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ARTICLE INFO ABSTRACT

Keywords: Reported herein is an investigation of the impact of water quality parameters on the formation of carbonate

AOPs radical anion (CO3 ) and hydroxyl radical (HO®) in UV/sodium percarbonate (UV/SPC) system versus in UV/

Carbonate radical anion hydrogen peroxide (UV/H»0) system for bisphenol A (BPA) degradation in water. Pathways of CO3~ oxidation

Hydroxyl radical . of BPA were proposed in this study based on the evolution of direct transformation products of BPA. Observed in

Steady state concentrations A X A N X

Transformation pathways this study, the degradation of BPA in the UV/SPC system was slower than that in the UV/H305 system in the
secondary effluents collected from a local wastewater treatment plant due to the significant impact of coexisting
constituents in the matrices on the former system. Single water quality parameter (e.g., solution pH, common
anion, or natural organic matter) affected radical formations and BPA degradation in the UV/SPC system in a
way similar to that in the UV/H205 system. Namely, the rise of solution pH decreased the steady state con-
centration of HO® resulting in a decrease in the observed pseudo first-order rate constant of BPA (k). Chloride
anion and sulfate anion played a negligible role over the examined concentrations; nitrate anion slightly sup-
pressed the reaction at the concentration of 20 mM; bicarbonate anion decreased the steady state concentrations
of both CO5~ and HO® exerting significant inhibition on BPA degradation. Different extents of HO® scavenging
were observed for different types of natural organic matter in the order of fulvic acid > mixed NOM > humic
acid. However, the impact was generally less pronounced on BPA degradation in the UV/SPC system than that in
the UV/H,0; system due to the existence of CO3 . The results of this study provide new insights into the
mechanism of CO5~ based oxidation and new scientific information regarding the impact of water quality pa-
rameters on BPA degradation in the sytems of UV/SPC and UV/H202 from the aspect of reactive radical for-
mation, which have reference value for UV/SPC application in wastewater treatment.

1. Introduction

Bisphenol A (BPA) is an essential compound for synthesizing epoxy
resins and polycarbonate plastics that are widely used in the manufac-
ture of many products, such as plastic bottles, food can linings, and
food/beverage storage containers (Staples et al., 1998). From 1993 to
2007, the weight of BPA released into the environment increased nearly
5 times from 109 tons (Staples et al., 1998) to 500 tons (USEPA, 2010).
Such extensive use of BPA has caused great concern on its potential
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damage to environmental sustainability. The occurrence of BPA in a
variety of media, such as water, air, and soil, has been reported (Fan
et al., 2021, Parto et al., 2021, Vandenberg et al., 2007). Evidence has
shown that exposure to BPA at environmental concentrations is detri-
mental to wildlife over time (Crain et al., 2007, Sharma and Chadha,
2021). Epidemiological studies have indicated that BPA exposure can
induce adverse health consequences including cancer, endocrine disor-
der, metabolic disturbance, and neurodevelopment problems (Gao et al.,
2021, Goralczyk, 2021, Mercogliano et al., 2021, Senra and Lucia
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Fonseca, 2021). For these reasons, finding efficient technologies for BPA
removal from wastewater is essential for effective protention of envi-
ronmental and public safety.

UV/hydrogen peroxide (UV/H302) system has been extensively
studied and applied for wastewater treatment. In contrast, the knowl-
edge of physical-chemical characteristics and environmental friendli-
ness of UV/sodium percarbonate (UV/SPC) system remains scarce in the
literature. Our previous study (Gao et al., 2020) reported that BPA could
be effectively degraded at pH 8.5 in Milli-Q water (resistivity <18.2
MQ-cm at 25 °C) in the systems of UV/SPC and UV/H305 at similar
degradation rates. Both hydroxyl radical (HO®*) and carbonate radical
anion (CO3") were generated in the UV/SPC system for BPA degradation
(Egs. (1)-(5)). Although the second-order rate constant of CO3~ towards
BPA (kcoy 18pa = 2.23 X 108 M~! s7!) was smaller than that of HO®
(kpos+ gpa = 1.02 x 1019 M1 57! (Rosenfeldt and Linden, 2004)), the
steady state concentration of CO3~ ([CO3 ]ss = 2.3 x 10712 M) was
significantly higher than that observed for HO®* ([HO®]ss = 1.82 x 10714
M). In the same work, four pathways of BPA degradation in the UV/SPC
system were proposed based on the identified transformation products
(TPs).

