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Abstract

In the present work we investigate the activation efficiency of H,O, and S,0s* using UVA and UVB
radiation. Bisphenol-A (BPA) is used as model pollutants to estimate the oxidative process
efficiency in simulated and real sewage treatment plant waters. Particular attention is paid to the

BPA removal efficiency and to the radical mechanism involvement considering the effect of typical
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inorganic water constituents (carbonates and chloride ions) and organic matter. Despite a
detrimental effect observed when carbonate ions are in solution using both hydrogen peroxide and
persulafate, the presence of high chloride ions concentration was found to improve BPA removal
using S,0g” as radical precursor. This enhancement, investigated combining chemical kinetic model
approach and laser flash photolysis experiments, is attributed to the formation of hydroxyl radical
and chlorine radical species from sulfate radical. Different transformation products are identified by
means of GC-MS and HPLC-MS analyses. Moreover, experiments using sewage treatment plant
water (STPW) spiked with BPA are performed in order to assess the efficiency of oxidative

processes in a simulated treatment systems activated using UVA+UVB radiations.

Keywords: AOPs, pollutant degradation, chloride ions effect, hydroxyl and sulfate radical,

Bisphenol A

1. Introduction

Treatment efficiency of recalcitrant organic pollutants in aqueous effluents using oxidant species
precursors such as hydrogen peroxide (H,0,) and persulfate (S,0g”) has been investigated under
UVC radiation [1-5]. UVC lamps are mercury made, fragile and they require considerable more
energy than UVA, UVB lamps [6] which can also be substituted by LED to reduce the operating
cost. UVC-LED efficiency is less than 3 % making their utilization not suitable for long time

wastewater treatments. For these reasons, application of UVA and UVB radiation to improve water
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depollution processes can offer many advantages. Following this idea, iron-complexes are recently
used to initiate or improve pollutant removal using H,O, and S,Og” activation in the presence of
solar spectrum UV radiation (UVA and UVB) [7-11]. In this photo-activated processes, generated
hydroxyl and sulfate radicals ((HO® and SO4*") can react with a wide range of organic pollutants
due to their high redox potential. And the redox potentials vs NHE and in standard conditions of HO®
and SO4° " is 2.7V and 2.6V respectively [12]. Therefore, application H,0, or S,0g° photoactivation
In wastewater treatment is now taken into account for emerging contaminant abatement. Comparing
to HO® based processes, SO,° based methods from activation Persulfate (PS, S,0s%) have a
series of advantages, and attract many researches [13]. However, the presence of organic and
inorganic species (such as carbonate and chloride ions) in natural and wastewater may strongly
influence the efficiency of oxidation treatment [14, 15]. For this reason, several investigations
providing a better understanding of natural occurring ions effect on the oxidative process are
reported [16-18]. Generally, chloride ions (CI") can significantly inhibit efficiency of UVC based
activation of H,0, and S,0s* due to their radical scavenging effect [19, 20]. However, in the
presence of chloride ions, generated reactive species such as chlorine radical (CI®) and dichlorine
radical anion (Cl,*") could also react with organic pollutants being more selective [16]. On the other
hand, it was suggested that the chain reaction triggered by CI™ and SO,*  can result in the
production of HO® [21, 22] and conflicting results are reported in different studies on this topic. For
example, different researchers [17, 22, 23] reported that the presence of CI would inhibit the

oxidation of organics, while in other investigations, a negligible effect of chloride ions on the
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UVC-H,0; treatment performances was observed [24]. Moreover, using SO,° based oxidation,
pollutant’s degradation mechanism was found to be modified due to the presence of chloride ions
[25, 26].

Inorganic carbon (HCOs; /COs*, pKa =10.33) is also an important water constituent that
considerably influence the oxidation process. In fact, reactivity of HCO; /CO5*” with HO® or SO,*~
generates carbonate radical anion (CO3*") [27, 28] which is generally less reactive toward organic
molecules (the second order rate constant with organic compounds in the range ~ 10° — 10° M*s ™)
than HO® or SO,*". However, CO3*" can efficiently react with electron-rich atoms, such as N and
S-containing compounds, phenols and inorganic compounds [15, 29].

