
Journal of Cleaner Production 415 (2023) 137792

Available online 17 June 2023
0959-6526/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Greywater treatment for reuse: Effect of combined foam fractionation and 
persulfate-iron based fenton process in the bacterial removal and 
degradation of organic matter and surfactants 

Antonio Faggiano a, Maria Ricciardi a, Oriana Motta b, Antonino Fiorentino a,*, Antonio Proto a 

a Department of Chemistry and Biology “Adolfo Zambelli”, University of Salerno, Via Giovanni Paolo II 132, 84084, Fisciano, SA, Italy 
b Department of Medicine Surgery and Dentistry “Scuola Medica Salernitana”, University of Salerno, Via S. Allende 1, 84081, Baronissi, SA, Italy   

A R T I C L E  I N F O   

Handling Editor: Jin-Kuk Kim  

Keywords: 
Disinfection 
Anionic surfactants 
Advanced oxidation process 
Wastewater reuse 
P. aeruginosa 
E. coli 

A B S T R A C T   

Greywater (GW) represents a viable candidate in adapting to increased water scarcity due to climate change 
because its reuse can significantly reduce domestic water consumption. This work focused on studying the 
combination of physical foam fractionation (FF) as pre-treatment step and Fenton processes as polishing-step. 
The FF, applied for first time on real GW, allowed reaching a removal of 60 and 85% for chemical oxygen de-
mand (COD) and total surfactants (TSU), respectively, and a bacterial removal of about 3Log units. Fenton 
processes using Fe2+/S2O8

2− and Fe2+/H2O2 were optimized through response surface methodology (RSM) with a 
central composite design (CCD). The concentration of Fe2+, oxidant and treatment time were chosen as variable 
factors, while COD and TSU removals as target responses. According to RSM results, the optimum conditions to 
operate Fenton processes were (mg/L) Fe2+:12.5/S2O8

2− :185.6 and Fe2+:50/H2O2:157.6 with a treatment time of 
30 min for both processes. A COD removal of 89 and 78% and TSU removals of 99.7 and 96.6% were obtained for 
Fe2+/S2O8

2− and Fe2+/H2O2 respectively. Complete bacterial removal was detected for both Fenton processes. 
Fe2+/S2O8

2− allowed for a 4-fold lower sludge production than Fe2+/H2O2. The persulfate-based process requires 
low treatment time (2.5 h) and energy consumption with limited sludge production, making it a promising 
technology for future research and full-scale application.   

1. Introduction 

Water scarcity and the increasing demand for fresh water due to a 
growing population are two major global problems that have been 
steadily increasing (Gómez-Monsalve et al., 2022; Kummu et al., 2016; 
Mekonnen and Hoekstra, 2016). These challenges have led to research 
focusing on the development of new technologies to treat wastewater for 
reuse in agriculture, aquaculture, groundwater recharge and other sec-
tors (Soriano-Molina et al., 2021). In this context, greywater (GW) is an 
excellent candidate on the one hand because it accounts for about 
50–80% of domestic wastewater (DWW) and on the other hand because 
it appears to have lower organic and pathogenic microorganism load 
than municipal wastewater (Filali et al., 2022; Khosravanipour Mosta-
fazadeh et al., 2019; Pidou et al., 2007; Schoen et al., 2021; Silva et al., 
2023). GW is defined as DWW derived from the shower, washing ma-
chine, kitchen sink, dishwasher and washbasin (Boyjoo et al., 2013; 
Khanam and Patidar, 2022). GW can be further classified into light 

(LGW) from showers and washbasin, and dark (DGW) from laundry and 
kitchen sources, which typically contains higher concentrations of 
organic matter (Albalawneh and Chang, 2015). The quality of GW de-
pends enormously on the source and the habits of the houses in which it 
is produced (Spychała et al., 2019). Soap accounts for approximately 
90% of mass loading in a hand basin (Maimon et al., 2010; Ziemba et al., 
2018), while bathroom greywater consist mainly of constituents such as 
shampoo, soap, toothpaste, hairs, skin, body fats and body care products 
(Kadewa et al., 2020; Noah, 2002). An analysis of recent reviews 
emerges reveals that the DGW and LGW are different in chemical 
composition depending on the source and the country of production 
(low-income or high-income countries) (Ghaitidak and Yadav, 2013; 
Shaikh and Ahammed, 2020). As a result, estimating mean values of the 
main chemical parameters in GW becomes challenging. Nevertheless, 
LGW have been found to contain values up to 1488, 673, 148 and 60 
mg/L for COD, 5-days biochemical oxygen demand (BOD5), total ni-
trogen (TN) and total phosphorus (TP) respectively, while DGW has 
exhibited values up to 8071, 3330, 65 and 187 mg/L for the same 
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parameters. While values up to 1 × 109, 1 × 106 and 3 × 103 CFU/100 
mL in LGW and 7 × 107, 4 × 106 and 5 × 103 CFU/100 mL in DGW have 
been detected for Total coliforms (TC), Escherichia coli (E. coli) and 
Pseudomonas aeruginosa (P. aeruginosa) respectively (Blanky et al., 2015; 
Shaikh and Ahammed, 2020). Main LGW and DGW characteristics are 
showed in Table 1. 

P. aeruginosa is considered an alternative indicator to E. coli for 
assessing the microbiological quality of GW, due to their superior ability 
to reproduce and persist in waters characterised by low nutrient avail-
ability (Teodoro et al., 2018). The main components of GW are soaps 
and detergents, which act as foaming agents. These water matrices 
typically contain significant concentrations of anionic surfactants 
(ASU), such as sodium dodecyl sulphate (SDS), with levels reaching up 
to 118 mg/L. Minor concentrations of non-ionic surfactants (NISU), such 
as polyethoxylated surfactants, and cationic surfactants (CSU), such as 
Benzalkonium chloride, are also commonly detected(Ghaitidak and 
Yadav, 2013) are usually detected in these water matrices. Surfactants 
are classified as emerging contaminants and pose a major challenge in 
wastewater treatment. They are difficult to remove and have numerous 
potential negative impacts on the environment due to their high level of 
toxicity (Lechuga et al., 2016; Palmer and Hatley, 2018). Furthermore, 
studies indicate that the presence of surfactants in wastewater intended 
for reuse in irrigation can be harmful to crops, as they contribute to the 
absorption of hydrocarbons by the soil (Hardie et al., 2021; Ying, 2006). 
GWs represent an excellent opportunity for wastewater reuse in 
worldwide, aligning with the goals of the Agenda 2030 (“Agenda 2030,” 
n.d.). However, reuse regulations sometimes represent a major obstacle, 
as they are very stringent in several countries. The most commonly 
required minimum regulatory limits include 100 mg/L, 20 mg/L for 
BOD5 and 10 CFU/100 mL for TC and E. coli, (Shoushtarian and 
Negahban-Azar, 2020). Additionally, specific regulatory limits of 0.5 
mg/L for total surfactants (TSU) in Italy and 0.2 mg/L for anionic sur-
factants (ASU) in Australia have been imposed (Shoushtarian and 
Negahban-Azar, 2020). To achieve the appropriate quality for GW reuse, 
a combination of different treatment processes, typically involving 
physical and chemical methods, along with a final disinfection step, is 

required (Elmitwalli and Otterpohl, 2007; Filali et al., 2022; F. F. Li 
et al., 2009; Šostar-Turk et al., 2005). In recent years, advanced oxida-
tion processes (AOPs) have been investigated as pre- or post-treatment 
for GWs. These processes facilitate the in-situ generation of powerful 
oxidising agents, such as hydroxyl radicals (•OH), which can effectively 
oxidize and mineralize organic matter (de Simone Souza et al., 2023; 
Faggiano et al., 2023; Pesqueira et al., 2021), including chemical com-
pounds like surfactants, while simultaneously removing bacteria (Fior-
entino et al., 2017, 2022). Among AOPs, H2O2/Fe2+ (Wagdy et al., 
2022), UV/H2O2 (Chin et al., 2009; Cibati et al., 2022) and 
UV/TiO2/H2O2/Fe (Tsoumachidou et al., 2017) have shown good per-
formance in terms of COD and BOD5 removal. The most investigated 
oxidant agent in AOPs is H2O2 but in recent years, persulfate anion 
(S2O8

