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Abstract
Peracetic acid (PAA) is efficient for disinfection processes in environmental sanitation and in the presence of transition 
metals its oxidative performance is enhanced. Thus, the present study aim evaluated the influence of Fe3+ ions during 
the inactivation process of Escherichia coli and Total Coliforms (TC). The process PAA + Fe3+ ions were also evaluated in 
relation to the disinfection kinetics, the participation of H2O2 and the influence of the organic load of the treated water. 
The tests showed an inactivation efficient of 0.5 to 0.9 log in relation to E. coli and 1.3 to 1.5 logs for TC in the concentra-
tions evaluated and complete inactivation of E. coli was achieved within 15 min for both PAA and PAA/Fe3+  There is no 
damage to the disinfection process in the presence of Fe3+ ions, however, the decomposition of PAA is favored. In this 
sense, the formation of radicals can justify the maintenance of disinfection efficiency. The decay constants were close 
both microorganisms: for E. coli with PAA and PAA/Fe3+were 0.0323 and 0.0476 and for TC were 0.0637 and 0.0667. The 
values of R2 were above 0.95. Computer simulations of peptidoglycans that make up the bacterial cell wall showed that 
radicals preferentially attacked the carbons from the rings that composes the cell wall peptidoglycan of gram-negative 
bacteria allowing to break the structure during the disinfection process.

Keywords  Radical formation · Disinfection · Water treatment · PAA · Fe3+

1  Introduction

Peracetic acid (PAA) for environmental sanitation has been studied since 1980, and its advantages in relation to chlo-
rinated disinfectants include a spectrum of similar sterilization, its oxygenation capacity, and the low number of toxic 
by-products [1]. In addition, several radicals can be formed using peracetic acid (•OH, CH3C(O)O•, CH3C(O)•, CH3C(O)OO•, 
•CH3, and/or HO2

•), which in turn can be combined with other compounds for the most efficient disinfection of water [2, 
3]. Despite several studies focused on PAA-based AOPs for water and wastewater disinfection processes, it is still neces-
sary to answer the exact mechanisms of PAA activation, the primary radical species involved, and the effectiveness of 
PAA-based AOPs in removing chemical and microbiological contaminants [1].

 *  Grasiele Soares Cavallini, grasiele@uft.edu.br; Aline Karla Nolberto Souza, alinenolberto@hotmail.com; Juliana Paggiaro, jupaggiaro@
mail.uft.edu.br; Warlyton Silva Martins, warlytonsilva@gmail.com; Anna Karla Santos Pereira, anna_karla@uft.edu.br; Douglas 
Henrique Pereira, doug@uft.edu.br | 1Graduate Program in Chemistry, Federal University of Tocantins, ZIP Code 77.402‑970, Gurupi, TO, 
Brazil. 2Graduate Program in Biotechnology, Federal University of Tocantins, 77.402‑970, Gurupi, TO, Brazil. 3Graduate Program in Plant 
Production, Federal University of Tocantins, 77.402‑970, Gurupi, TO, Brazil.



Vol:.(1234567890)

Research	 Discover Water            (2024) 4:70  | https://doi.org/10.1007/s43832-024-00126-5

The rapid decomposition of PAA has been described as a disadvantage, but recent studies have shown that this 
decomposition results in radicals that are important to the oxidative process, such as alkoxyl radicals (RO•), organic 
peroxyl (ROO•), and singlet oxygen (1O2) [4–6]. This information is relevant because it elucidates the mechanism of PAA 
decomposition, which in the past was described simply as the formation of acetic acid and oxygen [7] [8], without con-
sidering the possible formation of chemical species relevant to the disinfection process, particularly in the presence of 
catalysts such as iron [4].