Besides, even if the effect of single water constituent could mutually offset or superimpose, the
contribution on the oxidation process of different water matrix as a whole was also investigated in
several previous researches [30-34]. Kattel et coworkers found strong effect of the natural water
composition on the oxidative degradation of emerging micropollutant acesulfame using
UVA-induced H,0,/Fe** and S,05%/Fe?* processes [35]. Due to the complexity of different water
matrix, the efficiency of HO® or SO,* based oxidation processes (also called AOPs: advanced
oxidation processes) strongly depends on the investigated medium and on the target pollutant. In the
present work, UVA + UVB (UVA/B) radiation is used to activate H,O, and S,0g” using Bisphenol A
(BPA) as target compound. BPA degradation efficiency is investigated in the presence of natural and
wastewaters occurring inorganic constituents such as chloride and hydrogenocarbonate/carbonate

ions and in real sewage treatment plant water (STPW). Bimolecular rate constants of reaction of
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BPA and STPW constituents with radicals such as HO®, SO,*, Cl,* and CO3* are estimated
through laser flash photolysis experiments and used in a chemical kinetic model. Finally, radical
species involvement in the presence of different water constituents and impact on the oxidative

process are discussed.

2. Materials and methods

2.1 Chemicals

Hydrogen peroxide (H»O;) (30% in water) is purchased from Fluka, France. Bisphenol A (BPA),
sodium persulfate (Na,S,0g), sodium chorine (NaCl) and sodium hydrogen carbonate (NaHCO3)
are obtained from Sigma, France. Perchloric acid (HCIO,4) and sodium hydroxide (NaOH) are used
to adjust the pH of the solutions. 1 mM buffer solution with sodium dihydrogen phosphate
(NaH,PQO,) and sodium hydrogen phosphate (Na;HPO,) is used to keep pH value constant at 8.0
during the irradiation time without otherwise stated. All chemicals are used without further

purification.

2.2 Irradiation experiments and analysis

Irradiations are performed in a cylindrical Pyrex reactor (500 mL) placed in a rectangular box,
equipped, on the top, with four fluorescence lamps whose emitting wavelength is larger than 275
nm (UVA/B radiation). The polychromatic emission spectrum of the irradiation system reaching the

solution is recorded using an optical fiber with a charge coupled device (CCD) spectrophotometer
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(Ocean Optics USD 2000 + UV-vis) which is calibrated using a DH-2000-CAL Deuterium
Tungsten Halogen reference lamp. The total irradiance between 275 and 400 nm reaching the
solution is then estimated to be 976 uW cm™. In Figure SM1 emission spectrum of lamps and
overlap with absorption spectra of H,O, and S,0g° are presented. All experiments are performed at
room temperature (293 £ 2 K) using a circulation cooling system.

BPA solution (43.8 pM corresponding to 10 mg L™) is magnetically stirred with a magnetic bar
during the reaction to ensure the homogeneity of solution. All irradiation experiments are performed
using a phosphate buffer (total buffer concentration of 0.1 mM) without otherwise stated. At fixed
interval times, 1 mL of sample is withdrawn and analyzed by ultra performance liquid
chromatography (UPLC, ACQUITY, Waters, USA) equipped with photodiode array detector (PDA).
The flow rate is 0.25 mL min™ and the mobile phase is a mixture of water and methanol (40/60, v/v).
The column is a Zorbax C18 of 150X4.6 mm with particle size 5 um. BPA disappearance is
followed at 225 nm.

HPLC-MS an GC-MS conditions used for degradation identification are reported in the
supplementary material section.

The pseudo-first-order decay of BPA is determined by plotting BPA disappearance vs time and using

following relation:

[BPA],
[BPA],

= exp(—k,,1)

Where [BPA]o and [BPA]; are the initial and remaining concentrations of BPA at time t, Kapp IS the



pseudo-first-order apparent rate constant (s *). The initial transformation rate of BPA is Rgpa (M 5 )
= Kapp X [BPA]o. Degradation efficiency (DE) of considered system is determined using the

following equation:

pEe) <| [ LBPAL| [ IBPAL | 411 10006
[BPA], ). \[BPA], ),

Where£ [BPA J and ( [BPA j are the value of remaining BPA in solution in absence (R) and in
[BPAL, J, [BPA], ),

the presence (S) of inorganic ion determined experimentally.

Sewage Treatment Plant Water (STPW) is obtained from urban sewage treatment plant of
Clermont-Ferrand, France (April 29", 2016) and main physico-chemical characteristics are reported
in Table 1. STPW is used for photochemical experiments immediately after PTFE (0.45 pm size
pore) filtration in order to avoid bacteriological and chemical modifications. All experiments are

performed in triplicates in order to ensure the reliability of the results.

