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Abstract: Understanding the degradation kinetics and mechanisms of trace organic contaminants
(TrOCs) by UV-based advanced oxidation processes (UV-AOPs) are pivotal in realizing their efficient
application in water treatment. However, the relevant knowledge in practical flow-through reactors
remains a void, compared with that of commonly used batch reactors. To fill the knowledge gaps,
the current work investigated the degradation of atrazine (ATZ) in flow-through UV-AOP systems
with different light sources and chlorine additions. The results showed that UV/Cl, in the reactors
(with a diameter of 50 mm) was not very efficient in ATZ degradation while the pseudo-first order
degradation rate constant was elevated by over 2.7 times with vacuum UV (VUV)/UV. In contrast
to observations in the batch reactors, the addition of chlorine to the flow-through VUV /UV system
unexpectedly decreased the rate constant by about 39%. The analysis of the relative contributions
of different degradation pathways revealed that the inhibitory effect of the chlorine addition arose
from the transformation of HO® to reactive chlorine species (e.g., C1O®) which had low reaction rate
constants with ATZ. The baffle implementation promoted the ATZ degradation by 12-58%, mainly
due to an enhanced mixing that facilitated the radical oxidation. The energy costs of the UV-AOPs in
ATZ removal ranged within 0.40-1.11 kWh m~3 order~!. The findings of this work are helpful in
guiding efficient VUV /UV and VUV /UV/Cl, processes in drinking water treatment.

Keywords: water treatment; trace organic contaminant removal; advanced oxidation; flow-through
reactor; VUV /UYV; chlorine addition; inhibition effect

1. Introduction

The occurrence of trace organic contaminants (TrOCs) such as pesticides, herbicides,
industrial chemicals, pharmaceuticals, and personal care products in aquatic systems
has been well documented in the past decades [1,2]. Taking atrazine as an example, a
widely used and frequently detected herbicide, it finds its way into surface water with
agricultural runoff and wastewater effluent, and eventually ends at concentrations of up
to several pg/L [3,4]. The presence of these contaminants poses a great risk to aquatic
organisms as well as human beings since they are recalcitrant, persistent in the environment,
and toxic at concentrations in the low ug/L to ng/L range [2,5]. Conventional water
treatment processes such as coagulation and sand filtration usually exhibit a limited effect
on TrOCs removal [3,6-9]. To ensure a safe drinking water supply, advanced oxidation
processes (AOPs) have been widely investigated and applied for the elimination of these
contaminants [10-14]. Specifically, highly reactive species (e.g., HO®) generated with
the introduction of chemicals (e.g., O3, HyO,), high-energy radiation, or catalysts could
vigorously destruct the TrOCs [11-14].
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UV-based advanced oxidation processes (UV-AOPs, e.g., UV/H;0O, and UV/Cl,)
represent one of the most promising technologies for the abatement of TrOCs, where
decontamination pathways of both direct photolysis and radical oxidation could be in-
volved [5,11,15-18]. For instance, the widely acknowledged recalcitrant atrazine and
carbamazepine could be efficiently degraded by UV /Cl,, attributed mainly to the gen-
erated hydroxyl radicals (HO®) and reactive chlorine species (RCS, including C1°*, Cl,*~,
and ClO®) [19,20]. Among these studies, great efforts have been made in understanding
the influential parameters such as the water matrix or oxidant dose in the respective UV-
AOQOPs [18,19,21]. The presence of HCO3~/ CO3%~ was found to significantly inhibit the
removal of contaminants in UV/Cl, systems, because the anions could transform primary
radicals into less reactive carbonate radicals (Equations (1) and (2)) [13,15]. Recently, UV
light sources emitting dual wavelengths, i.e., the 185 nm vacuum UV (VUV) and the 254 nm
UV, have been employed to improve the UV /Cl, performance [22-24]. The benefit lies
in that the 185 nm irradiation can be strongly adsorbed by water molecules, leading to
additional generation of HO® (Equations (3) and (4)) [24,25]. A synergistic effect on TrOC
removal has been reported with the combined VUV /UV/Cl, process, as compared to the
sole VUV /UV and UV/Cl, process [18,23,26]. Nonetheless, most of these studies were
conducted in batch reactors where the chemicals were well mixed. Taking into account the
disparate flow patterns of batch and practical reactors (i.e., complete mixing vs. near-plug
flow), the performances of UV-AOPs in practical flow-through reactors could deviate from
those in batch reactors [17,27-29]. Clarifying the impact of reactor configuration (particu-
larly the hydrodynamics) on process efficiency is fundamental to the implementation of
UV-AOPs in real-world applications.

