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A B S T R A C T   

In this study, the synergistic and antagonistic effects of Fe species and coexisting natural organic matter (NOM) 
on the efficacy of solar light disinfection of water are investigated. Different initial iron species (Fe2+/Fe3+) and 
naturalorganic matter types (Suwannee River-SRNOM, Nordic Reservoir NOM-NDNOM, SR Humic Acid-SRHA, 
and SR Fulvic Acid-SRFA) were selected. The bactericidal actions of Fe and NOM, alone or in conjunction, 
were evaluated at various initial iron dosing concentrations, NOM concentrations, irradiation intensities, and pH 
values. We show that when an appropriate iron (1 ppm Fe2+ or 0.25 ppm Fe3+) and NOM concentration (2 ppm 
SRNOM or 5 ppm NDNOM) coexisted, synergistic inactivation was observed in the pH range 5.0–8.0. A plausible 
explanation is that the presence of Fe+NOM significantly promoted the generation of hydroxyl radicals (•OH) 
and singlet oxygen (1O2), which led to enhanced disinfection rates. These results elucidate the previously 
understudied effects of ubiquitous elements in natural waters and their impact on solar-mediated bacterial 
inactivation.   

1. Introduction 

The bactericidal effect of solar light has been known for centuries; 
however, over the last 40 years, it has been systematically exploited as a 
point-of-use water disinfection process [1]. Solar water disinfection 
(SODIS) has been approved by the World Health Organization (WHO) as 
a safe, stable, cheap, and efficient method for drinking water [2]. The 
basic SODIS technique usually involves placing water in a transparent 
container and exposing it to direct sunlight for at least 6 h before it is 

ready to drink [1]. The bactericidal action of SODIS is based on the 
synergistic effect of UVA radiation and temperature increase [3]. Nat
ural organic matter (NOM), a ubiquitous water component, has received 
increasing attention because of its multiple roles in SODIS. For instance, 
NOM can act as a sensitizer in aquatic systems by generating a series of 
photoinduced reactive intermediates (PPRIs) after light absorption [4]. 
PPRIs include reactive oxygen species (ROS) such as singlet oxygen 
(1O2), superoxide radical anions (O2

•–), hydrogen peroxide (H2O2), and 
hydroxyl radicals (•OH), as well as the triplet state of NOM (3NOM*). 
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These PPRIs inactivate pathogens and degrade organic contaminants 
[5]. However, NOM has also been shown to absorb sunlight UV radia
tion, inhibit organic contaminant oxidation, and act as a scavenger of 
some PPRIs such as •OH [6]. Therefore, when studying other factors in 
SODIS or solar-induced systems, it is important to consider the effects of 
the NOM type and concentration. 

The photo-Fenton process is a hot research topic that has been 
extensively investigated in recent years [7]. Normally, iron acts as a 
catalyst and reacts with H2O2 to produce •OH, which has bactericidal 
effect [8–10]. However, low iron solubility at near-neutral pH inhibits 
the disinfection efficiency of the photo-Fenton reaction [11]. Previous 
studies have also shown that NOM significantly affects disinfection via 
induction of the photo-Fenton process [12–14]. In such circumstances 
NOM forms complexes with iron [15], thereby inhibiting the trans
formation of homogeneous iron ions into heterogeneous iron com
pounds. Therefore, the presence of dissolved iron contributes to the 
maintenance of an effective Fenton cycle [16,17]. Furthermore, 
NOM-Fe3+ complexes undergo ligand-to-metal charge transfer (LMCT) 
under sunlight, which photo-reduces Fe3+ to Fe2+ and activates H2O2 to 
produce free radicals [18]. This phenomenon can enhance the bacteri
cidal action of SODIS [19]. At the same time, NOM absorbs sunlight and 
scavenges •OH [6], with the potential to inhibit the photo-Fenton 
processes. 

Previous studies have mainly focused on the activation of H2O2 by 
promoting Fe2+/Fe3+ cycling during LMCT. However, other possible 
effects of Fe on bacteria remain largely unexplored. Moreover, the 
photo-Fenton process requires the addition of Fenton reagents (Fe/ 
H2O2), which could be an issue for resource-poor communities [20]. 
Although Fe can be obtained from locally available materials, there may 
be problems with the supply of H2O2. In addition, owing to the poor 
solubility of ferric species, this process is expected to achieve high ef
ficiency only at acidic pH values [21]. Therefore, a tradeoff between 
efficiency and feasibility remains. 

NOM in natural water can stabilize iron ions; however, excessive 
NOM competes with bacteria to scavenge generated PPRIs [22,23]. 
Considering the various possible effects of NOM on the SODIS process 
and the significant effect of pH on iron speciation, it can be predicted 
that the bacterial disinfection performance of SODIS is significantly 
affected by the simultaneous presence of iron and NOM. To the best of 
our knowledge, despite previous efforts, these remain unanswered 
questions that require systematic investigation. 

In this study, we focused on elucidating the possible synergistic or 
antagonistic effects of NOM and Fe species on the bactericidal efficacy of 
SODIS. First, the effects of NOM and Fe on bacterial inactivation were 
investigated. Four different types of NOM were selected: Suwannee 
River NOM (SRNOM), Suwannee River Humic Acid (SRHA), Suwannee 
River Fulvic Acid (SRFA), and Nordic Reservoir NOM (NDNOM). These 
models were used to investigate bacterial inactivation at various NOM 
concentrations, irradiation intensities, and pH values. The effects of the 
initial iron species (Fe2+ and Fe3+) and their dosage on the SODIS per
formance at different pH values were investigated to determine the 
optimal iron concentration. The combined bactericidal effect of Fe and 
NOM was systematically investigated as a function of pH, and important 
information was obtained by analyzing the NOM-specific spectral pa
rameters. The synergistic and antagonistic effects of Fe and NOM were 
evaluated by comparing their combined presence with that of the 
separate components, with a special focus on PPRI generation. Finally, 
an integrated mechanism for bacterial inactivation was proposed. 

