


[12]. In addition, it must be highlighted the simultaneous generation of
hydroxyl radicals in the photolytic activation of PMS.

→ +
− ∙− ∙HSO SO HO

hν
5 4 (1)

→
− ∙−S O SO2

hv
2 8

2
4 (2)

Herrmann (2007) [15] reported the quantum yields for photolysis of
PS and PMS. The maximum quantum yield (φ=1.4) was obtained for
PS in the range of range of 248 253.7 nm. While, the value for PMS
photolysis is lower (φ=0.12; λ=248 nm). However, although Herr
mann (2007) [15] reported that the quantum yield decreases with the
increase of the wavelength, some authors have also reported the acti
vation of PMS and PS in the range of UV A [8 10,12].

The Fe(II) catalytic activation of PMS is regulated by two main re
actions (Eqs. 3 and 4); Fe(II) acts as electron acceptor prompting the
rupture of the HO bond in the PMS structure, while Fe(III) formed re
acts with PMS generating the sulfur pentoxide radical. This radical has
a redox potential (Eº= 1.1 V) lower than hydroxyl and sulfate radicals,
but high enough to cause damages in bacteria. This catalytic cycle of
iron is not observed when coupled with PS so after oxidation of Fe(II)
(Eq. (5)) there is no PS mediated reduction of Fe(III).

+ → + + =
− + ⋅− + − − −HSO Fe SO Fe OH k M s3.0·10 ·5
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+ → + + =
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2 2 3
4 4
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Several authors have studied the efficiency of different metals to
promote the activation of PMS and PS [12,16 18]. There is a wide
agreement that cobalt and iron are the most recommended species to
activate PMS [17 20], while silver shows the best efficiency for PS
[17]. Withal, although maybe less effective, the use of iron should be
preferable because of its low toxicity for humans and environment.

According to the Gram staining technique, bacteria are divided in
two main groups. Gram negative bacteria have a cytoplasmic mem
brane, a thin peptidoglycan layer and an outer membrane containing
lipopolysaccharides. Meanwhile, Gram positive bacteria have only a
cytoplasmic lipid membrane and the peptidoglycan layer is thicker than
that of Gram negative bacteria. Because of these structural differences,
Gram positive bacteria as Enterococcus sp. are usually more resistant to
treatments than Gram negative bacteria as Escherichia coli [21]. For this
reason, the use of Enterococcus sp. as indicator is preferred instead of
E.coli.

The aim of this study was to comparatively study the PMS and PS
activation by different iron species. Four iron activators were tested:
two in homogeneous mode, FeSO4 and Fe(III) citrate, and two in het
erogeneous phase (Fe2O3 and nano zero valent iron (nZVI)). These SR
AOPs treatments were evaluated on the inactivation of E.coli and
Enterococcus sp. wild strains spiked in simulated wastewater samples.
All the treatments were applied in combination with UV A radiation
with the objective of increasing the bacterial inactivation kinetics. The
concentration of the different reactants was optimized using millimolar
doses, in the context of their potential application as tertiary treatment
to regenerate wastewater. Moreover, the recovery and reuse of nZVI
was studied in order to ascertain whether this heterogeneous catalyst
might be used in subsequent uses without a loss of efficiency.

2. Material and methods

2.1. Isolation of wild strains of Escherichia coli and Enterococcus sp

Escherichia coli and Enterococcus sp. wild strains were selected in
effluent samples collected from a wastewater treatment plant (WWTP)
located in Madrid (Spain). They were isolated by cultivation on selec
tive culture medium (MacConkey and Slanetz&Bartley agar (Scharlau)

for E.coli and Enterococcus sp. respectively) and incubation at 37 °C
during 24 h for E.coli and 48 h for Enterococcus sp. After that, a single
colony from each plate was inoculated into 20mL sterile Luria Bertani
broth (Scharlau), and incubated for 20 h at 37 °C. After the incubation,
bacterial suspensions were diluted in the reactor to an initial con
centration of 106 CFU/mL.

