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Kathon (CMI-MI), a mixture of 5-chloro-2-methyl-4-isothiazolin-3-one (CMI) and 2-methyl-4-
isothiazolin-3-one (MI), was extensively used in industry as a nonoxidizing biocide or disinfectant.
However, it would show adverse effects on aquatic life when it is discharged into surface water. In this
study, the removal performance, parameter influence, degradation products and enhancement of subse-
quent biodegradation of CMI-MI in UV/H,0, system were systematically investigated. The degradation
rate of CMI-MI could reach 90% under UV irradiation for 20 min when the dosage of H,0, was

Keywords: 0.3 mmol-L™!. The DOC (dissolved organic carbon) mineralization rate of CMI-MI could reach 35% under
Kathon . . 1 . o R . .
UV/H,0, certain conditions ([H,0,] = 0.3 mmol-L™", UV irradiation for 40 min). kop,s was inversely proportional to

the concentration of CMI-MI and proportional to the concentration of H,0,. The degradation rate of CMI-
MI was almost unchanged in the pH range from 4 to 10. Except the presence of CO3~ inhibited the
removal rate of CMI-MI, SOf{, Cl", NO;, and NH; did not interfere with the degradation of CMI-MI in
the system. It was found that UV/H,0, system had lower energy consumption and more economic advan-
tage compared with UV/PS system by comparing the Ego (electric energy per order) values under the
same conditions. Two main organic products were identified, namely HCOOH and CH3NH,. There’s also
the formation of CI~ and SO; . After UV and UV/H,0, photolysis, the biochemical properties of CMI-MI
solution were obviously improved, especially the UV/H,0, treatment effect was better, indicating that
UV/H,0, technology is expected to combine with biotechnology to remove CMI-MI effectively and envi-
ronmentally friendly from wastewater.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.
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respectively [6]. The concentration varies with different adding
methods. MI concentration in cosmetics is required to be within
0.01 percent in China, which is attribute to its strong allergenic
properties [6]. The structures of CMI and MI were shown in Supple-

1. Introduction

Kathon (CMI-MI), a mixture of 5-chloro-2-methyl-4-isothiazo
lin-3-one (CMI) and 2-methyl-4-isothiazolin-3-one (MI), was

widely used in industry as a nonoxidizing biocide or disinfectant
[1,2]. Both in circulating cooling water systems and in cosmetic
personal care products (moisturizers, eye shadows, shampoos),
CMI-Ml is an indispensable ingredient because of its excellent inhi-
bition and killing effect on molds, bacteria and other microorgan-
isms [3-5]. In order to inhibit the breeding of microorganisms
and prevent the generation of biological sludge, the added concen-
tration of CMI-MI in the reverse osmosis system and circulating
cooling water system is 0.04-2.6 mmol-L"!, 100-300 mgL!,

* Corresponding author at: Shandong University (Qingdao), Qingdao 266237,
China.
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mentary Material (Table S1).

With the rapid development of industry, the water consump-
tion and displacement of circulating cooling water are increasing,
contributing to the mass release of the residual isothiazolones in
wastewater into the natural environment and or sewage treatment
plants. Several studies have reported the presence of CMI-MI in
natural water bodies or wastewater treatment plants [5,7,8]. The
existence of CMI-MI in wastewater treatment plants increased
the complexity of water treatment, because of its negative impact
on activated sludge activity and nitrification process [9,10]. It is
known as pseudo-persistent compounds because CMI-MI was con-
tinuously released into the environment with circulating cooling
wastewater [11,12].
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CMI-MI exposed to the environment poses a potential threat to
ecology and human health [13,14]. Several studies have shown
that CMI or MI has irreversible toxic effects on many organisms
[15-20]. For example, long-term exposure to low levels of MI
and related compounds damaged irreparably the immune and ner-
vous systems of mice [15]. The hydrophilic substances MI and CMI
exhibited pronounced high cytotoxic effects on the human hepato-
blastoma cell line Hep G2, the marine bacterium Vibrio fischeri, and
the limnic green alga Scenedesmus vacuolatus [20]. Tang et al. [16]
discovered that kathon was highly genotoxic in vitro, which con-
tributed to an increase in the genotoxicity of the reverse osmosis
concentrate. In addition, due to the high toxicity of MI/CMI, bacte-
ricides lingering in the environment for a long time could induce
the development of resistance in bacteria [21]. Thus, it is of great
significance to take effective measures to remove CMI-MI from
wastewater.