2. Materials and methods 

The chemical reagents used are described in Supplementary Text S1. 
Bacterial inactivation experiments took place in 50 mL UVB- and UVA- 
transparent Pyrex glass reactors that were placed on a magnetic stirrer 
(350 rpm). An Atlas XLS Suntest solar simulator system equipped with 
an air-cooled xenon lamp with a controllable output solar intensity (λ >

290 nm) was employed for the experiments, similar to [24]. Throughout 
the study, the reaction temperature was below 30 ◦C. 

In a typical experiment, stationary-phase E. coli was added to each 
reactor from overnight cultures, diluted to the initial experimental 
concentration (~ 106 CFU mL–1), and stirred. Text S2 summarizes the 
preparation method, but for a detailed protocol of E. coli preparation, 
interested readers can refer to [25]. 

The initial pH of the solution was adjusted by the addition of HCl or 
NaOH (1 mM). After stirring for 30 min, predetermined amounts of iron 
and/or NOM were introduced into the reactor and irradiation was 
started immediately. At defined time intervals, samples (1 mL) were 
withdrawn to determine the concentration of the cultivable bacteria. 

Analytical methods, including measurements of the total organic 
carbon (TOC) of NOM solutions and concentrations of furfuryl alcohol 
(FFA) and 2,4,6-trimethylphenol (TMP) (see [25]), are described in Text 
S3. The contribution of each PPRI generated under irradiation, including 
•OH, 3NOM* , and 1O2, was calculated according to the methods 
described in Text S4 and those previously reported by Kohantorabi et al. 
[25], Ma et al. [26], and Vione et al. [27]. 

3. Results and discussion 

To identify the role and contribution of each iron species (Fe2+ or 
Fe3+) and the type and origin of NOM (SRNOM, NDNOM, SRHA, and 
SRFA) to bacterial inactivation, the effects of the following components 
were investigated: i) NOM upon irradiation (Section 3.1), ii) iron species 
upon irradiation (Section 3.2), and iii) iron + NOM upon irradiation 
(Section 3.3). Sections 3.4–3.5 present the results of spectral charac
terization and PPRI generation resulting from the association of Fe with 
NOM, and Section 3.6 proposes an integrated mechanism of bacterial 
inactivation. 

3.1. The influence of NOM on SODIS 

As a first step in this investigation, we studied the effects of NOM 
alone and irradiance on SODIS in the absence of iron species. Various 
concentrations of SRNOM (0–5 ppm) and NDNOM (0–10 ppm) were 
used under 750 W m–2 simulated sunlight irradiation. The results are 
shown in Fig. 1a and b, respectively. 

The bacterial inactivation kinetics increased with an increasing 
SRNOM concentration in the TOC range of 0–1 ppm and reached a 
plateau at 2 ppm, resulting in a 4-log E. coli inactivation after 3 h of 
irradiation. In the absence of NOM (SODIS only), inactivation was close 
to 1-log. A similar phenomenon was observed in the presence of 
NDNOM; however, the plateau concentration was 5–7.5 ppm. Under 

Fig. 1. Effects of (a) SRNOM and (b) NDNOM dosage on bacteria inactivation, 
and effects of light intensity on bacteria inactivation with various concentra
tions of (c) SRNOM, and (d) NDNOM (For (a) and (b): pH = 6.5, light intensity 
= 750 W m–2, [E. coli]0 = 106 CFU cm–3; for (c) and (d): pH = 6.5, [E. coli]0 
= 106 CFU cm–3, [NOM]0 = 0.25–10 ppm). 
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these conditions, we obtained 4-log E. coli inactivation as well. There
fore, at SRNOM and NDNOM concentrations of 2 ppm (SRNOM) and 
5 ppm (NDNOM), bacterial inactivation was enhanced rather than 
inhibited. 

The increase in bacterial inactivation with increasing NOM concen
trations has been attributed to energy transfer and transient species 
generation [28]. NOM has been widely studied as a photosensitizer; 
sunlight absorption by NOM generates excited states (including triplet 
state 3NOM*), which also causes charge separation (NOM•+/•− ) [29]. In 
the triplet state, 3NOM* can undergo energy transfer to molecular ox
ygen and promote 1O2 generation, whereas O2

•– can be produced by 
electron transfer from NOM•− /•+ to molecular oxygen, which eventually 
yields H2O2. All these species participate in diverse intracellular pro
cesses, resulting in enhanced bacterial inactivation [30]. 

Interestingly, bacterial inactivation performance declined slightly at 
high concentrations of SRNOM (5 ppm) and NDNOM (10 ppm), as 
shown in Figs. 1a and 1b, likely due to the potential competition for light 
absorption between NOM and bacteria, and possibly to PPRI scavenging 
by NOM [31]. Therefore, NOM in the solution acts as an antagonist or 
agonist of SODIS in a concentration-dependent manner. 

To identify the role of light intensity, three levels were tested: 
600 W m–2, 650 W m–2, and 750 W m–2, in the presence of SRNOM or 
NDNOM. As shown in Figs. 1c and 1d, high irradiation intensity is more 
effective for E. coli inactivation than low light intensity [32–34]. Under 
dark conditions, the concentration of E. coli remained stable in the 
presence of NOM for 240 min (data not shown), suggesting that NOM 
had no inhibitory effect on E. coli when not irradiated [14]. In particular, 
the synergistic germicidal effect of solar UV radiation and heat is known 
to play an important role in SODIS [35]. Heat-induced bacterial inacti
vation is negligible at temperatures below 30 ◦C, whereas temperatures 
above this threshold enhance inactivation rates [36]. In our study, the 
reaction temperature was below 30 ◦C throughout the study; thus, heat 
was not a major factor for bacterial inactivation. UVB radiation damages 
a diverse range of cellular components, resulting in severe dysfunction 
of microorganisms and leading to their inactivation when radiation is 
directly absorbed by DNA [14]. Furthermore, evidence suggests that 
UVA radiation (320–400 nm) causes distinct types of damage and acts 
directly on DNA through one-electron oxidation reactions and 1O2 
processes [37–40]. These phenomena explain why bacterial inactivation 
increases with increasing irradiance in the absence of NOM. 