Although the degradation mechanisms of PAA have been reported for several decades [9], the detailed mechanism 
of PAA – iron is still under debate and has taken a recent interest within the AOP research field [10]. The use of the 
combination of PAA/Fe(II, III) rather than classical Fenton (H2O2/Fe(II, III)) or persulfate/Fe(II, III) is more convenient due 
faster reaction of PAA reacts with Fe(II) compared with H2O2 and its coexistent H2O2 [10]. PAA activated by iron-based 
materials can generate more selective radicals, such as CH3C(O)O• and CH3C(O)OO•, which are little explored/applied 
for environmental systems despite their potential [11]. Additionally, Fe (II) is an environmentally benign metal that is 
naturally present in soil and water [10].

Studies have shown that the combination of PAA/FeCl3 can promote faster degradation/oxidation processes because 
it is a system with thermodynamically spontaneous reactions [4]. Furthermore, the peroxide bond energy of PAA is much 
lower than that of H2O2 used in the classical Fenton process, which facilitates oxidation and the production of more oxida-
tive specie [12]. However, verification of this combination for the disinfection process has not yet been reported in the 
literature; therefore, the present study evaluated the combination of PAA and Fe3+ ions for water disinfection, using E. 
coli as a bioindicator of contamination as well as total coliforms. Together with the experimental results, computational 
simulations at the density functional theory (DFT) level were performed in the peptidoglycan structure of bacteria cell 
walls to evaluate the possible sites of radical attacks to understand how the breakdown of structures and the inactiva-
tion of microorganisms occur.

In this sense, research carried out in a natural source of water that supplies the city of Gurupi in the state of Tocantins 
– Brazil (Água Franca Stream) presents the integration of theoretical and experimental approaches for a comprehensive 
understanding of the combination of PAA/FeCl3 for the disinfection process, offering new solutions or optimizations for 
water treatment plants.

2 � Materials and methods

2.1 � Materials

The reagents ferric chloride hexahydrate (p.a.), 15% commercial PAA solution (containing 15% PAA, 23% hydrogen per-
oxide, 16% acetic acid, and 46% water (w/w)) adquired from Tech Desinfecção, 35% solution of hydrogen peroxide (p.a.), 
Agar Chromocult® Coliformes from Merck and N, N-diethyl-p-phenylenediamine (DPD) Chemetrics® were used. Residual 
PAA was measured on a T60 UV–visible spectrophotometer (PG).

Water samples were collected from the Água Franca Stream in Gurupi (11º44ʹ30ʺ S 49º02ʹ30ʺ W) from April to Sep-
tember 2021. Crude water samples were collected on the same days as that of the experiment. After sample collection, 
raw water was characterized physicochemically by the parameters of pH, biochemical oxygen demand (BOD), total 
solids, turbidity, and absorbance at 254 nm, and microbiologically from E. coli and total coliform (TC) counts using the 
filter membranes method [13]. The characterization of the samples with their maximum and minimum values for each 
parameter is presented in Table 1.

2.2 � Inactivation of E. coli and TC by different concentrations of PAA/FeCl3 at different contact times

Different concentrations of PAA and FeCl3 were evaluated at various contact times, as shown in Table 2. Eight trials result-
ing from eight collections were performed, with each collection performed on a different day.

For the disinfection tests, 300 mL of samples (river water) were used, which were placed in a beaker and kept under 
constant stirring on a magnetic stirrer during the disinfection process. Contact time was interrupted with the addition 
of three drops of sodium thiossulfate (Na2S2O3) at 1%. The determination of residual PAA was performed by the spectro-
photometric method at 530 nm using the reagent N, N-diethyl-p-phenylenediamine (DPD) Chemetrics®.
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Table 1   Physicochemical 
and microbiological 
characterization of raw water

Parameter Maximum 
and minimum 
value

pH 6.8–7.87
Turbidity (NTU) 12–23.3
Abs254nm 0.071–0.092
E. coli (CFU.100 mL−1) 120–3000
Total Coliforms (CFU.100 mL−1) 1200–11400
BOD5 (mg.L−1) 4
Conductivity (μScm−1) 15.21–49.74

