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A B S T R A C T   

Sulfate radicals (SO4
•-) reactivity against gram-negative (E. coli) and gram-positive (E. faecalis) bacteria and 

Contaminants of Emerging Concern (CECs) (Diclofenac-DCF, Sulfamethoxazole-SMX and Trimethoprim-TMP) 
was investigated through laser flash photolysis (LFP) technique. Analysis of the lifetime of SO4

•- in presence of 
cell-wall compounds of bacteria and CECs allowed determining reactivity of SO4

•- towards these compounds. 
Results showed that SO4

•- reacts with common cell-wall components through H-abstraction mechanism (kSO4•− <

108 M-1s-1). By contrast, kSO4•− > 109 M-1s-1 were found using aromatic amino acids (AAA) only present in Porins 
of the gram-negative outer-membrane. The intermediates detected from the reaction of SO4

•- with the AAA 
confirmed the involvement of electron transfer processes. Moreover, kSO4•− values determined for DCF, TMP and 
SMX also agreed with an electron transfer mechanism. Interestingly, bacteria and CECs removal at pilot plant 
scale by UV-C/SO4

•- is in accordance with the kSO4•− obtained using the LFP: E. coli > E. faecalis and DCF > TMP 
≅ SMX.   

1. Introduction 

Sulfate Radical-based Advanced Oxidation Processes (SR-AOPs) are 
gaining attention as attractive and promising treatments for simulta-
neous degradation of Contaminants of Emerging Concern (CECs) and for 
inactivation of waterborne pathogens in different water matrices, 
including surface waters and wastewaters (industrial and domestic) [1, 
2]. The key of SR-AOPs is the generation of highly reactive species 
(mainly sulfate radical anion SO4

•-) in solution through the activation of 
persulfate (PS), with different methods including heat, UV-C light, 
radiolysis, and transition metals [3]. The homolytic rupture of the per-
oxy bond in PS leads to the production of two moles of SO4

•- per mol of 
S2O8

2- reacted. The formed SO4
•- is a single electron oxidant with high 

redox potential (Ered (SO4
•− /SO4

2− ) = 2.43 V vs Normal Hydrogen Elec-
trode (NHE)), that exhibits higher selectivity and longer half-life than 
hydroxyl radical (HO•) [4,5]. 

Different mechanisms have been postulated to account for the first 

step of radical oxidation of organic compounds in the presence of SO4
•- 

[5–7]. Thus, initially, single electron transfer reactions can be postulated 
for electron-rich molecules such as aromatic compounds, and in fact 
they show bimolecular rate constants (kSO4•− ) in the range 108− 109 M− 1 

s− 1; whereas, H-abstraction reactions are mainly generated from 
aliphatic compounds and they display kSO4•− in the range 105− 107 M− 1 

s− 1 [5]. Recently, it has been evidenced the possibility that addition of 
SO4

•- to a double bond of an organic molecule could take place, and 
kSO4•− values in the range of 105− 109 M− 1 s− 1 have been proposed for 
this alternative, in the order of the values associated with electron 
transfer and H-abstraction [5,6]. This third option is analogous to the 
reported addition of HO• to the double bond of aromatic compounds [8]. 
Moreover, when the concentration of the target organic compounds 
decreases, SO4

•- would result into the formation of other Reactive Oxygen 
species (ROS) (mainly HO•) that eventually could also participate in the 
photodegradation. 

Furthermore, studies about water disinfection by SO4
•- have 
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evidenced the ability of this intermediate to inactivate bacteria and 
fungi [9–12]. However, the disinfection mechanism is not well under-
stood. In fact, in one of them it has been described that UV-A light and 
peroxymonosulfate (PMS) produced inactivation of three different 
bacteria, with gram-negative (Escherichia coli) reaching the fastest and 
highest yield, followed by non-sporulated gram-positive (Staphylococcus 
aureus) and sporulated gram-positive (Bacillus mycoides) [10]. In a 
different study, using zero valent iron (ZVI) and PS for generating SO4

•-, a 
faster inactivation of gram-positive bacteria (Enterococcus faecalis) than 
gram-negative one (E. coli) was observed [9]. 

Thereby, a deeper knowledge on the reactivity of SO4
•- with con-

taminants, and also with the components of bacteria membrane is 
crucial to understand the degradation of pollutants, as well as, the 
processes involved in the bacteria inactivation. In this context, among 
the time-resolved techniques, laser flash photolysis (LFP) has demon-
strated to be a valuable methodology to determine reaction rate con-
stants and to investigate mechanisms of reaction. It is based on the 
detection and kinetic analysis of short-lived excited states and in-
termediates, usually in the microsecond time-scale [13]. Photolysis of PS 
with excitation wavelength λexc< 300 nm is a clean source of SO4

•-, with 
high quantum yield independent from pH range. In this scenario, LFP 
technique allows to easily detect SO4

•-, while other radicals (such as 
HO•), that could be formed at lower concentration and with lower 
extinction coefficient, can be discarded as interfering elements in the 
analysis. Subsequently, LFP studies have proven to yield information on 
absolute rate constants (kSO4•− ) with different organic compounds, 
including pharmaceuticals, pesticides, additives, dyes, surfactants and 
artificial sweeteners [5,14–17]. Interestingly, LFP has never been 
employed to investigate the mechanisms involved in microbial inacti-
vation by SR-AOP. 

