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Abstract

As a commonly used anti-diabetic drug, metformin (MEF) is frequently detected in different water bodies which pose a potential
threat to human health and the ecological environment. In this study, oxidative degradation of MEF under ultraviolet (UV) light
was studied, and its influencing factors, photolysis mechanism, and intermediates identification carried out as well. The results
showed that the hydroxyl radical contributed 73% during the 6 h MEF photolysis process among the reactive oxygen species
(ROS). In addition, triplet excited-state organic matter and singlet oxygen also played a role in the photolysis process. The
reaction rates of hydroxyl radical and singlet oxygen with MEF are (6.45 +0.4) x 10° and (5.4 £0.7) x 10° L+(mol s) "', respec-
tively. By calculating the light screening effect of environmental factors, it is found that the presence of NO; and Cl” had a
greater excitation effect on ROS than the screening effect, and generally promoted the photolysis rates of MEF from 90.3 to
193.5% and from 16.1 to 80.6% during the 6-h reaction process, respectively. For bicarbonate and fulvic acid, the light screening
effects were dominant and inhibited photolysis rates by 10-52% and 13—71%, respectively. The results demonstrated that the
photoreactivity of environmental factors in water is the cause of the different photodegradation rates of MEF. The oxidative
degradation product of MEF under UV light was detected by UPLC/Q-TOF as methylbiguanide (MBG), 2,4-diamino-1,3,5-
triazine (2,4-DAT), biguanide (BGN), 1,1-dimethylguanidine (1,1-DiMBG), 4-amino-2-imino-1-methyl-1,2-dihydro-1, 3,5-tri-
azine (4,2,1-AIMT), and 2-amino-4-methylamino-1,3,5-triazine (2,4-AMT). The result which showed that the primary sites of
-OH attacked is consistent with that of density functional theory calculation.
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Introduction

According to a statistics in 2015, about 415 million people in
the world aged 20-79 had diabetes (prevalence rate 8.8%),
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2017), respectively, the largest production volume among all
anti-diabetic drugs.

After being taken by human body, 77% of MEF is
discharged as a prototype compound to wastewater treat-
ment plants (WWTPs) through sewage pipelines and fi-
nally discharged into the environment (Scheurer et al.
2012). At present, biodegradation and adsorption are the
main measures of MEF removal in sewage treatment
plants. It has been reported that the adsorption removal
efficiency of activated sludge containing MEF was 20%
(Tisler and Zwiener 2019) and its removal efficiency in
sewage treatment plants was between 41 and 98% (Blair
et al. 2015). It has been reported that the median MEF
concentration was 110 ug L™" in the influent of a German
wastewater treatment plant and 11.4 ug L™ in the effluent
(Scheurer et al. 2009). Campbell measured the minerali-
zation efficiency of MEF in an anaerobic sludge digester
for 60 days as 82% and its half-life was 26 days
(Campbell 2013). Trautwein et al. also found that MEF
was degraded by approximately 50% in natural waters
within 14 days (Trautwein and Kimmerer 2011).
Residual MEF adversely affects aquatic organisms when
discharged into natural waters. For example, it was report-
ed that exposure of minnows to domestic wastewater con-
taining MEF (40 ug L") for 40 days had an adverse
effect on their reproductive development and a greater
negative impact on juvenile fish than adult fish (Crago
et al. 2016; Niemuth and Klaper 2015). MEF is not a
hormonal compound in structure, nor can it affect estro-
gen’s physiological activities (Escher et al. 2011); howev-
er, studies have found that it can be used as an effective
endocrine disorder drug to treat polycystic ovary syn-
drome (Tang et al. 2012). Therefore, MEF may be a po-
tential, non-traditional endocrine disruptor in the environ-
ment and its ecological impact in water environments
should be of concern along with its removal technology.

