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Abstract

New technologies to address the presence of pharmaceutical and personal care
products (PPCPs) in wastewater are needed, especially in those cases in which water will
be reused. In this work, the activation of peroxymonosulfate (PMS) with simulated solar
radiation has been applied to the oxidation of a mixture of six PPCPs, i.e. caffeine,
primidone, N,N-diethyl-3-methylbenzamide (DEET), methylparaben, clofibric acid and
ibuprofen. The sole application of solar radiation, i.e. solar photolysis, only led to the
oxidation of clofibric acid (complete degradation in 90 min). The combination of PMS
and solar radiation resulted in the degradation of all target micropollutants. The complete
degradation of this mixture at initial 100 ppb was achieved with 0.5 mM of initial PMS
after 90 min. A kinetic study that acceptably simulates the experimental data under
different conditions has been proposed. The effects of initial PPCP concentration (1 mg
L1100 pg L), PMS dose (0.1-5 mM), and pH (3-9) were tested and kinetically

simulated. Finally, the PPCPs removal study was carried out in two real water matrices
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(river and a secondary effluent of an urban wastewater treatment plant). A higher dose of
PMS, ten times higher, was required to achieve complete degradation of the

micropollutants if compared to ultrapure water.

Keywords: Oxidation process, Peroxymonosulfate, Simulated solar radiation, PPCPs,
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1. INTRODUCTION

Pharmaceuticals and personal care products (PPCPs) include a large class of chemical
compounds that can be generated from anthropogenic usage, excretions and veterinary
applications. The increasing concern of potential threats caused by the widespread
occurrence of these chemicals in the environment has forced the assessment of efficient
strategies to eliminate/reduce the presence of PPCPs (Kiimmerer et al., 2018). No
accepted standards to complete environmental risk assessments are available.
Subsequently, substantial research is recommended to address the fate and occurrence of
these compounds in the environment (Svalova, 2018). Recently, technologies based on
the production of sulfate radicals are gaining more attention. Formation of these powerful
oxidizing agents is commonly related to the use of persulfate or peroxymonopersulfate
and further activation by radiation, catalysts and/or heat (Guerra-Rodriguez et al., 2018;
Wactawek et al., 2017; Wang and Wang, 2018). The use of solar radiation contributes to
minimize the energy consumption and therefore the environmental impact if compared to
other irradiation systems based on UV lamps. Consequently, solar radiation is gaining
attention in the water treatment field and diverse applications involving sulfate radical
and solar light have been recently reported (Ferreira et al., 2020; Solis et al., 2019; Vela

etal., 2019).

Six model PPCPs have been selected in this study mainly based on their occurrence in
surface and wastewaters, namely primidone, caffeine, methylparaben, DEET, ibuprofen,
and clofibric acid (Haman et al., 2015; Kuster et al., 2008; Yang et al., 2011). Some
examples can be found in the recent literature on the application of sulfate radical based
systems to degrade individual organic pollutants. For example, Chen et al. (Chen et al.,
2017), treated ethyl and methyl parabens using activation of persulfate by heat. These

authors found that both sulfate radicals and hydroxyl radicals contributed to the
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degradation of the PPCPs with a negative effect exerted by pH and inorganic scavengers.
Acero and coworkers investigated the elimination of DEET by UV activated persulfate
(Acero et al., 2018) concluding that the maximum degradation rate was achieved at near-
neutral pH and that natural organic matter (NOM) and radical scavengers inhibited the
removal of contaminants. Lian and collaborators studied the abatement of 20 PPCPs,
including ibuprofen, by radiation activated persulfate (Lian et al., 2017). Second-order
rate constants of pollutants with radicals were obtained by competitive Kkinetics,
highlighting the significant role played by carbonate radicals. In all cases, the efficacy of
these technologies was proven. In this work, activation of peroxymonosulfate has been
carried out by radiation emitted from a solar light simulator. Under these conditions,
sulfate radicals and hydroxyl radicals can be generated by the disproportionation of the
inorganic peroxide (Luo et al., 2015) especially due to the contribution of UV light; the
quantum yield at 254 nm is 0.52 mol Einstein (Guan et al., 2011). Activation of
peroxymonosulfate by solar radiation may have a number of advantages over the use of
catalysts that need to be recovered after use or other more expensive methodologies such
as heat or ultrasound. Solar radiation can be directly used with low cost and even

concentrated by means of adequate parabolic collectors.