2.2. Aqueous matrix preparation

Simulated wastewater was used as a model matrix for the assess
ment of treatments efficiency, also guaranteeing the reproducibility of
the experimental conditions in the different runs. The composition of
simulated effluent wastewater was: meat peptone (Scharlau; 160mg/
L), meat extract (Scharlau; 110mg/L), urea (Scharlau; CO(NH2)2;
30mg/L), NaCl (Scharlau; 7 mg/L), CaCl2·2H2O (Scharlau; 4 mg/L),
MgSO4·7H2O (Scharlau; 2 mg/L), K2HPO4 (Scharlau; 28mg/L) and
deionized water [22]. The physico chemical characteristics of simu
lated water (pH ≈ 7.2; turbidity= 2 ± 0.5; Chemical Oxygen De
mand=19 ± 4mg/L) were similar to real treated wastewater.

2.3. Chemical and reagents

Treatments were performed using different dosages (0.01 1mM) of
potassium peroxymonosulfate (2KHSO5·KHSO4·K2SO4, PMS, Merck)
and sodium persulfate (Na2S2O8, PS, Scharlau). As iron sources iron (II)
sulfate heptahydrate (FeSO4·7H2O, Panreac), iron (III) oxide (Fe2O3,
Scharlau), iron (III) citrate (C6H5FeO7; ACROS Organics) and nano
zero valent Fe (nZVI) were used in different molar ratio (oxidant:iron;
1:1 1:2) and different load for nZVI (50 100mg/L).

2.4. Synthesis of nZVI

nZVI particles used in this study were synthesized by reduction and
precipitation of a dissolved iron salt in absence of oxygen modifying a
method previously reported [23]. First, a solution of FeSO4·7H2O
(> 99%, Aldrich) 0.4 M in ultrapure water and ethanol (> 99%,
Scharlau) (70:30 v/v) was prepared and sonicated until the complete
dissolution of the iron salt. The chemical coprecipitation of iron was
performed by increasing the value of pH until 6.8 with NaOH (>98%,
Aldrich) 3.8M. In order to reduce the ferrous ions to Fe(0) an excess of
NaBH4 was added into the mixture. The solution was well homogenized
and washed with pure water and ethanol. Finally, the metallic iron was
recovered by filtration and dried under vacuum prior characterization.

2.5. Pre and post treatment characterization of nZVI

The crystalline structure of nZVI was analyzed by X Ray Diffraction
(Philips X PERT MPD diffractometer) with CuKα radiation. The mor
phology, size particle and elemental composition of the samples was
determined by Transmission Electron Microscopy (TEM) using a JEOL
JEM 2100 microscope with an accelerating voltage of 200 kV, equipped
with X Ray Energy Dispersive Spectroscopy (XEDS) and Low Energy
Electron Diffraction (LEED).

2.6. Experimental setup

The experiments were performed in an annular batch lab scale
reactor with recirculation, with a total volume of 1 L and illuminated
volume of 0.252 L (25.2% of total water sample). Experiments were
performed at natural pH of simulated wastewater samples (≈ 7.2),
because previous research [18] proved the low dependence of PMS to
pH. It is worthy to remark this fact, because the possibility to treat
wastewater at neutral pH means a reduction in the operating costs.

Illumination of the reactor was provided by a black light lamp
(Philips TL 6W; 365 nm) located in the axis of the annular reactor.
According to the illuminated volume (0.252 L) and the flow rate (6.4 L/

      



min), the UV A contact time was 2.36 s. As experiments lasted 90min,
therefore the water sample was illuminated a total time of 22.7 min.

