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A B S T R A C T   

Photo-Fenton (PF) is a promising process for degrading a wide range of contaminants of emerging concern 
(CECs) present in urban wastewater (UWW) after secondary treatment, mitigating their spread in aquatic sys
tems. However, the near-neutral pH of UWW poses a challenge to PF performance. In this research, a tubular 
membrane photoreactor, designed for continuous “titration” of Fe2+, is explored to promote the PF process for 
the tertiary treatment of UWW. The application of persulfate (PF-like) as an alternative oxidant and the impact of 
phosphate (PO4

3− ) content in UWW were also assessed. Process efficiency was evaluated in continuous mode, 
applying low residence times (RT: 6.1, 36.6, and 73.2 s) and low Fe2+ doses (1, 2, and 5 mg L− 1), for the 
oxidation of 19 CECs (each spiked at 10 µg/L), in demineralized water (DW) and secondary-treated UWW. 
Despite the persistence of certain short-chain perfluoroalkyl substances (PFAS) and saccharine across all con
ditions tested, the PF-like process exhibited superior performance when compared with PF, attaining higher 
removals for most target CECs, especially for melamine. In UWW, for an RT = 73.2 s, [Fe2+] = 5 mg L− 1, and 
[oxidant] = 1.2 mM, PF process removed 7 CECs > 60 % and PF-like 10 CECs > 60 %. Moreover, higher residual 
concentrations of Fe2+ and lower precipitation of PO4

3− were observed for PF-like treatments, evidencing its 
advantages for tertiary treatment. These results emphasize the importance of photoreactor design to achieve 
efficient PF/PF-like at neutral pH, avoiding the use of chelating agents while managing iron concentrations 
compatible with UWW discharge or reuse limits.   

1. Introduction 

The limited performance of wastewater treatment plants (WWTPs) in 
removing contaminants of emerging concern (CECs) such as personal 
care products, pharmaceutical and endocrine disrupting compounds or 
drugs, among others, has led to alarming levels of these substances in 
natural waters [1,2]. The accumulation of CECs, even at low concen
trations, can have detrimental effects on animal communities by inter
fering with hormonal functions, disrupting the trophic chain through 

bioaccumulation and biomagnification, and potentially causing adverse 
effects on human health (imbalance in hormonal and reproductive sys
tems or metabolic, neurological and immunological disorders) [3,4]. In 
this context, the development of advanced and efficient technologies 
capable of removing these contaminants from wastewater matrices is 
paramount to prevent their accumulation in natural waters. 

Among several advanced oxidation processes (AOPs), the photo- 
Fenton (PF) process has emerged as one of the most attractive 
methods for the removal of CECs from urban wastewaters (UWW) [5,6]. 
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This process is characterized by the massive generation of hydroxyl 
(HO⋅) radicals through a chain reaction between a catalyst (ferrous ion: 
Fe2+) and an oxidant (hydrogen peroxide: H2O2) and by the photolysis 
(UV light) of ferric complexes enabling Fe2+ regeneration. Persulfate 
(S2O8

2− ) can also be applied as an oxidant in place of H2O2. In this case, a 
PF-like process occurs in which the reaction between S2O8

2− and Fe2+

generates sulfate radicals (SO4
⋅− ) with high oxidation potential (E0 =

2.60 V) able to oxidize a wide range of organic contaminants [7,8]. The 
unique characteristics of SO4

⋅− radicals, such as being strong electron 
acceptors, allow alternative reaction pathways to those with HO⋅ radi
cals [9]. Moreover, SO4

⋅− presents a longer lifetime and greater selec
tivity than HO⋅, and the technologies based on SO4

⋅− radical show very 
satisfactory efficiencies with respect to the reduction and mineralization 
of environmental contaminants [10]. 

It is well known that the ideal pH for the PF process is 2.8 since 
keeping the pH close to 3 ensures the dissolution of iron and the pre
dominance of the most photoactive ferric complexes [11]. Nevertheless, 
UWW after secondary treatment typically has a near-neutral pH, 
requiring acidification before PF treatment and a subsequent neutrali
zation before discharge to the receiving environment, which incurs 
economic disadvantages and environmental drawbacks. Consequently, 
recent efforts have focused on operating the PF process at mild pH 
conditions to degrade CECs in UWW (Table 1). A widely studied 
approach involves the addition of chelating agents, macromolecules 
with carboxylic and/or amino groups (e.g., ethylenediaminetetraacetic 
acid, EDTA [12], ethylenediaminedisuccinic acid, EDDS [13,14,19] 
which promote the formation of photoactive iron complexes with 
improved solubility and photoactivity (Table 1 for details on the cited 
research). However, the addition of high concentrations of the chelating 
agent is normally required, undesirably increasing the treatment costs 
and the organic carbon content in the effluent under treatment and, 

consequently, competing with the pollutants for oxidative species 
[6,22]. Another approach (Table 1) involves the controlled addition of 
low concentrations of iron salts, constant [21] or intermittent dosage 
[15,17], during the reaction period to facilitate the continuous genera
tion of oxidizing species during phototreatment. 

Photoreactor design is also critical for achieving a highly efficient PF 
process at neutral pH conditions. Compound parabolic reactors (CPCs) 
and raceway pond reactors (RPRs) have been widely applied for this 
purpose (Table 1). Although both have the advantage of using sunlight 
as a source of radiation, CPCs are recognized as a technology with high 
manufacturing and amortization costs, while RPRs are economically 
attractive but less efficient in capturing photons [6]. Furthermore, in 
some cases, high amounts of iron catalyst are added, leading to high 
final concentrations of iron (e.g. works by Carra et al. [15] and Starling 
et al. [17], see Table 1), which jeopardize compliance with the legal 
limits for direct discharge into the aquatic system or water reuse for 
irrigation. This can be overcome by resorting to the continuous addition 
of low iron dose along the reactor length, as demonstrated by Díaz- 
Angulo et al. [21], by employing a tubular membrane photoreactor. 
Beyond the advantage of being operated in continuous mode, this sys
tem allows a uniform distribution of the catalyst (Fe2+) along the entire 
reactor length due to its radial addition into the annular reaction zone 
(ARZ) through the pores of the membrane. Also, the acidic character of 
the Fe2+ solution permeating through the membrane minimizes iron 
precipitation in the liquid thin film around the membrane shell-side and 
promotes the regeneration of ferric (Fe3+) to ferrous (Fe2+) ions under 
UV light. 