2.3 Laser flash photolysis

The laser flash photolysis apparatus has been previously described [36] and a brief description of
radical species detection is given in this section. The fourth harmonic (lexc = 266 nm) of a Nd:YAG
laser is used for the excitation ( the energy of pulse is 40 mJ). An appropriate volume of chemical
stock solutions (BPA, S,0¢%, H,0,, HCO3/COs*, CI” and STPW) is mixed just before each
experiment to obtain the desired mixtures and concentrations. All experiments are performed at

ambient temperature (293 + 2 K) and in aerated solutions. Hydroxyl radical (HO®) reactivity is
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determined by using chemical competition kinetics with thiocyanate anion (SCN") and di-thyociante
radical anion (SCN,*") specie, and the detection wavelength of SCN,* was at 470 nm. Sulfate
radical anion (SO4*") decay is followed at 450 nm corresponding to the maximum absorption of this
species [37]. Dichlorine radical anion (Cl,*") and carbonate radical anion (CO3*") species are
generated using electron transfer reaction between photogenerated sulfate radical and
chloride/carbonate ions. The same approach has been previously used to generate Cl,* in solution
and follow the reactivity toward organic molecules [38]. Details concerning the second order rate
constant determinations are reported in Figure SM2. The second order rate constant between
selected radicals (SO4°", Cl,* and COs*) and BPA or STPW is determined from the regression
lines of the logarithmic decays of radical transient (monitored at 450 nm, 340 nm and 600 nm
respectively) as a function of the quencher concentration (for BPA) or normalised for the carbon
concentration (for STPW). Each value is the average of 4 consecutive laser pulses and the reported

error is = 30, obtained from the scattering of the experimental data from the fitting line.

2.4 Kinetic modelling

A kinetic modelling approach is used to estimate the radical species formation during irradiation
time in the presence of chloride ions. Table SM1 shows the chemical reactions considered for
kinetic modelling (reactions are reported from M1 to M21). The pseudo-first order decay and
second-order rate constants are obtained from the literature or experimentally (see results and

discussion section). The numerical differential equations of the reaction rates are integrated using
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the odel5s solver function of Matlab. The initial species concentration is implemented in the m-file
as the input data. Pseudo-first order constant for the formation of hydroxyl and sulfate radicals (k;
and k) are determined under adopted photochemical conditions (irradiance and initial precursor

concentrations of 2 mM).

3. Results and discussion

3.1 Comparison of UVA/B activation of H,O, and S,0g*

In Figure 1 the disappearance of 43.8 uM BPA (expressed as [BPA]/[BPA]o) is followed when 2
mM of H,0, and S,0s% are irradiated using UVA/B using phosphate buffered and unbuffered
solutions at pH 8.0 (which is representative of STPW pH value). Despite no direct photolysis of
BPA is observed in pure water (milli-Q), in the presence of persulfate, the degradation rate results to
be faster than in the presence of hydrogen peroxide. Such degradation was not observed under dark
condition (direct oxidation) indicating that hydrogen peroxide and persulfate can be
photochemically activated leading to the degradation of BPA through formation of highly oxidative
radical species. In UVA/B—H,0, system, the faster BPA degradation observed at pH 8.0 without
buffer can be explained considering the change of pH value during irradiation. In fact, the solution
pH slowly decreases up to pH 6.4 at the end of the experiment. This modification is correlated to the
radical efficiency oxidation increase as reported in Figure SM3 (BPA degradation rate (Rgpa)
increases from ~ 1.2 x 10° M s at pH 10 to ~ 5.3 x 10° M s™ at pH 4.6). In fact, it has been

reported that the standard redox potential of HO® in acidic pH is about 2.4-2.7 eV which is higher
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than that in alkaline pH (1.9-2.0 eV) [39]. On the contrary, in the UVA/B—S,0s> system, where
sulfate radical are generated, a similar value for the BPA degradation rate is found between 4.6 and
9.0 (~ 8 x 10° M s™). Such effect can be explained considering that persulfate radical redox
potential does not depend on the pH [40]. Concerning the possible effect of phosphate buffer
constituents, the bimolecular rate constants between photogenerated hydroxyl or sulfate radicals and
HPO,%/H,PO, are < 10° M s™ [41] so we can argue that the quenching effect of buffer could be

negligible under adopted experimental conditions.