2.7. Microbial methods

The culture and enumeration of the microorganisms was carried out
by the spread plate method (Standard Method 9215C; [24]) through a
serial 10 fold dilution in sterile saline solution (NaCl 0.9%). Samples
were plated on MacConkey Agar (Scharlau; Spain) for E.coli and Slanetz
&Bartley agar (Scharlau; Spain) for Enterococcus sp. Colonies of both
bacteria were counted after incubation at 37 °C (24 h for E.coli and 48 h
for Enterococcus sp.). The detection limit (DL) of this experimental
procedure was 1 CFU/mL.

The enumeration of colonies was expressed as CFU/mL (colony
forming units). These concentrations were transformed to log10 and the
removal of bacteria, D= Log (Nt/N0), was calculated from the initial
bacteria concentration (N0) and the remaining bacteria population at t
time (Nt).

3. Results and discussion

The ability of PMS and PS to damage bacteria is strongly dependent
on the concentration of both oxidants. Previous research [25] showed
that PMS concentrations higher than 0.1mM lead to some bacteria
reduction after 4 h of contact time in darkness. This value was taken as
reference to optimize the treatments.

3.1. UV A photolytic activation of PMS and PS

In a first approach it was tested the activation of PMS and PS by UV
A radiation, using different oxidant dosages (0.01 1mM). Fig. 1 shows
the results for inactivation of E.coli and Enterococcus sp. attained with
each oxidant. In both cases, their combination with UV A improved the
performance of UV A alone, which shows a negligible reduction of
bacterial population. As observed, PMS induced a higher inactivation of
bacteria than PS. For instance, the limit of detection (1 CFU/mL; 5 log)
for E.coli was reached after 30min of reaction upon addition of 1mM of
PMS, while a reduction of 2 log was observed after 90min using the
same dosage of PS (Fig. 1A). By contrast in accordance with previous
reports [21], a strong tolerance to the treatments was observed in the
case of Enterococcus sp., requiring 90min to reach the detection limit (1
CFU/mL; 6 log).

The different behavior of both oxidants is easily understandable
considering the Eqs. (1) and (2). The photolysis of the PMS molecule
generates not only a sulfate radical but also a hydroxyl one, while in the
case of PS, two sulfate radicals are generated, which makes the differ
ence. Sun et al. [26] suggest that because of the negative charge of
sulfate radicals, it exists an electrostatic repulsion with the surface of
bacteria, also negatively charged. This drawback is overcome with ·HO
radicals, which can approach the bacteria surface more easily. For this
reason, the additional generation of hydroxyl radicals from PMS in
creased the inactivation efficiency.

3.2. Homogeneous iron mediated activation of PMS and PS

The bacteria inactivation by catalytic activation of PMS and PS
(0.5 mM) was studied using FeSO4 and Fe(III) citrate in different
oxidant:Fe molar ratios (1:1 and 1:2).

The coupling of PMS and PS with Fe(II) has been widely reported by
other authors as an efficient way to increase the microbial inactivation
kinetics [8 11]. Fig. 2 shows clearly the improvement in the inactiva
tion kinetics compared to those treatments without Fe(II). This en
hancement takes place over both bacteria, E.coli and Enterococcus sp.,
however, it is notably higher for E.coli, for which total inactivation is
observed after 2min of reaction (oxidant:iron molar ratio 1:2). This fast
inactivation can be ascribed to the continuous generation of oxidative

species (sulfate, hydroxyl and sulfur pentoxide radicals; Eqs. (3) (5)). In
the case of PMS, iron has a catalytic cycle in which Fe(II) is con
tinuously regenerated. Nevertheless, there is no PS mediated reduction
of Fe(III), being necessary the presence of radiation to promote the
reduction to Fe(II) following Eq. (6) [27,28]:

→ + = =+ +Fe OH Fe HO φ λ nm( ) 0.017 ( 360 )
hv2 2 • (6)