2− ) has also been studied for wastewater treatment and the removal 
of contaminants of emerging concerns. S2O8

2− offers several advantages 
over H2O2. SO4▯- radicals have a higher reduction potential (2.5–3.1 V) 
compared to •OH radicals (1.8–2.7 V), resulting in a greater selectivity 
for oxidation reactions. Additionally, S2O8

2− has a longer half-life period 
(t1/2 = 30–40 μs) compared to H2O2 (20 ns) (Arellano et al., 2019; 
Ghanbari and Moradi, 2017). In a recent study, researchers investigated 
the combination of an economical and easy-to-operate physical process 
by a system of foam fractionation (FF) followed by sunlight/H2O2/-
Fe-IDS for the removal of COD and BOD5 in synthetic LGW. Promising 
results were obtained with COD and BOD5 removal efficiencies of 89.5% 
and 75.8% respectively (Faggiano et al., 2022). To the best of the au-
thors’ knowledge, FF has not been previously studied in the removal of 
surfactants removal or disinfection of GW. Furthermore, the use of 
Fe2+/S2O8

2− has not been investigated in GW treatment. This study 
aimed to investigate, for the first time, the removal of COD, BOD 5, TN, 
TP, ASU, NISU and bacteria (E. coli, P. aeruginosa and TC) using FF as the 
main treatment method for real LGW. Additionally, post-treatment 
using two different Fenton processes (Fe2+/H2O2 and Fe2+/S2O8

2− ) 
was investigated and optimized by RSM approach to achieve LGW 
quality suitable for the reuse. Specifically, a two-level factorial design 
coupled with RSM was selected for the experimental design. The oper-
ating conditions were optimized in terms of H2O2, S2O8

2− , Fe2+ doses and 
treatment time to achieve the desired removal of COD, ASU and NISU 
(target responses). 

2. Materials and methods 

2.1. GW samples 

Synthetic LGW were prepared following the guidelines provided by 
the Australian Commonwealth Scientific and Industrial Research orga-
nization, as done in previous studied, considering 4 as the number of 
members per household and adjusting the doses based on typical habits 
(Faggiano et al., 2022). A combination of various detergents used for 

Abbreviations 

AOPs advanced oxidation processes 
ASU anionic surfactants 
BOD5 biochemical oxygen demand 
BPB bromophenol blue 
CCA Chromogenic Coliforms Agar 
COD chemical oxygen demand 
CSU cationic surfactants 
CTAB cetyltrimethylammonium bromide, 
DGW dark greywater 
DWW domestic wastewater 
E. coli Escherichia E. coli 
FF foam fractionation 

GW greywater 
LGW light greywater 
NISU non-ionic surfactants 
P. aeruginosa Pseudomonas aeruginosa 
RSM response surface methodology 
SDS sodium dodecyl sulphate 
TBPEE tetrabromophenolphthalein ethyl ester 
TC total coliforms 
TN total nitrogen 
TP total phosphorus 
TSU total surfactants 
TRX-100 triton X-100 
WWTPs Wastewater treatment plants  

Table 1 
Main LGW and DGW characteristics from literature review.  

Parameter LGW DGW 

COD (mg/L) 23–1489 58–8071 
BOD5 (mg/L) 20–673 44–3330 
TN (mg/L) 1.3–148 0.5–65 
TP (mg/L) 0.1–60 0.2–187 
E. coli (CFU/100 mL) 1 × 106 4 × 106 

TC (CFU/100 mL) 1 × 109 7 × 107 

P. aeruginosa (CFU/100 mL) 3 × 103 5 × 103  
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personal hygiene and household cleaning, including toothpaste, 
shampoo, hand soap, shower gel and chlorine beach, was used to obtain 
the synthetic LGW. Real LGW samples used in this study were collected 
from several buildings located in Salerno (Italy), throughout different 
period of the year. The samples were collected from bathrooms with sink 
and shower discharges. 2 L of real GW was manually collected in poly-
ethene bottles from 10 different utilities. Subsequently, 1 L from each 
bottle was combined to obtain a composite sample of 10 L in a poly-
ethene container. The composite sample was then transported directly 
from the building directly to the laboratory and used in the experiments 
on the same day as collection. The composition of LGW can vary 
depending on the activities of the building inhabitants. Table 2 provides 
a summary of the average characteristics of the synthetic and real LGW 
used in this study during the experimental stages. 

Real LGW samples with COD values superior of 700 mg/L or lower 
than 500 mg/L were excluded from the experiments. Out of 15 samples 
collected, 3 samples were removed from the analysis as they were 
considered outliers. Specifically, the characteristics of one sample was 
suitable, in terms of COD, BOD5 and TSU for its reuse. However, two 
samples exhibited significantly higher COD and BOD5 values compared 
to the others (1280 mg/L and 360 mg/L respectively), and thus, they 
were excluded as they were the only two outliers with such a high 
organic load. 

2.2. Chemicals 

Iron(II) sulphate heptaydrate (FeSO4•7H2O), hydrogen peroxide 
(H2O2) 30% wt, potassium hydrogen phthalate (C8H5KO4), potassium 
dichromate (K2Cr2O7), silver sulphate (Ag2SO4), mercury sulphate 
(HgSO4), potassium persulfate (K2S2O8) and sulfuric acid (H2SO4) 98%, 

Tetrabromophenolphthalein ethyl ester (TBPEE), bromophenol blue 
(BPB), methylene blue, sodium tetraborate (Na2B4O7), chloroform, 
dichloromethane, ethanol (EtOH) and tert-butyl alcohol (TBA) were 
purchased from Sigma Aldrich (Saint Louis, MO, USA), and used without 
further purification. Chromogenic Coliforms Agar (CCA) and Pseudo-
monas CN Agar were purchased from Condalab. 

2.3. Experimental set-up of FF 

The process flow (Fig. 1) involved a feed tank for LGW, from which 
the samples were transferred to the FF unit using a peristaltic pump. The 
FF unit operated in batch mode and consisted of two Pyrex glass bottles 
(diameter: 13 cm, height: 30 cm) with a volume of 1 L each, connected 
serially. The first bottle, once filled with 1 L of sample, was hermetically 
sealed and aerated to promote foam formation. The aeration was ach-
ieved by suppling air through a Pyrex gas washing bottle with a Drechsel 
head form (DURAN®), positioned 30 cm from the bottom of the bottle. 
The foam generated in the first bottle then flowed into the second bottle 
through a connecting pipe and could be removed. The air flow rate was 
set to 3 L/min based on previous results (Faggiano et al., 2022). 