Biodegradation is considered as an efficient, environmentally
friendly and low-cost approach to eliminate organic contaminants
from the aqueous environment [22]. Microbial metabolism leads to
the breakdown of organic contaminants into small molecules in
the biodegradation process. However, when faced with toxic and
refractory CMI-MI, microorganisms had no ability to resist, because
the active site of the N—S bond on their heterocyclic ring binds to
some structure inside the cell, thus damaging the structure and
function of the cell [23-25]. In the activated sludge process, Amat
et al. [9] found that MI inhibited the activity of nitrite oxidizing
bacteria, resulting in a 70% loss of efficiency in the nitrification pro-
cess. In wastewater treatment by biofilm method, isothiazolinone
concentrations of 3 mg-L~!' and above could lead to a significant
decrease in treatment efficiency. When isothiazolinone reached
15 mg-L~!, it could inhibit all microbial activities and lead to bio-
film death. Hence, a single biological method for the direct degra-
dation of isothiazolinones is complicated.

In recent years, UV-AOPs, which make up for the defect of
biodegradation, have presented good efficiency in the removal of
refractory and toxic organic pollutants from wastewater, and thus
have attracted wide attention [26-31]. In particular, UV/H,0,, rely-
ing on hydroxyl radicals (-OH), are considered a fast, clean, and
effective technique for detoxifying contaminated water, which
can effectively improve the biodegradability of refractory organic
compounds [32-34]. In addition, compared with other UV-AOPs
and fenton-like technologies, UV/H,0, process is more mature
[33,35-39]. UV/H,0, has been established and fully operational
in drinking water treatment and water reuse facilities, making
good progress [26]. It also had significant advantages in removing
refractory contaminants in wastewater, such as pesticides and
antibiotics [40]. Most importantly, the pollutants could be
destroyed without transferring them to another medium, and
there is no secondary contamination due to the rapid decomposi-
tion of hydrogen peroxide [41,42]. However, AOPs technology are
difficult to completely mineralize parent compounds, resulting in
the presence of intermediates, and the toxicity of intermediates
is unknown. Therefore, it is necessary to investigate the toxicity
of degradation products.

To the best of our knowledge, no researchers have systemati-
cally studied the mechanism and degradation path of UV/H,0,
on CMI-MI under different conditions. Therefore, this study has
essential reference value for degrading other pollutants by UV/
H,0,. In this experiment, the influence of different operating
parameters on the degradation process in the process of UV/H,0,
was carried out. Meanwhile, the analysis of degradation path and
Ero economic evaluation were also explored by various means.
Considering the toxicity of the products after UV/H,0, degrada-
tion, the effluent from the secondary sedimentation tank of a sew-
age treatment plant was used for biodegradation experiment,
which can not only investigate the biochemical effect after UV

hydrogen peroxide degradation, but also examine the toxicity
assessment.

2. Materials and Methods
2.1. Chemicals and reagents

The chemical reagents used were analytical grade or above,
except as noted. The detailed information of chemical reagents
used in this work was shown in the Supplementary Material (Text
S1). In addition, the inoculum used in the biodegradation experi-
ment came from the effluent of the secondary sedimentation tank
of the sewage treatment station of Shandong University Qingdao
Campus.

2.2. Degradation apparatus

The photochemical experiments were conducted at ambient
temperature (20 = 2 °C) in a UV disinfection reactor which was
equipped with the low-pressure mercury UVC lamp (10 W, Shen-
zhen, China) emitting monochromatic light at 253.7 nm. The
experimental device has the advantages of simple operation,
safety, reliability and low maintenance cost. The specific structure
of this device has been mentioned in the previous literature [43].
The incident light intensity of the UVC lamp was determined by
iodide-iodate chemical actinometry [44], and the effective optical
path was determined by measuring the photolysis rate of low-
concentration H,0, [45]. The calculated value of the average UV
intensity is 7.26 mW-cm 2. See the Supplementary Material for
detailed calculation formulas (Text S2).

2.3. Degradation experiment

The UVC light was turned on 15 min ahead of schedule to
ensure stable UVC light tensity before the experiments. 250 mL
solution which was adjusted to pH 7 by phosphate buffer
(4 mmol-L!) was used for UV/H,0, oxidation. During the experi-
ment, the 250 mL solution prepared in advance was added to the
equipment, and the injection and sampling ports were blocked
with cork to form a closed system. In addition, shake the device
at intervals of one minute to ensure uniform degradation of the
solution in the device. At predetermined intervals, a small amount
of solution was removed with a syringe and transferred to a sample
bottle, and Na,S,03 was added to quench the residual oxidants. In
formal experiments, each group of experiments should be con-
ducted at least twice in parallel to avoid accidental errors.

