replaced by the VUV/UV lamp. Nonetheless, a slight or
no improvement with H2 O2 addition was observed as the kobs
values in D35 reactor were 0.19, 0.22, 0.20 sec−1 with 0.05, 0.1
and 0.2 mmol/L H2 O2 respectively (Fig. 3a). Significance analysis showed that there was no statistically difference among
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Fig. 3 – Effect of H2 O2 dosage on degradation of (a) ATZ, (b) SMX and (c) MET in flow-through VUV/UV/H2 O2 reactors with IDs
of (1) D35, (2) D50 and (3) D80.

the kobs at varied H2 O2 dosages. As for SMX and MET, there
was a positive correlation between the kobs and H2 O2 dosage
in all the reactors, and the correlation in the latter was more
pronounced (Fig. 3b and c). The kobs of SMX in D35 reactor increased from 0.23 sec −1 with no H2 O2 addition to 0.28 sec −1 at
a H2 O2 dosage of 0.2 mmol/L and MET from 0.18 to 0.27 sec−1 ,
corresponding to 19.2% and 50.0% of increments respectively.
The UV photolysis rate of pollutant (rd ) and the HO• production rate via VUV (rV ) were both irrelevant to H2 O2 according to Eqs. (12) and (7), while the HO• production rate
via UV (rU ) was linearly related with H2 O2 addition regardless
of the pollutants (Eq. (13)) and identical rU changes were expectable for ATZ, SMX and MET degradation (Fig. 4). Therefore,
the total HO• production rates (rU + rV ) were similar among
the pollutants at a constant H2 O2 dosage, and the different
degradation behaviors with increased H2 O2 dosage should be
mainly attributed to the varied increment proportions of the
HO• consumption rate (rC ) (Eq. (8)). As shown in Fig. 4, the
theoretical rC for ATZ degradation with 0.2 mmol/L H2 O2 in
D35 reactor was 2.1 times as large as that with no H2 O2 addition, while those were 1.34 and 1.25 times for SMX and
MET degradation respectively. Since the rC was just composed
of the consumptions by H2 O2 and pollutant in this circumstance (Eq. (8)), the HO• consumption by the pollutant became the sole determinant factor to their varied increment
proportions. A smaller rate constant of the pollutant with HO•
would make the rC increment more susceptible to H2 O2 addition and offset the increased HO• production, which was
the case of ATZ. In reality, the rate constant of ATZ with
HO• is comparatively low (2.3 × 109 L/mol/sec) while that of
SMX is high (6.3 × 109 L/mol/sec) and even higher for MET
(8.4 × 109 L/mol/sec) (Appendix A Table S1). Hence, the reactivities of the pollutants towards HO• were responsible for

Fig. 4 – Theoretical HO• production rates via UV and HO•
consumption rates of (a) ATZ, (b) SMX and (c) MET
degradation in the D35 flow-through VUV/UV/H2 O2 reactor.
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Fig. 5 – Contributions of UV photolysis and HO• oxidation
to the total ATZ degradation rate constants in flow-through
VUV/UV/H2 O2 reactors with IDs of D35, D50 and D80 at
H2 O2 dosages of (a) 0, (b) 0.05, (c) 0.1 and (d) 0.2 mmol/L.

their varied degradation behaviors by VUV/UV/H2 O2 process
with increased H2 O2 dosage. Similar changes in pollutant removal efficiency could be found in D50 and D80 reactors (Appendix A Figs. S1 and S2) and the influential mechanism was
the same.
The above results regarding effect of H2 O2 dosage on pollutant removal have been partly presented by separate studies. For instance, Sun et al. (2019) found that in VUV/UV/H2 O2
process increasing the H2 O2 addition had a limited enhancement on the degradation of ofloxacin which had a moderate reactivity towards HO• (4.2 × 109 L/mol/sec). While in
the work with bisphenol A of a high reactivity towards HO•
(8.8 × 109 L/mol/sec), addition of H2 O2 to the VUV/UV/H2 O2
reactor significantly improved its degradation (Moussavi et al.,
2018). The results and findings here add to our understanding of the optimal oxidant dosage for UV-AOPs from an aspect
of pollutant reactivity with radicals, which demands a careful examination in scenarios of a low background radical consumption.

2.3.

Fig. 6 – Contributions of UV photolysis and HO• oxidation
to the total SMX degradation rate constants in flow-through
VUV/UV/H2 O2 reactors with IDs of D35, D50 and D80 at
H2 O2 dosages of (a) 0, (b) 0.05, (c) 0.1 and (d) 0.2 mmol/L.

Fig. 7 – Contribution of HO• oxidation to the total MET
degradation rate constants in flow-through VUV/UV/H2 O2
reactors with IDs of D35, D50 and D80 at H2 O2 dosages of
(a) 0, (b) 0.05, (c) 0.1 and (d) 0.2 mmol/L.