3.2 Effect of chloride ions
3.2.1 UVA/B—H,0; system

In Figure 2, the effect of chloride ions on the BPA degradation efficiency using 2 mM of H,0,
is investigated at pH 4.6 and 8.0 under irradiation. At pH 8.0, slight inhibition of chloride ions (from
2 to 10 mM) is observed compared to the degradation using hydrogen peroxide alone (increasing the
chloride ion concentration up to 100 mM the inhibition reaches ~15%). However, the detrimental
effect of chloride ions is more marked at pH 4.6 where the BPA removal efficiency strongly
decreases in the presence of 5 mM CI . The different BPA degradation trend at pH 8.0 and 4.6 can
be justified considering that photogenerated hydroxyl radicals are in equilibrium with CIOH®*"
specie in the presence of chloride ions (R1 and see reaction M13 in table SM1 for reactivity
constant value) leading to the formation of CI® only in acidic media (R2).

HO" + CI' —— CIOH"" (R1)
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CIOH” +H' == CI'+H,0  (R2)

On the other hand, at pH 8.0 only a negligible amount of hydroxyl radical are expected to be finally
converted into CI* compared to pH 4.6.

The effect of chloride ions on the radical species formation can be partially predicted using the
chemical kinetic modelling approach that estimates a negligible effect of CI" on the hydroxyl radical
formation rate at pH 8.0. Despite no significant inhibition of chloride ions on the hydroxyl radical
concentration (the initial concentration of HO® decreases from ~ 4.1 x 10™* M to ~3.9 x 10 ¥ M in
the presence of 5 mM of ClI at pH 4.6 as reported in Fig. SM4), the amount of chlorine radical
species such as CI®, Cl,* and CIOH®" is strongly enhanced (Fig. SM5). In fact, the kinetic model
predicts that Cl,*" , which is about 2 times less reactive toward BPA than HO®, is the main specie
present in solution (see Table 2) explaining the inhibition of BPA degradation when 5 mM of

chloride ions are mixed to H,0,.

3.2.2 UVA/B-S,0¢” system

The BPA degradation using UVA/B—S,0g> system is found to be strongly influenced by chloride
ions (Fig. SM6). Two contrasting effects can be observed increasing the chloride ion concentration:
the first (from 0 to 2 mM of CI") is the drastic decrease (up to 80%) of the degradation efficiency
(DE), whereas the second ([CI'] > 2 mM) is a positive effect up to the enhancement of BPA
degradation observed in the presence of 100 and 200 mM of CI" (Fig. 3). This opposite trend

(inhibition and enhancement) is investigated considering the radical species generation as a function
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of chloride ions concentration and their reactivity with photogenerated sulfate radical. Without
chloride, sulfate radicals are able to oxidize water and hydroxide ions leading to the formation of
hydroxyl radical in solution (see reactions M3 and M4 in Table SM1). Considering the second order
rate constant of these two reactions, we can argue that less than 0.4 % of sulfate radical are
converted into hydroxyl radical (mainly through reaction M3). The kinetic model, considering the
photolysis rate of persulfate obtained experimentally (Fig. SM7 and SM8), estimates a steady state
concentration of sulfate and hydroxyl radicals ([SO4* ]ss and [HO®]s) of 1.5 x 10™% and 4.6 x 10™2
M whene 2 mM of persulfate are irradiate using UVA/B radiation at pH 8.0 (Fig. 4). The presence
of 2 mM of chloride ions is able to scavenge about 66% of sulfate radicals leading to the formation
of CI*® which is a source of other radical species such as Cl,*” and CIOH®*" through a more complex
reaction system (M13 to M15). Increasing the chloride ions concentration, despite no effect
observed on the hydroxyl radical steady-state concentration, sulfate radical concentration decreases
of about 2 order of magnitude (from 102 to 10™* M). This trend can be explained considering that
sulfate radical are able to oxidize chloride ions into chlorine radicals (M16) that can be responsible
for the BPA degradation increase observed at high chloride ions concentrations. For instance, the
reactivity of CI® with phenol has been estimated to be 2.5 x 10" M s™ [42]. BPA degradation
enhancement observed when persulfate are irradiated in the presence of chloride ions can be also
explained considering the formation of new reactive species (that are not considered by our kinetic
model) such as hypochlorous acid/hypochlorite ions (HOCI/OCI™ pka = 7.5) as suggested by Yuan

and co-workers [43]. Chlorine active species are responsible for direct oxidation of organic
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molecules or represent a photochemical source of hydroxyl and chlorine radical under UV radiation

[44, 45].