HO® + HCO;~ — CO3* + H,0 (1)
CI* + HCO;~ — CO3*~ + H* + CI™ @)
H,0 1%, HO*+H* @3)

H,0 —%_y HO® +e~ +H* 4)

The configuration of a UV or VUV/UV reactor (e.g., reactor diameter and inner
structure) could affect the radiation distribution and fluid flow in the reactor chamber. Due
to divergence and absorption, the light intensity decreased with the increased distance
from the center of the reactor where the lamp was installed [30,31]. In fact, the UV-induced
atrazine degradation rate decreased with the increase in UV /Cl; reactor diameter, mainly
due to the reduced average fluence rate [28]. The different flow patterns in reactors with
diverse configurations would result in the varied utilization efficiency of the radicals and
consequently contaminant degradation [29]. For instances, the implementation of baffles
inside the VUV /UV reactor could promote p-chlorobenzoic acid degradation by 65% due
to the optimization in hydrodynamics and a better interaction with radicals [27]. For
the VUV/UV/Cl; process, the impact of reactor configuration is expected to be more
complicated. The roles of the light source (i.e., VUV/UV vs. UV) and chlorine addition
herein could differ from those in batch reactors, which has been rarely investigated.

To fill these important knowledge gaps, the current work investigated the degradation
kinetics and mechanisms of atrazine (ATZ), a model organic contaminant that is frequently
detected in bothsource and finished drinking water, in flow-through UV, and in VUV /UV
reactors. This is more representative of real-world application scenarios. The influence of
conditions including light source and chlorine addition were systematically investigated
in reactors with or without baffles. The relative contributions of UV photolysis, HO®, and
RCS oxidation in ATZ degradation were also analyzed. Finally, the energy costs of the
different UV treatments were evaluated. The findings of this work are helpful in realizing
efficient TrOC removal by UV-AOPs through the optimization of reactor configuration and
operation conditions.
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2. Materials and Methods
2.1. Chemicals

HPLC grade organic solvents including acetonitrile (ACN, >99.9%), methanol (MeOH,
>99.9%), and formic acid (FA, >99.9%) were purchased from Fisher, Gosselies, Belgium.
Sodium hypochlorite (NaClO, analytical grade, >95%) was obtained from Aladdin, Shang-
hai, China and the sodium sulfite (Na;SOs3, analytical grade, >95%) was purchased from
Sinochem, shanghai, China. Atrazine (ATZ, >97%) and nitrobenzene (NB, >97%) were
supplied by TCI (Shanghai, China) and Sigma-Aldrich (St. Louis, MO, USA), respectively.
Stock solutions of ATZ and NB were prepared with deionized water and stored at 4 °C
before use. The structure and basic physicochemical properties of ATZ can be found in
Table 1.

Table 1. The structure and basic physicochemical properties of ATZ.

Compound name Atrazine
Chemical formula C8H14CIN5
Molecular weight 215.68 g/mol
Solubility in water 34mg/Lat25°C
Log P (octanol-water partition coefficient) 2.63
pKa 1.68
cl