With this background, this work focuses on the application of the PF 
(UVC/H2O2/Fe2+) and PF-like (UVC/S2O8

2− /Fe2+) processes at neutral 
pH for the tertiary treatment of UWW applying the tubular membrane 
photoreactor. Process efficiency was evaluated for the removal of a 

Table 1 
Studies reported in the literature for different strategies to operate the photo-Fenton process at neutral pH for the removal of CECs in UWW.  

Strategy Target CECs Reactor Operational conditions Main results Reference 

Addition of complexing 
agents 

22 CECs naturally present (ranging 
from 16 to 66379 ng/L, for cotinine 
and caffeine, respectively) 

Compound 
parabolic collector 

(pilot-scale) 

Batch mode; pH = 6.5; [Fe3+] = 5 mg L− 1; [EDDS] =
0.2 mM; [H2O2] = 50 mg L− 1; Solar radiation (30 W 
m− 2) 

95 % removal 
after 63 min 

[14] 

Levofloxacin (2 mg L− 1) Compound 
parabolic collector 

(lab-scale) 

Batch mode; pH = 5.0; [Fe3+] = 2.0 mg L− 1 +

oxalate 1:3 M ratio; [H2O2] = 20 mg L− 1; Solar 
simulator (41.6 W m− 2) 

71 % removal 
after 60 min 

[20] 

Carbamazepine, Crotamiton, 
Ibuprofen (462.6, 394.6 and 101.1 
ng/L, respectively) 

Glass vessel (lab- 
scale) 

Batch mode; pH = 7.6; [Fe3+] = 9.9 mg L− 1 + NTA 
1:1 M ratio; [H2O2] = 154 mg L− 1; UVA radiation 
(4.05 mW cm− 2) 

92 % removal 
after 120 min 

[18] 

Sulfamethoxazole and Imidacloprid 
(50 µg/L) 

Raceway pond 
(pilot-scale) 

Batch mode; pH = 6–7; [Fe3+] = 5.6 mg L− 1 + EDDS 
or NTA 1:1 M ratio; [H2O2] = 30 mg L− 1; Solar 
radiation (35 ± 2 W m− 2) 

>60 % removal 
after 60 min and 

5 cm depth 

[16] 

Propranolol (1.9 µM) Tubular 
photoreactor (lab- 

scale) 

Batch mode; pH = 7.6–8; [Fe2+] = 0.18 mM + DTPA 
or EDTA 1:1 M ratio; [H2O2] = 4.41 mM; UVA 
radiation (8 LEDs, 2.66 × 10− 7 Einstein L− 1 s− 1) 

Fe2+:DTPA − 94 
% removal after 

120 min 
Fe2+:EDTA −

100 % removal 
after 15 min 

[12] 

17 CECs naturally present (ranging 
from 15 to 3926 ng/L, for diazepam 
and 4-FAA, respectively) 

Raceway pond 
(pilot-scale) 

Continuous mode; pH = 6.1–7.5; [Fe3+] = 0.1 mM 
+ EDDS 1:1 M ratio; [H2O2] = 0.88 mM; prior 
removal of carbonate species; Solar radiation 

≈60 % removal 
after 20 min and 

5 cm depth 

[13] 

Sulfamethoxazole (50 µg/L) Raceway pond 
(pilot-scale) 

Batch mode; pH = 6.5–7.5; [Fe3+] = 5.6 mg L− 1 +

EDDS 1:1 M ratio; [H2O2] = 30 mg L− 1; Solar 
radiation (average 26 ± 4 W m− 2) 

≈80 % removal 
after 15 min and 

5 cm depth 

[19] 

Intermittent or 
continuous addition 

of small doses of iron 
salts 

Pesticides (Vydate, Metmur, 
Couraze, Perfekthion and Scala) (10 
mg L− 1 of DOC for each) 

Compound 
parabolic collector 

(pilot-scale) 

Batch mode; pH = 7; Addition of 20 mg Fe2+ L− 1 at t 
= 0 and 5 min, then 10 mg Fe2+ L− 1 at t = 15, 25 and 
35 min, [Fe 2+]total = 70 mg L− 1 and [Fe 2+]average =

13.5 mg L− 1; [H2O2] = 650 mg L− 1; Solar radiation 
(30 W m− 2) 

49 % removal 
after 60 min 

[15] 

Caffeine, Carbendazim, and Losartan 
(100 μg L− 1 each) 

Raceway pond 
(pilot-scale) 

Batch mode; pH = 7; Addition of Fe2+ at t = 0, 5, 10, 
15 and 20 min, [Fe 2+]total = 55 mg L− 1; [S2O8

2− ] =
288 mg L− 1; Solar radiation (average 30 W m− 2) 

55 % removal 
after 60 min 

[17] 

Amoxicillin (2 mg L− 1) Tubular membrane 
photoreactor 

Continuous mode; pH = 7.4; Continuous addition of 
a iron stock solution ([Fe 2+]stock = 1700 mg L− 1), 
targeting a [Fe 2+]reaction of 5 mg L− 1; [H2O2] = 40 
mg L− 1; UVC radiation (useful 1.7 W) 

46 % removal 
after 4.6 s 

[21]  
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mixture of 19 CECs representing diverse chemical groups (pharmaceu
tical compounds, sweeteners, a fire retardant, an herbicide, an insect 
repellent, and several short chain perfluoroalkyl substances (PFAS)), 
with different chemical behaviors and reactivities towards oxidation 
processes. These 19 target CECs were selected under the NOR-WATER 
project due to their occurrence and persistence in WWTP effluents and 
river basins of Northern Portugal and Galicia [23,24]. The influence of 
iron dosage, oxidant type and concentration, retention time (RT), and 
water matrix (demineralized water (DW) vs secondary-treated UWW) on 
the degradation of the 19 target CECs was evaluated. Additionally, the 
impact of a pre-treatment to precipitate phosphates (PO4

3− ) present in 
the secondary-treated UWW was evaluated. 

2. Materials and methods 

2.1. Chemicals and secondary-treated UWW 

The selected target CECs (Table 2) were supplied by Sigma-Aldrich, 
TCI, AlfaAesar, and ACROS Organics (Purity > 95 %). Hydrogen 
peroxide (H2O2) was supplied by Fisher Chemical and sodium persulfate 
(Na2S2O8) by Merck. Iron (II) sulfate heptahydrate (FeSO4⋅7H2O) was 
used as received from Panreac. Ammonium metavanadate (NH4VO3, 
Merck) was used for the determination of H2O2, and potassium iodide 
(KI, Merck) and sodium bicarbonate (NaHCO3, Merck) were employed 
for the quantification of S2O8

2− . Acetic acid, ascorbic acid, ammonium 
acetate (Fisher Chemical), and 1,10-phenanthroline monohydrate 
(Panreac) were used to determine Fe2+ and total dissolved iron (TDI). 
Sulfuric acid (Fisher Chemical), oxalic acid (VWR), and sodium sulfite 
(VWR) were used to adjust the pH, clean the experimental setup, and 
stop oxidation reactions at the end of treatment, respectively. 