2.4. Experimental set-up of fenton processes 

The Fenton tests were conducted in batch mode. A 1 L beaker was 
filled with 500 mL of pre-treated GW transferred from the FF unit using a 
peristaltic pump. The temperature was maintained at a constant level of 
25 ± 1 ◦C using a thermostatic probe. Temperature, pH, EC, BOD₅, COD, 
TN, TP, ASU, NISU, residual H₂O₂ concentrations and residual S2O8

2−

concentration were monitored during the tests. Reagents were added in 
the following order: the sulfuric acid was added and stirred until pH 
value reached 2.8, then FeSO4⸱7H2O solution was added and stirred for 
about 1 min before adding the oxidant. After the addition of oxidant, the 
process time started. The kinetic studies in the optimized process were 
conducted in triplicate. Following the Fenton oxidation process, pre-
cipitation of Fe2+ as hydroxides and the coagulation process were per-
formed using a jar test apparatus. This process consisted of four steps: (i) 
pH adjustment to 8 with NaOH; (ii) fast mixing (at 150 rpm) of GW for 2 
min; (iii), slow mixing (at 35 rpm) for 30 min to induce the flocs’ for-
mation; and, (iv), 1 h of sludge sedimentation without agitation at 150 
rpm for 2 min and 35 rpm for 30 min prior to analytical determinations. 

2.5. Analytical measurement 

2.5.1. Main chemical parameters 
BOD5 was measured by manometric respiration tests according to 

OECD301F with the OxiTop® Control measuring system. Samples con-
taining H2O2 were violently stirred for several hours until complete 
degradation of H2O2 in accordance with the APHA 5210 Biochemical 
Oxygen Demand (BOD) method (APHA, 1998). COD was measured 
using the spectrophotometric method proposed by Li et al. (J. J. Li et al., 
2009). A spectrometer (HR 2000, Ocean Optics, USA) equipped with a 
CC-3-UV-S cosine corrector with Spectralon as diffusing material was 
used to measure the irradiance spectra of the UV lamp. Residual S2O8

2−

was measured spectrophotometrically using a reported method based on 
modification of the iodometric titration method (Liang et al., 2008). 
Briefly the analysis of absorption spectra of a yellow colour solution 
resulting from the reaction of persulfate and iodide in the presence of 
sodium bicarbonate reveals an absorbance at 352 nm, without signifi-
cant interferences from the reagent matrix. Calibration curve was liner 
between 0 and 1 g/L. Residual H2O2 concentration was analyzed by a 
spectrophotometric method based on the use of titanium(IV) oxysulfate, 
which forms a stable yellow complex with H2O2 detected at a wave-
length of 410 nm (Fiorentino et al., 2019). The absorbance measurement 
was linearly correlated with standard H2O2 concentration in the range of 
0.1–100 mg/L (Fiorentino et al., 2015). To account for the interference 
of H2O2 on COD measurement, the correlation between H2O2 and COD 

Table 2 
Average characteristics of synthetic and real LGW.  

Parameter Synthetic LGW Real LGW 

pH 8.2 ± 0.1 7.9 ± 0.1 
ECa (mS/cm) 650 ± 25 610 ± 15 
COD (mg/L) 650 ± 35 600 ± 88 
BOD5 (mg/L) 100 ± 20 85 ± 15 
ASU (mg/L) 50.3 ± 0.4 43.4 ± 0.3 
NISU (mg/L) 8.1 ± 0.6 5.7 ± 0.2 
CSU (mg/L) 0.3 ± 0.1 ND 
TSU (mg/L) 58.7 ± 1.1 49.1 ± 0.5 
TN (mg/L) 24 ± 3 16 ± 4 
TP (mg/L) 13 ± 4 7 ± 2 
TC (CFU/100 mL) ND 2.7 × 104 ± 4.1 × 103 

E. coli (CFU/100 mL) ND 3.3 × 103 ± 1.1 × 103 

P. aeruginosa (CFU/100 mL) ND 2.5 × 104 ± 2.3 × 103  

a EC: electrical conductivity. 

Fig. 1. Treatment process flow for LGW treatment.  
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was calculated as follows (Talinli and Anderson, 1992): 

COD=CODm − d⋅f Eq. 1  

Where: 
CODm is measured COD (mg/L) 
d is H2O2 concentration in the sample (mg/L) 
f is correction factor = 0.25. It is valid for 20–1000 mg/L H2O2. 
For the interference of S2O8

2− in COD measurement, a correlation 
curve was obtained measuring COD of standard S2O8

2− solutions (Zhang 
et al., 2014). A linear relationship was observed between 0 and 300 
mg/L (the range of S2O8

2− used in the present study was 65.5–262 mg/L) 
with a determination coefficient (R2) of 0.998. The COD values were 
calculated as follows: 

COD=CODm − CODPS  

Where: 
CODm is measured COD (mg/L) 
CODPS the influence of S2O8

2− concentration obtained from the cali-
bration curve 

TN, TP, dissolved Fe, were analyzed follow “Standard Methods for 
the Examination of Water and Wastewater” 4500-N C, 4500-P, and 
3500-Fe respectively (APHA, 1998). Sludge production (volume) was 
estimated through standard method for settleable solids (APHA 2540 f) 
(APHA, 1998) by taking 1L of homogenized effluent after the treatment 
and allowed to settle down in a 1 L graduated Imhoff cone for 45 min. 
After the settlement the sludge volume was recorded as mL of sludge for 
L of treated wastewater. 

2.5.2. Surfactants determination 
ASU were measured using an adapted version of the methylene blue 

active substance (MBAS) procedure outlined in APHA 5540-C (APHA, 
1998; Jurado et al., 2006). First, 0.2 mL of Na2B4O7 buffer solution 
(19.07 g/L), followed by 0.32 mL of methylene blue solution (250 mg/L) 
were added to 5 mL of sample. ASU react in alkaline medium with 
methylene blue to form a stable complex which is extracted from the 
sample with 3 mL of chloroform. The chloroform phase was analyzed 
spectrophotometrically at a wavelength of 650 nm. The calibration 
curve was obtained following the same procedure for standard solution 
of SDS in the range 0.0–3.5 mg/L. NISU were measured by an adapted 
TBPEE method (Tôei et al., 1982). NISU react with TBPEE to form a 
stable yellow complex. 3 mL of sample were added to 3 mL of TBPEE 
sodium salt solution in dichloromethane (20 mg/L), then a liquid-liquid 
extraction was performed. The dichloromethane yellow-green phase 
was analyzed spectrophotometrically at a wavelength of 606 nm. The 
calibration curve was obtained following the same procedure for stan-
dard solution of Triton X-100 (TRX-100) in the range 0.0–2.5 mg/L. CSU 
were measured using the BPB method (Kamaya et al., 1999; Sakai et al., 
1992). 0.32 mL of BPB sodium salt solution (250 mg/L) was added to 5 
mL of sample. CSU react with BPB to form a stable yellow complex 
which is extracted from the sample with 3 mL of chloroform. The 
chloroform phase was analyzed spectrophotometrically at a wavelength 
of 420 nm. The calibration curve was obtained following the same 
procedure for standard solution of cetyltrimethylammonium bromide 
(CTAB) in the range 0.0–2.5 mg/L. TSU was obtained from the sum of 
ASU, NISU and CSU. 

2.6. Identification and bacterial count 

Bacterial concentration in each LGW sample was estimated using the 
membrane filtration method, with a serial 10-fold dilution in phosphate 
buffer saline (PBS). A volume of 100 mL of the sample was filtered 
through cellulose nitrate membranes filters (0.45 μm pore size, Merck 
Millipore®). The membranes were then cultivated for 24 h at 36 ± 2 ◦C 
in CCA culture medium, a selective chromogenic medium for the 
detection of TC and E. coli and Pseudomonas CN Agar culture medium 
for the detection of P. aeruginosa. Measurements were carried out in 
triplicate, and the average value and standard deviation were plotted as 
log10 (CFU/100 mL). Controls were performed to ensure the bacterial 
viability during the treatment time. For each experiment, a LGW sample 
was stored in the dark until the end of the assay (150 min) to perform 
bacterial counts before and after treatment. Controls with H2O2 and 
S2O8

2− alone were also conducted, but no effects on bacterial removal 
were observed. In all cases, no decrease in CFU/100 mL was observed for 
the controls. At the end of FF, Fe2+/S2O8

2− and Fe2+/H2O2 experiments, 
treated samples were incubated at 20 ± 2 ◦C for 24, 48 and 72 h to 
evaluate bacterial regrowth for all three bacteria species examined, 
following the procedure described in a previous work (Fiorentino et al., 
2021). 