NN

Molecular structure )\” )|\N/ ”/\

2.2. Atrazine Degradation Experiments

The ATZ degradation experiments were conducted at room temperature (about 25 °C)
in flow-through UV or VUV /UV reactors, as illustrated in Figure 1. Temperatures of both
the influent and effluent were monitored, which fell within 23 & 2 °C. The diameter of the
reactors was the same at 50 mm, the height was 500 mm, and the volume of the chamber
was 970 mL for the ordinary annular reactor (denoted as D50 reactor) and decreased to
887 mL when retrofitted with 5 ring baffles (width 7.5 mm) on the wall (denoted as the
D50—5 reactor). The UV lamp (21 W, GCL436T5L; LightSources, Austin, TX, USA) was
housed in a quartz sleeve and mounted at the center of the reactor. A UV-proof shield was
applied to avoid the leakage of UV light into the environment while keeping away possible
interference from ambient radiation. For the VUV/UV and VUV /UV/CIl, processes, a
dual-wavelength UV lamp (21 W, GCL436T5VH/4; LightSources, Austin, TX, USA) was
used where the portion of VUV irradiation was about 4%. The average UV fluence rate (at
254 nm) in the reactor chamber was about 12 mW cm~2 as measured using ATZ (2 uM) as
the chemical actinometer [32]. Specifically, the actinometer solution was circulated between
the influent tank and UV reactor (sole UV photolysis), and the degradation rate constant
of ATZ was obtained by measuring residual concentration at preset time intervals, which
correlated linearly with the average UV fluence rate. For experiments with the addition of
chlorine, ATZ (2.5 uM or 0.54 mg L~1) and chlorine (50 uM or 3.55 mg L~1) were separately
stored and then pumped into the reactor at designed flow rates to avoid their possible
reaction (i.e., chlorination of ATZ) prior to exposure. The hydraulic retention time (HRT,
0-100 s) of the contaminant in the reactor was adjusted by changing the flow rate of the
peristaltic pump. The samples were collected at the outlet of the reactor and immediately
quenched with NaySOj3 to remove residual chlorine. The concentration of ATZ at different
HRTs was determined using HPLC with the operating parameters listed in Table 2.
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Figure 1. Schematic diagram of the flow-through UV or VUV /UYV system. The D50 reactor had
a diameter of 50 mm while the D50—5 reactor was further retrofitted with 5 ring baffles on the
reactor wall.

Table 2. Detection parameters for HPLC analysis.

. Detection Injection .1 Column
Analytes Mobile Phase Wavelength (nm) Volume (uL) Flow Rate (mL min—1) Temperature (°C)
ATZ ACN:0.2%FA = 75:25 234 50 0.8 40
NB ACN:0.1%FA = 60:40 265 100 1.0 20

2.3. Determination of Relative Contributions of the Radicals

The ATZ in the flow could be degraded due to UV photolysis, chlorination, and
radical oxidation. To understand the relative contributions of HO® and RCS in the ATZ
degradation, NB (2.0 uM, spiked together with ATZ) was used as a probe compound
for the determination of the steady-state concentration of HO® ([HO®]ss) in the reaction
system [11,33,34]. Specifically, NB could react with HO® at a rate constant knpxpoe Of
3.9 x 10° M~! 571, while its reaction with RCS including C1*, C1,*~, and ClO* was negli-
gible [33,35]. By calculating the observed pseudo-first order rate constant of NB (k,ps NB)
which equaled the slope of the linear fitting curve of the logarithmic removal of NB with
HRT (Equation (5)), the [HO®]ss could be quantified using Equation (6) [34]. Subsequently,
the degradation rate constants of ATZ with HO® (katznoe) and RCS (katzrcss) were
solved following Equations (7) and (8), respectively. The relative contribution of each
pathway to ATZ removal was then determined by dividing the respective degradation rate
constant (e.g., katz Hoe) by the observed pseudo-first order rate constant (i.e., kops ATZ)-

— In([NB]/[NBJ,)

kObS, NB = HRT (5)

HO® _ kobs, NB 6

[ ]ss - k ( )
NBxHO*

karz, Ho* = katzxro® [HO® ¢ 7)

katz, Rcss = kobs, Atz — (katz, HO* + kaTZ, UV + KATZ, chiorination ) (8)
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where kg, NB and kops ATz are the observed pseudo-first order rate constants of NB and
ATZ in the UV/Cl, or VUV/UV/Cl, system obtained as the slopes of the linear fitting
curves, s 1; katzuv and kaTz chiorination are the degradation rate constants of ATZ with
sole UV photolysis and chlorination, s, respectively; and karz o is the second order
rate constant of ATZ with HO®, which is 2.3 x 10° M~! s~1. It should be noted that the
chlorination rate constant of ATZ (i.e., kaoTz chlorination) 1S approximately zero since ATZ
degradation scarcely happens with only chlorine.