Table 2   Sequence of 
inactivation tests of E. coli and 
Total Coliforms

Assay [PAA] [Fe3+] Contact time (min)

01 13 µmol.L−1 0 5, 15 e 30
10 µmol.L−1

02 13 µmol.L−1 0 5 e 10
1 µmol.L−1

3 µmol.L−1

5 µmol.L−1

03 13 µmol.L−1 0 1,5,10,15 e 20
5 µmol.L−1

04 26 µmol.L−1 0 5,10,15 e 20
5 µmol.L−1

10 µmol.L−1

05 39 µmol.L−1 0 5,10, 15 e 20
15 µmol.L−1

65 µmol.L−1 0
25 µmol.L−1

06 130 µmol.L−1 0 5,10, 15 e 20
50 µmol.L−1

75 µmol.L−1

195 µmol.L−1 0
07 65 µmol.L−1 0 20

25 µmol.L−1

130 µmol.L−1 0
50 µmol.L−1

195 µmol.L−1 0
25 µmol.L−1

37.5 µmol.L−1

75 µmol.L−1

260 µmol.L−1 0
37.5 µmol.L−1

50 µmol.L−1

100 µmol.L−1

390 µmol.L−1 50 µmol.L−1

75 µmol.L−1

150 µmol.L−1

08 13 µmol.L−1 5 µmol.L−1 1440
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2.3 � Microbiological evaluation

After the disinfection tests, the treated water samples were filtered through a vacuum filtration system using a sterile 
checkered cellulose nitrate membrane with a porosity of 0.45 µm and 47 mm in diameter. After the filtration process, 
the membranes were inserted into Petri dishes containing specific culture medium (selective and differential) for fecal 
coliforms (Chromocult® Coliformes Agar, Merck) and incubated at 36 °C for 24 h. After this time, the colonies formed 
in Colony Forming Units per 100 mL (CFU.100 mL−1) were counted. When necessary, the samples were fractionally 
diluted in sterile water [13]. The tests were performed in triplicate, with each container containing 300 mL of sample, 
with 100 mL being filtered at a time.

2.4 � Determination of the decay constant

For the kinetic study, the PAA and PAA/Fe3+ processes were evaluated, using concentrations of 13 μmol.L−1 PAA and 
5 μmol.L−1 Fe3+ at 10, 15, and 20 min. For determination of the decay constant (k), Chick’s law was used [14]. This 
law is applied to constant concentrations of disinfectant over time, and the disinfection constant (k) is the angular 
coefficient of the line equation obtained by the ln (N/N0) and time (in minutes) by linear regression. As there is no 
possibility of increasing the initial concentration, the intersection of the line on the y-axis should be zero [15].

2.5 � Evaluation of the contribution of hydrogen peroxide (H2O2) to disinfection with PAA and PAA/Fe3+

This assay was conducted considering the concentration of H2O2 contained in the 13 μmol L−1 PAA solution, which was 
45 μmol.L−1, due to the quaternary composition of commercial PAA (15% PAA + 23% H2O2 + 16% acetic acid + water). 
The disinfection assay was used to evaluate the isolated effect of H2O2 in the sample and the H2O2/Fe3+ combination. 
Concentrations evaluated were: H2O2 (45 μmol.L−1), the combination with H2O2 (45 μmol.L−1), and Fe3+ (5 μmol.L−1). 
The contact times evaluated were 10 and 20 min.

2.6 � Computational simulations

To evaluate the attack of radicals on the cell wall, a peptidoglycan structure was simulated and the molecular 
electrostatic potential (MEP), frontier molecular orbitals (FMO) analysis, and Fukui reactivity indices were determined.

The structures were optimized to the minimum energy using density functional theory (DFT) with functional 
B3LYP [16–19] and basis set 6-31G (d,p) [20–22]. To confirm that the optimized structure was at its minimum energy, 
a frequency calculation was employed and no imaginary frequency was found. The effect of water as a solvent was 
investigated using the continuous solvent model SMD [23].