Effect of reactor internal diameter

The impact of reactor ID (i.e., D35, D50 and D80) was evaluated
by comparing both the degradation rate constants and the relative contributions of UV photolysis and HO• oxidation in the
flow-through VUV/UV/H2 O2 reactors, as shown in Figs. 5–7.
The contribution of HO• oxidation was calculated by deducting the UV photolysis rate (rd ) from the total pollutant degradation rate (r) Eq. (15)). It is found that the kobs values in D50
and D80 reactors were evidently smaller than those in D35 reactor. For instance, the kobs of ATZ was lowered by 47.5% and
82.2% respectively in D50 and D80 reactors comparing to that
in D35 reactor with 0.2 mmol/L H2 O2 (Fig. 5d). As to SMX and
MET, similar decreases of the kobs were observed, with 44.8%
and 70.5% decrements for SMX degradation (Fig. 6d) and 47.2%
and 77.3% decrements for MET degradation (Fig. 7d). This indicates that employing a VUV/UV/H2 O2 reactor with a larger
ID would result in obviously lower pollutant degradation rate.
The underlying cause was the decreased average fluence rate

(Eavg ) with the increased reactor volume (Eq. (3)) which affected both the direct photolysis of the pollutant and the radical generation (Eqs. (12) and ((13)).
Moreover, at a constant H2 O2 dosage, the relative contribution of HO• oxidation to every pollutant degradation was
found highest in D35 reactor, followed by D50 and D80 reactors. For instance, it decreased from 93.6% to 90.4% and 79.2%
as the reactor ID increased from 35 mm to 50 mm and 80 mm
for ATZ degradation with 0.2 mmol/L H2 O2 (Fig. 5d). This could
mostly be ascribed to the descending available HO• concentrations in the three reactors. The amount of HO• produced by
VUV in each reactor is identical in theory, yet the rV decreases
as the reactor ID increases (Eq. (7)), so is the Eavg that determines the rU (Eq. (13)). Therefore, the total HO• concentration
in D35 reactor is technically the largest among the three reactors, and the smallest volume makes the radicals being much
more available. The relative contribution of UV photolysis to
SMX degradation increased with the reactor ID. Specifically, it
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made up 23.6%, 32.8% and 60.9% of the SMX degradation respectively in D35, D50 and D80 reactors with no H2 O2 addition
(Fig. 6a). In contrast, it remained negligible regardless of the
reactor ID for MET (Fig. 7a) while varied from 7.8% to 20.0%
for ATZ (Fig. 5a). This is in consistent with the respective reactivities of the pollutants upon UV radiation (Appendix A Table
S1) and reflects the changes in UV photon absorption and HO•
production with reactor ID.
It should be noted that although the degradation rate constants of the target pollutants decreased with the increased
reactor ID, the exposure time was extended concurrently. The
pollutant removal efficiency of a flow-through reactor is assessed with the pollutant concentrations at the reactor inlet
and outlet, thus the extended reaction time of a larger reactor is kind of advantageous when the reactor manufacturing
cost difference is insignificant. Hence, a more comprehensive
parameter (e.g., the specific energy consumption) rather than
the pollutant degradation rate constant should be adopted for
the evaluation of the flow-through VUV/UV/H2 O2 reactor performances.

2.4.

Specific energy consumption

As shown in Fig. 8, the EEO values of ATZ, SMX and MET degradation in the flow-through VUV/UV/H2 O2 reactors were within
0.14–0.20, 0.07–0.14, 0.09–0.26 kWh/m3 /order, respectively. EEO
values lower than 2.5 kWh/m3 /order are considered suitable
for practical applications (Zoschke et al., 2014). Specifically,
EEO values ranged from 0.27 to 1.52 kWh/m3 /order had been
reported for pesticides removal in a pilot-scale VUV/UV treatment system (Yang et al., 2018), and a review on the EEO of
UV/H2 O2 process found a median value of 0.75 kWh/m3 /order
based on 149 data points (Miklos et al., 2018). Consequently,
the VUV/UV/H2 O2 process has a good application potential for
micropollutant removal.
Both H2 O2 dosage and reactor ID had insignificant impacts
on the EEO of ATZ degradation. For example, the EEO values
were 0.20, 0.17, 0.15 and 0.16 kWh/m3 /order in D35 reactor at
H2 O2 dosages of 0, 0.05, 0.1 and 0.2 mmol/L respectively, and
were 0.20 and 0.15 kWh/m3 /order for D50 and D80 reactors
with no H2 O2 addition (Fig. 8a). By contrast, a monotonic decrease of the EEO of SMX degradation was found with increasing H2 O2 dosage and reactor ID, thus the lowest EEO , which was
0.07 kWh/m3 /order, emerged in D80 reactor with 0.2 mmol/L
H2 O2 (Fig. 8b). As for MET degradation, higher H2 O2 dosage led
to lower EEO values while the impact of reactor ID varied with
H2 O2 dosage. When little or no H2 O2 was added (i.e., 0 and
0.05 mmol/L), the EEO was lower in D35 reactor, yet the lowest EEO of 0.09 kWh/m3 /order was found in D80 reactor with
0.2 mmol/L H2 O2 (Fig. 8c).
The disparate preferable reactor IDs for MET degradation
with different H2 O2 dosages could be ascribed to, in the first
place, the negligible photolysis of MET under UV radiation.
The D35 reactor was beneficial for pollutant degradation by
the HO• produced via VUV, the primary mechanism at low
H2 O2 dosages, due to the maximum available HO• concentration in a compact volume (Bagheri and Mohseni, 2015b).
Furthermore, the HO• produced via UV photolysis of H2 O2 became dominant as the H2 O2 dosage increased and the larger
illuminated volume of D80 reactor could make a better use of