2.4. Evaluation of the Ego of the UV-AOPs

The energy cost of UV-AOPs is usually evaluated with the electrical energy per order
(Ego, kWh m~3), which is comprised here of the electrical energy arising from UV irradia-
tion (Ego.uv) and the equivalent electrical energy cost with chlorine addition (Ego.cy,), and
can be calculated as the following Equation (9) [16,28]:

1000 x Wyyy [Cl,] x 1000

Ero = Ero-uv + Ero.c, = 35567 04383 Vkopontz Eqc, x 0.4343k ops ATzt ®)

where Wyy is the output power of the UV lamp, kW; V is the reactor volume, L; kops AT
is the observed pseudo-first order rate constant of ATZ in the UV-AOP system, s~ !; Eqcyp
represents the equivalent electrical energy consumption by dosing 1 mole of chlorine
(provided by NaClO), which is determined to be 0.851 kWh mol ! for the purchased lab
reagent [16]; [Cl,] is the concentration of chlorine, M (or mol L~!); and t is the HRT, s.

3. Results and Discussion
3.1. ATZ Degradation in Flow-Through UV-AOP Systems

The changes in ATZ concentration (i.e., expressed as In(C/Cy)) as a function of HRTs in
the D50 and D505 reactors are shown in Figure 2. Generally, the ATZ degradation by dif-
ferent flow-through UV-AOPs followed pseudo-first order reaction kinetics where the rate
constants (kyps aTz) Were reflected as the slopes of the linear fitting curves. The correlation
coefficients of the fittings in the VUV /UV systems (R? > 0.90) were slightly smaller than
those of the UV systems (R2 > 0.92), indicating that the practical flow pattern (i.e., with
a flow-through reactor) had a greater impact on the ATZ degradation by VUV /UV. The
kobs,aTz values of different UV treatments were compared in Figure 3. The ATZ degradation
rate constant was 1.05 x 102 s~ ! in the D50 reactor under UV photolysis, while it increased
by 18% to 1.24 x 102 s~ 1 after chlorine addition (i.e., UV/Cly). In comparison, the rate
constant increased from 5.38 x 1073 s~1 of UV photolysis to 8.15 x 1072 s~ of UV/Cl, (by
51%) in the same reactor with a halved UV intensity [28]. The different extents of change in
the kops ATz With the addition of chlorine implied that ATZ degradation by direct photolysis
was strongly correlated with the incident UV intensity; however, the degradation in the
UV/Cl, system could also be affected by other factors such as the degree of mixing in the
reactor, which is discussed below.

When the light source was upgraded to the VUV /UV lamp, the kqps a1z in the D50
reactor significantly increased to 3.32 x 1072 s~1, which was over 2.7 times those in the
UV systems (Figure 3). This improvement could be attributed to vigorous HO® production
from 185 nm irradiation of water, where the HO® concentration could be even higher than
that in the UV/Cl, system [29,36]. Nonetheless, the ks ATz decreased to 2.01 x 1072 s~
in the VUV /UV/Cl, system, a reduction of 39% as compared with that of the VUV /UV
system. The result was completely unexpected as synergistic effects had been previously
reported when combining chlorine with VUV /UV irradiation [18,23,25,26]. For instance,
the degradation of six pesticides (including ATZ) in a batch VUV /UV reactor was promoted
with the addition of chlorine [18]. The synergistic factors (SFs) as defined by Equation (10)
were calculated to be in the range of 1.57-2.84, implying an enhancement of at least 57% as
compared to the summation of individual removals. A similar synergism was also reported
in the bench scale mini-fluidic VUV /UV /Cl; system [23]. Following Equation (10), the SF
for the VUV /UV/Cl, process in the D50 reactor was calculated to be 0.57, which indicated
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an obvious inhibition of ATZ degradation after chlorine addition. The decreased rate
constant could be caused by the competition for the primary radicals by free chlorine
(HOCl and OC1™), which synchronously generated RCS such as ClO® (Equations (11)—(13)).
Contrary to the fast reaction between ATZ and HO?®, the second order rate constants of
ATZ with CIO*® and Cl,*~ were reported to be much lower (<1.0 x 10’ M~1s71) [37,38].
Therefore, the kyps oT7 in the case with the addition of chlorine was affected by the extents
of primary radicals being transformed to ClO® and Cl,°*~. In a flow-through VUV/UV
reactor with a diameter of 50 mm, the limited mixing of the flow could be a drive to the
scavenging of the primary radicals (e.g., HO®) by free chlorine, which led to a disparate
combined effect as compared to those found in batch reactors.