The effect of irradiance on bacterial inactivation is more apparent in 
the presence of NOM. Light intensities of 600 W m–2, 650 W m–2, and 
750 W m–2 were chosen to study the role of NOM concentration in 
bacterial inactivation. As shown in Figs. 1c and 1d, increasing light in
tensity gradually enhanced bacterial inactivation in the presence of 
various concentrations of SRNOM and NDNOM, respectively. Trend 

details were not the same for the two NOM types, which might suggest 
somewhat different responsiveness to changes in light intensity. 

To investigate the effect of the initial pH on bacterial inactivation in 
the presence of NOM, the apparent inactivation rate constants (kapp) 
were measured in the absence or presence of SRNOM and NDNOM in the 
pH range of 5.0–8.0 (Fig. 2a). The pH of the aqueous solution is an 
important factor in bacterial inactivation in SODIS. Blank experiments 
(in the dark) showed that the survival rate constant of E. coli remained 
stable in the pH range 5.0–8.0 (Fig. S1). In the absence of NOM, kapp 
gradually decreases with increasing pH. On the one hand, higher con
centrations of hydrogen ions can improve disinfection by promoting 
intracellular production of PPRIs [41]. Furthermore, an acidic solution 
presents significant additional stress to bacteria (especially under 
starved conditions, as per our tests), resulting in faster depletion of 
adenosine triphosphate (ATP), which requires cells to consume stored 
energy reserves to maintain pH homeostasis. In addition, acidic pH may 
reduce the metabolic rate of energy-consuming proteins in bacteria, 
which are normally capable of scavenging PPRIs and repairing damaged 
cell components [42]. As a result, the survivability of bacteria under 
harsh conditions (oxidative stress and UV radiation) is considerably 
impaired at an acidic pH. 

Compared with SODIS in the absence of NOM, the addition of NOM 
maintained pH-dependent disinfection trends but clearly led to higher 
kapp values. Similar effects were observed with 2 ppm SRNOM and 
5 ppm NDNOM, which were identified as the NOM concentrations that 
produced the fastest disinfection in previous experiments at the same 
(750 W m− 2) light intensity (see Fig. 1c and d). 

The disinfection ability of irradiated SRNOM was also compared 
with that of its separated humic (SRHA) and fulvic (SRFA) components. 
Among possible differences between SRNOM, SRHA, and SRFA, it has 
been reported that the contents in carboxylic groups of the three sub
stances follow the order SRFA (12.23 meq gC

− 1) > SRNOM 
(9.85 meq gC

− 1) > SRHA (9.59 meq gC
− 1). Moreover, the contents of 

phenolic compounds are in reverse order: SRHA (4.24 meq gC
− 1) 

> SRNOM (3.94 meq gC
− 1) > SRFA (3.11 meq gC

− 1) [43]. 
As shown in Fig. 2b, SRHA and SRFA at different concentrations 

enhanced the inactivation of bacteria (by approximately 1 log or more) 
compared with the baseline solar damage. On the one hand, SRHA 
induced higher E. coli inactivation than SRFA; even in SRFA + SRHA 
mixtures, inactivation became faster when the SRHA fraction increased. 
At the same time, however, inactivation in the presence of both SRHA 
and SRFA was lower than inactivation in the presence of SRNOM (see 
comparable conditions in Figs. 2a and 2b). Our findings reveal two 
implications: 

Fig. 2. Effects of (a) initial pH on bacterial inactivation in the presence of SRNOM and NDNOM, and (b) different ratios of SRHA and SRFA on the inactivation of 
bacteria (light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3). 
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(i) NOM components other than HA and FA likely played additional 
roles in bacterial photoinactivation. To gain further insight into 
this issue, the spectral properties of organic matter and their 
changes with irradiation were investigated (see Section 3.4).  

(ii) The differences between SRHA and SRFA might confirm that 
phenolic moieties (more concentrated in SRHA than in SRFA) 
contribute to bacterial inactivation because of their strong 
electron-donor properties [44,45]. Most likely, electron transfer 
towards bacteria destabilizes the outer membrane, leading to 
inactivation. 

3.2. The influence of iron species on SODIS 

3.2.1. Effect of Fe dosage and light intensity on SODIS 
Fig. 3a shows the inactivation of E. coli under 750 W m–2 light in

tensity with various concentrations of Fe2+. The addition of Fe2+

enhanced bacterial inactivation, and its effect was approximately 2- 
logU. Moreover, the optimum inactivation was achieved with 1 ppm 
Fe2+, above which the effect of Fe2+ decreased. Fe2+ in an oxic envi
ronment is transformed into Fe3+; hence, the effects of Fe3+ on E. coli 
were investigated. The results are shown in Fig. 3b, where the effect of 
Fe3+ was less marked than that of Fe2+, and inactivation in the presence 
of Fe3+ decreased considerably above 0.25 ppm. 