In addition, the simultaneous presence of contaminants may lead to interactions;
increasing or decreasing the rate of degradation of individual PPCPs. In this work, the
elimination of six model PPCPs has been conducted and the influence of the most
important variables were assessed. A pseudo empirical mechanism has been applied to
model the process. The impact of several radical scavengers has been investigated and
the role played by the water matrix was also studied by using river water (Guadiana’s
river) and the effluent of the secondary treatment of the wastewater treatment plant

(WWTP) of the city of Badajoz.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

2. MATERIAL AND METHODS
2.1. Chemicals

The micropollutant standards were of analytical grade and purchased from Sigma-
Aldrich®. Technical grade Oxone® (2KHSOs-KHSO4-K>SO4, CAS: 37222-66-5) and
potassium peroxydisulfate (K»S>Og, CAS: 7727-21-1) were used as the respective sources
for PMS and PS. H20; (30%) was from Panreac®. The rest of chemicals were of
analytical grade and purchased from Panreac® or Sigma Aldrich®. Ultrapure water (18.2
MQ cm) from a Milli-Q® Integral 5 system was used for the preparation of all the stock
and standard solutions. HPLC-grade acetonitrile was supplied for the chromatographic

analyses.
2.2. Experimental installation and procedure

The solar photo-activation of PMS was carried out in a solar simulator reactor (Suntest
CPS, 1500W, air-cooled Xe lamp) in which a glass beaker of 500 mL was located and
kept under magnetic stirring. The light source consisted of 500 W m? of polychromatic
radiation within 290-800 nm. Detailed information about the radiation characterization is

available in previous work (Solis et al., 2019).

Tests started with the addition of 500 mL of water sample (ultrapure, river or
wastewater) spiked with the mixture of the six micropollutants at an initial concentration
ranging from 100 pg L! to 1 mg L! each. Afterward, a desired amount of PMS from a
concentrated fresh solution (generally 0.1 M) was added and the irradiance lamp was
connected for 2 hours. Samples were withdrawn at predetermined time intervals and the
reaction solution was quenched by the addition of 10 puL of sodium thiosulfate 0.1 M to

1 mL of sample.
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2.3. Aqueous analyses

The aqueous concentration of PPCPs was determined by Liquid Chromatography (LC)
in a UFLC Shimadzu Prominence LC-AD equipped with Diode-Array detection. A
mixture of acetonitrile (phase A) and acidified ultrapure water (0.1% H3POs, phase B)
was fed at a rate of 0.5 mL min™'. The elution gradient program went from 95% A (5 min)
to 95% B in 15 min, and kept thereafter for 1 min before returning to initial conditions in
5 min. The stationary phase used was a core-shell C18 Kinetex® (150 x 4.6 mm, particle
size 5 um & pore 100 A). Different wavelength values, according to the maximum of

absorbance for each compound, were used for the quantification.

2.4. Water characterization

Table 1 shows the main parameters that characterize the water collected in the
Guadiana river (Badajoz, Spain) and after the biological treatment in the Waste Water
Treatment Plant (WWTP). Water samples were filtered (>11 um) and stored at 4 °C

before their use.

Table 1. Characterization of the two water matrices studied

Parameter Guadiana river WWTP effluent
pH 8.02+0.05 7.69 +0.02
Conductivity (uS cm™) 482.3+0.6 616+ 1
Turbidity (NTU) 1.97 £0.01 0.83 £0.01
TC (mg L) 29.06 £ 0.08 349+04
IC (mg L) 12.4+£0.1 248 +0.4
TOC (mg L") 16.68 + 0.05 10.12 +0.02
Chlorides (mg L) 60.6 + 0.9 83 £11
Nitrates (mg L) 5.05+0.24 16+ 1
Phosphates (mg L) 0.14 +£0.03 0.23 +0.06
Sulfates (mg L") 55+1 60.4+ 0.5
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3. RESULTS AND DISCUSSION

3.1. Direct oxidation with PMS and solar photolysis

First, some control experiments were carried out to examine the role of daylight
radiation or PMS to eliminate the selected target compounds. Hence, at uncontrolled pH
(initial pH ca. 3.3) runs conducted in the presence of 1 mg L in each PPCP using
different amounts of initial PMS (from 10 to 102 M) led to the negligible conversion of
contaminants after 120 min of reaction (results not shown). Next, some runs were carried
out by adjusting the initial pH at 5, 7 and 9 (buffered with H;PO4 5 mM). Although, the
presence of high concentration of phosphate could interfere in the activation of PMS (Lou
et al., 2014), no significant PPCPs degradation was obtained at pH values below alkaline
conditions. Actually, a low 10% conversion was obtained at pH values of 5 and 7,
however, when the pH was increased to 9, the conversion of individual PPCPs increased,
especially in the case of methylparaben. From Fig. 1, conversion values of roughly 40,
24, 100, 37, 41, and 33% after 120 min were obtained for caffeine, primidone,