The present study provides a mechanistic understanding on water 
disinfection and decontamination by SR-AOPs. Thereby, LFP experi-
ments performed upon generation of SO4

•- by laser irradiation of PS with 
UV-C wavelengths allowed determining the reactivity of SO4

•- with 
different chemicals. In the case of bacteria, specific constituents of gram- 
positive and gram-negative bacteria cell walls were investigated. The 
results were compared to those obtained for aromatic amino acids (AAA) 
contained in porins, proteins only present in the structure of the gram- 
negative outer-membrane. Besides, the mechanism operating on the 
abatement of three CECs such as Diclofenac (DCF), Sulfamethoxazole 
(SMX) and Trimethoprim (TMP), compounds commonly present in 
different contaminated water sources, has also been elucidated. More-
over, this study provided the experimental assessment of different bac-
teria (E. coli K12 and E. faecalis) inactivation and CECs degradation in 
water by SO4

•-, using a PS/UV-C system (at pilot scale). 

2. Materials and methods 

2.1. Chemical reagents 

Sodium persulfate (PS) (Na2S2O8), isopropanol, methanol and NaN3 
were purchase from Sigma Aldrich and used as received. Cell-wall 
components: N-acetylmuramic acid; N-acetyl-L-alanine; 2,6-Diaminopi-
melic acid; N-acetyl-D-glucosamine; N-acetyl-L-lysine and N-acetyl-D,L- 
glutamic acid (chemical structures shown in Fig. S1, Supplementary 
material) were obtained from Fluorochem Limited and used as received. 
Tryptophan methyl ester hydrochlroride (Trp), Tyrosine (Tyr) and 
Phenylalanine (Phe), Diclofenac (DCF), Sulfamethoxazole (SMX) and 
Trimethoprim (TMP) were purchased from Sigma-Aldrich with high 
purity grade (> 99%) and used as received. 

2.2. Laser flash photolysis (LFP) experiments 

A pulsed ND:YAG SL404G-10 Spectron Laser System was employed 
to carry out the LFP experiments. The generation of SO4

•- was produced 
from the photolysis of PS using a laser pulse at 266 nm, as excitation 

wavelength, and a pulse energy of 30 mJ. Quartz cells of 1 cm optical 
path-length with a total volume of 3 mL were employed for all mea-
surements. An appropriate volume of stock solution of PS, to reach an 
initial concentration of 0.1 M, was mixed with a correct amount of 
different Quenchers (Q), i.e., the chemical reagents evaluated in this 
study, just before each measurement to obtain the desired 
concentrations. 

The lifetime of the SO4
•- was recorded upon addition of increasing 

concentrations of each Q, and the bimolecular rate constants kSO4•− , (M- 

1 s-1) were determined applying the Stern-Volmer equation (Eq. 1) and 
by using a linear regression of the decay rate of SO4

•- versus Q concen-
tration (Stern-Volmer plot). The slope of the straight line yielded the 
bimolecular rate constant kQ (M-1 s-1): 

1
τ =

1
τ0

+ kQ • [Q] (1)  

where, τ = Lifetime of SO4
•- recorded at a given concentrations of 

quencher Q (s); τ0 = Lifetime of SO4
•- recorded in the absence of 

quencher (s); [Q]= Quencher concentration (M); kQ = bimolecular re-
action rate constant kSO4•− ,Q (M-1 s-1). 

2.3. Water disinfection and decontamination by UV-C experiments 

2.3.1. UV-C pilot plant and experimental procedure 
UV-C water treatments were performed at pilot plant scale. It consists 

of three low pressure lamps (254 nm peak wavelengths, 230 W) pro-
tected by quartz tubes and axially located in a stainless steel cylindrical 
photoreactor [18]. In this study, experiments were performed with one 
UV-C lamp with a flow-rate of 36 L/min in batch mode. Total volume of 
water was 80 L, corresponding to an illuminated volume of 6.21 L per 
lamp module and an illuminated area of 0.338 m2. A constant irradiance 
value 104 ± 3 W/m2 was recorded during the treatment time (30 min). 

Bacteria and CECs were treated separately and a correct amount of 
stock solution was added to the reactor previously filled with demin-
eralized water to obtain an initial concentration of bacteria equal to 106 

CFU/mL and of CECs of 100 µg/L each one. The system was homoge-
nized in the dark and a control sample was taken (to probe the right 
initial concentration of bacteria and of contaminants). Then the desired 
concentration of PS (initial concentration ranged from 1 to 5 × 10-4 M) 
was spiked in the reactor and lamp switched on, immediately starting 
the irradiation experiment. PS concentration was chosen based on pre-
vious work [18]. Water samples were taken at regular time intervals for 
bacterial enumeration and CECs quantification. Two replicated experi-
ments were carried out for each operation condition and all data are 
plotted in graphs as the average value with the standard deviation as 
error bar. 