The above-mentioned work (Gao et al., 2020) generates interest on
the role of CO3~ in BPA transformation in UV/SPC system. However,
that work neither differentiated the specific pathways of BPA trans-
formation by CO3~ from the comprehensive oxidation in UV/SPC sys-
tem, nor investigated the impact of water quality parameters (e.g.,
solution pH, common anions, and natural organic matter (NOM)) on
BPA degradation in UV/SPC system. In this study, the particular
mechanism of BPA transformation by CO3~ was investigated by tracking
the evolution of direct TPs of BPA transformed by CO3~. The impact of
solution pH (3.0, 8.5, and 10.7), common anions (Cl, SO?{, NO3 and
HCO3), and NOM (fulvic acid (FA), humic acid (HA), and mixed (NOM))
on the formation of both reactive radicals and the BPA degradation in
the systems of UV/SPC and UV/H,0, was investigated because common
water quality parameters may interfere in the formation of CO3~ and
HO® through Eq. (1) - (17) listed in Table 1. Moreover, BPA degradation
in the secondary effluents before chlorination from a regional
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wastewater treatment plant (WWTP) was performed to evaluate the real
impact of water qualities on BPA degradation in the UV/SPC system. The
overall objective of this study is to contribute a better understanding of
the reaction mechanism of BPA transformation by CO3™, to enrich the
body of knowledge for UV/SPC system, and to provide insights into the
potential of UV/SPC sysem as an alternative to UV/H20;, system in
specific scenarios and cases for wastewater treatment.

2. Material and methods
2.1. Material

The main chemicals used in this study were HyO5 (50% w/w, Fisher
Scientific, Pittsburgh, PA, USA), SPC (available as Hy09 20-30% w/w
aqueous solution, Sigma Aldrich, St. Louis, MO, USA), and BPA (>99%
Sigma Aldrich, St. Louis, MO, USA). The molar ratio of Na3COs3 to HyO4
in the commercially purchased SPC in this study was experimentally
determined and corresponded to 1: 1.15. Information about other
chemicals, please see Text S1 provided in Supplementary Material
(SM). Solution pH was adjusted with H,SO4 and maintained with so-
dium carbonate itself dissociated from SPC or phosphate buffer. The
measured values of examined water quality parameters before and after
corresponding experiments of single parameter impact are presented in
Table 2. The field water samples used in this study were secondary ef-
fluents before chlorination collected from a regional WWTP in March
(WE Mar.), June (WE Jun.), September (WE Sep.), and December (WE
Dec.), and directly applied without any further processing. Related
water qualities of these samples are summarized in Table 3.

2.2. Photochemical degradation and analytical methods

Since the literature does not report any information regarding the UV
spectrum for SPC activation, we performed a scan of light absorbance for
SPC over 200 - 400 nm (UV wavelength range in the non-vacuum
environment). The obtained spectrum (Fig. S1) shows that UV with
wavelength shorter than 300 nm is good for SPC activation. However,
too short wavelength requires too high energy input, and the UV light
used in most applied technologies is emitted from low-pressure lamps at
a wavelength of 253.7 nm (USEPA, 1999). Thus, UV 253.7 was chosen in
this study to activate SPC for UV/SPC system in consideration of
compatibility to existing water and wastewater treatment processes and
energy efficiency.

The degradation experiments, either for BPA removal or TP analysis

Table 2

Measured values of examined water qualtiy parameters (before/after experi-
ments) in the study of single parameter impact on BPA degradation in UV/SPC
and UV/H20, systems.

Table 1
Reactions and related parameters involved in this study.
Eq. Reaction Reaction constant Reference
No. M~ts™D
(€8] H,0, &2HO* d=1 (Baxendale and
Wilson 1957)
) HO® + HCO; ~CO3™ + k=85 x 10° (Buxton et al. 1988)
H,0
3) HO* + CO% —-COy + k=3.9x10° (Buxton et al. 1988)
HO~
(@) HO*® + BPA—Products k=1.0 x 10'° (Rosenfeldt and
Linden 2004)
5) CO%™ + BPA—Products k=22 x10° (Gao et al. 2020)
(6) HO* + HO -0 + H,0 k=1.2x10" (Buxton et al. 1988)
@) CO5™ + CO5~ —CO;z + k=6.2x10° (Neta et al. 1988)
coz-
®) Cl” + HO*—CIOH*~ k=4.3x10° (Jayson et al. 1973)
(&) CIOH*~ —Cl” + HO* k=6.1x10° (Jayson et al. 1973)
10) CIOH*~ + H*—»ClI* +H,0 k=21 x 10'° (Jayson et al. 1973)
an Cl* + Cl”—Cl3~ k=21 x 10" (Jayson et al. 1973)
a2 NO; 3 ONOO~ ® =0.102 £+ 0.002 (Goldstein and
Rabani 2007)
@13) ONOO~ + HO*—NO* + k=48 x10° (Goldstein et al.
Oy + HO™ 1998)
a9 No; ™Noy+ 0 ®=0.037 + 0.004 (Goldstein and
Rabani 2007)
@as) INOM by SNOM* (Turro et al. 2009)
(16) SNOM* + %05 — 10, + (Parker et al. 2013)
NoM
a7 SNOM* + H,0 — HO * + (Dong and Rosario-

INOM

Ortiz 2012)

Object Parameter

Measured Value

Solution pH

pH Meter Reading

3 8.5 10.7
pH 3.00/3.03 8.55/8.58 10.71/10.68
Common Anion Concentration (mM)

5 mM 10 mM 20 mM
(6 5.05/5.01 9.93/9.89 19.83/19.85
SO%’ 5.03/4.93 9.99/10.01 20.03/20.32
NO3 5.13/5.10 9.95/9.91 19.63/19.71
HCO; 5.08/4.93 9.95/9.71 19.50/19.16
NOM Concentration (mg L™! TOC)