2.7. Response surface design and statistical model 

In this study, RSM was utilized for the experimental design of the 
Fenton processes. The concentration of Fe2+ (X1), the oxidant concen-
tration (X2) and treatment time were chosen as numerical factors, while 
the type of oxidant (H2O2 or S2O8

2− ) (X3) was selected as a categorical 
factor. Discrete values for the factors (Fe2+, oxidant concentration and 
time) were chosen based on the results of preliminary tests, aiming to 
achieve residual oxidant concentrations (both for H2O2 and S2O8

2− ) 
lower than 0.2 mg/L after 1 h of treatment. The ranges and levels for 
each factor, as well as the RSM design, are presented in Tables 3 and 4, 
respectively. 

The two responses were estimated through a quadratic model ac-
cording to Eq. (2): 

Y = b0 +
∑n

i=1
biXi +

∑n

i=1
biiXi

2 +
∑n

i=1
bijXiXj + ε Eq. 2 

Table 3 
Ranges and levels for each factor.  

Variables Code Range and levels   

L1 L2 L3 L4 

Fe2+ (mg/L) X1 12.5 25 37.5 50 
Oxidant concentration (mg/L) X2 65.5 131 196.5 262 
Time (min.) X3 15 20 45 60 
Oxidant type X4 – H2O2 S2O8

2- –  

Table 4 
RSM design in coded units and the corresponding natural values.  

Experiment 
number 

Fe3+

(mg/L) 
Oxidant concentration 
(mg/L) 

Time 
(min.) 

Oxidant 
type 

1 37.50 196.5 15.00 S2O8
2- 

2 12.50 65.50 15.00 H2O2 

3 37.50 196.5 20.00 H2O2 

4 37.50 196.5 20.00 H2O2 

5 25.00 65.50 60.00 H2O2 

6 50.00 65.50 30.00 H2O2 

7 12.50 196.5 45.00 H2O2 

8 50.00 65.50 15.00 S2O8
2- 

9 25.00 65.50 30.00 S2O8
2- 

10 50.00 131.0 45.00 S2O8
2- 

11 25.00 131.0 45.00 S2O8
2- 

12 25.00 262.0 45.00 S2O8
2- 

13 25.00 262.0 30.00 S2O8
2- 

14 50.00 262.0 30.00 S2O8
2- 

15 25.00 65.50 60.00 H2O2 

16 50.00 262.0 60.00 H2O2 

17 50.00 131.0 30.00 S2O8
2- 

18 12.50 262.0 15.00 H2O2 

19 12.50 196.5 15.00 S2O8
2- 

20 12.50 65.50 60.00 S2O8
2- 

21 12.50 196.5 45.00 H2O2 

22 37.50 196.5 45.00 S2O8
2- 

23 25.00 65.50 30.00 S2O8
2- 

24 37.50 196.5 20.00 H2O2  
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Y is the response of COD or TSU removal, b0 is a constant, bi corre-
spond to linear coefficient of Xi, bii is the second order effect on 
regression coefficients, bij is the interaction coefficient and ε is the sta-
tistical error. 

After the calculation of the optimal process in terms of catalyst, 
oxidant concentration and treatment time, three replicates of this pro-
cess were made and the kinetics of both COD and TSU removal were 
calculated. 

For the optimization of the process, the following conditions were 
used:  

• Minimization of oxidant concentration  

• Minimization of Fe2+ concentration  
• Minimization of treatment time  
• Oxidant type in range (H2O2 or S2O8

2− ) 

The following goals were selected for the responses:  

• Maximization for COD removal  
• Maximization for TSU removal 

2.8. Kinetic study 

The kinetics of H2O2 and S2O8
2− were described mathematically, 

taking into account the reaction scheme presented in Table 5- The 
simplified reaction scheme was developed based on scavenging tests and 
several hypothesis from literature(Conte et al., 2012; Giménez et al., 
2023; Pignatello et al., 2006; Simunovic et al., 2011), and it relies on the 
following assumptions:  

i) The only oxidising species considered were •OH for Fe2+/H2O2 
and SO4

•- for Fe2+/S2O8
2− ;  

ii) Radical-radical termination reactions were neglected compared 
to the propagation ones;  

iii) The oxygen concentration is always in excess. 

Then, these assumptions allowed to obtain the reaction rate ex-
pressions, for the studied species (Table 6). 

The set of differential equations was solved using the MATLAB 
function “ode23s”, and the model parameters were determined using the 
built-in optimization routine “lsqcurvefit” (Gualda-Alonso et al., 2022; 
Pontes et al., 2010). 

3. Results and discussion 

3.1. Preliminary FF and fenton processes optimization on synthetic LGW 

In this work, the Fenton processes Fe2+/H2O2 and Fe2+/S2O8
2− were 

optimized using RSM analysis to evaluate their potential as post- 
treatment of FF process in LGW treatment. Firstly, the FF process was 
applied to synthetic LGW to remove COD (based on optimal conditions 
determined in a previous work (Faggiano et al., 2022)) and, for the first 
time, to remove TSU. The goal of FF process was to efficiently and 
rapidly reduce both the organic and inorganic matter (in terms of COD) 
as well as surfactants (measured as TSU). The FF process demonstrated 
significant removal efficiencies for both parameters investigated. Spe-
cifically, after 120 min of treatment with an air flow of 3 L/min, the COD 
of raw LGW was reduced from 650 ± 35 mg/L to 140 ± 15 mg/L, rep-
resenting a percentage reduction of 78.4 ± 1.5%. Similarly, the TSU 
initial concentration decreased from 58.7 ± 1.1 mg/L to 8.5 ± 1.4 mg/L 
resulting in a removal efficiency of 85.5 ± 2.1% after 120 min of 
treatment, with an air flow of 3 L/min. Considering that COD and TSU 
are challenging parameters to remove in LGWs, the excellent achieved 
through FF process motivated the subsequent optimization of the Fenton 
processes using RSM. The objective was tom achieve effluent conditions 
suitable for reuse. Based on the results obtained from the quadratic 
model, the empirical relationships between the response and the inde-
pendent variables can be described by the following equations (Eq. 3 
and Eq. (4)):   

Table 5 
Reaction schemes considered for kinetic study.  

Reaction ki (M− 1 s− 1) 

Fe2+/H2O2 process   

Fe2+ + H2O2→k1 Fe3+ + HO⋅ + HO− 76a 

Fe3+ + H2O2→
k2 Fe2+ + HO2

⋅ + H+ 0.02a 

Fe2+ + HO⋅→
k3 Fe3+ + HO− 4.8 × 108 a 

H2O2 + HO⋅→k4 HO2
⋅ + H2O 7 × 107 b 

TSU+ HO⋅→
k5 Pi 

k4
c  

Fe2+/S2O8
2− process   

Fe2+ + S2O8
2− →

k6 Fe3+ + SO4
⋅− + SO4

2− 15.33a 

S2O8
2− + SO4

⋅− →k7 S2O8
⋅− + SO4

2− 6.62 × 105 a 

Fe2+ + SO4
⋅− →

k8 Fe3+ + SO4
2− 4.6 × 109 a 

TSU+ SO4
⋅− →

k9 TSUi 
k9

c  

a (Kusic et al., 2011). 
b (Giménez et al., 2023). 
c Value calculated in this work. 

