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A B S T R A C T   

In this work, a raw and low cost mineral, ilmenite (FeTiO3), has been tested for the first time as a photocatalyst 
paired with peroxymonosulfate (HSO5

- ; PMS) for the inactivation of Enterococcus faecalis as an alternative to 
conventional treatments to disinfect wastewater for reuse. The influence of some operational parameters such as 
reagent dosage, catalyst concentration, initial pH, or flow rate was also studied and optimized. After several tests, 
the scarce pure photoactivity under UV-A was remarked by ilmenite because of its high iron content, which 
favors photogenerated charge recombination. However, ilmenite activity was highly promoted when combined 
with low concentrations of PMS and UV-A light, reaching total inactivation of Enterococcus faecalis in 120 min. 
Quenching tests were performed using methanol, tert-butyl alcohol, furfuryl alcohol, and Cu(II) to assess the 
main reactive species involved in the disinfection process determining the critical role of both HO⋅and SO4

⋅- 

radicals in the process. Finally, the influence of the water matrix was also evaluated by studying the effect of 
water hardness and the presence of nutrients on the system. Overall, the PMS/Ilmenite/UV-A system yielded 
promising results with a total removal of Enterococcus faecalis in 120 min. However, it also showed the need for 
further study and understanding of the disinfection mechanism to achieve the same level of performance in real 
wastewater.   

1. Introduction 

Today, the presence of bacteria, viruses, and other microorganisms 
transmitted by water remains a global public health problem as one of 
the main sources of mortality in the world [1,2]. In a recent report of the 
WHO (2019) [3], it is estimated that fecal polluted water can kill 829, 
000 people per year, including 485,000 deaths associated with diseases 
caused by drinking water pollution containing rotavirus and Escherichia 
coli. Taking this into account, a large proportion of these diseases could 
be prevented only through a safe water supply. So far, there has been an 
increasing need to control microbial contamination in water for human 
health. This is mainly the case in low- and middle-income countries, 
while in developed countries the threat of fecal pollution could come 
from the risks associated with the reuse of treated wastewater [4–6], as 
well as the presence of other pollutants of emerging concern [7]. 
Improper treatment and management of reclaimed wastewater can pose 
a risk to human health through the ingestion of food irrigated with 

reclaimed water. In this respect, regulatory legislation is becoming more 
and more demanding. The new European regulation (2020/741) for 
water reuse in agriculture includes the control of a greater number of 
biological agents than current Spanish legislation (RD 1620/2007), as 
well as the control of certain contaminants of emerging concern, with 
the aim of minimising the risks associated with reuse. 

Conventional disinfection methods such as chlorination or the use of 
UV-C radiation are widely used and quite effective in disinfection tasks, 
but disadvantages such as the formation of highly toxic by-products or 
the lack of residual effect have motivated research for newer and safer 
alternatives [8]. 

Based on the generation of reactive species such as sulfate and hy
droxyl radicals, Advanced Oxidation Processes (AOPs) are a promising 
and versatile alternative to conventional disinfection techniques, as they 
can remove and even degrade all kinds of pollutants in addition to 
pathogens [9]. In this scenario, AOPs based on sulfate radicals 
(SR-AOPs) are gaining popularity, due to their ability to operate in a 
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broader pH range, as well as having a higher oxidation potential and a 
longer half-life than the commonly employed hydroxyl radical of typical 
AOPs [10,11]. 

Among the compounds used for the generation of sulfate radical 
generation (SO•−

4 ), the peroxymonosulfate (PMS, HSO−
5 ) is one of the 

most representative, although it requires previous activation to be 
effective [12]. This activation can take place, for instance, under expo
sure to an energy source where the O-O bond suffers from breaking, 
releasing the reactive species. Specifically, when using UV radiation, the 
process is known as photolytic activation [10,13], and the reaction that 
takes place is as described in the Eq. (1). 

HSO−
5 →

hν SO•−
4 +HO• (1) 

PMS can also be activated by electron transfer as part of homogenous 
or heterogeneous systems. The first uses transition metals in solution, 
such as iron, since its reduction potential promotes the dissociation of 
the oxidant (see Eq. 2), 

HSO−
5 +Fe2+→Fe3+ + SO2−

4 +HO• (2) 

While heterogeneous systems are mainly based on the use of a 
semiconductor, also known as a photocatalyst. When exposed to a 
source of radiation, these materials generate an electron-hole pair that 
triggers multiple redox reactions [14,15]. 