methylparaben, DEET, clofibric acid and ibuprofen, respectively.
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Figure 1. (A) Removal of PCPPs in water by direct oxidation by PMS at pH=9.
Experimental conditions: T=293 K, Cppcp,0=100 pg L (each), Cpms0=0.5 mM, Crspos=
5 mM; V=500 mL. (B) Removal of clofibric acid by solar photolysis. Influence of initial

clofibric acid concentration. Experimental conditions: T=293 K, V=500 mL.

The efficiency increase registered at pH=9 can be attributed to the activation of
peroxymonosulfate with hydroxyl anions at basic pH, releasing the generation of
superoxide radical and singlet oxygen (Qi et al., 2016). Moreover, the dissociation of the
target compounds can also involve a higher reactivity of the anionic form if compared to
the protonated or neutral molecule. In this sense, the pKa value of methylparaben located
in the proximity of 8.5 could explain the significant change in reactivity of this compound
from acid-neutral conditions to pH=9. pK, values of clofibric acid (3.2), DEET (0.67) and
primidone (11.5) are outside of the pH interval studied. Ibuprofen has a pK.=5.3 while
caffeine shows a dissociation constant of pK.=10.4; however, no significant differences
were obtained between pH 3.3 and 5 in the first case or between pH 7 and 9 in the second

casc.



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Direct photolysis of PPCPs did not lead to any significant removal of target
compounds with the exception of clofibric acid. The molar extinction coefficient of
clofibric acid is rather low at the wavelength range of daylight radiation (Pereira et al.,
2007). Nevertheless, the radiation intensity applied is enough to produce the oxidation of
clofibric acid (Doll and Frimmel, 2003). It can be assumed that the removal of this
compound by photolysis follows a first-order provided clofibric acid (CA) is the main

absorbing species. After applying Taylor series expansion to Lambert-Beer expression:

dC
dEA = ¢CAIO [1 — eXp(_2'303L8CACCA)] = kPhotOCCA (1)

where ¢ca, €ca, [o and L stand for the quantum yield of clofibric acid, the molar extinction
coefficient of clofibric acid, the incident photon flux by reactor volume unit and the
effective optical path in the reactor, respectively. The experimental kpnoto Was calculated
in the proximity of 6-:10* s, Experiments completed at different initial concentrations of

clofibibric acid corroborated the development of first-order kinetics (see Fig. 1).
3.2.  Photolysis in the presence of daylight radiation

3.2.1. Influence of initial PMS concentration

A radical mechanism can be developed when irradiating a solution of
peroxymonosulfate. Under adequate irradiance conditions (wavelength and intensity), the
following reactions shown in Table 2 can proceed (Guan et al., 2011; Sbardella et al.,

2019; Yu and Barker, 2003).

Table 2. Mechanism of PMS irradiated system.

Reaction or equilibrium Rate constant Eq.
Initiation

_ ho - . Kini1=? (2)
HSO; (ag)—— SO; (aq)+HO" (aq)
SO} (ag)—"> SO} (a0) +0" (aq) ka7 ®
Equilibria:




H,0(l) f OH (aq)+H'(aq) pK.=14 “)
k=18000 M"! 5! (5)
HOCl(aq) +HCl(aq) f Cl,(g)+H,0(1) K04 M &'
HSO; (aq) f SO; (aq)+H(aq) pK:=2 (6)
_ ) N k=15 (7)
HSO;(aq) f SO5 (aq) +H (aq) k1=2.5-10° M 5
. N k=320 ! (8)
HOCl(aq) /- OC1 (aq)+H (aq) k1=1.0-10" M 57!
Chain reactions
2S0: (aq) —> 2S0Oj (aq)+0,(g) k=2.15-10° M' ¢! )
HO’ (aq) + HSO;5 (aq) —>SO5 (aq) +H,O(l) k=1.7-10"M"' ¢! (10)
S,0¢8 (aq) +H,O(l) - HSO5 (aq) +HSO; (aq) k=7.5-10° M 5" (11)
SO (aq)+HSOs (aq) —SO5 (aq)+ HSO; (aq) k=1.0-10° M s (12)
.- . _ k=73 M's"!
s04 (aq)+H20(l)f HO (aq)+HSO4(aq) k1=3.5-10° Mgt (13)
HO" (aq)+SO2 (aq) > SO% (aq) +HO™ (aq) k=2.1-10° M s (14)
Radical recombination:
2HO.(aq)—) Hzoz(aq) k=5.5-10° M ¢! (15)
2802_(3.(])—) Szoé—(aq) k=3.1-10 M ¢! (16)
2805 (aq) > S;05 (aq) +0,(2) KIS0 an
SOZ_(aQ)‘i‘HO.(aq)—) Hsog(aq) k=1.1-10" M s! (18)
Oxidation and photolysis reactions:
PPCP(aq) +SO; (aq) — Intermediate(aq) k=f(PPCP) (19)
PPCP(aq) + HO" (aq) — Intermediate(aq) k=f(PPCP) (20)
. . . k=6.0-10"s7! (thi k 21
Clofibric acid(aq) LN Intermediate(aq) s (thiswork)  (21)
Scavenger / Intermediate(aq) + SO} (aq) — Product(aq) <~ T(Scavenger) (22)
Scavenger / Intermediate(aq) + HO® (aq) — Product(ag) < (>cavenger) (23)
In the presence of chloride:
Cl" (aq) + HSO4 (aq) —» HClO(aq) + SO?[ (aq) k=1.87-10" M"' 5! (24)
Cl” (aq) + HO¥aq) > HCIO® (aq) k=4.3-10° M s’! (25)
HCIO" (aq) »HO" (aq) +Cl (aq) k=6.1-10° M s°! (26)
o R k=2.6-10" M 57!
HCIO" (aq) +H'(aq) £ CI" aq) +H,0() el @D
HClO(aq) + PPCP(aq) — Intermediate(aq) k=f(PPCP) (28)

10
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CI°(aq) + HSO, (aq) > HCl(aq) + SO} (aq) k=2.5-10°M"s’! (29)

CI°(aq)+SO; (aq) > Cl (aq)+SOj (aq) k=2.5-10 M 5! (30)
Cl°(aq)+Cl (aq) — C15 (aq) k=7.8-10° M 5! (31)
Cl5 (aq) +H,0(1) - HCIO"(aq) + H' (aq) +Cl " (aq) k-Ci20 <100 s™! (32)
CI°(aq)+C15 (aq) = CI”(aq)+Cl,(g) k=2.1-10° M s°! (33)
Cl5 (aq)+Cl15 (aq) = 2C1 (aq)+Cl,(g) k=9-10° M s'! (34)

If the energy of the applied radiation is adequate to produce the scission of HSOs"
molecule, Egs. 2 and 3 take place generating radical species capable of removing organic

and inorganic species with rate constants as high as 10’-10'° M s,

Figure 2 shows the evolution of the normalized PPCPs concentrations with time in
experiments carried out with an initial concentration in PMS ranging from 0.1 to 5 mM.
As observed, the higher the initial promoter concentration, the higher the conversion rate
of PPCPs. Contrarily to other authors (Wu et al., 2019), experimental data indicate that,
under the PMS concentration used, the molecules of PMS do not react with the generated
radicals through reactions 10, 12, and 14. Additionally, with the exception of the
experiment completed with the highest PMS concentration, clofibric acid removal rate
seems to be independent of peroxymonosulfate dose, this compound is mainly degraded

by photolysis following first-order kinetics.
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185  Figure 2. Removal of PPCPs in water by PMS in the presence of solar radiation. Influence
186  of initial PMS concentration. Experimental conditions: T=293 K, Cppcpo=1.0 mg L’!
187  (each), V=500 mL. Lines: model calculation.

188 Assuming a perfectly mixed batch reactor, equations 2-23 allowed to propose a set of
189  first-order differential equations that could be solved by adjusting the value of kini1 and
190  kini2 to fit the experimental and calculated PPCPs concentrations. The software tool
191  COPASI (Hoops et al., 2006) was used for the resolution and simulation of the generated
192  set of ordinary differential equations. For doing so, published data of rate constants
193  corresponding to Egs. 19 and 20 were initially used before optimization (see Table 3).
194  Generic values of Intermediate (P) reactions with hydroxyl radicals (5-10° M! s!) and

195  sulfate radicals (5-10° M s7!) were assumed. Since the extinction coefficient of clofibric
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acid is low and PMS remains almost constant during the experiments, the rate of PMS

photolysis can be modeled by a simple expression of the type:

- d(ilPtMS =0 Cpuss) (1 —10% ) =k, (1 —10% ) 33)