Feed solutions were prepared using DW (Panice® reverse osmosis 
system) or secondary-treated UWW, spiked with 10 µg/L of each target 
CEC. The UWW was collected downstream from the second clarifier of a 
municipal WWTP located in the North of Portugal and stored at 4 ◦C 
until its use. The native content of the 19 target CECs in the UWW is 
found in Table 2. The main physicochemical characteristics of the 
secondary-treated UWW, as received and after pre-treatment to 

precipitate PO4
3− content up to ~50 %, ~100 %, and ~100 % followed 

by filtration, are summarized in Table 3. 

Table 2 
Identification of the 19 target CECs, respective limits of quantification, native content in the secondary-treated UWW, and rate constants for reaction with HO⋅ and 
SO4

⋅− .  

Category Pollutant Acronym Chemical 
composition 

LQDW
a 

(µg/L) 
LQUWW

a 

(µg/L) 
UWW 
(µg/ 
L) 

kHO⋅ b 

(M¡1 

s¡1) 

kSO⋅−
4

b 

(M¡1 

s¡1) 

Angiotensin II Receptor Blockers Valsartan VSTN C24H29N5O3 0.28  0.44  <0.44 1 × 1010 Unknown 
Irbesartan ISTN C25H28N6O 0.05  0.08  1.6 1 × 1010 Unknown 
Losartan LSTN C22H22ClKN6O 0.15  0.26  0.4 Unknown Unknown 

Sweeteners Acesulfame ACK C4H4KNO4S 0.5  0.68  0.7 4.6 × 109 <2 × 107 

Saccharin SCH C7H5NO3S 1  1.1  <1.1 1.6 × 109 4.1 × 108 

Beta-blocking agents Atenolol ATNL C14H22N2O3 0.15  0.24  <0.24 8 × 109 5.1 × 109 

Bisoprolol BSPL C18H31NO4 0.04  0.11  <0.11 Unknown Unknown 
Carbamazepine and Metabolites Carbamazepine CBZ C15H12N2O 0.02  0.03  0.9 8.8 × 109 2.6 × 109 

10.11 Carbamazepine-epoxide CBZ-EPX C15H12N2O2 0.02  0.02  5.5 Unknown Unknown 
Fire Retardants Melamine MLN C3H6N6 0.58  0.75  11.3 1 × 104 1 × 105 

Herbicides Diuron DRN C9H10Cl2N2O 0.07  0.07  0.1 6.6 × 109 2.8 × 108 

Hormones 17β-Estradiol E2 C18H24O2 2.1  3.1  <3.1 5.1 × 109 1.2 × 109 

17α-Ethinylestradiol EE2 C20H24O2 1.5  2.3  <2.3 9.8 × 109 3 × 109 

Insect Repellents N.N-diethyl-meta-toluamide DEET C12H17NO 0.03  0.03  0.4 5 × 109 3 × 108 

Anti-Inflammatory Drugs Diclofenac DCF C14H10Cl2NNaO2 0.18  0.19  2.6 7.5 × 109 9.2 × 109 

Short Chain Perfluoroalkyl 
Substances (PFAS) 

Heptafluorobutyric acid HFBA C4HF7O2 0.14  0.14  <0.14 Unknown Unknown 
Potassium nonafluoro-1- 
butanesulfonate 

PFBS C4F9KO3S 0.09  0.09  <0.09 Unknown Unknown 

Perfluorooctanoic acid PFOA C8HF15O2 0.02  0.02  <0.02 < 1 × 105 2.6 × 105 

Trifluoromethanesulfonic acid TFMS CHF3O3S 1  1.2  <1.2 < 1 × 105 Unknown  

a Limit of quantification for demineralized water matrix (LQDW) and secondary-treated urban wastewater (LQUWW). 
b Kinetic constants for the reaction with HO⋅ (kHO

⋅ ) and with SO4
⋅ ‾ (kSO⋅−

4
) were obtained from Stauter et al. [28], Bourgin et al. [36], Toth et al. [27], Ye et al. [26], 

Huber et al. [37], Lian et al. [30], Rao et al. [38], Maurino et al. [32], Mezyk et al. [35], Song et al. [31], Zhou et al. [29], Umar [33], Qian et al. [34], Ahmed et al. [25].  

Table 3 
Physicochemical characteristics of the secondary-treated UWW as received and 
after pre-treatment to precipitate PO3−

4 (~50 %, ~100 %, and ~100 % followed 
by filtration).    

UWW after precipitation of PO3−
4 

Parameters (units) UWW ~50 
% 

~100 
% 

~100 % þ
filtration 

Color Pale/Yellow 
Odor Not detected 
pH 7.4 7.3 7.2 7.4 
Temperature (◦C) 20.7 20.7 20.7 20.7 
Dissolved Inorganic Carbon 

(mg L− 1) 
77.2 76.2 73.1 63.3 

Dissolved Organic Carbon 
(mg L− 1) 

23.3 20.3 18.1 15.5 

Absorbance UV254 (cm− 1) 0.3 0.7 0.7 0.2 
SUVA (L mg− 1 m− 1) 2.3 5.7 6.4 2.0 
Chemical Oxygen Demand 

(mg L− 1) 
39.5 40.3 62.6 35.7 

Volatile Suspended Solids (mg 
L− 1) 

2.3 7.0 10.7 1.0 

Total Suspended Solids (mg 
L− 1) 

4.0 44.3 67.7 6.3 

Total dissolved iron (mg L− 1) 0.3 0.2 0.2 0.1 
Phosphates (PO4

3− ) (mg L− 1) 16.8 10.7 0.5 1.0 
Sulfates (SO4

2− ) (mg L− 1) 67.5 89.1 108.4 108.7 
Nitrites (NO2

− ) (mg L− 1) 6.3 6.8 6.6 7.2 
Chlorides (Cl− ) (mg L− 1) 161.3 160.9 159.9 161.2 
Nitrates (NO3

− ) (mg L− 1) 3.1 2.4 2.3 1.9 
Bromides (Br− ) (mg L− 1) <0.06 <0.06 <0.06 <0.06 
Sodium (Na+) (mg L− 1) 132.6 134.1 132.3 137.6 
Ammonium (NH4