The DFT can be predicted nucleophilic, electrophilic and radical attacks through Fukui indices. The condensed 
version of the Fukui function for a radical attack can be calculated using Eq. 1 [24]:

where qk
N+1

 and qk
N−1

 are the charges of the molecules in their anionic and cationic forms, respectively. The atomic charges 
calculated and used to determine radical attacks were natural population analyses (NPA) [25].

All calculations were performed using the Gaussian 09 program [26] and some structures were visualized using 
the GaussView program [27].

(1)Radicalattack ∶

(

f 0
k
=

(

qk
(N−1)

− qk
(N+1)

))/

2
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3 � Results and discussion

3.1 � Tests with different concentrations of PAA and PAA/Fe3+ with varying contact times

The preliminary test to evaluate the combined effect of PAA and Fe3+ was performed using the proportions of the 
reagents proposed by [4], which were close to 1:1. After 15 min of contact, the inactivation of E. coli was complete, 
both for PAA and for PAA/Fe3+. The CFU counts was performed and results are shown in Table 3.

Table 3 shows that at 5 min, the inactivation efficiency for E. coli and Total coliforms (TC) was greater with the use 
of PAA/Fe3+, highlighting the potential of this combination. These results were used to determine the ideal time for 
achieving good, but not complete, inactivation, which is crucial for evaluating the effects of varying oxidant/catalyst 
concentrations. The time of 5 min and 10 min were fixed to observe differences in efficiencies without achieving com-
plete inactivation and different concentrations of PAA and Fe3+ were evaluated to establish the proportion between the 
oxidant and the catalyst, as shown in Fig. 1.

There was no difference in the efficiency of TC inactivation, even with increased contact time and Fe3+concentrations. 
For E. coli, the difference was 0.1 log. Assays with higher PAA concentrations were evaluated aimed to maintain a sufficient 
level of oxidant to achieve effective disinfection. This strategy can to ensure availability of the oxidant until the end of 
the disinfection process. Thus, the PAA concentration evaluated was 26 μmol.L−1 with Fe3+ concentrations of 5 μmol.L−1 
and 10 μmol.L−1, to create trials in the proportions of PAA/Fe3+ of 5:1 and 2.6:1, respectively (Fig. 2) and assays with PAA 
concentrations of 39 μmol.L−1 and 65 μmol.L−1 were evaluated, with PAA/Fe3+ proportions of 8:1 and 2.6:1 (Fig. 3), both 
at 15 and 20 min of contact time.

Table 3   Inactivation of E. coli 
and TC, using 13 μmol.L−1 
PAA and 10 μmol.L−1 Fe3+, at 
different contact times

Contact time 
(min)

PAA/Fe3+ PAA

E. coli (CFU.100 mL−1) TC (CFU.100 mL−1) E. coli (CFU.100 mL−1) TC (CFU.100 mL−1)

0 1200 10,000 1200 10,000
5 184 600 343 735
15 1 63 1 70
30 1 54 1 68

Fig. 1   Inactivation of E. coli 
and TC, at 13 μmol.L−1 PAA 
and variable concentrations of 
Fe3+, in contact time of 5 min 
and 10 min
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Fig. 2   Inactivation of E. coli 
and TC, using 26 μmol.L−1 PAA 
and concentrations Fe3+ of 5 
and 10 μmol.L−1, with contact 
times of 5 to 20 min
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Regarding the of E. coli inactivation values at 10 and 15 min, the treatments presented similar values (from 0.25 to 0.5 
log). For total coliforms, the difference was 0.1 log. The spontaneous decomposition of PAA generates acetic acid and 
oxygen [8], in the presence of Fe(III) ions the decomposition is catalyzed [4]. In some elementary steps of the mechanism, 
radicals are formed, which are capable of oxidizing organic matter [28]. Therefore, the decrease in disinfection efficiency 
was not observed. It is worth noting that the addition of iron ions can be recommended for this purpose, however, for 
disinfection, although there is no harm, the significant increase in efficiency was not achieved.