Where the parameter a(Cpms) was experimentally observed to depend on PMS initial
concentration. The potential inefficient decomposition of peroxymonosulfate towards

sulfate and oxygen can be considered:
HSO; — e 5 SO + H* %02 (36)

Fitted values of a(Cpms) were 5-10°, 1.7:10%, 1.3-10°, and 1.3-10°° in experiments with
PMS initial concentration of 0.1, 0.5, 1.0 and 5.0 mM, respectively. The dependency of

a(Cpms) on Cpums,o seems to be inversely proportional (a, b, and ¢ are constant parameters):

a
o(C o€ — 37
(Cops) b+ oxCorp (37

At the sight of the calculated radical concentrations, hydroxyl radical concentration is
two orders of magnitude higher than that of sulfate radicals. The reactivity of the PPCPs
studied follow the order primidone < methylparaben = caffeine < DEET < ibuprofen <
clofibric acid. These profiles could be obtained by using the second-order rate constants
for HO" and SO4~ shown in Table 3. In general, the rate constants used with sulfate

radicals are slightly higher than those found in the bibliography.
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213 Table 3. Physicochemical characteristics of the target pollutants used in this study and their reactivity towards HO" and SO4™
Water Second-order rate constant with HO® and SO4™
PPCPs (use) Ni"lect“la" 1\?"'““:*‘" Solubility  pK.!
Structure ormuia (mg L)! kuo- 10°(M's?)  pH Ref. ksos 10° (M's™)  pH Ref.
(Shu et al.,
4.1 7.0 2013)
59 NA (Broséus et
al., 2009) L
QO  CHy ] (Nihemaiti
Caffeine HsC.p AN (Wols and 2.39 7.0 etal,
(nervous 1 L2 CsH1oN4O; 2.16:10* 104 6.4+0.7 5.5-9.0  Hofman- 2018)
stimulant) o NN Caris, 2012)
CH; (Kesavan and
6.9 NA Powers,
1985)
6.0 3.3-9.0 this study’ 1.5 3.3-9.0  this study’
V > (Nihemaiti
Primidone Namf i 6.7 3.0 (Rezaoloe;)al" 0.53 7.0 etal.,
(drug, HiC h,,r' “MH Ci2H14N>0, 500 11.5 2018)
anticonvulsant) S 6.7 33-90  this study’ 0.90 33-9.0  this study’
Methylparaben Q 6.8 3.0 (Tz}(l) le (t))a L, Not available
(preservative, l’;])t‘OCHJ CsHgOs 2500 8.5
anti-fungal) s 7.1 3.3-9.0  this study’ 1.0 3.3-9.0  this study’
(Song et al.,
5 4.95 7.0 2009)
DEET 2 R 751 3.0 (Benitez et 95 70 (Acero et
= - N CH . . . .
(Insecticide, LI T C1:HiNO 912 0.67 &l., 20tl 31) al., 2018)
repellent T CH, ay etal,
pellent) E 8.5 3.0 2011)
6.0 3.3-9.0 this study’ 4.0 3.3-9.0  this study’

14



(Packer et al.,

47 3.5 2003 el
Clofibric acid 1.73 7.0 ?
(herbicide and c—F Mg ﬁ (Wols and 2018)
drue. fat /R TOH C10H1:CIO; 583 32 5.0+£2.4 5.5-9.0 Hofman-
regu%;tor) HC CHy Caris, 2012)
8.0 3.3-9.0 this study’ 1.7 3.3-9.0  this study’
(Packer et al., (Suetal.,
6.5 3.5 2003) 1.26 7.5 2018)
(Wols and (Kwon et
Tbuprofen CHy 7.0£0.5 5590  Hofiman- 132 702015
(drug, anti- o FYY C13Hi50, 21 53 Cg\f/}s, 2‘1)\/1[ 2) ’
inflammatory) HE™ o arc M.
’ 74 70  Huberetal, 1.66 3.0 ale aznogl%
2003) 5
7.0 3.3-9.0 this study’ 4.9 3.3-9.0  this study’

214 'National Center for Biotechnology Information. PubChem Database

215 2Optimized values used in the simulation of this work
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3.2.2. Influence of initial PPCPs concentration

An additional experimental series was carried out by changing the initial concentration
in each target contaminant from 100 ug L' to 1000 pg L. Fig. 3 shows the results

obtained.