Water temperature (by a thermometer (Checktemp, Hanna, Spain)), 
pH (by a pH-meter (110-K, Horiba Laqua act)) and PS concentration, by 
using an iodometric method described elsewhere, were also regularly 
monitored [18]. Iodometric method briefly consists of the mixing of 
3.5 mL of 71.4 g/L KI solution and 0.5 mL of 50 g/L NaHCO3 solution 
with 1 mL of water sample, allowed to react for 15 min, and then the 
absorbance at 352 nm was measured with a UV–vis spectrophotometer 
(Evolution 220, Thermo Scientific). Water T remained constant during 
the treatment (26 ± 1) ºC, initial pH value (ranged 6.5–5.5) showed a 
slight decrease (1–2 pH values) after the treatment, not affecting in any 
case the inactivation of bacteria, the CEC degradation results or acting as 
promoter of PS activation, because T higher than 50 ◦C is necessary to 
generate SO4

•- [19]. PS concentration measured during experiments is 
shown in Fig. S2 (Supplementary material). 

2.3.2. Bacterial enumeration and quantification 
E. coli K-12 (CECT 4624) and E. faecalis (CECT 5143) were provided 

by Spanish Culture Collection (CECT) and they were cultured in Luria- 
Bertani Broth (Merck KGaA®, Darmstadt, Germany). A suspension 
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with a concentration ~109 CFU/mL was obtained after incubation in a 
rotary shaking incubator at 37 ºC and 100 rpm for 20 h. It was centri-
fuged for 15 min at 3000 rpm and bacterial pellets were re-suspended in 
phosphate-buffered saline (PBS) solution and directly diluted in the 
sample to obtain an initial concentration of 106 CFU/mL. Water samples 
were serial diluted in PBS and enumerated using the standard plate 
counting method. 50 μL of diluted samples and 500 μL of samples (when 
a significant bacterial concentration reduction was expected) were 
spread on ChromoCult® Coliform Agar (Merck KGaA®, Darmstadt, 
Germany), and Slanetz Bartley agar (Scharlau, Spain) and incubated 
24 h for E. coli (at 37 ◦C) and 48 h for E. faecalis (at 37 ◦C), respectively. 
Detection limit (DL) was 2 CFU/mL [20]. 

2.3.3. CECs preparation and quantification 
SMX, DCF and TMP stock solutions (at concentration of 8 mg/L) 

were prepared by dissolving the proper amount in MilliQ water and 
stored for further use (during 5 days). Concentration of each CEC along 
the experimental time were monitored by UPLC/UV (Agilent Technol-
ogies, Series 1260), using a C-18 analytical column (Poroshell 120 EC 
-C18 3.0 ×50 mm 2.7 µm), 100 μL of injection volume and flow rate of 
1 mL/min. Initial conditions were 95% water with 25 mM formic acid 
(mobile phase A) and 5% acetonitrile (mobile phase B). A linear gradient 
progressed from 5% of B to 90% in 12 min and then at 100% for 1 min. 
The re-equilibration time was 3 min. DCF, SMX and TMP were detected 
at 285, 267, 273 nm and 7.6, 3.5 and 2.5 min of retention time, 
respectively. A 4.5 mL water sample was filtered through a 0.2 µm 
syringe-driven filter (Merck Millipore filter Hydrophobic (PTFE)) and 
washed with 0.5 mL of acetonitrile to remove any adsorbed organic 
compounds before analysis by UPLC/UV. Limit of quantification (LOQ) 
for DCF, SMX and TMP was 8, 8 and 20 µg/L, respectively [20]. 

2.3.4. Bacterial removal profiles and kinetic analysis of CECs 
A microbial kinetic analysis was performed by fitting the experi-

mental data following a double log-linear kinetics (Eq. 2), with a first 
stage very fast (k1) and a second phase of attenuated inactivation (k2) (k1 
> k2) [21]. 

Log
(

Nt

N0

)

= − k1.λt t = (0, t1); Log
(

Nt

N0

)

= − k2.λt t = (t1, t2)

(2)  

where N0 and Nt correspond to the bacterial concentration (expressed in 
CFU/mL) at time 0 min and at any specific time, respectively, k1 is the 
first stage kinetic constant while k2 the second one (k, min− 1). 

Contaminants degradation obeyed pseudo-first order kinetics (Eqs. 3 
and 4): 

dC
dt

= − kC (3)  

ln
(

Ct

Co

)

= − kt (4)  

where C0 and Ct are initial and sampling time concentrations of CECs, 
respectively. The slope of the regression line, k (min− 1) is the pseudo- 
first order rate constant. 

Table S1 (Supplementary Material) shows the analysis of the 
experimental data with the corresponding kinetic constants (k, min− 1) 
and the correlation coefficient (R2) for each bacterium and CEC inves-
tigated at pilot plant scale. 

2.3.5. Radical scavenger experiments 
Scavenger experiments were carried out under UV-C radiation (UV 

lamp Trojan UV-01, 14 W) by using a pilot plant that allowed to treated 
lower volume of water (10 L), with a flow of 3.3 L/min in batch mode 
and an irradiance value of 28 W/m2. Target contaminants were spiked 
at an initial concentration of 1 mg/L (chosen to obtain lower 

degradation rate and to observe a clearer quenching effect), while tert- 
butanol (TBA), a well-known scavenger agents of HO•, was used 1000- 
times more concentrated (at concentration of 4 ×10-3 M). 