Enterococcus sp. reduction was much lower than the observed for
E.coli. Even though the presence of Fe(II) increased the removal
achieved without it, the observed trend is a rapid reduction in the first
five minutes of reaction (1 log) followed by a stabilization of the po
pulation until the end of the treatment. Although further research is
needed, it is suggested that the higher resistance of Enterococcus sp. to
treatments compared to E.coli is a consequence of the structural dif
ferences in the cell membrane of Gram positive (Enterococcus sp.) and
Gram negative (E.coli) bacteria [21]. As a matter of fact, some authors
have reported the tolerance of Enterococcus sp. to disinfection treat
ments as chlorination [29]. In addition, the higher resistance of En
terococcus sp. to treatments and their longer survival compared to co
liforms and E.coli in water environment are some of the reasons why it
is strongly recommended their use as faecal pollution indicator
[21,30 33]. In general terms, these results agree with those reported
previously by Rodríguez Chueca et al. [8,9,25] using different oper
ating conditions.

Fig. 1. Photolytic activation of PMS and PS by UV-A radiation for A) Escherichia
coli and B) Enterococcus sp. inactivation.

      



Photochemistry of Fe(III) carboxylate complexes as Fe(III) citrate, is
of interest for environmental applications among which oxidative
processing of wastewater [34 37]. The literature on the application of
citrate in chelating Fe(II) or Fe(III) to activate PMS or PS is limited
[38 40]. Fig. 3 shows the results obtained by coupling Fe(III) citrate
with PMS and PS under UVeA radiation. Similarly to previous experi
ments the presence of Fe(III) citrate enhances the bacteria inactivation
kinetics in comparison to those treatments without iron, so that the
complete inactivation of E.coli is attained with PMS and PS after 15 and
60min, respectively (oxidant:Fe(III) molar ratio equal to 1:2). Although
these are very good results, the comparison with those obtained using
Fe(II) (Fig. 2) evidences a decrease in the efficiency to inactivate E.coli.
This is particularly significant for PS as in this case, the time required to
attain a 5 log reduction of E.coli increases from 2min to 60min with Fe
(II) and Fe(III) citrate, respectively.

The plausible explanation for this slight deceleration is that the
reaction between PMS and Fe(III) only generates sulfur pentoxide ra
dical but not sulfate and/or hydroxyl radicals (Eq. (4)). As above ex
plained, the sulfur pentoxide radical has an oxidation potential
(Eº= 1.1 V) able to cause damages in cells, however, it is lower than
sulfate radicals (Eº= 2.5 3.1 V) decreasing the kinetics rate. In the case
of PS, this oxidant does not react with Fe(III), therefore until Fe(III) is
not photo reduced to Fe(II) through Eq. (6), it does not start the gen
eration of sulfate and hydroxyl radicals as consequence of reaction with

PS.
Nevertheless, the behavior seems to be different for Enterococcus sp.

because of the kinetics are faster with Fe(III) citrate, but actually the
mechanisms is the same as for E.coli. In this case, it can be proposed that
as the removal of Enterococcus sp. is too slow under both operating
conditions, it gives time for the appearance of new reactions increasing
the generation of oxidizing radicals, helping to the global reduction of
Enterococcus sp. These reactions would not be appreciable in the case of
E.coli because of the much faster removal of these bacteria. As observed
in Fig. 3B, the maximum Enterococcus sp. removal was around 3.50 log
after 90min, with both PMS and PS, respectively (oxidant:Fe(III) molar
ratio equal to 1:2). It has been reported that the photolysis of Fe(III)
citrate generates hydrogen peroxide (H2O2) and superoxide radicals
(O2

%−) (Eqs. (7) (11)) [41]. Accordingly, H2O2 could promote a photo
Fenton reaction with Fe(II) present in water from photolysis of Fe(III)
citrate, thus generating hydroxyl radicals (Eq. (12)) [41].