Compared with the ecotoxicological effects brought about
by chlorine and ozone, ultraviolet (UV) disinfection is char-
acterized by high efficiency, safety, and low cost, and is often
used for the degradation of pharmaceuticals and personal care
products (PPCPs) in water (Cheng et al. 2018; Ma et al. 2016).
Photoexcited PPCPs can not only undergo direct photolysis in
water but self-sensitized photolysis as well. Direct photolysis
is a process in which pollutants can selectively absorb photons
and directly decompose to form products. During this process,
excited contaminants can also absorb photons to generate sin-
glet or triplet excited-state reactive organic material ('ROM*
or *‘ROM*) to form products, or transfer energy to other com-
pounds to form reactive oxygen species (ROS), such as singlet
oxygen ('05) and hydroxyl radical (-OH), and, then, pollutant
molecules will be further oxidatively degraded by these ROS
(Yong et al. 2009). This is the so-called self-sensitized photol-
ysis (Li et al. 2017). At present, there are few studies on the
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photolysis of MEF under UV light, and these studies are main-
ly concentrated in pure water (Collin et al. 2004; Quintao et al.
2016), and there is no research, to the best of our knowledge,
on the mechanisms and effect of other environmental factors
on UV photolysis. In this study, as a target pollutant, MEF was
used to investigate its oxidative degradation mechanism under
UV light, and a density functional theory (DFT) calculation
was first applied to predict the active sites of MEF reaction.
The photolysis pathway is proposed according to the products
identified by the UPLC/Q-TOF method. The results of this
study provide a comprehensive understanding of the UV oxi-
dation degradation process and its products of MEF in water
environments, laying the foundation for assessing its impact
on an ecosystem.

Materials and methods
Chemicals

MEF (>99.5%), methanol, acetonitrile, and ammonium ace-
tate were HPLC-grade and purchased from ANPEL
Laboratory Technologies, Inc. (Shanghai, China). Sodium hy-
droxide, hydrochloric acid, fulvic acid (FA), potassium nitrate,
potassium sulfate, potassium bicarbonate, isopropanol (IPA),
sodium azide (NaN3), and potassium sorbate (PS) were all
analytical grade and purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). MEF was dissolved in MilliQ-water
to prepare a 100 mg L™ stock solution and kept at —20 °C
before use. The concentration of the working solution was
0.5mgL™".

Water sample

The effluent of a secondary sedimentation tank (ESST) was
collected from a WWTP in Guangzhou City, China. TOC
(TOC-V CPN, Shimadzu, Japan); main anions CI , NO5 ,
SO427, and HCO; (ion chromatography, ICS-1500,
American Dion); conductivity (DDS-307, Shanghai Youyi
Instrument Co., Ltd., Shanghai, China), and turbidity (WGZ-
1B, Hangzhou Qiwei Instrument Co., Ltd., Hangzhou, China)
were measured, and all characteristics are shown in Table S1
of the Supplementary Material.

Experimental methods
Photodegradation experiments

An UV-A-type high-pressure mercury lamp (125 W, 365 nm,
Shanghai Jiguang, China) was selected as the light source in
this study. The UV light spectrum of the lamp is shown in Fig.
S1. A total of 100 mL of a 0.5-mg L' MEF solution was
transferred to a cylindrical quartz reactor (@14 cm % 13 cm)
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with a magnetic stirrer (85-2 Type, Shanghai Sile Equipment
Co. Ltd., Shanghai, China) and the temperature of the system
was controlled at 25 °C with circulating condensate. Before
the light experiment, the high-pressure mercury lamp was
turned on for 10 min to reach a steady state. The distance
between the light source and liquid surface was 40 cm, and
the optical power density 15.84 mW/cm? (CEL-NP2000,
Beijing Zhongjiaojinyuan Technologies Co. Ltd., Beijing,
China). The duration of light in the experiment was 360 min
and a 1 mL sample was collected for analysis according to the
method detailed in the “Chemical analysis method” section.
Triplicates were conducted for each treatment and mean
values were used to calculate the concentration and removal
efficiencies. To deduce the influence of hydrolysis, a reactor
with the same concentration of MEF was sealed with tin-foil
paper and then placed under light conditions as a dark control.

Free radical quenching experiment

Studies have shown that isopropanol (IPA), sodium azide
(NaN3), and potassium sorbate (PS) can be used to quench
hydroxyl radicals (-OH), -OH and singlet oxygen ('0,), and
triplet excited states (*ROM*) (Buxton et al. 1988; Chen
et al. 2008; Miolo et al. 2002). These three radical quenchers
were separately added to the UV photolysis reaction system
at final concentrations of 2% IPA, 3 mM of NaNj3, and 3 mM
of PS which can reduce the concentrations of ROS by 95%
(Bodhipaksha et al. 2017). Other operations were the same as
described in the “Photodegradation experiments” section.