Table 6 
Reaction rates for the studied species.  

Reaction rate expressions  

Fe2+/H2O2 process  

RH2O2 = − k1[H2O2][Fe2+] − k2[Fe3+][H2O2 ] − k4 [H2O2 ][HO•]

RFe2+ ,H2O2 = − k1[H2O2][Fe2+]+ k2[Fe3+][H2O2 ]

RFe3+ ,H2O2 = − RFe2+ ,H2 O2 

RHO⋅ = k1[H2O2] − k3[Fe2+][HO⋅ ] − k4[H2O2 ][HO⋅] − k5[TSU][HO⋅]

RTSU,H2 O2 = − k5 [TSU][HO⋅ ]

Fe2+/S2O8
2− process  

RS2 O8
2− = − k6[S2O8

2− ][Fe2+] − k7 [S2O8
2− ][SO4

⋅− ]

RFe2+ ,S2 O8
2− = − k6[S2O8

2− ][Fe2+] − k8[SO4
⋅− ][Fe2+]

RFe3+ ,S2 O8
2− = − RFe2+ ,S2 O8

2−

RSO4
⋅− = k6[Fe2+][S2O8

2− ] − k7[S2O8
2− ][SO4

⋅− ] − k8[Fe2+][SO4
⋅− ] − k9[TSU][SO4

⋅− ]

RTSU,S2 O8
2− = − k9[TSU][SO4

⋅− ]

YCOD = 78.03+ 1.960X1 − 3.088X2 + 4.612X3 + 2.043X4 + 6.894X1X2 + 4.722X1X3 +

− 4.990X1X4 − 1.443X2X3 + 7.364X2X4 − 1.534X3X4 + 2.140X1
2 − 10.29X2

2 − 14.82X3
2 Eq. 3   
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The results of the ANOVA for COD and TSU removals have been 
reported and thoroughly discussed in the Supporting Materials (SM) file. 
In summary, the determination coefficients for COD and TSU removals 
were R2 = 0.9843 and R2 = 0.9889, respectively. The differences be-
tween predicted and adjusted R2 were less than 0.2 in both cases. 
Importantly, the Lack of Fit tests for both COD removal (p-value: 
0.9588) and TSU removal (p-value: 0.5039) were not significant 
compared to pure error. 

Concerning the validation of the model assumptions, the residual 
plots shown in SM file demonstrate small deviation from the straight 
line. This indicates that the studentized residuals can be considered to 
follow a normal distribution both for COD and TSU removals. The re-
sidual plots display a random scatter approximately centred on zero 

across the entire range of predicted values, indicating that the residuals 
are random and the variance of the observations is constant for all 
response values (Ribeiro et al., 2020, 2020, 2020). Moreover, no outliers 
were identified in either case. 

The removals of COD and TSU were investigated under different 
operating conditions as suggested by the experimental RSM design. 
Fig. 2 displays the perturbation plots for COD and TSU removal. In these 
plots, the iron concentration (A), oxidant concentration (B) and treat-
ment time (C) are plotted to compare their effects at a particular point in 
the design space. How the responses change as each factor moves away 
from the reference point (which, in this study, is the midpoint). On the x- 
axis, − 1, 0, and +1 represent the lower, middle, and upper levels of the 
investigated factors, respectively. In the discussion of perturbation plots, 
a positive effect means that the response increases with the increment of 
the factor level, while a negative effect suggest that response decreases 

Fig. 2. Perturbation plots for COD removal with H2O2 (a) and S2O8
2− (b) as oxidant and TSU removal with H2O2 (c) and S2O8

2− (d) as oxidant. A, B and C represent 
Fe2+ concentration, oxidant dose and treatment time respectively. 

YTSU = 81.45+ 6.965X1 + 1.270X2 + 2.008X3 + 4.676X4 − 0.5643X1X2 + 5.687X1X3 +

− 7.547X1X4 − 3.731X2X3 + 3.052X2X4 + 4.321X3X4 + 6.902X1
2 − 9.790X2

2 + 2.316X3
2 Eq. 4   
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due to the increase in the factor level. 
Regarding COD removal, oxidant dosage and treatment time initially 

showed a positive effect until reach the midpoint, after which a negative 
effect was observed. On the other hand, Fe2+ dosage, showed two 
opposite trends. When H2O2 (Fig. 2a) was tested as the oxidant agent, 
Fe2+ has a positive effect. However, when it was replaced with S2O8

2−

(Fig. 2b), Fe2+ had a negative effect. This clearly indicates that S2O8
2−

requires much lower concentrations of Fe2+ to be activated, in contrast 
to H2O2 which requires high concentrations. This represents a signifi-
cant environmental advantage as Fe2+ in Fenton processes not only 
participates as an oxidant activator but is also the main actor in the 
coagulation process. When TSU removal efficiency was evaluated, Fe2+

concentration exhibited a strong positive effect (Fig. 2c), while H2O2 
concentration showed a concave effect (similar to that shown in COD 
removal). Treatment time had a relatively constant effect, with only a 
slight, insignificant decrease in efficiency observed with increasing 
treatment time. When H2O2 was replaced with S2O8

2− , Fe2+ concentra-
tion had a slightly negative effect until midpoint and after which it had a 
slightly positive effect. S2O8

2− concentration exhibited a positive effect 
until midpoint and then a negative one while treatment time showed a 
positive effect. It is important to note that in TSU removal, the highest 
efficiencies are achieved at either low or high Fe2+ concentrations. This 
is justified by the fact that when the Fe2+ concentration is low, it is 
nevertheless appropriate to activate the S2O8

2− by generating an 

oxidation process. When the Fe2+ concentration is high, it is the coag-
ulation process that is prevalent, so in environmental terms for the same 
efficiency the more inappropriate process is triggered. Two and three- 
dimensional response surfaces of the quadratic model were utilized to 
assess the interactions between independent variables and responses. In 
these analyses, two variables were held constant while the others varied 
within the experimental ranges. The three-dimensional response surface 
of COD and TSU removal efficiencies are shown in Fig. 3. 

The Fe2+/H2O2 system achieved a maximum COD removal efficiency 
of approximately 72% using Fe2+ and H2O2 concentrations of 50 mg/L 
and 65.5 mg/L, respectively, with a treatment time of 30 min, On the 
other hand, the Fe2+/S2O82- system reached a maximum COD removal 
efficiency of about 77%with Fe2+ and S2O8

2− concentrations of 25 mg/L 
and 262 mg/L, respectively, in a treatment time of 45 min. In terms of 
TSU removal, the Fe2+/H2O2 system achieved a maximum efficiency of 
approximately 88% under the same operating conditions as the COD 
removal. Conversely, the Fe2+/S2O8

2− system achieved about 97% TSU 
removal with Fe2+ and S2O8

2− concentrations of 12.5 mg/L and 196.5 
mg/L, respectively. From the surface analysis, it can be concluded that 
S2O8

2− achieves higher removal rates for both COD and TSU. Moreover, 
oxidative processes require low oxidant concentrations but higher Fe2+

concentrations in Fe2+/H2O2, as opposed to Fe2+/S2O8
2− , which requires 

higher oxidant concentrations but lower Fe2+ concentrations. To the 
best of the authors’ knowledge, the conventional Fenton process has not 

Fig. 3. Response plots for COD removal with H2O2 (a) and S2O8
2− (b) as oxidant and TSU removal with H2O2 (c) and S2O8

2− (d) as oxidant in 30 min of treatment time.  
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been previously studied using RSM as a post-treatment to a physical 
process in the treatment of GW. In the literature, electro-Fenton is one of 
the most extensively studied processes for treating GW, as reported in a 
recent work (dos Santos et al., 2023), which discusses the main treat-
ment processes studied for GW. Specifically, in the study by dos Santos 
et al. (dos Santos et al., 2023), a 50% and 70% removal efficiency for 

COD (about 250 mg/L of initial concentration) and ASU (about 2.5 mg/L 
of initial concentration) was reached by solar photo-electro Fenton after 
240 min. The initial COD compared to our work is comparable (250 vs 
150 mg/L), while the initial concentration of ASU is much higher in our 
work (2.5 vs 58 mg/L). From the results obtained in this study, the 
Fenton process utilizing S2O8

2− shows promising potential for the treat-
ment of GW. 