3. Results and discussion 

3.1. Radical sulfate (SO4
•-) generation and reaction mechanisms 

Generation of SO4
•− was produced in situ upon LFP irradiation (at 

266 nm) of an aqueous solution of PS (0.1 M) (Fig. S3 for the UV-Vis 
absorption spectrum) according to reaction (R1):  

S2O8
2-+hν → 2 SO4

•− (R1) 

The transient absorption spectrum of SO4
•− was recorded between 

700 and 300 nm in the absence and presence of air (Fig. S4a and b). They 
showed an intense maximum absorption at 450 nm and a second less 
intense maximum at 320 nm, in agreement with previous data in liter-
ature [22]. Besides, decay traces of SO4

•− in the absence and presence of 
air are shown in Fig. S4c; the two traces are superimposable, which 
acted as a piece of evidence of the insignificant reactivity of SO4

•− with 
O2. Therefore, from now on the transient decay of SO4

•− was monitored 
at 450 nm under air, permitting to determine a decrease of the transient 
species with a pseudo first order constant of 1.3 × 105 s-1 and a lifetime 
τ0 of ca. 6–8 μs under our experimental conditions, in agreement with 
literature data [17,23]. 

With this fitted operational conditions, reactivity of SO4
•− with any 

organic compound can be determined analysing decay traces of SO4
•−

after the addition of different concentrations of the compound under 
study. The obtained kSO4•− are crucial for understanding the oxidation 
processes involved in the degradation. In fact, the kSO4•− values for the 
two main oxidation mechanisms, i.e., H-abstraction or electron transfer 
process, were preliminary determined by LFP by using two alcohols 
(isopropanol and methanol) and NaN3, respectively [5,24,25]. There-
fore, these obtained kinetic rate constants values could be taken as the 
typical ranges of reactivity of SO4

•− associated to each mechanism. In this 
context, although it has been suggested in a theoretical study that 
H-abstraction, electron transfer process and the addition of SO4

•- to ar-
omatic rings of the compounds can participate in the oxidation of 
organic compounds by SO4

•− [8], the experimentally obtained kSO4•−
will only discriminate between H-abstraction and (apparent) electron 
transfer mechanisms. 

The H-abstraction reaction between SO4
•- and the C-H moiety was 

investigated using isopropanol (R2) and methanol (R3):  

SO4
•- + C3H7OH → SO4

2- + (CH3)2 
•COH + H+ (R2)  

SO4
•- + CH3OH → SO4

2 -+ •CH2OH + H+ (R3) 

Thus, the decay of SO4
•- at 450 nm was monitored in the presence of 

increasing amounts of isopropanol, in the range of 5 × 10-4 – 1 × 10-2 M 
(Fig. 1a), and the corresponding Stern-Volmer plot is shown in Fig. 1b. 
From the slope of the Stern-Volmer analysis a value of (6.77 ± 0.08) ×
107 M-1s-1 for the bimolecular rate constant was determined. When 
methanol was tested as the H-donor species (Fig. 1c), the bimolecular 
rate constant value was lower, (1.01 ± 0.08) × 107 M-1s-1 (Fig. 1d), as 
expected from a primary alcohol compared to the secondary one [24]. 
Therefore, kSO4•− values in the range 107 M-1s-1 can be associated to 
H-abstraction mechanism. 

To investigate the electron transfer mechanism, NaN3 was selected as 
an appropriate electron donor, since it has a redox potential of only 1.35 
± 0.02 V (vs NHE) [25]. Hence, the behaviour of SO4

•- at 450 nm in the 
presence of increasing concentrations of NaN3 (range of 1.65 ×10-4 

− 1.33 ×10-3 M), revealed an efficient decrease in the lifetime of the 
former (Fig. 1e). The determined bimolecular rate constant value from 
the Stern-Volmer analysis (Fig. 1f) was (1.22 ± 0.03) × 109 M-1s-1, in 
good agreement with data reported in the literature [26]. This value can 
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Fig. 1. Decay of SO4
•− , monitored at 450 nm, obtained from laser flash excitation (λexc = 266 nm) of aerated aqueous solutions of PS (0.1 M), in the presence of 

increasing concentrations of isopropanol (a); methanol (c) or NaN3 (e); Corresponding Stern-Volmer plots (b; d and f). 
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clearly be associated to an electron transfer process because the reaction 
between SO4

•- and electron donor molecules, if occurs, usually exhibits 
kSO4•− values in the range 108-109 M-1s-1 [5]. 

Besides, it should be noted that the electron transfer mechanism is 
almost two orders of magnitude faster in comparison with the H- 

abstraction process, which is therefore directly correlated with a faster 
degradation. 

Fig. 2. Left: Decay of SO4
•− , monitored at 450 nm, obtained from laser flash excitation (λexc = 266 nm) of aerated aqueous solutions of PS (0.1 M), in the presence of 

increasing concentrations of cell-wall constituents: 0 (wine); 5 × 10-4 M (black); 1 × 10-3 M (red); 2 × 10-3 M (blue); 3 × 10-3 M (magenta); 5 × 10-3 M (olive); N- 
acetylmuramic acid (a); N-acetyl-L-alanine (b); 2,6-Diaminopimelic acid (c); N-acetyl-D-glucosamine (d); N-acetyl-L-lysine (e); N-acetyl-D,L-glutamic acid (f). Right: 
corresponding Stern-Volmer plots. 
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3.2. Bacterial inactivation mechanism 

3.2.1. Determination of the bimolecular rate constants for the reaction 
between cell wall constituents and SO4

•- 

It is well-known that bacterial cell wall is an essential structure that 
protects cells from mechanical damage and from osmotic rupture or lysis 
and constitutes an important defense from the attack by different agents. 