Effect of pH, K*, NO;~, CI”, HCO3~, and FA on the photolysis
of MEF

To investigate the effects of the presence of different environ-
mental factors on the photolysis of MEF, a series of single-
factor experiments were conducted. A total of 0.2 M NaOH
and 0.2 M HCI were used to adjust the working solution at
pH 3, 5, and 7 with 0.1 M KH,PO, and 0.1 M K,HPO, as
buffers to study the effect of pH value; NO5 (0, 0.6, 6,31, and
62mgL™"), CI" (0,04, 4,18, and 36 mg L"), and HCO5 (0,
0.6, 6, 31, and 61 mg L_l) were added separately to a 0.5
mg L~' MEF-phosphate buffer solution to test their effects
on MEF photolysis. Then, 0, 1, 2, 5, and 30 mg L' of FA
(calculated by TOC; FA was extracted from lignite and its
molecular weight was 308.24 g mol ') were added and the
other operations were the same as in the “Photodegradation
experiments” section. Since the buffers of all the solutions
were prepared in potassium salt, K,SO,4 was set as the control
to deduce the effect of K* and SO4>~ on MEF
photodegradation. The results show that both did not affect
MEF photolysis (for the results, see Fig. S2).

Chemical analysis method

A 1.0 mL water sample was collected and passed through a
0.45 pm water-based filter membrane before analysis. MEF
concentrations were determined by a high performance liquid
chromatograph (HPLC, LC-20AT, Shimadzu, Japan)
equipped with an UV detector and a ZORBAX Eclipse
XDB-Phenyl column (5 pm, 4.6 x 150 mm). The mobile
phase consisted of 0.01 M ammonium acetate (pH=9) and
acetonitrile in the ratio 0£47.8:52.2 (v:v). The detection wave-
length was 236 nm at a flow rate of I mL min™' at40 °C with a
column thermostat. The external standard method was used
for calibration and the detection limit was three times of the
standard deviation (10 pg L.

Reaction kinetics calculations

The photodegradation of organic matter generally follows the
characteristics of pseudo-first-order kinetics. The UV degra-
dation of MEF and its half-life under UV light can be calcu-
lated by Egs. (1) and (2), respectively:

In(C,/Co) = —kt (1)
iy =In2/k (2)

where C, is the MEF concentration at time point 7 (mg LY G
the initial concentration of (mg L"), k the pseudo-first-order
kinetic reaction constant (min '), and # the reaction time (min).

Quantum yields of MEF were measured by a potassium
ferric oxalate luminometer (Zepp 1978). When measuring
the quantum yield of MEF, the MEF solution and the potassi-
um ferric oxalate luminometer were placed under the same
conditions for photolysis. The quantum yield of MEF can be
calculated as

o :kBZL?f?(p
AT kase P

where k4 is the reaction rate of the MEF (min!), kgis the
reaction rate of the potassium ferric oxalate (min "), &, is the
molar absorption coefficient [L (mol cm) '], L, is the relative
light intensity, and g is 1.24.

According to Egs. (4)—(6) given in the literature (Lin et al.
2010), the contribution percentages of -‘OH, 102, and ROM*
to MEF photolysis can be estimated, respectively, as

3)

k—k
ROH _ 1IPA (4)
k
klPA_kNaN
Rig, ==~ (5)
. kk
R:OM* = k"S ~Riq, (6)

@ Springer



17046

Environ Sci Pollut Res (2020) 27:17043-17053

where R.or, Ri,,, and R3 | . are the contribution percentages
of ‘OH, '0,, and *ROM¥*, respectively, to MEF photolysis;
kipa, Knan,, and kpg are the photolysis rate constants when
adding IPA, NaNj3, and PS (minﬁl), respectively.

The inhibition rate 7 of MEF photolysis by NO;, CI,
HCO; ", and FA in the environment can be calculated by Eq.
7):

n=— (7)

where k is MEF photolysis rate constant in working solution
(min") and £; the photolysis rate constant in the presence of
environmental factors such as NO5;, ClI', HCO; , and FA
(min ).

Nitrobenzene can be a molecular probe of ‘OH when
reacting with organic compounds and the reaction rate of
MEF with -OH can be obtained by Eq. (8) (Li 2016):

B ln(c;/c/) s
k.on = m X Koy (8)

where C; is the concentration of MEF at time point # (mg L"),

C;) the initial concentration of MEF (mg L"), S, the concen-
tration of nitrobenzene at time point ¢ (mg L"), S, the initial
concentration of nitrobenzene (mg L"), and k', the rate
constant when nitrobenzene and -OH react, 3.0 x 10° L-
(mol s) .

According to Eq. (9), the reaction rate of MEF with '0, can
be obtained from the competitive kinetics of 'O, with MEF
and furfuryl alcohol (FFA) (Haag and Hoigne 1986):

klozfmxk{?

ln(Rt/Ro) 0 (9)

where S ; is the concentration of MEF at time point # (mg L"),

S ;) initial concentration of MEF (mg L), R, the concentration
of FFA at time point ¢ (mg LY, Ry the original concentration
of FFA (mg L), and kfoz the reaction rate constant of FFA

and '0,, 1.2 x 108 L-(mol s) ".