3.2. Process optimization and kinetics on real LGW 

3.2.1. Organic matter, nutrients and surfactants removal 
According to the RSM analysis, the optimal conditions for effectively 

removing COD and TSU in Fenton processes, using both S2O8
2− ad H2O2, 

are as follows:  

i) 12.5 mg/L of Fe2+, 185.6 mg/L of S2O8
2− , 30 min of treatment time  

ii) 50 mg/L of Fe2+, 157.6 mg/L of H2O2, 30 min of treatment time 

Table 7 
Change in COD and TSU removal efficiencies in the switch form synthetic to real 
LGW.  

Parameter Removal in synthetic LGW (%) Removal in real LGW (%) 

Fe2+/H2O2 process 
COD 88 ± 4 78 ± 8 
TSU 88.2 ± 2.5 96.6 ± 4.5 
Fe2+/S2O8

2− process 
COD 93 ± 2 89 ± 3 
TSU 97.1 ± 0.8 99.7 ± 1.3  

Fig. 4. COD removal by FF (until 120 min) (a) followed by Fe2+/H2O2 (green line) or Fe2+/S2O8
2− (blue line) (b) (between 120 and 150 min). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. TSU removal by FF (until 120 min) (a) followed by Fe2+/H2O2 (green line) or Fe2+/S2O8
2− (blue line) (b) (between 120 and 150 min). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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These optimal conditions were applied to real LGW to evaluate COD, 
BOD5, TSU, TN and TP reduction as well as disinfection, which will be 
discussed in the next paragraph. In the transition from synthetic to real 
GW, COD varied from 650 ± 35 mg/L to 600 ± 88 mg/L while TSU 
varied from 58.7 ± 1.1 mg/L to 49.1 ± 0.5 mg/L. Specifically, the ASU 
concentration varied from 50.3 ± 0.4 mg/L to 43.4 ± 0.3 mg/L, NISU 
from 8.1 ± 0.6 mg/L to 5.7 ± 0.2 mg/L for synthetic and real GW 
respectively was not detected in real LGW. When the real LGW were 
tested, the COD removal efficiency decreased from 93 ± 2% to 89 ± 3% 
and from 88 ± 4% to 78 ± 8% for Fe2+/S2O8

2− and Fe2+/H2O2 process 
respectively. TSU removal changed from 97.1 ± 0.8% to 99.7 ± 1.3% 
and from 88.2 ± 2.5% to 96.6 ± 4.5% for Fe2+/S2O8

2− and Fe2+/H2O2 
process respectively. Percentage removals of COD and TSU with Fe2+/ 
S2O8

2− process were very similar in the passage from synthetic LGW to 
real LGW, while for Fe2+/H2O2 higher differences were detected both in 
COD and TSU removal. However, when Fe2+/H2O2 was applied, the 
standard deviations and removal efficiencies were higher, likely due to 
the high Fe2+ concentration which also generates a coagulation process 
that is less selective than the oxidation process. The differences between 
synthetic and real LGW are summarized in Table 7. 

The optimized in significant COD removal percentages (Fig. 4). 
Specifically, pre-treatment with FF achieved 60 ± 1% of COD removal 
(with a final COD value of 241 ± 10 mg/L). As can be seen from Fig. 4, 
during the first 60 min of treatment, foam formation substantial and 
rapid, leading to approximately 45 ± 1% removal. This result is in 
agreement with another work (Faggiano et al., 2022) where COD 
removal was analyzed by FF with a COD reduction on synthetic GW 
matrix of approximately 72%. In this current work, after 120 min, a COD 
reduction of about 60 ± 1% was reached in real LGW. 

Considering the stringent limits for wastewater reuse imposed by 

different Countries, these performances in terms of COD removal, may 
not be sufficient to meet the respective standards, making the subse-
quent polishing step necessary. In fact, a value below 100 mg/L is 
required in many countries for DWW reuse. The Fenton processes using 
Fe2+/H2O2 and Fe2+/S2O8

2− were subsequently tested as post-treatments 
to comply with the regulatory limit. Specifically, both processes allowed 
to reduce COD already in the first 5 min of treatment (Fig. 4b) by a good 
percentage, however, the Fe2+/H2O2 process reaches a plateau after 10 
min, and does not allow it to fall below the regulatory limit, with a re-
sidual COD value of 130 ± 8 mg/L. The Fe2+/S2O8

2− process allows for 
higher efficiencies to be achieved. After just 5 min, the COD value is 
close to the regulatory limit, and after 30 min, the residual COD value 
falls to 67 ± 6 mg/L, which is below the regulatory limits. In terms of 
TSU removal (Fig. 5), the FF process achieved a maximum removal of 85 
± 2% after 120 min. Similarly, to the COD removal, a good removal 
percentage was obtained after only 60 min of treatment with a value of 
about 76 ± 3%. However, the final TSU concentration (7.25 ± 0.5 mg/ 
L) exceeds the regulatory limits. 

After the FF process, the optimized Fe2+/H2O2 and Fe2+/S2O8
2−

processes were implemented to assess the potential for achieving 
effluent quality suitable for reuse. With Fe2+/H2O2, a residual TSU 
concentration of 1.68 ± 0.1 mg/L was obtained, which, similar to COD, 
exceeds the regulatory limit (0.5 mg/L of TSU for Italy regulation and 
0.2 mg/L of ASU for Australia regulation). The Fe2+/S2O8

2− process, on 
the other hand, enables the TSU value to drop below the regulatory limit 
for both mentioned regulation (final value of 0.13 ± 0.01 mg/L). In fact, 
after 20 min of treatment, the TSU value approaches the regulatory 
limit, and after 30 min it falls below the limit. The greater removal 
percentages of COD, BOD5 and TSU achieved with Fe2+/S2O8

2− process 
compared to Fe2+/H2O2 process are attributed to the higher activity of 
SO4

− • radical compared to •OH. This is primarily due to the higher 
reduction potential of SO4

− • (2.5–3.1 V) compared to •OH (1.8–2.7 V) 
and its longer half-life period (t1/2 = 30–40 μs versus 20 ns) (Arellano 
et al., 2019; Ghanbari and Moradi, 2017). Graphs of ASU and NISU re-
movals under the same conditions are presented in the Supplementary 
material (SM) file (Fig. SM1 and Fig. SM2 respectively). The final values 
of BOD5, TN, TP, NISU and ASU are provided in Table 8. Residual 
oxidant concentrations after Fe2+/H2O2 and Fe2+/S2O8

2− processes were 
0.13 mg/L and 0.09 mg/L respectively. Graph of oxidant consumption 
throughout the AOPs are shown in SM file (Fig. SM5). Following the 
optimized Fe2+/S2O8

2− process, SO4
2− concentration was evaluated to 

Table 8 
GW parameter before and after Fe2+/H2O2 and Fe2+/S2O8

2− processes.  