2.4. Determination of isothiazolinone content in kathon

Kathon (CMI-MI, a mixture of CMI and MI, 2%) were purchased
from Shandong Taihe Water Treatment Technology Co. Ltd (China).
Usually, the mass concentration ratio of CMI to Ml is 3:1. However,
the selling concentration of the industrial fungicide may be slightly
different from the actual concentration. In order to obtain a more
accurate content of isothiazolinone and isothiazolinone, nuclear
magnetic resonance (NMR) was used for quantitative analysis.
10% pure acetic acid was selected as the external standard and
added to the samples containing CMI-MI. The percentage of CMI
and MI in the sample could be obtained according to the peak area
corresponding to the hydrogen atoms of HAc, CMI and MI shown
by the nuclear magnetic hydrogen spectrum. The total content of
CMI-MI was 1.93%, according to the analysis of peak area in the
nuclear magnetic hydrogen spectrum (Fig. S3). The content of
CMI and MI was 14% and 5.3%, respectively.
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In this study, ultraviolet spectrophotometry was used to deter-
mine the concentration of CMI-MI in degradation, which has the
advantages of simple operation, rapid determination and accurate
results. Both CMI and MI are five-membered heterocyclic com-
pounds, which have obvious ultraviolet characteristic absorption
at 273 nm. Therefore, the concentration of CMI and MI were deter-
mined by UV-visible spectrophotometer (UV-2450, Shimazu,
Japan).

2.5. Degradation kinetics of CMI-MI

Based on the experimental research, the photodegradation
kinetics of CMI-MI conformed to the pseudo-first-order kinetic
model (Eq.(1)). The ko,s was the time-based observed pseudo-
first-order rate constant (min~'), which could directly reflect the
degradation rate of pollutants in the photolysis system. What's
more, in the actual wastewater treatment process, the influence
of some operating parameters (the dose of oxidants and contami-
nants, pH, and the concentration of ions) on kg,s could not be
ignored because they may be involved in the production and con-
sumption of free radicals [46]. Therefore, it is essential to investi-
gate the effect of those operating parameters on the degradation
of hydroxyl radicals. The specific values depended on the quality
of circulating cooling water.

[CMI-MI|

lnm = —Kopst (1)

2.6. The analysis of mineralization

The degree of CMI-MI mineralization was characterized by
the DOC (dissolved organic carbon) value of water sample.
The Shimadzu TOC analyzer (TOC-L CPH) was used to determine
the DOC value of water samples, mainly based on the difference
between DC (dissolved carbon) value and IC (inorganic carbon)
value. Ultrapure water (now used and replaced) was used for
needle washing before sample determination. The peak area of
the needle washing was less than 0.5, and the error of the
mapping solution was less than 5%. The volume of the mea-
sured sample was 30 mL and the sampling volume was set at
50 p-L.

2.7. Determination of Ego

Ego (electric energy per order), as defined by Bolton et al. [47], is
the number of electrical energy required to reduce the concentra-
tion of pollutants by an order of magnitude in 1 m>® volume pol-
luted water. Since the UV/H,0, process is electric-energy
intensive and electric energy cost is a prominent fraction of oper-
ation costs, simple figures-of-merit based on electric energy con-
sumption can be very informative [47,48]. Ego is a common index
used to evaluate process energy consumption, and its calculation
formula is shown in Eq. (2).

P x t x 1000
Eeo = 5550 1g (Co/Ct) 2)
where P is the output power of UV lamp (kW), t is the irradiation
time (min), V is the volume of water sample in reactor (L), ¢y and
c; represent the initial concentration of organic pollutants and the
concentration at reaction time t (mg.L™!), respectively. Based on
Eqgs. (1)-(2), Ego can be written as follows:

TV x Kops )

2.8. The analysis of transformation products

In addition to CO, and H,0, some inorganic ions and intermedi-
ate organic matter may be produced after the photolysis of pollu-
tants. The type and concentration of anions in the solution were
measured by ion chromatograph (Qingdao, China). The chromato-
graphic column was SH-AC-3 (250 mm x 4.0 mm). A mixture of
Na,CO3 (2.0 mmol-L™!) and NaHCOs (8.0 mmol-L™!) solutions was
used as the eluent. The flow rate was set to 1.0 mL-min~' and
the injection volume was 25 pL. The organic products produced
during the degradation of CMI-MI were determined by nuclear
magnetic resonance (NMR) spectrometer (Bruker Avance NEO
600, Switzerland). See the Supplementary Material for details (Test
S3).