Light screening effect calculation

The light screening effect coefficients of environmental fac-
tors can be calculated by Eqgs. (10) and (11). The smaller the
overall light screening coefficient, the stronger the light
screening effect.

1_(10*(0A+£A [MEF]I))

p— 1
S 2.303(cu + &,[MEF]I) (10)
2LAENSN
S\ = &2 ATA 11
005400 SLaSh (1)
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where S, is the light screening coefficient of a certain ion for
MEF at a certain wavelength, o, the extinction coefficient of a
certain concentration of the environmental factors (cm '), I
the molar absorption coefficient (L (mol cm) ), [MEF] the
concentration of MEF (mol L), / the light distance (cm), L
the relative light intensity, and }S) the overall light screening
coefficient.

The photolysis rates and the light screening effect when
environmental factors (NO3 , C1', HCO;5 , FA) are presented
can be calculated by Egs. (12) and (13).

k;, = YS\k (12)

k—k
/i 13
n= “k (13)

where k; is the light screening reaction rate constant of MEF
when an environmental factor is present (min "), .S, is the
light screening coefficient, k£ is MEF photolysis rate constant
in the working solution (min ') (without the substance with
light screening effect), and 7' is the inhibition rate of the light
screening effect.

DFT computational methods

The DFT calculations involved were all performed in the
GAUSSIAN 09 software package (Frisch et al. 2009) and
the DFT method used in this study is the M06-2x method
(Zhao and Truhlar 2008). The geometrical parameters of
MEF and its products contained in the reaction were opti-
mized at the M06-2x/6-311 + G(d, p) level. To obtain the total
electron energies accurately, single-point energies were calcu-
lated at the more precise level of M06-2x/6-311 + G(d, p)
level, i.e., at the M06-2x/6-311++G(2d, p) level. The zero
point energy (ZPE) corrections were included for all energies
(Table S2) (Alecu et al. 2010). In this study, a solvation model
based on density (SMD), i.e., a continuum solvent model, was
used to consider the solvent effect in all work (Marenich et al.
2009).

Identification of photolysis intermediates

The photolysis intermediates were identified by UPLC1290-
6540B Q-TOF (Agilent, USA; AB SCIEXTM, USA)
equipped with an HILIC plus C18 instrument (1.8 pm,
2.1 x 100 mm). The mobile phase consisted of acetonitrile
and MilliQ water (with 0.2% formic acid and 5 mM ammoni-
um formate) with an injection volume of 100 nL at 40 °C with
a column thermostat (Martin et al. 2012). The gradient elution
conditions are shown in Table S3. The analysis was performed
in positive and negative ion modes (ESI+) with a Triple
TOF™ 6540B device (AB SCIEXTM, USA), the data acqui-
sition range was 50—1000 m/z, and the collection interval was
0.1 s. The specific parameter settings are listed in Table S4.
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Results and discussion
Photolysis kinetics of MEF

A 25-day dark control showed that MEF experienced no ob-
vious reduction (< 2%) and that the effect of natural hydrolysis
could be neglected during photolysis. Figure 1 shows the
MEF degradation in the prepared working solution and
ESST when UV irradiation was conducted and both followed
the pseudo-first-order kinetic model. After photodegradation
for 360 min, the degradation rate constant in pure water was
0.0029 minfl, which was slower than that of MEF in the
ESST (0.0090 min~'). The promotion of MEF
photodegradation may be due to the active species, e.g.,
ROS generated by chemical reactions in the sewage. This
result also indicates that the degradation of MEF occurs main-
ly through indirect photodegradation. Studies have shown that
nitrate and humus in sewage are photosensitizers that can pro-
duce active substances that affect the photolysis behavior of
target compounds (Ryan et al. 2011). Comparing the reactions
in pure water and an ESST, it is speculated that the composi-
tion of water has an important influence on the photolysis of
MEEF. To clarify their role in promoting or inhibiting the pho-
tolysis of MEF, the effects of different environmental factors
on the photolysis of MEF in saline solution was investigated
(see the “Factors affecting photodegradation of MEF”
section).