− → +Fe III Cit Fe II Cit( ) ( )
hυ • (7)

→ +Cit HO CR CO• •
2 2 (8)

+ ⟶ + ++HO CR Fe III R CO H Fe II( ) ( )•
2 2 (9)

+ ⟶ + ++ −HO CR O R CO H O•
2 2 2 2

• (10)

+ → ++ −H O H O O2 2 2
•

2 2 2 (11)

Fig. 2. Fe(II) catalytic activation of PMS and PS coupled with UV-A radiation
for A) Escherichia coli and B) Enterococcus sp. inactivation.

Fig. 3. Fe(III)-citrate catalytic activation of PMS and PS coupled with UV-A
radiation for A) Escherichia coli and B) Enterococcus sp. inactivation.

      



+ → + + −H O Fe II Fe III HO HO( ) ( )2 2
• (12)

3.3. Heterogeneous iron mediated activation of PMS and PS

Heterogeneous iron mediated activation of PMS and PS might re
duce the operating costs of the treatments, because it may be possible to
recover and reuse the iron catalyst. In this context, two iron sources
were evaluated with the same operating conditions above tested.

Fig. 4 shows the results for bacteria inactivation obtained with
Fe2O3. As observed, the coupling of Fe2O3 with PMS allowed to reach
the total inactivation of E.coli in a very short reaction time (2min), even
with the lower oxidant:Fe molar ratio, i.e. (1:1). By contrast, 60min
were required to reach the detection limit when Fe2O3 was combined
with PS in a molar ratio of 1:2. Marjanovic et al. [10] reported the study
of different iron oxides to activate PS under simulated solar radiation.
In these conditions, they proved that Fe2O3 promoted a worse en
hancement than FeSO4 as Fe(II) activator in homogeneous form,
reaching the total inactivation of E.coli K12 after 100 (Maghemite),
120min (Hematite), and 60min (Fe(II)). Ghanbari and Moradi [42]
attributed the low kinetics in the activation with metal transition oxides
to mass transfer limitations occurring in heterogeneous systems. In
addition, the presence of Fe3+ (Eqs. (3) (5)) on the surface of the oxide
slows down the activation kinetics of PMS, while the activation of PS is
not possible with Fe3+, and it is required a photo reduction to Fe(II)

according to Eq. (6). In the case of Enterococcus sp., similarly to the
results obtained with dissolved Fe(II) in the homogeneous reaction, the
application of iron oxide was not effective.

Finally, it was tested the efficiency of nZVI. The use of nZVI has
been successfully reported for Fenton reactions [43 45] and, recently,
in the activation of PMS and PS for the removal of organic compounds
[46 48]. Nevertheless, from the best of our knowledge, this is the first
time that is applied on bacterial inactivation. The treatments were
applied with a catalyst load of 50 and 100mg/L following previous
results on removal of arsenic from water. Fig. 5 shows the results ob
tained for the inactivation of E.coli and Enterococcus sp.

As observed in the Fig. 5A, the coupling of nZVI with PMS increased
notably the efficiency of E.coli removal if compared with photolysis of
PMS, reaching a 5 log inactivation of bacteria after 5min of contact
time (50mg/L of nZVI). A higher amount of nZVI (100mg/L) did not
enhance the efficiency, with similar kinetics. The results were also
successful in the case of PS, but in this case, the increase of the catalyst
load was necessary to increase the E.coli removal efficiency, requiring a
final contact time of 15min. It is important to highlight the high effi
ciency of the catalyst combined with UVeA in absence of oxidants. As
observed in Fig. 5, there is a drop on bacteria population higher than 3
log after 30min. This fact might mean a high leaching of iron. Alizadeh
et al. [49] suggested that UV radiation could improve the nZVI solu
bility, increasing the microbial inactivation efficiency. On the other

Fig. 4. Fe2O3 catalytic activation of PMS and PS coupled with UV-A radiation
for A) Escherichia coli and B) Enterococcus sp. inactivation.