Parameter Raw LGW (mg/L) After Fe2+/H2O2 After Fe2+/S2O8
2- 

COD 600 ± 28 130 ± 8 67 ± 6 
BOD5 85 ± 15 15 ± 4 6 ± 2 
TN 16 ± 4 2.3 ± 0.6 3.4 ± 0.7 
TP 7 ± 2 1.4 ± 0.3 2.1 ± 0.3 
ASU 43.4 ± 0.3 1.66 ± 0.1 0.13 ± 0.01 
NISU 5.7 ± 0.2 0.016 ± 0.003 0.002 ± 0.001 
TSU 49.1 ± 0.5 1.68 ± 0.1 0.13 ± 0.01  

Fig. 6. TC removal by FF (until 120 min) followed by Fe2+/H2O2 (green line) or Fe2+/S2O8
2− (blue line) (between 120 and 150 min) (a). TC regrowth after FF (red 

bar), Fe2+/H2O2 (green bar) and Fe2+/S2O8
2− (blue bar) (b). In Fe2+/H2O2 process, Fe2+: 50 mg/L and H2O2: 157.6 mg/L. In Fe2+/S2O8

2− , Fe2+: 12.5 mg/L and S2O8
2− : 

187.6 mg/L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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assess the effluent quality for discharge. A maximum concentration of 
128 mg/L of SO4

2− was observed. This concentration is below the Italian 
regulatory limits (1000 mg/L for discharge in superficial water and 500 
mg/L for water reuse) (Decreto Legislativo 152/06 “Norme in materia 
ambientale,” 2006). 

As evident from Table 8, the entire process achieved significant re-
movals of BOD5, TN and TP. Specifically, removals of 82 ± 1%, 86 ± 1% 
and 80 ± 2% were reached for BOD5, TN and TP respectively with the FF 
followed by Fe2+/H2O2 process. Removals equal to 93 ± 1%, 79 ± 1% 
and 70 ± 4% were reached for BOD5, TN and TP respectively with the FF 
followed by Fe2+/S2O8

2− process. After the Fenton processes, sludge 
production was 1.9 ± 0.3 mL/L and 0.4 ± 0.2 mL/L for Fe2+/H2O2 and 
Fe2+/S2O8

2− respectively. The variation in sludge volume between the 
two processes can be attributed to the different dosage of Fe2+ required 
under the optimized conditions for each oxidant agent. In particular, 50 
mg/L and 12.5 mg/L were used for Fe2+/H2O2 and Fe2+/S2O8

2−

respectively. Additionally, the higher removal efficiencies obtained wit 
Fe2+/S2O8

2− in terms of organic matter and surfactants concentration 
does not affect sludge production, as shown in perturbation plots 
(Fig. 2), because for both Fenton processes the oxidation process is 
prevalent on coagulation one. Therefore, sludge production, under these 
experimental conditions, is strictly and exclusively related to the initial 
Fe2+ concentration. Other recent studies investigated COD removal in 
real GW by chemical, electro-chemical and photo-electro chemical 
processes. A limited COD (initial concentration ranged between 600 and 
700 mg/L) removal of 50%, compared to this work, was obtained with a 
multi-barrier system consisting of several step of ultrafiltration, 
adsorption and electrocoagulation/electrooxidation in a treatment time 
of 120 min (Khosravanipour Mostafazadeh et al., 2019). Ghanbari et al. 
(Ghanbari and Moradi, 2017) investigated the application of 
electro-Fenton with 300 mg/L of HSO5

− , 100 mg/L of iron nanoparticles 
as catalyst and a current of 30 mA in a treatment time of 180 min 

Fig. 7. E. coli removal by FF (until 120 min) followed by Fe2+/H2O2 (green line) or Fe2+/S2O8
2− (blue line) (between 120 and 150 min) (a). E. coli regrowth after FF 

(red bar), Fe2+/H2O2 (green bar) and Fe2+/S2O8
2− (blue bar) (b). In Fe2+/H2O2 process, Fe2+: 50 mg/L and H2O2: 157.6 mg/L. In Fe2+/S2O8

2− , Fe2+: 12.5 mg/L and 
S2O8

2− : 187.6 mg/L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. P. aeruginosa removal by FF (until 120 min) followed by Fe2+/H2O2 (green line) or Fe2+/S2O8
2− (blue line) (between 120 and 150 min) (a). P. aeruginosa 

regrowth after FF (red bar), Fe2+/H2O2 (green bar) and Fe2+/S2O8
2− (blue bar) (b). In Fe2+/H2O2 process, Fe2+: 50 mg/L and H2O2: 157.6 mg/L. In Fe2+/S2O8

2− , Fe2+: 
12.5 mg/L and S2O8

2− : 187.6 mg/L. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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reaching a COD removal of about 99% (initial COD concentration of 480 
mg/L. Although the COD removal is higher than that obtained by us in 
this work, electro-Fenton which is a COD removal higher than that ob-
tained in this work but required 30 min longer time of treatment, a 
higher oxidant concentration and the constant use of electric energy. 
The removal of ASU with AOPs was investigated by Teodoro et al., 2014 
(Teodoro et al., 2014) through the application of Fe2+/H2O2 at pH 3 
with 10 mg/L of Fe2+ and 150 mg/L of H2O2. They observed a per-
centage removal of ASU of 99% (initial concentration of about 25 mg/L) 
in a longer treatment time (120 min) and the process was assisted by 
UVC radiation. Dos Santos et al. (dos Santos et al., 2023) also investi-
gated the removal of ASU (initial concentration of about 2.5 mg/L) 
through anodic oxidation with H2O2 as oxidant reaching 84% after 240 
min of treatment time, however, the process they investigate requires 
continuous use of electricity 

3.2.2. Disinfection and regrowth tests 
Optimized FF followed by Fe2+/H2O2 and FF followed by Fe2+/ 

S2O8
2− processes were evaluated also in the removal of TC (Fig. 6), E. coli 

(Fig. 7) and P. aeruginosa (Fig. 8) and regrowth after 24, 48 and 72 h of 
real LGW. For the first time FF process was investigated in disinfection of 
GW. For all three investigated species, FF achieved a bacterial removal 
of approximately 3 Log units. In each case the bacterial removal trend is 
very similar, with low removals until 90 min, about 0.5 Log units for TC 
and P. aeruginosa and a little bit less than 0.3 Log units for E. coli. A 
significant increase in bacterial removal was observed during the last 30 
min, specifically between 90 and 120 min, for each bacterial species 
investigated. Approximately 2.5 Log units of removal was detected for 
all three species. This notable decrease observed at the end of the FF 
process may be attributed to the high concentration of surfactants in real 
LGW, which exceeds the critical micellar concentration. In this way, at 
the beginning of the process surfactants are assembled in micelles which 
are more stable than free surfactants alone and the interaction with 
bacterial membranes is very limited. As the insufflation time increases 
(especially after 60 min) a flotation of free soap particles can be 
observed. Bacteria and viruses have lipid membranes that resemble 
double-layered micelles but with a double lipid layer, therefore the 
hydrophobic tails of the free-floating soap molecules can wedge them-
selves into the lipid envelopes of certain microbes and viruses, prying 
them apart from the matrix. The optimized Fenton processes demon-
strated highly rapid bacterial removal. Specifically, with Fe 2+/H2O2 
(50 mg/L of Fe2+ and 157.6 mg/L of H2O2), complete inactivation of TC 
(Fig. 6a), E. coli (Fig. 7a), and P. aeruginosa (Fig. 8a) was observed 
within 15 mi. However, after 10 and 5 min the bacterial concentration 
was below the regulatory limit for TC and E. coli respectively. Fe2+/ 
S2O8

2− process (12.5 mg/L of Fe2+ and 185.2 mg/L of S2O8
2− ) exhibited 

even faster removal kinetics, achieving complete inactivation of TC, E. 
coli, and P. aeruginosa within 10 min while a bacterial concentration 
below the regulatory limit was reached in about 5 min. 