5mg L' TOC 10 mg L~! TOC 20 mg L~ TOC
Humic Acid 5.70/5.63 10.47/10.81 19.77/20.77
Mixed NOM 5.67/5.68 10.32/10.28 19.88/19.93
Fulvic Acid 5.59/5.99 11.19/11.98 20.95/20.45

Absorbance @ 253.7 nm

5mg L™! TOC 10 mg L~! TOC 20 mg L~ TOC
Humic Acid 0.25/0.24 0.46/0.45 0.94/0.93
Mixed NOM 0.16/0.16 0.44/0.45 0.82/0.83
Fulvic Acid 0.13/0.14 0.34/0.32 0.75/0.77
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Table 3
Water qualities of collected secondary effluents.
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Sample Original pH Absorbance@ 254 nm TOC(mg L_l) Cl" (mg L“) 503* (mg L—l) NOj; (mg L_l) Alkalinity(mg L! CaCO3)
WE Mar. 7.49 0.1478 7.87 131 70 6 45
WE Jun. 7.28 0.3265 17.40 299 70 3 49
WE Sep. 7.67 0.1751 6.78 222 50 3 52
WE Dec. 7.69 0.1732 5.17 157 60 4 50

purpose, were adapted from those described in our previously published
paper (Gao et al., 2020). Please refer to Text S2 in SM for more details.

The methods used for the measurement of BPA concentration and the
identification of TPs were similar to those reported in the same paper as
degradation experiments (Gao et al., 2020). The methods for determi-
nation of water quality parameters were described in detail in SM. The
statistical analysis was adapted from published manual (Lai et al., 2022).
For more information, please see Text S3 in SM.

2.3. Calculations

The reactions performed in this study were assumed to be pseudo
first-order. The rate of pseudo first-order reaction (r) can be expressed as
Eq. (18) where F is UV fluence (i.e., UV flux x time, mJ cm’z), [BPA](r
is the concentration of BPA (mM) at the fluence of F, and k. is the
observed pseudo first-order rate constant (crn2 mJ ’1) Integration of r

ol and F (Eq. (20)). By

(Eq. (19)) finds linear relationship between In

[BPA] against F, ko can be determined and is the negative

value of the slope.

plotting In

d[BPA] 1,
r= —aF - Kobs [BPA]( P (18)
F
BPA](F)
= —kpps [ dF 19
/ [BPA] b / (19)
0 0
[BPA] kops F (20)
[BPA} ~Robs

Because the curves plotted from the data obtained (too many figures
to provide) met the linear requirement, the assumption was valid and
the k,p; were determined accordingly. Steady state concentrations of
HO® and CO;” were assumed in this study since the concentrations of
H,0, and carbonate species did not change significantly before and after
experiments. The BPA degradation using only direct UV photolysis or
only the oxidant was found to be negligible. The results of BPA degra-
dation in these two conditions were presented in SM of our previous
paper (Gao et al., 2020). The calculation of [HO*]s and [CO3 ]ss was
described in detail in the same paper (Gao et al., 2020). Briefly, the
competitive degradation of BPA and PhOH in the UV/SPC system is
expressed by Eqs. (21,22), where kops pv:spcippa 1S the observed pseudo
first-order rate constant of BPA (cm®mJ 1) in competition with PhOH in
the UV/SPC system, kops yv.spcprorr iS the observed pseudo first-order
rate constant of PhOH (cm? mJ ') in competition with BPA in the
UV/SPC system, [UV] = 0.093 mW cm ™2, kgors gpa = 1.02 x 1010 M1
s7! keoy +aoa = 2.28 x 108 M s, kypor phon = 1.4 x 10'°M s ™!, and
kco§ wrhoy = 1.2 X 108 M ts L By solving this set of equations, the
[HO®]s and [CO5 1ss were determined.

Kobs uv-+sPCBPA [W] = kuo+ A [H 0.]“ + kCO;’+BPA [CO;} 58 (€2Y)

Kobs, vvaspcipron[UV] = kuosspnon[HO® ) + kcoy-+phon {COY]JS (22)

The degradation of BPA in the UV/H30, system was expressed by
Eq. (23), where kops, yv+n,0,+8pa i the observed pseudo first-order rate
constant of BPA (crn2 mJ *1) in the UV/H303 system. The [HO® 1 in the

UV/H30; system was quantified by substituting in the ks yv-#,0,+8ra
obtained from experiments.