Fig. 5. nZVI catalytic activation of PMS and PS coupled with UV-A radiation for
A) Escherichia coli and B) Enterococcus sp. inactivation.

      



hand, Morgada et al. [50] reported the hypothesis of FeOx production
from Fe° in presence of dissolved oxygen in water. This FeOx together
with UV radiation might produce Reactive Oxygen Species (ROS) ac
cording to the Eqs. (13) (16), increasing the disinfection efficiency.

+ → +
− +FeO hν e hX cb vb (13)

+ → +− + ° +HO H O h HO H( ) ( )vb2 (14)

+ + →
− + − °O e H O HO( ) ( )cb2 2 2 (15)

+ + → +
− ° −O e H O HO HOcb2 2 2 (16)

Yousefzadeh et al. [51] proved the efficiency of nZVI/UV radiation
for inactivation of Bacillus subtilis spores. They reached a disinfection
until 4 log after 60min with 491mg/L of nZVI. These results could not
be compared with those reported herein for E.coli, because of the sig
nificant differences in resistance to treatments between both micro
organisms [8,9].However, if compared with Enterococcus sp. (higher
resistance than E.coli), it is also observed a large difference with the
nZVI/UV inactivation efficiency reported by Yousefzadeh et al [51]. As
shown in Fig. 5B, a maximum removal of Enterococcus sp. of 1.71 log
was attained after 90min with 100mg nZVI/L. Results that can be
explained by the higher loading of catalyst used by Yousefzadeh et al
[51]. Besides, for Enterococcus sp. the addition of oxidants did not im
prove the bacteria removal efficiency, thus indicating that the bacteria
removal is consequence of the presence of nZVI, not because of sulfate
radicals.

Finally, it was tested the recovery and reuse of the catalyst. With
this aim, the catalyst was removed from the water medium with the
help of a neodymium magnet, and it was dried at 40 °C during 24 h.
Fig. 6 shows the disinfection results after 3 uses of the nZVI (100mg/L)
combined with 0.5mM of PMS. As observed, there is a gradual loss of
efficiency after the consecutive uses. For E.coli, the time required to
attain a 5 log inactivation increased from 15min in the first use to
60min in the second use. In the case of Enterococcus sp. the removal
attained after 90min decreased from 2 log in the first use to 0.66 log in
the second use. In the third use of nZVI the efficiency of the treatment
was also decreased, although in less extent. This loss of efficiency is a
direct consequence of the iron leaching, because of the oxidation of
nZVI in water. The action of oxidants such as PMS and PS favor this
oxidation and the leaching. The pre and post characterization of nZVI
confirmed this fact. Fig. 7 shows the XRD diffractograms of fresh and
recovered nZVI after 1, 2 and 3 consecutives reactions. The peak at 2θ
of 44.7° associated to α Fe indicated that nZVI particles were mainly

composed by Fe(0). This peak was also observed in the diffractograms
of the iron material recovered after the consecutive reactions, however,
the signal becomes progressively weaker thus indicating the conversion
of metallic iron into other species. Indeed, concomitantly to the fading
of Fe(0) signal, different peaks associated to lepidocrocite (γ FeOOH),
magnetite (Fe3O4) or /and maghemite (Fe2O3) [52] were detected, re
vealing the progressive corrosion of nZVI in the oxygenated aqueous
medium.

On the other hand, Fig. 8 shows evolution of the morphology of the
nZVI material after being used in 3 consecutive reactions. Fresh nZVI
material is comprised by spherical particles with an average diameter of
55 nm (Fig. 8A) which are aggregated into chains, due to magnetic and
electrostatic interactions between them [53]. The individual particles
present a core shell structure (Fig. 8B) in which, according to the EDS
analysis (data not shown for the sake of clarity of the figures) and in
agreement with other authors [54], the external shell is composed for
iron and oxygen and surrounds the core of metallic iron. The core shell
structure became progressively more diffuse after the use of the nZVI in
consecutive reactions (Fig. 8D, E and F) until almost disappear. The
LEED analysis shows that the new structure of the core is composed of
wüstite (FeO), despite this was not detected by XRD. The change of the

Fig. 6. Efficiency of nZVI coupled with PMSUV-A on the removal of Escherichia
coli and Enterococcus sp. after consecutive uses.