Recently, several works have reported the use of PMS activated by 
iron-based homogeneous and heterogeneous (photo)catalytic systems 
[18–21]. For example, gallic acid was used to help reduce dissolved iron 
(III) to iron (II) and inhibit its reoxidation making it available until the 
addition of PMS into the system [16]. But the disadvantages of any 
homogeneous system are obvious, the difficulty of the catalyst recovery 
and so its reuse make it a nonviable treatment. For heterogeneous sys
tems, it should be said that transition metals play a critical role due to 
their capacity to act as an electron donor to activate PMS [15]. Several 
works with iron-containing catalysts have recently been used for sulfate 
radicals generation [17,18]. For example, a double hydroxide nanosheet 
catalyst has been developed for the application on the removal of fluo
roquinolones in water and a core-shell Fe0 @Fe3O4 photocatalyst for 
another antibiotic depletion, sulfamethoxazole [19]. On the other hand, 
Rodríguez-Chueca et al. reported the use of magnetic CoFe2O4 to acti
vate PMS and successfully reduce the population of Enterococcus sp. and 
E.coli in wastewater samples [20–22]. However, the cost associated with 
the synthesis and production of those materials causes a decrease in their 
overall viability. 

In this sense, the employment of a natural material could diminish 
the cost of the overall process since reagent precursors are not needed. 

Originally used to obtain TiO2, ilmenite (FeTiO3) is a very promising 
photocatalyst due to its low cost and high content in iron and titanium 
[24], which confers excellent (photo)catalytic properties. No previous 
work on the PMS/Ilmenite/UV-A system for disinfection purposes was 
found, so using the available literature on all individual elements, the 
following mechanism is proposed (see Eqs. (3)–(12)) taking into account 
not only photocatalytic activity, but also catalytic properties due to the 
presence of iron on the ilmenite surface [10,24,25]: 

HSO−
5 + ILM − Fe(II)→ILM − Fe(III)+ SO•−

4 +HO• (3)  

HSO−
5 + ILM − Fe(III) − OH→ILM − Fe(II)+ SO•−

5 +H2O (4)  

ILM − TiO2 − FeTiO3 →
hν e−bc + h+

bv (5)  

(
e−bc

)
+O2→O•−

2 (6)  

(
h+

bv

)
+H2O→HO• +H+ (7)  

HSO−
5 +H•→SO•−

4 +H2O (8)  

SO•−
4 +H2O→H+ + SO2−

4 +HO• (9)  

SO•−
4 + ILM − Fe(II)+HO − →SO2−

4 + ILM − Fe(III) − OH (10)  

ILM − Fe(II)+
(
h+

bv

)
→ ILM − Fe(III) (11)  

ILM − Fe(III)+
(
e−bc

)
→ ILM − Fe(II) (12) 

On the basis of the previous literature, this work aims to assess the 
use of a natural mineral, ilmenite, as a catalyst for the activation of PMS 
under UV-A radiation for the inactivation of Enterococcus sp. in simu
lated wastewater samples, which, to the best of our knowledge, has not 
been done until now. 

Entereococcus sp. was chosen as model bacteria for several reasons 
including that i) it represents an indicator of faecal pollution but also, ii) 
an indicator of water quality and besides that, iii) it is more resistant to 
be eliminated than other bacteria, like for instance, Escherichia coli. 

For this purpose, a series of tests were performed to determine the 
optimum experimental parameters evaluating initial catalyst and PMS 
dose, the initial pH as well as the flow rate of the system. Furthermore, 
the main species involved in the disinfection process were evaluated via 
quenching experiments, as well as the effect of increased water 
complexity on the activity of the PMS/Ilmenite/UV-A combined process. 

2. Materials and methods 

2.1. Synthetic wastewater samples 

The tests were carried out on samples emulating the effluent after 
secondary wastewater treatment. This water matrix was used to keep the 
same physicochemical and biological characteristics as the real treated 
wastewater while maintaining the reproducibility of the experiments. 
The composition of this simulated wastewater is composed of the 
following components: urea (Scharlau; 6 mg/L), meat peptone (Schar
lau; 32 mg/L), meat extract (Scharlau; 22 mg/L), sodium chloride 
(Scharlau; 7 mg/L), calcium chloride (Scharlau; 4 mg/L), potassium 
dihydrogen phosphate (Scharlau; 28 mg/L) and magnesium sulfate 
(Scharlau; 2 mg/L) [26]. 