Mechanisms of MEF degradation under UV

In a water body, the direct photolysis reaction and indirect
self-sensitive photolysis processes of organic matter are com-
mon. Quenchers were added into the ESST to test the gener-
ation of ROS in the MEF photolysis process, and the results
are shown in Fig. 2 (for kinetics parameters, see Table S5).
It can be concluded that the photolysis of MEF was
inhibited when quenchers were added. The inhibition se-
quence is NaN; > IPA > PS and the contribution percentages
of for -OH, *ROM”, and 'O, are 73%, 11%, and 8%,
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Fig. 1 Degradation kinetics of MEF in pure water and ESST (pH=7,
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Fig. 2 Effects of different quenchers on photolysis of MEF in ESST
(pH=17, 25 °C)

respectively, in the ESST, which demonstrates that all three
ROS were involved in the photolysis of MEF and that -OH
may play a major role. The direct photolysis was only 7% or
so during the photodegradation process. In summary, it can be
inferred that the photolysis mechanism of MEF is that (1)
MEF is converted into active MEF" by photoabsorption of
photons and then direct photolysis occurs; (2) "MEF" transfers
energy to dissolved oxygen (DO) in solution to generate ROS,
which oxidatively degrade MEF; and (3) DOM generates
ROS by chemical reaction and then oxidatively degrades
MEF.

It has been reported that a variety of ROS can be formed in
the surface water under sunlight, and the concentration of -OH
is in the range of approximately 10~'"~107"> (mol L™"). In the
natural environment, the concentration of -OH in water de-
pends on the water’s composition (Cooper et al. 2009).
From the ‘OH oxidation of MEF competition kinetics curve
(Fig. S2), the reaction rate of MEF and -OH is (6.45 + 0.40) x
10° L(mol s) " in ESST. 'O, is an important type of electro-
philic ROS in natural water, which is an unstable singlet ox-
ygen molecule in an excited state (10 °~107> s) (Zepp et al.
1977). The photodegradation kinetics of MEF and FFA are
shown in Fig. S3, and the calculation of the competition ki-
netic equation shows that the reaction rate of MEF and 'O,
was determined to be (5.4+0.7) x 10° L-(mol s) ! in the
ESST, because the existence time of 102 is very short and its
reaction rate of MEF is much slower than that of -‘OH, which
also indicates that ‘OH plays a major role in MEF photolysis.

Factors affecting photodegradation of MEF
pH value

MEF has two different pKa values, corresponding to pK1 =
2.8 and pK2 = 11.6, which results in MEF having both molec-
ular and ionic states. Since the high pH lowered the detection
accuracy of the instrument, the degradation of MEF under
acidic and neutral conditions was carried out in this study
and the results are shown in Fig. 3. It can be seen that the

@ Springer



17048

Environ Sci Pollut Res (2020) 27:17043-17053

degradation rate constant of MEF increased from 0.0015 to
0.0031 min~" when the pH increased from 3 to 7, and the
inhibition rates decreased from 52 to 0% (see Table S6).
Under acidic conditions, the photodegradation rate of MEF
was slower than that under neutral conditions. This is because
the main form of MEF is C4H ;N5 when the pH is lower than
3,C4H,Ns" when 3 < pH < 11, and C4H;3Ns** when pH > 11
(Zhu et al. 2017). As the pH increases, molecular MEF de-
creases and ionic MEF increases. Such state change is bene-
ficial to the attack of strong electrophilic ‘OH, leading to an
accelerated photolysis rate of MEF. Moreover, the base catal-
ysis may occur so that the yield of *OH increases with increas-
ing pH (Lam et al. 2005; Latch et al. 2003), which promotes
the photolysis of MEF.

Nitrate

NOs  is one of the most common anions in many water bod-
ies, and the previous study reported the promotion and inhi-
bition effects on the photolysis of organic pollutants (OPs)
(Wang et al. 2017). Jacobs et al. reported that NO3;~ promotes
photolysis of caffeine in water (Jacobs et al. 2012). However,
Wang et al. found that for 2,4-D, simazine and diuron, low
concentrations (10 mg L") of NO;~ promoted the photolysis
of pollutants, while high concentrations (20 mg L™") of NO;~
inhibited degradation of pollutants. To investigate the role of
NO; in MEF photolysis, 0.6-60 mg L' NO;~ (from KNOs)
was added to the solution, and the results are shown in Fig. 4a.
It can be seen that the photodegradation of MEEF still conforms
to the pseudo-first-order reaction kinetics equation and that
the photodegradation rate of MEF has a positive correlation
with NO3~ concentration (kinetics parameters are listed in
Table 1).