SF= kvuv/ II(J\CIJ\—?—/II;Z\/ZC/}:EZEL —kuv (10
HO* + HOCI/OCI~ — CIO®* 4+ H,O/OH™ 11)
CI* + HOC1/0Cl~ — ClO® + HCl/CI~ (12)
Cl* +ClI- = Cly” (13)

(a) D50

U N
o VUV
~ 127 8 vy,
S o VUV/UV/CL,
= (b) D50-5
s

_2.5 T T T T T ' T T T T T
0 20 40 60 80 100

HRT (s)

Figure 2. Degradation kinetics of ATZ by different UV treatments in the D50 and D50—5 reactors.
Conditions: [ATZ]y = 2.5 uM, [Cl,]y = 50 uM.
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Figure 3. Pseudo first-order rate constants of ATZ degradation (kps aTz) by different UV treatments
in the D50 and D50—5 reactors. Conditions: [ATZ]y = 2.5 uM, [Cly]g = 50 uM.

Similarly, for the D50—5 reactor, the ATZ degradation rate constant with the VUV /UV
lamp increased to 3.80 x 1072 s~!, being 3.8- and 2.7-fold that of UV and UV /Cl, process,
respectively. In addition, the kyps a1z for the VUV/UV/Cl, system (3.18 x 1072 s~ 1) was
also smaller than that of VUV /UV system. As shown in Figure 3, the difference in ATZ
degradation contributed by UV photolysis between the D50 and D50—5 reactors was very
small. This reflected that the implementation of the ring baffles had a minor impact on
the average fluence rate in the reactor chamber. However, the configuration modification
resulted in a considerable change in ATZ degradation kinetics when radicals (either HO® or
RCS) were involved in the system. Specifically, compared with that in the D50 reactor, the
kobs, ATz in the D50—5 reactor increased by 12%, 15%, and 58% for the VUV /UV, UV/Cl,,
and VUV/UV/Cl, processes, respectively. As discovered in previous studies, the diffusion
rate of chemicals in flow-through reactors is low, especially when the flow is laminar
(i.e., the Reynolds number < 2300) [36]. In the current work, the flow pattern varied
from transient to laminar in the D50 reactor as the HRT increased (that is, the Reynolds
number of the flow ranged from 700 to 4000). By implementing ring baffles in the reactor,
mixing within the chamber was enhanced by the generated local vortices, which elevated
the diffusion and utilization efficiency of radicals in the vicinity of the lamps [27]. The
VUV/UV/CI, process benefited the most from this configuration modification, mainly
due to its largest concentration of radicals which would otherwise be quenched by free
chlorine. In fact, the SF was calculated to be 0.76, a considerable elevation from 0.57 in
the D50 reactor; however, there was still no synergistic effect. In summary, the chlorine
addition inhibited the ATZ degradation in a flow-through VUV /UV reactor, and the reactor
configuration had a significant impact on the extent of inhibition. It is advisable to perform
specific inspections instead of relying simply on the findings of batch experiments before
the application of a VUV /UV/Cl, process.

3.2. Relative Contributions of Different Degradation Pathways

The degradation of ATZ in VUV /UV/Cl, system is more complicated compared with
the VUV/UV or UV/CI, counterpart. This is because not only HO® and RCS could be
generated upon VUV irradiation of the solution, chain reactions between the radicals and
free chlorine would also occur. In addition, the reactor configuration could also exert an
influence on the relative contributions of different degradation pathways. In general, the
ATZ degradation could be induced by UV photolysis, HO®, and/or RCS oxidation. The



Water 2024, 16, 1697

8 of 13

adsorption of VUV light by ATZ was negligible, considering the much higher adsorption
coefficient (1.8 cm~!) and molar concentration (55.6 M) of water [24]. As shown in Figure 4,
the observed pseudo-first order rate constants of NB removal by VUV/UV/Cl, in the
D50 and D505 reactors were 2.9 x 1072 and 2.2 x 1072 s~!, respectively. Consequently,
the steady-state concentrations of HO® ([HO]ss) in the two reactors were calculated to be
0.74 x 10712 and 5.6 x 10712 M (Equation (6)). Following Equations (7) and (8), the relative
contributions of HO® oxidation, RCS oxidation, and UV photolysis to ATZ degradation
were determined and are presented in Figure 5.