2.2. Chemical reagents 

In addition to the chemicals listed in the previous section, the 
following were required to carry out the different experiments: as main 
reagents, peroxymonosulfate (PMS; HSO−

5 ; Sigma-Aldrich) in 0.1 mM 
dosage and ilmenite (FeTiO3; Marphil S. L. Ref.50,110,700), doses 
ranging from 0.01 to 5 g/L. 

The raw ilmenite used as catalyst was previously characterized by 
García-Muñoz et al. (2016) [23] and showed a 15/85 rutile to ilmenite 
ratio, a content of 36% in iron, 37% in titanium and a Fe(II) to Fe(III) 
ratio of 0.56. Before use, ilmenite was milled to a diameter of less than 
100 µm. 

Additionally, sodium hydroxide (NaOH; Panreac) was used for pH 
adjustments and methanol (MeOH; CH4O; Panreac), tert-butyl alcohol 
(TBA; C4H10O; Scharlau), furfuryl alcohol (FFA; C5H6O3; Aldrich) and 
copper nitrate trihydrate (Cu(NO3)2.3 H2O; Panreac) as radical scav
engers in a 10: 1 ratio scavenger to oxidant. Sodium persulfate (Na2S2O8; 
Scharlau), sodium sulfite (Na2SO3; Chem-Lab) and hydrogen peroxide 
30% w/w (H2O2; Scharlau) were used as alternative oxidants instead of 
PMS. Lastly, calcium carbonate (CaCO3; Scharlau) was added to mimic 
the hardness of the water during some of the tests, along with sodium 
nitrate (NaNO3; Scharlau) and trisodium phosphate (Na3PO4; Scharlau) 
simulating the presence of nutrients. 
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2.3. Microbiological analysis 

Simulated wastewater samples were doped with a commercial strain 
of Enterococcus faecalis (ATCC 29212, Scharlab). A fresh liquid culture of 
Enterococcus faecalis was prepared in Luria-Bertani nutrient medium (LB 
broth, Scharlau) after 20 h of incubation at 37 ◦C. The bacterial sus
pensions were harvested by centrifugation at 4500 r.p.m. for 15 min. 
The bacterial pellet was re-suspended in a sterile saline solution (NaCl 
0.9%) and diluted in the reactor at an initial concentration of 106 CFU/ 
mL. The collected samples were cultured and enumerated through a 
serial 10-fold dilution in sterile saline solution (NaCl 0.9%) using the 
drop plate method and the spread plate method. The diluted samples 
were plated on Slanetz&Bartley agar (Scharlau; Spain). Colonies were 
counted after incubation at 37 ◦C and 48 h. The detection limit (DL) of 
this experimental procedure was in the range of 10 and 100 CFU/mL 
depending on the amount of water sample plated. 

2.4. Experimental setup 

The experimental setup consisted of an annular lab scale reactor of 
0.252 L with a UV-A lamp (Phillips TL 6 W BLB, λ = 360 nm) adjusted to 
work at an irradiance of 14 W m− 2 inserted in its axis. The tests were 
carried out in batch recirculation mode using a magnetically coupled 
pump (Flojet; 230 V, 50 Hz; Input 84 W; Output 18 W). The flow rate 
was adjusted in the range of 0.2–2 L/min, and after 10 min of circulating 
through the system to ensure homogeneity of the sample, the pertinent 
reagents were added, also turning on the UV-A lamp as well. 

Blanks experiments were performed also in order to control the ac
tivity of the system. This data is available in the previous work of 
Guerra-Rodríguez et al. [27]. Using only UVA for the inactivation of 
Enterococcus sp. there was no decrease in the inactivation rate for 2 h of 
photoreaction, while using the PMS the decrease reached half of one 
order of magnitude with respect to the initial concentration in 2 h of 
reaction. 

3. Results and discussion 

3.1. Photoactivation of Ilmenite 

Ilmenite was tested individually as a photocatalyst to determine its 
efficacy for the inactivation of Enterococcus faecalis when exposed to UV- 
A radiation (365 nm, 14 Wm− 2). Experiments carried out with catalyst 

doses ranging from 0.01 to 5 g/L showed that lower catalyst concen
trations yielded the best catalytic results in terms of Enterococcus faecalis 
reduction, since an excess of ilmenite in the system had demonstrated 
turbidity issues and did not allow proper radiation exposure (Fig. 1). 
Therefore, using an ilmenite dose of 0.01 g/L reached a reduction in the 
bacteria population of 1.7 log, while the use of higher doses does not 
achieve reduction results higher than 0.5 log. These results are consis
tent with those of previous works by García-Muñoz et al. [23,28,29] 
using ilmenite for the photodegradation of organic pollutants under 
similar experimental conditions where, achieving a determined catalyst 
concentration, the system sharply reduced its activity. However, this 
contrasts with the results presented by Xia et al. [30], where an increase 
in Escherichia coli population killing performance was observed as 
ilmenite concentration increases. 