3.2 � Disinfection assays with higher organic matter content

The raw water characteristics in this test are shown in Table 4.
Even using a ten times higher concentration of PAA, the inactivation efficiencies remained low. Figure 4 shows the 

results obtained.
Using a 3 times higher dosage of PAA (390 µmol.L−1), compared to the previous assay, the efficiencies did not increase 

and remained varying from 0.5 to 0.9 log in relation to E. coli and 1.3 to 1.5 logs for TC. Figure 5 show the inactivation 
results for E. coli and TC, respectively.

Fig. 3   Inactivation of E. coli 
and TC, in concentrations of 
PAA at 39 and 65 μmol.L−1 and 
concentrations of Fe3+ at 5 
and 25 μmol.L−1 with contact 
time of 5 to 20 min
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Table 4   Physical–chemical 
and microbiological 
characterization of water

Parameter Maximum 
and minimum 
value

pH 6.8–6.9
Turbidity (NTU) 11–13
Abs254nm 0.130–0.176
BOD5 (mg.L−1) 10
E. coli (CFU.100 mL−1) 150–450
Total Coliforms (CFU.100 mL−1) 3000–8000

Fig. 4   Inactivation of E. coli 
and TC, in PAA concentrations 
at 130 µmol.L−1 and Fe3+ con-
centrations at 50 and 75 µmol.
L−1, with a contact time of 5 
to 20 min
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It can be observed, in Fig. 5, an increase in the efficiency of inactivation of E. coli in the presence of Fe3+ ions. However, 
the combined process showed lower inactivation efficiency compared to total coliforms.

Regarding the increase in PAA concentration, it can be observed that even maintaining the proportion of PAA/
Fe3+ from 2 to 3:1, the increase in inactivation was not achieved with the excess of the oxidant, showing that the 
increase in organic matter interferes in the action PAA/Fe3+ disinfectant. This happens because the reactive oxygen 
species that promote disinfection are not selective. That is, it will react with any organic matter present in the 
medium. According to Ksibi (2006) both hydrogen peroxide and PAA promote disinfection through the oxidation 
of intracellular components of organisms, but may have low inactivation due to pollutants or high concentration of 
organic matter in the medium.

3.3 � Kinetic study of disinfection with PAA and PAA/Fe3+

Disinfection kinetics were determined for the PAA and PAA/Fe3+ processes using a PAA concentration of 13 μmol.L−1 and 
Fe3+ of 5 μmol.L−1, at 10, 15, and 20 min, as shown in Fig. 6.

Fig. 5   Inactivation of E. coli 
and Total Coliform, in PAA 
concentrations between 65 
and 390 µmol.L−1 and Fe3+ 
concentrations between 25 
and 150 µmol.L−1, with a 
contact time of 20 min
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Figure 6 shows that the values of the E. coli disinfection constant with PAA and PAA/Fe3+ were 0.0323 and 0.0476, 
respectively, while total coliforms with PAA and PAA/Fe3+ were respectively, 0.0637 and 0.0667. As the line indicates the 
decline in the number of microorganisms, the value of the angular coefficient is negative.

According to Daniel et al. (2001), the decay constant (k) increases with increasing disinfectant concentration, resulting 
in higher inactivation efficiency. Although the PAA/Fe3+ process was faster the difference between the values were too 
low to indicate a significant increase in speed. It is also noted that the value of R2 was above 0.95 for all trials.

Table 5 presents the physicochemical parameters evaluated after the disinfection processes with PAA (13 μmol.L−1) 
and PAA/Fe3+ (13 μmol.L−1/5 μmol.L−1).

Considering the residual values of PAA (Table 5), a higher consumption of the oxidant in the PAA/Fe3+ process was 
observed, and the maintenance of the inactivation efficiency. In the presence of metal ions, a greater decomposition of 
PAA was expected, which would imply a reduction in the inactivation process, but this was not observed. In this case, 
the Fe3+ ions catalyzed the formation of radicals, which can act as disinfectants.