Kobs 0v 1105484 [OV] = kpoe . ppa[HO®| (23)

The removal of BPA by CO3~ (Rc05 ) and by HO® (Ryo-) and the
contribution of CO;” to total BPA degradation (Reoy- /Reota) Were
calculated with a method reported in the literature (Huang et al., 2018).
Summarizing, the Reoy- and Ry were determined through Eq. (24) and
Eq. (25), respectively, where t is the reaction time (s), [BPA]y is the
initial concentration of BPA (mM), and [BPA](y is the concentration of
BPA (mM) at time t. The total removal of BPA in the UV/SPC system
(Reora) Was calculated through Eq. (26) where R, is the removal of
BPA by minor radicals which was proven to be negligible in our previous
paper (Gao et al., 2020). Therefore, Reoy- /Riotal Was quantified using Eq.
27).

t
R — 5 kcoy+pa [CO;’]”[BPA](,)dt ke [cot] /[BPA](L)
cos BPA], coy+8ra |COT™ | J BPA],
24
t
Jo kiior +5e4 [HO®]  [BPA] wdt [BPA]
Ryor = = keos- HO* dt 2
HO' BPA], cos-+8ea[HO ]s.&/ [BPA], (25)
0
[BPA]
Rioar = Rcoy + Ruor + Ropers =1 — [BPA], ~ Rcoy + Ruo- (26)
Rcoy- /Rmm[(%) = 100% @7)
total

3. Results and discussion
3.1. BPA transformation by carbonate radical anion

In order to reveal the mechanism of BPA transformation by CO3~
BPA degradation tests were conducted in direct UV photolysis control
and in UV/SPC/t-BuOH system. Because BPA degradation in the direct
UV photolysis control is almost negligible as observed in our previous
work (Gao et al., 2020), and excess t-BuOH (kpo-+ ¢—puon X [t — BuOH|>
kno-+ Bra X |BPA]) can quench BPA reaction with HO®, BPA trans-
formation in the UV/SPC/t-BuOH system is primarily attributed to CO3~
oxidation. The TPs found for each system and their evolution profiles
with UV fluence are shown in Tables S2-S4.

Under direct UV photolysis, BPA degradation was extremely slow
and insignificant. Yet, we still managed to detect the hydroxylated TPs
(Al & A3), quinone TPs (A2 & A3) and single ring TP (C1) in this system,
suggesting that direct UV photolysis of BPA occurs mainly through hy-
droxylation of phenolic ring, quinonation of phenolic ring, and cleavage
of the linking bond between phenolic ring and isopropylidene group.
Moreover, all TPs appeared from the beginning and continuously
accumulated over the entire test range of UV fluence (Table S3), which
means BPA is being continuously transformed into these TPs. This result
confirms that UV photolysis of BPA is slow, and therefore, may be not
able to achieve complete oxidation.

In the UV/SPC/t-BuOH system, the hydroxylated TPs, quinone TPs,
and single-ring TPs were also detected, and the relative abundance of
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these TPs was much higher than that observed in the direct UV
photolysis. This implies that the phenolic ring and the linking bond
between phenolic ring and isopropylidene group are common reactive
sites for direct UV photolysis and CO5~ oxidation of BPA. In addition,
isopropylidene-modified TPs were only detected in the UV/SPC/t-BuOH
system which suggests that CO3~ attack can activate the isopropylidene
group facilitating BPA degradation. As for carboxylic TPs, they were
uniquely detected in the UV/SPC/t-BuOH system, indicating that CO3~
oxidation of BPA realizes the cleavage of benzene ring, and therefore, is
a more complete oxidation process than direct UV photolysis.

The evolution of TPs with UV fluence in the UV/SPC/t-BuOH system
(Table S4) shows that single-hydroxylated TPs were formed at UV flu-
ence between 0-1009 mJ cm 2 Above 1009 mJ cm’z, multi-
hydroxylated TPs started to form, and were extensively detected at
high UV fluence. This demonstrates that multi hydroxylation of BPA is
relatively difficult and slower than single hydroxylation. It is worth
mentioning that hydroxylated TPs of B1 & B2, C1 & C2, and C5 & C6
were consecutively evolved consecutivelyindicating that ring hydrox-
ylation of isopropylidene-modified TPs and single-ring TPs occurs after
isopropylidene modification and cleavage of linking bond between
phenolic ring and isopropylidene group. In addition, the massive pro-
duction of carboxylic TPs at higher UV fluences confirms that ring
cleavage is the result of continuous oxidation.

Based on the discussion above, the pathways of BPA degradation by
CO;~ was proposed as depicted in Fig. 1: (A) Hydroxylation: the
interaction of CO3~ with the electron rich phenolic ring causes insta-
bility in the electron configuration of aromatic ring. One electron is
transferred from the phenolic ring to CO3~ generating a BPA radical
cation. The addition of a hydroxyl group to the BPA radical cation at the
ortho-position of phenolic ring (Carbon No.2 or 4) in water containing
molecular oxygen induces hydroxylation of BPA. The hydroxylation of

3
11()—'@@0}{
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BPA increases the density of electron on the phenolic ring, leading to
multi hydroxylation of phenolic ring following the same mechanism. (B)
Oxidation Demethylation: the attack of CO3" to isopropylidene group
abstracts a hydrogen atom and initiates a series of radical chain oxida-
tion processes in the oxic environment, forming a demethylated BPA
radical (d-BPA radical) and then isopropylidene modified TPs. The
phenolic rings of isopropylidene-modified TPs are hydroxylated after-
wards via the same mechanism as hydroxylation. (C) Homolytic
Cleavage: the addition of hydroxyl group to BPA radical cation at the
para-position of phenolic ring (Carbon No. 4) induces homolytic cleav-
age of the benzylic bond, forming hydroquinone and 4-isopropylphenol
radicals. This also can be achieved by secondary f-scission as mentioned
in our previous paper (Gao et al., 2020). Water solvent turns the 4-iso-
propylphenol radical into corresponding alcohols, ketones, and al-
kenes. Afterwards, hydroxylation of the phenolic rings of generated TPs
is carried out . Ultimately, continuous oxidation of TPs generates car-
boxylic TPs and small molecular acids step by step until complete
mineralization of BPA.