Although the operating conditions of Xia et al. (UV–vis radiation; 
Escherichia coli as the target pathogen; reactor configuration; etc.) are 
different from those applied in the present study (UV-A radiation; 
Enterococcus faecalis as the target pathogen; batch reactor with recir
culation), the differences in the results of both studies are considerable 
[30] and may be explained in some extent by different photoreactor 
configurations, characterized by higher irradiated surface/volume ratios 
in the work of Xia and co-workers [30]. Nonetheless, both studies show 
that an increase in the concentration of ilmenite is counterproductive 
because it leads to higher turbidity and, therefore, to a lower degree of 
radiation introduction. In addition, the use of an irradiation source 
centered on the UVA spectrum in this work, makes all photons poten
tially usable for ilmenite activation (band gap ~2.4 eV). Thus, ilmenite 
concentration required to observe significant reductions in bacterial 
population is reduced by up to 50 times compared to that required in the 
presence of visible radiation. 

It should be noted that the rutile present in the structure of the 
catalyst could be largely responsible for its photocatalytic activity since 
it acts as a semiconductor when exposed to a source of radiation, as 
described in Eqs. (14)–(19). However, this mechanism could be inhibi
ted by the presence of Fe(II) and Fe(III) inside the mineral structure, 
which can accept the photogenerated electron/hole charges that inhibit 
the photocatalytic process by oxidizing/reducing to Fe(II) or Fe (III), 
respectively, and thus reducing the oxidizing activity [23]. 

TiO2 →
hν TiO2(e−bc + h+

bv) (14)  

TiO2
(
h+

bv

)
+H2Oad → TiO2 +HO• +H+ (15) 

Fig. 1. Enterococcus faecalis removal by the photocatalytic effect of ilmenite 
under UV-A. Catalyst doses ranging from 0.01 to 5 g/L of ilmenite. 

Fig. 2. Enterococcus faecalis removal by using the PMS/UV-A system with 
different doses of PMS. 
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TiO2
(
h+

bv

)
+OH −

ad → TiO2 +HO• (16)  

O•−
2 +H+→HO•

2 (17)  

2HO•
2→O2 +H2O2 (18)  

TiO2
(
e−bc

)
+H2O2→TiO2 +OH− +HO• (19)  

3.2. Photoactivation of PMS 

For the purpose of this work, two different doses of PMS (0.1 and 
0.5 mM) were tested in the absence of catalyst to remove Enterococcus 
faecalis, according to previous experiences reported by members of the 
research team [20,31]. Fig. 2 shows the results obtained for disinfection 
purposes when using the above-mentioned doses of PMS. Unlike 
ilmenite photoactivity, a direct correlation is observed (Fig. 2) between 
oxidant dosage and inactivation power, reaching the detection limit 
halfway through the experiment when working at higher doses, which 
means a faster disinfection rate was obtained. However, some authors 
have reported that a higher dose of PMS can scavenge the free radicals 
generated as a consequence of secondary reactions [13]. 

Previous studies have shown variable results when testing PMS 
against different microbiological species. Rodríguez-Chueca et al. 
(2019) [31] observed that when trying to inactivate Escherichia coli and 
Enterococcus sp. simultaneously, the detection limit was reached much 
quicker in the first, showing that while the PMS/UV-A system is effective 
and versatile, the resilience of pathogens plays a crucial role in setting 
the optimal operation parameters confirming the authors stated before. 
On the other hand, the disinfection of water matrices with the PMS/UV 
system has been widely reported [9,32,33] and it is well-known the 
mechanisms and optimal conditions to reach total inactivation of 
pathogens. Therefore, the results shown in Fig. 2 are intended only as a 
baseline comparison of the individual effects of each of the reagents that 
will make up the PMS/Ilmenite/UV-A system. Finally, although a PMS 
concentration of 0.5 mM allows a rapid elimination of Enterococcus 
faecalis to be obtained, its use in further experiments in combination 
with ilmenite is ruled out to adequately follow the kinetics of elimina
tion of this pathogenic bacterium. 