+) (mg L− 1) 77.6 73.0 72.9 74.7 
Potassium (K+) (mg L− 1) 31.0 33.2 30.5 31.9 
Magnesium (Mg2+) (mg L− 1) 8.7 8.3 8.1 8.3 
Calcium (Ca2+) (mg L− 1) 34.4 33.4 31.2 31.4  
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2.2. Experimental setup 

The lab-scale tubular membrane photoreactor system used in this 
work is displayed in Fig. 1. The detailed description of this system can be 
found elsewhere [39]. In brief, the tubular membrane photoreactor 
consists of a tubular ceramic ultrafiltration membrane (γ-Al2O3 from 
Inopor GmbH, pore size = 10 nm, cut-off = 20 kDa, porosity = 30 – 55 
%, Øouter = 20.3 mm, Øinner = 15.5 mm, length = 200 mm), concentri
cally inserted inside a quartz tube (Øouter = 32.0 mm, Øinner = 28.0 mm, 
length = 200 mm), sealed by polypropylene flanges. Four lamps (Puritec 
HNS 6 W G5, from Philips) located around the quartz tube (annular 
reaction zone (ARZ): illuminated length of 174 mm and pathlength of 
3.85 mm) were used as UVC light sources (λmax = 254 nm). UVC radi
ation was chosen because it reacts with both catalyst and oxidants 
(ε254,H2O2 = 19.6 M− 1 cm− 1 and ε254,S2O2−

8 
= 21.1 M− 1 cm− 1) and it is also 

already applied in disinfection systems installed in WWTPs. The lamps 
were surrounded by a cylindrical stainless steel cap and provided a 
photon flux of 0.8 ± 0.2 W (determined by actinometry with ferriox
alate, according to Hatchard and Parker [40]. The effluent was fed with 
a gear pump (Ismatec BVP-Z) to the ARZ, flowing in a helix trajectory 
around the membrane shell-side. For experiments with partial recircu
lation of the effluent, a second-gear pump (Ismatec BVP-Z) was coupled 
to the system. Oxidants (H2O2 or S2O8

2− ) were dosed with a peristaltic 
pump (Gilson Minipuls 2) and added to the effluent at the reactor inlet. 
The Fe2+ stock solution was injected into the membrane via a syringe 
pump (Nexus 6000 from Chemyx Inc.) and forced to permeate through 
the pores to reach the membrane shell-side. 

2.3. Experimental procedure 

The experiments using the tubular membrane photoreactor were 
carried out in continuous mode. DW or secondary-treated UWW fortified 
with 10 µg/L of each CEC (pHDW+CECs = 6.5 ± 0.2; pHUWW+CECs = 7.8 ±
0.2) was transferred into the feed tank of the system and pumped 
through the ARZ. Simultaneously, the dosing of the catalyst (Fe2+ stock 
solution of 500 or 1700 mg L− 1, pH = 2.0 ± 0.1) and of the oxidant 
(equimolar doses of H2O2 or S2O8

2− ) was initiated, fixing their flow rates 
to obtain the intended concentrations in the ARZ (1, 2 or 5 mg Fe2+ L− 1 

and 0.3, 0.6 or 1.2 mM of the oxidant), and the four lamps were switched 
on. Catalyst and oxidant dosages were selected based on our previous 
study [21]. The maximum amount of iron for the experiments in UWW 
also considered the limit of 5 mg L− 1 indicated by the Food and Agri
culture Organization (FAO) of the United Nations for long-term use of 
water reuse for irrigation purposes [41]. When the steady state is 
reached (Fig. 2), a minimum of three samples were taken to determine 
the final concentration of CECs, iron species (Fe2+ and Fe3+), residual 
oxidant, and final pH. To stop the oxidation process, a solution of 
Na2SO3 was immediately added to the samples in a 5:1 M ratio with 
respect to the oxidant. At the end of each experiment, the reactor was 
thoroughly washed with an oxalic acid solution recirculated in the ARZ 
and then with distilled water. 

For the experiments with DW, the feed flow rate (QF) was set at 30 L 
h− 1, corresponding to a residence time (RT) of 6.1 s. For comparison 
purposes, the removal of CECs was also evaluated in acidified DW (pH =
3.1 ± 0.1). For the experiments with UWW, partial recirculation of the 

Fig. 1. Simplified schematics of the experimental setup. Legend: FeR – Iron stock solution reservoir; GP – Gear pump; MS – Magnetic stirrer; OR – Oxidant reservoir; 
PP – Peristaltic pump; S – Sampling; SP – Syringe pump; TMPr – Tubular membrane photoreactor. 
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effluent was also carried out. In this case, the feed and recirculation 
flows were adjusted to keep the flow rate in the ARZ at 30 L h− 1 (QF/QR 
= 30/0; 5/25 and 2.5/27.5 L h− 1) while increasing the RT (from 6.1 to 
36.6 and 73.2 s, respectively). To evaluate the effect of PO4

3− content on 
phototreatment, experiments were also carried out with UWW in which 
a pre-treatment to precipitate PO4

3− was made. FeSO4⋅7H2O was added 
to the UWW considering the stoichiometric molar ratio of 1:1 (iron: 
phosphate) to precipitate c.a. 50 and 100 % of the PO4

3− present in this 
matrix (Table 3). The solutions were vigorously mixed and settled for 4 
h. Additionally, post-filtration was carried out (particle retention >1.2 
µm) to decrease the concentration of TSS in the effluent with ~100 % 
PO4

3− precipitation (Table 3). Table 4 summarizes the conditions 
employed in each experiment. To verify the reproducibility of the 
degradation results, replicates were carried out on independent days for 
the test conditions of exp. #3 and #8, for DW matrix, and exp. #15 and 
#21, for UWW (Fig. 1-SM, in the Supplementary file). 

2.4. Analytical determinations 

H2O2 and S2O8
2− concentrations were determined spectrophotomet

rically using a UV–Vis VWR UV-6300 Double Beam analyzer at wave
lengths of 450 and 352 nm, respectively, according to the methods 
proposed by Nogueira et al. [42] and Liang et al. [43]. Similarly, Fe2+

and total dissolved iron (TDI) concentrations were determined spec
trophotometrically at 510 nm, following the method with 1,10-phenan
throline, according to ISO 6332 [44]. Analytical procedures for the main 
physicochemical characterization of the UWW were carried out ac
cording to recognized international standards whose methods are 
described in Table SM-1 of the Supplementary file. 