The effect of NO;  could be interpreted as a competitive
relationship between inhibition and promotion; that is, be-
tween the light screening effect and ‘OH generation. On one
hand, NO;  can promote the production of -‘OH, which is the
dominant ROS in this study. The ‘OH formation process could
be expressed as Egs. (14)-(16) (Wang et al. 2017). On the
other hand, NO3™ can compete with the chemical to absorb
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Fig. 3 Photodegradation of MEF under different pH conditions
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photons (the quantum yield of MEF is 0.7) and inhibit the
photodegradation of MEF:

NOy S [NOY] (14)
(VO3] —[No3] + 0(P) (15)
INO;]"=NOy- + 0" NO,- + -OH + OH™ (16)

It can be found from Table 1 that the light screening effect
coefficients range from 0.0026 to 0.0015, which inhibited the
photolysis, i.e., from 17.1 to 51.7%. However, the negative
value of n means the promotion of MEF photolysis.
Comparing with 1 and 7, it can be concluded that the effect
of excited ROS (its contribution is represented by n-1’) is
greater than that of the light screening effect, which shows
the overall promotion of MEF photolysis.

a

CI is the main anion component in water, and its effect on the
photolysis of pollutants is not negligible. The overall effect of
CI” on the photodegradation of MEF changed from promotion
to inhibition for increasing chloride concentrations (Fig. 4b
and Table 1). The effect of CI” on MEF photolysis was a
combination of the following three factors,

1) The light screening effect, which ranged from 16.0 to
25.4% when the concentration of CI” was increased from
0.4 to 36 mg L. The insignificant increase in the case of
a 90-fold increase in concentration implied that the light
screening effect may not be the dominant factor for MEF
photolysis.

2) ROS quenching, i.e., Cl" can quench a small part of the
-‘OH in the aqueous solution to form -CI; the reaction rate
of CI” with -OH was 1 x 10° L«(mol s) ' (Buxton et al.
1988).

3) Photolysis promotion, i.e., CI can induce the production
of reactive halogen species (RHS, e.g., X and X, ) and
102. These RHSs, residual ‘-OH, and 102 can promote the
photolysis of MEF.

In this study, when lower concentrations of CI” (<4 mg L")
were added, the co-existence of -Cl and ‘OH could promote the
photolysis of MEF although CI™ quenched part of ‘OH in the
solution. When the concentration of Cl ™ increased, it quenched a
large amount of ‘OH and triplet DOM (Chiron et al. 20006),
leading to the overall inhibition of MEF photolysis.

HCO5~

Bicarbonate is a photosensitive substance commonly found in
natural waters, and its presence may also interfere with the
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photodegradation behavior of MEF. The effect of HCO; on
MEF photolysis is shown in Fig. 4c. After adding HCO; , the
photodegradation rate of MEF decreased with increasing
HCO;  concentration in the solution. Since HCO3  is a scav-
enger of ‘OH, and its reaction rate with -OH is 8.15 x 10° L-
(mols)”! (Eq. (17)), there is also a slight light screening effect
for HCO5; (Buxton et al. 1988; Tercero et al. 2007). The
inhibition rate increased from 9.7 to 51.6% when the

Time (min)

concentrations of HCO5 increased from 0.6 to 64 mg L™
(data are shown in Table 1). Comparing 7-n’ values of
HCOj5™ addition, it can be concluded that the quenching effect
is greater than that of the light screening effect:

HCOj +-OH—H,0 + CO* (17)

Table 1  Photodegradation rate constants, half-lives, and inhibition rates of metformin (MEF) coexisting with different influencing substances
Concentration/mg L™! t1/min n k/min ! 7 n-n'
MEF 0.50 238.9 / / / /
with NO;~ 0.6 117.5 -90.3% 0.0026 17.1% —107.4%
6 90.2 —148.4% 0.0023 25.3% —173.6%
31 86.6 —158.1% 0.0017 46.3% —204.4%
62 77.2 -193.5% 0.0015 51.7% —245.2%
with CI” 0.4 123.8 —80.6% 0.0026 16.0% —96.6%
4 169.1 —32.3% 0.0026 17.7% —49.9%
18 231.0 3.2% 0.0025 20.6% —17.4%
36 266.6 16.1% 0.0023 25.4% -93%
with HCO5 ™~ 0.6 247.6 9.7% 0.0028 8.6% 1.1%
6 288.8 22.6% 0.0027 11.7% 10.9%
31 315.1 29.0% 0.0026 15.7% 13.3%
61 462.1 51.6% 0.0025 19.4% 322%
with FA 1 239.0 12.9% 0.0027 13.4% -0.5%
5 288.8 22.6% 0.0022 28.7% —6.1%
10 577.6 61.3% 0.0016 47.7% 13.6%
20 770.1 71.0% 0.0014 53.2% 17.7%
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DOM is a ubiquitous matrix that produces ROS such as triplet
excited-state organics ((OM*), singlet oxygen ('0,), and hy-
droxyl radicals (‘-OH) (He et al. 2018). The largest component
of DOM in surface water and sewage matrix is humus, of
which humic acid and fulvic acid are the main components.
Similar to NO5 ', humus has promotion and inhibition effects
on the photolysis of OPs. From the aspect of promotion, it has
been reported that humus can transfer energy to OPs or to
dissolved oxygen (DO) to form ROS (-OH, 102, or other ac-
tive oxidation intermediates), causing OP degradation
(Makunina et al. 2015; Pozdnyakov et al. 2017). As for inhi-
bition, the UV wavelength range of humus (190-400 nm)
overlaps that of many OPs, which can compete as a light
source with pollutants. Consequently, OPs masks photons or
quenches active oxides, causing photodegradation to be sup-
pressed (Zeng et al. 2012; Zepp et al. 1985). It can be seen
from Fig. 4d and Table 1 that the addition of FA significantly
reduced the photolysis rate of MEF, and its overall inhibition
increased from 12.9 to 71.0% (Table 1). Comparing n-n'
values of FA addition, it can be concluded that the light
screening effect is dominant in MEF photolysis.