As observed, conversion rates increase as the initial concentration of contaminants is
decreased. The mechanism of reactions was used to simulate the results, however, the
value of kini1 changed as the initial concentration of contaminants was varied. Hence
values of 1.7-10° s, 1.1-10° 57!, and 0.6-10°° s! were obtained for initial concentrations
of 1000, 500 and 100 ug L' of PPCPs. The reason is unclear, although clofibric acid can
act as a photosensitizer. Homolytic scission of a covalent bond can generate radical
species, such as HO™ and HO»" radicals or even chlorine radicals. Also, by energy transfer
or hydrogen abstraction, excited molecules can contribute to the abatement of aqueous
contaminants by the production of singlet oxygen as it is the case of pyrene used as a
photosensitizer (Miyoshi and Tomita, 1978). In this sense, clofibric acid was also shown
to photosensitize the lysis of human erythrocytes (Vargas et al., 1993). The dependency
of kinit with clofibric acid initial concentration was evaluated leading to a linear
relationship. Based on the previous results, the following expression (R?> 0.99) was
proposed to calculate the photolysis of PMS to generate radicals (verified under the

operating conditions investigated):

dCPMg _ CCAO (ppb) —600 6 Cpps (M)
TTat | 189107Cp (M) 8ATx10 2N (1-10%)

However, the previous expression was only validated in the range of the operating

conditions selected.
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Figure 3. Removal of PPCPs in water by PMS in the presence of solar radiation. Influence

of initial PPCPs concentration. Experimental conditions: T=293 K, Cpms,0=0.5 mM,

V=500 mL. Lines: model calculations.
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3.2.3. Influence of initial pH

The influence of pH was investigated with the addition of H3PO4 buffer (5 mM).
Experiments were completed at pH values of 3.3 (no pH adjustment), 5, 7 and 9. Fig. 4
shows the influence of pH in which the significant impact on conversion under basic

conditions has to be highlighted.
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Figure 4. Removal of PPCPs in water by PMS in the presence of solar radiation at
different pH values. Experimental conditions: T=293 K, Cpms,0=0.5 mM, V=500 mL,
Cppcpo=100 pg L (each); buffered with H3PO3; 5 mM (pH=3.3, unbuffered).

This enhancement of the process at pH=9 can be justified based on (1) the higher
reactivity of methylparaben with PMS in the absence of radiation at alkaline pH, (2) the
conversion of sulfate radicals to the less selective hydroxyl radicals, (3) the potential
higher photoreactivity of clofibric acid (pKs=3.2) at basic pH leading to singlet oxygen

generation, (4) a change of reactivity in the formula of PPCPs due to dissociation with
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pH and (5) the higher radical generation by PMS photolysis. A change in reactivity of the
PPCPs dissociated and non-dissociated formulas are discharged as the main reason since
the marginal change of the second order rate constant with hydroxyl radical, see Table 3,
do not explain the higher reactivity registered at basic pH. However, the higher photolysis
of PMS at high pH was hypothesized by Guan and coworkers in the pH range 8-10 by
using UVC radiation (Guan et al., 2011). The apparent-molar absorption coefficient of
PMS is 1 order magnitude higher at pH=11 if compared to neutral pH. This behavior

would explain the increase of the removal rate when raising the pH from 7 to 9.

3.2.4. Influence of scavengers

Influence of azide addition

Previously, the potential generation of singlet oxygen was proposed as an alternative
route of contaminant abatement. NaN3 is known to scavenge singlet oxygen (Xu et al.,
2008), however, this compound can also react with hydroxyl radical, sulfate radical and
even PMS. The azide ion reacts with HO® with a high rate constant value of 1-8-10'° M!
s”! (Shinohara et al., 1962; Xu et al., 2008) and also with SO4 "~ but with a one magnitude
lower rate constant, 2.4-10° M s! (Huie and Clifton, 1990). The presence of 10 mM of
azide completely inhibited the abatement of PPCPs with the exception of clofibric acid
which is eliminated by direct photolysis (results not shown). The process was simulated
by means of the proposed mechanism. Two strategies were adopted, first assuming that
azide does not react with sulfate radicals, and, secondly, assigning a rate constant of
2.4-10° M 57! to the aforementioned reaction. In the first case, the abatement of PPCPs
was not inhibited, suggesting the existence of additional routes of elimination of
contaminants, likely due to their reaction with singlet oxygen, or alternatively, due to their
reaction with sulfate radicals. In the second case, PCPPs conversion modelling came to a
halt. As a consequence, addition of azide cannot be taken as an irrefutable proof of the
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role played by singlet oxygen. Likely, the reaction of NaN3 with sulfate radicals is the

reason of the complete inhibition of the oxidation process.