Theoretically, iron species have complex effects on the photo
inactivation of bacteria. At neutral pH, iron can be readily adsorbed on 
the surface of negatively charged E. coli cells or bonded with lipopoly
saccharide molecules on the outer surface of bacterial membranes [13, 
46,47]. The redox reactions of iron in the solution or on the cell surface 
can cause •OH generation, and further production of PPRIs may be 

derived from photoinduced ligand-to-metal chain reactions [13,48–50]. 
Furthermore, Fe2+ and Fe3+ can be transported into metabolically 

active E. coli via various mechanisms. Fe2+ assimilation is controlled by 
the feo system, or this ion can pass through the outer membrane porins 
into the bacterial cell because of its relatively low charge density and the 
difference in osmotic pressure between the cell and matrix [46,51,52]. 
Fe3+ can bind to siderophores on the outer membrane of bacteria to form 
a complex that is then delivered into the cell through specific outer 
membrane receptors, with the help of another complex called 
TonB-ExbB-ExbD [46]. Once inside the cell, Fe acts as a catalyst for 
oxidative events. Fe can induce oxidative stress, cause DNA damage, and 
produce PPRIs through intracellular, photocatalytic, and internal Fenton 
reactions with photogenerated H2O2. These processes can cause 
multi-level cell damage [13,50]. 

Interestingly, iron concentrations above a certain level did not 
further enhance bacterial inactivation and were even detrimental to it 
(see Fig. 3). This finding can be tentatively explained by the fact that 
Fe3+ tends to form insoluble precipitates at slightly acidic and near- 
neutral pH values, which can block light transmission and, therefore, 
decrease the SODIS performance. 

Fig. 3c and d compare the effect of increasing light intensity (from 
600 to 750 W m–2) on the inactivation of bacteria. A higher intensity 
generally led to faster inactivation, but the observed trends with iron 
concentration were different in the two cases (Fe2+ and Fe3+, respec
tively). More photons are transmitted into the reaction system by 
increasing light intensity, which can accelerate the iron-assisted bacte
rial inactivation process. For example, UVA mediates the degradation of 
ferritin and other ferritin-like substances by disrupting their ligands, 
resulting in the immediate release of iron into the cell [53]. Increased 

Fig. 3. Effects of (a) Fe2+ and (b) Fe3+ dosage on bacterial inactivation, and effects of light intensity under various concentrations of (c) Fe2+ and (d) Fe3+ (For (a) 
and (b): pH = 6.5, light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3, for (c) and (d): pH = 6.5, [E. coli]0 = 106 CFU cm–3, [Fe]0 = 0.25–10 ppm). 
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light intensity also accelerates the photoreduction of Fe3+ complexes 
and promotes the Fe3+/Fe2+ cycle, which enhances the photo-Fenton 
reaction in the cells. In addition, it enhances the photooxidation re
actions (including Type I and Type II reactions) induced by UVA radi
ation. Type I reactions damage DNA through electron transfer, whereas 
Type II reactions generate singlet oxygen through energy transfer. 
Singlet oxygen has a longer half-life than hydroxyl radicals, and it reacts 
with many cellular macromolecules, including DNA, which results in 
DNA damage and ultimately leads to the inactivation of bacteria [54]. 
Finally, the results shown in Fig. 3 suggest that Fe2+ showed more 
effective bacterial inactivation than Fe3+ under all conditions, which 
could be attributed to the lower water solubility of the Fe3+ species. 
Hence, in addition to the concentration, the speciation of iron is a key 
factor in disinfection and was further assessed. 

3.2.2. Speciation of Fe during SODIS 
To further explore the role of Fe species in the inactivation of bac

teria, we tested different initial concentrations of Fe2+ and Fe3+ and 
monitored their temporal trends (Fig. 4). The experiments were per
formed in the presence or absence of bacteria to understand their 
contribution to Fe speciation and test the validity of our previous sug
gestions. The total concentration of iron species in the bacteria- 
containing suspension was measured directly without filtration (there
fore, E. coli in such a case was not filtered out), while the concentrations 
of dissolved iron species were measured by first filtering out the bac
teria, together with possibly occurring Fe precipitates. 

Fe2+ addition: Fig. 4a and b shows that the concentrations of Fe2+

can be stabilized at a high level in the systems without generating much 
Fe3+, no matter if the dosage of Fe2+ is 0.5 ppm or 2 ppm. Moreover, the 

overall time trend of the iron species did not change significantly irre
spective of the initial concentration of Fe2+. It can be assumed that the 
change in Fe2+ concentration in the reaction system is related to the 
bacterial inactivation process. For instance, the initial decrease in Fe2+

concentration (first 30 min of the experiment) in the presence of E. coli 
was presumably due to the partial diffusion of Fe2+ into the bacterial 
cells, which then tended to decrease. 

Simultaneously, the parallel increase in Fe3+ may be due to O2- 
mediated oxidation and electron transfer from Fe2+ to bacteria during 
SODIS. Subsequently, the concentration of dissolved Fe3+ decreased to a 
low level (Fig. 4a and b). 

We suggest that dissolved Fe2+ first diffuses into the bacterial cells 
and causes internal oxidative processes under irradiation. These pro
cesses would oxidize Fe2+ to Fe3+, which then remains inside the bac
terial cells or binds to bacterial membrane components. The generated 
Fe3+ can quickly return Fe2+ through the Fe-S cluster process, LMCT 
process, or other potential pathways under light, which keeps bacterial 
inactivation operational [55]. 

Fe3+ addition: In the case of Fe3+ addition (Fig. 4c and d), relatively 
high values of Fe2+ were quickly detected in the system. Fe3+ can be 
adsorbed onto the surface of bacteria or readily passed into the cell 
membrane with the aid of siderophore proteins, to form stable photo
active complexes. These complexes are known to participate in E. coli 
deactivation under irradiation and may reduce Fe3+ to Fe2+ [18]. The 
reduction process can occur on the bacterial surface or inside the cell 
and involves flavins, superoxide, or electrons produced during irradia
tion [18]. Interestingly, considerably lower Fe2+/Fe3+ ratios were 
observed when the initial Fe3+ concentration was 2 ppm (Fig. 4d) 
compared to 0.5 ppm (Fig. 4c). This difference may be due to a shortage 

Fig. 4. Variation of the dissolved concentration of iron as a function of time upon irradiation with (a) 0.5 ppm Fe2+, (b) 2 ppm Fe2+, (c) 0.5 ppm Fe3+ and (d) 2 ppm 
Fe3+ (pH = 6.5, light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3). 
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of coordination sites that can bind iron on the membrane or inside the 
cell, at relatively high iron concentrations. 