Xiao et al. demonstrated, through SEM imaging of bacteria, that SO4
•- 

initiates oxidative reactions on the cell wall, with deformation, pore- 
forming, and fracture of cells [9]. Gram-positive bacteria have a thick 
peptidoglycan layer; whereas, gram-negative bacteria are characterized 
by the presence of a thinner membrane surrounded by an outer mem-
brane [27]. Nevertheless, typical constituents of cell wall of both types 
of bacteria are: N-acetylmuramic acid, N-acetyl-L-alanine, 2, 

Fig. 2. (continued). 
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6-Diaminopimelic acid, N-acetyl-D-glucosamine, N-acetyl-L-lysine and 
N-acetyl-D,L-glutamic acid (Fig. S1). However, outer membrane pro-
teins (OMPs, mainly porins), which are responsible for the introduction 
of nutrients inside the cell and the elimination of toxic compound 
outside, are only present in gram-negative bacteria [28–30]. This type of 
proteins contains in their primary structure AAA, such as Tryptophan 
(Trp), Tyrosine (Tyr) and Phenylalanine (Phe), compounds very rich in 
electrons that can easily be oxidized through electron transfer processes 
[31–34]. 

In order to elucidate the mechanisms of the oxidation reactions be-
tween SO4

•- and bacteria, kSO4•− for the reaction with the selected bio-
molecules were measured by LFP. The decay of SO4

•- was monitored at 
450 nm in the presence of increasing amounts of all membrane cell 
constituents commented above (Q) using concentrations ranging from 
5 × 10-4 to 5 × 10-3 M. The kSO4•− (M-1s-1) values determined from the 
corresponding Stern-Volmer plots are shown in Fig. 2 and the experi-
mental values are shown in Table 1. The reactivity order of these cell- 
wall components was: N-acetyl-L-lysine > N-acetyl-D-glucosamine 
> N-acetylmuramic acid > 2,6-Diaminopimelic acid ≅ N-acetyl-L- 
alanine > N-acetyl-D,L-glutamic acid. These results reveal that reac-
tivity of all the common biomolecules with SO4

•- is in the range of 
7.1 × 106 - 7.1 × 107 M-1s-1, in the order to the values obtained with H- 
donor models (in the range of 107 M-1s-1, much lower than those that 
would result from electron-transfer mechanism 109 M-1s-1). The partic-
ular reactivity of each cell-wall component showed similar kSO4•− in all 
cases, except for N-acetyl-D,L-glutamic acid that reacted with SO4

•- with 
one order of magnitude smaller compared with the others. 

This result supports the inactivation mechanisms initiated by a H- 
transfer to SO4

•- involving C-H bond in the cell-wall membrane com-
pounds, generating damages by oxidative stress, eventually leading to 
bacterial inactivation. Clifton et al. demonstrated the involvement of C- 
H bond by excluding the O-H bond, since experiments in the presence of 
methanol deuterated on oxygen or no deuterated one, gave no differ-
ences in the rate constants with SO4

•-. Moreover, it has been demon-
strated that OH and NH2- group enhanced H-abstraction of α C-H bond 
[24,35], while an opposite effect of withdrawing electron group (such as 
–COOH) could cause a decrease of the H transfer efficiency. This effect 
was also observed in our study for N-acetyl-D,L-glutamic acid and it 
could explain the lower kinetic constant value obtained. Previous results 
in the literature have found that SO4

•- damages and attacks the cell 
membrane/wall, proteins, and genetic material, resulting in the inacti-
vation of the microorganisms. The destruction of the cell-wall or mem-
brane has been indicated by Scanning Electron Microscope (SEM) 
images, and it results in perturbed membrane permeability, inhibiting 
normal metabolism and thus leading to the inactivation of cells. After-
wards, SO4

•- can also permeate through the cell membrane and further 
reacts with cellular components [36]. It has been also revealed that SO4

•- 

reacted with high specificity with electron-rich moieties of those 
surface-bound macromolecules on the surface of E. coli O157:H7 cell 
membrane [37]. 

Nevertheless, when the reactivity of SO4
•- was studied with the AAA 

(Tryptophan (Trp), Tyrosine (Tyr) and Phenylalanine (Phe)), the kSO4•−

values were two and three orders of magnitude higher than those 
determined for the common membrane biomolecules (Table 1). 

Fig. 3a shows the transient absorption spectrum obtained from a 
deaerated solution of PS (0.1 M) in the presence of Trp (2 × 10-4 M). At 
short times after the laser pulse, the signal with two maxima (320 and 
450 nm, black trace) corresponds to the SO4

•- (Fig. S4). At longer times, a 
second species arises with two absorption maxima at ca. 320 nm and 
550 nm, corresponding to the transient absorption spectra of Trp(-H)•, 
in agreement with the literature (Fig. S5a) [32,38]. The quenching rate 
constant for the reaction between the SO4

•- and Trp, was determined 
from the growth corresponding to the formation of the Trp(-H)•, 
recorded in a clean region of the available spectral window (550 nm) 
(Fig. 3b). Thus, the corresponding Stern-Volmer analysis (Fig. 3c) gave a 
bimolecular rate constant value of (6.7 ± 1) × 109 M-1s-1 (Table 1). 