2.9. Biodegradation experiment

Activated sludge process, a mature conventional treatment
process widely used in sewage treatment plants. However, isoth-
iazolinone compounds as biocides are inevitably biotoxic, leading
to the problem that the single activated sludge process is diffi-
cult to degrade fungicide substances [9]. In order to solve this
problem, UV and UV/H,0, technologies were first used to
degrade CMI-MI in this experiment, and then combined with
biodegradation to evaluate the overall mineralization trend of
CMI-MI, which provided an important basis for advanced oxida-
tion technology combined with biotechnology to degrade fungi-
cide pollutants.

This biodegradation experiment was based on DOC Die-Away
(301 A), which was a type of tests for determining the ready
biodegradability of chemical compounds from the Organisation
for Economic Cooperatoin and Development (OECD) Guidelines
for the Testing of Chemicals [49]. The experiment mainly included
blank control group, reference control group and multiple experi-
mental groups. The blank control group prepared with test med-
ium was supplemented with inoculum but without test
substance, which was set up for taking into account the endoge-
nous activity of the inoculum. Sodium acetate was used as a refer-
ence, and a reference control group was set up to investigate the
biodegradation performance of the inoculum. The inoculum was
filtrate obtained from fresh secondary effluent filtered by 0.45
micron filter membrane. In order to explore the effect of high con-
centration of CMI-MI in pre-oxidation of UV and UV/H,0, technol-
ogy on biodegradation in the later stage, one group of control and
four groups of experimental groups were set up. The control group
was 60 mg-L~! CMI-MI stock solution for direct biodegradation, the
experimental group was 60 mg-L"! CMI-MI solution after pre-
oxidation for biodegradation, mainly divided into experimental
group B (UV-3 h), experimental group C (UV-4 h), experimental
group D (UV/H;0,-1 h), experimental group E (UV/H,0,-2 h). The
selected concentration of CMI-MI was 60 mg-L™!, which was to
make the initial DOC of the solution and the value of DOC after oxi-
dation as large as possible, so as to reduce the error of later deter-
mination. Because of the nature of biodegradation and of the mixed
bacterial populations used as inocula, determinations should be
carried out at least in duplicate. See the Supplementary Material
for details (Test S4).

The inoculum was derived from secondary effluent from the
school’'s domestic sewage treatment plant. Normally, the test
lasted for 28 days, and DOC concentrations were measured to
observe the trend of biodegradation on day 0, day 10 and day 28.
After removal from the conical flask, the samples were filtered
through 0.45 pm filter membrane and then determined. The degra-
dation percentage (D) in each sampling is calculated using the fol-
lowing equation:
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Ce— Cbl(t))
Di=(1-—-"F"T<= 100% 4
! < Co — Chio) 8 ‘ @

where D, (%) stands for degradation at time t, C; (mg-L™!) means
starting concentration of DOC in the inoculated culture medium
containing the test substance, C; (mg-L~!) means concentration of
DOC in the inoculated culture medium containing test substance
at time ¢, Cpyoy (Mg .L™!) means starting concentration of DOC in
blank inoculated mineral medium, Gy, (Mg -L~!) means concentra-
tion of DOC blank inoculated mineral medium at time t. See the
Supplementary Material for details (Test S4).

3. Results and Discussion
3.1. Degradation kinetics of CMI-MI in different systems

Preliminary experiments were conducted to examine the degra-
dation kinetics of CMI-MI in different systems (Fig. 1), where
pH = 7 with 20 mmol-L"! phosphate buffer. The degradation data
were in agreement with pseudo first order kinetic model. It is obvi-
ous in Fig. 1 that the degradation of CMI-MI had no significant
change under dark conditions and could be neglected. It turns
out that H,0, alone make it difficult to oxidize an electron-rich
group like CMI-MI. However, under the conditions of UV direct
photolysis and UV/H,0,, the removal efficiency of CMI-MI was sig-
nificantly improved, attaining 72%, 90% within 20 min, especially
in the UV/H,0, system. This was because in the UV/H,0, system,
in addition to direct photolysis, a large number of free radicals
were produced by oxidants under ultraviolet conditions, which
attacked CMI-MI and promoted the degradation of CMI-MI [9].
The photolysis of CMI-MI in the UV/H,0, system could be
described simply by Egs. (5)-(8) [33].