DFT computation and photolysis product
identification by UPLC/Q-TOF-MS

Frontier orbital theory was used to calculate the cleavage
position of MEF by oxidative degradation, and the UV
oxidation products of MEF were detected with UPLC/Q-
TOF-MS to verify the theoretical analysis results.
According to the frontier orbital theory of Fukui (Fukui
et al. 1954), the calculation of the frontier electron density
1 is expressed by Eq. (18):

4y (CrLiUMO)2

f, =¥ (clovo)? (18)

l

where 7 is the number of carbon, nitrogen, or hydrogen
atoms in i: 2 s, 2px, 2py, and 2p, orbitals. CﬁHOMO and
CﬁLUMO are the orbital coefficients of each orbit of each
atom in the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). The
values of [(C;7OMO9)? + (C;"™©)?] were calculated from
Gaussian output files to predict the feasible sites for ‘OH
attack (Fukui et al. 1952; Fukui et al. 1954). The highest
£ value indicates the most reactive position, i.e., that most
likely to be attacked by a radical.

Table 2 Frontier electron densities of molecular and cationic forms of MEF (M06-2x/6-31 + G(d, p)/SMD)
Atoms Frontier electron densities Atoms Frontier electron densities
C4Hy N5 C4HppNs* C4HyNs C4HoNs*

1(N) 0.02407 0.14422 12(N) 0.42429 0.41882
2(H) 0.01302 0.00665 13(C) 0.01033 0.02562
3(H) 0.02291 0.00860 14(H) 0.01196 0.01277
4(C) 0.00502 0.18866 15(H) 0.03007 0.03417
S(N) 0.00836 0.09899 16(H) 0.00320 0.01058
6(H) 0.00282 0.01244 17(C) 0.01930 0.02540
7(H) 0.01366 0.00543 18(H) 0.04022 0.02690
8(N) 0.01325 0.36319 19(H) 0.01628 0.01957
9(C) 0.00847 0.23244 20(H) 0.00338 0.00126
10(N) 0.40952 0.08841 21(H) / 0.00540
11(H) 0.00148 0.01381 Value summation 1.08168 1.74339
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Table 3  Possible intermediate information of MEF under UV irradiation

Intermediates Retention time (min) mlz Predicted molecular formula Error (ppm)
P1 1.595 126.1 C4H/N;s 1.74

P2 1.765 112.1 C3HgN;s 0.78

P3 4.763 127.1 C3HoNj3 3.79

P4 4.781 88.1 C4H/N;s -2.62

P5 4.847 116.1 C3HoN; 1.17

P6 4.963 102.1 C,H/N;s -0.77

According to Eq. (12), frontier electron densities of all C,
N, and H atoms in molecular and cationic MEF (atomic or-
dering is shown in Fig. 5) were calculated and are given in
Tables 2 and S7.

Frontier orbital theory shows that an atom with higher fron-
tier electron density is more susceptible to being attacked by
‘OH. As can be seen in Table 2, N12 and N10 atoms had the
highest frontier electron densities, 0.42429 and 0.40952, re-
spectively, in molecular form MEF. Thus, it was suggested that
N12 and N10 atoms would be the primary sites attacked by
“‘OH; the order of being attacked is N12 > N10. In the cationic
form of MEF, N12 and N8 atoms have higher front electron
densities, 0.41882 and 0.36319, respectively (Table 2). N12 and
N8 atoms are the main sites of ‘OH attack. There are many sites
on the MEF parent compound that can react with -OH, such as
C=N bonds (at position C9) and H atoms on two methyl groups
(at positions H14, H15, H16, H18, H19, and H20). However,
the front electron density of H atoms on MEF is low, and the
hydrogen extraction reaction occurs with greater difficulty.