In the case of Tyr, transient absorption spectrum show the charac-
teristic of Tyr(-H)• (Fig. S5b) after the complete disappearance of SO4

•- 

(Fig. 4a); the decrease in the lifetime of SO4
•- and the corresponding 

Stern-Volmer plot are shown in Fig. 4b and c, respectively. 
Analogously, increasing concentrations of the aromatic Phe pro-

duced a decrease in the lifetime of SO4
•- with a bimolecular rate constant 

value of (1.4 ± 0.4) × 109 M-1s-1 (Fig. S6a and b and Table 1). The 
resulting transient absorption spectrum showed a new band peaking at 
ca. 300 nm that could not be unambiguously assigned on the basis of the 
available literature data and was not further investigated [38]. 

The direct observation of oxidized radicals of Trp and Tyr has pro-
vided unambiguous evidence for the electron transfer process. In fact, 
considering Trp and Tyr, electron transfer from Trp or Tyr to the oxidant 
led to the formation of Trp•+ or Tyr•+, that subsequently deprotonate to 
yield the much longer-lived radicals Trp(-H)• or Tyr(-H)•, as a result of a 
global proton coupled electron transfer mechanism (PCTE) and as it is 
shown in Fig. S5 [32]. Moreover, these values are in agreement with 
typical values corresponding to an electron transfer mechanism (see 
above). In the case of Phe, an electron transfer to the SO4

•- seems also to 
occur, but on the basis of the determined rate constant value we cannot 
discard the possibility that an addition of SO4

• to its aromatic ring could 
have been taken place [8]. 

With this scenario, a difference in the bacteria inactivation reactivity 
could be envisaged, because all the membrane components (at least the 
predominant molecules) of gram-positive bacteria present a low reac-
tivity with SO4

•- in agreement with a H-abstraction mechanism; whereas 
in the case of the gram-negative bacteria, there are key biomolecules 
(proteins such as porins) in their membranes that contain AAA highly 
reactive against SO4

•-, through electron transfer mechanisms (Fig. 5). 

3.2.2. Bacterial inactivation kinetics by sulfate radical anion 
The macromolecular reactivity of SO4

•- against bacteria was assessed 
at pilot plant scale by exposure to UV-C radiation, a well-known acti-
vation method of PS in water. Prior to that, dark control tests, with and 
without oxidant, were performed to estimate any potential PS bacteri-
cidal and/or osmotic stress effect on bacterial viability (Fig. S7a). Re-
sults showed that in the absence of PS, no loss of viability (initial 
concentration ca. 106 CFU/mL) was observed for E. coli and E. faecalis 
after 30 min. By adding PS, at an initial concentration of 5 × 10-4 M, a 
significant oxidative effect of PS by itself was not observed; 0.7 loga-
rithmic reduction value (LRV) was achieved after 30 min for E. coli, 
while no loss of viability was observed for E. faecalis. This behaviour has 
also been confirmed by other authors in literature. Rodríguez-chueca 
et al. and Ferreira et al. reported no bactericidal effect in dark conditions 
for PS at concentrations of 1.8 × 10-5 – 9 × 10-5 M and 7 × 10-4 M, 
respectively [39,40]. 

The solely effect of UV-C radiation over each bacterium was also 
assessed, due to its well-known capacity for microbial abatement in 
water [41]. Then, different concentrations of PS were tested in order to 
determine the bacterial kinetics by SR-AOP in the presence of PS as a 
source of SO4

•-. Fig. S7b and c show double log linear fitting of E. coli and 
E. faecalis under UV-C light, respectively. 

Table 1 
Bimolecular rate constants kSO4•− ,Q (M-1s-1) between SO4

•- and cell-wall 
constituents.  

Cell wall constituents kSO4•− (M-1s-1) 

N-acetylmuramic acid (3.8 ± 0.4) × 107 

N-acetyl-L-alanine (2.6 ± 0.1) × 107 

2,6-Diaminopimelic acid (2.6 ± 0.3) × 107 

N-acetyl-D-glucosamine (6.4 ± 0.4) × 107 

N-acetyl-L-lysine (7.7 ± 0.7) × 107 

N-acetyl-D,L-glutamic acid (7.1 ± 3.0) × 106 

Tryptophan (6.7 ± 1.0) × 109 

Tyrosine (1.0 ± 0.1) × 109 

Phenylalanine (1.4 ± 0.4) × 109  
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In the presence of 1.3 × 10-4 M PS concentration, no significant 
differences were observed between inactivation kinetic constants in the 
presence and in the absence of oxidant for each bacterium, while an 
increase of PS dosage from 3 × 10-4 to 5 × 10-4 M led to an enhancement 
in bacterial inactivation, comparing to only UV-C treatment. 

The pseudo-first order kinetic constants obtained from the second 
stage (k2) of both bacteria, were plotted as a function of PS concentra-
tion and a linear relationship was found, as it can be observed in Fig. 6. 
The following kinetic constants were calculated, highlighting this 
reactivity order: kE. coli, PS (1003 ± 108) M-1 min-1 > kE. faecalis, PS (892 
± 101) M-1 min-1. Higher susceptibility of gram-negative bacteria to the 
water treatment compared to gram-positive was clearly determined. 
This difference could be correlated with the LFP results and the envis-
aged mechanisms previously described. Thus, AAA of the porins of the 
gram-negative outer-membrane react with SO4

•- thought electron trans-
fer processes which may result in a fast denaturalization of the protein 
and consequently an alteration of the outer-membrane permeability. 
Therefore, the presence of AAA on the cell-wall of gram-negative bac-
teria could be a reasonable explanation of the higher inactivation of 
E. coli in comparison with E. faecalis (gram-positive bacteria) because 

the common cell-wall components present in both types of bacteria cell- 
wall react through H-abstraction mechanism. 