3.3 Effect of HCO3/CO3”

The effect of carbonates (HCO3/CO5* pka = 10.33) is investigated for UVA/B activation of H,0,
and S,0s> at pH 8.0 and pH 9.0 using buffer solutions (see Figure SM9). The presence of 5 mM of
carbonates at pH 8.0 in UV—H,0, system inhibits about 50 % of the BPA degradation (the pseudo
first order decay decreases from 5.3 x 10° s * to 2.6 x 10 %) while the effect on the UV—S,0g>
system is estimate to be around 18 % (the pseudo first order decay decreases from 1.9 x 10*s™ to
1.5x10"s™h).

The scavenging effect of carbonates on photo-activation of hydrogen peroxide and persulfate can be

predicted considering the reactivity of hydroxyl and sulfate radicals toward HCOs3/CO3?

( Kugrnco, =86x10°M7s™ ke =28x10°M s, K., =35x10°M s
Keor oo =6.1x10°M 's™') [21, 46] and BPA determined by laser flash photolysis experiments (see

Table 2). In Figure 5 the inhibition of the reactivity toward BPA due to the presence of HCO3/CO3?
is estimated as the ratio between the pseudo-first order decays of considered radicals with
"

carbonates and BPA (——<amnas . 100) as a function of carbonates concentration and pH. It is
BPA + Carbonates

interesting to observe that, while for sulfate radical the inhibition is not affected by the pH of the

solution, for hydroxyl radical a negative effect is correlated to the pH increase. In fact, after pH ~8.2
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we expect the presence of CO3% species, which have higher reactivity toward hydroxyl radical (at
pH 9.5 ~13 % of CO3* and 87% of HCOj3™ are present in solution).

However, generated carbonate radicals are expected to react with BPA partially counterbalancing
the sink of hydroxyl and sulfate radicals. Interestingly, degradation profiles of BPA at pH 9.0
comparted to the pH 8.0 (see Figure SM9) show a less pronounced negative effect of carbonates on
the inhibition of BPA degradation. Such effect can be explained considering the reactivity between

CO3* and phenol/phenolate groups. Moore and co-workers reported that reactivity of CO3*~ with

phenolate is about 6 times higher than the value measured for phenol (k | =3.9x10°M s

CO;3™,Pheno

and k =2.4x10°M's™) [47]. We can reasonably expect a similar trend for BPA where

CO;™,Phenolate

increasing formation of carbonate radical at higher pH can enhance degradation of target pollutant

in water.

3.4 Transformation products identification

Different experiments are conducted using BPA concentration of 43.8 uM in the presence of i)
hydrogen peroxide (2 mM), ii) hydrogen peroxide (2 mM) + chloride ions (100 mM), iii) persulfate
(2 mM) and iv) persulfate (2 mM) + chloride ions (100 mM). Table SM2 summarizes the chemical
structures of transformation products identified using HPLC-MS (negative mode) and GC-MS on
the basis of molecular peak, fragmentation and literature data.

Interestingly, hydroxylated BPA products are mainly found by HPLC-MS indicating that first

reaction step of sulfate and hydroxyl radicals is the hydrogen abstraction on the aromatic ring and
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consequent water addition. Sharma et al. investigated the intermediates of BPA degradation using
UV C-peroxymonosulfate system and considered that hydrogen abstraction is not the only process
occurring, but one of the most important initial steps of BPA degradation [48]. The authors
concluded that BPA is oxidized by SO,*" through electron transfer and then H abstraction generates
a hydroxyl BPA radical. Similar transformation products are found in all conditions with aromatic
ring scission derivatives, which are also normally found in BPA degradation pathway induced by
HO® or SO,* attack [49-51]. However, a chlorinated BPA product is detected only using
UVA/B-S,0¢>" in the presence of chloride ions. Chlorinated derivatives have been previously
detected by Zafra et al using chlorination experiments [52] corroborating the hypothesis that
reactivity of sulfate radical can lead, in the presence of chloride ions, to the formation of new
species such as HOCI/OCI™ that are expected to directly oxidize BPA in solution. The formation of
chlorinated derivative reasonably suggests that the presence of high CI™ concentration would change
the pathway of BPA degradation in the presence of sulfate radical, while this phenomenon is not
observed in UVA/B-H,0, system. Moreover, high mass values are found in HPLC-MS (m/z = 453)
in the presence of sulfate radical anions suggesting the formation of dimeric molecules produced via

radical-radical recombination.