Taken together, these experiments depicted the transformation 
trends of different iron species that occurred during bacterial inactiva
tion. Most importantly, the results showed a significant conversion of 
Fe3+ into Fe2+ during SODIS, which might play a role in the inactivation 
of bacteria. 

3.2.3. SODIS with Fe: The effect of pH 
Previous experiments were conducted at near-neutral pH (6.5). To 

investigate the influence of the initial pH on E. coli inactivation with 
Fe2+/Fe3+, the pH was varied in the range of 5.0–8.0, using the optimal 
concentrations already identified for Fe2+ (1 ppm, Fig. 3a) and Fe3+

(0.25 ppm, Fig. 3b). 
The results of Fig. 5 (the detailed inactivation data are shown in 

Fig. S2) clearly show that pH had a significant effect on bacterial inac
tivation in the presence of iron species under irradiation. The inactiva
tion of E. coli increased gradually as the pH decreased from 8 to 5. 

Indeed, pH 5 is a more hostile environment for E. coli survival than 
pH 8 is. Moreover, pH affects the distribution of dissolved iron species. 
Between pH 5 and 8, Fe2+ is not the only Fe(II) species but other forms, 
such as Fe(OH)+, Fe(OH)2

0, and Fe(OH)3
– also occur to different extents. 

Furthermore, different Fe(II) species have different oxidation rate con
stants [13]. At pH < 4, Fe2+ is the dominant form and the Fe(II) 
oxidation rate is unrelated to the pH. At pH ~ 5, the rate of oxidation 
depends largely on Fe(OH)2

0, which is more easily oxidized than Fe2+ or 
Fe(OH)+. In the pH range 5–8, the concentration of Fe(OH)2

0 increased 
sharply with increasing pH and the rate of Fe(II) oxidation increased 
accordingly. At pH values above 8, Fe(OH)2

0 dominates and the oxidation 
rate no longer varies with the pH [56]. To quantify these differences, it 
has been reported that the first-order oxidation rate constants of dis
solved Fe(II) species by O2 differ by five orders of magnitude, as follows: 
Fe2+ (6 × 10–5 min–1) < Fe(OH)+ (1.7 min–1) < Fe(OH)2

0 (4.3 × 105 

min–1) [57]. The results shown in Fig. 5a suggest that fast Fe(II) 
oxidation by O2 may be detrimental to disinfection [58]. In the case of 
Fe3+ (Fig. 5b), increasing the pH favored the precipitation of ferric hy
droxide compounds, which slowed down the inactivation of bacteria. 
Therefore, although Fe participates in bacterial inactivation reactions 
throughout the pH range of 5–8, it does so in different forms and with 
different reaction kinetics. 

3.3. The combined influence of Fe and NOM on SODIS 

NOM and iron species are seldom encountered separately in real 
water bodies. Therefore, it is important to assess their combined effects 
on bacterial inactivation. At pH 5, total disinfection was not achieved 
within 3 h of the addition of either Fe species or NOM alone (Figs. 1 and 

3, respectively). In contrast, by combining Fe2+ and NOM (Fig. 6a), the 
time necessary to achieve total disinfection at a pH of 5 was 120 min 
(SRNOM) or 150 min (NDNOM). In the case of Fe3+, total disinfection 
was achieved within 180 min using either SRNOM or NDNOM. The 
addition of NOM to Fe improved the bacterial inactivation, suggesting 
that NOM enhanced the disinfection ability of the Fe species. 

As noted previously Fe2+ participates in bacterial inactivation, dur
ing which it is oxidized to Fe3+. The latter species is less active than Fe2+

in the inactivation process; however, when both NOM and Fe2+ initially 
occur in SODIS, the resulting NOM-Fe3+ complexes undergo rapid 
photoreduction to produce Fe2+ via LMCT [13]. Similarly, after Fe3+

addition, its coupling with NOM can enhance the rate of inactivation 
compared to Fe3+ or NOM taken separately, possibly because of the 
photoinduced processes triggered by Fe3+-NOM complexes. Moreover, 
the same complexes prevent the precipitation of Fe3+ [22,23]. 

At pH 6 and 7 (Fig. 6b and c), the combination of Fe2+ and NOM 
(either SRNOM or NDNOM) achieved total disinfection after 150 min 
(pH 6) and 180 min (pH 7). In the case of Fe3+ and NOM, total disin
fection was not achieved within 180 min, but a 5-log reduction in the 
bacterial population was observed after 180 min at both pH values with 
both NOM types. 

At pH 8 (Fig. 6d), the combination of Fe and NOM was more effective 
for disinfection than Fe or NOM alone. However, the extent of bacterial 
inactivation was only slight, indicating that bacterial survival was more 
likely at pH 8 than at lower pH values. Part of the reason for this result 
might be the limited solubility of Fe at pH 8. Moreover, when the pH was 
below 5, the survival rate of E. coli was significantly limited (Fig. S3); 
therefore, we did not conduct further studies under lower pH conditions. 

To better clarify the synergistic effect between iron species and NOM, 
we investigated bacterial inactivation kinetics upon irradiation in pure 
water, as well as in the presence of iron species alone, NOM alone, and 
iron + NOM at pH= 5, 6, 7, and 8. The first three bars in Fig. 7 show the 
action of solar light, the combined action of light + iron, and light 
+ NOM, respectively. The stacked bars show the sum of the individual 
actions of the single substances (with [Fe] = [Fe + light] - [light], and a 
similar issue for NOM), whereas each last single-colored bar represents 
the combined action of light + iron + NOM. 