In this context, previous studies showed different resistance of gram- 
negative and gram-positive bacteria to disinfectants but although most 
of them have reported that gram-positive bacteria are more resistant 
than gram-negative bacteria, opposite has been also reported. Never-
theless, all of them have attributed these differences mainly to the 
different physiological structures and chemical compositions of the cell 
walls [42–47]. However, reactivity of the components of the bacteria 
wall with the oxidant species generated from the disinfectant has not 
been reported. Now, the data obtained herein provide evidence to un-
derstand the rate of the initial oxidation processes for the bacteria 
inactivation caused by SO4

•-. 

3.3. Degradation mechanism for the Contaminants of Emerging Concern 
(CECs) 

3.3.1. Determination of the bimolecular rate constants between SO4
•- and 

CECs by LFP 
The reactivity between SO4

•- and the selected CECs (DCF, SMX and 

Fig. 3. Transient absorption spectra obtained from aerated aqueous solutions of PS (0.1 M) in the presence of Trp (2 ×10-4 M), recorded at different times after the 
laser pulse (λexc = 266 nm): 0.06 µs (black); 0.42 µs (red); 1.22 µs (blue); 2.02 µs (magenta); 3.02 µs (green) (a). Transient absorption traces monitored at 550 nm, 
obtained upon laser pulse (λexc = 266 nm) from an aerated aqueous solution of PS (0.1 M) in the presence of different concentrations of Trp: 0 (black); 1 × 10-4 M 
(red) and 2 × 10-4 M (green) (b). Corresponding Stern-Volmer plot (c). 
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TMP), chosen due to their intensive use, low biodegradability, chemical 
stability and incomplete removal in urban wastewater treatment plants 
(UWWTPs), was assessed on the basis of LFP experiments. In this 

context, as CECs are also excited at the excitation wavelength of 266 nm, 
aqueous solution of DCF, SMX and TMP at 2 × 10-4 M in aerobic media 
were initially studied upon LFP irradiation in order to detect the possible 

Fig. 4. Transient absorption spectra obtained from aerated aqueous solutions of PS (0.1 M) in the presence of Tyr (3 ×10-4 M), recorded at different times after the 
laser pulse (λexc = 266 nm): 0.07 µs (black); 0. 29 µs (red); 0.67 µs (blue); 1.05 µs (magenta); 1.43 µs (olive); 1.81 µs (orange) (a). Decay of SO4

•− , obtained from laser 
flash excitation (λexc = 266 nm) of aerated solutions of PS (0.1 M), monitored at 450 nm, in the presence of increasing concentrations of Tyr: 0 (wine); 6 × 10-5 M 
(black); 1 × 10-4 M (red); 1.7 × 10-4 M (blue); 2.4 × 10-4 M (magenta); 3 × 10-4 M (olive) (b). Corresponding Stern-Volmer plot (c). 

Fig. 5. Schematic representation of cell-wall of gram-negative and gram-positive bacteria.  
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formation of some transient species absorbing around 450 nm (Fig. S8). 
Fortunately, no intermediate was observed for the CECs. Thereby, 
quenching experiments performed using the decay of SO4

•- at 450 nm 
could be associated only to the generated radical anion species. 

Fig. S9 shows the decays of SO4
•− , monitored at 450 nm, in the 

presence of different concentrations of DCF, SMX and TMP (0 – 5 × 10-5 

M). The slope of Stern-Volmer plots provided kSO4•− with the following 
reactivity order: DCF ((2.2 ± 0.2) × 109 M-1s-1) > TMP ((1.4 ± 0.1) ×
109 M-1s-1) ≅ SMX ((1.2 ± 0.2) × 109 M-1s-1). These experimental 
values agree with literature data, and they are near-diffusion-controlled 
reactions, in the order of the kinetic constants obtained upon electron 
transfer mechanism (reaction rates in the order of 109 M-1s-1) [5,17]. 

Interestingly, although Mahdi Ahmed et al. determined, by using 
competition kinetics technique, too high values for the kSO4•- with DCF 
and SMX ((12.5 ± 3.1) × 109 and (9.2 ± 2.6) × 109 M-1 s-1, respec-
tively), they obtained the same reactivity order than that determined in 
the present study. Moreover, they postulated that the formation of an N- 
centred radical, through probably a one-electron transfer mechanism, 
was the starting point of the degradation pathway of both compounds 
[48]. However, on the basis of the results obtained here with CECs, it is 
not possible to discard that the observed reactivity was partially pro-
duced by the addition of SO4

•- to a double bond of the selected CECs. 

3.3.2. CECs degradation by sulfate radical anion 
As for bacteria, the degradation kinetic of each CEC by SR-AOP, 

using PS as source of sulfate radicals and UV-C as activation method, 
has been investigated in order to translate LFP results to a real water 
decontamination removal process at pilot plant scale. 