As opposed to the general pathways of BPA degradation in UV/SPC
system proposed in our previous paper (Gao et al., 2020) which are a
combined result of HO®* and COj;  oxidation, the reaction pathways
proposed here are specific to BPA transformation by CO3™, a step further
from our previous work. The discussion in this section confirms the
initiation of phenolic ring oxidation by COj3~ through one electron
transfer, proposes a new mechanism for isopropylidene modification
through oxidation demethylation by CO3~ and a new mechanism for
isopropylidene bridge cleavage via homolytic cleavage according to the
chemical properties of CO3~, and finds that CO3™ attack can activate the
isopropylidene group to facilitate BPA degradation.
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Fig. 1. Proposed reaction pathways of BPA transformation by CO3".
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3.2. BPA degradation in the secondary effluents

To evaluate the general impact of water qualities on the treatment
performance of UV/SPC process, BPA degradation was conducted in the
secondary effluents from a regional WWTP collected in different
months. These water samples are different from the ones reported in our
previous work regarding collection time and water qualities (refer to
Section 2.1 for more information about these samples). The results of
BPA degradation by UV/SPC process were compared with those by UV/
H0,. As shown in Fig. 2, BPA degradation byUV/SPC process was not as
efficient as that by UV/H20; process in the secondary effluents without
pH change and at neutral/alkaline pH. The acidification of matrix
significantly increased the observed pseudo first-order rate constant of
BPA degradation by UV/SPC process (kops,uv/sec) to the level equal to or
higher than the observed pseudo first-order rate constant of BPA
degradation by UV/H20; process (kops,uv/m,0,)- The efficiencies of BPA
degradation by UV/SPC and UV/H20, processes were reported to be
comparable in Milli-Q water (Gao et al., 2020), so the obviously smaller
kobs,uv/spc than kopsyv/m,0, in the secondary effluents underlines the
stronger interference of water qualities on BPA degradation by UV/SPC
process than on BPA degradation by UV/H505.

Multi-parameter variation partitioning and hierarchical partitioning
for the data obtained from the above experiments were performed to
evaluate the individual contributions of measured water quality pa-
rameters of collected secondary effluents to the total impact of water
qualities on BPA degradation in the UV/SPC system in these matrices.
The obtained contribution percentages are displayed in Fig. 2b which
shows the independent contributions of pH, TOC, and alkalinity to the
total impact of secondary effluent qualities are 59.39%, 34.63%, and
10.22%, respectively. This means pH, TOC and alkalinity are three
major water quality parameters that impact BPA degradation in the UV/
SPC system in secondary effluents. This result is consistent with the
observations in the impact of single water quality parameter on BPA
degradation as discussed in the following sections where the change of
pH, TOC, and HCOj significantly altered the efficiency of BPA degra-
dation in UV/SPC system.

In the following sections, BPA degradation in the systems of UV/SPC
and UV/Hy0, with different pH, common anions, and NOM were
investigated to shed light on the understanding of how these water
quality parameters affect BPA degradation and how they interfere in the
formation of HO® and COj3" in these systems.

EzzR UV/H,0,/Unadjusted pH
[ UV/SPC/Unadjusted pH
4 UV/SPC/pH 7
= E==E UV/SPC/pH 3
-
£
o~ 4
£ 3
3]
s
e
% 2]
2
. 4
14
0 alL H : :

T T

WE Mar. WE Jun. WE Sep. WE Dec.
Collected Secondary Effluents
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3.3. Impact of solution pH

To study the impact of solution pH on BPA degradation and the
formation of reactive radicals in the systems of UV/SPC and UV/H30,
Milli-Q water was used as reaction solution to exclude interferences
from other water quality parameters. Solution pH of 3.0, 8.5, and 10.7
were chosen to mimic the pH conditions of concentrated landfill
leachate (pH = 3), finished sewage (pH = 8.5), and water dissolving of 1
M SPC (pH = 10.7).