H,0, + hv — 2-OH (prominent) (5)
0, + H,0 + hv—-OH (minor) (6)
CMI-MI + hv[-OH — CO, + H,O + [PRODUCT]* (7)
[PRODUCT]* + hv[-OH — CO, + H,O + [PRODUCT]* (8)

Experimental conditions: [CMI-MI], = 30 mg-L™!, [H,0,]o = 0.3
mmol-L™!, and pH = 7 (4 mmol.L™" phosphate buffer), L.y; = 7.26

10“ _____ I [ AP T PP T —— O
-« 4 - H,0O, onl
03F e a8
t -- 4@ - UV only
. e LA +H,0,
0.6 ... A - UVHH,0,
5 .
S Y o
04F
" | o "
02F 2
Yowo,
O_
0 5 10 15 20

Time/min

Fig. 1. Comparison of degradation kinetics of CMI-MI in different systems.

3.2. Effect of CMI-MI initial concentration

In order to investigate the effect of the concentration of CMI-MI
on the degradation effect, the degradation kinetics of different con-
centrations of CMI-MI (10, 20, 30, 50 mg-L™!) were conducted using
UV/H,0, process at pH 7 (Fig. 2(a)). In Fig. 2(a), the removal rate of
CMI-MI decreased with the increase of its initial mass concentra-
tion. The degradation rate of CMI-MI decreased from 100% to 76%
within 20 min when the initial mass concentration of CMI-MI
increased from 10 to 50 mg-L™". It was also observed that CMI-MI
had different degradation rate constants at different initial CMI-
MI concentrations (as evident from the results in Fig. 2(b)). The ini-
tial concentration of CMI-MI was inversely proportional to the
pseudo-first-order rate constant, the equation was kyps = 3.8/
[CMI-MI].

Similar results were obtained by Cai et al. [43] in the experi-
ment of UV/H,0, degradation fluorescence tracer PTSA (1,3,6,8-
pyrene-tetra sulfonic acid, sodium salt) by changing the initial con-
centration of pollutants. There are three main reasons for explain-
ing this phenomenon: with the increase of the initial mass
concentration of CMI-MI, (i) the increased CMI-MI in the solution
may compete with H,O, for photons produced by UV light and
reduce the yield of -OH, thus reducing the removal rate of CMI-
ML (ii) The number of hydroxyl radicals allocated to a single
CMI/MI molecule decreased, then competition between molecules
increased [50]. (iii) Excessive substrate molecules reduced the
transmission capacity of the solution and the intensity of the trans-
mitted light, thus leading to the reduction of the removal rate [51].

3.3. Effect of H,0, concentration

In general, the concentration of CMI-MI in circulating cooling
water fluctuates within the range of 0.5-10 mg-L™!. As the circulat-
ing cooling water is discharged after 5-8 times concentration, the
residual concentration of CMI-MI in the wastewater may reach
tens of mg-L™". In practical engineering applications, considering
that oxidant cost is an important factor affecting process cost, con-
trolling the amount of the oxidant is essential, therefore requiring
exploring the impact of oxidant dosage on degradation. The effect
of H,0, concentration on the degradation kinetics was shown in
Fig. 2(c). As expected, when the oxidation dose increased from 0
to 0.5 mmol-L™!, the degradation efficiency of CMI-MI increased
from approximately 72% to 98% and the ks increased from
0.0673 to 0.1852 min~! within 20 min. This is due to the fact that
in an ideal UV reaction, doubling the H,0; dose results in doubling
the formation of -OH (Eq. (5)), assuming that the total yield of rad-
ical formation and UV flux are constant.

Some previous studies have shown that a self-quenching reac-
tion occurred between the free radical and the excess oxidant,
resulting in a decrease in the rate constant (Egs. (9)-(10))
[32,42]. Nevertheless, the results of this experiment presented
the fact that the k,,s removed by CMI-MI showed a linear trend
with the amount of H,0;:kops = 0.234 x [H0;] + 0.062. The results
are consistent with the previously reported studies on removing
betrixaban by UV/H,0, processes [52]. This may be because the
amount of oxidant is not sufficient for the quenching reaction to
occur. In practice, excessive use of HO, would increase the actual
cost, so it is necessary to control the amount of H,0, according to
the real situation. To observe significant inhibition and promotion
in subsequent experiments, the optimal concentration of HO, was
set to 0.3 mmol-L™".