Control experiments under dark conditions revealed that SMX and 
TMP were not degraded after 30 min, while 66% of DCF was removed in 
the presence of 5 × 10-4 M of PS (Fig. S10a). Comparative degradation 
profiles of DCF, SMX and TMP in the absence and in the presence of 
increasing concentrations of PS under UV-C radiation at pilot plant scale 
are shown in Fig. S10b, c and d, respectively. UV direct photolysis was 
an important contribution in DCF and SMX removal with pseudo-first 
order degradation kinetic constants of (0.35 ± 0.03) min-1 and (0.39 
± 0.04) min-1, respectively, while negligible TMP degradation was 
observed under only UV irradiation. Nevertheless, the process was 
enhanced by adding increasing concentration of PS and linear rela-
tionship between pseudo first order degradation constants and PS 
dosage was obtained (Fig. 7). The following reactivity order was found: 
DCF (3983 ± 376) M-1 min-1 > SMX (1215 ± 190) M-1 min-1 > TMP 
(878 ± 165) M-1 min-1, highlighting higher reactivity of DCF, compared 
to SMX and TMP, in good agreement with kSO4•− , values obtained with 
LFP experiments. 

Besides, the role of HO• in CECs degradation has been evaluated, 
conducting experiments with and without TBA, capable of reacting with 
higher efficiency with HO• than SO4

•- [49]. Similar degradation profiles 
were obtained for each CEC in the presence and in the absence of the 
quenching agent (Fig. S11), highlighting that SO4

•- was the predominant 
radical, while HO• was not the responsible for CECs removal under these 
experimental conditions, as it has been also outlined in previous works 
[49,50]. 

3.4. Simultaneous disinfection and decontamination: validation of the 
targets reactivity order 

Afterwards, the effect of the simultaneous present of all targets on 
process performance was evaluated and compared to each individual 
system (chemical or biological) and the results in the presence of a 
concentration of PS of 5 × 10-5 M are shown in Figs. S7 and S10 and 
Table 1. The same reactivity order previously found was obtained, 
highlighting its independence from competitiveness between targets 
pollutants. However, it could be observed that CECs degradation was not 
significant affected by the presence of bacteria, while ≈ 2 times lower 
inactivation kinetic constants were obtained for both bacteria. This 
difference could be attributed to the different physical phases between 
bacteria (suspended particles) and CECs (dissolved organic compound). 
CECs could react more rapid with radical species in solution than bac-
teria, obtaining only a detrimental effect of their presence on pathogens 
inactivation, but no vice versa. Moreover, it has been found in a previous 
study that the reactivity order was independent also from other potential 
naturally occurring contaminants such as organic matter and inorganic 
chemical, evaluating the simultaneous removal of the same chemical 
and microbial targets, in the presence of PMS (0.01–1 × 10-3 M) and UV- 
C radiation in simulated and actual urban wastewater [51]. Another 
application of SR-AOPs both for the inactivation of microorganisms 
(E. coli and E. faecalis) and for the removal of CECs in real wastewater 
treatment plant effluents showed that E. faecalis was more resistant than 
E. coli, supporting the mechanistic study conducted in the present work 
and confirming the bacteria reactivity order found against SO4

•- [52]. 

4. Conclusions 

The reactivity of SO4
•- against gram-negative (E. coli) and gram- 

positive (E. faecalis) bacteria and CECs (Diclofenac-DCF, 
Sulfamethoxazole-SMX and Trimethoprim-TMP) was investigated 
through laser flash photolysis technique. Analysis of the lifetime of SO4

•- 

in presence of typical constituents of cell-wall of bacteria and CECs 
allowed determining reactivity of SO4

•- towards these compounds. Re-
sults showed that SO4

•- reacts with common cell-wall components pre-
sent in gram-negative bacteria strain and in gram-positive ones through 
H-abstraction mechanism (kSO4•− < 108 M-1s-1). In addition, kSO4•− >

Fig. 6. Second stage bacterial inactivation pseudo-first order kinetic constant 
k2 as a function of PS concentration (M) for E. coli ( ) and E. faecalis ( ) under 
UV-C irradiation. 

Fig. 7. Pseudo-first order kinetic constant as a function of PS concentration (M) 
for DCF ( ), SMX ( ) and TMP ( ) under UV-C radiation. 
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109 M-1s-1 were found using aromatic amino acids contained in the 
skeleton of porins, proteins of out-sphere membrane of gram-negative 
bacteria. Detection of the resulting intermediates confirmed the elec-
tron transfer mechanism operating in such cases. Besides, kSO4•− values 
determined for DCF, TMP and SMX are compatible with electron transfer 
mechanism. 

Moreover, the experiments at pilot plant scale by UV-C/SO4
•- 

confirmed radical sulfate reactivity towards the bacteria and the three 
contaminants and demonstrated the potential applicability of SR-AOPs 
system in water disinfection and decontamination. The following reac-
tivity order was found: E. coli > E. faecalis and DCF > TMP ≅ SMX, 
which is fully in accordance with the kSO4•− values determined using 
LFP technique. Therefore, it has been proven that the rate of the initial 
reactions of SO4

•- with cell-wall components of bacteria can explain the 
different resistance of bacteria to inactivation. Even more, the present 
study has showed the usefulness of time-resolved techniques to inves-
tigate on water disinfection and decontamination by SO4

•- in the presence 
of UV-C irradiation. 
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