The disinfection capacity of Fe2+ in combination with 2 ppm SRNOM 
or 5 ppm NDNOM under irradiation was higher than the sum of the 
disinfection capacities of each factor alone, with the partial exception of 
pH. This result indicated that a synergistic effect occurred. Conversely, 
in the case of Fe3+, the disinfection capacity of the light + Fe3+ + NOM 
combination was similar to the sum of the disinfection capacities of each 
factor alone; thus, a synergistic effect was not discernible (except for pH 
7). The catalytic cycle of Fe2+ (oxidation to Fe3+, followed by Fe3+-NOM 
photoreduction) is probably related to the increase in E. coli inactivation 
during SODIS as well as the synergistic effect with NOM. 

Fig. 5. Effects of initial pH on E. coli inactivation with (a) 1 ppm Fe2+ and (b) 0.25 ppm Fe3+ (light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3, pH=5–8).  
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3.4. Characterization of specific UV–vis parameters of Fe and NOM 

Fig. S4 shows the time evolution of the UV–visible absorbance 
spectra of the three reaction systems under irradiation: NOM alone 
(where NOM = SRNOM, NDNOM, SRHA, or SRFA), NOM/Fe2+, and 
NOM/Fe3+. The initial absorbance followed the order of NOM < NOM/ 
Fe2+ < NOM/Fe3+. Fe3+ considerably increases the absorbance of NOM, 
which is consistent with the fact that Fe3+-NOM complexes are impor
tant chromophores [59]. 

Regarding the time trend of absorbance under irradiation, few 
changes were detected in the case of NOM alone. In contrast, an increase 
in the absorbance over time was apparent for NOM/Fe3+ and NOM/Fe2+

(Fig. S4). In the latter case, the oxidation of Fe2+ to Fe3+ and the sub
sequent complexation between Fe3+ and NOM is likely to account for the 
gradual increase in chromophoric groups over the irradiation time. 
However, considering that different degrees of absorbance increase 
were observed for different types of NOM (SRNOM, NDNOM, SRHA, 
SRFA, and SRHA/SRFA mixtures, Fig. S5), the values and time evolution 
of a range of spectral parameters were investigated. The spectral pa
rameters investigated were E2/E3, E2/E4 (E270/E400), E4/E6 (E465/E665), 
SUVA254, ε280, and SR. 

E2/E3 is defined as the ratio of absorbance at 254 nm to that at 
365 nm. It is usually inversely proportional to NOM molecular weight 
and is also affected by the number of electron-donating groups [60]. 
E2/E4 is the ratio between the absorbance at 270 and 400 nm and pro
vides insight into the degree of reduction of the phenolic groups in NOM 
[61]. Higher E2/E4 values typically indicate a higher occurrence of 
phenols. E4/E6 is the ratio of the absorbance at 465 and 665 nm, and it 
usually represents the condensation degree of the aromatic carbon 

network of NOM [62]. Increasing values of E4/E6 represent depletion of 
the aromatic NOM component. It has also been suggested that E4/E6 
may be negatively correlated with NOM molecular weight; however, a 
review of the literature revealed no significant correlation between 
these parameters [63]. SUVA254 refers to the ratio of the absorbance at 
254 nm to the NOM concentration and ε280 is the absorptivity at 
280 nm. SUVA254 and ε280 are often used as measures of NOM aroma
ticity, and higher values of these parameters suggest that NOM contains 
more aromatic components [64]. Finally, the slope ratio, SR, is linked to 
the fit of the spectral data (absorbance vs. wavelength) with an expo
nential function, considering the term at the exponent. In particular, SR 
is the ratio of the slope in the 275–295 nm range to the slope in the 
350–400 nm range. The SR value is inversely proportional to the mo
lecular weight of NOM [65]. 

The time evolution of the spectral parameters for different reaction 
systems is shown in Fig. 8 (data in detail: Tables S1–S10). Parameter E2/ 
E3 (Fig. 8a and d) behaved very similarly for both SRNOM and NDNOM. 
In particular, the slight increase in E2/E3 in the presence of NOM alone 
may be due to a decrease in NOM molecular weight (fragmentation) or 
the consumption of electron donor groups during the irradiation pro
cess. Conversely, in the presence of Fe2+, the E2/E3 ratio decreased with 
irradiation. This result might be due to the formation of chromophoric 
groups absorbing at relatively long wavelengths upon the oxidation of 
Fe2+ to Fe3+ (formation of Fe3+–NOM complexes). Coherently with this 
hypothesis, the initial values of E2/E3 (i.e., before irradiation) followed 
the order NOM > NOM/Fe2+ > NOM/Fe3+, suggesting that Fe3+ has a 
remarkable ability to lower E2/E3. In the case of NOM/Fe3+, E2/E3 did 
not change during irradiation because of the small parallel increase in 
absorbance at 254 and 365 nm. 

Fig. 6. Effects of pH on bacterial inactivation with solar light, using different combinations of NOM types and initially added iron species (a) pH= 5, (b) pH= 6, (c) 
pH= 7 and (d) pH= 8 (light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3 [Fe2+] = 1 ppm, [Fe3+] = 0.25 ppm, [SRNOM] = 2 ppm, [NDNOM] = 5 ppm). 
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For E2/E4 (Fig. 8b and e), the higher initial value in the case of 
SRNOM alone (7.48) compared to NDNOM alone (6.78) is consistent 
with the known relative content of phenolic groups in the two sub
stances (higher for SRNOM, [25]). The overall time trend of E2/E4 was 
similar to that of E2/E3. In particular, the E2/E3 decrease for NOM/Fe2+

suggests that phenols may be particularly susceptible to PPRI 
production. 