OH + H,0, — H,0 + HO, 9)

OH + HO, — H,0 + 0, (10)
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Fig. 2. Effects of initial CMI-MI concentration and H,0, concentration on CMI-MI degradation. (a)—(b) Effects of CMI-MI concentration on degradation kinetics and rate
constants (Kops,cmi-mi) in UV/H,0, system, [CMI-MI]o = 10, 20, 30, 50 mg-L™!, [H20]o = 0.3 mmol-L™!, and pH = 7 (4 mmol-L~! phosphate buffer), Ly = 7.26 mW-cm~?; (¢)—(d)
Effects of H,0, concentration on degradation kinetics and rate constants (Kopscmimi) in UV/ H,0, system, [CMI-MI], = 30 mg-L™!, [H,0,]o = 0-0.5 mmol-L}, and pH = 7

(4 mmol-L™! phosphate buffer), Iy = 7.26 mW-cm 2.

3.4. Effect of initial pH and different anions

It is well known that the contents of acid and alkaline and inor-
ganic ions in different wastewater are different due to the influ-
ence of the wastewater source [53]. An excellent water treatment
process can withstand pH and some common ion parameter tests.
Considering the actual water quality of circulating cooling wastew-
ater, the effects of pH and common anions on the treatment effi-
ciency of CMI-MI were studied. As can be seen from Fig. S4, kops
did not change in the range of pH from 4 to 10, suggesting that
pH had no significant effect on the removal of CMI-MI in the UV/
H,0, process. Similar results were obtained in the degradation of
HPTS (Solvent Green 7) and PTSA by UV/H,0, advanced oxidation
process [43,50]. Therefore, it is concluded that the UV/H,0, pro-
cess has a wide range of pH adaptability in the degradation of
organic pollutants in wastewater, which is a vital advantage in
engineering applications.

Common ions in circulating water cooling wastewater include
S0Z%-, Cl-, NO3, CO%~ and NHj. Their presence may affect the gen-
eration or consumption of free radicals, thereby promoting or

inhibiting the removal of target pollutants [54]. Hence, in addition
to studying the influence of pH, it is also essential to explore the
influence of ions. As shown in Fig. 3, kops barely changed when
the concentrations of SO3~ and Cl~ were increased from 0 to

10 mmol-L™!, indicating that the presence of sof; and CI™ in the
solution did not interfere with the removal rate of CMI-MI. This
was attributed to the following reasons: (i) SO3™ rarely reacted
with -OH, (ii) the reaction between CI~ and -OH and a rapid back-
ward reaction occured simultaneously, which maintained the sta-
bility of the -OH concentration (Eq. (11)) [55,56].

When the concentration of CO2™ increased from 0 to

10 mmol-L™", the degradation was slightly inhibited. CO3~ dissoci-
ated in solution to form HCO3 and reached equilibrium (Eq. (12)).
€02~ and HCOj3 react with strong oxidizing -OH to form weak oxi-
dizing carbonyl active groups, and then the reaction rate constant
decreases compared with that before (Egs. (13)-(14)) [46,55]. The
kobs decreased marginally 0.01 min~—! when the NO3 concentration
increased from 0 to 100 mg-L™!, which indicated that NO; had no
significant effect on the degradation of CMI-MI in the UV/H,0, sys-
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Fig. 3. Effects of different anions on CMI-MI degradation under UV/H,0, system.

tem. This was attributed to the fact that NO; could react with less
-OH to produce nitrate radicals. Likewise, the presence of NH} did
not affect the removal rate. In a word, it could be found that the
UV/H,0, process had a good application prospect in the actual pro-
cess through the investigation of pH and inorganic anions.

Cl” +-OH="-CIOH" (11)
CO5” +H' =HCO; (12)
HCO; +-OH — -CO3 + H,0 (13)
CO} +-OH — OH™ +-CO; (14)

Experimental conditions: [CMI-MI]o = 30.0 mg-L™!; [H,05]o = 0.
3 mmol-L™"; pH = 7 (4 mmol.L™" phosphate buffer), Iys = 7.26
mW.cm 2,

3.5. Evaluation of Ego

Among the essential factors (operating cost, treatment effi-
ciency, operability, feasibility) in choosing a waste treatment tech-
nology, operating cost is the most critical factor to be considered
[57]. The degradation process with UV-based advanced oxidation
technologies consumes electricity, which accounts for a significant
portion of operating costs. The Egp index is an important index to
evaluate power efficiency in the water treatment process. Fig. 4
showed the Ego changes in UV/H,0, and UV/PS treatment systems
with the dosage of oxidant increasing. It can be seen that Egg
decreased with increasing concentration of oxidant. The Ego value
of the oxidizer was more than 30% lower than that of the UV degra-
dation Ego alone when the dosage of the oxidizer was increased to
0.3 mmol-L™!. The Ego value was more than 60% lower than that of
UV degradation alone when the dosage of oxidizer was increased
to 0.5 mmol-L™". These phenomena indicated that the increase of
oxidizer dosage could reduce the power consumption of operating
costs. However, this means that oxidant costs would increase, so it
needs to be taken into consideration. Compared with UV/PS treat-
ment system, the Epo value of UV/H,0, treatment system was
lower under the same conditions, which indicateed that UV/H,0,
treatment system had lower energy consumption in the degrada-
tion of CMI-MI, and had more economical advantages in practical
application.