Substantial bacterial regrowth was detected for all three bacterial 
families after FF, which was an expected finding, as there was no total 
removal after FF. In particular, a minor regrowth was observed after 24 
h (<0.5 Log units), followed by an increase of approximately 1 Log unit 
between 24 and 72 h. No regrowth was observed for E. coli in both 
Fenton processes, while a regrowth of a few colonies of TC was detected 
after 72h in the Fe2+/H2O2 process. In contrast, regrowth of 
P. aeruginosa was observed at 48 and 72 h for both Fenton processes, in 
fact in the case of Fe2+/S2O8

2− the regrowth was about 0.5 log units, 
whereas in the case of Fe2+/H2O2 the regrowth at 72 h was about 1 log 
unit. Bacterial disinfection in Fenton’s processes is due to the action of 
radicals causing intra- and extracellular damage (O’Dowd and Pillai, 
2020). Teodoro et al. (2018)(Teodoro et al., 2018) investigated the 
removal of P. aeruginosa with Fenton and Photo-Fenton processes in GW. 
In their case, inactivation of 5 Log Units of P. aeruginosa were achieved 
in about 20 min (thus very similar to this work) with H2O2 concentra-
tions of 150 mg/L and Fe2+ concentrations of 10 mg/L by Fenton 

process. However, in their case, the COD concentration was consider-
ably lower (around 80 mg/L versus around 240 mg/L). Therefore, a 
3-fold lower COD concentration achieved similar inactivation kinetics 
but with less iron, as the presence of organic matter strongly influences 
the activity of radicals, reducing their availability to the disinfection 
process(Zhou, 2017). Moreover, Teodoro et al. (2018)(Teodoro et al., 
2018) also investigated photo-Fenton processes on P. aeruginosa removal 
and regrowth after 24 h and coherently with our work no regrowth was 
detected after this time. Although there are few studies on bacterial 
removal in GW, it is interesting to note that in many studies on DWW, 
Fenton processes have been coupled with solar radiation in order to 
decrease iron concentration or to make the processes faster(Abeledo--
Lameiro et al., 2019; Zapata et al., 2009). In this study, by applying 
RSM, the optimal Fenton concentrations for the two investigated pro-
cesses were determined. It was observed that the Fe2+/S2O8

2− process 
achieves faster bacterial removal than Fe2+/H2O2, despite using Fe 
concentrations that are 5 times lower. Thus, the Fe2+/S2O8

2− process 
shows great promise for GW disinfection since Fe2+ effectively activates 
S2O8

2− (Karim et al., 2021; Liu et al., 2012). Consequently, even at low 
concentrations of Fe2+ in the solution, a significant amount of SO4

•- 

radicals is generates (with a considerably longer half-life than •OH). 

3.3. Identification of predominate radical species 

Radical inhibition experiments were conducted to identify the 
dominant radical oxidant (SO4̇

− vs. ̇OH) by observing the differences in 

Fig. 9. Rates of TSU degradation in the presence of quenching agents for Fe2+/ 
H2O2 (a) and Fe2+/S2O8

2− (b) processes. 
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radical reactivity toward two different alcohol additives, ethanol (EtOH) 
and tert-butyl alcohol (TBA) as carried out in previous work (Lin et al., 
2015). The reaction of SO4̇− with TBA is reported to be considerably 
slower (4–9.1 × 105 M− 1 s− 1) than that with EtOH (1.6–7.7 × 108 M− 1 

s− 1). The ̇OH reacts rapidly even with EtOH and TBA. Therefore, EtOH is 
an effective quencher for both SO4̇− and ̇OH, while TBA is an effective 
quencher for ̇OH but not for SO4 ̇− (Lin et al., 2015). In particular, the 
scavenging test were performed on TSU degradation for both processes 
(Fe2+/H2O2 and Fe2+/S2O8

2− ) to avoid interference of EtOH and TBA in 
COD measurement. 5 mM and 100 mM of each alcohol were tested 
(Fig. 9). 

Fig. 9 shows the rate of TSU degradation in the presence of 
quenching reagents. With 5 and 100 mM of EtOH, the catalytic activity 
towards TSU degradation, was highly inhibited for both processes. 
However, TBA addition influenced drastically only the Fe2+/H2O2 pro-
cess. This result suggested that the dominant radical formed in Fe2+/ 
S2O8

2− process was SO4̇− . Hydroxy radicals might be also present in 
Fe2+/S2O8

2− process, but its contribution was very little compared with 
sulphate ones. 

3.4. Kinetic study 

The rate constant obtained for TSU degradation in the Fe2+/H2O2 
and Fe2+/S2O8

2− processes were k5 = 0.0383 and k9 = 0.1254 M− 1 s− 1 

respectively. The low RMSE obtained for H2O2, S2O8
2− , TSU in the 

presence of H2O2 and TSU in the presence of S2O8
2− (0.02, 0.04, 0.03 and 

0.03 respectively) show that the kinetic model adequately describes the 

behaviour of the reacting system (Fig. 10) 

4. Conclusions 

This study proposed an efficient method for treating real GW through 
a combination of FF and Fe2+/S2O8

2− processes. This work investigated 
the removal of COD, TSU, E. coli, P. aeruginosa and TC. 

The FF, a physical process which exploits the dual hydrophilic/hy-
drophobic properties of surfactants, was applied for the first time in the 
pre-treatment of real GW, allowing to obtain good organic matter, sur-
factants and bacterial removals. Approximately 60% and 76% removals 
of COD and TSU and more than 50% of bacterial load removal (E. coli, 
TC and P. aeruginosa) were reached after 120 min of treatment. The 
Fe2+/S2O8

2− and Fe2+/H2O2 processes at pH = 3 were optimized through 
RSM analysis as post-treatment methods. Fe2+/S2O8

2− required 4 time 
less Fe2+ concentration and achieves higher removals for both COD and 
TSU, as well as faster bacterial removal compared to Fe2+/H2O2. Fe2+/ 
S2O8

2− process allows for compliance with the most stringent regulatory 
limits for wastewater reuse among the investigated parameters. More-
over, the Fe2+/S2O8

2− process results in significantly less sludge volume 
production compared to Fe2+/H2O2 process. Fe2+/H2O2 allowed to 
reach 78% and 96.6% of removal for COD and TSU respectively. With 
Fe2+/S2O8

2− process, instead, 89% and 99.7% of removal were obtained 
for COD and TSU respectively. The scavenging tests indicate the for-
mation of ̇OH radicals in the Fe2+/H2O2 process, as expected, while the 
Fe2+/S2O8

2− process predominantly forms SO4̇
- radicals. Additionally, 

the kinetic model developed in this work confirms the main mechanisms 
of oxidising species and accurately describes the trend of the experi-
mental data. The results achieved in this work make this technology 
promising and warrant further investigation, with potential applications 
in both developing and developed countries. Furthermore, the limited 
electricity consumption and reduced plant volumes align with the 
principles of low-carbon production and minimal land usage. The next 
steps in the research on this treatment for GWs should focus on critical 
points that may affects their reuse. Significant attention should be given 
to the presence of emerging contaminants such as antibiotics and 
antibiotic-resistant bacteria in GW, in order to study a treatment method 
that enables completely safe reuse of greywater. 
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Fig. 10. Experimental and model results for H2O2, S2O8
2− and TSU, in relative 

concentrations. a) [Fe2+]0 = 50 mg/L, [H2O2]0 = 157.6 mg/L, b) [Fe2+]0 =

12.5 mg/L, [S2O8
2− ]0 = 185.6 mg/L. 
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