Fig. 8 – Electrical energy per order (EEO ) of (a) ATZ, (b) SMX
and (c) MET degradation in flow-through VUV/UV/H2 O2
reactors with IDs of D35, D50 and D80 at H2 O2 dosages of 0,
0.05, 0.1 and 0.2 mmol/L.

the incident UV photon for HO• production. As for SMX degradation, the D80 reactor was consistently preferred. The reason
is that SMX was more easily degraded by UV photolysis which
was favored in D80 reactor. ATZ had a moderate UV photolysis rate and the increased HO• production with H2 O2 addition
was generally offset by the corresponding HO• consumption,
thus the difference in energy efficiencies of D35 and D80 re-
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actors with different H2 O2 dosages was insignificant. To conclude, the preferable reactor ID for a low EEO should be selected
according to the reactivity of the target pollutant upon UV radiation and the designated H2 O2 dosage. Pollutants of a high
UV reactivity and degradation with a high H2 O2 dosage ought
to have lower EEO values in D80 reactor, while the UV-resistant
pollutants and H2 O2 -free process are expected to have lower
EEO in D35 reactor.
This is an important update to the conventional perception
that VUV/UV reactors should have a small ID. Besides, previous studies have identified process capacity, pollutant reactivity, water quality and lamp type as the major influencers of
EEO for UV-AOPs (Miklos et al., 2018) while the configuration of
the reactor was largely overlooked. This study demonstrated
the importance of a suitable reactor internal diameter for an
elevated process efficiency. It should be also noted that the
EEO values of ATZ degradation by VUV/UV process (i.e., with no
H2 O2 addition) here were all lower than those by UV/H2 O2 process (with up to 0.2 mmol/L H2 O2 dosage) in a previous study
(Zhan et al., 2021). Though the cost of H2 O2 dosage may be
low, the chemical transportation and storage as well as the
dosing are costly, not to mention the potential safety problems. Therefore, the chemical-free VUV/UV process stands as
a strong competitor to traditional UV-AOPs (e.g., UV/H2 O2 process) in water treatment of small scale.

3.

Conclusions

In this work, the performances of flow-through VUV/UV/H2 O2
reactors in treating ATZ, SMX and MET were evaluated in
terms of removal efficiency and energy consumption. The SSA
model for VUV/UV/H2 O2 process was developed and its accuracy in flow-through reactors was assessed. Effects of H2 O2
dosage and reactor ID on pollutant degradation kinetics and
efficiency were investigated. Conclusions can be drawn as follows: (1) The flow-through VUV/UV/H2 O2 reactors were efficient in removing ATZ, SMX and MET from water, and the
degradation basically followed the pseudo first-order kinetic
principle (R2 > 0.92). (2) The SSA model was invalid in flowthrough VUV/UV/H2 O2 reactors with an overestimation up to
103.7%, mostly due to the insufficient mixing of solution and
the reduced availability of HO• . The underestimation occurred
at a high H2 O2 dosage, which could be ascribed to the difficulty of the model in covering the decreased radical consumption along the flow. (3) Increasing the H2 O2 dosage from
0 to 0.2 mmol/L had an insignificant impact on ATZ degradation, but enhanced SMX and MET degradation up to 19.2% and
50.0% in D35 reactor. Those varied impacts on pollutant removal efficiency mainly arose from the different reactivities of
the pollutants towards HO• . (4) The EEO ranged between 0.14–
0.20, 0.07–0.14 and 0.09–0.26 kWh/m3 /order for ATZ, SMX and
MET, respectively, which demonstrated the energy efficiency
of the VUV/UV/H2 O2 process for micropollutants removal. Pollutants of a high UV reactivity and degradation with a high
H2 O2 dosage ought to have lower EEO values in D80 reactor,
while the UV-resistant pollutants and H2 O2 -free process are
expected to have lower EEO in D35 reactor.
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