500
—=&— UV/PS
—e— UV/H,0,
400 -
= 3001
=
2
éO
& 200
100 |
1 1 1 1 1
0 0.1 0.2 03 0.4 0.5 0.6

Concentration of oxidant/mmol-L™!

Fig. 4. Ego changes in UV/H,0, and UV/PS treatment systems with the dosage of
oxidant increasing. Experimental conditions: [CMI-MI]o = 30.0 mg-L™'; Lavg = 7.26
mW-cm 2,

3.6. DOC removal

Photodegradation of organic pollutants usually disrupts the
structure of organic molecules, with some eventually converted
to CO, and H;0, and others creating intermediates that are difficult
to mineralize. The DOC mineralization rate is an important index to
observe whether the reaction is thorough and whether the pollu-
tant is completely degraded.

The change of concentration of DC/DOC/IC with the extension of
the UV irradiation time in UV/H,0, treatment system was shown
in Fig. 5(a). It was evident that the DOC of the solution showed a
noticeable decline with the increase of UV illumination time, while
the IC showed an increasing trend. After 40 min ultraviolet expo-
sure, concentration of DOC decreased from 10.2 mgL™' to
6.6 mg-L™!, and the removal rate of DOC was 35%. This indicates
that a small part of the degraded pollutants in the solution was
converted into small inorganic molecules, and a large part was
converted into intermediate organic matter. CMI-MI could be
effectively mineralized by UV/H,0, technology, and the extension
of ultraviolet illumination time could promote the increase of min-
eralization rate. It can be clearly seen from Fig. 5(b) that the DOC
removal rate of the pollutant solution treated with UV/H,0, was
lower than that after UV degradation alone.

3.7. Identification of degradation products

In order to investigate the organic matter produced by CMI-MI
during UV/H,0, degradation, the carbon (**C NMR) and hydrogen
("H NMR) spectra of CMI-MI stock solution and its degraded solu-
tion were characterized by NMR spectroscopy. It could be clearly
seen from Fig. S5 (a) and (b) that the position of signal peak corre-
sponding to 'H and '3C of CMI-MI. By comparing the nuclear mag-
netic hydrogen spectra (Fig. S5(a) and (c)) before and after
degradation, it was observed that the original signal peak intensity
of CMI-MI was weakened, indicating that most of the initial CMI-
MI was oxidized and degraded during the degradation process. In
addition, new signal peaks near 2.5 and 8.3 were observed in
Fig. S5(c). Through the comparison of the results of nuclear mag-
netic carbon spectrum (Fig. S5(b) and (d)), it was observed that
the signal intensity of CMI-MI at 110 and 140-150 after degrada-
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Fig. 5. (a) The change of concentration of DC/DOC/IC with the extension of UV irradiation time in the UV/H,0, treatment system, and (b) the DOC mineralization rates in the

UV and UV/H,0, systems.

tion was significantly reduced, but the change of signal peak was
not consistent with that of 25 and 170. It was inferred that these
two signal peaks were the signal peaks of CH3NH,"HCl and HCOOH.
This was consistent with the new signal peak in the nuclear mag-
netic hydrogen spectrum. CH3;NH, existed in the form of CH3NH, -
HCl because the degraded solution was acidic and Cl- was
produced. Therefore, the main organic compounds degraded by
UV/H,0, were CH3NH; and HCOOH.

The inorganic products produced in the UV/H,0, process were
detected by ion chromatography, as shown in Fig. S6. No
nitrogen-containing inorganic ions were produced in the whole
process, indicating that organic nitrogen in CMI and MI had not
been mineralized into NO; and NO,, but still existed in organic
form. This is consistent with the results of NMR identification. In

Crr

the reaction process, CI~ and SO2~ were detected, and the ion con-
centration gradually increased with the extension of degradation
time. This indicates that chlorine atoms on CMI heterocyclic ring
were gradually replaced by hydroxyl groups to form chloride ions
during degradation. Both CMI and MI molecules contained an
electron-rich group containing sulfur atoms, so they were easily
oxidized by -OH to form a sulfone structure, which was then hydro-
lyzed into SO3™ [6]. In summary, the proposed degradation path-
way were shown in Fig. 6.