3.3. PMS/Ilmenite/UV-A system optimization 

After carefully analyzing the influence of each parameter individu
ally, the catalytic ability of the PMS/Ilmenite/UVA system for the 
inactivation of Enterococcus faecalis. In Fig. 3 can be seen the more 
relevant results obtained for a catalyst dose ranging from 0.01 to 1 g/L 
since concentrations over 1 g/L and using a dose of PMS of 0.1 mM 
seemed not to improve the activity. It should be noted that, as previously 
reported [23,34], the optimum photocatalyst dose and the optimum 
catalyst concentration for the combined process are not similar. 

Fig. 3 shows the positive effect that the addition of a moderate dose 
of ilmenite (0.5 g/L) has on the combined PMS/UV-A system, while 
doubling the dose (1 g/L), the improvement is hardly noticeable. 
Despite the screen effect already mentioned in the pure photocatalytic 
results (Fig. 1), the disinfection activity increased when working at 
higher doses of ilmenite. This can be explained because PMS activation 
is associated not only by the light effect, but also with the catalytic ac
tivity of the ilmenite surface [23]. The presence of iron has been re
ported to activate certain sulfate species, leading to radical formation 
and provoking the subsequent disinfection reaction [31]. 

All the tests carried out to find the optimum dose of ilmenite appear 
to follow a consistent inactivation pattern, as shown in Fig. 3: the 
pathogen population hardly decreases during the first half of the 
experiment, then enters more of an active phase in which most of the 
disinfection process takes place. This phenomenon could be ascribed to 
the Fe(III) present on the catalyst surface. Constantly reducing to Fe(II) 
when exposed to radiation (Eq. 20), it triggers the reaction rate after 
reaching a certain concentration on the surface of the mineral [23,35]. 

ILM − Fe(III)→hν ILM − Fe(II) (20) 

Although according to Fig. 3 the highest disinfection performance of 
Enterococcus faecalis occurs with the combination of 0.1 mM PMS, 0.5 g/ 
L of ilmenite in the presence of UV-A radiation, it was decided to take as 
working conditions the 0.01 g/L dose of ilmenite, as it obtained similar 
results in terms of disinfection, with a concentration 50 times lower. 

3.3.1. pH and flowrate influence 
This set of reactions is devoted to determining whether, at optimum 

pH, a complete inactivation could be achieved when working at a 
catalyst load of 0.01 g/L and 0.1 mM PMS dose as a typical PMS con
centration employed for these processes. Assuming that the raw sample 

Fig. 3. Ilmenite optimization loading for Enterococcus faecalis inactivation in 
the presence of UV-A radiation using 0.1 mM of PMS. 

Fig. 4. Initial pH effect on Enterococcus faecalis inactivation through the PMS/ 
Ilmenite/UV-A system. [Ilmenite] = 0.01 g/L; [PMS] = 0.1 mM. 
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has a natural pH value of 5.5, tests at varied initial pH values of 7, 9 and 
11 were carried out too. Therefore, Fig. 4 plots the inactivation values of 
Enterococcus faecalis using the optimal conditions previously reached in 
the previous section, using different pH values. In Fig. 4 it can be 
inferred that in our case, the optimum working initial pH is centered on 
neutral values (≈ 7) and that lower and higher initial values provoke a 
reduction in the disinfection process. Furthermore, it must be noted that 
total bacteria depletion was reached in 120 min when working at pH0 
= 7. 

Previous work testing similar systems clearly showed how initial pH 
is heavily linked to the reactive species present during the disinfection 
process due to the SO•−

4 decomposition once is formed. However, the 
study concludes that both HO• and SO•−

4 species dominate the process of 
PMS activation [21]. Despite this, Wang and Wang [13] also reported 
that once SO•−

4 is formed, it can follow three ways: i) it remains the 
predominant specie at pH < 7, ii) it decomposes to HO• y SO•−

4 at pH 
= 9, and iii) it its transformed to HO• and SO2−

4 at pH around 12, con
firming that the highest organic pollutant removal yields are obtained 
when operating in a pH range between 7 and 8 due to the existence of 
more oxidizing radicals. It is also important to note the decomposition of 
PMS through alkaline activation of PMS, where superoxide radical and 
singlet oxygen have been shown to be the predominant species [13]. 
However, and based on what is observed in Fig. 4, this activation 
pathway has a clearly lower performance than that obtained by the 
photocatalytic treatment system at neutral pH. 