Quantification of CECs was performed by ultra-performance liquid 
chromatography with an Acquity UPLC® coupled to a XEVO TQD® 
triple quadrupole mass spectrometer equipped with an electrospray 
interface (ESI) from Waters (Milford, MA, USA) following the method
ology published in Presumido et al. [45]. The limits of quantification 
(LOQs) for each target CEC in the evaluated DW and UWW are shown in 
Table 2. 

3. Results and discussion 

3.1. Performance of the PF and PF-like processes in CECs removal using 
demineralized water 

3.1.1. PF process: Effect of catalyst and oxidant doses 
The efficiency of CECs oxidation was first analyzed for the UVC/ 

H2O2 process (Eq. (1)), i.e., in the absence of the catalyst (Exp. #1). The 
results showed very slight degradation of CBZ, the artificial sweetener 
ACK, and the herbicide DRN (between 14 % and 17 %) and moderate 
removal for the metabolite CBZ-EPX (~30 %) and the anti-inflammatory 
drug DCF (~40 %) (Fig. 3a). For the remaining CECs, the variations in 
the measured concentrations were below 10 %, thus considered as 
negligible, taking into account method uncertainty. 

H2O2 + hv → 2HO⋅ (λ = 254 nm, ε = 19.6 M− 1cm− 1, φ

= 0.50 mol Einstein− 1) (1) 

By introducing the catalyst (Exp. #2 and #3, with 1 and 2 mg Fe2+

L− 1, respectively), additional HO⋅ radicals are generated (Eqs. (2) and 
(3)) and, consequently, a greater number of CECs presented slight re
movals (Fig. 3a). In addition to CBZ, DRN and ACK, the insect repellent 
DEET, β-blocking agents (ATNL and BSPL), and angiotensin II receptor 
blockers (VSTN and LSTN) also recorded removals between 12 % and 25 
%. Once again, CBZ-EPX and DCF stand out with a higher level of 
removal (about 30 % and 70 %, respectively). In general, doubling the 
catalyst dose did not improve the removal of the target CECs, which may 
be explained by (i) a decreased light transmission due to greater iron 
precipitation and/or (ii) limitation of the oxidant dose. Considering the 
latter, the oxidant dose was doubled (Exp. #4: UVC + 0.6 mM H2O2 + 2 
mg Fe2+ L− 1) and the CECs removal was improved (Fig. 3a). Note that 
under neutral pH conditions, dissolved iron precipitates as ferric hy
droxide, so Eq. (3) is not expected to take place. However, in this system, 
acidic pH values can occur in the vicinity of the membrane shell-side, 
since the catalyst stock solution that is being permeated through the 
membrane pores has a pH of 2. This feature will contribute, to some 
extent, to minimize iron precipitation at local points close to the mem
brane and allow the regeneration of Fe3+ to Fe2+ under UV light as 
described by Eq. (3). 

Fe2+ + H2O2 → Fe3+ + HO− + HO⋅ (2)  

[Fe(OH)]
2+

+ hv → Fe2+ + HO⋅ (3)  

3.1.2. PF process: Effect of catalyst stock solution and initial pH 
The influence of the [Fe2+] stock solution on the removal of CECs in 

DW was also evaluated (Exp #5: [Fe2+]stock = 500 mg L− 1). The results 
showed a marked improvement in the removal of the target CECs when 
compared with Exp. #3, where a more concentrated catalyst stock so
lution was applied (Fig. 3b). This is justified by the acidification of DW 
in Exp. #5 (pHfinal = 4.4 vs pHfinal = 5.5 of Exp. #3, Table 4), contrib
uting to keep dissolved the iron species involved in the PF reactions. This 
acidification occurs because of the increase in the permeation flux of the 
acidic catalyst stock solution (from 0.6 to 2.0 mL min− 1) required to 
maintain [Fe2+]ARZ at 2 mg Fe2+ L− 1. 

The performance of the PF process at optimum pH conditions was 
also tested by a preliminary acidification of the DW at pH 3.1 (Exp. #6). 
As expected, the results showed enhanced treatment performance, 
obtaining the oxidation of a higher number of compounds (15 of the 19 
CECs) and higher removal percentages (Fig. 3b). Specifically, degrada
tions in the range of 60 to 80 % for 5 CECs (ATNL, CBZ, CBZ-EPX, DEET 
and LSTN) and > 80 % for 7 CECs (BSLP, DCF, DRN, E2, EE2, ISTN, and 
VSTN) were obtained. In turn, the artificial sweetener SCH was only 
removed ~30 %, and no significant degradation (<10 %) of MLN was 
observed. Similarly, the contaminants HFBA, PFBS, and TFMS, which 
belong to the group of short-chain perfluoroalkyl substances (PFAS, 

Fig. 2. Total dissolved iron (TDI, filled symbols) and Fe2+ (empty symbols) 
concentration profiles at the reactor outlet in the absence of radiation for 
intended concentrations in the ARZ of 1 mg L− 1 (squares), 2 mg L− 1 (circles), 
and 5 mg L− 1 (triangles). 
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Table 4 
Experimental conditions for CECs removal experiments.  

# Matrix Oxidant [Oxidant]ARZ 

(mM)a 
[Fe2þ]stock 

(mg L− 1) 
[Fe2þ]ARZ 

(mg L− 1) 
RT 
(s) 

PO3−
4 

precipitation 
(%) 

UWW 
filtration 

pH [Fe2þ]residual 

(mg L− 1) 
TDI 

(mg L− 1) 
[Oxidant]residual 

(mM) 
[PO3−

4 ]residual 

(mg L− 1) 
Initial Final 

1 Demineralized 
Water (DW) 

H2O2 0.3 n.a. n.a. 6.1 n.a. n.a. 6.4 6.5 n.a. n.a. 0.3 n.a. 
2 0.3 1700 1 n.a. n.a. 6.8 6.2 < 0.2 0.28 

(±0.01) 
0.3 n.a. 

3 0.3 1700 2 n.a. n.a. 6.8 5.5 < 0.2 0.25 
(±0.04) 

0.2 n.a. 

4 0.6 1700 2 n.a. n.a. 6.7 5.6 < 0.2 <0.2 0.5 n.a. 
5 0.3 500 2 n.a. n.a. 6.6 4.4 < 0.2 0.26 

(±0.06) 
0.2 n.a. 

6 0.3 500 2 n.a. n.a. 3.1 3.1 < 0.2 2.06 
(±0.03) 

0.2 n.a. 

7 S2O8
2− 0.3 n.a. n.a. 6.1 n.a. n.a. 6.3 6.1 n.a. n.a. 0.1 n.a. 

8 0.3 1700 2 n.a. n.a. 6.4 4.0 < 0.2 0.49 
(±0.02) 

0.2 n.a. 