-1.54 kobs,NB =0.022
R?>=10.99
-2.0 1
0 40 80 120 160
HRT (s)

Figure 4. Degradation kinetics of NB by VUV /UV /Cl, in the D50 and D50—5 reactors. Conditions:
[NB]p = 2.0 uM, [Cl;]p = 50 uM.

For UV/Cl; in the D50 reactor, the relative contribution of UV photolysis to ATZ
degradation was as large as 84% while that of RCS was only 3% (the left panel in Figure 5).
This was completely different from that observed in a batch reactor where the radicals
played the prime role (75%) in ATZ degradation [18]. The probable reasons included that
the batch reactor had a larger diameter which facilitated UV photolysis of chlorine, and a
complete mixing which elevated the radical utilization efficiency. Compared to the flow-
through UV/Cl, system with a halved UV intensity [28], the enhanced ATZ degradation
herein was caused primarily by the acceleration of UV photolysis. When the VUV /UV lamp
was used (without chlorine addition), the dominant ATZ degradation pathway turned out
to be that of HO® oxidation (i.e., 68%), arising from the intensive HO® generation through
VUV photolysis of water. Nonetheless, the contribution of HO® oxidation decreased
in the VUV /UV/Cl, system (i.e., 30%), largely due to the quenching of HO® through
a competitive reaction with free chlorine (Equation (11)). In fact, the rate constant of
ATZ degradation by HO® (karzo.) increased by over 10 times from 1.59 x 103571
with UV/Cl; to 2.27 x 1072 s~ with VUV/UYV, and then dropped to 6.07 x 1073 s~ 1 in
the VUV/UV/Cl, system. The relative contribution of the RCS was enhanced with the
VUV/UV lamp (i.e., 18%) as more HO® were transformed to CIO®; however, due to its
much lower reaction rate constant with ATZ (i.e., karzxcior < 1.0 x 107 M~1 s71) [38],
the kops a1z in the VUV /UV/Cl, system was smaller than that of the VUV /UV (Figure 3).
The relative contribution of UV photolysis remained as large as 31% in the flow-through
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VUV/UV/Cl; system, much higher than that in the batch reactor [18], which was also due
to the inhibited radical generation and utilization efficiency as mentioned above.

[ JrRcss [HOT [ Juv

D50 | D50-5
|
= |
= |
= !
= 60 |
b |
= |
: s
2z 407 |
= |
© |
& 20 ;
'\f» ' '\» I '\m I '\m
04\6 §§4 4\0 64\0 \6A 4\0
& @4@ @A @4@

Figure 5. Relative contributions of UV photolysis, HO®, and RCS oxidation to ATZ degradation by
UV/Cl,, VUV/UV, and VUV/UV/Cl, in the D50 and D50—5 reactors. Conditions: [ATZ]y = 2.5 uM,
[C12]0 =50 ].lM.

In the D505 reactor (the right panel in Figure 5), the contributions of radical oxidation
to ATZ degradation with the different UV-AOPs were all larger than those in the D50 reactor.
Specifically, the relative contribution of the RCS was elevated to 15% in the UV /Cl, system,
while that of HO® increased further to 74% with the VUV /UV. For the VUV /UV/Cl, system,
contributions of both HO® and RCS were enhanced with the katz roe and karzrcs being
1.30 x 1072 s~ and 8.83 x 1073 57!, respectively, corresponding to relative contributions
of 41% and 28%. The results confirmed the benefit of baffle implementation in improving
the radical utilization efficiency. More efforts should be made to further optimize the flow-
through VUV /UV /Cl, reactor for a potential synergistic effect as observed in batch reactors.