The lack of information available on the PMS/ILM/UV-A system does 
not allow us to compare thoroughly with other catalytic results. Similar 
works lead to the notion that the optimal initial pH depends on the 
nature of the (photo)catalyst, the oxidant and the targeted pollutants, as 
well as their concentrations in water [23,25,36]. 

Finally, the influence of flow rate on disinfection rates was also 
studied. Different flow rates were tested, showing that longer retention 
and illumination times yield significantly better results. Therefore, Fig. 5 
plots the inactivation of Enterococcus faecalis with optimal operating 
conditions and using different flow rates ranging between 0.2 and 2.2 L/ 
min. This suggests that there is a minimum radiation exposure period 
required to trigger the disinfection process, as depicted in Fig. 5. The 
optimal flow rate was obtained for 0.2 L / min, a value considered as 
fixed for the next experiments. 

3.4. Scavenger tests 

A series of experiments involving scavengers were performed to gain 
insight into the reaction mechanisms of the PMS/Ilmenite/UV-A system 
and to try to show a plausible mechanism for bacteria inactivation. To do 
this, a set of scavengers capable of selectively trapping possible free and 
oxidative species formed in the PMS/ilmenite/UVA system was used. 
None of the reagents used for this purpose showed any disinfectant ac
tion when tested individually. The disinfectant action was previously 
tested by adding a 10 mM scavenger dosage to a pathogen load of 
approximately 106 CFU/mL of Enterococcus faecalis suspended in 0.9% 
saline (data not shown). 

Fig. 6 shows the results of the quenching tests using a final scavenger 
concentration of 1 mM. MeOH and TBA worked as expected: the first 
one trapped HO• and SO•−

4 radicals, overriding the disinfection process 
almost completely (1.5-log reduction), while the latter reacted exclu
sively to sulfate radicals and therefore had much less of an impact on the 
final performance (3.2-log reduction). The outcome of these two ex
periments indicates that both radicals could be responsible for the 
inactivation of Enterococcus faecalis in this system, being the most 
prevalent the HO•. This is in good agreement with the work of Zeng et al. 
(2021) [37], where at neutral pH one of the main radicals responsible for 
the disinfection process was HO•. 

FFA was used with the objective of identifying 1O2 formation in the 
PMS/Ilmenite/UVA reaction as reported by other authors in similar 
treatments [38–40]. However, tests involving FFA could not confirm the 
presence of 1O2 in the process. Contrary to what was expected, as shown 
in Fig. 6, the kinetic in Enterococcus faecalis inactivation increased in the 
presence of FFA, reaching the detection limit in only 60 min, in other 
words, half as much time as in the absence of FFA. The reason why this 
occurs is not easily identifiable by the authors and should require further 
study using quantitative free radical detection technologies such as EPR. 
However, given the lack of access to these techniques, the authors 
attempt to hypothesize on the basis of experiences described in the 
literature. Richard and Lemaire [41] studied the phototransformation of 
furfuryl alcohol in aqueous ZnO suspensions. The study of intermediate 
species by Richard and Lemaire [41] reported the occurrence of 
two species, 6-hydroxy-2 H) -pyran-3- (6 H) -one and furan-2- 
carbocaldehyde. The study of the mechanism to arrive at the latter in
termediate determined that a hydroperoxyl radical (HO2

•) was released, 
which, as is well known, has an oxidizing capacity. Therefore, this 
species could contribute to the speed of inactivation of Enterococcus 

Fig. 5. Flowrate effect on the activity of the combined system. Working con
ditions: [Ilmenite] = 0.01 g/L; [PMS] = 0,1 mM; UV-A; pH0 = 7. 