The increase of pH decreased k,,, in both systems (Fig. 3a). One
possible cause can be the decrease of [HO®]g for the following two
reasons. First, the concentration of HO™ ([HO™]) increases with the in-
crease of pH. For example, the [HO ] at pH 3.0 is only about 10~> yM
while the [HO™] at pH 10.7 increases to over 500 pM. Because the
quantum yield of HO® produced in UV photolysis of HyO5 remains
constant at different pH (Khan et al., 2014), the scavenging of HO® by
HO™ (Eq. (6)) decreases [HO®]y in the alkaline environment. Second,
the phenolic ring of BPA is gradually deprotonated into phenolate anion
with the increase of pH (Clara et al., 2004, Westall et al., 1985). The
phenolate anion has strong UV absorbance (Gillam and Stern, 1954)
thus competing against HyO for UV radiation photons resulting in the
decrease of HO® generation. The determined steady state concentrations
of reactive radicals ([radical]ss) (Fig. 3b) at different pH confirms the
decrease of [HO*]g in both systems. When the solution pH was increased
from 3.0 to 10.7, the [HO® ] in the UV/H505 system decreased from 1.0
x 10712 M to 2.3 x 10713 M; the [HO"]s in the UV/SPC system
decreased from 3.9 x 1071 M to 3.3 x 107!® M. In UV/SPC system, the
speciation of BPA at high pH values can be another cause of decreased
value of k,ps. According to reported data in literature (Clara et al., 2004,
Staples et al., 1998), the pKa value of BPA falls between 9.6-11.3, which
means BPA is more likely to be electronegative at pH > 9.6. Because
COj3™ is negatively charged as well, the electrostatic repulsion between
CO3~ and BPA decreases the reactivity of CO3~ towards BPA resulting in
the decreased efficiency of BPA degradation in the akaline conditions.

Moreover, the [CO3 ]ss remained around 1.8 x 10712 M in the
examined pH range of 3.0 - 10.7 (Fig. 3b), demonstrating the negligible
impact of solution pH on CO3~ formation. The increase of solution pH
from 3.0 to 10.7 increased Rcoy- from 39% to 79%, indicating that BPA
oxidation by CO3™ increases with the increase of solution pH. The Reo;-/
Ryt increased from 43% at pH 3.0 to 99% at pH 10.7, illustrating that
CO3~ gradually becomes the key species responsible for BPA degrada-
tion as the solution pH increases. Because the pH impact on BPA

Yy [=2]
o o

Indipendent Contribution (%) @
N
(=]

<

pH Abs. TOC cI S0,” NO, Alk.

Water Quality Parameters

Fig. 2. (a) The observed pseudo first-order rate constants of BPA degradation (k) in the secondary effluents before chlorination from a wastewater treatment plant,
collected in March (WE Mar.), June (WE Jun.), September (WE Sep.), and December (WE Dec.); (b) The independent contribution of each water quality parameter to
the total impact of water qualities on BPA degradation by UV/SPC in the secondary effluents. Unadjusted pH means no pH adjustment after the addition of oxidants.
The pH of the UV/H,0, system with unadjusted pH was maintained around 7 by 5 mM phosphate buffer. The pH of the UV/SPC system with unadjusted pH was
maintained around 9.0 by the system itself due to the alkalinity and the buffering capacity of Na,COj3 in SPC. [H202]p = 1.15 mM, [SPC]y =1 mM, [BPA]y = 2 pM,

[UV] = 0.1 mW cm™
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degradation in the UV/SPC system is mitigated by such responses of
CO3", kops,uv/spc decreased more slowly than kops yy/m,0, With the in-
crease of solution pH.

3.4. Impact of common anions

Anions that are ubiquitous in natural aquatic environment may pose
beneficial or adverse effects on the performance of different AOPs
(Parsons, 2004). Four common anions in water (i.e., Cl~, SO?{, NO3,
and HCO3;) were chosen in this study to investigate the impact of
common anions at four common concentrations (0, 5, 10, and 20 mM).
At pH 8.5, the dominant species of carbonic system is HCO3, thus the
impact of HCO; instead of the impact of CO2~ was investigated in this
study. As shown in Fig. 4a-d, the impact of the chosen anions on BPA
degradation in the UV/SPC system were similar to that observed in the
UV/H»0, system. Specifically, CI~ and SO?~ had negligible impact, NO5
at concentration of 20 mM slightly inhibited BPA degradation, and
HCO; significantly decreased ko at all examined concentrations.

Possible reactions of Cl1™ in both systems are shown in Egs. (8)—(11).
Neta et al. (1988) reported that Eq. (10,11) only take place under acidic
condition and are negligible at pH 8.5. The formation and dissociation of
CIOH*~ (Egs. (8,9)) occurs at comparable rates, and Cl~ is nonreactive
with CO3™. Therefore, C1~ had little influence on BPA degradation.

The influence of SO~ on BPA degradation was negligible in both
systems. It is consistent with the fact that neither HO® nor COj~
appreciably reacts with SO%".

NOj, a well-known photosensitizer, can initiate a series of reactions

under light irradiation, producing reactive nitrogen species (RNS, e.g.,
ONOO~, 0,NOO~, NO3, NO;, NO*). Under the experimental condition
in this study (i.e., pH 8.5 and UV A = 253.7 nm), the dominant reactions
are expressed in Egs. (12)-(14). Huang et al. (Huang et al., 2018) found
that BPA could be degraded in UV/NO; system ascribed to RNS
oxidation, and the rate of BPA degradation in the UV/NOj3 system was
significantly enhanced in the presence of HCO; . However, in this study,
a slight inhibition was observed on the degradation of BPA in both
systems with the addition of 20 mM NOj3. This is likely because: (1) the
quantum yield of NO3 (® =0.102 + 0.002 Eq. (12) and ® = 0.037 +
0.004 Eq. (14)) is significantly lower than the quantum yield of H2O,
(® =1 Eq. (1)), thus RNS cannot be sufficiently generated in the UV
systems containing H20s; (2) at high concentration of 20 mM, the
photosensitization of NO; considerably decreases the incident photons
for HyO4 activation and the generated RNS scavenges HO® (Eq. (13)) in
the system.