Influence of t-BuOH addition

t-BuOH shows a relatively high reactivity towards hydroxyl radicals (3.8-7.6-10% M™!
s'') and low rate constant with sulfate radicals (4.0-9.1-:10° M! s™!). Experimental results
indicate that in the presence of 10 mM of t-BuOH, partial inhibition of the process was
experienced, suggesting the presence of hydroxyl radicals in the process (Fig. 5). The
mechanism of reactions proposed could adequately model the kinetics of degradation for

the rest of the target contaminants

Influence of EtOH addition

Ethanol can scavenge both hydroxyl radicals (1.2-2.8-:10° M! s™!) and sulfate radicals
(1.6-7.7-107 M s7) if a high concentration of the scavenger is used. According to the
mechanism of reactions proposed, a concentration of 10 mM in ethanol should almost
completely inhibit PPCPs removal with the exception of clofibric acid. The lack of
influence of alcohols in the degradation of clofibric acid denotes, once again, that this
compound is not removed by the action of radicals. However, experimental data revealed
the partial abatement of the rest of contaminants with the exception of ibuprofen (Fig. 5).
From the analysis of the evolution of ibuprofen in the presence of alcohols can be
observed that the degradation of this PPCPs is not completely, as expected with EtOH, of
partially, as expected with T-BuOH, which provides some evidence of extra degradation
routes. These results can be explained by the presence of singlet oxygen, or even, by
considering that ethanol attack can initiate a radical mechanism involving the generation
of hydroperoxyl radicals and ultimately hydrogen peroxide according to Table 4 (Bothe

etal., 1983).
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305 Table 4. PMS photolysis mechanism: scavenging reactions in the presence of EtOH
Reaction Rate constant Eq.
CH;CH,OH(aq) + HO"(aq) - CH;CHOH’ (aq) + H,O(l) k=1.2-2.8-10° M's!  (39)
CH,CH,OH(aq) + SO} (aq) -CH;CHOH" (aq) + H,O(1) 1.6-7.7-10' M 57! (40)
CH,CHOH® (aq) + O, (g) - CH;CO,HOH" (aq) k=3.5-10* M 5! (41)
CH,C0,HOH’ (aq) — CH,CHO(aq) + HO5 (aq) k=9-107 5! (42)
CH;CO,HOH’ (aq) — CH;CHO(aq) + O (aq) k=4-10°5’! (43)
2 CH,CO,HOH’ (aq) — CH;CHOH — 0000 — HOHCH;C(aq) k=3.5-10 M 5! (44)
CH;CHOH — 0000 —HOHCH;C(aq) —2CH;COHOH" (aq) + O, (g) Not available (45)
CH;CHOH — 0000 — HOHCH;C(aq) —2CH;COHOH’ (aq) + H,0,(aq)  Not available (46)
2CH,COHOH" (aq) a{zHoz(aq)”CHﬁOOH(aq) Not available (47)

2CH;(aq) + 2HCOOH(aq)
HOS (aq)+05 (aq) + H" (aq) —H,0,(aq) + O, (g) k=9.0-107 (48)

306

307

308

Hydrogen peroxide generated in the previous mechanism can undergo homolytic

scission by radiation to form hydroxyl radicals. Alternatively, some compounds can react

with hydroperoxyl radical or methyl radical.
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309

310  Figure 5. Removal of PPCPs in water by PMS in the presence of solar radiation. Influence
311  ofthe scavenging effect of ethanol (A) and TBA (B). Experimental conditions: T=293 K,
312 Cpmsp=0.5 mM, V=500 mL, Cppcpo=100 pg L' (each); Cscavenge=10 mM;

313  pH=unbuffered. Lines: model calculations.
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3.3. PMS photolysis in real water matrices

Real waters present a variety of substances capable of inhibiting the radicals present
in the system. The main species to be considered are the organic matter (measured as total
organic carbon, TOC), carbonate (measured as inorganic carbon, IC), nitrate, sulfate and
chloride. Accordingly, the reactions summarized in Table 5 should be added to the general

mechanism (Ahn et al., 2017; Lee et al., 2020; Lian et al., 2017).