9 0.6 1700 2 n.a. n.a. 6.4 4.0 < 0.2 0.32 
(±0.01) 

0.5 n.a. 

10 Urban Wastewater 
(UWW) 

H2O2 1.2 1700 5 6.1 No No 7.7 7.5 0.33 (±0.02) 0.72 
(±0.03) 

1.0 9.9 

11 1.2 1700 5 36.6 No No 7.7 7.6 0.26 (±0.02) 0.47 
(±0.02) 

0.9 8.1 

12 1.2 1700 5 73.2 No No 7.7 7.8 < 0.2 0.24 
(±0.02) 

0.8 7.3 

13 1.2 1700 5 73.2 ≈50 No 7.7 7.9 < 0.2 < 0.2 1.0 8.3 
14 1.2 1700 5 73.2 ≈100 No 8.1 8.0 < 0.2 < 0.2 0.8 < 0.5 
15 1.2 1700 5 73.2 ≈100 Yes 7.6 7.7 < 0.2 < 0.2 1.0 < 0.5 
16 S2O8

2− 1.2 1700 5 6.1 No No 7.7 7.5 0.86 (±0.03) 2.27 
(±0.05) 

1.0 13.2 

17 1.2 1700 5 36.6 No No 7.7 7.5 0.48 (±0.05) 1.44 
(±0.02) 

0.9 13.0 

18 1.2 1700 5 73.2 No No 7.8 7.4 < 0.2 0.49 
(±0.02) 

0.9 8.1 

19 1.2 1700 5 73.2 ≈50 No 7.7 7.6 < 0.2 < 0.2 1.1 8.2 
20 1.2 1700 5 73.2 ≈100 No 8.1 7.7 < 0.2 < 0.2 1.1 0.7 
21 1.2 1700 5 73.2 ≈100 Yes 7.8 7.5 < 0.2 0.48 

(±0.01) 
1.1 0.6 

n.a. – not applicable. 
a Oxidant concentrations of 0.3, 0.6 and 1.2 mM are equivalent to 10, 20 and 40 mg L− 1 of H2O2 or 56, 113 and 226 mg L− 1 of S2O8

2− . 
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Table 2), were highly resistant to oxidation during the PF process. These 
compounds have high-energy C–F bonding (154 kcal mol− 1) and several 
previous studies indicate that HO⋅ radicals are ineffective in their direct 
degradation [46,47], with reported kinetic constants for the reaction 
with HO⋅ < 105 M− 1s− 1 (Table 2). Of the 4 target PFAS, only PFOA 
showed ~60 % degradation in Exp. #6. This may be related to its longest 
chain (C8) since the reaction kinetic is expected to increase with 
increasing carbon chain [48]. Regarding the PFOA decomposition re
action in the PF process, Liu et al. [49] found that this is probably 
initiated by electron transfer from PFOA to Fe3+, forming Fe2+ and an 
unstable organic carboxylic radical. 

3.1.3. PF-like process with S2O8
2− as an oxidant 

Initially, the UVC/S2O8
2− process was tested in the absence of the iron 

catalyst (Exp. #7: UVC + 0.3 mM S2O8
2− ). Compared with the results of 

the UVC/H2O2 process (Exp. #1), an increment in the oxidation capacity 
of CECs was observed (Fig. 4) with removals ranging from 20 % to 40 % 
for ACK, CBZ-EPX and LSTN, from 40 % to 60 % for ATNL, BSPL, DEET 
and ISTN, and between 60 % and 80 % for DCF and hormones (E2 and 
EE2). The improved performance in CECs oxidation obtained for the 

UVC/S2O8
2− system can be associated with the advantages of SO4

⋅− over 
HO⋅ radicals, such as (i) higher redox potential at neutral pH (2.5–3.1 V 
vs 1.8–2.7 V) and quantum yield, (ii) longer half-life time (30–40 µs vs 
20 ns), and (iii) enhanced selectivity and high reactivity via electron 
transfer to organic compounds containing unsaturated or aromatic 
bonds [50,51]. Furthermore, according to Eqs. (4) and (5) [52], it is 
possible the occurrence of both SO4

⋅− and HO⋅ radicals contributing to 
complementary oxidation pathways for the degradation of the target 
CECs [53]. 

S2O2−
8 + hv → 2SO⋅−

4 (λ = 254 nm, ε = 21.1 M− 1cm− 1, φ

= 0.70 mol Einstein− 1) (4)  

SO⋅−
4 + H2O → SO2−

4 + HO⋅ + H+ (pH 5.5 − 7.0) (5) 

The addition of the iron catalyst (Exp. #8 and #9) further promotes 
the generation of SO4

⋅− and HO⋅ radicals (Eqs. (3) and (6)) and very 
promising results were registered with ≥ 80 % removal for 13 of the 19 
target CECs (Fig. 4). Also noteworthy is the removal of 25 % and 57 % of 
PFOA (the only PFAS degraded in some extent) and, for the first time, 47 

Fig. 3. Removal efficiencies (%) for the 19 target CECs spiked in DW a) in the absence of the catalyst ( Exp. #1) and under different catalyst and oxidant 
concentrations ( Exp. #2; Exp. #3; and Exp. #4) and b) comparison between PF experiments carried out with near-neutral initial pH applying different 
[Fe2+]stock ( Exp. #3 and Exp. #5) and with initial pH of 3.1 ( Exp. #6). The operational conditions for each experiment can be found in Table 4. 
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% and 60 % of MLN, in Exp. #8 and #9, respectively. However, the 3 
remaining PFAS, as well as SCH, were still resistant to the oxidation 
process. For the same 19 target CECs spiked in DW, by applying an 
analogous reaction system where the membrane acted as an ozone 
contactor, very promising degradation results were also obtained using 
an ozone dose of 12 mg L− 1 and a RT of 3.9 s [45]. In this case, removals 
≥ 80 % were also reached for 13 CECs but the 4 PFAS and MLN showed 
no signs of oxidation. Beyond the recalcitrant nature of PFAS discussed 
above, this suggests that the generation of SO4

⋅− is required to oxidize 
MLN. This agrees with the findings of Maurino et al. [32] who compared 
different AOPs such as Fenton, sonocatalysis, H2O2/UV, and S2O8

2− /UV, 
and concluded that MLN is able to be degraded by SO4

⋅− radicals but not 
by HO⋅ radicals. 