HCOj displayed significant inhibition on the degradation of BPA in both
systems and the inhibiting effect increased with the increasing concentration
of HCO3 ([HCO31). Addition of HCO3 into UV/H30; system renders UV/
H50, system the ability to generate CO3~ following the same reactions as
those in UV/SPC system (Eqgs. (1)-(3)). HO*CO5 HCO3; HO*HCO5; HCO;
CO3 HCO; HCOZ]HCO5;CO3 HO®*HCO;] HO®CO3 HCO3 Rpo-HCO5
Rco;- HO*CO3 HCO3 HO®CO3 kops This is supported by the data displayed
in Fig. 4e where the values of [HO®]s and [COj3 ] in the the UV/H,0,
system after addition of HCO; were similar to those in the UV/SPC system.
The plunge of [HO" ] after the addition of HCO; (Eq. (2)) is the reason for
the sudden drop of ks in both systems. The gradual lower of [CO3™ ], as a
result of the increased importance of Eq. (7) in HCO3 rich solutions, explains
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why the kg gradually decreases with the increase of [HCO3]. In the
meanwhile, the Ryo- and R¢ - decreased proportionally to k., and the
Rcos /Riotal kept nearly constant regardless of [HCOj; ] change (Fig. 4f).

In addition, the Rco; /R in the UV/H205 system remained be-
tween 81% and 88% after the addition of HCO; (scatter line with empty
triangle in Fig. 4f); the Rcoy- /Rotar in the UV/SPC system was kept be-
tween 83% and 89%, although the addition of 5 mM HCO; increased
Rcoy- /Reotar from 70% to 88% due to the sharp decrease of [HO®Ig
(scatter line with solid circle in Fig. 4f). This points out that CO3" is the

main species responsible for BPA degradation in the presence of 5-20
mM HCOj3 in both systems.

3.5. Impact of different types of natural organic matter

In addition to common anions, NOM is another category of sub-
stances present in natural waters that can significantly affect radical
based AOPs (Autin et al., 2013, Fan et al., 2013, Li and Hu, 2018). In
order to investigate the impact of NOM on the degradation of BPA in the
systems of UV/SPC and UV/H30, , different types of NOM from
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Suwannee River (FA, HA, and mixed NOM) were spiked into reaction
solutions, at concentrations of 5, 10 and 20 mg L%,

The results displayed in Fig. 5a demonstrate that all types of NOM
inhibited the degradation of BPA in both systems, with the inhibiting
effects being increased as the concentration of NOM ([NOM]) was
further increased. This could be because (1) NOM scavenges both
reactive radicals of HO®* and CO3~; (2) NOM absorbs the incident light
(absorbance @ 253.7 nm in Table 2) decreasing the light availability for
the generation of HO®* and the subsequent generation of CO3™; (3) the
formation of NOM-BPA complex decreases the accessibility of BPA by
CO3™. As shown in Fig. 5b, the [HO®]g in the UV/SPC system decreased
from 1.77 x 10~** M without NOM to 6.31 x 107> M, 4.47 x 10715 M,
and 2.18 x 107! M in the presence of 20 mg L™} TOC of HA, mixed
NOM, and FA, respectively; the [CO3 ]s in the UV/SPC system
decreased from 1.9 x 107! M to 3.03 x 107* M, 5.12 x 107 M, and
480 x 10713 M, respectively; the [HO®lg in the UV/H30, system
decreased from 6.50 x 10713 M t0 3.35 x 107 13M, 1.96 x 10713 M, and
1.85 x 10713 M, respectively.

Different types of NOM inhibited BPA degradation in both systems
following the sequence of FA > mixed NOM > HA. With the presence of
different types of NOM at the concentration of 20 mM mg L1 TOC, the
[CO5 1ss in Fig. 5b stay close to each other in Fig. 5c are similar to each
other; the decrease of [HO*]ss and Ryo- follows the order of FA > mixed
NOM > HA. Therefore, the different inhibiting effects of different types
of NOMis related to the different effects of different types of NOM on the
formation of HO®, which can be explained by light shadowing effect and
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photosensitivity. As presented in Table 2, the UV absorbance of different
types of NOM is generally in the order of FA > mixed NOM > HA. The
more light is absorbed by NOM, the less light is available for radical
generation. Recent studies (Bodhipaksha et al., 2017; Loiselle et al.,
2012; McCabe and Arnold, 2017; Schmitt et al., 2017) have shown that
NOM can undergo photochemical reactions by which NOM with large
molecular weight and active functional groups is excited from ground
state (‘"NOM) to excited state C"NOM*) under UV or UV-Vis irradiation
(Eq. (15)). 3°NOM* can transfer energy to dissolved oxygen or water
generating reactive species such as 102 and HO® (Eq. (16)—(17)) which
can promote the degradation of certain organics. In case of BPA, the
oxidation of BPA by >NOM*-generated reactive species is supposed to be
mainly achieved by HO®, because the redox potential of 10 (E; 0y/05 =