The E4/E6 ratio is a less robust indicator than the previous two ratios 
because of the small value of E6 at the denominator, which leads to large 
fluctuations in the data (Fig. 8c and f). Compared to SRNOM and 
NDNOM, the gradual decrease in E4/E6 values with time was more 
apparent for SRHA and SRFA (see Fig. S6 and Table S8). Such a decrease 
indicates the enhancement of aromaticity, which is more easily observed 
in aromatic-rich substrates (HA, FA) than in the whole NOM. 

For the systems containing SRNOM and NDNOM alone, the SUVA254 
and ε280 values were essentially constant over time (Fig. 8g, j, h, and k). 
Conversely, both SUVA254 and ε280 values increased in the presence of 
Fe2+ and Fe3+. This trend suggests the formation of additional chro
mophoric groups or changes in the structure of the chromophores, which 
may be attributed to aromatic ring condensation or an increasing ratio of 
aromatic to aliphatic carbons. This could be due to the structures formed 
by the interaction between NOM and iron species [66]. 

The gradual increase in SR with increasing irradiation time for 
SRNOM and NDNOM alone (Fig. 8i and l) was linked to a parallel 

increase in S275–295 and a decrease in S350–400. This finding suggests a 
continuous decrease in molecular weight and the occurrence of photo
bleaching [65]. SRHA and SRFA exhibited similar trends (Fig. S7). 
Different trends were observed in the presence of Fe, particularly in the 
NOM/Fe2+ system. However, the likely formation of different chromo
phores (e.g., Fe3+-NOM complexes) makes the link between SR and 
molecular weight less straightforward than in the case of NOM alone. 

Overall, the results show that the presence of iron species strongly 
affected the spectral absorption characteristics of NOM under simulated 
solar irradiation. Changes in the spectral parameters upon irradiation 
were particularly evident in the case of NOM/Fe2+, which may be linked 
to the oxidation of Fe2+ to Fe3+. In addition to changes in NOM mo
lecular weight and aromatic groups and the consumption of electron- 
donor compounds, modification of DOM chromophores due to the 
presence of iron is likely to occur in the investigated systems. 

3.5. Generation of PPRIs under solar light in the presence of Fe and NOM, 
and their contribution to disinfection 

To investigate the ability of Fe and NOM to produce different tran
sient species and assess the contribution of these species to bacterial 
inactivation during irradiation, the steady-state concentrations of •OH, 
3NOM*, and 1O2 (namely, [•OH]ss, [3NOM*]ss, and [1O2]ss) were 
calculated according to the methods detailed in Text S4. The detailed 

Fig. 7. Comparison of the pseudo-first-order rate constant of E. coli inactivation upon irradiation with the addition of Fe species or NOM, alone and in combination at 
(a-d) pH 5, (e-h) pH 6, (i-l) pH 7, and (m-p) pH 8 (light intensity = 750 W m–2, [E. coli]0 = 106 CFU cm–3). 
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Fig. 8. Specific spectral parameters of (a) E2/E3 of SRNOM, (b) E2/E4 of SRNOM, (c) E4/E6 of SRNOM, (d) E2/E3 of NDNOM, (e) E2/E4 of NDNOM, (f) E4/E6 of 
NDNOM, (g) SUVA254 of SRNOM, (h) ε280 of SRNOM, (i) SR of SRNOM, (j) SUVA254 of NDNOM, (k) ε280 of NDNOM, and (l) SR of NDNOM over time in the absence or 
presence of iron species (pH=6.5, [Fe2+] = [Fe3+] = [NOM] = 20 ppm, light intensity = 750 W m–2). 

Table 1 
The steady-state concentrations of different PPRIs in the presence of NOM and/or iron species (err. = standard error of the replicate experiments).   

[•OH]ss M [•OH]ss err M [3NOM* ]ss M [3NOM* ]ss err M [1O2]ss M [1O2]ss err 
M 

2 ppm SRNOM 1.91E-16 9.22E-18 2.06E-14 1.16E-15 4.42E-10 3.47E-12 
2 ppm SRNOM 1 ppm Fe2+ 3.45E-16 2.92E-17 2.05E-14 1.19E-15 3.27E-10 3.32E-12 
2 ppm SRNOM 0.25 ppm Fe3+ 1.73E-16 4.48E-18 1.96E-14 2.43E-16 4.26E-10 2.21E-13 
5 ppm NDNOM 3.12E-16 4.42E-18 1.84E-14 1.55E-15 4.88E-10 3.47E-12 
5 ppm NDNOM 1 ppm Fe2+ 6.24E-16 3.51E-18 2.11E-14 3.73E-16 2.87E-10 5.47E-12 
5 ppm NDNOM 0.25 ppm Fe3+ 3.24E-16 6.99E-18 1.89E-14 1.11E-15 4.74E-10 1.99E-12  
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data are presented in Figs. S8-S11, and the results are presented in  
Table 1. The theoretical first-order rate constants of E. coli inactivation 
for each PPRI (k1st) were reproduced by multiplying the k2nd values 
previously published [34] by the steady-state concentration of each 
relevant species [X] (•OH, 1O2,3NOM*) (see Table S11). The experi
mental first-order rate constants for sterilization in different systems are 
listed in Table S12. 

A comparison of the contribution of PPRI to E. coli inactivation 
suggests that 1O2 likely plays a dominant role (Table S11). The theo
retical values of k1st were higher than the experimental values, likely 
because of the considerable differences between PPRI reactions with 
organic molecules and bacteria in the presence of photosensitizers [67]. 
It is possible that inactivation kinetics by 1O2 would not be directly 
proportional to [1O2] but would follow a plateau trend, which could 
explain the difference between the theoretical and experimental k1st 

values. 
As mentioned above, UVA induces photooxidation processes, which 

are divided into Type I and Type II reactions. Type I reactions produce 
reactive species such as •OH and O2

•− as intermediates via electron 
transfer, which can lead to further 1O2 formation through, e.g., oxida
tion of O2

•− [68]. Fe3+ can be regenerated into Fe2+ through O2
•− or 

Fe3+-NOM complexes [19,69]. The Type II reaction uses NOM as a 
photosensitizer, transferring light energy from 3NOM* to 3O2 to produce 
1O2 [70].  