Table 5. PMS photolysis mechanism: scavenging reactions in real water matrix

Reaction Rate constant (M's?') Eq.
HO" (aq) + CO3 (aq) — 05~ (aq) + H,O)) k=3.9-10° (49)
HO' (ag) + HCO; (aq) (0% (aq) +HO (aq) ~ k=8:6°10° (50)
SO} (aq) +HCO; (aq) - CO5 ™ (aq) + HSOj (aq) k=2.8-10° (51)
SOY (aq)+ CO% (aq) —>CO% (aq)+SO% (ag) ~ K=0-1°10° (52)
SO} (aq)+CI (aq) —>CI' (aq) +SOZ ™ (aq) k=3.0-10° (53)
HO* (aq) + TOC(aq) — P(aq) k=(1.6-3.3)-10° (54)
SO; (aq) + TOC(ag) —P(aq) k=(2.5-8.1)-107 (55)
SO} (ag)+ NOj (ag) >NO3(ag) +SOF (aq) K2 1'10° (56)

An experimental series was carried out with water taken from the Guadiana River in
Badajoz after spiking with 100 pg L™ in each pharmaceutical. As observed in Fig. 6, with
the exception of clofibric acid, the degradation rate for the rest of pharmaceuticals
significantly decreased if compared to the run completed performed in ultrapure water
(Fig. 2). Degradation percentages after 2 hours also decreased. Competition for radicals
seems to be the reason for this effect. Common values for the reaction of radicals with
organic matter (Eqs. 54 and 55) allowed to simulate the process and predict the

experimental kinetics with a low error. Several studies report that the second order rate
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constant between natural organic matter and sulfate radicals are 1 magnitude lower than

the respective with hydroxyl radical (Lee et al., 2020).

According to the previous results, an increase in radical generation is suggested to
enhance the removal rate of target contaminants. Consequently, an experimental series
was carried out by increasing the amount of PMS added at the beginning. Fig. 6 shows

the beneficial effect of higher doses of peroxymonosulfate.
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Figure 6. Removal of PPCPs in Guadiana River water by PMS in the presence of solar
radiation. Influence of initial PMS concentration. Experimental conditions: T=293 K,

V=500 mL, Cppcpo=100 pug L' (each). Lines: model calculation.
A similar experimental series was carried out by spiking the wastewater effluent of a

wastewater treatment plant. The role of PMS dose was tested also in the range 0.5-5 mM.
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All the micropollutants were satisfactorily oxidized after 120 min with an initial PMS
dose of 5 mM. As observed in Fig. 7, this effluent presented a higher scavenging capacity
of radicals, inhibiting the process to a higher extent under similar conditions than that
used with river water. The WWTP effluent presented lower TOC value than the river
water; therefore, the higher amount of inorganic carbon and chloride may explain the
greater scavenging effect observed in the WWTP effluent. If the application of the model
is analyzed for both matrices, the model prediction is more accurate for the river effluent.
In the WWTP matrix, the model underestimates the scavenging effect of the matrix. A
plausible explanation for that effect may be the different nature of the organic matter
between the two matrices. Substances accounting for TOC in WWTP are more reactive
than what is considered in Egs. 54 and 55 and the standard value considered for the kinetic

rate constant is not representative of the TOC of this matrix.

The treatment of wastewater with inorganic peroxides such as peroxymonosulfate
results in an increase of sulfates in water after treatment. Considering that all the sulfur
contained in PMS is transformed into sulfate, and also the sulfate already included in
Oxone® salt formula, a final amount of 480 mg L™! of sulfate would be added to the initial
55 and 60.4 mg L' already present in the river and wastewater matrices, respectively.
Depending on the further application or discharge policy, sulfate may need additional

removal from water.
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Figure 7. Removal of PPCPs in WWTP effluent by PMS in the presence of solar
radiation. Influence of initial PMS concentration. Experimental conditions: T=293 K,

V=500 mL Cppcpo=100 pg L (each). Lines: model calculation.
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4. CONCLUSIONS

A mixture of six organic micropollutants representative of the typical pharmaceutical
and personal care products (i.e. caffeine, primidone, methylparaben, DEET, clofibric acid
and ibuprofen) detected in aqueous effluents has been successfully treated by the
combination of peroxymonosulfate and solar radiation. The irradiation of PMS leads to
the generation of hydroxyl radicals and sulfate radicals, as scavenging test suggested,
capable of oxidizing the organic contaminants. In the absence of radiation, no direct
oxidation of the contaminants was observed except for methylparaben at a basic pH.
Clofibric acid showed preferential oxidation by the sole action of radiation (photolysis).
The reactivity of the compounds followed the order methylparaben > caffeine > ibuprofen

> primidone ~ DEET.

The kinetic simulation of the whole process considering initiation, mainly the
formation of hydroxyl radicals and sulfate radicals, propagation and termination steps
was satisfactorily able to describe the experimental profile of the PPCPs concentration
versus time. Different conditions, such as initial PMS concentration, initial PPCPs
concentration, pH and matrix constituents were taken into account for proper modeling

of the kinetics of the process.
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