35 BPA degradation in STPW
To test the feasibility and performances of UVA/B activation of hydrogen peroxide and persulfate in

simulated treatment systems, STPW are spiked with 4.3 pM and 430 nM of BPA (1 and 0.1 mg L™

15



16

respectively) before irradiation in the presence of 2 mM of radical precursors. Due to the
complexity of the STPW matrix, the inhibition effect of naturally constituents is investigated
through several experiments. First, the degradation of BPA is carried out in STPW previously
acidified using HCIO4 to pH < 3 in order to remove inorganic carbon (i.e. carbonate ions), and then
basified back to pH around 8 (indicated above as STPW*). The purpose of this experiment is to
discriminate the effect of organic and inorganic carbon on the degradation efficiency of considered
system. These experiments show that the degradation of BPA in STPW and STPW* is almost the
same; only a slight BPA inhibition (less than 5%) is observed in the presence of persulfate indicating
a negligible effect of inorganic carbon (i.e. carbonates) on the degradation treatment efficiency (Fig.
6). Since the concentration of inorganic carbon is 4.16 mM in our STPW, it could be concluded that
in this concentration level the degradation of organic compound is almost not affected by inorganic
carbon. This trend can be also investigated considering the reactivity constant determined between
hydroxyl and sulfate radicals and STPW normalizing the value to the carbon concentration (organic
and inorganic). In Table 2 it is interesting to observe that reactivity constants using not modified
STPW are about two times for hydroxyl radical and three times for sulfate radical lower than those
determined after inorganic carbon removal (i.e. STPW?*).

Considering the second order rate constant between hydroxyl radical and sulfate radical anion with
STPW matrix, HCO3 (the main species present at pH 8.0) and BPA reported in this study (see Table
2), it is possible to investigate the formation pathways of photogenerated radicals in solution. For

this purpose we considered that hydroxyl radicals (or sulfate radicals) can react with STPW
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constituents or BPA in solution.
In the system UVA/B—H;0,, we can argue that about 98.4 % of hydroxyl radicals react with
constituents of STPW (16.6 % of which accounted for by carbonates) while 1.6 % directly with BPA
(Table 3). In the system UVA/B—S,0s> about 99.8 % of the sulfate radical reactivity is attributed to
the STPW constituents, while only 0.2% is accounted by for BPA (Table 3). However, the BPA
degradation results to be faster in the system UVA/B—S,0g>~ (Fig. 6).
The high efficiency degradation using UVA/B—S,0g>~ system could be explained considering that
about 72 % of sulfate radicals react with chloride ions leading to the formation of chlorine radical
which is a secondary source of hydroxyl radical and other chlorine reactive species in alkaline
media. In order to assess the occurring reactive involvement using UVA/B—S,0g> process, a new
experiment is performed spiking the solution with specific radical scavengers. STPW is spiked with
4.3 uM of BPA in the presence of 2-propanol (2—Pr) which is able to scavenge hydroxyl radical and
=19x10°M s, k

sulfate radical (k =8.2x10'M's™) and tert-butanol (t-But)

HO®,2—Pr SO;™,2—Pr

which is more selective scavenger of hydroxyl radical ( k =3.1x10°M s

HO® t-But

k =8.4x10°M's™") [46, 53]. In the presence of 50 mM of t-But the degradation rate is

SO; t-But

inhibited of ~ 50 %, while, using 2-Pr, only 5% of BPA degradation is observed (Fig. 7). This result
confirms that a significant fraction of sulfate radicals are converted into hydroxyl radical in STPW
through a complex mechanism. In fact, chlorine radical can be converted into CIOH®*™ (R3 and R4)
which leads to the formation of hydroxyl radical in solution at pH 8.0 (see reaction R1).

CI*+H,0 — CIOH" +H* (R3)

17
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CI'+HO™ — CIOH™ (R4)

Moreover, our conclusion are confirmed considering the high scavenging efficiency of 2-Pr and
t-But on chlorine radical (k. , , = 6.0x10°M 's"and K 1 o = 6.2x10°M 's™) [54, 55].