There was no increase in the BOD of the samples with the addition of PAA, which can be explained by the release 
of molecular oxygen during the five days of analysis, resulting from the decomposition of H2O2 and CH3COOOH from 
commercial PAA. Regarding the DO parameter, the concentrations of dissolved oxygen in the samples were similar, even 
in the samples with the addition of PAA, which demonstrates that the release of oxygen was slow and undetected in 
the first hour of the reaction.

The acidification capacity of the sample by PAA was lower than that of the salt chloric chloride at concentrations of 
13 μmol.L−1 PAA and 5 μmol L−1 Fe3+. The increase in conductivity occurred due to the increase in dissolved PAA and 
iron chloride ions.

Fig. 6   Study of the kinetics of 
disinfection of E. coli and Total 
Coliforms using PAA (13 μmol. 
L−1) and PAA/Fe3+ (13 μmol. 
L−1/5 μmol. L.−1)

y = -0.0323x 
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Table 5   Physicochemical 
characterization after kinetic 
disinfection assays

a Samples evaluated at contact time of 20 min

Parametersa Raw Water PAA assay PAA/Fe3+ assay

pH 7.22 7.01 6.08
Conductivity (µSm−1) 15.21 16.23 19.35
Residual PAA (µmol.L−1) – 9.23 8.19
Dissolved oxygen (DO) (mg.L−1) 6.79 7.05 6.89
BOD5 (mg.L−1) 10 8 9
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3.4 � Contributions of hydrogen peroxide to disinfection

Hydrogen peroxide assays in the presence and absence of Fe3+ were performed under the same conditions as the PAA 
and PAA/Fe3+ assays to compare the effects on water disinfection (Table 6). The concentration of hydrogen peroxide was 
the same as that contained in the 13 μmol.L−1 PAA solution (45 μmol.L−1 of H2O2).

In this assay, hydrogen peroxide contributed to the disinfection process. This behavior was expected considering 
that the iron ions allowed the formation of radicals that aid in the disinfection process, both with the use of hydrogen 
peroxide and organic peroxides such as PAA [4, 29]. Notably, in relation to the inactivation of E. coli, the combined 
process (H2O2/Fe3+) did not show significant differences compared to the assay with H2O2 without Fe3+.

3.5 � Evaluation of disinfection by PAA and PAA/Fe3+ processes with prolonged contact times

Disinfection at prolonged contact times was evaluated at concentrations of 13 μmol.L−1PAA and 5 μmol.L−1 Fe3+, 
and the results are shown in Table 7.

According to Table 7, as the contact time increased, the difference between disinfection processes was clearer, 
as shown in Fig. 7.

3.6 � Computational simulations

Through theoretical chemistry it is possible to understand why even with the decomposition of PAA by Fe3+ ions, 
the disinfection process is not compromised. Theoretical studies were conducted to elucidate the possible sites of 
attack by radicals using a peptidoglycan molecule. This polymer exists in the cell walls of gram-positive and gram-
negative bacteria and forms a mesh-like layer; therefore, it is formed on the outside of the cytoplasmic membrane 
[30]. In this context, the presents study was based on the arrangement described by Vollmer and Bertsche (2008), 
using the peptidoglycan of gram-negative bacteria (E. coli) and aims to identify possible sites that may be attacked 
by radicals. For the computational simulations, a cut was made in the polymer, and the structure evaluated contained 
three rings: 1, 6-anhydroMurNac, GlcNAc, and MurNAc. The molecular structure, the MEP, FMO and Fukui indices 
results are represented in Fig. 8. The ends of the cuts were supplemented with hydrogen according to similar polymer 
simulation methodologies [31–34].