3.8. Biological degradation

In order to explore the biodegradation performance of the
inoculum, 25 mg-L™! sodium acetate was used as a reference to
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Fig. 6. Possible degradation pathways of CMI-MI in the UV/H,0, system.
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Fig. 7. (a) Changes of solution DOC after degradation in UV and UV/H,0, systems for different time. [CMI-MI], = 60 mg-L™", [H,0,]o = 1.2 mmol-L™", Ly, = 7.26 mW-cm2; (b)
The changes of DOC removal rate in rebiodegradation before and after advanced oxidative degradation.

set up a reference group. As can be seen from Fig. S7, the removal
rate of sodium acetate reached more than 90% after 28 days of
biodegradation, indicating that the inoculum had good activity
and could be used for further experiments.

The changes of DOC after the degradation of high-concentration
CMI-MI in UV and UV/H,0, systems at different times were shown
in Fig. 7(a). As can be seen from Fig. 7(a), after 3 h and 4 h of direct
UV photolysis, the residual rates of DOC in the solution were 44.5%
and 40%, respectively. After 1 h and 2 h of UV/H,0, photolysis, the
residual rates of DOC in the solution were 59% and 44.5%, respec-
tively. Although the degradation time reached 3 h under UV condi-
tions, the removal rate of DOC was the same as that after 2 h under
UV/H;,0, condition, reflecting that oxidant played an essential role
in promoting the mineralization of pollutants. The pollutants were
not completely mineralized in UV and UV/H,0, systems, indicating
that organic intermediates were generated during the reaction,
which was consistent with the inferred results of the above
products.

The comparison of DOC removal rates of pollutants directly
biodegraded and biodegraded after advanced oxidative degrada-
tion was shown in Fig. 7(b). Surprisingly, in the high-
concentration CMI-MI solution group, DOC did not decrease but
increased during 28 d of biodegradation. This is mainly because
CMI-MI itself was a biocide, which could react with DNA and other
structures in microbial cells, resulting in microbial inactivation.
Then the dead microorganisms release some soluble organic mat-
ter inside the cell [23-25]. In addition, after UV/H,0, photolysis
for 2 h, the DOC removal rate reached 60% after biodegradation
for 28 d, which indicated that the UV/H,0, process improved the
biodegradability of CMI-MI wastewater. It was attributed to the
fact that sulfur atoms in theheterocyclic ring of CMI-MI molecules
were attacked and destroyed to form sulfate ions in UV/H,0; sys-
tem, which reduced the toxicity of the solution. The increase of
photolysis time had no significant effect on the biodegradation rate
in the UV degradation system. The increase of photolysis time sig-
nificantly promoted the biodegradation rate in the UV/H,0, degra-
dation system. In conclusion, the UV/H,0, treatment process could
reduce the toxicity of CMI-MI and improve the biochemical prop-
erties of CMI-MIL.

4. Conclusions

In this study, the removal performance, parameter influence,
degradation products and enhancement of subsequent biodegrada-

tion of CMI-MI in UV/H,0, system were systematically studied.
The degradation rate of CMI-MI could reach 90% under UV irradia-
tion for 20 min when the dosage of H,0, was 0.3 mmol-L"!. The
DOC mineralization rate of CMI-MI could reach 35% under certain
conditions ([H,0,] = 0.3 mmol-L"!, UV irradiation for 40 min). The
degradation rate of CMI-MI decreased with the increase of sub-
strate concentration and increased with the increase of H,0,
dosage. And kops was inversely proportional to the concentration
of CMI-MI and proportional to the concentration of H,0,. The
degradation rate of CMI-MI was almost unaffected by pH. The pres-
ence of CO3™ inhibited the removal rate of CMI-MI because of the
complex reactions between them and free radicals. Compared with
UV/PS treatment system, the Ego value of UV/H,0, treatment sys-
tem was lower under the same conditions, which indicated that
UV/H,0, treatment system had lower energy consumption in the
degradation of CMI-MI. In the UV/H,0, system, CMI-MI was
degraded to produce two products, namely HCOOH and CH3;NH,.
There was also the formation of Cl~and SO3~. After UV and UV/
H,0, photolysis, the CMI-MI solution was biodegraded, and the
biochemical properties were obviously improved, especially the
treatment effect of UV/H,0, was better.
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