4. Conclusion

In this paper UV fraction of solar light (UVA/B) is used to efficiently activate hydrogen peroxide
and persulfate leading to the degradation of BPA, adopted as pollutant model, in simulated and real
STPW. A strong effect of chloride ions is observed on the UVA/B—S,0g® system where
photogenerated sulfate radicals can lead to the formation of reactive species such as hydroxyl,
chlorine and dichlorine radical anions and probably HOCI/OCI . In fact, at high chloride ions
concentration an increase of BPA removal was observed.

In the presence H,0,, carbonate ions strongly inhibit the efficiency of BPA degradation, while, this
effect, is less pronounced using UVA/B-S,0>". In STPW matrix the presence of Dissolved Organic
Matter (DOM) represents the main radical scavenger; however, this negative effect can be
counterbalanced by chloride ions using UVA/B—S,0¢”"

These results are encouraging for future application of solar activation of persulfate for pollutant
removal in STPW containing high chloride ions concentrations. Moreover, the use of chemical
Kinetic approach improves the oxidant capacity estimation of advanced oxidation process as

function of water chemical composition.
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Table 1 : pH, main anions concentrations and TOC determined for STPW used in this work.

pH | [CIT] (mM)

[HCO371/[CO5*] (MM)

[SO4] (uM)

[NOs] (UM)

[TOC] (mgC L™

7.9 |2.58

4.16 (50 mgC L™ 54

12.3

27.2

Table 2 : Second order rate constant determined for BPA and STPW before and after carbonates

removal. STPW indicated Sewage Treatment Plan water without chemical modification while

STPW=* is STPW after removal of carbonates (see materials and methods). Second order rate

constants are normalized for the number of all carbons (organic and inorganic). Errors are estimated

to + 30, which was obtained from the scattering of the experimental data from the fitting line

kHO‘ kSOz’ kCIE’ kCOs"
BPA (8.6+£1.0)x10° M* s (4.7£1.1)x10° M* s (8.3+0.8)x10" M™* s | (9.2+1.0)x10’ M s
STPW | (2.9£0.4)x10°L mgC™s™ | (1.3£0.2)x10°L mgC™ s*
STPW* | (6.1+1.1)x10° L mgC*s™* | (4.1£0.3)x10° L mgC™* s*
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Table 3. Percentage of photogenerated radicals reactivity in STPW and STPW*, on
hydrogenocarbonates and on BPA estimated considering the pseudo-first order decay determined as
products of the second order rate constant (obtained in this work or from literature) and initial

concentrations.

HO SO,
STPW 98.4 % 99.8 %

STPW* HCO; 81.5% 16.6 % 98.9 % ~1%
BPA 1.6 % 0.2%
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Figures Captions

Figure 1: BPA degradation in the presence of H,0, (2 mM) and S,0s% (2 mM) in buffered and

unbuffered solutions at pH 8.0 under UVA/B radiation.

Figure 2 Degradation profile of BPA ([BPA]J/[BPA]o) at pH 4.6 (full symbols) and 8.0 (empty

symbols) using different chloride ions concentrations.

Figure 3 BPA degradation efficiency (DE) using different chloride ions concentrations at pH 8.0
compared to the value obtained using 2 mM of persulfate alone. Insert: effect of chloride ions using

a linear scale for chloride ion concentration.

Figure 4: Modeled radical concentration in the system UVA/B—S,0¢> (2 mM) in the presence of

different chloride ions concentrations.

Figure 5: Inhibition effect of carbonates as a function of initial concentration and pH of solution
toward the reactivity of hydroxyl (A) and sulfate (B) radicals on BPA. An initial concentration of 43

UM of BPA is considered.

Figure 6: BPA 430 nM (0.1 mg L) degradation in STPW using UVA/B-H,0, (2 mM) and
UVA/B-S,0¢> (2 mM) system. STPW indicates sewage treatment plant water without any
chemical modification; STPW* indicates sewage treatment plant water after removal of carbonates

as indicated.

Figure 7: 4.3 uM BPA degradation in STPW using S;0¢° (2 mM) under UVA/B irradiation in the
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presence of 50 mM of 2-propanol (2-Pr) and 50 mM of tert-Butanol (t-But).
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