NOM + hv → 3NOM* + O2 → NOM + 1O2                                      (1)  

NOM + hv → 1NOM•+/•− + O2 → NOM+ + O2
•− (2)  

O2
•− + 2H+ → H2O2 + Fe2+ → Fe3+ + OH− + OH• (3)  

Fe3+ + O2
•− → Fe2+ + O2                                                                (4)  

Fe3+-NOM + hv → Fe2+ + NOM•+ (5) 

This mechanism explains the dominant role of singlet oxygen in the 
inactivation process and the observed synergy between NOM and iron 
species, and it can also account for the unconventional [1O2] 
> [3NOM*], which is in agreement with other studies (see Table 1) 
[71–73]. 

The key role of 1O2 as a PPRI directly involved in E. coli inactivation 
is supported by the important role played by dissolved oxygen in the 
process. Indeed, inactivation kinetics were considerably hampered in N2 
atmosphere (Fig. 9 and Table S12), while they were enhanced in systems 
where H2O was replaced by D2O (Table S13). In a N2 atmosphere, the 
dominant role in inactivating bacteria is played by 3NOM*, which acts as 
the main PPRI in such conditions. 

Transient 1O2 can react with amino acids (e.g., histidine and 

tryptophan) to affect protein function and properties. It also has similar 
effects (i.e., oxidative) as hydroxyl radicals and is responsible for 
degrading enzymes, forming protein peroxides or side-chain by-prod
ucts, splitting the main chains, and inducing DNA cross-linking and 
aggregation [74]. The present findings suggest that singlet oxygen may 
play an important role in bacterial inactivation in sunlit surface waters 
containing iron and organic matter. 

3.6. Synergistic role of Fe and NOM in solar irradiated waters: pathways 
to inactivation 

Based on the experimental results and kinetic calculations, the 
mechanisms of the observed synergistic effect of NOM and iron on 
bacterial inactivation are illustrated in Fig. 10. 

Solar light induces intracellular damage in E. coli, which can be 
briefly summarized as an intracellular photo-Fenton reaction and singlet 
oxygen production. This would result in the oxidation of the cell from 
the inside out. Compared to the direct irradiation effect of solar light 
(intracellular), the presence of NOM intensifies the transfer of solar 
energy and enhances extracellular/bulk bacterial inactivation by pro
ducing PPRIs such as 3NOM* and 1O2. Fe2+ can cause extensive and 
lethal modifications. In the absence of NOM, our findings suggest that 
Fe2+ achieved a better disinfection effect than Fe3+, although with op
timum performance at slightly higher concentrations (Fig. 3). 

This issue is particularly relevant for oxic waters, where dissolved Fe 
is mainly in the form of Fe3+, but diurnal patterns lead to the generation 
of Fe2+ under light. In SODIS, Fe addition induces the production of 
PPRIs, which can lead to direct oxidation of the cell membrane surface. 
Alternatively, the Fe species can enter the cell to induce internal Fenton 
reactions. However, because of the limited dissolved iron concentration 
usually found in natural waters and the slow cycling of Fe2+/Fe3+, the 
overall sterilization effect is expected to be only moderate. 

The disinfection efficiency of the SODIS increased significantly when 
NOM was present together with Fe. When Fe2+ produces PPRIs under 
irradiation, Fe3+ is generated in the form of a NOM-Fe3+ complex that is 
reduced to Fe2+ through an LMCT process. Furthermore, the interaction 
between Fe(III) species and superoxide arising from NOM irradiation 
could be another important PPRI source. Thus, rapid light-driven Fe2+/ 
Fe3+ cycling enhanced E. coli inactivation. The presence of Fe under 
irradiation also promoted the consumption of phenolic groups in NOM, 
possibly resulting in higher PPRI production rates. 

4. Conclusions 

This study demonstrated that the coexistence of Fe (especially Fe2+) 
and NOM had a synergistic effect on SODIS sterilization. Based on the 

Fig. 9. Bacterial inactivation upon irradiation of solutions containing different types of NOM and iron species, with and without N2 purging. (pH = 6.5, light in
tensity = 750 W m–2, [I]0 = 106, [Fe2+] = 1 ppm, [Fe3+] = 0.25 ppm, [SRNOM] = 2 ppm, [NDNOM] = 5 ppm). 
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addition of suitable initial concentrations and types of Fe and NOM, 
synergistic enhancement of sterilization can be observed in the pH range 
of 5.0–8.0. The roles of Fe and NOM in bacterial inactivation were 
clarified together with their combined effects. 

Presumably, a major issue is the formation of Fe3+-NOM complexes, 
which retain Fe(III) in the dissolved form and exhibit photoactivity. In 
addition to changing the optical properties of organic matter consider
ably, thereby enhancing radiation absorption at long wavelengths, Fe3+- 
NOM complexes are responsible for photoreduction via LMCT processes 
and, consequently, for Fe2+ generation. This photoinduced pathway 
enhances Fe2+/Fe3+ cycling, leading to a higher production of PPRIs 
(among which 1O2 likely has a dominating influence) and, as a result, 
enhances light-assisted bacterial inactivation. 

The present findings suggest that in natural waters already con
taining Fe and NOM, the mechanisms of solar disinfection are expected 
to be altered compared to plain solar exposure. Under regularly 
encountered concentrations of NOM and Fe, both species were effective 
in promoting the inactivation of E. coli in water during solar exposure. 
This process forms the basic constituents of the photo-Fenton process, 
which can occur in the pH range of (5− 8) that is typical of natural 
waters, indicating that NOM+Fe under light can be very germicidal even 
without the addition of H2O2, leading to the production of germicidal 
reactive species such as 1O2. 
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