Table 6   Evaluation of the 
contribution of hydrogen 
peroxide in disinfection with 
PAA and PAA/Fe3+

(CFU.100 mL−1) Tests with H2O2 10 min 20 min Tests
with PAA

10 min 20 min

E. coli H2O2 240 180 PAA 112 94
Total Coliforms 1100 1000 800 800
E. coli H2O2/Fe3+ 222 202 PAA/Fe3+ 70 76
Total coliforms 800 800 400 400
E. coli Raw water 700
Total Coliforms 4800

Table 7   Inactivation of E. coli 
and TC for a prolonged period

(CFU.100mL−1) After disinfection 24h after disinfection

PAA/Fe3+ What PAA/Fe3+ What

E.coli 78 83 02 09
Total coliforms 158 164 57 92
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Analyzing the FMOs, (Fig. 8b) it was possible to observe that the HOMO had a well-defined π format in the 1, 
6-anhydroMurNac and GlcNAc residues. The LUMO also had a π format only at the termination of the MurNAc residue. 
The location of orbitals can provide important information about the chemical reactivity that occurs through the 
FMOs [35].

The points of greatest reactivity of the molecule can be observed through the MEP in the regions of more intense 
colors, in which blue indicates a partially positive region and the more orange or shades of red are partially negative 
regions (Fig. 8c). Anions or radicals appeared to interact with the positive part of the N-acetylmuramic group (MurNAc) 
that contain positive hydrogen atoms. The negative regions are located on the oxygen and nitrogen atoms, resulting 
from the pair of electrons isolated from these atoms, which suggests that these regions may interact with cations.

Fukui reactivity indices are used to predict nucleophile, electrophilic, and radical attack reactivity sites and are 
represented in Fig. 8d. Only the optimal sites for radical attack were represented, and the higher the values of f0, the 
more reactive the site was for radical attack. Analyzing the results for the Fukui index, it is possible to observe that the 
generated radicals can attack some carbons from three rings that make up the cell wall of a gran negative bacteria, 
proving that the radicals can oxidize the cell wall and thus inactivate the bacteria by DFT simulation. These results allow 
to explain the indirect exogenous mechanisms [36–40].

4 � Conclusions

It can be concluded that Fe3+ ions do not harm to the process of disinfection with PAA, both in the inactivation efficiency 
of E. coli and total coliforms and disinfection kinetic.

Predominantly the disinfection process with PAA/Fe3+ demonstrated superior efficiencies, however, they were not 
enough for the addition of Fe3+ ions to be recommended to accelerate or increase the disinfection capacity. However, 

Fig. 7   Inactivation of E. coli 
and TC after disinfection a 
with contact time of 20 min 
and b with contact time of 
24 h

(a)

(b)

(i) PAA/Fe3+ (ii) PAA
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Fig. 8   a Molecular structure, 
b Frontier Molecular Orbit-
als, c molecular electrostatic 
potential and d Fukui indices 
for radical attacks (f0) for pep-
tideoglycan polymer
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when PAA was used in excess, the contribution of Fe3+ ions could not be detected, because disinfection occurs mainly 
by PAA and not by radicals.

Water with a high content of organic matter significantly affects disinfection processes with PAA and PAA/Fe3+ and 
compromises the process of microorganism inactivation.

In relation to the PAA residual, the PAA/Fe3+ process presented an oxidant consumption higher than that of the PAA 
process, which can be attributed to the decomposition of PAA in the presence of Fe3+ ions for the formation of radicals 
when there was greater inactivation.

Hydrogen peroxide contributed to the disinfection processes with PAA and PAA/Fe3+; however, it was less influenced 
by Fe3+ ions.

The results of the simulations show that the generated radicals can remove hydrogen from the cell wall or interact 
with ions as described by MEP and FMOs. The Fukui indices showed that some carbons from three rings probably will 
interact with the radicals disrupting the cell wall.

In general, it is important to highlight that the results presented in this study contribute to a greater understanding 
of the possibility of the formation of radicals from the decomposition of PAA in the presence of Fe3+ ions, 
demonstrating that, under these conditions, the decomposition of PAA favors the disinfection process and Fe3+ acts 
as a catalyst and not an interference.
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