Fig. 7. XRD spectra of fresh nZVI and recovered after 1, 2 and 3 reactions.

      



structure of nZVI can be explained by a plausible mechanism of dis
solution precipitation of the iron. In turn, throughout the consecutive
reactions, flaky structures are gradually formed, being predominant in
the nZVI material recovered after the third reaction (Fig. 8G and H).
The results are in agreement with the XRD analysis, as flaky structures
are associated to the presence of lepidocrocite (γ FeOOH), probably
formed by re precipitation of dissolved iron [52]. The EDS analysis
revealed that the new structure was composed by iron and oxygen,
however in this case, it was not possible to identify the crystalline phase
by LEED.

4. Conclusions

This investigation proved the inactivation of E.coli and Enterococcus
sp. in simulated wastewater samples by sulfate radicals. Different iron
species in homogeneous (FeSO4; Fe(III) citrate) and heterogeneous
phase (Fe2O3; nZVI) were tested as activator of PMS and PS in presence
of UV A radiation. It was proved that PMS always reached better bac
teria inactivation efficiencies than PS, what can be explained by the
direct generation not only of sulfate radicals but also hydroxyl radicals
by the fission of PMS molecule. By contrast, for PS hydroxyl radicals
only can be generated by photo reduction of Fe(III).

The use of diverse iron species showed different efficiencies in the
inactivation of both bacteria. A 5 log abatement of E. coli, reaching the
detection limit could be attained within 2 15min by activation of PMS
and PS with all the iron sources evaluated. By contrast, Enterococcus sp.
could not be removed over 90min beyond a 3.50 log decrease, in any of
the experimental conditions.

The use of Fe(III) as activator had a beneficial influence on the in
activation kinetics for Enterococcus sp. not observed, on the contrary, for
E. coli. In comparison to the 1.9 log decrease attained with the use of
homogeneous Fe(II) after 90min, the highest Enterococcus sp. in
activation (3.50 log in 90min) was reached through the use of Fe(III)
citrate. The results can be explained considering that the photolysis of
Fe(III) citrate generates additional oxidative species such as hydrogen
peroxide (H2O2) and superoxide radical (O2

•−), that contribute to
bacteria inactivation. The beneficial effect of these reactions would not
be appreciable in the case of E.coli because of the much faster removal
of the bacteria attained with homogeneous Fe(II) and PMS or PS.

The use of nZVI as a heterogeneous source of iron showed promising
results in terms of inactivation of both bacteria, in combination with
PMS or PS and UV A radiation. E.coli was totally reduced (5 log) after
5min of treatment with PMS, and 15min with PS, whereas a 2 log
decrease in Enterococcus sp. was achieved in presence of PMS. The

Fig. 8. Bright field TEM micrograph of nZVI: a) and b) fresh nZVI; c) and d) recovered nZVI particles after the first use in reaction; e) and f) recovered nZVI particles
after second use in reaction; g) and h) recovered nZVI particles after third use in reaction.

      



possibility of recovering and re use this material would reduce the
operating costs of the treatment. Nevertheless, the first approach
showed that oxidants and UV A radiation oxidized the nZVI particles
changing its chemical structure and therefore reducing the efficiency of
the catalyst in consecutive reactions.

Finally, the differences in the efficiency of the oxidant/iron/UVA
treatments observed between the studied bacteria can be explained as a
direct consequence of the different bacterial structure. In agreement
with previous reports [21] Gram positive bacteria Enterococcus sp. was
more resistant to oxidative treatments under irradiation than Gram
negative bacteria E.coli.
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