Fe2+ + S2O2−
8 → Fe3+ + SO2−

4 + SO⋅−
4 (6) 

Greater efficiency of the PF-like process was observed when 
compared with the PF process under analogous conditions (e.g., Exp. #3 
vs #8) and even when compared with the traditional PF process per
formed at a pH of 3.1 (Exp. #6). The superior performance of the PF-like 
process can be justified not only by the complementary action of SO4

⋅−

and HO⋅ radicals in the oxidation of the target CECs, but also by the more 
acidic pH (pHfinal = 4.0 in Exp. #8 and #9 vs pHfinal = 5.5 or 5.6 in Exp. 
#3 and #4, Table 4), contributing to the maintenance of iron species in 
the dissolved form and, therefore, to greater production of radical spe
cies. The more acidic pH value in the PF-like reaction is related to the 
lower pH of the S2O8

2− stock solution compared with the H2O2 stock 
solution (4.1 vs 5.4) and the production of H+ as described in Eq. (5). 

3.2. Performance of the PF and PF-like processes in CECs removal using 
urban wastewater 

3.2.1. Effect of residence time and UWW matrix 
Due to matrix effects, higher amounts of oxidant ([H2O2]ARZ =

[S2O8
2− ]ARZ = 1.2 mM) and catalyst ([Fe2+]ARZ = 5 mg L− 1) were used in 

the experiments with UWW, as reported in a previous work [21]. 
Furthermore, partial recirculation of the effluent was tested by applying 
different feed-to-recirculation ratios (QF/QR) in order to increase the RT 
by 6- and 12-fold (from 6.1 to 36.6 s and 72.3 s) and, consequently, the 
UVC dose (from 0.1 to 0.6 and 1.2 kJUVC/L). As RT increased, a clear 
improvement in the phototreatment performance was observed for both 
PF and PF-like processes (Fig. 5). This trend is expected and agrees with 
other studies on CECs degradation in real effluents by PF processes 
operated in continuous or batch mode, either at optimum or near- 
neutral pH conditions [14,54]. 

Despite the difference in performance was not as expressive as that 
obtained with DW, once again the PF-like process obtained more 
promising results (Fig. 5a-b). While the PF process had degradations >
60 % for 7 CECs (ACK, CBZ-EPX, DCF, DRN, E2, EE2, and LSTN, Fig. 5a), 
the PF-like treatment attained oxidation > 60 % for 10 CECs (ACK, 
ATNL, BSPL, CBZ, CBZ-EPX, DCF, DRN, E2, EE2, and LSTN, Fig. 5b). For 
the experiments with RT of 6.1 and 36.6 s, it should be noted that the PF- 
like process (Exp. #16 and #17) recorded higher residual [Fe2+] and 
[TDI] and, simultaneously, lower precipitation of PO4

3− (Table 4 and 
Fig. 5c-d) when compared with the PF treatments (Exp. #10 and #11). 
This feature was also perceived at the end of the treatments by the 
yellowish coloration of the membrane surface, indicative of the forma
tion of iron precipitates after the PF process (Fig. 5a), and the absence of 
coloration after the PF-like experiments (Fig. 5b). These are clear in
dicators that the application of S2O8

2− brings advantages over H2O2 in 
performing phototreatment under near-neutral pH conditions, as it 
seems to help to keep the iron species dissolved and avoid their pre
cipitation with PO4

3− (via formation of insoluble iron phosphate salts). 
Furthermore, with continuous use of this system, it can be anticipated 
that with the PF-like process, the frequency of necessary cleaning pro
cedures will be much lower than with the PF process. As reported above, 
the formation of H+ in the PF-like process (Eq. (5)), and the lower pH of 
the stock solution of S2O8

2− when compared with the stock solution of 
H2O2 (pH S2O8

2−
stock = 4.1 and 5.7 vs pH H2O2stock = 5.4 and 6.0, for RT of 

6.1 and 36.6 s, respectively) can explain this trend and, therefore, the 
higher efficiency of the PF-like reaction. Notwithstanding, unlike DW, 
the pH of UWW at the end of the PF-like treatments remained around 7.5 
(Table 4), which is due to the inherent buffering capacity (alkalinity) 
given by the inorganic carbon content of the UWW (Table 3). With 
respect to the dissolved inorganic carbon (data in Table SM-2), there was 
no decrease for both processes when an RT of 6.1 s was applied (Exp. 
#10 and #16), but it dropped by 10.8 % and 14.8 % for PF and by 13.6 
% and 15.7 % for PF-like when using an RT of 36.6 s and 73.2 s, 
respectively. Regarding mineralization (Table SM-2), no substantial 
differences were found between RT of 6.1 s and 36.6 s, with the PF 
experiments registering only ~5 %, and PF-like ~12 %, indicating once 
again the superior performance of the latter. In turn, for the highest RT 
tested, mineralization increased to 10 % for PF and 16 % for PF-like, 
although in these experiments (Exp. #12 vs #18), the differences be
tween both processes in relation to the precipitation of iron and PO4

3−

were not so obvious (Fig. 5c-d). 
Not only the presence of PO4

3− but also a wide variety of inorganic 
ions (mainly Cl− , HCO3

− and CO3
2− ) and natural organic matter (NOM) in 

UWW matrices have been reported to promote an inhibitory effect on 
CECs degradation kinetics and hence, for decreasing the efficiency of the 
PF process [20,55]. Different mechanisms can interfere with the 
degradation of organic compounds, such as the formation of less reactive 
iron complexes, the reaction of inorganic ions with radicals or the pre
cipitation of iron ions. Additionally, the presence of NOM can compete 
with the target compounds by interacting with HO⋅ (kHO

⋅
, NOM = 2.23 × 108 

M− 1 s− 1 or 1.9 × 104 (mg C L− 1)− 1 s− 1 [56] and, to a lesser extent with 
SO4

⋅− (kSO⋅−
4 , NOM = 6 × 106 M− 1 s− 1 or 5.0 × 102 (mg C L− 1)− 1 s− 1 [57], 

influencing the degradation of the target pollutants. Conversely, com
ponents present in UWW matrices can also promote the PF process by 
different mechanisms, such as (i) the presence of iron species that can 
act as an additional source of catalyst, (ii) reaction between Fe3+ with 
other compounds containing –COOH and OH groups, forming com
plexes with a higher quantum yield, and (iii) the presence of phenolic 
compounds (inherent reductants) that can promote the reduction of 
Fe3+ to Fe2+, increasing the regeneration rate of the catalyst [55]. 