Fig. 6. Test performed in the presence of different scavengers in the optimized 
system. Conditions: [Ilmenite] = 0.01 g/L; [PMS] = 0.1 mM; UV-A; pH0 = 7. 
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faecalis. However, this is not the only possibility for the appearance of 
oxidizing species through the use of FFA. Deo et al. [42] reported the 
reaction paths for the hydrodeoxygenation of FFA at TiO2/Pd interfaces. 
During the hydrodeoxygenation of FFA, the production of hydroxyl 
radicals (HO •) has been reported [42], therefore, the increase in the 
production of one of the main free species with oxidative capacity could 
be one of the reasons for the increased inactivation kinetics of Entero
coccus faecalis. Furthermore, Wang et al. [43] have recently advised 
against the use of alcohols as scavengers for the determination of hy
droxyl radicals, because in combination with UV radiation significant 
amounts of hydrogen peroxide are detected, which in turn is a precursor 
for the formation of new hydroxyl radicals. This fact could be another 
hypothesis that could explain the increase in the kinetics of bacterial 
inactivation. Furthermore, all these hypotheses could be completed by 
the fact that the FFA itself is rapidly disappearing from the reaction as a 
consequence of a decomposition reaction as a consequence of the system 
under study (PMS/Ilmenite/UVA). Several authors have used FFA itself 
as a target pollutant to test the efficacy of different oxidation treatments 
[44,45]. Its rapid removal is therefore a problem for its own perfor
mance as a scavenger, and, on the other hand, the removal may actually 
be a transformation to intermediate species such as those discussed 
above. In this regard, the authors suggest that perhaps the presence of 
FFA could reduce the recombination of charges, provoking a higher 
production of HO2⋅and HO⋅and leading to a higher disinfection rate. 

Finally, it was decided to use Cu(II) as an electron scavenger, as re
ported by numerous authors [46]. However, Cu(II) behaved in the same 
way as FFA, increasing the kinetic of inactivation of Enterococcus fae
calis. However, the reason for the increased reaction kinetics is much 
clearer. Firstly, Cu has antibacterial properties, so its presence can lead 
to inactivation of the bacteria under study [47]. Second, Cu (II) has been 
successfully tested as an activator of PMS and PDS, so its presence in 
water, instead of trapping electrons, causes an increase in the kinetics of 
PMS decomposition, increasing the rate of generation of free species [24, 
48]. Third, when Cu (II) captures electrons, again, the recombination 
rate of the photocharges is substantially reduced, provoking a faster 
disinfection rate. 

Fig. 7 attempts to schematize the plausible mechanism of the for
mation of these oxidizing species, and the main points of attack on 
Enterococcus faecalis. Disinfection processes are quite complex to un
derstand, and there are multiple causes of cell inactivation and/or death. 
One of the main damages caused by oxidizing species is to the cell 
membrane of microorganisms. In the case of Gram-positive bacteria 
such as Enterococcus faecalis, this membrane is thicker than those of 
Gram-negative bacteria and, although in principle it may be more 
resistant to oxidative treatments, it eventually causes irreparable dam
age to the cell. Fracture of the cell membrane causes oxidative agents to 
enter the cell interior, causing significant damage to both enzymes, such 
as catalase (CAT) and superoxide dismutase (SOD), and DNA [49,50]. 

3.5. The influence of the water matrix 

To know the performance of the system when the complexity of the 
water matrix increased, reactions with several ionic species were carried 
out, which allowed one to understand the limits of the treatment 
depending on the presence of inorganic substances that are typical in 
natural and waste waters. The presence of certain compounds, such as 
organic matter or carbonates, which are easily found in municipal 
wastewater, has been extensively studied [51], but it is required for 
other substances. 

Fig. 8 shows how water hardness (CO2−
3 ) and the presence of nutri

ents (NO−
3 and HPO2−

4 ) in the aqueous matrix hindered the performance 
of the PMS/Ilmenite/UV-A system in all cases. According to Fig. 8, the 
addition of CO3

2-, NO3
- and HPO4

2- considerably reduced the Enterococcus 
faecalis inactivation through the optimized process. It should be noted 
that the inactivation efficiency of the treatment disappears completely 
when hydrogen phosphate is added, and of course also when all the 
anions studied are present in the water. When carbonates and nitrates 
are added to the water, the decrease in treatment effectiveness is halved 
compared to optimized treatment on simulated wastewater, reaching 
removal efficiencies between 2 and 2.5 log in 120 min 

Kiejza et al. [24] reported that these three anions act as radical 
scavengers. For instance, carbonate (CO2−

3 ) and bicarbonate (HCO2−
3 ) 

anions work as sulfate and hydroxyl radical scavengers forming less 
reactive species as follows as described in Eqs. (21)–(24) [24]: 

CO2−
3 +H2O → OH− +HCO−

3 (21)  

SO•−
4 +HCO−

3 → HCO•
3 + SO2−

4 (22)  

SO•−
4 +CO2−

3 → CO•−
3 + SO2−

4 (23)  

HO• +CO2−
3 → CO•−

3 +OH− (24) 

In the same way, nitrate anions (NO−
3 ), when present in high con

centrations, trap sulfate radicals according to Eqs. (25) and (26) [24]: 

NO−
3 +H2O →

hν NO•
2 +HO• +OH − (25)  

SO•−
4 +NO−

3 → NO•
3 + SO2−

4 (26) 

In the case of nitrates, as shown in Eqs. (25) and (26), the reaction 
leads to the appearance of nitrite and nitrate radicals, but the oxidation 

Fig. 7. Plausible mechanism of photocatalytic inactivation of Enterococcus 
faecalis in the PMS/Ilmenite/UVA process. 