0.65 V (Krumova and Cosa, 2016)) is much lower than that of HO®
(Enos jm,0 = 2.33 V (Krumova and Cosa, 2016)). Therefore, the inhibiting
effect of NOM on BPA degradation can be mitigated by the photosen-
sitive reactions as described above. As reported by Luo et al. (2018), FA
mainly consists of small molecules (100 g mole™! < molecular weight <
10,000 g mole 1) and is a mixture of linear carbon chains and cyclic
organic acids. These components determine that FA is less photosensi-
tive and mainly exhibits scavenging effect. On the contrary, HA consists
of large molecules (molecular weight > 50,000 g mole 1) and has aro-
matic or carbon rings containing oxygen, hydrogen, nitrogen or sulfur
(Luo et al., 2018). Such composition of HA makes HA highly photo-
sensitive resulting in the least decrease of [HO*]s. Because mixed NOM
contains both FA and HA, the impact of mixed NOM is expected to fall
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Fig. 5. (a) The observed pseudo first-order rate constants of BPA degradation (k) in the presence of different concentrations of humic acid (HA), fulvic acid (FA),
and mixed natural organic matter (Mixed NOM); (b) The steady state concentrations of reactive species ([radical]ss) with the addition of different types of NOM at 20
mg L~! TOG; (c) The removal of BPA by reactive radicals (Ryqgica, displayed in bar) and the contribution of CO3™ to BPA degradation (Rco;- /Reotal, displayed in line)
with the addition of different types of NOM at 20 mg L™ TOC. [H,05]o = 1.15 mM, [SPClo =1 mM, [BPA], = 2 pM, [UV] = 0.1 mW cm™, pH 8.5.
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between HA and FA. Under this background, CO5~ oxidation of BPA
contributes more to BPA degradation in the presence of FA than that in
the presence of the other types of NOM. For example, as displayed in
Fig. 5c, the Rcoy- /Reota in the presence of FA at 20 mg L~! TOC was
82.8%; the Reoy /Riorar in the presence of mixed NOM at 20 mg L' ToC
was 67.2%; the Reo;- /Riorar in the presence of HA at 20 mg L~ TOC was
51.2%.

Moreover, the different inhibiting effect of different types of NOM
may be also asscoiated with the different complexation ability of
different types of NOM. It has been reported that NOM tend to combine
with nonpolar hydrophobic organic compounds (e.g., dialkyl phthalate
(Ogner and Schnitzer, 1970)) via trapping the nonpolar organics in a
microscopic hydrophobic environment formed by a micellar or
double-layer inner structure or bonding these organics with ionic and
hydrogen bonds (Gaffney et al., 1996). In comparison with HA, FA has
more carboxylic, phenolic, and ketonic groups which possess ionic and
hydrogen bonds and are building blocks of a microscopic hydrophobic
inner structure. Therefore, FA may be easier to combine with BPA to
form FA-BPA complex in which form BPA is wrapped by FA molecule
increasing the steric hindrance for CO3~/HO® to reach BPA molecules,
and thus the degradation of BPA is more inhibited by FA than by HA
with Mixed NOM in between.

4. Conclusions

This study focused on the evaluation of the impact of water quality
parameters on the formation of reactive radicals and the BPA degrada-
tion in the UV/SPC system. The pathways of BPA transformation by
CO3~ were proposed for the first time. The potential of UV/SPC system
for wastewater treatment was assessed first with BPA degradation in the
secondary effluents collected from a local WWTP and second with the
impact of various water quality parameters (i.e., pH, common anions,
and NOM) on BPA degradation. Based on the results obtained and the
discussion presented, the following conclusions are drawn:

CO3 initiates BPA degradation via hydroxylation of the phenolic
ring, oxidation demethylation of the isopropylidene group, and ho-
molytic cleavage of the linking bond between isopropylidene and the
aromatic ring.

CO3~ oxidation can activate the isopropylidene group to accelerate
BPA degradation in comparison to direct UV photolysis.

The increase of pH from 3 to 10.7 decreases the [HO® I, resulting in
a decrease of kg in both systems.

The addition of HCO; decreases both [HO®]s and [CO3™ 1, leading
to a significant decrease of ks in both systems.

NOM shows little impact on the formation of CO3~ while decreases
[HO®]gs in the order of FA > mixed NOM > HA causing the corre-
sponding decrease of kops.

The results from this study provide information on the kinetics and
mechanism of BPA transformation in UV/SPC system. The evaluation of
the impact of water quality parameters provides insights towards the
optimization of UV/SPC system for BPA degradation and gathers more
information on the application potential of this system. The data pro-
duced in this study are also valuable for computational modelling and
prediction of TPs during UV/SPC treatment.
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