To verify the theoretical calculations, we identified the
products after photolysis of MEF using UPLC/Q-TOF.
Under UV irradiation, in addition to the MEF (detected at

NH NH

RT =4.785 min), there are six photolysis products at RT from
1.633 to 5.049 min (Table 3), and their secondary mass spectra
are shown in Fig. S5.

When attacked by -OH, the C-N bond at the N12 site was
broken to lose -CHj3 to form demethylated MEF and was
consequently protonated to form P5, methyl metformin
(MBG, Fig. 6, pathway A), for which m/z=116.1. MBG can
continue to form an excited MBG, which may undergo cycli-
zation to form P2—that is, 2,4-diamino-1,3,5-triazine (2,4-
DAT, Fig. 6, pathway A-1) at m/z = 112.1—and may continue
to demethylate to form P6, biguanide (BGN, Fig. 6, pathway
A-2)atm/z=102.1. The ion detected at m/z = 88.1 may be P4;
that is, 1,1-dimethylhydrazine (1,1-DiMBG, Fig. 6, pathway
B) formed when C=N was attacked at N8. The formation of
P1, which is called 4 -amino-2-imino-1-methyl-1,2-dihydro-
1,3,5-triazine (4,2,1-AIMT, Fig. 6, pathway C), detected at m/
z=126.1, was obtained through the di-dehydrogenation of
MEF. P3 at m/z=127.1 may be 2-amino-4-methylamino-
1,3,5-triazine (2,4-AMT, Fig. 6, pathway C), i.e., the
rearranged product of 4,2,1-AIMT. Therefore, the possible
pathway for oxidative degradation of MEF under UV irradia-
tion is proposed as depicted in Fig. 6.

CH,
(A) -
S HNT N
EA
(MBG)
j\LH j\zLH NH
CH (B) CH;
NN T/ - I HZNJ\N/
ey HO H,0 H,
(1,1-DIMBG)
NHNH
©) 3 '
L~ NN N7 H
H \
CH, H,N

%

NH NH
an I
H,N” N7 ONH,
(BGN)
b
(A-2)
i
H,N" N7
(2.4-DAT)
NH NH NH .
NHCH;
_CH H 3
N N CHj3 N/CJ )]\ /CHz )\
L T 0
N
. N z
H A R (AN HzN)\N)
(4.2,1-AIMT) (2,4-AMT)

Fig. 6 Possible oxidative degradation pathway of MEF under UV irradiation
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For organic pollutants, the site of free radical attack and the
position of easily broken bonds can be predicted by analyzing
the size of the bond dissociation energy (BDE). The higher the
BDE, the more difficult it is to break the chemical bond.
Whether the reaction is easy or not was judged by the corre-
sponding BDE in the A, B, C, A-1, and A-2 pathways of MEF
photolysis as shown in Fig. 6. The N12-C17 bond has the
lowest BDE (78.7 kcal mol "), followed by 92.3 kcal mol '
for C13-H16 and 97.0 kcal mol ' for the N8-N4 bond. Thus,
the order from easy to difficult for the photolysis reaction is A
> C > B. For the A-1 and A-2 pathways, the BDE of the N12-
C17 bond is 88.4 kcal mol™' and that of C17-H18 is
93.2 kcal mol '; therefore, the A-1 reaction path is more likely
to occur than that of A-2. It is also demonstrated that N12 is
the most vulnerable to -OH attack sites, which is consistent
with the calculation results of the frontier electron density.
When MEF exists in a cationic form, N8 is also a susceptible
site to -OH attack, which will induce the B reaction pathway to
occur.

Conclusions

In this study, the photodegradation mechanism and kinetic
model of MEF photolysis under UV light irradiation were
studied. The effects of pH value, various coexisting sub-
stances (nitrate, fulvic acid, chloride, bicarbonate, etc.), and
the related mechanisms were investigated as well. The results
showed the following.

(1) Self-sensitized photolysis is the primary process that
conforms to the pseudo-first-order kinetic model.

(2) The -OH radical plays a major role in the photolysis of
MEEF.

(3) NOgj is the main source of the ‘OH that can accelerate
the photolysis reaction rate.

(4) The effect of the light screening effect of FA is greater
than the promotion of ‘OH generation, causing the inhi-
bition of MEF photolysis.

(5) CI and HCO; had inhibitory effects on MEF photolysis
because of the quenching of ‘OH.

(6) The UV-oxidized products identified by UPLC/Q-TOF
were consistent with the results of DFT calculations and
their pathways proposed.
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