Fig. 8. Effect of the complexity of the matrix on the disinfection process. 
Conditions: [Ilmenite] = 0.1 g/L, [PMS] = 0.01 mM; pH0 = 7, UV-A. 
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potentials of these species are lower than those of the trapped sulfate 
radical. However, this fact may explain why the effectiveness of the 
treatment is not completely reduced. 

Lastly, hydrogenphosphate anions (HPO2−
4 ) quench both sulfate and 

hydroxyl radicals, overriding totally the process (Eqs. 27 and 28) [24]: 

HPO2−
4 +HO• → HPO−

4 +OH − (27)  

HPO2−
4 + SO⋅−

4 →HPO−
4 + SO2−

4 (28)  

confirming that the efficiency of the advanced oxidation processes de
creases in presence of ions [52]. 

Due to the scarcity of existing works dealing with the inactivation of 
E. feacelis vs those facing Escherichia coli, a summary has been done, for 
the sake of comparison. In Table 1 can be seen the latest works dealing 
with the inactivation of bacteria, including E. faecalis. 

4. Conclusions 

The PMS/Ilmenite/UV-A system has proven effective for Entero
coccus faecalis inactivation in synthetic wastewater. While ilmenite and 
PMS performed poorly when photoactivated individually, the detection 
limit was reached when paired together at an initial pH of 7 and with 
optimal doses set at 0.01 g/L and 0.1 mM of ilmenite and PMS, 
respectively. Quenching tests showed that sulfate and hydroxyl radicals 
are responsible for both the disinfection process. Furthermore, as ex
pected, when increasing the complexity of the water matrix, it had a 
negative effect on system efficiency, since calcium carbonate and nu
trients act as sulfate and hydroxyl radical scavengers, decreasing 
Enterococcus faecalis inactivation. 
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A heterogeneous peroxymonosulfate catalyst built by Fe-based metal-organic 
framework for the dye degradation, J. Environ. Manag. 303 (2022), https://doi. 
org/10.1016/j.jenvman.2021.113897. 

[18] G. Zhao, J. Zou, X. Chen, L. Liu, Y. Wang, S. Zhou, X. Long, J. Yu, F. Jiao, Iron- 
based catalysts for persulfate-based advanced oxidation process: microstructure, 
property and tailoring, Chem. Eng. J. 421 (2021), https://doi.org/10.1016/j. 
cej.2020.127845. 

[19] S. Wang, J. Wang, Synergistic effect of PMS activation by Fe0@Fe3O4 anchored on 
N, S, O co-doped carbon composite for degradation of sulfamethoxazole, Chem. 
Eng. J. 427 (2022), https://doi.org/10.1016/j.cej.2021.131960. 

[20] J. Rodríguez-Chueca, E. Barahona-García, V. Blanco-Gutiérrez, L. Isidoro-García, 
A.J. dos santos-García, Magnetic CoFe2O4 ferrite for peroxymonosulfate activation 
for disinfection of wastewater, Chem. Eng. J. 398 (2020), https://doi.org/ 
10.1016/j.cej.2020.125606. 
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[46] K. Villa, S. Murcia-López, T. Andreu, J.R. Morante, Mesoporous WO3 photocatalyst 
for the partial oxidation of methane to methanol using electron scavengers, Appl. 
Catal. B: Environ. 163 (2015) 150–155, https://doi.org/10.1016/j. 
apcatb.2014.07.055. 

[47] D. Xia, H. He, H. Liu, Y. Wang, Q. Zhang, Y. Li, A. Lu, C. He, P.K. Wong, Persulfate- 
mediated catalytic and photocatalytic bacterial inactivation by magnetic natural 
ilmenite, Appl. Catal. B: Environ. 238 (2018) 70–81, https://doi.org/10.1016/j. 
apcatb.2018.07.003. 

[48] J. Rodríguez-Chueca, C. Amor, T. Silva, D.D. Dionysiou, G. Li Puma, M.S. Lucas, J. 
A. Peres, Treatment of winery wastewater by sulphate radicals: HSO5− /transition 
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