3.3. Evaluation of the Energy Cost

The Ego values for ATZ degradation by UV photolysis in the D50 and D50—5 reactors
were calculated to be 1.32 and 1.51 kWh m~2 order~!, respectively, not economical for
TrOC removal in drinking water [39]. With the addition of chlorine, the Ego decreased to
1.11 and 1.09 kWh m 3 order ! in the two reactors (Figure 6). The reductions (i.e., 16% and
28%) were not as significant as expected, mainly due to the fact that the reactor diameter
(i.e., 50 mm) was not favorable for the UV-driven process as a large portion of the UV
light was absorbed by the reactor wall. Nonetheless, the radical-involved process was still
promoted in the baffled reactor.

When the VUV /UV lamp was used, the Egg for ATZ degradation in the D50 and
D505 reactors decreased to 0.42 and 0.40 kWh m~3 order~!, respectively. This was in
accordance with the prominently increased degradation rate constants with the VUV /UV
due to the large amount of HO® generated; meanwhile, the reactor diameter (i.e., 50 mm)
was in a proper range for an efficient utilization of the radicals concentrated in the near-wall
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region. For the VUV /UV/Cl, process, the respective Ego values for ATZ degradation
in the D50 and D50—5 reactors were 0.74 and 0.50 kWh m—3 order~!, which were lower
than those with UV/Cl; but higher than those for the VUV /UV process. These findings
reflect that the combination of chlorine with VUV /UV irradiation would not necessarily
decrease the energy cost, although the contribution of Ego-c stayed relatively low (i.e.,
<7%) (Figure 6). In contrast, the adoption of an optimal reactor configuration (i.e., a proper
reactor diameter and baffle implementation) was more crucial to the flow-through VUV /UV
process. The advantage of a VUV /UV light source persisted in different reactors, with
or without chlorine addition. Regarding real-world applications, for small-scale drinking
water treatment (e.g., water supply in rural areas), the application of the VUV /UV lamp
together with a small UV reactor was recommended for the degradation of the TrOCs such
as ATZ [29]. However, for the treatment of drinking water and reclaimed water on a large
scale, the application of the UV /Cl, process was suggested, where the Epg could be further
reduced by properly increasing the reactor diameter or oxidant dose.
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4. Conclusions

This work investigated the degradation of ATZ by UV-AOPs with a UV or VUV/UV
light source in the less frequently studied flow-through reactors (i.e., compared with batch
counterparts) with different reactor configurations. The role of the addition of chlorine was
further explored by examining the changes in ATZ degradation kinetics and mechanisms,
which were found to have significantly deviated from those observed with batch reactors.
The energy costs of the different UV-AOPs were assessed with Ego. The main findings are
summarized as follows.

e  The degradation of ATZ by UV, UV/Cl,, VUV/UYV, and VUV /UV/Cl, in the flow-
through reactors followed the pseudo-first order reaction kinetics in general (R% > 0.90).
The shift of light source from UV to VUV /UV significantly enhanced ATZ degradation.
The kops, aTz with UV/Cl, was just slightly larger than that with UV photolysis due to
an unfavorable small reactor diameter, while the addition of chlorine to VUV /UV pro-
cess decreased significantly the rate constant (e.g., from 3.32 x 1072 t0 2.01 x 1072 s~!
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in the D50 reactor). The implementation of baffles elevated the k,ps aTz With the
different UV-AOPs by 12-58%.

e UV photolysis contributed primarily (as large as 84%) to the ATZ degradation, while
HO?® oxidation dominated the ATZ degradation by VUV /UV (>68%). The relative
contribution of HO® oxidation dropped to as low as 30% in the VUV /UV /Cl, process
while that of RCS increased to 18%. This indicated a considerable transformation of
HO?® to the less reactive RCS by free chlorine, which explained the inhibition role of the
chlorine addition to the flow-through VUV /UYV process. The baffle implementation
could somewhat alleviate the inhibition effect.

e The Egp values ranged from 0.42 to 1.11 and 0.40 to 1.09 kWh m~3 order ! in the D50
and D505 reactors, respectively. The lowest Ego was consistently identified with
the VUV /UYV process and the baffled reactor had a slight advantage over the annular
reactor. Collectively, the VUV /UV process in reactors with a proper diameter and
baffle allocation is promising for ATZ removal in small-scale water treatments.
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