3.2.2. Effect of PO4
3− content in UWW 

As previously discussed, the complexity of the UWW matrix affects 
the efficiency of the oxidation processes. Specifically, the presence of 
PO4

3− in UWW is known to be a strong promoter of iron precipitation 

Fig. 4. Removal efficiencies (%) for the 19 target CECs spiked in DW for ( ) 
Exp. #7, ( ) Exp. #8, and ( ) Exp. #9. *Limit of quantification (see 
Table 2). The operational conditions for each experiment can be found 
in Table 4. 
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through the formation of strengite, FePO4⋅2H2O (s), which not only af
fects the iron catalyst availability but also light penetration thus 
impairing the photocatalytic process [20,21]. In this context, additional 
experiments with previous precipitation (approximately 50 % and 100 
%) of PO4

3− present in the UWW (Table 3) were made to assess the effect 
on CECs removal efficiency. Aluminum sulfate, aluminum oxide, cal
cium carbonate, lime, and iron salts are found to be quite effective in 
precipitating phosphates from UWW [58]. Ferrous sulfate salt, which 
was used as the source of Fe2+ in the present work, is also considered a 
suitable alternative to promote PO4

3− precipitation (Eq. (7) [59]. 

3FeSO4⋅+ 2PO3−
4 → Fe3(PO4)2 + 3SO2−

4 (7) 

When compared with the experiments without previous PO4
3− pre

cipitation under the same operating conditions (Exp.#12 vs #13 and 

#14 and Exp.#18 vs #19 and #20), for both PF and PF-like processes a 
reduction in the performance for CECs removal was observed (Fig. 6). 
This can be related to the increase in TSS concentration, from 4 to 44.3 
and 67.7 mg L− 1 for the experiments without and with ~50 % and ~100 
% PO4

3− precipitation, respectively (Table 3). The presence of small 
precipitated aggregates decreases light penetration into the reaction 
medium (scattering effects) [60], decreasing the direct photolysis of 
CECs, oxidants, and ferric species. Consequently, process efficiency was 
also tested on the effluent with ~100 % PO4

3− precipitation followed by 
filtration (Exp. #15 for PF, and Exp. #21, for PF-like, Table 4) and a 
clear improvement in CECs removal was obtained (Fig. 6). However, 
when compared with the experiments without prior PO4

3− precipitation 
(Exp. #12 vs #15 and Exp.#18 vs #21), only slight differences in the 
CECs removal efficiency were observed (Fig. 6). Similar trend was also 

Fig. 5. Removal efficiencies (%) for the 19 target CECs spiked in UWW under different residence times ( 6.1 s, 36.6 s, and 72.3 s) for the a) PF process (Exp. 
#10 to #12) and b) PF-like process (Exp. #16 to #18). Photographs of the membrane at the end of the a) PF process Exp. #10 and b) PF-like process Exp. #16. c) 
Concentration of ( ) residual Fe2+ and ( ) total dissolved iron at the end of the experiments under different residence times, and d) PO4

3− precipitated for the 
( ) PF and ( ) PF-like process under different residence times. The operational conditions for each experiment can be found in Table 4. 
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verified regarding the removal of organic carbon (2.4 mg C L− 1, for both 
Exp. #12 and #15, and 3.9 and 3.7 mg C L− 1, for Exp. #18 and #21, 
respectively, data available in Table SM-2). Considering that the UWW 
used in the tests had a similar composition in TSS (4.0 vs 6.3 mg L− 1, 
Table 3), but presented a large difference in the concentration of PO4

3−

(16.8 vs 0.97 mg L− 1, Table 3), these results suggest that the influence of 
the initial concentration of PO4

3− in the UWW had a minor or negligible 
impact over the overall efficiency for both processes. This feature can be 
related to the advantages offered by the radial addition of the iron 
catalyst in the tubular membrane reactor. The continuous “titration” of 
small iron dosages along the reactor length is expected to minimize the 
deleterious effects of iron precipitates when compared to systems where 
the catalyst is delivered at the inlet of the reactor. This was perceived in 
the work of De la Cruz et al. [61], where the iron was added at the inlet 
of a cylindrical reactor (37 L capacity enclosing static mixers and five 
low-pressure mercury UVC lamps of 150 W each) to test PF treatment at 
near-neutral pH conditions for the removal of 22 CECs naturally present 
in secondary-treated UWW. The authors reported that iron precipitation 
negatively affected the phototreatment efficiency and lower degradation 
rates were observed when compared with the UV254/H2O2 process (62 % 
drop when applying 4 mg Fe3+ L− 1). 

PO4
3− is an essential nutrient for plant growth, but at the same time, it 

is limited and concentrated in some countries outside Europe and its 
recovery becomes necessary. Furthermore, it has been suggested the 
importance of including metals, especially iron, in phosphate recovery 

[62]. Therefore, its precipitation before or after the PF oxidation system, 
makes it possible to recover this essential nutrient and contribute to a 
circular economy perspective. 

4. Conclusions 

A tubular membrane photoreactor, operated in continuous mode 
with low residence times and applying a smart dose strategy for Fe2+, 
was used to promote the PF (UVC/Fe2+/H2O2) and PF-like (UVC/Fe2+/ 
S2O8

2− ) processes under near-neutral pH conditions for the oxidation of 
19 CECs in the tertiary treatment of UWW. Although certain short-chain 
PFAS and the artificial sweetener saccharine exhibited their recalcitrant 
character to all conditions tested, the PF-like process demonstrated su
perior oxidation capacity when compared with the PF process, achieving 
higher removals for most target contaminants, particularly for mel
amine. The activation of S2O8

2− not only induces pH decay, contributing 
to the permanence of dissolved iron species as verified by the lower 
precipitation of phosphate, but is also able of generating both SO4

⋅− and 
HO⋅ radicals that can act in complementary oxidation pathways boosting 
CECs degradation. 

Overall, our results highlight the importance of photoreactor design 
to achieve efficient PF processes at neutral pH without supplying addi
tional chemical agents. The unique configuration of the tubular mem
brane photoreactor allows a homogeneous axial and radial distribution 
of the acidic Fe2+ stock solution, fed through the membrane pores, 
enabling a more efficient conversion of Fe3+ to Fe2+ in contact with UVC 
light, minimizing the precipitation of iron to some extent and enhancing 
the formation of oxidative radicals. Moreover, the continuous “titration” 
of small catalyst doses permits a low final iron concentration, which is 
important for meeting discharge limits or water reuse purposes. In 
addition to the removal of micropollutants, the simultaneous removal of 
PO4

3− through the formation of strengite appears as a further advantage, 
being fundamental in the introduction of reuse, recycling and resource 
recovery paradigms in wastewater management. Nonetheless, our 
findings emphasize the need for further research to address the chal
lenges associated with recalcitrant CECs and the potential formation of 
transformation products to ensure the safety of the treatment approach. 
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